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was not a significant covariate impacting efficacy or hepa-
totoxicity risk, but there was a trend of greater thrombocy-
topenia risk among Asians versus non-Asians, which could 
not be explained by similar exposure between the ethnic 
groups. Most Asians with thrombocytopenia were able 
to continue T-DM1 using dose-adjustment rules recom-
mended for the global population.
Conclusions These results suggest that T-DM1 pharma-
cokinetics are comparable across ethnic groups and that 
use of the current dosing regimen is appropriate across 
ethnicities.

Keywords T-DM1 · Trastuzumab emtansine · 
Antibody–drug conjugate · Metastatic breast cancer · 
Pharmacokinetics · Ethnic sensitivity

Introduction

Trastuzumab emtansine (T-DM1) is an antibody–drug 
conjugate that contains the humanized anti-human epi-
dermal growth factor receptor 2 (HER2) IgG1 antibody 
trastuzumab conjugated through a stable thioether linker 
to the maytansine derivative DM1. T-DM1 delivers DM1 
specifically to HER2-overexpressing cells. Once internal-
ized, T-DM1 undergoes lysosomal degradation leading to 
the release of DM1, which induces apoptosis by inhibit-
ing microtubule polymerization [1]. In addition, like tras-
tuzumab, T-DM1 inhibits HER2 signaling and shedding 
and induces antibody-dependent cellular cytotoxicity [2]. 
In two randomized, phase III studies of patients with previ-
ously treated HER2-positive locally advanced breast cancer 
(LABC) or metastatic breast cancer (MBC), single-agent 
T-DM1 3.6 mg/kg administered every 3 weeks (q3w) con-
ferred statistically significant benefits in progression-free 

Abstract 
Purpose Trastuzumab emtansine (T-DM1) is indicated for 
previously treated HER2-positive metastatic breast cancer. 
Ethnic sensitivity assessment of T-DM1 was conducted 
using data from eight clinical studies to ensure that the clin-
ically recommended dose is appropriate across ethnicities.
Methods Four approaches were used: (1) non-compart-
mental analysis (NCA) comparing pharmacokinetic param-
eters of T-DM1 and relevant analytes across ethnic groups, 
(2) population pharmacokinetic (popPK) analysis assess-
ing the impact of ethnicity on pharmacokinetics, (3) com-
parison of T-DM1 pharmacokinetics in Japanese patients 
versus the global population, and (4) exposure–response 
analyses assessing the impact of ethnicity on safety and 
efficacy.
Results NCA pharmacokinetic parameters (T-DM1, total 
trastuzumab, DM1) were comparable across ethnic groups; 
mean cycle 1 T-DM1 AUCinf was 475, 442, and 518 day µg/
mL for white (n = 461), Asian (n = 68), and others 
(n = 57), respectively. PopPK analysis showed that ethnic-
ity (white, Asian, and others) was not a significant covariate 
for T-DM1 pharmacokinetics (n = 671). Additionally, vis-
ual predictive check plots indicated that observed pharma-
cokinetic profiles in Japanese patients (n = 42) were within 
the prediction interval generated from the final PopPK 
model. Exposure–response analyses showed that ethnicity 
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survival (PFS) [3, 4] and overall survival (OS) [3] relative 
to control treatment regimens. In these studies, T-DM1 was 
also associated with a numerically lower incidence of grade 
≥3 adverse events (AEs) and AEs leading to treatment dis-
continuation [3, 4]. T-DM1 is approved for the treatment of 
HER2-positive MBC previously treated with trastuzumab 
and a taxane (separately or in combination) in many coun-
tries, including the USA, European Union countries, Can-
ada, Switzerland, and Japan.

The pharmacokinetics of T-DM1 and relevant analytes 
(total trastuzumab and DM1) after T-DM1 dosing were 
characterized in phase I–III studies by non-compartmental 
analysis (NCA) [5, 6]. Phase I data suggested that T-DM1 
conjugate, the major analyte of interest, exhibits faster 
clearance (CL) at doses ≤1.2 mg/kg and dose-independent 
pharmacokinetics at doses ≥2.4 mg/kg q3w [7]. In phase 
II and phase III studies with T-DM1 3.6 mg/kg q3w, linear 
pharmacokinetic characteristics with no apparent target-
mediated elimination were confirmed, and no significant 
accumulation was observed upon repeated q3w dosing, 
consistent with T-DM1’s terminal half-life of approxi-
mately 4 days [5]. A population PK (popPK) model was 
developed to further characterize the pharmacokinetics of 
T-DM1 conjugate based on single-agent T-DM1 pharma-
cokinetic data across phase I–III studies [8]. T-DM1 con-
jugate pharmacokinetics at the clinical dose range were 
adequately described by a linear two-compartment model 
with first-order elimination from the central compartment. 
The estimated total body clearance, central volume of dis-
tribution, and elimination half-life of T-DM1 were 0.676 L/
day, 3.127 L, and 3.94 days, respectively.

