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ABSTRACT

Objective: Sleep disturbances are a feature of attention-deficit/hyperactivity
disorder (ADHD) and an adverse event (AE) of methylphenidate treatment.
The authors sought to clarify methylphenidate-associated sleep problems
and how studies are affected by confounding factors.

Data Sources: Published studies in English collected via online databases
and unpublished data from www.clinicaltrials.gov and US Food and Drug

Administration websites. Sources were searched from inception to August
2017.

Study Selection: Included were blinded placebo-controlled studies of youth
with ADHD conducted in naturalistic settings, leading to 35 studies yielding
75 observations of sleep-related AEs. These studies comprised 3,079 drug-
exposed and 2,606 placebo-treated patients.

Data Extraction: Two PhD-level reviewers reviewed each study for
inclusion. Four PhD/PharmD-level reviewers extracted data in duplicate.
Discrepancies were resolved by discussion or, if needed, by the senior
author.

Results: Increased pooled relative risks (RRs) were found for
methylphenidate-associated sleep-related AEs for insomnia (general), initial
insomnia, middle insomnia, combined insomnia, and sleep disorder. Several
sample or study design features were significantly associated with the RR
for sleep-related AEs and the methylphenidate formulation studied (P <.05).
After correction for confounding variables, significant differences among
drugs were found for initial insomnia, insomnia (general), and sleep disorder
(P<.0001) as the other categories could not be tested due to insufficient
studies. The findings also show that the RR and its interpretation are
constrained by the placebo AE rate.

Conclusions: Several types of insomnia and sleep problems are associated
with methylphenidate treatment. Study design and sample features
influence the RR statistic. By showing that the rate of placebo AEs impacts
the RR, this study provides the field with a useful covariate for adjusting RR
statistics.
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ethylphenidate has been, for decades, a

first-line treatment for attention-deficit/
hyperactivity disorder (ADHD), with its relatively
high efficacy having been confirmed in numerous
randomized controlled clinical trials (RCTs) and
meta-analyses."> Currently, when physicians choose
among methylphenidate products, they very likely
consider duration of action and whether a special
route of administration might be preferable (eg,
transdermal patch, liquid, pill). There are, however,
no definitive comparative data about efficacy or
tolerability that would lead physicians to favor one
formulation of methylphenidate over another.

Sleep problems are associated with ADHD
regardless of the medication status. In a meta-
analysis, Cortese et al® assessed subjective and
objective sleep parameters across 16 studies of
nonmedicated children with ADHD. For subjective
parameters (ie, based on questionnaires), they found
youth with ADHD to have significantly higher rates
of bedtime resistance, sleep onset difficulties, night
awakenings, morning awakenings, sleep-disordered
breathing, and daytime sleepiness compared to non-
ADHD controls. For objective parameters, they
found significantly greater sleep onset latency on
actigraphy and the Apnea-Hypopnea Index, more
stage shifts, significantly lower sleep efficiency on
polysomnography and true sleep time on actigraphy,
and significantly shorter times to fall asleep on
the Multiple Sleep Latency Test. However, clinical
practice suggests that, beyond the effect of ADHD
per se, methylphenidate may also contribute to sleep
problems, at least in some patients with ADHD.

Although the impact of methylphenidate on sleep-
related adverse events (AEs) has been sufficiently
established to be noted in the US Food and Drug
Administration (FDA) labels for methylphenidate
products, to our knowledge, there is no meta-analytic
evidence aimed at quantifying the magnitude of this
effect. Furthermore, it is unclear which type of sleep
problem (insomnia [general]; initial, middle, and/
or terminal insomnia; sleep disorder) is specifically
associated with methylphenidate use.* Both the size of
the effect and the type of sleep problems are important
elements to consider in daily clinical practice when
prescribers and patients balance the benefits and the
risk associated with methylphenidate.
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Clinical Points

B (Clinicians should systematically explore sleep issues
before starting treatment with methylphenidate and also
at each follow-up visit.

B (linicians should specifically explore initial, middle, and
combined insomnia as well as sleep quality and the
restorative value of sleep.

B When comparing absolute rates of sleep-related adverse
events from different studies, one should keep in mind
that comparisons of relative risk statistics cannot be made
when the rate of placebo-related adverse events differs
between studies.

Additionally, from a research standpoint, the factors that
may potentially confound the risk of sleep-related AEs in
studies comparing methylphenidate and placebo rates of
AEs remain to be elucidated. Gaining insight into these
possible confounders is crucial to determine if comparisons
of the rates of sleep-related AEs across studies of different
methylphenidate formulations are valid.

To address these clinical needs and research gaps, we
conducted a systematic review with meta-analysis of RCTs
of methylphenidate reporting sleep-related AEs, with the
aims to (1) determine the study design-related confounders
that significantly impact the relative risk (RR), (2) determine
the magnitude of the pooled RR of sleep-related AEs
adjusted for confounding variables, and (3) assess if this
risk varies according to the type of sleep problem and the
methylphenidate formulation studied.

METHODS

Literature Search

We conducted a systematic review and meta-analysis
following the guidelines of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
statement.” We included original studies that (1) were
double- or triple-blind, randomized, placebo-controlled
trials with either parallel or crossover designs; (2) enrolled
children and/or adolescents (aged 6 to 18 years inclusive)
with a diagnosis of ADHD according to Diagnostic and
Statistical Manual of Mental Disorders (DSM), Third
Edition or subsequent editions, or hyperkinetic disorders
according to the International Classification of Diseases
and Related Health Problems (ICD), Ninth Revision or
subsequent revisions; (3) investigated the efficacy and/or
safety of methylphenidate formulations approved or under
consideration by the FDA; (4) were conducted in a clinical/
naturalistic setting; (5) reported on sleep as determined by
spontaneously reported or solicited/elicited AEs (ie, using
direct questioning on sleep, rating scale/questionnaire, sleep
diary/log, checklist, etc); and (6) were written in English.

