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hyperactivity disorder



Despite the extensive use of methylphenidate (mpH) and
considerable research, suitable validated biomarkers for
monitoring the effects of mpH are not currently available.
Here, we performed a systematic literature review to identify
generally applicable biomarkers for monitoring the effects of
immediate-release MPH (MPH-IR) in children and adolescents
with attention-deficit/hyperactivity disorder (ADHD). We
identified 78 randomized placebo-controlled clinical studies
thatinvestigated central nervous system effects following
asingledose of MPH-IR in pediatricADHD patients. Neuro-
cognitive clustersand individual tests that were used in five
ormore studies were evaluated for reporting consistent

MPH effects. The following outcomes showed a consistent
response to a therapeutic MpH dose across studies based on
different cohorts: Continuous Performance Test, Go/no-go
Task, Visual Evoked Potentials, and several observation scales
(including Following Rules Observations, Oppositional
Behavior Observations, On-Task Behavior Observations, and
Impulsivity Behavior Observations).Acloserinspection of the

Visual Evoked Potentials revealed that MpH mediatesincreases

in late potential amplitudes. mpH’s effect was best detected
intestsand observations regarding motor control, sustained

attention, divided attention,and impulsivity (inhibitory
control), indicating that mPH has acute effects on all three core
symptoms of ADHD among MPH-responsive children with ADHD.
These candidate biomarkers should be investigated furtherin
future studies to obtain a more thorough evaluation of dose-
response relationships, including their effect size and potential
applicability for predicting the response to MpH.



Introduction

Attention-deficit/hyperactivity disorder (ADHD) is the most common neurobe-
havioral disorder among children and adolescents. ADHD is characterized by
the childhood onset of symptoms that include inattention and impulsivity/
hyperactivity1:2. The psychostimulant methylphenidate (MpH) is the most
commonly prescribed medication for treating the symptoms associated with
pediatric ADHD3:4. This treatment has been validated by numerous controlled
studiesthatshow the efficacy of low-dose oral mpH atreducing the behavioral
symptomsassociated with the disorder; the effects are usually reported by the
child’s parents and teachers and include both the cognitive (inattention and
impulsivity) and non-cognitive (hyperactivity) domains. In controlled clinical
trials, approximately 60-70% of treated children show clinical improvement3,
although the response rate is lower (approximately 50%) and less predictable
in clinical practice. The clinical use of MmpH is usually based on a trial-and-er-
ror approach before optimal therapy is achieved; this approach is often used
because mpH’s effects vary widely between individuals in terms of clinical
response® and pharmacokinetics (Pk). More than 30% of patients do not
respond favorably to MPH at any dose® and therefore must switch to an alter-
native medication after the initial titration phase. As a consequence of this
lack of response, a significant percentage of ADHD children either experience a
considerabledelay inreceiving adequate treatment or stop seeking treatment
altogether. Therefore, there is a need for a more sensible, personalized thera-
peuticapproach to ADHD.

Despite its long history of use, MPH’s precise mechanism of action remains
poorly understood, complicating the assessment of treatment efficacy or
the timely identification of non-responders. MPH is available in several for-
mulations, with a variety of delivery mechanisms that result in changing Pk
and effect profiles throughout the day”. Immediate-release MPH (MPH-IR)
has been on the market for more than 50 years, whereas other formulations
haveonly recently become available. MPH-IR isa short-acting compound, with
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an onset of action within 30-60 minutes and reaching peak clinical effect 1-2
hours after administration; the effects typically last 2-5 hours. The relation-
ship between mPH’s Pk and biological effects is complex and not completely
understood; however, recent studies suggest that the drug’s principal clinical
effects closely follow its predicted pk profiles®.°. The autonomic, psychomo-
tor, and neurocognitive effects of MPH-IR in pediatric ADHD have been studied
extensively. However, previous published studies of the effects of MPH-IR have
yielded conflicting results due to several sources of variability, including a
lack of standardized biomarkers and effect measures for mpH10:11, Despite
the widespread use of MPH and extensive research, no validated or generally
accepted biomarkers for mpH’s effects in children and adolescents with ADHD
have been identified. Identifying suitable biomarkers will help researchers
develop a more efficacious and specific treatment regimen for children with
ADHD; for example, biomarkers could be used for the early identification of
responders versus non-responders, to identify patients with an increased
risk of developing adverse side effects, and to monitor treatment outcome.
Biomarkers could also facilitate future research regarding the core pathology
of ADHD, MPH’s mechanism of action, and the effects of stimulants in children.
The following operational criteria have been used in the search for a suitable
biomarker12716: 1: a clear, consistent response across studies using different
study cohorts; 2: a clear change in the biomarker in response to a therapeutic
dose of MPH; 3: a measurable dose-response and/or concentration-response
relationship; and 4) a plausible relationship between the biomarker, the phar-
macology of MPH, and the pathogenesis of ADHD.

