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ORIGINAL ARTICLE

Model-Based Assessment of Alternative Study Designs
in Pediatric Trials. Part I: Frequentist Approaches

G Smania"?, P Baiardi®, A Ceci', P Magni? and M Cella"**

Alternative designs can increase the feasibility of pediatric trials when compared to classical parallel designs (PaD). In this
work we present a model-based approach based on clinical trial simulations for the comparison of PaD with the alternative
sequential, crossover, and randomized withdrawal (RWD) designs. Study designs were evaluated in terms of: type | and Il
errors, sample size per arm (SS), trial duration (TD), treatment exposures, and parameter estimate precision (EP). The
crossover requires the lowest SS and TD, although it implies higher placebo and no treatment exposures. RWD maximizes
exposure to active treatment while minimizing that to placebo, but requires the largest SS. SS of sequential designs can
sometimes be smaller than the crossover one, although with poorer EP. This pharmacometric framework allows a multiscale
comparison of alternative study designs that can be used for design selection in future pediatric trials.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Randomized controlled trials in pediatrics faces several dif-
ficulties and standard parallel designs may not always be fea-
sible in this population. Crossover, randomized withdrawal,
and sequential designs offer advantages that could poten-
tially help to streamline pediatric drug development.

WHAT QUESTION DID THIS STUDY ADDRESS?

M This study presents a PK-PD based clinical trial sim-
ulation framework with the aim of assessing the per-
formance of alternative study designs in pediatric trials
across different metrics of comparison.

Pediatric drug development faces several difficulties due to
ethical, practical, and financial considerations. Despite the
EU Pediatric Regulation (EC No. 1901/2006),' the US Best
Pharmaceuticals for Children Act,> and the US Pediatric
Research Equity Act® partially saved children from their role
of therapeutic orphans by facilitating the execution of pedi-
atric clinical trials, a number of obstacles still remain in pro-
viding children with safe and effective drugs.*™®
Consequently, the design and analysis of pediatric clinical
trials necessitate the most efficient and informative analytical
methods.” The gold standard method for assessing the effi-
cacy and safety of a new drug in patients is the randomized
controlled trial (RCT), which minimizes bias and provides a
clear and reliable understanding of the risk/benefit ratio of a
new experimental treatment. Conventional confirmatory
RCTs are mostly executed using a parallel-arms design with
hundreds or even thousands of patients enrolled. Since the
number of patients that can be enrolled in pediatric studies is
limited, trials of such sizes are often unfeasible. Scientifically,

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

V Based on the peculiarities and the clinical context of
the trial, alternative designs may be preferable to the
standard parallel design. This study provides instru-
ments for informed decision-making in pediatric trials.
HOW THIS MIGHT CHANGE CLINICAL PHARMA-
COLOGY AND THERAPEUTICS

M A methodological approach based on PK-PD-based
clinical trial simulation will allow optimizing the design
of future pediatric trials, ultimately increasing their
feasibility.

clinically, and logistically plausible alternatives to the classical
parallel design are therefore needed.®

The aim of this work is to compare the performance of
the classical parallel design (PaD) with that of the alterna-
tive crossover, randomized withdrawal and sequential
designs by means of pharmacokinetic—pharmacodynamic
(PK-PD)-based clinical trial simulation (CTS). Bayesian
approaches are investigated in the Part Il article.® Known
advantages and disadvantages of the study designs that
will be evaluated in the present work when compared to the
standard parallel design are outlined in Table 1.

