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Abstract Although an extensive number of studies sup-

port the efficacy and tolerability of stimulants in the

treatment of attention deficit/hyperactivity disorder

(ADHD), in recent years, increasing concerns have been

raised about their cardiovascular safety. We investigated

whether a time domain analysis of heart rate variability

(HRV) recordings in 24-h ECG under medication with

stimulants yielded new information about therapy control

in ADHD. We analysed the HRV parameter standard

deviation of all normal sinus RR intervals over 24 h

(SDNN), percentage of successive normal sinus RR inter-

vals [ 50 ms (pNN50) and root-mean-square of the suc-

cessive normal sinus RR interval difference (rMSSD) from

23 children diagnosed by ADHD (19 boys and 4 girls),

aged 10.5 ± 2.2 years, who were consecutively referred to

our outpatient clinic for paediatric cardiology. Eleven

children received medication with methylphenidate

(MPH), while twelve children were initially examined

without medication. Of these, eight probands were re-

examined after therapy with MPH was established. Con-

trols comprised 19 children (10 boys, 9 girls) from our

Holter ECG data base without any cardiac or circulatory

disease. Compared to healthy controls, the ADHD children

with and without MPH treatment showed significantly

higher mean heart rates (ADHD without MPH: 94.3 ± 2.2;

ADHD with MPH: 90.5 ± 1.8, controls: 84.7 ± 1.8).

pNN50 (ADHD without MPH: 6.5 ± 2.7; ADHD with

MPH: 14.2 ± 6.9, controls: 21.5 ± 9.0) and rMSSD

(ADHD without MPH: 26.1 ± 4.1; ADHD with MPH:

36.7 ± 8.3, controls: 44.5 ± 10.1) were lowest in ADHD

children without MPH, middle in ADHD children with

MPH and highest in controls. SDNN values were not sig-

nificantly different. The hourly analysis shows highly sig-

nificant reduced pNN50 and rMSSD values in untreated

ADHD children between 5:00 pm and 6:00 am while the

pattern approaches to levels of controls during MPH

treatment. Data of this pilot study indicate a decreased

vagal tone with significantly diminished HRV and higher

heart rates in unmedicated ADHD children. These param-

eters of autonomic activation are ameliorated by MPH

treatment. No evidence for negative impact of MPH on

HRV was detected. Further studies will clarify a potential

cardio-protective effect of MPH in ADHD.

Keywords ADHD � Methylphenidate � Heart rate

variability � Sudden cardiac death � Psychostimulants �
Autonomic regulation � Vagal tone

Introduction

Attention deficit/hyperactivity disorder (ADHD) is a

common psychiatric disorder, affecting about 5% of chil-

dren and adolescents and 3% of adults (Polanczyk et al.
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2007; Schlander et al. 2010). Frequently, ADHD implicates

a challenge for social and academic development of

affected children and leads to increased rates of life events

in adulthood and developmental comorbidities (Polderman

et al. 2010; Polanczyk and Rohde 2007; Jacob et al. 2007;

Taurines et al. 2010). Effective treatment often includes

pharmacotherapy with agents influencing neurotransmis-

sion (Renner et al. 2008). The most prominently and suc-

cessfully used substances in the pharmacotherapy of

ADHD are the psychostimulants methylphendidate (MPH)

and amphetamine, with increasing numbers of prescrip-

tions (Faraone 2009; Schubert et al. 2010).

Potential side effects of stimulants are in the focus of

scientific discussions, intensified by the higher number of

prescriptions. An extensive number of studies support

efficacy and tolerability of stimulants. However, in 2006,

the U.S. Food and Drug Administration added a black box

warning that stimulants may cause serious cardiovascular

effects like high blood pressure up to sudden death.

A general contraindication for children with known serious

heart rhythm abnormalities or other severe cardiac prob-

lems that may increase their vulnerability to the sympat-

homimetic effects of stimulants was stated (http://www.

fda.gov/ohrms/dockets/ac/oc06.htm). Since then, a contro-

versial scientific discussion about potential cardiovascu-

lar risks of stimulant medication has been ongoing

(Schelleman et al. 2011).

To minimize eventual risks, most clinical guidelines

currently recommend pretreatment screening including

thorough history and physical examination. Cardiologic

referral and ECG is advised only in cases of abnormal

findings in cardiac examination, personal history of cardiac

symptoms or family history of sudden cardiac death (Leslie

et al. 2008). Recently, a borderline cost-effectiveness in

adding ECG pretreatment screening compared to history

and physical examination in the prevention of sudden

cardiac death was reported (Denchev et al. 2010).

