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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Drugs targeting the VEGF-pathway often

show increase in blood pressure (BP) and
proteinuria as dose limiting toxicity.
However, high dose levels are also
considered crucial for anti-tumour activity.
In preclinical models, lenvatinib affects
tumour cell proliferation and tumour
vascularization, while therapeutic effects
were observed in phase I and II trials.

WHAT THIS STUDY ADDS
• Adverse event guided dose titration,

including treatment with anti-hypertensive
treatment and dose de-escalations can be
expected to keep about 80% of patients on
treatment with lenvatinib for 16 weeks.
Additionally, within subject dose escalation
in subjects not experiencing toxicity can
considerably increase dose intensity.

AIM
To evaluate dosing and intervention strategies for the phase II
programme of a VEGF receptor inhibitor using PK–PD modelling and
simulation, with the aim of maximizing (i) the number of patients on
treatment and (ii) the average dose level during treatment.

METHODS
A previously developed PK–PD model for lenvatinib (E7080) was
updated and parameters were re-estimated (141 patients, once daily
and twice daily regimens). Treatment of lenvatinib was simulated for 16
weeks, initiated at 25 mg once daily. Outcome measures included the
number of patients on treatment and overall drug exposure. A
hypertension intervention design proposed for phase II studies was
evaluated, including antihypertensive treatment and dose
de-escalation. Additionally, a within-patient dose escalation was
investigated, titrating up to 50 mg once daily unless unacceptable
toxicity occurred.

RESULTS
Using the proposed antihypertension intervention design, 82% of
patients could remain on treatment, and the mean dose administered
was 21.5 mg day-1. The adverse event (AE) guided dose titration
increased the average dose by 4.6 mg day-1, while only marginally
increasing the percentage of patients dropping out due to toxicity
(from 18% to 20.8%).

CONCLUSIONS
The proposed hypertension intervention design is expected to be
effective in maintaining patients on treatment with lenvatinib. The
AE-guided dose titration with blood pressure as a biomarker yielded a
higher overall dose level, without relevant increases in toxicity. Since
increased exposure to lenvatinib seems correlated with increased
treatment efficacy, the adaptive treatment design may thus be a valid
approach to improve treatment outcome.
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Introduction

Many of the recently approved anti-cancer drugs or drugs
that are currently in clinical development target tumour
angiogenesis. They aim to limit blood flow to the tumour,
and thereby induce tumour growth inhibition [1]. These
agents generally show mild toxicity compared with classi-
cal cytotoxic drugs.For an important subset of these drugs,
i.e. the inhibitors of vascular endothelial growth factor
(VEGF) or its receptor, increases in blood pressure (BP) in
patients are observed during treatment [2–4]. Additionally,
in a significant fraction of patients, proteinuria is observed
as a side effect [5–7]. While generally, hypertension can be
controlled with antihypertensive (AH) medication, the
occurrence of (higher grades of ) proteinuria is usually
treated with dose delays or dose reductions and is there-
fore considered dose-limiting. However, a large fraction of
patients does not experience dose-limiting hypertension
and/or proteinuria at the standard dosage and may there-
fore tolerate higher doses. As blood pressure has also been
suggested to be a biomarker of efficacy [8–10], an adaptive
treatment design with within patient dose escalation
guided by (the absence of ) adverse events may be able to
achieve higher drug exposure.

Currently, dosing strategies for tyrosine kinase inhibi-
tors (TKIs) are defined as the highest tolerated dose,
assuming that higher exposure is correlated with higher
efficacy. The relationship between higher drug exposure
and improved clinical response has been established con-
vincingly for imatinib [11–15] and sunitinib [16]. For other
TKIs such relationships have not yet been shown in clinical
trials, although positive correlations between plasma
exposure and tumour growth inhibition have been estab-
lished in xenograft studies for, for example, sorafenib [17,
18] and erlotinib [19, 20]. It may however be that in clinical
trials with some TKIs, maximal activity was already
achieved at all tested dose levels. At the present time, it
seems rational to aim for the highest possible drug expo-
sure in patients when designing dosing regimens for TKIs
[21].

