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Abstract

Cardiovascular Disease Outcomes from Use of Antiretroviral Agents
Among HIV-infected Individuals

By
Kunchok Dorjee
Doctor of Philosophy in Epidemiology
University of California, Berkeley

Professor Arthur L. Reingold, Chair

Combination anti-retroviral therapy (ART) has improved the quality of life of Human
Immunodeficiency Virus (HIV)-infected individuals, and has helped them to live longer. A better
understanding of the adverse drug events associated with use of various antiretroviral (ARV)
drugs can help in further improving the health outcomes of HIV-infected patients. In the past
years, use of various individual and combinations of ARV agents have been shown to be
associated with an increased risk of cardiovascular disease (CVD) among HIV-infected patients.
Of the various ARV agents, the propensity of abacavir, a nucleoside reverse transcriptase
inhibitor, to increase the risk of CVD has received particular attention because of its central role
as an anchor drug in combination ART. This dissertation aims to investigate the risk of acute
myocardial infarction (AMI) associated with use of various antiretroviral agents among HIV-
infected individuals in the United States. It further presents the results of an in-depth analysis
of the risk of CVD associated with use of abacavir among HIV-infected individuals. Additionally,
the results of a systematic review and meta-analysis of epidemiologic studies that were carried
out to assess the risk of CVD associated with abacavir use are also presented in this
dissertation.

Because a number of covariates that could potentially confound the relationship between use
of ARV agents and the risk of CVD may also lie on the causal pathway, and because these
factors could potentially be influenced by receipt of the exposure in the past, marginal
structural Cox proportional hazard models using stabilized inverse probability of treatment
weights were used to investigate this relationship. Results from unweighted Cox regressions
were additionally presented for comparison. For the systematic review and meta-analysis,
random-effects models were used when there was heterogeneity of results across studies, and
fixed-effects models were used when there was no heterogeneity. The fixed-effects and
random-effects models were weighted by inverse of variance.



Chapter One of this dissertation describes the risk of AMI associated with use of several
individual and combinations of ARV agents among HIV-infected patients receiving ART. The risk
of AMI was elevated among HIV-infected individuals currently exposed to abacavir, lamivudine,
didanosine, lopinavir, and darunavir. Of the ARV drug combinations, current exposure to
combinations of abacavir+tlamivudine+atazanavir, abacavir+lamivudine+darunavir, and
tenofovir+emtricitabine+raltegravir was associated with an increased risk of developing AMI.
There was a protective effect against AMI from exposures to tenofovir, emtricitabine, and
efavirenz, as individual agents, and as a combination regimen. Chapter Two of this dissertation
presents the results of a further investigation into the risk of ischemic CVD associated with use
of abacavir among HIV-infected patients. The investigation showed an increased risk of CVD and
AMI associated with current, recent, and cumulative exposure to abacavir. The results of a
systematic review and a meta-analysis of the epidemiologic studies, presented in chapter three
of this dissertation, confirmed that recent and cumulative exposure to abacavir were associated
with an increased risk of CVD among HIV-infected individuals.

In sum, exposure to various individual and combinations of ARV agents was associated with an
increased risk of CVD among HIV-infected individuals. Risk and benefits should be carefully
weighed while formulating antiretroviral treatment regimens for HIV-infected patients. A trans-
disciplinary approach in future studies with a translational focus to achieve a better
understanding of the biological mechanisms underlying the observed risk of CVD from use of
ARV agents shall help to inform future development of ARV drugs with better safety profile.
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Introduction

The world has succeeded in meeting the United Nation’s Millennium Development Goal (MDG)
6 for human immunodeficiency virus (HIV) infection—halt and reverse the spread of HIV-AIDS
epidemic by 2015 (1). In Sub-Saharan Africa, the number of new HIV infections dropped 41%,
from 2.3 million in 2000 to 1.4 million in 2014 (1). The number of AlIDS-related deaths dropped
34% from 1.2 million in 2000 to 790,000 in 2014 (1). The Millennium Development Goals ended
in 2015 and Sustainable Development Goals (SDGs) have been launched. With the SDGs, the
world aims to end the HIV/AIDS epidemic by 2030 (1). As a step towards the SDGs, nations are
now embarking on the UNAIDS’ 90-90-90 Fast-Track strategy in which, by 2020, 90% of the HIV-
infected individuals would know their HIV positive status; 90% of those who know their HIV
positive status would have access to antiretroviral therapy (ART); and 90% of those on ART
would be virally suppressed (1). However, these goals are ambitious and require a concerted
global effort. Additionally, | believe that every individual can make a contribution to the
realization of these goals. Therefore, | am dedicating my Epidemiology PhD Dissertation
Research at the University of California, Berkeley to the study of the science of HIV-AIDS, with
the hope that it will serve as a contribution towards the global goal of ending the HIV-AIDS
epidemic by 2030.

In 2014, there were an estimated 36.9 million HIV-infected people in the world (1). Currently,
approximately 15.8 million (43%) HIV-positive patients have access to ART (1). On the one hand,
this finding is concerning because 22 million HIV-infected persons have yet to gain access to
ART. However, on the other hand, this can be seen as an enormous achievement because this
level of ART coverage has been achieved in a relatively short period of time, growing from less
than 1% of HIV-infected people in low and middle income countries on ART in 2000 (1).
Between 2014 and 2015 alone, the number of HIV-infected individuals having access to ART
increased from 13.6 million to 15.8 million, an increase of 2.2 million in one year (1). The annual
mortality among HIV-infected persons has decreased from more than 20% in the pre-ART era to
~3% currently (1, 2); an estimated 8 million HIV/AIDS-related deaths have been averted since
2000 (1). This enormous decline in mortality among HIV-infected individuals can be largely
attributed to the implementation of highly active antiretroviral therapy (HAART). Ever since
1997-1998, when Hammer et al., Gulick et al., and Palella et al. first showed the benefits of
combining classes of anti-retroviral drugs in treating HIV infection in terms of reducing the rates
of progression to AIDS, HIV-related hospitalizations, and deaths, HAART has been implemented
widely by clinicians worldwide to treat HIV infection (3-5). HAART has not only helped HIV-
infected individuals live longer, but it has also helped them to have a vastly better quality of life
(3-10). These advances have been achieved through a reduction in opportunistic infections
among HIV-infected individuals and prevention of progression of HIV infection to clinical AIDS
(5). As AIDS related mortality has declined and HIV-infected patients have begun to live longer,
mortality from non-AIDS causes, such as cardiovascular disease (CVD), has become more
common (11-13). CVD requires particular attention as a cause of mortality and morbidity
among HIV-infected individuals because first, the risk factors for CVD have been shown to be
more prevalent among HIV-positive patients, and second, some individual drugs and classes of
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antiretroviral agents have been shown to be associated with an increased risk of CVD among
HIV-infected patients (12, 14). The propensity of certain ARV drugs, (e.g. abacavir) to increase
the risk of CVD has received particular attention because of its central role as an anchor drug in
combination ART (15). It is important to understand the potential toxicities of various ARV
drugs, so that treatment regimens with optimum potency and minimum side-effects can be
devised, so as to optimize the health outcomes of HIV-infected individuals. Therefore, |
dedicate my dissertation to the study of the risk of CVD associated with exposure to various
antiretroviral drugs. Specifically, the three aims of this PhD dissertation are: 1) To document the
risk and protective effects for acute myocardial infarction from exposure to various individual
and combinations of antiretroviral agents; 2) To measure the risk of CVD associated with a
current, recent, and cumulative exposure to abacavir among HIV-infected individuals; and 3) To
conduct a systematic review and a meta-analysis of the epidemiologic studies that have
investigated the relationship between exposure to abacavir and the risk of CVD among HIV-
infected individuals.
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Chapter One: Risk and Protective Effects for Acute Myocardial
Infarction from Use of Individual and Combinations of Anti-
Retroviral Agents among HIV-infected Individuals in the
United States

Abstract

Background

Individual antiretroviral (ARV) agents have been shown to be associated with an increased risk
of cardiovascular disease (CVD) among human immunodeficiency virus (HIV)-infected
individuals. However, ARV drugs are prescribed in combinations. Therefore, it is important to
understand whether combinations of ARV drugs are also associated with an increased risk of
CvD.

Methods

| assessed the risk of first episode of acute myocardial infarction (AMI) among 73,071 HIV-
infected individuals above 18 years of age enrolled in the IMS’ Pharmetrics Claims database in
the United States, who were started on antiretroviral therapy (ART) between October 1, 2009
and December 31, 2014. Using marginal structural models with stabilized inverse probability of
treatment weights generated as a function of time-fixed and time-dependent covariates, |
assessed the risk from a current exposure to 13 individual and 10 combinations of ARV drugs.

Results

Over 114,417 person-years of exposure to ART among 73,071 subjects, 602 cases of AMI
occurred an event rate of 5.26 (95% Cl: 4.86, 5.70) per 1000 person-years. The median age of
the participants was 45 years with 81.5% males. Of the individual ARV agents, | found an
elevated risk of AMI (Hazard ratio; 95% Confidence Interval) with current use of abacavir (1.33;
1.06, 1.66), lamivudine (1.32; 1.09, 1.61), darunavir (1.54; 1.26, 1.94), didanosine (1.83; 1.13,
2.96), lopinavir (1.71; 1.31, 2.25) and raltegravir (1.39; 1.12, 1.74). Of the combinations of ARV
drugs, current exposure to abacavir+lamivudine+atazanavir (1.55; 1.07, 2.25),
abacavir+lamivudine+darunavir (1.95; 1.29, 2.96), and tenofovir+emtricitabine+raltegravir
(1.39; 1.09, 1.74) was associated with an increased risk of developing AMI. | found a protective
effect against AMI from exposures to tenofovir, emtricitabine, and efavirenz as individual
agents and as a combination regimen.



Conclusion

Specific ARV drug combinations are associated with an increased risk of AMI. Careful
assessment of the risks and benefits is necessary in formulating an ARV treatment regimen.

Introduction

There were approximately 37 million HIV-infected people globally in 2014 (1). The number of
people receiving ART increased from 13.6 million in 2014 to 15.8 million in 2015 (1).
Combination anti-retroviral therapy has helped reduce the mortality from HIV infection; the
annual mortality among HIV-infected individuals has decreased from more than 20% in the pre-
ART era to ~3% currently (1, 2). The health outcomes among HIV-infected patients can be
further improved through a better understanding of the toxicities associated with the use of
ARV agents. Recently, a number of individual and combinations of ARV agents from the three
major drug classes, protease inhibitors (Pl), nucleos(t)ide reverse transcriptase inhibitors (NRTI),
and non-nucleotide reverse transcriptase inhibitors (NNRTI), have been shown to be associated
with an increased risk of AMI and CVD (3-7). These effects may be related to the potential of
ARV agents to induce dyslipidemia, insulin resistance, diabetes mellitus, hypertension, vascular
inflammation, and platelet aggregation (8-16). However, there are controversies regarding
these effects. Studies by Bozzette et al. and Klein et al. have failed to show an association
between the use of Pls and the risk of AMI (17, 18). Newer generation Pls, such as atazanavir
and darunavir, have been shown to have more favorable effects on blood lipids as compared to
older Pls (19-23). Whether or not abacavir use is associated with the risk of an AMI is a subject
of intense debate and substantial clinical significance (6, 24-27).

Because ARV drugs are prescribed in combinations, it is important to assess the relationship
between exposure to combinations of ARV drugs and the risk of CVD. Most studies to date have
investigated the effects of individual drugs. Desai et al. recently reported that four individual
and five combinations of ARV drugs were significantly associated with an increased risk of CVD
(5). However, several of their findings on the risk CVD associated with the use of individual ARV
agents differed from those of the Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D)
study group’s findings (6). To date, no study has investigated the risk of AMI from exposure to
an integrase strand transfer inhibitor (InSTI) or newer Pls, such as darunavir. In this study, | use
a large administrative health-plan dataset to investigate the relationship between exposure to
various individual and combinations of ARV drugs from four major drug classes (NRTI, NNRTI, PI,
InSTI) and the risk of AMI in the HIV-infected population in the United States.



Methods

Study population and data

| assessed the risk of AMI from exposure to individual and combinations of ARV drugs among
73,701 HIV-infected individuals in the U.S. who were started on ART between October 1, 2009
and December 31, 2014 and enrolled in the IMS’ PharMetrics Plus database. A start date of
October 1, 2009 was chosen because this is the earliest date of starting an ARV drug in the
study cohort in the claims database. PharMetrics Plus is one of the largest health plan insurance
claims databases in the U.S. containing adjudicated claims for more than 150 million unique
enrollees from across the four regions (28). The data undergo a series of quality checks to
minimize errors. | used a pre-defined algorithm (Figure 1) to extract and define my study
population from the main claims databases. | restricted my study population to those greater
than 18 years of age. Individuals are censored at either 1) the first occurrence of CVD after start
of exposure, 2) last recorded date of ART receipt in the database, or 3) December 31, 2014,
whichever occurred first. | didn’t investigate ARV agents which were approved and introduced
into the market after 2009.

Exposure, covariate, and outcome definitions

| identified individual ARV drugs in the database by their unique generic product identifier (GPI)
codes. | generated a separate dataset for each exposure drug or drug combination. Any two
prescriptions for an ARV agent separated by less than 30 days were combined to represent a
single continuous exposure. | then compared the person time of any exposure to an individual
drug or drug combinations to that of other ARV agents. | included individual drugs with greater
than approximately 3,000 person years of exposure and drug combinations with greater than
approximately 1,500 person years of exposure for investigation in my study. The data are
longitudinal in nature, with each subject’s follow up time divided into consecutive one month
periods during which the treatment is allowed to vary. The values of covariates are updated at
the start of each month and the outcome for an individual is defined as the first occurrence of
an AMI after the start of the exposure. This temporal ordering of covariate, treatment, and
outcome allows for a time-varying analysis, with an opportunity for a causal interpretation.
Once an individual develops a health condition, he/she is assumed to have the condition for the
remainder of the study. Current exposure to a drug or a drug combination is defined as
exposure (yes/no) during each one-month observation period. Covariates and outcomes were
ascertained using the International Classification of Disease, 9th Revision, Clinical Modification
(ICD-9-CM) (Appendix table 1). The study outcome is acute myocardial infarction (AMI), defined
by ICD-9-CM code 410.xx. Patients are censored at the occurrence of first AMI after the start of
exposure.