Ethnicity and race have generally been considered 
important demographic variables that may contribute to the 
observed interindividual variability in small molecule phar-
macokinetics and pharmacodynamics, potentially resulting 
in variability in response to drug therapy. Ethnic differences 
have been identified in the frequencies of functional variants 
of several polymorphic drug metabolizing enzymes (e.g., 
CYP2C19, CYP2C9, and CYP2D6) and transporters (e.g., 
P-gp) [9–11]. These differences could contribute to variable 
enzyme-mediated metabolism of a drug, potentially affect-
ing the drug’s pharmacokinetics and therapeutic effects [9, 
11]. Extrinsic factors, such as diet and environmental fac-
tors, may also contribute to differences in the pharmacoki-
netics of small molecule drugs among ethnic groups. Ethnic 
differences in pharmacokinetics and/or pharmacodynamics 
have been demonstrated for several approved small mol-
ecule drugs, such as tacrolimus, warfarin, and rosuvastatin 
[9–11]. In pharmacokinetic studies, rosuvastatin exposure 
was approximately twofold higher in Asian subjects com-
pared with white subjects, which resulted in a lower recom-
mended starting dose of rosuvastatin for Asian patients in 
the USA prescribing information [12]. Ethnic differences 

in the allelic frequencies of breast cancer-resistant protein 
(BCRP) were shown to partly contribute to the observed eth-
nic differences in pharmacokinetics of rosuvastatin [13]. In 
contrast, monoclonal antibodies undergo both non-specific 
and specific catabolic elimination pathways via intracellu-
lar catabolism followed by fluid-phase or receptor-mediated 
endocytosis. Ethnic differences in these antibody clearance 
mechanisms have not been demonstrated. Accumulating 
evidence shows that ethnicity may not play a significant role 
in the disposition of monoclonal antibodies [14, 15]. Given 
that T-DM1 is an antibody–drug conjugate with both small 
and large molecule components, the clinical development 
of T-DM1 included assessments of pharmacokinetics, effi-
cacy, and safety in different ethnic groups to ensure that the 
clinically recommended dose regimen (3.6 mg/kg q3w) is 
appropriate for patient populations of different ethnicities, 
particularly Asian patients.

Materials and methods

Patients

This ethnic sensitivity assessment used data from the eight 
phase I–III clinical trials of single-agent T-DM1 avail-
able at the time of the present analysis: TDM3569g [7, 
16], TDM4258g [17], TDM4374g [18], TDM4450g [19], 
TDM4688g [20], TDM4370g/EMILIA [3], JO22591 [21], 
and JO22997 [22]. Detailed inclusion and exclusion crite-
ria are described in each of the respective reports. Briefly, 
all patients had HER2-positive (immunohistochemistry 
3+ and/or in situ hybridization-positive) LABC or MBC. 
Most of these studies recruited patients who had received 
prior treatment in the metastatic setting, but all patients 
in the TDM4450g study were previously untreated in the 
metastatic setting [19], and EMILIA study participants 
could have been either treatment naïve or treatment expe-
rienced in the metastatic setting. The majority of patients 
participating in these eight clinical trials were adminis-
tered single-agent T-DM1 3.6 mg/kg q3w. However, both 
TDM3569g and JO22591 were phase I dose-finding stud-
ies; the former sought to identify the maximum tolerated 
dose (MTD) of weekly T-DM1, with doses ranging from 
1.2 to 2.9 mg/kg [16], and of q3w T-DM1, with doses rang-
ing from 0.3 to 4.8 mg/kg [7]. The JO22591 study sought 
to identify the MTD of q3w T-DM1 in Japanese patients. 
JO22591 study participants received T-DM1 1.8, 2.4, or 
3.6 mg/kg q3w [21]. An overview of these clinical stud-
ies, as well as their respective pharmacokinetic sampling 
schedules, is provided in Table 1. Similar pharmacokinetic 
sampling schedules were adopted for most of these studies.

