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Abstract

Objective: The aim of this study was to assess autonomic nervous system functioning in
children with ADHD and to examine the effects of methylphenidate and focussed
attention.

Method: Children with ADHD (n=19) were tested while they were stimulant-free and
during a period in which they were on stimulants. On both occasions autonomic nervous
system functioning was tested at baseline and during focussed attention. Autonomic
nervous system functioning of control subjects was also tested at baseline and during
focussed attention. Autonomic nervous system activity was determined by means of
heart rate variability (HRV) and skin conductivity analyses. Attention was evoked by
means of the BioGraph Infiniti biofeedback apparatus. HRV was determined by time-
domain, frequency-domain and Poincaré analysis of RR interval data. Skin conductivity
was determined by BioGraph Infiniti biofeedback apparatus.

Results: The main findings of this study were a) that stimulant-free children with ADHD
showed a sympathetic under-arousal and parasympathetic over-arousal of the
sympathovagal balance relative to control subjects, b) methylphenidate shifted the
autonomic balance of children with ADHD towards normal levels; however a normal
autonomic balance was not reached, and c) stimulant-free children with ADHD exhibited
a shift in the sympathovagal balance towards the sympathetic nervous system from
baseline to focussed attention; however, methylphenidate appeared to abolish this shift.
Conclusions: Stimulant-free children with ADHD have a parasympathetic dominance of

the autonomic balance, relative to control subjects. Methylphenidate attempts to restore



the normal autonomic balance in children with ADHD, but inhibits the normal autonomic

nervous system response to a cognitive challenge.

Clinical applications

These results indicate that methylphenidate may have a suppressive effect on the normal
stress response. Although this may be of benefit to those who interact with children who
suffer from ADHD, the implications for the physiological and psychological well-being

of the children themselves are debatable. Further research is needed.

Limitations of the study
% Only 19 children with ADHD and 18 control subjects were tested.
¢ Further studies should include prior testing in order to exclude children with
possible co-existing learning disabilities.
+«+ Cognitive function and emotional responses of children with ADHD were not

tested.
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Introduction and background information

Attention-Deficit/Hyperactivity Disorder (ADHD) is a developmental disorder [1]
characterized by inattention, hyperactivity and impulsivity [2]. ADHD is found in every
ethnic and socio-economic group [3] with a prevalence of 3-5% of school-age children,
according to the fourth edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-1V) [2]. This makes ADHD the most prevalent psychiatric disorder of

childhood [4].

Although the cause of ADHD is not completely understood, research into the condition
has identified various possible contributing factors such as nutrition, social environment
(including early problems in parental attachment, prenatal alcohol or tobacco exposure
and premature delivery), toxic chemicals (such as lead) and pharmaceuticals (such as
anticonvulsants), as well as inherent physical disorders such as metabolic,
neuroanatomical and neurochemical deficits [5]. It is plausible that the aetiology of
ADHD is not one dimensional, but instead involves various neuroanatomical and
neurochemical systems [5], with the main abnormalities believed to be catecholaminergic,
specifically dopaminergic, and frontostriatal dysfunction [6]. Although the roles of both
dopamine and noradrenaline in the aetiology of ADHD have been well-documented [7, 8,
9], focus on a possible role for serotonin has recently increased, with some studies
showing a link between certain serotonin receptor genes and ADHD susceptibility [10, 11,
12]. The link between serotonin and ADHD appears to lie in aggression, with low levels
of serotonin associated with impulsivity, aggressive behaviours and disinhibition [13, 14,

15, 16]. An interesting theory is that by Oades, which states that it is not the absolute



level of a specific neurotransmitter which elicits the symptoms of ADHD but rather the
relationship of the monamines to each other which is significant [17]. In particular, this
theory states that dopaminergic activity is high with respect to noradrenaline metabolism,

but low with respect to serotonin metabolism [17].

Various tests are used for the identification of ADHD; however no standardized,
established, diagnostic laboratory test exists [2]. Currently, diagnosis of ADHD involves
behavioural descriptors that inevitably overlap with a range of other disorders [18].
Furthermore, these interview and rating scales are often confounded by rater bias [19].
Although neuropsychological attention measures, such as continuous performance tests
administered and scored by computers, are considered more objective measures of
inattention and impulsivity, they tend to yield a high rate of false negatives [19].
Furthermore, diagnosis of ADHD is complicated by the fact that none of the core
symptoms are exclusive to the disorder and that the majority of sufferers have additional

psychiatric disorders [20].

