
Huang et al. 
Journal of NeuroEngineering and Rehabilitation          (2024) 21:160  
https://doi.org/10.1186/s12984-024-01465-z

RESEARCH

Cortical activity during online motor control 
in children with and without developmental 
coordination disorder: a cross-sectional 
functional near-infrared spectroscopy study
Quting Huang1*, Michael K. Yeung2, Kenneth N. K. Fong1,3 and Chi‑Wen Chien1,4 

Abstract 

Background Children with developmental coordination disorder (DCD) have impaired online motor control. 
Researchers posit that this impairment could be due to a deficit in utilizing the internal model control process. 
However, there is little neurological evidence to support this view because few neuroimaging studies have focused 
specifically on tasks involving online motor control. Therefore, the aim of this study was to investigate the differences 
in cortical hemodynamic activity during an online movement adjustment task between children with and without 
DCD.

Methods Twenty children with DCD (mean age: 9.88 ± 1.67 years; gender: 14M/6F) and twenty age‑and‑gender 
matched children with typical development (TD) (mean age: 9.87 ± 1.59 years; gender: 14M/6F) were recruited 
via convenience sampling. Participants performed a double‑step reaching task under two conditions (with 
and without online adjustment of reaching). Cortical hemodynamic activity during task in ten regions of interest, 
including bilateral primary somatosensory cortex, primary motor cortex, premotor cortex, superior parietal cortex, 
and inferior parietal cortex was recorded using functional near‑infrared spectroscopy. In the analyses, change in oxy‑
hemoglobin (ΔHbO) concentration was used to characterize hemodynamic response. Two‑way analyses of variance 
were conducted for each region of interest to compare hemodynamic responses between groups and conditions. 
Additionally, Pearson’s r correlations between hemodynamic response and task performance were performed.

Results Outcome showed that children with DCD required significantly more time to correct their reaching 
movements compared to the control group (t = 3.948, P < 0.001). Furthermore, children with DCD have a signifi‑
cantly lower ΔHbO change in the left superior parietal cortex during movement correction, compared to children 
with TD (F = 4.482, P = 0.041). Additionally, a significant negative correlation (r = − 0.598, P < 0.001) was observed 
between the difference in movement time of reaching and the difference in ΔHbO between conditions in the left 
superior parietal cortex.

Conclusions The findings of this study suggest that deficiencies in processing real‑time sensory feedback, consid‑
ering the function of the superior parietal cortex, might be related to the impaired online motor control observed 
in children with DCD. Interventions could target this issue to enhance their performance in online motor control.
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Background
Coordinated action is crucial for efficiently complet-
ing daily activities in the face of dynamic environment. 
To achieve it, the ability to continuously monitor and 
seamlessly adjust movements in response to the chang-
ing environmental conditions during an action, known as 
‘online motor control’, is necessary [1, 2]. Online motor 
control typically develops rapidly during childhood (e.g. 
6–12 years old); however, in children with Developmen-
tal Coordination Disorder (DCD), this development 
might be affected [3, 4]. DCD is a common neurodevel-
opmental disorder beginning in childhood [5]. Children 
with DCD are found to have difficulties in acquisition 
and execution of coordinated motor skills compared to 
their typically developing peers of the same chronologi-
cal age, affecting their performance in daily activities and 
academic tasks [5–7]. An in-depth understanding of 
online motor control in children with DCD is necessary 
to inform early interventions, thereby avoiding possible 
irreversible effects on their future lives.