All patients from each clinical trial provided writ-
ten informed consent. Each trial was approved by the 
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relevant institutional review board at each site according to 
local clinical guidelines. These studies were conducted in 
accordance with ethical guidelines such as the Good Clini-
cal Practice Guidelines laid down by the Declaration of 
Helsinki and other relevant local guidelines.

Assessments

Ethnic sensitivity was assessed via four approaches using 
pharmacokinetic data derived from the eight aforemen-
tioned phase I–III studies.

Ethnic assessment using non‑compartmental analysis 
(NCA)

The impact of ethnicity on the pharmacokinetics of T-DM1, 
total trastuzumab (sum of T-DM1 conjugate and unconju-
gated trastuzumab), and DM1 was assessed by categorizing 
patients into one of three groups based on ethnicity: white, 
Asian, or others. To ensure adequate numbers of patients 
in each ethnic group, patients from ethnic groups other 
than white or Asian (i.e., black, Native Hawaiian or Pacific 
Islander, American Indian or Alaska Native, Hispanic, or 
patients with more than one self-selected race category) 
were grouped together as “Others.”

The pharmacokinetic parameters of T-DM1, total trastu-
zumab, and DM1 at cycle 1 were calculated using a stand-
ard NCA method (WinNonlin 5.2.1) across six of the eight 
aforementioned clinical studies; data from JO22591 and 
JO22997 were not included in the NCA, as the pharma-
cokinetics of T-DM1 in Japanese patients was assessed sep-
arately. All patients from studies TDM3569g, TDM4258g, 
TDM4374g, TDM4450g, TDM4688g, and EMILIA with at 
least one available pharmacokinetic parameter [e.g., maxi-
mum concentration (Cmax)] were included in the analysis. 
Cycle 1 was selected as the time point to calculate phar-
macokinetic exposures because T-DM1 3.6 mg/kg q3w has 
been shown not to accumulate, with an elimination half-life 
(t1/2) of 3–4 days [5].

Ethnic assessment using population pharmacokinetic 
modeling approaches

A previously established population pharmacokinetic 
model based on the available T-DM1 conjugate con-
centration data from studies TDM3569g, TDM4258g, 
TDM4374g, TDM4450g, and EMILIA was used for this 
analysis [8]. Covariate analysis was performed to assess 
whether ethnicity is a statistically significant covariate 
for pharmacokinetic parameters [8]. Bayesian post hoc 
pharmacokinetic parameter estimates of T-DM1, includ-
ing clearance (CL), central volume of distribution (Vc), 
and t1/2, were summarized by ethnicity (white, Asian and 

others). T-DM1 exposures at steady state [i.e., area under 
the plasma concentration time curve (AUC), Cmax, and 
trough concentration (Ctrough)] were simulated using Bayes-
ian post hoc pharmacokinetic parameters after repeated 
administration of T-DM1 at the approved dose of 3.6 mg/kg 
q3w. Visual predictive check (VPC) plots were constructed 
to evaluate whether the observed pharmacokinetic profiles 
for patients from the three ethnic groups were within the 
90 % prediction interval generated from the model simula-
tion using parameters estimated from the global population.

Ethnic assessment using pharmacokinetic data 
from Japanese patients

T-DM1 pharmacokinetic data from Japanese patients with 
MBC were available from the phase I JO22591 and phase 
II JO22997 studies. Bayesian post hoc pharmacokinetic 
parameters (CL, Vc, AUC, and Cmax) in Japanese patients 
were estimated using the final population pharmacokinetic 
model and compared with non-Japanese patients. VPC 
plots were constructed for Japanese patients using the final 
population pharmacokinetic model and study-specific data 
from JO22591 and JO22997.

