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Highly active antiretroviral therapy (HAART) dramatically reduces the load of circulating human immunodefi-
ciency virus type 1 (HIV-1) by blocking replication at multiple points in the viral life cycle, but the long-term effect of
HAART on viral load remains unclear. In the Multicenter AIDS Cohort Study and the Women’s Interagency HIV
Study, 918 HIV-1-infected men and women who were not using antiretroviral therapy were followed for a median of
5.8 years between 1996 and 2005. Follow-up yielded 3,629 person-years of observation, during which 286 (31%)
of the participants initiated HAART. A marginal structural left-censored linear model for semiannual repeated
assessments of viral load showed a 1.9 log10 decrease in viral load after HAART initiation as compared with
nonuse (95% confidence interval: 1.7, 2.2), which remained stable over the course of follow-up but was stronger
among men (interaction p < 0.001). This association was attenuated by 10% when the authors ignored the left-
censoring of viral load measurements (which comprised 20% of measurements (1,420/7,258)) and attenuated by
57% when the authors adjusted for time-varying covariates in a standard fashion rather than using the marginal
structural model. In conclusion, the clinically important protective effect of HAART on dampening viral load appears
to be rapid, present at CD4 cell counts greater than 350 cells/mm3, and sustained beyond 6 years.

acquired immunodeficiency syndrome; antiretroviral therapy, highly active; bias (epidemiology); causality;
confounding factors (epidemiology); HIV-1; viral load

Abbreviations: AIDS, acquired immunodeficiency syndrome; CI, confidence interval; HAART, highly active antiretroviral therapy;
HIV-1, human immunodeficiency virus type 1; IPTC, inverse probability-of-treatment-and-censoring; SE, standard error.

Infection with human immunodeficiency virus type 1
(HIV-1) is often monitored by the number of copies of
HIV-1 RNA present in circulating plasma (1). The level
and change in viral load is an important indicator of HIV-
1 disease progression.

Randomized trials conducted in the late 1990s indicated
a dramatic ability of highly active antiretroviral therapy

(HAART) to stall HIV-1 disease progression (2–4). Specif-
ically, use of HAART dramatically reduces the load of cir-
culating virus by blocking replication at multiple points in
the viral life cycle, thereby allowing immune reconstitution.
Due to the success of these trials, randomized evidence
bearing on the long-term effectiveness of HAART remains
unavailable.
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Estimating the total effect of HAART on change in viral
load from observational data is challenging, for at least three
reasons. First, one must measure and account for known
time-fixed and time-varying confounders and assume that
no strong confounders remain unknown (5, 6). Second, stan-
dard adjustment or stratification for known time-varying
confounders fails to consistently estimate the total effect
of HAARTon change in viral load (7) and opens the analysis
to the possibility of selection bias (8–10). Third, the distri-
bution of circulating viral load is left-censored because of
a limit of detection in the assay used to quantify the number
of copies of HIV-1 RNA.

In previous work, we estimated the total (i.e., direct and
indirect) effect of HAART on 1) time to acquired immuno-
deficiency syndrome (AIDS) or death (11) and 2) the evo-
lution of CD4-positive T lymphocyte (CD4 cell) count (12).
In the present analysis, we used observational data to esti-
mate the total effect of HAART on changes in mean viral
load over a period of more than 8 years. We used inverse
probability-of-treatment-and-censoring (IPTC)-weighted
estimation of a marginal structural left-censored mean
model for repeated measures, which allowed for viral load
detection limits and consistent estimation of the total effect
of exposure to HAART under the assumptions of no un-
measured confounding, no emigrative selection bias (i.e.,
no informative censoring), and correct specification of the
model used to estimate the IPTC weights.