Basal regulation of heart activity by the autonomous

nervous system is one potential factor modulating cardio-

vascular side effects of stimulants, and altered vagal and

sympathetic activation levels were reported for children

affected by ADHD. However, little data on the interplay

between autonomic nervous system and stimulant medi-

cation are available. In this context, we were aimed to

retrieve data on basal cardiac activity in children with

ADHD with and without medication in a pilot study.

As an established informative and non-invasive marker,

the heart rate variability (HRV) reflects the autonomic

activity of the heart (Buchhorn et al. 2002). Time domain

and power spectral analyses of beat-to-beat HRV have

been used to quantitatively assess the parasympathetic and

sympathetic modulation of the heart in clinical as well as in

basic research studies (Task Force of the European Society

of Cardiology and the North American society of Pacing

1996). Therefore, in the present study, 24-h HRV was

analysed, subsumed by three standard time domain

parameters: Standard deviation of all normal sinus RR

intervals over 24 h (SDNN), root-mean-square of the suc-

cessive normal sinus RR interval difference (rMSSD) and

the percentage of successive normal sinus RR inter-

vals [ 50 ms (pNN50). These measures reflect different

autonomic modulation: rMSSD and pNN50 are markers for

parasympathetic modulation, while SDNN mostly reflects

sympathetic modulation.

In a previous study, it has been reported that HRV

analysis in 24-h Holter ECG recordings might be a valu-

able tool in improving the risk stratification for heart

rhythm disturbance and sudden cardiac death (Fei et al.

1994).

In the present, study we used HRV analysis in children

diagnosed with ADHD who were referred to an outpatient

clinic for paediatric cardiology in 24-h Holter ECG

examinations. ADHD patients prior to medication, medi-

cated by methylphenidate (MPH) and healthy controls

were included.

Methods

Subjects

All children referred between 8/2005 and 3/2010 to the

outpatient clinic for paediatric cardiology of Caritas hos-

pital Bad Mergentheim by paediatricians or child and

adolescent psychiatrists were consecutively included in the

study. ADHD diagnoses were confirmed prior to referral by

child and adolescent psychiatrists. The motivation for

cardiac examination was anamnestic signs for potential

cardiac disease, conspicuous standard ECG’s or concerns

of the parents about cardiac safety of medical treatment.

Twenty-four-hour ECG recordings were obtained for data

analysis from eleven ADHD children medicated by meth-

ylphenidate (MPH) and twelve children without medica-

tion. Eight probands were re-examined after therapy with

MPH was established. Six further admitted children with

ADHD had to be excluded from analysis: Five children had

more than 20 premature ventricular contractions (PVC) per

hour, causing methodical reasons since only normal RR

Intervals represent autonomic regulation; another child was

excluded due to hyperthyroidism suffering from Grave0s
disease. In addition, 19 healthy controls took part.

All children received a cardiac ultrasound from a pae-

diatric cardiologist, and sinus rhythm was confirmed by

standard twelve channel ECG. Controls comprised 19 age-

matched children from our Holter ECG data base without

any cardiovascular disease.
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To assess potential co-factors, height and weight were

measured, and the body mass index (BMI) and BMI per-

centiles were calculated.

Processing and analysis of 24-h Holter recordings

Autonomic control of cardiovagal function was tested by

time domain analysis of 24-h ambulatory digital recordings

of the electrocardiogram. A two channel Holter monitor

(PathfinderTM, Spacelabs, Germany) was used for recording

while the children followed their normal daily routines. All

Holter recordings were reviewed by an experienced cardi-

ologist (R.B.) and were edited to validate the system’s QRS

labelling in order to exclude artefacts. Measures of HRV

were calculated employing only normal-to-normal inter-

vals. The Holter ECG’s were analysed as average values

from the entire 24 h of analysable data and additionally for

circadian rhythm analysis as mean hourly values with

regard to the time of day. Numbers of pairs of adjacent NN

intervals differing by more than 50 ms were given as

absolute value per hour (sNN50) or as the percentage of the

total number of all NN intervals during 24 h (pNN50).

