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minimum concentration (Cmin) and area under the concentra-
tion–time curve from time zero to day 21 of T-DM1 at cycle 
1] and multiple efficacy (OS, PFS, objective response rate) 
and safety (grade ≥ 3 adverse events, grade ≥ 3 thrombocy-
topenia, grade ≥ 3 hepatotoxicity) endpoints.
Results An apparent exposure–response trend was 
observed between model-predicted exposure metrics and 
efficacy; trends for observed exposure metrics were shal-
lower and often not significant. Although median OS and 
PFS were numerically longer in patients with higher ver-
sus lower model-predicted cycle 1 Cmin, OS and PFS haz-
ard ratios for T-DM1-treated patients in the lowest expo-
sure quartile (Q1) versus control were < 1 after adjusting 
for baseline risk factors (e.g., ECOG status, tumor burden, 
measurable disease, and number of disease sites). No mean-
ingful exposure–response relationship was observed for any 
safety endpoints.
Conclusion Exposure–response relationships for efficacy 
were inconsistent across exposure metrics; model-predicted 
cycle 1 Cmin showed the strongest exposure–response trend. 
The Q1 subgroup based on model-predicted cycle 1 Cmin 
had numerically similar or better OS and PFS versus control 
following covariate adjustment. The approved T-DM1 dose 
(3.6 mg/kg every 3 weeks) has a positive benefit–risk ratio 
versus control, even for the T-DM1 Q1 subgroup.

Keywords Trastuzumab emtansine (T-DM1) · Exposure–
response relationship · Pharmacokinetics · Antibody–drug 
conjugate (ADC) · Metastatic breast cancer · Human 
epidermal growth factor receptor 2 (HER2)

Abstract 
Purpose In the phase III EMILIA study, trastuzumab 
emtansine (T-DM1) significantly improved progression-
free survival (PFS) and overall survival (OS) versus capecit-
abine plus lapatinib (control) in previously treated human 
epidermal growth factor receptor 2-positive advanced breast 
cancer. Using EMILIA data, we evaluated the T-DM1 expo-
sure–response relationship.
Methods Exposure–response relationships were examined 
with four exposure metrics [model-predicted and observed 
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Introduction

Trastuzumab emtansine (T-DM1) is an antibody-drug con-
jugate comprised of the humanized anti-human epidermal 
growth factor receptor 2 (HER2) antibody trastuzumab con-
jugated to the highly potent microtubule-disrupting agent 
DM1 via a stable thioether linker. T-DM1 delivers DM1 
selectively to tumor cells that overexpress HER2. Following 
binding to the HER2 receptor, T-DM1 is internalized; sub-
sequent lysosomal degradation leads to the release of DM1, 
which inhibits cell division and growth and causes cell death 
[1]. T-DM1 and trastuzumab have similar binding affinities 
for HER2, and like trastuzumab, T-DM1 inhibits HER2 
signaling and shedding and activates antibody-dependent 
cellular cytotoxicity [2].

The pharmacokinetics of T-DM1 and relevant analytes 
(total trastuzumab and DM1) after T-DM1 dosing were 
characterized in phase I–III studies [3, 4]. Phase I data sug-
gested that the main analyte of interest, T-DM1 conjugate, 
exhibits faster clearance at doses ≤ 1.2 mg/kg and dose-
independent pharmacokinetics at doses ≥ 2.4 mg/kg admin-
istered every 3 weeks (q3w) [5]. The maximum tolerated 
dose for T-DM1 administered every 3 weeks (3.6 mg/kg 
q3w) was also identified in this study [5]. In phase II and 
phase III studies with T-DM1 3.6 mg/kg q3w, linear phar-
macokinetic characteristics with no apparent target-mediated 
elimination were confirmed, and no significant accumulation 
was observed upon repeated q3w dosing, consistent with the 
terminal half-life of T-DM1 (approximately 4 days) [3]. A 
population pharmacokinetic model was developed to fur-
ther characterize the pharmacokinetics of T-DM1 conjugate 
based on single-agent T-DM1 pharmacokinetic data across 
phase I–III studies, including the EMILIA study [6]. T-DM1 
conjugate pharmacokinetics at the clinical dose range were 
adequately described by a linear two-compartment model, 
with first-order elimination from the central compartment. 
Over 30 covariates considered likely to impact T-DM1 con-
jugate exposure were tested. Body weight, sum of longest 
dimension of target lesions, serum HER2 shed extracellular 
domain concentration (HER2 ECD), baseline serum aspar-
tate aminotransferase (AST), serum albumin, and baseline 
trastuzumab levels were identified as statistically significant 
covariates for T-DM1 pharmacokinetics.

