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Abstract
Despite off-label use, the efficacy and safety of gabapentin and tramadol in pediatric 
patients (3 months to <18 years old) diagnosed with chronic pain has not been charac-
terized. However, generating evidence based on randomized clinical trials in this pop-
ulation has been extremely challenging. The current investigation illustrates the use 
of clinical trial simulations (CTSs) as a tool for optimizing doses and protocol design for 
a prospective investigation in pediatric patients with chronic pain. Pharmacokinetic 
(PK) modeling and CTSs were used to describe the PKs of gabapentin and tramadol in 
the target population. In the absence of biomarkers of analgesia, systemic exposure 
(AUC, Css) was used to guide dose selection under the assumption of a comparable 
exposure-response (PKPD) relationship for either compound between adults and chil-
dren. Two weight bands were identified for gabapentin, with doses titrated from 5 
to 63 mg/kg. This yields gabapentin exposures (AUC0–8) of approximately 35 mg/L*h 
(1200 mg/day adult dose equivalent). For tramadol, median steady state concentra-
tions between 200 and 300 ng/mL were achieved after doses of 2–5 mg/kg, but con-
centrations showed high interindividual variability. Simulation scenarios showed that 
titration steps are required to explore therapeutically relevant dose ranges taking 
into account the safety profile of both drugs. Gabapentin can be used t.i.d. at doses 
between 7–63 and 5–45 mg/kg for patients receiving gabapentin weighing <15 and 
≥15 kg, respectively, whereas a t.i.d. regimen with doses between 1 and 5 mg/kg can 
be used for tramadol in patients who are not fast metabolisers.
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1  |  INTRODUC TION

Chronic pain, defined as pain lasting longer than 3 months as a contin-
uous or recurrent condition affects the pediatric population. Yet, data 
supporting the clinical management of symptoms in this population is 
limited, as compared to adults.1 In spite of a treatment algorithm for 
neuropathic pain in adult patients, based on the severity of symptoms 
and treatment response, the same drugs and dosing regimens are used 
off-label in children2 without formal evaluation or pharmacological 
rationale. This practice exposes pediatric patients to potentially non-
efficacious treatments and unnecessary risks, such as dosing errors 
and adverse drug reactions (ADRs). In fact, such a concern has been 
highlighted by a dedicated working group, where the most frequently 
used drugs in pediatric palliative care are described.3

The GAPP consortium was created to address some of these issues 
via the implementation of randomized clinical studies and retrospective 
and prospective pharmacovigilance data collection on the efficacy and 
safety of gabapentin. Gabapentin's analgesic effect has been found to 
be associated with voltage-gated Ca2+ channel inhibition, which results 
in decreased presynaptic release of excitatory neurotransmitters. It has 
been approved for the treatment of neuropathic pain in adults at doses 
ranging between 900 and 3600 mg/day (t.i.d.). By contrast, its use off-
label to treat children with the same condition is based on a dosing regi-
men dose of up to 20 mg/kg three times daily for a child aged >2–12 years 
old (maximum single dose 600 g). For a child >12 years old, the maximum 
daily dose can be increased, according to response, up to a maximum of 
3600 mg/day.2 To date, there is no data supporting the dose rationale in 
children. Similar to the evidence gap for gabapentin, there are no con-
trolled pediatric clinical trial data on the efficacy of tramadol, a μ opioid 
receptor agonist, which also shows inhibitory effects on monoamine re-
uptake, various GPCRs, transporters, and ion channels. Despite the lack 
of marketing authorization for its use in children below 12 years of age 
in some countries, publications on the clinical experience with tramadol 
across a wide age group indicate that the recommended dosing regimen 
for children consists of a starting dose of 1–2 mg/kg/dose every 4–6 h 
with a maximum daily dosage of 8 mg/kg or 400 mg, whichever is lower.4,5

Here, we focus on the scientific rationale and protocol requirements 
for the implementation of the GABA-1 study (GABA-1; NCT02722603),6 
a non-inferiority, phase-III study aimed at assessing the efficacy and 
safety of a novel gabapentin liquid formulation (75 mg/mL) in children 
from 3 months to <18 years old affected by chronic neuropathic or mixed 
pain. In this trial, the investigative medicinal product (IMP) comparator is 
tramadol oral drops (100 mg/mL). As both drugs are titrated to a mainte-
nance phase dose in clinical practice, the GABA-1 protocol was designed 
to include titration, maintenance, and tapering phases according to a 
three-times daily regimen. In addition, in contrast to standard efficacy 
protocols in pain research where systemic exposure is not evaluated, 
the pharmacokinetics (PKs) of both moieties will be characterized using 
sparse sampling and optimized sampling times.