The online motor control of children with DCD is com-
monly examined using a double-step paradigm for upper 
limb reaching movement [3, 8, 9]. In this paradigm, the 
movement target shifts to a different location after the 
movement is started, requiring the performers to quickly 
and successfully correct their movement direction to 
reach the new target and complete the task. Children 
with DCD were found to exhibit impaired online motor 
control in terms of task performance and kinematic out-
comes [3, 4, 8, 10–12]. For instance, Hyde and Wilson 
[3, 8] observed that children with DCD exhibited sig-
nificantly longer movement times and had more delayed 
initiation of corrective actions than children with typi-
cal development (TD). Conversely, Adams et  al. [2] and 
Plumb et al. [9] argued that children with DCD might not 
have impairment in online motor control, as no signifi-
cant differences were found in time used for movement 
correction between groups. The inconsistency in the 
results between those studies may stem from the varia-
tions in task difficulty. Regardless, an in-depth investiga-
tion into the neurological underpinnings of online motor 
control deficits in children with DCD becomes necessary, 
no matter whether to reconcile these differences or to 
advance the development of targeted interventions.

Over the past few decades, the availability of neuro-
imaging techniques such as functional magnetic reso-
nance imaging, functional near-infrared spectroscopy 
(fNIRS), and electroencephalography has enabled 

researchers to explore motor control from neurosci-
entific perspectives. Among these, fNIRS captures the 
hemodynamic response to neuronal activity in the cer-
ebral cortex by measuring changes in the concentra-
tions of oxyhemoglobin and deoxyhemoglobin [13]. 
Compared to other techniques, fNIRS is relatively 
robust to motion artifacts and offers a real-life testing 
environment, making it the most suitable for assessing 
online motor control in children with DCD using the 
double-step reaching protocol [14, 15]. However, one 
major limitation of fNIRS is that it can only map corti-
cal activations.

Literature have suggested that the online motor 
control in the double-step paradigms can be achieved 
through a neural process known as the ‘internal model’ 
[16, 17]. Generally, in this neural process, the sensory 
consequences of the initial reaching movement are 
first predicted from the efference copy of issued motor 
commands (i.e., internal feedback). Subsequently, these 
predictions are with sensory feedback that reveals the 
relative position of the moving limb and target. If a mis-
match arises due to a target shift, an error signal is gen-
erated to adapt motor commands to correct movement 
in real time [3, 18]. In the process, two cortical regions, 
including the motor cortex (located in the frontal lobe) 
and the parietal lobe, are involved. The parietal lobe is 
proposed to be vital for constructing internal feedback 
and acquiring external sensory feedback [10, 19]. Con-
currently, it is posited to facilitate the comparison and 
detection of discrepancies between predicted sensory 
consequences and actual sensory feedback [20, 21]. 
Later, the motor cortex is responsible for generating 
motor commands for initial and corrective movements 
[21]. As a result, the function of these two regions is 
crucial for online motor control.

Atypical brain functions in children with DCD that 
might be associated with online motor control have 
been observed in the abovementioned regions. Zwicker 
et al. [22, 23] found significantly lower activation in the 
parietal lobe in children with DCD than in children 
with TD when performing a trail-tracing task. Similar 
findings indicating reduced activation in the parietal 
lobe of children with DCD during motor tasks such 
as hand rotation, finger adduction/abduction, and tar-
get tracking have been reported in other neuroimaging 
studies [24–29]. In addition, Caçola et al. [14] identified 
abnormal activation in the motor cortex of children 
with DCD during fine motor movements. However, it 
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is important to note that most neuroimaging studies 
merely revealed differential brain activation patterns 
in the two regions between children with and without 
DCD during movement that was executed repeatedly. 
A link between these abnormalities and poor online 
motor control was not directly established by a spe-
cialized paradigm (e.g., double-step task). Thus, there 
is a need for research that is meticulously tailored to 
explicitly probe the functioning of motor cortex and 
parietal lobe during online motor control in children 
with DCD [30].

Therefore, the aim of this study was to compare cortical 
hemodynamic activity in the motor cortex and parietal 
lobe in children with and without DCD when perform-
ing a modified double-step task using fNIRS. The specific 
research questions were as follows:

(1) Do children with DCD spend longer time correct-
ing movement in the double-step reaching task?

(2) Do children with DCD show lower activation 
changes in the motor cortex and parietal lobe, if 
they spend more time correcting movement in the 
double-step reaching task?