In this study we used a model-based approach to opti-
mize dosing strategies for the novel investigational anti-
cancer agent lenvatinib, which is a tyrosine kinase inhibitor
of VEGFR and several other tyrosine kinase receptors. Len-
vatinib has shown anti-tumour activity in preclinical tests
[22, 23] and phase I and II clinical trials [7, 24–27], and is
currently under evaluation in phase II/III trials. Hyperten-
sion and proteinuria were the main and dose limiting
toxicities in these trials. Previously, a population
pharmacokinetic–pharmacodynamic (PK–PD) model was
constructed that linked lenvatinib plasma exposure to
increases in blood pressure, as well as the occurrence of
different grades of proteinuria [28]. In the analysis pre-
sented here, this model was updated and refined using
data obtained from patients in an additional phase I trial.
Simulations from this model were then performed to

evaluate a proposed protocol for hypertension manage-
ment and evaluate a dose titration design, with the aim of
maximizing drug exposure. The primary goal of the simu-
lation study was to treat patients on treatment as long
as possible. Maintaining continuous dosing at effective
dosages is important, since this is considered to be
required to achieve optimal inhibition of tumour angio-
genesis [29, 30]. Additionally, we evaluated whether an
adverse event (AE) guided dose titration design was able
to increase average dose levels in patients, while maintain-
ing tolerability.

Methods

Construction of PK–PD model and update
The PK–PD model used in this analysis was described
earlier [31] and is based on data from one phase I trial of
lenvatinib [7]. Briefly, this trial was a two-site phase I dose
finding study of lenvatinib in patients with advanced
malignancies. Patients were �18 years of age with solid
tumours or lymphoma and a Karnofsky score �70%.
Patients were treated with lenvatinib once daily, using
fixed doses. No other anti-cancer drugs were administered
during or less than 4 weeks before the start of treatment.
Doses were escalated from 0.2 mg day-1 up to 32 mg day-1

in cohorts of three–six patients. Intra-patient dose escala-
tion was not allowed. Blood pressure (BP) measurement
and urinalysis were performed weekly. Relevant exclusion
criteria were brain tumours, uncontrolled infections,
reduced bone marrow reserve, clinically significant cardiac
impairment and bleeding or thrombotic disorders. Also
excluded were patients using therapeutic dosages of anti-
coagulants, patients treated with other investigational
drugs within 30 days prior to start of study, patients with
proteinuria �2+ (CTC grade �2), and patients with poorly
controlled hypertension (repeated measurements higher
than 160/90 mmHg) at screening.The study was approved
by a local medical ethics committee.

The previously constructed PK–PD model is shown in
Figure 1. It consists of a two compartment PK model, with
combined first and zero order absorption and linear distri-
bution and elimination. It includes two separate indirect
effect models for the systolic blood pressure (BPsys) and
diastolic blood pressure (BPdia). Correlations between BPsys

and BPdia for baseline and residual errors are incorporated
in the model. AH medication was accounted for by a nega-
tive effect on input rate of the indirect effect models. To
account for differences in dosing and efficacy of AH medi-
cation, and combinations of AH drugs, a cumulative
measure of daily doses relative to the WHO defined daily
dose was introduced (defined daily dose equivalents,
DDDE):

DDDE
DD

DDD
AH

i

i

= ∑1

n
(1)
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with n being the number of AH medications, DDi the pre-
scribed dose for the specific AH drug, and DDDi the WHO
defined daily dose for that drug (http://www.whocc.no/
atcddd/indexdatabase/, accessed November 11, 2008). A
Markov model, driven by plasma concentrations of lenva-
tinib, described the probabilities of the occurrence of the
different grades of proteinuria over time.