There are inherent difficulties in conducting a trial of this nature. 
First, the incidence and diagnosis of such a heterogeneous condition 
makes it challenging to identify and recruit patients, some of whom may 
have already been exposed and failed to respond to the IMP. In addition, 

considering the age group of the trial, there is a need to measure pain 
using verbal and non-verbal scales (FLACC, FPS-R, or NRS-11 pain 
scales),7 thereby introducing variation in pain measurements, including 
elements that may reflect not only nociception but also motor, sensory, 
and behavioral aspects of pain perception, which make the integration 
of the data across all age groups rather complex. This is further com-
pounded by the use of rescue medication (which may lead to dropouts 
or blur the actual response to the IMP) and lack of a placebo arm (which if 
included as an intervention, would make the trial ethically questionable).

Based on the aforementioned points, it becomes evident why 
empirical treatment and dose selection may not be appropriate, and 
recommendations arising from off-label use of gabapentin or trama-
dol cannot be easily generalized. Ideally, a stronger scientific rationale 
for the use of gabapentin along with dosing recommendations for the 
treatment of chronic, neuropathic pain would require the assessment 
of biomarkers of the pharmacological effects and an understanding of 
the relationship between these biomarkers and the anti-nociceptive re-
sponse.8,9 In the absence of such biomarkers, and taking into account 
the symptomatic nature of the treatments, we have assumed compa-
rable exposure–response relationships as a working hypothesis, even 
though differences in symptom severity and scales of pain may differ 
across age groups. While this assumption may not be fully aligned with 
current regulatory guidelines for extrapolation and bridging of efficacy 
from adults to children, they promote the implementation of a protocol 
in which PK–pharmacodynamic (PKPD) principles underpin the dose 
rationale.10–12 Furthermore, this assumption impels us to carefully con-
sider changes in PKs due to developmental growth, organ function, and 
maturation processes across the different age groups.

Therefore, the current investigation is aimed at identifying oppor-
tunities to optimize the experimental protocol design and establish 
the dose rationale for gabapentin and tramadol in children. We use PK 
modeling and extrapolation concepts in conjunction with clinical trial 
simulations (CTSs) to ensure the implementation of a highly informative 
protocol. Our approach relies on the assumption that, despite hetero-
geneity between populations, the PKPD relationships of gabapentin 
and tramadol are comparable between adults and children. Therefore, 
by determining the efficacious plasma levels of these drugs in adults 
we can, to a degree of certainty, derive appropriate dose levels, and 
titration steps for pediatric patients.

2  |  METHODS

2.1  |  Population PKs and target exposure

Initially, population PK models of gabapentin and tramadol in adults 
and children were retrieved from the published literature.13,14 
These models were subsequently used to derive systemic exposure 
estimates for dose levels associated with the overall efficacy and 
safety profile of the moieties in adults. If necessary, models were re-
parameterised to ensure subsequent extrapolation of PK properties 
from adults to children taking into account developmental growth 
and maturation processes. Secondary PK parameters were derived 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5483
https://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyId=80
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8286
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=mu%2Bopioid%2Breceptor&searchCategories=all&species=none&type=all&comments=includeComments&order=rank
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=mu%2Bopioid%2Breceptor&searchCategories=all&species=none&type=all&comments=includeComments&order=rank
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as metrics of interest for the purposes of this analysis and included 
the area under the concentration versus time curve (AUC), maximum 
concentration (Cmax) and steady-state concentration (Css).

To establish a target exposure range for gabapentin, data from an 
NDA submission (Neurontin®) to the USA Food and Drug Administra-
tion were used, in which the exposure and dose–exposure–response 
relationship have been evaluated15 in 690 patients with post-herpetic 
neuralgia (Figure S1). Based on the evidence from clinical trials in adult 
patients, the therapeutic dose range (which ranges from 1200 to 
3600 mg/day) appears to correspond to a mean systemic exposure at 
steady state of >32.8 μg/mL*h; this threshold was selected as the target 
exposure for the pediatric population under the assumption that total 
exposure is a clinically relevant driver or determinant of the analgesic 
response in chronic pain. Similarly, to define a target exposure range for 
tramadol, data from the clinical literature in acute pain were used, which 
included the PKs of the parent drug and its metabolite in adults and pe-
diatric patients.14 Mean exposure was assumed to be a clinically relevant 
driver of the anti-nociceptive response in chronic, neuropathic pain con-
ditions. However, to address safety concerns and the potential effect 
of peak concentrations, mean steady-state concentration was used in-
stead of AUC. Tramadol concentrations between 200 and 300 ng/mL 
(from Garrido et al.)14 were used as a target range for the pediatric popu-
lation, corresponding to an AUC range of 1600–2400 ng/mL*h.

