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Abstract. The objective of this work was to examine the atazanavir-bilirubin relationship using a population-
based approach and to assess the possible application of bilirubin as a readily available marker of atazanavir
exposure. A model of atazanavir exposure and its concentration-dependent effect on bilirubin levels was
developed based on 200 atazanavir and 361 bilirubin samples from 82 patients receiving atazanavir in the
NORTHIV trial. The pharmacokinetics was adequately described by a one-compartment model with first-
order absorption and lag-time. The maximum inhibition of bilirubin elimination rate constant (/,,,,) was
estimated at 91% (95% CI, 87-94) and the atazanavir concentration resulting in half of I,.x (IC50) was
0.30 pmol/L (95% CI, 0.24-0.37). At an atazanavir/ritonavir dose of 300/100 mg given once daily, the bilirubin
half-life was on average increased from 1.6 to 8.1 h. A nomogram, which can be used to indicate suboptimal
atazanavir exposure and non-adherence, was constructed based on model simulations.
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INTRODUCTION

The protease inhibitor (PI) atazanavir is currently recom-
mended as one first line option for treatment of HIV-1-infected
patients. Current treatment guidelines recommend minimal
effective atazanavir trough concentrations (MEC) of 0.2 umol/
L (1,2). Elevated bilirubin levels are commonly observed in
patients on an atazanavir-based treatment, although it is an
uncommon cause of treatment discontinuation (1). Hyperbilir-
ubinemia is attributed to a concentration-dependent atazanavir
inhibition of the UGT1A1l enzyme responsible for bilirubin
conjugation (3-5). The importance of UGT1A1 gene allele*28
for development of hyperbilirubinemia has been shown in
several studies (6,7). Recent work has however revealed a
complex interplay between multiple transporters affecting both
atazanavir and bilirubin. Unconjugated bilirubin is to some
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extent transported into the hepatocytes by the organic anion-
transporting polypeptide (OATP)-1B1. Atazanavir has been
shown to be an inhibitor and a substrate of several OATPs,
including 1B1 (8-11). Although the role of OATP1B1 may not
be clear it seems to be of importance for bilirubin elevation and
possibly atazanavir exposure (11). This has led to discussions on
which mechanism is most important for the atazanavir-induced
hyperbilirubinemia (12). Atazanavir is a substrate for CYP3A4
and CYP3AS but also an inhibitor of CYP3A4 and p-
glycoprotein (13,14). Polymorphism (3435C—T) in the multi-
drug resistance gene 1 (MDR1) coding for p-glycoprotein (P-gp)
has been associated with lower ATZ and bilirubin plasma
concentrations (6,15) (Fig. 1a).

A common observation in all clinical studies has been that
increasing atazanavir plasma concentrations resulted in elevated
bilirubin levels. Moreover, bilirubin levels were significantly
higher in patients with successful virological suppression
compared to those with virological failure (16-18). Similar
direct relationships between atazanavir concentrations and
virological outcome have not been demonstrated. This has lead
to suggestions that bilirubin may be used as a marker of
adherence to atazanavir therapy and possibly therapeutic out-
come (16-19). High availability and low cost of bilirubin
compared to atazanavir assays are some potential benefits of
bilirubin as a marker of atazanavir exposure in therapeutic drug
monitoring, offering clinicians a decision-making tool for change
of therapy. Unfortunately, the lack of a quantitative assessment
of the atazanavir-bilirubin relationship has prevented further
explorations of bilirubin as a potential marker for adherence
and ultimately treatment outcome.

The aim of this work was to develop a non-linear mixed
effects model for the atazanavir exposure and bilirubin
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Fig. 1. a Illustration of the bilirubin elimination process by the hepatocytes and the suggested associated
proteins/transporters. Bilirubin can enter the hepatocytes passively (diffusion) and actively trough the
organic anion-transporting polypeptide (OATP) 1B1. Bilirubin glucuronidation is mediated by glucur-
onosyltransferase (UGT) 1A1. The bilirubin glucuronide is excreted into bile canaliculi by multi-drug
resistance protein (MRP) 2. Atazanavir is thought to enter the hepatocytes passively and to some extent
actively by OATP1B1. Atazanavir inhibits UGT1A1 and possibly OATP1B1. Atazanavir is also substrate
for p-glycoprotein (P-gp). b Schematic illustration of the final mathematical model describing the
physiological process in (a). The bilirubin box represent the bilirubin concentration i plasma. Bilirubin is
synthesized by a first-order process (ki,) and eliminated by a second order process (kou). C,, denotes the
plasma concentration of atazanavir which inhibits the elimination (ko) of bilirubin. k,, lag-time, V/F and

CL/F are defined in Table I

response relationship to be used for investigation of bilirubin
as a marker of atazanavir exposure in HIV/AIDS patients.