The efficacy and safety of T-DM1 were assessed in the 
randomized phase III EMILIA study, which compared 
single-agent T-DM1 (3.6 mg/kg q3w) with active control 
treatment (capecitabine plus lapatinib) in patients with 
HER2-positive locally advanced or metastatic breast can-
cer previously treated with trastuzumab and a taxane [7]. 
Compared with capecitabine plus lapatinib, treatment 
with T-DM1 resulted in statistically significant benefits 
in progression-free survival [PFS; median, 9.6 versus 
6.4 months; hazard ratio (HR), 0.65; 95% confidence 

interval (CI), 0.55–0.77; P < 0.001] and overall survival 
(OS; median, 30.9 versus 25.1 months; HR, 0.68; 95% CI, 
0.55–0.85; P < 0.001). T-DM1 was also associated with a 
numerically lower incidence of grade ≥ 3 adverse events 
(41 versus 57%). The most common grade ≥ 3 events in 
T-DM1-treated patients were thrombocytopenia (12.9%) 
and elevated serum concentrations of AST (4.3%) and ala-
nine aminotransferase (ALT; 2.9%). Based on these data, 
T-DM1 was approved for the treatment of HER2-positive 
metastatic breast cancer previously treated with trastu-
zumab and a taxane (separately or in combination) by the 
United States Food and Drug Administration (FDA) in 
2013. T-DM1 has since been approved in other countries, 
including the European Union, Canada, Switzerland, and 
Japan.

An exposure–response analysis of EMILIA study data 
found that higher T-DM1 exposure, as quantified by the 
population pharmacokinetic model-predicted minimum con-
centration (Cmin) of T-DM1 at cycle 1, was associated with 
improved efficacy [8]. It was considered that there might be 
an opportunity to optimize T-DM1 dose in patients who have 
low exposure following administration of the approved dose 
[8]. Notably, model-predicted Cmin at cycle 1 was the only 
exposure metric assessed in the analysis, and it was exam-
ined as a categorical (quartile) rather than continuous vari-
able. The present report sought to (1) evaluate the robust-
ness of the exposure–response relationship for T-DM1 using 
multiple methodologies and exposure metrics; (2) assess the 
benefit–risk ratio of T-DM1 in patients with low T-DM1 
exposure relative to treatment with capecitabine plus lapa-
tinib; and (3) assess the feasibility of consistently and reli-
ably identifying patients who are likely to have low T-DM1 
exposure with the approved dose.

Materials and methods

Patients and study design

EMILIA (NCT00829166) was a randomized, multicenter, 
open-label, phase III trial comparing T-DM1 with capecit-
abine plus lapatinib in patients with centrally confirmed 
HER2-positive, unresectable, locally advanced or metastatic 
breast cancer previously treated with both trastuzumab and 
a taxane (separately or in combination). The co-primary 
efficacy endpoints were PFS and OS. Blood samples were 
collected from T-DM1-treated patients prior to dosing and 
30 min post-infusion in cycles 1, 2, 4, 6, 8, 12, and 16; addi-
tional blood samples were collected on days 8 and 15 in 
cycles 1 and 4. T-DM1 conjugate and relevant analytes in 
serum or plasma were quantified using validated assays [9]. 
EMILIA was conducted in accordance with Good Clinical 
Practice guidelines and the Declaration of Helsinki. The 



1081Cancer Chemother Pharmacol (2017) 80:1079–1090 

1 3

study protocol was approved by the institutional review 
board/ethics committee at each participating center, and all 
participants provided written informed consent [7].

Exposure–response analyses

The following endpoints were examined in the expo-
sure–response analyses: OS, independent review commit-
tee (IRC)-assessed PFS, IRC-assessed objective response 
rate (ORR), any grade ≥ 3 treatment-related adverse event, 
grade ≥ 3 thrombocytopenia, and grade ≥ 3 hepatotoxicity. 
Adverse events were graded in accordance with the National 
Cancer Institute Common Terminology Criteria for Adverse 
Events, version 3.0 [10]. Thrombocytopenia and hepatotox-
icity were selected, because they are the most commonly 
reported grade ≥ 3 events associated with T-DM1 treat-
ment. Four exposure metrics of T-DM1 conjugate, the key 
analyte of interest, were analyzed: model-predicted Cmin 
(at a nominal time of 504 h) and area under the concentra-
tion–time curve from time zero to day 21 (AUC) at cycle 
1 and observed Cmin and AUC (from time zero to day 21) 
at cycle 1. Model-predicted Cmin and AUC at cycle 1 were 
estimated from a published population pharmacokinetic 
model of T-DM1 [6]. This model was developed using data 
from 671 T-DM1-treated patients (including patients from 
EMILIA study) and was shown to accurately predict T-DM1 
conjugate concentrations with minimal bias (mean predic-
tion error of 2.70% in a validation dataset) [6]. Observed 
exposure metrics at cycle 1 were calculated via non-com-
partmental analysis using WinNonLin® 5.2.1 in the Phoe-
nix® Knowledgebase Server™ (Certara, Princeton, NJ). 
Observed exposure metrics from cycle 1 were selected for 
the assessment of potential exposure–response relationships 
for the following reasons (1) given that the elimination half-
life of T-DM1 is 3–4 days [3, 5], cycle 1 exposure represents 
steady state, and (2) use of exposure data from cycle 1 limits 
the bias that may result from excluding patients who discon-
tinue study treatment because of disease progression or tox-
icity. Exposure–response analyses with observed exposure 
metrics for total trastuzumab and DM1 were also explored; 
the methods used and results obtained from theses analyses 
have been presented previously [11, 12].