2.2  |  Extrapolation of the PKs of 
gabapentin and tramadol

The extrapolation of the disposition parameters of gabapentin and 
subsequent implementation of simulation scenarios describing the 
changes in exposure associated with the proposed titration and 
maintenance phase of the clinical study protocol were based on the 
pediatric PK model reported by Ouellet et al.13

The covariate model was adapted to allow allometric scaling of 
the PK parameters (Figure S2). Given the renal elimination mecha-
nisms associated with the clearance of gabapentin, changes due to 
ontogeny or organ maturation were described by creatinine clear-
ance. An overview of the final estimates used in the simulated sce-
narios is shown in Table S2.

The extrapolation of the PKs of tramadol was based on the pop-
ulation PK model published by Garrido et al., 14 in which the disposi-
tion of the parent drug and its main metabolite were characterized. 
These parameters were used in conjunction with estimates of the 
absorption rate constant from Payne et al.,16 whose study popula-
tion was administered tramadol oral drops, that is, the chosen for-
mulation for the GABA-1 study.

The final model represents the a two-compartment PK profile 
along with one additional compartment, which represents the me-
tabolite formation (M1) (shown in Figure S3). PKs was parameterised 
in terms of clearance (CLe), apparent formation clearance of M1 (CLf), 
volume of distribution (V), and the transfer rate constants (K12, K21), 
absorption rate constant (Ka) and oral bioavailability (F). Body weight 
was identified as a covariate on clearance and volume of distribution. 

Model diagnostics was evaluated by comparing model-predicted ver-
sus observed profiles; this step provided evidence of data reproduc-
ibility and acceptable predictive performance. An overview of the final 
estimates used in the simulated scenarios is shown in Table S3.

2.3  |  Assumptions for the extrapolation of PKs 
from adults to children

For the sake of clarity, we enumerate the key assumptions under-
pinning the doses and dosing regimens which were derived for the 
pediatric population following scaling and extrapolation of the dis-
position parameters: 

1.	 The therapeutic levels of both drugs in adults are also efficacious 
in children, that is, the PKPD relationship for the analgesic or 
anti-hyperalgesic effects is the same, irrespective of the age 
of the patient (3 months to <18 years). Moreover, we assume 
that patients do not develop tolerance to the pharmacological 
effect during the course of the study.

2.	 As gabapentin has been mostly studied in pediatric patients with 
epilepsy, we assume that the PK disposition is not altered by 
the disease (i.e., chronic, neuropathic pain), whose pathological 
mechanisms should not have significant impact on organ function 
(including maturation and developmental growth).

3.	 Given the low prevalence of ultra-rapid metabolic phenotype, 
patients will not be screened for polymorphism of CYP2D6. 
Therefore, genotype is not included as a covariate during the 
evaluation of the PKs of tramadol.

4.	 In the absence of data suggesting otherwise, simulations of drug 
levels over the course of treatment will be performed assuming 
that there is no metabolic induction or inhibition; as such there is 
no inter-occasion variability and clearance estimates will be con-
sidered to be constant over the course of treatment.

5.	 As PK and pharmacodynamic data for tramadol are available only in 
acute pain conditions, we assumed the same therapeutic window is 
also applicable and safe for chronic treatment/repeated dosing.

6.	 There is enough time between titration steps to assess the analgesic 
or anti-hyperalgesic effects, even if response to increasing dose lev-
els may be delayed. Absence of improvement is to be considered as 
lack of pharmacological effect due to inter-individual variability.

7.	 Lastly, it is assumed that there is no carry-over effect between 
titration steps. Consequently, estimates of a putative dose-
exposure-response relationship can be derived without bias.

2.4  |  Clinical trial simulations

2.4.1  |  Simulation scenarios

The PK models including parameter estimates obtained by the ex-
trapolation procedures outlined above were used to simulate a range 
of different dosing scenarios, with 1000 simulations performed in 
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each. The main objectives of these simulation scenarios were (1) 
to obtain insight into the underlying dose–exposure–response re-
lationship during the titration phase and (2) to ensure that patients 
were exposed to appropriate drug levels during the maintenance 
phase of the study. Given that the total sample size of the study 
had been agreed with regulators, each simulated trial consisted of a 
virtual patient cohort of 94 subjects across the age range between 
3 months and <18 years old. Full PK profiles (i.e., concentrations vs. 
time after dose) were simulated for each patient and the parameters 
of interest (AUC, Css, and Cmax) were subsequently derived. For 
gabapentin, a weight-banded dosing regimen was selected based on 
physiological and practical considerations. For tramadol, the cur-
rently approved doses were administered, with a cap on the total 
daily dose in accordance with the summary of product characteris-
tics of the product. However, to preserve the blinding and reduce 
the burden of treament, an assessment was performed of the im-
plications of a t.i.d. regimen, as opposed to four times daily dosing 
(q.i.d.). Graphical and statistical summaries were used to compare 
the results across different dosing scenarios against the predefined 
target exposure range. No statistical hypothesis test was applied 
for the selection of recommended dosing regimens and titration 
steps to be used in the clinical study protocol. The choice was based 
primarily on the maximization of the proportion of patients achiev-
ing the target exposure range.

