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Abstract

Background Many children and adolescents with attention
deficit/hyperactivity disorder (ADHD) are treated with
stimulant and non-stimulant medication. ADHD medica-
tion may be associated with cardiovascular effects. It is
important to identify whether mean group effects translate
into clinically relevant increases for some individual
patients, and/or increase the risk for serious cardiovascular
adverse events such as stroke or sudden death.
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Objectives To evaluate potential cardiovascular effects of
these treatments, we conducted a systematic review and
meta-analysis of the effects of methylphenidate (MPH),
amphetamines (AMP), and atomoxetine (ATX) on diastolic
and systolic blood pressure (DBP, SBP) and heart rate
(HR) in children and adolescents with ADHD.

Methods We conducted systematic searches in electronic
databases (PsychINFO, EMBASE and Medline) to identify
published trials which involved individuals who were
(i) diagnosed with ADHD and were aged between
0-18 years; (ii) treated with MPH, AMP or ATX and (iii)
had their DBP and SBP and/or HR measured at baseline
(pre) and the endpoint (post) of the study treatment. Studies
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with an open-label design or a double-blind randomised
control design of any duration were included. Statistical
analysis involved calculating differences between pre- and
post-treatment measurements for the various cardiovascu-
lar parameters divided by the pooled standard deviation.
Further, we assessed the percentage of clinically relevant
increased BP or HR, or documented arrhythmias.

Results Eighteen clinical trials met the inclusion criteria
(10 for MPH, 5 for AMP, and 7 for ATX) with data from
5837 participants (80.7% boys) and average duration of
28.7 weeks (range 4-96 weeks). All three medications
were associated with a small, but statistically significant
pre—post increase of SBP (MPH: standard mean difference
[SMD] 0.25, 95% confidence interval [CI] 0.08-0.42,
p < 0.01; AMP: SMD 0.09, 95% CI 0.03-0.15, p < 0.01;
ATX: SMD 0.16, 95% CI 0.04-0.27, p = 0.01). MPH did
not have a pre—post effect on DBP and HR. AMP treatment
was associated with a small but statistically significant pre—
post increase of DBP (SMD 0.16, CI 0.03-0.29, p = 0.02),
as was ATX treatment (SMD 0.22, CI 0.10-0.34,
p < 0.01). AMP and ATX were associated with a small to
medium statistically significant pre—post increase of HR
(AMP: SMD 0.37, CI 0.13-0.60, p < 0.01; ATX: SMD
0.43, CI 0.26-0.60, p < 0.01). The head-to-head compar-
ison of the three medications did not reveal significant
differences. Sensitivity analyses revealed that AMP studies
of <18 weeks reported higher effect sizes on DBP com-
pared with longer duration studies (F(1) = 19.55,
p = 0.05). Further, MPH studies published before 2007
reported higher effect sizes on SBP than studies after 2007
(F(1) = 5.346, p = 0.05). There was no effect of the fol-
lowing moderators: type of medication, doses, sample size,
age, gender, type of ADHD, comorbidity or dropout rate.
Participants on medication reported 737 (12.6%) other
cardiovascular effects. Notably, 2% of patients discontin-
ued their medication treatment due to any cardiovascular
effect. However, in the majority of patients, the cardio-
vascular effects resolved spontaneously, medication doses
were changed or the effects were not considered clinically
relevant. There were no statistically significant differences
between the medication treatments in terms of the severity
of cardiovascular effects.

Conclusions Statistically significant pre—post increases of
SBP, DBP and HR were associated with AMP and ATX
treatment in children and adolescents with ADHD, while
MPH treatment had a statistically significant effect only on
SBP in these patients. These increases may be clinically
significant for a significant minority of individuals that
experience larger increases. Since increased BP and HR in
general are considered risk factors for cardiovascular
morbidity and mortality during adult life, paediatric
patients using ADHD medication should be monitored
closely and regularly for HR and BP.
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Key Points

Attention deficit/hyperactivity disorder (ADHD) is a
common neuropsychiatric disorder for which
medication plays a pivotal role for clinical
management.

Amphetamine and atomoxetine were associated with
small but statistically significant pre—post increases
in systolic and diastolic blood pressure and heart rate
in children and adolescents with ADHD, while
methylphenidate treatment had this effect only on
systolic blood pressure in these individuals.

Of the participants on medication, 12.6% reported
other cardiovascular effects and 2% discontinued
their medication treatment due to any cardiovascular
effect; other cardiovascular effects resolved
spontaneously, medication doses were changed or
the effects were not considered clinically relevant.
There were no significant differences in terms of the
severity of cardiovascular effects between the
medication treatments.

More research into the long-term effects on the left
ventricular mass of these relatively small changes of
blood pressure and heart rate associated with ADHD
medication treatment is required.

1 Introduction

Attention deficit/hyperactivity disorder (ADHD) is one of
the most common childhood psychiatric disorders, affect-
ing about 3-5% of all school-age children worldwide
[1, 2]. ADHD is characterised by clinically significant
levels of inattentive, and/or impulsive and hyperactive
behaviours [3]. ADHD is a lifespan condition with a large
proportion of paediatric patients continuing to exhibit
symptoms into adolescence and adulthood [4]. Clinical
guidelines and practice parameters describe the pivotal role
of medication in the clinical management of ADHD [5-9].
These recommendations are based on numerous clinical
trials that have shown both stimulant [e.g. methylphenidate
(MPH) and amphetamine (AMP)] and non-stimulant
medication [e.g. atomoxetine (ATX)] to be efficacious in
treating the symptoms of ADHD, with over 70% of the
reported patients being considered clinical responders
[5-9]. Given the persistence of ADHD symptoms, patients
with ADHD often require long-term pharmacotherapy. Of
those who begin treatment for ADHD, 18-50% continue
medication for a significant period (e.g. 2-3 years [10]).
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While, in general, ADHD medications are well toler-
ated, safety and adverse events are the focus of significant
clinical and public health concern. Adverse events like
sleep and eating problems are commonly reported and can
usually be managed by making changes to the medication
regimen or daily routines [11]. Based on mechanism of
action, there is also the potential for adverse impacts on
cardiac functioning with these medications. MPH, AMP
and ATX are all sympathomimetic agents that increase
noradrenergic and dopaminergic transmission: an effect on
heart rate (HR) and blood pressure (BP) can therefore be
considered an intrinsic feature of their pharmacological
activity [12, 13].

