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Abstract

Objective: Stimulant medications, with methylphenidate as the main agent, are the most prescribed for the treatment of

attention-deficit/hyperactivity disorder. Nevertheless, real challenges still remain for clinicians concerned with adaptation of

the therapeutic regimens, in terms of doses and timing, to children’s daily activities. The aim of this study was to optimize

short-acting methylphenidate regimens according to specific children’s needs by evaluating the performance of a particular

regimen through a web-based application.

Methods: In this article, accounting for day-to-day children’s activities and using up-to-date pharmacokinetic knowledge of

methylphenidate, we propose a computational approach for the identification of the most suitable dosing regimens of

immediate-release formulations of methylphenidate based on constraints on drug concentration and time frame of activities,

defined through therapeutic boxes. To assess the performance of these regimens, time- and concentration-based therapeutic

indicators, as well as a roller coaster effect, are proposed.

Results: A web-based interface that can serve as an educational tool for clinicians and patients has been developed based on

the proposed approach for the evaluation of dosing regimens. Comparison of those optimal regimens identified by our method

with the well-accepted regimens defined in the NIMH Collaborative Multisite Multimodal Treatment study of Children with

attention-deficit/hyperactivity disorder indicates that there is still room for improvement in the current practice especially for

the last dose administration to avoid side effects such as sleep disturbance.

Conclusion: The developed approach and its associated web-based interface provide an efficient way to evaluate and adapt

the methylphenidate regimens to children’s daily activities. In addition, this approach could be used as proof of concept to

further implement combination of short- and long-acting methylphenidate.

Keywords: population pharmacokinetics, methylphenidate, web-based application, dose adaptation, precision medicine,

eHealth

Introduction

Attention-deficit/hyperactivity disorder (ADHD) is one

of the most common chronic childhood neurodevelopmental

disorders, which has a worldwide prevalence of about 5%, stable

across the last three decades (Polanczyk et al. 2007, 2014). ADHD

is primarily characterized by developmentally inappropriate, per-

vasive, and impairing inattention, impulsiveness, and restlessness.

It begins in childhood and affects 3%–9% of school-aged children,

including 30% of pediatric outpatient referrals (Thompson and Ni

Bhrolchain 2013) and 2.5% of adults (Simon et al. 2009). Stimu-

lants are the leading medications for ADHD, with a significant

growth in their prescription over the last two decades, especially in

the United States, raising concerns and critics of overprescription

(Garfield et al. 2012).

Methylphenidate (MPH) is the most prescribed psychostimulant

for ADHD treatment (Kimko et al. 1999; Greenhill et al. 2002). By

blocking the dopamine and norepinephrine transporters, MPH

stimulates the increase of synaptic dopamine and norepinephrine

concentrations. Oral effective doses of 0.25 and 1 mg/kg are esti-

mated to being able to, respectively, block 50% and 75% of the

dopamine transporter (Volkow et al. 1997, 1998; Spencer et al.
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4Département de Psychiatrie, Université de Montréal, Montréal, Canada.
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2006). By tracking changes in behavioral response with a high

degree of temporal resolution, it was possible to demonstrate a tight

correspondence between the clinical response and the plasma levels

of d-MPH (Teicher et al. 2006).

In the early 2000s, different long-acting preparations were de-

veloped with the aim to replace the inconvenient frequent dosing

(twice to thrice a day) of short-acting forms by a single dose to meet

the children’s needs for a whole day (Stein et al. 1996). While some

children with ADHD still continue to use immediate-release MPH

formulations, single-daily dose strategies are currently more pre-

scribed (McCracken et al. 2003; Swanson and Hechtman 2005).

However, clinical experience indicates that predesigned pharma-

cokinetic (PK) profiles of these drug formulations do not always fit

the children’s specific needs at different periods (morning routine,

bus transportation, homework, and bed time).

Therefore, prescribers started to combine the use of long-acting

preparations with short-acting ones to obtain optimal therapeutic

outcomes (Zelnik and Terkel-Dawer 2015). However, this practice

still relies heavily on prescribers’ personal experience and best

guesses, which is prone to errors, and associated risks of side ef-

fects, despite the large MPH safety margin.

Model-based solutions can be used as complementary tools to

assist the clinician in finding the best therapeutic strategies for dose

and time schedules. This practice is likely to have a preponderant

influence in the coming years and might become the main alter-

native for dose selection in the near future (Pharmacometrics FDA

2011). The Population Pharmacokinetics (Pop-PK) approach,

widely accepted as an effective approach to model relationships

between drug input, exposure, and effects by taking into account

the inter- and intraindividual variability, provides a convenient

platform for dose adaptation (Sheiner et al. 1979).

In the context of ADHD treatment with MPH, we, in this study,

propose a computational strategy that uses advanced modeling

and simulation techniques to accommodate patient’s specific

needs and clinical constraints. As a proof of concept study, we

initially focused on the optimization of multiple daily adminis-

tration of immediate release (IR) MPH over a typical child’s day.

This approach allowed us to compare our optimization algorithm

with the treatment regimen used in the NIMH Collaborative

Multisite Multimodal Treatment study of Children with ADHD

(MTA study) (Greenhill et al. 1996), which used IR MPH, the

only preparation available when the study was designed. Using a

previously reported computational strategy, we reformulated

several therapeutic indicators (TIs) for the evaluation of a drug

regimen’s performance in terms of the daily disposition of doses

and timings, by adapting them to the situation of ADHD treatment

with MPH (Bonnefois et al. 2015). To maximize the outreach

to the ADHD community, we materialized our computational

strategy into a web-based version that supports numerical and

graphical outputs to assist clinicians in their evaluation of the

performance of MPH regimens.

The article is organized as follows: in Materials and Methods

section, we detail the computational methodology of our daily drug

regimen selection in terms of dose partitions and associated timings.