(3) Which regions exhibit changes in activation associ-
ated with slower performance, if any, in the double-
step reaching task?

Material and methods
Participants
Participants were recruited using convenience sampling 
by posters placed on social media. Children with DCD 
were included in the study if they satisfied four specific 
criteria from the Diagnostics and Statistical Manual of 
Mental Disorders, Fifth Edition: (a) scored below the 
5th percentile in the Hong Kong Fine Motor Test for the 
School-aged (HKFMTS) [31] (see Supplemental material 
A for details); (b) scored below age-specific cut off in the 
Developmental Coordination Disorder Questionnaire 
(DCDQ) (criterion B); (c) showed an early onset of symp-
toms as reported by parents (criterion C); and (d) had no 
intellectual or visual impairment, or other physical and 
neurological conditions as reported by parents (criterion 
D). Children with left-hand dominance were excluded 
from the study.

The control group consisted of children with typical 
development (TD) who met the following inclusion cri-
teria: (a) age- and gender-matched with the DCD par-
ticipants; (b) right-handed; and (c) had no intellectual or 
visual impairments or any other physical or neurological 
conditions as reported by parents. Children in the TD 
group were also assessed using the HKFMTS and DCDQ, 
ensuring that they achieved the scores within the normal 
range.

For both groups of children with TD and DCD, the 
DCDQ was first administered by sending an online 
questionnaire to parents after receiving their expres-
sion of interest in participating in the study. A contact 
person was available to answer parents’ questions about 
the meaning of items in the DCDQ. The HKFMTS was 
conducted after confirming that children fulfilled the 
requirements for being TD or probable-DCD based on 
the DCDQ results. The HKFMTS was administered in a 
quiet room by two trained occupation therapy students 
in the pediatric neuroscience lab at university campus. 
Eligible children were then invited to the fNIRS study on 
another day within one month. Both ethics approval and 
participant consent were obtained; details can be found 
in the Declarations section. Table 1 provides a summary 
of the demographics and details of the children involved 
in the study.

Study design
Prior to the experiment, participants were seated upright 
on a chair with adjustable seat height, seat depth, and 
footrest height in front of a fixed table and a computer 
monitor. A press button was placed on the table, and 
three pencils for manipulation were placed upright at 
coordinates of − 30°, 0°, and 30° with respect to the press 
button. The center of the press button was set 30  cm 
from each pencil and 50 cm from the monitor (Fig. 1A).

At the onset of the experiment, participants were 
directed to press the button with their right palm. A 
white cross then appeared on the monitor serving as a 
preparatory signal. Following a random interval of 1 to 
2 s, the white cross transitioned to a slide featuring three 
images depicting the positions (left, middle, and right) of 
three pencils, coupled with an auditory cue that signal-
ing the start of the reaching movement. One of the three 

Table 1 General information of the participants

Data are shown as the mean (SD)

TD typical development, DCD developmental coordination disorder, DCDQ 
Developmental Coordination Disorder Questionnaire, HKFMTS Hong Kong Fine 
Motor Test for the School-aged
a Mean DCDQ score of each age band is shown separately. The DCDQ score of 
each participant in both the TD and DCD groups was confirmed within the age-
specific range

TD (n = 20) DCD (n = 20) P value

Gender (male/female) 14/6 14/6

Age (years) 9.88 (1.67) 9.87 (1.59) 0.973

DCDQ  scorea 60.25 (3.11) 38.25 (7.77) < 0.001

 5–7 years (n = 3) 61.33 (3.06) 32.00 (1.00)

 8–9 years (n = 9) 59.44 (2.74) 37.89 (8.18)

 10–15 years (n = 8) 60.75 (3.65) 41.00 (7.86)

HKFMTS standard score 109.35 (5.58) 72.35 (3.69) < 0.001
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images was highlighted to prompt participants about the 
target pencil. Initially, the middle image was always high-
lighted. However, once the participant’s palm left the but-
ton, this image could either stay highlighted (non-jump 
trial) or switch off, with one of the lateral images (left or 
right) lighting up (jump trial), each with an equal prob-
ability of occurring. Participants were informed about 
these possibilities beforehand and instructed to execute 
their movements swiftly and accurately. They were then 
required to return their hand to the starting point and 
wait for the next trial. Each trial lasted about 5 s and was 
followed by a 20-s rest period. All stimuli were presented 
using E-Prime (version 2.10, Psychology Software Tool, 
USA).