MATERIALS AND METHODS

Study population

This analysis utilized information from the Multicenter
AIDS Cohort Study (13) and the Women’s Interagency HIV
Study (14). Beginning in 1984, the Multicenter AIDS Co-
hort Study enrolled 5,622 homosexual men in Baltimore,
Maryland; Chicago, Illinois; Pittsburgh, Pennsylvania; and
Los Angeles, California. Beginning in 1994, the Women’s
Interagency HIV Study enrolled 2,628 women in New York,
New York; Chicago, Illinois; Los Angeles, California; San
Francisco, California; and Washington, DC. Every 6
months, participants in both studies completed an extensive
interviewer-administered questionnaire with information on
the use of antiretroviral therapy and provided a blood sam-
ple for the determination of CD4 cell count and viral load.
Positive enzyme-linked immunosorbent assays with confir-
matory Western blots were used to determine HIV-1 sero-
positivity. Institutional review boards approved all protocols
and informed consent forms, which were completed by
study participants in both cohorts. The results presented
here are based on the 918 men and women who were alive,
HIV-1-seropositive, and not using antiretroviral therapy in
April 1996 when HAART became available. To facilitate
the clinically relevant comparison of HAART versus no
antiretroviral therapy, we limited the study population to
those men and women who were not using antiretroviral
therapy at study entry.

Each participant contributed a maximum of 18 person-
visits, beginning with the first semiannual study visit after

April 1996 (the baseline visit) and ending with the last visit
in which the participant was seen alive before dropout (de-
fined as two consecutive missed viral load measurements) or
the date of analysis in April 2005, whichever came first. For
participants who were missing baseline data on any time-
varying covariate, baseline was redefined to be the first visit
with complete data.

Outcome ascertainment

The outcome was a log10 transformation of the number of
copies of HIV-1 RNA per milliliter of plasma obtained at
each semiannual study visit. Plasma was collected from
participants in 10-ml Vacutainer tubes containing heparin
or potassium ethylenediaminetetraacetic acid and was
stored at �70�C until testing. Among men, the average in-
terval between collection of blood and freezing of plasma
samples was estimated to have been 6 hours, but times were
not always recorded (15). Among women, the protocol re-
quired an interval of less than 6 hours between collection of
blood and freezing of plasma samples. The executive com-
mittees of the Multicenter AIDS Cohort Study and the
Women’s Interagency HIV Study independently selected
the types of viral load assays used and the dates of any
changes in viral load assays. Viral loads measured after
October 1998 (April 1998 for men) were quantified by
HIV-1 RNA extracted from 1.0-ml plasma samples using
an isothermal nucleic acid sequence-based amplification
method for women (bioMérieux, Boxtel, the Netherlands)
and a reverse transcription polymerase chain reaction am-
plification assay for men (Roche Molecular Systems,
Branchburg, New Jersey). This assay has a lower detection
limit of 80 copies/ml (50 copies/ml for men) and is linear to
concentrations as high as 1.6 3 106 copies/ml (one copy of
HIV-1 RNA is equal to one molecule of HIV-1 RNA) (15).
The coefficients of variation were approximately 10 percent.
Viral load measurements taken prior to 1998 had lower
limits of detection of 4,000 copies/ml (400 copies/ml for
men), with some exceptions due to retrospective testing of
samples. Plasma HIV-1 RNA levels were measured in lab-
oratories participating in the Virology Quality Assurance
Laboratory proficiency testing program of the National In-
stitutes of Health and the National Institute of Allergy and
Infectious Diseases.

Exposure assessment

The effect of HAARTuse, versus no antiretroviral therapy,
on change in viral load was of primary interest. This com-
parison, rather than a comparison of HAART with non-
HAART antiretroviral therapy, is of more current clinical
interest, because the most common decision clinicians and
recently HIV-1-infected persons face is the initiation of
HAART from a state of no antiretroviral therapy (16). Cu-
mulative HAART exposure was approximated by time since
HAART initiation. HAARTusers remained HAART-exposed
during 84 percent of their person-time after HAART initia-
tion. The definition of HAARTwas based on the US Depart-
ment of Health and Human Services panel guidelines (17)
and has been previously published (11). Typical HAART
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regimens consisted of two or more nucleoside or nucleotide
reverse transcriptase inhibitors in combination with at least
one protease inhibitor or one nonnucleoside reverse tran-
scriptase inhibitor.

Time since HAART initiation was classified into four
categories: 0, >0–1 year, >1–3 years, and >3–9 years. An
exploratory analysis in which each subsequent semiannual
visit’s worth of cumulative HAART exposure was allowed
to have its own linear effect supported the use of these
categories.

