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Abstract

The high prevalence of postural instability in individuals with intellectual disability (ID) war-

rants the need for reliable and practical postural control assessments. Stabilometry is a pos-

tural control assessment that has been widely used for clinical populations. However, the

scant systematic knowledge about the reliability of stabilometric protocols for adults with ID

renders results questionable and limits its value for clinicians and researchers. The study’s

purpose was to develop a stabilometric protocol for adults with and without ID based on opti-

mal combinations of shortest necessary trial durations and the least number of trial repeti-

tions that guarantee sufficient reliability. Participants performed six trials of bipedal standing

in 2 vision (eyes open vs eyes closed) x 2 surface (solid vs compliant) conditions on a force

platform. Several parameters were calculated from the first 10-, 20-, and 30-s interval of

every center-of-pressure (COP) trial data. For different trial durations, we identified the num-

ber of trials that yielded acceptable relative (intraclass correlation coefficient� 0.70) and

absolute (standard error of measurement < 20%) reliability using the Spearman-Brown

prophecy formula. To determine the optimal combination of trial duration and number of rep-

etition for each COP parameter, we implemented a two-step process: 1) identify the largest

number of repetition for each of the three trial durations and then 2) select the trial duration

with the lowest number of repetition. For both ID- and non-ID groups, we observed a trend

whereby shorter trial durations required more repetitions and vice versa. The phase plane

and ellipse area were the most and least reliable center-of-pressure parameter, respec-

tively. To achieve acceptable reliability, four 30-s trials of each experimental condition

appeared to be optimal for testing participants with and without ID alike. The results of this

research can inform stabilometric test protocols of future postural control studies of adults

with ID.
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Introduction

Postural control is the ability to achieve, maintain and restore one’s center of mass (COM)

within their base of support [1] and, as such, provides foundation for the successful and safe

execution of sensorimotor tasks. This ability is the product of concerted activities of multiple

body systems. Information about the body and the environment are continuously monitored

by the central nervous system from visual, somatosensory and vestibular inputs. In response to

postural instability, the central nervous system regulates the necessary voluntary and auto-

matic adjustments in motor output to stabilize the body [2]. Therefore, the maintenance of

postural control is contingent on intact neuromusculoskeletal functions and any disruption of

the multiple systems that regulate and maintain postural control results in increased postural

instability.

Intellectual disability (ID) is characterized by significant restrictions in both intellectual

functioning (IQ� 75) and adaptive behavior that have been evident before 18 years of age [3].

While intellectual impairment is the main feature of ID, motor impairments, specifically prob-

lems in postural control, are also commonly reported (e.g., [4, 5]). A systematic review by

Enkelaar and colleagues [6] concluded that postural instability in individuals with ID is already

evident in childhood and remains present during their entire lifespan. Furthermore, age-

related decline in postural control manifests earlier in individuals with ID. As a result, adults

with ID have a substantially higher incidence of falls and consequent hospitalization than the

general population [7–9].

The prominence of postural instability among individuals with ID calls for its careful assess-

ment to identify those who are at risk for falls. Moreover, reliable assessments are critical to

monitor the effects of interventions designed to improve postural control. A common method

for evaluating postural control is stabilometry, which is a recording of the center of pressure

(COP) excursion during quiet upright stance using a force platform. COP excursion is used as

a measure of postural control, as it has been demonstrated to approximate COM excursion

(i.e., postural sway) under static conditions [10, 11]. However, the lack of standardization of

the measurement procedure in stabilometry makes its use challenging and limits comparison

between studies that have used different testing protocols [12]. This issue applies to clinical

populations (including ID-individuals) as much as it does to the general population and has

consequences on the reliability of results gained from stabilometry. Thus, our current study

aimed to develop a reliable stabilometric protocol for evaluating postural control of adults with

ID.