Two tiers of baseline covariates were applied in the expo-
sure–response analyses. Tier 1 covariates matched those 
used in the FDA exposure–response analysis [8]: Eastern 
Cooperative Oncology Group (ECOG) performance status, 
HER2 ECD category (≥ median versus < median), tumor 
burden category (non-measurable disease versus measurable 
disease with tumor burden ≥ median versus measurable dis-
ease with tumor burden < median), number of disease sites, 
prior anthracycline use, prior trastuzumab use, and pres-
ence/absence of visceral disease. Tier 2 covariates included 
demographic variables, disease-related risk factors, and 

other clinically relevant factors related to efficacy or safety 
that were not included in Tier 1: HER2 ECD value (analyzed 
as a continuous variable), race (Asian versus non-Asian), 
age, presence/absence of liver metastases, AST, ALT, total 
bilirubin, albumin, alkaline phosphatase, platelet count, and 
world region.

In the Kaplan–Meier analyses of OS and PFS, T-DM1-
treated patients were stratified by quartile of exposure met-
ric. All patients from the capecitabine-plus-lapatinib treat-
ment arm were included in these analyses. The HR for each 
T-DM1 exposure quartile relative to capecitabine plus lapat-
inib (with or without adjusting for Tier 1 baseline covariates) 
was estimated using Cox proportional-hazards modeling. 
T-DM1 exposure metrics were also analyzed as continuous 
variables in multivariate Cox proportional-hazards models 
of OS and PFS and logistic regression models of ORR, any 
grade ≥ 3 adverse event, grade ≥ 3 thrombocytopenia, and 
grade ≥ 3 hepatotoxicity. All Tier 1 and 2 covariates were 
included in the covariate testing. A two-step, forward-selec-
tion (P < 0.10) and backward-elimination method (P < 0.05) 
was used for covariate selection. The exposure metrics were 
included in the models, regardless of significance. As no 
adjustments were made for multiplicity, the P values pro-
vided are descriptive only. The analyses were performed 
using the Cox proportional hazards or generalized linear 
model functions in Splus 8.2 (SolutionMetrics, Sydney, 
Australia).

Case-matching analysis

Case-matching analysis was conducted to compare OS and 
PFS in the lowest T-DM1 exposure quartile (Q1) of model-
predicted Cmin at cycle 1 with matched patients from the 
capecitabine-plus-lapatinib treatment arm. Propensity scores 
were used for optimal matching [13, 14] and were calculated 
via the R package “MatchIt” [15]. The matching algorithm 
was a one-to-one, nearest-neighbor, caliper-matching algo-
rithm based on propensity scores [16]. Covariates selected 
for matching included ECOG performance status, pres-
ence/absence of visceral disease, measurable disease status, 
tumor burden, number of disease sites, prior anthracycline 
use, prior trastuzumab use, HER2 ECD, world region, pres-
ence/absence of liver metastases, age, race, AST, presence/
absence of brain metastases, and presence/absence of bone 
metastases. OS and PFS HRs for the comparison of patients 
in the T-DM1 Q1 subgroup with matched controls were esti-
mated using Cox proportional-hazards modeling following 
adjustment for baseline covariates.

Identifying patients with low T-DM1 exposure

The feasibility of identifying patients with low T-DM1 expo-
sure (defined as the Q1 subgroup based on model-predicted 
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Cmin at cycle 1) was assessed via (1) baseline patient char-
acteristics and (2) therapeutic drug monitoring. To maxi-
mize the probability of correctly identifying the majority 
of patients in the Q1 subgroup (i.e., sensitivity), and to 
minimize the probability of misidentifying those in the true 
Q2–Q4 subgroup as belonging to the Q1 subgroup based 
on select criteria [i.e., 1-positive predictive value (PPV)], a 
sensitivity of > 70% and a PPV of > 70% were selected as 
reasonably conservative thresholds.

Based on the historical population pharmacokinetic 
model [6], the following patient characteristics were deemed 
to be of exposure relevance and selected for the feasibil-
ity analysis: HER2 ECD, tumor burden, AST, albumin, and 
baseline trastuzumab concentration. Body weight was not 
included, because T-DM1 is already dosed in accordance 
with body weight (3.6 mg/kg), and dosing by body weight 
results in a similar Cmin across body weights. In addition, 
recursive partitioning (Tree method) and receiver operat-
ing characteristic (ROC) analyses supported the selection 
of the above five baseline patient characteristics [17]. The 
sensitivity and PPV of a wide range of cutoffs (over the 
5th–95th percentiles of the observed value) for individual 
baseline patient characteristics and combinations of base-
line patient characteristics were determined. For therapeutic 
drug monitoring, observed Cmin at cycle 1 was evaluated for 
a range of concentration cutoffs (0.1–3.0 µg/mL in incre-
ments of 0.05 µg/mL). The robustness of cutoffs achieving 
a sensitivity > 70% and PPV > 70% was assessed by a boot-
strap resampling of the EMILIA study population (N = 1000 
replications).

Results

Patient population and pharmacokinetic samples

A total of 991 patients were enrolled in EMILIA, of which 
490 were treated with T-DM1 and 488 were treated with 
capecitabine plus lapatinib; 13 patients were not treated. 
Of the 490 T-DM1-treated patients, at least one serum or 
plasma sample was collected from 350 (71%) patients. 
Model-predicted Cmin and AUC of T-DM1 at cycle 1 were 
available for 334 (68%) patients. Observed Cmin and AUC at 
cycle 1 were available for 311 (63%) and 291 (59%) T-DM1-
treated patients, respectively. Baseline characteristics in this 
subset of EMILIA study participants were similar to those 
reported for the intent-to-treat population [7].

