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Trastuzumab (HERCEPTIN, F. Hoffmann-La Roche, Basel, 
Switzerland) is the standard of care for human epider-
mal growth factor receptor 2 (HER2)–positive breast can-
cer across all disease stages.1–3 The currently available 
formulation is administered by intravenous (i.v.) infusion 
on thrice-weekly (Q3W) or weekly schedules, with body-
weight-adjusted dosing and a loading dose in the first 
cycle.4 The loading dose should be administered over a 
period of 90  minutes, and maintenance doses are given 
over 30 minutes, if the loading dose is well tolerated. A 
new subcutaneous (s.c.) formulation of trastuzumab has 
been developed as an alternative to i.v. administration.5 
This formulation contains recombinant human hyaluroni-
dase (rHuPH20), which temporarily degrades hyaluronan 
at the injection site to facilitate injection of the 5-ml dosing 
volume.6 With a total recommended administration time of 
between 2 and 5 minutes, the s.c. formulation provides sub-
stantial time savings in the clinic and is preferred by both 
patients and health care professionals.7,8 Administration by 
the s.c. route is also expected to improve compliance and 
reduce administration costs.

Selection of the s.c. dose was based on a pharmacokinetic 
bridging strategy, assuming that an s.c. dose that maintains 
trastuzumab serum trough concentrations (Ctrough) at least as 
high as those with i.v. administration would be expected to 
achieve saturation of target receptors and result in compa-
rable efficacy. Support for this hypothesis is provided by the 
absence of significant difference in response rate in meta-
static breast cancer (MBC) between the approved weekly 
regimen (4 mg/kg loading dose; 2 mg/kg maintenance 
doses) and an unapproved weekly regimen (8 mg/kg loading 
dose; 4 mg/kg maintenance doses), suggesting a plateau 
in the dose–efficacy relationship.9 Potentially higher Ctrough 

values than those observed with the i.v. regimen were con-
sidered acceptable due to the results from a previous phase 
I/II study in women with HER2-positive MBC. An intensive 
loading regimen of trastuzumab (6 mg/kg i.v. on days 1, 8, 
and 15, followed by 6 mg/kg every 3 weeks from day 22) 
resulted in a median estimated Ctrough of 119 mg/l, which is 
higher than the steady-state trough concentrations with a 
conventional weekly or Q3W regimen (64.9 or 47.3 mg/l, 
respectively). No new or unexpected adverse events or 
increased cardiotoxicity were reported during the study. The 
dosing regimen was well tolerated and had a good efficacy 
profile.10

The appropriateness of the fixed dose of s.c. trastuzumab 
selected using the above approach has subsequently been 
confirmed in the phase III HannaH study (BO22227), which 
used a noninferiority design to compare the pharmacokinet-
ics, efficacy, and safety of fixed s.c. dosing vs. the reference 
i.v. regimen in the (neo)adjuvant setting.11

Pharmacokinetic studies of s.c. trastuzumab have been 
performed in a two-part, phase I/Ib, dose-finding/dose-
confirmation trial.12 This study used body-weight-adjusted 
dosing of trastuzumab s.c. to facilitate comparison with ref-
erence (i.e.,  body weight-based) i.v. dosing and to support 
assessment of the safety of s.c. administration. To avoid 
potential underdosing of patients with breast cancer, initial 
s.c. dose finding in part 1 was conducted in healthy male 
volunteers. Doses of 6, 8, and 10 mg/kg s.c. and 6 mg/kg i.v. 
regimens were evaluated, and, based on these results, two 
trastuzumab s.c. doses (8 and 12 mg/kg) were tested in part 
2 (dose confirmation) in patients previously treated for HER2-
positive early breast cancer (EBC). The 8 mg/kg s.c. dose was 
expected to result in trastuzumab serum levels in the range of 
those achieved with the 6 mg/kg i.v. maintenance dose. The 
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higher 12-mg/kg s.c. dose was tested to generate safety and 
tolerability data for higher serum levels and to provide further 
pharmacokinetic data that would facilitate selection of a fixed 
dose for the subsequent phase III trial.

