
INTRODUCTION

Attention-deficit/hyperactivity disorder and gait 
disturbances

Attention-deficit/hyperactivity disorder (ADHD) is one of 
the most common developmental disorders in children and 
adolescents.1,2 The primary cognitive symptom of ADHD con-
sists of in attention, while the primary behavioral symptoms 
include hyperactivity and impulsive behavior.3 There has been 
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considerable research on cognitive and motor disturbances 
in children with ADHD.1,2 About 50% of children with ADHD 
have been reported to show clumsiness in motor perfor-
mance below the norms for their age.4 In a comparison of the 
Physical and Neurological Examination for Soft Signs Scale 
(PANESS) scores between 35 medication-naïve boys with 
ADHD (8–11 years) and 30 age-matched controls, Konicaro-
va et al.5 reported that boys with ADHD showed disturbance 
of postural and gait balance as compared to controls. In con-
trast, Schlee et al.6 reported that the balance and postural ca-
pacity of children with ADHD, as measured by plantar foot 
sensitivity and static balance, showed no significant difference 
compared to controls.

Brain imaging data from children with ADHD have sug-
gested that motor disturbances such as those in postural and 
gait balance are associated with impairments in prefrontal 
functioning (hypofrontality)7 and a deficit of cerebellar inhibi-
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tory functions.8 Hypofrontality in children with ADHD has 
been thought to be associated with the delayed maturation of 
frontal lobe functions of compensatory response within basal 
ganglia and cerebellum.9,10 Other brain imaging studies of 
ADHD have revealed that volume reductions in the cerebel-
lar vermis are associated with disturbances in postural and 
gait control.11,12

Plantar pressure and gait balance
Postural stability is thought to be associated with the main-

tenance of an upright position during quiet standing and with 
the recovery of balance during voluntary movement.13 Pos-
tural stabilityis frequently represented by the body’s global 
center of mass (COM). The central nervous system maintains 
the COM in space and the oscillation of COM is called pos-
tural sway.14 Postural sway is thought to be related to the shift 
in the center of pressure (COP) from the anteroposterior (AP) 
to mediolateral (ML) foot. In addition to the COP, mean plan-
tar pressure of the foot is commonly used for evaluating foot 
and lower limb function as well as gait balance during walk-
ing.15 For a reliable assessment of plantar pressure in children 
7–11 years of age, Cousins et al.16 suggested considering vari-
ables including peak pressure, peak force, pressure-time inte-
gral and force-time integral.

Hypothesis
So far, there have been inconsistent study results on gait dis-

turbances in ADHD. In addition, there have been no studies 
that investigate the direct correlation between postural and 
gait balance and activity within the brain regions in ADHD, 
controlling for medication use. Therefore, this study was aimed 
to assess disturbances in postural and gait balance and func-
tional connectivity with in the brain regions controlling bal-
ance in children with ADHD who were medication-naïve or 
drug-free for 6 months prior to the study. We hypothesized 
that children with ADHD would exhibit greater balance dis-
turbance in gait and decreased brain connectivity within the 
fronto-striatal-cerebellar circuit as compared to control chil-
dren. We also hypothesized that gait disturbance would be 
associated with hypo-connectivity between the cerebellum 
and frontal lobe in children with ADHD.

METHODS

Participants
Thirteen children with ADHD (9–12 years of age) and 13 

age- and sex-matched controls were recruited from the De-
partment of Psychiatry, Kacheon University Hospital. All chil-
dren were assessed with the Korean Kiddie Schedule for Af-
fective Disorders and Schizophrenia, Present and Lifetime 

Version17 and diagnosed according to Diagnostic Statistical 
Manual of Mental Disorder-IV-TR criteria. Inclusion criteria 
for ADHD included children who: 1) were diagnosed as hav-
ing ADHD, 2) were medication-naïve or drug-free for 6 
months prior to the study, 3) and had an intelligence quotient 
(IQ) ≥80. Exclusion criteria included children who: 1) had 
other psychiatric comorbidities including depression, autism 
spectrum disorder, and tic disorder, 2) had a history of head 
trauma and substance abuse, or 3) had a contraindication for 
MRI scanning such as claustrophobia, metal implants, or 
cerebrovascular accidents. The same contraindications applied 
to the control children. Finally, 13 ADHD children consisting 
of 4 ADHD children with predominantly inattentive presen-
tation, 6 ADHD children with predominantly hyperactive/
impulsive presentation, and 3 ADHD children with combined 
presentation were recruited. In addition, there were no ADHD 
children who had other psychiatric comorbidities.

The research protocol was approved by the Kacheon Uni-
versity Hospital Institutional Review Board. Written informed 
consent was provided by the children and their parents.