A published pediatric PK-PD model of topiramate (TPM)'®
was used as a paradigm for CTS in epileptic children.
Designs were evaluated in terms of: type | and type Il errors;
sample size per arm; total trial duration; relative extent of
placebo, active treatment and no-treatment exposure (due to
periods during which the patients do not take neither TPM
nor placebo, e.g., baseline and/or washout periods), and pre-
cision of treatment difference estimate. For some of the
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Table 1 Pros and cons known from the literature of alternative study designs considered in the present work when compared to the standard parallel design

Study design Pros

Cons References

Crossover e Smaller sample size

o All participants receive treatment

Randomized Withdrawal
if they respond to it

e Lower exposure to placebo
e Enrichment of study population

o Allows to terminate a trial when evidence
has emerged that one treatment is clearly
either superior or inferior to the other

Sequential designs

e Sample size is on average smaller

e Subjects continue receiving study drug only

o Carryover effect [10]
e Longer duration
o Not suitable if the disease is not stable over
time
o Not suitable in case of treatment with perma-
nent effect
o All participants receive placebo
e Need for washout period
e Carryover effect [8,11,12]
o Treatment effect estimate is biased towards
responders
o Suitable only for stable chronic diseases
o Ethical concerns with depriving patients of the
benefit they had already obtained from the
active drug

e Treatment outcomes should be available quickly
in relation to patients recruitment rate

[13,14]

e Maximum sample size can be larger
e Increased logistic complexity

investigated designs, part of these measures have been
computed analytically without the need for CTS.

CTS has been successfully used in pediatrics to help trial
design, not only for dose selection,'®2° but also to set other
trial features such as number of dose groups and number of
patients per group.?'™2* However, to the best of our knowl-
edge, no attempts were made on the simultaneous investiga-
tion of a battery of alternative designs different from parallel/
crossover. Moreover, comparisons are normally built upon
purely statistical criteria such as sample size and mean
square error of estimates, whereas we hereby propose the
additional use of total trial duration and treatments exposure
to evaluate the overall performance of a particular design.

METHODS

Case study: PK-PD model of topiramate adjunctive
therapy in children with epilepsy

We first reviewed the literature in order to identify a pediat-
ric PK-PD model suitable for our analysis. Among the few
models that resulted from the literature search, many were
inadequate because of insufficient details to allow the use
of the model in a CTS setting, lack of the PK component,
unsatisfactory model evaluation, and modeling of a safety
PD measure rather than an efficacy one. The final choice
was a PK-PD model of TPM in pediatric patients between 2
and 10 years of age with partial-onset or primary general-
ized tonic—clonic seizures.’ The model is described in
Supplementary Material 1.

Study designs description

All study designs presented in this work are alternative imple-
mentations of a two-arm RCT. Patients in the control group
received placebo (i.e., their current antiepileptic treatment
plus placebo), while patients in the treatment group received
7 mg/kg b.i.d. of TPM (i.e., their current antiepileptic treat-
ment plus TPM), that is the average US Food and Drug

CPT: Pharmacometrics & Systems Pharmacology

Administration/European Medicines Agency (FDA/EMA)-rec-
ommended TPM dosage regimen for the adjunctive treat-
ment of epileptic children.2>2® The clinical endpoint of the
trial was the log-transformed translated percent reduction in
seizure frequency from baseline (i.e., Y, see Supplementary
Material 1). Coherently with the model and in agreement
with previous findings, we set the length of the baseline and
the treatment phase at 1 month each, for an overall duration
of the trial per child (z) of 2 months.?”

In order to design the studies, an initial estimate of both the
improvement of TPM over placebo (0 = pipce-pitem, Where
upce and urpy are the expected placebo and TPM responses
in terms of Y) and the variability of Y (¢) have to be formulated.
o was derived from the original publication and set to 0.7517,
whereas Monte Carlo methods were used to compute ¢ from
108 samples, leading to a value of 6 =0.2467. An improve-
ment of 0.2467 in the Y scale corresponds to approximately a
19% further decrease in seizure reduction for TPM 7 mg/kg
against placebo, considering an average placebo seizure
reduction of 21.5% (obtained from the PK-PD model). The
superiority of TPM over placebo was assessed through stand-
ard one-sided statistical testing on the null hypothesis of no
treatment difference Ho: 0 <0 with 5% significance (i.e.,
o = 0.05) and 80% power (i.e., f = 0.20).