METHODS
The Data

The NORTHIV trial was a randomized open-label
multicentre trial conducted in Sweden and Norway, in
accordance with ICH-GCP and declaration of Helsinki as
modified by the 48th world medical association, South
Africa 1996. The NORTHIV study has been described in
detail elsewhere (16,20). The present analysis included
observations from 82 antiretroviral naive HIV-serum-
positive patients. The patients were administered 300 mg
atazanavir and 100 mg ritonavir for once a day oral
dosing. The nucleoside reverse transcriptase inhibitor back-
bone was chosen according to the Swedish guidelines (2,21,22)
and was allowed to vary amongst the patients. In a few cases the
dose was adjusted according to clinical practice. Plasma
atazanavir concentrations were measured at weeks 4, 12, 48,
96 and 144. Bilirubin concentrations were collected at baseline
and at time points matching atazanavir concentration measure-
ments. In total 361 bilirubin observations and 200 atazanavir
steady-state plasma samples were available. All patients receiv-
ing atazanavir in the study had normal bilirubin baseline
concentrations (<20 pmol/L).

Data Analysis

Atazanavir concentrations were transformed to their
natural logarithms and concentration time profiles were

modelled by non-linear mixed effects modelling using NON-
MEM VI (ICON Development Solutions, Ellicot City, MD,
USA) with first-order conditional estimation method with
interaction (23). Model selection was based on mechanistic
plausibility, precision of parameter estimates, the objective
function value and diagnostic plots including visual predictive
checks (1,000 replicates). The R-based programme Xpose 4,
Census and PsN were used for handling of model files and
graphics (24-26).

Pharmacokinetic and Pharmacodynamic Model Building

The search for a structural pharmacokinetic model for
atazanavir started with a previously developed and
validated model (27). The proposed model was a one-
compartment structural model with lag time and first-
order absorption and elimination rate. Lag time and the
first-order absorption rate constant were fixed to previ-
ously reported estimates due to few samples collected in
the absorption phase (27). Pharmacokinetic parameters
were allometrically scaled by body weight (BW) and
centred to the median BW (Eq. 1).

BW

Fi = Ppop x (median BW )

) scaling factor

Where P; is the individual parameter estimate and
P,p is the parameter estimate for a patient with median
body weight (70 kg). The scaling factor was a priori set to
0.75 for clearance (CL/F) and to 1 for volume of
distribution (V/F) (28). Inter-individual variability (ITV)
was initially estimated for all the structural parameters of
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the model but only kept if they could be estimated with
adequate precision. Correlations between variability com-
ponents were also evaluated. Pharmacokinetic parameters
were assumed to be log-normally distributed while the PD
parameters were tested for normal or log-normal distribu-
tion. Proportional and slope intercept models were
applied to explain the residual variability.

The pharmacokinetics of atazanavir and the bilirubin
response were described in a sequential analysis where the
effect of atazanavir exposure on bilirubin levels was described
by an indirect response model with concentration-dependent
inhibition of the fractural turnover rate (koy) (Egs. 2 and 3;
Fig. 1b) (29).

dB

E = kin - kout [1 - Einh} -B (2)
Imax -C
Einn = 10 £ C A3)

Where B is bilirubin, k;, is the zero-order production
rate of B and E;,;, is the fraction of kg, that is inhibited at
concentration C of atazanavir. Other pharmacodynamic
models such as the direct effect model and the bio-phase
model were also tested.

The bilirubin elimination constant (k) was used to
compute the half-life of bilirubin in presence and absence
(Einn = 0) of atazanavir (Eq. 4).
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Simulations of the proposed model were performed in
Berkley Madonna (Berkeley Madonna, Berkeley, CA,
USA).

