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Abstract
The aim of this study was to identify viral exposure (VE) measures and their relationship to mortality risk among persons with HIV.
Prospective multicenter observational study to compare VE formulae.
Eligible participants initiated first combination antiretroviral therapy (cART) between March 1, 1995 and June 30, 2015. We

included 1645 participants followed for ≥6months after starting first cART, with cART prescribed ≥75% of time, who underwent ≥2
plasma viral load (VL) and≥1 CD4+ T-lymphocyte cell (CD4) measurement during observation. We evaluated all-cause mortality from
6months after cART initiation until June 30, 2016. VE was quantified using 2 time-updated variables: viremia copy-years and percent
of person-years (%PY) spent >200 or 50copies/mL. Cox models were fit to estimate associations between VE and mortality.
Participants contributed 10,453 person years [py], with median 14 VLs per patient. Median %PY >200 or >50 were 10%

(interquartile range: 1%–47%) and 26% (interquartile range: 6%–72%), respectively. There were 115 deaths, for an overall mortality
rate of 1.19 per 100 person years. In univariate models, each measure of VE was significantly associated with mortality risk, as were
older age, public insurance, injection drug use HIV risk history, and lower pre-cART CD4. Based on model fit, most recent viral load
and %PY >200copies/mL provided the best combination of VE factors to predict mortality, although all VE combinations evaluated
performed well.
The combination of most recent VL and %PY >200copies/mL best predicted mortality, although all evaluated VE measures

performed well.

Abbreviations: %PY = Percent person-years, cART = combination antiretroviral therapy, HOPS = HIV Outpatient Study, IDU =
injection drug use, MSM = men who have sex with men, PWH = persons living with HIV, VCY = Viremia copy-years, VE = viral
exposure, VL = viral load.
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1. Introduction

The use of plasma HIV RNA levels (viral load [VL]) to assess
response to combination antiretroviral treatment (cART) and
HIV disease progression risk is well established and a standard of
care for persons living with HIV (PWH).[1–7] Achievement and
maintenance of VL suppression on cART have been associated
with reduction in mortality risk, other clinical benefits, and with
marked reduction in risk for sexual transmission of HIV.[8–15]

Since virologic nonsuppression occurs, at least intermittently, in
many PWH receiving long-term cART, considerable[16–18]

interest has emerged in recent years to develop longer-term
within-person HIV virologic exposure (VE) measures that
correlate better with important clinical endpoints than peripheral
blood VL assessments taken at a single time point.[18] Although
“most recent” measures of VL levels have been used in
epidemiologic research and clinically to generate estimates of
overall viral suppression and ART efficacy across populations[19]

as well as to generate estimates of long-term risk for death, such
measures are cross-sectional and do not account for multiple VL
measures obtained as part of clinical care for PWH over time
periods spanning years.
Principal among the longitudinal measures of VE that have

been studied to assess so-called “cumulative viremia” are:
viremia copy-years[20–22]; and estimated percentage of person-
time under observation spent with a VL above a threshold
value.[23] To date, robust associations between various longer-
term VE measures and important clinical endpoints such as
death,[20,24–27] cardiovascular disease (CVD),[28] and cancer[29]

have been reported from several cohorts of PWH, and VE
measures have also informed estimation of risk of HIV
transmission by PWH in care.[30,31]

In the present report we sought to evaluate several different
individual measures of longitudinal VE and multiple combina-
tions of measures of VE to assess comparatively their ability to
predict mortality. Participants were from the large, multicenter,
prospectively followed, diverse group of cART-treated adults
with HIV who participate in the Centers for Disease Control and
Prevention-sponsored HIV Outpatient Study (HOPS).
2. Methods

2.1. HIV outpatient study

We conducted an observational prospective cohort study
utilizing data from an ongoing longitudinal cohort of >10,000
adults with HIV (aged 18years and older), seen in HIV specialty
clinics since 1993.[32] The reporting guidelines for STROBE were
used in the design and implementation of our research (https://
www.strobe-statement.org). Patient data were collected from
electronic medical records. This study was conducted at 12 clinics
located in 9 US cities: Tampa, FL; Washington, DC; Denver, CO
(3 sites); Chicago, IL (2 sites); Stony Brook, NY; Oakland, CA;
Walnut Creek, CA; Portland, OR; and Philadelphia, PA.
2.2. Study procedures

