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In HIV-1-infected individuals on currently recommended antiretro-
viral therapy (ART), viremia is reduced to <50 copies of HIV-1 RNA
per milliliter, but low-level residual viremia appears to persist over
the lifetimes of most infected individuals. There is controversy over
whether the residual viremia results from ongoing cycles of viral
replication. To address this question, we conducted 2 prospective
studies to assess the effect of ART intensification with an addi-
tional potent drug on residual viremia in 9 HIV-1-infected individ-
uals on successful ART. By using an HIV-1 RNA assay with single-
copy sensitivity, we found that levels of viremia were not reduced
by ART intensification with any of 3 different antiretroviral drugs
(efavirenz, lopinavir/ritonavir, or atazanavir/ritonavir). The lack of
response was not associated with the presence of drug-resistant
virus or suboptimal drug concentrations. Our results suggest that
residual viremia is not the product of ongoing, complete cycles of
viral replication, but rather of virus output from stable reservoirs
of infection.
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n HIV type 1 (HIV-1) infection, plasma virus levels have proven

to be an important indicator of viral replication, risk of disease
progression, and response to therapy (1-7). Initial studies of
changes in viremia in response to antiretroviral drugs demonstrated
exponential reductions occurring in at least 2 distinct phases (1, 2,
4). These phases of decay have half-lives of ~1 day and ~14 days,
reflecting the lifespan of HIV-infected CD4* T lymphoblasts and
that of a second, longer-living population of infected cells, respec-
tively. Within several weeks, plasma virus levels fall to below the
limit of detection of HIV-1 RNA assays approved for patient
management (50 copies per milliliter of plasma). On the basis of
these studies, there was initial optimism that HIV-1 could be
eradicated with prolonged antiretroviral therapy (ART) (7).

Since the initial studies, several discoveries have tempered hope
for eradication. The first was the identification of a long-lived latent
reservoir of HIV-1 in resting CD4* T cells (8, 9). Latently infected
cells persist in patients on ART who have suppression of viremia to
levels below the detection limit of clinical assays (10-12). With a
half-life estimated at 44 months, this compartment cannot be
eliminated within the lifespan of most infected individuals (13-15).
A second discovery was that most patients whose HIV-1 RNA
levels were suppressed by ART to <50 copies per milliliter were
actually viremic at a low level (16). Novel quantitative techniques,
including the single-copy assay (SCA), can quantify HIV-1 viremia
at levels down to <1 copy per milliliter (17), allowing a more
detailed analysis of the viral decay kinetics on ART (18, 19). Studies
using the SCA revealed that the initial 2-phase decline in viremia
(7) is followed by a prolonged third phase of decay occurring over
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months. Subsequently, there appears to be a stable fourth phase
during which there is no appreciable decay (19). The median level
of the residual viremia during this fourth phase is ~1.5 copies per
milliliter.

One way to probe the source of low-level viremia in patients on
ART is by intensification of therapy with an additional, potent
antiretroviral drug not previously used by the patient. On the one
hand, residual viremia may be the result of virus released from
latently infected cells whose proviruses have become transcription-
ally active, and from other long-lived, chronically infected cellular
reservoirs. In these cases, the level of viremia would not be affected
by intensification of ART because release of virions from cells
infected before therapy would be unaffected by currently available
antiretroviral drugs, which only block new cycles of viral replication.
Further, the released viruses would not be expected to productively
infect other cells in the presence of drugs that block new cycles of
replication. This explanation for the source of residual viremia is
consistent with the clinical observation that patients who are
adherent to ART can maintain durable suppression of viremia
without virological failure (20-22). In addition, analysis of rebound
viremia in patients interrupting antiretroviral therapy has demon-
strated no evidence of ongoing genetic variability during suppres-
sion (23), consistent with the absence of viral genetic adaptation or
new drug resistance mutations in patients on suppressive ART
(24-26).