Parameter estimates of the model were initially based
only on data from 67 patients. Data from an additional 74
patients from a subsequent phase I trial of lenvatinib [32]
studying twice daily administration in patients with
advanced solid tumours were used to update parameter
estimates. Briefly, this second trial studied escalating doses
of lenvatinib ranging from 0.1 mg to 12 mg twice daily in
patients with advanced solid tumours. Inclusion and exclu-
sion criteria were the same as described for the former
study. Similar to the earlier trial, BP measurements and uri-
nalysis were performed weekly. The two-site study was
approved by a local ethics committee. Model fit of the
blood pressure model was re-evaluated using goodness-
of-fit plots, visual predictive checks (VPCs), mirror plots of
the VPC [33], and plots of normalized prediction distribu-
tion errors (NPDE) [34]. The likelihood ratio test based on
the objective function value (OFV) was used to evaluate
significance of improvement in model fit, in which a signifi-
cance level of P < 0.01 was used.To evaluate the ability of
the model to describe the observed proteinuria data,
numerical predictive checks were performed on the
observed numbers of the different grades of proteinuria,as
well as the observed number of transitions from one grade
to another, as described in our previous paper [28].

Simulations: AH intervention designs
The main goal of this analysis was to evaluate the perfor-
mance of an AE-intervention scheme that was designed
earlier, which was intended to be applied in a phase II trial.
This scheme (design C, Figure 2) included the administra-
tion of AH therapy and the implementation of dose reduc-
tions in several steps at the occurrence of AEs. Additionally,
two more conservative schemes (A and B) were evaluated.
Finally, a dose-titration scheme (D) was evaluated,
which implemented within-patient dose escalation in the
absence of adverse events.The designs were implemented
as follows: (also see Table 1 for an overview of features):

(A) Conservative design: lenvatinib treatment discontin-
ued at the occurrence of unacceptable hypertension
toxicity (grade �2).

(B) AH treatment, followed by discontinuation lenvatinib
treatment if hypertension toxicity persisted.

(C) AH treatment, followed by lenvatinib dose reduction if
hypertension toxicity persisted = proposed phase II
hypertension management design)

(D) Adverse event guided dose titration intra-patient len-
vatinib dose escalation and de-escalation, combined
with AH therapy (as in design C).

In all designs, if proteinuria grade �3 was detected, len-
vatinib administration was stopped temporarily, until pro-
teinuria was normalized again to grade 0 (no proteinuria).

Sixteen weeks of lenvatinib therapy were simulated,
with treatment initiated at 25 mg once daily (the maximum
tolerated dose (MTD) based on phase I rising dose studies)

Pharmacokinetics Pharmacodynamics Proteinuria Markov model

Dose
lenvatinib

Peripheral Central

AH

AH

BPsys

BPdia

Pr (PU)

PU3

PU2

PU1

PU0

+ –

+ –

+ –

Figure 1
PK–PD model for lenvatinib used in the simulations. PU proteinuria
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for each patient. Measurements of BP and proteinuria were
simulated at the start of treatment, and weekly thereafter,
as was done in the phase I clinical trials. Primary measures
of outcome for the simulations were a) the fraction of
patients remaining on treatment, and b) the average len-
vatinib daily dose over the full treatment period.

Grade 2 hypertension toxicity was defined as increased
diastolic BP of �20 mmHg or BP �150/100 mmHg, equal
to Common Terminology Criteria for Adverse Events v3.0
(CTCAE) defined by the NCI [35]. In designs B,C and D,when
grade �2 hypertension occurred, AH treatment was

started at 1 DDDE, and if this did not result in sufficient
decrease of BP on subsequent occasions, AH medication
was intensified to 2 DDDE. Dose de-escalation (designs
C/D) was performed in the following order: 25 mg →
20 mg → 14 mg → 10 mg. If a patient’s BP could not be
controlled even a dose of 10 mg once daily, treatment was
discontinued permanently. In the AE-guided dose titration
design (D), at the end of each 4 week treatment cycle, the
dose level was increased if no toxicity or a toxicity lower
than grade 2 occurred, and if a patient had not received a
prior dose reduction or was not on maximal AH therapy (2

Start or continue
lenvatinib 

administration

BP / PU
adverse
event

No

Withhold treatment
until resolved

Hypertension
grade

Add AH medication

Already
on 2 AH?

2 Yes

Stop treatment
permanently

3

4

Dose reduction:
20/14/10 mg

Dose level 
> 10 mg?