2.5  |  Assumptions underpinning the simulation 
scenarios and final recommendations

The following assumptions were made for selection of the titration 
steps, dosing regimens, and sampling schemes to be recommended 
for the final clinical study protocol: 

1.	 Adherence to treatment was assumed to be high (>90%) and 
doses to be administered without significant deviations.

2.	 Demographic characteristics sampled from the patient pool were 
deemed to be representative of the general pediatric population 
with chronic, neuropathic pain.

3.	 Correlations between demographic characteristics and physi-
ological processes associated with drug disposition were consid-
ered constant throughout the simulated treatment period.

4.	 Despite known differences in the safety profile of gabapentin and 
tramadol, we assumed that there were no patient dropouts. This 
also implies that the simulated scenarios do not consider cases in 
which frequent rescue medication is required, and which would 
have resulted in patient withdrawal from the study.

5.	 To ensure characterization of the PKs across all dose levels and 
derive accurate estimates of the parameters of interest, simulated 
scenarios were based on the assumption that all patients reach 
the maintenance dose at the final titration step for both drugs.

6.	 Final recommendations of the dosing regimens to be used in the 
actual clinical study were based on mean estimates.

2.6  |  Virtual patient population

A data set (n = 800) including age, sex, weight, and creatinine clear-
ance (derived from serum creatine values, explained in Supporting 
Information) was created based on the population data available 
from NHANES17 and CALIPER18 databases (Figure S4). Demographic 
and clinical baseline characteristics were sampled from the patient 
pool (N = 94) and used for the implementation of CTS. These vir-
tual patients were used not only for the CTS scenarios but also to 
assess model performance. To ensure the accuracy and precision 
of the estimates obtained by extrapolation of the parameters from 
the original population (i.e., children with epilepsy), the models were 
externally validated by digitizing published data and comparing ob-
served and predicted concentrations using visual predictive checks 
(VPCs).4,19

2.7  |  Dose rationale and protocol optimization

From the results obtained from the different simulation scenarios 
at varying doses of gabapentin and tramadol, it was possible to 
assess the impact of interindividual variability in drug levels and 
compare the predicted systemic exposure in the pediatric popu-
lation with the data observed previously in adults and children. 
Based on the anticipated PK variability and knowledge from pre-
vious experience with titrating both gabapentin and tramadol in 
clinical practice, a five-step titration scheme was proposed for the 
final protocol. It is worth mentioning that according to this proto-
col design not all patients are titrated to the maximum dose level. 
The use of titration steps until the desired response is observed 
allows one to account for inter-individual differences in the PKs, 
pharmacodynamics and disease severity. This approach also en-
sures that the appropriate dose level is used during the mainte-
nance phase of the study.

As PK sampling represents a critical step for the characteri-
zation of the dose–exposure–response relationship across the 
population, different sparse sampling schemes were evaluated to 
establish the impact of sampling windows on the precision of the 
estimates of clearance during the titration phase. Given parameter 
uncertainty, ED-optimality principles, as implemented in PopED 
version 0.4.0 (Uppsala, Sweden),20,21 were used initially to iden-
tify suitable sampling windows for a maximum of four samples per 
patient. Final recommendations were derived by simulation–re-
estimation procedures, during which comparisons were made be-
tween the impact of repeated sampling during a single visit versus 
spread across different visits. The two schemes were evaluated to 
confirm whether or not an indwelling catheter would be required. 
All modeling and simulation steps described here were performed 
using NONMEM v 7.4 (Icon Development Solutions, USA). Data 
formatting or manipulation, including preparation of graphical and 
statistical summaries were performed in R version 3.6.2 (R Devel-
opment Group, Vienna).22
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2.8  |  Optimized sampling windows

Due to the young age of the participants, repeated sampling cannot 
be implemented as in adults. There are ethical and practical chal-
lenges in drawing blood from children, which cannot be overlooked. 
Therefore, a sparse sampling routine is needed to spare patients 
from unnecessary discomfort and multiple venepunctures.