Alternatively, residual viremia could arise from ongoing, new
cycles of viral replication resulting from incomplete inhibitory
activity or penetration of antiretrovirals. Evidence for ongoing
replication comes from studies suggesting that treatment intensifi-
cation reduces the level of residual viremia (27) and the frequency
of intermittently measurable viremia (blips) (28). The implication
of this work is that current ART may not fully suppress viral
replication. Given that ongoing replication may lead to the devel-
opment of resistance, the inability of ART to completely suppress
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Table 1. Demographic factors and clinical characteristics

HIV-1 CD4 count Current ART Intensifying
Patient ID Age Gender Race risk factor (cells/ul) regimen drug
JHH-3 48 M White MSM 438 AZT 300 mg/3TC 150 mg twice daily, ATV 300 mg/100mg
EFV 600 mg once daily RTV once daily
JHH-5 54 M Black Heterosexual 540 TDF 300 mg/FTC 300 mg once daily, ATV 300 mg/100mg
EFV 600 mg once daily RTV once daily
JHH-6 46 M Black MSM 367 TDF 300 mg/FTC 300 mg once daily, ATV 300 mg/100mg
EFV 600 mg once daily RTV once daily
JHH-7 46 M Black Unknown 590 AZT 300 mg/3TC 150 mg twice daily, ATV 300 mg/100mg
EFV 600 mg once daily RTV once daily
JHH-9 60 M White MSM 639 ABC 600 mg/3TC 300 mg once daily, ATV 300 mg/100mg
EFV 600 mg once daily RTV once daily
NIH-1 46 M White MSM 431 AZT 300 mg/3TC 150 mg twice daily, EFV 600 mg daily*
ATV 400 mg daily
NIH-2 46 F White IvDU 743 TDF 300 mg/FTC 200 mg once daily, EFV 600 mg daily
NFV 1250 mg twice daily
NIH-4 32 M Hispanic MSM 536 AZT 300 mg/3TC 150 mg twice daily, LPV 600 mg/150 mg
TDF 300 mg once daily, EFV 600 mg daily RTV twice daily
NIH-5 43 M White MSM 799 TDF 300 mg/FTC 300 mg once daily, LPV 600 mg/150 mg

NVP 200 mg twice daily RTV twice daily

ABC, abacavir; ART, antiretroviral therapy; ATV, atazanavir; AZT, zidovudine; EFV, efavirenz; FTC, emtricitabine; IVDU,

intravenous drug use; MSM, men who have sex with men; LPV, lopinavir; NA, not applicable; NIH, National Institutes of Health; NFV, nelfinavir;
NVP, nevirapine; RTV, ritonavir; TDF, tenofovir disoproxil fumarate; 3TC, lamivudine

*ATV was changed to 300 mg once daily, 100 mg RTV was added, as recommended (30).

viral replication could compromise long-term virological and clin-
ical outcomes in treated patients. Treatment intensification should
reduce residual viremia coming from ongoing cycles of replication
in drug-accessible compartments.

To determine the contribution of ongoing viral replication to
residual viremia in patients on ART, we carried out 2 independent
treatment intensification studies and measured changes in viremia
by using the SCA with a limit of detection of 1 copy per milliliter
(17). Our studies included patients on suppressive regimens and
used 1 of 3 different potent, Food and Drug Administration-
approved antiretroviral agents, new to each patient, for intensifi-
cation. Separate analyses of the 2 studies and analysis of the pooled
data revealed that treatment intensification did not reduce the level
of residual viremia. This result does not support ongoing, complete
cycles of replication as the principal source of persistent viremia.

Results

Study Participants. At the Johns Hopkins Hospital (JHH), 10
patients were enrolled into the atazanavir/ritonavir (ATV/r) inten-
sification study; at the National Institutes of Health (NIH), 7
patients were enrolled into a study of treatment intensification with
either efavirenz (EFV) or lopinavir/ritonavir (LPV/r). Two patients
discontinued the studies before completing intensification and were
excluded from further analysis: 1 patient in the ATV/r intensifica-
tion study who requested to be discontinued before drug intensi-
fication for personal reasons, and 1 patient who discontinued EFV
intensification because of fatigue. None of the study patients
suffered serious adverse events. Although all 15 patients had viral
RNA levels =1 copy per milliliter during at least one screening visit,
only 9 participants had viral RNA levels =1 copy per milliliter for
the majority of preintensification time points. These 9 patients were
used for the primary analysis of treatment intensification (Table 1).
Secondary analyses that included the 6 other patients (Table S1)
were also performed.