Studies were collected via PubMed (MEDLINE), Ovid
(PsycINFO, EMBASE + EMBASE Classic, Ovid MEDLINE),
and Web of Knowledge (Web of Science [Science Citation
Index Expanded], Biological Abstracts, BIOSIS, Food

Science and Technology Abstracts)/databases from start
until August 2017 (all searched on August 18, 2017). We
also searched for unpublished data on www.clinicaltrials.
gov and FDA websites (ie, Medical/Clinical Review and
Label documents). The reference sections of eligible full-
text reports and relevant reviews were manually searched
for more studies. Supplementary Appendix 1 lists the search
strategy and syntax for each database.

Screening, Identification of Eligible Records,
and Data Extraction

All identified records were exported into EndNote
reference management software. Figure 1 shows the study
selection process. The titles and abstracts of all non-
duplicated records were screened, and full-text versions of
relevant records were acquired. Two PhD-trained reviewers
(M.D.P.and M.K.) independently assessed and reviewed each
record for eligibility. All discrepancies were resolved through
discussion until a consensus was reached. When a consensus
was not reached, a senior author (S.V.E) decided. Working
in groups of two, 4 PhD/PharmD-trained reviewers (M.D.P;
M.K,; and S. Curtiss, PharmD, and Z. Henney, PharmD,
Ironshore Pharmaceuticals & Development, Inc) extracted
data independently from the selected records in duplicate.
After completion of data extraction, any discrepancies in
data sets were resolved through discussion until a consensus
was reached. When a consensus was not reached, a senior
author (S.V.E) acted as an arbitrator.

Sleep AE Definitions

The studies selected used 2 methods to define sleep
AEs: Type 1 studies recorded spontaneous reports with
the preferred terms defined by the Medical Dictionary for
Regulatory Activities (MedDRA) or Coding Symbols for
a Thesaurus of Adverse Reaction Terms (COSTART), and
Type 2 studies used rating scales or questionnaires to elicit
AEs. The AEs from Type 1 studies were classified using
these MedDRA codes: 1=insomnia (general), 2 =initial
insomnia, 3 =middle insomnia, 4=terminal insomnia,
5=combined insomnia (ie, when the participant endorsed
at least 1 type of insomnia measured by the study), 6 = early
morning awakening, and 7 =sleep disorder (as a general term
encompassing any sleep-related complaints). We recoded
“early morning awakening” as “terminal insomnia” Some
studies coded spontaneously reported sleep-related AEs
using individual preferred terms for multiple distinct and
specific sleep issues (eg, initial insomnia, middle insomnia,
terminal insomnia), whereas others collapsed these
individual preferred terms into a single combined insomnia
term. Another approach was to simply use the insomnia
preferred term for general insomnia without indicating or
determining distinct subcategories for specific sleep issues.
Per the MedDRA system, we coded these as insomnia.
Whenever individual preferred terms were provided for
distinct sleep-related AEs, these were coded individually,
and whenever sleep-related AEs were coded separately but
collapsed, they were coded as combined insomnia. However,
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Figure 1. PRISMA Flow Diagram for Study Selection Process

300 ineligible full-text records excluded, with reasons:

Records identified through database searching Additional records identified through other sources:
(August 2017): « ClinicalTrials.gov: 121
S « PubMed (MEDLINE): 2,036 -« FDA website (Medical/Clinical Review and Label
= + OVID (PsycINFO, EMBASE, OVID MEDLINE): 6,927 documents): 18
& + Web of Knowledge (Web of Science Collection, « Reviews/meta-analyses (last 5y): 11
=2 BIOSIS, Biological Abstracts, Food Science and « Reference lists: 231
% Technology Abstracts): 3,453 « Pharmaceutical companies (Clinical Study Reports): 4
Total: 12,416 Total: 385
- Records after duplicates removed:
5,512
g
c
& Records screened:
S 5,512 5,153 irrelevant records excluded after screening
v title and abstract:
« Not randomized
« Not placebo-controlled
« No ADHD diagnosis
- Did not use stimulant/psychostimulant medications
« Healthy volunteers
: « Animal studies
« Record is not an original study
Full-text records assessed for eligibility:
2 359
= « Not randomized
;% « Laboratory classroom study
« Not placebo-controlled
« No ADHD diagnosis with DSM or ICD criteria
— « Did not use methylphenidate
«Adult (>18Yy)
« Preschool (< 6)
° - No insomnia or sleep disorder
3 . o - AE rates
o Randomized controlled studies included: - Actigraphy or polysomnography data only
- 35 « AEs reported elsewhere
(from 59 records?) - Not enough data

2Each study was labeled and referenced using the lead author and the year the primary manuscript on the corresponding study was published,
except for 2 studies that were available only via ClinicalTrials.gov. The number of records is higher than the total number of studies included
because some studies had supporting information available through unpublished sources, such as the FDA website, ClinicalTrials.gov, and

clinical study reports obtained from pharmaceutical companies.

Abbreviations: ADHD =attention-deficit/hyperactivity disorder, AE =adverse event, DSM = Diagnostic and Statistical Manual of Mental Disorders,
FDA=US Food and Drug Administration, ICD = International Classification of Diseases and Related Health Problems.

it is possible that some studies coded multiple distinct sleep-
related issues as insomnia (general) or sleep disorder but did
not describe that clearly in their Methods sections.

Type 2 studies used a rating scale cut-point to define
clinically significant problems, which defined the proportion
of research participants experiencing each event. We coded
these events using MedDRA codes with a few modifications.
We used code 1 for exceeding the clinical cut-point on ratings
of insomnia, code 2 for exceeding the clinical cut-point
on ratings of sleep onset latency, code 3 for exceeding the
clinical cut-point on ratings of awakening during the night,
and code 7 for exceeding the clinical cut-point on ratings
of severe sleep issues. We added code 8 for exceeding the
clinical cut-point on ratings of sleep duration. We excluded
2 studies that used a global sleep rating not convertible to a
MedDRA category. Supplementary Table 1 gives the details
of how each study assessed sleep AEs.

