CLINICAL TRIALS

Acute tolerance to methylphenidate in the
treatment of attention deficit hyperactivity
disorder in children

Objectives: To evaluate the efficacy of several drug delivery patterns of methylphenidate and to determine
whether acute tolerance develops to this widely used stimulant medication in the treatment of children
with attention deficit hyperactivity disorder.

Methods: Double-blind trials were conducted in a laboratory school setting in which multiple measures of
efficacy were obtained frequently in the morning and afternoon across the school day. In study I, relative
efficacy was determined for three dosing patterns of methylphenidate: a standard twice-daily profile, a
flat profile, and an ascending profile. In study II, tolerance was assessed by comparison of three-times-a-
day regimens in which the time of the middle dose varied.

Results: In study I, the efficacy of the ascending treatment increased across the day, and in the afternoon
it was equal to the efficacy of the twice-daily treatment, indicating that an initial bolus was not required
for efficacy. The efficacy of the flat treatment declined across the day, and in the afternoon it was signifi-
cantly less than in the twice-daily treatment, suggesting that tolerance may be developing. In study II,
acute improvements in efficacy were reduced to the second of two closely spaced but not to two widely
spaced bolus doses, suggesting that shortly after exposure to high concentrations, efficacy is reduced to
given concentrations of methylphenidate. In a concentration—effect model, a tolerance term was needed to
account for counterclockwise hysteresis.

Conclusions: Acute tolerance to methylphenidate appears to exist. This should be considered in the design
of an optimal dosing regimen for the treatment of children with attention deficit hyperactivity disorder.
(Clin Pharmacol Ther 1999;66:295-305.)
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Stimulant medications have been used for about 50 25 years ago as the primary stimulant prescribed to treat
year$ to treat children with attention deficit hyperactivity =~ ADHD. Methylphenidate use has increased dramatically,
disorder (ADHD)? Standard clinical practice has  and now more than 10 million prescriptions are written
remained essentially unchanged since amphetamine (INN, for methylphenidate each year in the United States.
amfetamine) was replaced by methylphenidafeabout Methylphenidate releases and inhibits uptake of cate-

cholamines (primarily dopaminéjl0and the resulting
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Fig 1. Study I:Simulated plasma methylphenidate concentrations for a 20-mg total daily dose
delivered by twice-daily (bid)flat, and ascending dosinggieens.

duration of eficagy of about 2 to 3 hours;15so twice-
daily (bid) or three-times-a-day (tid) dosing is typical.
Because the clinically ffctive dose aries among chil-
dren (from 5 to 20 mg per administratiomgividual
titration is requiredYears of clinical practidé-19con-
firm that bid or tid dosing ggmens proide efective
and safe treatment. Em though some obseations of
tolerance hee been noted (g to side efects and in cer-
tain high dosing @imens)20 in most cases clinical
effectiveness is maintaineder years of treatment with-
out increasing dos#. It therefore appears that children
with ADHD do not deelop long-term tolerance to treat-
ment with typical clinical doses of methylphenidate.
The short duration of &Eacy of methylphenidate
creates serious practical problems fofeefiveness
(because of axing and vaning of efects),for compli-
ance (because of frequent missed doses with multiple
daily administrations)for privacy (because of the need
to administer medication at school or in other public
settings),and for protection againstwdrsion of this
controlled drug (because of thefitilty in controlling
access by others when it is stored outside the home).
To address these problenssistained-release prepa-
rations intended for once-a-day administration of
methylphenidat®-26 (and amphetamin&28have been
developed but they are not considered to be afeefive

are not widely accepted for clinical us&4 The reasons
for reduced dfcacy of sustained-release preparations
are unknwn. Two characteristics of sustained-release
patterns of drug delery may contribte to reduced &f
cagy. First,a reduced or delayed bolus of drug (com-
pared with the immediate-release pattern) may not result
in suficient increase in brain catecholamines to produce
standard clinical éécts?.10.22,27,.285econdthe continu-
ous rate of drug delery may produce acute tolerance
(tachyphylaxis}®

Two studies were conducted to test whether these
characteristics of drug deéry contritute to reduced
efficacy of methylphenidate on measures of haba
and attention. Study | uestigated the time course of
efficagy produced by tw experimental patterns of drug
delivery established by frequent dosing (agbolus
followed by small constant doses that generates a flat
profile and a small bolus folleed by small increasing
doses that generates an ascendingilp)ptompared
with the standard pattern of drug deliy in clinical
treatment (tw large bolus doses that generate the bid
profile of peaks and troughs) and a placebo control con-
dition. Study Il established wvexperimental tid dos-
ing regimens in which the timing of the second bolus
dose vas \aried to establish patterns of peaks and
troughs appropriate for thevauation of acute toler-

as multiple doses of immediate-release preparations and ance and for pharmacodynamic modeling of the rela-
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tionship between simulated methylphenidate concen-
tration and dect.