The baseline characteristics of patients stratified by 
quartile of model-predicted Cmin at cycle 1 are summarized 
in Table 1. Patients in the lowest exposure quartile (Q1) 
tended to have worse disease status (numerically higher 
HER2 ECD, tumor burden, ECOG performance status, and 

number of disease sites) than those in the Q2–Q4 subgroups. 
Similar trends were seen for other T-DM1 exposure metrics 
(data not shown).

Exposure–response analyses of OS and PFS

The Kaplan–Meier curves for OS and PFS stratified by 
T-DM1 exposure quartiles for each of the four analyzed 
exposure metrics are shown in Fig. 1a, b, respectively. The 
exposure–response relationships across the four analyzed 
exposure metrics were not consistent. As shown in Fig. 1a, 
increasing exposure quartiles of model-predicted Cmin and 
AUC at cycle 1 and observed Cmin at cycle 1 were associated 
with numerical increases in median OS, but this trend was 
not seen with observed AUC at cycle 1. Similarly, numerical 
increases in median PFS were seen with increasing expo-
sure quartiles for model-predicted Cmin at cycle 1, but not 
model-predicted AUC at cycle 1, observed Cmin at cycle 1, 
or observed AUC at cycle 1 (Fig. 1b).

Likewise, the unadjusted OS and PFS HR plots for each 
T-DM1 exposure quartile relative to capecitabine plus lapa-
tinib showed that there was no consistency in the strength 
of the exposure–response relationships across the four 
exposure metrics. Model-predicted Cmin at cycle 1 showed 
the strongest exposure–response trend, with the unadjusted 
HRs for OS and PFS decreasing numerically with increas-
ing exposure quartiles. Model-predicted AUC at cycle 1 and 
the observed exposure metrics exhibited shallower expo-
sure–response trends (Fig. 2a).

Given that the numerical differences in survival across 
exposure quartiles may have been confounded by imbal-
ances in baseline characteristics (Table 1), multivariate 
Cox proportional-hazards modeling was conducted to fur-
ther assess the exposure–response relationship. As shown in 
Fig. 2a, the apparent inconsistencies in the strength of the 
exposure–response relationships across the four exposure 
metrics was maintained even after adjusting for baseline 
risk factors. Relative to the unadjusted models, the appar-
ent exposure–response trends appeared to be shallower in 
the adjusted models for all exposure metrics. The statisti-
cal significance of the exposure–response relationships was 
assessed via multivariate Cox proportional-hazards models 
in which each exposure metric was analyzed as a continuous 
variable. In the unadjusted models, all four exposure metrics 
were statistically significantly associated with OS and PFS 
(P < 0.001; Table 2). However, after adjusting for baseline 
risk factors, only model-predicted Cmin and AUC at cycle 1 
continued to be significantly associated with OS and PFS 
(P < 0.05); no significant relationship was found between 
the observed exposure metrics and OS and PFS (Table 2). 
The baseline risk factors that most commonly had a signifi-
cant association with OS and PFS were ECOG performance 
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status, tumor burden, and number of disease sites (P < 0.05). 
HER2 ECD was identified as an additional significant risk 
factor for OS (P < 0.05).

Assessment of efficacy benefit 
for patients with low T-DM1 exposure 
versus capecitabine-plus-lapatinib-treated patients

In the Kaplan–Meier analysis in which T-DM1-treated 
patients were stratified by model-predicted Cmin at cycle 

Table 1  Summary of baseline covariates in T-DM1-treated patients by quartile of model-predicted Cmin at cycle 1 and in capecitabine-plus-
lapatinib-treated patients

ALP alkaline phosphatase, ALT alanine aminotransferase, AST aspartate aminotransferase, Cmin minimum concentration, ECOG Eastern Coop-
erative Oncology Group, HER2 ECD human epidermal growth factor receptor 2 extracellular domain, N/A not applicable, PK pharmacokinetic, 
Q quartile, SD standard deviation
a T-DM1-treated patients with available model-predicted Cmin at cycle 1
b Patients with missing covariates were excluded

Characteristic Capecitabine plus 
lapatinib (control)

T-DM1

PK-evaluablea Q1 Q2 Q3 Q4

Nb 488 334 84 83 83 84
Mean age, years (SD) 53 (11) 52 (11) 53 (10) 52 (12) 52 (11) 51 (11)
Mean albumin, g/L (SD) 41 (4) 41 (4) 40 (5) 41 (4) 42 (4) 42 (4)
Mean HER2 ECD, ng/mL (SD) 60 (121) 91 (279) 209 (498) 79 (183) 36 (57) 38 (56)
Mean AST, U/L (SD) 29 (15) 29 (15) 36 (21) 29 (13) 26 (10) 25 (8)
Mean ALT, U/L (SD) 26 (16) 28 (19) 32 (25) 27 (18) 29 (20) 24 (12)
Mean ALP, U/L (SD) 101 (75) 96 (63) 114 (83) 103 (78) 86 (35) 82 (38)
Mean platelets,  103 cells/µL (SD) 262 (75) 257 (77) 291 (96) 253 (78) 252 (65) 233 (52)
ECOG performance status, n
 0 308 210 42 54 52 62
 1 172 124 42 29 31 22
 Missing 8 0 0 0 0 0

