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The object of this study was to investigate the pharmacokinetics of darunavir-ritonavir and atazanavir-
ritonavir once-daily dosing over 72 h (h) following drug intake cessation. Volunteers received darunavir-
ritonavir at 800 and 100 mg, respectively, once daily for 10 days, followed by a 7-day washout period, and
atazanavir-ritonavir at 300 and 100 mg, respectively, once daily for 10 days. Full pharmacokinetic profiles were
assessed for each phase for the 72 h following day 10. Pharmacokinetic parameters were determined over 24 h
and to the last measurable concentration by noncompartmental methods. Seventeen subjects completed the
study. The geometric mean (GM) terminal elimination half-life to 72 h of darunavir was 6.48 h, which was lower
than the 0- to 24-h half-life (10.70 h). The terminal elimination half-life of atazanavir was 6.74 h, which was
lower than the 0- to 24-h half-life (13.72 h). All subjects but one had darunavir concentrations higher than the
target of 550 ng/ml for protease-resistant HIV isolates (equivalent to 10 times the protein-binding-corrected
50% inhibitory concentration [IC50] for wild-type virus) at 24 h postdose, and 14 out of 17 had concentrations
higher than the target at 30 h postdose (GM of 1,088 and 851 ng/ml). All subjects had atazanavir concentra-
tions above the suggested minimum effective concentration of 150 ng/ml (equivalent to 10 times the protein-
binding-corrected IC50 for wild-type virus) at 24 and 30 h postdose (GM of 693 and 392 ng/ml). Two of 17 and
5 of 17 subjects were above target at 48 h postdose while on darunavir-ritonavir and atazanavir-ritonavir.
Ritonavir half-life to 72 h was 6.84 h with darunavir and 6.07 with atazanavir. This study investigated the
pharmacokinetic forgiveness of two boosted protease inhibitors. Although the rates of decline of darunavir and
atazanavir slightly increased as ritonavir concentrations declined, most individuals had concentrations 6 h
after the end of the ideal dosing interval of 24 h which were above the cutoff used to define therapeutic
concentrations.

The combination of a ritonavir-boosted protease inhibitor
and two nucleoside or nucleotide reverse transcriptase inhibi-
tors (NRTIs) has shown sustained suppression of plasma HIV
replication and continued immunological recovery in naïve and
experienced HIV-infected individuals (11).

The advantages associated to ritonavir boosting are a con-
sequence of the increased drug exposure and prolonged half-
life that allow reducing the pill burden and dosing frequency
and lead to the achievement of a high genetic barrier to resis-
tance (11, 16).

Drug persistence (the presence of drug at a detectable level
high enough to exert an effect) in plasma mainly depends on
the half-life (which itself is dependent on clearance and vol-
ume of distribution). Long-half-life antiretroviral agents may
allow for forgotten doses, especially if they are able to delay
the decline in drug concentration to a subtherapeutic level for
a period of time that is long enough for the concentrations to
be above target until the patient remembers to take the drug.

Depending on pharmacokinetic properties, boosted pro-

tease inhibitors differ in terms of dosing schedule (11). Some
are characterized by longer half-lives and are approved for
once-daily dosing. The latter is critical for optimal adherence
to antiretroviral therapy and therefore for virological success
(17).

Data on drug persistence in plasma are limited, and the
effect of forgotten and delayed dosing on outcome is largely
unknown.

A recent study found that doses might be missed in the case
of regimens containing long-half-life drugs, such as the non-
nucleoside reverse transcriptase inhibitor (NNRTI) efavirenz
(8). However, the strategy appeared much riskier for patients
on protease inhibitors like lopinavir-ritonavir or saquinavir-
ritonavir that achieved subtherapeutic drug concentrations at
the end of the second day off therapy, suggesting that despite
the presence of the ritonavir boosting effect, lopinavir and
saquinavir plasma concentrations declined rapidly (7).