Yes

No

BP

BP / PU
adverse
event

Stop treatment
temporarily

≥ 2

PU

Figure 2
Schematic representation of AE-intervention scheme intended for phase II (design C). The same design was also used in design D for the AE-interventions,
although that design also incorporated within patient dose escalations. In design B, no dose reductions were applied, while in design A, no dose reductions
or AH medication was applied, and treatment was stopped permanently at the occurrence of adverse events

Table 1
Evaluated treatment designs

A. Conventional
design

B. AH
therapy

C. AH therapy
and dose
de-escalation

D. Adaptive
treatment

Dose reductions • •
AH interventions, at AH = 1 or 2 DDDE • • •

Dose delays due to proteinuria • • • •
Treatment stop due to hypertension � grade 2 •

Treatment stop due to uncontrollable hypertension • • •
Within-patient dose escalation •

AH, antihypertensive.
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DDDE). Dose escalation (design D) was performed in the
following order: 32 mg → 40 mg → 50 mg. The simulated
profile of one typical patient is shown in Figure 3, showing
dose levels, AH administration, blood pressure and pro-
teinuria toxicity levels.

Simulations were performed first for the point esti-
mates of the established model. The same simulations
were also performed repeatedly (n = 100) with parameter
estimates sampled from the variance-covariance matrix of
the PK, BP and proteinuria (PU) model. Formal statistical
testing of superiority between designs was not performed
since statistical tests generally depend on the number of
observations (n), which in simulations can be increased
arbitrarily. However, in Table 1, the CV(%) due to uncer-
tainty in model parameters is presented, which is not
dependent on n. CV(%) was calculated as the SD of the
mean outcome variable (obtained in simulations per-
formed with different parameter samples), divided by the
mean outcome variable.

Software
Model estimation was performed with NONMEM (version
VI, level 2.0, ICON Development Solutions, Ellicott City,
MD, USA) [36], using Pirana as modelling environment
(http://www.pirana-software.com) [37]. The first-order
conditional estimation method with interaction (FOCE-I)
was used for estimation of the PK model and the PK–PD
model for blood pressure. For estimation of a Markov
model fitted to the categorical observations of pro-
teinuria, the Laplacian estimation method was used. All
stochastic simulations were performed using R (version
2.10.1, http://www.r-project.cran.org), supplied with the
deSolve and MASS packages for numerical solving of
differential equations and sampling from multivariate
normal distributions. Simulations were performed for
cohorts of 500 patients per treatment design, which
allowed the study of the mean fraction of patients on
treatment and the mean average dose with sufficient
precision.
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Simulated profile of BP (upper part), proteinuria (PU) toxicity levels (dashed line), dose level (solid line) and AH levels (dotted line) for a typical patient

Model-based treatment optimization for lenvatinib

Br J Clin Pharmacol / 74:2 / 319



Results

PK–PD model update
Data were obtained from 141 subjects, combining 2893
plasma concentrations of lenvatinib, 2580 BP measure-
ments and proteinuria data from 2174 urine analyses.
Demographics of the included subjects are shown in
Table 2. Fifty-eight subjects received treatment with AH
medication somewhere during the study period. The pre-
viously developed PK model structure provided adequate
fit to the updated dataset and PK parameters were found
to be similar to those obtained earlier. The PK–PD model
could predict adequately the BP data, as judged by a VPC
generated using parameter estimates from the previous
analysis which shows that predicted and observed
median, 5th and 95th percentiles agree very closely (sup-
porting information Figure S1). Despite the adequate pre-
diction, we did attempt to improve this model, by
re-evaluating model structure and re-estimating the
parameters. When the same model structure was used,
parameter estimates were similar for most parameters
(Table 3). The effect of AH medication was however esti-
mated to be considerably lower than previously estimated,
and both the effect of AH medication and the kin of the
indirect response model could only be estimated with
large uncertainty (>100%). Result from a limited bootstrap
(limited to a 50 replicates due to computational con-
straints) were comparable with the uncertainty estimates
obtained from the covariance step. From the bootstrap,
fairly high uncertainty (~100%) was estimated for the
effect of AH and input rate of the BP model, while uncer-
tainty estimates were intermediate (~30%) for the effect of
lenvatinib on BPsys/dia, and low for the other fixed effect
estimates (<5%). The combined direct and indirect drug
effect on proteinuria found in the previous analysis could
not be reproduced, as only a direct effect could be identi-
fied from the data. A VPC of the final BP model showed
good correspondence between observed and model

