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Abstract
Purpose To develop a population pharmacokinetics (PPK) model for rucaparib, an oral poly(ADP-ribose) polymerase 
inhibitor.
Methods The PPK analysis used PK data from patients in Study 1014 (NCT01009190, n = 35), Study 10 (NCT01482715, 
n = 123), and ARIEL2 (NCT01891344, n = 300), including intensive intravenous data (12–40 mg), intensive and sparse oral 
data (12–360 mg single-dose, 40–500 mg once daily, and 240–840 mg twice daily [BID]), and intensive single-dose oral 
data under fasted conditions and after a high-fat meal (40, 300, and 600 mg).
Results Rucaparib PK was well described by a two-compartment model with sequential zero-order release and first-order 
absorption and first-order elimination. A high-fat meal slightly increased bioavailability at 600 mg but not at lower doses; 
this is not considered clinically significant, and rucaparib can be taken with or without food. Covariate effects of baseline 
creatinine clearance and albumin on rucaparib clearance were identified. Despite numerical increases in exposure with 
renal impairment, no dose adjustment is recommended for patients with mild or moderate renal impairment. No statistically 
significant relationships were detected for demographics, hepatic function (normal versus mild impairment), CYP1A2 and 
CYP2D6 phenotypes, or strong CYP1A2 or CYP2D6 inhibitors. Concomitant proton pump inhibitors showed no clinically 
significant effect on absorption. External validation of the model with data from ARIEL3 (NCT01968213) and TRITON2 
(NCT02952534) studies showed no clinically meaningful PK differences across indications or sex.
Conclusion The PPK model adequately described rucaparib PK, and none of the covariates evaluated had a clinically rel-
evant effect.
ClinicalTrials.gov Study 1014 (NCT01009190), Study 10 (NCT01482715), ARIEL2 (NCT01891344), ARIEL3 
(NCT01968213), and TRITON2 (NCT02952534).
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Introduction

Rucaparib is an oral, small molecule inhibitor of poly(ADP-
ribose) polymerase (PARP) enzymes, including PARP1, 
PARP2, and PARP3 [1–3]. Rucaparib has been shown to 
induce cytotoxicity in tumor cells with homologous recom-
bination deficiency (HRD), including those with deleteri-
ous mutations in BRCA1 or BRCA2 (BRCA) [3–5]. Defects 
in the homologous recombination repair pathway combine 
with PARP inhibition in a mechanism known as synthetic 
lethality, resulting in the accumulation of DNA damage and 
cell death [3–5].

The pharmacokinetics (PK), efficacy, and safety of ruca-
parib have been evaluated in several studies including Study 
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1014 (NCT01009190), Study 10 (NCT01482715), ARIEL2 
(NCT01891344), ARIEL3 (NCT01968213), and TRITON2 
(NCT02952534) [6–13]. Rucaparib is approved as mono-
therapy in the United States and Europe for maintenance 
treatment of women with recurrent ovarian cancer who 
have responded to platinum-based chemotherapy, and as 
monotherapy treatment for patients with BRCA-mutated, 
relapsed ovarian cancer who have received ≥ 2 prior lines of 
 platinum-based chemotherapy (in Europe, all patients must 
have platinum-sensitive disease and, for monotherapy treat-
ment, be unable to tolerate further platinum-based chemo-
therapy) [14, 15]. Rucaparib is approved in the United States 
for the treatment of men with BRCA mutation-associated 
metastatic castration-resistant prostate cancer (mCRPC) 
after androgen receptor-directed therapy and a taxane-based 
chemotherapy [15]. The approved starting dose of rucaparib 
is 600 mg twice daily (BID).

Three clinical trials established the formulation and route 
of administration, recommended starting dose, and evaluated 
the efficacy of rucaparib. Study 1014 was a phase 1 dose-
escalation study evaluating the safety, PK, and pharmaco-
dynamics (PD) of intravenous (IV) and/or oral rucaparib 
in combination with several chemotherapeutic regimens in 
adult patients with advanced solid tumors [6]. Study 10 was 
a phase 1/2, open-label, safety, PK, and preliminary efficacy 
study of oral rucaparib in patients with germline BRCA-
mutated ovarian cancer or other solid tumors that evalu-
ated a range of oral rucaparib doses to establish the recom-
mended starting dose [7, 8]. ARIEL2 was a two-part phase 
2, open-label study of rucaparib (starting dose, 600 mg BID) 
in patients with relapsed, high-grade epithelial ovarian, fal-
lopian tube, or primary peritoneal cancer [9, 10]. The pri-
mary endpoints in ARIEL2 were progression-free survival 
in patients with relapsed platinum-sensitive ovarian cancer 
(Part 1) and objective response rate in heavily pretreated 
patients with relapsed ovarian cancer (Part 2).