Tumor burden, n
 High (≥ median) 193 136 50 41 25 20
 Low (< median) 193 127 25 30 28 44
 Non-measurable 102 71 9 12 30 20

Disease sites, n
 < 3 305 205 41 42 55 67
 ≥ 3 171 124 43 38 26 17
 Missing 12 5 0 3 2 0

Prior anthracycline use, n
 Yes 297 201 50 52 51 48
 No 191 133 34 31 32 36

Prior trastuzumab use, n
 Yes 412 282 72 74 70 66
 No 76 52 12 9 13 18

Visceral disease, n
 Yes 328 216 64 57 45 50
 No 160 118 20 26 38 34

World region, n
 USA 132 111 25 18 31 37
 Western Europe 159 94 29 25 18 22
 Other 197 129 30 40 34 25

Median model-predicted Cmin at 
cycle 1 (range)

N/A 1.69 (0–4.83) 0.75 (0–1.13) 1.45 (1.13–1.68) 1.99 (1.69–2.34) 2.92 (2.35–4.83)
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Fig. 1  Kaplan–Meier curves 
for a OS and b PFS in T-DM1-
treated patients by quartile of 
model-predicted and observed 
exposure metrics at cycle 1 and 
in capecitabine-plus-lapatinib-
treated patients. AUC area under 
the concentration–time curve, 
Cmin minimum concentra-
tion, OS overall survival, PFS 
progression-free survival, Q 
quartile, T-DM1 trastuzumab 
emtansine
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Fig. 2  OS and PFS HRs a by model-predicted and observed expo-
sure metrics at cycle 1 with and without adjusting for baseline charac-
teristics via Cox proportional-hazards modeling* and b for patients in 
the T-DM1 Q1 subgroup (based on model-predicted Cmin at cycle 1) 
after adjusting for baseline characteristics via Cox proportional-haz-
ards modeling* and case-matching  analysis†. *The covariates used in 
the Cox proportional-hazards models were ECOG performance sta-
tus, presence/absence of visceral disease, measurable disease status, 
tumor burden, number of disease sites, prior anthracycline use, prior 
trastuzumab use, and HER2 ECD. †The covariates used in the case-
matching analysis were ECOG performance status, presence/absence 

of visceral disease, measurable disease status, tumor burden, number 
of disease sites, prior anthracycline use, prior trastuzumab use, HER2 
ECD, world region, presence/absence of liver metastases, age, race, 
AST, presence/absence of brain metastases, and presence/absence of 
bone metastases. AST aspartate aminotransferase, AUC area under 
the concentration–time curve, Cmin minimum concentration, ECOG 
Eastern Cooperative Oncology Group, HER2 ECD human epidermal 
growth factor receptor 2 extracellular domain, HR hazard ratio, OS 
overall survival, PFS progression-free survival, Q quartile, T-DM1 
trastuzumab emtansine
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1, patients with low T-DM1 exposure (defined as the Q1 
subgroup based on model-predicted Cmin at cycle 1) had 
numerically shorter OS versus capecitabine-plus-lapatinib-
treated patients (median, 22.7 versus 25.1 months; HR, 1.38; 
95% CI, 0.96–1.98; Fig. 1a). Median PFS for T-DM1-treated 
patients in the Q1 subgroup was similar to that observed for 
active control (6.7 versus 6.4 months; HR, 0.96; 95% CI, 
0.71–1.31; Fig. 1b). After using multivariate Cox propor-
tional-hazards modeling to adjust for baseline risk factors, 
HRs for the comparison of T-DM1-treated patients in the 
Q1 subgroup (based on model-predicted Cmin at cycle 1) 
with capecitabine-plus-lapatinib-treated patients were 0.98 
(95% CI, 0.68–1.43) for OS and 0.78 (95% CI, 0.57–1.08) 
for PFS (Fig. 2b).

The case-matching analysis using propensity scores was 
performed to further assess the efficacy benefit for patients 
in the T-DM1 Q1 subgroup versus capecitabine-plus-lapat-
inib-treated patients. Among the 84 T-DM1-treated patients 
in the Q1 subgroup (based on model-predicted Cmin at 
cycle 1), 78 were matched to capecitabine-plus-lapatinib-
treated patients with similar baseline risk factors. After 
case-matching, baseline risk factors were balanced between 
patients in the Q1 subgroup and matched controls. Median 
OS was 22.8 months for patients in the T-DM1 Q1 sub-
group and 19.0 months for matched controls (HR, 0.71; 95% 

CI, 0.44–1.14; Fig. 2b). Median PFS was 6.7 months for 
T-DM1-treated patients in the Q1 subgroup and 5.8 months 
for matched controls (HR, 0.58; 95% CI, 0.38–0.9; Fig. 2b). 
A sensitivity analysis that included the six T-DM1-treated 
patients who could not be matched to capecitabine-plus-
lapatinib-treated patients showed similar HRs and thus 
confirmed the robustness of the results from the primary 
case-matching analysis (data not shown).