Ethnic assessment using exposure–response analysis

The exposure–efficacy analysis was performed using data 
from the phase III EMILIA study, which recruited patients 
with HER2-positive LABC or MBC previously treated 
with trastuzumab and a taxane in any setting [3]. The effi-
cacy endpoints were objective response rate (ORR), PFS 
(assessed by an independent review committee), and OS. 
The relationship between T-DM1 exposure and safety 
was assessed using data pooled from the TDM4258g, 
TDM4374g, TDM4450g, TDM4688g, and EMILIA stud-
ies. The safety endpoints were grade ≥3 AEs related to 
thrombocytopenia and hepatotoxicity. These safety end-
points were selected for assessment because thrombocy-
topenia and elevated ALT and AST were the most com-
monly reported grade ≥3 AEs with T-DM1 at the time of 
the analysis [3, 23]. The exposure endpoints selected for 
assessment included observed and model-predicted serum 
T-DM1 AUC, Cmax, and Ctrough; observed serum total tras-
tuzumab AUC; and observed plasma DM1 Cmax at cycle 
1. Time-to-event endpoints (e.g., PFS and OS) were ana-
lyzed via the Cox proportional hazard model, with baseline 
covariates and exposure metrics added for regression analy-
sis. Multivariate logistic regression was used for binary 
endpoints (e.g., ORR and safety endpoints). Ethnicity 
(Asian and non-Asian) was tested as a potential covariate. 
Covariates were tested at the two-sided, 0.05 level of sig-
nificance using log-likelihood criteria. A two-step forward-
selection and backward-elimination method (P < 0.05 for 
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forward and backward steps) was used for covariate selec-
tion [6, 24].

Results

Ethnic assessment using NCA

Across the six clinical studies used for the NCA, 626 
patients who received T-DM1 3.6 mg/kg had adequate data 
for the determination of at least one NCA pharmacokinetic 
parameter at cycle 1. Of these 626 patients, 489 (78.7 %) 
were white, 70 (11.3 %) were Asian, and 67 (10.7 %) were 
classified as others. The mean estimated values for key 
pharmacokinetic parameters at cycle 1 for serum T-DM1 
and plasma DM1 were comparable across the three ethnic 
groups (Table 2). Mean cycle 1 AUCinf of T-DM1 conju-
gate was 475, 442, and 518 day µg/mL for white (n = 461), 
Asian (n = 68), and others (n = 57), respectively. Mean 
cycle 1 DM1 Cmax values for white (n = 488), Asian 
(n = 70), and others (n = 67) were 5.02, 4.30, and 5.36 ng/
mL, respectively. Compared with Asians, whites appeared 
to have an approximately 31 % higher mean AUCinf value 
for serum total trastuzumab (702 vs. 1020 day μg/mL); 
however, the 90 % confidence intervals for mean serum 
total trastuzumab exposures overlapped for the two ethnic 
groups. The observed numerical difference in exposure 
between the two ethnic groups may be partly attributable 
to the higher mean level of serum total trastuzumab present 
at baseline in whites (12.24 μg/mL; range 0–57.83) versus 

Asians (6.21 μg/mL; range 0–28.21). Box plots of the 
distributions of AUC0−inf, Cmax, CL, and Vss at cycle 1 for 
serum T-DM1, serum total trastuzumab, and plasma DM1 
for Asian and other patients were within the range of values 
estimated for whites (Fig. 1), further illustrating the compa-
rability of T-DM1 pharmacokinetics across different ethnic 
populations.

Ethnic assessment using population pharmacokinetic 
modeling

A total of 671 patients across five studies were included 
in the population pharmacokinetic model. Of these 671 
patients, 541 (80.6 %) were categorized as white, 73 
(10.9 %) were categorized as Asian, and 57 (8.5 %) were 
categorized as others. The final population pharmacokinetic 
model showed that ethnicity was not a statistically signifi-
cant covariate for the CL or Vc of T-DM1 [8]. As shown 
in Table 3, Bayesian post hoc estimated pharmacokinetic 
parameters (CL, Vc, and t1/2) and population pharmacoki-
netic-simulated exposure parameters (AUC at steady state, 
Cmax, and Ctrough) of T-DM1 conjugate were similar across 
the three ethnic groups. The percent differences of mean 
estimated pharmacokinetic and exposure parameters (CL, 
Vc, and t1/2, AUC at steady state, Cmax, and Ctrough) between 
the Asian and white ethnic groups were less than 20 %. 
Additionally, VPC plots showed that the observed con-
centration–time profiles for patients who received T-DM1 
3.6 mg/kg q3w across the three ethnic groups (all, n = 634; 
white, n = 506; Asian, n = 73; and others, n = 55) were 

Table 2  Mean pharmacokinetic parameter estimates at cycle 1 for serum T-DM1, serum total trastuzumab, and plasma DM1 after treatment 
with T-DM1 3.6 mg/kg q3w by ethnicity

AUC0-inf area under the plasma concentration–time curve from time zero to infinity, CI confidence interval, CL clearance, Cmax maximum con-
centration, PK pharmacokinetic, T-DM1 trastuzumab emtansine, VSS volume in steady state
a The number of patients for Cmax
b Unit is ng/mL

