
Pediatric Pharmacology

The Journal of Clinical Pharmacology
2020, 60(12) 1585–1597
© 2020 Millennium Pharmaceuticals,
Inc., a wholly owned subsidiary of
Takeda Pharmaceutical Company Lim-
ited. The Journal of Clinical Pharma-
cology published by Wiley Periodicals
LLC on behalf of American College of
Clinical Pharmacology
DOI: 10.1002/jcph.1682

Population Pharmacokinetics of
Brentuximab Vedotin in Adult and Pediatric
Patients With Relapsed/Refractory
Hematologic Malignancies:Model-Informed
Hypothesis Generation for Pediatric Dosing
Regimens

Ajit Suri, PhD,MBA1,Diane R.Mould, PhD, FCP2,Gregory Song, PhD1,
Judith Kinley, PhD1, and Karthik Venkatakrishnan, PhD, FCP1,3

Abstract

Prior pharmacokinetic (PK) analyses of the antibody-drug conjugate (ADC) brentuximab vedotin (1.8 mg/kg every 3 weeks) in pediatric patients with
relapsed/refractory hematologic malignancies found that patients aged <12 years exhibited decreased ADC area under the curve (AUC) compared
with those aged ≥12 years. This population PK (POPPK) analysis used data from pediatric (NCT01492088) and adult (NCT00430846) studies of
brentuximab vedotin to quantify body size effects on ADC exposure. Data were collected from 84 patients with a median age of 25.7 years (range,
7.7-87.3 years), 34 of whom (40.5%) were aged <18 years; median patient weight was 67 kg (range, 21-154 kg), and median body surface area was
1.8 m2 (range, 0.87-2.81 m2). ADC PK was described by a linear 3-compartment model with zero-order input and first-order elimination. POPPK
modeling indicated that dosing brentuximab vedotin at 1.8 mg/kg every 3 weeks or 1.2 mg/kg every 2 weeks resulted in lower ADC AUC values
in small/moderate-sized pediatric patients (<28 kg and 28-49 kg, respectively) compared with large pediatric/adult patients (50-100 kg). Dosing at
71.5 mg/m2 every 3 weeks and 47.7 mg/m2 every 2 weeks was predicted to achieve comparable AUC values across all body weight ranges and a
similar AUC to that in the 50- to 100-kg group at the standard doses of 1.8 mg/kg every 3 weeks and 1.2 mg/kg every 2 weeks,respectively.These results
have generated a hypothesis to support evaluation of brentuximab vedotin at 48 mg/m2 every 2 weeks in combination with adriamycin, vinblastine,
and dacarbazine chemotherapy in an ongoing pediatric trial in frontline Hodgkin lymphoma (NCT02979522).
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Brentuximab vedotin is a CD30-directed antibody-
drug conjugate (ADC) that comprises a monoclonal
human/murine antibody linked to the microtubule-
disrupting agent monomethyl auristatin E (MMAE)
via a protease-cleavable linker.1 Brentuximab vedotin
binds to cell-surface CD30, following which the
ADC-CD30 complex is internalized and processed into
lysosomal vesicles. MMAE is then released into the
cytoplasm by proteolytic cleavage, inhibiting micro-
tubule polymerization and inducing cell-cycle arrest
and apoptosis (Figure 1).1-3 Brentuximab vedotin
specifically targets cells that overexpress cell-surface
CD30, such as classical Hodgkin lymphoma (cHL) and
systemic anaplastic large-cell lymphoma (sALCL).2,4

In a phase 2 study (NCT00848926) of patients
with relapsed/refractory (R/R) cHL, patients treated
with 1.8 mg/kg brentuximab vedotin every 3 weeks5

achieved an overall response rate of 75% and a
median progression-free survival of 5.6 months, with
a manageable safety profile.5 Based on these results,
the United States Food and Drug Administration
approved brentuximab vedotin for the treatment of

adult patients with R/R cHL after failure of autologous
hematopoietic stem-cell transplant (auto-HSCT) or
at least 2 prior multiagent therapies in adult patients
who are ineligible for auto-HSCT.6 Based on pivotal
studies, brentuximab vedotin has since been approved
by the Food and Drug Administration to treat adult
patients with6 cHL who are at high risk of relapse or
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Figure 1. Brentuximab vedotin mechanism of action. Figure reproduced from Suri A, Mould DR, Liu Y, Jang G, Venkatakrishnan K. Population PK
and exposure-response relationships for the antibody-drug conjugate brentuximab vedotin in CTCL patients in the phase III ALCANZA study. Clin
Pharmacol Ther. 2018;104(5)989-999. ©2018 The Authors. Clinical Pharmacology & Therapeutics published by Wiley Periodicals, Inc. on behalf of the
American Society for Clinical Pharmacology and Therapeutics. MMAE, monomethyl auristatin E.