Potentially Confounding Variables

From each study we extracted the following covariates,
if available: type of AE reporting (spontaneous or elicited),
year of study, number randomized to drug and placebo
groups, mean age, percentage of males in sample, percent of
treatment-naive patients in sample, frequency of dosing (1,
2 or 3 times each day), treatment duration (days), number of
study periods, number of sites, percent of white participants,
exclusions for psychiatric comorbidity, diagnostic system
used, percent of sample previously treated with stimulants,
percent of sample previously treated with nonstimulants,
release type of drug (immediate vs long-acting), FDA
registration (yes/no), study sponsor (government,
foundation, industry), study design (parallel, crossover),
and nature of the blind (double vs triple). We also classified
studies into 4 dosing strategy categories based on 2 variables:
(1) whether the dose had been stabilized or optimized prior
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to the study and (2) whether forced titration was used during
the study period.

Statistical Analyses

Our meta-analysis used the random-effects model
of DerSimonian and Laird,® which computes a pooled
RR weighted by sample size. We used the Egger method’
to assess for publication biases. Some research groups
contributed more than one data set to the meta-analysis.
Because measures reported from the same research group
may not be statistically independent of one another, standard
statistical procedures will produce inaccurate P values.
To address this intrastudy clustering, variance estimates
for the meta-analysis regression were adjusted using the
Huber formula® as implemented in STATA.? This formula
is a “theoretical bootstrap” that produces robust statistical
tests. The method works by entering the cluster scores (ie,
sum of scores within families) into the formula for the
estimate of variance. The Huber estimate is also called the
“sandwich” estimate because it is calculated as the product
of 3 matrices: the matrix formed by taking the outer product
of the observation-level likelihood score vectors is in the
middle, and this matrix is pre- and post-multiplied by
the usual model-based variance matrix. The resulting P
values are valid even when observations are not statistically
independent. The meta-analytic regressions were weighted
by the reciprocal of the variance of the effect size. Because
the RRs were markedly skewed, we used the log-transformed
RR in all regression analyses.

To determine if sample and study design features
confounded the association of drugs with sleep-related
AEs, we conducted 2 sets of meta-analytic regression. One
set assessed the association of each feature with the drug
studied. The other assessed the association of each feature
with the RR for sleep-related AEs. We defined a variable
as a confounder if it was associated with both drug name
and the RR for sleep-related AEs. To adjust for these
confounding variables, we executed the following steps for
each drug (referred to as the target drug) separately: (1) in
the subset of data that excludes the target drug, estimate
a multivariate model predicting the log-transformed RR
from all confounders; (2) for the target drug only, use the
estimated model from step 1 to predict the log-transformed
RR; and (3) compute the adjusted log-transformed RR as
the actual RR minus the log-transformed RR adjusted for
confounding variables.

Because there were many missing data points and
these were not missing at random (ie, some studies had
many missing data points, others had fewer missing data
points), we analyzed “missing” as a separate category for
all variables. For categorical variables, we simply added a
“missing” category. For continuous variables, we first created
a categorical variable by partitioning them into quintiles and
then added a “missing” category.

We also capitalized on the high correlation between drug
and placebo AE rates to predict the RR from the placebo
AE rate. To do this, we first transformed the drug and

placebo rates using the logit transformation, which makes
proportions suitable for linear regression. We then regressed
the logit drug rate onto the logit placebo rate (z=8.7,
P<.001) and the square of that rate (z=3.1, P=.002). We
then used coefficients from the resulting regression equation
to predict AE RRs from placebo rates in the range observed
in the studies we reviewed. The equation was

RR =invlogit(1.45*logit(x) + 0.131*logit(x)
*logit(x) +1)/x

in which logit is the logit function and invlogit is the
inverse logit function.

RESULTS

We kept 35 studies (see PRISMA diagram in Figure 1
for details) for the meta-analysis, yielding 75 observations
of sleep-related AEs. There are more observations than
studies because some studies reported more than one type
of sleep AE or more than one method for collecting AEs.
The 35 studies comprised 3,079 drug-exposed patients
and 2,606 placebo-treated patients. After pooling data
across all studies, we found significantly increased RRs for
methylphenidate-associated sleep-related AEs for general
insomnia (RR=1.61, z=9.2, P<.001), initial insomnia
(RR=2.78, z=6.6, P<.001), middle insomnia (RR=2.97,
z=183, P<.001), combined insomnia (RR=2.97, z=6.4,
P<.001), and sleep disorder (RR=1.99,z=4.2, P<.001). All
insomnia categories are MedDRA categories as described in
the Methods section.

Assessment of Potentially Confounding Variables

To find potential confounding variables, we first tested if
any sample or study design features significantly predicted
the RR for sleep-related AEs. The following variables did not
predict the RR for sleep-related AEs: ethnicity, exclusions
for psychiatric comorbidity, enrollment of treatment-
naive patients, use of crossover versus parallel design,
number randomized, treatment duration, elicited versus
spontaneous reporting of AEs, study sponsorship (industry
vs National Institutes of Health vs other) and whether the
study was FDA registered or not. The following variables
were associated with both the relative risk for sleep AEs and
the type of drug studied and hence were considered potential
confounders: mean age of sample, percentage of males in
sample, percentage of stimulant responders in sample, year
of publication, number of study sites, use of stabilization/
optimization during dosing period, rater of AEs, and use
of rating scale to elicit AEs. See Supplementary Table 2 for
details about these confounding variables.