Abnormal catecholaminergic functioning is, as previously mentioned, accepted as a
central contributing factor to the development of ADHD. With regards to the autonomic
nervous system, indications are that sympathetic under-arousal exists in children with
ADHD [21, 22, 23, 24]. This is supported by the fact that adrenergic stimulants, which
have been shown to increase the concentration of dopamine and noradrenaline in the
synapse [25, 26], are the medication of choice for ADHD. Very little attention has been

given to the parasympathetic nervous system in ADHD with the result that no conclusion



on the autonomic (sympathetic/parasympathetic) balance of these patients has been
reached. Further studies, not only on baseline sympathetic activity, parasympathetic
activity and autonomic balance, but also on the effects of adrenergic stimulants and

focussed attention on autonomic nervous system functioning, are necessary.

If the standard physiological autonomic profile, coupled with neurological and
psychiatric indices, of ADHD individuals can be established, it could help to pave the
way for the development of a diagnostic test for one of the most easily misdiagnosed
diseases. The aim of this study, therefore, was to investigate autonomic nervous system
functioning of children with ADHD, as compared to control subjects; as well as to

examine the effects of methylphenidate and focussed attention on this system.

As previously mentioned, it is known that stimulants such as methylphenidate function
by increasing the amount of dopamine and noradrenaline in the synapse [25, 26],
therefore we hypothesized that stimulant usage will shift the sympathovagal balance of
children with ADHD towards the sympathetic nervous system. Furthermore, since the
usual response to a cognitive stressor is a shift in the autonomic balance towards the
sympathetic nervous system [27]; we hypothesized that focussed attention will cause a
shift in the sympathovagal balance towards the sympathetic nervous system in controls
and stimulant-free children with ADHD. However, how methylphenidate will affect this

shift is unknown.



Methods

The study protocol was submitted to and approved by the Faculty of Health Sciences
Research Ethics Committee, University of Pretoria, clearance number S30/2007, and
conducted in accordance with the Declaration of Helsinki and CGP/ICH guidelines. The
protocol was, furthermore, submitted to and approved by the South African Department
of Health, DOH trial number DOH-27-0808-1816. Patient recruitment and supervision
was conducted by a registered psychiatrist involved in the study. Only children from
whom and from whose guardians/parents voluntary informed consent could be obtained

were included in the study.

Subjects

The experimental group consisted of 19 children diagnosed with ADHD by a registered
psychiatrist, according to the text revised Fourth Edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV-TR) (13 boys and 6 girls, ages 6 to 15 years, mean
9.53 years). Exclusion criteria included children with co-morbidities such as conduct
disorder, children on medication other than methylphenidate (including other stimulants
as well as medications known to affect the autonomic nervous system), overtly
malnourished children, mentally retarded children and children with the inability to
understand and give informed assent. Children were also excluded if informed consent
could not be obtained from their parent or guardian. The children with ADHD were
regarded as being on medication if they had been taking methylphenidate (Ritalin)
consistently for at least 10 days at the dosage prescribed specifically for them by their

psychiatrist. Eighteen of the children with ADHD tested in our study were taking short-



acting methylphenidate at a dosage of 10 mg, while one child was on long-acting
methylphenidate at a dosage of 20 mg. These same children were tested after they had
refrained from taking methylphenidate for a period of about three weeks during their
school holiday and were then considered to be stimulant-free. The practise of taking
children with ADHD off their stimulant medication during their school holidays is
normal and was not introduced into the treatment regime as part of the study. The control
group consisted of 18 age- and sex-matched control subjects (12 boys and 6 girls, 7 to 13
years, mean 9.17 years) who did not have any psychiatric illnesses, were not on any
medication, were not overtly malnourished, were not mentally retarded and could
understand and give informed assent. Informed consent was also obtained from all the
parents/guardians of the control subjects. Table 1 represents the demographic data of the

children with ADHD and control subjects.

Autonomic nervous system functioning

Autonomic nervous system functioning of all children was assessed by means of both
heart rate variability (HRV) and skin conductivity recordings. All children were tested at
baseline and during focussed attention. Children with ADHD were tested while they
were stimulant-free and during a period in which they were on stimulant medication,
while control subjects were tested once. HRV and skin conductivity data was sampled
while the children were sitting in a quiet environment at a constant room temperature.
Baseline recordings were made over a period of 5 minutes. The 5 minute baseline
recordings were directly followed by 10 minute recordings during focussed attention.