Initially, the identification of optimal experimental sampling 
windows was also performed using ED-optimality concepts. ED-
optimality provided the opportunity to select the most informative 
sampling times, ensuring higher precision in parameter estimates 
and PK model identifiability, as compared to traditional protocol 
designs for adult populations, where frequent blood sampling can 
be used. In a subsequent step, a simulation-re-estimation procedure 
was implemented to assess the impact of variation in the sample col-
lection window based on a scheme with four samples per patient: 
one pre-dose and three post-dose samples, at the following inter-
vals: between 0 and 2, 2 and 4, and 4 and 6 h. Despite differences in 
the disposition of gabapentin and tramadol, the study was optimized 
primarily for gabapentin. Patients receiving tramadol would also be 
sampled within the same windows, even though these times might 
not be equally informative for the characterization of tramadol 
clearance. Further details on the methodology, including final model 
parameters are presented in the Supporting Information.

2.9  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to cor-
responding entries in http://www.guide​topha​rmaco​logy.org, the 
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY,23 and are permanently archived in the Concise Guide to 
PHARMACOLOGY 2019/20.24

3  |  RESULTS

3.1  |  Extrapolation of the PKs in children

Parameter values reported in the publications13,14 from which the 
PK models were constructed informed the model refinement and 

extrapolation steps, as well as the simulation scenarios described 
in the following sections. Details of the model parameterisation are 
summarized in the Supporting Information along with a descrip-
tion of the model performance for each drug. As shown in Figures 
S5, visual predictive checks indicate concordance between model-
predicted versus re-estimated profiles based on sparse sampling; 
this step provided evidence of data reproducibility and acceptable 
predictive performance. Moreover, the use of t.i.d. regimen was 
found to be acceptable, with predicted maximum concentrations 
varying by approximately 20% or less (Figure S6).

3.2  |  Baseline characteristics of the 
pediatric population

To perform simulations, different weight bands, and cut-off weights 
were considered, taking into account required volume intake and 
other practical aspects, such as the use of dosing syringes for smaller 
patients. Given the changes in renal function across the age range 
of interest, two weight-bands were identified that enable a simple, 
easily implementable dosing regimen for gabapentin in children from 
3 months to < 18 years old. Therefore, data are presented following 
stratification into two groups, namely, children between 5 and 15 kg 
(n = 400), and >15 kg (n = 400). An overview of the baseline clinical 
and demographic characteristics of both groups is shown in Table 1.

3.3  |  Clinical trial simulations

To mimic the proposed protocol (shown in Table 2), 94 patients were 
simulated per treatment arm. The results from the CTSs are shown in 
separate panels in Figure 1. In Figure 1A,B, every column has the last 
three dose intervals per titration step. The increase in exposure seen in 
the concentration versus time plots of both gabapentin and tramadol 
indicate that the chosen steps allow sufficient separation in exposure 
between dose levels for each. In Figure 1A, consistency in the concen-
tration range achieved between the two weight groups can be seen 
throughout the titration steps for gabapentin. In Figure 1C,D, whisker-
boxplots show the exposures of both drugs for the proposed regimens. 
The regimen for gabapentin (on reaching the maintenance phase) corre-
sponds to gabapentin adult exposures with an AUC0–8 of approximately 

Children 5–15 kg 
(n = 400)

Children >15 kg 
(n = 400)

All children 
(n = 800)

Age (years) 2.0 (0.25–5) 8.0 (2–17) 4.0 (0.25–18)

Weight (kg) 12.7 (4.5–15) 25.7 (15.1–76.6) 15.1 (4.5–6.6)

Height (cm) 89.3 (58.8–106) 128.4 (92–181.3) 100.3 (58.8–181.3)

BMI (kg/m2) 15.8 (12.3–19) 16.2 (12.7–24.9) 16 (12.3–24.9)

BSA (m2) 0.55 (0.27–0.66) 0.98 (0.6–2) 0.64 (0.27–2)

CrCL (mL/min) 188.3 (79.4–281.5) 163.2 (92.4–276) 173.7 (79.4–281.5)

Note: Values shown are the medians along with the corresponding range.

TA B L E  1 Baseline demographic 
covariates used across the different 
simulation scenarios for the evaluation of 
the pharmacokinetics of gabapentin and 
tramadol in children from 3 months to 
<18 years of age.

http://www.guidetopharmacology.org
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35 mg/L*h (1200 mg/day adult dose equivalent)15 for both weight groups. 
For tramadol, the results of the proposed regimen show that titration to 
response is necessary due to potential safety concerns, with mean CSS 
reaching approximately 350 ng/mL for patients receiving 8 mg/kg, that 
is, mean values significantly above our postulated 200–300 ng/mL ef-
ficacy window. On the other hand, according to the most recent data 
of the International Association of Forensic Toxicologists, therapeutic 
blood levels of tramadol in adults range from 100 to 800 ng/mL, whereas 
the toxic level was defined to lie between 1000 and 2000 ng/mL.25,26

3.4  |  Dose recommendations for gabapentin

An outline of the final recommendation for the doses and dosing 
regimens to be used during the titration and maintenance phase of 
the study is shown in Table 2.

