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Abstract
The ALK in Lung Cancer Trial of brigAtinib in First Line (ALTA-1L) compared 
brigatinib versus crizotinib in anaplastic lymphoma kinase (ALK) inhibitor-
naive patients with ALK+  non-small cell lung cancer (NSCLC). A population 
pharmacokinetic (PK) model was used to estimate brigatinib exposures for 
exposure-efficacy and exposure-safety analyses in ALTA-1L. A previously de-
veloped population PK model for brigatinib was applied to estimate brigatinib 
PK parameters. Relationships between static (time-independent) and dynamic 
(time-varying) exposure metrics and efficacy (progression-free survival [PFS], ob-
jective response rate [ORR], and intracranial ORR [iORR]) and safety outcomes 
(selected grade ≥2 and grade ≥3 adverse events [AEs]) were evaluated using logis-
tic regression and time-to-event analyses. There were no meaningful differences 
in brigatinib PK in the first-line and second-line settings, supporting use of the 
previous population PK model for the first-line population. Exposure-response 
analyses showed no significant effect of time-varying brigatinib exposure on PFS. 
Brigatinib exposure was not significantly related to ORR, but higher exposure 
was associated with higher iORR (odds ratio: 1.13, 95% confidence interval: 1.01–
1.28, p = 0.049). Across the observed median exposure (5th–95th percentile) at 
steady state for 180 mg once daily, the predicted probability of iORR was 0.83 
(0.58–0.99). AEs significantly associated with higher exposure were elevated li-
pase (grade ≥3) and amylase (grade ≥2). Time to first brigatinib dose reduction 
was not related to exposure. These results support the benefit-risk profile of first-
line brigatinib 180 mg once daily (7-day lead-in dose at 90 mg once daily) in pa-
tients with ALK+ NSCLC.
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INTRODUCTION

Brigatinib is an oral tyrosine kinase inhibitor (TKI) with 
potent activity against a broad range of anaplastic lym-
phoma kinase (ALK) gene resistance mutations, including 
the fusion protein EML4-ALK found in ~ 5% of patients 
with non-small cell lung cancer (NSCLC).1–3 Results of 
a randomized, multicenter phase II trial (ALK in Lung 
Cancer Trial of AP26113 [ALTA], NCT02094573) sup-
ported the initial approval of brigatinib in advanced ALK-
positive (ALK+) NSCLC that progressed on crizotinib.4,5 
The recommended brigatinib dosing regimen is 180  mg 
once daily (q.d.), with a 7-day lead-in at 90 mg q.d. This 
dosing regimen mitigates the risk of early onset pulmo-
nary events (interstitial lung disease [ILD] and pneumo-
nitis) observed in phase I and II trials at starting doses 
greater than 90  mg q.d.3,4 In ALTA, this dosing regi-
men provided an independent review committee (IRC)-
assessed confirmed objective response rate (ORR) of 56%; 
median IRC-assessed progression-free survival (PFS) was 
16.7  months.5 IRC-assessed intracranial ORR (iORR) in 

patients with measurable baseline brain metastases was 
67%; median duration of response was 16.6 months.5,6 The 
most common brigatinib-related adverse events (AEs) in 
ALTA were gastrointestinal AEs and increased blood cre-
atine phosphokinase (CPK).5

Brigatinib was subsequently approved for first-line 
treatment of ALK+ NSCLC based on results of the phase 
III ALK in Lung Cancer Trial of brigAtinib in First Line 
(ALTA-1L; NCT02737501) comparing the efficacy and 
safety of brigatinib versus crizotinib in patients with 
advanced ALK inhibitor-naive ALK+  NSCLC.7,8 In 
ALTA-1L, brigatinib met the prespecified threshold for 
superiority over crizotinib at the first interim analysis 
(hazard ratio [HR]: 0.49, 95% CI: 0.33–0.74, p  <  0.001), 
which was maintained at the second interim analysis with 
median follow-up of 24.9  months.8 The safety profile of 
brigatinib was consistent with that reported in ALTA; the 
most common AEs were gastrointestinal AEs, increased 
CPK, cough, hypertension, and increased aspartate ami-
notransferase (AST).8 Early onset pulmonary events were 
reported in 3% of brigatinib-treated patients.8

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
A population pharmacokinetic (PK) analysis conducted using data from five 
brigatinib clinical studies, including healthy volunteers and patients with can-
cer, demonstrated that age, sex, race, body weight, mild or moderate renal im-
pairment, and mild hepatic impairment had no clinically meaningful effects on 
brigatinib PKs. Exposure-response analyses conducted for efficacy and safety out-
comes using brigatinib phase I and II trial data predicted clinically meaningful 
dose-related improvements in progression-free survival (PFS), intracranial PFS, 
and overall survival over the brigatinib dose range from 90 to 180 mg.
WHAT QUESTION DID THIS STUDY ADDRESS?
Do exposure-response results quantitatively support a benefit/risk profile of the 
180 mg once daily (with 7-day lead-in at 90 mg once daily) brigatinib dosing regi-
men for first-line treatment of patients with anaplastic lymphoma kinase-positive 
(ALK+) non-small cell lung cancer (NSCLC)?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The brigatinib systemic exposures in patients receiving first-line brigatinib were 
similar to those observed for second-line brigatinib. Brigatinib exposure was not 
a discernible predictor of PFS or objective response rate (ORR). A statistically sig-
nificant relationship was identified between brigatinib exposure and intracranial 
ORR (iORR), with higher exposure associated with higher iORR. With the excep-
tions of grade ≥2 amylase and grade ≥3 lipase elevations, no significant relation-
ship was identified between brigatinib exposure and adverse event incidence or 
time to first dose reduction.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
These descriptive exposure-efficacy and exposure-safety results supported regu-
latory review of the brigatinib dosing regimen for first-line treatment of patients 
with ALK+ NSCLC.
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Brigatinib is rapidly absorbed following oral adminis-
tration, without clinically relevant food effects, and sys-
temic exposures increase in a dose-proportional manner 
over the 60- to 240-mg dose range.2,9,10 After administra-
tion of 180 mg q.d., the mean plasma elimination half-life 
is 25 h.9