Assessment of covariates

Data on a number of time-fixed and time-varying cova-
riates were recorded. T-lymphocyte subsets were deter-
mined by immunofluorescence using flow cytometry in
laboratories participating in the Virology Quality Assurance
Laboratory program. Specifically, T-cell subsets were mea-
sured in purified peripheral blood mononuclear cells or eth-
ylenediaminetetraacetic acid-anticoagulated whole blood
by staining with fluorescent dye-conjugated monoclonal
antibodies that were specific for CD4 lymphocytes (Becton
Dickinson, Mountain View, California) (15). Clinical AIDS-
defining illnesses were defined using the 1993 clinical cri-
teria of the Centers for Disease Control and Prevention (18).
Missing information on time-varying covariates was re-
placed with information carried forward from the most re-
cently observed prior value.

Statistical methods

We fitted a model for repeated measurements of viral load
of the form

E½YijjVi0; �Xij�¼lij¼b0jþb#1Vi0þb2gðCumijÞ; ðmodel1Þ

where E[�j�] denotes conditional expectation, Yij is the log10
viral load for participants i ¼ 1–918 at visits j ¼ 0–17, Vi0 is
a subset of Li0, the vector of measured baseline covariates,
Cumij ¼

Pj
k¼0 Xik=2 is cumulative amount of time (years)

from the first visit in which HAARTuse was reported to visit
j and g(�) is a function of Cumij, such as the four-level clas-
sification described above, b0j is a visit-specific intercept, b#1
is the transpose of the column vector of coefficients for the
components of the vector Vi0, and b2 is the measure of
association between cumulative HAART exposure and
log10 viral load. Model 1 has random errors eij ¼ Yij � lij
with an assumed mean of 0 and normally distributed with
variance r2: We calculated a robust sandwich estimator of
the variance (19) with clustering by participant.

To account for time-varying confounding of HAART ini-
tiation and for right-censoring by dropout, initiation of non-
HAART antiretroviral therapy, or death, we fitted our re-
peated-measures model using stabilized IPTC weights of
the form Wij ¼ WX

ij 3WC
ij ; where

W
X
ij ¼

Yj
k¼0

f ½Xikj �Xik�1;Vi0; �Cik�1¼ 0�=

f ½Xikj �Xik�1; �Lik�1; �Cik�1¼ 0�

and

W
C
ij ¼

Yjþ1

k¼1

Pr½Cik ¼ 0j �Cik�1¼ 0; �Xik;Vi0�=

Pr½Cik ¼ 0j �Cik�1¼ 0; �Xik; �Lik�1�;
where f [�j�] is the conditional density function evaluated at
the observed covariate values for a given participant, �Lik�1 is
the vector of time-varying covariate histories measured up
to visit k � 1 (measured past viral load is a component of
�Lik�1), �Lik�1 includes baseline covariates Li0, and Cik equals
1 if participant i is censored because of dropout, death, or
initiation of non-HAART antiretroviral therapy by visit k
and 0 otherwise.

The baseline covariates Li0 were measured at the semi-
annual study visit immediately prior to the baseline visit and
included age, sex, category of CD4 cell count (<200, 200–
350, 351–500, or >500 cells/mm3), and category of viral
load (<4,001, 4,001–10,000, or >10,000 copies/ml). The
subset of baseline covariates Vi0 used to stabilize the IPTC
weights included CD4 cell count and viral load categories.
The time-varying covariate histories �Lik�1 were specified as
restricted cubic splines with three knots located at the 5th,
50th, and 95th percentiles for CD4 cell count and measured
log10 viral load, both taken at visit k� 1. We disregarded the
left-censoring of measured log10 viral load because of de-
tection limits when modeling initiation of HAARTand right-
censoring, because the true unmeasured value of viral load
was unknown to both physicians and participants and thus is
unlikely to have functioned as a confounder; inclusion of an
indicator of detectability did not appreciably alter results.

We estimated the components ofWij using pooled logistic
regression models, as previously described (12), with the
exception that we now also censored participants at initia-
tion of non-HAART antiretroviral therapy.

Valid use of IPTC weights requires that there not be
a probability of 0 or 1 that participants are exposed at any
level of the covariates (20). This assumption was presum-
ably met in theory in our study, as some subjects with high
CD4 cell counts and low viral loads initiated HAARTwhile
others with low CD4 cell counts and high viral loads did not.