METHODS

Study |. Three methylphenidate deéry proiles
(bid, flat, and ascending) and placebo were compared
in a fourperiod,double-blind,randomized crosser
study Behavior, attention,and cognitve performance
measures were tak frequently in a laboratory school
setting in which children diagnosed wiADHD expe-
rience repeated classroom sessions across eagh¥ay

The bid rgimen (twice-daily dosing with immediate-
release methylphenidatepwexpected to produce peaks
and troughs (Fig 1) in drug concentration during the typ-
ical school day-12-15The flat rggimen was designed to
provide an initial peak and then a constant methyl-
phenidate concentration throughout the. déwe ascend-
ing regimen was designed to produce an increasing
methylphenidate kel from a lav drug concentration
(ie, the bid trough leel) established early in the morn-
ing to a high drug concentration (e bid peak heel)
by the end of the dall treatments were administered
in identical capsulesgen precisely at 30-minute inter-
vals throughout the day (an initial capsule at 7280
followed by capsules at 8:30, 9:30, 10, 10:30, 11,
11:30am and at 1212:30,1, 1:30, 2, 2:30,and 3pwm).
The timing of actual drug administrationfdifed across
regimens to create the desired drug\asly pattern and
expected concentration pilefs. For example,only two
of the capsules administered in the bidineen con-
tained methylphenidateyhereas all capsules adminis-
tered in the flat and ascendinggimaens contained
methylphenidatehut in differing amounts.

Thirty-eight children (33 bgs and ive girls; age
range,7 to 12 years; mean agg2 years)with clini-
cal diagnoses #ADHD and receiing current treatment
with methylphenidate doses of 5 to 15 mg administered
two or three times per dawere recruited for this trial.
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were then introduced to the dtahd becameaimiliar
with the setting of the classroom ($&f with one
teacher and one classroom aide) and the playground
(stafed with four recess aides). On subsequent Satur-
days,each child receed (in random order) one of the
following treatmentsf1) bid:two doses of immediate-
release methylphenidate (Ritalin hydrochloride) admin-
istered 4z hours apart as the total daily dose; (2) flat:
an initial loading dose of immediate-release methyl-
phenidate equal to 80% of the morning dose of the
bid condition,with the remaining amount of the total
daily dose administered (starting: hours later) in small
equal doses at 30-minute intaty over 6 hours; (3)
ascendingan initial loading dose of immediate-release
methylphenidate equal to 40% of the morning dose of the
bid condition,with the remaining amount of the daily
dose administered (startingzlhours later) in small
increasing doses administered at 30-minute ialeiwer
5 hours; (4) placebdactose administered in all capsules.
On study daysthe teachervaluated each child after
four 30-minute group classroom sessioasd each
child was tested on a computer in a 30-minuteviiadi
ual laboratory session immediately before or after each
of these classroom sessiofese laboratory sché@l
evaluations were scheduled at 1 afel®urs after the
bid dosing times to coincide withxpected peaks and
troughs in methylphenidate plasma concentration in the
bid regimen. Each classroom session had similar writ-
ten seat wrk (&g, solving math problems) and group
actiities (e, listening to and discussing a presentation
to the class). Classroom rules thatided appropriate
and inappropriate betimr were established andfter
each classroom sessigaachers completed the CLAM
and the SKAMP rating scal&s34to provide subjec-
tive but systematicaluations of seeral dimensions
of behaior.35 The CLAM scale has 16 symptom-
related items that are rated on a fpaint scale (not
at all, just a little, pretty much,and \ery much). It

Parents signed consent forms and children signed assent provides three established indscores based owver-

forms to enter a protocol apmex by the Uniersity of
California Irvine Institutional Réew Board.A struc-
tured interviev (Diagnostic Intervier Schedule for
Childrenp? was used to coirin the diagnosis of
ADHD based on DSM-IV criteriancluding onset by

7 years of aggresence of at least six of the nine symp-
toms in the Inattention or the Hypera&tilmpulsive
domainsand signifcant impairment in at least taset-
tings (&, home and school).