Ethnic group Patients, n (%)a Mean (90 % CI)

Cmax (μg/mL) AUC0-inf (day μg/mL) CL (mL/day/kg) Vss (mL/kg)

Serum T-DM1

White 489 (78.7) 81.5 (48.8–116) 475 (270–665) 8.26 (5.38–13.3) 31.3 (11.5–55.1)

Asian 70 (11.3) 78.3 (57.4–98.0) 442 (290–576) 8.55 (6.24–12.4) 31.3 (19.2–44.9)

Others 62 (9.98) 89.9 (54.3–130) 518 (278–774) 7.62 (4.65–13.0) 27.8 (14.6–47.7)

Serum total trastuzumab

White 489 (78.5) 89.2 (54.9–139) 1020 (371–2660) 5.00 (1.37–9.72) 42.3 (21.3–66.8)

Asian 69 (11.1) 81.1 (59.2–111) 702 (363–1290) 6.01 (2.79–9.92) 42.8 (21.8–62.3)

Others 65 (10.4) 90.1 (50.0–138) 862 (407–1850) 5.29 (1.93–8.85) 40.4 (23.5–67.8)

Plasma DM1

White 488 (78.1) 5.02 (2.73–8.06)b – – –

Asian 70 (11.2) 4.30 (2.24–7.83)b – – –

Others 67 (10.7) 5.36 (3.14–9.06)b – – –
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Fig. 1  Box plots for key 
pharmacokinetics parameters 
at cycle 1 for serum T-DM1, 
serum total trastuzumab, and 
plasma DM1 in patients with 
HER2-positive LABC or MBC 
administered T-DM1 3.6 mg/kg 
q3w. The median is represented 
by the horizontal line in the 
middle of the box. The bottom 
and top of the box plot represent 
the 25th and 75th percentiles 
(i.e., lower and upper quartiles, 
respectively). The bars extend-
ing from the box to the outer-
most data points represent 1.5 
times the upper or lower inter-
quartile range, if such observed 
values exist. The orange line 
indicates the median across all 
patients. AUC0−inf area under 
the curve from time zero to 
infinity, CL clearance, Cmax 
maximum concentration, MBC 
metastatic breast cancer, LABC 
locally advanced breast cancer, 
PK pharmacokinetic, q3w every 
3 weeks, T-DM1 trastuzumab 
emtansine, VSS volume in steady 
state
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largely within the prediction interval generated from the 
final population pharmacokinetic simulation. These data 
suggest that the final population pharmacokinetic model 
could adequately predict the central tendency and variabil-
ity of serum T-DM1 concentrations across the three ethnic 
groups (Fig. 2) and imply that T-DM1 pharmacokinetic 
profiles are consistent across different ethnic populations.

Ethnic assessment using pharmacokinetic data 
from Japanese patients

The pharmacokinetics of T-DM1 were evaluated in 42 Jap-
anese patients from studies JO22591 (n = 10) and JO22997 
(n = 32). In the phase I JO22591 study, patients received 
T-DM1 q3w at a dose of 1.8 mg/kg (n = 1), 2.4 mg/kg 
(n = 4), or 3.6 mg/kg (n = 5); all individuals enrolled in the 
phase II JO22997 study were treated with T-DM1 3.6 mg/
kg q3w. Based on Bayesian post hoc pharmacokinetic 
parameter estimation in Japanese patients using the final 
population pharmacokinetic model, there were no appar-
ent differences in key pharmacokinetic parameters (CL, 
Vc, AUC, and Cmax) between Japanese and non-Japanese 
patients (Table 4). VPC plots showed that the observed 
pharmacokinetic profiles of the three doses of T-DM1 in 
Japanese patients were within the 90 % prediction interval 
generated from the final population pharmacokinetic simu-
lation (Fig. 3).

Ethnic assessment using exposure–response analyses

The dataset used for the ethnic assessment of the relation-
ship between exposure and efficacy was derived from the 
EMILIA study. Although 495 EMILIA study participants 
had been randomized to the T-DM1 3.6 mg/kg q3w treat-
ment arm, pharmacokinetic data were available from 
only 307 patients [6]. There were no clear trends between 
observed T-DM1 exposure (i.e., observed cycle 1 AUC and 

Cmax) and efficacy outcomes (PFS, OS, or ORR) follow-
ing administration of T-DM1 3.6 mg/kg q3w in patients 
with HER2-positive LABC or MBC. However, there was 
a numerical trend of improved hazard ratios for PFS and 
OS by stratified T-DM1 model-predicted Cmin quartiles, 
albeit with mostly overlapping 95 % confidence intervals 
[6]. Ethnicity (Asian vs. non-Asian) was not identified as a 
significant covariate for PFS, OS, or ORR.

