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Background and Purpose
Virtual reality (VR) creates an exercise environment in which the intensity of practice
and positive feedback can be systematically manipulated in various contexts. The
purpose of this study was to investigate the training effects of a VR intervention on
reaching behaviors in children with cerebral palsy (CP).

Participants
Four children with spastic CP were recruited.

Method
A single-subject design (A-B with follow-up) was used. All children were evaluated
with 3 baseline, 4 intervention, and 2 follow-up measures. A 4-week individualized VR
training program (2 hours per week) with 2 VR systems was applied to all children.
The outcome measures included 4 kinematic parameters (movement time, path
length, peak velocity, and number of movement units) for mail-delivery activities in
3 directions (neutral, outward, and inward) and the Fine Motor Domain of the
Peabody Developmental Motor Scales–Second Edition (PDMS-2). Visual inspection
and the 2-standard-deviation–band method were used to compare the outcome
measures.

Results
Three children who had normal cognition showed improvements in some aspects of
reaching kinematics, and 2 children’s change scores on the PDMS-2 reached the
minimal detectable change during the intervention. The improvements in kinematics
were partially maintained during follow-up.

Discussion and Conclusion
A 4-week individualized VR training program appeared to improve the quality of
reaching in children with CP, especially in children with normal cognition and good
cooperation. The training effects were retained in some children after the
intervention.
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The term “cerebral palsy” (CP)
describes a group of move-
ments and posture that are at-

tributed to nonprogressive impair-
ments in the developing fetal or
infant brain.1 Approximately half of
children with CP may sustain dys-
functions in upper-extremity (UE)
activities such as reaching, grasping,
and manipulation.2 When compared
with reaching in children who are
developing typically, reaching in
children with CP is jerkier, slower,
less forceful, and less straight.3–5 Cur-
rent therapeutic interventions for UE
control in children with CP have em-
phasized repeated practice of func-
tional activities in various contexts
with sufficient feedback (ie, aug-
mented information).6–9 However,
children with CP tend to show diffi-
culty in repeated practice of func-
tional activities because of their move-
ment limitations or a lack of variability
in intervention contexts.9–11

Virtual reality (VR) is a computer
technology that creates a virtual
context and objects that allow for
interactions with users.12,13 This
technology provides an alternative
intervention program for helping to
manage UE problems in children
with CP.14 Virtual reality creates
an exercise environment in which
the intensity of practice and positive
visual and auditory feedback can
be precisely and systematically ma-
nipulated in various nearly natural
environments to allow for indi-
vidualized training in motor learn-
ing.14,15 Furthermore, VR provides
a 3-dimensional spatial correspon-
dence between the degree of move-
ment in the real world and the de-
gree of movement observed on the
computer screen. Such a spatial rep-
resentation allows for visual feed-
back relating to knowledge of per-
formance and guidance, which are
crucial for motor learning in children
with CP.13,14 Recently, VR was ex-
plored as a training device for im-
proving motor performance in chil-

dren with CP.16,17 To date, only one
case study16 has examined the effec-
tiveness of VR for improving UE
function in children with CP.

Reid16 used a VR play-based system
to train 4 children with spastic CP
and aged between 8 and 12 years.
Children with CP received one VR
training session per week; each ses-
sion lasted 1.5 hours. The interven-
tion session mainly focused on using
arm movements to interact with ob-
jects on the computer screen. Out-
comes were measured with the
Quality of Upper Extremity Skills
Test (QUEST) and an item in the
Bruininks-Oseretsky Test of Motor
Proficiency that required touching a
swinging ball with the preferred
hand. Two of the 4 children with CP
showed minimal improvements in
the QUEST score, whereas all 4 chil-
dren showed increases in the num-
ber of successful contacts in touch-
ing the swinging ball. Overall, the
children were found to have a high
degree of motivation for, interest in,
and opportunity for engaging in play
activities during the intervention.
The results of that case study sug-
gested that VR training may motivate
children with CP to engage in re-
peated practice of reaching behav-
iors. However, the limited efficacy of
VR for improving UE function may
be related to the outcome measure
(ie, QUEST) not being sensitive
enough to capture an improvement
in reaching in these children. A more
sensitive assessment tool, such as
kinematic measures, may be more
effective for detecting qualitative
changes in movements.

The previous findings implicated the
potential of using VR as an alterna-
tive intervention for children with
CP. However, there is still a lack of
published literature examining the
effectiveness of a VR intervention for
improving reaching behaviors in
children with CP. The previous case
study did not use sensitive outcome

measures and did not report im-
provements over time.16 Therefore,
the purpose of this study was to in-
vestigate the training effects of a VR
intervention on reaching behaviors
in children with spastic CP.