These preliminary results demonstrated the good tol-
erability of s.c. administration and encouraged further 
development of the formulation, including investigation of 
the feasibility of non–body-weight-adjusted fixed dosing. 
Administration of a fixed dose of s.c. trastuzumab would 
permit less complex handling, avoid the need for dose cal-
culation, reduce the potential for dosing errors, and allow 
development of a single-use injection device. Omission of 
a loading dose would further simplify dose preparation and 
administration. We therefore used population pharmacoki-
netic (PopPK) modeling and simulation to predict a fixed 
dose of trastuzumab that could be administered without a 
loading dose.

Here, we summarize the PopPK modeling of data from the 
phase I/Ib trial and subsequent implementation of this model 
in simulations to predict the appropriate fixed-dose regimen 
for s.c. trastuzumab. We also report the retrospective valida-
tion of the model using observed pharmacokinetic data from 
the phase III HannaH trial.

RESULTS
Pharmacokinetic data set
Pharmacokinetic modeling was based on data from the 
phase I/Ib trial. This included 24 healthy male volunteers who 
received a single dose of trastuzumab, through either s.c. 
(6–10 mg/kg, n = 18) or i.v. (6 mg/kg, n = 6), and 42 women 
with HER2-positive EBC who received a single dose of 
trastuzumab, s.c. (8 or 12 mg/kg; n = 40) or i.v. (6 mg/kg; 
n = 6). Because four women participated in both the 6 mg/
kg i.v. and 8 mg/kg s.c. cohorts, the dataset comprised serum 
concentrations from 66 individuals, who received a total of 
70 trastuzumab doses. Demographic characteristics have 
been reported previously.12 Of 789 available serum concen-
trations, three (0.4%) were excluded because they proved 
quantifiable despite being theoretically sampled before drug 
administration.

Exploratory graphical analysis
Time courses of trastuzumab serum concentrations follow-
ing i.v. or s.c. administration of a 6 mg/kg dose to healthy 
male volunteers suggested high bioavailability (>80%), with 
a rather slow absorption process after s.c. administration 
(Figure 1a). Dose-normalized serum concentration–time 
profiles for s.c. administration indicated that the rate and 
extent of trastuzumab absorption were dose independent 
and further provided evidence of nonlinear pharmacokinetics 
in the terminal elimination phase, with increased clearance 
(CL) at low serum concentrations (Figure 1b).12

PopPK modeling
As a starting point, we used a PopPK model previously devel-
oped in a population predominantly composed of patients 
with MBC, who received i.v. trastuzumab.13,14 This was a 
two-compartment structural model with linear elimination, 
which included body weight as a covariate for CL and central 

volume (V2). The exponents of the power functions describ-
ing the covariate–parameter relationships were fixed to the 
original estimates to prevent biased reestimation due to the 
small sample size of this study.15 A first-order process was 
used to describe the absorption phase following s.c. admin-
istration. Although this model described the data adequately, 
it showed a small trend for overpredicting trastuzumab serum 
levels at low concentrations. Inclusion of dual linear and non-
linear elimination processes, in which the nonlinear elimina-
tion pathway was described by a Michaelis–Menten model, 
improved the goodness of fit and reduced the objective func-
tion (δ = 97.43).

Trastuzumab when administered as s.c. dose is charac-
terized by a bioavailability of 87% and a slow absorption 
rate (absorption half-life: 2.5 days). The Michaelis constant 
(Km) was estimated as 6.12 mg/l; therefore, the nonlinear 
elimination pathway is expected to be saturated at con-
centrations higher than 50 mg/l. The final model included 
interindividual variability for CL, V2, absolute bioavailability 
(F1), and the first-order absorption rate constant (Ka). A pro-
portional error model accounted for residual variability. As 
shown in Table 1, with the exception of the random effect 
on the central volume (V2; coefficient of variation: 44.3%), 

Figure 1  Serum trastuzumab concentration–time profiles after 
subcutaneous (s.c.) or intravenous (i.v.) administration. (a) Individual 
serum trastuzumab concentration–time profiles after s.c. or i.v. 
administration of a 6 mg/kg dose to healthy subjects. (b) Median 
serum trastuzumab concentration–time profiles normalized by 
dose after s.c. administration of various doses in healthy subjects or 
patients with early breast cancer (EBC).
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model parameters were estimated with a good precision. 
Diagnostic plots indicate that the model describes the time 
course of trastuzumab serum concentrations well across 
the entire concentration range without substantial bias 
(Supplementary Figure S1). A visual predictive check 
confirmed that the model could reliably reproduce trastu-
zumab serum concentration-time profiles after i.v. or s.c. 
administration (Figure 2).