Whilst some authors have described the overall cardiac
risks associated with ADHD medication as unimportant [14],
the available evidence from individual studies suggests that
MPH and ATX may be associated with generally small ele-
vations of BP (<5 mmHg) and HR (<10 beats/min [bpm]) ata
group level but no changes in electrocardiographic (ECG)
parameters [15]. Similar increases of BP and HR have been
reported for AMP [16]. Itis, however, possible that a subset of
children and adolescents (around 5-15%) may experience
greater treatment-related increases in HR or BP, or may report
a cardiovascular-type complaint during ADHD medication
treatment [15]. A meta-analysis in adult patients with ADHD
reported that treatment with stimulants is associated with
small but significant increases of systolic blood pressure
(SBP) (4+2.0 mmHg) and HR (45.7 bpm) but no effect on
diastolic blood pressure (DBP) [17].

It is therefore important to identify whether these cardiac
effects of ADHD medication seen at the group level, translate
into clinically relevant increases for some individual patients,
and/or increase the risk for serious cardiovascular adverse
events such as stroke or sudden death. Apart from one study
[18], for which possible methodological limitations were
identified [19], available epidemiological research has not
shown a significant association between treatment with
ADHD medication and the occurrence of serious cardiovas-
cular events in children and adolescents [20, 21]. One retro-
spective study reported “an overall rate of 2.8 cardiovascular
events per 100,000 patients”. The authors concluded that
medication treatment for children with ADHD is not signifi-
cantly associated with increased risk of stroke, acute
myocardial infarction, sudden cardiac death or ventricular
arrhythmia [22]. A pooled analysis of three other large ret-
rospective data sets [23-25] including more than 1.8 million
MPH-, AMP- and ATX-treated patients reported no associa-
tion between MPH, AMP and ATX and sudden death or stroke
[26]. In contrast, a prospective longitudinal nationwide cohort
study (n = 714,258) reported stimulant-related increased risk
of cardiovascular events (adjusted hazard ratio 1.83). The
effects were still present when the analysis was restricted to
children with ADHD (n = 8300) who used stimulants

(adjusted hazard ratio 2.20; [27]). However, the definition of
‘cardiovascular event’ in this study was nonspecific, and
included hypertension, rheumatic fever and “cardiovascular
disease not otherwise specified”, which makes it difficult to
draw definitive conclusions.

2 Methods
2.1 Objectives and Inclusion Criteria

Here we report the results of the first review and meta-
analysis of cardiovascular outcomes with ADHD medica-
tion in children and adolescents. We assessed effects of
three types of medications used for the treatment of ADHD
(MPH, AMP, ATX) on DBP, SBP and HR. We addressed
the following questions:

1. Are MPH, AMP and ATX associated with an increase
in DBP, SBP and HR?

2. What is the rate of clinically relevant changes of DBP,
SBP, and HR at an individual level?

3. Are these effects moderated by age, sex, comorbidity,
medication variables such as dosage and type of
medication, duration of treatment, dropout-rate and
publication year?

We included trials published in peer-reviewed journals
at any time from a database’s inception. Studies were
included if they met the following criteria:

1. Participants under the age of 18 years who had a
diagnosis of ADHD of any subtype (according to the
DSM-III, DSM-III-R or DSM-IV or of hyperkinetic
disorder according to the ICD-10 system) or met
accepted criteria for clinical levels of symptoms on
validated ADHD rating scales.

2. MPH, AMP or ATX medication was prescribed to
patients during the study (regardless of the treatment
duration). Studies were only included if medications
were prescribed more than once to each participant
(always the same doses or up-titrated doses).

3. At least one cardiovascular outcome was reported
(DBP, SBP and/or HR).

4. Both the baseline (pre) and the endpoint (post) of the
treatment were available.

As there are very few randomised controlled trials that
report adequate systematic data on cardiovascular outcome
(DBP, SBP and HR), open-label and double-blinded study
designs without a control group were included. Clonidine
and guanfacine studies were not included because there
were very few studies published on these medications. In
particular, in Europe, guanfacine was labelled for ADHD
and brought to market only very recently.
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2.2 Search Strategy