We used a parametric likelihood-based approach to han-
dle left-censoring of viral load measurements due to detec-
tion limits. Specifically, we assumed that the residuals from
model 1 were mean-0 normal random variables with con-
stant variance r2: For participant i at visit j, let dij ¼ 1 if the
viral load was detected and 0 otherwise. Further, for a par-
ticipant with dij ¼ 0, let Y*ij be the lower limit of detection
for viral load, which depends on study and time, as de-
scribed above in the ‘‘Outcome ascertainment’’ section.
Then the contribution to the marginal likelihood for partic-
ipant i at visit j is

Lij¼ U
Y*ij�lij

r

� �� �wijð1�dijÞ

3
1ffiffiffiffiffiffiffiffiffiffiffi
2pr2

p 3exp
�ðYij�lijÞ

2

2r2

" #( )wijdij

;

whereU is the cumulative distribution function of a standard
normal random variable. Detected viral load measurements
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(dij ¼ 1) contribute to the second term in the likelihood via
the normal distribution, while undetected viral load mea-
surements (dij ¼ 0) contribute to the first term in the likeli-
hood as a mass below the detection limit. This specification
allows for multiple limits of detection, as occurred in our
data because of improvements in the measurement proce-
dure over time. Note that we do not assume that the within-
participant normal residuals are independent; rather, we
only assume that they are marginally normal with a constant
variance. We also present a simplification of this model,
labeled ‘‘alternate analysis A,’’ whereby we set all dij’s
equal to 1 and replace viral loads below the detection limit
with one half of the detection limit.

If confounding by unmeasured factors is absent and cen-
soring is ignorable, the IPTC-weighted estimates approxi-
mate the parameters of a marginal structural model (21),
where the potential outcome Yijð�xÞ is a random variable
representing participant i’s log10 viral load at visit j had he
or she followed a given therapy history �x; rather than the
observed therapy history �X: An average causal effect on
a difference scale is the mean of the potential outcomes
under the HAART regimen �x minus the mean of the poten-
tial outcomes under an alternate HAART regimen �x#;
E Yij �xð Þ
� �

� E Yij �x#ð Þ
� �

:
On the basis of prior research (11), interactions between

HAART and sex and between HAART and baseline CD4
cell count categories were explored. For comparison, we
also fitted model 1 by a standard approach and labeled this
‘‘alternate analysis B.’’ Namely, all wij’s were set to 1, but
we included the time-varying predictors in the model as
regressors. To explore the bias-variance tradeoff due to ac-
counting for potential time-varying confounding, we
trimmed (i.e., interval-censored) the IPTC weights from be-
low and above at percentiles x and 100� x, respectively, for
x ¼ 1, 5, 10, 25, and 50. To explore the possible impact of
emigrative selection bias, we recalculated our primary result
under ‘‘best’’-case and ‘‘worst’’-case scenarios. The best-
case scenario imputed viral loads after dropout until planned
study completion as follows: Exposed dropouts were as-
signed undetectable viral loads and unexposed dropouts
were assigned viral loads at the 90th percentile of the viral
load distribution (or 7 3 104 copies/ml). The worst-case
scenario imputed viral loads after dropout until planned
study completion as follows: Exposed dropouts were as-
signed viral loads at the 90th percentile of the viral load
distribution and unexposed dropouts were assigned unde-
tectable viral loads.

All analyses were conducted in SAS, version 9 (SAS In-
stitute Inc., Cary, North Carolina), employing the procedure
NLMIXED to maximize the weighted likelihood and a user-
written macro to calculate the robust variance estimates
(19) utilized for all confidence intervals. Details of how
the robust variance is calculated and why it is necessary
are provided in the Appendix.

RESULTS

At study entry, the 918 participants were, on average, aged
39 years (standard deviation, 8); 63 percent were women,

and 35 percent were Caucasian (table 1). Thirty-seven per-
cent had a viral load less than 4,001 copies/mm3, while 49
percent had a viral load greater than 10,000 copies/mm3.

The 918 men and women contributed 3,629 person-years
of observation. The average length of follow-up was
5.0 years (standard deviation, 3.4) between 1996 and
2005. A total of 354 (39 percent) participants completed
follow-up alive, 78 (9 percent) died during follow-up, 236
(26 percent) were censored at initiation of non-HAART
antiretroviral therapy, and the remaining 250 (27 percent)
were censored at dropout (i.e., two consecutive missing viral
load measurements).