Method
Participants
Four children (3 boys and 1 girl;
mean age�6.3 years) with spastic CP
participated in this study (Tab. 1). All
participants were recruited from the
outpatient physical therapy depart-
ments of 2 medical centers in Taipei,
Taiwan, and volunteered upon hear-
ing of the study. Children were in-
cluded if they were able to follow
verbal instructions in the reaching
task, reach forward for more than
half of their arm length, and grasp a
tennis ball with flexed fingers and if
they had normal or corrected-to-
normal vision and hearing. All rele-
vant information either was obtained
from their medical records or was
reported by their physical therapists.
Participants were excluded if they
had received or were scheduled to
receive surgery or botulinum toxin
type A injections in the training arm
within the preceding 4 to 6 months
or during the planned study period
or if they had a severe attention def-
icit, as confirmed from their medical
records. Both hands met the inclu-
sion criteria for participants 2 and 3,
and the preferred hand (right) was
used for VR training and reaching
kinematics. Only one hand met the
inclusion criteria for participant 1;
this hand was the preferred hand
(right), and this hand was used for
VR training and reaching kinematics.
Both hands met the inclusion criteria
for participant 4; the right hand was
the preferred hand, and the left hand
(the affected hand) was used for VR
training and reaching kinematics.

The parents of all participants signed
informed consent forms approved
by the Institutional Review Board at
Taipei Veterans General Hospital,
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and oral consent was obtained from
all participants. All participants were
familiar with the testing laboratory
and instrumentation used in this
study because they had participated
in another study conducted by the
first author (YPC) 4 months earlier.
The previous study was done to ex-
amine the effects of different task
goals (to fit a ball into a small con-
tainer versus to throw a ball into a
big container) on reaching kinemat-
ics and did not affect the present
study.18

Design
A single-subject research design (A-B
with follow-up) was used to exam-
ine the training effects of the VR in-
tervention on reaching behaviors in
children with spastic CP. The test-
ing procedure consisted of a 2-week
baseline, a 4-week intervention, and
follow-up at 2 and 4 weeks. Each
child received 2 or 3 sessions of
the VR intervention for a total of 2
hours of treatment per week. The
weekly treatment frequency was
discussed and arranged with the
parents to increase their child’s par-
ticipation. All participants were re-
quired to maintain the frequency
and duration of their regular thera-
pies (eg, physical therapy, occupa-
tional therapy, speech therapy, and
acupuncture) throughout the study
period (Appendix 1).

Measurements
Two types of measurements were
used in this study: reaching kinemat-
ics and a standardized fine motor as-
sessment tool.

Reaching kinematics. Mail-delivery
activities in 3 directions (neutral, out-
ward 45°, and inward 45°) were
used to examine the reaching perfor-
mance of all participants. Kinematic
measurements were obtained 3 times
at baseline (B1, B2, and B3, measured
on days 1, 7, and 14, respectively), 4
times during the intervention phase
(I1, I2, I3, and I4, measured at the end
of each intervention week), and 2
times at follow-up (F1 and F2, mea-
sured at the end of follow-up weeks 2
and 4, respectively). Reaching move-
ments were recorded with sampling at
60 Hz by use of 6 cameras (model 370
Vicon Motion Analysis System*) that
surrounded the participant: 2 at the
front, 2 at the side, and 2 at the back.
Each camera was placed approxi-
mately 2.5 m from the center of the
testing area. The cameras were cali-
brated prior to each data collection
session; the average error was less
than 1.4 mm. Two additional video
cameras (Sony-DV27†) were placed 45

degrees from the horizontal plane of
the child on both sides to record the
behaviors.

All participants were tested in the
laboratory at the Institute and Fac-
ulty of Physical Therapy, National
Yang-Ming University, Taipei, Tai-
wan. All participants were seated in
an adjustable special high chair
(Tripp Trapp Chair‡) with a testing
table in front of them at waist height.
A trunk strap surrounded their
waists to offer sufficient trunk sup-
port. Small reflective markers (9 mm
in diameter) were attached to the
skin of the shoulder and wrist of the
training hand with hypoallergenic
double-stick collars.§ One more re-
flective marker was attached to the
opening of the target mailbox.

All participants were videotaped for
the entire testing session. Thirty sec-
onds of kinematic data were col-
lected in each trial. Data were col-
lected for a minimum of 6 reaches
for each direction. It usually took
less than 10 minutes to complete
these mail-delivery activities. Chil-
dren were allowed to rest if
necessary.

* Oxford Metrics Ltd, 14 Minns Estate, West
Way, Oxford, Oxfordshire OX2 0JB, United
Kingdom.
† Sony, 5F, No. 45, Shihfu Rd, Sinyi District,
Taipei City 110, Taiwan.

‡ Stokee, Equipment Shop, PO Box 33, Bed-
ford, MA 01730.
§ Med Associates Inc, PO Box 319, St Albans,
VT 05478.