Several TIs are introduced for the evaluation of drug regimen per-

formance. In Results section, we show how the performance of MPH

regimens can be optimized and measured using numerical and

graphical results. We applied the same approach to the MTA regimen,

for comparison. Concerned with practical utility, we have developed

a web-based application, which is also presented herein. Applicability

and benefits of our methodology, both in clinical practice and drug

development process, are discussed in the last section.

Materials and Methods

Pop-PK model of MPH

A one-compartment Pop-PK model with first-order absorption

and elimination was developed using NONMEM VII, level 3.0

(Beal et al. 2009) to describe the PK of IR formulations of MPH

(Ritalin�) using data from a population of 44 male adult subjects

receiving single oral doses, 26 with a dose of 10 mg and 18 of

20 mg. The descriptive statistics are reported in Table 1. Pop-PK is

a modeling approach to investigate the impact of variability on the

dose–concentration relationship and the extent of this variability in

terms of therapeutic outcomes in a target population.

Exponential interindividual variability is mode-led for PK pa-

rameters, while the proportional error model is used to describe the

unexplained residual error. A lag time is added for the delay of

absorption. Moreover, since a large correlation is found between

apparent clearance (CL/F) and apparent volume (V/F), a con-

stant parameter h is included to describe this correlation [Eq. (1a)

and (1b)].

CL¼ TVCL · expgCL (1a)

V ¼ TVV · expgCL · h (1b)

No information on covariates was available. The estimation of

Pop-PK parameters and the associated variability are reported in

Table 2. The disposition of MPH is similar in adults and children

for both immediate-release and modified-release formulations

(Kimko et al. 1999, 2012; Wigal et al. 2011). Indeed, using the

developed model, average clearance was estimated at 254 L/h in

adults. This is in accordance with the clearance estimated in two

studies for school-aged children (232 or 229 L/h) (Wigal et al.

2007; Childress et al. 2016).

Dosing regimens

The design of MPH dosing regimens has to account for clini-

cal constraints and children’s daily activities. More precisely, the

prescriber has to consider school schedule, homework, and family

routines when determining the time of the first daily administration,

the total daily dose (TDD), as well as its fractioning over the day.

Table 1. Characteristics of the Studied Population

IR formulation

10 mg 20 mg 10 or 20 mg

Characteristics
Subjects 26 18 44

Age (years)
Range 18–37 18–35 18–37
Mean 25.58 24.47 25.07
SD 4.93 4.47 4.74

Height (cm)
Range 158–188 165–186 158–188
Mean 175.92 174.22 175.23
SD 6.32 6.39 6.34

Weight (kg)
Range 59.8–92 59–96.8 59–96.8
Mean 77.4 74.57 76.25
SD 8.98 11.52 10.07

IR, immediate release; SD, standard deviation.
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Time of the first daily administration. The first administra-

tion of a day should take place in the period T from 6:00 to 8:00 am,

which corresponds to children’s morning activities such as waking

up, having breakfast, hygiene, dressing up, and leaving for school.

Our method allows to test different periods of T and visualize their

impact on the regimen performance.

Total daily dose. In this work, we use 0.25–1 mg/kg as the

range of TDD, with dose escalation of 0.25 mg/kg. Thus, four ca-

tegories of TDD adjusted by weight (WT) are obtained:

TDD¼ 0:25, 0:5, 0:75, 1f g · WT

In clinical practice, TDD has to be rounded to the closest

available dose. In the case of MPH, all available doses should be

multiples of 5 mg (available dose unit). For example, for a patient

of 26 kg, the minimum TDD is 0.25 · 26 = 6.5 mg, giving rise to a

prescribed dose of 5 mg.

Fractioning of TDD. IR MPH is often administered using bis

in die (BID) or ter in die (TID) regimens. Therefore, we can define a

dosing regimen on a daily basis:

Regimen¼ðD, sÞ

where

D¼ D1, D2ð Þ or D1, D2, D3ð Þ

s¼ s1, s2ð Þ or s1, s2, s3ð Þ, with s1 < s2 < s3

Each pair Di, sið Þ represents a dose and its corresponding ad-

ministration time. For a fixed TDD, we have

TDD¼D1þD2 or D1þD2þD3

for BID or TID, respectively.

Selection of dosing regimens

Different dosing regimens produce different PK profiles, which

can induce different therapeutic effects. For this, we adapted pre-

vious TIs to evaluate the performance of a dosing regimen, in terms

of TDD, its fractioning, and schedule (Bonnefois et al. 2015). This

allows identification of an optimal dosing regimen. For that pur-

pose, we also designed an algorithm to search, in the plane of dose

and time, and select the best TDD and its corresponding regimen.

PK target. The minimum effective concentration of MPH

corresponds to an average plasma concentration of 6 ng/mL, ob-

tained with a dose of 0.25 mg/kg (Volkow et al. 1998; Spencer et al.

2006). It has been reported that a dopamine transporter occupancy

of 70% in healthy subjects corresponds to a range of MPH plas-

matic concentrations of 15–20 ng/mL (Spencer et al. 2006, 2012;

Costa et al. 2013). Therefore, the target therapeutic window (TW)

of MPH is set to a range of 6 to 20 ng/mL.

Additional to these pharmacological considerations, the use of

MPH can be subject to children’s daily activities. Indeed, it is ex-

pected to maintain MPH therapeutic effect for a total typical period

from 8:00 am to 6:00 pm, to cover school time and after school

(transportation, homework). Moreover, a dose as low as 0.5 mg/kg

has been shown to delay sleep start time and decrease sleep duration

in a double-blind, placebo-controlled, randomized crossover study

(Santisteban et al. 2014). Therefore, it is important to have MPH

concentration as low as possible, below 6 ng/mL, just before bed time.