Exposure–response analysis of ORR

A significant exposure–response relationship was observed 
between model-predicted Cmin and AUC at cycle 1 and ORR 
(P < 0.001; Supplementary Table S1 and Fig. 3). In contrast, 
observed exposure metrics were not significantly associated 
with ORR (P = 0.066 and 0.094 for observed Cmin and AUC 
at cycle 1, respectively; Supplementary Table S1). After 
adjusting for baseline risk factors, the exposure–response 
trend remained significant for model-predicted exposure 
metrics (P < 0.001); the exposure–response trend also 
became significant for observed Cmin at cycle 1 (P = 0.004). 
For all four exposure metrics, tumor burden and alkaline 
phosphatase were identified as significant predictors of ORR 
(P < 0.05, Supplementary Table S1).

Table 2  Results of the Cox proportional-hazards models of OS and PFS

Bold values represent statistically significant associations
ALBUM albumin, AUC area under the concentration–time curve, Cmin minimum concentration, HER2 ECD human epidermal growth factor 
receptor 2 extracellular domain, ECOG Eastern Cooperative Oncology Group, IRFSCNT number of disease sites, OS overall survival, PFS pro-
gression-free survival, PHSTSET prior trastuzumab treatment for metastatic breast cancer, REGION world region, TMBD tumor burden
a Exposure metrics analyzed as continuous variables
b Covariates with P values < 0.05 were included in the final model
c P values of exposure metrics as covariates in the model

Exposure  metrica Endpoint Covariate 
adjusted

Covariates included in the final  modelb P  valuec

Model-predicted Cmin at cycle 1 OS No – < 0.001
OS Yes ECOG, TMBD, IRFSCNT, HER2 ECD, ALP, REGION, PHSTSET 0.007

Observed Cmin at cycle 1 OS No – < 0.001
OS Yes TMBD, IRFSCNT, HER2 ECD, ALP, REGION 0.306

Model-predicted AUC at cycle 1 OS No – < 0.001
OS Yes ECOG, TMBD, IRFSCNT, HER2 ECD, ALP 0.043

Observed AUC at cycle 1 OS No – < 0.001
OS Yes ECOG, TMBD, IRFSCNT, HER2 ECD, ALP, REGION 0.844

Model-predicted Cmin at cycle 1 PFS No – < 0.001
PFS Yes ECOG, TMBD, IRFSCNT, ALT 0.003

Observed Cmin at cycle 1 PFS No – < 0.001
PFS Yes ECOG, TMBD, IRFSCNT, ALT 0.834

Model-predicted AUC at cycle 1 PFS No – < 0.001
PFS Yes ECOG, TMBD, IRFSCNT, ALT 0.010

Observed AUC at cycle 1 PFS No – < 0.001
PFS Yes ECOG, TMBD, IRFSCNT, AST, ALT, ALBUM 0.081
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Exposure–response analyses of safety

In both the unadjusted and adjusted models, no significant 
exposure–response relationship was observed for most 
combinations of exposure metrics and safety endpoints 
(any grade ≥ 3 adverse event, grade ≥ 3 thrombocytopenia, 
and grade ≥ 3 hepatotoxicity), but there were two excep-
tions (Supplementary Table S2). First, in the unadjusted 
model, an inverse exposure–response relationship was seen 
between observed AUC at cycle 1 and grade ≥ 3 thrombo-
cytopenia (P = 0.015); however, after adjusting for base-
line risk factors, the exposure–response relationship was 
no longer significant (P = 0.349). Second, in the adjusted 
model, a higher incidence of any grade ≥ 3 adverse event 
was observed in patients with higher model-predicted AUC 
at cycle 1 (P = 0.010). However, this relationship is likely 
due to chance, given that multiple analyses were conducted 
(i.e., four exposure metrics and three safety endpoints). This 
hypothesis is supported by the lack of an exposure–response 
relationship for the most commonly reported grade ≥ 3 
events (thrombocytopenia and hepatotoxicity), which 
showed a downward trend (if any) with model-predicted 
AUC at cycle 1 (Supplementary Fig. S1). Asian race, HER2 
ECD, platelet count, and alkaline phosphatase level were 

identified as commonly significant baseline risk factors for 
grade ≥ 3 thrombocytopenia (P < 0.05). For grade ≥ 3 hepa-
totoxicity, baseline AST was the most commonly significant 
baseline covariate (P < 0.05) (Supplementary Table S2).

Feasibility of identifying patients with low T-DM1 
exposure

To assess the feasibility of identifying patients with low 
T-DM1 exposure (defined as the Q1 subgroup based on 
model-predicted Cmin at cycle 1) using baseline patient 
characteristics, an extensive range of cutoffs for each char-
acteristic was evaluated against sensitivity and PPV. No 
cutoff for any single baseline characteristic had both a sen-
sitivity > 70% and a PPV > 70% (Supplementary Fig. S2). 
As a consequence, cutoffs deriving from combinations of 
two baseline patient characteristics were explored; how-
ever, performance was only minimally improved. Thus, the 
extreme case of utilizing all five baseline characteristics was 
evaluated. In total, 141,120 possible combinations of the 
five patient characteristics were evaluated, and none of the 
combinations resulted in a sensitivity > 70% and PPV > 70% 
(Fig. 4a).