The experimental setup consisted of two runs, each 
containing 24 trials—16 non-jump and 8 jump trials, 
randomized throughout. Each run lasted around 10 min, 
separated by a 3-min rest interval. The entire session was 
recorded using a synchronized camera system, specifi-
cally the Logitech C270 HD webcam, which is capable of 
Full HD 720p resolution at 30 Hz. In addition, preceding 
the formal testing phase (before participants were fitted 
with the fNIRS cap and probes), a practice session with 
12 trials (8 non-jump and 4 jump) was given to acquaint 
participants with the task.

fNIRS measurement
The cortical hemodynamic activity during the task was 
recorded using a multichannel fNIRS optical topogra-
phy system (ETG-4000, Hitachi Medical Co., Japan) with 
near-infrared light at wavelengths of 695 nm and 830 nm; 
its sampling rate was 10.0 Hz. Two 3 × 5 probe sets with 

eight sources and seven detectors were fastened in a cus-
tomized EEG cap and placed on the participants’ head, 
resulting in 2 × 22 channels in total (Fig. 2). Specifically, 
the two probes were symmetrically positioned with chan-
nel 21/25 aligned to the ‘C1/C2’ point of the international 
10/20 system, and the alignment of channels 3-12-21/25–
36-43 corresponded to the ‘C5–C1/C6–C2’ line. The dis-
tance between each probe was 3  cm. The ‘Cz’ point on 
the cap served as a reference marker to ensure consistent 
positioning across participants. Additionally, a 3D-mag-
netic space digitizer (EZT-DM401, Hitachi Medical 
Corporation, Japan) was employed to document the 3D 
location of each probe on the participant’s head. These 
coordinates were subsequently registered into Montreal 
Neurological Institute coordinates using the AtlasViewer 
toolbox for meticulous probe-set placement verification 
[32]. Table 2 depicts the cortical regions (i.e., regions of 
interest; ROIs) covered by the probe arrangement in the 

Fig. 1 Illustration of the A experimental set‑up and B task paradigm. A Participants were instructed to sit on the chair and remain close 
to the backrest throughout the experiment. They were also asked to place their right hand on the right side of the button (but not press it), 
maintain their forearm horizontally with the upper arm perpendicular to it, and rest their left hand on their left thigh as the starting position. B 
The task was initiated with participants placing their right palm on the start button. After a random interval of 1 to 2 s, they were signaled to reach 
the target. During their ongoing reaching, there is a 67% probability that the target remained unchanged and a 33% chance that it shifted 
to a different target, as depicted in the monitor. The time limit for this movement was 5 s. Upon reaching the target, the participants automatically 
returned their hand to the starting position and then rested for a 20‑s period before proceeding with the next trial

Fig. 2 Arrangement of fNIRS channels
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present study, according to the estimation of probabilistic 
anatomical locations of channels based on the Brodmann 
area atlas.

Data analysis
Initially, trials with non-compliance were excluded from 
subsequent analysis. These non-compliant trials included 
those in which participants did not complete the move-
ment within the 5-s time limit, failed to reach the cor-
rect target pencil, or had significant movement from 
other body segments during the action. These trials were 
identified using the videos recorded by the synchronized 
camera. The excluded data accounted for approximately 
7% of the total dataset.