A population pharmacokinetic (PK) analysis was con-
ducted using data from 105 healthy volunteers and 337 
patients with cancer enrolled across five clinical stud-
ies, including ALTA.11 A three-compartment model with 
transit absorption compartments best described brigatinib 
plasma concentrations following single and multiple doses. 
Covariate analyses demonstrated that age, sex, race, body 
weight, mild or moderate renal impairment, and mild he-
patic impairment had no clinically meaningful effects on 
brigatinib PKs. However, dose reduction is recommended 
for patients with severe renal12 and severe hepatic impair-
ment (Child-Pugh class C)9 based on results from dedi-
cated renal and hepatic impairment studies. Additionally, 
exposure-response analyses were previously conducted for 
efficacy and safety outcomes using phase I and II trial data 
and supported the recommended clinical dosage.3,4,13

During the review of any drug, the US Food and Drug 
Administration recommends conducting supportive 
exposure-response analyses to assess whether the ap-
proved dosing regimen and dose reduction recommen-
dations need optimization.14 Hence, exposure-response 
analysis was conducted to support brigatinib dosage in the 
first-line setting. In this study, the previously developed 
population PK model11 was applied to concentration data 
from patients receiving first-line brigatinib in ALTA-1L to 
estimate individual brigatinib PK parameters, and static 
(time-independent) and dynamic (time-varying) brigati-
nib exposure metrics were subsequently derived to eval-
uate exposure-response relationships of clinical efficacy 
outcomes, selected AEs, and time to first brigatinib dose 
reduction.

METHODS

Data collection

The population PK and exposure-response analyses evalu-
ated data from the brigatinib arm (180 mg q.d. with a 7-day 
lead-in at 90 mg q.d.) of the ALTA-1L trial (second interim 
analysis, data cutoff date: June 28, 2019).8 Data from the 
crizotinib arm (250 mg twice daily) of the study were in-
cluded only for comparison purposes in the exposure-
response analyses. Blood samples for measurement of 
brigatinib plasma concentrations were obtained predose on 
day 1 of cycle one (28 day/cycle); predose and 1, 4, and 6 
to 8 h postdose on day 1 of cycle two; and predose and any 

time between 1 and 8 h postdose on day 1 of cycles three, 
four, and five. Plasma samples were analyzed for brigatinib 
concentrations using a validated liquid chromatography/
tandem mass spectrometry assay with a lower limit of quan-
tification of 5 ng/mL. Efficacy assessments were based on 
computed tomography or magnetic resonance imaging per-
formed at screening, every 8 weeks through cycle 14, and 
then every 12  weeks through treatment discontinuation.8 
Safety data were collected as they were reported.

Population pharmacokinetic modeling and 
model evaluation

The previously developed population PK model11 was 
used for population PK analyses of ALTA-1L data. The 
previous analysis provided a robust and comprehensive 
characterization of brigatinib PK and sources of variabil-
ity. Importantly, the previous analysis included 202 pa-
tients with ALK+ NSCLC that progressed on other ALK 
TKIs, representing a similar patient population to patients 
receiving first-line brigatinib in ALTA-1L. These consid-
erations supported a Bayesian re-estimation approach for 
deriving individual brigatinib PK parameters in ALTA-1L 
using the previously reported model, and the model was 
applied without modification. In brief, the population PK 
model described brigatinib PK using a three-compartment 
model with linear distribution and elimination kinetics 
and first-order absorption preceded by a set of transit com-
partments.11 The model included albumin concentration 
as a covariate on apparent oral clearance (CL/F). Bayesian 
re-estimation was performed by setting initial model con-
ditions to values of fixed effects and random effect vari-
ances previously estimated,11 allowing for estimation of 
individual PK parameters based on the PK observations in 
the ALTA-1L dataset.

Diagnostic plots were created to compare brigatinib 
PK in patients in ALTA-1L (first-line setting) and ALTA 
(second-line setting). Prediction-corrected visual predic-
tive checks showed the model-predicted time course of 
median and 2.5 and 97.5 percentiles of predicted briga-
tinib concentrations based on 1000 simulated replicates 
of the analysis dataset overlaid with individual ALTA-1L 
data. In exploratory analyses, relationships between co-
variates of interest and model-based exposure estimates 
were evaluated using linear regression models with each 
covariate as a predictor.

