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Abstract

Limits of stability (LoS) while standing are reduced in individuals with bilateral spastic
cerebral palsy (BSCP); however, it remains unclear whether therapeutic interventions can
increase the LoS. This study aimed to determine whether contacting an external object
with fingertip light touch improves stance stability in the LoS among individuals with
BSCP. Nine young adults with BSCP (one woman and eight men, mean age: 26.3 years)
were included in this study. The position and path length of the center of pressure (CoP)
during quiet standing (QS) and the anterior and posterior LoS were measured using a
force platform under two touch conditions: no-touch and light-touch conditions. Under
the light-touch condition, participants placed the tip of their dominant index finger on
a load cell with an applied force of <1 N. In the QS, anterior LoS, and posterior LoS, the
CoP positions did not differ significantly between no-touch and light-touch conditions.
However, the CoP path lengths were significantly shorter under the light-touch condition
than under the no-touch condition. These results suggest that fingertip light touch

enhances stance stability in the QS and anteroposterior LoS. Therefore, contacting an
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external object with fingertip light touch may be an effective training protocol to increase
the stance stability in individuals with BSCP.
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I. Introduction

Cerebral palsy (CP) is a neurodevelopmental disorder defined as “a group of disorders of
the development of movement and posture, causing activity limitation, that are attributed to non-
progressive disturbances that occurred in the developing fetal or infant brain” (Bax et al. 2005).
Although many individuals with bilateral spastic CP (BSCP) can stand and walk independently
without any assistive device (e.g., forearm crutch or posterior walker), they experience balance
problems (Woollacott and Shumway-Cook 2005). In ambulatory individuals with BSCP, balance
ability is related to their gross motor function and basic life activities (Chen et al. 2013) as well
as physical activity participation (Towns et al. 2022). In addition, improvement in stance balance
can promote the physical activity participation and quality of life of such individuals (Silkwood-
Sherer and McGibbon 2022). Therefore, enhancing stance balance ability is an important target
of physical therapy among individuals with BSCP.

The limit of stability (LoS), an index of stance balance ability, is the maximum distance that
an individual can displace the center of pressure (CoP) by leaning the body within the base of
support without having to take a step (Melzer et al. 2009). A decreased ability to control CoP
displacement within the borders of the base of support limits an individual’ s daily activities
that challenge the LoS (Tinetti et al. 1988). Based on previous studies, the anteroposterior LoS is
reduced to a greater extent in individuals with BSCP than in those without disability (Tomita et
al. 2010; 2024b, 2024c).

However, it remains unclear whether therapeutic interventions can increase LoS in
individuals with BSCP. Light touch contact may improve the LoS. Contacting an earth-fixed
external surface with fingertip light touch reportedly stabilizes standing posture (e.g., decrease in
postural sway) (Jeka 1997). This effect does not occur due to the mechanical support associated
with fingertip light touch contact (Kouzaki and Masani 2008) but rather due to the positive
influence of sensory feedback from the finger on stance balance; this sensory feedback provides
information about body motion and spatial orientation (Asslinder et al. 2018; Jeka 1997; Vérité
and Bachta 2021). Previous studies on healthy young adults have revealed an important role of
plantar pressure sensation in LoS maintenance (Asai and Fujiwara 2003; Fujiwara et al. 2003).
In individuals with BSCP, reduction in anteroposterior LoS is related to sensitivity of the plantar
touch-pressure sensation (Tomita et al. 2024c). These findings raise a possibility that additional
somatosensory information obtained via fingertip light touch contact may enhance stance
stability in the LoS. To the best of our knowledge, no studies have examined this possibility.

This study aimed to determine the effects of contacting an external object with fingertip
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light touch on the LoS in individuals with BSCP. We hypothesized that light touch contact

reduces postural sway in the anteroposterior LoS and increases the LoS.