Behavioral data analysis
To evaluate the behavioral performance of the task, 
movement time difference  (MTdiff) was computed by sub-
tracting the movement time of the jump condition from 
the non-jump condition. Movement time was defined as 
the duration between reaching initiation and completion. 
Reaching initiation was identified as the point when the 
participants’ hand left the press button, while comple-
tion was marked by the moment when the participants 
touched the pencil. The timing of all these events was 
determined by analyzing the videos recorded by the syn-
chronized camera during the experiment.

fNIRS data processing and analysis
The recorded original fNIRS signals were analyzed using 
HOMER2 [33]. First, noisy channels were identified and 
pruned. Subsequently, all normal fNIRS signals were 
converted into optical density. Motion artifacts were 
then corrected using wavelet filtering (inter-quartile 
range = 0.1), a method suggested to yield promising out-
comes in the pediatric population [34]. Next, a bandpass 
filter ranging from 0.01 to 0.1 Hz was applied to remove 

the slow drifts and cardiac pulsation signal. After that, 
optical density was converted into the concentration 
change of oxyhemoglobin concentration (ΔHbO) and 
deoxyhemoglobin concentration (ΔHbR) using the modi-
fied Beer–Lambert law with a partial pathlength factor of 
6. Finally, the resulting data were block averaged within a 
period from 3 s before the task to 12 s after the task as the 
time-series concentration changed.

ΔHbO was utilized for further analysis due to its higher 
contrast-to-noise ratio compared to ΔHbR [35]. ΔHbO 
was averaged over a time window ranging from 5 to 10 s 
after task onset as activation amplitude for each trial. 
This is based on the understanding that ΔHbO requires 
approximately 5  s to achieve a stable change and typi-
cally peaks within 5 to 10 s after movement onset during 
motor tasks [36, 37]. Notably, in the current study, ΔHbO 
peaked at approximately 7 to 8 s post task onset accord-
ing to the time-series data.

Statistical analysis
An independent sample t test was first used to investigate 
the difference in behavioral performance by comparing 
the  MTdiff between children with DCD and TD. To visu-
alize the cortical hemodynamic response for the task at 
the group level, we calculated the between-condition dif-
ference in activation amplitude using a paired t test and 
generated t-maps for both groups using the BrainNet 
Viewer toolbox, according to the previously registered 
MNI coordinates [38]. The channel-wise t values are 
reported in Supplemental material B and for visualiza-
tion purposes only (i.e., not for interpretation). Further-
more, the average activation amplitude of each ROI was 
analyzed to explore the effects of group and condition on 
cortical activities. A 2 × 2 mixed ANOVA was performed 
on activation amplitude in each ROI, involving group 
(DCD v.s. TD) as a between-subjects factor and condi-
tion (non-jump v.s. jump) as a within-subjects factor. 
Additionally, Pearson’s r correlation coefficients of the 
between-condition difference in activation amplitude in 
those ROIs with identified significant differences in the 
former test and  MTdiff were calculated to further examine 
the association between cortical responses and behav-
ioral performance. Effect sizes (including Cohen’s d for 
t-tests, partial η2 for ANOVAs, and  r2 for correlations) 
were calculated to aid in interpreting the study results. 
All statistical analyses were executed using SPSS (version 
22, IBM, USA) with a significance level set at 0.05 and a 
confidence interval of 95%.

Results
Behavioral results
The mean  MTdiff for each group is shown in Fig. 3. The 
 MTdiff of the DCD group [mean (SD): 463  ms (88  ms)] 

Table 2 Allocation of the fNIRS channels to cortical regions

Brodmann area Region Channel

1, 2, 3 Left primary somatosensory cortex 3, 12, 16

Right primary somatosensory cortex 24, 31, 43

4 Left primary motor cortex 8, 17, 21

Right primary motor cortex 25, 34, 39

6 Left premotor cortex 13, 18, 22

Right premotor cortex 26, 30, 31, 35

5, 7 Left superior parietal cortex 14, 19

Right superior parietal cortex 23, 27, 28

39, 40 Left inferior parietal cortex 2, 6, 7, 10, 11, 15

Right inferior parietal cortex 32, 33, 37, 38, 42



Page 6 of 10Huang et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:160 

was significantly larger than that of the TD group [371 ms 
(55 ms)] (t = 3.948, P < 0.001, Cohen’s d = 1.25).