There were 2,389 person-years contributed prior to
HAART initiation, with 286 (31 percent) participants initi-
ating HAART during follow-up. This yielded a HAART
initiation rate of 12 per 100 person-years (95 percent confi-
dence interval (CI): 11, 13). This rate was notably lower
than prior estimates (e.g., 38 per 100 person-years (12))
because it did not allow for HAART initiation after observed
use of non-HAART antiretroviral therapy. Among the 286
HAART initiators, average time since HAART initiation
over the course of follow-up was 3.1 years (standard devi-
ation, 2.2). The predicted probability of HAART initiation
ranged from less than 0.001 to 0.70, with a mean of 0.05,
prior to HAART initiation and from 0.006 to 0.86, with
a mean of 0.17, at HAART initiation. After stabilization,
the IPTC weights ranged from 0.03 to 48, with 1st and
99th percentiles at 0.19 and 4.03. As expected, the rate of
HAART initiation increased by a factor of 1.61 (95 percent
CI: 1.45, 1.75) for each decrement of 100 CD4 cells/mm3

and increased by a factor of 2.38 (95 percent CI: 1.89, 3.03)
for each additional log10 viral load, both measured at the
visit prior to HAART initiation.

Figure 1 shows a plot of the observed log10 viral loads by
number of years of follow-up, with open circles representing
pre-HAART-initiation measurements and filled circles repre-
senting post-HAART-initiation measurements. Table 2 shows
categorized HAART exposure and the estimated difference
in the average log10 number of copies of viral RNA per ml
of blood, with nonusers of antiretroviral therapy designated
the reference group, estimated by means of the marginal
structural model. Collapsing the data over HAART-exposed
groups, there was a clinically meaningful decrease of 1.91
log10 viral load (95 percent CI: 1.65, 2.17) with any HAART
exposure as compared with no exposure. This decrease ap-
peared to be sustained through the end of follow-up.

Figure 2 depicts the changes in viral load over cumulative
HAART exposure, grouped in 6-month intervals, estimated
by means of the marginal structural model. Adjusting only
for baseline levels of measured variables using a standard
left-censored repeated-measures model yielded attenuated
(and slightly more precise) results: For instance, collapsing
the data over cumulative HAART exposure groups, the
HAART-exposed participants had a decrease of 1.59 log10
viral load (95 percent CI: 1.40, 1.78) as compared with
nonusers of antiretroviral therapy.

A marginal structural model that replaced undetectable
viral loads with one half of the detection limit (alternate
analysis A) yielded a 10 percent ([(1.72 � 1.91)/1.91] 3
100) attenuation in the association to a decrease of 1.72
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log10 viral load (95 percent CI: 1.50, 1.95). Alternate anal-
ysis B, fitting an unweighted model that adjusted for the
same set of time-varying variables, yielded a remarkable
57 percent attenuation in the association to a decrease
of 0.83 log10 viral load (95 percent CI: 0.71, 0.94). However,
this attenuated association was not constant over cumulative
HAART exposure (>0–1 years: 1.91 log10 viral load; >1–3
years: 0.31 log10 viral load; >3 years: 0.30 log10 viral load).
This pattern suggests that this standard method (alternate
analysis B) was able to estimate the initial effect of HAART
on changes in viral load. However, this standard method
was not able to estimate the moderate-to-long-term effect
of HAART on changes in viral load. The failure of this stan-
dard method was due to adjustment for time-varying conse-
quences of HAART exposure, which probably mediated the
effect of HAART exposure on changes in viral load.

The association of HAART exposure with viral load was
stronger among men. Specifically, among men, the decrease
associated with HAART exposure was 2.46 log10 viral load
(95 percent CI: 2.20, 2.72), while among women the anal-
ogous decrease was 1.60 log10 viral load (95 percent CI:
1.20, 2.00) (interaction p < 0.001). The association of
HAART with viral load was not notably stronger among
persons with a baseline CD4 cell count less than 350
cells/mm3 (interaction p ¼ 0.787).