Measurement of balance using plantar pressure
Gait balance was assessed by the difference in the COP be-

tween the left and right foot and the difference in plantar pres-
sure between the left and right foot during gait. The pressures 
of the foot were assessed with the TekScanMatScan® system 
floor mat (Boston, MA, USA), which is 5 mm thick (432× 
368 mm) and has 2288 resistive sensors (1.4 sensors/cm2) 
and a sampling frequency of 40 Hertz (Hz). To prevent in-
tentional weight bearing on the floor mat, children were asked 
to squat twice for 10 seconds. During these 10 seconds, the 
COPs of both feet were estimated and the COP of the last sec-
ond (50 frames) was recorded for analysis. The smoothness 
of the COP trajectory in theantero-posterior (AP) to medio-
lateral (ML) direction within the foot was quantified using 
normalized jerk scores during gait.18 To capture dynamic 
plantar pressure for a constant gait velocity, a two-step gait-
protocol was used.19 After children were familiarized with 
walking over the floor mat, data was collected at a natural gait 
pattern with a self-selected speed. The peak pressures (k Pa) 
within the seven regions of the foot lateral heel, medial heel, 
mid-foot, first metatarsophalangeal joint (MPJ), second to fifth 
MPJ, hallux, and lesser toes16 were obtained and the average 
peak pressure of both feet was calculated. The average peak 
pressure in addition to the temporal measures of pressure-
time integrals (k Pa.s/cm2) was selected for analysis. 

Acquisition and analysis of brain connectivity
All imaging data were acquired using a 3.0 Tesla Verio MRI 

scanner (SIEMENS, Erlangen, Germany). Functional image 
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parameters were as follows: a gradient-echo planar sequence 
sensitive to the blood oxygen level–dependent (BOLD) contrast 
[repetition time (TR)=3,000 ms, echo time (TE)=30 ms, and 
flip angle=90°], whole brain volumes with 3.5-mm-thick trans-
verse slices, a voxel size of 3.5×3.5×3.5 mm, no interslice gap, 
and in-plane resolution of 64×64 pixels. Patients were in-
structed to lie still in the scanner with their eyes closed, but to 
remain awake. For anatomical imaging, 3D T1-weighted mag-
netization-prepared rapid gradient echo (MPRAGE) data 
were collected with the following parameters: TR=1,900 ms, 
TE=3.00 ms, FOV=256×256 mm, 120 slices, 1.0×1.0×1.0 mm 
voxel size. Images were realigned to Talairach coordinates us-
ing the anterior and posterior commissures and the sagittal 
sulcus plane. Brain Voyager software (BVQX 1.9; Brain In-
novation, Maastricht, Netherlands) was used for the analysis 
of functional images. Functional data was co-registered to the 
anatomical 3D data sets for each participant using the pro-
vided multi-scale algorithms. The 3D structural images were 
spatially normalized to the standard Talairach space.20 A non-
linear transformation was applied to the T2-weighted fMRI 
time series data. Slice scan time and 3D motion correction 
were applied and the functional data were spatially smoothed 
using a Gaussian kernel with a full width at half maximum 
(FWHM) of 6 mm, which was temporally filtered using lin-
ear trend removal and Fourier analysis high-pass filtering 
with a cutoff of 3 cycles of the full time course. Brain connec-
tivity within the fronto-striatal-cerebellar circuit was measured 
by functional connectivity (FC) analysis using resting state 
functional magnetic resonance imaging (rs-fMRI) data. Rs-
fMRI allowed us to examine intrinsic brain activity while the 
participant was at rest. FC is defined asa temporal association 
between two brain areas that are spatially isolated. FC analysis 

allowed us to assess the neural circuitry suggestive of connec-
tivity between brain regions that share functional properties.21 
Functional connectivity between the vermis of the cerebel-
lum and all other regions of the brain was assessed by draw-
ing a cube of 10 mm on each side, which was centered on the 
vermis of the cerebellum using Talairach coordinates (0, -68, 
-16) (Figure 1). Children with excessive head movements 
(greater than 3 mm in the x, y or z dimensions in length or 
greater than 3° around the x, y or z axis in rotation) were tobe 
excluded from the fMRI analysis. However, no participants 
were excluded from the analysis based on these criteria.

