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Abstract

Axitinib is a potent and selective inhibitor of vascular endothelial growth factor receptors 1, 2, and

3, approved for second-line therapy for advanced renal cell carcinoma (RCC). Axitinib population

pharmacokinetic and pharmacokinetic/pharmacodynamic relationships were evaluated. Using

nonlinear mixed effects modeling with pooled data from 383 healthy volunteers, 181 patients with

metastatic RCC, and 26 patients with other solid tumors in 17 trials, the disposition of axitinib was

best described by a 2-compartment model with first-order absorption and a lag time, with

estimated mean systemic clearance (CL) of 14.6 L/h and central volume of distribution (Vc) of

47.3 L. Of 12 covariates tested, age over 60 years and Japanese ethnicity were associated with

decreased CL, whereas Vc increased with body weight. However, the magnitude of predicted

changes in exposure based on these covariates does not warrant dose adjustments. Multivariate

Cox proportional hazard regression and logistic regression analyses showed that higher exposure

and diastolic blood pressure were independently associated with longer progression-free and

overall survivals and higher probability of partial response in metastatic RCC patients. These

© The Author(s) 2013
*Corresponding Author: Brian I. Rini, Department of Solid Tumor Oncology and Urology, Cleveland Clinic Taussig Cancer
Institute, 9500 Euclid Avenue, Cleveland, OH 44195, USA, rinib2@ccf.org.

Additional supporting information may be found in the online version of this article.

Declaration of Conflicting Interests
G. Wilding: nothing to disclose.

NIH Public Access
Author Manuscript
J Clin Pharmacol. Author manuscript; available in PMC 2014 September 25.

Published in final edited form as:
J Clin Pharmacol. 2013 May ; 53(5): 491–504. doi:10.1002/jcph.73.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



findings support axitinib dose titration to increase plasma exposure in patients who tolerate

axitinib, and also demonstrate diastolic blood pressure as a potential marker of efficacy.
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Axitinib is a potent and selective second-generation inhibitor of vascular endothelial growth

factor receptors (VEGFR) 1, 2, and 3.1–3 It has demonstrated promising single-agent

antitumor activity in phase II clinical trials for the treatment of various solid tumors,

including metastatic renal cell carcinoma (mRCC),4–6 thyroid cancer,7 advanced non-small

cell lung cancer,8 and metastatic melanoma.9 Recently, in a randomized phase III clinical

study (AXIS trial), axitinib demonstrated superior efficacy over sorafenib as second-line

therapy for mRCC.10 The safety profile of axitinib is consistent with that expected for this

class of agents, with hypertension, fatigue, and diarrhea being common adverse events.4–10

Axitinib is now approved in the United States, European Union, Japan, and other countries

for the treatment of advanced RCC after failure of a prior systemic therapy.

In a dose-finding phase I study in patients with various tumor types, axitinib

pharmacokinetics (PK) displayed linear correlations between dose and maximum plasma

concentration as well as area under plasma concentration– time curve (AUC).11 Axitinib

was absorbed relatively rapidly, reaching a peak plasma concentration within 2–6 hours

following oral administration in the fed state. The rate and extent of absorption increased

after fasting. Axitinib plasma levels declined with a terminal plasma half-life between 2 and

5 hours.11 Consistent with the short plasma half-life, there is a minimal observed

accumulation with continuous twice-daily (bid) dosing. Since axitinib exposure may be

associated with efficacy and/or toxicity, as shown for other tyrosine kinase inhibitors such as

imatinib and sunitinib,12,13 it is important to elucidate factors contributing to variability in

axitinib PK.

A population PK approach has been widely used to model the PK of drugs and identify

covariates responsible for variability in plasma concentrations in the target patient

population. In addition, a marker for efficacy can facilitate early identification of patients

who would most benefit from the treatment and guide individualized dosing during

treatment. For example, an association between hypertension and clinical outcome has

previously been reported in cancer patients treated with other antiangiogenic agents, such as

sorafenib, sunitinib, and bevacizumab.14–16 A similar association between diastolic blood

pressure (dBP) and efficacy endpoints has also been observed in patients treated with

axitinib.17 However, the previous retrospective report did not include PK data to evaluate

whether the observed dBP association with efficacy is independent of drug level. The

objectives of the current retrospective analyses using a population-based approach were: to

establish a model that describes axitinib PK following single-dose administration in healthy

volunteers and multiple-dose administration in patients with solid tumors, including mRCC;

to identify covariates that may contribute to variability in axitinib PK; and to evaluate

relationships between axitinib plasma exposure, efficacy, and dBP in mRCC patients.
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Methods

Study Design

Study designs and populations for the 17 trials included in the population PK analysis are

summarized in Table 1. For some studies, only subsets of subjects that were clinically

relevant were included in the analysis. All study protocols were approved by institutional

review boards (IRBs) or independent ethics committees (IECs), and studies were conducted

in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines.

The IRBs were as follows. Study 1: Committee on Human Research, University of

California San Francisco, San Francisco, CA, USA; University of Wisconsin– Madison

Health Sciences Human Subjects Committee, Madison, WI, USA; and the University of

Texas, M. D. Anderson Cancer Center Surveillance Committee, Houston, TX, USA. Study

2: Comité de protection des personnes, Hôpital Pitié Salpêtrière, Paris, France; Ethik-

Kommission der Medizinischen Hochschule Hannover, Hannover, Germany; Cleveland

Clinic Foundation IRB, Cleveland, OH, USA; Committee on Human Research, University

of California San Francisco, San Francisco, CA, USA; IRB at Memorial Sloan Kettering

Cancer Center, New York, NY, USA; Fox Chase Cancer Center IRB, Philadelphia, PA,

USA; Dana Farber IRB/Office for the Protection of Research Subjects, Boston, MA, USA;

and the University of Wisconsin–Madison Health Sciences Human Subject Committee,

Madison, WI, USA. Study 3: the IRB of the National Cancer Center, Tokyo, Japan. Study 4:

University of Wisconsin Health Sciences IRB, Madison, WI, USA; Fox Chase Cancer

Center IRB, Philadelphia, PA, USA; Cleveland Clinic Foundation IRB, Cleveland, OH,

USA; University of Chicago IRB, Chicago, IL, USA; and Our Lady of Mercy Medical

Center IRB, Bronx, NY, USA. Study 5: Hokkaido University Hospital IRB, Sapporo,

Hokkaido, Japan; Yamagata University Hospital IRB, Yamagata, Yamagata, Japan; Tsukuba

University Hospital IRB, Tsukuba, Ibaraki, Japan; Tokyo Women’s Medical University

Hospital IRB, Shinjyuku-ku, Tokyo, Japan; National Cancer Center Hospital IRB, Chuo-ku,

Tokyo, Japan; Shizuoka Cancer Center IRB, Sunto-gun, Shizuoka, Japan; Kinki University

Hospital IRB, Osaka-sayama, Osaka, Japan; Osaka University Hospital IRB, Suita, Osaka,

Japan; Tokushima University Hospital IRB, Tokushima, Tokushima, Japan; Kochi Medical

School Hospital IRB, Nankoku-shi, Kochi, Japan; Kyushu Cancer Center IRB, Fukuoka,

Fukuoka, Japan; Kyushu University Hospital IRB, Higashi-ku, Fukuoka, Fukuoka, Japan;

Hamamatsu Medical University, Faculty of Medicine IRB, Hamamatsu, Shizuoka, Japan;

Iwate Medical University Hospital IRB, Morioka, Iwate, Japan; University Hospital Kyoto

IRB, Kyoto, Kyoto, Japan; Akita University Hospital IRB, Akita, Akita, Japan; Nihon

University Itabashi Hospital IRB, Itabashi, Tokyo, Japan; National Cancer Center Hospital

East IRB, Chuo-ku, Tokyo, Japan; and Kagoshima University Hospital IRB, Kagoshima,

Kagoshima, Japan. Study 6: the Research Consultants’ Review Committee, Austin, TX,

USA. Studies 7 and 8: PRACS Institute IRB, Fargo, ND, USA. Study 9: RCRC IRB, Austin,

TX, USA. Study 10: IntegReview, Austin, TX, USA. Study 11: Aspire IRB, La Mesa, CA,

USA. Study 13: IRB Board Inc, Plantation, FL, USA.

The IECs were as follows: studies 14 and 17, Comite d’Ethique de l’Hôpital Erasme,

Bruxelles, Belgium; studies 12 and 15, Comite d’Ethique de l’Hôpital Erasme, Bruxelles,
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Belgium, and Parkway IEC, Parkway Hospitals, Singapore; and study 16, the Ethics

Committee of Peking Union Medical College Hospital for Clinical Trials, Beijing, China.

Written informed consent was obtained from each participant prior to study entry.

Study Treatment

Healthy volunteers received a single 5-mg oral dose of axitinib, except study 8 in which

subjects also received 1 mg axitinib intravenously to determine absolute bioavailability (F)

(Table 1). Patients received axitinib at a starting dose of 5 mg orally bid, with dose

adjustments to a maximum of 10 mg bid permitted, based on tolerability, except dose-

finding study 1 in which some patients received up to 30 mg bid (Table 1).4–6,11,18 Axitinib

was administered as crystal polymorph Form IV or Form XLI (commercial) formulation

(Table 1). In study 1, the maximum tolerated dose (MTD) for axitinib was found to be 5 mg

bid, which was recommended as a starting dose in all subsequent studies. Therefore, patients

treated with starting doses higher than MTD in study 1 were not included in the population

PK analysis. Axitinib was administered in patients continuously on a bid schedule until

disease progression, unacceptable toxicity, or withdrawal of consent.

Patients who developed treatment-related hypertension (defined by at least 2 in-clinic

readings of systolic blood pressure [sBP] >150 mm Hg or dBP >100 mm Hg separated by at

least 1 hour) were to be given either new or additional antihypertensive medications at the

discretion of the treating physician. For patients with in-clinic readings of sBP ≥160 mm Hg

or dBP ≥105 mm Hg despite maximal antihypertensive therapy, axitinib administration was

to be withheld until BP decreased to < 150/100 mm Hg, at which time axitinib treatment

could be resumed at a 20% or one level lower dose (or at the same dose in study 4).

PK Assessment

All PK blood samples were collected prior to and at various time intervals following single-

dose and continuous-dose administration (Table 1). Axitinib plasma concentrations were

measured using a validated high-performance liquid chromatography–tandem mass

spectrometric method (Charles River Laboratories, Shrewsbury, MA). Linear range,

precision (% coefficient of variation [CV]), and bias (% relative error) were 0.1–25 ng

mL−1, <16%, and <13%, respectively, in studies 1, 2, 3, 4, 6, 7, 8, 9, and 11; 0.1–100 ng

mL−1, <16%, and <13%, respectively, in study 10; and 0.5–100 ng mL−1, <8%, and <8%,

respectively, in studies 5, 12, 13, 14, 15, 16, and 17.

Efficacy Assessment

In mRCC studies, tumor assessments were performed by measuring changes in the sum of

the longest diameters for all target and non-target lesions using radiologic methods at

baseline and every 8 weeks. Objective response rate (defined as a complete response or

partial response) was determined according to Response Evaluation Criteria in Solid Tumors

(RECIST) version 1.0. Other efficacy endpoints included progression-free survival (PFS)

and overall survival (OS). Efficacy was assessed by investigators.
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Blood Pressure Assessment

BP measurements were taken at the clinic with patients in the seated position after 5-minute

rest, at baseline, and every 4 weeks (study 2); every 2 weeks for 6 visits and every 4 weeks

thereafter (study 4); or every week for 4 visits, every 2 weeks for the next 6 visits, and every

4 weeks thereafter (study 5). Additionally, patients were provided with a BP monitoring

device for daily self-assessment and instructed to notify their physician of sBP ≥150 mm Hg

or dBP ≥90 mm Hg. Only in-clinic dBP data were used in the PK/pharmacodynamic (PD)

analyses. Diastolic BP was used rather than sBP, since the latter tends to be more labile.