A potential confounder that is not a design feature is
the rate of AEs in the placebo group. This rate could be
influenced by either sample features (eg, some types of
patients with ADHD are more prone to insomnia) or design
features (eliciting AEs will yield higher rates than relying
on spontaneous AEs). Because the placebo AE rate could
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Figure 2. Meta-Analysis of Adjusted Relative Risks for Insomnia (General)?

Study Drug Sample Size, N
INSOMNIA
Pliszka et al 20170 DR/ER-MPH 161 o
Findling et al 2006'2 MPH CD 185 o
Greenhill et al 2002 MPH CD 321 ——
Greenhill et al 2002 MPH CD 321 ——
Biederman et al 2003 MPH LA 136 >
Pearson et al 2013"3 MPH LA 48 R —
Pearson et al 20133 MPH LA 48 <
Ahmann et al 199322 MPH-IR 412 o
Arnold et al 2004%° MPH-IR 75 *>
Barkley et al 19902 MPH-IR 106 o
Barkley et al 19902 MPH-IR 166 ——
Buitelaar et al 19962 MPH-IR 37 e
Daviss et al 2008'® MPH-IR 59 o
Daviss et al 20088 MPH-IR 59 T
Daviss et al 2008'8 MPH-IR 59 o
FIU 2016%7 MPH-IR 306 *
Findling et al 2006'2 MPH-IR 179
Klorman et al 1990% MPH-IR 96 e
Klorman et al 199026 MPH-IR 96 ————
Leeetal 20116 MPH-IR 314 ——
Pelham et al 1999'° MPH-IR 50 o
Pelham et al 1999'° MPH-IR 42 R e
Pelham et al 1999'° MPH-IR 42 o
Pelham et al 1999'° MPH-IR 50 —_——
Ramtvedt et al 2014%* MPH-IR 68 e
Rapport et al 20087 MPH-IR 130 e
Rapport et al 2008'7 MPH-IR 130 ———
Rapport et al 20087 MPH-IR 130 —
Rapport et al 2008'7 MPH-IR 130 —
Simonoff et al 2013 MPH-IR 122 e
Stein et al 1996%° MPH-IR 49 e
Wigal et al 201528 MPH-MLR 92 >
Findling et al 20083! MTS 183 -
Findling et al 2010%° MTS 217 — |
Wilens et al 20103 MTS 60 o
Becker et al 201632 OROS-MPH 326 e
Coghill et al 201 33 OROS-MPH 221 <
Findling et al 20083" OROS-MPH 176 —_———
Lin et al 20143¢ OROS-MPH 114 —t—————
Newcorn et al 200837 OROS-MPH 293 o
Riggs etal 201138 OROS-MPH 303 —
Stein et al 200334 OROS-MPH 93 ——
Wilens et al 20063 OROS-MPH 177 o
Kollins et al 2016%° PRC-063 354 o
Childress et al 2009%° d-MPH-ER 121 ——
Greenhill et al 2006*! d-MPH-ER 100 —4
[ [ [ [
0.01 1 5 10 100

Adjusted Relative Risks

aFor each study, the dot gives the relative risk and the horizontal line brackets the 95% Cl (arrows indicate that the Cl extends off the graph). Studies with
multiple dots for the same methylphenidate formulation reported on sleep-related adverse events using multiple methodologies (eg, spontaneously
reported, solicited/elicited). When the 95% Cl overlaps the vertical line, the relative risk is not statistically significant.

Abbreviations: d-MPH-ER=dexmethylphenidate hydrochloride extended-release, DR/ER-MPH =delayed-release and extended-release methylphenidate
(HLD200), MPH CD = methylphenidate HCI controlled-delivery, MPH-IR =immediate-release methylphenidate, MPH LA = methylphenidate long acting, MPH-
MLR=multilayer-release extended-release bead methylphenidate, MTS = methylphenidate transdermal system, OROS-MPH = osmotic-release oral system
methylphenidate, PRC-063 = methylphenidate hydrochloride controlled-release.

be influenced by these and other potential confounders,
we tested it as a potential confounder and found it to be
significantly associated with drug (x*=21.0, P=.01) and
with the RR for sleep-related AEs (z=-3.3, P=.001). When
we added the placebo AE rate to the multivariate model, it
significantly predicted the RR. In that model, age and year of
publication lost statistical significance. When we then added
drug to the multivariate confounder model, it significantly
predicted the RR (x%=49, P<.0001); all other covariates,

except for age, year of publication, and dosing method,
stayed significant (all P<.05).

In addition to these confounding variables, 2 correlated
drug features were associated with both the RR and the drug
studied. Extended-release formulations had higher RRs for
sleep-related AEs than immediate-release formulations (4.8
vs 1.9, P=.03), and drugs that were dosed once each day had
a higher mean RR (4.6, P<.0001) than those dosed twice
(1.7) or 3 times (2.5) each day. We did not consider these to
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Figure 3. Meta-Analysis of Adjusted Relative Risks for Sleep Disorder, Initial Insomnia, Combined Insomnia, Middle Insomnia,