Pharmacokinetic simulations to identify the appropriate 
fixed-dose regimen for s.c. trastuzumab
To identify a fixed dose of s.c. trastuzumab that could be 
administered without a loading dose, the PopPK model 
was used to simulate the pharmacokinetic profile for four 
different fixed s.c. doses (400, 500, 600, and 700 mg, all 
Q3W), which were compared with those obtained from 
simulations for the reference i.v. regimen (8 mg/kg loading 
dose, 6 mg/kg maintenance doses, Q3W). Of the simulated 
s.c. profiles, 600 mg was the lowest dose for which the 5th 
percentile, median, and 95th percentile for Cycle 1, Cycle 7 
C

trough, and Cycle 7 area under the time–concentration curve 
from time zero to time 21 (AUC0–21 days) were all at least as 
high as those with i.v. dosing (Table 2, Figure 3). Simulated 
median (5th–95th percentile) Ctrough was 39 mg/l (35–46 mg/l) 
for 600 mg s.c. vs. 34 mg/l (27–40 mg/l) for i.v. dosing at 
Cycle 1. At Cycle  7, simulated Ctrough values were 79 mg/l 
(38–143 mg/l) for 600-mg s.c. and 46 mg/l (23–84 mg/l) for 
the reference i.v. regimen. Simulated median AUC0–21 days for 
600-mg s.c. dose was in the range of simulation value for 
i.v. dosing at Cycle 1 (1,241 and 1,349 mg*day/l, respec-
tively) and was ~40% higher with this s.c. dose vs. that with 

i.v. administration at Cycle 7 (2,408 and 1,796 mg*day/l, 
respectively). Collectively, these simulations predict that a 
fixed 600-mg dose of s.c. trastuzumab would provide Ctrough 
at least as high as that obtained with the registered i.v. regi-
men, in addition to similar AUC0–21 days, in both Cycle 1 and 
Cycle 7 (Table 2), thus ensuring that patients on average 
would not be underdosed with this novel s.c. regimen.

Simulated pharmacokinetic parameters in patients with 
higher body weight
The PopPK model included body weight as a signifi-
cant covariate and predicted decreasing drug exposure 
with increasing body weight.14 Therefore, to ensure that 
the fixed-dose s.c. regimen did not lead to underdos-
ing of heavier patients, the model was used to compare 
the simulated pharmacokinetics of trastuzumab when 
administered as either the 600-mg fixed s.c. dose or the 

Table 1  Population pharmacokinetic model: parameter and variability 
estimates

Parameter

Population mean
Interindividual 

variability

Estimatea

CVSE  
(%)a,b

Estimate 
(%)a

CVSE 
(%)a,b

CL (l/day) 0.187 10.9 22.6 29.1

V2 (l) 3.43 6.82 21.2 44.3

Q (l/day) 0.24 12.7 — —

V3 (l) 1.71 17.7 — —

F1 0.873 6.7 16.9 28.4

Ka (/day) 0.28 7.93 38.6 27.3

Vm (mg/day) 3.49 21.3 — —

Km (mg/l) 6.12 23.5 — —

Influence of body weight on CL 0.591 Fix — —

Influence of body weight on V2 0.48 Fix — —

Residual multiplicative error (%) 0.26 9.51 — —

CL, clearance; CVSE, coefficient of variation of the standard error; F1, 
absolute bioavailability; Ka, first-order absorption rate constant; Km, Michaelis 
constant; Q, intercompartmental clearance; V2, central volume; V3, peripheral 
volume; Vm, maximal clearance.
aThe apparent coefficient of variation of between subject variability (Estimate) 
was the square root of the OMEGA diagonal parameter in NONMEM. The 
residual variability was the square root of the SIGMA parameter in NON-
MEM. CVSE was the ratio of the standard error estimate in NONMEM to the 
OMEGA or SIGMA parameter estimate in NONMEM. bNONMEM-provided 
standard error of the estimate expressed as an approximate percentage 
coefficient of variation.