Population PK Modeling

Statistical analysis—Plasma concentration—time data were analyzed using nonlinear

mixed effects modeling (NONMEM 7, level 1.0, ICON Development Solutions, Ellicott

City, MD). First-order conditional estimation with interaction was used for the PK model.

Model selection was based on assessment of diagnostic plots and comparison of the

NONMEM change of minimum objective function values (ΔMOF >3.84 points, P < .05)

using the log-likelihood ratio test. The selected base model was analyzed for covariate

influence on the interindividual variability (IIV) error terms. The significance of potential

covariates was systematically evaluated in a stepwise forward selection (ΔMOF <−3.84

points, P < .05) followed by backward elimination (ΔMOF <10.83 points, P < .001).

Simulations were performed to determine the predicted effect of these covariates. Evaluation

of model robustness was based on relative standard errors (RSE) of the model parameter

estimates determined by non-parametric bootstrapping (n = 200).

Model development—Since only sparse PK samples were collected for the majority of

patients in clinical trials, rich PK data from healthy volunteers were pooled with patient data

to better characterize the basic PK structural model. Log-transformed axitinib plasma

concentration–time data were modeled using a linear 2-compartment model defined in terms

of systemic clearance (CL), volume of distribution in central compartment (Vc), apparent

intercompartmental clearance (Q), volume of distribution in peripheral compartment (Vp),

first-order absorption rate constant (ka), and absorption lag time. Absolute bioavailability

after oral administration was estimated using the intravenous data from healthy volunteers

(study 8). Residual variability (intravenous and oral) was modeled as a proportional error

and IIV was modeled using an exponential error term on each PK parameter.

During base model development, alternative models were investigated to improve estimates

(e.g., transit compartment model instead of a lag-time model,19 the M3 approach for

censoring data below the lower limit of quantitation,20 and modeling of inter-occasion

variability). The residual variability improved slightly using the alternate models; however,

CL was not different across models.21

Following development of the base model, covariates of clinical interest were systematically

evaluated in stepwise forward selection followed by backward elimination. Continuous

covariates tested were age, body weight, body surface area, alanine aminotransferase (ALT),

aspartate aminotransferase (AST), bilirubin, and creatinine clearance (CrCL, estimated using

Cockcroft-Gault equation), whereas categorical covariates were gender, race, smoking
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status, baseline Eastern Cooperative Oncology Group performance score (ECOG PS), and

study population. All variables were investigated for potential effect on axitinib CL; only

gender and body weight were investigated for potential effect on Vc. Continuous covariates

were modeled with a power function centered on a median value as:

where X is the covariate of interest and Xreference is the median value of that covariate.

Categorical covariates were incorporated in a proportional model:

where indicator is a coding variable equal to 1 when the covariate is present and 0 when it is

absent. θ2 is the proportional change, coded as relative to the most common covariate value.

PK/PD Modeling

Statistical analysis—Patients from the 3 mRCC studies were included in the analyses to

elucidate potential relationships between axitinib exposure, dBP, and efficacy. Relationships

between AUC, dBP, and categorical efficacy endpoints (RECIST-defined response) were

evaluated using logistic regression (S-PLUS® 7.0, TIBCO Software, Palo Alto, CA) to

predict the probability of a partial response as a function of either AUC or dBP. Probability

was expressed as an odds ratio (OR) and calculated as:

where β denotes regression coefficient and x denotes unit change in the independent

variable. Mean daily AUC was calculated from the average total daily dose (accounting for

any dose reduction or missed doses), the population mean estimate of F, and individual post

hoc estimates of CL as:

AUC was estimated for each patient at the end of 4 weeks of study treatment (prior to dose

changes in most patients) and the entire study treatment. For dBP, the maximum observed

dBP during the first 4 weeks, the first 8 weeks, and at any time during the study were

assessed, as well as maximum observed dBP changes from baseline (ΔdBP).

Relationships between AUC, dBP, and time-to-event efficacy (PFS and OS) as well as

prognostic factors were analyzed using multivariate Cox regression (R version 2.12.).

Previous analyses have identified prognostic factors predictive for survival in second-line

mRCC patients: serum hemoglobin (≤13 g/dL vs. >13 g/dL for male, ≤11.5 g/dL vs. >11.5

g/dL for female), corrected calcium level (<10 g/dL vs. ≥10 mg/dL), and Karnofsky

Performance Status (KPS) <80%.22 These variables were evaluated in this analysis, except
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KPS which was not recorded in the mRCC studies. Additionally, baseline ECOG PS (0 vs.

1), prior therapy (cytokine- vs. sorafenib-refractory), age, and gender were evaluated.

Univariate Cox regression was initially performed on each prognostic factor to identify

significant (P < .1, log-rank score test) variables for inclusion into a multivariate full model.

Then, backward elimination with removal of each variable was performed until only

significant (P < .05, log-likelihood ratio test) variables were retained in the multivariate

model. Once the multivariate model with significant prognostic factors was developed, AUC

and dBP were tested as predictors of response (using the same statistical criteria). AUC and

dBP were assessed in both continuous and categorical forms. For categorical variable

analyses, 300 hxng/mL was used as the cutoff value for AUC, which corresponded to the

estimated total daily exposure that correlated with the maximum reduction in blood flow and

permeability (based on the previous report,23 showing a correlation [Figures 3 and 4]

between blood flow parameter and AUC). A cutoff value of 90 mm Hg was used for dBP

(the definition of hypertension according to the Joint National Committee on Prevention,

Detection, Evaluation, and Treatment of High Blood Pressure24).

Results

Population PK Analysis

Subject characteristics—The population PK analysis was conducted using data from

590 subjects, including 383 healthy volunteers and 207 patients (181 with mRCC and 26

with other solid tumors). At screening, the median (range) for body weight, CrCL, AST,

ALT, and bilirubin was 74 kg (37–136), 103 mL/min (8–214),22 U/L (9–154), 21 U/L (5–

188), and 0.7 mg/dL (0.1–3), respectively. The overall median (range) age was 42 years

(18–85). However, median [range] age of patients (60 years [32–85]) was higher than that of

healthy volunteers (32 years [18–69]). Most of the subjects were male (85%) and Caucasian

(61%).