Parallel design (PaD). In a two-arm PaD, patients are
randomized into two parallel groups to receive either pla-
cebo or TPM, with the number of patients to be randomized
in each group fixed a priori. In agreement with the PK-PD
model, we assumed responses to be normally distributed
with the same variance ¢ in the TPM and placebo arm.
Accordingly, we used normal-approximation for sample size
calculation for a one-sided Student’s t-test to obtain the
number of patients to be enrolled in each group

(z1-y+21-p)0 2 . . .
n=2[+] , with z, being the x-th quantile of the
standard normal distribution.



Crossover design (XD). In an XD, patients are randomized
into two treatment sequences, one where they receive first
TPM and then placebo, and one where they receive first
placebo and then TPM. The length of the washout period
between the two treatment sequences was set to 1 month,
in accordance with previous crossover studies in pediatric
epileptic patients.?®

Sample size calculation for the XD was adapted from
Wellek and Blettner.’® Similarly to the PaD, we assumed
responses to be normally distributed with the same var-
iance 2 in patients receiving TPM and placebo. In particu-
lar, in order to obtain the number of patients to be
randomized in each sequence, the following formula
(assuming normal-approximation of t distribution) was used:

2
n=2{%} [2(1—p)], where p is the correlation of Y

between the two periods of the XD (p can be thought of as
the proportion of PD Between Subject Variability (BSV)
contained in & if p =0 then all the variability contained in ¢
is intraindividual variability (I1V), if p =1 then all the variabil-
ity contained in ¢ is BSV). In order to evaluate the sensitiv-
ity of design performance with respect to such parameter,
simulations were carried out for p =0, 0.25, 0.5, 0.75.

Randomized withdrawal design (RWD). In an RWD, after
an initial open-label period in which all patients receive
TPM, only patients who positively responded to TPM
(defined as patients whose percentage seizure reduction
from baseline is greater than the corresponding average
placebo response) enter the double-blind phase and are
randomized to receive either placebo or TPM, whereas the
nonresponders discontinue the trial. The same washout
period and correlation p defined in the XD were assumed
in the RWD between the open-label and double-blind
phase.

In order to maintain the desired statistical properties of
the analysis, the sample size of the RWD in the double-
blind phase (whose collected measures will be subjected to
statistical testing) should be similar to the PaD one. There-
fore, an initial estimate of the percentage of responders (0)
is needed in order to obtain the total sample size at the
open-label phase, which is defined as 4[Z-"26092 .1 Fol.
lowing the same procedure used to obtain ¢, PK-PD simu-
lations allowed us to derive an estimate of the responder
rate 6 of 0.627, suggesting that about 62.7% of children
have a response to TPM greater than the average placebo
response.

Group sequential designs: sequential probability ratio test
(SPRT) and triangular test (TT). In group sequential
designs, statistical analyses are sequentially performed
after the enrollment of groups of patients of predetermined
size G. This allows early stopping of the trial for either effi-
cacy or futility. Several statistical approaches have been
proposed for the design and analysis of group sequential
designs (e.g., O'Brien-Fleming method®® and Pocock
method®®). In our work, we considered two alternative
implementations of group sequential designs, namely, the
SPRT and TT. Although such designs have been rarely
applied, they appear to have favorable properties for pedi-
atric trials.3' The statistical framework for these two
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Figure 1 Example of acceptance/rejection boundaries of the
sequential probability ratio test (SPRT, upper panel) and the tri-
angular test (TT, lower panel) for 6 = o =1 and « = ff = 0.05. Dur-
ing the trial the value of the Z statistics computed at each
analysis is plotted against the associated V-value, building up a
path on the Z-V plane. If such a path crosses the upper bound-
ary, Ho is refused; if it crosses the lower boundary, Hy is
accepted; if it stays within the continuation region, patient recruit-
ment goes on.