Figure 2  Visual predictive check (VPC) of the population 
pharmacokinetic model. (a) Intravenous (i.v.) data. (b) Subcutaneous 
(s.c.) data. The thick black lines represent the median, 5th percentile, 
and 95th percentile of observed profiles; the shaded areas indicate 
the 95% confidence intervals for the median, 5th percentile, and 
95th percentile for the predicted profiles; circles indicate observed 
concentrations.

40

30

20

10

0

0 10 20 30 40

D
os

e-
no

rm
al

iz
ed

 tr
as

tu
zu

m
ab

 c
on

ce
nt

ra
tio

ns
 (

m
g/

l/m
g)

Time (day)

30

25

15

10

20

5

0

0 10 20 30 40

D
os

e-
no

rm
al

iz
ed

 tr
as

tu
zu

m
ab

 c
on

ce
nt

ra
tio

ns
 (

m
g/

l/m
g)

Time (day)

b

a



CPT Pharmacometrics Syst. Pharmacol.

Population PK of Fixed-Dose Subcutaneous Trastuzumab
Hourcade-Potelleret et al.

4

reference i.v.  regimen in patients with a body weight of 
>75 kg (>75th  percentile of the virtual population). In this 
subpopulation, simulated median Cycle 1 Ctrough (5th–95th 
percentile) was 36 mg/l (33–39 mg/l) with s.c. administration 
vs. 38 mg/l (34–44 mg/l) with i.v. administration. Correspond-
ing values at predose Cycle 8 were 69 mg/l (33–130 mg/l) 
and 53 mg/l (25–99 mg/l), respectively. Supplementary 
Figure  S2 shows the distributions of predicted Ctrough for 
these heavier patients, comparing the selected fixed s.c. 
dose and the i.v. reference regimen at Cycle 1 and predose 
Cycle 8. Therefore, the range of exposure in these heavier 
patients was comparable between fixed-dose s.c. and body-
weight-based i.v. regimens.

Retrospective validation of the pharmacokinetic model
Simulations from the PopPK model based on the phase 
I/Ib data were consistent with observed pharmacokinetic 
data from the phase III HannaH study,11 which compared 
the trastuzumab s.c. fixed 600 mg dose vs. i.v. adminis-
tration in neoadjuvant treatment of HER2-positive EBC 
(Figure 4a–d). At Cycle 1, simulated median (5th–95th per-
centile) Ctrough for the s.c. regimen was 39 mg/l (35–46 mg/l), 
which was within the range of observed values in the s.c. 
arm of the HannaH study (median, 29 mg/l; 5th–95th per-
centile, 12–66 mg/l). For predose Cycle 8 Ctrough with i.v. 
administration, the simulated median (5th–95th percen-
tile)  was 46 mg/l (23–84 mg/l), compared with observed 
values of 49 mg/l (23–106 mg/l). Simulated and observed 
median predose Cycle 8 Ctrough values for the s.c. regimen 
were 79 mg/l (38–143 mg/l) and 70 mg/l (23–150 mg/l), 
respectively. With i.v. administration, simulated median 
Cycle 7 AUC0–21 days was 1,796 mg*day/l (1,202–2,605 
mg*day/l), compared with observed values of 1,970 
mg*day/l (1,320–3,310 mg*day/l). For Cycle 7 AUC0–21 days 
with s.c. dosing, simulated and observed median values 

were 2,408 mg*day/l (1,464–4,007 mg*day/l) and 2,260 
(1,090–4,010 mg*day/l), respectively. For the majority of 
the prediction range, observed serum trastuzumab con-
centrations were consistent with simulations for both arms 
of the study (Figure 4e,f). There was an overprediction 
of the 5th percentile and the median at intermediate time 
points for the s.c. administration. Additionally, the i.v. data 
were underpredicted for the 90th percentile. We hypothe-
size that the sample size of 70 patients, which was used to 
develop the model, may be too small to adequately reflect 
the pharmacokinetic parameter distribution for the extreme 
values.