We conducted a systematic and comprehensive search for
peer-reviewed papers from the initiation of the databases
until 15 May 2015 in Medline, PsychINFO and EMBASE.
Only articles including humans and written in English were
included. We used common terms for participants (all
variants of ADHD, hyperkinetic disorder, attention deficit),
medications and adverse events across domains (see
Appendix 1, electronic supplementary material). The
medication terms were methylphenidate or methylpheni-
date hydrochloride, methylphenidate hcl, metadate, medi-
kinet, methylin, ritalin, equasym, daytrana, concerta,
atomoxetine, atomoxetin, strattera, attentrol, attentin, recit,
tomoxetin, amphetamine, amfetamine, amphetamines,
amfetamines, levoamphetamine, levoamfetamine, dex-
troamphetamine, dextroamfetamine, methamphetamine,
methamfetamine, detraamphetamine, detraamfetamine,

lisdexamphetamine, lisdexamfetamine, dexamphetamine,
dexamfetamine, benzedrine, adderall, desoxyn, dexedrine,
destrostat, vyvanse. The adverse event terms were adverse
event, adverse effect or adverse effects, adverse reaction,
adverse reactions, side effect, side effects, untoward effect,
untoward effects, adverse drug experience, adverse drug
reactions, drug experience report, drug experience reports,
toxic reaction, toxic reactions, toxic effect, toxic effects,
complication, complications, undesired effect, undesired
effects, unwanted drug effect, unwanted drug effects. In
addition, we manually searched bibliographies from iden-
tified articles and relevant published reviews to identify
additional related publications. We contacted authors to
gather information for required fields if they were not
reported in the included papers. We excluded any case
reports. Furthermore, we excluded single-dose studies and
studies with only a baseline measurement for different
doses (see Fig. 1 for a flow chart of the search strategy).

Fig. 1 Preferred Reporting
Items for Systematic Reviews -
and Meta-Analyses (PRISMA?Y) £ Records identified through database Records identified through other
flow diagram on cardiovascular b Searcztggg Sourczeﬁs
. . g n= n=
effects. “PRISMA Preferred € ( ) ( )
Reporting Items for Systematic 2
Reviews and Meta-Analyses
(http://www.prisma-statement. — : :
org). PReferences from identi- PR Records after duplicates removed, human studies
fied articles and relevant pub- and Studleszg(l)g“gmh
lished reviews were manually " (n= )
searched to identify additional £
related publications. “These §
studies were about the influence 2 Records screencd
of doses on cardiovascular (n=2606) Records excluded at title and
measurements and had no post > abst;;zt
measurement. MPH methylphe- (n =2245)
nidate, AMP amphetamines, A Eull " Tuded
. ull-text articles excluded.
ATX atomoxetine Full-text articles assessed (n=274)
Q for e]igibility Reasons: no cardiovascular measurements
= (1’1 = 361) | (n=186), adults or animals (n=22), no/other
= 7| medication (n=22), questionnaires (n=9),
-én double article (n =4), meta-analysis or review
@ (n=10), no ADHD (n=1), not available (n=11)
Y , only abstract available (n=8), only design of
study available (n=1).
_— Studies included in
— quahtatlv:e ;};nthesm Trials excluded for insufficient
(n ) »| statistical information (n = 69):
Reasons: no data on a pre and post
measurement of one of the variables (n = 53),
g - case study (n=5), doses study / acute doses
= study ¢ (n=8), adults (n=1), data duplication
% Studies included in meta- (already published in other article, n=2).
= analysis
(n=18)
—
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2.3 Outcome Measures

The outcome measures were the pre—post treatment change
in DBP, SBP and HR. Throughout this paper, when ref-
erence is made to SBP, DBP or HR, the data presented will
be mean results, unless otherwise stated. Where two or
more papers had been written from the same dataset, the
outcomes of the longest follow-up were recorded in order
to explore measurements of cardiovascular parameters over
the longest follow-up interval. Where studies (n = 3)
included cardiovascular parameters from both a medication
and a comparison arm (e.g., placebo or control group), only
the parameters for the medication treatment group were
included in the analysis. HR is reported from either an
ECG-measured HR or a manually measured pulse rate.
Where a study reported both types of measure at the same
time point, we used the ECG measurement as it was
deemed likely to be more accurate.

We also reviewed reporting of other ‘cardiovascular
effects’ at the level of the individual. These were not strictly
defined but incorporated any adverse reaction or symptom that
was reported including clinical hypertension and heart
rate >90th percentile, tachycardia, bradycardia, documented
arrhythmia and changes in ECG intervals, morphology or
repolarisation. It was important that studies had performed
baseline cardiovascular measurements prior to starting med-
ication, in order to give an accurate assessment of change and
to ensure that any pre-existing cardiovascular disorders/ill-
nesses/complaints were identified before the study started.

2.4 Study Selection

Titles and abstracts of articles were checked by at least two
of the authors (LH, MJB, JKB) if they met the inclusion
criteria. Assessment of articles for final inclusion was
based on full-text revision.

2.5 Data Extraction

Sample information and the cardiovascular data of the
included trials were entered into Review Manager version
5.3 (http://ims.cochrane.org/revman). This provided a sys-
tematic record of study features. Effect sizes from Review
Manager and possible moderators of the cardiovascular
parameters (type of medication [e.g. MPH, AMP, ATX],
doses, duration of treatment, sample size, age, male per-
centage, type of ADHD, comorbidity, dropout rate and
publication year) were extracted into SPSS version 20.

2.6 Statistical Analyses

The pre—post within-group design was used to analyse
medication effects on DBP, SBP and HR. Individual effect

sizes (ESs, expressed as the standard mean difference
[SMD]) were calculated in Review Manager version 5.3.
The ES is the difference between the pre-treatment and the
post-treatment divided by the pooled pre-treatment and
post-treatment standard deviation. The ES can be consid-
ered to be a small (SMD >0.2), medium (SDM >0.5) or
large (SMD >0.8) [28]. Given the heterogeneity of sample
characteristics and implementation of treatments in the
included studies, we chose, a priori, to use a random effects
model, as recommended by Field and Gillett [29].
Heterogeneity was calculated using x> and I* tests with the
I statistic used as an estimate of between-trial hetero-
geneity in SMD and the y* test as an index of whether
medication type (e.g. MPH, AMP, ATX), dose, duration of
treatment, sample size, age, gender, type of ADHD,
comorbidity, dropout rate and publication year had an
effect on the SMD. Dummy variables by median split were
calculated for age, gender (male percentage), type of
ADHD, comorbidity (yes/no), dosage, duration of treat-
ment and publication year. Median split was chosen instead
of the mean because of the effect of outliers. When in the
results section the word ‘significant’ is used, we are
referring to statistically significant effects and not clinically
significant effects, unless otherwise stated.