predicted data. Mirror plots of the VPC also showed no indi-
cation of model mis-specification, although a slight overpre-
diction of the 95th percentile was present for systolic blood
pressure (Figure 4).The distribution of NPDEs very closely fol-
lowed the normal distribution, while a plot of NPDE vs. time
showed no bias (supportiang information Figure S2A–C),

Figure 5 shows the results of numerical predictive
checks for the number of proteinuria toxicities (A) and the
number of transitions between proteinuria toxicity grades
(B). Previously, the Markov model provided a better
description of the longitudinal profile of proteinuria
occurences than a proportional odds model. For the
updated model, the observed number of proteinuria tox-
icity grades was well within the 95% prediction intervals
for all grades, although median predicted occurrences of
grade 2 and �3 toxicities were slightly higher than the
observed number. The observed transitions between tox-
icity grades were within the 95% prediction interval,
except the transitions from grade 2 to 1, and from 3 to 2.
The number of observations for these transitions were
however low (26 and 7, respectively).

Simulations
In Table 4, the simulation results for the four designs are
summarized. Designs A, B and C were effective in keeping
37.8%, 53.2% and 82.0% of patients on treatment after 16
weeks. A plot of the fraction of subjects on treatment over
time during treatment is shown in Figure 6. At the end of
the treatment period, in design C, 65.4%, 9.3%, 16.6%, and
9.8% of subjects on treatment continued at dose levels of
25, 20, 14 and 10 mg, respectively. As the effect of AH medi-
cation could only be estimated with large uncertainty
(>100%), the simulations were repeated for a ‘worst case’
scenario in which the AH effect was set at only 50% of the
estimated value, and a ‘best case’ in which the AH effect
was set at 200% of the estimated value. These scenarios
resulted in 80.2% and 84.2% of subjects being able to
remain on treatment, vs. the 82.0% predicted using the

Table 2
Demographics of subjects enrolled in studies 1 and 2

Study 1 Study 2
Median/n Range Median/n Range

Men 43 – 39 –
Women 38 – 36 –

Weight (kg) 74 (48.3–121) 78.6 (45.6–137.4)
Height (cm) 170 (142–200) 168.9 (143.5–193.0)

BSA (m2) 1.73 (1.11–3.33) 1.87 (1.05–3.15)
Age (years) 54 (25–84) 61 (28–85)

Baseline BPsys (mmHg) 130 (99–170) 130 (100–180)
Baseline BPdia (mmHg) 78 (51–105) 78 (55–100)

Dose range 0.2–32 mg once daily 0.1–12 mg twice daily

BSA, body surface area; CV, coefficient of variation.

R. J. Keizer et al.

320 / 74:2 / Br J Clin Pharmacol



Table 3
Model parameters estimated for the PK-PD model for BP on data from both phase I studies and from only Study 1

Parameter Description
Study 1 Studies 1 and 2

UnitsEstimate RSE Estimate RSE

BP model BPsys,base Baseline systolic BP 126 (2%) 127 (5%) mmHg
BPdia,base Baseline diastolic BP 76.8 (1%) 77.4 (10%) mmHg
kin Input rate indirect effect model 0.304 (19%) 0.395 (141%) mmHg h-1

EE7080,S Drug effect systolic input rate 0.543 (19%) 0.520 (38%) ng-1 ml
EE7080,D Drug effect diastolic input rate 0.904 (13%) 0.695 (26%) ng-1 ml
EAH AH effect 36.4 (53%) 12.3 (137%) mmHg h-1 DDDE-1