All these constraints on drug concentration and timing led us to

define two rectangular zones in the time–concentration plane, re-

ferred to as therapeutic boxes (TBs), as illustrated in Figure 1. The

Table 2. Estimated Parameter Values

of Pop-PK Model of IR MPH

Parameters TV CV (%)

CL/F (L/h) 254 47.1
V/F (L) 949 45
Ka (h-1) 1.72 64.4
Alag (h) 0.442 7.6
h 0.922 —
Residual error (%) — 17.3

CL/F, apparent clearance; CV, coefficient of variation; IR, immediate
release; Ka, absorption rate constant; MPH, methylphenidate; Pop-PK,
population pharmacokinetics; V/F, apparent volume of distribution; TV,
typical value; h, correlation between CL/F and V/F.

FIG. 1. Illustration of different TBs that coordinate the PK
profiles in terms of day and evening child activities. The three
black outlined boxes illustrate day TB (TBD) divided into an
AM box (TBD1) and a PM box (TBD2) and evening TB (TBE).
Arrows from left to right refer to the following: ts, te ¼ tsD1

ð Þ,
teD1
¼ tsD2
ð Þ, teD2

, tsE
, teE

. TBD1¼ tsD1
, teD1

½ � · CDmin
, CDmax

½ �, TBD2¼
tsD2

, teD2
½ � · CDmin

, CDmax
½ �, TBE¼ tsE

, teE
½ � · [CEmin

, CEmax
]. For the

TBD1 and TBD2, CDmin
¼ 6ng/mL, CDmax

¼ 20ng/mL. For the AM
period, tsD1

¼ 8 : 00am and teD1
¼ 1 : 00pm. For the PM period,

tsD2
¼ 1 : 00pm and teD2

¼ 6 : 00pm. For the TBEtsE
¼ 8 : 00 pm,

teE
¼ 10 : 00pm and CEmin

¼ 0 ng=mL, CEmax
¼ 6 ng=mL. The

thick gray bar shows the range of the first administration time
(noted T), from ts¼ 6 : 00am and te¼ 8 : 00am. TB: therapeutic
boxes; TBD1: day therapeutic box during AM period; TBD2: day
therapeutic box during PM period; TBE: evening therapeutic box;
CDmin

: minimum effective concentration in day therapeutic box;
CDmax

: maximum concentration in day therapeutic box; CEmin
:

minimum concentration in evening therapeutic box; CEmax
: maxi-

mum concentration in evening therapeutic box; ts: starting ad-
ministration time of T period; te: ending administration time of T
period; tsD1

: starting time of day therapeutic box in AM period;
teD1

: ending time of day therapeutic box in AM period; tsD2
:

starting time of day therapeutic box in PM period; teD2
: ending

time of day therapeutic box in PM period; tsE
: starting time of

evening therapeutic box; teE
: ending time of evening therapeutic

box; PK: pharmacokinetic.
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day TB (TBD) is further divided into TBD1 and TBD2, referring to

AM and PM constraints. A dosing regimen is evaluated in terms of

the occurrence of its PK profiles within these boxes.

Moreover, the Roller Coaster effects (RCE), which refer to the

drug effects waxing and waning in correspondence with the peaks

and troughs following each administration, should be considered.

Usual strategies to avoid RCE and its temporary increase of ADHD

symptoms (irritability, restlessness.) include administering closer

in time, giving a smaller dose shortly after the larger one, or

switching to a longer acting stimulant. Reducing the RCE by

minimizing the plasma concentration fluctuations over time has

also been included in our selection of dosing regimens.

Criteria for dosing regimen performance. To evaluate the

performance of dosing regimens, we propose two classes of TIs, in

terms of time or concentration:

Time-based therapeutic indicators: In this class, the effective

time TI (TIEff ) refers to the percentage of time during which

steady-state MPH concentrations remain within the TBs. Mathe-

matically, for the ith patient, the drug concentration–time curve

Ci tð Þ and a time period P = [a,b], TIEff can be expressed according

to Equation (2).

Thus for the school time, starting at 8:00 am and ending at 6:00

pm, P corresponds to D = [8:00 am, 6:00 pm] and TBD = [8:00 am,

6:00 pm] · [6, 20 ng/mL]. When separated in AM and PM periods,

we have TBD1 = [8:00 am, 1:00 pm]

TIEffP Cið Þ %ð Þ¼ 100 ·
Length t : Ci tð Þ 2 TBPf g

b� að Þ

¼ 100 ·
R b

a
vTBP

Ci tð Þð Þdt

b� a
(2)

· [6, 20 ng/mL] and TBD2 = [1:00 pm, 6:00 pm] · [6, 20 ng/mL].

For the evening period starting at tsE
= 8:00 pm and ending at

teE
= 10:00 pm, P corresponds to E = [8:00 pm, 10:00 pm], and

TBE = [8:00 pm, 10:00 pm] · [0, 6 ng/mL].

A given drug regimen can induce different PK profiles due to the

PK variability. The performance of this regimen can thus be

evaluated by averaging the performance over N-simulated indi-

vidual PK profiles:

TIEffP Regimenð Þ¼ 1

N
+
N

i¼ 1

TIEffP Cið Þ (3)

with N high enough (1000 in this article).

Concentration-based therapeutic indicators: As adopted in a

previous work (Bonnefois et al. 2015), we make use of the three

zones below, within, or beyond TW, to refer to noneffective, ef-

fective, or toxic zones, respectively. The concentration-based TIs

are defined based on the categorization of individual PK profiles

with respect to these zones. There are at most six exclusive cate-

gories, with three simple and three hybrid ones. An individual PK

profile belongs to the simple category of nonresponders (NR), re-

sponders (R), or adverse-responders (A) if its concentration–time

curve completely stays within the noneffective, effective, or toxic

zone, respectively. If the concentration–time course goes through

more than two zones, the hybrid category of nonresponders/re-

sponders (NR/R), responders/adverse-responders (R/A), or non-

responders/responders/adverse-responders (NR/R/A) are used. The

criteria for categorization of a PK profile are described in Figure 2.