We analyzed medical records data of ART-naive HOPS
participants seen at 12 US HIV clinics who initiated first cART
between March 1, 1995 and June 30, 2015. Abstracted
information included: demographic characteristics, risk factors
for HIV infection, diagnoses, prescribed medications, laboratory
values (including CD4+ T-lymphocyte cell counts/mm3 [CD4]
2

and plasma HIV RNA copies/mL3), mortality, and hospitaliza-
tion records (primarily from discharge summaries). All HOPS
clinicians have extensive experience treating HIV-infected
patients. Information was abstracted from outpatient charts
and/or electronic medical records at each visit, entered
electronically by trained staff, compiled centrally, reviewed,
and cleaned before being analyzed.
2.3. Study population

For this analysis, we selected 1645 HOPS participants who had
complete antiretroviral history, and were followed for ≥6months
after starting first cART, had cART prescribed ≥75% of time,
and underwent ≥2 plasma VL and ≥1 CD4measurements during
observation. Observation began at baseline, continued until
death (if documented within 183days of last patient contact), and
was censored (patient assumed alive) at last patient contact plus
183days if the patient was not known to be deceased by then, or
at 31 December 2016, whichever occurred first. We used a HOPS
dataset available as of June 30, 2017.
2.4. Outcome and predictor variables

We evaluated all-cause mortality from 6months after cART
initiation until June 30, 2016. During the period of this analysis,
the HOPS sites routinely used the US Social Security Death Index
to ascertain which patients were deceased. Cumulative viremia
measures accrued after 6 months of cART (ie, the baseline date in
the analysis). VE was quantified using 2 time-updated variables:
viremia copy-years (VCY) and percent of person-years (%PY)
spent >200 or 50copies/mL. For VLs with lower limit of
detection >50copies/mL, we imputed VL values, separately for
persons alive and deceased at observation end.
HIV transmission risk group was defined using the following

hierarchy: persons who inject drugs; then gay, bisexual, and other
men who have sex with men (MSM); and persons whose only
self-reported risk was heterosexual contact. Health insurance
payor was characterized as private, public, or none/unknown/
other. CD4 values analyzed were those closest to ART initiation,
within a window of six months prior to three months after.
2.5. Ethics statement

The HOPS protocol has been approved and renewed annually by
each participating institution’s ethical review board and by the
Centers for Disease Control and Prevention Institutional Review
Board. All study participants have provided written, informed
consent.
2.6. Statistical analyses

In descriptive analyses, Wilcoxon rank-sum tests were used to
compare distributions for continuous variables, Yates-corrected
x2 test for categorical variables. We fit 9 Cox models to estimate
associations between VE and mortality. For both unadjusted and
adjusted Cox regressionmodels, results are reported using hazard
ratios and 95% confidence intervals. Akaike information
criterion scores were used to compare models (lower score =
better fit). The 9 models were created using the 4 measures of
viremia: most recent log10 viral load, VCY, %PY>50 and>200
copies/mL. Four models had one of these measures, and 5 models
had 2 of the measures. For the 2-measure models, only 1 of the
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Table 1

Baseline cohort characteristics, overall and by vital status at the end of observation, the HIV Outpatient Study, 1995–2016 (N=1645).

Characteristics
∗
median (IQR) or N (column %) Overall (n=1645) Deceased (n=115) Not deceased (n=1530) P†

Baseline age, y 38 (31–45) 44 (38–52) 37 (31–45) <.001
Sex .89
Male 1289 (78.4) 89 (77.4) 1,200 (78.4)
Female 356 (21.6) 26 (22.6) 330 (21.6)

Race/ethnicity .008
Non-Hispanic/Latino white 743 (45.2) 38 (33.0) 705 (46.1)
Non-Hispanic/Latino black 606 (36.8) 55 (47.8) 551 (36.0)
Hispanic/Latino ethnicity 224 (13.6) 20 (17.4) 204 (13.3)
Other race/ethnicity 72 (4.4) 2 (1.7) 70 (4.6)

HIV risk activity <.001
MSM 929 (56.5) 34 (29.6) 895 (58.5)
PWID 90 (5.5) 24 (20.9) 66 (4.3)
Heterosexual 525 (31.9) 49 (42.6) 476 (31.1)
Unknown/other risk 101 (6.1) 8 (7.0) 93 (6.1)

Payer <.001
Private 882 (53.6) 45 (39.1) 837 (54.7)
Public 506 (30.8) 57 (49.6) 449 (29.4)
None/unknown/other 257 (15.6) 13 (11.3) 244 (15.9)

CD4+ cell count (cells/mm3), pre-cART 293 (140–460) 144 (40–274) 308 (154–473) <.001
Observation duration, median y 5.2 (2.5–9.1) 4.3 (2.0–8.6) 5.2 (2.5–9.2) .07

cART=combination antiretroviral therapy, IQR= interquartile range, MSM=men who have sex with men, PWID=persons who inject drugs.
∗
Characteristics are summarized at baseline (defined as the date 6months after cART initiation), unless otherwise indicated.