Table 1.
Characteristics of 4 Childrena

Participant Age Sex Condition Dominant
Hand

Spasticity Cognition Visual/Auditory
Status

1 6 y 4 mo Male Spastic quadriplegia Right Mild increase Within normal range Myopia/normal

2 8 y 6 mo Female Spastic quadriplegia Right Mild increase Within normal range Astigmatism, strabismus,
amblyopia (not
corrected with
eyeglasses)/normal

3 5 y 3 mo Male Spastic quadriplegia Right Mild increase Mild mental retardation Hyperopia (corrected
with eyeglasses)/
normal

4 4 y 8 mo Male Spastic hemiplegia Right Nearly normal Within normal range Normal/normal

a Data were obtained from medical records or physical therapists.
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Three directions of mail-delivery ac-
tivities were tested (Fig. 1). The
child’s training hand was placed at
the starting position, which was lo-
cated about 15 cm forward along the
testing shoulder line. The target mail-
box (radius�5 cm, height�15 cm)
was located one full arm’s length for-
ward (neutral direction), 45 degrees
outward of shoulder horizontal ab-
duction (outward direction), and 45
degrees inward of shoulder horizon-
tal adduction (inward direction). The
child’s hand held one 3.5- � 2.5-cm
envelope and inserted this envelope
into the mailbox at each of 3 loca-
tions. All participants were in-
structed to move as quickly and ac-
curately as possible to complete
these tasks. The testing sequence al-
ways started from the neutral direc-
tion, followed by the outward direc-
tion and then the inward direction.
Practice was allowed 3 times for
each direction before kinematic data
were collected.

Raw data were digitized and pro-
cessed in 3-dimensional position co-
ordinates with Vicon software (ver-
sion 1.1).* All kinematic data were
viewed on videotapes and with the

Vicon display program by one of
the investigators (LJK) to determine
the beginning and end frames of a
reach. A reach began at the first
frame of the hand leaving the start-
ing position and ended at the first
frame of inserting the envelope into
the mailbox. The intrarater reliability
was .99, as determined by use of
the intraclass correlation coefficient
method (ICC[3,1]) with 10 randomly
selected reaches from 2 children,
with coding over a 7-day interval.19

Reaches were discarded if missing
data accounted for more than 20% of
a reach, if the missing data could not
be interpolated appropriately, as de-
termined by the investigators after
careful inspection (eg, missing data
at beginning and end frames), or if
the participants did not follow in-
structions. These criteria for missing
data were consistent with our previ-
ous work and the work of others (eg,
Fetters and Kluzik8 and Chen et al20).
When necessary, data were inter-
polated by use of a second-order poly-
nomial method. All data were filtered
with a fifth-order Butterworth filter
with a cutoff frequency of 6 Hz, and all
kinematic measures were computed

with MATLAB.� Four kinematic param-
eters of reaching movements were
measured: movement time (MT), path
length (PATH), peak velocity (PV), and
movement units (MUs).

The MT was defined as the time be-
tween the beginning and the end
frame of a reach.

Hand PATH was a measure of the
distance traveled by the hand from
the beginning to the end frame of a
reach. With a fixed starting position,
PATH reflected the straightness of
the reaching trajectory.

The amplitude of the resultant PV of
the hand was an indirect measure of
the amount of force in a reach. The
PV was the maximum resultant ve-
locity of the wrist from the begin-
ning to the end frame of a reach.

The number of MUs was a measure
of movement smoothness: the fewer
the MUs, the smoother the move-
ment. The MU was defined from the
acceleration-deceleration profile of
the wrist marker by use of a method
described in the literature on
reaching.21,22

From the literature on reaching in
normal infants and children, MT,
PATH, and MUs are expected to de-
crease with age and practice,
whereas PV is expected to increase
with age and practice.21–25

Standardized fine motor assess-
ment tool. To measure improve-
ments in UE function, all participants
were evaluated once at baseline (B1,
the first visit at baseline), at interven-
tion (I4, the end of the fourth inter-
vention week), and at follow-up (F2,
the end of the fourth follow-up
week) with the Fine Motor Domain
of the Peabody Developmental
Motor Scales–Second Edition (PDMS-

� The Mathworks Inc, 3 Apple Hill Dr, Natick,
MA 01760-2098.

Figure 1.
Experimental setup for testing of reaching kinematics.
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2).26 Two subtests were included in
the Fine Motor Domain: grasping
and visual-motor integration. The in-
ternal consistency and the interrater
reliability of the Fine Motor Domain
were reported to be .96 and .98, re-
spectively.26 The criterion-prediction
validity was reported to be .91.26 The
minimal detectable change of the Fine
Motor Domain with a 90% confidence
level was 4.935, as interpreted from
the data reported by Wang et al27 and
by Haley and Fragala-Pinkham.28 These
assessments were conducted by one
of the investigators (LJK). The
intrarater reliability values for this in-
vestigator were .98 (ICC[3,1]) for
grasping and .99 (ICC[3,1]) for visual-
motor integration. The interrater reli-
ability values between this investigator
and a senior pediatric physical thera-
pist (with work experience of more
than 7 years) were .87 (ICC[2,1]) for
grasping and .88 (ICC[2,1]) for visual-
motor integration.

VR Interventions
All participants received individual-
ized VR interventions with 2 VR sys-
tems for 2 hours per week over 4
weeks. The 2-hour weekly interven-
tion was distributed into 3 visits, ex-
cept for 1 child (participant 4, with
2 sessions per week, because of
the parents’ busy schedule). Chil-
dren were seated on the special
Tripp Trapp Chair with sufficient
trunk support during the interven-
tion. Virtual reality programs were
selected on the basis of the chil-
dren’s motor abilities, cognition,
motivation, and improvement. The
training objective was to improve
the qualities of participants’ reach-
ing behaviors: to move in a faster,
smoother, and straighter manner.
During the intervention, proper
manual guidance or assistance was
provided if necessary to help chil-
dren understand the activities that
they performed in the virtual envi-
ronment. Generally, the 2-hour in-
tervention time during each inter-
vention week was divided into 45

minutes for the VR-based hand re-
habilitation training system and
75 minutes for the commercial VR
system. Individualized training pro-
grams and treatment goals are sum-
marized in Appendix 2.