II. Methods

1. Participants

This study included nine young adults with BSCP (one woman and eight men). Their
mean (standard deviation) age, height, weight, and foot length (FL) were 26.3 (5.2) years, 159.1
(6.3) cm, 52.5 (8.1) kg, and 23.8 (1.5) cm, respectively. Participants were included if they (1)
were aged 18-35 years, (2) could follow test instructions, (3) were at level II on the Gross
Motor Function Classification System (GMFCS) (can walk without an assistive device but have
limitations in walking outdoors and in the community) (Palisano et al. 2008), (4) had no history
of orthopedic surgery within 2 years before study participation, (5) had no history of any generic
or neurological disorders other than BSCP, and (6) exhibited no flexion contracture of the hip or
knee joint or no plantar flexion contracture of the ankle joint.

Written informed consent was obtained from all participants before study participation. This
study conformed to the principles of the Declaration of Helsinki and was approved by the Ethics
Committee of Toyohashi SOZO University (approval number: R4008).

2. Experimental procedures

The experimental protocol to measure the CoP in the quiet standing (QS) and LoS was
the same as that in previous studies examining the QS and LoS in individuals with BSCP
(Tomita et al. 2024b, 2024c) and healthy young and older adults (Tomita et al. 2021, 2024a). The
participants stood barefoot on a force platform (G-6100, Anima, Japan) during all measurements
(Figure 1). Through G-6100 software (Anima, Japan), the CoP positions in the mediolateral
and anteroposterior directions (CoPx and CoPy, respectively) were recorded with a sampling
frequency of 100 Hz on a computer (NJ3900E, Epson, Japan). We instructed the participants to
gaze at a fixation point placed 1.5 m straight ahead on their horizontal line of sight. Before each
trial, participants’ heels were aligned at their comfortable stance width.

First, participants’ FL was measured while they maintained the QS. Then, the CoP positions
in the QS, anterior LoS, and posterior LoS were measured under two touch conditions: light-
touch and no-touch conditions. During LoS measurements, the participants leaned their body
forward or backward and placed their weight on the forefoot (anterior LoS) or rearfoot (posterior
LoS) as much as possible without having to take a step. The participants verbally reported when
they reached the LoS and felt stable. We instructed them to maintain the QS for 10 s and the
anteroposterior LoS for 3 s.

Under the light-touch condition, the participants placed the tip of their dominant
index finger on a 1 cm-diameter load cell (LMBT-A, Kyowa, Japan) (Figure 1) positioned at
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approximately 15 cm in front and diagonally to the participants’ greater trochanter. During QS
and LoS measurements under the light-touch condition, the force applied to the load cell was
assessed using an oscilloscope (DS-5105B, Iwatsu, Japan). Based on several previous light-touch
studies (Baldan et al. 2014; Tomita et al. 2024a), the QS and LoS measurements with an applied
force of <1 N were considered as successful trials. Under light-touch and no-touch conditions,
we measured the QS, anterior LoS, and posterior LoS thrice after five practice trials. The order
of measurements in the three standing positions (QS, anterior LoS, and posterior LoS) and under
the two touch conditions (light-touch and no-touch conditions) was randomized between the

participants.

3. Data analyses

In each trial, we calculated the mean CoPx and CoPy positions and the CoP path length
per second for 10 s in the QS and for 3s in the anterior and posterior LoS. The CoP path length

R

Figure 1. Experimental setup. This figure represents a measurement in the quiet standing position under
the light-touch condition. Under this condition, the participants placed the tip of their dominant index

finger on a load cell.
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per second was derived from both the mediolateral and anteroposterior directions combined
(i.e., CoPx and CoPy). To minimize interparticipant differences in stance width and FL, we
normalized the mean CoPx and CoPy positions in the three standing positions by calculating
the percentages of the participants’ stance width between the feet’ s lateral borders (% of stance
width) and FL (%FL), respectively. CoPx values of 0% and 100% of stance width indicate that the
CoPx position is at the lateral borders of the left and right feet, respectively. Regarding CoPy, 0
and 100 %FL indicate that the CoPy position is at the heel and tip of the toe, respectively.

The Shapiro-Wilk test confirmed that all calculated CoP positions and path lengths were
normally distributed. Therefore, differences in the CoP positions and path lengths under no-
touch and light-touch conditions were assessed using paired t-test. A p-value of <0.05 was
considered to indicate statistical significance. All statistical data were analyzed using IBM SPSS
Statistics for Windows, Version 25 (IBM, USA).