As expected, trimming the IPTC weights at progressively
tighter percentiles moved the marginal structural model
point estimate of�1.91 (standard error (SE), 0.134) towards
the (assumed biased) baseline-adjusted estimate of �1.59
(SE, 0.098) while decreasing the standard error: Specifi-
cally, at censored percentiles of 1 and 99, 5 and 95, 10
and 90, and 25 and 75, the resultant point estimates were
�1.80 (SE, 0.110), �1.73 (SE, 0.101), �1.69 (SE, 0.098),
and �1.63 (SE, 0.096), respectively. Therefore, the reduc-
tion in the standard error achieved by ignoring time-varying
confounding was overwhelmed by the bias introduced by
time-varying confounding. Under the ‘‘best’’-case scenario
for dropout as described in the ‘‘Statistical methods’’ sec-
tion, the observed estimate of �1.91 shifted to �2.30, and
under the ‘‘worst’’-case scenario, the observed estimate of
�1.91 shifted to �0.01.

DISCUSSION

Employing a marginal structural left-censored linear
model, we estimated that among participants not using anti-
retroviral therapy, HAART initiation rapidly decreased viral
load and HAART initiators sustained an average mean viral
load reduction of nearly 2 log10 copies/ml. This initial

TABLE 1. Baseline and follow-up characteristics of 918 men and women infected with human

immunodeficiency virus type 1, Multicenter AIDS Cohort Study and Women’s Interagency HIV Study,

1996–2005

Characteristic

Baseline (1996)
(n ¼ 918 persons)

Follow-up (1996–2005)
(n ¼ 3,629 person-years)

% Mean No. % Mean No.

Mean age (years) 39 (8)* 42 (8)

Female sex 63 575 64 2,311

Caucasian race 35 320 37 1,345

Clinical AIDSy,z 21 194 29 1,034

Use of HAARTy 0 0 38 1,383

Category of CD4 cell count
(no. of cells/mm3)

<200 9 84 11 416

200–350 17 160 18 668

351–500 24 223 23 826

>500 49 451 47 1,720

Mean CD4 cell count
(no. of cells/mm3) 539 (294) 530 (305)

Category of HIV-1y RNA level
(no. of copies/mm3)

<4,001 37 336 55 1,993

4,001–10,000 15 136 11 397

>10,000 49 446 34 1,240

Mean log10 HIV-1 RNA level§ 4.1 (0.88) 3.6 (1.16)

* Numbers in parentheses, standard deviation.

y AIDS, acquired immunodeficiency syndrome; HAART, highly active antiretroviral therapy; HIV-1, human

immunodeficiency virus type 1.

z Based on the 1993 clinical criteria of the Centers for Disease Control and Prevention (18).

§ Among 742 detectable measurements taken at baseline and 5,711 of 7,258 person-visits.

Determining HAART Effects on Change in HIV-1 RNA Viral Load 223

Am J Epidemiol 2007;166:219–227



protective effect of HAART appeared to be greater among
men. This nearly 2 log10 decrease, from an initial average
log10 viral load of approximately 4 log10 copies/ml to 2
log10 copies/ml or 100 copies/ml, suggests that, on average,
persons with continuous HAART use approach the floor of
the current viral load detection limit of 50 copies/ml.

An alternate analysis which replaced viral load values
below the detection limit with one half of the detection limit
rather than allowing such values to be left-censored (alter-
nate analysis A) produced a notable null-bias in the associ-
ation between HAART initiation and change in viral load.
Replacing left-censored viral load measurements with
a fixed value, such as one half of the detection limit, results
in two problems. First, the variability in the outcome will be
underestimated, since the distribution of values below the
detection limit has been replaced with a fixed value. Second,
the choice of the fixed value is arbitrary and may or may not
be an appropriate summary of the expectation of the values
below the detection limit. Of course, our assumption that
viral load counts below the lowest detection limit follow the
assumed normal distribution is not subject to empirical test
and could be incorrect.

Another alternate analysis that adjusted for time-varying
covariates rather than weighting (alternate analysis B)
produced a remarkably strong null-bias in the association
between HAART initiation and change in viral load. Adjust-
ing, rather than weighting, for time-varying covariates that
are affected by prior exposure precludes the investigator
from being able to estimate the total (i.e., direct and indi-
rect) effect of a time-varying exposure (7, 20) and places the
analysis at risk for induced selection bias (8–10).