Fig. 3  Logistic regression plots for ORR by model-predicted and observed exposure metrics at cycle 1 (unadjusted). AUC area under the con-
centration–time curve, Cmin minimum concentration, ORR objective response rate, T-DM1 trastuzumab emtansine
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For the assessment of patient identification using thera-
peutic drug monitoring, an observed Cmin at cycle 1 value 
of ≤ 0.7 µg/mL best predicted patients with low T-DM1 
exposure (defined as the Q1 subgroup based on model-
predicted Cmin at cycle 1; Supplementary Fig. S2 and 
Fig. 4b). Of the 84 patients in the T-DM1 Q1 subgroup 
based on model-predicted Cmin at cycle 1, 79 (94%) had 
an observed Cmin at cycle 1 measurement; of these, 59 
were identified with the observed Cmin at cycle 1 thresh-
old of ≤ 0.7 µg/mL, corresponding to a sensitivity of 75% 
(59/79). Of the 85 patients with observed Cmin at cycle 
1 ≤ 0.7 µg/mL, 59 were categorized as belonging to the 
Q1 subgroup based on model-predicted Cmin at cycle 1, 
corresponding to a PPV of 69% (59/85). The reliability 
of using observed Cmin at cycle 1 to identify patients with 
low T-DM1 exposure (defined as the Q1 subgroup based 
on model-predicted Cmin at cycle 1) was further evaluated 
by bootstrap resampling of the EMILIA study population 
(N = 1000 replications). There was a 51% probability (511 
of 1000 bootstrapped replicates) of correctly identifying 
patients with low T-DM1 exposure based on observed 
Cmin at cycle 1 with adequate sensitivity (> 70%) and PPV 
(> 70%). Therapeutic drug monitoring using other cycle 1 
concentrations (day 7 or day 14) or model-predicted Cmin 
at cycle 1 based on observed maximum concentration and 
Cmin at cycle 1 for each patient was also explored, but none 
provided better performance than observed Cmin at cycle 1.

Discussion

In this exposure–response analysis of T-DM1 using data 
from the phase III EMILIA study, we observed an expo-
sure–response relationship between model-predicted Cmin 
of T-DM1 conjugate at cycle 1 and efficacy endpoints (OS, 
IRC-assessed PFS, and IRC-assessed ORR). Patients with 
higher model-predicted Cmin at cycle 1 (Q2–Q4) exhib-
ited longer survival (OS and PFS) relative to patients 
in the lowest T-DM1 exposure quartile (Q1)—a finding 
consistent with the analysis performed by the US FDA 
(8). However, this apparent exposure–response relation-
ship was shallower for model-predicted AUC at cycle 1 
and observed Cmin and AUC at cycle 1 than for model-
predicted Cmin at cycle 1. In fact, in Cox proportional-haz-
ards analyses in which exposure metrics were analyzed as 
continuous variables, the relationships between observed 
exposure metrics of T-DM1 conjugate and survival (OS 
and PFS) were no longer statistically significant after 
adjusting for baseline risk factors (P < 0.05). In addi-
tion, exposure–response analyses with observed exposure 
metrics for other analytes (i.e., observed AUC at cycle 
1 for total trastuzumab and observed Cmax at cycle 1 for 
DM1) were also explored. No significant relationship was 
observed between these observed exposure metrics and 
efficacy or safety endpoints [11, 12]. Taken together, these 
results indicate that the exposure–response relationships 

Fig. 4  Feasibility of reliably identifying patients with low T-DM1 
exposure (defined as the Q1 subgroup based on model-predicted Cmin 
at cycle 1) by a an examination of five baseline patient characteris-
tics* and b therapeutic drug monitoring (based on observed Cmin at 
cycle 1)†. *Each point represents a sensitivity/PPV pair correspond-
ing to a particular combination of five baseline patient characteristics 
cutoffs (one cutoff from each of the five baseline patient characteris-
tics). †Each point represents a sensitivity/PPV pair corresponding to 
internal validation of therapeutic drug monitoring based on observed 

Cmin at cycle 1 cutoff value of ≤ 0.7 µg/mL. Black points represent 
sensitivity/PPV pairs corresponding to bootstrapped EMILIA studies. 
Blue point represents sensitivity/PPV pairs corresponding to the orig-
inal EMILIA study. ALBU albumin, AST aspartate aminotransferase, 
HER2 ECD human epidermal growth factor receptor 2 extracellular 
domain, PPV positive predictive value, Q1 the lowest exposure quar-
tile (quartile 1), TBL baseline trastuzumab concentration, T-DM1 tras-
tuzumab emtansine, TMBD tumor burden
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are likely to be confounded by patients’ baseline risk fac-
tors as well as the choice of exposure metrics for this 
analysis.

The inconsistencies in the strength of the apparent expo-
sure–response relationships for different exposure met-
rics are recognized but not fully understood. One possible 
explanation for the exposure–response differences between 
observed and model-predicted Cmin at cycle 1 is that the 
observed Cmin exhibited large intra-individual variability 
across treatment cycles (Supplementary Fig. S3); thus, 
observed Cmin at cycle 1 might not adequately represent 
average T-DM1 exposures over the course of treatment, even 
if T-DM1 reaches steady state at cycle 1 [3]. In contrast, the 
published population pharmacokinetic model accounted for 
the inter-cycle variability of observed Cmin when predicting 
individual pharmacokinetic parameters [6]; thus, model-
predicted Cmin at cycle 1 does represent the average Cmin for 
patients across treatment cycles.