Participants had an average CD4* T cell count of 565 cells per
microliter (range, 367-799 cells per microliter) and suppression
of viremia on a stable ART for an average of 4 years (range,
0.7-10.0 years). NIH participants were younger than JHH par-
ticipants (mean, 41.8 vs. 50.8 years) and had a higher represen-
tation of men who have sex with men as an HIV-1 risk factor
(75% vs. 60%). All participants were on ART consisting of a
nucleoside reverse transcriptase inhibitor (NRTT) backbone and
either a nonnucleoside reverse transcriptase inhibitor (NNRTT)
or a protease inhibitor (PI).
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Effect of Treatment Intensification on Residual Viremia. Before in-
tensification, participants had repeated measurements of viremia
with the SCA. The median level of viremia in the participants was
3 copies per milliliter, consistent with previous reports (18, 19).
Treatment intensification was carried out with 1 of 3 regimens
(ATV/r, LPV/r, or EFV), all of which are potent antiretroviral
agents recommended for initial ART (29). The drug chosen for
intensification was, in all cases, from a class (PI or NNRTI) not
previously used by the participant. Treatment intensification was
conducted for either 4 (EFV and LPV/r intensification) or 8 (ATV/r
intensification) weeks.

Combined results for the 5 participants at JHH intensified with
ATV/r are summarized in Fig. 14. Median levels between samples
taken before, during, or after the ATV/r intensification were 3, 5,
and 2 copies per milliliter, respectively. Results from each of these
5 participants are shown individually in Fig. 1B. Interestingly,
patient JHH-3 demonstrated median plasma HI'V-1 RNA levels of
30 copies per milliliter, significantly higher than those of the other
patients, who demonstrated median levels of <10 copies per
milliliter (Fig. 1B, JHH-3). At times, levels of viremia in patient
JHH-3 were close to the detection limit of standard assays (50
copies per milliliter), and this observation was consistent with the
patient’s prestudy history of frequent “blips” (intermittent viremia
>50 copies per milliliter). Although the level of residual viremia in
this patient was relatively high, this pattern did not change during
intensification (Fig. 18, JHH-3). Furthermore, the level of residual
viremia did not decrease in the other 4 patients as a consequence
of ATV/r intensification (Fig. 1B).

Results for the 4 NIH participants intensified with EFV or LPV/r
are summarized in Fig. 1 C and D. Median HIV-1 RNA levels for
the 4 participants were 3, 6, and 5 copies per milliliter before,
during, and after intensification, respectively. As with the ATV/r
group, the frequency of detectable viremia did not change during
the intensification interval and study follow-up.

Fig. 2 shows the HIV-1 RNA results for JHH and NIH partic-
ipants combined (n = 9). Median levels of viremia during the
intensification periods were not significantly different from prein-
tensification and postintensification HIV-1 RNA levels (P = 0.81
and 0.40, respectively).

Variation in viremia was present in individual patients during the
study period, with 5 patients exhibiting slight declines in the slope
of viremia (—0.0034 to —0.62 copies per milliliter per week) and
increases in the slope of viremia in 4 patients (0.006—0.67 copies per
milliliter per week) during the entire study period. Importantly,
however, in each of the 9 patients, the slope of viremia during the
intensification period was not significantly different from zero,
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Fig. 1.

Intensification does not reduce residual viremia in patients on ART. (A) Median HIV-1 RNA levels of the 5 JHH patients at multiple sampling points before,

during, and after intensification with ATV/r. (B) Levels of viremia in the JHH patients intensified with ATV/r. (C) Median HIV-1 RNA levels of the 4 NIH patients
at multiple sampling points before, during, and after intensification with EFV and LPV/r. (D) Levels of viremia in NIH patients intensified with either EFV or LPV/r.
Open symbols represent measurements below the limit of detection (1 copy per milliliter).

indicating there was no evidence of decline in viremia as a conse-
quence of drug intensification.

To summarize, in neither the aggregate results nor in any of the
9 individual study subjects could a statistically significant difference
in median viremia levels be detected before, during, or after
treatment intensification.

Six participants excluded from the primary analysis because of
inconsistently detectable viremia in the preintensification period
(Fig. S1 and Table S1) were included in a secondary analysis.
Inclusion of these participants did not change the results of the
comparisons; there were no significant differences in median
HIV-1 RNA levels before, during, or after intensification (P = 0.18
and 0.09, respectively).

Levels of Intensifying Drugs in Plasma. To assess whether the
participants received adequate doses of drug, plasma concentra-
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Fig. 2. ART intensification does not reduce HIV-1 viremia. HIV-1 RNA levels
for all time points for all 9 patients. Each set of colored symbols represents
HIV-1 RNA values obtained for the indicated patient during each phase of the
study and corresponds to the symbols used in Fig. 1. Open symbols represent
measurements below the limit of detection (1 copy per milliliter). Levels of
viremia during intensification were not statistically different from preinten-
sification and postintensification levels.
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tions of the intensifying drugs were measured before, during, and
after treatment intensification (Fig. 3).