Here, we performed a systematic review of the literature to investigate
generally applicable outcome measures in response to MPH-IR treatment of
children and adolescents with ADHD. Our research group and other groups
have successfully used thisapproachin healthy volunteers to identify suitable
functional biomarkers forantipsychotic drugs12, benzodiazepines3, selective
serotonin reuptake inhibitors14, tetrahydrocannabinol3, mbpma (i.e., ecsta-
sy)16,and alcohol?”.
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Methods

Search strategy and data collection

To identify studies that investigated the acute effects of MPH in pediatric
patients with ADHD, the databases PubMed, EmBASE, and PsycINFO were
searched (for the search queries, see Table 1). All returned citations were
imported in a Reference Manager database, and duplicate records were
removed from this database. Potentially relevant studies were selected by
viewing the titles and abstracts. Non-relevant reports were discarded, and
the full-length articles of all relevant or potentially relevant reports were
obtained. The following inclusion criteria were then applied to this pool of
potentially eligible studies: studies that were randomized, double-blind, pla-
cebo-controlled clinical trials; studies that compared the effects of an acute
dose of MPH-IR versus placebo in previously MmpH-treated or MmPH-naive chil-
dren and/or adolescents with ADHD; studies with a minimum washout period
of five half-lives; studies with a minimum cohort size of ten subjects pertreat-
mentarm;and studiesthatwere published in English. Tominimize population
heterogeneity, studies thatincluded subjects with mental retardation (1Q <70)
and studies in which ADHD patients were selected for a specific comorbidity
were excluded.

Data were extracted from the studies to a pre-established database tem-
plate (Microsoft Excel). The extracted data included information regarding the
study details (e.g., study design, number of subjects, wash-out period), subject
characteristics (e.g., gender, age, ADHD type, comorbidity, previous exposure to
MPH), medication given (e.g., formulation, dose), and outcome measures (e.g.,
the type of test, time interval between drug administration and the test, over-
all effect). Because effect measures and MPH doses varied among the studies,
each effect measure at a certain MPH dose was considered an independent
effect measure. Thus, the total number of effect measures evaluated was the
combined sum of the number of studies, tests,and mpPH doses.
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Data analysis

Outcome measures were clustered to groups of related tests or test variants
(referred to as ‘clusters’) in order to generate a reasonable degree of stan-
dardization across studies and tests. For example, the Arrow/Sound (In)
Compatibility Task, Dichotic Listening Task, Divided Attention Task, and Dual
Task were clustered under ‘Divided Attention’, which is part of the functional
domainAttention’ Thisapproach enabled us to preserve individual study data
in the early stages of our analysis, thus enabling us to evaluate individual fre-
quently used tests using uniform outcome measures. We then performed a
progressive condensation of the results into logical clusters, thus providing a
more general assessment of the drug’s effects on groups of comparable tests
or functional domains. This approach enabled us to evaluate the practical
suitability of using a test as a biomarker in small-to-medium size studies.
No effort was made to further quantify the level of statistical significance.
Neurocognitive and neurophysiological tasks were categorized into clusters
of related tests or test variants12 using the compendiums of Strauss8 and
Lezak?s,

The clusters were furtherdivided into sixdomains (referred to as ‘domains’)
inaccordance with the Strauss compendium?8,including executive functions,
memory, attention, motor function, language, and perception. Physiological
measurements (e.g., heart rate, blood pressure, pupil size, and electrodermal
activity) were notincluded in this review. Event-related potentials (ErPS) and
neuroendocrine measurements (e.g., cortisol, growth hormone, and prolactin)
were also grouped into clustersand domains.

With respect to ErPs, the following clustering method was used. A potential is
evoked using a standard visual orauditory stimulusand an infrequentdeviant
stimulus (the ‘target’ in the Continuous Performance Task, Go/no-go task, and
Oddball task). If the pattern of the potential evoked by the standard stimulus
was significantly altered following mPH treatment, the event was classified as
asignificant effect of MPH on the neurophysiologic parameter (drug condition
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x standard stimulus), regardless of the direction of the effect (i.e., a positive
or negative wave, increased or decreased amplitude, or a change in time). In
addition, if the pattern of the potential evoked by the deviant (or target) stimu-
luswas altered significantly after mpPH and compared to the standard stimulus
(drugconditionx standard stimulusxdeviantstimulus), the response was con-
sidered to reflect an effect of MPH in the task-related neurocognitive domain
(for example, sustained attention in the event of an ErRP with the Continuous
Performance Task) and was clustered assuch in the database.