and Terminal Insomnia®

Study Drug Sample Size, N
SLEEP DISORDER
Pliszka et al 20170 DR/ER-MPH 161 —_—
Barkley et al 199023 MPH-IR 106 +
Barkley et al 199023 MPH-IR 166 ——
Lee etal 2011'° MPH-IR 314 ——
Ramtvedt et al 20142 MPH-IR 68 <+
Stein et al 1996%° MPH-IR 49 *
Becker et al 201632 OROS-MPH 326 Em—
CHMC 2012%2 OROS-MPH 186 \ g
Coghill et al 20133 OROS-MPH 221 *
Lin et al 20143¢ OROS-MPH 114 *
Stein et al 200334 OROS-MPH 93 —
Kollins et al 2016%° PRC-063 354 ——
Stein et al 201143 d-MPH-ER 87 +*
INITIAL INSOMNIA
Pliszka et al 20170 DR/ER-MPH 161 —_—1—
Pelham et al 1990* MPH SR 44 *
Pelham et al 1990* MPH-IR 44 *
Coghill et al 201 33 OROS-MPH 221 L 4
Lin et al 20143¢ OROS-MPH 114 4
Newcorn et al 200837 OROS-MPH 293 *
Kollins et al 20163 PRC-063 354 .
Childress et al 2009%° d-MPH-ER 121 L 4
Greenhill et al 2006%! d-MPH-ER 100
COMBINED INSOMNIA
Pliszka et al 20170 DR/ER-MPH 161 ——
Findling et al 2010%° MTS 217 —_——
Newcorn et al 200837 OROS-MPH 293 *
MIDDLE INSOMNIA
Pliszka et al 20170 DR/ER-MPH 161 —_—
Pelham et al 1990* MPH SR 44 *
Pelham et al 1990* MPH-IR 44 *
TERMINAL INSOMNIA
Pliszka et al 20170 DR/ER-MPH 161 *
[ 1 [
0.01 1 5 10 100

Adjusted Relative Risks

2All insomnia categories are MedDRA categories. For each study, the dot gives the relative risk and the horizontal line brackets the 95% confidence interval
(arrows indicate that the Cl extends off the graph). Studies with multiple dots for the same methylphenidate formulation reported on sleep-related adverse
events using multiple methodologies (eg, spontaneously reported, solicited/elicited).When the 95% Cl overlaps the vertical line, the relative risk is not

statistically significant.

Abbreviations: d-MPH-ER=dexmethylphenidate hydrochloride extended-release, DR/ER-MPH = delayed-release and extended-release methylphenidate
(HLD200), MedDRA =Medical Dictionary for Regulatory Activities, MPH-IR=immediate-release methylphenidate, MPH SR=methylphenidate sustained
release, MTS =methylphenidate transdermal system, OROS-MPH = osmotic-release oral system methylphenidate, PRC-063 = methylphenidate hydrochloride

controlled-release.

be confounders because they are features of the drugs being
compared.

Meta-Analysis of Odds Ratios
Adjusted for Confounders

Figure 2 gives the adjusted RRs for the MedDRA insomnia
(general) category. This category was used when it was not
possible to determine the specific type of insomnia. Figure
2 shows a wide range of RRs with some significantly less
than 1, many (>75%) not significantly different from 1, and
some significantly greater than 1. For the studies in Figure
2, we found no evidence of publication bias (t=0.37, P=.7).

Figure 3 gives a similar plot for sleep disorder and for 3
MedDRA subtypes of insomnia (initial insomnia, middle
insomnia, and terminal insomnia) and combined insomnia.
All but 1 of the RRs in Figure 4 overlap with 1, indicating a
nonsignificant effect. The term combined insomnia means
that the study assessed at least 2 subtypes of insomnia and
the participant endorsed at least 1 of these. By contrast, the
MedDRA term insomnia (Figure 2) was used when subtypes
of insomnia were not evaluated. For the studies in Figure 3,
we found no evidence of publication bias (t=0.37, P=.7).

Figure 4 compares the mean adjusted RRs for all drugs
and types of sleep-related AEs for AE categories studied by
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Figure 4. Mean Adjusted Relative Risks for Sleep Adverse Events by Drug Studied®?
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aAll insomnia categories are MedDRA categories.

bp values give significance of test for differences among drugs; NT = could not be tested due to insufficient studies.
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more than 1 drug. As shown in Figure 4, after correcting
for confounding variables, we found significant differences
among drugs for initial insomnia, insomnia, and sleep
disorder. For initial insomnia and insomnia, the greatest RRs
were seen for osmotic-release oral system methylphenidate
(OROS-MPH), methylphenidate transdermal system
(MTS), and methylphenidate hydrochloride controlled-
release (PRC-063). For sleep disorder, OROS-MPH had a
much larger RR compared with other drugs. There were too
few studies to test drug differences for middle or combined
insomnia.

The Impact of Placebo AE Rates on the RR Statistic

We conducted analyses to further investigate the
relationship between the rate of AEs in the placebo group
and the RR for these AEs. An obvious, yet vital, point is
that the maximum possible RR is bounded by the fact that
the rate of AEs in the drug group cannot exceed 1.0. So, for
example, if the rate of placebo AEs is 0.50, the maximum
possible RR is only 2.0. Less obvious is that drug AE

rates and placebo AE rates are highly correlated (r=0.89,
P<.0001). This high correlation is relevant because it allows
us to predict the RR by using the denominator for the
observed rate of AEs in the placebo group and the numerator
for the rate of AEs in the drug group predicted by the AE
rate in the placebo group. Figure 5 shows that calculating
RR is almost futile with methodologies that estimate high
AE rates because their RRs maximize at a point close to the
value predicted by the placebo AE rate. The figure also shows
that all of the observed RRs are close to what is predicted by
simply knowing the placebo AE rate.

DISCUSSION

This meta-analysis is the first to focus on the rates of sleep-
related AEs in RCTs of methylphenidate. Our findings, based
on literature comprising 35 randomized controlled trials
yielding 75 different observations of sleep-related AEs, have
important clinical and research implications. We found a
significant impact of methylphenidate on sleep-related AEs.
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Figure 5. Impact of Placebo Sleep-Related (AE) Rates on the Observed

Relative Risk (RR)?
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aThe horizontal axis plots placebo AE rates for the range we observed. The dots give the
associated observed RRs. The gray line plots the maximum RR possible, and the black
line gives the RR predicted from the observed placebo rate.

Another important finding was that several study design
and sample features predicted these RRs and confounded
comparisons of methylphenidate formulations.