Ruhe, Fejer, and Walker’s [12] systematic review on the intrasession reliability of static

bipedal stabilometry affirmed the lack of consistency in the methods used among postural con-

trol studies. They identified several variables, namely trial duration, number of trial repetitions,

experimental conditions, and chosen COP parameters, that influence reliability of stabilo-

metric results. Longer trial durations (60 s or more) and averaging more repetitions (3–5 trials)

are generally recommended for increased reliability because of the inherently wide variability

of COP measurements [13, 14]. Reliability is likewise affected by the experimental conditions,

including visual and surface manipulations, implemented in stabilometric studies. Compared

with eyes open (EO), eyes closed (EC) conditions generally yield higher reliability values in

both healthy young [15] and older adults [16]. However, EC conditions require a longer trial

duration because short trials, e.g., 10 s, do not provide sufficient time for adaptation to the

destabilizing effect of the loss of visual input [14, 17]. As for experimental manipulations on

surface conditions, standing on a compliant surface appears to be less reliable than standing

on a rigid surface [12]. Nevertheless, the inclusion of a difficult condition (e.g., compliant sur-

face) may be desirable because challenging conditions discriminate better between age- and
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pathology-related differences in postural control [18–21]. As to the difference between tradi-

tional COP parameters, measures of velocity and phase plane had the highest reliability while

the ellipse area had the lowest [22, 23].

Given that reliabilities of COP measures vary depending on the participants’ characteristics

like age and pathology [24], recommendations derived from the aforementioned studies may

not be optimal or feasible for studies on a clinical population. For instance, the recommended

60-s trial may be too long for patients with postural instability to stand still. Studies on elderly

individuals [23, 25] and patients with stroke [26] and Parkinson’s disease [27] reported ade-

quate reliability of COP measures obtained from 30-s trials. These shorter trials could likewise

benefit individuals with ID, as they may fatigue more easily [28] and have limited attention and

motivation to complete tasks [29]. Although systematic knowledge about reliability and practi-

cality of stabilometric protocols for adults with ID is scarce, several related studies have none-

theless been conducted (see S1 Table). These studies adopted different experimental conditions

and widely varying testing specifications, ranging from 10–40 s of trial duration and 1–5 trial

repetitions. There is further lack of consistency in sampling frequency of force plate data and

COP-based stability parameters reported. Moreover, of these studies, only one paper published

26 years ago reported the reliability of COP measures in static bipedal stance in adults with ID.

Suomi and Koceja [30] evaluated the postural control of 22 men with mild to moderate ID

(Mage = 30.3, SDage = 5.5 years; MIQ = 57.8, SDIQ = 9.7) and a control group of 22 men and 22

women without ID. Participants performed three 15-s trials in EO and EC conditions. The

authors found that intraclass correlation coefficient (ICC) values were higher in EC (ICC2,1 =

0.74–0.84) than in EO (ICC2,1 = 0.52–0.67) condition. Furthermore, ICC values for both condi-

tions were lower for men with ID compared with the two control groups (men: ICC2,1 = 0.86–

0.93; women: ICC2,1 = 0.67–0.90). The differences in reliability may contribute to the conflicting

findings on the COP characteristics of individuals with ID in the literature. For instance, Suomi

and Koceja [30] showed that the postural control of adults with ID is vision dominant (i.e.,

greater COP excursion increase from EO to EC conditions in the ID-group than in the non-ID-

group) while Blomqvist et al. [4] and Dellavia et al. [31] provided data on the contrary.

In stabilometric studies comparing two groups (i.e., group of individuals with and without

ID), it is necessary that the chosen procedure to assess postural control possesses similar reliabil-

ities for either group. Shortened trial durations may make the testing feasible for individuals

with ID. Likewise, including conditions that are more challenging may be better at detecting dif-

ferences between individuals with and without ID. Reliability, however, should be as important

a consideration as feasibility and discriminative power when deciding on assessments and pro-

cedures of its use. Thus, a good compromise of trial duration and repetition while testing pos-

tural control in varying degrees of difficulty is essential not only to achieve acceptable reliability

for both groups but also to keep testing feasible for all participants, regardless of group member-

ship. This pilot study’s primary purpose was to identify the shortest trial duration and the mini-

mum number of repetitions that yield acceptable reliabilities of COP parameters in four (2

vision x 2 surface) conditions for adults with and without ID. We expected higher reliability to

be obtained from longer trial durations and a greater number of trial repetitions. As a second

goal, we aimed to determine effect sizes for the difference between the postural control of indi-

viduals with and without ID in order to inform sample size calculations of future studies.