Measurement and physiological interpretation of HRV

parameters were performed according to the standards of

the Task Force of the European Society of Cardiology and

the North American Society of Pacing and Electrophysi-

ology (Table 1) (Task Force of the European Society of

Cardiology and the North American society of Pacing

1996). rMSSD, pNN50 and heart rate reflect predominantly

a response to changes in vagal tone. SDNN is dually

influenced by cholinergic and adrenergic activity, as well

as other physiological inputs.

Statistical analysis

All results are reported as mean ± standard deviation.

Because most clinical variables were normally distributed,

parametric techniques were used. Differences between the

patients groups and controls were evaluated with ANOVAs

with the between-subject factor group. Hourly analyses of

the HRV parameters were analysed with repeated-measures

ANOVAs with time as within-subject factor and group as

between-subject factor. Greenhouse–Geisser corrections

were applied when required. Follow-up t-tests were used to

specify the significant effects. Due to the preliminary nat-

ure of the data and the impossibility to refer only on those

eight ADHD children who were assessed two times with

and without MPH because of the statistical power, analyses

were calculated with group as between-subject factor

including in the ADHD groups children that were partially

assessed two times. Presumably, the found significant

group differences between the ADHD groups, therefore,

should be rather strong. To verify the results reported, we

conducted an additional analysis in advance. We estab-

lished a variable describing whether subjects were tested

one or two times as covariate within the original analyses.

However, all effects remained and there was never a sig-

nificant effect of the covariate. Therefore, analyses were

conducted as described above. For all parameters, a value

of p \ 0.05 was considered statistically significant. The

data analyses were performed using SPSS version 18.

Results

Clinical and demographic data

Clinical covariates including age, sex, bodyweight, body

length and body mass index (BMI) were analysed. As

shown in Table 2, no significant statistical difference

between the three groups was found.

Average HVR parameters in 24-h Holter ECG

Average HRV parameters from 24-h ECG showed signif-

icant differences between groups (mean heart rates:

F(2, 47) = 6.1, p = .004; pNN50: F(2, 47) = 16.4,

p \ .001; rMSSD: F(2, 47) = 18.0, p \ .001). Heart rates

were higher in both ADHD children groups as compared to

controls (ADHD without MPH: 94.3 ± 2.2; ADHD with

MPH: 90.5 ± 1.8, controls: 84.7 ± 1.8, both ts [ 2.2,

ps \ .033), while the ADHD groups did not differ

(t (29) = 1.7, p = .107) (see Fig. 1). The pNN50 and

rMSSD, both predominantly reflecting changes in vagal

tone, were lower in ADHD patients as compared to con-

trols (pNN50: ADHD without MPH: 6.5 ± 2.7; ADHD

with MPH: 14.2 ± 6.9, controls: 21.5 ± 9.0, both ts [ 2.8,

ps \ .008; rMSSD: ADHD without MPH: 26.1 ± 4.1;

ADHD with MPH: 36.7 ± 8.3, controls: 44.5 ± 10.1, both

ts [ 2.6, ps \ .013) and lower in ADHD patients without

MPH as compared to ADHD patients with MPH (pNN50:

Table 1 Definitions of variables of heart rate variability

Variable Unit Description

time domain measures

NN ms Normal RR intervals, ectopic beats have to be

excluded

SDNN ms Standard deviation of all NN intervals

pNN50 % Number of pairs of adjacent NN intervals differing

by more than 50 ms divided by the total number

of all NN intervals

sNN50 Number of pairs of adjacent NN intervals differing

by more than 50 ms in 1 h

rMSSD ms Square root of the mean of the sum of the squares of

differences between adjacent NN intervals
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t(29) = 4.4, p \ .001; rMSSD: t(29) = 4.1, p \ .001).

rMSSD values are given in Fig. 2. Groups did not differ in

average SDNN (F(2, 47) = 0.9, p = .402).

Circadian analysis of heart rate

Heart rate analysis (Fig. 3a) showed significant main

effects of time (F(23, 1,081) = 64.7, p \ .001) and group

(F(2, 47) = 3.4, p = .043), while the interaction time x

group just missed significance (F(46, 1,081) = 1.7,

p = .064). Follow-up t-tests could indicate that heart rates

were lowest from 2 to 5 am (all ts [ 2.1, ps \ .037),

increasing from 5 to 9 am (all ts [ 4.1, ps \ .001) with a

maximum and plateau phase from 9 am to 7 pm (all

ts \ 1.8, ps [ .074), and then decreasing from 8 pm until 2

am (all ts [ 2.1, ps \ .042). The group effect was due to

higher heart rates in both ADHD groups as compared to

controls as mentioned above. Descriptively, the marginal

significant interaction group x time was due to an

extraordinary increase in heart rate from 2 to 7 pm in

ADHD children without MPH, while the pattern of ADHD

children with MPH more reassembled that of healthy

controls.