In vitro, the solubility of rucaparib camsylate is reason-
ably high (1.4 nmol/L) due to the relatively high acid dis-
sociation constant of 9.6 [2]. However, in the presence of 
chloride ions, rucaparib camsylate could precipitate as a 
HCl salt. Rucaparib showed 70% plasma protein binding 
and moderate permeability [15, 16]. Clinically, rucaparib 
showed linear PK and mean absolute oral bioavailabil-
ity of 36% [6, 17]. Steady state was observed following 
1 week BID dosing with a 1.47- to 5.44-fold area under the 
 concentration–time curve (AUC) accumulation ratio at 
tested oral dose levels [8]. In a 14C-rucaparib (600 mg, 
140 μCi) mass balance study in patients with advanced 
solid tumors, the most abundant metabolite was M324, an 
inactive carboxylic acid metabolite of rucaparib based on 
in vitro PARP binding and cellular assay results [16]. Ruca-
parib showed a mean half-life of 25.9 h [16]. The intact 
rucaparib and M324 accounted for 64.0% and 18.6% of 

total radioactivity in plasma, respectively [16]. Urinary and 
fecal recovery accounted for 17.4% (44.9% rucaparib, 50.0% 
M324) and 71.9% (94.9% rucaparib, 5.1% M324), respec-
tively, of the administered dose [16].

For the current analysis, PK data from patients in Study 
1014, Study 10, and ARIEL2 were used to develop the 
population PK (PPK) model for IV and oral rucaparib in 
patients with solid tumors. Clinical factors of interest were 
tested in the model, and their effects on PK were determined. 
PK data from ARIEL3 (NCT01968213) and TRITON2 
(NCT02952534) were used for external model validation.

Materials and methods

Study populations and data

Data from three studies were pooled for the development 
of the PPK model. Two additional studies were used for 
external model validation. The design, study populations, 
and PK sampling protocols for each of the five studies are 
summarized in Supplementary Table 1.

Studies used for model development

Study 1014 was a parallel arm, phase 1 safety, PK, and PD 
study of rucaparib in combination with several chemo-
therapeutic regimens in adult patients with advanced solid 
tumors [6]. The study included a lead-in IV rucaparib dose 
on day −10 and a lead-in oral rucaparib dose on day −5 with-
out concomitant chemotherapies. The IV and oral PK data 
from the lead-in period were included in the PPK analysis. 
PK data after cycle 1 day 1 were not included in the PPK 
analysis due to concomitant chemotherapies. The IV dose 
was administered as rucaparib phosphate, and the oral dose 
was given as rucaparib camsylate tablets. In total, 35 patients 
from Study 1014 with both intensive IV and oral PK data 
were included in estimation of the final PPK model.

Study 10 was a phase 1/2, open-label, safety, PK, and 
preliminary efficacy study of oral rucaparib in patients with 
germline BRCA-mutated ovarian cancer or other solid tumor 
[7, 8]. In Study 10 Part 1 (n = 56), rucaparib doses ranged 
from 40 to 500 mg once daily (QD) and from 240 to 840 mg 
BID, with intensive PK data collected following single-dose 
administration and at steady state. Sparse trough PK data 
were also collected in selected subsequent cycles. In addi-
tion, a preliminary assessment of the effect of a high-fat meal 
on rucaparib PK was evaluated in patients who received 40 
or 300 mg QD. In Part 2A (n = 42), patients received 600 mg 
BID rucaparib and sparse trough PK data were collected. In 
Part 3 (n = 26), intensive PK was collected to assess the PK 
of a single 600 mg dose of rucaparib under fasted conditions 
as compared to with a high-fat meal. Intensive PK was also 
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collected at steady state following 600 mg rucaparib BID. 
Additional sparse trough PK data were collected in selected 
subsequent treatment cycles.

ARIEL2 is a phase 2, open-label study of rucaparib in 
patients with relapsed, high-grade ovarian cancer [9, 10]. 
The starting dose of rucaparib was 600 mg BID in both Part 
1 (n = 196) and Part 2 (n = 104). Sparse trough PK data were 
collected for all patients on cycle 1 day 15 and on day 1 of 
selected subsequent treatment cycles.

All available PK data from Study 10 and ARIEL2 were 
combined with the IV and oral data from Study 1014 for 
PPK model development.

External validation

After finalization of the PPK model, study data became 
available for ARIEL3 and TRITON2. ARIEL3 is a multi-
center, randomized, double-blind, placebo-controlled phase 
3 study of rucaparib as maintenance following platinum-
based chemotherapy in patients with platinum-sensitive, 
high-grade serous or endometrioid epithelial ovarian, 
primary peritoneal, or fallopian tube ovarian cancer [11]. 
Patients were randomized (2:1) to receive either 600 mg 
BID rucaparib (n = 375) or placebo (n = 189). TRITON2 is 
an open-label, phase 2 study evaluating rucaparib as mono-
therapy for treatment of mCRPC associated with HRD who 
have progressed on prior androgen receptor-directed therapy 
and a taxane-based chemotherapy in the castration-resistant 
setting [12, 13]. Patients (n = 199) initiated treatment with 
600 mg BID rucaparib. Data from ARIEL3 and TRITON2 
were used for external validation of the PPK model that 
was developed using data from Study 1014, Study 10, and 
ARIEL2.