BSV BPsys BSV in baseline systolic blood pressure 10 (12%) 10 (6%) %
BPdia BSV in baseline diastolic blood pressure 9 (13%) 9 (8%) %
BSVcorr,BP Correlation in baseline between BPsys ~ BPdia 55% (16%) 61 (%) %
EE7080,sys BSV in drug effect on systolic input rate 67 (41%) 66 (17%) %
EE7080,dia BSV in drug effect on diatolic input rate 39 (47%) 66 (17%) %
BSVcorr,E Correlation in drug effect sizes BPsys ~ BPdia 32 (71%) 100 (%) %
BSVRE BSV in residual error magnitude 12.4 (23%) – (%) %

RE RE Exponential residual error 9.0 (3%) 9.7 (%) %
RES ~ RED Correlation residual errors for BPsys ~ BPdia 52.4 (3%) 50.0 (%) %

Markov proteinuria model Eindir Indirect effect size 1.09·10-3 (29%) – ng-1 h-1 ml
t1/2,indir Half-life effect compartment 98 (47%) – days
Edir Direct effect size, slope 2.2 (21%) – ng-1 ml
Emax,dir Maximal relative effect size – 0.675 (39%) –
EC50,dir Concentration at half maximal effect – 114 (103%) ng ml-1

k0,1 Transition rate from state 0 to 1 0.141 (23%) 0.134 (19%) week-1

k1,0 Transition rate from state 1 to 0 1.19 (20%) 0.912 (16%) week-1

k1,2 Transition rate from state 1 to 2 0.361 (41%) 0.313 (25%) week-1

k2,1 Transition rate from state 2 to 1 1.90 (44%) 1.09 (33%) week-1

k2,3 Transition rate from state 2 to 3 0.20 (fixed) 0.538 (127%) week-1

k3,2 Transition rate from state 3 to 2 4.97 (78%) 2.87 (132%) week-1

BSV, between subject variability; RE, residual error; RSE, relative standard error.
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VPC, including mirror plots, of model for blood pressure based on full dataset (two studies combined). Observed data are shown by the thick black line
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actual parameter estimates. Design C resulted in 23% of
subjects experiencing proteinuria of grade 2 or higher
during the four cycle treatment period. This was higher
than encountered in designs A and B, and was caused by
an increase of the number of subjects on treatment, as well
as an increase of the average dose level.

Examination of the longitudinal plot of the mean dose
level (Figure 7) shows that the dose titration design was
able to increase the overall dose level considerably com-
pared to the other designs. Over 16 weeks of treatment,
this design resulted in an increase in mean dose level of
4.6 mg day-1 compared with design C. Due to higher drug
exposure, a median increase in BPdia of 1.6 mmHg was
observed, and the fraction of subjects who experienced
proteinuria of grade >2 was increased from 23.2% to
26.2%. Consequently, the fraction of subjects able to

continue treatment for 16 weeks was decreased slightly
compared with the control group, from 82.0% to 79.2%.
Also, the fraction of patients who required AH treatment
was higher for the adaptive treatment design. Due to a
slight increase in the occurrence of proteinuria, dose inter-
ruptions were made in a larger fraction of patients. This
explains why the fraction of subjects treated at a dose level
�25 mg was slightly lower (49.0% vs. 53.6%) for the
AE-guided dose titration design than for design C.

Discussion

The analysis described in this article presents how model-
ling and simulation and the use of a biomarker can be
used in the development of new drugs, specifically for the

Grade 3
or higher

Grade 2

Grade 1

Grade 0 /
no PU

0.5 1.0 1.5 2.0

Relative number of PU toxicities Relative number of transitions

(38) (10)
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Figure 5
Numerical predictive checks of the number of proteinuria (PU) toxicities and the number of transitions from one grate to another, both relative to the
respective observed numbers. Dots present median number of 200 simulations and the lines indicate the 95% confidence interval. The observed number
of toxicities/transitions is shown between brackets

Table 4
Simulation results of evaluated treatment designs

A. Conventional
design

B. AH
therapy

C. AH therapy and
dose de-escalation

D. Adaptive
treatment

Mean dose over treatment period (mg day-1)* 13.6 (7%) 18.2 (7%) 21.5 (4%) 26.1 (5%)
Mean dose level† 9.5 (10%) 13.3 (9%) 17.5 (5%) 24.4 (6%)