Statistical analysis
Demographic characteristics between the ADHD group 

and control group were analyzed with the Mann-Whitney U 
test and chi-square test. The average time course of the BOLD 
signal was extracted from the seed region of the vermis of 
the cerebellum and used as the model predictor in a general 
linear model analysis (GLM) to determine temporally related 
brain regions in the form of individual subject statistical para-
metric maps (SPM) of temporal correlation coefficients (be-
ta-values). Other predictors were not used in the GLM analy-
sis. A post-hoc region of interest analysis was performed 
calculating the average beta-values using a mask of the signifi-
cantly higher FC in the middle frontal and medial frontal gyri 
in the ADHD group as compared to thecontrol group. For all 
analyses, we regarded associations as significant when the false 
discovery rate (FDR) correction was equal to or less than 0.05.

Figure 1. Brain functional connectivity 
between the vermis of the cerebellum 
and other brain areas. ADHD: atten-
tion-deficit/hyperactivity disorder.

ADHD children

Healthy children>ADHD children

Healthy children
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RESULTS

Demographic characteristics
There were no significant differences in age, sex, education 

years, IQ, body index (height and weight) or children’s depres-
sive inventory (CDI) score between the two groups. The mean 
K-ARS scores in the ADHD group were higher than those in 
the control group (z=3.92, p<0.01) (Table 1).

The difference in the plantar pressure and jerk 
valuesof the feet

The difference in plantar pressure between the left foot and 
right foot in the ADHD group was greater than that observed 
in the control group (z=3.9, p<0.01). The jerk score of the COP 
within the right foot in the ADHD group was higher than that 
observed in the control group (z=2.28, p=0.02) (Table 2).

Brain functional connectivity between the vermis of 
the cerebellum and other brain areas

In the control group, the cerebellum was positively connect-
ed with the right parietal postcentral gyrus, right precuneus 
gyrus, right paracentral lobule, right cingulate gyrus, and left 
insular cortex (pFDR<0.05<0.005). In the ADHD group, the cere-

bellum was positively connected with the right parahippocam-
pal gyrus and the left temporal lobe (pFDR<0.05<0.004) (Figure 1, 
Table 3). There was no statistically significant correlation be-
tween K-ARS, jerk value, and brain activity.

A higher FC between the cerebellum and the right middle 
frontal gyrus (premotor cortex) and the medial frontal gyrus 
(cingulate gyrus) was observed in the control group as com-
pared to the ADHD group (pFDR<0.05<0.04) (Figure 1, Table 3).

Correlation between K-ARS score, plantar pressure, 
jerk value, and brain activity

The K-ARS score was positively correlated with the differ-
ence in plantar pressure in all participants (ADHD and con-
trols participants; r=0.55, p<0.01). However, the K-ARS score 
in the ADHD group showed no significant correlation with 
the difference in plantar pressure (r=0.35, p=0.23). 

The difference in plantar pressure between the left and right 
foot in all participants (ADHD and control participants) was 
negatively correlated with the beta-value within the middle 
frontal gyrus (premotor cortex; r=-0.50, p=0.01). In the ADHD 
group, the difference in plantar pressure between the left and 
right feet was also negatively correlated with the beta-value 
within the middle frontal gyrus (premotor cortex; r=-0.57, 

Table 1. Demographic characteristics

ADHD group Control group Statistics
Age 10.7±1.4 10.4±1.2 z=0.48, p=0.63
Sex (male/female) 10/3 9/4 χ2=0.2, p=0.68
Years of education 4.5±1.2 4.3±1.0 z=0.48, p=0.63
IQ 96.0±9.7 96.2±8.3 z=0.39, p=0.70
Height (cm) 145.3±13.4 147.2±7.2 z=0.31, p=0.76
Weight (kg) 46.1±14.2 45.1±11.1 z=0.10, p=0.63
K-ARS 20.4±11.9 5.0±3.6 z=3.39, p<0.01*
Inatt/Hyper/Combined 4/6/3 - -
CDI 9.5±6.0 7.1±6.1 z=0.87, p=0.38
*statistically significant. IQ: intelligence quotient, K-ARS: Korean attention-deficit/hyperactivity disorder (ADHD) scale, Inatt: predominant-
ly inattentive presentation, Hyper: predominantly hyperactive/impulsive presentation, Combined: combined presentation, CDI: children’s 
depressive inventory

Table 2. Differencesin plantar pressure and jerk value of the feet

ADHD Control Statistics
Plantar pressure

Left foot 48.3±1.4 49.2±1.1 z=2.24, p=0.03*
Right foot 51.7±1.4 50.8±1.1 z=2.24, p=0.03*
Difference 4.0±1.8 2.1±1.6 z=3.92, p<0.01*

Jerk value of COP
Left foot 1.5±0.4 1.3±0.2 z=1.18, p=0.23
Right foot 1.5±0.3 1.2±0.2 z=2.28, p=0.02*

*statistically significant. ADHD: attention-deficit/hyperactivity disorder, COP: center of pressure
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p=0.04). However, the control group did not show a significant 
correlation between the difference in plantar pressure and the 
beta-value within the middle frontal gyrus (premotor cortex; 
r=0.22, p=0.48).