3 Results

Table 1 summarises the participants and study character-
istics of all the included studies in this meta-analysis.
Eighteen trials [30-47] (from 2712 records: database
searching [n = 2686] and other sources [n = 26]) met the
inclusion criteria. These reported data from 5837 partici-
pants (mean age 10.5 years, range 3.5-18 years; 80.7%
males). Six studies reported effects for MPH alone [30-35],
four for AMP alone [36-39] and three for ATX alone
[40-42]. Four reported data on both MPH and ATX
[43-46] and one on both AMP and ATX [47].

Fourteen studies employed an open-label design
[30, 33-37, 39-44, 46, 48], while the remainder had a
double-blind, randomised control design [31, 38, 45, 47].
In total, five studies included a control group in their design
[31, 35, 38, 45, 47]. Despite including a control group, two
studies [31, 45] did not report cardiovascular parameters
for the control group. Another study [38] reported only data
for a safety population including medication and control
group data.

Fourteen out of 18 trials [30, 33, 36—47] specified the
distribution of ADHD subtypes and included participants
of the different subtypes: inattentive (n = 14), hyperac-
tive—impulsive (n = 13) and combined type (n = 14).
Comorbidity was reported in 12 studies [30, 31, 35,
37, 41-48], with the most commonly reported conditions
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Table 1 Summary of characteristics of studies included in meta-analyses with cardiovascular parameters

Study Type of Study design Sample = Mean age, Male, Type of Doses, mean Length of
medication size, y (range) % comparison [SD] or range  study/
N (drop- per day observation,
out %) weeks
MPH
Buitelaar MPH Prospective, double- 46 (NR) 9.3 (7-13) 88 Pindolol and 20 mg 4
et al. [31] blind placebo- placebo
controlled study
Hammerness OROS- Open-label study 114 (50) 14.1 73 NR 0.5-1.75 mg/ 24
et al. [48] MPH (12-18) kg
Kim et al. OROS- Prospective, open- 24 82 (6-12) 92 NR 18-45 mg 24
[30] MPH label, flexible-dose (11.1)
Lee et al. OROS- Open-label study 47 14.3 78 NR 18-72 mg 12
[33] MPH (14.5) (12-18)
Wilens et al.  OROS- Open-label study 432 (29) NR (6-13) NR NR 18-54 mg 48
[34] MPH
Zeiner [35] MPH Open-label study 23 (13) 9.3 (7-12) 100 No medication 0.55 mg/kg 84
AMP
Coghill et al. LDX Open-label trial 276 10.9 76.8 Placebo 30-70 mg 52
[36] (39.9) (6-17)
Donner et al. MAS XR  Prospective, open- 2968 9.5 (6-13) 76.1 Doses 10-40 mg 14
[37] label, no (1.2)
comparative,
community-based
study
Findling LDX Open-label, 314 (42) 145 70.6 Placebo (no data)  30-70 mg 52
et al. [38] multicentre, (13-17)
randomised, double-
blind, placebo-
controlled study
Wilens et al. MAS XR  Open-label study 138 14.4 71.0 NR 10-40 mg 16
[39° (NR)
ATX
Fuentes et al. ATX Randomised, 199 9.2 (6-16) 79.4 Any other 0.5-1.8 mg/kg 48
[40] controlled, open-label ~ (21.1) pharmacological
study ADHD treatment
Ghuman ATX Open-label pilot study 12 (0) 5.0 75 NR Up titration 6
et al. [41] (3.5-5.8) 18-40 mg
Hammerness ATX Two-phase open study 72 9.3 (6-17) 76 ATX (vs ATX and ATX 4
et al. [42] (16.7) OROS-MPH) 0.5-1.4 mg/
kg
OROS-MPH
18/54 mg
>1 medication
Arcieri et al.  MPH Open-label, 351 104 87 MPH and BT* MPH 184 96
[43] ATX prospective, (82.6) (6-18) (10.4)
observational study 350 10.8 90 ATX and BT ATX 38.6
(89.1) (6-18) (20.5)
Dittmann LDX Head-to-head, 128 10.9 75.2 LDX LDX 9
et al. [47] ATX randomised, double- (24.8) (3.01) 30-70 mg
blind, active- 134 10.4 769  ATX ATX <70 kg:
controlled study 24.6)  (2.84) 0.5-1.4 mg/
kg; >70 kg:
40-100 mg
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Table 1 continued

Study Type of Study design Sample = Mean age, Male, Type of Doses, mean Length of
medication size, y (range) % comparison [SD] or range  study/
N (drop- per day observation,
out %) weeks
Kratochvil MPH A prospective, 40 10.4 100 MPH 5-60 mg 10
et al. [44] ATX randomised, open- (37.5) (7-15)
label 180 104 90.8  ATX 0.2-1.0 mg/kg 10
(35.9) (7-15)
Sangal et al. MPH Randomised, double- 83 (5.3) 10.1 75 MPH 0.45-1.8 mg/ 7
[45] ATX blind crossover (6-14) kg
81 (NR) NR NR ATX NR 7
Yildiz et al.  OROS- Open-label study 11 9.0 (8-13) 82 OROS-MPH 18-54 mg 12
[46]° MPH (13.3)
ATX 14 9.78 93 ATX 18-60 mg 12
(17.6) (8-12)

AMP amphetamines, ATX atomoxetine, LDX lisdexamfetamine dimesylate, MAS XR amphetamine salts extended release, MPH methylphenidate,
NR not reported, OROS-MPH osmotic release oral system—MPH (Concerta®), SD standard deviation

* Behaviour treatment (BT) involves child/parent/family training, psychodynamic therapy or counselling

® Study with only heart rate data

being oppositional defiant disorder (n = 9 studies), con-
duct disorder (n = 9), anxiety disorder (n = 7), depression
(n = 5) or other disorders (n = 5).