Focussed attention was evoked by means of a program on the BioGraph Infiniti



biofeedback apparatus which has been developed specifically as a mechanism to train
individuals with ADHD to increase their attentive abilities. This program extracts
electroencephalography (EEG) frequency components and feeds them back in the form of
a game, using an audio-visual loop. The specific biofeedback program that was used was
a bowling EEG speed game. This program allows subjects to move a bowling ball down
an alley as long as two essential criteria are met, i.e. sensorimotor rhythm (SMR)
enhancement and theta suppression. In other words, the bowling ball only moved down
the alley when the children were able to keep their SMR 13-15 Hz activity above a pre-

determined threshold and their theta 3-7 Hz activity below a pre-determined threshold.

Heart rate variability recordings

HRV was determined by analysis of the RR interval data sets (tachograms), which were
obtained by POLAR NV heart rate monitors. Five minute recordings were analysed. The
full 5 minute baseline HRV recordings and the middle 5 minutes of the 10 minute HRV
recordings during focussed attention were analysed for this study. The data (RR interval
sets) were analysed using HRV Analysis Software 1.1 for Windows, developed by The
Biomedical Signal Analysis Group, Department of Applied Physics, University of
Kuopio, Finland. Smoothness priors for Trend and Model Eye program settings were
used for de-trending, with an alpha value of 500. An auto regressive model order value
of 16 and an interpolation rate of 4 Hz were used. Error correction of a moderate filter
power and minimum protection zone of 6 beats per minute was applied to the raw
tachograms. In four of the HRV recordings, extreme outliers had to be removed

manually before the error correction could be performed. The techniques used for the



evaluation of HRV from the RR interval data sets, were grouped into three categories:
time domain, frequency domain and non-linear analysis. Table 2 represents the HRV
indicators used in this study as well as the key for all abbreviations. The time-domain
indicators used in this study included mean heart rate, which is an indicator of
sympathovagal balance; STDRR and HRV triangular index, which are indicators of
global heart rate variability [28]; STDHR, which is a measure of the long-term
components of heart rate variability [28]; and RMSSD, which is an indicator of
parasympathetic nervous system activity [29]. The frequency-domain indicators used
included the high frequency component (HF) at 0.15 to 0.40 Hz, the low frequency
component (LF) at 0.04 to 0.15 Hz and the LF/HF ratio. HF is an indication of
parasympathetic nervous system activity [30, 31, 32, 33], while the autonomic
contributions to the LF component are still being investigated and no consensus currently
exists. The LF component is said to provide information on sympathetic activity but with
notable influences from the parasympathetic nervous system, baroreceptor feedback and
brainstem rhythms [34]. However, the LF component is considered by some a definite
marker of sympathetic activity when expressed in normalized units [28, 35]. Therefore,
HF and LF were measured in both absolute power (ms?) and normalized units (nu) in this
study. The LF/HF ratio was investigated as a measure of sympathovagal balance [30, 31,
32, 33, 34, 36, 37], whereby an increase in the LF/HF ratio indicates a dominance of
sympathetic activity and a decrease in the LF/HF ratio indicates parasympathetic
predominance [29]. The Poincareé plot indicators used included SD1, which is an
indicator of short term variability in heart rate, representing parasympathetic nervous

system activity on the sinus node [27]; and SD2, which reflects global heart rate
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variability as an inverse function of sympathetic modulation [34]. In other words, SD2 is
believed to be an inverse measure of sympathetic activity [34], whereby an increase in
SD2 represents an increase in global heart rate variability which, in turn, reflects a
decrease in sympathetic activity. Therefore, an increase in SD2 represents a decrease in

sympathetic nervous system activity and vice versa.

Skin conductivity recordings

Skin conductivity was determined by means of the BioGraph Infiniti biofeedback
apparatus. The skin conductivity signal was collected through two silver-silver chloride
electrodes attached by adhesive collars to the palmar surface of the middle and index
fingers of the left hand. Subjects were asked to wash their hands with soap and dry them
prior to sampling to ensure the removal of surface salt. The BioGraph Infiniti
biofeedback program used to measure skin conductivity contains an assessment program
which automatically provided us with the skin conductivity values (in uMhos) of the
participants. Skin conductivity is the measurement of the electrical conductance of the
skin as a result of eccrine sweat gland activity [38]. Since the eccrine sweat glands are
innervated by the sympathetic nervous system, with no parasympathetic input, skin

conductivity reflects sympathetic nervous system activity exclusively [21].