designs was adapted from Whitehead®® (a formal presenta-
tion can be found in Supplementary Material 1). The
SPRT and TT are also known as boundary methods since,
at each interim analysis, a sample statistics Z (which can
be thought of as the accumulated evidence of ¢) is plotted
against a second sample statistics V (which can be thought
of as the amount of information about 6 contained in Z),
and when the value of Z exits a so-called continuation
region delimited by two boundaries in the V-Z plane, Ho is
either accepted or refused (Figure 1). The two methods
differ for the equations of the boundaries: in the SPRT
these are parallel and the continuation region is open,
while in the TT they converge, defining a close continuation
region. On the one hand, the TT may thereby appear more
relevant a priori, because the sample size could theoreti-
cally be infinite by using the SPRT. On the other hand,
sample size reductions in the case of clear evidence of effi-
cacy/futility are larger with the SPRT when compared to
the TT.

Study designs simulation
The simulation of each design was based on the following
stepwise procedure:
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SE 2 © . Patients population was simulated in terms of weight and age (as
SE2 _ 1. Patients populati imulated in t f weight and age (
S% 5 = N gﬁl ~Neo 8RS g ¢ these were the only two significant covariates of the PK model)
F g E :r'r a2 T using weight-for-age tables from World Health Organization statis-
382 - = tics®® (a detailed description can be found in Supplementary Mate-
2350 ial 1) P

50 = . rial 1).

% 5 - 2. For each virtual child, the individual C,, was extracted from 500
Q= % E o © o o O . . 34

e g(No sl RS we § I PK profiles generated by using NONMEM v. 7.2.0°* (see Supple-
cxE o 7] J,. - g y g

23 s 2 mentary Material 2 for NONMEM code used).

= E ; 3. Patients to be enrolled following the design-specific rules were ran-
3 E% 0 F = domly selected from the population simulated at Step 1 and, for
§ es s |3 £ 2 7ee2:58 e 2 each child, a single Cp, was further sampled from its 500 values
25 E i 8 8 s simulated at Step 2. These values were fed into the PK-PD model
EZE in order to simulate the clinical endpoint. For subjects randomized
o O o

,g =& ol & © to the control arm, C,, was set to zero.

2 %‘g ? Zeo gﬁl R e 2 4. The study design-specific statistical analysis was applied to the
£°a ere T T T T2 ¥ simulated endpoints.

(9]

S 25 . -7

I kel [=]

o é £ E s Steps 3 and 4 were reiterated 1,000 times per study
$°8 § oV 0% 0 0w o o o design, i.e., 1,000 CTS were performed. A visual descrip-
° 3 > - - . . . . .

2R a . ¥ i 2 g' rEEES 8 02 tion of this stepwise procedure can be found in Figure S1.
£8 5,8 e < R software v. 3.0.1%% was used for Steps 1 (Supplemen-
e § % tary Material 3), 3, and 4 (Supplementary Material 4).

% — . . .
NS o The following metrics were adopted for designs
v ® o O« 0 42 o b o ~ « o o : .

S & £ Il |w Q ™ b T T Doy © o comparison:

» 23 U o 2 o <

sSH O £ = ) . .

%a: E" ‘é a. Type | error (&) the proportion of statistical analyses leading to the
6 <Y = rejection of Hy when simulating under Hy (i.e., when in the simula-
$o= BleR ol b b www © O tions described at Step 3 8y = 0).

ES, 159 &’ﬁ R - b. Type Il error (B): the proportion of statistical analyses leading to
525 T the acceptance of Hy when simulating under H; (i.e., when in the
3 = 9

a5 2 simulations described at Step 3 f3; is set to its estimated value).

O = 1

NE ﬁ © 5 c. Sample size per arm (SS). number of children enrolled in each arm
- S|N& wd L ®© of the trial

25 S BO ol 8232 o o . . X
ES o L o ceeed T d. Total trial duration (TD): the duration in months of the entire trial as
» c S () — . .

S%c |a - = a function of enroliment rate (ER, we considered ER up to 10
= 0T . . . .