fNIRS results
A visual representation of cortical activity responses to 
the task for both groups is shown in Fig.  4. Generally, 
both groups demonstrated equal or higher activation in 
the left hemisphere during the jump condition, whereas 
changes in activation in the right hemisphere were com-
paratively modest. Notably, the TD group exhibited a 
more pronounced activation change in the left hemi-
sphere, particularly in the parietal region, relative to the 

DCD group (see Supplemental material B for channel-
wise results).

For the left superior parietal cortex (SPC), two-way 
ANOVA revealed a significant main effect of condi-
tion (F = 14.536, P = 0.001, partial η2 = 0.277) and group 
(F = 4.302, P = 0.045, partial η2 = 0.102), as well as an 
interaction effect of condition and group (F = 4.482, 
P = 0.041, partial η2 = 0.106) on ΔHbO (see Fig.  5A). A 
post hoc test of the simple main effect suggested that 
the condition effect was significant only in the TD group 
(t = 4.908, P < 0.001, Cohen’s d = 1.10), and it was not 
observed in the DCD group (t = 1.077, P = 0.296, Cohen’s 
d = 0.24). The significant group effect can only be found in 
the jump condition (t = 2.715, P = 0.010, Cohen’s d = 0.88) 
but not in the non-jump condition (t = 0.872, P = 0.389, 
Cohen’s d = 0.28). In addition, a significant main effect of 
condition (F = 13.307, P = 0.001, partial η2 = 0.259) was 
found in the left inferior parietal cortex (IPC) but not of 
group or an interaction of condition * group (see Fig. 5B). 
No significant differences were found in the other regions 
(see Supplemental material C for complete means, SDs 
and statistical results).

Correlation between behavioral performance and cortical 
activation
As shown in Fig. 5, significant negative correlations were 
found between  MTdiff and the difference in activation 
amplitude in the left SPC, irrespective of whether the TD 
and DCD groups were combined (r = − 0.598, P < 0.001, 
 r2 = 0.36) (Fig.  6A) or analyzed separately (r = − 0.496, 

Fig. 3 Movement time difference (mean ± SD) for the task in the TD 
group and DCD group. Independent t‑test revealed a significant 
group difference (P < 0.001)

Fig. 4 Visualization of the cortical activity for the task in the TD group (left) and DCD group (right). The color bar indicates the t values rendered 
over on a 3D head model, the warm color (e.g., yellow to red) (positive t values) represents cortical activation increased in the jump condition 
compared to the non‑jump condition, and the cold color (e.g., green to blue) (negative t values) represents cortical activation decreased 
in the jump condition compared to the non‑jump condition
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P = 0.026,  r2 = 0.25 for TD; r = − 0.560, P = 0.010,  r2 = 0.31 
for DCD) (Fig. 6B, C). No such significant correlation was 
found in the left IPC (r = − 0.156, P = 0.357,  r2 = 0.02).

Discussion
In this study, we compared behavioral performance and 
cortical activation of the motor and parietal cortex dur-
ing the double-step reaching task between children with 
TD and DCD. Children with DCD exhibited poorer task 
performance (i.e., spending more time correcting their 
movement) than their TD peers. Correspondingly, they 
displayed a relatively lower increase in activation in the 
left hemisphere, with a significant difference noted in 
the left SPC during movement correction. A significant 
negative correlation also emerged between left SPC acti-
vation and task performance. These findings suggest that 
children with DCD showed poor online motor control, 
which may be related to insufficient SPC activation.