We previously presented data on the pharmacokinetic
forgiveness of atazanavir-ritonavir once-daily and lopinavir-
ritonavir once- and twice-daily dosing, showing that whereas
the decline in lopinavir concentrations and the boosting effect
of ritonavir was rapid, the rate of decline of atazanavir re-
mained constant to 72 h, resulting in a delayed onset of sub-
therapeutic concentrations (1). This could be explained mainly
by the effect that the two different protease inhibitors have on
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ritonavir clearance (13). Ritonavir plasma concentrations are
decreased by lopinavir and increased in the presence of a
moderate CYP3A4 inhibitor such as atazanavir (2, 13). There-
fore, the greater plasma persistence of ritonavir when it is
given with atazanavir may be a key reason that atazanavir has
slightly longer persistence than lopinavir.

In this study we have assessed the pharmacokinetics of once-
daily darunavir-ritonavir (15) and once-daily atazanavir-ritona-
vir over 72 h following drug intake cessation in HIV-negative
healthy volunteers.

(Part of this research was presented at the 18th Conference
on Retroviruses and Opportunistic Infections, Boston, MA, 27
February to 2 March 2011.)

MATERIALS AND METHODS

Subjects and ethics. The study protocol was approved by the Outer West
London Ethics Committee, Northwick Park Hospital, Harrow, London, United
Kingdom, as well as by the Medicines and Healthcare products Regulatory
Agency ([MHRA] EudraCT 2009-017170-21) in the United Kingdom and was
conducted according to Good Clinical Practice and the Declaration of Helsinki.

Written informed consent was obtained from male and female healthy volun-
teers between 18 and 65 years of age. Before entering the study, the volunteers
were established to be HIV negative and in good health (by medical history,
physical examination, electrocardiogram, and standard hematological and blood
chemistry tests); in addition, they had not received any other drugs, including
over-the-counter medications and herbal preparations, within 2 weeks prior to
the first dose of the study drug.

Study design. This was an open-label, two-phase, pharmacokinetic study car-
ried out at the Pharmacokinetic Unit of the St. Stephen’s Centre, Chelsea, and
Westminster Hospital, London, United Kingdom.

During the first study phase, volunteers were administered darunavir-ritonavir
at 800 and 100 mg, respectively, once daily (two 400-mg darunavir tablets plus
one 100-mg ritonavir heat-stable tablet) in the morning for 10 days. On study
days 10 to 13, darunavir and ritonavir plasma concentrations were assessed
predose and at 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 24, 30, 36, 48, 60, and 72 h postdose.

After a washout period of 7 days, all subjects were administered atazanavir-
ritonavir at 300 and 100 mg, respectively, once daily (one 300-mg atazanavir
capsule plus one 100-mg ritonavir heat-stable tablet) for 10 days, and drug
concentrations were measured on study days 27 to 30, over 72 h following the last
dose. On the pharmacokinetic days, the study medication was taken with a
standardized breakfast (626 kcal) and 240 ml of water, and subjects were admit-
ted to the unit for 36 h. Following this time point, subjects attended the unit
every 12 h on four different occasions for both study phases.

Compliance with study drug administration was assessed by pill counting by
the study staff.

Safety assessment. The safety and tolerability of study medications were eval-
uated throughout the study on the basis of clinical adverse events (using the
NIAID Division of AIDS grading scale to characterize abnormal findings), clin-
ical laboratory tests (at screening, on days 1, 5, 10, 22, and 27, and at follow-up),
vital signs, and physical examinations.

Analytical and pharmacokinetic methods. Concentrations of darunavir,
atazanavir, and ritonavir in plasma were measured using validated high-pressure
liquid chromatography–tandem mass spectrometry methods (10). The lower
limits of quantification (LLQC) were 16.0, 5.0, and 3.0 ng/ml for darunavir,
atazanavir, and ritonavir, respectively. For concentrations below the assay limit
of quantification, a value of one-half of the quantification limit (8.0, 2.5, and 1.5
ng/ml, respectively) was used. Assay precision, assessed by the calculation of
inter- and intra-assay variability of low (LQC)-, medium (MQC)-, and high
(HQC)-quality control samples and expressed in terms of percent coefficient of
variation (CV), has been previously described (10). Inter- and intra-assay preci-
sion (% CV) did not exceed 10% for all analytes.