353 |™ . patients/month). Although certain features of a trial design (e.g.,
EZS 9 - = treatment blinding, inclusion/exclusion criteria) can influence ER,*
5T Q N © & ’ ; H i ’
w3z L < > % § R I S § j@ these were not considered in our analysis and we therefore
[P RE=N7)) o S . .

20 = £ 8 assumed ER to be design-independent.

SEZ e. Average extent of placebo, TPM, and no-treatment exposure: per-
. 0 @® g :
e« & centage of exposure to placebo, TPM, and no-treatment relative to
85 E oINS N s oo 2 total trial exposure.

o5 S ¥l 2w g 2 f. Treatment difference estimate precision (EP): the precision of the
=0

£S5 5 s 2 estimate of & (5) expressed in terms of the width of its 95% confi-
; 56 dence interval (CI).

» 5B <

L= Q — o

e Q-2 adN v 1 v v v 0 [S] - . .
35 5 Slue =1 - = ~ = = B Supplementary Material 5 contains a comprehensive
= S o Il AN ~  ~ + + .

2 £ = 5 ° 9 description of the calculation of metrics above for each of
§‘_§ £ the investigated designs.

TEE b %
«g- 2 £

6§58 g = RESULTS

Ec2 =

°528 §£ o5 Type | and type Il errors

“~— (=N -~ . .

§ b S% e g & and f3 are close to their predetermined levels of 5% and 20%
e g £8 T for all designs except for the RWD with p > 0, where 3 appears
88 § s DI to decrease when correlation increases (Table 2).This increas-
352 5 $§5555 904 ing power with increasing p is due to a decrease in the variabili-
E § 25| .| & & 8888 § z E ty of responses in the double-blind phase of the study, further
= ; §§ %% 22 2 g e g8 a E given by the fact that drug effect is evaluated in a specific sub-
CEE85 82|22 T B BB P = set of the pediatric population (i.e., those who respond to TPM).
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Figure 2 Histograms of the sample sizes per arm obtained at
each of the 1,000 clinical trial simulations of the sequential prob-
ability ratio test (SPRT, pink histogram) and the triangular test
(TT, blue histogram). Black vertical lines indicate the sample
sizes per arm of the parallel design (solid line), crossover design
with p=0.5 (dashed line), and randomized withdrawal design
(dotted line).

Sequential designs show a slightly higher &, although for
the TT the target value of 5% is contained in the 95% CI of
the estimated 4. Conversely, & of the SPRT is significantly
higher than 5%.

Sample size per arm

Table 2 shows that the XD with p =0.75 leads to an SS of
15 children, which is the minimum SS among all designs.
Even for lower values of p the XD requires a lower SS

DESIGN
200- —— PaD

— XD

RW

o
S

SPRT

T

Total Trial Duration [months]
8

50-

\

2 4 6 8 10
Enroliment Rate [patients/months]

Figure 3 Total trial duration as a function of enrollment rate for
each of the investigated designs (PaD: parallel design; XD:
crossover design with p=0.5; RWD: randomized withdrawal
design with p =0.5; SPRT: sequential probability ratio test; TT:
triangular test). Solid lines represent the median duration
whereas dashed lines depict 95% prediction intervals.
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WASHOUT = 1 MONTH

. I I
EXPOSURE
NO TREATMENT
50-

oI
PLACEBO
TOPIRAMATE

WASHOUT = 2 MONTHS

~
o

25-

Percentage of exposure [%]

PaD RWD SPRT TT XD PaD RWD SPRT TT XD
Design

Figure 4 Percentage of exposure to no-treatment (cyan bar),
placebo (black bar), and topiramate (red bar) relative to total trial
exposure for each of the investigated designs (PaD: parallel
design; XD: crossover design; RWD: randomized withdrawal
design; SPRT: sequential probability ratio test; TT: triangular
test) for a washout of 1 (left panel) and 2 (right panel) months.
For the XD and RWD this metric is equal across all values of p.

compared with other designs, and when the PD BSV is
negligible (p = 0) SS of XD is half of the SS in the PaD.