In several studies, subjective measures and rating scales were used to
assess the effect of mpPH in children with ApHD. Clustering of these mea-
sures was guided by a review of classification methods in published rating
scales (the Conners Rating Scale20 and scales derived therein, and the ADD-H
Comprehensive Teacher Rating Scale21) and the clustersand domains thatare
used to classify the neurocognitive tasks18:19. This subdivision is described in
the Results section.

Inouranalysis, we assumed that in most cases, no single consistent quan-
titative outcome parameter could be recorded foran individual test due to the
large variation in methods and parameters. Therefore, the ability of a test to
reveal a statistically significant difference between placebo and baseline was
scored as ‘+’ (an improvement or increase), ‘=" (no significant effect), or ~' (an
impairment or decrease). Different parameters of a single test were grouped
if they provided information regarding a common functional cluster. Several
tasks yielded different outcome parameters, in some cases showing opposite
effects of MPH. If these opposite responses were part of the same neurocogni-
tive cluster, two items were scored for the same test (e.g.,one ‘+’and one‘-). In
cases in which one of the improved parameters was part of a different func-
tional clusterthan the parameterthatdid notimprove, both itemswere scored
separately (i.e,, as belonging to separate clusters). ltems that were considered
tobesecondarytestparameters were marked with an asteriskin the database.
For example, in the Continuous Performance Task, the level of commission
errors (which evaluatesimpulsivity) is secondary to the level of omission errors
(which evaluates sustained attention). These secondary parameters were
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clustered separately in secondary clusters. However, if a secondary param-
eter could be categorized in the same functional domain as the primary test
parameter, it was not included separately, and only the primary item was
added tothe database.

For each outcome measure and functional cluster, we calculated the per-
centage of improved (+) or impaired (-) test outcomes relative to the total
number of tests. Secondary outcome measures/clusters and Erp-related clus-
ters were evaluated separately. Consistent MpH-induced improvementin task
performance, rating, or observation was defined as an increase in >60% of the
tests.

Dose-effect relationships

On average, the clinical dosing range for mpH is linearly correlated with the
reduction in ADHD symptoms?22. The likelihood that a given test will detect
a difference in effect between mPH treatment and placebo is expected to
increase with increasing dose. Therefore, to investigate mpH’s dose-effect rela-
tionship, the doses were categorized as ‘low’, ‘medium’, or ‘high’ The ‘low’ dose
was defined as 0.1-0.25 mg/kg (i.e., the recommended daily therapeutic start-
ing dose), the ‘medium’ dose was defined as 0.25—-0.59 mg/kg, and the ‘high’
MPH dose was defined as =0.6 mg/kg?3. Dose-effect relationships were mea-
sured forclustersand foreffect measures thatwere used in =3 studies (perdose
category) and/or across =15 studies. Dose-related changes in the average per-
centages ofimprovementwere reported without formal statistical analyses.

Results

Identified studies

The literature search included all scientific articles that were published
through December31,2009. The searchyielded a total of 1,973 hits, from which
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78 articles were identified that met the inclusion criteria for this review. Ten
of these articles did not explicitly mention bsm or icp criteria when describ-
ing the study population; however, these studies did mention the use of other
diagnostic methods (for example, questionnaires, interviews with parents,
etc.)toconfirmthe presence of a hyperactivity disorder. The majority of studies
included boys ranging from 5-13years of age, and the majority of studiesinves-
tigated a‘medium’ dose of MPH (defined as 0.25-0.59 mg/kg; see Methods). The
study characteristics are summarized in Table 2.

Clustering of outcome measures

The identified outcome measures—categorized by functional cluster and
domain—are summarized in Table 3. Results from domains and clusters that
were used onlyonceortwice could notbegeneralized,and will notbediscussed
further. In total, 151 separate outcome measures (i.e., tasks and observations)
were used to assess the effect of MPH; 104 of these measures were used only
once. Only 11 measures were used more than five times, with Visual Evoked
Potential and the Go/no-go Task being the most frequently used measures
(each was used in ten studies). Progressive condensation of outcome mea-
suresresultedin 49 clusters.