In terms of the impact of methylphenidate on sleep, we
found that its use was significantly associated with reports
of several types of insomnia (initial, middle, terminal,
combined). Thus, our findings suggest that prescribers focus
the clinical interview not only on delays in sleep onset but
also on middle and terminal insomnia and, more generally,
sleep quality. Furthermore, our findings give pooled
estimates of reported sleep-related AEs for each drug. When
we compared the RR among drug types after adjusting for
confounding variables, we found significant differences
among drugs. As shown in Figure 4, the significant
differences are due to relatively high RRs for OROS-MPH,
MTS, and PRC-063 compared with other methylphenidate
compounds. Sleep-related AEs are, however, only one of the
several considerations physicians should keep in mind when
choosing a methylphenidate formulation.

Another novel finding is that many study design and
sample features, including type of formulation, number of
doses per day, age, sex, percentage of stimulant responders
enrolled, year of study, number of sites, type of rater, and
use of rating scale, predicted both the RR for sleep AEs
and the type of drug studied. Interpretation of the effects
of confounders (Supplementary Table 2) warrants caution
because it is likely that many of these confounders are
correlated with one another. Our goal was not to understand
the nature of these confounders but to adjust for them in our
primary analyses.

Among these confounders, the one that is most relevant
from a clinical standpoint is the finding that long-acting
formulations affected sleep more than immediate-release

formulations. This finding is probably due to patients’
taking their dose too late in the morning or to individual
differences in pharmacokinetics, which extend the duration
of action into the bedtime period. The high RR for once-
a-day dosing reflects that long-acting formulations are
typically dosed once per day.

Except for age, all of the potential confounders that
we assessed stayed significant when we added drug type
to the multivariate confounder model. This latter finding
shows that these covariates add independent information to
predicting RR above and beyond what can be predicted by
type of drug. This observation has important implications
for the interpretation of differences among methylphenidate
formulations in terms of their impact on sleep. Indeed, one
should not compare rates of sleep-related AEs among drugs
across studies without taking such features into account.
Studies that enroll a larger fraction of stimulant responders
have lower RRs than other studies. That difference makes
sense to the degree that the definition of “response” includes
tolerability. Regarding other sample features, higher RRs
were seen for very young samples, and lower RRs were seen
for samples that were nearly all male.

Clinicians generated higher RRs compared with other
raters. Because all studies that did not use rating scales had
AE:s evaluated by clinicians and all studies with nonclinical
raters used rating scales, we cannot separate the effect of
type of rater and whether a rating scale was used. That
said, these results suggest that, compared with other raters
using rating scales, clinician raters using a clinical interview
without a rating scale produce higher RR for sleep-related
AEs. This finding may simply be due to clinicians’ defining
AEs conservatively, which would lead to overall low rates
and a high relative risk. It is intriguing that RRs for sleep
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AEs have increased over time! Further work should assess
if this increase is due to corresponding change in study
design or sample characteristics. It is difficult to interpret
the effects of forced dose titration and whether patients were
stabilized or optimized prior to treatment. The reason is that
these features were correlated and had to be analyzed jointly
for confounder analyses. The finding of higher RRs after
forced dose titration for patients that are neither stabilized
nor optimized makes intuitive sense, but the results for
other categories in Supplementary Table 1 suggest that the
effects are more complex.

Our work is the first to assess the impact of the placebo
AE rate on the RR statistic. The placebo AE rate was
associated with both type of drug studied and the RR. It
thereby confounds the comparison of RRs among drugs. We
have also shown that the placebo AE rate places constraints
on the RR. These constraints should be considered when
comparing 2 drugs or 2 studies of the same drug. As Figure
5 shows, high placebo AE rates cannot lead to high RRs
due to how the RR is defined. Of equal importance, the
high correlation between placebo and drug AE rates places
further constraints on the RR. As shown in Figure 5, the
placebo response rate alone is a good predictor of the RRs
seen in the studies we reviewed.

Taken together, Figure 5 cautions readers not to interpret
RR reported in clinical trials without considering both the
absolute risks and the constraints placed on the RR by that
absolute risk. For example, a low RR may seem comforting,
but as is clear from Figure 5, low RRs are associated with
high absolute risks. Similarly, although a high RR may seem
concerning, it is very likely due to a low absolute risk, which
diminishes the degree of clinical concern. Also, of note from
Figure 5, as the absolute risks approach 0.5, the size of the
RR becomes less and less meaningful due to the low value
of the maximum RR. In fact, in Figure 5, any study with a
placebo AE rate greater than 0.4 has an RR very close to the
largest possible RR. Because of these issues, comparisons
of RRs between studies are not straightforward. In theory,
the RR for sleep-related AEs should not be sensitive to
study design and sample features in a blinded, randomized
controlled design. The above considerations show that this
theoretical position does not hold up to empirical scrutiny.

This conclusion is also corroborated by the work of
Wernicke et al,*> who showed that eliciting AEs leads to
higher absolute rates in both the drug and placebo groups
versus spontaneous reporting of AEs, whereas spontaneous
reporting results in larger drug-placebo RRs more often
than solicitation. In our multivariate analyses, we showed
that the drug studied, the placebo AE rate, and several
covariates provided independent predictive information
about the RR statistic. This finding means that the RR can
be parsed into a part due to drug differences, a part due to
specific covariates, a part due to unmeasured covariates for
which the placebo AE rate is a proxy, and a part due to the
constraints that the placebo AE rate places on the RR due
to the mathematical definition of the RR and the empirical
association between drug and placebo AE rates. Thus, it is

Sleep-Associated AEs With Methylphenidate

essential for cross-study comparisons to focus on the RR
adjusted for these components.