I11. Results

Figure 2 shows representative data for the CoP path in the anterior LoS under NT and LT
conditions in a participant with BSCP. In this participant, although the CoP positions in the
anterior LoS were almost the same between the NT and LT conditions, the CoP path tended to
be smaller under the LT condition than under the NT condition.

Table 1 shows the CoPx and CoPy positions in each standing position. The CoPy positions
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Figure 2. Representative data for the center of pressure path in the anterior limit of stability under no-
touch and light-touch conditions in a participant with bilateral spastic cerebral palsy. The zero values of
x- and y-axes are the midpoint of both feet and the heel, representatively. Note that the center of pressure

path was smaller under the light-touch condition than under the no-touch condition.
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Table 1. The CoP positions in the QS, anterior LoS, and posterior LoS in NT and LT conditions.

No-touch condition Light-touch condition  Significance

QS

CoPx position (%SW) 51.1(2.5) 51.0 (2.7) n.s.

CoPy position (%FL) 44.1 (8.5) 46.6 (6.5) n.s.
Anterior LoS

CoPx position (%SW) 51.5(2.8) 51.1(2.5) n.s.

CoPy position (%FL) 70.8 (4.8) 71.5 (4.0) n.s.
Posterior LoS

CoPx position (%SW) 51.7 (2.7) 51.0 (2.7) n.s.

CoPy position (%FL) 31.2(7.6) 28.9 (8.1) n.s.

Mean (standard deviation). CoP, center of pressure; CoPx center of pressure in the mediolateral direction;
CoPy center of pressure in the anteroposterior direction; FL, foot length; LoS, limit of stability; LT, light-
touch; n.s., not significant; NT, no-touch; QS, quiet standing; SW, stance width.

in the anterior LoS (no-touch condition vs. light-touch condition: 70.8 = 4.8 vs. 71.5 + 4.0 %FL)
and posterior LoS (31.2 = 7.6 vs. 28.9 + 8.1 %FL) tended to slightly shift forward and backward
under the light-touch condition, respectively. However, the CoPy positions in the QS, anterior
LoS, and posterior LoS did not differ significantly between no-touch and light-touch conditions
(QS: ts = 1.53, p = 0.081, d = 0.51; anterior LoS: 3 = 0.79, p = 0.455, d = 0.26; posterior LoS:
= 1.48, p = 0.089, d = 0.22). The CoPx positions in the three standing positions also showed no
significant differences between the two conditions (QS: ts = 0.19, p = 0.855, d = 0.06; anterior
LoS: ts = 1.72, p = 0.124, d = 0.57; posterior LoS: t; = 1.48, p = 0.178, d = 0.49).
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Figure 3. Means and standard deviations of the path lengths of the center of pressure (CoP) per second
in the quiet standing and anteroposterior limits of stability (LoS). Individual data are also shown. Open
and gray circles represent the CoP path lengths under no-touch (NT) and light-touch (LT) conditions,
respectively. * p < 0.05, ** p < 0.01.



Effects of fingertip light touch contact on anteroposterior limits of stability while standing in individuals with bilateral spastic cerebral palsy 31

Figure 3 shows the CoP path length in each standing position. The CoP path lengths in all
three standing positions were significantly shorter under the light-touch condition than under
the no-touch condition (QS: t; = 2.34, p = 0.047, d = 0.78; anterior LoS: t; = 2.41, p = 0.043, d
= 0.80; posterior LoS: fs = 3.69, p = 0.006, d = 1.23).

IV. Discussion

1. LoS characteristics in participants with BSCP

Compared with a previous study examining the CoP position and path length in the
anteroposterior LoS in 27 individuals with BSCP (Tomita et al. 2024b), our study revealed slightly
wider anteroposterior LoS and longer CoP path length in the LoS in participants with BSCP. In
general, an increased CoP path length represents stance instability, especially in the QS (Cherng
et al. 1999; Donker et al. 2008; Ozal et al. 2022; Rojas et al. 2013; Rose et al. 2002). However,
the abovementioned study demonstrated that the CoP path length in individuals with BSCP was
longer in the QS but shorter in the anteroposterior LoS than that in individuals without disability
(Tomita et al. 2024b). In their study, a wider LoS in individuals without disability indicates that
the larger postural sway in the LoS in healthy controls did not occur due to an instability in the
LoS but rather due to their higher ability to control a large postural sway in the LoS compared
with individuals with BSCP (Tomita et al. 2024b). Therefore, the slightly wider anteroposterior
LoS and longer CoP path length in our study participants with BSCP suggest that their stance
balance ability is greater than that of individuals in the previous study. Although our study
included participants with BSCP classified as level II on the GMFCS, the abovementioned study
(Tomita et al. 2024b) included those with a more severe disability [level III: can walk using a
hand-held mobility device (Palisano et al. 2008)], which may have caused differences in the CoP

positions and path lengths in the anteroposterior LoS.