Statistical Analysis

| assessed the risk of AMI from a current exposure to individual drugs or drug combinations
using marginal structural models with stabilized inverse probability of treatment weights
(sIPTW). | generated my treatment weights from four pooled logistic regression models, two
each for the denominator and numerator of the sIPTW. For the denominator, | first modelled
the probability of initiating exposure as a function of baseline and time dependent covariates.
For this, | fit the logistic model to data up to the individual’s first month of receiving the
exposure or the end of follow up for those who were never exposed. | then modelled the
probability of continuing exposure by fitting the model to data after the first month of starting
the exposure. The treatment continuation model differs from the treatment initiation model in
that it additionally contains a variable for past month’s exposure status. The probabilities for
the numerator of the sIPTW are modelled as a function of baseline (time-fixed) covariates only.
The baseline covariates are sex, tobacco use (ever), substance or alcohol abuse (ever), hepatitis
B & C, stroke, cancer, old myocardial infarction, and the baseline values of all the time
dependent covariates. The time dependent covariates are age, body weight, chronic kidney
disease (CKD), dyslipidemia, heart failure, cardiac dysrhythmia, atherosclerosis, diabetes
mellitus, receipt of anti-hyperglycemic agents, hypertension, and receipt of medications for
cardiovascular disease (aspirin, beta-blocker, angiotensin converting enzyme inhibitor,
angiotensin receptor blocker, calcium channel blocker, and statins). Follow up time was allowed
to be a function of natural cubic splines with three knots. In addition to adjusting for the sIPTW
generated from the treatment model, the marginal model was further adjusted for the baseline
or time fixed covariates listed above. Alongside the marginal structural results, | have reported
corresponding unadjusted and adjusted results from conventional Cox models. | assumed
uninformative censoring for my study. | extracted and processed my data from the main claims
databases using TERADATA, SAS (Version 9.1), and STATA (13.1), and implemented the marginal
structural models in STATA following the steps shown by Fewell et al (29). Additional
description of the marginal structural model with the equations and the notations are provided
in the appendix 1 of the dissertation chapter 2. The study was approved by the Committee for
Protection of Human Subject (CPHS) at University of California, Berkeley.

Results

Over 114,417 person-years of exposure to ART among 73,071 subjects, 602 cases of AMI
occurred at an event rate of 5.26 (95% Cl: 4.86, 5.70) per 1000 person-years. The median age of
the study population was 45 years with 81.5% males. Most of the traditional cardiovascular risk
factors, such as higher age, male sex, hypertension, diabetes mellitus, dyslipidemia, smoking,
substance abuse, prior CVD, and CKD were more prevalent among individuals who developed
an AMI (Table 1). Thirteen individual and 10 ARV drug combinations met the criteria to be
included for investigation (Table 2). Didanosine represented only 1,758 person-years of
exposure, but | included it based on the prior controversial findings.



Of the 13 ARV drugs | investigated from the four major ARV drug classes, | found a significantly
elevated risk (HR; 95% Cl) of AMI from exposure to abacavir (1.33; 1.06, 1.66), lamivudine (1.32;
1.09, 1.61), didanosine (1.83; 1.13, 2.96), darunavir (1.54; 1.22, 1.94), lopinavir/r (1.71; 1.31,
2.25) and raltegravir (1.39; 1.12, 1.74) (Figure 2). The risk of AMI was also increased for
zidovudine, but was not statistically significant (HR: 1.22; 95% Cl: 0.94, 1.59). | found a
protective effect (HR; 95% Cl) for current exposure to tenofovir (0.70; 0.58, 0.85), emtricitabine
(0.71; 0.59, 0.85), and efavirenz (0.66; 0.55, 0.79). Of the 10 ARV drug combinations that |
investigated, | found a significantly increased risk (HR; 95% Cl) from exposure to combinations
of abacavir+lamivudine+atazanavir (1.55; 1.07, 2.25), abacavir+lamivudine+darunavir (1.95;
2.29, 2.96), and tenofovir+emtricitabine+raltegravir (1.38; 1.09, 1.73) (Figure 3). The risks (HR;
95% Cl) of AMI from exposure to the combinations of abacavir+lamivudine+zidovudine (1.39;
0.87, 2.22) and tenofovir+emtricitabine+darunavir (1.41; 0.98, 2.03) was increased but not
statistically significant. Exposure to a combination of tenofovir+emtricitabine+efavirenz (0.69;
0.58, 0.83) was associated with a protective effect against AMI. In conventional Cox models that
adjusted for baseline and time varying covariates, | obtained similar results (Appendix tables 2
& 3).

Discussion

Findings of an increased risk of AMI as a result of exposure to various ARV agents, both singly
and in various combinations, in recent studies have motivated me to conduct this investigation.
The possibility of a channeling bias such that individuals with certain measured and
unmeasured CVD risk factors may be more or less likely to receive specific ARV drugs or drug
combinations, and a potential for a number of covariates, such as diabetes mellitus,
hypertension, dyslipidemia, lipodystrophy, and renal dysfunction to act as both confounders
and causal intermediates on the pathway between ART use and AMI motivated me to use
marginal structural models to investigate my study questions. | observed a significantly
increased risk of AMI from exposure to six individual ARV agents: abacavir, lamivudine,
didanosine,  darunavir, lopinavir, and raltegravir, and three combinations:
abacavir+lamivudine+atazanavir, abacavir+lamivudine+darunavir, and
tenofovir+emtricitabine+raltegravir. | observed a protective effect for AMI from exposure to
tenofovir, emtricitabine and efavirenz, individually and in combination.

To date, most studies have investigated the relationship between ART exposure and the risk of
AMI by modelling the risk associated with the use of individual ARV agents. However, ARV
drugs are typically prescribed in combinations usually comprised of three or more drugs, and as
a result, the findings from combinations of ARV drugs may be more relevant. | discuss below my
study results concerning the risk of AMI associated with exposure to various individual and
combinations of ARV drugs in the context of existing knowledge from an epidemiologic
perspective, and when possible, from a biological perspective.



Nucleos(t)ide reverse transcriptase inhibitors

My findings of an increased risk of AMI from exposures to abacavir and didanosine agree with
the findings of the D:A:D and other studies (5-7, 25, 27, 30-36). In two companion papers, one
of which is a meta-analysis, | have discussed in more detail the results of my investigation on
the risk of CVD associated with current, cumulative, and recent exposure to abacavir
(Dissertation Chapters 3 & 4), and their fit with plausible biological mechanisms. It has been
argued in the published literature that the observed risk of AMI associated with exposure to
abacavir may be attributable to confounding by factors such as renal dysfunction and substance
abuse (24, 26). | found an increased risk of AMI associated with exposure to abacavir after
adjusting for these and other relevant covariates. Of the five abacavir based combinations, |
found an increased risk of AMI associated with exposure to abacavir+lamivudine+atazanavir
(HR: 1.55), abacavir+lamivudine+darunavir (HR: 1.95), and abacavir+lamivudine+zidovudine
(HR: 1.39), although the result for the last combination was not statistically significant. Desai et
al. also found an increased risk of CVD in association with exposure to
abacavir+lamivudine+atazanavir and abacavir+lamivudine+zidovudine; they did not assess the
risk from exposure to abacavir+lamivudine+darunavir. Of all the drug combinations that |
investigated, | observed the highest risk for the abacavir+lamivudine+darunavir (HR: 1.95)
combination, higher than that observed individually for abacavir (HR: 1.33), lamivudine (HR:
1.32), and darunavir (HR: 1.54). This finding is suggestive of a synergistic interaction between
the drugs. | did not observe an increased risk from exposure to abacavir+lamivudine+efavirenz
(HR: 0.64; 95% CI: 0.33, 1.26), while Desai et al. did find an increased risk of AMI for this
combination. | do not know the reason for this difference in our results. They noted that all of
the combinations that they found to be associated with an increased risk of CVD contained
lamivudine. | also observed a significant association between the risk of AMI and current use of
lamivudine. The D:A:D study reported an increased risk of AMI from recent exposure to
lamivudine only after adjusting for past exposure, and they were unsure whether it was a real
association or a false positive result (6). It is not clear what the biological mechanism is that
would underlie an association between an increased risk of CVD and use of lamivudine.
Interestingly | did not observe an increased risk of AMI associated with exposure to
abacavir+lamivudine+raltegravir (HR: 0.95; 95% Cl: 0.59, 1.53), although all of the three drugs,
abacavir, lamivudine, and raltegravir were individually associated with an increased risk of AMI
in my study. This finding begets the question as to whether the drugs, when taken together,
interact in a unigue way so as to have no effect on the risk of AMI in HIV-infected patients.
Abacavir and lamivudine have recently been co-formulated with a novel InSTI, dolutegravir, and
therefore, this finding of no increased risk of AMI associated with use of a similar combination
containing an InSTI could have wider clinical significance. On the other hand, | found an
increased risk of AMI associated with exposure to the combination of
tenofovir+emtricitabine+raltegravir (HR: 1.38). The findings of differential effects of raltegravir
depending upon which drugs it is combined with opens up important areas of research and
suggests that researchers should attempt to replicated these findings in other study
populations. | observed a protective effect for AMI against exposures to tenofovir,
emtricitabine, and efavirenz, both as individual agents and as a combination. | am not aware of



a prior study that found an association between use of tenofovir/emtricitabine and an
increased risk of AMI. Tenofovir has been shown to have an intrinsic lipid lowering effect and
also to decrease the carotid intima media thickness, suggesting a possible cardiovascular and
cerebrovascular protective effect (37, 38). Our observation of an increased risk of AMI
associated with exposure to the tenofovir+emtricitabine+darunavir (HR: 1.41; 95% CI: 0.98,
2.03) combination may be attributable to the effects of darunavir discussed above.

Protease Inhibitors

Of the three PlIs examined, | found an increased risk of AMI associated with exposure to
lopinavir and darunavir. Use of darunavir was associated with an increased risk of AMI both
when assessed individually and when combined with abacavir-lamivudine or tenofovir-
emtricitabine, as discussed above. This is the first study to investigate the risk of AMI associated
with exposure to darunavir. It is unclear whether a possible increased risk of AMI associated
with exposure to darunavir may be mediated through its influence on blood lipid levels or
through another mechanism. Although darunavir, like atazanavir, is a newer Pl known to have
more favorable effects on blood lipids, as compared to older Pls such as lopinavir (22, 23), a
meta-analysis by Hill et al. has shown that ritonavir-boosted darunavir (darunavir/r) or
atazanavir (atazanavir/r) did not differ from lopinavir/r or fosamprenavir/r in elevating LDL or
HDL cholesterol levels (39). | did not observe an increased risk associated with exposure to
atazanavir when assessed individually (HR: 0.99). However, | observed an increased risk of AMI
when it was combined with abacavir-lamivudine (HR: 1.55) but not when it was combined with
tenofovir-emtricitabine (HR: 1.08). | noted a greater magnitude of association between
exposure to the abacavir+lamivudine+atazanavir combination and the risk of AMI than that
observed for these drugs singly, which again suggests possible drug-drug interactive effects.
Desai et al. observed similar findings with atazanavir (5). | observed an increased risk of AMI
associated with exposure to lopinavir (HR: 1.71). The D:A:D study group also found an increased
risk of AMI associated with exposure to lopinavir (7). Darunavir, atazanavir, and lopinavir are
usually prescribed in combination with a low dose ritonavir or cobicistat as a booster; | did not
endeavor to examine the effects, if any, of these booster agents on the risk of AMI in this study.

Non-nucleoside reverse transcriptase inhibitor

| found a protective effect for AMI associated with exposure to efavirenz when assessed
individually and in combination with tenofovir-emtricitabine. The D:A:D study found no
increased risk of AMI associated with exposure to efavirenz (7), while Desai et al. found an
increased risk of CVD when efavirenz was taken in combination with abacavir-lamivudine (5).
The meta-analysis by Hill et al. showed a smaller increase in triglyceride level and a greater
increase in HDL cholesterol level when taking efavirenz, as compared to darunavir/r or
atazanavir/r, suggestive of a relative cardioprotective effect from efavirenz (39). I didn’t find an
increased risk of AMI associated with exposure to nevirapine.



Integrase inhibitor

| observed an increased risk of AMI associated with exposure to raltegravir when combined
with tenofovir-emtricitabine, but not when combined with abacavir-lamivudine. | do not know
the mechanism whereby the tenofovir-emtricitabine-raltegravir combination would cause an
increased risk of AMI. Apart from a gain in body fat, which has been reported from exposure to
raltegravir, both when taken separately and when taken in combination with tenofovir-
emtricitabine (40, 41), raltegravir has otherwise been shown to have a favorable effect of blood
lipids (40-42). This is the first study to investigate the risk of AMI associated with exposure to an
InSTI. It is important to investigate these relationships further in other populations. In addition,
it is important to bear in mind that individuals who are prescribed novel ARV agents, such as
darunavir and raltegravir, may have more advanced HIV disease, not captured in the data we
have, that might put them at higher risk for various comorbid conditions, including CVD.
However, the D:A:D study showed that adjustments for CD4 cell count and HIV viral load made
little difference in the relationship between exposure to abacavir and the risk of AMI in their
study population (6).

The main strength of my study is that | applied a robust and appropriate method to answer my
study questions in a large U.S. health plan dataset containing longitudinal information on use of
ART in more than 70,000 HIV-infected individuals receiving care across the country. The lack of
availability of potentially important covariates, such as CD4 cell count, HIV viral load,
race/ethnicity, and family history of AMI in the dataset is an important limitation. | have further
enumerated the limitations applicable to claims data in general in the companion paper that
explores in more depth the risk of CVD associated with exposure to abacavir (see dissertation
Chapter 3).

Conclusion

| found a significantly increased risk of AMI associated with exposure to abacavir, lamivudine,
lopinavir, didanosine, darunavir, raltegravir, and to the combinations of
abacavir+lamivudine+atazanavir and tenofovir+emtricitabine+raltegravir. | report here for the
first time an increased risk of AMI associated with darunavir and raltegravir. Last, | found a
protective effect against AMI associated with exposure to tenofovir, emtricitabine, efavirenz,
and the tenofovir+emtricitabine+efavirenz combination.



Tables and Figures

Table 1. Baseline characteristics of HIV-infected individuals above 18 years receiving
ART (n=73,701)

Characteristics All patients n(%) Patients without Patients with

an AMI n(%)

an AMI n(%)

Age, median (IQR) 45 (38-52) 45 (38-52) 53 (48-59)
Male 59,514 (81.5) 58,981 (81.4) 533 (88.5)
Region

East 17,523 (24) 17,354 (24) 169 (28.1)
Mid-West 13,532 (18.5) 13,411 (18.5) 121 (20.1)
South 33,271 (45.5) 33,014 (45.6) 257 (42.7)
West 8,745 (12) 8,690 (12.0) 55(9.1)
Year of ART initiation

2009 24,435 (33.4) 24,127 (33.3) 308 (51.2)
2010 9,729 (13.3) 9,636 (13.3) 93 (15.5)
2011 10,274 (14.1) 10,190 (14.1) 84 (14.0)
2012 8,605 (11.8) 8,559 (11.8) 46 (7.6)
2013 7,830 (10.7) 7,794 (10.8) 36 (6.0)
2014 12,198 (16.7) 12,163 (16.8) 35(5.8)
Ever substance abuse 13,395 (18.3) 13,152 (18.2) 243 (40.4)
Ever alcohol abuse 3,093 (4.2) 3,039 (4.2) 54 (9.0)
Ever tobacco use 11,849 (16.2) 11,587 (16.0) 262 (43.5)
Overweight or obese 1,511 (2.1) 1,503 (2.1) 8(1.3)
Essential 7,450 (10.2) 7,336 (10.1) 114 (19.0)
hypertension

Diabetes mellitus 4,128 (5.7) 4,052 (5.6) 76 (12.6)
Chronic Kidney 729 (1) 701 (1.0) 28 (4.7)
Disease

Dyslipidemia 8,616 (11.8) 8,496 (11.7) 120 (19.9)
Lipodystrophy 224 (0.3) 220 (0.3) 4(0.7)
@icvD 1,754 (2.4) 1,688 (2.3) 66 (11.0)
*Medications for CVD 14,336 (19.6) 1,4074 (19.4) 262 (43.5)
Stroke 211 (0.3) 204 (0.3) 7(1.2)
Symptomatic HIV 32,222 (44.1) 31,973 (44.1) 249 (41.4)
disease

Hepatitis B 959 (1.3) 953 (1.3) 6(1)
Hepatitis C 1,520 (2.1) 1,500 (2.1) 20(3.3)
Any cancer 5,499 (7.5) 5,442 (7.5) 57 (9.5)

@Includes old myocardial infarction, heart failure, cardiac arrhythmia, and atherosclerosis. #cardiovascular
disease.