Data handling

For PPK model development, all data from patients who 
received at least one dose of rucaparib followed by at least 
one nonexcluded quantifiable concentration were included. 
The dataset included actual sample collection date and times 
and dosing date and times when available. For nine subjects 
in Study 1014, actual sampling dates and times were used. 
For the remaining 26 of 35 patients, nominal date and sam-
pling times were used. In Study 10, actual times were not 
available for 641 (of 25,382) dosing records. In these cases, 
the dosing time was inferred based on protocol design, avail-
able dosing records, and PK sampling time as appropriate. 
In ARIEL2, 14 PK sampling records lacked dates; hence, 
dates were assigned according to the nominal treatment 
dates and visit information. Missing PK sampling times 
were assigned the typical clock time observed in the data-
set, and dosing times were derived as 12 h prior to sampling. 
Prior to data exclusions, the initial full model development 

dataset included 4176 observations from 453 potentially PK-
evaluable patients. After the inclusion of additional oral data 
from Study 1014, the full dataset used to estimate the final 
PPK model included 458 patients and 4518 observations 
prior to exclusions.

Pharmacokinetic sample analysis

Plasma concentrations of rucaparib were determined by 
Q Squared Solutions BioSciences (Ithaca, NY; formerly 
Advion Bioanalytical Laboratories) using validated liquid 
chromatography and tandem mass spectrometric methods as 
previously reported [8]. The assay has a lower quantification 
limit of 5 ng/mL and a calibration range of 5–10,000 ng/mL.

PPK model development

The PPK model was developed as described below. The 
first-order conditional estimation with interaction (FOCE-
I) method in  NONMEM® (version 7.3 or higher) [18] was 
used for implementation of all model development (ICON 
Development Solutions, Ellicott City, MD). Perl-speaks-
NONMEM (PsN; version 4.2.0 or higher) [19, 20] was used 
for model assessment graphics, stepwise covariate mod-
eling, and visual predictive checks (VPCs). R (version 3.2 
or higher) was used for dataset construction, exploratory 
analyses, and postprocessing of PsN results.

Structural model

First, intensively sampled data from Study 10 Part 1 and Part 
3 (oral administration) and Study 1014 (oral and IV adminis-
tration) were used to identify a structural model providing an 
adequate description of the PK data. On the basis of graphi-
cal evaluation of rucaparib plasma concentration versus time 
profiles, an initial structural model was selected and tested 
with various modifications. Specification of the structural 
model included the number of compartments, preliminary 
random effect structures, and the preliminary residual error 
models. Sparsely sampled data from all studies were added 
after identification of the structural model.

Covariate search

PK parameter–covariate relationships were evaluated 
using a staged process. First, graphical analyses and a 
univariate search were used to identify statistically sig-
nificant (p < 0.05) relationships. Next, relationships iden-
tified in the univariate search were tested in a stepwise  
forward–backward search using stepwise covariate modeling 
[21] in PsN. The likelihood ratio test was used to evaluate the 
significance of incorporating or removing fixed effects in the 
PPK model. For forward selection and backward deletion, 
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significance levels of p < 0.01 and p < 0.001 were employed, 
respectively. All continuous and categorical covariates were 
initially incorporated into the PPK model as follows:

Continuous covariates:

or

Categorical covariates:

where P is the population estimate of a parameter, Xi is 
the covariate of subject i for the parameter P, M(Xi) is the 
median of covariate X for the patient population, θk is the 
typical value of the parameter P, and θj is a coefficient that 
reflects the covariate’s effect on the parameter. For categori-
cal covariates, Xi is a binary variable with value 0 for the 
base case (i.e., without the effect) and value 1 for the test 
case (i.e., with the effect). When a categorical variable with 
multiple levels was tested, e.g., food, the effect was param-
eterized as a series of effects so that one θj is estimated for 
each category that was not in the base category.

Model finalization and evaluation

The model selection process was driven by the data, prior 
information regarding rucaparib PK, and various goodness-
of-fit indicators, including standard diagnostic plots, preci-
sion of parameter estimates, and changes in the objective 
function value (OFV). Since one of the primary goals for 
this analysis was to use the final model for prediction of PK 
exposures for the exposure response analysis, model devel-
opment was approached to optimize the model for that pur-
pose. Hence, in the structural model development and model 
optimizations stages, a model with a higher OFV might be 
selected based on improvement in model diagnostic plots 
over a model with a lower OFV. The extent of shrinkage 
derived from the base and final models were assessed for 
each interindividual variability term (η) [22].

Bootstrap resampling techniques were used as appropri-
ate to evaluate the stability of the final model and to esti-
mate nonparametric confidence intervals (CIs) for the model 
parameters. This analysis was conducted by repeatedly fit-
ting the final model to bootstrap replicates of the analysis 
data set. The 95% CI (2.5th–97.5th percentiles) around 
the parameter estimates of the final model were generated 
based on nonparametric bootstrap analysis (N ≈ 500 or 1000 
bootstrap datasets). The number of runs that converged and 
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minimized successfully was recorded. Prediction-corrected 
VPCs (pcVPCs) were used to evaluate the predictive ability 
of the final model and its suitability for use in simulations. 
PcVPC was performed using the VPC algorithm in PsN. At 
least 500 replicates (i.e., datasets) were simulated using the 
relevant models assessed. Within each replicate, the simu-
lated data were summarized by computing the median, 5th 
and 95th percentiles by population, study phase, and nomi-
nal time. Model performance was evaluated based upon the 
extent to which the observed median values fell within the 
associated 90% prediction interval (PI).