VR-based hand rehabilitation train-
ing system. The VR-based hand re-
habilitation training system consisted
of a personal computer,# a tracker,** a
sensor glove (5 Digital Data Glove††), a
liquid crystal display monitor,‡‡ and a
3-dimensional virtual environment
with a corresponding hand displayed
on the screen. This VR system could
offer both auditory feedback and vi-
sual feedback to the children. When
the hand was close to the grasping
target, the color of the displayed hand
changed from gray to yellow. When
the target was within the grasping
range, the displayed hand on the
screen would change to red. When
the displayed hand hit the virtual solid
objects, a banging sound would com-
mence. The detailed system config-
uration is reported elsewhere.29 Three
activities (butterfly, peg-board, and
pick-and-place blocks) with adjust-
able difficulties were included in this
system with virtual reality modeling
language software. All activities were
designed to train reaching and grasp-
ing of a moving object (butterfly) or
stationary objects in different direc-
tions (peg-board and pick-and-place
blocks). For example, in the butterfly
game, a flying butterfly was presented
with a choice of different flying routes
(straight line, zigzag, spiral, and ran-
dom) and a choice of different speeds
(slow, medium, and fast). The diame-
ter of the objects and the required fin-
ger flexion angles for grasping or
catching the objects could also be ad-

justed to create various degrees of dif-
ficulty of the activities.

EyeToy-Play system. The com-
mercial EyeToy-Play§§ VR system
consisted of a camera, an �53-cm
(21-in) television, EyeToy-Play soft-
ware, and PlayStation 2. In this sys-
tem, the camera was used as a cap-
turing and tracking device to place
the children within the computer-
ized VR environment so that they
could interact with virtual objects or
events. Twelve games are included
in EyeToy-Play software, and 8 of
them were chosen as the treatment
programs (Bubbles, Seaworld, Wishi-
Washi, Rocket Rumble, UFO Juggler,
Slap Stream, KungFoo, and Boxing
Chump. Children were encouraged
to reach, as quickly as possible, to-
ward the virtual objects (eg, rats, ani-
mated enemies, fish) that appeared in
any direction of the television screen
in all games. The criteria for choosing
the games included whether the
games could allow children to per-
form goal-directed reaching in all di-
rections, to practice anticipatory
reaching movements with moving tar-
gets, and to experience sufficient sat-
isfaction with easy achievement. A
choice of 3 speeds for the moving tar-
gets (slow, medium, and fast) allowed
the degrees of difficulty of the activi-
ties to be changed.

We describe the software game Slap
Stream to provide some details re-
garding what was typically expected
from a child in most games. The
child could see himself or herself dis-
played in the middle of the screen.
When the child moved his or her
arm, the corresponding image inside
the television also moved the arm.
There were 4 clouds located at the 4
corners of the screen. The task was
to smack the gassy rats that appeared
randomly in any of the 4 clouds
while avoiding the bunny girls. By

# Acer Computer, 8F, No. 88, Sec. 1, Sintai 5th
Rd, Sijhih City, Taipei County 221, Taiwan.
** Polhemus Co, 40 Hercules Dr, PO Box 560,
Colchester, VT 05446.
†† iReality.com Inc, 1670 S Amphlett Blvd, San
Mateo, CA 94402.
‡‡ Chi Mei Co, No. 59-1, Sanjia Village, Rende
Township, Tainan County 717, Taiwan.

§§ Sony Computer Entertainment America, PO
Box 5888, San Mateo, CA 94402.
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playing this game, the child was ex-
pected to practice reaching in direc-
tions that combined either shoulder
abduction and flexion or shoulder
abduction and extension.

Data Analysis
The kinematics of the mean of the
reaches per assessment session were
plotted on graphs for each child. The
autocorrelation coefficient was com-
puted for each of the reaching kine-
matics across the baseline and the
intervention to examine the serial
dependency of reaching data.30,31 If
the data did not show serial depen-
dency, then the 2-standard-
deviation–band method was used be-
cause the baseline includes a limited
number of data points and has a wide
variability. Otherwise, if the data
showed significant serial dependency
and a linear trend, then the data were
detrended before the 2-standard-
deviation–band method was used for
the residuals of the detrended da-
ta.30,31 If the data showed significant
serial dependency and a nonlinear
trend, the data would not be de-
trended, and a 2-standard-deviation–
band method would not be run. When
the 2-standard-deviation–band method
was used, 2 horizontal lines located 2
standard deviations above and below
the mean data for the phase were
drawn across the graphed baseline
and intervention. Statistical signifi-
cance was determined when 2 suc-
cessive data points occurred outside
the 2-standard-deviation band.30,31 For
kinematic variables that reached sta-
tistical significance during the inter-
vention, if the values for those kine-
matic variables during follow-up were
still outside the 2-standard-deviation
band of the baseline, then the change
was defined as being maintained at
follow-up.