S Includes aspirin, beta-blockers, calcium channel blockers, statins, angiotensin converting enzyme inhibitors,
and angiotensin receptor blockers



Table 2. Median years of exposure and nhumber of AMI events occurring over total
person time of exposure to individual and combinations of anti-retroviral agents

ARV drug Median no. of years of No. of AMI events Person years
exposure (IQR) of exposure

Abacavir 2.67 (1.42, 4.08) 98 14,116
Tenofovir 2.67 (1.50, 4.17) 370 90,214
Lamivudine 2.67(1.42,4.17) 148 21,705
Zidovudine 2.67(1.50, 4.16) 68 10,586
Didanosine 2.50(1.42, 3.92) 17 1,758
Emtricitabine 2.67(1.42,4.17) 342 85,051
Atazanavir 2.50(1.33,3.92) 72 15,409
Darunavir 2.25(1.17, 3.50) 94 11,976
Lopinavir 2.50(1.33, 3.83) 60 7,928
Fosamprenavir 2.50(1.42, 4.25) 17 2,953
Efavirenz 2.83 (1.58, 4.25) 177 49,954
Nevirapine 2.92 (1.58, 4.33) 34 6,388
Raltegravir 2.42 (1.25, 3.83) 116 15,579
abc+3tc+atv 2.75(1.58, 4.17) 30 3,951
abc+3tc+drv 2.83(1.58, 4.08) 26 2,395
abc+3tc+zdv 2.92 (1.75, 4.33) 19 2,882
abc+3tc+efv 2.92 (1.75, 4.25) 9 2,541
abc+3tc+ral 3.08 (1.75, 4.12) 20 3,055
tdf+ftc+atv 2.831.67, 4.17) 63 13,620
tdf+ftc+drv 2.67 (1.50, 4.83) 62 10,981
tdf+ftc+efv 2.92 (1.75, 4.33) 170 49,493
tdf+ftc+fpv 3.17 (1.83, 4.42) 13 2,465
tdf+ftc+ral 2.83(1.67,4.17) 92 13,729

abc: abacavir; 3tc: lamivudine; atv: atazanavir; drv: darunavir; fpv: fosamprenavir; tdf: tenofovir;
ftc: emtricitabine; efv: efavirenz; ral: raltegravir;
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Figure 1. Algorithm for defining the study cohort.

IMS Pharmetrics Plus Claims
Data (2009-2014)

»| Exclude subjects not
infected with HIV

\4

308886 individuals with possible HIV
infection identified (ICD-9-CM
diagnostic codes used: 042, V08,
795.71,V01.79)

Exclude individuals who
have not received an anti-
retroviral drug

\ 4

A 4

73,785* HIV-infected individuals
who have received an anti-
retroviral drug were identified
(GPI code starting with ‘1210’
used for filter)

Exposure to specific ARV agents, outcomes,
and covariates for these ART-experienced
HIV-infected individuals were ascertained
using specific GPI, CPT, and ICD-9-CM codes.

GPI: Generic Product Identifier; CPT: Current Procedural Terminology;
ICD-9-CM: International Classification of Disease, ot Revision, Clinical Modification.
*Additional filter (age>18) applied to obtain final cohort.
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Figure 2. Risk of myocardial infarction from exposure to individual antiretroviral

agents

Exposure HR (95%

—— Abacavir 1.33 (1.06, 1.66)

o Tenofovir 0.70(0.58, 0..85)
—— Lamivudine 132(1.09, 1.61)
——— Zidovudine 1.22 (0.94, 1.59)

4 Didanosine 1.83 (1.13, 2.96)
o Emtricitabine 0.71(0.59, 0.85)
— Atazanavir 099 (0.77, 1.28)
—— Darunavir 154(1.22,1.94
———1 Lopinavir 1.71(1.31, 2.25)
¢ f Fosamprenavir 1.08(0.67, 1.77)
2 Nevirapine 0.98 (0.68, 1.40)
p——— Efavirenz 0.66 (0.55, 0.79)
——i Raltegravir 139(1.12, 1.74)

Hazard ratios

Hazard ratios calculated from marginal structural models. See appendix table 2 for covariate

adjustment.
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Figure 3. Risk of myocardial infarction from exposure to combinations
of ARV agents

Exposure HR (95% Cl)
:|—0—| abc+3tc+aty 1.55(1.07, 2.25)
: . + {  abc+3tc+drv 1.95(1.29, 2.96)
|—¢—;—| abc+3tc+efv 0.64(0.33,1.26)
I—O:—l abc+3tc+ral 0.95 (0.59, 1.53)
r—;—o—i abc+3tc+zdv 1.39(0.87, 2.22)
|—§¢—| tdf+ftc+atv 1.08(0.82,1.42)
|f—0—| tdf+ftc+drv 1.41(0.98,2.03)
- : tdf+ftc+efv 0.69(0.58, 0.83)
r—.b—| tdf+ftc+fpv 1.05 (0.60, 1.83)
E —— tdf+ftc+ral 1.39 (1.09,1.74)
0 I 2 3
Hazard ratios

Hazard ratios calculated from marginal structural models. See appendix table 3 for
covariate adjustment. abc: abacavir; 3tc: lamivudine; atv: atazanavir; drv: darunavir;
fpv: fosamprenavir; tdf: tenofovir; ftc: emtricitabine; efv: efavirenz; ral: raltegravir;
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Appendices

Appendix table 1. ICD-9-CM codes used for defining various covariates and outcome

Variable ICD-9-CM Code

Acute myocardial infarction 410.xx

Tobacco use 305.1; v15.82

Substance abuse (dependent and non-  304.xx, 305.xx

dependent)

Alcohol abuse (alcohol dependence 303.xx, 305.0x

and alcohol abuse)

Overweight/obese 278.00, 278.01, 278.02

Diabetes mellitus 250.xx, 357.2x, 362.0x, 366.41

Essential hypertension 401.xx

Hypercholesterolemia 272.0x

Hypertriglyceridemia 272.1x

Mixed hyperlipidemia 272.2x

Other and unspecified hyperlipidemia  272.4x

Lipodystrophy 272.6x

Chronic kidney disease 585.xx

Heart failure 402.01, 402.91, 428%, 404.01,
404.03,404.11,404.13,404.91, 404.93

Cardiac dysrhythmia 427 .xx

Old myocardial infarction 427 .xx

Coronary atherosclerosis 414 .xx

Stroke 434 .xx

Hepatitis B virus infection 070.2x, 070.3x, V02.61

Hepatitis C virus infection 070.41, 070.44, 070.51, 070.54, 070.7x,
v02.62

Any cancer 140-149, 150-159, 160-169, 170-179, 180-

189, 190-199, 200-209, 210-229, 230-239

ICD-9-CM: International Classification of Disease, 9™ Revision, Clinical Modification.
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Appendix Table 2. Risk of myocardial infarction from current exposure to individual ARV
agents as compared to others among HIV-infected individuals

Anti-retroviral Unadjusted Cox Adjusted Cox Marginal Structural

drug Model HR (95% Cl; p  Model” Model
value) HR (95% Cl; p value) HR (95% ClI; p value)
Abacavir 1.56 (1.25, 1.94; 1.22 (0.98, 1.52; 1.33 (1.06, 1.66;
p=0.000) p=0.08) p=0.012)
Tenofovir 0.55 (0.46, 0.66; 0.76 (0.63, 0.91; 0.70 (0.58, .85;
p=0.000) p=0.003) p=0.000)
Lamivudine 1.57 (1.30, 1.90; 1.19 (0.98, 1.45; 1.32(1.09, 1.61;
p=0.000) p=0.083) p=0.005)
Zidovudine 1.39 (1.08, 1.80; 1.70 (0.90, 1.52; 1.22 (0.94, 1.59;
p=0.010) p=0.236) p=0.128)
Didanosine 2.04 (1.26, 3.30; 1.78 (1.10, 2.88; 1.83(1.13, 2.96
p=0.004) p=0.019) p=0.015)
Emtricitabine 0.54 (0.46, 0.65; 0.76 (0.64, 0.92; 0.71(0.59, 0.85;
p=0.000) p=0.004) p=0.000)
Atazanavir 0.97 (0.76, 1.24; 1.01 (0.79, 1.30; 0.99 (0.77, 1.28;
p=0.813) p=0.944) p=0.947)
Darunavir 1.73 (1.38, 2.16; 1.42(1.13,1.78; 1.54 (1.22, 1.94;
p=0.000) p=0.002) p=0.000)
Lopinavir 1.63 (1.25, 2.14; 1.60 (1.22, 2.09; 1.71 (1.31, 2.25;
p=0.000) p=0.001) p=0.000)
Fosamprenavir  1.20(0.74, 1.94; 1.14 (0.70, 1.84; 1.08 (0.67,1.77;
p=0.466) p=0.599) p=0.744)
Efavirenz 0.61(0.51, 0.73; 0.69 (0.58, 0.82; 0.66 (0.55, 0.79;
p=0.000) p=0.000) p=0.000)
Nevirapine 1.12 (0.79, 1.58; 0.89 (0.63, 1.27; 0.98 (0.68, 1.40;
p=0.528) p=0.527) p=0.894)
Raltegravir 1.72 (1.40, 2.11; 1.27(1.03,1.58;  1.39(1.12, 1.74;
p=0.000) p=0.028) p=0.003)

#Adjusted for baseline covariates: sex, tobacco use (ever), substances or alcohol abuse (ever), hepatitis B & C,
stroke, cancer, old myocardial infarction, and time-dependent covariates: age, body weight, CKD,
dyslipidemia, heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-
hyperglycemic agents, hypertension, and receipt of medications for cardiovascular disease (aspirin, beta-
blocker, angiotensin converting enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker, and
statins).

*In addition to adjusting for weights generated from the treatment model, the marginal model is adjusted for
time-fixed covariates: sex, ever tobacco use, ever alcohol or substance abuse, and baseline covariates: age,
stroke, cancer, hepatitis B & C, year of ART initiation, symptomatic HIV disease, CKD, dyslipidemia, old AMI,
heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents,
hypertension, and receipt of medications for cardiovascular disease (aspirin, beta-blocker, angiotensin
converting enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker, and statins).

abc: abacavir; 3tc: lamivudine; atv: atazanavir; drv: darunavir; fpv: fosamprenavir; tdf: tenofovir; ftc:
emtricitabine; efv: efavirenz; ral: raltegravir;
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Appendix Table 3. Risk of myocardial infarction from current exposure to combinations
of ARV agents as compared to others among HIV-infected individuals receiving ART

Anti-retroviral Unadjusted Cox Model Adjusted Cox Model = Marginal Structural

drug HR (95% Cl; p value) HR* (95% ClI; p value) Model
HR (95% Cl; p value)
abc+Imv+atv 1.63 (1.13, 2.36; 1.49 (1.03, 2.14; 1.55 (1.07, 2.25;
p=0.009) p=0.032) p=0.02)
abc+imv+drv 2.34 (1.58, 3.47; 1.69 (1.13, 2.53; 1.95(1.29, 2.96;
p=0.000) p=0.010) p=0.002)
abc+imv+zdv 1.41 (0.89, 2.23; 1.24 (0.79, 1.94; 1.39(0.87, 2.22;
p=0.140) p=0.356) p=0.169)
abc+imv+efv 0.74 (0.38, 1.43; 0.52(0.27, 1.02; 0.64 (0.33, 1.26;
p=0.375) p=0.056) p=0.197)
abc+imv+ral 1.40(0.90, 2.19; 0.88 (0.56, 1.39; 0.95 (0.59, 1.53;
p=0.136) p=0.583) p=0.821)
tdf+ftc+atv 0.97 (0.75, 1.26; 1.09 (0.84, 1.42; 1.08 (0.82, 1.42;
p=0.815) p=0.504) p=0.578)
tdf+ftc+drv 1.20(0.92, 1.56; 1.16 (0.89, 1.51; 1.41 (0.98, 2.03;
p=0.178) p=0.282) p=0.062)
tdf+ftc+efv 0.60 (0.50, 0.72; 0.73 (0.61, 0.88; 0.69 (0.58, 0.83;
p=0.000) p=0.001) p=0.000)
tdf+ftc+fpv 1.11 (0.64, 1.93; 1.11 (0.64, 1.92; 1.05 (0.60, 1.83;
p=0.710) p=0.709) p=0.860)
tdf+ftc+ral 1.47 (1.18, 1.84; 1.35(1.07, 1.69; 1.38 (1.09, 1.74;
p=0.001) p=0.010) p=0.006)

#Adjusted for baseline covariates: sex, tobacco use (ever), substances or alcohol abuse (ever), hepatitis B & C,
stroke, cancer, old myocardial infarction, and time-dependent covariates: age, body weight, CKD,
dyslipidemia, heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-
hyperglycemic agents, hypertension, and receipt of medications for cardiovascular disease (aspirin, beta-
blocker, angiotensin converting enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker and
statins).

*In addition to adjusting for weights generated from the treatment model, the marginal model is adjusted for
time-fixed covariates: sex, ever tobacco use, ever alcohol or substance abuse, and baseline covariates: age,
stroke, cancer, hepatitis B & C, year of ART initiation, symptomatic HIV disease, CKD, dyslipidemia, old AMI,
heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents,
hypertension, and receipt of medications for cardiovascular disease (aspirin, beta-blocker, angiotensin
converting enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker, and statins).

abc: abacavir; 3tc: lamivudine; atv: atazanavir; drv: darunavir; fpv: fosamprenavir; tdf: tenofovir; ftc:
emtricitabine; efv: efavirenz; ral: raltegravir;
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Chapter Two: Risk of Cardiovascular Disease from Current,
Recent, and Cumulative Exposure to Abacavir among HIV-
infected Individuals Receiving Antiretroviral Therapy in the
United States

Abstract
Background

There is an ongoing controversy on the association between abacavir use and cardiovascular
disease (CVD) and a lack of understanding on how the risk may vary with an accumulating
exposure to abacavir.

Methods

| assessed the risk of a first episode of CVD, defined as an acute myocardial infarction or having
a coronary intervention procedure following exposure to abacavir among 72,733 HIV-infected
individuals started on anti-retroviral (ARV) medications between 2009 and 2014 using a large
administrative health plan dataset in the United States. | used marginal structural models with
weights generated from inverse probability of receiving treatment. | adjusted for covariates
age, sex, year of start of ART in the database, overweight or obesity, substance or alcohol
abuse, tobacco use, presence of other forms of heart diseases, use of CVD-related medications,
hypertension, diabetes mellitus, dyslipidemia, chronic kidney disease (CKD), lipodystrophy,
stroke, hepatitis B and C infections, and cancer.