Statistics
All data was statistically analysed using Stata™ Data Analysis Software. Due to the
nature of the distribution, the Mann-Whitney and Wilcoxon signed-rank tests for non-

parametric data were used. The Mann-Whitney test was used when comparing values
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obtained for the children with ADHD to those obtained for the control subjects. When
comparing values obtained while the children with ADHD were on stimulant medication
to those obtained while they were stimulant-free, the Wilcoxon signed-rank test was used.
Furthermore, the Wilcoxon signed-rank test was also used when comparing values at
baseline and values during focussed attention for the same participant. The results did
not receive any corrections in terms of alpha-adjustment due to the explorative nature of

the investigation.

Results

The demographic data of the research candidates is represented in Table 1.

Baseline heart rate variability

When comparing baseline HRV between stimulant-free children with ADHD and control
subjects, statistically significant differences were found for mean HR (P=0.02), STDRR
(P=0.008), RR triangular index (P=0.002), STDHR (P=0.02), RMSSD (P=0.02), LF(ms?)
(P=0.02), SD1 (P=0.02) and SD2 (P=0.006) (see Table 3. When comparing baseline
HRYV between children with ADHD on stimulant medication and control subjects, a
statistically significant difference in SD2 (P=0.04) was found (see Table 4). [Insert Table
4]. When comparing baseline HRV between stimulant-free children with ADHD and
children with ADHD on stimulant medication, statistically significant differences were
found for mean HR (P=0.003), STDRR (P=0.04) and RR triangular index (P=0.003) (see

Table 5).
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Baseline skin conductivity

When comparing baseline skin conductivity between stimulant-free children with ADHD
and control subjects, a marginally statistically significant difference (P=0.08) was found,
with skin conductivity found to be lower in stimulant-free children with ADHD (1.35 £
0.83 uMhos vs. 1.96 + 1.00 uMhos) (see Table 6). When comparing baseline skin
conductivity between children with ADHD on stimulant medication and control subjects,
no statistically significant differences were found (see Table 6). A statistically significant
difference in baseline skin conductivity (P=0.006) was found when comparing the values
obtained while the children with ADHD were on stimulant medication to those obtained
while they were stimulant-free, with baseline skin conductivity found to be higher in
children with ADHD while they were on stimulant medication (2.21 + 1.14 pMhos vs.

1.35 + 0.83 uMhos) (see Table 6).

Difference in HRV between baseline and focussed attention

Regarding the control subjects, a statistically significant difference between baseline and
focussed attention was found for HF(ms?) (P=0.03), with HF(ms?) found to decrease
from baseline to focussed attention (435.67 + 595.03 ms®vs. 275.17 + 410.86 ms?) (see
Figure 1). In the stimulant-free children with ADHD, statistically significant differences
between baseline and focussed attention were found for mean HR (P=0.001), RMSSD
(P=0.004), HF(ms?) (P=0.01), HFnu (P=0.03), LFnu (P=0.03) and SD1 (P=0.004), with
mean HR (87.67 £ 7.75 bpm vs. 90.43 + 8.84 bpm) and LFnu (48.06 + 16.82 nu vs. 55.78
+ 16.80 nu) increasing from baseline to focussed attention and RMSSD (52.51 + 21.95

msec vs. 45.04 + 18.24 msec), HFnu (51.94 + 16.82 nu vs. 44.22 + 16.80 nu), SD1 (37.36
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+ 15.59 msec vs. 32.07 + 12.95 msec) and HF(ms?) (659.16 + 505.75 ms® vs. 512.37 +
411.62 ms®) (see Figure 1), decreasing from baseline to focussed attention. Regarding
the children with ADHD on stimulant medication, no statistically significant differences
in HRV parameters between baseline and focussed attention were found (see Figure 1).
It is important to note here that that although the mean HF increased from baseline to
focussed attention in the ADHD children on stimulant medication, as evident in Figure 1,
the increase was not statistically significant (P=0.38 for HFms® and P=0.16 for HFnu)

due to the wide standard deviation of the data.

Difference in skin conductivity between baseline and focussed attention

In the control subjects a statistically significant increase in skin conductivity (P =0.003)
from baseline to focussed attention (1.96 £ 1.00 uMhos vs. 2.43 + 1.27 uMhos) was
found (see Figure 2). Regarding the stimulant-free children with ADHD, a statistically
significant increase in skin conductivity (P=0.003) from baseline to focussed attention
was found (1.35 + 0.83 pMhos vs. 1.68 + 1.08 uMhos) (see Figure 2). However,
regarding the children with ADHD on stimulant medication, no statistically significant
difference in skin conductivity between baseline and focussed attention was found (see

Figure 2).