In patients taking EFV, ATV was boosted with ritonavir (RTV)
as recommended in Department of Health and Human Services
guidelines (30). During the intensification interval, levels of the
intensifying ATV in our study population were maintained at a
median concentration of 1.018 ug/mL (range, <0.088 to 2.69
pg/mL), which is 47-fold more than ICyy of ATV in primary CD4*
T cells (31) (Fig. 34). Levels of EFV used in prestudy regimens of
the JHH participants were not altered during periods of intensifi-
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Fig. 3. Therapeutic concentrations of intensifying drug were achieved

during the intensification period. (A) ATV. (B and C) EFV. (D) LPV. Open
symbols represent measurements below the LOQ for respective drugs.
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cation (Fig. 3B). In patients intensified with LPV or EFV, the levels
of LPV (range, 5.50-5.98 ug/mL) and EFV (range, 1.82-2.37
pg/mL) were within the therapeutic range during the intensification
periods (Fig. 3 C and D). Levels of ATV, LPV, and EFV returned
to below detection limits after completing intensification, demon-
strating that viral RNA levels obtained during the postintensifica-
tion period were the result of the baseline regimen. These results
demonstrate that therapeutic concentrations of intensification
drugs were achieved in study participants during intensification.
Small fluctuations in HIV-1 RNA levels did not correlate with
changes in intensifying drug concentration.

Sequence Analysis of the pro Gene in ATV-Intensified Patient Virus. To
ensure that a lack of decay of residual viremia after intensification
was not associated with drug-resistant virus, we isolated HIV-1
RNA from plasma specimens obtained from patients in the ATV/r
intensification study and sequenced pro by using sensitive amplifi-
cation techniques (24-26, 32). In 4 patients with frequently detect-
able residual viremia in the range of 1-50 copies per milliliter, we
were able amplify and sequence 1-6 independent, clonal amplicons
per patient (26).

Clonal sequence analysis confirmed that HIV-1 sequences were
patient-specific. None of the patients had plasma virus with major
ATV resistance mutations ISOL, 184V, or N88S (33) (Fig. S2). Some
patients had polymorphisms considered to be minor resistance
mutations for ATV; however, these variants are common in drug-
naive patients, and individually they do not appear to confer
resistance to ATV (34).

Discussion

Currently recommended ART is capable of suppressing plasma
HIV-1 RNA to levels <50 copies per milliliter for long periods, but
cell-free virions can be found for many years in the plasma of most
patients on ART. It has been unclear whether low-level residual
viremia is primarily derived from complete cycles of viral replica-
tion that continue despite ART, and it has been frequently sug-
gested that a study of antiretroviral intensification may clarify this
critical question (16, 35). By using an RT-PCR assay capable
detecting 1 copy of HIV RNA per milliliter, we found that levels of
residual viremia were not affected by intensification of ART with
an additional, potent antiretroviral drug. Moreover, this observa-
tion was not the result of suboptimal exposure to the intensifying
drugs or the presence of drug-resistant virus. The study was
conducted at 2 different sites with 3 different intensifying agents,
and the results did not vary according to research site, intensifying
drug class, or intensifying drug.

This result contradicts a previous study of ART intensification
that suggested a contribution of ongoing HIV-1 replication to
residual viremia (27). That study, however, was conducted in
patients who were on a nonstandard 2-drug ART regimen (efa-
virenz and indinavir), which may have been incompletely suppres-
sive relative to current 3-drug regimens. Interestingly, preintensi-
fication viral RNA levels were higher than those of our patients, and
decreased during intensification to within the range of viral RNA
levels detected in our study. The effects of an intensifying agent on
residual viremia in patients on standard of care therapy have not
been previously described. All study participants were on combi-
nation antiretroviral regimens with at least 3 active antiretrovirals
and had maintained viral suppression below the clinical limit of
detection for an average of 4.8 years. Moreover, all of the patients
were undergoing combination antiretroviral therapy with at least 2
NRTIs and either a PI or an NNRTIL In the present study, we
hypothesized that if active cycles of HIV-1 replication were con-
tributing to viremia, there would be a substantial effect on levels of
viremia during the period of intensification observable on a time
scale approximating the half-life of actively infected cells (1-2 days),
as documented for antiretroviral regimens, including monotherapy
(1). In our study, comparison of HI'V-1 viremia before, during, and
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after intensification revealed no detectable effect of this kind, in
clear contradiction to our hypothesis.