RESULTS

The population pharmacokinetic model describing the
time course of atazanavir plasma concentrations was based on
200 samples from 82 patients. Due to few samples obtained
during the absorption phase, the lag-time (0.96 h) and
absorption rate (3.4 h™') were fixed to published values
(27). The data was adequately described with a one-
compartment model. Parameter estimates of the final
pharmacokinetic model are found in Table I. Visual
predictive checks of observed and predicted atazanavir
concentrations as well as basic goodness of fit plots can be
seen in Fig. 2a. In total 361 measurements of bilirubin were
available. At baseline patients had a mean (+SD) bilirubin
value of 7.8 (£3.3) umol/L which increased to 34 (+18.6)
umol/L when the new steady state was reached. The effect of
atazanavir on bilirubin elevation was described by an indirect
response model, where atazanavir inhibits the bilirubin
elimination. The maximum inhibition (/) of bilirubin
elimination was estimated to 90.5% (95% CI, 87-94) while
the concentration resulting in 50% of I,.x (ICsp) was
estimated to 0.300 umol/L (95% CI, 0.24-0.37). Parameter
estimates for the final pharmacodynamic model are tabulated
in Table I. Basic goodness of fit plots and a visual predictive
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Table I. Parameter Estimates of the Final Pharmacokinetic and
Pharmacodynamic Models Describing Atazanavir and Its Influence
on Bilirubin in HIV/AIDS Patients

Estimate IV, %CV
Parameter (95% CI) (RSE%)
PK model  Lag time (h) 0.96"
ko (K1Y 3.42
VIF (L) 93.6 (62-125) 53.1 (43.6)
CL/F (L/h) 6.47 (5.39-7.55) 43.8 (19.5)
Correlation
p(CL/F, VIF) 0.290
Residual error
Gprop (%) 51.0 (42.7-59.3)
PD model  Baseline (umol/L)  7.69 (6.99-8.39) 32.6 (20.2)
kow (h7h) 0.420 (0.36-0.48)
Imax(%) 91.0 (87-94)

IC5() (p.mol/L)
Residual error

O prop (%)

Taaa (pmol/L)

0.300 (0.24-0.37)

39.4 (35.5-43.3)
239 (1.96-2.82)

k, absorption rate constant, V/F volume of distribution, CL/F
clearance, p correlation coefficient, ,,,, proportional residual
variability, k,,, fractional turnover rate, I, maximum inhibition
constant, /Cs, concentration resulting in 50% of I;.x, 0444 additive
residual error, IIV inter-individual variability

“Fixed according to (27)

check are shown in Fig. 2b. Other models, such as the bio-
phase model and direct response model were discarded by
goodness of fit criteria as specified in “Methods” section.

A 300 mg dose of ATZ(r), resulting in an average steady-
state concentration of 2.75 umol/L, reduced bilirubin k,, by
82.0% and increased bilirubin’s half-life fivefold. Uninhibited,
bilirubin displayed a half-life of 1.64 h which was in the same
magnitude as the dominant beta phase half-life of radio-
labeled bilirubin (1.16 h) (30). The inhibited half-life was
estimated to be 8.2 h with a range of 5.4-10.8 h based on
predicted average (2.75 pmol/L), maximum (4.5 pmol/L), and
minimum (1.0 pmol/L) atazanavir concentrations at steady
state for a typical individual.

Simulations of Non-adherence

Simulations of three different scenarios where one
(scenario A), two (scenario B) or three (scenario C)
consecutive steady-state doses of atazanavir are missed are
shown in Fig. 3a—c. Missing one atazanavir dose (scenario A)
resulted in decreased average bilirubin concentrations from
35 to 13 pmol/L. Similarly atazanavir concentrations
decreased from an expected trough value of 1 to 0.2 pmol/
L. In scenario B, two consecutive missed doses resulted in
undetectable atazanavir levels while bilirubin levels almost
returned to the baseline 8.2 umol/L. In scenario C, bilirubin
returned completely to its baseline (7.8 pmol/L).

Simulations of Bilirubin Steady-State Concentrations
Based on simulations of the proposed model, final

bilirubin steady-state concentrations were predicted to be
affected primarily by the baseline bilirubin levels and
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Fig. 2. Goodness of fit plots of the pharmacokinetic atazanavir model a and the pharmacodynamic bilirubin model b. The four upper panels of
a and b: population predictions versus observations (). Ideally the nonparametric smoother (dashed line) should fall on the line of unity (solid
line). (2) conditional weighted residuals versus time after dose (a) and time (b). Conditional weighted residuals should not show any trend over
time, the nonparametric smoother (dashed line) should not give a pronounced slope. The two lower panels of a and b: visual predictive check
using the final atazanavir population pharmacokinetic model (a, 3) and the pharmacodynamic bilirubin model (b, 3). The circles are observed
concentrations, the black lines (simulated) and the grey (real) lines are the fifth, Sth, 50th and 95th percentiles of the data. The shaded areas are