Discussion
Indications are that sympathetic under-arousal exists in children with ADHD [21, 22, 23,
24]. Published results are, however, controversial. Most studies only use one measure to

determine sympathetic nervous system activity, very few studies measure sympathetic
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nervous system functioning while participants are both on stimulants and stimulant-free,
and the majority of research is conducted without examining the relationship between
autonomic nervous system functioning and focussed attention. The latter is a major
oversight as the inability to focus attention represents one of the major problems of
ADHD. In addition, very little is known about parasympathetic nervous system
functioning in ADHD. While Crowell et al [24] found that children with ADHD do not
differ from control subjects with regards to parasympathetic nervous system activity;
results from the study by Shibagaki and Furuya [39] suggested that children with ADHD
display a level of parasympathetic under-arousal. What is overlooked is the fact that the
functional outcome is dependent on the autonomic balance, rather than merely
sympathetic or parasympathetic activation. The present study investigated the autonomic
nervous system functioning of children with ADHD, as compared to control subjects, and

examined the effects of methylphenidate and focussed attention on this system.

Baseline autonomic nervous system activity

Stimulant-free children with ADHD versus control subjects

In the present study HRV analyses indicated that stimulant-free children with ADHD
have a level of sympathetic under-arousal relative to control subjects, as suggested by
their higher SD2 values (see Table 3). Since skin conductivity reflects the output of the
sympathetic nervous system to the sweat glands, this finding was supported by skin
conductivity levels, which indicated that stimulant-free children with ADHD display a
lower level of skin conductivity than control subjects (see Table 6). HRV analyses,

moreover, indicated that stimulant-free children with ADHD exhibit a higher degree of
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parasympathetic tone than control subjects, as indicated by the higher RMSSD and SD1
values found in the stimulant-free children with ADHD (see Table 3). HRV and skin
conductivity analyses, therefore, indicated that stimulant-free children with ADHD
demonstrate a parasympathetic dominance of the sympathovagal balance relative to
control subjects. This relative parasympathetic dominance of the sympathovagal balance
in stimulant-free children with ADHD was confirmed by the higher overall heart rate
variability (reflected by higher STDRR, RR triangular index, STDHR and SD2) and the
lower HR found in these children (see Table 3). As previously mentioned, low levels of
serotonin have been associated with impulsivity, aggressive behaviours and disinhibition
[13, 14, 15, 16]. Interestingly, a recent study by Zept et al found that a decrease in
serotonin in children with ADHD results in an increase in aggression and a concomitant
decrease in HR [40]. It is therefore very interesting to note that children with ADHD,
who are generally more impulsive and aggressive than controls, have been found to have
a lower resting HR than control subjects. These results do not support the
parasympathetic nervous system findings from Crowell et al [24], which indicate that
stimulant-free children with ADHD do not differ from age-matched controls with regards
to parasympathetic nervous system activity; or the results from Shibagaki and Furuya
[39], which suggest that children with ADHD display an under-activity of the
parasympathetic nervous system when compared to controls. A possible reason for the
difference in findings from those of Crowell et al could be that Crowell et al simply
looked at the high frequency component of HRV as a measure of parasympathetic
nervous system activity in their patients [24]. Interestingly, our stimulant-free children

with ADHD were not found to differ from controls with regards to the HF component of
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HRV (see Table 3). Therefore, based on HF results alone this study would also not have
found a difference in parasympathetic activity between stimulant-free children with
ADHD and controls. The results do, however, support the sympathetic nervous system
findings of Crowell et al [24] which found sympathetic under-arousal in stimulant-free
ADHD children, as assessed by electrodermal responses and cardiac pre-ejection periods;
and that of Beauchaine et al [21], which, similarly, found sympathetic under-arousal in

stimulant-free children with ADHD, as assessed by means of electrodermal responses.