DISCUSSION

We adopted a PopPK modeling and simulation approach 
to predict a fixed (non–body-weight-adjusted) dose of s.c. 
trastuzumab that could be administered without a load-
ing dose, using predefined criteria for dose selection. This 
strategy enabled dose selection from a weight-based dose-
finding study conducted in a moderately small sample size 
of a mixed population of healthy male volunteers and female 
patients, who received a single dose of trastuzumab, and 
made use of the existing PopPK model developed for i.v. 
trastuzumab to derive the appropriate s.c. fixed dose in 
the target population. Simulations indicated that the 600-
mg s.c. fixed dose (Q3W) would provide noninferior C

trough 
to that attained with the body-weight-based, reference i.v. 
regimen at both Cycle 1 and predose Cycle 8. This fixed 
s.c. dose should therefore ensure at least the same extent 
of receptor saturation as i.v. dosing and so provide thera-
peutic efficacy from the first cycle. The fixed 600 mg s.c. 
dose was also predicted to provide trastuzumab exposure, 
expressed as AUC0–21 days, which is similar to that attained 

Table 2  Summary of pharmacokinetic parameters with weight-based i.v. dosing (8/6 mg/kg Q3W) and fixed-dose s.c. dosing (600 mg Q3W) based on  
100 replicates

Summary statistics 5th percentile Median 95th percentile

Interval of prediction (N = 100 replicates) Median (5th–95th)

Ctrough (mg/l)

  Cycle 1

    i.v. regimen 27 (24–30) 34 (31–38) 40 (36–45)

    s.c. regimen 35 (33–37) 39 (37–42) 46 (42–48)

  Predose Cycle 8

    i.v. regimen 23 (16–32) 46 (37–63) 84 (67–109)

    s.c. regimen 38 (28–49) 79 (67–95) 143 (120–174)

AUC0–21 days (mg*day/l)

  Cycle 1

    i.v. regimen 1,092 (994–1,222) 1,349 (1,235–1,498) 1,570 (1,424–1,724)

    s.c. regimen 1,121 (1,068–1,165) 1,241 (1,176–1,292) 1,410 (1,324–1,486)

  Cycle 7 

    i.v. regimen 1,202 (1,204–1,422) 1,796 (1,546–2,073) 2,605 (2,265–2,977)

    s.c. regimen 1,464 (1,259–1,686) 2,408 (2,169–2,729) 4,007 (3,394–4,577)

AUC0–21 days, area under the time–concentration curve from time zero to day 21; CI, confidence interval; Ctrough, minimum serum concentration; i.v., intravenous; 
Q3W, thrice weekly; s.c., subcutaneous.
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with i.v. dosing. Collectively, these simulations provide a 
strong pharmacokinetic rationale for administration of s.c. 
trastuzumab at a fixed 600-mg dose, with no requirement 
for a loading dose.

The appropriateness of the pharmacokinetic bridging 
strategy and the selected fixed dose was subsequently 
confirmed in the randomized phase III HannaH study.11 
Compared with the reference i.v. regimen, s.c. trastuzumab 
(600 mg Q3W) demonstrated both noninferior Ctrough and 
pathologic complete response (pCR) rate when adminis-
tered in combination with chemotherapy in a large popula-
tion of patients with HER2-positive EBC in the neoadjuvant 
setting. The geometric mean ratio Ctrough s.c./Ctrough i.v. value 
was 1.33, with a lower bound of the two-sided 90% confi-
dence interval (CI) of 1.24, which was larger than the pre-
specified noninferiority margin of 0.8. Hence, noninferiority 
for the coprimary pharmacokinetic end point was met. The 
coefficients of variation for Ctrough at predose Cycle 8 were 
52.5% in the i.v. arm and 55.8% in the s.c. arm, showing 
comparable variability between the two treatment arms.11 
A pCR was achieved by 107 (40.7%) of 263 patients in 
the i.v. group and 118 (45.4%) of 260 in the s.c. group. 
The difference in pCR between the groups was 4.7% 
(95% CI:−4.0 to 13.4).11

Consistent with other monoclonal antibodies, and the 
previous trastuzumab PopPK model developed using data 
from HER2-positive MBC, trastuzumab pharmacokinetics 
were described by a two-compartment structural model, 
with central volume similar to plasma volume and linear 
distribution to the peripheral compartment.13,16 A tendency 
for the linear model to overpredict low concentrations in the 
present data set was observed. The final model therefore 
included dual linear elimination and a nonlinear, saturable 
CL pathway with Michaelis–Menten kinetics. Nonlinear CL 
has been reported for other monoclonal antibodies and is 
thought to reflect target-mediated drug disposition.16 The 
final model performed well both in a visual predictive check 
against the original pharmacokinetic data set and in a 
retrospective validation experiment that compared model 
simulations with observed pharmacokinetic data from an 
independent patient cohort (i.e., the HannaH study popula-
tion). This validation confirms the appropriateness of the 
model both for the original dose selection process and 
for the secondary pharmacokinetic analyses in the Han-
naH study, which are based on simulated pharmacokinetic 
parameters.