DISCUSSION

The current study indicated that children with ADHD ex-
hibit disturbance of balance as assessed by plantar pressure. In 
addition, disturbance of balance in children with ADHD was 
associated with decreased brain connectivity within the pre-
motor cortex. To the best of our knowledge, this is the first 
study on ADHD to show a correlation between balance as as-
sessed by plantar pressure and activity within the brain regions 
controlling balance.

The difference in plantar pressure and jerk value 
of the feet

Our study suggests that children with ADHD exhibit distur-
bance of balance as assessed by plantar pressure. In addition, 
the severity of ADHD symptoms was correlated with body 
imbalance. The disturbance of balance control in children with 
ADHD has been reported in previous studies.22 Buderath et 
al.23 reported that children with ADHD showed difficulties in 
a backward walking test and a paced stepping test. However, 
Schlee et al.6 reported that the balance and postural capacity 
(plantar foot sensitivity and static balance) of children with 
ADHD were not different from those of controls. The differing 
results between our study and Schlee’s study may be due to the 
effect of medication. Thirteen of the 21 children with ADHD 

in Schlee’s study were on medication at the time of assessment, 
while the children with ADHD in the current study were 
drug-naïve. Methylphenidate is thought to affect postural con-
trol in children with ADHD.24 Taken together, we cautiously 
suggest that when compared to controls, children with ADHD 
have balance disturbance as assessed by plantar pressure.

Brain functional connectivity between the cerebellum 
and other brain areas

In the current study, the control children showed FC from 
the cerebellum to the parietal, cingulate, and insular cortices, 
while children with ADHD showed FC from the cerebellum 
to just the temporal area. The parieto-temporal junction and 
the parieto-insular cortex have been thought to be associated 
with static and dynamic balance.25,26 In particular, postural sta-
bilization has been reported to be associated with activation 
within the parietal lobe, anterior cingulate cortex, and cere-
bellum.27

When directly comparing brain connectivity from the cere-
bellum to other brain areas, children with ADHD showed de-
creased connectivity from the cerebellum to the middle frontal 
gyrus (premotor cortex) and medial frontal gyrus (anterior 
cingulate) as compared to the control children. The cerebellum 
is already known to play a crucial role in movement control, 
balance, and locomotion.28 Karim et al.29 reported that the mid-
dle frontal gyri and anterior cingulate were associated with an-
terior-to-posterior movement in the COP in healthy adults. 
More interestingly, the degree of balance disturbances in the 
current study was associated with decreased brain activity 
within the premotor cortex inchildren with ADHD. Taken to-

Table 3. Brain functional connectivity between the vermis of thecerebellum and other brain areas

Talairach code
CLs pFDR<0.05 Regions

x y z
Control children

49 -11 17 128 0.005 1. Right Parietal Postcentral Gyrus, BA 43
5 -18 -21 132 0.005 2. Right Brainstem, Pons
2 -74 39 127 0.005 3. Right Parietal Precuneus, BA7
4 -21 43 121 0.005 4. Right Frontal, Paracentral Lobule, BA 31
1 24 33 120 0.005 5. Right Cingulate Gyrus, BA 32

-43 -34 22 129 0.005 6. Left Insula, BA 13
ADHD children

2 -60 -17 117 0.004 7. Right Cerebellum, Posterior Lobe
-39 -7 -15 108 0.004 8. Left Temporal Lobe, BA 20
34 -7 -13 125 0.004 9. Right, Parahippocampal Gyrus, Amygdala

Control children>ADHD children
29 21 42 42 0.04 10. Right Middle Frontal Gyrus, BA 8

2 47 11 41 0.04 11. Right Medial Frontal Gyrus, BA 10
CLs: clusters, BA: Broadmann area, ADHD: attention-deficit/hyperactivity disorder
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gether, we suggest that decreased brain connectivity from the 
cerebellum to the middle frontal and anterior cingulate gyri 
disturbs balance and posture in children with ADHD.

Limitations
There were several limitations to the current research. First, 

the small number of participants means that we cannot gen-
eralize the results. Second, only the balance in static and simple 
tasks (e.g., walking forward) was assessed in the current re-
search. Additional studies with a large cohort of participants 
and complex movements are needed.

Conclusion
Children with ADHD exhibit disturbance of balance as as-

sessed by plantar pressure. Decreased brain connectivity from 
the cerebellum to the middle frontal and medial frontal gyri in 
children with ADHD was associated with disturbances of pos-
ture and balance.
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