Following mPH treatment, task performance and observations generally
improved. Only four of the 78 studies reported performance impairment or
decreased hormone serum levels following mpH; these four outcomes were
the Math Cheating Task24,the Behavior After Failure Task25, the Tachistoscopic
Task26,and Prolactin levels27.

The outcome measures that were used in at least five studies (Table 4) were
reasonably consistent (>60%) at detecting MPH’s effects across studies (with
theexception ofthe Arithmetic Taskand the Reaction Time Task). The testswith
the highest consistency were Visual Evoked Potentials and the Continuous
Performance Task (with 84.2% and 76.2% consistency, respectively). With
respect to the observational outcome measures, the following observation
scales had the highest consistency, ranging from 68.4-100%: Following Rules,
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Oppositional Behavior, On-Task Behavior, and Impulsive Behavior. The only
scale thatdid notimprove consistently across the studies was Social Behavior.
None of the outcome measures that were used in at least 5 studies showed
impairment following mPH treatment.

Table 5 reports on the functional clusters (following categorization of
outcome measures; see Methods) that contain all of the most consistent
individual outcome measures identified above. Nearly half of the functional
clusters that were assessed showed consistent improvement (i.e., >60% con-
sistency) following mPH compared to placebo; these clusters include Divided
Attention, Secondary Reaction Time, Sustained Attention, Motor Control,
Evoked Potentials,and the following scales: Attention, Oppositional, ADHD, and
Impulsivity. The highest consistency was seen for Evoked Potentials, Sustained
Attention (Vigilance), and the Oppositional and Attention Scales. The observa-
tion-related outcome measures and functional clusters (‘scales’) were more
sensitive at detecting the effects of MPH than task-related measures and
clusters. Moreover, executive functioning-related clusters had relatively low
improvementratings.

With respect to evoked potentials, MpH-related changes in outcome mea-
sures and/or clusters were evaluated regardless of the direction of change
(e.g., positive or negative, increased or decreased). Visual evoked potentials
were measured in ten studies28737,and late potential amplitudes (=300 msec)
increased in approximately 70% of cases following MPH treatment. In contrast,
we found no consistent change in early potentials or evoked potential laten-
cies following mPH treatment. Auditory evoked potentials were measured in
three studies29:30:38 and showed a similarchange following MmPH treatment.

Dose-response relationships

We next investigated the dose-response relationship of the outcome mea-
sures and functional clusters that had a consistent MpH-induced response
(»60% consistency). Specifically, we examined the dose-response curve of
each outcomethatwas used in=3studies perdose level (low, medium, or high;
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see Methods) or =15 studies (Table 6). The outcome measures Go/no-go Task
and Scale —ApHD showed reasonably high consistency for all dose levels. The
functional cluster Sustained Attention (Vigilance) had a robust dose-response
relationship in the medium and high dose levels. The cluster Motor Control
also showed anincreasing response in the high dose level; in contrast, the low
and medium doses gave similarresponse rates across the studies.

Discussion

The clinical use of methylphenidate (mpH) for treating children with ADHD is
currently based on a trial-and-error approach. The availability of mpH effi-
cacy biomarkers may help clinicians determine the optimal type and dose of
medication, thus providing the most efficacious treatment regimen. Here, we
performed a systematic literature review in order to identify potential bio-
markers for assessing the acute effects of a single dose of immediate-release
MPH in children and adolescents with ADHD. Using this approach, we expected
to identify the most sensitive outcome measures for the effect of MpH, provid-
ed that a change in task performance, rating, or observation can be detected
after administering a single low dose of MmPH; moreover, the responses that
were consistently detected in multiple studies should reflect the most robust
biomarkers. Outcome measures were clustered into groups of related tests
and/ortestvariantsinanattempttostandardize the resultsacrossstudiesand
tests, and this was followed by a progressive condensation of results into 20
clusters of related cNs tests. Although 151 different outcome measures were
used to assess the effects of mpH, fewer than one-third (47 measures) were
used in more than one study. The Continuous Performance Test, Go/no-go Task,
and Visual Evoked Potentials, as well as several observation scales—includ-
ing Following Rules Observations, Oppositional Behavior Observations,
On-Task Behavior Observations,and Impulsivity Behavior Observations—were
identified as outcome measures that showed a clear, consistent response
to therapeutic MPH doses in several studies performed by various research
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groups. We also observed consistent MmPH-induced improvement at the clus-
ter level for Divided Attention, Sustained Attention (Vigilance), Reaction Time,
Motor Control, Evoked Potentials, and several scales (Attention, Oppositional,
ADHD, and Impulsivity).