The calculated pharmacokinetic parameters for darunavir, atazanavir, and
ritonavir were the plasma concentration measured 24 h after the observed
dose (C24h), the maximum observed plasma concentration (Cmax), and the
area under the plasma concentration-time curve from 0 to 24 h (AUC0–24)
and from 0 to 72 h (AUC0–72). The half-life was determined from the elim-
ination phase within the normal dosing interval of 0 to 24 and as a terminal
elimination half-life to the last measurable concentration within 72 h. All
pharmacokinetic parameters were calculated using actual blood sampling

times and noncompartmental modeling techniques (WinNonlin Phoenix, ver-
sion 6.1; Pharsight Corp., Mountain View, CA).

Statistical analysis. Descriptive statistics, including geometric mean (GM) and
90% confidence intervals (CIs), were calculated for darunavir, atazanavir, and
ritonavir pharmacokinetic parameters.

Within-subject changes in ritonavir pharmacokinetic parameters were evalu-
ated by calculating geometric mean ratios (GMRs) and 90% CIs. The ritonavir
concentrations measured in the presence of atazanavir were used as a reference.
The CIs were determined using logarithms of the individual geometric mean
values; the calculated values were then expressed as linear values. The changes
in pharmacokinetic parameters were considered significant when the CI did not
cross the value 1.

Interindividual variability in drug pharmacokinetic parameters was expressed as a
coefficient of variation, calculated as follows: (standard deviation/mean) � 100.

RESULTS

Study population. Eighteen volunteers were screened, one
withdrew for personal reasons, and 17 completed all phases of
the study. Of the 17 evaluable subjects, median (range) age was
35 (19 to 62) years, and the median body mass index (BMI) was
23.6 (20.9 to 34.6) kg/m2. Eight were female, eight were Cau-
casians, eight were black, and one was Asian. No serious
breaches to the protocol were recorded during the study.

Pharmacokinetics. Geometric mean values and 90% CIs for
the steady-state pharmacokinetic parameters measured over
24 and 72 h for darunavir, atazanavir, and ritonavir are sum-
marized in Table 1.

Geometric mean concentrations of darunavir and atazanavir
measured at 30, 36, 48, and 60 h postdose are illustrated in
Table 2.

Plasma concentration-versus-time curves of darunavir and
atazanavir are shown in Fig. 1.

The geometric mean terminal elimination half-life to 72 h of
darunavir was 6.48 h. This value was lower than the half-life
measured over the dosing interval of 24 h (10.70 h).

Of the 17 subjects, 16 had darunavir plasma concentrations
higher than the target of 550 ng/ml for protease-resistant HIV
viral isolates (equivalent to 10 times the protein-binding-cor-
rected 50% inhibitory concentration [IC50] for wild-type virus)
(4, 19) at 24 h postdose, and 14 out of 17 had concentrations
higher than the target at 30 h postdose (geometric mean, 1,088
and 851 ng/ml, respectively).

The geometric mean terminal half-life to 72 h of atazanavir
was 6.74 h, and it was lower than the half-life measured over
the 24-h dosing interval, which was 13.72 h.

No subject had atazanavir concentrations below the sug-
gested minimum effective concentration (MEC) of 150 ng/ml
(14) at 24 h (geometric mean C24h of 693 ng/ml) and at 30 h
postdose (geometric mean of 392 ng/ml).

The interindividual variability in darunavir and atazanavir
C24h values was 62% and 81%, respectively.

Interestingly, when we compared the ritonavir pharmacoki-
netic parameters measured with darunavir to those measured
with atazanavir (Table 3), we observed that the ritonavir
AUC0–24 and AUC0–72 and the Cmax and C24h were signifi-
cantly lower (38%, 36%, 46%, and 12%, respectively), while
ritonavir half-life values for 0 to 24 h and 0 to 72 h were higher
(18% and 13%, respectively).