progression post-auto-HSCT as consolidation
therapy,7 primary cutaneous anaplastic large-cell
lymphoma or CD30-expressing mycosis fungoides
following previous systemic therapy,8 sALCL after
failure of at least 1 prior multiagent chemotherapy
regimen,9 previously untreated sALCL or other
CD30-expressing peripheral T-cell lymphomas in
combination with cyclophosphamide, doxorubicin,
and prednisone,10 and previously untreated stage III/IV
cHL in combination with doxorubicin, vinblastine, and
dacarbazine (AVD).11

Brentuximab vedotin is not currently approved
for use in pediatric patients; however, the potential
use in the pediatric setting is supported by data
from a phase 1/2 open-label, single-agent multicenter
dose-escalation study (NCT01492088), which assessed
patients aged 7-18 years who had R/R cHL or sALCL
and for whom standard treatment was not available
or was no longer effective.12 In pediatric patients who
received the adult dosage (1.8 mg/kg every 3 weeks),
brentuximab vedotin had a manageable safety profile
with clinically meaningful responses (overall response
rate of 47% in patients with cHL and 53% for those with
sALCL).12

In anticancer drug development, population
pharmacokinetics (POPPK) analyses play a crucial
part in characterizing the mechanistically and clinically
relevant determinants of systemic drug exposure in
identifying covariates that influence response and
toxicity and in optimizing posology that maximizes
benefit versus risk.13-17

Brentuximab vedotin pharmacokinetics (PK) were
previously assessed in adult patients with HL, sALCL,
or cutaneous T-cell lymphoma3,8,18-23 and in pediatric
patients with R/R sALCL or HL (NCT01492088).12,24

ADC concentrations are typically dose-proportional,
with peak concentrations reached at the end of
infusion, andwith amean steady-state volume of distri-
bution of approximately 6-10L.25 MMAE is a substrate
of cytochrome P450 3A,26 and after the initial dose of
ADC, brentuximab vedotin-derived MMAE exposure
decreases to 50%-80% of the original exposure for sub-
sequent cycles.6 In the pediatric study (NCT01492088),
PK evaluation suggested a trend toward lower systemic
exposure of ADC in younger pediatric patients com-
pared with older pediatric patients; median area under
the concentration-time curve from time 0 to infinity
(AUC0-∞) of ADC following body weight-normalized
dosing was approximately 14% lower in patients aged
<12 years and 3% lower in those aged ≥12 years than
the ADC AUC0-∞ observed in adults.12

Here we report POPPK analyses using data from
2 clinical studies of brentuximab vedotin: 1 in
pediatric patients (NCT01492088) and 1 in adult
patients (NCT00430846). Key objectives of the
POPPK analyses were to develop a POPPK model
to describe ADC and MMAE concentration-time
data in both pediatric and adult patients using data
from 2 clinical studies of brentuximab vedotin,
to simulate ADC and MMAE pharmacokinetics
in pediatric patients aged 6-9 years from the
currently available pediatric data/model, to compare
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ADC and MMAE in pediatric patients with
those in adults, and to evaluate the performance
characteristics of body surface area (BSA)-based
dosing scenarios in pediatric patients with respect to
their ability to achieve exposures similar to those using
adult body weight-based dosing.

Methods
Clinical Studies
This POPPK analysis used data from 2 studies of
brentuximab vedotin: a phase 1/2 study
(NCT01492088) in pediatric patients with R/R
sALCL or cHL12 and a phase 1 dose-escalation
study (NCT00430846) in adult patients with R/R
CD30-positive hematologic malignancies.21

In the pediatric study, patients received 1.4 or
1.8 mg/kg brentuximab vedotin every 3 weeks; the
maximum tolerated dose was not reached, and the rec-
ommended phase 2 dose was identified as 1.8 mg/kg.12

In the adult study, brentuximab vedotin was adminis-
tered intravenously every 3 weeks at doses between 0.1
and 3.6 mg/kg; the maximum tolerated dose was found
to be 1.8 mg/kg.21

Details of sampling schedules in each study
are shown in Supplementary Table S1. ADC
concentrations were measured using a validated
enzyme-linked immunosorbent assay, and
unconjugated MMAE concentration was established
using a liquid chromatography-tandem mass
spectrometry assay as described previously.26

Both studies were approved by the institutional
review board or independent ethics committee at each
study site and were conducted in accordance with the
Declaration of Helsinki and International Conference
of Harmonization Guideline for Good Clinical Prac-
tice. Written informed consent was provided by all
adult patients and by the parents or legal guardians of
pediatric patients.