Previous reports have suggested that transiently detectable vire-
mia (blips) may be a surrogate for ongoing replication (28). In this
regard, JHH-3 had a comparatively high level of residual viremia
(median, 30 copies per milliliter; range, 8—49 copies per milliliter)
and a history of 7 episodes of blips during the 3 years before study
enrollment. Nevertheless, addition of ATV/r did not reduce the
level of viremia during the period of intensification. The history of
frequent blips in this patient is thus likely to be related to his
relatively high steady-state level of residual viremia and not to
ongoing viral replication. In support of this view, Nettles et al. (32)
proposed that blips may be a consequence of biological and
statistical variation around a mean HI'V-1 RNA level just below the
detection limit, representing output from stable viral reservoirs.

One potential limitation of our study is that we cannot exclude
the possible contributions of viral replication in putative “drug
sanctuary” sites to residual viremia. The central nervous system (36,
37) (CNS) and genitourinary (GU) tract (38) are regarded as
distinct compartments of HI'V-1 infection in which antiretroviral
penetration may be reduced (39—-45). The recent CHARTER study
(46) measured levels of ATV in cerebrospinal fluid (CSF); even
with RTV boosting, CSF levels were ~100-fold lower than plasma
levels and were lower than the reported ATV ICs. Additional
studies from this group (45) have rank-ordered penetration of
antiretrovirals into CSF; some older drugs (e.g., indinavir) have
higher relative penetration than newer agents, such as ATV and
tenofovir. With regard to the drugs used for intensification in our
study, LPV/r was considered to have a high CNS-penetration
effectiveness score (45). Based on ratios of penetration into sanc-
tuary sites and clinically determined trough plasma concentrations
(BMS EFV package insert), we estimate EFV levels in CSF and
semen to be 1.8-fold and 30-fold higher, respectively, than the ICy
(6 ng/mL) (31). Thus, these 2 drugs may give better CNS penetra-
tion than ATV/r. It is also important to note that the real pene-
tration of any antiretroviral into the brain has not been extensively
studied, and studies using CSF as a surrogate show that CSF may
not accurately reflect levels of virus or drug penetration in brain
parenchyma (47). In addition, NNRTIs and PIs are strongly pro-
tein-bound, and the reduction in drug levels in compartments such
as CSF may be partially compensated by the substantial reduction
in protein concentration in this site (48). With regard to the GU
tract, previous studies have shown that individuals on EFV-based
ART have undetectable (<5 copies per milliliter) HIV-1 RNA
levels in semen while maintaining low but measurable levels (be-
tween 5 and 50 copies per milliliter) in plasma (16). Clearly, the
issue of drug sanctuary sites requires further study and remains an
important caveat in the interpretation of intensification studies.
However, it should be emphasized that whatever the differences in
the abilities of the intensification agents to penetrate the CNS and
GU tract, such potential differences were not reflected in the
outcomes of intensification; levels of residual viremia were not
reduced with any intensification agent. Collectively, available evi-
dence suggests that detectable HIV-1 RNA in the CNS and GU
compartments during ART is uncommon and that viral replication
in these compartments is unlikely to make a major contribution to
residual viremia in most treated patients.

A second potential limitation was study size. We investigated
antiretroviral intensification in a relatively small group of 9 patients,
and it is possible that a larger survey would identify patients with
viremia suppressible on intensification. In our study, 0 of 9 evalu-
able participants experienced a decrease in HIV-1 RNA levels,
which is not consistent with an intensifying antiretroviral drug effect
on active cycles of HIV replication.

Our studies enrolled a total of 15 participants, and all patients
exhibited variability in viremia during the study period. In 6
participants, the majority of determinations before intensification
and during intensification were near or below the limit of detection
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of the SCA (Fig. S1 and Table S1), making it difficult to assess the
impact of intensification. Consequently, these 6 participants were
excluded from our primary analysis. Such exclusion may have
introduced bias because patients with undetectable values after
intensification, who would show evidence of decline, would be
eliminated. This exclusion did not appear to create a bias, however,
because an aggregate analysis of all 15 patients revealed no signif-
icant differences in median HI'V-1 RNA values before, during, and
after intensification. Thus, intensification did not have a statistically
significant effect on the level of residual viremia either in primary
or secondary analysis. The cumulative experience of intrapatient
variability in participants will be useful in informing design and
sample size estimates for future trials.