Safety and tolerability. Treatment was generally well toler-
ated, and no serious adverse events occurred during the study.
The most common adverse events observed throughout the
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study were headache and hyperbilirubinemia (during the
atazanavir-ritonavir phase), recorded in 4 and 16 volunteers,
respectively. No clinically relevant changes in laboratory pa-
rameters were reported.

DISCUSSION

We report here the steady-state plasma pharmacokinetics of
once-daily darunavir-ritonavir at 800 and 100 mg, respectively,
and of once-daily atazanavir-ritonavir at 300 and 100 mg, re-
spectively, over 72 h following drug intake cessation in 17 male
and female healthy volunteers as we investigated the pharma-
cokinetic forgiveness of two commonly administered boosted
protease inhibitors. The rates of decline of both darunavir and
atazanavir slightly increased as ritonavir concentrations de-
clined. However, most individuals showed therapeutic concen-
trations up to 6 h after the end of the ideal dosing interval of
24 h. Furthermore, both darunavir and atazanavir showed a
terminal half-life (0 to 72 h) longer than 6 h (6.48 and 6.74 h,
respectively) and a 0- to 24-h half-life longer than 10 h (10.70
and 13.72 h, respectively).

Interestingly, in our previous study investigating the phar-
macokinetic forgiveness of atazanavir-ritonavir and lopinavir-
ritonavir and using the same methodologies, atazanavir half-
lives (to 24 and 72 h) were slightly different (9.91 and 8.35 h).
However, the number of subjects with concentrations below
the MEC at the different time points studied were similar (1).

Darunavir-ritonavir and atazanavir-ritonavir were well tol-
erated, with adverse events limited to a small number of study
subjects who reported headache; as expected, hyperbiliru-
binemia was commonly observed during the atazanavir-ritona-
vir study phase.

Poor adherence to medications is common among patients
with chronic diseases. Nevertheless, when adherence is re-
duced, antiretroviral agent concentrations are not sufficient to
suppress HIV replication and to control plasma viral load. In
addition, poor adherence to antiretrovirals accelerates the de-
velopment of drug-resistant HIV (12). While it is clear that
omitting drug doses leads to these consequences, it is unclear
whether delayed dosing can affect drug efficacy long-term.
Therefore, identifying antiretroviral agent persistence may be
important to increase knowledge and ensure prolonged viral
load suppression.

Importantly, antiretrovirals are prescribed in combinations
of three to four drugs that may be characterized by different
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TABLE 2. Concentrations of darunavir and atazanavir measured at
30, 36, 48, and 60 h postdose and number of

subjects below target per time point

Time
point (h)

Darunavir (n � 17) Atazanavir (n � 17)

Concn (ng/ml)a

No. (%) of
subjects

below target
(550 ng/ml)

Concn (ng/ml)a

No. (%) of
subjects

below target
(150 ng/ml)

30 851 (125–2,692) 3/17 (6) 392 (182–1,845) 0/17 (0)
36 511 (34–2,141) 8/17 (47) 210 (69–1,391) 8/17 (47)
48 177 (8–1,456) 15/17 (82) 82 (20–681) 12/17 (71)
60 28 (8–662) 16/17 (94) 18 (3–290) 15/17 (88)

a Values are geometric mean (range).
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FIG. 1. Steady-state plasma concentrations from all studied subjects and geometric mean concentration-time curves (black thick lines) of
darunavir (darunavir-ritonavir at 800 and 100 mg, respectively, once daily) (A) and atazanavir (atazanavir-ritonavir at 300 and 100 mg, respectively,
once daily) (B). Horizontal lines indicate the targets used in this analysis: 550 ng/ml for darunavir and 150 ng/ml for atazanavir.