Fourteen studies [30, 31, 33-35, 37-39, 42, 45-48] had
performed cardiovascular measurements during screening
and excluded children with cardiovascular disorders/ill-
nesses/complaints beforehand. Four studies reported no
information about the screening process [36, 40, 41, 44].

Trial duration ranged from 4 to 96 weeks (mean
28.7 weeks): 4-12 weeks (n = 8), 13-51 weeks (n = 6)
and > 52 weeks (n = 4). The average duration for MPH
studies was 28.1 weeks (range 4-96), for AMP studies
29.2 weeks (range 9-52) and for ATX studies 24 weeks
(range 4-96). Seven studies [34, 37-40, 43, 48] reported
multiple follow-up outcome measurements. The outcome
of the latest follow-up was recorded. The average drop-out
rate was 1149/5836 (19.9%; 18 studies). Two studies were
published before 2000, nine between 2000 and 2010, and
seven after 2010.

3.1 Diastolic Blood Pressure

AMP (SMD 0.16, 95% confidence interval [CI] 0.03-0.29,
p = 0.02; four studies) and ATX (SMD 0.22, 95% CI
0.10-0.34, p < 0.01; seven studies) were associated with
small but statistically significant pre—post differences. The
effect for MPH was not significant (SMD 0.16, 95% CI —
0.04 to 0.36, p = 0.11; ten studies). When effects were
pooled for all medications together, there was a small but
statistically significant increase in DBP associated with
ADHD medication (SMD 0.18, 95% CI 0.09-0.26,
p < 0.01; 17 studies) and no significant difference between

the three medications when comparing two drugs per
comparison.

3.2 Systolic Blood Pressure

MPH (SMD 0.25, 95% CI 0.08-0.42, p < 0.01; ten trials),
AMP (SMD 0.09, 95% CI 0.03-0.15, p < 0.01; four
studies) and ATX (SMD 0.16, 95% CI 0.04-0.27,
p = 0.01; seven studies) each had small but statistically
significant pre—post effects on SBP. Across all medications
together there was a small and significant pre—post effect
(SMD 0.18, 95% CI 0.10-0.27, p < 0.01; 17 studies) with
no differences between the three medications when com-
paring two drugs per comparison.

3.3 Heart Rate

For HR there were small but significant effects for AMP
(SMD 0.37, 95% CI 0.13-0.60, p < 0.01; five studies) and
ATX (SMD 0.43, 95% CI 0.26-0.60, p < 0.01; seven
studies) but the effects for MPH were not statistically
significant (SMD 0.20, 95% CI —0.02 to 0.41, p = 0.07;
10 studies). Pooled pre—post effects across all three medi-
cations were small but statistically significant (SMD 0.32,
95% CI 0.20-0.43, p < 0.01; 17 studies) on HR. Figure 2
shows the forest plots for all three medications and the
cardiovascular parameters.

3.4 Multiple Measurements Over Time

For MPH, three studies [34, 43, 48] reported data of
multiple measurements (number of measurements 3-5;
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Fig. 2 Forest plots with pre—post standardised mean differences
SMDs (ES) and homogeneity statistics for meta-analyses of DBP,
SBP and HR. The forest plots represent each study in the meta-
analysis, plotted according to the SMD. The SMD is the difference
between the pre-test and the post-test divided by the pooled pre-test
and post-test standard deviation. The green box on each line shows
the SMD for each study. The size of the box stands for the size of the
sample size. The black diamond at the bottom of the graph shows the
average SMD of all studies of all medications. If a green box or the
black diamond stands on the left side of the middle line, this
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represents a higher DBP, SBP or HR on the pre-test in comparison
with the post-test, so a decrease. A box/diamond on the right side of
the middle line represents a higher DBP, SBP or HR on the post-test
in comparison with the pre-test, so an increase. If the green box or the
black diamond crosses the middle line, then this study reported no
significant effect. For more explanation about forest plots, see [58].
AMP amphetamines, ATX atomoxetine, CI confidence interval, DBP
diastolic blood pressure, df degrees of freedom, ES effect size, HR
heart rate, MPH methylphenidate, SBP systolic blood pressure, SMD
standard mean difference
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Fig. 2 continued
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Fig. 2 continued
duration range 24-96 weeks). A peak in DBP (mean

+1.7 mmHg) and HR (mean +3.7 bpm) was reported at
the first measurement (average 3.2 months after

baseline) compared with baseline and follow-up mea-
surements. Similar results were reported on SBP (mean
+1.6 mmHg).
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Two AMP studies reported a trend of increased DBP/
SBP/HR until 14 weeks [37] and 52 weeks of treatment
[38]. Once again, the highest peak was at the first mea-
surement after baseline (average 6 weeks; mean changes:
DBP +1 mmHg; SBP +0.75 mmHg; HR +3.35 bpm).