After repeated testing and fine-tuning of the dose levels to be 
evaluated in each titration step, dosing regimens were identified 
which yield systemic exposure levels comparable to the target val-
ues in adults. These results are shown in Table 3. As can be seen 
across the different titration steps, there is a nonlinear increase in 
exposure with increasing doses of gabapentin.

3.5  |  Dose recommendations for tramadol

To ensure appropriate blinding and comparable titration steps in 
both study arms, different dose levels were considered over the 
same interval and number of titration steps for tramadol, as imple-
mented for gabapentin. The dosing regimens which yield tramadol 
systemic exposure corresponding to the target values observed 
in acute pain are shown in Table  4. Due to safety considerations, 

F I G U R E  1 Upper panels: Simulated concentration versus time profiles of gabapentin (A) and tramadol (B) on the last day of each titration 
step. Data are shown stratified by weight band for gabapentin. Solid line shows the median, shaded area indicates the 95% confidence interval. 
Lower panels: Whisker-box plots showing the predicted AUC for gabapentin (C) and predicted AUC for tramadol (D) for each titration step, 
based on a t.i.d. regimen. Gabapentin results are compared to the observed AUC values after doses of 1.2–3.6 g to adult subjects. Dotted red 
line shows the putative target exposure range for gabapentin (32.8–75.1 mg/L*h) and tramadol (1600–2400 ng/mL*h). Lower and upper hinges of 
the box-plots correspond to the first and third quartiles. The upper whisker extends from the hinge to the highest value that is within 1.5*IQR of 
the hinge, where IQR is the inter-quartile range, or distance between the first and third quartiles. The lower whisker extends from the hinge to 
the lowest value within 1.5*IQR of the hinge. Data beyond the end of the whiskers are outliers and plotted as points. IQR, interquartile range.

Investigational product
Weight 
group Day 1 Day 3 Day 5 Day 14 Day 21

Gabapentin 5–15 kg 7 14 21 42 63

>15 kg 5 10 15 30 45

Tramadola All patients 1 2 3 5 8

aMaximum daily dose capped to 400 mg/day.

TA B L E  2 Recommended doses  
(mg/kg/day) during titration and 
maintenance phases. Recommendations 
are based on t.i.d. regimen for both drugs.
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genotyping may need to be implemented to assess polymorphisms 
in CYP2D6 and OCT1 transporter. As CYP2D6 fast metabolisers and 
loss of OCT1 activity are associated with clinically relevant increases 
in systemic exposure to tramadol and its metabolite, a lower starting 
dose of tramadol (0.5 mg/kg) should be considered when genotyp-
ing information is not available, followed by stepwise titration to the 
desired effect.

4  |  DISCUSSION

To date, chronic, neuropathic pain conditions in children have been 
managed in an empirical manner, based on evidence of drug effi-
cacy in adults and anecdotal reports of off-label use in the pediatric 
population.27,28 Since 2007, a new regulation has been in force in 
the European Union to ensure that evidence of efficacy and safety 
is obtained prior to approval of medicinal products for children.29,30 
Despite such a regulation, major challenges exist for the implemen-
tation of controlled clinical trials in rare or infrequent diseases or 
conditions.31,32

The steps taken for the development of the GABA-1 study pro-
tocol highlight some of the key challenges sponsors and investiga-
tors have to face to ensure a strong scientific rationale for the dose, 
dosing regimen, and clinical management of the condition during the 

course of a study. In addition, our approach shows how quantitative 
clinical pharmacology principles and tools can be used to overcome 
some of these challenges, enabling the implementation of a robust, 
informative clinical trial protocol.

First, it is important to realize that even in cases where ev-
idence for efficacy and safety is required, extrapolation concepts 
are needed to identify a clinically relevant dose range.33,34 In the 
case of chronic, neuropathic pain, where the use of placebo control 
is ethically disputable, biomarkers of the pharmacological effect are 
not available, and clinical scales are age-specific (and not validated), 
it becomes evident why the assessment of exposure-response re-
lationships can be critical. Insight into the underlying PKPD rela-
tionships overcomes to some extent the absence of a dedicated 
dose-finding study in children, which in the case of chronic pain is 
ethically unacceptable.

Irrespective of the potential differences in disease and mea-
surement instruments, pediatric investigators and clinical re-
searchers need to realize that exposure is affected by age-related 
changes in PKs, and as such dose and dosing regimens need to 
take them into account. Inferences about the potential response 
(i.e., symptomatic improvement) can be made based on assump-
tions and scenarios, which in turn can be evaluated and tested in 
silico using computer simulations prior to exposing patients to an 
intervention.