Materials and methods

Participants

We recruited ten individuals into the study. Participants included five adults with a diagnosis

of ID, who were identified through an assisted living facility for people with disabilities, and
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five age- and sex-matched controls without ID. All ID-participants have been diagnosed with

ID by a physician. The following were the inclusion criteria: (1) age 18 to 40 years; (2) no

reported neurologic, orthopedic, muscular, or cardiovascular symptoms or diagnosed medical

condition; (3) no history of head or lower extremity injury in the past year; (4)� 0.5 decimal

visual acuity; and (5) abstinence from alcohol at least 24 hours prior to testing. We only

included young adults to avoid introducing maturation and aging effects. Additionally, even

though deterioration in postural control typically arises around the age of 60 [32], we chose a

lower age limit of 40 years for two reasons. First, vestibular function has been shown to dimin-

ish after the age of 40 [33]. Second, based on the modelled lifespan trajectory of postural con-

trol ability of ID-individuals by Enkelaar et al. [6], ID-individuals are likely to experience age-

related postural decline earlier than non-ID-individuals.

Study design and protocol were reviewed and approved by the UZ/KU Leuven Research

Ethics Committee (B322201731833/S59931). Although the ability to make informed consent

may be impaired in ID-individuals, Horner-Johnson and Bailey [34] documented that ID-par-

ticipants were capable of giving their own consent to participate in low risk studies and offered

suggestions to ensure that they understand every step of the consent process. Following these

suggestions, we read the information and consent form aloud to them and asked after each sec-

tion if they understood it, if they have questions about it, and if they agree to it. We also probed

for understanding by having them express in their own words what the study is about, what

voluntary means, what kind of risks they will be exposed to, and what is expected of them. A

staff from their respective living facility was also present throughout the testing session. All

participants provided their written informed consent prior to participation in the study, in

accordance with the Helsinki Declaration.

Apparatus

We assessed postural control using a portable force platform (AccuSway, Advanced Mechani-

cal Technology Inc. [AMTI], Watertown, MA, USA). Postural data were acquired and

recorded using Balance Clinic software version 2.03.00 (AMTI) loaded on a Dell laptop. The

acquisition sampling frequency was set at 100 Hz and was filtered using a fourth-order zero

phase Butterworth low-pass filter with a cut-off frequency of 10 Hz [11, 12]. Four experimental

conditions, with two vision by two surface conditions were included. Participants either stood

directly on the force platform (solid surface) or on a 50 x 41 x 6 cm foam (Airex1 Balance

Pad, Airex AG, Sins, Switzerland) placed on top of the force platform (compliant surface). The

foam pad has a density of 55 kg/cm3 and tensile strength of 260 kPa [35]. We tested the partici-

pants on both surface conditions with blindfolds (EC) or without (EO).

Experimental protocol

Before enrolling prospective participants into the study, we performed a phone screening

where we asked participants and/or the staff nurse of the facility (in the case of ID-individuals)

about demographic information, recent injuries and current health status, and regular physical

activities. On the day of testing, we measured the participants’ height, weight, and foot length,

and tested their visual acuity using a tumbling E chart. We also confirmed from self-report

whether participants had consumed alcohol within 24 hours prior the test.

Each participant was tested in a single session, which lasted about 2 hours. We collected

force plate data from two blocks of testing. Each block consisted of three consecutive 35-s trials

in each condition, yielding 24 trials (3 trials x 4 conditions x 2 blocks). In the first block, the

sequence was as follows: EO solid surface (EO-S), EC solid surface (EC-S), EO foam surface

(EO-F), and EC foam surface (EC-F). This sequence was reversed in the second testing block.
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A 35-s trial duration was adopted after considering the available evidence that 30-s trials may

be adequate for a clinical population, as well as to limit total testing duration. Test order was

fixed and was identical for all participants. Participants sat for 1 minute on a chair to rest

between trials. Between the two postural control blocks, we administered the performance sub-

scale of the Wechsler Abbreviated Scale of Intelligence (WAIS) [36]. We tested the partici-

pants’ IQ to provide a measure to contrast intellectual function between the two groups and

because we had no access to the ID-participants’ IQ scores (due to the facility’s privacy restric-

tions). Prior to the actual postural tests, we familiarized participants with the tasks during two

30-s warm-up trials for each condition.