Children with ADHD on stimulant medication versus control subjects

As will be discussed in a later paragraph, where a comparison between stimulant-free
children and children on methylphenidate is made, methylphenidate was seen to have a
stimulatory effect on the sympathetic nervous system activity of children with ADHD.
However, the HRV analyses of this study further revealed that children with ADHD on
stimulant medication still displayed an under-activity of the sympathetic nervous system
relative to control subjects, as reflected by their higher SD2 values (see Table 4).
Regarding parasympathetic nervous system activity, HRV analyses showed that children
with ADHD, while on stimulant medication, did not appear to differ from control
subjects with regard to their parasympathetic tone (see Table 4). These findings suggest
that methylphenidate attempts to normalize the autonomic balance of children with
ADHD; however a normal sympathovagal balance does not appear to be reached in these
children since the level of sympathetic arousal in ADHD children on stimulant

medication is still found to be lower than that of the control subjects.
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Effect of focussed attention on the autonomic nervous system

Analyses indicated that control subjects and stimulant-free children with ADHD exhibit a
shift in the sympathovagal balance towards the sympathetic nervous system from
baseline to focussed attention. This is the expected reaction of the autonomic nervous
system to a psychological or cognitive stressor [27]. In control subjects, the shift in the
sympathovagal balance towards the sympathetic nervous system from baseline to
focussed attention was reflected by a significant decrease in HF(ms?), which suggests a
decrease in parasympathetic activity, and a significant increase in skin conductivity,
which indicates an increase in sympathetic activity (see Figure 1 and 2). In the stimulant-
free children with ADHD, the shift in the sympathovagal balance towards the
sympathetic nervous system from baseline to focussed attention was reflected by
significant decreases in RMSSD, HF(ms?) (see Figure 1), HFnu and SD1, which suggests
a decrease in parasympathetic activity, as well as significant increases in LFnu and skin
conductivity (see Figure 2), which suggests an increase in sympathetic activity.
Furthermore, this shift towards the sympathetic nervous system in stimulant-free children

with ADHD was confirmed by the increase in HR found in these children.

Effect of sympathomimetic medication on the autonomic nervous system

The skin conductivity analyses of this study suggested that children with ADHD on
stimulant medication demonstrate a higher level of sympathetic tone than stimulant-free
children with ADHD (see Table 5). In view of the fact that parasympathetic tone was
significantly higher in the stimulant-free children with ADHD than in the control subjects,

and that this difference between control subjects and children with ADHD was abolished
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when they were put on methylphenidate, parasympathetic tone must have, to some degree,
been decreased by methylphenidate. These results suggest that children with ADHD
demonstrated a shift in the sympathovagal balance from a relative parasympathetic
dominance when stimulant-free towards the sympathetic nervous system when on
stimulant medication. This sympathetic dominance of the autonomic balance in children
with ADHD on stimulant medication, relative to stimulant-free children with ADHD, was
confirmed by the lower overall heart rate variability (as reflected by lower STDRR and
RR triangular index) and the higher HR found in the children when on stimulant
medication (see Table 5). These results, therefore, confirm the sympathomimetic

properties of noradrenergic stimulants.

Regarding the effect of sympathomimetic medication on the stress response from
baseline to focussed attention, children with ADHD on stimulant medication displayed no
shift in the sympathovagal balance from baseline to focussed attention as reflected by the
lack of differences in both HRV parameters and skin conductivity in these children (see
Figure 1 and 2). These results suggest that methylphenidate suppresses the ability of the

sympathetic nervous system to react to a cognitive stressor.

Conclusions

Stimulant-free children with ADHD demonstrated a baseline parasympathetic dominance
of the autonomic nervous system balance relative to control subjects. This relative
parasympathetic dominance of the sympathovagal balance in stimulant-free children with

ADHD seemed to occur as a result of parasympathetic over-activity as well as
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sympathetic under-activity. Methylphenidate appeared to shift the autonomic balance of
children with ADHD towards normal levels by seemingly increasing their low
sympathetic activity and decreasing their parasympathetic over-activity. However,
indications are that a normal autonomic balance was not reached in these children as they
still demonstrated a level of sympathetic under-arousal relative to control subjects.
Stimulant-free children with ADHD demonstrated the expected sympathovagal shift
towards the sympathetic nervous system when presented with a cognitive challenge;
however methylphenidate appeared to abolish this reactivity of the autonomic nervous
system. This could have negative implications for the psychological and physiological

well-being of these children.
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Table 1 Demographic data of children with ADHD and control subjects