POPPK Model Development
Patients who had at least 1 adequately documented
ADC or MMAE concentration were evaluable for
analysis.

The structural PK models for ADC and MMAE
employed in this analysis were based on previously
reported models27 and consisted of 3 basic
components: first, the structural PKmodel component,
defining PK parameters and describing concentration-
time profiles of ADC and MMAE; second, the
interindividual error model component, describing
interindividual variation in PK parameters after
correction for fixed effects; and third, the residual
error model component, describing the underlying
distribution of the error in the measured PK
observation (ie, intraindividual variability). Individual

ADC PK parameter estimates were required for
MMAE PK to be evaluated. The concentration-time
data collected in the studies were analyzed using
mixed-effects modeling methods as implemented by
the computer program NONMEM (version 7.4; Icon
Development Solutions, Dublin, Ireland; with Intel
Visual Fortran Intel 64 Compiler XE, version
12.0.0.104 Build 20101006 [Santa Clara, California]).28

Missing data were excluded from the analyses. A
log-transform both-sides approach was used with
an additive residual error (proportional on back-
transform). Modeling was performed using the
first-order conditional estimation method. The final
basic structural model was selected on the basis of
goodness of fit; the chi-square test (P < .005) for
the log-likelihood difference in objective function
(OBJ) between nested models, with degrees of
freedom equal to the difference in number of
parameters between models, was used to declare
superiority of 1 model over another.

Covariate Analysis
Prespecified covariates for potential inclusion in the
final model were age, weight, sex, race, ethnicity, BSA,
disease type, treatment cycle, antidrug antibody (ADA)
status, creatinine clearance, and concentrations of
albumin, alanine aminotransferase, aspartate amino-
transferase, bilirubin, and creatinine. Covariates were
tested for statistical significance as single covariate
models, further supplemented by visual inspection of
graphical trends. Covariates identified to individually
reduce OBJ by >7.9 were pooled into a full model,
which was subjected to backward elimination, with the
final model only retaining covariates whose removal
increased OBJ by ≥10.8 (P < .001). Prior to the
inclusion of covariates in the model, interindividual
parameter shrinkage was evaluated. The magnitude of
the impact of the covariates was also considered; if
the magnitude of the impact was small (<20% change
over the range of covariate values in the database) or
the covariate effect was poorly estimated (eg, standard
error > 45%), then the covariate was evaluated for
reparameterization or discarded.

For the visual predictive check evaluation, the 2.5th
and 97.5th prediction intervals were constructed by
simulating replicates of the data set from which the
model was developed. The observed data were then
overlaid and compared with the prediction intervals.
Separate plots for pediatric versus adult patients were
created. For the MMAE model, in which the M3
method for handling below-the-limit-of-quantitation
(BLQ) samples was implemented, an additional plot
of the actual proportion of BLQ samples over time
compared with the 95% prediction interval of this
proportion was created.29
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Table 1. Simulated Dose Scenarios

Dose Frequency Dose Metric Dose

Once every 3 weeks mg/kg 1.8
Once every 3 weeks mg/m2 71.5
Once every 2 weeks mg/kg 1.2
Once every 2 weeks mg/m2 47.7

Model Evaluation
Model stability was tested through the evaluation of the
condition number, which was calculated as the square
root of the ratio of the largest to the smallest eigen-
value of the correlation matrix. A condition number
<20 suggested that the degree of collinearity of the
parameter estimates was acceptable. A condition
number >100 indicated that the model may be unstable
because of high collinearity.25 In such cases the model
was simplified, the condition number recomputed, and
the model reevaluated.

Bootstrapping was used to evaluate parameter
precision. Five hundred bootstrap data sets were gen-
erated and run using the ADC final model, and 200
bootstrap data sets were generated and run using the
MMAE final model; a lower number of data sets were
used for the MMAE final model because of longer
run times. The data sets were stratified by study. The
percentile bootstrap confidence intervals were con-
structed by taking the lower 5% and the upper 95%
values of each parameter estimate from runs that con-
verged successfully, as this interval should cover the true
value of the parameter estimate approximately 90% of
the time without imposing an assumption of symmetry
on the distribution.