For the exposure–safety analysis, pharmacokinetic data 
were available from 618 T-DM1-treated patients. Variations 
in T-DM1 AUC and Cmax had no significant effect on the 
incidence of grade ≥3 hepatotoxicity or thrombocytope-
nia [24]. Ethnicity (Asian vs. non-Asian) was not identi-
fied as a significant covariate for the risk of experiencing 
grade ≥3 hepatotoxicity, but it was found to be a significant 
covariate for the risk of having grade ≥3 thrombocytope-
nia, with Asians appearing to have a higher risk than non-
Asians [24], which could not be explained by the similar 
exposure observed between the two ethnic groups (Asian 
vs. non-Asian).

Discussion

This is the first publication to report an ethnic sensitivity 
assessment for an antibody–drug conjugate. As an anti-
body–drug conjugate, T-DM1 has a complex structure, 
with both large molecule (i.e., biologic) and small molecule 
(i.e., drug) characteristics. The ethnic sensitivity analyses 
described in this report incorporated both components into 
the assessment. Multiple analytes, including T-DM1 con-
jugate, total trastuzumab (sum of T-DM1 conjugate and 
unconjugated trastuzumab), and the cytotoxic agent DM1, 
were assessed. No apparent ethnic differences in the phar-
macokinetics of T-DM1 conjugate, total trastuzumab, or 
DM1 were observed in patients with HER2-positive MBC 
participating in phase I–III clinical studies of single-agent 

Table 3  Bayesian post hoc 
pharmacokinetic parameter 
estimates and model-predicted 
steady state exposures after 
repeated dosing of T-DM1 
3.6 mg/kg q3w by ethnicity

AUC area under the curve, CI confidence interval, CL clearance, Cmax maximum concentration, Ctrough 
trough concentration, q3w every 3 weeks, t1/2 half-life, T-DM1 trastuzumab emtansine, Vc central volume 
of distribution

Ethnic group

White Asian Others

Patients, n (%) 541 (80.6) 73 (10.9) 57 (8.49)

Mean (90 % CI)

 CL, L/day 0.691 (0.499–0.976) 0.647 (0.498–0.899) 0.783 (0.551–1.14)

 Vc, L 3.11 (2.45–3.88) 2.80 (2.39–3.52) 3.37 (2.60–4.49)

 t1/2, day 4.92 (2.89–6.92) 4.11 (2.60–5.31) 5.67 (2.87–10.1)

 AUC, day μg/mL 368 (250–516) 346 (246–428) 388 (249–531)

 Cmax, μg/mL 80.4 (66.3–99.2) 78.5 (67.6–88.4) 87.0 (72.5–107)

 Ctrough, μg/mL 2.34 (0.430–4.87) 1.89 (0.328–3.36) 2.32 (0.507–4.52)
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T-DM1, indicating that T-DM1 is unlikely to be sensitive to 
ethnic factors with respect to pharmacokinetics.

Similar to monoclonal antibodies, T-DM1 is expected 
to undergo both target-mediated (HER2) and non-specific 
(partly Fc-mediated) proteolytic degradation [1, 25]. A 

trend of faster T-DM1 clearance (i.e., nonlinear pharma-
cokinetics) was observed at T-DM1 doses ≤1.2 mg/kg in 
the phase I dose escalation study (TDM3569g), but at doses 
ranging from 2.4 to 4.8 mg/kg q3w, T-DM1 exhibited linear 
pharmacokinetics [7]. Given that T-DM1 exhibited linear 

Fig. 2  VPC plots of T-DM1 serum concentration–time profiles for 
T-DM1 3.6 mg q3w for a all patients used to develop the final popu-
lation pharmacokinetic model and for b white, c Asian, and d other 
ethnic subgroups. The black points are observed T-DM1 serum con-
centrations. The red lines are the median of the predicted concentra-
tions by the final population pharmacokinetic model (a total of 1000 
replicates of the trial were simulated using the observed covariates for 

each individual, the final population pharmacokinetic model param-
eter estimates, the estimated subject–subject random effects, and the 
residual error). The blue shaded areas are the spread (5th–95th per-
centile) of the predicted concentrations. Vertical lines are the time 
of dosing. q3w every 3 weeks, T-DM1 trastuzumab emtansine, VPC 
visual predictive check