†Wilcoxon rank-sum tests for continuous variables, Yates-corrected chi-square test for categorical variables comparing characteristics of deceased and nondeceased participants.
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2%PY measures was selected for each 2-measure model.
All analyses were performed using SAS 9.4 (SAS Institute Inc.,
Cary, NC).
3. Results

3.1. Patient selection and characteristics

Table 1 profiles demographics of the analysis cohort. Of 10,818
participants in the HOPS as of June 30, 2017, there were 4989
whose first ART regimen was considered to be cART, 3568 with
complete ART information recorded, 2122 started first cART
regimen while under observation in the HOPS, 1976 had at least
6 months of observation while taking their first cART regimen,
and 1645 with a CD4 cell count within 90days of observation
start as well as at least 2 viral load tests recorded during
observation (Fig. 1).
There were 115 deaths recorded, for an overall mortality rate

of 1.19 per 100 person years. Compared to nondecedents,
deceased persons were more often older at baseline, non-
Hispanic/Latino black (compared to non-Hispanic/Latino
white), had history injection drug use (IDU) or heterosexual
(vs MSM) risk for HIV acquisition, had public (vs private)
sources of health care payment at baseline, and had lower pre-
cART CD4 counts (Table 1).
3.2. Viral load measures

The 1645 participants contributed 10,453 person years, with a
median of 14 VL measurements (interquartile range: 7–24) per
patient. For the 27,763 VL measurements recorded during
observation, if the lower limit of detection was >50copies/mL
and the test result was undetectable, VL values were imputed;
this was the case for 1232 (4.4%) measurements. Overall, the
median VCY for all participants was 3.0 (interquartile range:
3

2.3–4.2) log10 copy-years during the observation. Related to%
PY above a given VL threshold, participants spent a median of
9.7% of person-years with VL>200copies/mL and amedian of
25.5% of person-years with VL >50copies/mL during 1995 to
2017, with substantial variability across patient subgroups
(Table 2). By all 3 evaluatedmeasures of VE,women had greater
VE than men, non-Hispanic blacks greater than non-Hispanic
whites, persons with IDU risk and heterosexuals more than
MSM, and decedents much greater than nondecedents. Persons
with public insurance at baseline versus privately insured
persons had significantly greater VE when measuring %PY
>200copies/mL and %PY >50copies/mL (P< .001) but not
VCY (P= .42) (Table 2).

3.3. Associations of viral exposure with mortality

In univariate Cox regression models, each measure of individual
VE evaluated was associated with mortality risk, as were known
risks for death in this cohort such as older age, other
demographics, public insurance, IDU HIV risk activity, or lower
pre-cART CD4,[33–37] (Table 3). In multivariable Cox propor-
tional hazard analyses, in all 9 evaluated models which included
various measures and combinations of measures of VE, including
adjustment for known correlates for mortality in the HOPS listed
above, we found that all evaluated combinations of VE were
highly predictive of mortality. Based on Akaike information
criterion (model fit index, lower being better), the model that
included most recent viral load and %PY >200copies/mL
comprised the best combination of VE factors that predicted
mortality (Table 4).
4. Discussion

We found that each measure of long-term VE evaluated was
independently associated with mortality. Most recent viral load
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Figure 1. Analysis selection steps, the HIV Outpatient Study, 1995–2016.
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and %PY >200copies/mL was the best combination of VE
factors that predicted mortality although essentially all VE
measures, individually and in combination, performed well.
Although %PY >50copies/mL and VCY were independently
associated with mortality, in multivariable analyses %PY >200
copies/mL remained associated with mortality but VCY did not.
This suggests that if a higher VL threshold is used (eg, 200copies/
mL), that%PY above this threshold acts as an adequate summary
of VE for purposes of mortality risk assessment.
To our knowledge, this is the first study to comparatively

evaluate the mortality predictive performance of combinations of
4

specific VE measures that have, in the past, been analyzed
individually for their clinical prognostic utility. Although
published data from other cohorts have evaluated and identified
associations between individual types of VE measures with
death,[20,24,25,26,27] risk for HIV transmission[23,30] and risk for
AIDS opportunistic diseases, cancer, or myocardial infarc-
tion,[25,27,28] ours is the first to systematically compare and
combine VEmeasures to evaluate their predictive value regarding
a specific clinical event (death).
We consider our findings compelling in that they confirm the

independent mortality predictive value of various longitudinal



Table 2

VCY and %PY with viral load >200 or >50copies/mL by participant characteristics, the HIV Outpatient Study, 1995–2016 (N=1645).