2. Effects of fingertip light touch contact on the QS and Lo§ in individuals with BSCP

The significantly shorter CoP path lengths in the QS and anteroposterior LoS under the
light-touch condition than under the no-touch condition clearly indicate that stance stability
in individuals with BSCP can be increased with fingertip light touch contact. The decrease in
the CoP path tended to be observed in both the mediolateral and anteroposterior directions
(Figure 2). The perception of anteroposterior LoS positions is reportedly related to somatosensory
information from the lower limbs [e.g., plantar pressure sensation (Asai and Fujiwara 2003;
Fujiwara et al. 2003) and patellar movement perception (Asai et al. 2017)]. Although sensory
functions are often reduced in individuals with BSCP (Damiano et al. 2013; Wingert et al. 2009;
Zarkou et al. 2021), sensory impairments in ambulatory individuals with BSCP are milder
in the upper limbs than in the lower limbs (Minear 1956). Improvements in stance stability

through light touch might be explained by the positive effects of augmented sensory feedback
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on stance balance control (Asslinder et al. 2018; Jekal997; Jeka and Lackner 1994). Additional
somatosensory information arising from the upper limb with fingertip light touch contact may
compensate for sensory deficits in the lower limbs in individuals with BSCP. Therefore, these
individuals could perceive the CoP position while standing more precisely under the light-touch
condition than under the no-touch condition, resulting in an increase in stance stability (i.e.,
decreased postural sway) in the QS and LoS with light touch contact.

A previous study examining LoS in healthy younger and older adults reported a decrease
in the CoP path length and an increase in the anteroposterior LoS with light touch contact
(Tomita et al. 2024a). However, our participants did not exhibit an increase in the LoS with
light touch contact. Dual task (e.g., performing cognitive task while standing and walking)
reduces the performance of standing and walking in individuals with BSCP (Roostaei et al.
2021). Fingertip light touch contact (e.g., <1 N) while standing is considered as a dual task
with precise demands (Lee et al. 2019). Although the anteroposterior LoS was measured after
several practice trials, maintaining LoS while contacting an object with fingertip light touch is
challenging for individuals with BSCP; therefore, the light touch contact may have no effect on

the anteroposterior LoS positions.

3. Study limitations

This study had several limitations. First, this study examined only anteroposterior LoS;
therefore, the effects of light touch contact on the LoS in the mediolateral and oblique directions
remained unclear. Second, the number of participants was relatively small, and their GMFCS
level was limited to level II. Third, we did not assess impairments in body function and structure
(e.g., sensory deficits in the lower limbs). Fourth, we measured the participants’ FL while they
maintained the QS and normalized the CoPy position by calculating the percentages of the FL.
In healthy young adults, toe flexion is apparent in the anterior LoS (Aoki et al. in press). We did
not observe toe conditions during the measurements; therefore, the CoPy position especially in
the anterior LoS might be influenced by the toe flexion. Last, although several previous studies
have demonstrated that stance stability is improved by light touch not only to an earth-fixed
external surface but also to a cane (Jeka 1997). Although no previous studies have examined the
effects of contacting a cane on the LoS in individuals with BSCP, performance of the Functional
Reach Test is improved by lightly gripping a cane in healthy young adults (Oshita and Yano
2015), raising a possibility that light touch to a cane increases the LoS in individuals with BSCP.
Thus, further research is warranted to incorporate our findings into physical therapy programs

for improving stance balance in individuals with BSCP.

V. Conclusions

This study is the first to demonstrate that fingertip light touch contact can increase stance
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stability in the QS and anteroposterior LoS in individuals with BSCP.
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