During testing, participants stood barefoot at hip-width apart and with big toes pointing

forward. After establishing proper foot positioning, we drew an outline of both feet to keep

foot placement consistent across trials on both solid and compliant surfaces. Furthermore,

intermalleolar distance was checked and maintained throughout all the trials. Before each trial,

we instructed the participants to stand as still as possible with their arms to their sides. They

were also instructed to look straight ahead at a 3-cm red circle located on the wall at eye level.

Data analysis

The initial and final 2.5 s of each of the 35-s COP time series were considered padding points

to minimize amplitude distortion from data filtering and were excluded from further analysis

[37]. We used four traditional COP parameters: mean COP velocity and displacement (antero-

posterior [AP] and mediolateral [ML] directions), 95% confidence ellipse area, and phase

plane. Phase plane is a stability parameter that incorporates the position and velocity of COP

and was computed based on the combined stability parameter described by Riley, Benda, Gill-

Body, and Krebs [38]. The three other COP excursion parameters, amplitude (average dis-

placement from the mean COP), velocity (total length of the COP path per unit time), and

ellipse area (area of the ellipse that captures 95% of the data points), were based on formulae

used by Prieto, Myklebust, Hoffman, Lovett, and Myklebust [39]. We calculated these COP

parameters from the remaining 30 s COP time series data, as well as from the first 10 s and 20

s of the trial in order to explore whether it is possible to shorten trial duration further without

sacrificing reliability. To determine within-session learning and fatigue effects, we compared

the COP parameters from the first three trials in each condition with the last three trials using

a paired t-test. No statistically significant difference emerged (α-level at 95%). Thus, we

decided to pool all six trials for subsequent analyses.

Reliability estimates of COP parameters obtained at the level of single trials were computed

using ICC2,1, a 2-way random effects model with an agreement coefficient [40]. This model of

ICC compares within-subject variability with between-subject variability, considering random

effects over time. Five participants and six trials provide 80% power to differentiate ICC values

between 0.70 and 0.95 with type 1 error set at 0.05 [41]. Given the pilot nature of the study, we

did not apply α-value correction for multiple testing. Because the ICC only measures relative

reliability, we also calculated the standard error of the measurement (SEM) as an estimate of

absolute reliability [42]. We computed SEM, expressed in percentage, by dividing the product

of the standard deviation (SD) and square root of (1 –ICC) by the mean and multiplying it by

100.

As a next step, we implemented the statistical method described by Lafond and colleagues

[22]. For each trial duration (i.e., 10, 20, and 30 s), we used the Spearman-Brown prophecy for-

mula (1) to identify the number of trials (k) that, when averaged, yielded an acceptable relative

(ICC� 0.70 [43]) and absolute (SEM� 20 [23]) reliability estimate. We also computed the

reliability coefficient of the average of increasing k repeated trials (Rk) with a single-measure
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reliability coefficient R, i.e., ICC2,1 using the same formula.

Rk ¼
kR

1þ ðk � 1ÞR
ð1Þ

To determine the optimal trial duration and repetition for each COP parameter, we imple-

mented a two-step process. First, for each of the three trial durations, we identified the largest

k value from all four postural control conditions of both groups. Then, we selected the trial

duration with the lowest k value. We chose to do it in this manner because, ideally, the chosen

COP parameter should possess acceptable reliability for all the experimental conditions and

for both groups.