Characteristics
∗
median

(IQR), or N (column %)
Overall

(n=1645)
VCY, log10
copy-years P

%PY with viral
load >200 copies/mL P

%PY with viral
load >50 copies/mL P†

All participants 1645 (100.0) 3.0 (2.3–4.2) 9.7 (0.9–46.7) 25.5 (6.0–72.0)
Age, y <.001 <.001 <.001
<35 630 (38.3) 3.0 (2.2–4.3) 12.4 (0.8–58.8) 29.0 (7.2–80.1)
35–45 557 (33.9) 3.2 (2.4–4.4) 12.2 (1.8–45.8) 27.7 (8.4–76.8)
>45 458 (27.8) 2.7 (2.1–3.7) 6.1 (0.0–28.7) 19.1 (3.8–52.2)

Sex .019 <.001 <.001
Male 1289 (78.4) 3.0 (2.2–4.1) 8.0 (0.6–41.3) 23.6 (5.5–67.7)
Female 356 (21.6) 3.1 (2.4–4.5) 18.0 (2.4–63.1) 35.9 (9.1–86.7)

Race/ethnicity <.001 <.001 <.001
Non-Hispanic/Latino white 743 (45.2) 3.0 (2.2–4.1) 6.2 (0.7–30.6) 20.1 (4.4–58.0)
Non-Hispanic/Latino black 606 (36.8) 3.1 (2.4–4.5) 18.0 (2.3–66.4) 35.9 (12.6–86.8)
Hispanic/Latino ethnicity 224 (13.6) 2.9 (2.2–4.2) 9.0 (0.3–41.8) 24.1 (4.7–66.4)
Other race/ethnicity 72 (4.4) 2.5 (2.1–3.5) 5.3 (0.0–21.1) 17.4 (3.6–40.9)

HIV risk activity <.001 <.001 <.001
MSM 929 (56.5) 2.9 (2.2–4.0) 6.0 (0.5–30.7) 19.1 (4.4–56.0)
PWID 90 (5.5) 3.1 (2.4–4.6) 23.9 (3.7–74.1) 46.7 (15.8–92.2)
Heterosexual 525 (31.9) 3.1 (2.4–4.4) 19.3 (2.9–64.4) 36.3 (12.4–85.6)
Unknown/other risk 101 (6.1) 3.3 (2.3–4.5) 12.1 (0.0–57.5) 26.8 (4.2–82.5)

Payer .42 <.001 <.001
Private 882 (53.6) 2.9 (2.2–4.1) 6.5 (0.5–33.0) 20.2 (4.5–60.1)
Public 506 (30.8) 3.0 (2.2–4.4) 18.6 (1.5–62.4) 35.4 (10.8–86.1)
None/unknown/other 257 (15.6) 3.1 (2.4–4.1) 12.5 (2.0–48.4) 28.6 (10.3–75.0)

Died <.001 <.001 <.001
Yes 115 (7.0) 3.7 (2.7–4.9) 44.1 (11.8–91.6) 81.9 (26.2–100.0)
No 1530 (93.0) 2.9 (2.2–4.2) 8.5 (0.6–41.9) 23.8 (5.5–66.7)

%PY=percent person-years, IQR= interquartile range, MSM=men who have sex with men, PWID=persons who inject drugs, VCY= viremia copy-years.
∗
Characteristics are summarized at baseline (defined as the date 6months after cART initiation), unless otherwise indicated.

†Wilcoxon rank-sum tests for continuous variables, Yates-corrected chi-square test for categorical variables.
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and cross-sectional measures of viremia over time, both
individually and in pairs. These findings not only attest to the
potential clinical value of these measures, but also provide
comparative estimates of the different longitudinal and point-in-
time measures of viral exposure considered. Although most
recent viral load and %PY >200copies/mL were the optimal
combination of VE measures to predict mortality, all individual
and combinations of VE measures evaluated performed quite
well, with the range of mortality predictive values (model
“fitness” estimates) across models being very narrow, indicating
similar high precision of prognostic performance for each VE
measure and combination of measures evaluated.
Table 3

Participant characteristics associated with mortality, the HIV Outpat

Participant characteristics Univaria

Baseline age, per 10 y
Public insurance at baseline
PWID HIV risk activity
Heterosexual HIV risk activity
CD4+ cell count, pre cART, per 100 cells/mm3

Most recent log10 viral load, per 1 log copies/mL
∗

Viremia log10 copy-years, copies/mL times years
∗

%PY with viral load >200 copies/mL, per 10% increment
∗

%PY with viral load >50 copies/mL, per 10% increment
∗

Characteristics are summarized at baseline (defined as the date 6months after cART initiation), unless
confidence interval, HR=hazard ratio, PWID=persons who inject drugs.
∗
Time-updated variables.