Model-Based Simulations
The final PK models for ADC and MMAE were used
to simulate the dosing regimens shown in Table 1. A
dose was administered as a 30-minute infusion every
14 or 21 days for ≥10 cycles. The baseline covariate
values from 72 patients in the data set who weighed
≤100 kg were used in the simulations. One hundred
replicates were simulated, resulting in 7200 simulated
patients for each regimen. ADA-negative concentration
profiles were simulated. Rich sampling schemes were
used to capture the peak and trough concentrations.

AUC (0-21 days) and maximum serum
concentration (Cmax) values were calculated from
the simulated concentrations, and the results were
compared based on body weight ranges expected
for small pediatric patients (<28 kg; approximately
6-9 years of age), moderate-size pediatric patients
(28-49 kg or approximately 9-14 years of age), and
large pediatric/adult patients (50-100 kg).30

Results
POPPK Analysis Data Set
PK data were collected from 84 patients (34 pediatric
and 50 adult patients) from studies NCT01492088
(pediatric n= 34, adult n= 2) andNCT00430846 (adult
n = 48). Overall, 63 patients had HL, 17 had
sALCL, and 4 had other diagnoses. Thirteen patients
(15.5%) were ADA positive, 10 (27.8%) from study
NCT01492088 and 3 (6.3%) from studyNCT00430846.
The majority of patients were white (86.9%) and
male (64.3%). Median age was 25.65 years (range,
7.65-87.24 years), and median creatinine clearance
was 70.72 mL/min (range, 25.00-123.76 mL/min).
Additional details on patient baseline characteristics
and demographics are shown in Table 2.

From 84 patients, 8234 records were collected for
analysis, 2664 from studyNCT01492088 and 5570 from
study NCT00430846. The ADC PK data set included
3020 records: 524 dosing records (pediatric study
NCT01492088, n = 269; adult study NCT00430846,
n = 255) and 2496 concentration records (pediatric
study, n = 799, adult study, n = 1697). The MMAE
PK data set included 3164 records: 524 dosing records
(pediatric study, n= 269, adult study, n= 255) and 2640
concentration records (pediatric study, n = 797, adult
study, n = 1843).

ADC and MMAE PK Models
ADC PK was described by a linear 3-compartment
model with zero-order input and first-order elimination
based on previous POPPK models31-36 for single-agent
brentuximab vedotin (Figure 2). The concentration
of ADC decreased in a multiexponential manner,
indicating a multicompartment model was appropriate.
The final model parameters are shown in Table 3. Body
size had a strong influence on clearance and central
volume of distribution (V1), and BSA was found to be
the best predictor of body size for V1. Weight was a
better predictor for clearance than BSA, as determined
by the reduction in objective function, but BSA was
also a statistically significant predictor of clearance and
thus was selected for both parameters for consistency.

MMAE PK was described by a 2-compartment
model with first-order elimination and formation of
MMAE both directly from ADC and through binding
of ADC to a hypothetical target (Figure 2). The final
model parameters are shown in Table 3.

Visual Predictive Check
Visual predictive check plots by age group versus time
since first and last doses (Figure 3) show the observed
concentrations over time. Ideally, the observed 95%
and 50% intervals would be within the shaded areas,
indicating that the model predicts the observed values
adequately. For the most part this is the case, and when
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Table 2. Demographics and Disease Characteristics for
Pharmacokinetic-Evaluable Patients Summarized for Categorical
and Continuous Covariates

Covariate Value

Patients in each study, n (%)
NCT01492088 36 (42.9)
ADA positive 10 (27.8)

NCT00430846 48 (57.1)
ADA positive 3 (6.3)

Age (years)
Median (range) 25.65 (7.65-87.24)
Mean (SD) 27.59 (16.76)
Adult age group, n (%) 50 (59.5)
Pediatric age group, n (%) 34 (40.5)

Sex, n (%)
Male 54 (64.3)
Female 30 (35.7)

Race, n (%)
White 73 (86.9)
Black 5 (6.0)
Asian 4 (4.8)
Not reported 2 (2.4)

Ethnicity, n (%)
Not Hispanic 71 (84.5)
Hispanic 4 (4.8)
Not reported 9 (10.7)

Height (cm)
Median (range) 170.00 (123.7-194.0)
Mean (SD) 166.66 (15.96)

Weight (kg)
Overall median (range) 66.70 (21.2-153.8)
Overall mean (SD) 68.41 (25.83)
Pediatric median (range) 49.45 (21.20-87.00)
Pediatric mean (SD) 49.51 (17.60)
Adult median (range) 77.90 (44.90-153.80)
Adult mean (SD) 81.26 (22.47)