PK model—After testing alternative models that included a transit compartment model, the

disposition of axitinib was best described by a linear 2-compartment model with a lag time

for absorption and first-order ka. Final parameter estimates (%CV) were 14.6 L/h (59.9%)

and 47.3 L (39.7%) for CL and Vc, respectively (Table 2). In this population PK analysis,

data from 16 subjects with hepatic impairment (study 13) and 16 patients who received a

starting dose greater than 5 mg bid (dose-finding study 1) were excluded from the dataset,

since dosing in hepatically impaired subjects or administration of doses exceeding the 5 mg

bid starting dose would not be permitted in subsequent clinical trials for axitinib. However,

inclusion of data from these subjects in a repeat population PK analysis did not result in

substantial changes in the base model PK parameter estimates (data not shown). The

equations describing typical axitinib CL and Vc are given as:

where Age>60, RaceJapanese, and Smokeractive are 1 if applicable and 0 otherwise.
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Goodness of fit—Diagnostic plots from the final model showed good agreement between

population and individual predictions with observed data and a lack of systematic bias in the

residuals (Supplementary Figure S1). The estimates of shrinkage (a metric to evaluate if

variability in individual estimates differs from the population predicted values) for CL and

Vc were 7.58% and 17.5%, respectively (Table 2). Since the random effects showed low

shrinkage (<20%), the estimated random effects were considered to have good diagnostic

value.25 Visual predictive check (VPC) with the final model also showed that the simulated

concentrations appeared consistent with observed concentrations, with no systematic bias

(Figure 1). The RSEs of the model parameter estimates obtained from non-parametric

bootstrap of 200 samples (Table 2) were not statistically different from those obtained from

the NONMEM covariance step.

Effects of covariates—In the final model, ka was 197% higher in the fasted state

compared with the fed state, regardless of formulations (Table 2). The oral bioavail-ability

for axitinib polymorph Form IV was increased 33% in the fasted state compared with the fed

state, whereas food had only negligible effect on Form XLI. When comparing the 2

formulations in the fed state, F for Form XLI was 12.1% lower than Form IV.

Both age >60 years and Japanese ethnicity were associated with decreased CL (21.3% and

24.9%, respectively), resulting in correspondingly higher exposure. The effect of age on CL

was initially evaluated as a continuous covariate, which showed that CL tended to decrease

modestly in the higher range of age (Supplementary Figure S2-A). Hence, age was tested as

a binary effect to avoid overestimation of CL at younger ages, due to a non-uniform

distribution of range of ages across the studies. Different age thresholds were tested in the

model and a cutoff of 60 years was the most significant (Supplementary Figure S2-B).

Ethnic differences between Japanese and other East Asian populations have been reported;26

hence, in this analysis, both Asians and Japanese were tested separately and in combination

for their potential influence on CL relative to other races (Caucasian, Black, Hispanic, and

those coded as “Other/Not listed”). The results showed that among the different races and

ethnic groups evaluated, only Japanese patients had a significant effect on CL.

While active smokers showed a greater CL (by 102%) compared with ex-smokers or non-

smokers, the magnitude of the effect was not well-defined since only 19 of 590 subjects

were active smokers and the precision of the estimate of the effect was poor (44% RSE).

Therefore, the clinical significance of this relationship is unclear.

Body weight displayed no relationship with CL, but had a notable impact on axitinib Vc.

Lighter subjects had smaller estimated Vc than heavier subjects, resulting in greater peak

plasma concentrations. However, expected changes in peak plasma concentrations due to

body weight were less than the estimated IIV for Vc. Furthermore, exposure is not affected

by changes in Vc.

The PK analysis indicated no differences in axitinib CL between healthy volunteers and

cancer patients, the majority of whom had mRCC. The random effects on CL had relatively

low shrinkage (7.6% overall; 16.5% in healthy volunteers; and 6.5% in cancer patients) and

appeared normally distributed and centered at a mean of zero in cancer patients, indicating
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no systemic bias (Supplementary Figure S3). In addition, log-transformed scatter plots of

observed axitinib plasma concentrations versus population or individual predicted

concentrations revealed no systematic bias as the concentrations for cancer patients were

randomly distributed around the line of unity (Supplementary Figure S1–A, B). Since these

diagnostic plots showed that the population PK model adequately predicted axitinib CL in

cancer patients, the pooling of cancer patients and healthy volunteers was retained in the

analysis. Overall, no dose adjustment is warranted based on age, Japanese ethnicity, or body

weight. None of the other covariates studied, including body surface area and levels of CrCL

ALT, AST, or bilirubin, were found to significantly affect the disposition of axitinib.

Simulations—To quantify the effect of covariates on axitinib exposures in the most

extreme situations, subjects were categorized as having a low or high body weight (i.e., 10th

[58 kg] or 90th [94 kg] percentile body weight, respectively), age ≤ or >60 years old, and

Japanese or non-Japanese ethnicity (active smoker effect was not included since it was not a

well-defined covariate). The results demonstrated that axitinib exposures with 95%

predicted intervals estimated for each covariate combination substantially overlap with each

other (Supplementary Figure S4). Additionally, Monte Carlo simulations (n = 1,000

simulations with IIV) were performed to predict axitinib steady-state concentrations with the

2 extreme covariate combinations: >60-year-old, 58-kg Japanese subjects and ≤60-year-old,

94-kg non-Japanese subjects. The results also show substantial overlap in the axitinib

concentration profiles (Supplementary Figure S5).

PK/PD Analysis

mRCC patient characteristics—The RECIST-based overall response rates were 44%

(study 2), 23% (study 4), and 50% (study 5). 4–6 Of the 178 patients from these mRCC

studies, 168 were included in this PK/PD analysis (patients excluded from the analysis had

missing values for hemoglobin, corrected serum calcium, post-baseline dBP, and/or axitinib

exposure). The majority of the mRCC patients were male (71%) and had prior cytokine

therapy (68%) and a baseline ECOG PS 0 (65%). The median (range) age, baseline

hemoglobin, and baseline corrected serum calcium were 60 years (34–85), 12.4 g/dL (1.1–

17.9), and 9.4 mg/dL (8.4–13.1), respectively (Table 3).