In the AIDS Clinical Trials Group 320 randomized trial,
Hammer et al. (2) reported that HAART decreased the mean
viral load by 2.2 log10 copies/ml at 24 weeks after therapy
initiation (p< 0.001) in comparison with less potent therapy
among largely male participants with prior antiretroviral
therapy experience and CD4 cell counts below 201 cells/
mm3. In the present work, we have addressed a timelier
clinical question by comparing HAART with no antiretro-
viral therapy among both men and women with wide-ranging
baseline CD4 cell counts who were followed for more than
8 years. We expected to find an effect stronger than that
found by Hammer et al. among persons with low baseline
CD4 cell counts because of the difference in comparison
groups, and we expected to find a weaker effect for persons
with higher baseline CD4 cell counts, based on our prior

FIGURE 1. Observed log10 viral load among 918 human immuno-
deficiency virus type 1-infected men and women during 3,629 person-
years of follow-up (7,258 person-visits), Multicenter AIDS Cohort
Study (men) and Women’s Interagency HIV Study (women), 1996–
2005. Open circles represent viral load measurements taken prior to
initiation of highly active antiretroviral therapy (HAART), and filled
circles represent post-HAART-initiation viral load measurements.
Horizontal banding due to limits of detection can be seen at log10
viral loads of 1.7, 1.9, 2.6, and 3.6.

TABLE 2. Cumulative exposure to highly active antiretroviral therapy and difference in

log10 RNA viral load among 918 men and women infected with human immunodeficiency

virus type 1, Multicenter AIDS Cohort Study and Women’s Interagency HIV Study, 1996–

2005

HAARTy exposure (years)
No. of

observations
%

Difference in log10 HIV-1y
RNA viral load

(no. of copies/ml)*,z

95% confidence
interval§Category Median

0 0 4,492 62 0{
>0–�1 0.5 566 8 �1.91 �1.68, �2.14

>1–�3 1.8 916 12 �1.88 �1.59, �2.17

>3–�9 4.8 1,284 18 �1.96 �1.58, �2.33

* p for trend < 0.001.

y HAART, highly active antiretroviral therapy; HIV-1, human immunodeficiency virus type 1.

z Adjusted for sex, age, and baseline CD4 cell count and viral load, as well as time-varying

CD4 cell count, viral load, and time (splines were used for the latter two factors).

§ Conservative 95% confidence interval.

{ Reference category.
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experience. We also anticipated a possible reduction in the
effect of HAARTwith prolonged exposure. We observed no
appreciable reduction in the effect over time and an overall
effect of approximately 90 percent of that observed by
Hammer et al. (2).

A plausible explanation for the observed difference in the
strength of association by sex is that the observed stronger
association among men may reflect better levels of adher-
ence to HAART rather than a true sex difference in the
causal effect of HAART on change in viral load. For exam-
ple, a recent analysis of Multicenter AIDS Cohort Study and
Women’s Interagency HIV Study data suggested that 84
percent of men but only 76 percent of women were fully
adherent after initiating a HAART regimen (22).

The present results should be interpreted with consider-
ation of the following limitations. First, like all observa-
tional analyses, the estimates have a causal interpretation
only under the assumption of no unmeasured confounding.
This assumption probably holds (approximately) here, since
the most important clinical and laboratory information used
by physicians as indications for HAART was collected
and used in the models for the estimation of the weights
(23). Numerous additional functional forms for the weight
models were explored (e.g., longer covariate histories, more
flexible splines), as well as a broader set of covariates (e.g.,
age, race, clinical AIDS, body mass index, HIV-1-related

symptoms, Pneumocystis jiroveci pneumonia prophylaxis,
and red blood, platelet, CD3, and CD8 cell counts), but such
alternative model specifications did not appreciably alter the
results. If the assumption of no unmeasured confounders is
correct and the model used to create the treatment weights is
correctly specified, then weighting creates a pseudopopu-
lation in which the probability of HAART initiation is not
a function of the time-varying covariates (i.e., no confound-
ing exists), but the effect of HAART initiation on viral load
is the same as in the actual study population.

Second, and like all prospective analyses with right-
censoring, the results are based on the assumption that right-
censoring is ignorable, conditional on measured covariates.
Neither the present analysis nor past analyses (11, 12, 24)
suggested that there was notable emigrative selection bias
due to variables measured in these data. The extent of pos-
sible emigrative selection bias due to unmeasured variables
was demonstrated to be substantial. Death was treated as
a censoring event in the present analysis, which may not
always be appropriate. Robins and Greenland (25) discuss
the pros and cons of this and other choices.