External validation

PK data from ARIEL3 and TRITON2 were used for an 
external validation of the final PPK model. PcVPCs were 
used to evaluate the ability of the final model to describe the 
data from ARIEL3 and TRITON2. For ARIEL3, sampling 
times and the date and time of the prior dose were available; 
hence, pcVPCs were evaluated both as a function of time 
after dose and time after first dose. For TRITON2, the clock 
time of the prior dose was not available, thus precluding the 
ability to calculate time after dose. For TRITON2, pcVPCs 
were limited to evaluation as a function of time after first 
dose. Dose times and dates were inferred based on a nominal 
dosing schedule (one dose every 12 h). If the dose record 
indicated otherwise (e.g., QD dosing or dose interruptions), 
the inferred times and dates were adjusted accordingly.

Results

Analysis population

Table 1 provides a summary of the baseline characteristics 
of the patients included in the model development data-
set. The full development dataset (n = 453) comprised 30 
patients from Study 1014, 123 patients from Study 10, and 
300 patients from ARIEL2 (Supplementary Table 2). Dose-
normalized rucaparib concentration–time profiles in Study 
10 and ARIEL2 stratified by dose and dosing frequency and 
in Study 1014 stratified by administration route are shown 
in Supplementary Fig. 1.

The PPK analysis population was 96.0% (n = 435) 
female and 81.9% (n = 371) White, with a median age of 
61 years and a median weight of 69 kg. Approximately 
40% of patients (n = 183) had a deleterious BRCA muta-
tion (109 and 74 patients had a deleterious mutation of 
BRCA1 and BRCA2, respectively). Patients’ CYP1A2 
and CYP2D6 phenotypes and concomitant use of proton 
pump inhibitors (PPIs) are summarized in Table 1. About 
4% of available PK observations were below the limit of 
quantification and, thus, were excluded from the analysis. 
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 In addition to these exclusions, samples that were 
hemolyzed (n = 58), mislabeled (n = 62), or had poten-
tial data errors (n = 74) were excluded. Given the 
approximately 25.9-h half-life of rucaparib, based on 

noncompartmental analysis (NCA) analysis [16], sam-
ples collected more than 150 h postdose (n = 59) were 
excluded. Ultimately, 442 PK-evaluable patients with 
3730 concentration observations remained in the analysis 
dataset.

Table 1  Baseline population characteristics in the dataset for PPK model development

BMI body mass index, CLcr creatinine clearance, IV intravenous, ND no data for the number of patients indicated or for all patients if no count 
provided, PK pharmacokinetics, PPK population pharmacokinetics
a In PPK model development, oral and IV PK data were available for 30 and 9 patients, respectively. Late in model development, additional 
Study 1014 data became available, resulting in a total of 35 patients with both oral and IV data. The PPK model was updated with all available 
data from the 3 studies
b Excludes one patient with dosing information, but no rucaparib observations

Characteristics Study 1014 (n = 30)a Study 10 (n = 123)b ARIEL2 (n = 300) All studies (n = 453)b

Age, median (range), years 60 (20–76) 55 (21–84) 63 (31–86) 61 (20–86)
Sex, n (%)
 Female 22 (73.3) 113 (91.9) 300 (100) 435 (96)
 Male 8 (26.7) 10 (8.1) 0 18 (4)

Race, n (%)
 White 30 (100) 105 (85.4) 236 (78.7) 371 (81.9)
 Asian 0 7 (5.7) 18 (6.0) 25 (5.5)
 Black 0 9 (7.3) 4 (1.3) 13 (2.9)
 Other 0 2 (1.6) 42 (14.0) 44 (9.7)

Weight, median (range), kg 67 (47–119) 68 (41–133) 70 (46–171) 69 (41–171)
BMI, median (range), kg/m2 25 (18–39) 26 (18–52) 27 (17–59) 27 (17–59)
Albumin, median (range), g/L 39 (27–51)

ND = 0
41 (23–51)
ND = 2

40 (25–49)
ND = 0

41 (23–51)
ND = 2

Alanine aminotransferase, median (range), U/L 19 (8–105)
ND = 0

20 (5–69)
ND = 2

20 (5–99)
ND = 0

20 (5–105)
ND = 2

Aspartate aminotransferase, median (range), U/L 23 (9–101) 23 (11–160) 22 (9–111) 23 (9–160)
Bilirubin, median (range), μmol/L 0.4 (0.2–1.0)

ND = 0
0.4 (0.1–1.8)
ND = 1

0.4 (0.1–1.9)
ND = 0

0.4 (0.1–1.9)
ND = 1

CLcr, median (range), mL/min 94 (36–163) 91 (38–180) 80 (31–240) 83 (31–240)
Alpha-1-acid glycoprotein, mean (range), mg/dL –