Weight 
group

Study 
day

Dose  
(mg/kg) Cmax (mg/L) Css (mg/L) AUC0–8 (mg/L*h)

>15 kg 2 5 2.8 (1.9–4.0) 0.8 (0.4–1.3) 6.3 (3.4–10.4)

5–15 kg 2 7 2.8 (2.0–4.0) 0.8 (0.4–1.3) 6.4 (3.5–10.4)

>15 kg 4 10 3.5 (2.4–5.0) 1.2 (0.7–2.2) 9.7 (5.2–17.6)

5–15 kg 4 14 3.5 (2.4–5.2) 1.2 (0.7–2.2) 9.9 (5.5–17.5)

>15 kg 13 15 4.1 (2.8–6.3) 1.7 (0.9–3.2) 13.4 (7.1–25.5)

5–15 kg 13 21 4.1 (2.9–6.4) 1.7 (0.9–3.2) 13.7 (7.6–25.5)

>15 kg 20 30 6.2 (4.0–10.1) 3.0 (1.6–5.9) 24.5 (12.9–47.0)

5–15 kg 20 42 6.6 (4.4–10.7) 3.2 (1.8–6.1) 25.6 (14.0–49.0)

>15 kg 23 45 8.3 (5.2–13.8) 4.4 (2.3–8.3) 35.0 (18.5–66.1)

5–15 kg 23 63 9.1 (5.8–15.3) 4.7 (2.6–8.9) 37.2 (20.4–71.2)

Note: Predicted exposure to gabapentin is summarized by secondary pharmacokinetic parameters 
at each dose level. Values shown are the medians and 95% confidence intervals.

TA B L E  3 Overview of the final 
gabapentin dosing regimen administered 
as three daily dosing events, stratified by 
weight band.

TA B L E  4 Tramadol dosing regimen administered as three daily dosing events.

Study Day Dose (mg/kg) Cmaxa (ng/mL) Cssa (ng/mL) AUC0–8 (ng/mL*h)

Day 2 1 156.6 (74.7–331.5) 42.4 (13.9–110.0) 339.6 (111.2–880.0)

Day 4 2 319.1 (150.6–680.5) 86.5 (27.8–231.6) 691.9 (222.7–1852.6)

Day 13 3 482.7 (226.2–1041.2) 130.7 (41.7–363.4) 1046.2 (333.7–2907.4)

Day 20 5 803.7 (375.9–1735.0) 217.9 (69.3–604.8) 1743.1 (554.7–4838.7)

Day 23 8b 1275.5 (598.0–2740.7) 345.9 (110.9–948.7) 2767.2 (887.6–7590.2)

Note: Predicted exposure to tramadol is summarized by secondary pharmacokinetic parameters at each dose level during the titration and 
maintenance phases of the study. Values shown are the medians and 95% confidence intervals.
aAccording to the International Association of Forensic Toxicologists, the therapeutic blood levels of tramadol in adults range from 100 to 800 ng/mL,  
whereas the toxic level was defined to lie between 1000 and 2000 ng/mL.26

bMaximum daily dose capped at 400 mg/day.
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Three aspects are worth mentioning with regard to the use of a 
model-based approach for the development of a pediatric protocol. 
The first one regards the value of available data from adults and other 
indications when evaluating the efficacy and safety of medicines in 
children. In fact, our group has previously shown the contribution 
of historical data for the analysis of pediatric data and optimization 
of study design when an increase in the number of subjects is not 
feasible.35 In this context, a recent meta-analysis involving 124 drugs 
revealed different treatment effects for one drug and a difference in 
the magnitude of treatment effect in 13.36 The authors emphasize 
the role of randomized controlled trials but acknowledge numerous 
issues with pediatric study protocols, including small sample size, 
lack of clear details on dose adjustment and age, making it difficult 
to investigate the influence of these factors on the treatment ben-
efit dissimilarities. As pointed out by Oostenbrink et al. in response 
to these findings, one of the reasons for the lack or differences in 
treatment benefit or the opposite, harm in a given pediatric group, 
but not the other, maybe simply inadequate dosing.37 Rarely, effi-
cacy studies consider the evaluation of PKs as a proxy for efficacy 
and safety. PK and PKPD modeling and simulation provide a frame-
work for evidence synthesis that can be used for planning and de-
sign of experiments. A second aspect refers to the parameterisation 
of physiological processes associated with developmental growth 
and organ maturation, which provide the appropriate basis for dose 
selection and adjustment, taking into account the relevant factors 
that determine changes in PKs and consequently alter systemic ex-
posure.11,38 Often, for practical reasons doses are defined as a fixed 
amount or delivered in mg/kg, without further assessment of the 
implications for systemic exposure across the different age groups. 
The third aspect is the possibility of exploring the effect of interindi-
vidual variability and heterogeneity on PKs, pharmacodynamics, ef-
ficacy, and safety through simulation scenarios, which allow for the 
inclusion of significantly larger groups or cohorts of patients than 
an actual trial.39 Such a scenario analysis provides insight into the 
effect of baseline (clinical, genetic, and demographic) characteristics 
on exposure and response. It also enables identification of optimal 
experimental conditions and offers an opportunity to mitigate risks, 
taking into account protocol deviations.40,41