Arcieri et al. [43] and Fuentes et al. [40] studied ATX and
reported the highest effect in DBP, SBP and HR at the first
measurement (at 6 months after baseline); effects on DBP
(+0.2 mmHg) and HR (+2.9 bpm) were statistically sig-
nificant, while effect on SBP (40.8 mmHg) was not sig-
nificant in Arcieri et al. [43]. Despite the increased levels at
the first measurement, Arcieri et al. [43] reported no statis-
tically significant effects on DBP (40.13 mmHg) and SBP
(+0.36 mmHg) at 12 months in comparison with baseline,
only HR (43.26 bpm) was statistically significant. There
were no statistically significant effects at 24 months in
comparison with the baseline (DBP +1.11 mmHg; SBP
+2.13 mmHg; HR 40.21 bpm). Fuentes et al. [40] observed
small changes at 6 months for all cardiovascular parameters
(DBP +1.3 mmHg; SBP 4-0.8 mmHg; HR +7.9 bpm) and
at 12 months (DBP +1.6 mmHg; SBP +1.6 mmHg; HR
+5.6 bpm) compared with baseline. Only the mean changes
for HR were reported as significant.

In summary, the largest change in studies with multiple
measurement points was overall reported at the first mea-
surement time point after baseline (average 13.3 weeks; 7
studies).

3.5 Moderators of the Treatment Effect

Sensitivity analyses revealed a significant effect of study
duration on DBP following AMP treatment (F(1) = 19.55,
p = 0.05). Studies <18 weeks reported higher ESs (SMD
0.28) compared with longer duration studies (SMD 0.05).
There was a significant effect of publication year on SBP
for MPH treatment (F(1) = 5.346, p = 0.05). Studies
published before 2007 reported higher ESs (SMD 0.37)
than studies after 2007 (SMD —0.02). There was no effect
of the following moderators: type of medication (e.g. MPH,
AMP, ATX), doses, sample size, age, gender (male per-
centage), type of ADHD, comorbidity and dropout rate.
Due to the homogeneity among studies on age, distribution
of gender, ADHD type (yes/no), comorbidity (yes/no) and
doses, it was not possible to explore their status as mod-
erating influences. It was also not possible to explore the
possible influences of comorbidity because of the small
samples for each medication.

3.6 Cardiovascular Adverse Effects on Individual
Level

A majority of studies (15/18, 83.3%) reported individual-
level data about other cardiovascular effects (see Table 2).

Cardiovascular effects reported were hypertension and HR
above 90th percentile, tachycardia, brachycardia, arrhyth-
mia, palpitations and ECG abnormalities. Overall, 737
cardiovascular adverse effects were reported in these
studies for all 5837 participants (12.6%). Studies about
MPH reported 149/1171 (12.7%) cardiovascular effects,
AMP 462/3705 (12.5%) and ATX 126/961 (13.1%). There
were no significant differences between the medication
treatments, (F(2) = 3.006, p = 0.007). Notably, the vast
majority of patients continued their medication treatment
following the report of a cardiovascular adverse event;
these resolved spontaneously or medication doses were
changed or the events were not considered to be clinically
relevant. In case of other cardiovascular effects, 15/737
(2.0%) discontinued the treatment of MPH (5/149, 3.4%),
AMP (9/462, 2.0%) or ATX (1/126, 0.8%). Two partici-
pants discontinued their treatment at 6 months and one at
6 weeks; the moment of discontinuation was not reported
for the remaining 12 participants (see Table 2, last column,
for the reasons why these 15 participants discontinued their
medication).

4 Discussion

This report presents the first meta-analysis on the effects of
treatment with MPH, AMP and ATX on DBP, SBP and HR
in children and adolescents with ADHD (see [17] for a
review of adult data). Relatively small but statistically
significant pre—post increases of BP and HR were associ-
ated with medication treatment in children and adolescents
with ADHD. All three medications were associated with
numerically small but statistically significant elevated SBP.
AMP and ATX, but not MPH, were associated with small
but statistically significant elevated DBP and HR. There
were no statistically significant differences between the
medications in their amount of change on cardiovascular
outcomes.

Pooled results from the few studies that reported mul-
tiple measurements over time showed that the largest
changes for DBP, SBP and HR were observed between
baseline and the first recorded time point after baseline,
indicating a stronger effect in the short term with a ten-
dency towards normalisation thereafter. This should be
interpreted cautiously, however. In one study, only 1/10
(38/316 at 6 months) of the subjects were assessed at
24-month follow-up, with no difference compared with
baseline for all three measures (SBP, SBP and HR) [43].
Since this was an observational study, it is not clear whe-
ther the absence of long-term effects is related to the
development of tolerance for these effects or to the fact that
patients with earlier significant cardiovascular changes
withdrew from the respective medication treatment.
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Table 2 Summary of all cardiovascular effects reported in studies included in this meta-analysis

Study

Hypertension and heart rate

>90th percentile

Tachycardia Brachycardia Other

cardiovascular
effects

ECG abnormalities

Discontinued
treatment due to
cardiovascular
effect/moment of
discontinuation

MPH

Arcieri et al.
[43]

Buitelaar
et al. [31]

Hammerness
et al. [32]

Kim et al.
[30]

Kratochvil
et al. [44]

Lee et al.
[33]

Sangal et al.
[55]

Wilens et al.
[34]

Yildiz et al.
[46]

Zeiner [35]
AMP

Coghill et al.

[56]

Dittmann
et al. [47]

Donner et al.