ND
91 (44–243)
ND = 72

95 (13–393)
ND = 16

95 (13–393)
ND = 118

BRCA mutation status, n (%)
 BRCA1 0 61 (49.6) 48 (16.0) 109 (24.1)
 BRCA2 0 42 (34.1) 32 (10.7) 74 (16.3)
 BRCA wild type/unknown 30 (100) 20 (16.3) 220 (73.3) 270 (59.6)

CYP1A2 phenotype, n (%)
 Normal metabolizer – – 28 (9.3) 28 (6.2)
 Hyperinducer – – 136 (45.3) 136 (30.0)
 Not collected 30 (100) 123 (100) 136 (45.3) 289 (63.8)

CYP2D6 phenotype, n (%)
 Normal metabolizer – – 76 (25.3) 76 (16.8)
 Poor metabolizer – – 9 (3.0) 9 (2.0)
 Intermediate metabolizer – – 71 (23.7) 71 (15.7)
 Ultra-rapid metabolizer – – 4 (1.3) 4 (0.9)
 Not collected 30 (100) 123 (100) 140 (46.7) 293 (64.7)

Concomitant PPI, n (%)
 No 12 (40.0) 77 (62.6) 203 (67.7) 292 (64.5)
 Yes 18 (60.0) 46 (37.4) 97 (32.3) 161 (35.5)
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Structural model development

Rucaparib PK data were adequately described by a two-
compartment model with sequential zero-order release and 
first-order absorption, and first-order elimination (Fig. 1). 
Given the IV and oral data from Study 1014, absolute 
oral bioavailability (F1) was estimated in the PPK model. 
Between-subject variability (BSV) was included on clear-
ance (CL), absorption rate constant (Ka), and the duration 
of the zero-order release (D1).

Estimates of CL and F1 from the NCA of data from Study 
1014 were compared to estimates from the PPK structural 
model based on the pooled dataset. After a 30-min IV infu-
sion, the mean total plasma CL ranged from 14 to 18 L/h, 
and steady-state volume of distribution ranged from 113 to 
262 L. In the NCA of Study 1014, F1 ranged from 30.1 to 
45.3%, with a mean of 36% [6]. Based on the PPK structural 

model (prior to addition of any covariate effects), F1 of ruca-
parib was 32.3% (95% CI 26.4–38.7%), the typical estimate 
of CL was 8.45 L/h (95% CI 6.8–10.1 L/h), and steady-state 
volume of distribution was 143 L (109–177 L).

Table 2 summarizes the available data by study, food, 
tablet strength, dose, and sampling intensity. Previous NCA 
of Study 10 [8] and Study 1014 [6] revealed mild and dose-
dependent food effect on oral rucaparib PK. There was no 
apparent effect of a high-fat meal for 40 or 300 mg ruca-
parib, but a mild increase in exposure occurred for 600 mg 
rucaparib. Graphical analyses of post hoc PK parameters 
suggested an increase in Ka for fasted dosing and decreasing 
Ka with increasing dose. Additionally, graphical analyses 
suggested reduced F1 for fasted dosing, relative to a high-fat 
meal. Given the differences in food effects observed across 
different dose ranges as well as the dose levels tested in clini-
cal trials, three categorical effects were tested: fasted and 

QF1, Ka

IV dose

CL

Oral dose

D1

Peripheral
compartment

VpVc

Central
compartment

Cp
Absorption

Fig. 1  PPK model diagram for rucaparib. CL clearance, Cp plasma 
concentration, D1 duration of the zero-order absorption, F1 abso-
lute oral bioavailability, IV intravenous, Ka absorption rate constant, 

PPK population pharmacokinetics, Q intercompartmental clear-
ance, Vc volume of central compartment, Vp volume of peripheral  
compartment

Table 2  Available PK data by study, food, tablet strength, dose, and sampling intensity

Form. formulation, PK pharmacokinetics, SD single dose, SS steady state

Food Tablet strength (mg) Dose (mg) Study PK sampling intensity

Fasted 12 (Form. B) 12–120 Study 1014 Intensive
Fasted 40/60 (Form. C) 40–360 Study 10 Part 1 Intensive

200/300 (Form. E) 600 Study 10 Part 3 Intensive (SD)
High fat 40/60 (Form. C) 40, 300 Study 10 Part 1 Intensive

200/300 (Form. E) 600 Study 10 Part 3 Intensive (SD)
Patient selection 40/60 (Form. C)

40/60 (Form. C)
40–840
600

Study 10 Part 1
Study 10 Part 2, ARIEL2 Part 1

Intensive
Sparse

120 (Form. D) 600 Study 10 Part 2, ARIEL2 Part 1, ARIEL2 Part 2 Sparse
200/300 (Form. E) 600

600
Study 10 Part 3
ARIEL2 Part 2

Intensive (SS)
Sparse
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dose ≤ 480 mg, fasted and dose > 480 mg, and high-fat meal 
and dose > 480 mg. The reference case was a patient-selected 
meal (i.e., no meal restriction) and a dose > 480 mg. The 
dose category of > 480 mg included 600 mg BID (n = 395) 
and 840 mg BID (n = 3, Study 10 Part 1). Ultimately, the 
model included effects of fasted dosing on F1 (≤ 480 mg 
dose separate from > 480 mg dose), administration following 
a high-fat meal at dose > 480 mg, effect of dose (continuous) 
on Ka, effect of fasted dosing on Ka (any dose), and effect 
of high-fat meal on Ka (any dose).