Exposure-efficacy analyses

The exposure-efficacy analyses related reported efficacy 
outcomes (blinded IRC [BIRC]-assessed PFS, ORR, 



1146  |      GUPTA et al.

and iORR) to individual brigatinib exposures predicted 
using individual estimated PK parameters from the 
population PK model. Model-based estimates of CL/F 
and actual dosing history were used to derive expo-
sure metrics of interest. Several exposure metrics were 
considered, including both static and dynamic area 
under the concentration-time curve (AUC) estimates 
(Methods S1).

First, the relationship between PFS and two static expo-
sure metrics, time-averaged AUC between the last two dis-
ease assessment scans preceding progression or censoring 
and time-averaged AUC until progression, was evaluated. 
These exposure-PFS relationships were characterized by a 
proportional hazard (PH) model relating exposure to the 
hazard of PFS. The hazard function was expressed as:

where λ0 (t) is the baseline hazard function and Xi is a vector 
of predictor variables for an individual patient. The param-
eter vector β was estimated by maximum partial likelihood 
and captures the effect of exposure and/or additional covari-
ates on the hazard of disease progression.

Next, the relationship between PFS and two dynamic 
exposure metrics, daily time-varying AUC between the 
last two disease assessment scans preceding progression or 
censoring and daily time-varying AUC until progression, 
was evaluated. These analyses used a time-dependent co-
variate Cox PH model relating time-dependent exposure 
to PFS. The hazard function was expressed as:

where model parameters were as above in Equation 1, ex-
cept that exposure (AUCDt) was a time-dependent predictor 
rather than a constant for each patient.

For each static exposure-PFS analysis, Kaplan-Meier 
(KM) plots of PFS probability over time were generated 
and stratified by brigatinib exposure quartiles. Crizotinib 
PFS curves were overlaid for comparison.

For ORR and iORR, each patient was classified as a 
responder (i.e., achieving confirmed complete or par-
tial systemic ORR or iORR response) or a nonresponder. 
Relationships between ORR and iORR and brigatinib 
exposure were analyzed using two static exposure met-
rics: time-averaged AUC between the last two disease 
assessment scans preceding best confirmed response and 
time-averaged AUC until best confirmed response (ORR 
or iORR). Exposure–clinical response relationships were 
characterized by logistic regression models. Predicted lo-
gistic regression curve and observed response rate in each 
brigatinib exposure quartile or tertile (along with associ-
ated 95% CIs) were plotted.

Exposure-safety analyses

Exposure-safety relationships were characterized using 
the static exposure metric of time-averaged AUC to the 
first occurrence of an event (or to the end of treatment if 
no event). AEs of interest selected for analysis included 
eight grade two or higher AEs (increased alanine ami-
notransferase [ALT], AST, or amylase; hyperglycemia; 
hypertension; bradycardia; rash; and pulmonary events 
[pneumonitis or ILD]), five grade three or higher AEs (in-
creased CPK, AST, ALT, amylase, and lipase), and a com-
posite grade three or higher AE end point that included 
grade three or higher CPK, AST, ALT, amylase, or lipase 
elevations; hyperglycemia; hypertension; bradycardia; 
rash; and pulmonary events. An additional exposure met-
ric of time-averaged AUC across days 8 to 14 of cycle one 
was also evaluated to represent exposure early in the pe-
riod after the brigatinib dose increase from 90 to 180 mg 
q.d. in order to explore potential associations with AEs.

AEs were included in the analysis if they occurred 
any time between the first day of brigatinib dosing and 
30 days after the last dose. AEs were defined according to 
the National Cancer Institute Common Toxicity Criteria 
for Adverse Events version 4.03. The relationship between 
time-averaged exposure and AE probability was examined 
using the same logistic regression models described for 
the exposure–clinical response analyses. Probability of an 
AE was plotted against exposure, with observed probabili-
ties calculated by exposure quartiles.

The relationship between brigatinib exposure and 
time to first brigatinib dose reduction was also explored. 
A KM plot of time to first brigatinib dose reduction was 
generated, with survival curves binned by brigatinib ex-
posure quartiles, where exposure was defined as the time-
averaged AUC to the first occurrence of dose reduction.

Covariate analysis

If exposure was identified as a statistically significant 
(p  =  0.05) predictor of the efficacy or safety end point 
of interest, a covariate model was developed. Covariate 
evaluation was conducted in a stepwise manner, apply-
ing an iterative forward addition (p  <  0.05) and back-
ward elimination (p  >  0.01) model selection strategy. 
Exposure-efficacy model covariates included sex, race, 
Eastern Cooperative Oncology Group (ECOG) perfor-
mance status (0, 1, or 2), prior chemotherapy, presence of 
brain metastases, and smoking status (categorical covari-
ates) and age, and log sum of baseline target lesions (con-
tinuous covariates). Covariate analysis was not conducted 
for the exposure-efficacy model of iORR. Covariates for 
exposure-safety models included age (continuous), sex, 

(1)� (t) = �0 (t) e
�TXi

(2)� (t) = �0 (t) e
�1×AUCDt+�

TXi
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race, ECOG performance status, and prior chemotherapy 
(categorical).