In order to be useful in a clinical setting, a biomarker should be sufficiently
sensitivetodetecttheeffectofatherapeuticdose of MPH; moreover,a plausible
relationship between the biomarker, MpH pharmacology, and/or ADHD patho-
genesis should also exist. Several neurotransmitters have been implicated in
the pathophysiology of ADHD (and by extension, MpH’s mechanism of action).
Compelling evidence suggests that dysfunctional dopamine and norepineph-
rine neurotransmission, as well as dysregulation of dopaminergic pathways,
are involved in the pathogenesis of ADHD3940, MPH appears to stimulate the
dopaminergic and noradrenergic systems in the fronto-striatal region of the
brain, thereby improving symptoms associated with impaired motorand cog-
nitive function. Other neurotransmitters (such as histamine, and serotonin)
and nicotine have also been suggested to play a role in the pathophysiology
of ADHD41745, and both animal and human studies have reported increased
levels of these neurotransmitters in the prefrontal cortex following MPH treat-
ment. However, the evidence collected to date does not necessarily support
the putative relationship between mpH-induced neurochemical modulation
andtheclinicalimprovementsobserved in ADHD patients following mPH treat-
ment3946 Inourstudy, all of the MPH-sensitive outcome measures—and most
of the functional clusters—were associated with the core symptoms of ADHD.
Other functional clusters that were previously associated with ADHD patho-
genesis and were measured in >5 studies (e.g., working memory, reasoning,
and setshifting)47 failed to show consistent MpH-induced improvements. This
finding seems to correspond with the clinical finding that a single therapeutic
dose of MPH selectively improves some of ADHD’s core features (in particular,
attention, impulsivity, and hyperactivity), whereas learning, planning, and
organization improve only following chronic mpPH treatment (possibly as an
indirect consequence of MPH’s acute CNs effects). ADHD has also been associ-
ated with various deficits in event-related potentials. In the auditory modality,
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ADHD-related differences are apparent in all components from the auditory
brain-stem response to the late slow wave. Although relatively few studies
have investigated the visual attention system, similar differences have been
reported for a range of components; forexample, the visual pP3 component has
been reported to differ between children with ADHD and control subjects#48.
Late evoked potentials are associated with stimulus evaluation and matching
proceduresthatare related to attention3749.Our findings show that MPH con-
sistentlyinducesa changein late evoked potential amplitudes.

Previously reported MPH-induced improvements include improvementsin
impulse control, learning, short-term memory, and activity, with the largest
improvements in activity level, attention, and inhibition59. Pietrzak and col-
leagues1l used an approach similar to ours, but their search was limited to
cognitive tasks, and they included both non-controlled trials and chronic mpH
trials,which may explain the differences between theirresultsand our results.
For example, Pietzrak and colleagues reported that saccadic eye movement,
planning/cognitive flexibility, attention/vigilance, and inhibitory control were
improved by MPH in 270% of the studies they reviewed. In contrast, only 50%
of the studies they reviewed reported improvements in working memory and
divided attention following mpH treatment. In our study, tasks and/or obser-
vations that evaluate learning and planning could not be reviewed in our
study, as they were not used frequently enough in the studies we reviewed. A
recent systematic review and meta-analysis of the effects of MPH on cognitive
function51 found that MmPH improves executive and non-executive memory,
reaction time, reaction time variability, and response inhibition in children
and adolescents with ADHD. In contrast toourstudy, they included studies with
additional non-pharmacological interventions (as long as these interventions
were applied to both placebo-controlled randomized study groups); in addi-
tion, for studies that included several doses of mpH, they included only the
data regarding the highest mpH dose, which may explain their positive find-
ings with respect to memory. Other potentially sensitive biomarkers for mpH
effect notincluded in our database include cognitive performance (sustained
attention/vigilance)52, baseline autonomic arousal (heart rate and blood
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pressure)>2, and baseline brain activity (EeG theta power)52, and the contin-
gent negative variation (CNv, a slow negative shift in the EeG that can occurs
between a warning signal and an imperative stimulus during a reaction time
task)s3.