During the structural model development, several absorp-
tion models were evaluated including transit compartment 
models, parallel first-order absorption process, parallel 
zero- and first-order processes. The sequential zero-order 
release and first-order absorption model provided the best 
description of the limited data collected during the absorp-
tion phase. In a separate analysis (not reported), additional 
semimechanistic and complex empirical absorption mod-
els, including saturable absorption mechanisms, were 
evaluated to provide a more mechanistic description of the 
effect of dose on Ka. Although single-dose data were better 
described by a more complex model including parallel satu-
rable and transit-compartment processes, the model became 

over-parameterized when multiple-dose data, food effects, 
and other covariates were incorporated. Model-predicted 
steady-state exposure estimates were similar for the two 
models; hence, the simpler sequential zero-order release and 
first-order absorption model was retained.

Covariate effects and model finalization

Starting with the base model including the effects noted 
above, the remaining parameter-covariate relationships were 
evaluated in a forward–backward search. Ultimately, effects 
of baseline CLcr on CL and baseline albumin on CL were 
added to the PPK model.

A final update to the PPK dataset was made to include 
additional oral data from patients in Study 1014. The opti-
mized PPK model was re-estimated based on the final 
dataset. Diagnostic plots, provided in the Supplementary 
Information (Supplementary Fig. 2), show that the data 
were adequately described by the model. Model parameter 
estimates are provided in Table 3. The typical estimate of 
CL was 10.3 L/h. Intercompartmental clearance (Q) was 
17.4 L/h, and the central volume of distribution (Vc) and 
peripheral volume (Vp) were 16.9 L and 166 L, respectively. 

Table 3  Final parameter estimates for the PPK model for rucaparib

CL clearance, CLcr, creatinine clearance, CV coefficient of variation, D1 duration of the zero-order absorption, F1 absolute oral bioavailability, 
IIV, interindividual variability, Ka absorption rate constant, LF1 logit of bioavailability, PPK population pharmacokinetics, Q, intercompartmen-
tal clearance, ResErr(Add) additive residual error, ResErr(Prop) proportional residual error, Vc central volume of distribution, Vp peripheral volume

Description NONMEM
Estimate

Bootstrap
Estimate

Bootstrap 95% CI %CV Shrinkage (%)

θ1 CL, L/h 10.3 10.4 (8.57, 12.8) 48.8 8.84
θ2 Vc, L 16.9 17.0 (13.7, 20.3) – –
θ3 Q, L/h 17.4 17.9 (14.6, 23.0) – –
θ4 Vp, L 166 165 (133, 200) – –
θ5 Ka,  h−1 0.0718 0.0732 (0.0571, 0.0891) 63.5 5.21
θ6 D1, h 0.619 0.620 (0.477, 0.812) 111 11.8
θ7 LF1  − 0.523  − 0.518 (− 0.828, − 0.128)
F1 0.372 0.373 (0.304, 0.468)
θ8 ResErr(Prop), all patients 0.382 0.377 (0.357, 0.399) – –
θ9 ResErr(Add), intensively sampled patients 0.831 0.836 (0.544, 3.08) – –
θ10 ResErr(Add), sparsely sampled patients 379 377 (269, 458) – –
θ11 F1, fasted or a high-fat meal, ≤ 480 mg  − 0.380  − 0.377 (− 0.739, − 0.0905) – –
θ12 F1, fasted, > 480 mg  − 0.202  − 0.269 (− 0.700, 0.183) – –
θ13 F1, high-fat meal, > 480 mg 0.590 0.552 (0.0553, 1.09) – –
θ14 Ka, fasted 0.401 0.450 (0.115, 1.07) – –
θ16 dose on Ka  − 0.325  − 0.301 (− 0.408, − 0.178) – –
θ17 albumin on CL 0.720 0.723 (0.287, 1.16) – –
θ18 CLcr on CL 0.313 0.321 (0.197, 0.446) – –
ω2

1 IIV D1, intensively sampled patients 1.24 1.19 (0.913, 1.61) – –
ω2

2 IIV KA, intensively sampled patients 0.404 0.398 (0.281, 0.524) – –
ω2

3 IIV CL, all patients 0.239 0.233 (0.169, 0.336) – –
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Absolute F1 was 37.2%, and the typical estimates of Ka 
and D1 were 0.0718  h−1 and 0.619 h, respectively. BSV 
on CL, estimated for all patients was 48.8%. BSV on Ka 
and D1, limited to patients with intensive sampling data in 
Study 10 (Part 1 and Part 3) and Study 1014, were 63.5% 
and 111%, respectively. Estimates of shrinkage for all three 
BSV parameters were low (< 15%), and epsilon shrinkage 
was low (5.8%).