Results

Over 114,470 person-years of exposure to ART, 714 CVD events occurred at an incidence rate
(IR) of 6.23 (95% Cl: 5.80, 6.71) per 1000 person-years. Individuals exposed to abacavir had a
higher IR of 9.74 (95% Cl: 8.24, 11.52)/1000 person-years as compared to 5.75 (95% ClI: 5.30,
6.24)/1000 person-years for exposure to other ARV agents. | observed increased hazard ratios
[HR (95% CI)] for current [1.40 (1.15, 1.70)], recent [1.29 (0.95, 1.75)], and cumulative [1.16
(1.04, 1.28) per year] exposure to abacavir. The risk followed an inverted U-shaped pattern,
levelling off only after 24 months of cumulative exposure. In sensitivity analyses, | saw a similar
increased risk when the study population was restricted to those free of pre-existing heart
disease and those not using illicit substance at baseline.
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Conclusion

Use of abacavir is associated with an increased risk of CVD. The study results are most
compatible with a gradual underlying biological mechanism.

Introduction

Cardiovascular disease (CVD) is responsible for around 16% of deaths among HIV-infected
individuals (1). The risk factors for CVD are more prevalent among HIV-infected individuals (2),
and use of various ARV drugs has been shown to be associated with an increased risk of CVD
(3). In the history of ART use, whether and how abacavir leads to an increased risk of CVD has
arguably been the most intensely debated subject. Abacavir, a guanosine analog nucleoside
reverse transcriptase inhibitor (NRTI) that possess retroviral suppressive properties similar to
tenofovir (4), is a commonly prescribed “anchor” ARV agent. However, the prescription of
abacavir dropped after the Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D) study
group reported in 2008 an increased risk of acute myocardial infarction (AMI) among HIV-
infected individuals exposed to abacavir (5). Independent investigations that were subsequently
carried out both supported (6-15) and refuted (16-21) the D:A:D study’s findings.

While studies conducted more recently mostly suggested an increased risk of CVD from
abacavir exposure (6, 8, 10, 13), they were limited by having a relatively small number of
outcomes, with results failing to reach statistical significance (6, 10). Failure to identify a clear
underlying biological mechanism to explain the epidemiologic findings has added to the
conundrum (22). There is a lack of consensus on whether the risk of CVD from exposure to
abacavir reverses within a few months of stopping the drug (5, 15) and a lack of understanding
on how the risk varies as exposure accumulates. In this study, | have endeavored to address
these questions by investigating the risk of CVD from current, recent, and cumulative exposure
to abacavir among HIV-infected individuals using marginal structural models, and interpret my
findings in the context of possible underlying biological mechanism for such an increased risk.

Methods
Study population and data source

| assessed the risk of CVD among 72,733 HIV-infected individuals who started ARV drugs in the
U.S. between October 1, 2009 and December 31, 2014 and were enrolled in the IMS’
PharMetrics Plus database. A start date of October 1, 2009 was chosen based on availability of
data. PharMetrics Plus is one of the largest health plan insurance claims databases in the U.S.
comprised of adjudicated claims for more than 150 million unique enrollees from across the
four regions of the country (23). The data undergo a series of quality checks to minimize errors.
| used a pre-defined algorithm (Figure 1) to extract and define my study population of HIV-
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infected individuals exposed to any ART in the database. | restricted my study population to
those greater than 18 years of age. Individuals were censored at either 1) the first occurrence
of CVD after start of exposure, 2) last recorded date of ART receipt in the database, or 3)
December 31, 2014, whichever occurred first.

Exposure, covariate, and outcome definitions

Exposures to specific ARV agents were identified by their unique generic product identifier (GPI)
codes. Person-time of exposure to abacavir was compared to exposure to ARV agents other
than abacavir. Any two prescriptions for an ARV agent separated by less than 30 days were
combined to represent a single continuous exposure. The data are longitudinal in nature, with
each subject’s follow up time divided into consecutive one-month periods during which the
treatment is allowed to vary. The values of covariates are updated at the start of each month
and the outcome for an individual is defined as the first occurrence of an AMI or receipt of a
coronary intervention procedure after initiation of the exposure. This temporal ordering of
covariate, treatment, and outcome allows for a time-varying analysis, with an opportunity for a
causal interpretation. The first observation of a time-dependent covariate corresponds to its
baseline value. Once an individual develops a health condition, he/she is assumed to have the
condition for the remainder of the study. For example, an individual developing diabetes
mellitus at a certain time point is assumed to have it for the rest of the study period. Current
exposure to abacavir is defined as exposure (yes/no) during each one-month observation
period. Recent exposure is defined as exposure (yes/no) in the last six months, including the
current month. Cumulative exposure is defined as the total duration of exposure an individual
had received at a particular time point, and is updated every month. Duration of exposure
ceases to accumulate upon discontinuation of the drug but resumes if the drug is restarted.
Covariates and outcomes were ascertained using International Classification of Disease, gth
Revision, Clinical Modification (ICD-9-CM) or Current Procedural Terminology (CPT) codes
(Appendix table 1).

Statistical Analysis

| assessed the risk of CVD from a current, recent, and cumulative exposure to abacavir through
marginal structural models using stabilized inverse probability of treatment weights (sIPTW). |
used pooled logistic regression for my treatment and marginal models. For the denominator of
the sIPTW, | modelled exposure to abacavir as a function of time-fixed covariates: sex, tobacco
use (ever), substance or alcohol abuse (ever), serologic evidence of hepatitis B & C infections,
stroke, cancer, and old myocardial infarction, and time dependent covariates: age, year of ART
initiation, body weight, chronic kidney disease (CKD), dyslipidemia, heart failure, cardiac
dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents,
hypertension, and receipt of medications for cardiovascular disease (i.e. aspirin, beta-blocker,
angiotensin converting enzyme inhibitor, angiotensin receptor blocker, calcium channel
blocker, statins). The numerator of the stabilized weight was modelled as a function of baseline
or time-fixed covariates only. Follow up time was modelled as a function of natural cubic
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splines with three knots. | assumed that the patients remained on abacavir once they started it.
In addition to adjusting for the stabilized weight generated from the treatment model, the
marginal model was further adjusted for the baseline or time-fixed covariates. The same
treatment weights were used for estimation of CVD risk from current, recent, and cumulative
exposure to abacavir. | additionally categorized cumulative exposure to abacavir into six groups,
i.e., never exposed, 1-6, 7-12, 13-18, 19-24, and 25-48 months of exposure, and assessed how
the risk of CVD varied as a function of these time-periods of exposure. | assumed no exposure
for exposures that occurred more than 48 months ago. | assessed the reversibility of the risk by
comparing the risk of CVD between individuals who were exposed to abacavir for any duration
prior to the last six months but not exposed to abacavir in the last six months (i.e. those who
had stopped abacavir six months ago) to individuals who were never exposed to abacavir. In
sensitivity analyses, | restricted the study population to individuals free of cardiovascular
disease at baseline, i.e., those not having prior AMI, heart failure, atherosclerosis, and cardiac
arrhythmia, and to individuals without a history of alcohol and substance abuse at baseline. In
addition to the marginal structural results, | calculated corresponding unadjusted and adjusted
results from conventional Cox models. | assumed uninformative censoring for my study. |
extracted and processed my data from the main claims databases using TERADATA, SAS
(Version 9.1), and STATA (13.1), and implemented the marginal structural models in STATA,
following the steps shown by Fewell et al (24). Additional description of the marginal structural
models with the equations and the notations are provided in the appendix 1. The study was
approved by the Committee for Protection of Human Subject (CPHS) at University of California,
Berkeley.

Results

On average, participants are exposed to ART for 2.8 years. The mean age of the study
population was 46 years and 82% were males. There were 72,733 individuals in the study
contributing 114,470 person-years of exposure to anti-retroviral agents, over which 714 CVD
events occurred at an incidence rate of 6.23 (95% Cl: 5.80, 6.71)/1000 person-years. Of the 714
outcomes, 137 were observed over 14,060 person-years of exposure to abacavir at an
incidence rate of 9.74 (95% Cl: 8.24, 11.52)/1000 person-years, as compared to 5.75 (95% Cl:
5.30, 6.24)/1000 person-years for those exposed to other ARV drugs. The incidence rate of CVD
was highest for those exposed to abacavir for 13-18 months (11.32/1000 person-years) (table
1). The overall incidence rate of AMI was 4.77 (95% Cl: 4.39, 5.19)/1000 person-years and was
highest for those > 70 years of age (table 2).

The prevalences of essential hypertension, diabetes mellitus, chronic kidney disease (CKD),
dyslipidemia, lipodystrophy, heart diseases, and use of cardiovascular medications was higher
among abacavir recipients at baseline (table 3). A pooled logistic regression for the treatment
model showed that increasing age, CKD, symptomatic HIV infection, and lipodystrophy were
associated with an increased probability of receiving abacavir whereas male sex, initiating ART
after 2009, substance or alcohol abuse, any cancer, and receipt of medications for CVD were
associated with a decreased probability of receiving abacavir (table 4). | found an increased risk
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of CVD from a current exposure to abacavir from both a marginal structural model (HR: 1.40;
95% Cl: 1.15, 1.70) and a corresponding extended Cox model (HR: 1.32; 95% ClI: 1.09, 1.60). |
also found an increased risk of CVD from a cumulative exposure to abacavir from both a
marginal structural model (HR: 1.16 per year; 95% Cl: 1.04-1.28 per year) and an extended Cox
model (HR: 1.13; 95% CI: 1.02, 1.25) (table 5). This finding of an increased risk from an
additional year of exposure prompted me to further assess the risk as a function of categories
of increasing duration of cumulative exposure. | noted that the hazard ratio of CVD varied with
duration of exposure in a U-shaped pattern (figure 2 and appendix table 2). The hazard of CVD
continued to increase for up to 24 months of exposure, after which the risk decreased to non-
significant levels. Through an intuitive modelling approach, | assessed the reversibility of risk by
directly comparing the risk of CVD among those exposed to abacavir prior to but not in the last
6, 12, and 18 months to those who were never exposed. | observed a significantly increased risk
(HR: 2.19; 95% Cl: 1.18, 4.12) among those who had stopped abacavir six months previously as
compared to those who were never exposed. There were few people who had received
abacavir 12 or 18 months previously but had not received it the last 12 or 18 months (Appendix
table 3).

In addition to the exposure variable, the factors that were significantly associated with CVD
were increasing age, male sex, tobacco use, other heart diseases, prior AMI, use of CVD-related
medications, diabetes mellitus, and dyslipidemia (Appendix table 4). Given the strong
association of prior AMI and other heart diseases with the outcome, | conducted a sensitivity
analysis by restricting the study to individuals without a prior AMI or heart diseases at baseline.
| continued to observe an increased risk (HR: 1.49; 95% Cl: 1.22, 1.84) in this subgroup
(Appendix table 5). | assessed this relationship by excluding other cardiovascular diseases (heart
failure, cardiac arrhythmia, atherosclerosis, or receipt of cardiovascular medications) from my
adjustment set of covariates in both the treatment model for the marginal structural model and
the extended Cox model. The results remained the same. | observed an increased risk (HR: 1.37;
95% Cl: 1.13, 1.66) when the study population was restricted to individuals not using illicit
substances or alcohol at baseline (Appendix table 6). Using extended Cox models, | assessed if
the risk of CVD from current exposure to abacavir differed by the following baseline variables:
sex, age, smoking, substance or alcohol abuse, overweight/obese, CKD, heart disease, diabetes
mellitus, hypertension, dyslipidemia, and lipodystrophy. | did not find evidence of effect
modification by these variables (Appendix table 6). | assessed the relationship between current
abacavir exposure and the risk of AMI by excluding individuals whose CVD diagnoses were
based on the presence of coronary intervention procedures; the risk was increased (HR: 1.33;
95% Cl: 1.06, 1.66).

Discussion

| found an increased risk of AMI and CVD associated with exposure to abacavir using both
conventional Cox models and marginal structural models. | found a trend of an increasing risk
from a cumulative exposure for up to 24 months. The overall incidence rate of AMI in my study
was higher (4.77/1000 person-years) than in the D:A:D study (3.3/1000 person-years). In
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comparison, AMI incidences of 1.41/1000 people and 1.2/1000 people were seen in the
general population in the Olmstead county in Minnesota in 2006 and in men 35-65 years of age
in the Framingham study population, respectively (25, 26). The incidence rates of AMI
associated with exposure to abacavir in this study (6.9/1000 person-years) and in the D:A:D
study (6.1/1000 person-years) were ~4-5 fold higher than in the general population. | found a
significantly increased HR from current and cumulative exposure to abacavir, and a statistically
non-significant increased HR from a recent exposure to abacavir. Whereas the D:A:D study
found a 90% increased risk of AMI associated with recent exposure, | found only a 40%
increased risk associated with current exposure and a 29% increased risk associated with recent
exposure, similar to findings reported by Desai et al. (HR: 1.50) (8) and Palella et al. (HR: 1.33)
(13). My cumulative exposure model showed a 16% increased risk associated with an additional
year of exposure, close to the 14% increased risk observed in the D:A:D study (5).

In an attempt to elucidate an underlying biological mechanism for the increase in the risk of
CVD associated with abacavir use, | assessed how the risk of CVD varied with duration of
exposure. | found that both the incidence rate of AMI and the hazard ratio increased with
increasing duration of exposure in an inverted U-shaped pattern, peaking between 13-24
months of exposure and levelling off thereafter. This finding differs from the results of the
D:A:D study, which found that the risk was increased only in the first 6 months of receiving
abacavir, suggesting an underlying acute inflammatory mechanism is involved in the
pathogenesis. Whereas my finding does not support an acute underlying process leading to AMI
only in around the first six months of receiving abacavir, it also is not consistent with a
dyslipidemia-related traditional atherogenic mechanism, which would be expected to be
associated with an increase in the risk with increasing duration of exposure, and not levelling
off after 24 months. One of the possible underlying biological mechanisms put forward is
previously abacavir-induced platelet hyper-reactivity and aggregation through an active
metabolite, carbovir-triphosphate (22, 27, 28). It is possible that abacavir may trigger an acute
platelet response leading to endothelial injury with a longer lasting impact. An acute
inflammatory response is another proposed underlying mechanism for an increased risk of CVD
as a result of exposure to abacavir (14). Whether or not individuals with pre-existing coronary
artery disease, such as atherosclerosis, a prior AMI, and coronary interventions may develop
CVD more rapidly as a result of exposure to abacavir is unclear. While | did not find a difference
in the time to development of CVD in these risk groups from my test of interactions, Choi et al.
found a significant difference in the risk of CVD among sub-groups defined by the presence or
absence of dyslipidemia in their study (7). Future studies should explore these areas further in a
trans-disciplinary fashion from both a basic science and an epidemiologic perspective. While a
finding of an increased risk of AMI within the first few months of receiving abacavir may
connote an equally rapid reversal of the risk after stopping abacavir, this may not always be
true, because an initial acute insult on the coronary vasculature could have an impact such that
it takes longer time to reverse also. Through an intuitive exposure representation in my study, |
showed that the risk of CVD associated with exposure to abacavir remains elevated six months
after stopping abacavir. Due to inadequate exposure-time and very few outcomes, this study
could not further determine exactly when the risk reverses after stopping exposure beyond six
months. Young et al. also recently reported an elevated risk of CVD among individuals who had
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received abacavir continually for the past four years (15). My study results suggest a reversible
but more gradual underlying mechanism or an acute underlying process with a longer lasting
impact that takes a longer time to regress after removal of the exposure.

| used marginal structural models for my study because first, individuals with certain risk factors
for CVD such as CKD, hypertension, diabetes mellitus, and dyslipidemia, may be preferentially
channeled into (or away from) receiving abacavir based on its known toxicity in the presence of
these conditions, and such individuals may differ from the referent group in other unmeasured
characteristics (e.g. race and socio-economic status) as well. Causal inference methods such as
marginal structural models provide a valuable tool for balancing exposure groups through an
inverse of the probability of receiving treatment after making a reasonable convenience
assumption to identify a causal path between the exposure and the outcome (29, 30). Second,
adjusting through traditional methods for covariates that may simultaneously serve as
confounders and causal intermediates, can lead to biased results (30). After balancing the
various covariates between the exposure groups, | found an increased risk of CVD from
exposure to abacavir. Marcus et al. and Desai et al. both used marginal structural models for
their analyses (8, 10). However, Marcus et al. reported estimates without having adjusted for
any baseline/time-fixed covariates in the marginal model (10). Cole and Hernan have discussed
the importance of adjusting for baseline covariates in the marginal model to make up for the
compromise of the IPTW through the weight stabilization process (31). Desai et al. have
included time-dependent covariates in their marginal model (8); Robins et al. have stated that
inclusion of time-dependent covariates in the marginal model will bias the result (30).