Circadian analysis of heart rate variability parameters

For sNN50 (Fig. 3b) and rMSSD (Fig. 3c), ANOVA

revealed a significant main effect of time (sNN50: F(23,

1,081) = 16.7, p \ .001; rMSSD: F(23, 1,081) = 23.3,

p \ .001) due to an increase in sNN50 and rMSSD during

evening and night-time beginning in the early afternoon.

In addition, there was a main effect of group (sNN50:

F(2, 47) = 18.0, p \ .001; rMSSD: F(2, 47) = 17.6,

p \ .001; controls [ ADHD with MPH [ ADHD without

MPH, as reported above) as well as a significant interaction

time x group (sNN50: F(46, 1,081) = 2.5, p = .003;

rMSSD: F(46, 1,081) = 2.1, p = .022).

This interaction was statistically tested by repeated-

measures ANOVAs of the time effect for each group

separately as well as with separate ANOVAs for each time

of measurement and group as between-subject factors.

While the time effect was significant for all groups (all

Fs [ 2.9, ps \ .025), the interaction was due to a stronger

raise in sNN50 and rMSSD in controls followed by ADHD

children with MPH as compared to ADHD children with-

out MPH. Comparisons between groups could indicate that

group differences were less in the morning hours from 8 to

10 am (Fs \ 2.9, ps [ .065), increasing from 11 am to

Table 2 Clinical and demographic data

ADHD without MPH ADHD with MPH Controls ANOVA

n = 12, 10 # n = 19, 16 # n = 19, 10#a

Mean SD Mean SD Mean SD

Age (years) 10.8 2.0 10.3 2.3 10.8 3.5 F(2, 47) = 0.9, p = .402

Body weight (kg) 35.2 10.2 33.9 9.9 40.2 14.4 F(2,47) = 1.4, p = .247

Body length (cm) 140.6 14.6 140.2 14.6 145.4 19.2 F(2, 47) = 0.5, p = .571

BMI (kg/m2) 17.4 2.0 16.9 1.7 18.4 3.3 F(2, 47) = 1.9, p = .157

a Including sex as covariate into the analyses did not change the pattern of the reported results
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4 pm with a differentiation between controls and both

ADHD groups (Fs [ 3.6, ps \ .035, the same for 7 am for

sNN50 and 6 and 7 am for rMSSD) followed by maximal

group differences (maximum at 2 am) and an approxima-

tion between ADHD children with MPH and controls and

stronger differentiation from ADHD children without MPH

beginning at 5 pm up to 5 am (ADHD without MPH \
ADHD with MPH \ or = controls, Fs [ 7.7, ps \ .018,

for SNN50 also for 6 am).

Discussion

In the present pilot study, we aimed to contribute data to

the ongoing discussion about potential cardiovascular risks

in children with ADHD especially under medication with

stimulants. Parameters of the heart rate variability reflect-

ing autonomic heart regulation were analysed in 24-h

Holter ECG recordings in children diagnosed with ADHD

with and without medication, as well as in healthy controls.

We found significant differences in circadian heart rates, as

well as in the markers reflecting vagal tone, sNN50 and

rMSSD, in between the groups. ADHD children showed a

diminished vagal tone during night-time with lower levels

of pNN50 and rMSSD and elevated heart rates, especially

during sleep. Medication with MPH shifted the markers

towards levels of normal controls. This implicates that

instead of destabilizing the autonomic heart regulation,

stimulants might lead to a normalization of the tested heart

rate variability parameters. A difference in sympathetic

activation represented by the parameter SDNN was not

detected.

Our findings on baseline heart activity in ADHD are in

line with results of recent studies (Huang and Tsai 2011).

Imeraj et al. also report higher heart rates of children with

ADHD during the night-time (Imeraj et al. 2011) in a

circadian study. An independent group found, besides of

increased heart rates, lower rMSSD in short-term HRV

analyses during resting states and orthostatic provocation

(Tonhajzerova et al. 2009). These results further endorse

the assumption of a basically altered autonomic nervous

system in children with ADHD, pointing to a decreased

parasympathetic activity at least during the night-time.