For example, a PK profile will be included in R if the time it remains

in noneffective and toxic zones is <20% of the considered time

period, thus it stays in the effective zone >80% of time. In the

following, we will choose a threshold of 80% since an effective

time of 100% is unrealistic in practice. This threshold can even-

tually be changed to accommodate different therapeutic contexts.

We can evaluate the proportion of those N PK profiles generated

from a given drug regimen and the underlying PK variability that

belongs to each of the mentioned six categories (CAT). This

evaluation gives rise to the probability for a given dosing regimen

to be associated to a category CAT:

ProbRegimen CATð Þ

¼ 1

N
· number of PK profiles belonging to CAT (4)

where CAT is one of {R, A, NR, R/A, NR/R, NR/R/A}.

For the purpose of ADHD therapy, we will define two

concentration-based TIs delimited to three specific time periods,

AM, PM, and E, to account for the trade-off between efficacy and

side effects in a day. Mathematically, they are formulated for re-

sponders R as follows:

TIRP
Regimenð Þ¼ProbRegimen RPð Þ

As mentioned above, P can be D1 or D2, and E, with effective

zones of [6, 20 ng/mL] and [0, 6 ng/mL], which correspond to

therapeutic boxes TBD1 or TBD2 and TBE, respectively.

Therapeutic indicator for RCE: Additional to time-based and

concentration-based TIs, we also propose a new TI for the evalu-

ation of the RCE for the PK profile Ci of the ith individual:

TIRCE Cið Þ %ð Þ¼ 100 ·
1

k� 1
+

k� 1

j¼ 1

max
t 2 sj , sjþ 1½ �

Ci tð Þ�Ci sjþ 1

� �

max
t 2 sj , sjþ 1½ �

Ci tð Þ (5)

FIG. 2. Categorization of an individual PK profile regarding the
time it spends in the effective, toxic, and noneffective zones. PK,
pharmacokinetics; NR, nonresponders; NR/R, nonresponders/re-
sponders; R, responders; R/A, responders/adverse-responders; A,
adverse-responders; NR/R/A, nonresponders/responders/adverse-
responders.
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where max (Ci) is the maximum value of Ci over the dosing interval

sj, sjþ 1

� �
and k = 2 or 3 for BID and TID, respectively.

Then the performance of a given regimen can be evaluated by

averaging the TIRCE of N-simulated PK profiles:

TIRCE Regimenð Þ¼ 1

N
· +

N

i¼ 1

TIRCE Cið Þ (6)

TIs used in this article are summarized in Figure 3.

Selection of the best regimen. Based on the quantitative

evaluation of a dosing regimen described above, we can exhaus-

tively go through a set of potential drug regimens to find those that

maximize or minimize the above TIs. In this context of ADHD

therapy, TIEffAM
, TIEffPM

, TIEffE , TIRAM
, TIRPM

, TIRE
have to be maxi-

mized, while TIRCE has to be minimized.

To select the best regimen, a mono-objective approach would

target a particular TI by determining the regimen that maximizes

(or minimizes) this TI, through testing all possible fractionated

doses and dosing times. However, it is preferable to use a multi-

objective approach that combines these mono-objectives of TIs

by assigning different weights ‘‘left to the discretion of practi-

tioners.’’ The performance of each dosing regimen is then given by

Equation (7).

The mono-objective approach provides a best regimen for each

TI. However, we cannot expect to have such a unique regimen

fulfilling all mono-objectives at the same time.

The mono-objective approach provides a best regimen for each

TI. However we cannot expect to have such a unique regimen

fulfilling all mono-objectives at the same time. Thus the multi-

objective approach to evaluate regimen performance is a more

rational choice.

A web-based application. An exhaustive testing of possible

combinations of doses and timings is time-consuming. Hence, we

have developed a web-based application that requires less com-

putational time and provides an educational tool for clinicians and

parents to select and visualize the performance of dosing regimens.

Screen captures of this web-interface are shown in Figure 4.

The left side of Figure 4 is the input part, which consists of four

blocks: 1. Dosing regimen constraints; 2. Constraints modulated by

child activities; 3. Weighting assignment; 4. Advanced parameters

such as concentration ranges and effective time threshold. The right

side of Figure 4 is the output part, which displays numerical and

graphical performance results, as will be explained in Results section.

All algorithms are programmed in Matlab (MathWorks, version

2015b) and compiled into an executable file that can be im-

plemented on any web server.

Performance Regimenð Þ

¼ +
i2I

wi

max TIi �ð Þð Þ�TIi Regimenð Þ
max TIi �ð Þð Þ� min TIi �ð Þð Þ for minimisation

TIi Regimenð Þ � min TIi �ð Þð Þ
max TIi �ð Þð Þ� min TIi �ð Þð Þ for maximisation

8<
: (7)

where max TIi :ð Þð Þ and min TIi :ð Þð Þ are the maximum and mini-

mum of TIi for all considered regimens, I¼fEffAM, EffPM, EffE,

RAM, RPM, RCEg and wi are weights with +
i2I

wi¼ 1.