Analysis software

The population PK analysis was performed using nonlin-
ear mixed effects modeling (NONMEM version 7.3; ICON 
Development Solutions, Hanover, MD, USA)15 running 
under PsN (Perl-speaks-NONMEM, version 4.8.1 or later). 
Data management, exposure-response analyses, and eval-
uation of results were performed using R (version 3.5.2 or 
higher).16

RESULTS

Datasets

In ALTA-1L, the intent-to-treat population for the brig-
atinib arm included 137 patients with ALK+  NSCLC.7,8 
Of these, 13 patients did not have quantifiable brigatinib 
concentrations and one patient did not receive brigatinib. 
Thus, 123 patients were included in the population PK 
analysis (providing a total of 1069 brigatinib PK samples) 
and in the exposure-response analyses of efficacy (PFS, 
ORR [by BIRC]) and safety. Forty-seven brigatinib-treated 
patients had intracranial central nervous system metasta-
ses by BIRC assessment at baseline, five of whom had no 
brigatinib concentration data available. Therefore, 42 pa-
tients were included in the iORR exposure-efficacy data-
set. Demographic and baseline characteristics of the 123 
PK-evaluable patients in ALTA-1L were similar to those 
of the 201 patients from ALTA included in the initial 
population PK analysis11 (Table 1).

Population pharmacokinetic 
model assessment

Model-predicted individual brigatinib concentrations 
were consistent with observed concentrations in ALTA-1L 
(Figure  S1), indicating that the population PK model 
could adequately describe observed PK data for first-line 
brigatinib in individual patients with ALK+  NSCLC. 
The conditional weighted residuals (CWRES) were nor-
mally distributed and showed no trend when related to 
population-predicted concentrations or time (Figure S2), 
further supporting the ability of the model to describe 
ALTA-1L data. Model-predicted population brigatinib 
concentrations were slightly underpredicted compared 
with observed concentrations. A prediction-corrected 
visual predictive check suggested slight underprediction 

of the data, but general agreement between predicted and 
observed concentrations (Figure S1E).

Post hoc estimates of brigatinib PK parameters were not 
meaningfully different for the ALTA-1L and ALTA popu-
lations (Table 2). The distributions (Figure 1a; Figure S3) 
of individual PK parameter estimates did not meaning-
fully differ between the two trials, further verifying the 
Bayesian re-estimation approach for obtaining individual 
PK parameters and exposure estimates using the previous 
population PK model. Daily steady-state exposure based 
on the brigatinib maintenance dose of 180 mg q.d. (AUC) 

T A B L E  1   Baseline Characteristics for patients with ALK+ 
NSCLC in ALTA-1L and ALTA

Continuous covariates, 
median (range)

ALTA−1L
n = 123

ALTA
n = 201

Age, years 57 (27–85) 53 (18–82)

Albumin, g/La 41 (24–48) 36 (20–47)

ALT, U/L 20 (5–118) 30 (5–129)

AST, U/L 20 (9–111) 26 (10–88)

Bilirubin, μmol/L 8 (3–34) 9 (1–22)

Body weight, kg 67 (43–111) 70 (41–172)

eGFR, mL/min/1.73 m2 92 (40–178) 83 (37–278)

Log sum target lesions at 
baseline, mmb

3.92 (2.34–5.4)c _

Categorical covariates, n (%)

Sex

Male 63 (51.2) 85 (42.3)

Female 60 (48.8) 116 (57.7)

Race

White 68 (55.3) 133 (66.2)

Asian 53 (43.1) 64 (31.8)

Other 2 (1.6) 4 (2.0)

ECOG status,b 0/1/2 49 (39.8)/69 
(56.1)/5 (4.1)

_

Prior chemotherapy,b No/
Yes

88 (71.5)/35 
(28.5)

_

Brain metastases at 
baseline,b No/Yes

87 (70.7)/36 
(29.3)

_

Abbreviations: ALK+, anaplastic lymphoma kinase positive; ALT, alanine 
aminotransferase; ALTA-1L, Anaplastic Lymphoma Kinase in Lung Cancer 
Trial of brigAtinib in First Line; AST, aspartate aminotransferase; ECOG, 
Eastern Cooperative Oncology Group; eGFR, estimated glomerular filtration 
rate; NSCLC, non-small cell lung cancer; PK, pharmacokinetic; U/L, units 
per liter.
aThree patients in the ALTA-1L trial were missing data on albumin.
bSum of target lesions at baseline, ECOG status, prior chemotherapy 
status, presence of brain metastases, and smoking status were included as 
covariates only in the exposure-response analyses and are therefore not 
reported for the ALTA population (which was included only for assessment 
of the population PK model).
cOne patient in ALTA-1L had missing data for log sum of target lesions at 
baseline.
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was estimated for each ALTA-1L patient. The geometric 
mean post hoc AUC (5th and 95th percentiles) was 21.3 
(10.1, 44.6) μg·h/mL.