SS for sequential designs is not deterministic. The histo-
grams of the SS obtained at each simulation of the two
sequential designs are depicted in Figure 2. It can be seen
that on average both the SPRT and TT requires fewer
patients than the PaD (around 76 per arm).

Finally, the estimated probability of terminating the
sequential designs with an SS greater than the PaD is fairly
low (19% for the SPRT and 13.9% for the TT).

Total trial duration

TD reflects the required SS: the higher the sample size, the
higher the duration (for a given ER). Accordingly the XD
has the lowest median TD among all investigated designs
(Figure 3). The same may not be true for sequential
designs however, wherein the time needed before obtaining
the primary endpoint for the sequential analysis can
remarkably increase TD. Interestingly, the results show that
for both pessimistic (4 patients/months) and optimistic (10
patients/months) enrollment rates, this was not the case
(Table 2). In fact, the median TDs of SPRT and TT are
lower than TD of the PaD, suggesting that for this magni-
tude of ER, TD reduction due to a lower SS outweighs the
TD increasing that could have been arisen because of
sequential enrollment.

Extent of placebo, TPM, and no-treatment exposure
The left panel of Figure 4, which quantifies the extent of
exposure to placebo (black bar), TPM (red bar), and no-
treatment (cyan bar) for each of the investigated designs in
terms of the proportion of exposure relative to total trial
exposure, clearly shows that the RWD allows minimizing
exposure to placebo while maximizing exposure to TPM,
no-treatment exposure being equal at 50% for all designs.
As to no-treatment exposures, these are comparable
among all designs. However, if a washout of 2 months had
been required, the percentage of exposure to no-treatment
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Figure 5 Boxplot of treatment difference estimates (o) (a) and bar chart plot of the median confidence interval width of o (b) obtained
at each of the 1,000 clinical trial simulation of the parallel design (PaD), crossover design with p = 0.5 (XD), randomized withdrawal
design with p = 0.5 (RWD), sequential probability ratio test (SPRT) and triangular test (TT). Nine simulations in the SPRT and one in
the TT were not able to compute ¢ and its precision because of negative values of V due to very early stopping (i.e., final sample size

per arm = 10 patients) and were therefore excluded from the figure.

in the XD and RWD would have risen to 60% and 58%,
respectively (right panel of Figure 4).

Treatment difference estimate (6) precision

Although the value of ¢ was similar for all designs
(Figure 5a), its precision may substantially vary across
them. In fact, Figure 5b shows that the sequential designs
can lead to precisions much lower than those obtained with
a PaD or RWD in terms of width of 95% CI. This is partly
explained by the number of samples used to compute the
estimate: the SPRT and TT are those designs that allow on
average to keep the sample size low, thereby increasing
the standard error of 6 and consequently the width of its
95% CI.

DISCUSSION

The use of alternative study designs in pediatric trials can
significantly improve their feasibility by reducing their sam-
ple size and duration and by increasing their acceptability.
Examples on the use of PK-PD-based CTS for the
assessment of trial design performance exist,2'%? although
no attempts have been made on simultaneously exploring
alternative study designs such as the RWD and the
sequential designs. Investigations of sequential designs by
CTS can also be found in the literature®”*%; however, these
are based on purely statistical models, thereby neglecting
the PK-PD component. As a result, the influence of patient
demographics and dose regimens on trial performance
could not have been explicitly taken into account. The pres-
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ent work provides a pharmacometric-based framework for a
multidimensional comparison of alternative study designs.