In a sensitivity analysis, | observed an increased risk of CVD among individuals free of heart
disease at baseline. Informed by a finding by Lang et al. (17) that the risk of CVD is not elevated
among individuals not using illicit substances, | restricted my study population to those without
a history of substance abuse at baseline. | saw a significantly increased risk in this sub-group
also. My study data are after 2009, i.e. after the publication of the D:A:D study in 2008, and
therefore, | did not conduct a sub-group analysis based on year of initiation of abacavir as other
studies have done.

Key strength of my study is that | applied a robust method to answer my study questions in a
large U.S. health plan dataset containing longitudinal information on usage of ART in more than
70,000 HIV-infected individuals receiving care across the country. The similarity of my results to
those from prior studies, the reproducibility of the results in the sensitivity analyses, and the
finding of a background incidence rate of AMI comparable to that found in the D:A:D study are
reassuring aspects of my results. A limitation of my study is that the ICD-9 and CPT diagnostic
codes used in my study may be prone to coding errors; however, such errors are likely to affect
the exposure groups equally and should not bias my study results. The ICD-9 code for AMI has
been previously validated in another claims database (32). It is possible that information on
covariates for which re-imbursement may not be sought could be under-reported in this
database and hence be under reported in the study population. Again, this problem should
exist non differentially across both exposure groups. Information on race/ethnicity, CD4 cell
count, and HIV viral load were not available in the claims database, and these could be relevant
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risk factors. However, the D:A:D study showed that adjustment for CD4 cell count and HIV viral
load made little difference to the relative rate of AMI (5). There is potential for bias in my study
results from residual confounding that may arise from the binary categorization of most
variables in my study, rather than having a graded or a finer response. | assessed the influence
such categorization would have for two variables. First, | assessed if the study results changed
after including CKD as six separate indicator variables (CKD stage 1-6) rather than a single
dichotomous CKD variable. Then | assessed if the results changed after including various lipid
disorders as separate entities rather than collapsing them into one dyslipidemia variable. My
results did not change for either of the variables.

Conclusion

There is an increased risk of CVD and AMI associated with exposure to abacavir; | recommend a
holistic patient evaluation with careful analysis of risks and benefits while formulating an anti-
retroviral treatment regimen.
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Tables and Figures

Table 1. Incidence rate (IR) of cardiovascular disease* among HIV-infected
individuals exposed to abacavir for various periods of time

Duration of exposure Person-years  No. of IR per 100,000 people
to abacavir (months) CVvD (95% Cl)

Never exposed 99,384 566 570 (525, 618)

1-6 (recent exposure) 4,757 51 1,072 (815, 1,411)
7-12 3,125 31 992 (698, 1,411)
13-18 months 2,208 25 1,132 (765, 1,676)
19-24 months 1,663 18 1,082 (682, 1,718)
25-48 months 3,333 23 690 (459, 1,039)

*Includes AMI and coronary intervention procedures
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Table 2. Age specific incidence rate (IR) of acute myocardial infarction among
HIV-infected individuals receiving anti-retroviral therapy

Age group Person-years No. of AMI IR per 1000 people
(95% Cl)

18-39 27,869 33 1.18 (0.84, 1.67)
40-49 46,677 149 3.19(2.72, 3.75)
50-59 32,852 259 7.88 (6.98, 8.90)
60-69 6,779 97 14.31 (11.73, 17.46)
>=70 562 10 17.80 (9.58, 33.08)
Overall 114,738 548 4.78 (4.39, 5.19)
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Table 3. Demographic and clinical characteristics at baseline of HIV-infected individuals

receiving antiretroviral agents

Characteristic Exposed to Exposed to Other ARV
Abacavir agents (reference group)
Age, median (IQR) 48 (43-54) 46 (39-52)

Male, n(%)
Region, n( %)
East
Mid-West
South

West

Year of ART initiation in the database,

n(%)

2009

2010

2011

2012

2013

2014

Ever substance abuse, %
Ever alcohol abuse

Ever tobacco use, %
Overweight or obese, %
Essential hypertension, %
Diabetes mellitus, %
Chronic Kidney Disease, %
Dyslipidemia, %
Lipodystrophy

Heart disease
Medications used for cardiovascular
disease

Stroke

Symptomatic HIV disease
Hepatitis B

Hepatitis C

Cancer

6,889 (80.76)

2,057 (24.11)
1,370 (16.06)
3,986 (46.73)
1,117 (13.09)

3,590 (42.09)
1,120 (13.13)
1,147 (13.45)
801 (9.39)
643 (7.54)
1229 (14.41)
1,290 (15.12)
273 (3.20)
1,198 (14.04)
116 (1.36)
766 (8.98)
366 (4.29)
265 (3.11)
820 (9.61)
36 (0.42)
242 (2.84)
819 (9.60)

25 (0.29)
2313 (27.12)
69 (0.81)
141 (1.65)
438 (5.13)

52,402 (81.62)

15,336 (23.89)
12,104 (18.85)
29,179 (45.45)

7,584 (11.81)

20,440 (31.84)
8,578 (13.36)
9,121 (14.21)
7,824 (12.19)
7,259 (11.39)

10,981 (17.10)

11,837 (18.44)

2,750 (4.28)
10,385 (16.18)
1,130 (1.76)
5,026 (7.83)
2,049 (3.19)
492 (0.77)
5,552 (8.65)
129 (0.20)
1,768 (2.75)
4,816 (7.50)

160 (0.25)
18,839 (29.34)
612 (0.95)
896 (1.40)
4,152 (6.47)
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Table 4. Factors associated with initiation of abacavir among HIV-
infected individuals (Treatment model)

Variable Hazard Ratio P value
(95% Cl)
Male sex’ 0.90 (0.86, 0.96) 0.000
Age' 1.03 (1.029, 0.000
1.034)
Year of initiating ART'
2009 Reference
2010 0.84 (0.78, 0.90) 0.000
2011 0.80 (0.75, 0.86) 0.000
2012 0.70 (0.65, 0.75) 0.000
2013 0.63 (0.58, 0.68) 0.000
2014 0.68 (0.63, 0.73) 0.000
Ever smoking 1.03 (0.94, 1.14) 0.504
Ever substance/alcohol abuse 0.83(0.76, 0.91) 0.000
Symptomatic HIV infection at 1.09 (1.03, 1.15) 0.002
baseline”
Any cancer® 0.85 (0.78, 0.94) 0.001
Chronic Kidney Disease’ 4.22 (3.73, 4.77) 0.000
Receipt of medications for 0.89 (0.83, 0.95) 0.001
cvD'®
LipodystrophyT 1.75 (1.37, 2.24) 0.000
Dyslipidemia’ 1.03 (0.96, 1.11) 0.398
old AMI® 1.21(0.77, 1.88) 0.412
Heart failure/cardiac 0.92 (0.81, 1.04) 0.174
arrhythmia/atherosclerosisT
Essential hypertensionJr 1.06 (0.98, 1.16) 0.132
Diabetes mellitus/receipt of 0.99(0.90, 1.10) 0.909
anti-hyperglycemic agentsJr
Ever tobacco use 1.03 (0.94, 1.14) 0.506
Hepatitis B 0.87 (0.69, 1.10) 0.250
Hepatitis C° 1.16 (0.98, 1.37) 0.078
Overweight/obese’ 0.95 (0.81, 1.11) 0.503
Stroke® 0.91(0.61, 1.37) 0.655

*Time-dependent variables. The first observation of a time-dependent covariate

corresponds to its baseline value.

@aspirin, beta-blocker, statins, angiotensin converting enzyme inhibitor,

angiotensin receptor blocker, calcium channel blocker.

SBaseline covariates.
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Table 5. Cardiovascular Disease outcomes from current and cumulative exposure to

abacavir among HIV-infected individuals

Exposure Unadjusted Cox Adjusted Cox Model Marginal Structural Model
Model HR* (95% CI; p value) HR" (95% CI; p value)
HR (95% ClI; p value)

*Current 1.70 (1.41, 2.05; 1.32 (1.09, 1.60; 1.40 (1.15, 1.70; p=0.001)
p=0.000) p=0.004)

@Recent 1.67 (1.23, 2.25; 1.23 (0.91, 1.66; 1.29 (0.95, 1.75; p=0.107)
p=0.001) p=0.177)

@Cumulative 1.24 (1.12,1.37; 1.13 (1.02, 1.25; 1.16 (1.04, 1.28; p=0.006)

(per year) p=0.000) p=0.024)

#Models for current, recent, and cumulative exposures are adjusted for baseline covariates: sex, tobacco use
(ever), substances or alcohol abuse (ever), hepatitis B & C, stroke, cancer, old myocardial infarction, and time-
dependent covariates: age, body weight, CKD, dyslipidemia, heart failure, cardiac dysrhythmia, atherosclerosis,
diabetes mellitus, receipt of anti-hyperglycemic agents, hypertension, and use of CVD related medications (aspirin,
beta-blocker, angiotensin converting enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker).

*In addition to adjusting for weights generated from the treatment model, the marginal models for both the
current and cumulative exposures are adjusted for time-fixed covariates: sex, ever tobacco use, ever alcohol or
substance abuse, and baseline covariates: age, stroke, cancer, hepatitis B & C, year of ART initiation, symptomatic
HIV disease, CKD, dyslipidemia, old AMI, heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus,
receipt of anti-hyperglycemic agents, hypertension, and receipt of medications for cardiovascular disease (aspirin,
beta-blocker, angiotensin converting enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker).
@Referent group is those never exposed to abacavir.

SReferent group is those not currently exposed to abacavir, but may be exposed in the past.
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Figure 1. Algorithm for defining the study cohort.

Pharmetrics Plus Claims
Database (2009-2014)

»| Exclude subjects not
infected with HIV

Y

308,886 individuals with possible HIV
infection identified (ICD-9-CM
diagnostic codes used: 042, V08,
795.71,V01.79)

Exclude individuals who
have not received an anti-
retroviral drug

\ 4

73,785* HIV-infected individuals
who have received an anti-
retroviral drug were identified
(GPI code starting with ‘1210’
used for filter)

A 4

Exposure to specific ARV agents, outcomes,
and covariates for these HIV-infected
individuals were ascertained using specific
GPI, CPT, and ICD-9-CM codes.

GPI: generic product identifier; CPT: current procedural terminology; ICD-9-CM: International Classification of
Disease, ot Revision, Clinical Modification.
*Additional filter (age>18) applied to obtain final cohort.
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Figure 2. Risk of cardiovascular disease from an increasing duration of exposure to
abacavir as compared to those never exposed.
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Figure 3. Incidence rates of cardiovascular disease from an increasing duration of exposure
to abacavir
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Appendix 1.

Marginal Structural Model

Because the estimates generated by traditional methods could be biased in the presence of
confounders that lie on the causal pathway between the exposure and the outcome, and were
also predicted by past exposure to the ARV agent of interest, | have used a causal inference
approach that estimates so-called marginal structural models, which can account for the issue
of time-dependent confounding. In this study, the relationship between abacavir use and risk of
CVD may be confounded by covariates such as diabetes mellitus, hypertension, dyslipidemia,
lipodystrophy, and chronic kidney disease, and the values of these covariates could be
influenced by past exposure to abacavir or the comparator ARV agents, such as Pls. The
specified MSM will model the hazard of AMI had everyone in the study population received the
ARV agent of interest compared to if everyone had not received the exposure. A usual
approach for modeling the effect of a time dependent exposure/covariate on the effect of
survival is to use the time dependent Cox proportional hazard model. However, as stated
above, in the presence of time dependent confounders, which are affected by past treatment,
the estimate of the effect is biased, as is the case in this study. Therefore, in this context of
time-dependent covariates, although the effect estimate from the usual Cox proportional
hazards model is an unbiased estimate of the associational parameter, it is a biased estimator
of the causal effect of the specified exposure on survival among HIV-infected patients receiving
ART. Therefore, | will employ the marginal structural Cox proportional hazards method (Hernan
et al., 2000). Adopting the notations used by Hernan et al, | define T to be the patient’s time to
AMI/CVD or the censoring date, with time measured in months, and A(t) = 1if the subject
received the specified exposure at a given time t, where 0 < u < t. A(t) represents patient’s
treatment history up to time t. V represents the vector of time independent baseline
covariates. L(t) represents the vector of time dependent covariates at timet,and Tj;
represents the counterfactual random variable that represents patient’s time to outcome, had
he/she experienced the exposure history from the start of follow up rather than his/her
observed history. We observe Tz only for those patients’ exposure histories @, where the
subject actually received the exposure, in our case, the specified ARV agent, from start of follow
up until the development of AMI/CVD or the censor date. Then T; equals T, and for each @, an
example of a marginal structural cox proportional hazard model is given by:

Arg (t]V) = 2o (t) exp (B1a(t) + B,V) (1)

where ATE(tIV) was the hazard of AMI/CVD among subjects with baseline covariates V had,
contrary to fact, all subjects followed the specified exposure history through a. This model is a
marginal structural model as it assumes a smooth (parametric) function relating the subset of
covariates and counterfactual levels of treatment to the hazard. | obtained the parameters of
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MSM defined in (1) through a pooled logistic regression that essentially models the hazard of
AMI/CVD by fitting the model

Ar(t|A), V) = Ag(t)exp (BrA(t) + B5V) (2)
using a stabilized weight

int(t) pr(A(k)=a;(k)|A(k-1)=a;(k—1),V=v;)
k=0 pr(ak)=a;(k)|A(k-1)=a;(k—1),V=v; L(k)=1;(k))

sw; =1 (3)

where A(—1) is defined to be 0 and int(t) is the largest integer less than or equal to t and k
denotes months since start of follow up. Here, in fitting the treatment model, | assumed that
once an HIV-infected individual is started on the specified ARV agent, he/she remained on that
drug. Assuming sufficiency of the measured time dependent covariates for identifiability of the
causal question of ART use and risk of AMI/CVD, the use of stabilized weights sw; effectively
generates, in a risk set at time t, a pseudo-population in which L(t) no longer predicts the
specified exposure use and hence L(t) is no longer a confounder (Robins et al., 2000) and the
causal parameter would be same as that in the original study population (Robins et al., 2000).
The stabilized weight was generated using a pooled logistic regression as follows.