The relationship between covariates of interest and post 
hoc AUC estimates was explored using linear regression 
models with each covariate as a predictor. None of the co-
variates examined had clinically meaningful effects on briga-
tinib exposure in ALTA-1L. For continuous covariates (age, 
estimated glomerular filtration rate, body weight, total bili-
rubin, AST, and ALT), the magnitudes of relative difference 
in predicted AUC at the 5th and 95th percentiles relative to 
the predicted AUC at the median of individual covariate 
values were all below 30% (Figure S4), well below the vari-
ability in post hoc AUC in the overall ALTA-1L population 
(5th and 95th percentiles were −60% to +263% relative to 
predicted AUC for a typical patient with an albumin level of 
41 g/L; Figure S4). Similarly, for categorical covariates (sex 
and race), the magnitude of relative difference in predicted 
AUC for each stratum within the covariate compared with 
the most common stratum was less than 20% (Figure S5). 
For all covariates, the magnitude of effect on the brigatinib 
exposures was within the overall range of exposures, con-
firming the lack of clinically meaningful effects of these co-
variates on brigatinib systemic exposure (Figure 1b).

Exposure-efficacy analysis

The exposure-efficacy analysis population included the 
123 PK-evaluable patients in ALTA-1L (Table  1). To 
evaluate the relationship between brigatinib exposure 
and PFS, a static exposure metric of time-averaged AUC 
between the last two disease assessment scans preceding 

progression or censoring was initially used. KM estimates 
of PFS plotted by exposure quartiles (Figure 2a) suggested 
that patients with higher exposure had faster onset and 
higher incidence of disease progression than those with 
lower exposure. The Cox PH model showed a significant 
relationship between the hazard of disease progression or 
death and time-averaged AUC between the last two dis-
ease assessments (HR [95% CI]: 1.03 [1.01–1.05]; p = 0.01; 
i.e., there is a 3% increase in expected hazard relative to 
a one-unit increase in exposure). The crizotinib arm was 
associated with a higher risk of disease progression com-
pared with all brigatinib exposure quartiles (Figure 2a). 
Similar exposure-PFS relationships were observed with 
the static metric time-averaged AUC until progression 
or censoring. However, no significant relationships be-
tween PFS and exposure were identified using dynamic 
exposure metrics, including daily time-averaged AUC 
between successive disease assessments preceding a PFS 
event or censoring (Cox PH ratio: 1.02 [95% CI: 1.00–
1.05], p  =  0.08) and daily time-varying AUC preceding 
progression or censoring (1.01 [0.98–1.03], p = 0.69).

Because the analysis based on static exposure metrics 
identified a statistically significant effect of exposure on 
the hazard of disease progression or death, the impact of 
covariates was assessed. Only ECOG performance status 
was a statistically significant predictor of disease progres-
sion or death (p  <  0.001); patients with baseline ECOG 
performance status 1 tended to progress faster compared 
with those with ECOG performance status 0. Other covari-
ates tested were not significant predictors, including sex 
(p = 0.101), race (White vs. others, p = 0.86), prior chemo-
therapy (p = 0.898), baseline brain metastases (p = 0.781), 
smoking history (p  =  0.077), age (p  =  0.503), and sum 

Parameter

Geometric mean (5th and 95th percentiles of 
distribution)

ALTA−1L (n = 123) ALTA (n = 201)

CL/F, L/h 8.45 (4.04, 17.8) 9.90 (4.06, 23.0)

V1/F, L 160 (69.0, 302) 199 (86.0, 468)

Q2/F, L/h 12.6 (12.6, 12.6) 12.6 (12.6, 12.6)

V2/F, L 118 (46.5, 283) 124 (78.3, 259)

Q3/F, L/h 2.67 (2.67, 2.67) 2.67 (2.67, 2.67)

V3/F, L 78.5 (78.5, 78.5) 78.5 (78.5, 78.5)

Transit compartments, n 2.76 (1.71, 5.37) 2.72 (1.85, 4.46)

Mean transit time, h 1.01 (0.538, 2.36) 0.998 (0.584, 1.92)

Albumin covariate effect on CL/F 1.03 (0.874, 1.13) 0.939 (0.758, 1.09)

Abbreviations: ALTA-1L, Anaplastic Lymphoma Kinase in Lung Cancer Trial of brigAtinib in 
First Line; CL/F, apparent oral clearance from the central compartment; PK, pharmacokinetic; 
Q2/F, intercompartmental clearance between the central and first peripheral compartments; Q3/F, 
intercompartmental clearance between the central and second peripheral compartments; V1/F, apparent 
central volume of distribution; V2/F, apparent volume of distribution of the first peripheral compartment; 
V3/F, apparent volume of distribution of the second peripheral compartment.

T A B L E  2   PK parameter estimates for 
patients from ALTA-1L and ALTA based 
on the population PK model
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of target lesion at baseline (p = 0.039). After addition of 
ECOG performance status to the model, the static expo-
sure effect remained statistically significant.

Exposure-response relationships for ORR and iORR 
were evaluated using two static exposure metrics. Logistic 
regression analyses did not show a significant relation-
ship between the probability of achieving ORR and time-
averaged brigatinib AUC between the last two disease 
assessments preceding the best confirmed objective re-
sponse (odds ratio: 0.97 [95% CI: 0.93–1.01], p  =  0.108; 
Figure  2b) or time-averaged AUC until the first best 

confirmed response (0.97 [0.94–1.01], p = 0.13). A signifi-
cant relationship was identified between the probability of 
achieving iORR and time-averaged brigatinib AUC between 
the last two disease assessments preceding best confirmed 
intracranial response (odds ratio: 1.13 [95% CI: 1.01–1.28], 
p = 0.049; Figure 2c), corresponding to estimated proba-
bilities of response of 0.58, 0.83, and 0.99 at the 5th, 50th, 
and 95th exposure percentiles following 180  mg dosing. 
Additional covariate analysis of the iORR model did not 
identify any covariates as significantly affecting iORR, 
whereas the effect of brigatinib exposure remained signifi-
cant. No significant relationship was observed between the 
probability of iORR and time-averaged AUC until the first 
best confirmed response (1.09 [0.98–1.23], p = 0.15).