BMI, kg/m2

Overall median (range) 22.66 (12.94-44.94)
Overall mean (SD) 23.95 (6.85)
Pediatric median (range) 18.36 (12.74-32.41)
Pediatric mean (SD) 19.59 (4.88)
Adult median (range) 26.13 (16.90-44.94)
Adult mean (SD) 26.91 (6.43)

BSA (m2)
Overall median (range) 1.80 (0.87-2.81)
Overall mean (SD) 1.76 (0.40)
Pediatric median (range) 1.49 (0.87-2.02)
Pediatric mean (SD) 1.46 (0.32)
Adult median (range) 1.94 (1.43-2.81)
Adult mean (SD) 1.96 (0.30)

Disease, n (%)
HL 63 (75.0)
sALCL 17 (20.2)
Other 4 (4.8)

Albumin, g/L
Median (range) 4.77 (0.82-19.08)
Mean (SD) 5.94 (3.89)

ALT (U/L)
Median (range) 39.00 (22-51)
Mean (SD) 38.04 (6.46)

AST (U/L)
Median (range) 18.00 (5-140)
Mean (SD) 26.12 (24.22)

(Continued)

Table 2. Continued

Covariate Value

Bilirubin (μmol/L)
Median (range) 22.00 (8-163)
Mean (SD) 26.35 (19.46)

Creatinine (μmol/L)
Median (range) 6.00 (2-20)
Mean (SD) 7.44 (4.19)

CrCl (mL/min)
Median (range) 70.72 (25.00-123.76)
Mean (SD) 67.66 (24.69)

ADA, antidrug antibody; ALT, alanine aminotransferase; AST, aspartate
transaminase; BMI, body mass index; BSA, body surface area; CrCl, creatinine
clearance; HL, Hodgkin lymphoma; sALCL, systemic anaplastic large-cell
lymphoma; SD, standard deviation.

the observed intervals are outside the shaded areas, it
is only marginally so. Therefore, the model adequately
predicts the concentrations observed in each of the
studies and for each age group.

Simulations of Dosing Regimens
With the final models for ADC and MMAE,
simulations were performed using the patients in
the analysis data sets at the typical dose of 1.8 mg/kg
brentuximab vedotin and an alternate BSA-based
dose of 71.5 mg/m2. A rich sampling scheme over ten
21-day single-dose cycles was employed.A second set of
simulations was performed to identify an equivalent
BSA-based dose for each of the approved body weight-
based doses (1.2 and 1.8 mg/kg), in which a lower dose
was administered more frequently (every 2 weeks):
doses were based on body weight (1.2 mg/kg) or BSA
(47.7 mg/m2).

ADC Simulations at 1.8 mg/kg and 71.5 mg/m2 Every-3-
Week Dosing
The first set of simulations used the approved starting
dose of 1.8 mg/kg brentuximab vedotin monotherapy
administered every 21 days (Table 1). This dosing
regimen resulted in patients with smaller body weight
having a 30% lower median AUC than patients with
larger body weight (Figure 4A), with minimal effects on
accumulation (Figure 4B). Therefore, pediatric patients
would need a higher dose than 1.8 mg/kg to achieve
AUC values similar to those observed in adults. The
difference in median Cmax (Supplementary Figure S1A)
between the body weight groups was 17%, lower than
the difference observed for AUC.

BSA-based dosing simulations using 71.5 mg/m2

brentuximab vedotin every-3-week dosing showed
AUC in smaller patients similar to that achieved with
body weight-based dosing in adults (Figure 4C). As
with body weight-based dosing, BSA-based dosing
had minimal effects on accumulation over time
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Figure 2. Brentuximab vedotin final ADC and MMAE pharmacokinetic model. ADC, antibody-drug conjugate; ALFM, rate constant to describe
the decline in direct conversion of ADC to MMAE following TAD; CLM, apparent MMAE clearance; CLP, ADC clearance; EXP, exponential; FM,
fraction metabolized; KD, binding rate constant; Klag, rate constant for lag compartment; MMAE, monomethyl auristatin E; QM, apparent MMAE
intercompartmental clearance;QP1 and QP2,ADC intercompartmental clearance from central to first and second peripheral compartments;T-DTIME,
time since last dose; VM and VMP, apparent volume of MMAE central and peripheral compartments; VPc, volume of ADC central compartment; VPp1
and VPp2, volume of ADC first and second peripheral compartments.

(Figure 4D). The geometricmeanCmax values for small-
and moderate-sized pediatric patients administered
71.5 mg/m2 were approximately 33% and 11% higher,
respectively, than those in large pediatric/adult
patients administered the BSA-based dose or the
1.8 mg/kg dose (Supplementary Figure S1A,C);
however, the magnitude of this difference is relatively
small compared with the observed overall variability in
Cmax (34%-36% coefficient of variation) with 1.8 mg/kg
every-3-week dosing.