Estimation of the weights

Numerator: The numerator of the stabilized weight was modelled using a logistic model

Logit pr(Ay = 1|Ax_1 = Gx_1,V) = af + ajap_, + a3V + aik (4)
where | allowed the probability of current treatment to be a function of the baseline/time-fixed
covariates, exposure at time k-1, and time modelled as a smoothed function of natural cubic
splines with three internal knots at 25" 50", and 75™ percentile corresponding to month 6,
month 14, and month 26.

Denominator: The denominator of the stabilized weight was modelled using the logistic model
Logit pr(Ay = ag|Ay_1 = @1, L = i, V) = ag + aya,_1 + ol + a5V + ask (5)
where the probability of receiving current treatment depended upon the last month’s
treatment history, time-dependent and time-fixed covariates, and time modelled as a function
of natural cubic splines as that of the numerator. We then obtained the predicted probabilities

of receiving treatment for each individual from the logistic models of (4) and (5), which we then
use to calculate the stabilized weight as
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I (B i (1—p) D)
SW; = [ — e
{Hk=o(pki) ki(1—Pgi) ki }

(6)

Hence, by using the stabilized weights, we obtained an unbiased estimate of the causal
parameter B;. eP1 is the causal hazard ratio for the effect estimate of the hazard of AMI in HIV-
infected patients receiving the specified exposure, compared to HIV-infected patients receiving
the reference exposure. The stabilized weights help to create a pseudo-population in which the
treatment is not confounded by the covariates, and the causal parameters generated from the
pseudo-population are the same as those of the true population (Robins et al., 2000). Robins et
al. also showed that the stabilized weights have smaller variance as compared to the IPTW
weights, leading to narrower confidence intervals. We also assessed effect modification by
including interaction terms between time independent baseline covariates and the treatment
variable in the MSM.

Inference: 95% confidence interval will be calculated using the Huber White robust or sandwich

estimator of the variance for B1 given by 3;+1.96 /var(ﬁl).
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Appendix 2.

Appendix 2 table 1. ICD-9-CM, and CPT codes for defining various covariates and

outcomes
Variable ICD-9-CM Code
Acute myocardial infarction 410.xx

Percutaneous coronary intervention (CPT)

92920-92921, 92924-92925, 92928-
92929, 92933-92934, 92937-92938,
92941, 92943-92944, 92980-92981,
92984, 92996

Coronary artery bypass graft (CPT)

33510-33514, 33516-33519, 33521-
33523, 33533-33536

Tobacco use

305.1; v15.82

Substance abuse (dependent and non-
dependent)

304.xx, 305.xx

Alcohol abuse (alcohol dependence and
alcohol abuse)

303.xx, 305.0x

Overweight/obese

278.00, 278.01, 278.02

Diabetes mellitus

250.xx, 357.2x, 362.0x, 366.41

Essential hypertension

401.xx

Hypercholesterolemia 272.0x
Hypertriglyceridemia 272.1x
Mixed hyperlipidemia 272.2x
Other and unspecified hyperlipidemia 272.4%
Lipodystrophy 272.6x
Chronic kidney disease 585.xx

Heart failure

402.01, 402.91, 428%, 404.01,
404.03,404.11,404.13,404.91, 404.93

Cardiac dysrhythmia

427 .Xx

Old myocardial infarction 427 .xx
Coronary atherosclerosis 414 .xx
Stroke 434 .xx

Hepatitis B virus infection

070.2x, 070.3x, V02.61

Hepatitis C virus infection

070.41, 070.44, 070.51, 070.54, 070.7x,
v02.62

Any cancer

140-149, 150-159, 160-169, 170-179,
180-189, 190-199, 200-209, 210-229,
230-239

ICD-9-CM: International Classification of Disease, 9™ Revision, Clinical Modification; CPT: Current Procedural

Terminology
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Appendix 2 table 2. Risk of cardiovascular disease among HIV-infected individuals exposed
to abacavir for various time-periods
Duration of HR (95% Cl; p value) Adjusted Cox Model Marginal Structural Model
exposure Unadjusted Cox HR* (95% CI; p HR* (95% Cl; p value)
(months) Model value)
1-6 (recent) 1.66 (1.23, 2.25; 1.24 (0.92, 1.67; 1.29 (0.95, 1.75;
p=0.001) p=0.164) p=0.101)
7-12 1.69 (1.15, 2.47; 1.27 (0.87, 1.86; 1.43 (0.98, 2.07;
p=0.007) p=0.221) p=0.065)
13-18 2.28 (1.47, 3.53; 1.71 (1.10, 2.65; 1.74 (1.13, 2.67;
p=0.000) p=0.017) p=0.011)
19-24 2.09 (1.26, 3.46; 1.62 (0.98, 2.69; 1.79 (1.10, 2.93;
p=0.004) p=0.061) p=0.020)
25-48 1.40 (0.90, 2.18; 1.16 (0.75, 1.82; 1.17 (0.75, 1.83;
p=0.131) p=0.499) p=0.500)
Never exposed Referent Referent Referent

#Adjusted for baseline covariates: sex, tobacco use (ever), substances or alcohol abuse (ever), hepatitis B & C,
stroke, cancer, old myocardial infarction, and time-dependent covariates: age, body weight, CKD, dyslipidemia,
heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents,
hypertension, and receipt of medications for cardiovascular disease (aspirin, beta-blocker, angiotensin converting
enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker, statins).

*In addition to adjusting for weights generated from the treatment model, the marginal model is adjusted for
time-fixed covariates: sex, ever tobacco use, ever alcohol or substance abuse, and baseline covariates: age, stroke,
cancer, hepatitis B & C, year of ART initiation, symptomatic HIV disease, CKD, dyslipidemia, old AMI, heart failure,
cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents, hypertension, and
receipt of medications for cardiovascular disease (aspirin, beta-blocker, angiotensin converting enzyme inhibitor,
angiotensin receptor blocker, calcium channel blocker, statins).
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Appendix 2 table 3. Risk of CVD from abacavir exposure among HIV-infected individuals

who have received abacavir prior to but not in the last various periods of time

@l ast receipt of Person- Outcomes/tot Adjusted Cox Model Marginal Structural Model

abacavir years of al no. of HR* (95% ClI; p value) HR" (95% ClI; p value)

exposure  outcomes

6 monthsago 800 12/407 2.14 (1.20, 3.81; 2.19(1.19, 4.02;
p=0.010) p=0.011)

12 months ago 534 7/286 1.90 (0.89, 4.07; 1.82 (0.82, 4.02;
p=0.099) p=0.138)

18 months ago 346 4/208 1.79 (0.65, 4.93; 1.64 (0.58, 4.62;
p=0.257) p=0.351)

@The reference group for for the model for each exposure category is those never exposed to abacavir.

#Adjusted for baseline covariates: sex, tobacco use (ever), substances or alcohol abuse (ever), hepatitis B & C,
stroke, cancer, old myocardial infarction, and time-dependent covariates: age, body weight, CKD, dyslipidemia,
heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents,
hypertension, and receipt of medications for cardiovascular disease (aspirin, beta-blocker, angiotensin converting
enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker, statins).

*In addition to adjusting for weights generated from the treatment model, the marginal model is adjusted for
time-fixed covariates: sex, ever tobacco use, ever alcohol or substance abuse, and baseline covariates: age, stroke,
cancer, hepatitis B & C, year of ART initiation, symptomatic HIV disease, CKD, dyslipidemia, old AMI, heart failure,
cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents, hypertension, and
receipt of medications for cardiovascular disease (aspirin, beta-blocker, angiotensin converting enzyme inhibitor,
angiotensin receptor blocker, calcium channel blocker, statins).
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Appendix 2 table 4. The influence of various risk factors on the development of
cardiovascular disease among HIV-infected individuals receiving anti-retroviral therapy
Variable Adjusted Cox Model” P-value
HR (95% CI)
Age (per year)Jr 1.06 (1.05, 1.07) 0.000
Male sex’ 1.83 (1.42, 2.36) 0.000
Tobacco use (ever) 1.53 (1.19, 1.98) 0.000
Substance/alcohol abuse (ever) 1.10 (0.85, 1.42) 0.456
Year of ART initiation’
2009 Referent -
2010 0.92 (0.61, 1.38) 0.691
2011 0.95 (0.63, 1.44) 0.814
2012 0.80(0.52, 1.22) 0.293
2013 0.74 (0.48, 1.13) 0.160
2014 0.91 (0.59, 1.39) 0.649
Overweight/obeseJr 0.86 (0.62, 1.19) 0.369
Symptomatic HIV infection® 0.89 (0.74, 1.07) 0.205
Heart diseases (Heart failure, cardiac 4.13 (3.45, 4.95) 0.000
arrhythmia, atherosclerosis)T
Old myocardial infarction® 3.38(2.02, 1.75) 0.000
Use of CVD related medication’ 1.46 (1.22, 1.75) 0.000
Diabetes Mellitus' 1.32 (1.09, 1.60) 0.005
Essential HypertensionJr 1.17 (0.97, 1.42) 0.095
Dyslipidemia’ 1.35(1.13, 1.61) 0.001
LipodystrophyT 1.24 (0.86, 1.79) 0.251
Chronic Kidney Disease’ 1.04 (0.79, 1.36) 0.793
Hepatitis B 0.79 (0.32, 1.96) 0.615
Hepatitis C° 1.61 (0.99, 2.64) 0.057
Cancer’ (any) 0.77 (0.55, 1.07) 0.118

S baseline variables; T time dependent variables

#Cox proportional hazard model adjusted for baseline covariates: sex, tobacco use (ever), substances or alcohol
abuse (ever), hepatitis B & C, stroke, cancer, old myocardial infarction, and time-dependent covariates: age, body
weight, CKD, dyslipidemia, heart failure, cardiac dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-
hyperglycemic agents, hypertension, and receipt of medications for cardiovascular disease (aspirin, beta-blocker,
angiotensin converting enzyme inhibitor, angiotensin receptor blocker, calcium channel blocker).
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Appendix 2 table 5. Risk of CVD from exposure to abacavir among HIV-infected individuals
free of cardiovascular disease at baseline

Unadjusted Cox Model Adjusted Cox Model Marginal Structural Model
HR (95% Cl; p value) HR* (95% CI; p value) HR™ (95% Cl; p value)
1.81(1.48, 2.23; p=0.000) 1.41(1.15, 1.74; p=0.001) 1.49 (1.22, 1.84; p=0.000)

#Adjusted for baseline covariates: sex, tobacco use (ever), substance or alcohol abuse (ever), hepatitis B & C, stroke,
cancer, and time dependent covariates: age, body weight, CKD, dyslipidemia, congestive heart failure, cardiac
dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents, hypertension, and receipt of
medication for cardiovascular disease (aspirin, beta-blocker, angiotensin converting enzyme inhibitor, angiotensin
receptor blocker, calcium channel blocker).

*In addition to adjusting for weights generated from the treatment model, the marginal model is adjusted for time-
fixed covariates: sex, ever tobacco use, ever alcohol or substance abuse, and baseline covariates age, stroke, cancer,
hepatitis B & C, year of ART initiation, symptomatic HIV disease, CKD, dyslipidemia, diabetes mellitus, receipt of
anti-hyperglycemic agents, essential hypertension, and receipt of medication for cardiovascular disease.
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Appendix 2 table 6. Risk of cardiovascular disease from a current exposure to abacavir among
HIV-infected individuals without a prior history of substance or alcohol abuse at baseline

Unadjusted Cox Model Adjusted Cox Model Marginal Structural Model
HR (95% Cl; p value) HR* (95% CI; p value) (95% ClI; p value)
1.69 (1.40, 2.04; p=0.000) 1.30(1.08, 1.58; p=0.007) 1.37 (1.13, 1.66; p=0.002)

#Adjusted for baseline covariates: sex, tobacco use (ever), hepatitis B & C, stroke, cancer, prior AMI, congestive
heart failure, and time-dependent covariates: age, body weight, CKD, dyslipidemia, heart failure, cardiac
dysrhythmia, atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents, hypertension, and receipt of
medication for cardiovascular disease (aspirin, beta-blocker, statin, angiotensin converting enzyme inhibitor,
angiotensin receptor blocker, calcium channel blocker).

*In addition to adjusting for weights generated from the treatment model, the marginal model is adjusted for
time-fixed covariates: sex, ever tobacco use, and baseline covariates age, stroke, cancer, hepatitis B & C, year of
ART initiation, symptomatic HIV disease, CKD, dyslipidemia, old AMI, heart failure, cardiac dysrhythmia,
atherosclerosis, diabetes mellitus, receipt of anti-hyperglycemic agents, essential hypertension, and receipt of
medication for cardiovascular disease.
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Appendix 2 table 7. Risk of cardiovascular disease from current exposure
to abacavir in sub-groups of variables at baseline (test of interactions)

Variable *Hazard Ratio (95% Cl) P value for test of
interaction

Age>45 1.23(1.01, 1.51)

Age<=45 1.97 (1.23, 3.15) 0.072

Female 0.97 (0.48, 1.97)

Male 1.36 (1.11, 1.65) 0.371

Chronic Kidney Disease 1.06 (0.43, 2.58)

(CKD) 1.33(1.10, 1.62) 0.622

No CKD

‘cVD 1.41 (1.15, 1.74)

No CVD 0.98 (0.62, 1.54) 0.143

Dyslipidemia 1.18 (0.69, 2.02)

No dyslipidemia 1.35(1.11, 1.66) 0.636

Diabetes mellitus 1.05 (0.54, 2.07)

No diabetes mellitus 1.35(1.11, 1.64) 0.876

Lipodystrophy 5.70 (0.50, 64.49)

No lipodystrophy 1.31 (1.08, 1.58) 0.239

Hypertension 1.34 (0.80, 2.25)

No Hypertension 0.90 (0.67, 1.22) 0.942

Substance abuse 1.54 (0.60, 3.94)

No substance abuse 1.31 (1.08, 1.59) 0.741

Alcohol abuse 3.08 (0.67, 14.22)

No alcohol abuse 1.31 (1.08, 1.58) 0.274

Overweight/obese 0.81(0.11, 6.18)

Not overweight/obese 1.32 (1.09, 1.60) 0.636

Smoker 2.42 (1.02, 5.76)

Non smoker 1.28 (1.06, 1.56) 0.160

*Includes individuals receiving medications for cardiovascular disease.

#A separate Cox model containing the corresponding interaction term is run for each
variable after adjusting for a uniform set of covariates as defined previously for other models.
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Chapter Three: Risk of Cardiovascular Disease From Exposure
To Abacavir Among HIV-infected Individuals: A Systematic
Review And Meta-analysis Of Results From Fourteen
Epidemiologic Studies

Abstract
Background

There is controversy regarding abacavir’s potential to cause ischemic cardiovascular disease
(CVD) among HIV-infected individuals. Studies have continued to show conflicting results.

Objective

To conduct a systematic review and meta-analysis of the existing evidence to assess the risk of
ischemic CVD from exposure to abacavir among HIV-infected individuals.