Table 4  Bayesian post hoc pharmacokinetic parameters of T-DM1 (estimated using the final population pharmacokinetic model) in Japanese 
and non-Japanese patients

AUC area under the plasma concentration time curve, CI confidence interval, CL clearance, Cmax maximum concentration, T-DM1 trastuzumab 
emtansine, Vc central volume of distribution

Mean (90 % CI)

Cmax, μg/mL AUC, day μg/mL Vc, L CL, L/day

Japanese patients (n = 42) 78.0 (61.9–91.2) 345 (216–425) 2.58 (2.09–3.16) 0.587 (0.439–0.795)

Non-Japanese patients (n = 671) 80.8 (66.8–99.4) 367 (248–514) 3.10 (2.45–3.91) 0.694 (0.499–0.995)
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pharmacokinetics at the clinically recommended dose regi-
men (3.6 mg/kg q3w), the pharmacokinetics of T-DM1 
are unlikely to be affected by ethnic differences in HER2 
expression. Notably, a population pharmacokinetic model 
of trastuzumab yielded similar findings [26]. Accumulat-
ing literature suggests that non-specific proteolytic degra-
dation is unlikely to be affected by ethnicity as well [14, 
15]. Moreover, since cytochrome P450 (CYP) enzymes 
are not involved in the catabolism of T-DM1 [27], ethnic 

polymorphisms in these isoenzymes are not anticipated to 
affect T-DM1 pharmacokinetics. This is supported by our 
clinical data: No apparent ethnic differences in T-DM1 
exposure have been observed in patients with HER2-posi-
tive MBC across clinical studies.

DM1, the cytotoxic component of T-DM1, was detected 
at low levels in human plasma. Maximum systemic plasma 
concentrations of DM1 averaged ~6 ng/mL at the clinically 
recommended dose of T-DM1 (3.6 mg/kg q3w). The low 
systemic concentrations of DM1 may be due to its slow 
release from T-DM1 and its fast clearance after release. 
In vitro metabolism studies suggest that DM1 is metabo-
lized mainly by CYP3A4 and to a lesser extent by CYP3A5 
[28]. Ethnic differences in the disposition of CYP3A sub-
strates, however, are poorly characterized and have not 
been consistently demonstrated [29]. Given substantial 
variations in the overall activity of CYP3A, the pharma-
cokinetics of DM1 are not expected to be sensitive to eth-
nicity. In line with this assumption, we found DM1 levels 
(i.e., Cmax) after administration of T-DM1 3.6 mg/kg to be 
similar in Asian and white patients.

Given that T-DM1 is expected to primarily undergo 
deconjugation and proteolytic degradation with no signifi-
cant involvement of CYP enzymes [1, 25, 27], the pharma-
cokinetics of T-DM1 are unlikely to be affected by concom-
itantly administered medications that are CYP inhibitors or 
inducers. In addition, DM1 is not a CYP inhibitor, CYP 
inducer, or P-glycoprotein inhibitor at clinically relevant 
concentrations [30]. DM1 is thus unlikely to be a perpetra-
tor in altering the pharmacokinetics of concomitant medi-
cations. However, because DM1 is mainly metabolized by 
CYP3A4/5, there is potential for DM1 to be a victim of 
CYP3A inhibitors/inducers. Due to the potential increase 
in DM1 exposure, a conservative approach was adopted in 
T-DM1 labeling, which recommends that concomitant use 
of T-DM1 with strong CYP3A4 inhibitors be avoided [31]. 
However, exploratory analyses undertaken with data from 
the phase III EMILIA study demonstrated that concomitant 
administration of CYP3A inhibitors or inducers does not 
result in any noticeable change in the pharmacokinetics of 
either T-DM1 or DM1 [32]. Additionally, phase Ib/II stud-
ies have examined the use of T-DM1 in combination with 
docetaxel, paclitaxel, or pertuzumab [27, 33, 34]. The phar-
macokinetics of T-DM1 and DM1 were not affected by the 
concomitant use of taxanes or pertuzumab. Moreover, the 
pharmacokinetics of docetaxel, paclitaxel, and pertuzumab 
were similar with and without co-administration of T-DM1 
[27, 33, 34]. Based on these data, T-DM1 is not expected to 
have clinically relevant interactions with co-administered 
drugs and thus has low potential to exhibit ethnic sensitiv-
ity from a drug–drug interaction perspective.