The prescriber can enter any combination of doses and times of

administration, and fill the beginning and ending times of the TB,

which gives the system the flexibility to adapt to any prescription

and schedule. Moreover, values of TW can be adapted in advanced

parameters since no well-established TW is defined. In addition, the

clinician can individualize the performance indicators by assigning

a specific weight for each TI n. For example, if a patient does not

present sleep problems, the weight associated to the evening TIs

FIG. 3. TIs applied for the evaluation of a dosing regimen of MPH. TB: therapeutic box; PK: pharmacokinetics, TIEffD1
: therapeutic

indicator of effective time into day therapeutic box for AM period; TIEffD2
: therapeutic indicator of effective time into day therapeutic

box for PM period; TIEffE : therapeutic indicator of effective time into evening therapeutic box; TIRD1
: therapeutic indicator responders

into day therapeutic box for AM period; TIRD2
: therapeutic indicator responders into day therapeutic box for PM period; TIRE

:
therapeutic indicator responders into evening therapeutic box; TIRCE : therapeutic indicator of roller coaster effect. All TIs are in
percentage. MPH, methylphenidate; TIs, therapeutic indicators.

FIG. 4. Screen capture of the web-based application. Left image includes blocks to be filled by the user: in block 1, patient covariates
and the tested regimen (dose and time); in block 2, the time constraints; in block 3, weight values for different TIs; and in block 4,
advanced parameters as the concentration ranges of therapeutic boxes and the desired threshold. Right image reports numerical and
graphical representations of the performance of a given dose regimen. TB: therapeutic box; TDD: total daily dose; AMT: amount of
doses (in mg); TIEffD1

: therapeutic indicator of effective time into day therapeutic box for AM period; TIEffD2
: therapeutic indicator of

effective time into day therapeutic box for PM period; TIEffE
: therapeutic indicator of effective time into evening therapeutic box;

TIRD1
: therapeutic indicator responders into day therapeutic box for AM period; TIRD2

: therapeutic indicator responders into day
therapeutic box for PM period; TIRE

: therapeutic indicator responders into evening therapeutic box; TIRCE : therapeutic indicator of
roller coaster effect; All TIs are in percentage; Total is the performance of the associated regimen.

‰
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can be decreased, so the importance of these indicators will be

reduced in the evaluation of the performance of the regimen. At the

opposite for a patient whose sleep is easily disturbed by stimulant,

the clinician can increase the weight on the evening indicators.

Changing the weight of the TI could also balance the relative im-

portance of the morning or the afternoon, minimize and maximize a

possible roller coaster effect.

Results

Numerical results and graphical representations are used to show

the performance of the obtained optimal regimens for different

types of prescriptions such as BID and TID. In the following sec-

tion, we will illustrate the developed approach through two ave-

nues: finding the best regimen by fractioning different TDDs, given

daily patient constraints, and improving the performance of a

regimen by changing daily dose and time schedule.

Fractioning of a given TDD

To find the best regimens by fractioning a given TDD and il-

lustrate their performance, we consider a typical example of a 7½-

year-old boy weighing 26 kg, for whom the TDD could range from

5 to 40 mg. Here is his daily routine: he wakes up at 7:00 am and

starts school at 9:00 am. At 12:00 pm, he goes back home for lunch

and is back to class at 1:00 pm. School is over at 3:00 pm. He goes

to the homework club until 3:30 pm. Then, he gets home by 4:00

pm and then plays for an hour. Supper is at 6:00 pm and his bedtime

routine starts at 7:30 pm to get into bed at 8:00 pm. During this

school/home work/transportation time (8:00 am–6:00 pm), the

expected concentration should be between the minimum effective

concentration CDmin
= 6 ng/mL and the maximum effective con-

centration CDmax
= 20 ng/mL. During the evening period (8:00–

10:00 pm), the concentrations are expected to remain below

CEmax
= 6 ng/mL, as depicted in Figure 1.

To determine the best regimen of BID and TID, we adopted an

exhaustive search for all possible administration times and frag-

mented doses for each TDD (from 10 to 40 mg/day by 5 mg). Since

the minimum available unit dose of IR MPH is 5 mg, all fragmented

doses should be multiples of 5 mg. Moreover, since absorption of

IR MPH is rapid and the time to the peak of blood concentration

(tmax) is between 1 and 3 h (Quinn et al. 2007; Markowitz and

Patrick 2008), hourly based administration times were chosen in the

search process.

In this example, equal weights have been attributed to all seven

TIs for the sake of simplicity. Equation (7) is used to evaluate and

compare the performance between dosing regimens.

Numerical evaluation of regimen performance. The best

BID and TID regimens found through the search process are re-

ported in Table 3, along with their respective TI values and per-

formance. As expected, the TID regimen shows higher TI values

and a better overall performance compared to BID (81.5% vs.

73.3%). This finding complies with the usual practice of frequent,

three to five daily administrations (Mendelkin 2013). However, if

the tolerance threshold for the regimen’s performance is relaxed to

70%, for example, then, BID could be a viable alternative, de-

pending on patient and caregivers’ preferences.

Graphical representation of regimen performance. We

can also graphically visualize the performance of the dosing regi-

mens using the web-based application. In Figure 5, we reproduce

graphical representations of the simulated PK profiles for both

regimens and their corresponding TIs. The simulated PK profiles

are reported in the left column of Figure 5, where their distribution

ranges from the lower 10% to the upper 90%, along with their

median PK profiles in solid black lines. TBs (TBD1, TBD2, and

TBE) represented by black outlined rectangles, are also inscribed

within time–concentration spaces to indicate their content in terms

of therapeutic concentrations. The values of three time-based TIs,

TIEffD1
, TIEffD2

, and TIEffE are reported over their corresponding TBs.

We can observe that, for these best regimens, their predicted me-

dian concentrations are entirely located in TBD1, TBD2, and TBE.

The total score of each regimen’s performance is given.

The percentage of the six concentration-based TIs of a drug

regimen is represented by pie charts in the right column of Figure 5,

for day and evening periods. This graphical representation is used

for its easy interpretation by clinicians. The global proportion of the

profiles, which belong to categories A or R/A, provides a clinically

useful indicator (here, for the evening period, 8.4% for BID and

7.7% for TID, corresponding to yellow and red portions of the pie

charts added together).