Finally, our analyses are based on the assumption that cells
successfully infected in the presence of ART have the same kinetic
properties as those in untreated patients. If the cells responsible for
residual viremia live substantially longer than a few days after
infection, then our ability to detect a significant decline might have
been limited by the relatively short duration of treatment intensi-
fication. We consider this possibility very unlikely, however, be-
cause it would require that antiretroviral drugs inhibit infection of
short-lived but not long-lived cells.

Although we did not detect significant changes in viremia over
time during the intensification period, detectable increases in
residual viremia on ART have been identified in studies of anti-
retroviral simplification. Recently, in collaboration with Wilkin and
colleagues, we detected unequivocal increases in residual viremia
after simplification of standard combination ART to ATV/r alone.
Increases in plasma HIV-1 RNA occurred 4-12 weeks before
viremia became detectable (>50 copies per milliliter) by commer-
cial assays. These results indicate that the SCA used in the current
study can detect changes in residual HIV-1 RNA in patients who
simplify to a less potent regimen (49).

In summary, studies of HIV-1 RNA Kkinetics have provided
insights into the rate of viral replication, disease progression, and
the response to therapy (1-7). Here, we show that intensification of
ART does not reduce residual viremia in patients with HIV-1 RNA
levels <50 copies per milliliter. This finding is consistent with
qualitative studies showing that the residual virus is genetically
stable and lacks new resistance mutations (24—26) with quantitative
studies suggesting that the level of residual viremia is a reflection
of the size of stable compartments established before therapy (18,
19) and with observations of consistently low levels of residual
viremia in patients on different ART regimens (18). The absence
of further decline in viremia with antiretroviral intensification
studies supports our thesis that standard combination therapy is
maximally suppressive. Because our findings are consistent with the
hypothesis that residual viremia primarily represents output from
stable reservoirs of infection, strategies for identifying and targeting
these reservoirs may be the next important step in eliminating the
persistence of HIV-1 infection.

Materials and Methods

Subjects. HIV-infected patients were recruited for 2 independent intensification
studies at the JHH and the NIH. Subjects at JHH received intensification with
RTV-boosted ATV, and NIH study patients received intensification with EFV or
RTV-boosted LPV.

Atazanavir Intensification Study. The JHH study recruited HIV-1-infected adults
(ages 18—-60 years) who had suppression of viremia to <50 copies per milliliter for
>6 months on ART, had never been treated with protease inhibitors, and had
CD4* T cell counts >200 cells per microliter for >6 months. Subjects were
excluded if they had any known genotypic resistance to ATV, reported the use of
medications contraindicated for coadministration with ATV, had hepatitis C
coinfection, were significantly anemic, or had a history of ongoing alcohol abuse,
illicit drug use, or medical noncompliance. The study was approved by the Johns
Hopkins Institutional Review Board (IRB), and patients enrolled January 2007 to
January 2008.
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Efavirenz and Lopinavir Intensification Study. The NIH study used similar recruit-
ment criteria, except that there was no upper age limit for eligibility, and hepatitis
Ccoinfection was not an exclusion criterion (one patient had a history of hepatitis
Q). None of the enrolled patients had been exposed to the class of drug used for
intensification. The study was approved by the National Institute of Allergy and
Infectious Diseases IRB, and patients enrolled March 2006 to October 2007.

The ATV intensification study was conducted over a 16-week interval. Baseline
viremia assessments were performed for each study patient over 4 consecutive
weeks (study weeks 1-4). Daily ATV (300 mg) coadministered with RTV (100 mg)
was then added beginning in week 5 and continuing through week 12, during
which twice-weekly plasma HIV-1 RNA measurements were performed. During
the postintensification phase of the study (weeks 13-16), ATV and RTV were
discontinued, and twice-weekly measurements were continued.

During the treatment intensification period (weeks 5-12), the patients in-
formed the study coordinator of medication adherence, new medications, and
observed symptoms by using a weekly questionnaire. The patients were assessed
at weeks 6, 10, and 14 for symptoms and signs of drug toxicity or excessive
phlebotomy. Additionally, they were physically examined by the study safety
officer at baseline and on weeks 9 and 14 of the protocol. Plasma ATV levels were
assessed on a weekly basis to confirm adherence to and absorption of the study
medication.