95% confidence intervals around the simulated predictions

atazanavir exposure. Figure 4 shows the influence of
atazanavir CL/F on bilirubin steady-state levels in three
groups of individuals with low (5 pmol/L), typical
(7.8 pmol/L) and high (17 pmol/L) bilirubin baseline.
Given the same baseline, a higher CL/F and thus lower
exposure will result in less pronounced bilirubin elevation.
Steady state bilirubin concentrations were predicted at the
minimal effective concentration of atazanavir (MEC=
0.2 pmol/L) for patients with various baseline bilirubin
levels as shown in Fig. 5. The black area represents
results from individuals with atazanavir exposure below
MEC. The borders of the grey area represent how peak
and trough steady-state bilirubin concentrations vary with
bilirubin baseline concentrations for patients with ataza-
navir exposure at MEC. While the white area represents
bilirubin concentration corresponding to atazanavir expo-
sure over MEC. Based on Fig. 5, exposure over or at
MEC can be expected in individuals that have steady-state
bilirubin measurements outside of black area.

DISCUSSION

Previous studies have shown a positive correlation
between atazanavir exposure and hyperbilirubinemia. More-
over, in some cases hyperbilirubinemia have been correlated
to virological outcomes (16-18). The primary focus of this
work was to quantify the atazanavir-bilirubin relationship by
a population-based modelling approach and to investigate
potential uses of bilirubin as a marker of atazanavir exposure.
The proposed model was based on the turnover concept,
where a drug can inhibit or stimulate the production or
elimination of a given variable, in this case bilirubin (29). The
leading hypothesis behind atazanavir-induced hyperbilirubi-
nemia is inhibition of bilirubin’s conjugation by UGT1A1l
enzyme (4-7). Consequently, the use of an indirect response
model, where the fractional turnover rate of bilirubin
elimination is inhibited, is in many aspects mechanistic in
nature. It is not clear whether the delayed bilirubin response
can be attributed to the indirect effect of atazanavir on the
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Fig. 3. Simulations of the final model illustrating the influence of one
(a), two (b) or thee (c¢) consecutively missed doses of atazanavir on
the bilirubin plasma concentration in the typical individual. The black
lines represent atazanavir plasma concentration (left axis) while the
grey lines represent the bilirubin concentration (right axis)

inhibition of bilirubin removal or a combination of indirect
effect and delayed atazanavir distribution to the active site
(the hepatocytes). The number of transporters involved in the
process suggests that distribution delay might have an impact.
However, the data at hand did not support a combined
indirect response and bio-phase model (31).

Rekic¢ et al.

Model predictions of bilirubin kinetics are in agreement
with what is known from radiolabeled bilirubin studies in man
(30). Radiolabeled bilirubin is known to display tri-phasic
disposition. The indirect response model assumes mono-expo-
nential decline of bilirubin. Hence the estimated bilirubin half-
life reflects the initial two phases of the radiolabeled bilirubin’s
tri-phasic disposition. This is however not a major misspecifica-
tion since calculations of harvested data from Berk ef al. show
that the first two phases constitute 77% of the total area under
the curve, data not shown (30). Further, it was estimated that
radiolabel bilirubin will reach 90% of its final steady-state
concentrations within 8.3 h after a simulated atazanavir constant
infusion. This is in good agreement with our estimation of the
uninhibited half-life (1.6 h). Multi-phasic indirect response
models have been proposed earlier (32). However, the applica-
tion of a multi-phasic model was not feasible with the available
data. The impact of an underestimation of bilirubin’s half-life
would translate in an increased time to reach a new steady state
after treatment initiation. Also smaller fluctuations between the
maximum and the minimum bilirubin concentrations are to be
expected. Nevertheless, this would only further increase bilir-
ubins’ utilities as a marker since it would reflect atazanavir
exposure over an even longer period of time. Also the need of
accurate information of time after dosing would not be as
important due to smaller fluctuations of bilirubin in plasma.

The data available could only support inter-individual
variability on bilirubin baseline in the pharmacodynamic model.
With more data available, the model can be extended to include
IIV on additional pharmacodynamic parameters. Of special
interest is variability in the IC50 value. A highly variable IC50
suggest that same plasma concentrations can result in different
bilirubin response. This can be interpreted as variable intra-
cellular concentrations. Variable intracellular concentrations
can be explained by transport-dependent access to the hepato-
cytes and HIV-infected cells. Bilirubin would in that case be an
indirect measure of the active atazanavir concentrations. But
until variable IC50 values are confirmed, bilirubin can only be
an indicator of atazanavir concentrations in plasma.