(37]

NR

NR

6% (n = 7; probably because of

high BMI)

NR

NR
NR

1 SBP >130 mmHg

NR

NR

NR

11/94 (11.7%) DBP >80 mmHg
12/94 (12.8%) >SBP

120 mmHg

4/127 (3.1%) HR <50 bpm
197127 (15.0%) HR >100 bpm

2.5% SBP or DBP values that
were >95th percentile

3.6% had an HR

increase >25-110 bpm

6 DBP >90 mmHg

22 SBP >130 mmHg

30 HR >120 bpm
0 HR <50 bpm

6/351
(1.7%)

NR

2/40 (5%)

NR

NR

0%

NR

NR

NR

2 (0.1%)

10/351
(2.8%)

NR

NR

NR

0%

NR

NR

NR

NR

1/351 (0.3%)
arrhythmia

NR

0%

NR

NR

NR

7/2968 (0.2%)
including
hypertension,
palpitations,
and
tachycardia
(no numbers
of events
separately)

4.7% (6 mo), 10%
(12 mo), 10.4%
(24 mo)

5/351 (1.7%)
lengthened QTc
No ECG

0%

0%

0%

No ECG
0%

0%

0%

No ECG

No ECG

8/83 (9.6%)

HR >100 bpm

QTCcF interval
change from
screening >30 ms
or <6 ms = 2/83
(2.4%)

63 (2.1%)

1(Altered ECG,
arrhythmia)/after
6 mo

1 (recurrent
palpitations)/
after first 6 wk

0

NR if was due to
cardiovascular
event

0

1 (SBP
>130 mmHg at
2 min
occasions)/NR
2/NR

NR

9 cardiovascular
events, including
hypertension,
palpitations, and
tachycardia (no
numbers of
effect
separately), 1
right bundle
branch block, 1
prolonged QT
interval/NR
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Table 2 continued

Study Hypertension and heart rate Tachycardia Brachycardia Other ECG abnormalities  Discontinued
>90th percentile cardiovascular treatment due to
effects cardiovascular
effect/moment of
discontinuation
Findling 33/265 (12.5%) NR NR NR 12/257 (4.7%) 0
et al. [38] SBP >120 mmHg + increase ECG HR >100 bpm
of 10 mmHg

4/265 (1.5%) SBP >140 mmHg

20/265 (7.5%) DBP
>80-90 mmHg with increase
of 10 mmHg

11/265 (4.2%)
HR >100-120 bpm, or
increase of 15 bpm

Wilens et al. 21 increase of DBP >10 mmHg 1 NR NR 34/138 at baseline 0
(57 5 increase SBP >20 mmHg 24/138 at end point

1 HR 110-115 bpm

6 pulse change of >25 bpm

ATX
Arcieri et al.  NR 6/350 1/350 (0.3%) 1/350 (0.3%) After 6 mo: 8 (3.6%) 1 (arrhythmia)/
[43] (1.7%) arrhythmia After 12 mo: 7 after 6 mo
(4.1%)
After 24 mo: 0
1/350 (0.3%) a
lengthened QTc
Dittmann Children: NR NR NR 8/91 (1.1%) 0
etal. [47] 1398 (13.3%) DBP >80 mmHg HR >100 bpm
11/98 (11.2%) QTCcF interval
SBP >120 mmHg change >30 ms
or <60 ms = 1/90
32/132 (24.2%) HR >100 bpm (1.1%)
Adolescents:
6/34 (17.6%) DBP >80 mmHg
3/34 (8.8%) SBP >130 mmHg
16/34 (47.1%) >SBP
120 mmHg
Fuentes et al. NR NR NR NR NR 0
[40]
Ghuman NR NR NR 0 0% 0
et al. [41]
Hammerness 1 HR >120 bpm NR NR NR 0% 0
et al. [42]
Kratochvil NR 11/184 NR 0 0% 0
et al. [44] (6%)
Sangal et al. NR NR NR NR 0% 0
[55]
Yildiz et al. NR NR NR NR 0% 0
[46]

AMP amphetamine, ATX atomoxetine, BMI body mass index, bpm beats per minute, DBP diastolic blood pressure, ECG echocardiogram, HR
heart rate, MPH methylphenidate, NR not reported, Q7c QT interval corrected, Q7TcF QT interval corrected using Fridericia’s formula, SBP
systolic blood pressure

Finally, 12.6% of cases reported other cardiovascular infarction, stroke or sudden cardiac death, which is con-
adverse events on an individual level. There were no sistent with the literature [20, 22, 26, 27, 49]. Of note, most
reports of serious cardiovascular events such as myocardial studies (N = 14) performed cardiovascular measurements
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at the screening phase, so children with cardiovascular
disorders/illnesses/complaints beforehand were likely to
have been excluded. This may have biased the percentage
of cardiovascular effects at an individual level towards
under-reporting. The vast majority of patients with other
cardiovascular events continued medication treatment, with
only 2% discontinuing treatment.

Our findings are consistent with prior evidence of
numerically small effects of ADHD medication on changes
in cardiovascular parameters (e.g. earlier reviews of clini-
cal trials) in children, adolescents and adults with ADHD
[14, 16, 50] for most patients, although the specific pattern
of effects differed to some degree. For instance, another
study [14] found no effect for MPH on SBP and increased
levels of BP and HR based on long-term studies in MPH
(e.g. medication use for several months). An important
point with cardiovascular changes over the long term is that
the longer the observation period, the more likely it is that
patients with clear cardiovascular effects will have dropped
out. These patients will not therefore be included in the
final endpoint analysis.

A prior meta-analysis on the effects of MPH and AMP
on cardiovascular parameters in adult patients identified ten
randomised placebo-controlled studies [17]. Medication
was associated with higher mean DBP (1.0 mmHg), SBP
(2.0 mmHg) and HR (5.7 bpm). These findings suggest the
effects of MPH on cardiovascular parameters may be
somewhat larger in adults with ADHD. Notably, the studies
in the adult meta-analysis do not only differ in patient age
from our meta-analysis, but also in design, gender and
duration. It is also difficult to directly compare mean
changes of the cardiovascular parameters because paedi-
atric norms differ from the norms for adults. Further, the
adult meta-analysis included only placebo-controlled
studies since 2006, the percentage of male patients was
lower (55%) and the duration of the studies was much
shorter (6 weeks) than in our meta-analysis. Therefore,
compared with adult ADHD populations, we should be
cautious in interpreting our results, which—with MPH
treatment—did not show statistically significant change of
DBP and HR in children and adolescents with ADHD.