Exposure-safety analysis

The relationship between brigatinib exposure and the 
incidence of AEs of interest in ALTA-1L (Table 3) was 

F I G U R E  1   (a) Histogram comparing individual CL/F 
estimates between ALTA-1L and ALTA. To further justify the 
ability of the model to accurately predict exposure in patients in 
ALTA-1L, distributions of post hoc CL/F estimates were compared 
for patients in ALTA and ALTA-1L. CL/F estimates were similar 
between the trials, confirming that the Bayesian re-estimation 
approach was an appropriate method to obtain individual CL/F 
and post hoc exposure estimates for patients in ALTA-1L. (b) 
Brigatinib exposure (AUC) following 180 mg once daily stratified 
by covariates of interest. The relationship between covariates 
(continuous: age, body weight, ALT, AST, bilirubin, and eGFR; 
categorical: sex and race) and model-based exposure estimates 
was explored using linear regression models with each covariate 
as a predictor. Comparison of post hoc brigatinib AUC confirmed 
the lack of clinically meaningful effects of the covariates on 
brigatinib systemic exposure compared with overall exposure 
variability. Black vertical line and values at the base of the figure 
refer to the predicted AUC of brigatinib in a typical patient 
with baseline albumin of 41 g/dL. Black shaded bar illustrates 
the 5th to 95th percentile exposure range across the entire 
population expressed as a ratio relative to the reference exposure 
in a typical patient. Blue shaded bar represents the influence of 
baseline albumin on exposure. Lines above the blue shaded bar 
represent the different groups for the covariates listed at the left. 
For continuous covariates, the two dots represent the ratio of 
exposure of the 95th percentile covariate value versus the median 
and 5th percentile versus the median. For categorical covariates, 
dots represent the ratio of exposure of the categories versus the 
reference (most common) category. The horizontal bars on the two 
sides of the dots represent the corresponding 90% CI. A, Asian; 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
AUC, area under the concentration-time curve; BILI, bilirubin; 
CI, confidence interval; CL/F, apparent oral clearance from the 
central compartment; eGFR, estimated glomerular filtration rate; F, 
female; M, male; W, White
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explored. Logistic regression analysis using the static ex-
posure metric of time-averaged brigatinib AUC to first 
occurrence of an event did not show a trend for a re-
lationship with the AEs evaluated (Figures S6 and S7), 
with the exception of weak trends for grade ≥3 lipase 
increase (estimated odds ratio: 1.03 [95% CI: 0.99–1.07], 
p  =  0.146) and grade ≥2 amylase increase (1.04 [0.99–
1.09], p = 0.094).

Use of a different static exposure metric, time-
averaged AUC across days 8 to 14 of cycle one (i.e., 

F I G U R E  2   Exposure-efficacy analyses. (a) Kaplan-Meier 
probability of PFS by simulated brigatinib exposure quartiles. To 
evaluate the relationship between brigatinib exposure and PFS, a 
static exposure metric of time-averaged AUC between the last two 
disease assessment scans preceding progression or censoring was 
used. PFS KM estimates plotted by exposure quartiles suggested 
that patients with higher exposure had faster onset and higher 
incidence of disease progression than those with lower exposure. 
Values for the crizotinib arm of the study are superimposed; 
however, no exposure values were available for crizotinib. For 
median PFS values, NA indicates that the probability of having 
no disease progression or death has not yet gone beyond 0.50 
and hence the median survival time cannot be determined. 
aSimulated exposure metric is time-averaged AUC between the 
last two disease assessment scans preceding progression for PFS 
or censoring. Observed incidence and model-predicted probability 
of (b) ORR and (c) iORR as a function of brigatinib exposure. The 
relationships between ORR and iORR and brigatinib exposure 
were analyzed using the static exposure metric of time-averaged 
AUC between the last two disease assessment scans preceding 
best confirmed response. The probability of response was plotted 
against predicted exposure values, and probabilities were calculated 
by observed exposure quartiles or tertiles. Exposure–clinical 
response relationships were characterized by logistic regression 
models, which did not show a significant relationship between the 
probability of achieving ORR and time-averaged brigatinib AUC 
between the last two disease assessment scans preceding the best 
confirmed objective response. In contrast, time-averaged brigatinib 
AUC between the last two disease assessment scans preceding 
best confirmed intracranial response was a statistically significant 
predictor of iORR in patients with brain metastases at baseline. 
Dotted curves represent the 95% CI of the logistic regression model 
prediction. The horizontal black line separated by vertical black 
solid lines denotes the brigatinib exposure range in each quartile 
(ORR) and tertile (iORR). Black dots (vertical lines) represent the 
observed proportion of patients (95% CI) in each quartile (ORR) 
and tertile (iORR). n/N is the number of patients with events/
total number of patients in each quartile (ORR) and tertile (iORR). 
Grey open circles represent observed individual data. AUC, area 
under the concentration-time curve; CI, confidence interval; KM, 
Kaplan-Meier; iORR, intracranial objective response rate; NA, 
not available; Obs, observed; ORR, objective response rate; PFS, 
progression-free survival
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the week after dose increase from 90 to 180  mg q.d.) 
demonstrated significant relationships between expo-
sure and grade ≥3 lipase and grade ≥2 amylase increase 
(Figure 3a,b). Odds ratios corresponding to an increase 
in brigatinib exposure of 1  µg·h/mL/day for grade ≥3 
lipase and grade ≥2 amylase increases were 1.05 (95% 
CI: 1.00–1.10; p  =  0.039) and 1.06 (95% CI: 1.01–1.11, 
p = 0.016), respectively.