5

Ours was a large, well-characterized prospectively followed,
diverse group of ART-treated adults with HIV who were
observed from 6months after cART initiation during 1995 to
2016 and who were mostly virally suppressed. There were
multiple measures of VE available for the participants, most of
whom were followed for extended periods of time (4- to 5-year
median for both decedents and nondecedents), and we observed a
sufficient number of deaths to be able to investigate potential
differences in the strength of the association between various VE
measures and all-cause mortality.
Limitations to our study also existed. First, routinely collected

medical abstraction data involves variability in the timing of
ient Study, 1995–2016 (N=1645).

te Cox proportional hazards analyses HR (95% CI) P

1.83 (1.54–2.17) <.001
2.72 (1.89–3.93) <.001
6.13 (3.71–10.13) <.001
2.46 (1.63–3.71) <.001
0.80 (0.73–0.89) <.001
1.63 (1.43–1.85) <.001
1.69 (1.46–1.97) <.001
1.22 (1.16–1.28) <.001
1.20 (1.14–1.27) <.001

otherwise indicated. %PY=percent person-years, cART= combination antiretroviral therapy, CI=

http://www.md-journal.com


Table 4

Multivariable Cox proportional hazards analyses of time-updated VE measures associated with mortality and sorted by lowest to highest
AIC score, the HIV Outpatient Study, 1995–2016 (N=1645).

Most recent
log10 viral load

Viremia log10
copy-years

Proportion attributable time
spend at viral load: >50 copies/mL

Proportion attributable time spent at
viral load: >200 copies/mL Model fit index: AIC

score (lower=better)

∗

aHR (95% CI) aHR (95% CI) aHR (95% CI) aHR (95% CI)

Model 1 1.30 (1.07–1.58) 1.15 (1.07–1.23) 1350
Model 2 1.21 (0.96–1.52) 1.17 (1.08–1.26) 1355
Model 3 1.22 (1.15–1.28) 1355
Model 4 1.40 (1.20–1.64) 1.43 (1.20–1.72) 1357
Model 5 1.44 (1.21–1.72) 1.10 (1.03–1.18) 1357
Model 6 1.39 (1.13–1.71) 1.11 (1.03–1.19) 1363
Model 7 1.19 (1.12–1.25) 1370
Model 8 1.67 (1.46–1.90) 1370
Model 9 1.70 (1.45–1.99) 1371
∗
Each model included factors listed and adjusted for baseline factors: age, public insurance, HIV risk activity, and pre-cART CD4+ cell count.

aHR= adjusted hazard ratio, AIC=Akaike’s information criterion, CI=confidence interval, HR=hazard ratio, PWID=persons who inject drugs, VE= viral exposure.
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participant health care contact screenings, including viral loads,
and thus not all patients have equally detailed clinical history.
Also, the overall inferences regarding the combination of VE
measures that best predict mortality were generated from
observational data that spanned a prolonged calendar time
period in this analysis (21years), during which cART use patterns
evolved. Further, our findings may not necessarily reflect
outcomes that would be expected had we restricted our analysis
to persons treated exclusively with newer cART regimens; this
latter group would be challenging to study because of the
decreasing overall number of deaths observed over calendar time.
Furthermore, the variability across participants as to the length of
calendar time over which VL measurements were available and
the number of VL values available per participant may have been
associatedwith biases that we could not ascertain. However, such
limitations are germane to studies that rely on data from routine
HIV care, and emblematic of the challenges faced in clinical
practice in which clinicians often have limited patient historical
information upon which to base treatment decisions.
In conclusion, although we determined that most recent viral

load and %PY >200copies/mL was the best pair of VE factors
for mortality prediction, all VE measures evaluated, individually
and in combination, performed quite well. These findings imply
that clinicians can use diverse measures of VE that can reliably
predict the risk of mortality among PWH, and that this ability
may not be hampered by more limited VE measures in situations
where complete VE histories are not available. Topic areas
requiring further careful elucidation include identifying associ-
ations between various measures of VE and selected clinical
endpoints; such information could potentially have substantial
value to inform more nuanced medical management and
monitoring of ART-treated patients. Hence, future work should
focus on ascertaining whether and the extent to which various VE
measures, used individually and in combination, increase the
ability to discriminate and to predict with more precision the risk
for specific clinical events other than death.
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