Our analyses did not find differences in adverse changes
in cardiovascular parameters between the three medica-
tions studied. Analyses of possible moderators on cardio-
vascular pre—post changes and ADHD medication showed
a statistical effect for publication year and treatment
duration. Studies on MPH treatment before 2007 reported
higher pre—post test changes on SBP than studies published
after 2007. Furthermore, studies on AMP treatment with
duration <18 weeks reported a higher pre—post test effect
on DBP compared with longer duration studies. This is in
line with our finding that the highest changes within a study
of multiple measurements were reported between baseline
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and the first time point after, indicating a stronger short-
term effect. Unfortunately, due to lack of variation between
studies with respect to age, distribution of gender, type of
ADHD and comorbidity, it was not possible to explore
their moderating influences. Further research is required to
explore the possible effects of those moderators.

Only two studies reported cardiovascular pre—post
effects of long-term medication use: one comparing MPH
and ATX during 96 weeks of treatment [43], and another
employing MPH for 84 weeks [35]. Both studies reported
no effects on any cardiovascular parameters. It is essential
to evaluate whether these overall small effects of ADHD
medication on BP and HR have long-term cardiovascular
consequences; for example, by inducing ventricular
hypertrophy through increased cardiac load. To this end, an
ongoing study named ADDUCE (Attention Deficit
Hyperactivity Disorder Drugs Use Chronic Effects) has
compared 24-hour blood pressure assessments and left
ventricular mass measured by echocardiograms in adoles-
cents and young adults who have been on stimulant treat-
ment for 3 years or longer to age-matched ADHD patients
who are medication-naive (http://www.adhd-adduce.org).
These data will be available for report in the near future.

4.1 Limitations

The results of the current meta-analysis need to be con-
sidered in the light of a number of limitations. First, 3/18
included studies did not report on cardiovascular effects at
the level of the individual. Moreover, strikingly few studies
on ADHD medication overall published in the international
literature met inclusion criteria by providing information
about cardiovascular parameters pre- and post-treatment
(see Fig. 1). Second, it is usual to exclude case reports from
analyses such as the one we have performed, because it is
often difficult to determine causality and the results might
be biased if such data were included. However, it should be
acknowledged that by excluding such case reports, it is
possible that a small number of individuals who have
clinically significant cardiovascular adverse effects might
not be drawn to the attention of clinicians; such individuals
will not be obvious in the grouped mean data. Third, this
meta-analysis is necessarily limited by the quality of the
original reports. Fourth, nearly 80% of the studies included
open-label data. Further research should utilise randomised
controlled designs in children and adolescents that also
focus on cardiovascular parameters and cardiovascular
events. Fifth, to disentangle cardiovascular effects of
medication treatment from those of the disorder itself, a
control group is needed of individuals with ADHD who
have never used any ADHD medication or who receive a
placebo. Additionally, because of the low number of AMP
studies that met our inclusion criteria, we should be
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cautious with generalizing our findings. Four AMP studies
showed an overall small pre—post effect on DBP and SBP
and a small to medium pre—post effect on HR. It is possible
that we reported almost no effects of moderators (only
duration) because of the small number (for example AMP
N = 5) of available studies. Most studies did not report on
the timing of participants ending the study early; this has to
be taken into account with the interpretation of the data.
Finally, measurement issues are very important in cardio-
vascular studies. Few studies used adequate equipment for
measurement of BP. Standard BP measurement guidelines
should be followed (see [51]).

4.2 Clinical Implications

Medication treatment for ADHD requires ongoing cardio-
vascular monitoring for safety, particularly for those
patients who have experienced increases in BP or HR
during titration/in the short term. We recommend recording
the BP and HR changes over time, especially for children
and adolescents, in accordance with authoritative treatment
guidelines [52, 53, NICE, 54]. Changes in BP and HR do
not automatically translate into a clinically relevant car-
diovascular effect such as hypertension or tachycardia. It is
important that parameters are adjusted for age, BMI and
gender. This should be executed at the level of the indi-
vidual patient in normal treatment settings as well as in
research trials as recommended by Cortese et al. [52]:
“Before initiating ADHD medication, the prescribing
specialist should: (1) conduct a clinical interview to detect
any cardiovascular risk factor, (2) measure baseline heart
rate and BP and (3) repeat the measure every 3 to
6 months, (4) perform an auscultation to identify any
murmurs, (5) make a referral for further assessment as
indicated, (6) a systematic electrocardiogram is not
mandatory and should only be conducted when specifically
indicated, (7) the algorithm to manage adverse cardiovas-
cular events suggested by the European ADHD Guidelines
Group [11] should be followed”.

5 Conclusion

This meta-analysis indicates that statistically significant
small to medium pre—post increases of DBP, SBP and HR
were associated with AMP and ATX treatment. Further-
more, a small pre—post increase in SBP and no effect on
DBP and HR were associated with MPH treatment. The
clinical relevance of these mean group effects regarding the
long term is unclear and requires further research, and also
discussion between experts in ADHD and paediatric
hypertension. These mean group effects could mask clini-
cally relevant changes in HR and/or BP in some

individuals. It is important to monitor closely the cardio-
vascular system in children and adolescents who are treated
for ADHD with medication.
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