Correlation of prognostic factors with efficacy—With univariate Cox regression,

prognostic factors found to be significant (P < .1) for PFS were gender, prior therapy,

ECOG PS, and hemoglobin (Table 4). For OS, they were prior therapy, ECOG PS,

hemoglobin, and corrected calcium. Age did not influence PFS or OS. These variables were

included in the full model of multivariate analysis. Using a significance level of P < .05 for

removing a variable in backward elimination, all prognostic factors except corrected calcium

were retained in the multivariate model (Table 5).

Correlations between AUC and efficacy—For evaluation of axitinib AUC versus

efficacy endpoints, AUC at the end of 4 weeks of treatment showed better correlation

compared with AUC for the entire study treatment (data not shown). Hence, the results

based on AUC at the end of 4 weeks of treatment are presented here. However, analyses
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based on AUC for the entire treatment showed similar results (data not shown). The median

(range) for AUC at the end of 4 weeks was 375 hxng/mL (32.8–1,728) (Table 3).

To evaluate the relationship between RECIST-based objective responses and exposure,

logistic regression was performed. The results revealed a significant (P < .0001) relationship

between axitinib plasma exposure and the probability of a response (i.e., 1.5-fold increase in

the probability of achieving a partial response for every 100 hxng/mL increase in AUC, data

not shown). To explore the relationship between AUC and time-to-event endpoints (PFS and

OS), univariate Cox proportional regression was performed using AUC as both a categorical

and continuous variable. Patients were stratified by having an AUC greater or equal to

axitinib total daily therapeutic exposure of 300 hxng/mL (high AUC) or <300 hxng/mL (low

AUC). Median PFS in the high-AUC group was significantly longer than median PFS in the

low-AUC group (13.8 months vs. 7.4 months, respectively; hazard ratio [HR] 0.558; P = .

003) (Table 4). Similarly, median OS of 37.4 months in the high-AUC group was

considerably longer than the 15.8 months in the low-AUC group (HR 0.489; P < .001)

(Table 4). These results indicated significant associations between AUC and clinical

responses for axitinib. When used as a continuous variable, the result was more significant

than using a cutoff value of 300 hxng/mL. For PFS and OS, the HR was 0.871 (P = .001)

and 0.810 (P < .001), respectively, for every 100 hxng/mL increase in AUC (Table 4).

Correlations between dBP and efficacy—For evaluation of dBP versus efficacy

endpoints, the maximum observed post-baseline dBP within the first 8 weeks was used in all

analyses to ensure that adequate numbers of measurements were available for most patients

while avoiding any bias due to inherent confounding factors, that is, patients staying on the

study longer have a greater chance of registering an increase in BP and also a better

response to treatment.

To evaluate the relationship between RECIST-based objective responses and dBP, logistic

regression was performed. The results demonstrated a strong association (P = .0042)

between dBP and the probability of a response (i.e., 1.6-fold increase in the probability of

achieving a partial response for every 10 mm Hg increase in dBP; data not shown). To

explore the relationship between dBP and PFS or OS, univariate Cox proportional regression

was performed using dBP as both a categorical and continuous variable. The first onset of

dBP ≥90 mm Hg as a time-dependent covariate showed that median PFS was significantly

longer in patients with at least one dBP measurement ≥90 mm Hg compared with those

without elevated dBP. The median PFS was 14.6 months in patients with dBP ≥90 mm Hg

compared with 7.8 6 months in those with dBP <90 mm Hg (HR 0.590; P = .006) (Table 4).

Similarly, the median OS was longer in the group of patients with dBP ≥90 mm Hg

compared with those with dBP <90 mm Hg (29.5 vs. 18.5 months, HR 0.622; P = .024)

(Table 4). With the use of dBP as a continuous variable, the results were more significant

compared with using a cutoff of 90 mm Hg. For PFS and OS, the HR was 0.604 (P < .001)

and 0.652 (P < .001), respectively, for every 10 mm Hg increase of dBP (Table 4). The use

of ΔdBP (i.e., dBP change from baseline) provided similar results and did not improve the

correlation with efficacy compared with the use of absolute maximum observed dBP (data

not shown).

Rini et al. Page 10

J Clin Pharmacol. Author manuscript; available in PMC 2014 September 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Correlation between dBP and AUC—In order to assess if the axitinib-related BP

increase was simply a surrogate for axitinib plasma exposure, the relationship between AUC

and dBP was initially evaluated using linear regression. Results showed a weak correlation

between exposure and dBP (r2 values < .10; data not shown). The use of ΔdBP instead of

absolute observed dBP did not improve the correlation (data not shown).

AUC and dBP as predictors of efficacy—To assess whether the relationship between

AUC and dBP were independent predictors of survival, multivariate Cox regression was

performed, using the previously developed multivariate model with the significant

prognostic factors. In the multivariate analysis, AUC and dBP were tested as continuous

variables since they were both more significant as continuous variables. Both AUC and dBP

were retained as significant predictors after backward elimination, indicating that they were

independently associated with PFS and OS, with dBP being more significant (data not

shown). The final model parameter estimates for PFS and OS versus AUC and dBP (after

adjusting for the baseline HR for prognostic factors) are shown in Table 5.