The parameter-covariate effects in the final model are 
shown in Eq. 1 (see Supplemental Information). The primary 
effects on rucaparib PK were dose and food on F1, dose and 
food on Ka, CLcr on CL, and albumin on CL. Most data in 
the PPK dataset (i.e., the reference case) were for 600 mg 
BID rucaparib with patient-selected food intake (i.e., fed or 
fasted). At doses approaching the clinical starting dose (i.e., 
600 mg), F1 decreased 12.3% under fasted conditions and 
increased 39% following a high-fat meal. The results suggest 
a mild variability in F1 when patients took rucaparib without 
meal restrictions. For doses ≤ 480 mg and under fasted or 
high-fat conditions, F1 was slightly lower (22%) than under 
patient-selected food intake. Fasted dosing increased Ka by 
40%. Over the full range of doses evaluated (40–840 mg), 
the effect of the dose on Ka was significant; however, at 
the clinical dose levels of 300–600 mg BID evaluated in 
ARIEL2, the model estimated Ka was in a narrow range 
of 0.0836–0.0667  h−1, suggesting that the effect on Ka is 
not clinically relevant. Data summarizing the effects of dose 
and food on F1 and Ka are provided in the Supplementary 
Information (Supplementary Fig. 3).

The effect of CLcr on CL met the criteria for clinical 
significance. At the 10th percentile of CLcr observed in 
the PPK dataset (53 L/min), CL was 8.93 L/h, 13% lower 
than the typical estimates (10.3 L/h). At the 90th percentile  
(124 L/min), CL was 11.7 L/h, 13.6% higher than the typical 
estimate. The effect of albumin on CL was smaller, with an 
≈ 18% difference in CL from the 10th to the 90th percentiles 
of observed albumin. The underlying mechanism for higher 
CL values at higher albumin levels is not clear, and the effect 
of albumin may not be clinically significant, especially given 
rucaparib’s relatively low plasma protein binding (70%). No 
plausible covariate effects were identified for Vc and D1.

Following continuous 600 mg BID rucaparib dosing, 
the model-estimated steady-state AUC for patients with 
mild (GFR 60–89 mL/min, n = 149) and moderate (GFR 
30–59 mL/min, n = 76) renal impairment was 15% and 
33% higher than that of patients with normal renal function 
(GFR ≥ 90 mL/min, n = 147), respectively (Supplementary 
Fig. 4). Polymorphisms of CYP1A2 (normal metabolizers 
[n = 28], and hyperinducers [n = 136]) and CYP2D6 (slow 
[n = 9], intermediate [n = 71], normal [n = 76], and ultrarapid 
[n = 4] metabolizers) did not impact rucaparib PK at 600 mg 
BID (Supplementary Fig. 5). In an analysis of concomitant 
medications as time-varying covariates in patients at all 

starting doses (n = 22) and in patients at the 600 mg BID 
starting dose (n = 19), dose-normalized steady-state trough 
concentrations were similar when rucaparib was dosed alone 
or concomitantly with a PPI (Supplementary Fig. 6).

Model assessment

The pcVPC for the final model is shown in Fig. 2, strati-
fied by sampling intensity and food. Overall, the model 
adequately described the observed PK data. The pcVPC 
shows greater variability around the steady-state trough 
concentration than the observed data. Additionally, there is 
some underprediction of the median and variability of the 
absorption profile following a high-fat meal. However, the 
patient population of interest is unlikely to regularly con-
sume high-fat meals, and the model adequately describes 
the data following a patient-selected meal.

In addition to the pcVPC, a bootstrap analysis was also 
completed. Of the 500 resampled runs, 436 (87.2%) mini-
mized successfully, with 64 failed runs due to rounding or 
other errors. Parametric and bootstrap estimates were largely 
similar (Table 3).

External model validation

An external model validation was conducted to validate the 
final PPK model in a population of women with ovarian can-
cer receiving maintenance rucaparib (ARIEL3) and in a pop-
ulation of men with mCRPC (TRITON2) taking rucaparib 
in the treatment setting. For ARIEL3, the pcVPC (Fig. 3) 
shows that the data are well described by the final rucaparib 
PPK model and that the observed data are mostly consistent 
with the 90% PIs. At all timepoints where sufficient observed 
data are available, the line representing the median of the 
observed data falls within the median PI. For TRITON2, 
the pcVPC (Supplementary Fig. 7A) is displayed as a func-
tion of time since first dose because actual dose times were 
not recorded. The median line falls within the median PI, 
suggesting that the model describes the central tendency of 
the data reasonably well and that rucaparib PK is similar 
between ovarian cancer patients (females) and prostate can-
cer patients (males). There was a slight tendency toward 
overprediction of the median trough concentration. Addi-
tionally, the 5th and 95th percentiles fall outside or barely 
within the PIs, suggesting the model may not adequately 
describe the variance of the mCRPC data. Indeed, the OFV 
was reduced 79 points when the proportional and additive 
error components of the model were re-estimated (with all 
other parameters fixed). Estimates of proportional and addi-
tive error were reduced from 38.2% and 379 ng/mL to 26.0% 
and 122 ng/mL, respectively. The pcVPC for the model with 
updated residual error components is provided in the Sup-
plementary Information (Supplementary Fig. 7B).
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Discussion