Ideally, a suitable research biomarker should have a clear dose-response
relationship with mpH and should preferably be sensitive to a low therapeu-
tic dose of MPH, criteria that were not addressed in previous reviews. Here, we
predefined three discrete dose ranges. The majority of studies in our review
used the medium dose range (0.25-0.59 mg/kg), which limited our ability to
assess a putative dose-response relationship. The cut-off values for the dose
categories were based on clinically relevant ranges. Alternatively, we could
have determined the cut-off values based on the distribution of dose levels in
our dataset, thereby balancing the number of studies in each dose category.
However, this approach would have been post hoc (rather than a priori) and
would not have reflected true clinical practices. In our data set, dose-response
relationships were determined for the outcome measures and functional
clusters that were sensitive to the effects of MPH in @ minimum number of
studies. Because our method merely determined the statistical significance
of test results following treatment, it did not enable us to detect effect sizes;
rather,we could only determine consistency in the measured outcomes across
studies. Thisapproach may have masked the identification of a dose-response
relationship, particularly for biomarkers that showed a clear response at all
dose levels, including the lowest level (for example, with outcome measures
from the Go/no-go Task, the functional cluster Motor Control, and outcome
measures of the scale ADHD).

Our analysis has several limitations. Firstly, the basic concept of ADHD as a
disorder changed several times in terms of both nomenclature and classifica-
tion in the past few decades. As a result, potentially eligible studies may have
been missed. In addition, although differences in the response to mpH have
been described between the inattentive/hyperactive and combined subtypes
of ADHD54756, we did not attempt to differentiate between ADHD subtypes,
due in part to an insufficient number of studies. Also, publication bias might
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have played a role>7, potentially increasing the publication success of studies
that report significant mpH effects. Moreover, although grouping the tests
into functional clusters and domains provided a degree of standardization, it
alsoreduced the level of detail with respect to the information collected. Thus,
potentially suitable biomarkers might have been missed, given that infre-
quently used outcome measures were excluded from furtheranalysis.

Other limitations are inherent to the nature of the studies that have been
published. Studies with a period of =5 half-lives between placebo and mpPH
occasions were included to ensure complete washout; however, in some
studies, the effects of mPH on withdrawal—rather than mpH’s effects on the
condition itself—may have been measured. In addition, several studies used
differentcriteriaforselecting subjects,leading to potential differencesin base-
lineimpairmentand subsequent differencesin the magnitude of the response
totreatment.Oursearch alsoreturned studiesin which subjects received prior
treatmentwith mpH. Differences between ADHD patients who were previously
treated with MPH and ‘MPH-naive’ patients have been reported in networks
associated with executive control58 and dopaminergic metabolism84, and
this difference may have influenced our findings. In addition, several studies
used atitration scheme; ratherthan controlling the mpH dose given before the
study period, the children were stabilized with an optimal mpH dose (deter-
mined by the treating clinician) before evaluating the effect of the treatment.
Patientsreceiving a high dose of mPH (i.e., 60 mg) have been reported to exhibit
smaller changes in clinical measures during placebo treatment, suggesting
that patients who require a higher dose of mpH are likely to have a worse out-
come if left untreated. These subjects also exhibited higher sensitivity to drug
treatment, reflected in smaller estimated ECsq values®s9, consistent with pre-
vious reports that children with more behavior problems at baseline tend to
respond better to MpH9:60,:61, Moreover, the majority of studies included boys
5-13 years of age. Only a few studies (primarily the more recent studies) also
included preschoolers and adolescents with ADHD and/or included a reason-
able numbers of girls. Alimited body of evidence suggests that aside from the
preschool period®2.:63, few age-related differences exist during childhood and
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adolescence with respecttotheresponseandtoleranceto mpH®4. Because rel-
atively few published studies specifically examined the moderating effect of
gender, and because sample sizes were questionable in some studies, no clear
conclusions can be drawn regarding whether gender affects the response to
treatment64.65, Pietrzak and colleagues! reviewed several other factors of
influence related to intra-individual and inter-individual differences in med-
icationresponse, including the study design and repeated neuropsychological
assessments. Our dose-response analysis was complicated further by several
additional factors. Forexample, effect profiles can differamongoutcome mea-
sures, including the effect’s time of onset, duration, and time to reach maximal
effect. The stimulant-induced reduction in motor activity can persist for up to
7-8 hours, whereas the drug’s effects on attention last for only 2-3 hours39:66,
Because most studies did notinclude repeated effect measurements, itis con-
ceivable thatin some studies the time points of specific measurement did not
coincide with the time of maximal effect, thereby missing potentially signifi-
cant improvements. In addition, previous studies reported evidence of acute
toleranceto MPH67:68 MmPH pharmacokinetics and/or pharmacodynamicsalso
vary among children with ADHD. Thus, it is possible that some studies lacked
a sufficiently large sample size to detect a significant effect. Although this
might have been overcome by performing a formal quantitative meta-ana-
lysis, in nearly all cases this would have been hampered by the lack of uniform
quantitative outcome parameters. The change from baseline following mpPH
treatment can also depend on the individual patient’s baseline value (i.e.,
intrinsic state) and is estimated to account for approximately half of the vari-
ability observed in mpH’s effects®®.