Overall, the outcomes of our analysis are in line with the
known pros and cons of the investigated designs introduced in
Table 1. The results clearly show that for a pediatric trial the
XD, irrespective of the value of p, allows minimizing the SS
required while maintaining desired type | and type Il errors.
The minimization of SS translates also into a very low TD.
However, the XD may not be easily accepted by parents/
children because the washout period implies that children
have to spend a greater amount of time without taking any
treatment when compared to other designs (Figure 4). In
addition, despite that all children enrolled in the trial will cer-
tainly receive the active treatment, they will certainly receive
placebo as well, posing further ethical issues. Finally,
although we assumed negligible carryover effects, these have
to be considered when designing a pediatric trial with a cross-
over scheme because they can eventually compromise the
analysis and interpretation of the results.%%°

The RWD ensures that all children enrolled in the trial will
receive the new treatment and those not responding to the
treatment will be quickly withdrawn from the trial. As shown in
Figure 4, for a washout of 1 month, the percentage of exposure
to TPM in the RWD is 40%, compared with 25% of other
designs. At the same time, the percentage of exposure to inac-
tive treatment (placebo) is less than half that of other designs.
Such properties are still valid if we double the washout period.
These parent/patient-friendly features of the RWD, along with
an acceptable level of scientific rigor, contributed to its
increased popularity in the design of juvenile arthritis trials.'*2



Nonetheless, our results suggest that the RWD would
require a higher SS compared to other designs (Figure 2)
and, consequently, a higher TD (Figure 3). However, if it is
reasonable to assume that patients response to treatment
does not remarkably change between the open-label and
double-blind period (i.e., p=0.75), the RWD leads to a
greater power (92.5%, Table 2). From an SS perspective,
by maintaining the type Il error to ~20%, the SS of the
RWD would drop to values around that of PaD (115, results
not shown). Because in RWD a slightly different population
is studied compared to the other designs, a different 6 is
typically expected. Figure 5a shows that this was not the
case in our analysis. This is primarily due to the fact that a
certain patient is classified as a responder in the open-label
phase mainly because a large ¢ was sampled for that
patient, and not because that patient had an increased
exposure to TPM in terms of C,. This implies that: 1) for
large values of p (>~0.5), patients in the double-blind
phase have a high response in both the placebo and TPM
arm, which prevents an increase of & (e.g., for p=0.75
mean & turned out to be around 0.270 in the RWD, com-
pared to the value of 0.277 observed in the PaD); 2) for low
values of p (<~0.5), the effect of a larger Cpin ON 6 is par-
tially masked by high (or low) values of ¢ (mean ¢ was esti-
mated around 0.286 in the RWD, compared to the value of
0.277 observed in the PaD). Consequently, our results are
likely to be observed in a RWD in patients with a large pla-
cebo response (1) or when the magnitude of the BSV is
negligible compared to IV (2).

Sequential designs are of great interest for pediatric tri-
als, essentially because they allow an early stop for efficacy
or futility. Previous pediatric sequential trials have shown a
median SS decrease of 35% compared to standard
PaDs.3" Our results confirm that on average both the SPRT
and the TT determine an SS reduction compared to the
PaD (between 33% and 50%), without compromising the
desired statistical properties (although & seems to be
slightly higher, in agreement with earlier findings®").

Moreover, our simulations show that the SPRT and TT
have a 13.4% and 2.2% probability of demonstrating drug
efficacy with an SS lower than 21, respectively. Accordingly,
TD for an enrollment rate of just two patients/month would
fall to 20 months. Despite that the treatment effect estimate
precision associated with these low SS cannot be consid-
ered acceptable, these designs may be of interest when
very limited subjects can be recruited. On the other hand,
since in sequential designs the SS is not fixed a priori, the
final SS and TD of the SPRT and TT may turn out to be
greater than the one that would have been required by a
fixed sample size approach. This is demonstrated by a 90th
percentile of SS distribution greater than the PaD SS
(Table 2). Within sequential designs, the TT appears to out-
perform the SPRT in the unfortunate scenario of a late
study termination, with a 90th percentile in SS distribution
of 30 patients lower than the SPRT. These results are in
line with those from Sebille and Bellissant.®”

The added value of our analysis compared to that of
Sebille and Bellissant is that by using PK-PD-based CTS
we are able to contextualize the analysis in the clinical con-
dition under study and to investigate the impact of PK vari-
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ability and patient characteristics on the possible results of
the trial. CTS becomes then a tool for a sound evaluation
of candidate designs by enabling, for example, to assess
the impact of patient population characteristics on the prob-
ability of terminating a sequential trial with an SS greater
than that of a traditional design.