The PDMS-2 score was reported as a
raw score. We used the minimal de-
tectable change reported by Wang
et al27 to determine whether the
change in the raw score of the Fine

Motor Domain of PDMS-2 after the
intervention reflected a real mean-
ingful change.

Results
Kinematics of Reaching
Behaviors
The total number of reaching behav-
iors performed in 9 measurement
sessions was 813; 576 of them met
the extraction criteria and were used
to compute kinematic measures.
Each child contributed 3 to 7
reaches in each assessment session.

Few reaching kinematics showed se-
rial dependency with significant auto-
correlation coefficients. Among them,
PATH and MUs for participant 1 in
the outward direction and MT and
MU for participant 4 in the neutral
direction also showed a linear trend.
Consequently, these variables were
detrended before the 2-standard-
deviation–band method was applied.

Figures 2, 3, 4, and 5 illustrate the
kinematics of reaching that had sta-
tistical significance in 4 children, and
Table 2 summarizes the significant
changes in kinematics for each child.

Participant 1, a boy, was 6 years 4
months of age and had a diagnosis of
spastic quadriplegia. His right hand
met our inclusion criteria and was
his preferred hand. His cognition
was within the normal range, as con-
firmed from the medical records.
Motivation for and cooperation with
his regular therapies were fair. At
baseline, he showed difficulties in
performing reaching in all direc-
tions, with slow movements. Conse-
quently, his VR intervention focused
on reaching in all directions.

With respect to the baseline, partici-
pant 1 exhibited significantly smoother
reaches in the neutral direction, sig-
nificantly straighter and smoother
reaches in the outward direction, and
significantly faster and smoother
reaches in the inward direction during

the intervention. During follow-up,
participant 1 maintained smoother
reaches in the neutral and inward
directions.

Participant 2, a girl, was 8 years 6
months of age and had a diagnosis of
spastic quadriplegia. Both of her
hands met our inclusion criteria, and
the right hand (the preferred hand)
received VR training. She could per-
form advanced fine motor skills with
her right hand, such as writing and
stringing beads. Her cognition was
within the normal range, as con-
firmed from the medical records.
Motivation for and cooperation with
regular physical therapy were good;
however, she became frustrated eas-
ily while performing activities that
she was not good at performing. At
baseline, she showed difficulties in
performing reaching in the abduc-
tion direction. Therefore, her VR
training emphasized activities in the
abduction direction.

With respect to the baseline, partic-
ipant 2 exhibited significantly more
forceful reaches in the neutral direc-
tion, significantly straighter reaches
in the outward direction, and signif-
icantly more forceful reaches in the
inward direction during the interven-
tion. During follow-up, participant 2
maintained straighter reaches in the
outward direction and more forceful
reaches in the inward direction.

Participant 3, a boy, was 5 years 3
months of age and had a diagnosis of
spastic quadriplegia. Both of his
hands met the inclusion criteria, and
the right hand (the preferred hand)
received VR training. His right hand
could not perform advanced hand
skills, such as using scissors or fas-
tening buttons. He was diagnosed as
having mild mental retardation, as
confirmed by the medical records.
Motivation for and cooperation with
regular physical therapy were poor.
The therapist needed to use some
positive reinforcement (eg, snacks

Use of Virtual Reality to Improve UE Control in Children With CP

1446 f Physical Therapy Volume 87 Number 11 November 2007

D
ow

nloaded from
 https://academ

ic.oup.com
/ptj/article/87/11/1441/2742244 by guest on 16 August 2022



Figure 2.
Reaching kinematics for participant 1 in mail-delivery activities. (a) Movement units (MUs) in the neutral direction. (b) Detrended
path length (PATH) in the outward direction. (c) Detrended MUs in the outward direction. (d) Movement time (MT) in the inward
direction. (e) MUs in the inward direction. Baseline (B1–B3), intervention (I1–I4), and follow-up (F1 and F2) scores are shown, along
with lines marking the 2-standard-deviation (2SD) band (— for baseline and --- for intervention). Error bars show 1 standard deviation
of the reaches.
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and juice) to encourage him during
regular therapy hours. At baseline,
he showed difficulties in performing
reaching in all directions. Therefore,
his VR training emphasized activities
in all directions.

With respect to the baseline, par-
ticipant 3 exhibited no changes in
the neutral direction, significantly
less forceful reaches in the outward
direction, and significantly more
forceful reaches in the inward direc-
tion during the intervention. During
follow-up, participant 3 maintained

only the more forceful reaches in the
inward direction.

Participant 4, a boy, was 4 years 8
months of age and had a diagnosis of
left spastic hemiplegia. Both of his
hands met our inclusion criteria, and
the left hand (the affected hand) re-
ceived VR training. He could per-
form advanced skills with both
hands but preferred using his right
hand (nonaffected hand) for most
daily activities. Motivation for and
cooperation with regular physical
therapy were good. At baseline, he

showed slight difficulties in perform-
ing reaching in all directions with
his left hand. Therefore, his VR train-
ing emphasized activities in all
directions.