Each of tvo cohorts of children as @aluated in the
laboratory school setting fromaf until 6 Pm on five
consecutie Saturdays. On thérét Saturdaya cohort
was frst divided by age into te groups.These groups
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aging ratings from subsets of items (10 items for the
Conners hyperagtity index, five items for the inatten-
tion/overactivity index, and fve items for the aggres-
sion/defance ind&). The SKAMP scale has 10 items
describing problem bekiirs in the classroom setting
that are rated on agn-point impairment scale (none,
slight, mild, moderate severe,very seere,or maxi-
mal). It pravides two established indescores based on
averaging ratings from subsets of items (six items for
the attention indeand four items for the deportment
index). In each laboratory sessiarhildren were tested
on a display-memory scanning task to\pde objec-
tive measures (reaction time and accyyad cognitive
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Fig 2. Study II: Simulated plasma methylphenidate concentrations for a 30-mg total daily dose

delivered by the follwing dosing rgimens:three times a day (tid)id with the middle bolus géen
2 hours after therkt (tid-am), and tid with the middle bolus\g@n 6 hours after thérst (tid-Pm).

performance®-37In this taska set of either one or four nificant. For these comparisonte least-squares esti-
digits (the memory set) is presented on a computer mate of the mean ddrence between the twregimens
screenfollowed by a set of four digits (the display set). and its 95% coidence interal were calculated. No fur-

The subject is agkl to press one of whuttons to indi- ther adjustments to the sigondnce leel were made.

cate whether or not the display set containgdare Study Il. After a three-periodjouble-blindrandom-

of the memory set items. ized crosswer trial of three treatments (tidscending,
The desired methylphenidate pte$ for each treat- and placebo)a parallel design as used towaluate tvo

ment were determined by simulation with use of pub- experimental tid conditions. In all drug dediry regi-
lished literature &lue$-15and a nominal daily dose of mens, children took one capsulevery ¥> hour for

20 mg.The doses required to produce the flat and 8 hoursstarting at 7:3@m. In the initial crosseer phase,
ascending pralies were determined by decaiution a tid regimen was used as the clinical standard (rather
by use of a pharmacokinetic model witinst-order than the bid rgimen as in study |) toxéend the length
absorption and one-compartment disposition. Fig 1 of expected drug éécts to 10 hours. Each subject
shows the simulated plasma methylphenidate concen- receved doses of methylphenidate at 7:3@,
tration—time graphs for bidlat, and ascending drug 11:30AM, and 3:30rm, and each doseas equal to the

delivery profles. child’s clinically titrated morning dose. In the ascending
A mixed-efectsANOVA model vas used to analyze regimen,80% of each subjestusual morning doseas

the eficagy of the bid flat, ascendingand placebo - administered at 7:3@m, followed by small increasing
mens.TheANOVA model includediked-efect factors doses administered at 30-minute in&s\across the day
(regimen,sessionsequenceand period) and the ran- In the parallel phassubjects were randomly assigned
dom-efect factors (intersubject and intrasubjedeefs). to one of tvo tid conditions in which the middle bolus
An overall among-rgimen comparison at each time  was \aried to shift the second peak to an earlier or later
point (session) as conducted with am = .05 signif- time. In both gperimental tid rgimensthe frst and last