The relationship between brigatinib time-averaged 
AUC and likelihood of dose reduction was explored. 
KM plots of dose reduction probability and exposure 
quartiles did not show a discernible effect of brigati-
nib exposure on time to first brigatinib dose reduction 
(Figure 3c).

DISCUSSION

A previously developed population PK model11 to-
gether with brigatinib concentration data from patients 
with ALK+  NSCLC receiving first-line brigatinib in the 
ALTA-1L trial were leveraged to obtain post hoc PK pa-
rameters. The individual-predicted concentrations were 
consistent with observed concentrations from ALTA-1L. 
Observed and population-predicted ALTA-1L PK profiles 
were slightly higher compared with those for second-line 
treatment in ALTA, but exposures were largely overlap-
ping. Furthermore, the absence of a trend in CWRES 

changes over time confirmed no apparent change in CL/F 
over time. Consistent with previous results,11 analysis of 
ALTA-1L data showed no clinically meaningful effects of 
the covariates evaluated on brigatinib exposure, further 
supporting the lack of a need for brigatinib dosage adjust-
ment for patients with mild or moderate renal or hepatic 
impairment,9 as well as based on age, sex, race, or body 
weight. However, for patients with severe renal and he-
patic impairment, the brigatinib dose should be reduced 
based on results of dedicated PK studies.9,12 ALTA-1L 
was a multiregional clinical trial, and the demonstration 
of consistent systemic brigatinib exposures in Asian and 
White races (Figure S5B) provides further evidence that 
brigatinib PK is not sensitive to ethnic factors.11 Taken 
together with the lack of discernible exposure-safety rela-
tionships observed in our analyses, these findings support 
an overall assessment of low ethnic sensitivity of brig-
atinib, of importance to informing scientifically guided 
Asia-inclusive development and use.17,18

Results of exposure-PFS analyses based on static expo-
sure metrics suggested a pharmacologically inconsistent 
positive relationship between increasing brigatinib ex-
posure and risk of disease progression or death. Similar 
results were observed when a static exposure metric 
(average trough concentration) was used in exposure-
efficacy analyses of another ALK inhibitor, ceritinib.19 
These results were attributed to patients having higher 
drug concentrations in earlier versus later cycles because 
of increased dose reductions and interruptions with lon-
ger treatment duration.19 In ALTA-1L, the median time 
to first brigatinib dose reduction was ~ 2  years, while 
the median PFS appears to be 2  years or longer.8 Thus, 
patients with longer PFS have a higher likelihood of a 
dose reduction, in which case analyses based on time-
independent exposure metrics may lead to biased results. 
When time-varying exposure metrics that better account 
for dose adjustments were used, brigatinib exposure was 
not a significant predictor of PFS. This contrasts with the 
previous brigatinib exposure-response analysis of patients 
with refractory ALK+ NSCLC in the phase I/II and ALTA 
trials showing that increasing daily time-varying brigati-
nib AUC was a significant predictor of improved PFS.13,19 
The lack of a similar exposure-response relationship in 
ALTA-1L may be attributable to the availability of data 
from only one dose level for the current analysis, whereas 
data from multiple dose levels (including 90 and 180 mg 
q.d. [7-day lead-in at 90 mg] in ALTA) were used in the 
earlier analysis. However, similar results were reported 
for ceritinib and alectinib.19,20 Use of a time-dependent 
exposure metric for ceritinib suggested a nonsignificant 
relationship between ceritinib exposure and risk of dis-
ease progression (HR: 1.04 [95% CI: 0.92–1.17]).19 For 
alectinib, a time-independent measure (median observed 

T A B L E  3   Incidence of grade ≥2 and grade ≥3 AEs of interest 
evaluated in the exposure-safety analyses

Brigatinib
(n = 123)

Grade ≥3, n (%) Grade ≥2, n (%)

Any AEa 64 (52.0) –

Hypertension – 38 (30.9)

CPK increase 32 (26.0) –

Lipase increase 22 (17.9) –

Rash – 15 (12.2)

Amylase increase 10 (8.1) 24 (19.5)

ALT increase 6 (4.9) 18 (14.6)

AST increase 5 (4.1) 10 (8.1)

Bradycardia – 2 (1.6)

Hyperglycemia – 2 (1.6)

Pulmonary AEsb – 2 (1.6)