The PopPK model included body weight as a significant 
covariate for CL and V2 and, for the fixed s.c. dose, predicts 
decreasing exposure as body weight increases. However, 
the range of exposures among patients with higher body 
weight (>75 kg) is comparable between fixed s.c. dosing 
and body-weight-based i.v. dosing. Further evidence that 
the fixed-dose s.c. regimen does not lead to underdosing of 
heavier patients is provided by the similarity of pCR rates 
across body weight quartiles in the s.c. arm of the HannaH 
study.17 Additionally, pCR rates in heavier patients were simi-
lar between the s.c. and the i.v. arms. Conversely, although 
fixed s.c. dosing leads to increasing exposure in patients with 
lower body weight, safety analyses from HannaH showed no 
significant correlation between body weight and the rates 
of severe or serious adverse events in the s.c. trastuzumab 
arm. Furthermore, s.c. and i.v. administration showed similar 
safety profiles both in patients weighing <51 kg and in the 
overall study population.18

Figure 3  Distributions of simulated pharmacokinetic parameters. 
(a) Ctrough at Cycle 1. (b) AUC0–21 days at Cycle 1. (c) Ctrough at predose 
Cycle 8. Boxes indicate the interquartile range, and the whiskers 
indicate the range, excluding any outliers. Circles represent outliers, 
defined by distance >1.5 times the interquartile range below the first 
quartile or above the third quartile. Within each box, the horizontal 
line represents the median, and the diamond represents the mean. 
AUC0–21 days, area under the time–concentration curve from time zero 
to day 21; Ctrough, minimum serum concentration.
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These results are concordant with previous PopPK anal-
yses of several therapeutic antibodies.19,20 Contrary to the 
conventional assumption for small molecules, and given 
its large therapeutic window coupled with many practical 

advantages, fixed dosing would be the first option in first-in-
human studies.

To conclude, PopPK modeling and simulation identi-
fied 600 mg Q3W as an appropriate fixed-dose regimen for 

Figure 4  Model predictions and observed trastuzumab pharmacokinetics in the phase III HannaH study. (a) Cycle 7 Ctrough, intravenous (i.v.) 
arm. (b) Cycle 7 Ctrough, subcutaneous (s.c.) arm. (c) Cycle 7 AUC0–21 days, i.v. arm. (d) Cycle 7 AUC0–21 days, s.c. arm. (e) Serum trastuzumab 
concentrations, i.v. arm. (f) Serum trastuzumab concentrations, s.c. arm. In a–d, boxes indicate the interquartile range, whiskers indicate the 
range (excluding any outliers), horizontal lines represent the median, and diamonds represent the mean. Circles represent outliers, defined 
by distance >1.5 times the interquartile range below the first quartile or above the third quartile. In e and f, the shaded areas indicate the 95% 
confidence intervals for the median, 5th percentile, and 95th percentile for the predicted profiles; the thick black lines represent the median, 
5th percentile, and 95th percentile of observed profiles; and circles indicate observed concentrations. One extreme outlier for Ctrough in the i.v. 
arm (800 mg/l) is omitted from the plot in a. AUC0–21 days, area under the time–concentration curve from time zero to day 21; Ctrough, minimum 
serum concentration.
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s.c. trastuzumab that would achieve the desired pharmaco-
kinetic profile. Together with the results of the phase III Han-
naH study,11 these data strongly support the administration 
of s.c. trastuzumab as a fixed-dose regimen, irrespective of 
patient body weight without a loading dose.