However, sample sizes in these studies are small, and the

studies were designed to answer different aspects, and there

are controversial reports stating a hypo-sympathetic acti-

vation in children with ADHD (Negrao et al. 2011).

Cardiovascular effects of sympathomimetic amines like

MPH have been thoroughly described in the medical lit-

erature, and these agents are reported to substantially

increase the heart rate and blood pressure in healthy pro-

bands. Most of all measurements were undertaken during

daytime and not during sleep (Hammerness et al. 2009).

However, in ADHD children medicated by MPH, we

found no increase in heart rate during school time after

MPH was given but lower heart rates during sleep when

MPH should be degraded. A potential explanation for this

phenomenon after medication with psychostimulants could

be indicated by the known increase in vagal tone in chil-

dren during the night after maximal exercise training. This

effect correlates with degradation of exercise-induced

catecholamines (Al Haddad et al. 2009), and an increase

in the catecholaminergic tone is also considered the

correlate in neurotransmission under medication with

psychostimulants.

In respect to the discussion about higher cardiovascular

risk and risk of sudden death in patients with ADHD, as

reported by Gould et al. (2009), our data indicate that

Fig. 3 Circadian Heart Rate (a), sNN50 (b) and rMSSD (c) in

children with untreated ADHD, medicated by MPH and healthy

controls
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higher heart rates and reduced vagal tone might occur in

the pathophysiology of ADHD. This implicates that ADHD

patients might have an enhanced baseline risk of cardio-

vascular complications, independent from MPH treatment

(Singh et al. 2002; Vaseghi and Shivkumar 2008). In line,

McCarthy and colleagues also could not confirm stimulant

medication as a risk factor in a recent cohort study

(McCarthy et al. 2009).

Additional data are urgently needed for further clarifi-

cation of the risk of cardiovascular mortality among chil-

dren with ADHD with and without stimulant medication.

Especially in respect with the FDA ‘black box’ warning

expecting adverse effects of psychostimulants, an auto-

matic transferability of cardiac effects by sympathomi-

metic agents in healthy humans to ADHD patients is not

underpinned by our data. In the contrary, we found that

MPH seems to ameliorate the abnormal HRV parameters in

ADHD children, which indicates a potential cardio-pro-

tective role of stimulants in these patients.

Interestingly, other interventions ameliorating ADHD

symptoms ranging from pharmacological central sym-

pathicolysis with clonidine to enhanced physical activity or

discussed alternative approaches by nutrial supplementa-

tion also have influence on the HRV (Arnsten 2009; Singh

et al. 2001). Whether a change in the HRV might be a

correlate to a direct pathophysiologically relevant alter-

ation of the autonomic system or rather reflect an epiphe-

nomenon will be an interesting topic in further research.

In the evaluation of the results of the present pilot study,

several limitations have to be considered. First, our study is

a retrospective study from Holter ECG data obtained dur-

ing clinical routine in children diagnosed with ADHD, who

were referred to our outpatient clinic for paediatric cardi-

ology for cardiac evaluation. Thus, the preselection could

imply that our sample represents a risk subsample of

children with ADHD. Additionally, ADHD in all children

was diagnosed by child and adolescent psychiatrists in

private practice; a uniform diagnostic study manual was

not applied. If the night-time changes of HRV were not

expected, we have no data about sleep quality of the study

patients. Also, the group sizes are rather small and repli-

cation in an independent sample with standardized study

manuals is needed.

In conclusion, the results of the present pilot study using

24-h Holter ECG indicate alterations in basal autonomic

activity in children with ADHD, which are shifted towards

normal levels by medication with MPH. Regarding this

normalization, our data rather point to cardio-protective

effects of psychostimulants than to an increase in a sudden

heart death risk. This influence on basal autonomic acti-

vation could be a potential explanation of the very recently

published population-based cohort studies, reporting asso-

ciation of psychostimulant medication with reduced

incidence of serious cardiovascular events (Cooper et al.

2011; Habel et al. 2011). Due to the limitations of the study

design, the reported results have to be considered as pre-

liminary data, which contribute to the actual data on

autonomic effects of psychostimulants and channel con-

tinuative studies.
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