Note: Data are reported as the number of patients (%).
Abbreviations: AE, adverse event; ALT, alanine aminotransferase; AST 
aspartate aminotransferase; CPK, creatine phosphokinase.
aAny grade ≥3 AE included CPK, AST, ALT, amylase, lipase, hyperglycemia, 
hypertension, bradycardia, rash, and pulmonary events.
bPulmonary AEs include pneumonitis and interstitial lung disease.
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steady-state trough concentrations) was not a significant 
predictor of overall survival in patients with crizotinib-
resistant ALK+ NSCLC.20

The approaches used in our exposure-response anal-
yses for brigatinib in ALTA-1L are in line with methods 

commonly applied in evaluation of exposure-response 
relationships in oncology drug development.21–25 
Nevertheless, it should be noted that a limitation of 
exposure-PFS analyses is that the impact of immortal time 
bias remains unknown, a potential confounding factor 
that should be recognized in exposure-response analyses 
of time-to-event end points. Nevertheless, the consistent 
lack of a discernible exposure-related increase in PFS 
across the different dynamic methods/exposure metrics 
applied in our analyses supports a generally consistent bri-
gatinib PFS benefit across the range of exposures achieved 
in this population at the recommended dosage.

In the exposure–clinical response analyses, brigatinib 
exposure was not a significant predictor of ORR. However, 
a significant relationship was observed between brigatinib 
exposure and iORR, with higher exposure associated with 
higher iORR. These results support escalation to 180 mg 
q.d. for patients tolerating the 7-day lead-in at 90 mg q.d. 
Brigatinib 180 mg q.d. provides substantial intracranial ef-
ficacy with high response rates that are durable.6 In the 
second ALTA-1L interim analysis, first-line brigatinib 
resulted in an iORR of 78% in patients with measurable 
baseline brain metastases compared with 26% for crizo-
tinib.8 The 2-year intracranial PFS rate for patients with 
any baseline brain metastases was 48% for brigatinib and 
15% for crizotinib.

The only AEs significantly associated with brigatinib 
exposure were grade ≥3 lipase and grade ≥2 amylase in-
creases. The incidences of any-grade AEs of elevated 

F I G U R E  3   Exposure-safety analyses. Observed incidence 
and predicted probability of (a) grade ≥3 lipase increase and (b) 
grade ≥2 amylase increase as a function of brigatinib exposure. 
The relationship between time-averaged AUC across days 8 to 
14 of cycle one and AE probability was examined using logistic 
regression models. The analysis demonstrated a statistically 
significant relationship between exposure and grade ≥3 lipase 
increase and grade ≥2 amylase increase. (c) Kaplan-Meier 
estimates for time to first brigatinib dose reduction stratified by 
time-averaged AUC quartiles. To explore the relationship between 
brigatinib exposure and dose reductions, KM plots of time to first 
brigatinib dose reduction were generated for brigatinib exposure 
(time-averaged AUC to the first occurrence of a dose reduction) 
quartiles. No discernible effect of brigatinib exposure on time to 
first brigatinib dose reduction was noted. Values for the crizotinib 
arm of the study are superimposed; however, no exposure values 
were available for crizotinib. Dotted curves represent the 95% CI 
of the logistic regression model prediction. The horizontal black 
line separated by vertical black solid lines denotes the brigatinib 
exposure range in each quartile. Black dots (vertical lines) represent 
the observed proportion of patients (95% CI) in each quartile. n/N is 
the number of patients with events/total number of patients in each 
quartile. Grey open circles represent observed individual data. AE, 
adverse event; AUC, area under the concentration-time curve; CI, 
confidence interval; KM, Kaplan-Meier; Obs, observed
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lipase and amylase ranged from 17% to 23% and 15% to 
18% in ALTA and ALTA-1L, respectively.4,5,7,8 Among 
other ALK inhibitors, ceritinib is associated with a higher 
frequency of elevated amylase and lipase compared with 
crizotinib and alectinib.26 A relationship between CPK el-
evations and brigatinib exposure was not identified in the 
exposure-safety analyses, and elevated CPK was not asso-
ciated with the frequency or severity of myalgia or mus-
culoskeletal pain.7,8 In the current analysis as first-line 
therapy, exposure did not have a discernible relationship 
with time to first brigatinib dose reduction.

A potential limitation of this study is the narrow dose 
range used in ALTA-1L, as all patients started brigatinib at the 
same dose. However, a previous exposure-response analysis 
that included a broader range of doses established exposure-
response relationships for brigatinib.13 Although the narrow 
dose range in this analysis may have limited our ability to 
detect significant relationships, it did reveal a trend for a re-
lationship between AE incidence and exposure. Despite the 
lack of a wide dose range, exposure-response analyses can 
still provide important supportive evidence of a potential ef-
ficacy plateau and/or increasing toxicity with higher doses.

CONCLUSIONS

Brigatinib PK in patients receiving first-line brigatinib 
was similar to that observed for second-line brigatinib. No 
significant relationship was observed between increasing 
brigatinib exposure and improved PFS or ORR. However, 
higher brigatinib exposure was associated with higher 
intracranial ORR. With the exceptions of grade ≥3 lipase 
and grade ≥2 amylase elevations, there were no significant 
relationships between brigatinib exposure and AE inci-
dence or time to first dose reduction.
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