With respect to the baseline, partic-
ipant 4 exhibited significantly faster,
straighter, and smoother reaches in
the neutral direction, significantly
more forceful reaches in the out-
ward direction, and significantly
smoother reaches in the inward di-
rection during the intervention. Dur-
ing follow-up, participant 4 main-

Figure 3.
Reaching kinematics for participant 2 in mail-delivery activities. (a) Peak velocity (PV) in the neutral direction. (b) Path length (PATH)
in the outward direction. (c) PV in the inward direction. Baseline (B1–B3), intervention (I1–I4), and follow-up (F1 and F2) scores are
shown, along with lines marking the 2-standard-deviation (2SD) band (— for baseline and --- for intervention). Error bars show 1
standard deviation of the reaches.
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tained smoother reaches in the
inward direction.

Summary of Findings
Neutral direction. With respect
to the baseline, participant 4 exhib-
ited significantly faster and straighter
reaches, participant 2 had signifi-
cantly more forceful reaches, and
participants 1 and 4 had significantly
smoother reaches during the in-
tervention. During follow-up, only
participant 1 maintained smoother
reaches.

Outward direction. With respect
to the baseline, participants 1 and 2
exhibited significantly straighter
reaches during the intervention. Par-
ticipant 4 had more forceful reaches
and participant 3 had less forceful
reaches during the intervention.
Participant 1 showed significantly
smoother reaches during the inter-
vention. During follow-up, only par-
ticipant 2 maintained straighter
reaches.

Inward direction. With respect to
the baseline, participant 1 showed
significantly faster reaches during
the intervention. Participants 2 and 3

showed significantly more forceful
(larger PV) reaches during the inter-
vention. Participants 1 and 4 had sig-
nificantly smoother reaches during
the intervention. During follow-up,
participants 2 and 3 maintained
more forceful reaches, whereas
participants 1 and 4 maintained
smoother reaches.

Standardized Fine Motor
Assessment Tool
Participant 1 showed an increase of
11 points in the total score on the
Fine Motor Domain of the PDMS-2
during the intervention and an in-
crease of 1 point at follow-up. All of
the improvement occurred in the
visual-motor integration subtest.

Participant 2 showed an increase of
1 point in the total score on the Fine
Motor Domain of the PDMS-2 during
the intervention but did not show a
change at follow-up. This child had
the highest score on the visual-motor
integration subtest at baseline (ceil-
ing effect); therefore, the improve-
ment occurred in the grasping
subtest.

Participant 3 showed an increase of
5 points in the total score on the Fine
Motor Domain of the PDMS-2 during
the intervention and an increase of 3
points at follow-up. All of the im-
provement occurred in the visual-
motor integration subtest.

Participant 4 showed an increase of
4 points in the total score on the Fine
Motor Domain of the PDMS-2 during
the intervention but showed a de-
crease of 1 point at follow-up. The
grasping subtest showed an increase
of 1 point during the intervention
but showed no change at follow-up.
The visual-motor integration subtest
showed an increase of 3 points dur-
ing the intervention but showed a
decrease of 1 point at follow-up.

From baseline to the intervention, all
children showed an increase in the
total score on the PDMS-2
(range�1–11 points) (Tab. 3). From
the intervention to follow-up, partic-
ipants 1 and 3 showed an increase in
the total score on the PDMS-2
(range�1–3 points), participant 2
showed an unchanged score, and
participant 4 showed a decrease of 1
point. Participant 2 had the highest

Figure 4.
Reaching kinematics for participant 3 in mail-delivery activities. (a) Peak velocity (PV) in the outward direction. (b) PV in the inward
direction. Baseline (B1–B3), intervention (I1–I4), and follow-up (F1 and F2) scores are shown, along with lines marking the
2-standard-deviation (2SD) band (— for baseline and --- for intervention). Error bars show 1 standard deviation of the reaches.

Use of Virtual Reality to Improve UE Control in Children With CP

November 2007 Volume 87 Number 11 Physical Therapy f 1449

D
ow

nloaded from
 https://academ

ic.oup.com
/ptj/article/87/11/1441/2742244 by guest on 16 August 2022



Figure 5.
Reaching kinematics for participant 4 in mail-delivery activities. (a) Detrended movement time (MT) in the neutral direction. (b) Path
length (PATH) in the neutral direction. (c) Detrended movement units (MUs) in the neutral direction. (d) Peak velocity (PV) in the
outward direction. (e) MUs in the inward direction. Baseline (B1–B3), intervention (I1–I4), and follow-up (F1 and F2) scores are
shown, along with lines marking the 2-standard-deviation (2SD) band (— for baseline and --- for intervention). Error bars show 1
standard deviation of the reaches.
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score on the PDMS-2 during the in-
tervention, but that situation may
have created a ceiling effect for her
not to show improvement from the
intervention to follow-up.

Discussion
The results of the present study dem-
onstrated that 3 of the 4 children
with CP showed some improvement
in the quality of reaching perfor-
mance during the VR intervention,
and the training effects were par-

tially maintained 4 weeks after the
intervention. Our findings were con-
sistent with the finding of a previous
study16 that VR intervention has pos-
itive training effects on reaching per-
formance in children with CP.