Behaviorally, our results revealed a notable delay 
among children with DCD in real-time correction of 
their reaching movements. Despite this, their ability to 

accurately reach the true target in jump trials almost par-
alleled that of their TD counterparts. Our finding aligns, 
to a certain extent, with the majority of previous stud-
ies that have identified deficits in online motor control 
in individuals with DCD [3, 4, 11]. Our neuroimaging 
results may further unpack these behavioral phenomena, 
providing additional insight into the underlying neural 
mechanisms and contributing to our understanding of 
online motor control deficits in children with DCD.

Our neuroimaging results broadly highlighted a signifi-
cantly increased activation within the left parietal cortex 
in response to movement correction for both groups. 
Obviously, it is not surprising that both children with TD 
and DCD may predominantly rely on the left hemisphere 
for the right-handed task used in the current study. The 
significant interaction effect found in left SPC activation, 
together with the notable correlation between change in 
its activation and movement time difference, might sug-
gest the influence of left SPC functioning on observed 
behavioral difference in online motor control in children 
with DCD. Previous studies have also addressed the role 

Fig. 5 Average activation amplitude (mean ± SE) in the A left superior parietal cortex (L. SPC) and B left inferior parietal cortex (L.IPC). Two‑way 
ANOVA revealed a significant interaction effect (P = 0.041), as well as significant main effects of group (P < 0.001) and condition (P = 0.045) in the L. 
SPC, and a significant main effect of condition (P = 0.001) in the L. IPC. Significance in the test of simple main effects of L.SPC is further displayed 
on the plot, where * represents P < 0.05, ** represents P < 0.001, and *** represents P < 0.001

Fig. 6 Correlation between behavioral performance and cortical activation in the A left superior parietal cortex (L. SPC) of both groups, B left 
superior parietal cortex of the TD group, and C left superior parietal cortex of the DCD group
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of the SPC in controlling movement in real time. A study 
involving monkeys, for instance, identified a parallel pat-
tern of SPC inactivation while assessing the adjustment 
of hand movements [39]. Considering that the SPC is 
centrally implicated in facilitating motor corrections by 
integrating real-time visual and proprioceptive sensory 
feedback [40–42], we speculate that the challenge in 
processing real-time sensory signals regarding the rela-
tive position of their hand and the target, stemming from 
the under-activation of the SPC in children with DCD, 
contributes to their slower online movement correction. 
This may account for the lack of a significant difference 
between the two groups of children in Adam’s study [2]. 
It is possible that their movement correction task in the 
transverse plane was less demanding in terms of sensory 
information acquisition compared to the 3D movement 
correction task applied in the current and previous stud-
ies [3, 4, 8, 10, 11].

Regarding the IPC, the presented results only dem-
onstrated a significant condition effect, but with the 
absence of a significant group by condition interaction 
effect. This indicates that both groups modulated their 
IPC activation depending on the task condition, without 
a noticeable difference. As suggested, the IPC contributes 
to predicting movement consequences and comparing 
them with actual outcomes for forthcoming motor com-
mands [40, 43, 44]. It is plausible that both DCD and TD 
children, despite their different proficiencies, utilize the 
IPC similarly for movement prediction and correction 
during tasks. As a result, children with DCD were able to 
reach the true target in one go in most of the jump trials, 
as observed in the current study and suggested in several 
previous studies [2–4]; this seems to distinguish them 
from individuals with complete parietal cortex lesions, 
whose hand movements cannot be updated when a sud-
den target jump occurs but fully complete the movement 
to the original target position before moving toward the 
new target [45, 46].

The observed difference in SPC activation during the 
double-step reaching task may provide added evidence 
for the theory of internal model deficits in children 
with DCD; it underscores a possible impairment in the 
processing of real-time sensory feedback during ongo-
ing movements, a fundamental component of the inter-
nal model control process. This aligns with findings 
from other neuroimaging studies, confirming a consist-
ent challenge in DCD [23, 27, 29]. By contrast, the cur-
rent study did not identify a difference in IPC activation 
between groups, suggesting no difference in the produc-
tion of internal feedback for monitoring and correcting 
movement during double-step tasks. This result does not 
conclusively indicate an absence of challenges within this 
domain of internal model control in children with DCD. 