Rucaparib PPK was adequately described by a two-compart-
ment PK model with sequential zero-order release and first-
order absorption and first-order elimination. Intrinsic (e.g., 
genetic polymorphisms or hepatic function) and extrinsic 
covariates (e.g., food intake) of clinical interest [23] were 
tested. The mild effect of a high-fat meal on rucaparib PK 
is not considered clinically significant based on collective 
clinical data, thus patients have been allowed to take ruca-
parib with no meal restriction (i.e., patient-selected meal) 
in all subsequent rucaparib safety and efficacy trials. The 
200/300 mg strength tablets showed comparable PK with 
lower-strength tablets, and PPK analyses supported pooling 
of clinical efficacy data of all tablet strengths.

The effect of baseline CLcr on CL was statistically sig-
nificant. Despite numerical increases in rucaparib exposure 
with renal impairment, no clinically meaningful effect on 
safety has been observed, and no dose adjustment is rec-
ommended for patients with mild (CLcr 60–89 mL/min) to 

moderate (CLcr 30–59 mL/min) renal impairment. In the 
previously published exposure–response analyses for ruca-
parib in patients with recurrent ovarian carcinoma from 
Study 10 and ARIEL2 [24], a significant correlation was 
observed between exposure and independent radiology 
review-assessed objective response rate, supporting the 
600 mg BID starting dose. Dose reductions are allowed in 
patients with impaired renal function based on individual 
patients’ safety data following rucaparib treatment. It is 
worth mentioning that rucaparib is an inhibitor of renal 
transporters MATE1, MATE2-K, and OCT2 [16], which are 
involved in renal excretion of creatinine, and mild creatinine 
increases have been reported clinically [7, 9, 11–13]. As a 
result, posttreatment CLcr should not be used as a surrogate 
for renal function. Liver enzymes showed no statistically 
significant impact on rucaparib PK, and no difference was 
observed between patients with normal and mildly impaired 
hepatic function per National Cancer Institute (NCI) guide-
lines (Supplementary Fig. 4). While the effect of albumin 
appeared statistically significant, the impact on exposures 
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was minimal and of no clinical significance given rucapar-
ib’s low plasma protein binding.

Polymorphisms of CYP1A2 and CYP2D6 did not impact 
rucaparib PK at 600 mg BID (Supplementary Fig. 5). Con-
comitant PPI use showed no apparent effect on rucaparib 
PK (Supplementary Fig. 6). No difference in rucaparib PK 
was observed between patients with different BRCA gene 
mutation (i.e., BRCA1 versus BRCA2) or BRCA status  

(i.e., germline versus somatic). Insufficient data were avail-
able to evaluate the impacts of concomitant CYP or trans-
porter perpetrator drugs, the effect of current smoking, and 
baseline alpha-1-acid-glycoprotein on rucaparib PK.

Rucaparib absorption was modeled as a sequential 
zero-order release plus first-order absorption process. In 
the original model development, the absorption model 
was selected based on goodness-of-fit plots and a large 
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decrease in OFV (259 units) compared with a simpler 
first-order absorption model. Addition of covariates to 
the model resulted in limited reduction in estimates of 
BSV (< 4%). The relatively high variability on absorption 
model parameters coupled with the effect of dose on Ka 
could be due to precipitation of rucaparib in the stomach 
in the presence of chloride ion, and supported exploration 
of nonlinear and semimechanistic absorption models. In 
an analysis of a more limited dataset (not reported), the 
addition of interoccasion variability on Ka and D1 resulted 
in dramatic reductions in BSV estimates and large interoc-
casion variability estimates, suggesting that the elevated 
BSV on Ka and D1 in the final model might be due to 
unrecorded variability in dosing conditions for rucaparib 
(e.g., nonspecified food intake). Attempts to describe 
the nonlinear absorption and food effects on absorption 
resulted in overparameterized models, indicating the avail-
able data are likely insufficient to evaluate these effects. 
While a more complex model might better describe single-
dose absorption, any improvement is of limited clinical 
relevance given the relatively flat rucaparib absorption 
profile at steady state.

In conclusion, the two-compartment PPK model with 
sequential zero-order release and first-order absorption 
and first-order elimination adequately described the PK 
of rucaparib in advanced ovarian cancer patients and other 
solid tumors. External validation using data from an ovar-
ian cancer maintenance population and an mCRPC popu-
lation suggest satisfactory model performance and lack 
of PK difference across indications and between sexes. 
While the effect of baseline CLcr was statistically signifi-
cant and numerical increases in rucaparib exposure were 
observed, no dose adjustment is recommended for patients 
with mild-to-moderate renal impairment. No clinically rel-
evant effects were observed for mild hepatic impairment, 
CYP1A2 and CYP2D6 polymorphisms, concomitant PPIs, 
BRCA mutation, BRCA status, age, or weight.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00280- 022- 04413-7.
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