The VR systems used in our study
allowed the children to practice
reaching repeatedly in various direc-
tions and contexts; this practice im-
proved the quality of their reaching,
as measured with kinematic parame-

ters. For example, children could re-
peatedly practice about 100 reaches
in a 3-minute session with the
EyeToy-Play system. Repetition is an
important aspect of practice, and
repetition of a task has been shown
to improve performance in people
with or without disabilities.15 Repe-
tition can be described as repeated
attempts to solve a goal-related prob-
lem by building on previous at-
tempts, that is, repetition without
repetition.15,32 Repetitive practice

Table 2.
Summary of Significant Changes in 4 Children During Intervention and Follow-upa

Direction Variable Participant 1 Participant 2 Participant 3 Participant 4

Intervention Follow-
up

Intervention Follow-
up

Intervention Follow-
up

Intervention Follow-
up

Neutral MT 2from B

PATH 2from B

PV 1 from B

MUs 2from B 7 2 from B

Outward MT

PATH 2from B 2 from B 7

PV 2 from Bb 1 from B

MUs 2from B

Inward MT 2from B

PATH

PV 1 from B 7 1 from B 7

MUs 2from B 7 2 from B 7

a MT�movement time, PATH�path length, PV�peak velocity, MUs�movement units, B�baseline. 2 indicates that the value decreased, 1 indicates that
the value increased, blank cells indicate no changes, 7 during follow-up means that the improvement during the intervention was maintained during
follow-up.
b Different from the expected direction.

Table 3.
Raw Scores for the Fine Motor Domain of the Peabody Developmental Motor Scales–Second Edition at Each Phase

Participant Grasping Subtest Visual-Motor
Integration Subtest

Total Score on Fine Motor Domain

Baseline Intervention Follow-
up

Baseline Intervention Follow-
up

Baseline Intervention Follow-
up

1 46 46 46 95 106 107 141 152a 153

2 48 49 49 144 144 144 192 193 193

3 44 44 44 114 119 122 158 163a 166

4 51 52 52 137 140 139 188 192 191

a Above the minimal detectable change.
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enables the system to coordinate the
muscular synergies that move the
segmental linkage in a desired man-
ner to accomplish the task goal.32

The children in our study repeated
practicing to accomplish the reach-
ing task by coordinating their arms
and hands to touch the target and to
gradually discover an efficient pat-
tern for their reaching, as featured
by moving in a faster, straighter, and
smoother manner during the
intervention.

The children in the present study
showed improvements in different
kinematic parameters of reaching
performance. This finding was con-
sistent with the propositions by
Zanone et al33 that people may dem-
onstrate unique motor learning strat-
egies and, therefore, that preferred
motor solutions depend on the spe-
cific characteristics of an individual’s
“intrinsic dynamics” (ie, organismic
constraints) and how these intrinsic
constraints interact with the infor-
mation available in the environment.
For example, participant 1 showed
improvement in reaching with a
smoother pattern, whereas partici-

pant 2 exhibited improvement in
reaching performance by producing
more force.

The VR systems used in our study
could display augmented visual and
auditory information during perfor-
mance. This kind of “augmented in-
formation” may assist in children’s
searching strategies to find the “so-
lution” to performing a task.32 That
is, children may perceive the visual
information provided by the dis-
played hand on the screen and use
this information for their later ac-
tions to gradually search for efficient
reaching patterns. Moreover, the VR
systems used in our study allowed
the task difficulties of the games to
be adjusted according to an indi-
vidual child’s motor abilities and
gradually offered to children with CP
step-by-step guidance for achieving
efficient reaching patterns.

Participants 2 and 3 did not benefit
from the VR intervention as much as
the others in terms of improving
their reaching patterns in our study.
Participant 2 was the oldest partici-
pant in our study (8 years 6 months

old) and was the only one who re-
ceived the direction-specific VR
training program (focusing only on
the outward direction). Conse-
quently, her reaching pattern in the
outward direction changed to a
straighter pattern during the inter-
vention phase, and this change was
maintained at follow-up. The inward
direction and neutral direction also
showed improvements in the form
of increasing forcefulness in her
reaches during the intervention, and
these improvements were partially
maintained at follow-up. According
to the narrative reports from her par-
ents, her performance in using the
training hand in the abduction direc-
tion in daily life and regular therapy
sessions improved a great deal after
the second week of the VR interven-
tion. However, our sensitive kine-
matic measures did not reflect the
changes reported by the parents.
One possible reason for this differ-
ence is that the time for evaluating
her during the intervention was in-
terfered with by her busy school
schedule. She came to our evaluation
directly after whole-day school activ-
ities. She always showed fatigue
when arriving at our evaluation ses-
sion. Alternatively, the difference
may have been attributable to our
direction-specific intervention.