Previous neuroimaging studies involving tracing/tracking 
tasks have identified diminished IPC activation in chil-
dren with DCD [23, 24]. It is supposed that children with 
DCD may have a threshold limitation in IPC activation; 
thus, they find it difficult to handle tasks that require 
constant and intensive generation of internal feedback 
(i.e., tracking or tracing tasks).

The current study had several limitations. First, cere-
bellar activation was not captured in the study due to the 
limitations of fNIRS. Given the relative importance of the 
cerebellum in the internal model process, this study was 
unable to fully interpret the neurological underpinnings 
of online motor control deficits in children with DCD 
[47]. Future research that uses more advanced methods 
capable of measuring whole-brain activity to explore 
online motor control is needed to confirm the findings 
of the present study. Second, prolonged wear of fNIRS 
probes can lead to discomfort for children. To ensure 
that participants could complete the tasks comfortably, 
we had to restrict the total test duration. Consequently, 
we opted for a non-jump/jump ratio of 67%/33%, devi-
ating from the more common 80%/20% ratio [3, 8], to 
allow for an adequate number of jump trials within the 
limited time; this might have led participants to become 
more accustomed to the jump trials, potentially yielding 
more favorable results in their behavioral performance 
and cortical responses. Third, to complete the entire task 
sequence, participants were needed to perform addi-
tional actions beyond the double-step reaching, such as 
pressing a button and returning their hands to the start-
ing position. Cortical activation resulting from these 
actions was also captured in the collected data. Thus, a 
minor incongruity may exist between the observed corti-
cal activation outcomes related to the double-step reach-
ing task in this study and the actual situation. Last, this 
study only removed physiological noise by filtering when 
handling fNIRS data, which might lead to incomplete 
signal correction and biased results. Future studies using 
motor paradigms may consider additional strategies for 
dealing with physiological noise, such as applying depth-
sensitive instrumentation or incorporating measure-
ments of systemic physiology in the analysis [48].

The current study revealed a possible mechanism for 
online motor control deficit in children with DCD. That 
is, a relatively low hemodynamic response within the 
SPC might impede real-time sensory signal processing, 
potentially compromising the children’s ability to swiftly 
adjust their reaching movements. Therapeutic strategies 
might be oriented toward enhancing the functionality 
of this region or developing compensatory mechanisms 
to enhance the real-time motor correction capabilities 
of children with DCD. In addition, our neurobehavio-
ral findings may support the presence of internal model 
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deficits in DCD. It also possibly informs a nuanced aspect 
of DCD’s internal model control process, where deficien-
cies across various components may become apparent in 
response to increasing demands on it. Future research 
should further explore the dynamic functioning of vari-
ous components engaged in the internal model process, 
such as movement prediction, sensory feedback pro-
cessing and integration, movement updating and cor-
rection, in the face of different motor tasks and real-life 
movement, to pinpoint the nature of the internal model 
deficit in children with DCD. Such research can enhance 
the understanding of how the internal model impacts the 
everyday activities of DCD, thereby informing the devel-
opment of targeted rehabilitation strategies.

Conclusions
In this study, we investigated cortical hemodynamic 
activity during online motor control in children with 
DCD using fNIRS. The results indicated that children 
with DCD showed delayed movement corrections dur-
ing the task and significantly lower activation in the left 
SPC but not IPC than TD peers. These findings point to 
insufficiency in processing real-time sensory feedback 
as a potential cornerstone in the online motor control 
deficit observed in DCD. These insights may indicate the 
potential benefits of interventions focusing on enhanc-
ing sensory feedback processing to enhance online motor 
control in children with DCD. Furthermore, the results 
of the current study may offer additional insights into the 
internal model deficit inherent in DCD and call for fur-
ther investigation into the precise manifestations of this 
deficit across diverse motor tasks and real-life activities.
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