In the Kaplan–Meier analysis, T-DM1-treated patients in 
the Q1 subgroup (based on model-predicted Cmin at cycle 
1) had numerically shorter OS than capecitabine-plus-lapa-
tinib-treated patients (median, 22.7 versus 25.1 months; 
HR, 1.38; 95% CI, 0.96–1.98). After adjusting for base-
line risk factors by Cox proportional-hazards modeling or 
case-matching analysis, the OS HRs for T-DM1-treated 
patients in the Q1 subgroup versus capecitabine-plus-lapat-
inib–treated patients were below 1.0. Similar findings were 
seen for PFS (Fig. 2b). These data indicate that patients in 
the Q1 subgroup based on model-predicted Cmin at cycle 
1 had numerically similar or better OS and PFS versus 
capecitabine-plus-lapatinib-treated patients. As mentioned, 
rates of grade ≥ 3 adverse events were higher for capecit-
abine plus lapatinib versus T-DM1 in the EMILIA study 
(57 versus 41%) [7]. Given that no clinically meaningful 
exposure–response relationship was found between T-DM1 
exposure and the safety endpoints (i.e., any grade ≥ 3 adverse 
event, grade ≥ 3 thrombocytopenia, or grade ≥ 3 hepatotoxic-
ity) examined in the present analysis, safety profiles remain 
favorable for T-DM1 in patients with low exposure com-
pared with active control. These results suggest that T-DM1 
given 3.6 mg/kg q3w has a positive benefit–risk ratio versus 
capecitabine plus lapatinib for patients in the Q1 subgroup.

One limitation of the present exposure–response analy-
sis is that only a single dose/dosage of T-DM1 (3.6 mg/kg 
q3w) was examined. Disease factors associated with efficacy 
outcomes are often correlated with exposures to biologic 
therapy, with more advanced disease associated with lower 
drug exposure [6, 18]. Although correction methods can be 
applied, the effect of disease severity on treatment expo-
sure may result in an over-estimation of exposure–response 
relationships (i.e., a visual steep trend is seen when the 
true relationship is flat) [19, 20]. We could not completely 
rule out a causal relationship between exposure following 

administration of T-DM1 3.6 mg/kg q3w and efficacy; how-
ever, based on emerging evidence from exposure–response 
analyses of other cancer-targeting biologics [19, 20], we 
believe that the observed exposure–response trend for 
T-DM1 is likely to be confounded, as a consequence of the 
association of T-DM1 exposure with baseline disease factors 
[6]. Thus, the benefit of increasing dose in patients with low 
T-DM1 exposure (e.g., the Q1 subgroup based on model-
predicted Cmin at cycle 1) remains uncertain.

In addition, our analysis suggests that it is not possible to 
identify these patients consistently and reliably. This lack of 
feasibility was seen with two alternative approaches—base-
line patient characteristics and therapeutic drug monitor-
ing. The inability to identify patients in the Q1 subgroup 
using baseline patient characteristics was not entirely unex-
pected, as the previously published population pharmacoki-
netic model demonstrated that exposure-relevant baseline 
covariates only explained approximately 50% of the inter-
individual variability in T-DM1 pharmacokinetics [6]. How-
ever, we were surprised to discover that therapeutic drug 
monitoring (i.e., observed Cmin at cycle 1) did not reliably 
and consistently identify patients in the Q1 subgroup (based 
on model-predicted Cmin at cycle 1). This is the result of 
the large intra-individual variability in observed Cmin across 
treatment cycles. As shown in Supplementary Fig. S3, when 
patients were stratified by quartile of observed Cmin at cycle 
1, only 65% and 51% of patients in the Q1 subgroup at 
cycle 1 remained in the Q1 subgroup at cycle 2 and cycle 3, 
respectively. Similar findings were seen for the other three 
exposure quartiles. The utility of therapeutic drug monitor-
ing is most applicable to treatments with relatively low intra-
individual variability [21, 22]; because T-DM1 exhibits high 
intra-individual variability, therapeutic drug monitoring can-
not be used to reliably identify patients in the Q1 exposure 
subgroup. Given the difficulty in identifying low-exposure 
patients and the potentially confounded exposure–response 
relationship, a dose-optimization study in patients with low 
T-DM1 exposure is not warranted.

To conclude, our comprehensive analysis using multi-
ple methodologies and exposure metrics showed that the 
exposure–response relationships for efficacy endpoints 
were not robust, with the strength of the exposure–response 
trend varying by exposure metric. Although an apparent 
exposure–response relationship was seen between model-
predicted Cmin at cycle 1 and efficacy endpoints (OS, IRC-
assessed PFS, and IRC-assessed ORR), the results indicate 
that T-DM1 3.6 mg/kg q3w has a positive benefit–risk ratio 
over active control, even for patients with low T-DM1 expo-
sure (e.g., Q1 subgroup based on model-predicted Cmin at 
cycle 1). These analyses suggest that the approved T-DM1 
dose (3.6 mg/kg q3w) is appropriate for all exposure sub-
groups. Moreover, it is not possible to consistently and reli-
ably identify patients with low T-DM1 exposure.
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