With comparable efficacy and safety profiles, fixed dosing 
offers many practical advantages. Expected benefits include 
increased convenience for patients and health care profes-
sionals, shorter administration time, independence from i.v. 
catheterization, improved compliance, lack of requirement 
for dose calculation, reduced potential for dosing errors, and 
optimized medical resource utilization. The recent develop-
ment of a single-use injection device for administration of 
the fixed s.c. dose may further enhance convenience and 
consistency of dosing, in addition to offering the potential for 
self-administration.21 Indeed, recent results from the PrefHer 
study demonstrated that single-use injection device–based 
s.c. injection of adjuvant trastuzumab was strongly preferred 
by patients relative to i.v. infusion and led to substantial time 
savings.7,8

METHODS
Pharmacokinetic data sets. The data set for pharmacokinetic 
modeling was taken from an open-label, two-part, multi-
center, phase I/Ib dose-finding and dose-confirmation study 
(clinicaltrials.gov identifier: NCT00800436). The design of this 
study has been reported previously.12 Briefly, in part 1 (dose 
finding), healthy male volunteers received a single dose of 
either i.v. trastuzumab at 6 mg/kg (n = 6) or s.c. trastuzumab 
at 6 (n = 6), 8 (n = 6), or 10 mg/kg (n = 6). In addition, six 
female patients with HER2-positive EBC received 6 mg/kg i.v. 
trastuzumab. In part 2 (dose confirmation), female patients 
with HER2-positive EBC received a single dose of s.c. trastu-
zumab at 8 (n = 20) or 12 mg/kg (n = 20). Serum samples 
were collected at the following time points for patients receiv-
ing an i.v. dose: predose: 1.5 and 3 hours; postdose: days 
2, 3, 5, 8, 15, 22, 35, 43, and 85 and at 5 months. For s.c. 
dosing, the following time points were sampled: predose: 
6, 8, and, 12 hours; postdose: days 2, 3, 5, 8, 10, 15, 22, 
43, and 85 and at 5 months. Trastuzumab serum concentra-
tions were assayed using an enzyme-linked immunosorbent 
assay with a lower limit of quantitation of 0.156 mg/l (Covance 
Laboratories, Chantilly, VA).

External model validation was based on the random-
ized, open-label, phase III HannaH study (clinicaltrials.gov 
identifier: NCT00950300). This study compared s.c. and i.v. 
administration of trastuzumab in the (neo)adjuvant setting 
in patients with HER2-positive, operable, locally advanced, 
or inflammatory breast cancer.11 Participants were random-
ized to receive neoadjuvant trastuzumab, administered 
either as the approved i.v. regimen (8/6 mg/kg, Q3W) or as 
a fixed dose of 600 mg s.c., in combination with four cycles 
of docetaxel followed by four cycles of 5-fluorouracil, epi-
rubicin, and cyclophosphamide. After surgery, patients 
continued s.c. or i.v. trastuzumab to complete 1 year of 
treatment. In the s.c. arm, blood samples were collected for 
pharmacokinetic analysis during predose stage on day 1 of 
Cycles 1, 3, 4, 6, 7, and 8. Additional samples were taken 

on days 2 and 15 of Cycle 1 and on days 2, 4, 8, and 15 of 
Cycle 7. In the i.v. arm, predose pharmacokinetic samples 
were collected on day 1 of Cycles 1, 3, 4, 6, 7, and 8 and 
at the end of infusion on day 1 of Cycles 1–8. Additional 
sampling was performed during Cycles 1 and 7, as per the 
s.c. arm. Results from HannaH confirmed the noninferior-
ity of s.c. trastuzumab to i.v. trastuzumab with reference to 
phamacokinetics.11

Both studies were conducted in accordance with the 
Declaration of Helsinki and the principles of Good Clinical 
Practice. Study protocols and amendments were approved 
by Independent Ethics Committees. All participants provided 
written informed consent.

Model building and simulations. Analyses were performed 
using nonlinear mixed-effects modeling in NONMEM 
(Supplementary Data) (v.6.0, ICON, Ellicott City, MD). Data 
sets were built using Statistical Analysis Software (SAS 
v.9.2; SAS Institute, Cary, NC), and graphical analyses were 
conducted with TIBCO Spotfire S+ (v.8.2, TIBCO Spotfire, 
Somerville, MA) or SAS. Simulations were performed in Trial 
Simulator (v.2.2.1, Pharsight, Cary, NC).