Discussion

The current retrospective analyses expanded on a previous exploratory analysis (using data

from 12 clinical trials)27 in order to develop a comprehensive population PK model for

axitinib and identify factors contributing toward variability in axitinib disposition. The

axitinib PK model developed here confirmed the results of individual clinical trials with

respect to the effect of food.11,28 Among 12 covariates tested, age >60 years, Japanese

ethnicity, and smoking status had a significant influence on axitinib systemic CL and body

weight on Vc. However, the effect of weight on Vc is considered to have little impact on

overall axitinib plasma exposure. For individuals older than 60 years or of Japanese

ethnicity, higher exposures may occur. A formal comparison of axitinib PK previously

conducted in healthy, young Caucasian and Japanese subjects demonstrated no difference in

axitinib PK between these two groups.29 Since this pooled population PK analysis included

Japanese patients who had an overall lower body weight and tended to be older than other

patients, it is unclear if the observed effect on plasma exposure for Japanese ethnicity may

have been confounded by demographic imbalances in the study dataset. The final model also

predicted a greater CL in active smokers than non-smokers or ex-smokers. However, the

precision of the estimate for this effect was highly variable, likely due to a small (3%)

number of active smokers in the dataset, thus requiring additional testing in a larger

population to draw a definitive conclusion.

The lack of impact of renal (based on CrCL) or hepatic (based on AST, ALT, and bilirubin)

function on axitinib disposition was not surprising, since subjects enrolled in these clinical

trials were required to have normal renal and hepatic function at study entry. A formal

hepatic impairment study conducted in subjects with mild and moderate hepatic impairment

using the Child-Pugh classification, a more comprehensive assessment of hepatic function,

indicated that mild hepatic impairment did not alter axitinib exposures compared with

normal hepatic function. However, subjects with moderate hepatic impairment demonstrated

a 2-fold higher exposure,30 necessitating axitinib dose adjustment in these patients.
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Although the 4 covariates—Japanese ethnicity, body weight, age >60 years, and active

smokers—were identified as having a significant effect on axitinib PK, inclusion of these

covariates resulted in modest reductions of the IIV for CL and Vc from 64% to 60% and

44% to 40% (from base to final model), respectively. Thus, inclusion of the covariates,

while significant as determined by the modeling, did little (<5%) to explain the observed

high variability noted for axitinib PK. As such, these covariate effects are not considered

clinically meaningful, and dose adjustments for axitinib based on these covariates are not

warranted. Additional studies are needed to elucidate the source(s) of the variability

observed in axitinib PK.

Relationships between axitinib exposure, elevated dBP, and efficacy were evaluated using

pooled data from the 3 mRCC phase II trials. Prognostic factors predictive of PFS that were

significant in the multivariate model were gender, sorafenib-refractory patients, low ECOG

PS, and low hemoglobin. They were also predictive of OS, with the exception of gender. In

this analysis, corrected serum calcium level, previously established as one of the prognostic

factors in second-line mRCC22 was not found to be predictive for survival. A possible

explanation may be that a relatively high proportion of patients (n = 145/168) had normal

values of serum calcium.

After accounting for significant prognostic factors potentially predictive of PFS and OS in

the final multivariate model, axitinib exposure and dBP were tested as additional,

independent predictors. The results revealed that high AUC and an increase in dBP were

both associated with longer PFS and OS and were independent predictors of survival in

mRCC patients. Furthermore, logistic regression indicated that patients with high AUC and

an increase in dBP had a higher probability of achieving a partial response.

The current PK/PD analyses provide evidence that treatment-related increases in dBP may

not be simply an indicator of higher axitinib plasma concentrations, since changes in dBP

following axitinib administration were not strongly correlated with AUC in this pooled

analysis. Absence of a strong correlation between dBP and AUC observed for axitinib may

be explained partially by a narrow range of exposures obtained with axitinib ≤ 10 mg bid in

these phase II mRCC studies. In the phase I dose-escalation study in patients with solid

tumors,11 the frequency and severity of hypertension were found to be dose-dependent when

higher doses of axitinib (up to 30 mg bid) were administered.

Increases in BP have been suggested as a marker for inhibition of the VEGF/VEGFR

signaling pathway in cancer patients treated with other antiangiogenic agents.14–16,31–34

Although the mechanism(s) involved in the elevation of BP following inhibition of VEGF or

VEGFR is not well understood, endothelial dysfunction and microvascular rarefaction via

decreased availability of nitric oxide have been postulated.35–37 The time course of increases

in BP is not clear, though recent studies using more frequent home BP monitoring or

ambulatory BP monitoring suggest that BP elevations occurred early following initiation of

an antiangiogenic agent.14,38 This retrospective analysis provides further support that dBP

may serve as a useful and easy-to-measure predictor of axitinib efficacy and help to identify

patients with mRCC and possibly other solid tumors who would benefit from axitinib

treatment. BP was monitored regularly and patients with increased BP were promptly treated

Rini et al. Page 12

J Clin Pharmacol. Author manuscript; available in PMC 2014 September 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



with axitinib dose reduction/interruption and/or antihypertensive medications to control BP.

Therefore, it is unlikely that sustained increase in BP is required for efficacy; rather the

transient increase in BP generally seen soon after initiation of treatment, which is

subsequently managed with treatment, may be the predictor of efficacy. Early detection

through close monitoring of dBP, and strict control of axitinib-related increase in dBP when

it occurs, are critical for maintaining patients on treatment with axitinib to improve clinical

outcomes.

In conclusion, the current population PK analysis identified age over 60 years, active

smokers, and Japanese ethnicity as having a statistically significant influence on axitinib

systemic CL, whereas body weight influenced Vc. However, none of the covariate effects

substantially decreased the variability associated with axitinib PK. Consequently, no dose

adjustments for axitinib are warranted based on these covariates. Evaluation of prognostic

factors identified gender, prior therapy, ECOG PS, and hemoglobin as significant risk

factors in mRCC patients. These risk factors may assist in clinical trial design in prospective

studies in advanced mRCC patients. In the PK/PD analyses, increasing axitinib AUC

correlated with longer PFS and OS and higher probability of a partial response in patients

with mRCC. The observed variability in axitinib PK suggests some patients achieve only

sub-therapeutic plasma concentrations at the starting dose of 5 mg bid. In these patients,

dose increases above 5 mg bid may be justified to increase plasma exposures, which in turn

would lead to improved clinical benefits, as long as patients tolerate the drug. In addition,

dBP was shown to be an independent predictor of clinical efficacy, and may not be merely a

reflection of higher axitinib exposures. Based on these findings, drug-induced BP elevation

may be an early indicator of drug activity, serving as a potential marker. A prospective study

to confirm the association between dBP and clinical response in axitinib-treated patients is

warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Visual predictive checks (VPCs) of Form IV in fed (A) and fasted (B) subjects with 2.5, 50,

and 97.5 percentiles (lines with diamond shapes) and corresponding simulated 95%

confidence intervals (shaded area) to lower limit of quantification (LLOQ; dashed lines). For

each regimen, VPCs were calculated from 1,000 simulations of all subjects in the dataset

with that regimen. CI, confidence interval.
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Table 1