VOL. 55, 2011 PROTEASE INHIBITOR CONCENTRATION PERSISTENCE 4221



half-lives, and therefore persistence times will vary in plasma
following drug intake delay. Newer protease inhibitors in com-
bination with low-dose ritonavir are today administered once
daily as they are characterized by longer half-lives; however,
when these drugs are combined with other NRTIs or NNRTIs,
they may still decline more rapidly.

One of the limitations of this study is the use of cutoff values
to define drug therapeutic concentrations. These have been
proposed for some antiretroviral agents following a careful
review of the literature and by considering studies evaluating
pharmacokinetic/pharmacodynamic relationships retrospec-
tively in small numbers of patients (14). These cutoffs are used
to interpret therapeutic drug monitoring (TDM) results in
clinical practice, where this test is available. The atazanavir
MEC, for example, has been proposed to be 150 ng/ml (14).
This differs by a factor of 10-fold from the in vitro protein-
binding-corrected IC50 of 14 ng/ml for wild-type virus which
was calculated during drug development (5).

For darunavir-ritonavir, an in vivo cutoff value of 550 ng/ml
is suggested for treatment-experienced patients. This corre-
sponds to the protein-binding-corrected 50% effective concen-
tration (EC50) for protease inhibitor-resistant strains, and it is
used as a reference by TDM services. For treatment-naïve
patients with wild-type virus, the darunavir target is 55 ng/ml
(EC50 for wild-type virus) (4, 19).

A further limitation was that all subjects received darunavir-
ritonavir followed by atazanavir-ritonavir, and the impact of
the sequencing of the drug regimen cannot be investigated.
However, as atazanavir-ritonavir pharmacokinetics was stud-
ied for 17 days (7 days of washout and 10 days of atazanavir-
ritonavir intake) following darunavir-ritonavir intake ces-
sation, an effect of the latter on the former was not expected.

We measured geometric mean concentrations of 1,088, 693,
and 851 ng/ml for darunavir and of 392, 511, and 210 ng/ml for
atazanavir at 24, 30, and 36 h postdose, respectively; these
values were higher than the cutoff values used in our study.

As our study involved withholding antiretroviral drug intake,
it had to be performed in HIV-negative healthy volunteers.
This can be a further limitation as differences in boosted pro-
tease inhibitor exposure have been seen between HIV-positive
and -negative individuals (9), suggesting that patients with HIV
infection may have lower plasma concentrations than those
measured in our study. However, when our findings are com-
pared to the concentrations of both darunavir and atazanavir
measured in previously published studies (historical controls),

the concentrations are similar to those observed in HIV-posi-
tive subjects (3, 5, 18).

Interestingly, we measured higher ritonavir AUC, Cmax, and
C24h during coadministration with atazanavir than with
darunavir. Ritonavir is not only an inhibitor but also a sub-
strate of CYP3A4. Therefore, its plasma concentrations are
increased in the presence of a moderate CYP3A4 inhibitor
such as atazanavir (6). However, the ritonavir terminal half-life
and 0- to 24-h half-life were slightly higher (13% and 18%,
respectively) during coadministration with darunavir, which in
part explains why the concentrations of darunavir are main-
tained above target for longer than the dosing interval of 24 h.
Furthermore, the ritonavir Cmax was approximately 50%
higher with atazanavir than with darunavir, suggesting an effect
of the former on ritonavir absorption.

The clinical significance of the slow decay in darunavir and
atazanavir concentrations is not fully clear as data on how
many antiretroviral doses can be delayed in order to prevent
virological failure and development of resistance are lacking.
Moreover, the wide variability in maintaining therapeutic con-
centrations over time following missed doses further compli-
cates the translation of our data into clinical practice.

Nonetheless, in the context of life-long treatments, it is re-
assuring to have data describing maintenance of therapeutic
concentrations of protease inhibitors following delayed doses.

In conclusion, our study has explored the pharmacokinetic
forgiveness of two boosted protease inhibitors and showed a
relatively constant decline of both darunavir and atazanavir
over 72 h following drug intake cessation, resulting in a delayed
onset of subtherapeutic concentrations.
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