Comparison with MTA study

To evaluate our approach, we compared the optimal regimen

with the regimen used in the NIMH Collaborative Multisite

Multimodal Treatment study of Children with ADHD (MTA

study) (Greenhill et al. 1996), a landmark study in the field. In the

MTA study, the first dose was given between 7:00 and 8:00 am,

the ‘‘noon’’ dose was given between 11:00 am and 12:00 pm, and

the last dose was given between 3:00 and 4:00 pm. The first two

doses were the same, but the last dose was sculpted (low dose:

5 mg TID for a total dose of 15 mg, intermediate dose: 10, 10, and

5 mg for a total dose of 25 mg, and high dose: 20, 20, and 10 mg for

children weighing >25 kg; or 15, 15, and 5 mg for children with

smaller weight). As in the example above, a 26 kg child is se-

lected, which allowed considering a TDD of up to 50 mg, with 20,

20, and 10 mg partition.

Since the administration times were not optimized, all eight

possible administration time schedules were tested for 1000 virtual

children weighing 26 kg, as mentioned in Table 4.

Table 3. Best BID and TID Regimens

with Their TIs Value and Performance

BID TID
Dose (mg) 20, 15 15, 5, 10
Time (h) 7:30, 11:30 7:30, 9:30, 12:30

TIEffD1
%ð Þ 75.8 82.6

TIEffD2
%ð Þ 78.5 83

TIEffE %ð Þ 94.8 95.5
TIRD1

%ð Þ 59.1 74.8
TIRD2

%ð Þ 53.2 63.9
TIRE

%ð Þ 91.6 92.3
TIRCE %ð Þ 60.3 78.2
Performance (%) 73.3 81.5

TIs: therapeutic indicators; TIEffD1
: therapeutic indicator of effective time

into day therapeutic box for AM period; TIEffD2
: therapeutic indicator of

effective time into day therapeutic box for PM period; TIEffE : therapeutic
indicator of effective time into evening therapeutic box; TIRD1

: therapeutic
indicator responders into day therapeutic box for AM period; TIRD2

:
therapeutic indicator responders into day therapeutic box for PM period;
TIRE

: therapeutic indicator responders into evening therapeutic box; TIRCE :
therapeutic indicator of roller coaster effect. All TIs are in percentage.
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Using these administration times coupled with the above dose

partitions, the average regimens’ performances and their respective

standard deviations are calculated with 1000 repetitions of 1000

children and summarized in Table 4.

The best regimen is for a TDD of 35 mg, divided into three doses

of 20, 10, and 5 mg taken at 7:00 am, 11:00 am, and 2:00 pm. With

regard to the total dose, the TIs show an inverse U curve, as the

indicators deteriorate for a low dose of 15 mg and a high dose of

50 mg. However, it is known that among the responders to MPH,

about 22% need a low dose (15 mg/day), 25% a moderate dose (16–

34 mg/day), and 30% a high dose (35 mg/day or greater) for an

optimal therapeutic response (Greenhill et al. 2001). A correction

FIG. 5. Graphical representation of time- and concentration-based TIs for the optimized BID and TID regimens. Distribution of MPH
concentrations at steady state during a 24-hour time interval for a 26 kg child for the best BID and TID, respectively in (A, C). The
middle line represents the median of concentrations. The TB for AM and PM is indicated with the first and the second black box with
both CDmin

= 6 ng/mL and CDmax
= 20 ng/mL and [8:00 am, 1:00 pm] or [1:00 pm, 6:00 pm], respectively. The evening TB is defined

by the third black box with CEmin
= 0 ng/mL and below CEmax

= 6 ng/mL between 8:00 pm and 10:00 pm. Black arrow and diamonds
represent the bedtime and administration times, respectively. Probabilities of PK profiles during school and evening periods belonging to
six therapeutic categories were represented for BID and TID, respectively in (B, D). TIEffD1

: therapeutic indicator of effective time into
day therapeutic box for AM period; TIEffD2

: therapeutic indicator of effective time into day therapeutic box for PM period; TIEffE :
therapeutic indicator of effective time into evening therapeutic box. All TIs are in percentage; BID, bis in die; MPH, methylphenidate;
PK, pharmacokinetic; TB, therapeutic box; TIs, therapeutic indicators; TID, ter in die.
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factor should be introduced as a fixed TW does not take in account

this difference in dose–response.

So the most valid comparison is between the same dose of

35 mg, but with different times of administration in our optimiza-

tion algorithm and in the expert-based MTA schedule. To compare

them thoroughly, we computed both time-based and concentration-

based indicators for three time periods by dividing the day into

morning and afternoon periods, in addition to the evening period.

Moreover, the performance of the obtained optimal regimen is

statistically higher compared with the MTA regimen (unilateral

paired t-test for the difference between performance of means, mdiff,

using the t-test function in R, H0 : mdiff � 0; H1 : mdiff > 0, with

a = 1%). Based on a simulated dataset of 1000 patients as men-

tioned above, this gives mdiff ¼ 9:21, sd¼ 28:4, test-value = 12.6,

df = 999, and p-value = 3 · 10-34. This test was repeated 1000 times,

with 1000 simulated patients each time, and the same conclu-

sions for the hypothesis test were obtained. Clinically, the op-

timal and MTA regimens can be considered having the same

value for TIeffD1
or TIeffD2

(5.6% or 6.4%, respectively, Table 4).