cance lgel. In additionthree pairwise comparisons of  bolus doses were administered at 780 and at
methylphenidate ggmens within each session were esti-  3:30 pm, but the time of the middle bolusas either
mated if the werall among-rgimen diference vas sig- 9:30Am (tid-am) or 1:30pm (tid-Pm). In both of these
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conditions the irst dose wvas alays equal to the chils’
usual morning dose andaa/~33% of the total daily study
dose.The decowolution procedure and pharmacokinetic
model that were applied in study | were used again in
study Il to select the second and third doses so that the
magnitude of the peak after the second dasdldumatch
the magnitude of the midday peak in the standard tid con-
dition (Fig 2). for the tidam condition,the second and
third doses were set at ~21% and ~4&8épectiely, of
the total daily study dosand for the tidbm condition the
second and third doses were set at ~39% and ~P1&%.
tid and ascending treatments were included for in ef
cag/ analysis,which will be reported elsehere; the
experimental tidam and tidPm regimens were used to
provide data for the pharmacodynamic analysis of
methylphenidateyhich is the topic of this report.
Thirty-two children (28 bgs and four girls; age
range,7 to 12 years; mean age9 years) who had a
diagnosis oADHD and were being clinically treated
with methylphenidate were recruited for this study
Their parents signed consent forms and the children
assent forms appved by the Uniersity of California
Irvine Institutional Reiew Board.The methods of study
| for confirming a diagnosis cADHD were used again
in study Il,and similar galuation procedures were used
for the evaluation of eficacy. The participating children
were tested in the same laboratory school séttifog
4 study dayswith at least 24 hours between each study
day The 32 children werevaluated in one cohort. On
the frst day the cohort vas dvided into two groups of
16 children based on aged the groups becamaniil-
iar with the stafand setting of the classroom (et
with two teachers and waides for 16 students) and the
playground (stdéd by eight recess aides). On each day
hourly g/cles of actiities3 were scheduled to allofor
frequent classroom probes of attention and biehna
across the dayrhe hourly gcle consisted of capsule
administration (1 minuteomputer math tests (9 min-
utes),individual classroom seatark (20 minutes)cap-
sule administration (1 minute)jbrary quiet time
(9 minutes)and group classroom agty (20 minutes).
This g/cle was repeated for 10 hours A8 to 5pPwm),
with substitutions inife of the gcles (ie ,those start-
ing at 9 and 1M and at 13, and 5pwm) to allow for
recess sessions and meals during the day
Plasma methylphenidate pites were simulated with
a nominal daily dose of 30 mg and deednted with
the same techniques as those used in stutlye .sec-
ond doses in the tidm and tidewm treatments were
designed to achie earlier or later maximal plasma con-
centrations equalent to the midday peak after the mid-
day second dose in the standard tgimen (Fig 2).
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One subjectie and one objecte measure of &tacgy
were chosen fonaluations of acute tolerancehe sub-
jective measure @&s the attention subscale of the
SKAMP rating scalé2-34expressed as theverage rat-
ing per item.The objectve measure &s a measure of
activity obtained from a motion detector (Actigraph,
Mini MotionloggerActigraphs Ambulatory Monitoring
Inc, Ardsley, NY) worn on the nondominant wrigk. 5-
second acquisition periodas speciéd, and the counts
were intgrated @er each of the precisely timed 20-
minute periods of seatosk actvity in the classroom.

These tw primary eficacy measures (SKAMP
attention andhctigraph actvity) were obtained during
the classroom seatomk actvities of the laboratory
school gcles3! For each of the 10 classroom sessions,
mean \alues for attention and aeity in the placebo
condition were subtracted from the meatues for the
two experimental conditions (tidm and tidewm) to
remose nondrug related within-dayaviability. To
improve clarity in the visual display of the pharmaco-
kinetic-pharmacodynamic relationshtpjs difference
score vas multiplied by —1 so that clinical impement
reflected in the pharmacodynamic measuceild be
positive and match the direction of change in the phar-
macokinetic measure (the simulated plasma concentra-
tion of methylphenidate)These pharmacodynamic
measures (placebo-adjusteficgfcy scores) were plot-
ted \ersus the pharmacokinetic measuregpéeted
drug concentrations)yith time coded by armes, to
evaluate whethengdence of tolerance (a counterclock-
wise hysteresis loop)ag present in these data.

A mathematical pharmacokinetic-pharmacodynamic
model of the relationship between methylphenidate
concentration and #€acy measures as used to assess
tolerance38-40This model used methylphenidate clear-
ance alues reported in the literature as the basis for
simulating indvidual concentration—time pribés for
the \arious rgimens.The \alidity of this approach as
confirmed in a separate pharmacokinetic study of tid
and ascending ggmens administered to 21 adutilv
unteers (14 men andwsn women):the shape of the
pharmacokinetic cuev in the ascending treatment
(defined by the multiple small doses) matched the pre-
dicted shape based on simulatiand the within-
subject pharmacokinetiaviability was lav (<10%).

For this studymodeling vas conducted with use of
the nonlinear migd-efects approach (NONMEM$
and included all of the childremdata to estimate the
mean and indidual difference parameterén E .,
model vas ftted to the simulated methylphenidate con-
centrations and &tacy measuresThe strengths and
weaknesses of the 5, model hae been discussed in
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