MMAE Simulations at 1.8 mg/kg and 71.5 mg/m2 Every-3-
Week Dosing
Infusion of 1.8 mg/kg brentuximab vedotin over
30 minutes resulted in a 37% lower AUC in the small-
and moderate-sized pediatric patient weight groups
compared with the large pediatric/adult weight group
(Figure 5A); the concentration-time curve showed a
noticeably higher exposure for the first dose compared
with subsequent doses (Figure 5B), consistent with
prior observations.6 A dose of 71.5 mg/m2 resulted
in overall AUC values that were more similar across
the 3 body size groups than was seen with the body
weight-based dosing approach (Figure 5C). The overall
Cmax values for pediatric patients who received a dose
of 71.5 mg/m2 every 3 weeks were similar to those in
large pediatric/adult patients dosed at 1.8 mg/kg every
3 weeks (Supplementary Figure S1B,D).

Simulations at 1.2 mg/kg and 47.7 mg/m2 Every-2-Week
Dosing
Results of simulations using 1.2 mg/kg and 47.7 mg/m2

brentuximab vedotin administered every 2 weeks
paralleled those for 1.8 mg/kg and 71.5 mg/m2 bren-
tuximab vedotin given every 3 weeks. The low-
est AUC overall was observed in the <28-kg body
weight group treated with 1.2 mg/kg brentuximab
vedotin (Figure 4E), whereas AUCs achieved follow-
ing 47.7 mg/m2 dosing were more consistent across
each body weight range (Figure 4G), suggesting
that BSA-based dosing provides more consistent ex-
posure than body weight-based dosing in smaller
patients. Both every-2-week regimens showed mini-
mal accumulation of ADC throughout the treatment
period (Figure 4F,H). Every-2-week body weight-
based dosing resulted in smaller patients having
lower Cmax values than larger patients (Supplemen-
tary Figure S1E), whereas BSA-based dosing re-
sulted in higher Cmax in lower-body-weight patients
(Supplementary Figure S1G).

Every-2-week dosing resulted in MMAE
AUC values that were comparable to every-3-
week dosing for both body weight-based dosing
(Figure 5E) and BSA-based dosing (Figure 5G).
There was little difference between every 3 weeks
(Supplementary Figure S1B,D) and every-2-week
dosing (Supplementary Figure S1F,H) on MMAE
Cmax.
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Table 3. ADC and MMAE Final Model Parameters

ADC MMAE

Parameter
Population
Mean (SE%)

%CV IIV
(Shrinkage)

Population
Mean (SE%)

%CV IIV
(Shrinkage)

Clearance, L/h 0.05 (10.3%) 53.8 (4.2%) 0.604 (8.7%) 53.7 (11.2%)
Central volume (V1), L 3.71 (3.2%) 15.1 (10.9%) 10.5 (7.1%) 75.2 (16.3%)
Binding rate constant (Kd 1/h) – – 0.00374 (12.3%) 172.6 (13.6%)
Intercompartmental clearance (Q2), L/h 0.02 (17.3%) 63.7 (24.1%) – –

– – 13.1 (9.8%) –
Peripheral volume (V2), L 206 (16.6%) – – –

– – 22.2 (10.4%) 63.6 (15.5%)
Fraction metabolized – – 1 FIX –
Intercompartmental clearance (Q3), L/h 0.08 (5.0%) – – –
ADC to MMAE conversion rate (ALFM 1/h) – – 2.68 (1.9%) –
Peripheral volume (V3), L 5.0 (10.9%) 48.1 (10.1%) – –
Lag compartment rate constant (Klag 1/h) – – 15.3 (33.1%) –
BSA on central volume (V1) 1.36 (8.6%) – – –

– – 1.22 (35.4%) –
BSA on clearance 1.66 (17.8%) – – –
ADA positive on clearance 1.82 (1.7%) – – –
Albumin concentration on clearance −0.90 (10.4%) – – –
Bilirubin on clearance 0.15 (13.1%) – – –
AST on Kd – – −0.672 (11.3%) –
BSA on Kd – – −3.35 (26.8%) –
BSA on peripheral volume (V2), L – – 1.81 (22.2%) –
BSA on peripheral volume (V3) 1.15 (24.6%) – – –
Residual variability 28.6%CV (0.9%) – 35.7%CV (0.8%CV) –

ADA, antidrug antibody; ADC, antibody-drug conjugate; ALFM, rate constant to describe the decline in direct conversion of ADC to MMAE following time after
dose;AST,aspartate transaminase;BSA,body surface area;CV,coefficient of variation; IIV, interindividual variability;Kd,binding rate constant;Klag, lag compartment
rate constant; MMAE, monomethyl auristatin E; Q2, intercompartmental clearance from compartment 1 to compartment 2; Q3, intercompartmental clearance
from compartment 2 to 3; SE, standard error; V1, central volume of distribution; V2, first peripheral volume of distribution; V3, second peripheral volume of
distribution; 1 FIX, value fixed to 1.