Axitinib Studies Included in the Population PK Analysis

Study no. Design
Population

(enrolled/analyzed, n) Axitinib dose and regimen PK sampling post-dosing (hour)

111 Phase I, OL, SA,
dose-escalating

Patients with solid
tumors (36/20a)

Tx 1: 5 mg bid, fed, 4-week
cycles, Form IV
Tx 2: 5 mg bid, fasted, 4-week
cycles, Form IV
Tx 3: 2 mg bid (day 1), 5 mg
bid thereafter,
fasted, 4-week cycles, Form
IV

0 (pre-dose), 0.5, 1, 2, 4, 8, 12

25 Phase II, OL, SA Cytokine-refractory mRCC
patients (52/52)

5 mg bid, fasted, 4-week
cycles,
dose titration, Form IV

0 (pre-dose) and 1–2

318 Phase I, OL, SA,
Japanese

Japanese patients with solid
tumors (12/12)

5 mg single, then 5 mg bid,
fed,
4-week cycles, dose titration,
Form IV

0 (pre-dose), 0.5, 1, 2, 4, 6, 8, 12,
24, 32
(following single-dose)
0 (pre-dose), 0.5, 1, 2, 4, 6, 8, 12
(following continuous dosing)

46 Phase II, OL, SA Sorafenib-refractory mRCC
patients (62/59b)

5 mg bid, fed, 4-week cycles,
dose titration, Form IV

0 (pre-dose) and 1–2

54 Phase II, OL, SA,
Japanese

Japanese cytokine-refractory
mRCC patients (64/64)

5 mg bid, fed, 4-week cycles,
dose titration, Form IV

0 (pre-dose) and 1–2

639 SB, randomized, 2-way
CO,

DDI with ketoconazole

Healthy volunteers (35/32c) 5 mg, fasted, Form IV 0 (pre-dose), 1, 1.5, 2, 3, 4, 6, 8,
12, 16, 24, 36, 48

728 OL, food effect Healthy volunteers (42/41d) Tx 1: 5 mg, fasted, Form IV
Tx 2: 5 mg, fed high fat, Form
IV

0 (pre-dose), 0.5, 1, 1.5, 2, 4, 6, 8,
12, 16, 24, 36, 48

8 OL, 2-way CO, F Healthy volunteers (16/16) Tx 1: 5 mg, fasted, Form IV
Tx 2: 5 mg, fed moderate fat,
Form IV
Tx 3: 1 mg intravenous,
fasted, Form IV

0 (pre-dose), 0.5, 1, 1.5, 2, 4, 6, 8,
12, 16, 24, 36

9 OL, randomized, CO,
relative F

Healthy volunteers (40/20e) 5 mg, fasted, Form IV 0 (pre-dose), 0.5, 1, 1.5, 2, 4, 6, 8,
12, 16, 24, 36

10 OL, randomized, 2-
sequence,

3-period CO, BE

Healthy volunteers (40/40) 5 mg, fasted, Form IV 0 (pre-dose), 0.5, 1, 1.5, 2, 4, 6, 8,
12, 16, 24, 32

1129 OL, 2-period, 2-Tx CO,
DDI with rifampin,

Caucasian and Japanese

Caucasian healthy volunteers
(20/20)

Japanese healthy volunteers
(20/20)

5 mg, fasted, Form IV 0 (pre-dose), 0.5, 1, 1.5, 2, 4, 6, 8,
12, 16, 24, 32

12 OL, randomized, 4-
sequence,

4-period CO, relative F

Healthy volunteers (56/54e) Tx 1: 5 mg, fed moderate fat,
Form IV
Tx 2: 5 mg, fed moderate fat,
Form XLI

0 (pre-dose), 0.5, 1, 1.5, 2, 2.5, 3,
4, 6, 8, 12, 16, 24, 32

1330 OL, PG, normal, mild
to moderate

hepatic impairment

Healthy volunteers (24/8f) 5 mg, fed moderate fat, Form
IV

0 (pre-dose), 0.5, 1, 1.5, 2, 2.5, 3,
4, 6, 12,
16,24,36,48,96, 144

14 OL, randomized, 4-
sequence, 4-period CO,
relative bioavailability

Healthy volunteers (20/20) 5 mg, fed moderate fat, Form
IV

0 (pre-dose), 0.5, 1, 1.5, 2, 3, 4, 5,
6, 7, 8, 10,
12, 16,24,36,48

15 OL, randomized, 2-
sequence, 4-period
CO bioequivalence

Healthy volunteers (68/68) Tx 1: 5 mg, fasted, Form IV
Tx 2: 5 mg, fasted, Form XLI

0 (pre-dose), 0.5, 1, 1.5, 2, 3, 4, 6,
8, 12, 16, 24, 32

1640 OL, fixed-sequence, 3-
period CO, Chinese

Healthy volunteers (14/14) Single-dose 5, 7, and 10 mg
with

0 (pre-dose), 1, 1.5, 2, 2.5, 3, 4, 6,
12, 16, 24, 32
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Study no. Design
Population

(enrolled/analyzed, n) Axitinib dose and regimen PK sampling post-dosing (hour)

washout period, fed, Form
XLI

1728 OL, randomized, 3-
period CO food effect

Healthy volunteers (30/30) Tx 1: 5 mg, fasted, Form XLI
Tx 2: 5 mg, fed high fat, Form
XLI
Tx 3: 5 mg, fed moderate fat,
Form XLI