Methods

| searched Medline, Embase, Web of Science, and abstract books of 2014-15 Conference on
Retroviruses and Opportunistic Infections (CROI) to identify studies for my meta-analysis. |
qguantified the risk of CVD separately for recent and cumulative exposure to abacavir using
random effects models weighted by inverse of the variance.

Results

Out of 374 unique citations identified, | reviewed the full-text of 62 research articles. All
fourteen studies that met my inclusion criteria assessed the risk of CVD from recent exposure
to abacavir; three studies assessed the risk from recent exposure among anti-retroviral therapy
(ART) naive individuals. Six studies assessed the risk from a cumulative exposure. | obtained
relative rate (95% Cl) summary estimates of 1.45 (1.33, 1.72) for recent exposure, 1.81 (1.26-
2.60) for recent exposure in an ART-naive population, and 1.09 (1.03, 1.14) per year for
cumulative exposure to abacavir.

Conclusion

My findings suggest an increased risk of CVD from both recent and cumulative exposure to
abacavir.
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Introduction

The Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D) study groups first reported in
2008 that abacavir use is associated with an increased risk of acute myocardial infarction (AMI)
among HIV-infected individuals (1). Studies conducted subsequently to investigate this risk have
yielded conflicting results (2-9). Bedimo et al. have argued that the observed increase in risk of
cardiovascular disease (CVD) may be due to potential confounding by renal dysfunction,
because individuals with renal dysfunction, a known risk factor for AMI, may be preferentially
prescribed abacavir instead of tenofovir, given the latter’s potential to cause nephrotoxicity (2).
Lang et al. found no increased risk of AMI associated with exposure to abacavir when the study
population was restricted to individuals not using cocaine or injection drugs (6). Three meta-
analyses of randomized controlled trials (RCT) found no association between abacavir use and
AMI (9-11). While the results of these studies argued against an increased risk of CVD
associated with abacavir exposure, results of several other studies have agreed with the
findings of the D:A:D study (4, 5, 7, 8, 12-15). In the face of this controversy, prescription of
abacavir to HIV-infected patients has declined since the publication of the D:A:D study results in
2008 (16-18).

The D:A:D study reported an increased risk of AMI from both recent and cumulative exposure
to abacavir (1). They further reported that the risk of AMI reverses after six months of stopping
abacavir, and that after adjusting for recent exposure, there is no increase in the risk of AMI
associated with cumulative exposure to abacavir, which led them to posit that abacavir may act
through an acute inflammatory process to cause AMI, rather than triggering a gradual
atherogenic process by altering blood lipid levels, as is known to be caused by some protease
inhibitors (19). However, studies conducted to identify an underlying biological mechanism to
explain the observed increase in risk of AMI associated with abacavir exposure have yielded
conflicting results (20).

Bavinger et al. published a systematic review and meta-analysis in 2014, in which they
suggested that recent abacavir exposure is associated with an increased risk of CVD (21).
However, the summary estimate (RR: 1.91, 95% Cl: 1.50-2.42) was obtained by meta-analysis of
only two studies. Inadequacy of studies prevented the authors from drawing a conclusion
regarding the risk of CVD from a cumulative exposure to abacavir. Four studies investigating the
risk of CVD associated with either recent or cumulative exposure to abacavir have been
published since that meta-analysis (12, 13, 15). Therefore, | decided to perform a systematic
review and meta-analysis to summarize the relationship between recent and cumulative
exposure to abacavir and the risk of CVD among HIV-infected individuals. | discuss the biases
potentially affecting the study results and the methodological challenges and inconsistencies
that | observed across studies with regard to study design and analysis, and interpretation of
the results. Additionally, | briefly discuss the existing evidence on plausible biological
mechanisms underlying the risk.
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Methods

| have searched Medline, Embase, Web of Science, abstract books of 2014 and 2015 CROI, and
the bibliographies of three published reviews to identify studies that investigated the risk of
cardiovascular disease associated with exposure to abacavir (Figure 1). | used the terms,
‘abacavir’, ‘cardiovascular disease’, ‘myocardial infarction’, and ‘heart disease’ for the search
and included comparative studies in English with the exposure defined as abacavir or an
abacavir-based ART regimen and outcome of AMI or CVD. | required CVD to be defined as an
ischemia-driven cardiac event/procedure such as AMI, angina pectoris, or percutaneous
coronary intervention. | included studies that assessed ischemic stroke as a component of the
CVD definition, but excluded results that assessed only stroke as an outcome. | included
conference abstracts if the data were unique (i.e. not included in the research articles chosen
for the meta-analysis). | excluded studies that 1) are not in English, 2) assessed aa class of ARV
agents but not specifically abacavir as the exposure, and 3) assessed CVD risk in a pediatric
population.

| performed meta-analyses separately on results for 1) recent exposure to abacavir, usually
defined as exposure within last six months, including current exposure, and 2) cumulative
exposure, defined as an accumulating sum of the total duration of exposure at a particular time
point. In addition to pooling results across all studies that assessed the risk of CVD from recent
exposure, | performed a meta-analysis separately for studies that assessed the risk in ART naive
individuals. Where studies reported more than one result for either cumulative or recent
exposure from multiple models containing either or both of these exposure terms, | used the
result from the model containing just one exposure term. In a subgroup analysis, | performed a
meta-analysis to assess the risk of CVD associated with recent exposure by excluding the 2008
D:A:D study that led to the other studies. In the presence of heterogeneity across studies, |
used a random effects model to perform the meta-analysis. | assessed heterogeneity among
studies by using a Chi-squared test of homogeneity. | performed the meta-analyses using
Microsoft Excel.

Results

| identified 374 unique articles/abstracts from the searches of Medline, Embase, Web of
Science, and abstract books of CROI 2014 & 2015. Of these, | reviewed the full texts of 62
research articles (Figure 1). In the end, 14 studies meeting my inclusion criteria were used for
the meta-analysis. All of the 14 studies assessed the risk of CVD associated with recent
exposure, and six studies also assessed the risk associated with cumulative exposure to
abacavir. There were 11 cohort studies, two case control studies, and one randomized
controlled trial. Table 1 summarizes the salient features of these studies. | observed
heterogeneity in results for both recent and cumulative exposure; | therefore used a random
effects model to perform the meta-analyses. | did not observe heterogeneity in results for
studies that assessed the risk of CVD in ART-naive patients, and hence | report my result for this
population using a fixed effects model.
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Recent exposure

Ten out of 14 studies showed a significantly increased risk of CVD from recent exposure to
abacavir. | obtained a relative rate (95% Cl) summary estimate of 1.45 (1.33, 1.72) for recent
exposure (Figure 2). Of these 14 studies, three included an ART-naive study population. |
conducted a separate meta-analysis for these three studies obtaining a relative rate summary
estimate (95% Cl) of 1.81 (1.26-2.60) (Figure 3). Palella et al. had calculated the risk of CVD
associated with recent exposure separately in a full (ART-naive and experienced) and a
restricted (ART-naive only) NA-ACCORD study population (17). | used the full cohort result for
my meta-analysis for overall risk associated with recent exposure to abacavir (Figure 2) and the
restricted cohort result for the analysis in the ART-naive population (Figure 3). Desai et al.
obtained the following results [HR (95% Cl)] for the risk of CVD associated with exposure to
abacavir-based ARV drug combinations: abacavir+atazanavir+lamivudine: 2.08 (1.41-3.06);
abacavir+efavirenz+lamivudine: 1.94 (1.34-2.79); abacavir+lamivudine+zidovudine: 1.60 (1.21-
2.11); abacavir+lamivudine+lopinavir: 1.44 (0.91-2.28); and abacavir+lamivudine+nevirapine:
1.49 (0.81-2.73) (12). Dorjee et al. obtained the following results [HR (95% Cl)] for the risk of
AMI associated with exposure to various abacavir-based ARV drug combinations:
abacavir+lamivudine+atazanavir: 1.55 (1.07-2.25); abacavir+lamivudine+darunavir: 1.95 (1.29-
2.96); abacavir+lamivudine+zidovudine: 1.39 (0.87-2.22); abacavir+lamivudine+efavirenz: 0.64
(0.33-1.26); and abacavir+lamivudine+raltegravir: 0.95 (0.59-1.53). | have not included these
results of Desai et al. and Dorjee et al. into this meta-analysis because each of these abacavir-
based combinations represents a unique exposure, and it would be in appropriate to pool the
risk of CVD associated with a specific drug combination with the results of other studies, which
all assessed the risk associated with exposure to abacavir as an individual agent. In a sub-group
analysis, in which | assessed the risk of CVD associated with a recent exposure to abacavir by
excluding the 2008 D:A:D study, which triggered the subsequent studies, | continued to find a
significantly increased risk (HR: 1.39; 95% Cl: 1.19, 1.64). In the study conducted by Martin et
al., both the sample size (n=357) and the number of CVD cases (n=9) were limited, giving rise to
a wide confidence interval. Excluding this study from the meta-analysis examining recent
exposure made no difference to the meta-analysis result (HR: 1.43; 95% Cl: 1.24, 1.65).
Similarly, excluding the study by Lundren et al., with a relatively wide confidence interval, did
not change the summary estimate (HR: 1.42; 95% Cl: 1.23, 1.65).

Cumulative exposure

Three out of six studies reported an increased risk of CVD associated with cumulative exposure
to abacavir. | obtained a RR (95 % ClI) summary estimate of 1.09 (1.03, 1.14) per one-year
increase in exposure to abacavir (Figure 4). While the D:A:D study groups reported an increased
RR (95% Cl) of 1.14 (1.08, 1.21) for AMI from cumulative exposure to abacavir, they did not see
an increased risk after adjusting for recent exposure (1). The D:A:D study groups also reported
that the risk was not significantly increased among those who had stopped abacavir six months
earlier. Young et al. reported an increased risk of AMI (HR: 2.06; 95% Cl: 1.43, 2.98) from
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continued cumulative exposure for up to four years (15), while Dorjee et al. reported an
increased risk of CVD associated with a cumulative exposure to abacavir (HR: 1.16; 95% Cl: 1.04,
1.28) and further showed that the risk remained elevated for up to 24 months after stopping
abacavir.

Discussion

My meta-analysis including 14 studies found a 45% increased risk of CVD among HIV-infected
individuals who were recently exposed to abacavir. Bavinger et al. also found an increased risk
of CVD associated with recent abacavir exposure in their meta-analysis (21). Bavinger et al.
reviewed nine studies, but reported a summary estimate (HR: 1.92; 95% Cl: 1.50, 2.42) that
pooled results across only two studies, stating that the presence of heterogeneity among
studies was the reason for not combining other studies. | accounted for heterogeneity among
the studies by using a random effects model. | combined odds ratios and rate ratios because
the former approximate the latter well for rare outcomes (22). | combined rate ratios and
hazard ratios because most studies in this meta-analysis had discrete time data and the
estimate from a logistic or a Poisson model for such data is an approximation of an hazard ratio
from a Cox model (23, 24). Because there may be important differences between ART-naive
and ART-experienced populations, | performed a separate meta-analysis for studies that
assessed the risk of CVD in ART-naive HIV-infected individuals. The summary estimate (RR: 1.81,
95% Cl:1.26-2.60) among ART-naive HIV-infected individuals was not affected by confounding
by prior ART use, and hence may be construed as providing an estimate that is closest to the
causal effect from exposure to abacavir.

Bavinger et al. were not able to draw any conclusions regarding the risk of CVD associated with
cumulative exposure to abacavir because the results of only three studies were available for
them to review, and the results were inconsistent across those studies. Three more studies that
assessed the risk of CVD associated with cumulative exposure to abacavir have since been
published. Combining results across six studies, | obtained a summary estimate that indicates a
9% increase in the risk of CVD for every additional year of exposure to abacavir. When a study
had reported more than one effect estimate for the relationship between the risk of CVD and
cumulative abacavir exposure—as is the case when results are reported first from a model
containing cumulative exposure only and then from a model containing cumulative exposure
and recent/past exposure—| used for my meta-analysis the result from the model containing a
minimum number of exposure terms. Bavinger et al. explained that when a model contains
both cumulative exposure and recent exposure, the parameter for cumulative exposure
captures the risk only among the exposed group (21). | add here that this is true if the referent
group for the recent exposure variable comprises individuals never exposed to abacavir.
However, if the referent group comprises individuals who were not recently exposed, which
may include both never-exposed individuals and individuals who are exposed prior to last six
months, then the parameter for cumulative exposure becomes virtually uninterpretable. For
example, it is difficult to understand what is meant when the D:A:D study groups reported that
after adjustment for recent exposure to abacavir, there was no risk of AMI associated with
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cumulative exposure to the drug, as the referent group for recent exposure was those
individuals not recently exposed (2008 D:A:D study, page 1421, paragraph 2). Our
understanding of how the risk of CVD varies as exposure to abacavir accumulates is limited.
Whereas the D:A:D study groups reported that the risk of AMI associated with abacavir
exposure was limited to those recently exposed to abacavir, and that the risk was reversible six
months after the exposure stopped, Young et al. reported in the Swiss HIV cohort an increased
risk (HR: 2.06) from a continued exposure over the prior 4 years. Dorjee et al. also found an
increased risk of CVD associated with cumulative abacavir exposure, and further reported that
the risk of CVD remained elevated for up to 24 months of cumulative exposure, after which the
risk started to level off (Dorjee et al.). Dorjee et al. clearly showed that the risk of CVD remained
elevated beyond six months of stopping abacavir. While the D:A:D study result suggested that
exposure to abacavir may lead to an acute inflammatory process resulting in AMI, results from
Young et al. and Dorjee et al. may suggest a more gradual biological mechanism underlying the
risk of CVD associated with taking abacavir. There is a need for more studies to better
understand this relationship.

Three meta-analyses, with significant overlap in the data they included, that have now assessed
the risk of CVD using RCT data all showed no increase in risk of CVD associated with abacavir
exposure (9-11). However, as described by the authors of these meta-analyses themselves, and
by Bavinger et al., these studies were of limited duration, were lacking in generalizability, and
had low power, owing to their primary objective being to assess the efficacies of various ARV
drugs (21). Inclusion of data from these studies in our meta-analyses would be inappropriate.
One RCT, conducted by Martin et al., specifically assessed the risk of CVD as a study outcome; it
reported an increased risk of CVD in the abacavir group (14). Lang et al., in a case control study
using a French hospital database, reported a significantly increased of AMI (HR: 1.62, 95% Cl:
0.93, 2.81) associated exposure to abacavir; however, they did not see the effect when the
study population was restricted to those not using cocaine and injection drugs (HR: 1.27, 95%
Cl: 0.64, 2.49) (6). This finding of no increased risk of CVD by Lang et al. was not reproduced in
other studies, which continued to show an increased risk of CVD in association with abacavir
exposure after adjusting for substance use (4, 5, 15).