ADHD group
Age Height Weight W:H Boys Girls
(years) (m) (kg)
Mean 9.53 1.41 37.07 0.88 13 6
SD 212 0.13 10.18 0.064
Control group
Age Height Weight W:H Boys Girls
(years) (m) (kg)
Mean 9.17 141 37.37 0.89 12 6
SD 1.42 0.09 11.48 0.072
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Table 2 HRV variables used in this study
PNS, parasympathetic nervous system; SNS, sympathetic nervous system

msec

Indicator Explanation Represents
Mean HR Average heart rate in beats per minute (bpm) Sympathovagal
balance
STDRR Standard deviation in the normal RR-interval in seconds | Global HRV
(sec)
=
g RR triangular | The base of the triangular area under the main peak of Global HRV
2 index the RR interval frequency distribution diagram
= STDHR Standard deviation of the selected heart rate series in Long-term
bpm components of HRV
RMSSD Square root of the mean squared differences of PNS
successive RR intervals in milliseconds (msec)
HF Spectral power in the high frequency range of 0.15 — PNS
0.40 Hz (ms?)
LF Spectral power in the low frequency range of 0.04 — 0.15 | SNS with PNS
= Hz (ms?) influence
18}
_§ HFnu Spectral power in the high frequency range in PNS
g normalized units (nu)
=)
E LFnu Spectral power in the low frequency range in normalized | SNS
units (nu)
LF/HF Ratio of percentage LF to percentage HF Sympathovagal
balance
SD1 Standard deviation of instantaneous beat-to-beat PNS
E variability in msec
)
§ SD2 Standard deviation of continuous long-term variability in | SNS & global HRV
'S
a
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Table 3 Comparison of baseline heart rate variability data between stimulant-free
children with ADHD and control subjects

Stimulant-free Controls Mann-
Indicator (unit) ADHD children Whitney test

Mean (SD) Mean (SD) p-value

HR (bpm) 87.67 (7.75) 93.77 (9.90) 0.0245

STDRR (sec) 0.052 (0.020) 0.036 (0.021) 0.0082
C

'g RR triangular 0.10 (0.031) 0.070 (0.035) 0.0020
o

?, index

S

= STDHR (bpm) 6.75 (2.06) 5.26 (2.05) 0.0193

RMSSD (msec) 52.51 (21.95) 35.99 (26.38) 0.0157

HF (msz) 659.16 (505.75) 435.67 (595.03) 0.0596
C

'g LF (msz) 667.00 (755.66) 372.39 (541.41) 0.0193
o

-?>; HF (nu) 51.94 (16.82) 53.75 (14.70) 0.9033
C

S LF (nu) 48.06 (16.82) 46.25 (14.70) 0.9033
(]

L LF/HF 1.22 (1.01) 1.02 (0.67) 0.9033

- SD1 (msec) 37.36 (15.59) 25.63 (18.77) 0.0157
o
o
L
3

g SD2 (msec) 76.28 (26.86) 53.43 (27.95) 0.0057
o

HR, heart rate; STDRR, standard deviation in the normal RR-interval; RR triangular index, base of the
triangular area under the main peak of the RR interval frequency distribution diagram; STDHR, standard
deviation of the selected heart rate series; RMSSD, square root of the mean squared differences of
successive RR intervals; HF (ms?), spectral power in the high frequency range; LF (ms?), spectral power in
the low frequency range; HF (nu), spectral power in the high frequency range in normalized units; LF (nu),
spectral power in the low frequency range in normalized units; LF/HF, ratio of percentage LF to percentage
HF; SD1, standard deviation of instantaneous beat-to-beat variability; SD2, standard deviation of
continuous long-term variability

26




Table 4 Comparison of baseline heart rate variability data between children with ADHD
on stimulants and control subjects

ADHD Controls Mann-Whitney
Indicator (unit) children on test
stimulants
Mean (SD) Mean (SD) p-value
HR (bpm) 95.41 (11.03) 93.77 (9.90) 0.6268
STDRR (sec) 0.044 (0.021) 0.036 (0.021) 0.1619
c
'g RR triangular 0.074 (0.035) 0.070 (0.035) 0.3781
o
?, index
£
= STDHR (bpm) 6.29 (2.09) 5.26 (2.05) 0.0833
RMSSD (msec) 45.71 (26.96) 35.99 (26.38) 0.1622
HF (ms?) 517.32 (496.15) 435.67 (595.03) 0.3948
c
g LF (ms?) 541.47 (689.72) 372.39 (541.41) 0.3782
o
g HF (nu) 51.47 (17.14) 53.75 (14.70) 0.6928
c
%_ LF (nu) 48.53 (17.14) 46.25 (14.70) 0.6928
- LF/HF 1.24 (1.02) 1.02 (0.67) 0.6928
- SD1 (msec) 32.53 (19.17) 25.63 (18.77) 0.1622
o
o
et
3
-§ SD2 (msec) 68.83 (28.22) 53.43 (27.95) 0.0388