0 (pre-dose), 0.5, 0.75, 1, 1.5, 2,
2.5, 3, 6, 8, 12, 16, 24

BE, bioequivalence; bid, twice daily; CO, crossover; DDI, drug–drug interaction; OL, open-label; PG, parallel-group; PK, pharmacokinetics; SA,
single-agent; SB, single-blind; Tx, treatment. Reasons for excluding individual data from the analysis:

a
Axitinib starting dose higher than 5 mg bid.

b
Lack of dose time data or only one measurable axitinib concentration.

c
Did not receive axitinib.

d
Did not complete the study.

e
Received I mg axitinib dose in a spray-dried dispersion or self-emulsifying drug dispersion system.

f
Having hepatic impairment based on Child-Pugh classification.
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Table 2

Parameter Estimates for Axitinib Population PK Final Model

Parameter Estimate, mean (%CV)a % RSEb 95% CIc

CL (L/h) 14.6 (59.9) 8.5 (8.5) 12.4, 17.2

  Age >60-yr effect on CL −0.213 26 (29) −0.320, −0.106

  Smoking status on CL 1.02 44 (42) 0.144, 1.90

  Japanese ethnicity effect on CL −0.249 25 (27) −0.370, −0.128

Vc (L) 47.3 (39.7) 6.2 (7.8) 41.9, 53.4

  Weight effect on Vc 0.778 14 (13) 0.591, 1.02

Q (L/h) 4.00 (86.8)d 4.7 (12) 3.65, 4.39

Vp (L) 393 16 (28) 285, 542

ka (hour–1): fed 0.482 (77) 4.8 (5.6) 0.439, 0.529

  Fasting effect on ka
e 1.97 13 (15) 1.46, 2.48

tlag (hour) 0.454 0.41 (0.8) 0.450, 0.458

F: fed/Form IV 0.457 6.6 (8) 0.402, 0.520

  Fasting on F, Form IVf 0.330 13 (13) 0.243, 0.417

  Form XLI on Fg −0.121 24 (26) −0.179, −0.0630

Residual error (%), oral 58.2 2.0 (2.1) 55.9, 60.6

Residual error (%), intravenous 33.5 16 24.4, 46.1

η-shrinkage (%)h

  CL 7.58 — —

  Vc 17.5 — —

  Q (and Vp) 32.8 — —

  ka 17.8 — —

CI, confidence interval; CL, systemic clearance; CV, coefficient of variation; η [eta], Empirical Bayes prediction of the interindividual random
effect in a PK parameter; F, bioavailability; ka, first-order absorption rate constant; PK, pharmacokinetics; Q, apparent inter-compartmental

clearance; RSE, relative standard error; Vc, volume of distribution in central compartment; Vp, volume of distribution in peripheral compartment.

a
Interindividual variability provided as %CV.

b
%RSE of model parameter estimates obtained from the NONMEM covariance step. %RSE in parenthesis were obtained from non-parametric

bootstrap of 200 samples (86% successful minimization).

c
CI calculated as estimate × exp (± 1.96 %RSE/100) or for quantities that can be positive or negative (covariate parameters and covariances), as

estimate ± 1.96 %RSE/100 to allow the interval to span 0; %RSE used for CI were obtained from NONMEM covariance step.

d
Correlation between Q and Vp was modeled to be 100% correlated and with the same interindividual variability.

e
For fasting effect, ka is estimated to be 1.43 hour−1; calculated as 0.482 hour−1 × (1 + 1.97).

f
For fasting effect with Form IV, F is estimated to be 0.608; calculated as 0.457 × (1 + 0.33).

g
F with Form XLI is estimated to be 0.402; calculated as 0.457 × (1 – 0.121). Note that there was no observed food effect with Form XLI.

h
Eta [η]-shrinkage calculated as (1 – SD (ηEBE)/ω) where SD is standard error, EBE is Empirical Bayes estimate, and ω is variance-covariance

matrix of the interindividual random effects in the measurements.
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Table 3

Characteristics of 168 mRCC Patients Included in the PK/PD Analyses

Covariates n

Age, years

  Median (range) 60 (34–85)

Gender, (%)

  Male 120 (71)

  Female 48 (29)

Prior therapy, (%)

  Cytokine-refractory 114 (68)

  Sorafenib-refractory 54 (32)

ECOG PS, (%)

  0 109 (65)

  1 59 (35)

Hemoglobin, g/dLa

  Median (range) 12.4 (1.1–17.9)

  ≤ 13 for male, ≤ 11.5 for female (%) 89 (53)

  >13 for male, >11.5 for female (%) 79 (47)

Corrected serum calcium, mg/dLa

  Median (range) 9.4 (8.4–13.1)

  <10 (%) 145 (86)

  ≥ 10 (%) 23 (14)

AUC, hxng/mLa,b

  Median (range) 375 (32.8–1,728)

  <300c (%) 63 (38)

  ≥300 (%) 105 (62)

dBP, mm Hga,d

  Median (range) 90 (58–116)e

  <90 (%) 80 (48)f

  ≥90 (%) 88 (52)g

AUC, area under the plasma concentration–time curve; dBP, diastolic blood pressure; ECOG PS, Eastern Cooperative Oncology Group
performance status; mRCC, metastatic renal cell carcinoma; PK/PD, pharmacokinetics/pharmacodynamics.

a
Of the 178 mRCC patients, 2 patients were missing hemoglobin, 3 were missing calcium, 2 were missing dBP, and 5 were missing AUC.

b
AUC at the end of 4 weeks of study treatment.

c
Total daily AUC correlated with the maximum reduction in blood flow and permeability was determined to be reached at ~300 hxng/mL (based

on Figures 3 and 4 in the previous study evaluating axitinib exposure and blood flow23).

d
Maximum post-baseline dBP within the first 8 weeks.

e
Median baseline dBP for all patients was 76 mm Hg (range 55–96.5).

f
Median baseline dBP for patients with post-baseline dBP <90 mm Hg was 71.3 mm Hg (range 55–96).
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g
Median baseline dBP for patients with post-baseline dBP ≥90 mm Hg was 80 mm Hg (range 56–96.5).
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