Third, these results may have been sensitive to the relative
infrequency of data collection (i.e., 6-month intervals). Mis-
classification due to this coarse measurement (with respect
to time) could have reintroduced some confounding, which
could have biased the estimated difference in either direc-
tion (26).

Fourth, in these analyses, we assumed that participants
remained on HAART after initiation. This assumption was
correct for 84 percent of post-HAART-initiation person-
years. The IPTC-weighted analysis was estimating the
‘‘intention-to-treat effect’’ of HAART therapy versus no
antiretroviral therapy in a hypothetical randomized clinical
trial in which 1) participants were randomly assigned to
begin continuous HAART at different visits, 2) all partici-
pants initially complied and began HAARTat their assigned
visit, and 3) 16 percent later discontinued HAART. Cole
et al. (12) discuss the pros and cons of this choice.

Fifth, we assumed that all viral load measurements below
the limit of detection had values greater than 0. This as-
sumption was based on sobering virologic suggestions that
HIV-1 harbors itself in multiple organs and is not eradicated
even with persistently undetectable (i.e., <50 copies/ml)
plasma RNA levels. In other substantive fields, one may
believe that the outcome variable is a mixture of p true 0’s
and 1 – p values greater than 0, of which only a percentage
are detectable with current laboratory technology (27); in
such cases, one may fit a marginal structural model reflect-
ing this mixture.

Without data from randomized trials that follow patients
with widely varying risk profiles for prolonged periods, on-
going prospective observational studies with repeated as-
sessments of exposure and detailed collection of clinical
and laboratory information provide the best evidence avail-
able for the estimation of risk-group-specific, long-term
therapeutic effects. These results show, however, that one
must carefully analyze such data. We found that the esti-
mated effect of HAART on viral load based on IPTC-
weighted estimation of a marginal structural model was
strikingly larger than estimates based on standard analyses

FIGURE 2. Change in log10 viral load according to cumulative
exposure to highly active antiretroviral therapy (HAART) among 918
human immunodeficiency virus type 1-infected men and women
during 3,629 person-years of follow-up (7,258 person-visits), Multi-
center AIDS Cohort Study (men) and Women’s Interagency HIV
Study (women), 1996–2005. Change in log10 viral load was estimated
using amarginal structural model. The solid line connects the 6-month
groupings of cumulative HAART exposure, and the black dots show
the log10 numbers of person-visits for particular groupings of
cumulative exposure. Horizontal line, reference category (no change);
vertical lines, pointwise 95% confidence intervals.
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or marginal structural model analyses that ignored left-
censoring of viral load.

In conclusion, the observed association of HAART with
HIV-1 viral load appears to apply irrespective of baseline
CD4 cell count and to be sustained for several years; how-
ever, there do not appear to be strong additional effects of
HAART on reduction of viral load beyond that observed
within the first year after therapy initiation.
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APPENDIX

Robust variance estimates are needed in the present ap-
plication for two reasons. First, we have repeated measure-
ments of viral load taken in the same person at different

times. The repeated measurements within individuals are
likely to be more similar than those between individuals,
creating a positive correlation and negating the standard
assumption of independent observations. Our robust vari-
ance estimates are equivalent to those used for generalized
estimating equations (28, 29) with an independent working
covariance matrix, and are a general solution to the problem
of nonindependent observations. Note in particular that we
did not assume that the within-participant normal residuals
were independent.

Second, variability in the estimated inverse probability-
of-treatment-and-censoring weights in our marginal struc-
tural model requires that we use a robust variance estimate
to obtain conservative confidence intervals, as described by
Robins (30). Robust variance estimates are a general solu-
tion to account for misspecified general linear models, as
described by White (19, 31).

The weighted likelihood given in the text is maximized on
N participants with M visits (using the SAS program
NLMIXED), and the resulting P parameter estimates, score
matrix, and Hessian matrix are retained. Next, the score
contributions for each parameter P are summed over the
M visits for each of N individuals. The robust variance is
then taken asH�1 X#Xð ÞH�1; where H is the Hessian P3 P
matrix (i.e., inverse of the negative Hessian is the standard
covariance) and X is the N 3 P matrix of summed (over
visits) score contributions. Note that X#X can also be writ-
ten as

PN
i¼1 SiS#i; where Si is the model-based score for

participant i. Illustrative SAS code is available from the first
author upon request.
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