PopPK modeling. The analysis was initiated using a refer-
ence model established in a population consisting predomi-
nantly of patients with MBC, in which a two-compartment 
model was required to characterize concentration–time 
profiles following i.v. dosing.13,14 Because trastuzumab tar-
gets a cell surface protein, the present data set was exam-
ined for manifestations of target-mediated drug disposition 
behavior. Absorption models with hypotheses of first-order, 
first-order with lag time, or sequential zero followed by 
first-order absorption processes were tested for their abil-
ity to describe the absorption profile following s.c. admin-
istration. Interindividual variability was estimated using an 
exponential error model. Separate additive, proportional, 
or combined additive-plus-proportional models were used 
to describe random residual variability. PopPK parameters 
and variances were derived using the first-order conditional 
estimation method with interaction. Model development 
was guided principally by diagnostic plots and CIs of the 
mixed-effects parameters using the standard error of the 
estimates (derived via the covariance option in NONMEM), 
with the minimum objective function value as a secondary 
measure.

Prospective model validation. Visual predictive checks. Five 
hundred replicates of the original design of the phase I/Ib 
study were simulated using the final model parameter esti-
mates, including residual variability, and the simulated distri-
bution was compared with that from observed data. Median 
concentrations over time and their 95% CIs were calculated 
from all replicates and displayed graphically, along with the 
5th and 95th percentiles. These plots were then overlaid with 
observed concentrations. The observed median is expected 
to lie within the CI of the simulated median profiles, and 80% 
of the observed concentrations are expected to fall within 
the 5th and 95th percentiles of the simulated time course 
profiles.
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Dose selection. Selection of the fixed s.c. dose was guided 
by the basic requirement to ensure at least the same 
degree of receptor saturation with s.c. and i.v. administra-
tion that would ensure comparable therapeutic efficacy. 
Therefore, Ctrough following s.c. administration should be at 
least as high as that attained with the reference i.v. regi-
men and was chosen as the primary pharmacokinetic end 
point. This criterion should be met from Cycle 1 onward 
to avoid the need for a loading dose.21 Finally, exposure 
to trastuzumab, evaluated by AUC0–21 days at Cycle 1 and 
after repeated doses, was chosen as the secondary 
pharmacokinetic parameter that should be similar to that 
seen with i.v. administration. The PopPK model was imple-
mented to simulate Ctrough (Cycle 1 and predose Cycle 8) 
and AUC0–21 days (Cycles 1, 7, and 8) for the reference 
i.v. regimen (8 mg/kg loading dose, 6 mg/kg maintenance 
doses, Q3W) and four fixed s.c. doses (400, 500, 600, or 
700 mg, all Q3W). Concentrations were simulated for a vir-
tual population of 260 patients (130 i.v.; 130 s.c.). This cor-
responds to the pharmacokinetic sample size calculated for 
the HannaH study, which is required to demonstrate non-
inferior Ctrough (noninferiority margin for the geometric mean 
ratio of 0.8) with a power of 80%, assuming an interpatient 
coefficient of variation of 60% and true means for s.c. vs. 
i.v. administration that differ by ≤5%. The virtual population 
had a mean body weight of 68 kg (corresponding to the 
body weight of a typical patient)22 and standard deviation of 
11 kg, which is similar to that expected in the EBC popula-
tion (Roche, data on file). One hundred simulations were 
performed for each regimen, and distributions of simulated 
pharmacokinetic parameters were plotted graphically.

Retrospective model validation. Once the phase III Han-
naH trial was completed, observed pharmacokinetic data 
from HannaH were compared with the simulation intervals 
at Cycle 7 Ctrough (i.e., predose Cycle 8), Cycle 7 AUC0–21 days, 
and time course concentrations, which were computed from 
the simulations conducted during dose selection. Observed 
Cycle 7 Ctrough (predose Cycle 8) was chosen as the coprimary 
pharmacokinetic end point for HannaH to permit correlation 
of presurgery pharmacokinetics with pCR. Ctrough value was 
the actual observed data, and AUC0–21 days was derived via 
noncompartmental analysis using WinNonlin Enterprise soft-
ware (v.5.2.1, Pharsight). All patients with a predose Cycle 8 
pharmacokinetic measurement were included in the analysis 
of observed pharmacokinetics in HannaH (i.v.: n = 276; s.c.: 
n = 278).
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