However, a higher difference of >15% is obtained for the

evening, with TIRE
= 91% vs. 74.6% for the optimal and MTA

regimens, respectively. All this gives rise to a difference of

10.9% in the global performance (84.6% vs. 73.7%). Thus, the

optimal regimen should be preferred, especially if the evening

period is given a higher priority. Until now, we retained only the

proportion of responders. However, with the additional consid-

eration of adverse-responders, the optimal regimen is consis-

tently superior to the MTA regimen in terms of all TIs, Figure 6,

with the only exception of a slightly higher proportion of

adverse-responders in the morning, compared to the 15 mg MTA

dose at 7:00 am.

Application to the daily practice: changing
dose and time schedule

It is possible to improve the MPH therapeutic outcomes through

a rational choice of drug regimens using our approach. A clinician

could test some deviation from an established regimen, such as the

MTA, to assess the benefit of changing the dose, and/or timing. The

clinician could test step by step a change in the dosage or time of

administration and assess the impact of the change.

The advantage of this approach is to be highly flexible and adapt

to any schedule of the daily routine of a specific child. Moreover, it

is also possible to put some constraint on the PK profile, in addition

to defining individual TB. For example, the clinician could test the

impact of minimizing the peaks and troughs on the TIs for a child

with a clear RCE. Clearly, the complexity of this regimen adjust-

ment using multiple TIs is not reliably feasible based either ex-

clusively on experience or the PK parameters provided in the

information sheet.

Discussion

With the objective to select a dosing regimen that takes the best

benefit from MPH and accommodates for the daily activities of

children with ADHD, we proposed a computational strategy to

evaluate and visualize the steady-state MPH PK profiles when

different doses and time schedules are selected. Taking into ac-

count the PK variability, we developed a simulation-based algo-

rithm by adapting several TIs that reflect various aspects of drug

disposition in relationship to the TW and key day and evening

periods. The relative weight of these TIs is selected by the clinician

based on an individual knowledge of the child’s daily life. Being

concerned with the translational value of our approach, we have

materialized it into a web-based application, which is also patient-

friendly, and can easily be used by clinicians in their routine

practice as well as patients and their families for a better under-

standing and control of their situations.

The rational for the choice of a range 6–20 ng/mL for TW has

been explained above. The recommended target MPH drug con-

centration range is between 13 and 22 ng/mL (with a laboratory

alert for concentration above 44 ng/mL) in the Arbeitsgemeinschaft

für Neuro-psychopharmakologie und Pharmakopsychiatrie (AGNP)

consensus guidelines for therapeutic drug monitoring in psychiatry

(Hiemke et al. 2011). However, this recommended target TW is

likely too high because the plasma level of MPH was found under

the limit of 13 ng/mL in 65% of the subjects treated with the re-

commended doses of oral release osmotic system (OROS) MPH

Table 4. Comparison of the TIs (–SD) and the Performance (–SD) Between Optimal TID

Regimen (Last Regimen) and Regimens Defined in MTA Study for 1000 Patients with 1000 Iterations

Doses (mg) Times (h) TIEffD1
(%) TI EffD2

(%) TIEffE (%) TI RD1
(%) TIRD2

(%) TIRE
(%) Performance (%)

5, 5, 5 7, 11, 14 13.9 (–0.7) 35.2 (–1.2) 98.3 (–0.3) 3.2 (–0.6) 21.1 (–1.3) 97.3 (–0.5) 44.8 (–0.5)
[7,8], [11,12],

[15,16]
[6.6 – 0.6:

16.7 – 0.7]
[18.8 – 0.9,

37.3 – 1.3]
[91.8 – 0.7,

96.8 – 0.5]
[1 – 0.3,

3.4 – 0.6]
[5.5 – 0.7,

25.2 – 1.4]
[87.6 – 1,

95 – 0.7]
[37.2 – 0.2,

43.3 – 0.4]
10, 10, 5 7, 11, 14 58.1 (–1.1) 76.6 (–0.9) 96.3 (–0.5) 35.1 (–1.5) 61.1 (–1.6) 93.8 (–0.7) 70.2 (–0.7)

[7,8], [11,12],
[15,16]

[44.1 – 1.1,
58.5 – 1]

[60.8 – 1.1,
81.7 – 0.9]

[82.3 – 0.9,
93.8 – 0.6]

[21 – 1.3,
35.5 – 1.5]

[39.9 – 1.6,
70.9 – 1.5]

[72.5 – 1.4,
89.7 – 0.9]

[58.3 – 0.6,
67.3 – 0.8]

15, 15, 5 7, 11, 14 75.5 (–0.9) 83.8 (–0.8) 87.9 (–0.9) 53.6 (–1.6) 72.2 (–1.5) 81.3 (–1.2) 75.7 (–0.9)
[7,8], [11,12],

[15,16]
[66.1 – 0.7,

75.7 – 0.9)
[78 – 0.9,

84.1 – 0.9]
[64.3 – 1.2,

83.4 – 0.9]
[33.4 – 1.5,

53.9 – 1.6]
[60.4 – 1.6,

73.2 – 1.4]
[49.8 – 1.6,

74.6 – 1.3]
[62.1 – 0.8,

73.7 – 0.9]
20, 20, 10 7, 11, 14 71.9 (–0.9) 68.1 (–1.1) 55 (–1.3) 47.1 (–1.5) 52.2 (–1.6) 39.5 (–1.6) 55 (–1.1)

[7,8], [11,12],
[15,16]

[59.4 – 0.8,
76.4 – 0.8]

[60.2 – 1.2,
74.9 – 0.9]

[20 – 1,
42.8 – 1.3]

[24.8 – 1.4,
56.5 – 1.6]

[44.1 – 1.5,
58.1 – 1.6]

[8.7 – 0.9,
26.8 – 1.4]

[41.3 – 0.8,
53.3 – 1]

20, 10, 5 7,11,14 81.3 (–0.8) 90.5 (–0.5) 94.9 (–0.5) 66.5 (–1.5) 83.1 (–1.2) 91 (–0.9) 84.6 (–0.6)