In 2011, Bedimo et al. first showed in a population of patients receiving care in the U.S.
Veterans Administration hospitals that renal dysfunction is a significant risk factor for AMI (HR:
3.85; 95% Cl: 2.74, 5.42); they reported that the HR for AMI associated with current exposure to
abacavir decreased from 0.73 (p=0.013) to 0.67 (p=0.07) after adjusting for renal dysfunction
(2). They argued that the 2008 D:A:D study results linking abacavir exposure to AMI could be
due to a channeling bias, whereby individuals having renal dysfunction were preferentially put
on abacavir to avoid additional nephrotoxicity from tenofovir. However, the D:A:D study groups
in 2014 showed through separate pre- and post-March 2008 analyses that the risk of CVD
continued to remain elevated (HR: 1.98; 95% Cl: 1.72-2.29) after adjusting for pertinent
covariates, including CKD (18). They demonstrated that individuals at moderate and high risk
for CVD were, in fact, channeled away from abacavir use after 2008 (18). The observation of an
elevated risk despite a reverse channeling bias led them to conclude that the observed increase
in the risk of CVD associated with use of abacavir cannot be due to a channeling bias. Other
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studies have also shown an elevated risk of CVD associated with abacavir use after adjusting for
renal dysfunction (4, 5, 7, 12-15). Interestingly, Choi et al., who studied a VA population,
showed that recent exposure to abacavir was associated with an increased risk of CVD (HR:
1.48; 95% Cl: 1.08, 2.04) (4). However, the studies conducted by Bedimo et al. and Choi et al.
differed in the patients included in their cohorts and in their definitions of the exposure and
outcome (Table 1), as described by Desai et al (12).

In many studies examining the association between abacavir use and CVD, authors have cited
channeling bias as the main reason for the need to use causal inference methods to investigate
this study question. While | support the use of causal inference methods, | question this
reasoning; a channeling bias, which is in essence, confounding by indication, does not require
the use of causal inference methods any more or less than any do other potential confounders,
such as hypertension, dyslipidemia, and diabetes mellitus. A discussion regarding why it is
necessary to use causal inference methods needs to focus on understanding the dynamics of
the relationship between the observed data (covariates, exposure, and outcome) and the
unmeasured factors possibly influencing the observed data, and whether a causal path
between the exposure and the outcome can be identified, after assuming independence
between these unmeasured factors, and after adjustment of the measured covariates (25). For
example, if individuals with renal dysfunction are more likely have characteristics such as a
given level of socio-economic status or race/ethnicity, which may be unmeasured in a study (as
is the case for many studies in this review), and could potentially influence both the treatment
and the outcome, then using causal inference methods is necessary in order to obtain an
estimate that better approximates the causal effect in the population. A reason to specifically
use marginal structural models in this particular instance is that covariates, such as CKD,
hypertension, diabetes mellitus, and dyslipidemia, which are potential confounders, could also
potentially lie on the causal pathway between ART use and development of CVD. As Robins et
al. have shown, adjusting for such factors through traditional methods can give rise to biased
effect estimates (26). There is reason to be concerned over the effect estimates generated by
Desai et al. and Marcus et al. using marginal structural models (12, 13). Robins et al. have stated
that inclusion of time-dependent covariates in the marginal model, as done by Desai et al.,
gives rise to biased estimate (26). Marcus et al. reported estimates without including any
baseline/time-fixed covariates in the marginal model (13). Cole and Hernan have shown that
because while using stabilized IPTW, it is necessary to adjust for baseline/time fixed covariates
in the marginal structural model (27). In the data analyzed to assess the risk of CVD from
exposure to various ARV agents for our two companion papers, the effect estimate from a
marginal structural model varied significantly, depending on inclusion/exclusion of baseline
covariates (Dorjee et al).

Plausible biological mechanisms

The D:A:D study result that showed a reversal of risk of CVD within six months of
discontinuation of abacavir prompted investigators to search for a rapidly acting underlying
biological mechanism for the risk of CVD associated with abacavir exposure. While the
SMART/INSIGHT study investigators, Kristoffersen et al., and Hileman et al. (8, 28, 29), showed
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evidence for a possible role of inflammatory biomarkers, [e.g. increased levels of high
sensitivity c-reactive protein (hsCRP) and interleukin-6 (IL-6)] in causing CVD among abacavir
users, several other studies showed that levels of biomarkers such as hsCRP, IL-6, selectin P and
E , o-dimer, vascular adhesion molecule-1, intercellular adhesion molecule-1, and tumor
necrosis factor alpha are not elevated among as a result of exposure to abacavir (30-42).

Studies that evaluated abacavir’s role in causing endothelial dysfunction have also yielded
mixed results (38, 43, 44). Endothelial dysfunction, induced by both traditional cardiovascular
risk factors and chronic inflammation (20), increases the risk of CVD by promoting
atherosclerosis (45). Hsue et al. have reported in their study that abacavir use independently
predicted lower brachial artery flow mediated vasodilation, a measure of endothelial
dysfunction (44). Sinn et al. observed lower arterial stiffness and improvement in Framingham
risk score when individuals on abacavir were switched to tenofovir (43). However, in a
randomized controlled trial, Wohl et al. found no evidence of endothelial dysfunction from
abacavir use as compared to tenofovir (38).

Baum et al.,, Satchel et al.,, and Falcinelli et al. showed that abacavir increases platelet
aggregation and reactivity, that could potentially lead to thrombosis and myocardial infarction
(46-48). Satchel et al. showed that among abacavir recipients, platelet aggregation increased
upon exposure to various platelet agonists, such as, adenosine di-phosphate, collagen,
epinephrine, and thrombin receptor-activating peptide (48). Baum et al. further showed that
abacavir causes platelet hyper-reactivity by competitive inhibition of a nitric oxide-induced
soluble guanylyl cyclase via its active metabolite, carbovir-triphosphate, leading to a decreased
production of cyclic guanosine monophosphate, an inhibitor of platelet aggregation and
secretion (20, 46). Falcinelli et al., confirmed these findings in both in-vivo and ex-vivo settings
(47).

From this review, | can more confidently conclude that both recent and cumulative exposure to
abacavir may lead to an increased risk of cardiovascular disease. The finding of increased risk of
CVD associated with abacavir use among ART-naive population is particularly suggestive of the
causal nature of this relationship. While this risk appears to be reversible upon discontinuation
of abacavir, it may take longer than six months for the risk to reverse. Platelet aggregation and
reactivity appear to be a plausible underlying biological mechanism for an abacavir-induced
cardiotoxicity; confirmation of this platelet-mediated biological mechanism in various HIV
cohorts would be reassuring.

Conclusion

In view of the increased risk of CVD associated with exposure to abacavir among HIV-infected
individuals, anti-retroviral treatment regimens need to be carefully selected, taking into
account existing risk factors for CVD, a detailed history of prior exposure to ART, the patient’s
clinical status, and the availability of other ARV drugs.
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Tables and Figures

Figure 1. Flow diagram showing the search strategy and algorithm for identification of

studies.
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Table 1. Studies assessing the risk of acute myocardial infarction(AMI) or cardiovascular disease (CVD) from recent or cumulative

exposure to abacavir

Author, year | Study Cohort/ Sample Outcome (n) | Exposure Test statistic: | Remarks
of period Location (n) (Recent/cum | point
publication ulative) estimate
(95% Cl)
D:A:D study 1999- Multi-national 33347 AMI (517) Recent RR: 1.90 Detected an increased risk from both recent and cumulative
Groups, 2007 (1.47, 2.45) exposure to abacavir. They reported the risk reverses after 6
2008 months of stopping abacavir. Showed in 2014 in the same cohort
Cumulative RR: 1.14 with accrued person time that channeling bias from CKD is not a
(1.08, 1.21) concern.
Lundgrenet | 2002- Multi-national 4544 AMI (19) Recent HR: 4.25 Reported an HR (95% Cl) of 1.80 (1.04, 3.11) for major CVD
al., 2008 2007 (SMART study) (2.39,13) defined as any AMI, stroke, surgery for coronary artery disease,
and CVD related death.
Choi et al., 1997- VA HIV Clinical 10931 CVD (501) Recent HR: 1.48 Detected an increased risk from recent but not cumulative
2011 2007 Case Registry, (1.08, 2.04) exposure to abacavir. Reported that adjustment for CKD made
u.s. Cumulative HR:0.93 little difference to the result.
(0.79, 1.10)
Bedimo et 1996- VA HIV Clinical 19424 AMI (267) Recent HR: 0.67 Reported no increased risk from both current and cumulative
al., 2011 2004 Case Registry, (0.43, 1.03) exposure to abacavir when compared to individuals receiving
u.s. ART other than abacavir and tenofovir. The model for current
exposure is adjusted only for CKD.
AMI (278) Cumulative HR: 1.18 Argued that the finding of increased risk in the 2008 D:A:D study
(0.92, 1.50) could be due to a channeling bias from renal dysfunction.
Obel et al., 1995- Danish HIV 2952 AMI (67) Recent HR: 2.00 Reported an increased risk overall. Also reported in sub-group
2010 2005 Cohort Study (1.10, 3.64) analyses increased risk among those who have stopped abacavir
6 months ago, and among those initiating abacavir two years
after ART initiation, and conjectured against a channeling bias as
the reason for the observed risk.
Brouwer et 2002- North Carolina 3481 AMI (38) Recent HR: 2.05 Using IPTW, reported a non-significantly increased risk as
al., 2014 2008 Medicaid (0.72, 5.86) compared to those receiving tenofovir in ART-naive individuals.
Beneficiaries Exposure is time-fixed.
Desai et al., 1996- VA HIV Clinical 24510 CVD (934) Recent HR: 1.50 Reported an increased risk using marginal structural models.
2015 2009 Case Registry, (1.26, 1.79) Investigators have used time-dependent covariates in the

u.s.

marginal model, and hence the result could be biased (Robins
2009).
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Young et al., | 2000- Swiss HIV Cohort 11856 CVD (365) Recent HR: 1.63 Using marginal structural models, they reported an increased
2015 2012 Study (1.14, 2.32) risk from recent exposure. Risk from cumulative exposure was
not statistically significant. Using a new marginal structural
model with flexible cumulative exposure modelling, they
reported an increased risk from continued exposure to abacavir
in the past four years. 2.06 (1.43, 2.98), suggesting a more
Cumulative HR: 1.04 gradual process for pathogenesis of CVD from abacavir
(0.97,1.10) exposure.
Palella et al.,, | 1995- NA-ACCORD, 16733 AMI (301) Recent HR: 1.34 Reported a non-significantly increased risk from recent exposure
2015 2010 North America (0.96, 1.88) in the full” study population (ART naive and experienced) and a
significantly increased risk in a restricted” study population (ART
6485" AMI (93) Recent HR: 1.95 naive).
(1.18, 3.45)
Dorjee et al., | 2009- U.S. Insurance 72733 CVD (714) Recent HR: 1.40 Using marginal structural models, reported an increased risk
(unpublishe 2014 Claims Data (1.15, 1.69) from both current and cumulative exposure. Showed that the
d) Cumulative HR: 1.16 risk reverses and became comparable to referent group after 24
(1.04, 1.28) months of stopping abacavir.
Durand et 1985- RAMQ and Med- 1209 AMI (125) Recent OR:1.72 Reported an increased risk from recent exposure.
al., 2011 2007 Echo Databases, (1.10, 2.71)
Quebec
Lang et al., 2000- French Hospital 1173 AMI (289) Recent OR: 1.62 They found a significantly increased risk (OR: 2.01; 95% CI: 1.11,
2010 2006 Database (0.93, 2.81) 3.64) from short-term recent exposure (<1 year of exposure &
recent use). When the study population was restricted to those
not using cocaine or intravenous drugs (87% of cohort), no
Cumulative OR: 0.97 increased risk was detected (OR: 1.27; 95% Cl: 0.64, 2.49).
(0.87,1.10) Cumulative exposure was not implicated.
Martin et al., | 2005- STEAL study, 357 CVD (9) Recent HR: 8.33 Reported an increased risk in a 96-week RCT comparing ABC/3TC
2009 2008 Australia (1.40, 49.58) to TDF/FTC. Authors reported, “ABC-3TC was associated with
greater increases in total, low-density lipoprotein, and HDL
cholesterol levels than TDF-FTC by intent-to-treat analysis”.
Marcus et 1998- Kaiser 8154 CVD (178) Recent HR: 2.10 Used a marginal structural model to analyze the risk. Authors
al., 2015 2011 (KPNC&KPSC), (0.90, 5.00) didn’t mention whether baseline covariates are included into the
California treatment model. Authors have not reported corresponding

estimates from extended Cox model.




Figure 2.

Risk of CVD from Recent Exposure to Abacavir  Author, Year Point Estimate (95% ClI)
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Risk of CVD From Recent Exposure to Abacavir
Among ART Naive Individuals
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Figure 4.

Risk of CVD from cumulative exposure to abacavir
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Conclusion and Future Directions

Through this dissertation research, | have first described the risk of AMI from exposure to
darunavir, raltegravir, abacavir+lamivudine+darunavir, tenofovir+emtricitabine+raltegravir and
tenofovir+emtricitabine+darunavir. In addition, | found an increased risk of AMI from exposure
to abacavir, didanosine, lamivudine, zidovudine, lopinavir, abacavir+lamivudine+atazanavir, and
abacavir+lamivudine+zidovudine, which were described in prior studies as well. Upon further
investigation of the risk of CVD from exposure to abacavir in a cohort study and a meta-
analysis, | found an elevated risk of CVD from a current, recent, and a cumulative exposure to
abacavir. | found a protective effect for CVD from exposure to tenofovir, emtricitabine,
efavirenz, and tenofovir+emtricitabine+efavirenz.

This dissertation research enabled me to address gaps in our current understanding of the risk
of CVD from exposure to various antiretroviral agents. For example, | was able to show that
abacavir is associated with an increased risk of CVD among HIV infected individuals; this has
been a subject of intense debate over the past several years. Moreover, | was able to uncover
areas that need further investigation. For example, the increased risk of AMI from exposure to
darunavir and raltegravir needs further exploration. The finding of differential effects on AMI
from exposure to raltegravir based on whether it is combined with abacavir-lamivudine or
tenofovir-emtricitabine calls for further exploration. The scope of the dissertation permitted me
to assess the risk of AMI from only a current exposure to various antiretroviral agents and their
combinations, except for abacavir. As a next step, | would like to further investigate how the
the risk of CVD from exposure to various ARV drugs varies as a function of time, as | have done
here for abacavir. Moreover, | would like to assess whether the increased risk of AMI that |
found with lamivudine can be reproduced in a cohort of patients with hepatitis B virus
infection, since lamivudine is also used for treating hepatitis B virus infection also.

From a methodological perspective, | have used marginal structural models to describe the risk.
In the review of literature, | observed a lack of consistency across published studies in terms of
the application of various methods and also in the definition of the final marginal model for
studies that use marginal structural models. Additionally, | observed a tendency for a confusion
regarding why we would need to use causal inference methods to investigate these
relationships. | have tried my level best to discuss these and other concerns in the relevant
chapters of my dissertation in accordance with the established science and knowledge. | hope
that this study shall contribute towards a better understanding and adoption of the appropriate
statistical methods in answering questions in the field of HIV-AIDS and beyond.

In sum, | would like to re-iterate that despite the findings of an increased risk of CVD from
exposure to various antiretroviral agents, the overall prevalence of CVD in HIV infected
population remains low and it is important to carefully weigh the risk and benefits in choosing
antiretroviral drugs for a patient. | hope this dissertation shall contribute towards improving the
health outcomes of HIV infected individuals globally, and inform the development of efficacious
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and safe antiretroviral agents in the future until the world sees an end to the HIV-AIDS
epidemic.

68