The EFV and LPV/RTV intensification studies included a 30-day intensification
period. Each patient contributed baseline samples before undergoing the 30-day
interval of regimen intensification. The patients underwent blood sampling at
days 7, 14, 21, 29, and 30 on the protocol. The intensifying drug was discontinued
after day 30, followed by an optional 30-day washout period. Samples for drug
level measurements were obtained before, during, and after intensification.

Drug dosage adjustments recommended by the Department of Health and
Human Services guidelines for the new drug additions were made. NIH-1, taking
unboosted ATV 400 mg/day, was switched to boosted ATV therapy (ATV 300
mg/day and RTV 100 mg/day) during intensification with EFV 600 mg/day. NIH-3
and NIH-6, who intensified LPV/r-containing regimens with EFV, increased LPV/r
dosing from 400 mg of LPV and 100 mg of RTV twice daily to 600 mg of LPV and
150 mg of RTV twice daily during the intensification. NIH-4 and NIH-5 underwent
intensification with LPV/r at a dose of 600 mg of LPV and 150-mg ritonavir.

Specimen Collection. Seven milliliters of plasma was apportioned for plasma
HIV-1 RNA measurements, and the remaining plasma (typically 4-5 mL) was saved
for sequencing analysis and drug level testing. All plasma specimens were imme-
diately frozen and stored at —80 °C until use.

Quantification of Residual Viremia. Levels of residual viremia were measured at
JHH and NIH by using the SCA, an ultrasensitive HIV-1 RNA assay, as described
elsewhere (17). Both sites determined a limit of quantification (LOQ) of 1 copy per
milliliter (17) for the SCA by using HIV-1 virus standards of a known concentration
obtained through the NIH AIDS Research and Reference Program, Division of
AIDS, National Institute of Allergy and Infectious Diseases: HIV-1 VQA RNA
Quantification Standard from the Division of AIDS Virology Quality Assurance
(VQA) Program. At bothssites, the methodology for the determination of the LOQ
was based on a study demonstrating the 50 copies per milliliter LOQ for the
ultrasensitive viral RNA assay used in clinical settings (50). By using the same virus
standards and methodology for validation of the LOQ, we ensured that mea-
surements conducted at both sites are in agreement and accurate.

Sequence Analysis of Plasma Virus. To ensure that only virion RNA was measured,
virus particles from plasma specimens (3-7 mL) were collected by ultracentrifu-
gation at 170,000 X g for 30 min at 4 °C. Virus particles were resuspended, lysed,
and viral RNA extracted and subjected to a 2-step nested RT-PCR in 7 separate
reactions as described elsewhere (24-26, 32). PCR products were cloned by using
the TOPO cloning system (Invitrogen), and at least 6 colonies derived from 1
RT-PCR were sequenced to analyze clonality.

Drug Level Monitoring. ATV, LPV, and EFV concentrations were determined by
using validated HPLC-UV assays by C. Flexner at Johns Hopkins University as
described previously (51, 52). Briefly, ATV and LPV were extracted from plasma by
using a liquid-liquid extraction, and EFV was extracted by using protein precip-
itation. Interday and intraday accuracies and precisions ranged from 94.9% to
111.1% and 0.4% to 6.4%, respectively, for all analytes.

Statistical Analysis. Based on our experience with patients on suppressive anti-
viral therapy, we anticipated that there would be a substantial number of
measurements below the 1 copy per milliliter LOQ, even using our sensitive HIV
RNA assay. Thus, we planned for several different analyses to evaluate the impact
of therapy intensification. We first considered plasma HIV-1 RNA level as a binary
variable (above or below 1 copy per milliliter) and used repeated-measures
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regression models with generalized estimating equation techniques to deter-
mine whether the proportion <1 copy per milliliter increased over time, adjusting
for the correlation within individuals. Second, we also used parametric mixed
regression models with left censoring limits that enabled us to more fully model
the distribution of the HIV-1 RNA data. We used an extension of the model used
by Hughes (53) for repeated measures as implemented by Thiebaut (54). In this
model, we assume log HIV RNA values can be described by a normal distribution
but incorporate both censoring below the 1 copy per milliliter limit and correla-
tion from repeated measurements using a random intercept term. Permutation
tests yielded similar conclusions.
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