In italic, performance below 60%; In bold, performance between 60 and 80%; Underlined, performance ‡80%.
TIs: therapeutic indicators; SD, standard deviation; TIEffD1

: therapeutic indicator of effective time into day therapeutic box for AM period; TIEffD2
:

therapeutic indicator of effective time into day therapeutic box for PM period; TIEffE : therapeutic indicator of effective time into evening therapeutic box;
TIRD1

: therapeutic indicator responders into day therapeutic box for AM period; TIRD2
: therapeutic indicator responders into day therapeutic box for PM

period; TIRE
: therapeutic indicator responders into evening therapeutic box; TIRCE : therapeutic indicator of roller coaster effect; all TIs are in percentage;

[xmin – SDxmin, xmax – SDxmax] correspond to the minimum value with its SD and maximum value with its SD of TI of MTA regimens, respectively.
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(Yorbik et al. 2015). In addition, this TW has to be adapted ac-

cording to the interindividual differences found in pharmacody-

namic studies. MPH responders can be divided in roughly equal

proportions between those needing a low, an intermediate, or a high

dose of MPH for an optimal therapeutic response (Greenhill et al.

2001). It is not known whether these differences in optimal doses are

related to differences in the plasma concentration required to block

75% of the dopamine or norepinephrine transporter, which would

necessitate moving the TW along the concentration axis, or to dif-

ferences in presystemic first-pass metabolism, and/or a rapid rate of

elimination, which would necessitate the addition of a clearance

component in our model. The maximal value of 6 ng/mL for the

evening TB is somewhat arbitrary. It might be increased in some

individuals who could tolerate higher doses without sleep problems.

However, the optimal MPH dosage is relatively stable within indi-

viduals. The titration-determined dose and end-of-maintenance

dose were significantly correlated (0.52–0.68) in the MTA study

(Vitiello et al. 2001). Once the optimal total dose is known through

the initial titration process, and the TW adapted, our approach could

be safely used to adapt the medication for the specific needs of this

individual. This approach provides not only a clinical but also an

educational tool, as the clinician can test in silico changes in pre-

scription and have a first glimpse of what he can expect before

trying any changes with the patient. It may also be an educational

tool for the parents/patients as the concept of a target TW can be

grasped intuitively.

This proof of concept study focused on IR MPH. However, IR

MPH is rarely used alone in contemporary treatment in North

America, but rather in combination with long-acting MPH. More-

over, in developing countries, foreign brand or generic forms of

long-acting medications may not be distributed, not be covered by

insurance, or their prices may be beyond the purchasing power of

most families. Some brand forms of IR MPH manufactured locally

are then the only available formulation (Khodadust et al. 2012).

Incorporating long-acting formulations into the model will be the

very important next step. Various modified-release MPH products

include different percentages of IR MPH, for example, Concerta�

with 22% of the total dose, compared to 50% for Biphentin�. With

regard to the long-acting components, specific modified-release

mechanisms such as Spheroidal Oral Drug Absorption System

(SODAS�), Osmotic [Controlled] Release Oral [Delivery] System

(OROS), or other formulations result in different plasma con-

centration profiles that can be modeled using the Pop-PK ap-

proach. By using the algorithm developed for IR MPH, we will be

able to estimate the performance of any combination of long-

and short-acting products, whatever the strength and the time

of administration, while taking in account the specifics that each

child needs.

Moreover, long-acting medications have been explicitly de-

signed to mimic regimens of administration of short-acting

medication defined by experts. The objective was to obtain the

same PK profile, but without having the child taking medication in

school setting, which is inconvenient and potentially stigmatizing.

However, we have showed that these expert-based regimens may

not always be the optimal ones, and our approach could pro-

vide new targets for the design of future sustained released

preparations.

Conclusion

In the current work, we proposed a web-based computational

platform to help in choosing dosing regimens of immediate re-

lease formulations of methylphenidate, while being subjected to

daily activities. The adopted approach could be used as proof of

concept to further implement combination of short and long-

acting methylphenidate.

Clinical Significance

We acknowledge that the benefit of using our approach in a real-

life clinical setting has yet to be demonstrated. However, given the

long-running series of controversies erupted over children’s treat-

ment with stimulants, it seems imperative to use this medication as
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FIG. 6. Values of each TI (the first six) with their standard deviation, with the addition of associated toxicity values and the
performance (TOTAL) of three regimens: 15 mg (7:00 am), 15 mg (11:00 am), and 5 mg (3:00 pm); 15 mg (8:00 am), 15 mg (12:00 pm),
and 5 mg (4:00 pm); 20 mg (7:00 am), 10 mg (11:00 am), and 5 mg (2:00 pm). Weight for each TI is the same. TIEffD1

: therapeutic
indicator of effective time into day therapeutic box for AM period; TIEffD2

: therapeutic indicator of effective time into day therapeutic
box for PM period; TIEffE : therapeutic indicator of effective time into evening therapeutic box; TIRD1

: therapeutic indicator responders
into day therapeutic box for AM period; TIRD2

: therapeutic indicator responders into day therapeutic box for PM period; TIRE
:

therapeutic indicator responders into evening therapeutic box; All TIs are in percentage; TOXD1: probability for patient to have
experienced toxicity into day therapeutic box for AM period; TOXD2: probability for patient to have experienced toxicity into day
therapeutic box for PM period; TOXE: probability for patient to have experienced toxicity into evening therapeutic box; TOTAL:
performance of tested regimens using the six TIs.

AN EVALUATION OF THE DOSING REGIMENS FOR ADHD 329



safely as possible, which means using an effective dose, while

avoiding exposing children to unnecessary high dose of medication

in a long-term treatment. Mathematical modeling can greatly fa-

cilitate an otherwise largely empirical approach to MPH dosing

individualization.
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