Discussion
Prior noncompartmental PK analysis of pediatric
patients (NCT01492088) highlighted a trend for
reduced ADC and MMAE exposures in patients aged
<12 years.12 The current study aimed to identify the
sources of ADC and MMAE exposure variability, in
particular, the impact of body weight on exposure.
The purpose of the current POPPK analysis was to
generate hypotheses for alternate dosing regimens that
may normalize ADC and MMAE exposures across
all body weights. BSA-based dosing of brentuximab
vedotin was identified as having the potential to
normalize ADC andMMAE exposures across all body
weights.

The initial structural models for ADC and MMAE
were based on the previously developed models.26 The
model for ADC PK was a linear 3-compartment model
with zero-order input and first-order elimination. BSA,
over body weight and age, was found to be the best
predictor of body size in the model based on the
lowest OBJ. ADA status was modeled as a categorical
covariate (positive/negative). Once a positive value was
detected, the patient’s ADA status was categorized as

positive for all subsequent records. ADA positivity
was a predictor of ADC clearance; patients who were
ADA positive had an approximately 82% higher mean
clearance than patients who were ADA negative (Ta-
ble 3). The precision of parameter estimates and the
residual variability for the final model were acceptable.
The shrinkage for the finalmodel parameters was low to
moderate and was considered acceptable for simulation
of ADC concentrations and subsequent estimation of
exposure through AUC and Cmax.

ADC concentrations in the MMAE model were
estimated based on the individual parameter esti-
mates from the ADC model. The PK of MMAE was
described by a 2-compartment model with first-order
elimination and formation of MMAE both directly
from ADC and through binding of ADC to a
hypothetical target. The model had a lag compartment
to describe the delay in formation of MMAE, both
directly from ADC and through binding of ADC to
the target. The fraction of MMAE formed directly
from ADC decreased following ADC administration,
relative to time after dose. BLQ handling was included
in the model and implemented with the M3 method,
with which the likelihood that a concentration is less



1592 The Journal of Clinical Pharmacology / Vol 60 No 12 2020

Figure 3. Final pharmacokinetic model visual predictive checks for ADC (A, B) and MMAE (C, D) by age group (adult [A, C] or pediatric [B, D]),
by time since first dose. For ADC (A, B), observed concentrations are represented by open blue circles. The 95% prediction interval is shown by
the dashed black lines, and the 50th percentile is shown as the solid black line. The 95% interval of the observed data is shown by the dashed red
lines and the median is shown as the solid red line. The purple-shaded area is the 95% confidence interval of the 95% prediction interval, and the
pink-shaded area is the 95% confidence interval of the median. For MMAE (C, D), the top panels show the model-predicted 95% prediction interval
(black dashed lines and shaded green area), the observed concentrations (blue circles), and the 95% interval of the observed values (red dashed lines).
The lower panels show the observed proportion of BLQ samples (blue lines with blue circles), and the 90% prediction interval of this proportion.
ADC, antibody-drug conjugate; BLQ, below the limit of quantitation; BV, brentuximab vedotin; LLOQ, lower limit of quantitation; MMAE,monomethyl
auristatin E.

than the lower limit of quantitation was modeled. Body
size was found to be a predictor of MMAE V1, V2,
and binding rate constant, and aspartate transaminase
concentration was a predictor of binding rate constant.
This final model showed acceptable residual variability,
precision of parameter estimates, and shrinkage. The

model was well conditioned based on the condition
number.