HR, heart rate; STDRR, standard deviation in the normal RR-interval; RR triangular index, base of the
triangular area under the main peak of the RR interval frequency distribution diagram; STDHR, standard
deviation of the selected heart rate series; RMSSD, square root of the mean squared differences of
successive RR intervals; HF (ms?), spectral power in the high frequency range; LF (ms?), spectral power in
the low frequency range; HF (nu), spectral power in the high frequency range in normalized units; LF (nu),
spectral power in the low frequency range in normalized units; LF/HF, ratio of percentage LF to percentage
HF; SD1, standard deviation of instantaneous beat-to-beat variability; SD2, standard deviation of

continuous long-term variability
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Table 5 Comparison of baseline heart rate variability data between children with ADHD
when on stimulants and when stimulant-free

ADHD children Stimulant-free Wilcoxon
Indicator (unit) on stimulants ADHD children test
Mean (SD) Mean (SD) p-value
HR (bpm) 95.41 (11.03) 87.67 (7.75) 0.0033
STDRR (sec) 0.044 (0.021) 0.052 (0.020) 0.0421
c
'g RR triangular 0.074 (0.035) 0.100 (0.031) 0.0033
(@]
E index
£
= STDHR (bpm) 6.29 (2.09) 6.75 (2.06) 0.4445
RMSSD (msec) 45.71 (26.96) 52.51 (21.95) 0.2514
HF (ms?) 517.32 (496.15) 659.16 (505.75) 0.1590
c
'g LF (ms®) 541.47 (689.72) 667.00 (755.66) 0.0766
o
_:;; HF (nu) 51.47 (17.14) 51.94 (16.82) 0.9679
c
Gé_ LF (nu) 48.53 (17.14) 48.06 (16.82) 0.9679
[<B]
S
v LF/HF 1.24 (1.02) 1.22 (1.01) 0.9359
SD1 (msec) 32.53 (19.17) 37.36 (15.59) 0.2432
5]
o
2
§ SD2 (msec) 68.83 (28.22) 76.28 (26.86) 0.1589
‘S
o

HR, heart rate; STDRR, standard deviation in the normal RR-interval; RR triangular index, base of the
triangular area under the main peak of the RR interval frequency distribution diagram; STDHR, standard
deviation of the selected heart rate series; RMSSD, square root of the mean squared differences of
successive RR intervals; HF (ms?), spectral power in the high frequency range; LF (ms?), spectral power in
the low frequency range; HF (nu), spectral power in the high frequency range in normalized units; LF (nu),
spectral power in the low frequency range in normalized units; LF/HF, ratio of percentage LF to percentage
HF; SD1, standard deviation of instantaneous beat-to-beat variability; SD2, standard deviation of
continuous long-term variability
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Table 6 Comparison of baseline skin conductivity between the groups

Stimulant-free Controls Mann-
Indicator ADHD children Whitney test
(unit) Mean (SD) Mean (SD) p-value
1.35 (0.83) 1.96 (1.00) 0.0754
ADHD children Controls Mann-
on stimulants Whitney test
Baseline Mean (SD) Mean (SD) p-value
skin 2.21 (1.14) 1.96 (1.00) 0.5637
conductivity ADHD children Stimulant-free Wilcoxon
(nMhos) on stimulants ADHD test
children
Mean (SD) Mean (SD) p-value
2.21 (1.14) 1.35 (0.83) 0.0055
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Figure (below) Legends

Figure 1 The effect of focussed attention on the high frequency component of heart rate

variability in ADHD children on stimulants, stimulant-free ADHD children and control subjects

Figure 2 The effect of focussed attention on skin conductivity in ADHD children on stimulants,
stimulant-free ADHD children and control subjects
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Figure 1 The effect of focussed attention on the high frequency component of heart rate

variability in ADHD children on stimulants, stimulant-free ADHD children and control subjects

HF (B): High frequency component of heart rate variability during baseline; HF (FA): High frequency component of heart

rate variability during focussed attention
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Figure 2 The effect of focussed attention on skin conductivity in ADHD children on stimulants,

stimulant-free ADHD children and control subjects

SC (B): Skin conductivity during baseline; SC (FA): skin conductivity during focussed attention
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