Nevertheless, despite these limitations, we identified several tests that
could potentially serve as biomarkers for monitoring the acute effects of a sin-
gle dose of MPH-IR in pediatric ADHD. The most reliable tests were related to
ADHD’s core features of motor control, attention and impulsivity,and event-re-
lated potentials. These potential biomarkers might help identify responders
versus non-responders following a test dose of mPH. Because dose-effect
relationships could not be quantified, these tests and clusters should be
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investigated further in order to thoroughly evaluate the dose-response rela-
tionships, including effect size and, and establish clinically relevant changes.
Our study revealed that these studies would benefit greatly from a certain
degree of standardization. Ideally, these studies should include concentra-
tion- (in addition to dose-) effect relationships at several time points in order
to profile the effect of MPH treatmentin children and adolescents with ADHD.
Short-term data is generally inadequate for assessing a long-term treat-
ment response, as large-scale studies have shown that short-term response
rates—which can be as high as 75-80%—often drop to 55-60% over the long
run. Therefore, the predictive value of these candidate mpH biomarkers should
be tested in long-term trials. In addition, performing multiple tests—rather
thanonetest—may be preferredin such along-term trial, as multiple tests can
yield a more precise and stronger prediction of the response to MPH treatment
and can account for the heterogeneity of ADHD>2. This research should also
include biomarkers for mpH tolerance, as many children who respond posi-
tively to MPH also experience adverse side events’%71, potentially reducing
treatment compliance or causing the patient to discontinue treatment alto-
gether70772 Finally, these putative mpH biomarkers could help guide future
research regarding the core pathology of ADHD, MPH’s mechanism of action,
and the effects of stimulant use in children in general, as distinct classes of
drugs canelicitdistincteffect profiles12717.
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TABLE 1 Literature search queries

Database Full search query

PubMed

(Attention Deficit Disorder with Hyperactivity’ [MesH] or ‘attention deficit hyperactivity disorder’[all fields]
OR ‘attention deficitdisorder’[all fields] or ‘adhd’[all fields] or ‘minimal brain disfunction’[all fields] or ‘atten-
tion-deficit/hyperactivity disorder’[all fields]) AND (‘methylphenidate’[MesH Terms] or ‘methylphenidate’
[All Fields] or (‘methylphenidate’[MesH Terms] or ‘methylphenidate’[All Fields] or ‘dexmethylphenidate’
[All Fields]) or (methylphenidate’[MesH Terms] or ‘methylphenidate’[All Fields] or ritalin’[All Fields]) or
‘stimulant medication’[all fields] or ‘stimulant medications’[all fields]) AND (humans’ [MesH Terms] AND
English[lang] AnD (Clinical Trial[ptyp] or Randomized Controlled Trial[ptyp] or Clinical Conference[ptyp]

or Clinical Trial, Phase I[ptyp] or Clinical Trial, Phase 11 [ptyp] or Clinical Trial, Phase 111[ptyp] or Clinical Trial,
Phase Iv[ptyp] or Comparative Study[ptyp] or Consensus Development Conference[ptyp] or Consensus
Development Conference, NiH [ptyp] oR Evaluation Studies[ptyp] or Research Support, Non us Gov't[ptyp]
OR Research Support, us Gov't, Non PHS[ptyp]))

EMBASE

(*attention deficit disorder/ or attention deficit hyperactivity disorder.ti,ab. or attention deficit disorder.
ti,ab. oradhd.ti,ab.or minimal brain disfunction.ti,ab.) AND (methylphenidate.ti,ab. or *methylphenidate/ or
dexmethylphenidate.ti,ab. or Ritalin.ti,ab.) AND (biomarker*mp. or biological marker/ or biological marker*
mp. OR treatment outcome*mp. or treatment outcome/ or Treatment Response*mp. or Treatment Effect*
mp.oRr predictor*mp.)