Participant 3 showed very limited
improvements in his reaching. He
was the only participant who had
mildly retarded mental develop-
ment. The first 2 weeks of the VR
intervention for this participant
were mainly used to establish the
causality between his action and the
corresponding hand in the virtual
world. He started to show some im-
provements in reaching after the
third week of the intervention, but
this result did not meet the criterion
for significance determined by the
2-standard-deviation–band method
(Fig. 6). Therefore, for treating chil-
dren with mild mental retardation, a
“pretraining” period may be neces-

Figure 6.
Path length (PATH) in the neutral direction for participant 3. This child began to
improve his reaching path length after the second week of the intervention. Baseline
(B1–B3), intervention (I1–I4), and follow-up (F1 and F2) scores are shown, along with
lines marking the 2-standard-deviation (2SD) band (— for baseline and --- for inter-
vention). Error bars show 1 standard deviation of the reaches.
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sary to establish the relationship
between their actions and the corre-
sponding images inside the com-
puter, or the intervention phase may
need to be lengthened to observe
improvements.

Most of the children exhibited in-
creases in their scores on the Fine
Motor Domain of the PDMS-2 during
the intervention, but the change
scores for participant 1 and partici-
pant 3 only were above the minimal
detectable change (ie, 5 points). Par-
ticipant 2 reached the ceiling effect
on the Fine Motor Domain of the
PDMS-2 during baseline. This assess-
ment tool might not have detected
her real improvement because of the
ceiling effect. The scores for partici-
pant 4 increased 4 points during the
intervention; this value approached
the minimal detectable change.

Improvements on the PDMS-2 for 3
of the 4 children occurred in the
visual-motor integration subtest. The
items included in this subtest were
activities related to eye-hand coordi-
nation and were the training pro-
grams used in the VR intervention.
For example, when the EyeToy-Play
programs were used to train the chil-
dren, the children were instructed to
hit the suddenly appearing target (ie,
cartoon characters). Children had to
perceive the appearance of the tar-
get in various locations of the screen
and then move their arms to quickly
reach toward the target. By repeat-
edly practicing these activities, chil-
dren improved their performance in
eye-hand coordination; this improve-
ment was reflected in the scores on
the visual-motor integration subtest.

In the present study, we used 2 dif-
ferent VR systems for training. We
did not plan to compare the
laboratory-built VR system with the
commercial VR system in the present
study. These 2 systems offered differ-
ent types of training for children
with CP. The laboratory-built VR sys-

tem offered more flexibility in adjust-
ing task difficulties, such as the re-
quired flexion angle of grasping or
the flying route of the target. How-
ever, a lack of sufficient animation
and difficulty in programming lan-
guage were the flaws of this system.
In contrast, the commercial VR sys-
tem, with attractive animated char-
acters, could offer more fun during
training for children with CP. How-
ever, a lack of sufficient control of
task difficulties was the main flaw of
this system. Although the commer-
cial system offered 3 different
speeds, the medium and fast speeds
were too fast for most of the children
with CP. A professional therapist had
to select programs suitable for chil-
dren with CP.

The present study had several limita-
tions. We observed some practice ef-
fects between measurement points
B1 and B2, even though the children
were familiar with the motion analy-
sis system and the laboratory. We
observed only 3 points during base-
line for practical reasons (parents’
requests and ethics issues). Further
study might increase the number of
observations to show the trend dur-
ing baseline. The primary scorer for
the children’s PDMS-2 was not
masked with regard to their treat-
ment status, although a secondary
scorer, who was unaware of the chil-
dren’s status, coded some of the data
and showed reliable scoring. The in-
vestigator who viewed the kinematic
data was not masked, either. Further
study might include an independent
scorer who is unaware of the chil-
dren’s treatment status to avoid pos-
sible experimenter bias. We did not
measure the participation level of
the children with CP in the present
study. Nevertheless, the findings
from the present study may serve as
the scientific basis for designing a
larger-scale clinical randomized con-
trolled trial to examine the effective-
ness of a VR intervention for enhanc-

ing the UE function of children
with CP.

Conclusion
A 4-week VR training program dem-
onstrated the potential to improve
reaching performance and control in
children with CP, especially those
who had normal cognitive develop-
ment and showed good cooperation.
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Appendix 1.
Concurrent Therapies During the Study Period

Participant Therapy Frequency/Duration Content

1 Physical 2 sessions/wk
30 min/session

Walking training (with walker),
treadmill exercise, and upper-
limb exercise (eg, push balls)

Occupational 2 sessions/wk
30 min/session

Fine motor activities (eg, peg-board
activity, pick up balls)

2 Physical 1 session/wk
30 min/session

Upper-limb weight-bearing exercise
(eg, moving prone scooter by
pushing hands), treadmill
exercise, push-ups

Occupational 1 session/wk
30 min/session

Fine motor skills (eg, using
chopsticks, drawing lines)

3 Physical 2 sessions/wk
30 min/session

Walking training (with walker or
forearm crutches), treadmill
exercise

Occupational 2 sessions/wk
30 min/session

Visual-motor integration activities
(eg, peg-board activity, matching
shapes, pasting stickers)

4 Physical 1 session/wk
30 min/session

Advanced balance training (eg,
hopping on left leg, throwing
balls when standing on unstable
surfaces)

Occupational 1 session/wk
30 min/session

Fine motor skills (eg, using
chopsticks, hitting moving balls)
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