This investigation has also unraveled some important deficien-
cies regarding the pharmacological basis upon which gabapentin 
and tramadol have been approved for the treatment, respectively, 
of chronic and acute pain in adults. Currently, the summary of prod-
uct characteristics of both drugs recommend the use of titration to 
response, including a maximum daily dose, but does not correlate 
efficacy and safety with systemic exposure. This adds complexity 
to any extrapolation attempt, as response has not been assessed 
in a strictly quantitative manner. Rather, efficacy is defined on the 
basis of observed differences between active treatment and pla-
cebo. Such a deficiency is more evident for tramadol, where pro-
arrhythmic effects are known to correlate with drug levels in plasma, 
but no details are available to provide insight into a putative ther-
apeutic window.42,43 By contrast, we have managed to identify an 
informative sampling schedule both for the assessment of PKs and 

response (i.e., pain scores), which will facilitate an exploratory evalu-
ation of the underlying exposure–response relationship. Regardless 
of the use of different clinical scales across the different age groups, 
the data collected during titration and maintenance phases of the 
study can be linked to systemic exposure using a sparse sampling 
matrix including four samples per patient.

Although the primary intent of a non-inferiority study is to 
demonstrate comparable efficacy and consequently exchangeabil-
ity of the treatment arms, the assessment of potential differences 
in the safety and tolerability profile of the two interventions may 
not be feasible, depending on the frequency or incidence of the 
adverse events. Here, we have shown the advantages of a model-
based approach to integrate all relevant available data in support 
of the dose rationale. In addition, simulation scenarios offer an 
opportunity to evaluate and mitigate risks associated with dose 
or exposure-dependent adverse events; it also allows the assess-
ment of the anticipated benefit–risk balance in a prospective man-
ner.39 This consideration is essential for safeguarding of patients, 
especially when severe and often serious events are of concern, 
such as opioid-induced somnolence, apnoea, and respiratory de-
pression.44 Furthermore, the evaluation of predicted concentra-
tion versus time profiles, and in particular of peak concentrations, 
allows careful assessment of the impact of different titration steps 
and stop criteria.

Clearly, our attempt to optimize the study protocol has some 
important limitations. First and foremost is the absence of suitable 
biomarkers, which could complement the subjective assessment of 
chronic pain conditions and allow the development of a mechanism-
based PKPD model. This is, of course, beyond our control and even 
if brain imaging techniques could be considered as markers of phar-
macological effect, their use in young children is not feasible. Simi-
larly, it is not possible to characterize CNS exposure to gabapentin 
or tramadol and consequently establish the relevance of plasma ex-
posure as a valid proxy for target engagement. Another limitation 
is the inability of pain scoring, particularly in younger patients, to 
differentiate between analgesia and sedation, which may lead to 
inaccurate assessment of treatment response.45,46

From a PK perspective, one may not ignore the fact that the study 
will use a new formulation of gabapentin, for which we have had to 
assume that bioavailability is comparable to the existing dosage forms. 
The same potential issue applies to tramadol, as tablets and oral drops 
may show slightly different bioavailability than what was used in the 
simulation scenarios. We also acknowledge that the contribution of 
genetic polymorphism (CYP2D6) to the clearance of tramadol has not 
been incorporated into the proposed scenarios. Yet, such a covariate 
can be easily evaluated by simulations, and thresholds identified for 
safe doses and metabolite levels. At last, we cannot overlook the impli-
cations of a study without a placebo arm. Any effort to establish correla-
tions between exposure and pain relief (analgesic or anti-hyperalgesic 
effect) will be compounded by the underlying placebo effect.

In summary, chronic pain (lasting three months or longer) can arise 
in the pediatric population in a variety of pathophysiological classifi-
cations. The evaluation of the efficacy and safety of gabapentin and 
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tramadol in this population is fraught with practical, clinical, and eth-
ical challenges. The current investigation has identified opportunities 
to optimize the experimental protocol design and establish the dose 
rationale for gabapentin and tramadol in children. Regardless of the 
limited information on the underlying exposure–response relation-
ships, this approach shows how PK modeling, extrapolation, and CTSs 
can be used to develop a highly informative protocol, taking into ac-
count heterogeneity and variability in the population.
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