PSYCINFO

(pEe ‘Attention Deficit Disorder with Hyperactivity’ or e ‘Attention Deficit Disorder’ or TXADHD or Tx attention
deficitdisorder or Tx attention deficit hyperactivity disorder or Tx minimal brain disfunction) AND (DE ‘Methyl-
phenidate’ or Tx methylphenidate or Tx dexmethylphenidate or Tx Ritalin) AND (DE ‘Biological Markers’ or
Txbiological marker* or Tx biomarker* or DE ‘Treatment Outcomes’ or Tx treatment outcome™* or Tx treatment
response* or Tx treatment effect* or Tx predictor*

TABLE 2 Characteristics of studiesincluded in the analysis

Tests n (%) Observationsn (%) Totaln (%)

Number of studies 72 31 78

Sex Male 1769(91%) 1423 (93%) 2695 (92%)
Female 168 (9%) 100 (7%) 234 (8%)

MPH dose High (=0.60 mg/kg) 26 (36%) 12 (39%) 29 (37%)
Medium (0.25-0.59 66 (92%) 28(90%) 72(92%)
mg/kg)
Low (0.1-0.25) 15(21%) 6(19) 16 (21%)

Wash-outperiod  >1week 9(13% 0(0%) 9(12%
> 5 half-lives 63 (88%) 31(100%) 69 (89%)

Age 5-13years 58(81%) 27 (87%) 64 (82%)
<50r>13years 14 (19%) 4(13%) 14 (18%)

Design Crossover 66(92%) 29(61%) 72(92%)
Parallel Group 6 (8%) 2(7%) 6(8%)
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TABLE 4 Improvement following mpH for each individual test or observation that was used TABLE 5 Effect of mPH for each functional cluster that was used across at least five studies
inatleastfive studies
Domain Cluster Test/ Improvement Tests Studies
1 0,
Test/Observation Number of Total Impro- Studies el () () (n)
testswith oftests vement (n) O = &
H 0,
|(:;provement ) (% of tests) Attention Divided Attention Test - 286 714 7 5
Go Task 7 11 63.6 7 Focusgd/SeIectlve Test 1.9 54.7 434 54 26
Attention
Reaction Time Task 9 18 50.0 6 - -
- Reaction Time Test - 50.0 50.0 28 9
4 Continuous Performance Task 16 21 76.2 9 P
] Reaction Time* Test* - 250 750 8 6
F  Go/No-GoTask 13 21 61.9 10 - -
Sustained Attention ERP - 60.0 400 10 6
Arithmetic Task 11 28 393 6 (vigilance)
Visual Evoked Potential 16 19 84.2 10 Sustained Attention Test - 239 761 50 22
. _FollowingRules Observation 15 15 100.0 5 (Vigilance)
~§ Oppositional Behavior Observations 12 14 85.7 6 Scale - Attention Observation - 16.7 83.3 30 13
E On-task Behavior Observation 12 12 100.0 7 Behavior Scale - Oppositional Observation 2.0 12.2 857 49 10
Q
g Impulsivity Behavior Observation 13 19 68.4 6 Disease Scale-ADHD Observation - 19.5 805 41 9
Social Behavior Observation 12 32 37.5 6 Intensity
Executive Impulsivity Test - 50.0 50.0 46 16
Impulsivity* Test* - 436 56.4 39 13
Reasoning/Association/ Test - 61.0 39.0 41 11
Problem Solving
Set Shifting Test - 57.1 429 14 7
Working Memory/ Test - 69.5 30.5 82 8
Immediate Recognition
Language Production Test - 833 16.7 18 6
Spelling/Grammar/ Test 6.7 46.7 46.7 15 7
Semantics
Scale - Impulsivity Observation - 21.2 78.8 33 9
Motor Motor Control Test - 281 719 32 8
Neuro- Evoked Potential Test - 13.0 87.0 23 11
physiologic
Social Scale - Social Observation - 649 351 32 8
behavior Interaction
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+ reflectsanimprovementorincrease, ‘="reflects no significant effect and -’ reflects an impairment
ordecrease as measured by the corresponding test. Whenever tests provided different parameters
with information on more than one functional domain, effects were scored separately,and the
secondary effects were marked (*).
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TABLE 6 Dose-response relationship for outcome measures and functional clusters that
showed a consistent MPH response in a reasonable number of studies

Domain, cluster  Test/ Low Dose Medium High Dose
and/or test Observation Dose

0 6E Hn 006 ®HN 606 @ N

Attention

Sustained Test - 100 0 2 - 28 72 22 - 11 8 6
Attention
(vigilance)

Motor

Motor Control Test - 33 67/ 5 - 33 67 5 - 18 8 3

Disease Intensity

Scale-ADHD Observation - 1 8 4 - 27 73 9 - 0 100 4

Individual test

Go/No-go Task Test - 20 8 5 - 50 5 6 - 25 75 3

nisthe numberofstudiesinwhich the cluster was evaluated (for each dose)
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