The final steady-state bilirubin levels were predicted to
depend on the initial baseline level and atazanavir pharmaco-
kinetics (Fig. 4). Atazanavir exposure governs time to new
steady state as well as the final steady-state concentration. The
baseline level on the other hand only affects the magnitude of
the bilirubin steady-state concentration. These observations are
consistent with well-known properties of the indirect response
model and may be of importance if bilirubin would be used as a
marker of atazanavir exposure (29). In atazanavir therapy it is
desirable to achieve concentrations over the proposed minimum
effective concentration of 0.2 pmol/L (1). The relative short half-
life in combination with once daily administration of atazanavir
results in similar steady-state exposure compared to single-dose
exposure. This proposes a challenge in interpretation of
therapeutic drug monitoring results where it is difficult to
discriminate between patients taking their first dose of atazana-
vir (after a drug holiday) and patients with full adherence. Based
on the simulations in Fig. 3, we cannot conclude if bilirubin is a
practical marker of long-term atazanavir exposure. However,
the utility of bilirubin as a cheaper and more readily available
marker of short-term atazanavir exposure is still equally valid.
The potential benefits of bilirubin as a measure of long-term
adherence or exposure measure may motivate need for addi-
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Fig. 4. Simulations of the final model illustrating the influence of low, typical and high atazanavir clearance on bilirubin elevation in individuals
with a low, typical and high bilirubin baseline. The black lines represent atazanavir plasma concentration (left axis) while the grey lines

represent the bilirubin concentration (right axis)

tional studies. Our proposed nomogram, illustrating the linear
relationship between baseline and final steady-state concen-
trations, is designed to be of use to clinicians interested in using
bilirubin as a measure of atazanavir exposure. In order to
predict adequate atazanavir exposure in patients two separate
measurements of bilirubin are needed (at baseline and at new
steady state). The two measurements should be taken 2 weeks
apart giving enough time for bilirubin to reach its new steady
state. Bilirubin is reported to have 10.3% variance due to time of
day. Bilirubin levels are however relatively stable between 9 am
and 3 pm. Measurement after 3 pm are generally lower than
those performed before. It would be advisable for all bilirubin
samples to be collected between 9 am and 3 pm, avoiding a large
part of the circadian fluctuations (33). If the two samples place a
patient on the white area of the nomogram, it is an indication of
atazanavir exposure over the minimum effective concentration
(>0.2 pmol/L). While placing a patient on the black area means
that the patient has been exposed to suboptimal atazanavir
concentrations. The grey area indicates that the atazanavir
concentration is at or above the MEC concentration. During the

NORTHIV trial three patients were identified to have low
atazanavir exposure <0.2 pmol/L at the 4 weeks follow-up visit.
All three of these patients were in the black area of Fig. 5.
Although all of the patients included in the atazanavir arm of the
NORTHIV trial had normal bilirubin levels (<20 pmol/L) at
baseline, we cannot exclude the possible inclusion of patients
with undiagnosed Gilbert’s syndrome since data on UGT1A1l
gene allele*28 was not available. Although the proposed model
takes into account baseline bilirubin levels, it is difficult to predict
the effect of Gilbert’s syndrome on the atazanavir inhibition of
bilirubin conjugation. Variable intra- and inter-individual bilir-
ubin concentrations may depend on several other factors such as
fasting or smoking status or use of oral contraceptives in women
(34,35). These and other known causes of bilirubin variation may
need to be considered when interpreting results.

Even though the nomogram is not designed to provide
dosing recommendations it offers the clinician a valuable tool
to be used in combination with current clinical practice and
aid in the decision-making process on whether to increase the
dose or to evaluate adherence. In addition, bilirubin measure-
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ments may be of especial use in resource-limited settings due
to the significantly lower cost for equipment and reduced
need of highly trained personnel. The nomogram was
generated based on data in the NORTHIV study which was
not designed for the purpose of this exploratory work.
External validation is therefore recommended before full-
scale clinical implementation of the method. Preferably, the
current model should be challenged in a prospective multiple
atazanavir dose study based on optimal design theory.

CONCLUSIONS

A semi-mechanistic model describing atazanavir-induced
hyperbilirubinemia has been developed. Based on the model, a
nomogram has been constructed to predict suboptimal exposure
in patients. Although, this nomogram needs external validation
before full-scale clinical implementation, it could facilitate the
use of bilirubin as a marker of sufficient atazanavir exposure.
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