We also evaluated the effect of ethnicity on treat-
ment outcomes. Ethnicity (Asian vs. non-Asian) was not 

Fig. 3  Observed and 90 % prediction interval of serum T-DM1 con-
centrations at cycle 1 in Japanese patients administered T-DM1 a 
1.8 mg/kg (n = 1), b 2.4 mg/kg (n = 4), or c 3.6 mg/kg (n = 37). The 
shaded area represents the 90 % prediction interval of serum T-DM1 
concentrations predicted using the final population pharmacokinetic 
model for T-DM1. Open circles represent measured serum T-DM1 
concentrations for each patient. T-DM1 trastuzumab emtansine
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identified as a covariate that would significantly impact 
efficacy outcomes (i.e., PFS, OS, and ORR) or the risk of 
grade ≥3 hepatotoxicity. However, ethnicity was found to 
be a significant covariate for the risk of grade ≥3 thrombo-
cytopenia, with Asian patients appearing to have a higher 
risk than non-Asian patients. The apparent differences in 
risk could not be explained by similar T-DM1 exposure 
observed between the two ethnic groups, but could possibly 
be related to ethnic differences in baseline platelet counts. 
Platelet counts at baseline were lower in the 42 Japanese 
patients participating in the JO22591 and JO22997 studies 
than in the 671 non-Japanese patients used to develop the 
final population pharmacokinetic model. However, in an 
integrated safety analysis of 884 T-DM1-treated patients, 
the higher rate of grade ≥3 decreases in platelet count in 
Asians relative to non-Asians was independent of baseline 
platelet levels [23]. This is also consistent with our expo-
sure–response analysis, which found ethnicity (Asian vs. 
non-Asian) to remain a statistically significant covariate for 
the risk of grade ≥3 thrombocytopenia even after adjusting 
for differences in baseline platelet counts [24]. Regardless 
of the cause, the increased risk of grade ≥3 thrombocytope-
nia does not appear to have serious clinical consequences, 
for in the integrated safety analysis, the incidence of grade 
3–4 hemorrhage was similarly low in Asian and non-Asian 
patients [23]. Moreover, Asian patients with thrombocy-
topenia were able to continue treatment with—and derive 
benefit from—T-DM1 using the dose-adjustment rules rec-
ommended for the global population.

The present report summarizes the results from four 
complementary approaches used to evaluate ethnic sen-
sitivity to T-DM1. NCA permitted us to directly compare 
differences in observed pharmacokinetic parameters for 
multiple analytes across ethnic groups. However, NCA 
requires frequent pharmacokinetic sampling; thus, patients 
with sparse pharmacokinetic collection (e.g., one or two 
post-dose samples) were excluded. In addition, compari-
sons based on NCA results may not be sensitive enough 
to detect small ethnic differences. In light of these limita-
tions—and to mitigate the effects of potentially confound-
ing factors (e.g., the typically lower body weight of Asian 
patients)—a population pharmacokinetic-based assessment 
of T-DM1 conjugate, the main analyte of interest, was per-
formed. The results from the final population pharmacoki-
netic model indicated that ethnicity was not a statistically 
significant covariate for T-DM1 pharmacokinetics. VPC 
plots and comparison of Bayesian post hoc pharmacokinetic 
parameters across ethnic groups confirmed the results deriv-
ing from the population pharmacokinetic model. Ethnic 
sensitivity was also evaluated using pharmacokinetic data 
from two Japanese phase I/II studies that were not included 
in the final population pharmacokinetic model. VPC plots 
and comparison of Bayesian post hoc pharmacokinetic 

parameters demonstrated that the pharmacokinetics of 
T-DM1 conjugate were similar between Japanese and 
non-Japanese patients. Last, exposure–response analyses 
were used to assess the effect of ethnicity on efficacy and 
safety outcomes. Collectively, these four complementary 
approaches demonstrated good overall comparability across 
ethnic groups. Although a higher risk of grade ≥3 throm-
bocytopenia was seen in Asian patients, the data show that 
T-DM1 has a positive benefit–risk profile in Asian patients 
with HER2-positive MBC, thus supporting the use of the 
current clinical dosing regimen for T-DM1 (3.6 mg/kg q3w) 
in patient populations of different ethnicities.
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