With these final models for ADC and MMAE,
simulations were performed using the patients in
the analysis data sets at the approved 1.8 mg/kg
brentuximab vedotin monotherapy dose and a
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Figure 4. Simulated ADC AUC by body weight range (A, C, E, G) and concentration-to-time profiles (B, D, F, H) following 1.8 mg/kg every-3-week
dosing (A, B), 71.5 mg/m2 every-3-week dosing (C, D), 1.2 mg/kg every-2-week dosing (E, F), and 47.7 mg/m2 every-2-week dosing (G, H). Each box
plot illustrates: the median by the horizontal line in the center, the 25th percentile by the lower end of the box, the 75th percentile by the upper end
of the box, the 5th percentile by the lower whisker, and the 95th percentile by the upper whisker. ADC, antibody-drug conjugate; AUC, area under
the concentration-to-time curve.
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Figure 5. Simulated MMAE AUC by body weight range (A, C, E, G) and concentration-to-time profiles (B, D, F, H) following 1.8 mg/kg every-3-week
dosing (A, B), 71.5 mg/m2 every-3-week dosing (C, D), 1.2 mg/kg every-2-week dosing (E, F), and 47.7 mg/m2 every-2-week dosing (G, H). Each box
plot illustrates: the median by the horizontal line in the center, the 25th percentile by the lower end of the box, the 75th percentile by the upper end
of the box, the 5th percentile by the lower whisker, and the 95th percentile by the upper whisker. AUC, area under the concentration-to-time curve;
MMAE, monomethyl auristatin E.
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71.5 mg/m2 test dose. A rich sampling scheme over
ten 21-day single-dose cycles was employed. AUC
(0-21 days) and Cmax values were calculated from
the simulated concentrations, and the results were
compared based on body weight ranges expected for
small pediatric patients (<28 kg, or approximately
6-9 years of age), moderate-sized pediatric patients
(28-49 kg, or approximately 9-14 years of age), and
large pediatric/adult patients (50-100 kg). The ADC
simulation results showed that a 1.8 mg/kg dose infused
over 30 minutes resulted in lower AUC and Cmax values
in small-/moderate-sized pediatric patients than in
large pediatric/adult patients. Using a BSA-based dose
of 71.5 mg/m2 resulted in similar AUC values for both
pediatric and adult patients that were similar to the
AUC in adult patients administered the 1.8 mg/kg
dose. The geometric mean ADC Cmax values for small-
and moderate-size pediatric patients who received
71.5 mg/m2 were approximately 33% and 11% higher,
respectively, than those in large pediatric/adult patients
administered the BSA-based dose or the 1.8 mg/kg
dose. These differences were less than the overall
variability in MMAE Cmax (coefficient of variation,
34%-36% following dosing at 1.8 mg/kg).

The MMAE simulation results for these doses
showed that a 1.8 mg/kg brentuximab vedotin dose
infused over 30 minutes resulted in a lower AUC and
Cmax in small- and moderate-sized pediatric patients
compared with the large pediatric/adult size weight
group. A dose of 71.5 mg/m2 resulted in AUC values
that were more similar across the 3 body size groups
than those seen with the mg/kg dosing approach.
The Cmax values for pediatric patients administered a
dose of 71.5 mg/m2 were comparable with the values
for adult patients administered the approved dose of
1.8 mg/kg.

A second set of simulations was performed in which
a lower brentuximab vedotin dose was administered
more frequently (every 2 weeks). Doses were based
on body weight (1.2 mg/kg) and BSA (47.7 mg/m2).
Results similar to the every-3-week simulations were
observed with the every-2-week simulations, with BSA-
based dosing resulting in more consistent exposures
across body sizes than body weight-based dosing.

Limitations of this investigation include the
relatively small number of patients overall (n = 84) and
the relatively larger number of adult patients compared
with pediatric patients (50 and 34, respectively).
Further studies using this model may overcome these
limitations by including data from a larger number of
trials to increase the sample size and aiming to better
balance the numbers of adult and pediatric patients.

Guided by the hypotheses generated from this
analysis, BSA-based dosing of brentuximab vedotin
(47.7 mg/m2 every 2 weeks) in combination with AVD

is currently being assessed as an alternative dosing
option in a phase 1/2 study to evaluate the efficacy and
safety of frontline brentuximab vedotin, doxorubicin,
vinblastine, and dacarbazine in pediatric patients with
cHL (NCT02979522).37 Emerging data indicate ex-
posure, safety, and efficacy results that are generally
consistent with those previously reported from body
weight-based dosing in adult patients with cHL.24

Conclusion
In summary, POPPK modeling suggests that body
size is an important predictor of the variability in
brentuximab vedotin PK. The investigational
47.7 mg/m2 pediatric dosing schedule is expected
to provide AUC values matching those achieved with
the adult brentuximab vedotin 1.2 mg/kg every-2-
week dosing schedule across a range of pediatric
body weights, and this hypothesis is currently being
evaluated in an ongoing trial in pediatric patients with
cHL in the frontline treatment setting (NCT02979522).
Our findings show that model-informed approaches
to pediatric oncology drug development enable dose
selection aimed at minimizing interpatient variability
during clinical evaluation of safety and efficacy.
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