In clinical practice, clinicians should systematically
explore sleep issues before starting a treatment with
methylphenidate and at each follow-up visit. Our findings
highlight that, rather than querying nonspecifically for
“sleep problems,” clinicians should specifically explore
initial, middle, terminal, and combined insomnia as well
as sleep quality and the restorative value of sleep. These
issues can be explored with simple unstructured questions
or with user-friendly questionnaires such as the Sleep
Disturbance Scale for Children*® or the Children’s Sleep
Habits Questionnaire.*”

Our work has implications for future clinical trial designs.
Given that insomnia occurs with all methylphenidate
products, studies would be more informative if they reported
results for different classes of insomnia rather than lumping
all types of insomnia under one nonspecific term. Insomnia
and other sleep AEs should be routinely reported, and study
reports should provide sufficient data for inclusion in future
meta-analyses. Given the impact of prevalence on the RR
(Figure 5), studies should report whether AEs were elicited
or were based on spontaneous reports. No report should
make cross-study comparisons of AE rates or RRs without
taking into account sample and study design features. If
cross-study comparisons are needed, the best current way
to do so (lacking a formal meta-analysis) is to refer to Figure
5. Because the placebo AE rate summarizes the effects of
study design and sample features, Figure 5 can be used to
determine the expected RR from future studies.

Our conclusions are limited by methodological issues.
Like all meta-analyses, our analyses of covariates were
limited by the information provided in the reports we
reviewed. There were also many studies screened from the
initial pool reviewed that did not have sufficient data for
inclusion (Figure 1). For studies that were included, data
were not uniformly available for some covariates. Although
we addressed this issue by categorizing continuous variables
and estimating parameters for “missing” data, the issue
may have limited our ability to find significant effects.
It is, however, unlikely to have created spurious results.
Another limitation is that we restricted the search to reports
published in English, given practical constraints with the
translations of reports in other languages.

Despite these limitations, our meta-analytic estimates
of the association between sleep AEs and methylphenidate
highlight that several types of insomnia and sleep problems,
and not just initial insomnia, are reported as possible AEs
of methylphenidate. We also provide new data about study
design and sample features that influence the RR statistic.
By showing that the rate of placebo AEs impacts the RR,
we provide the field with a useful and typically nonmissing
covariate for adjusting RR statistics. Although our work
suggests that different methylphenidate formulations differ
in their RR for sleep AEs, such information is only one
of many considerations for selecting a methylphenidate
formulation.
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Appendix 1: Search Strategy

The search strategy/syntax for Pubmed.gov was:

((ADHD OR attention deficit OR attention-deficit OR attention deficit hyperactivity
disorder OR hyperkinetic syndrome OR hyperkinetic disorder OR hyperactivity disorder OR
hyperactive child syndrome) AND (stimulant® OR psychostimulant* OR Methylphenidate OR
Aptensio OR Biphentin OR Rubifen OR Focalin OR Methylin OR Cotempla OR Ritalin OR
Metadate OR Equasym OR Medikinet OR Concerta OR Daytrana OR Quillivant OR NWP06
OR Quillichew OR HLD200 OR PRC-063) AND (Randomized OR randomised OR random*
OR cross-over OR crossover OR parallel OR classroom)) OR ((ADHD OR attention deficit OR
attention-deficit OR attention deficit hyperactivity disorder OR hyperkinetic syndrome OR
hyperkinetic disorder OR hyperactivity disorder OR hyperactive child syndrome) AND
(stimulant® OR psychostimulant®* OR Methylphenidate OR Aptensio OR Biphentin OR Rubifen
OR Focalin OR Methylin OR Cotempla OR Ritalin OR Metadate OR Equasym OR Medikinet
OR Concerta OR Daytrana OR Quillivant OR NWP06 OR Quillichew OR HLD200 OR PRC-

063) AND (sleep OR insomnia)).

The search strategy for OVID databases OVID databases (PsycInfo,

EMBASE+EMBASE classic, OVID Medline) was:

((ADHD OR attention deficit OR attention-deficit OR attention deficit hyperactivity
disorder OR attention-deficit/hyperactivity disorder OR hyperkinetic syndrome OR hyperkinetic
disorder OR hyperactivity disorder OR hyperactive child syndrome) AND (stimulant® OR
psychostimulant®* OR Methylphenidate OR Aptensio OR Biphentin OR Rubifen OR Focalin
OR Methylin OR Cotempla OR Ritalin OR Metadate OR Equasym OR Medikinet OR Concerta

OR Daytrana OR Quillivant OR NWP06 OR Quillichew OR HLD200 OR PRC-063) AND



(Randomized OR randomised OR random* OR cross-over OR crossover OR parallel OR
classroom)) OR ((ADHD OR attention deficit OR attention-deficit OR attention deficit
hyperactivity disorder OR attention-deficit/hyperactivity disorder OR hyperkinetic syndrome
OR hyperkinetic disorder OR hyperactivity disorder OR hyperactive child syndrome) AND
(stimulant®* OR psychostimulant®* OR Methylphenidate OR Aptensio OR Biphentin OR Rubifen
OR Focalin OR Methylin OR Cotempla OR Ritalin OR Metadate OR Equasym OR Medikinet
OR Concerta OR Daytrana OR Quillivant OR NWP06 OR Quillichew OR HLD200 OR PRC-

063) AND (sleep OR insomnia)).

The search strategies for Web of Knowledge (Web of Science [Science Citation Index

Expanded], Biological Abstracts, BIOSIS, Food Science and Technology Abstracts) was:

Search 1: (ADHD OR attention deficit OR attention-deficit OR attention deficit
hyperactivity disorder OR attention-deficit/hyperactivity disorder OR hyperkinetic syndrome
OR hyperkinetic disorder OR hyperactivity disorder OR hyperactive child syndrome) AND
(stimulant®* OR psychostimulant® OR Methylphenidate OR Aptensio OR Biphentin OR Rubifen
OR Focalin OR Methylin OR Cotempla OR Ritalin OR Metadate OR Equasym OR Medikinet
OR Concerta OR Daytrana OR Quillivant OR NWP06 OR Quillichew OR HLD200 OR PRC-
063) AND (Randomized OR randomised OR random™* OR cross-over OR crossover OR parallel

OR classroom).