% subjects on treatment† 37.8 (11%) 53.2 (9%) 82 (5%) 79.2 (5%)
% subjects at dose �25 mg† 37.8 (11%) 53.2 (9%) 53.6 (9%) 49.0(7%)

% subjects receiving AH medication† 0 60.4 (7%) 60.4 (7%) 80.2 (4%)
Increase in mean BPsys (mmHg)† 2.23 (13%) 5.1 (8%) 7.0 (6%) 6.7 (6%)

Increase in mean BPdia (mmHg)† 2.96 (10%) 7.9 (5%) 10.1 (4%) 9.7 (5%)
% subjects proteinuria grade �2 event during treatment 16.0 (15%) 19.8 (17%) 23.2(17%) 26.2 (15%)

*Including patient at dose level 0 mg; †at t = 16 weeks. Between brackets () is the CV% due to uncertainty in parameter estimates. AH, antihypertensive.
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evaluation of AE-intervention designs for phase II. Our
simulation results (based on early clinical data) showed
that a hypertension intervention design, consisting of AH
medication and dose de-escalations (design C), was able to
keep a large fraction of subjects on treatment with an
experimental oncology drug. Additionally, the simulations
indicate that that an AE-guided dose titration (design D),
may be able to increase drug exposure without con-
siderable additional toxicity. For the drug studied here
(lenvatinib/E7080, a multi-receptor TKI), maintaining con-
tinuous dosing at effective dosages is important, since this
is considered to be required to achieve optimal inhibition
of tumour angiogenesis [29, 30]. Additionally, BP has been
reported to correlate with efficacy in treatment with
several VEGFR inhibitors [8, 9, 38–41], although reports are
ambiguous [42]. These results indicate that the implemen-
tation of dose titration, aimed at maximizing sustained
dose levels and guided by hypertension adverse events,
may be effective in optimizing treatment efficacy of these
drugs. It must be noted that in the simulations it was
assumed that hypertension and proteinuria were the only
dose limiting toxicities, which from current evidence
indeed seems to be the case. These findings need to be
confirmed in a clinicial setting.

Furthermore, to be able to perform modelling and
simulation with the aim of optimizing trial design, a rela-
tionship must exist between drug exposure and some
pharmacodynamic measurement or outcome variable.
Data from phase I trials has shown that higher lenvatinib
exposure is correlated with better efficacy outcome. This
relationship needs to be studied in more detail in future
studies, but in the absence of a clear description of an
exposure–response relationship or a distinct biomarker, it
seems reasonable to aim for the highest tolerable dose
[43]. By definition, for a subset of subjects, the MTD is
lower than the individual maximal tolerated dose, and
BP-guided within patient dose titration may therefore
be considered in patients who are not experiencing
toxicity.

A previously developed PK–PD model for BP and pro-
teinuria was used in our current simulation analysis. The
previously developed model adequately predicted the
new BP data on a population level, However, in an attempt
to reduce bias in parameter estimates, data from an addi-
tional phase I trial were used to update the PK–PD model.
The same model structure was used, except for a slight
modification in the relationship between drug exposure
and proteinuria toxicity. From the current dataset, an indi-
rect effect, incorporated through an effect compartment,
could not be shown. Such an indirect effect component
would model a delay in drug effect on the occurrence of
proteinuria toxicity. It is likely that direct and indirect
effects can only be distinguished adequately using inter-
mittent dosing of lenvatinib, and/or if proteinuria is moni-
tored more often than once a week, because more
information on the dynamics of the PK–PD system is
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required. Although in the analysis of the combined
dataset more data were available to estimate the model
parameters, it was noticed that uncertainty estimates for
the fixed effects parameters of the BP model were inflated.
The uncertainty estimates for the random effects were
however smaller in the analysis using the combined
dataset, while those for the proteinuria model were
broadly similar between analyses. Generally, one would
expect parameters to be estimated more precisely when
more data is included.Decrease of precision could indicate,
for example model misspecification, differences in patient
characteristics between the old data and the included
dataset, or parameter estimation in a non-global optimum.
However, parameter estimation was stable between sets of
different initial parameter estimates, and final parameter
estimates were also broadly similar between both analy-
ses. A limited bootstrap analysis showed similar uncer-
tainty estimates as obtained with the covariance step.
These observations do however call for attention when
adding further study data in the future.