We acknowledge that the present framework is under-
pinned by a robust pediatric PK-PD model that may not always
be available at the time of the design of the pediatric trial. If
this is the case, extrapolations using an adult PK-PD model in
lieu of the pediatric one can be considered, provided that the
following conditions can reasonably be assumed®®: 1) the
pathophysiology of the disease is the same between children
and adults; 2) either the PK in pediatric patients is known or
extrapolation of the PK from adult data is suitable (i.e., differ-
ences in PK are explained solely by differences in body
weight, a reasonable assumption in children older than 2
years*"); 3) the PK-PD relationship is similar between the two
populations; 4) the response to treatment is assessed in terms
of the same PD measure in pediatrics and adults. In general,
the degree of uncertainty of assumptions (1-4) should guide
the design of the pediatric study. Halvin et al.*? proposed a
statistical framework to quantitatively accommodate assump-
tions uncertainty by enlarging the significance level of the
pediatric trial based on experts’ skepticism about the expected
similarities and differences between the adult and pediatric
population. The use of an adult PK-PD model in our frame-
work would implicitly convey a certain magnitude of skepticism
(or rather belief) in the extrapolation process. The dependency
of trial results and design performance on this magnitude of
skepticism can potentially be investigated through the integra-
tion of our framework with that proposed by Halvin et al. This
would ultimately enable researchers to select the study design
that best suits their current extrapolation concept.

Since we focused on pediatric efficacy trials, the strengths
and weaknesses of study designs with respect to ancillary trial
objectives have not been investigated in our analysis. One
important aspect relates to the support of dose regimens in
the pediatric population. From this point of view, the RWD is
expected to be one of the more robust in justifying pediatric
dosage because it allows emphasizing the effect of the tested
dose compared to placebo by ruling out the confounding ele-
ment that would be introduced by the randomization of non-
responders. In addition, the XD has the favorable property of
estimating the true drug effect in each patient, leading to more
precise estimates of BSV of a drug effect parameter; never-
theless, its small sample size might jeopardize the reliability of
the PK analysis. The same would also apply for sequential
designs terminating with a very low sample size. PaD and
sequential designs do not exhibit any particular advantage
when it comes to supporting dose regimens in the pediatric
population, and the only difference between the two is attribut-
able to differences in sample sizes.

Noteworthy, we did not include a dropout model and did
not test whether dropout patterns are influenced by the
study design; accordingly, any knowledge of differences
could lead to a more accurate case-specific evaluation.
Moreover, it has to be pointed out that our analysis is
based on the effect of TPM in children with partial onset
seizures refractory to their current antiepileptic treatment,
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and the extrapolation of our results to different compounds/
diseases/subpopulations should be further explored.

To conclude, there is no best study design for children with
refractory epilepsy that performs better in all the metrics we
have monitored. Sequential designs are probably more
appealing because they appear to considerably reduce the
SS when large effect sizes are expected. This is particularly
important if patient recruitment is the primary obstacle, as TD
is not inflated by the sequential procedure of the design and
low precisions in B may be tolerated. On the other hand, if
major concerns involve the ethical acceptability of the trial, an
RWD may be preferable because of the shortened placebo
exposure and simultaneously increased exposure to the active
treatment, especially if it is reasonable to assume that the indi-
vidual response to treatment does not significantly change
between the open-label and double-blind phase.

In general, pediatric design selection would largely bene-
fit from a pharmacometric approach as the one described
in our work, which leverages prior information available and
allows to test different “what if” scenarios by assessing the
characteristics of the design across multiple levels.
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