Search 2: (ADHD OR attention deficit OR attention-deficit OR attention deficit
hyperactivity disorder OR attention-deficit/hyperactivity disorder OR hyperkinetic syndrome
OR hyperkinetic disorder OR hyperactivity disorder OR hyperactive child syndrome) AND
(stimulant®* OR psychostimulant® OR Methylphenidate OR Aptensio OR Biphentin OR Rubifen

OR Focalin OR Methylin OR Cotempla OR Ritalin OR Metadate OR Equasym OR Medikinet



OR Concerta OR Daytrana OR Quillivant OR NWP06 OR Quillichew OR HLD200 OR PRC-

063) AND (sleep OR insomnia).

The search strategy for ClinicalTrials.gov was: Condition: ADHD; Other terms:

methylphenidate OR dexmethylphenidate; Status-> Studies: Completed.
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Supplementary Table 1: Study Assessment Methodology

Study Drug Rater Methodology
Pliszka 2017 DR/ER-MPH Clinician Solicited by Direct query — MedDRA version 18.0
. Clinician Spontaneous — COSTART 3 edition
Greenhill 2002 MPH CD Parent Solicited by PSERS
Findling 2006 mg: ICRD Clinician Spontaneous — Coding system not specified
Pearson 2013 MPH LA Parent Solicited by a checklist of sleep items
Teacher
Biederman 2003 MPH LA Clinician Spontaneous — Coding system not specified
Simonoff 2013 MPH IR Parent Solicited by AE questionnaire
Lee 2011 MPH IR Parent Solicited by SERS
Rapport 2008 MPH IR Self-report | ¢ i ited by STESS
Parent
Clinician Spontaneous — Coding system not specified
Daviss 2008 MPH IR Parent Solicited by PSERS
Teacher
Pelham 1999 MPH IR Parent Solicited by PSERS
Stein 1996 MPH IR Parent Solicited by SERS
Buitelaar 1996 MPH IR Parent Solicited by SERS
Ahman 1993 MPH IR Parent Solicited by SERS
Barkley 1990 MPH IR Parent Solicited by SERS
Teacher
Ramtvedt 2014 MPH IR Parent Solicited by SERS
Arnold 2005 MPH IR Clinician Spontaneous — COSTART version not specified
Klorman 1990 MPH IR Self-report | o cited by STESS
Parent
FIU 2002 MPH IR Parent Solicited by PSERS
Pelham 1990 m::’; Parent Solicited by SSEC
Wigal 2015 MPH MLR Clinician Spontaneous — MedDRA version not specified
Findling 2010 MTS Clinician Spontaneous — MedDRA version 7.0
Wilens 2010 MTS Clinician Spontaneous — Coding system not specified
MTS Spc_)n.taneous — MedDRA version 7.0
Findling 2008 Clinician Solicited by CSHQ :
OROS MPH Spontaneous — MedDRA version 7.0
Solicited by CSHQ
Becker 2016 OROS MPH Parent Solicited by PSERS
CHMC 2010 OROS MPH Parent Solicited by systematic assessment of AEs
Coghill 2013 OROS MPH Clinician Spontaneous — MedDRA version 11.1
Stein 2003 OROS MPH Parent Solicited by SERS
Wilens 2006 OROS MPH Clinician Spontaneous — Coding system not specified
Lin 2014 OROS MPH Clinician Spontaneous — Coding system not specified
Newcorn 2008 OROS MPH Clinician Spontaneous — MedDRA version 5.1
Riggs 2012 OROS MPH Clinician Spontaneous — Coding system not specified
Kollins 2016 PRC-063 Clinician Spontaneous — Coding system not specified
Childress 2009 d-MPH-ER Clinician Spontaneous — MedDRA version not specified
Greenhill 2006 d-MPH-ER Clinician Spontaneous — MedDRA version not specified
Stein 2011 d-MPH-ER Parent Solicited by SERS




Methylphenidate Sleep AE Meta-Analysis

Supplementary Table 2: Confounding Variables

Variable Relative risk
for Sleep AEs Association with
Subject Features Relative Risk Drug
Mean Age
8-8.7 2.5
8.8-9.2 3.3
9.3-10.0 2.7 0.003 <0.0001
10.2-10.9 6.2
11.0-16.5 3.6
% Males in Sample
64-70 4.1
72-75 5.5
76-80 2.9 <0.0001 <0.0001
81-88 4.1
89-100 1.8
Stimulant responder (%)
0 6.3
64 2.1 <0.0001 <0.0001
100 3.6

Drug Features
Release type

Immediate release 1.9
Extended release 4.8 0.03 <0.0001
Dosing frequency
Once-daily 4.6
Twice-daily 1.7
Thrice-daily 25 <0.0001 <0.0001
Missing 1.2
Study Design Features
Year
1990-1999 1.9
2002-2006 33
2008-2010 3.8 0.03 <0.0001
2011-2014 4.8
2015-2017 4.8
Method of Diagnosis
gf::/(ler 33 <0.0001 0.58
Number of Sites
1 2.5
2-15 2.6
16-31 5.3 0.0003 <0.0001
32-48 5.3
Missing 4.0
Dosing methods
Stabilized & optimized / Not 48 <0.0001 0.05

forced
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Neither stabilized nor

optimized / Forced 4.6
Neither stabilized nor 3.0
optimized / Not forced ’
Missing 8.5
Rater of AEs
Clinician/Investigator 5.3
Self-reporter 0.9
Parent 2.5 <0.0001 <0.0001
Teacher 1.6
Missing 1.3
Rating scale elicited AEs
No 5.0
Yes 53 0.02 <0.0001
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