We would like to stress that the focus of this analysis
was on the population level, i.e. to predict the percentage
of patients experiencing elevated blood pressure and
requiring dose adaptations, and not on the specific predic-
tion of individual profiles. We demonstrated that the
model is suited for this task, by using the VPC and NPDE
(BP) and the numerical predictive check (proteinuria) in
model evaluation. Predictive performance of the model
could not be evaluated on an independent dataset.
However, we did show that the model that was previously
developed was able to predict data from a subsequent
trial. The final validation of the outcome of this evaluation
study would obviously be to compare the predictions from
our simulations to the outcome measures of the actual
trial. In the actual lenvatinib phase I trials,hypertension and
proteinuria were established as the main, dose limiting
toxicities. Therefore, the dose de-escalation and interrup-
tion protocols simulated in this study provide a realistic
representation of the clinical setting with respect to drop-
out and treatment interruption due to toxicity.

The AH intervention design intended for phase II trials
(design C) showed that combined treatment with AH
medication, followed by dose reductions, allowed a large
fraction (82.0%) of subjects to continue treatment with
lenvatinib during the 16 weeks treatment period. The
period of 16 weeks was chosen as it was considered a
reasonable median treatment period in subjects with
metastatic melanoma, which is now being studied as a
potential indication for lenvatinib. The sensitivity analysis
showed that the effect of best and worst case scenarios
for the AH effect had little impact on the outcome vari-
ables. Additionally, the simulations, in which uncertainty in
parameter estimates was included, also showed only
moderate variability in outcome variables. One reason for
this finding is that the CV% was calculated as the variabil-
ity of the mean of multiple simulation studies, and thus

CV% will not be inflated relevantly by including more
uncertainty.

The simulation results indicated that dose reductions as
implemented in the proposed hypertension intervention
design (design D) could be an effective strategy to allow
subjects to continue treatment with this drug. The mean
daily dose level using this dose-titration design was
expected to be increased by 21.4% to 26.1 mg day-1,
although a slightly larger fraction of subjects received a tem-
porary dose delay or dropped out completely due to hyper-
tension or proteinuria toxicity. Phase I data from mixed
tumour types indicated a statistically significant correlation
between lenvatinib exposure and efficacy [43]. Hence con-
tinuous treatment without dose reductions could be benefi-
cial in terms of tumour response. The concentration–effect
relationship of lenvatinib, however, needs to be established
in specific tumour types in further studies. Clinical efficacy of
lenvatinib has recently been established in differentiated
thyroid cancer [26,27] and increase of the dose might lead to
higher response rates in patients.

In the treatment simulations described in this study, bias
may have been introduced by patient drop out due to toxic-
ity. Subjects experiencing toxicity were de-escalated to lower
doses, possibly leading to decreased drug efficacy. Reduced
drug exposure may lead to tumour progression in those sub-
jects, which, in a clinical trial setting, will lead to study drop-
out.Therefore,the fraction of subjects on treatment may have
been overestimated in our simulations.Since the relationship
between drug exposure and efficacy for lenvatinib has only
partially been established, we were not able to account for
this bias in the simulations. However, if the occurrence of
hypertension and/or proteinuria correlate with drug efficacy,
as has been suggested for other TKIs [8, 9], this bias may be
low. Subjects who are experiencing these toxicities will also
be the ones responding to the treatment, and will not be at
increased risk of drop-out due to treatment failure.

In conclusion, this article presents a model-based analysis
that supported the design of a phase II trial, based on data
from earlier clinical trials. For lenvatinib, the hypertension
intervention design proposed for phase II is expected to allow
a large fraction of subjects to continue treatment.The imple-
mentation of an AE-guided dose titration design is expected
to allow the administration of higher dosages to subjects,
while only marginally increasing toxicity.
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