Lastly, we performed independent t-tests between the two groups, using the COP parame-

ters with acceptable reliability as the dependent variable. From the t-statistic and the sample

sizes of the ID- (n1) and non-ID- (n2) group, we calculated Cohen’s d:

Cohen0s d ¼ t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1 þ n2

n1n2

r

ð2Þ

Due to the study’s small sample size, we used Hedge’s g as the corrected effect size [44].

Hedge0s g ¼ Cohen0s d 1 �
3

4ðn1 þ n2Þ � 9

� �

ð3Þ

Using the calculated effect size, a post hoc sample size calculation was performed in G�Power

version 3.1.9.4 for Windows [45]. All other statistical analyses were performed with Statistical

Package for the Social Sciences (SPSS), PC Statistical Package version 25.0 for Windows (SPSS,

Inc., Chicago, IL, USA).

Results

Description of the participants’ characteristics are summarized in Table 1. None of the ID-par-

ticipants had Down syndrome. All participants were able to complete the testing protocol.

During testing, we documented practical testing issues that are worth reporting. We found it

challenging to standardize the foot position of the participants with ID when we resumed test-

ing after every rest break. They had problems placing their feet within the foot tracings or kept

moving their feet after it had already been correctly positioned. Difficulties standardizing foot

placement were even greater for the standing trials on foam. During the 35-s duration of the

actual standing trials, however, we did not encounter any problems. Considering these prob-

lems and the fact that all participants could easily remain standing for 35 s, fewer trial

Table 1. Participant characteristics.

Characteristics¤ ID group (n = 5)¤ Non-ID group (n = 5)¤

M Age (years)¤ 29.20 (7.92)¤ 29.00 (7.62)¤

Sex (female / male)¤ 1 / 4¤ 1 / 4¤

M Foot length (cm)¤ 26.50 (1.38)¤ 26.44 (1.40)¤

M Performance IQ¤ 75.80 (10.0)¤ 115.60 (7.9)¤

M BMI (kg/m2)¤ 25.98 (4.3)¤ 22.25 (2.1)¤

M Weekly PA (hours)¤ 2.90 (2.1)¤ 3.05 (1.1)¤

Figures enclosed in parentheses are standard deviations; ID, intellectual disability; IQ, intelligence quotient; BMI,

body mass index; PA, physical activity

https://doi.org/10.1371/journal.pone.0240702.t001
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repetitions of longer trial durations appeared to be more convenient than more repetitions of

shorter trial durations.

The k repetitions necessary to obtain an ICC� 0.70 and SEM� 20 for every trial duration,

as well as the corresponding ICC2,k and SEM are listed in Table 2. In general, we observed a

trend of decreasing k with longer trial durations. Thus, shorter trial durations had to be per-

formed with more repetitions while longer trial durations required fewer repetitions to achieve

the same level of reliability. This is true for both groups.

Ellipse area was the least reliable COP parameter as, even at the longest trial duration of 30

s, 15 repetitions were needed to meet our threshold for acceptable reliability. In contrast, the

most consistently reliable COP parameter was the phase plane. Good reliability estimates were

obtained with two 30-s trials. For mean ML and AP velocity, the most optimal combination

Table 2. Number of trials (k) that would yield an ICC2,k� 0.70 and SEM%� 20 and corresponding ICC2,k and SEM% for trial lengths of 10, 20, and 30 s.

Participants with intellectual disability¤ Participants without intellectual disability¤

Center of pressure parameters¤ 10-s trial¤ 20-s trial¤ 30-s trial¤ 10-s trial¤ 20-s trial¤ 30-s trial¤

k¤ ICC¤ SEM¤ k¤ ICC¤ SEM¤ k¤ ICC¤ SEM¤ k¤ ICC¤ SEM¤ k¤ ICC¤ SEM¤ k¤ ICC¤ SEM¤

M amplitude ML¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 3¤ 0.83¤ 19.9¤ 3¤ 0.86¤ 18.7¤ 3¤ 0.91¤ 19.2¤ 9¤ 0.86¤ 19.5¤ 4¤ 0.83¤ 19.4¤ 6¤ 0.82¤ 19.4¤

!EC-S¤ 13¤ 0.90¤ 19.4¤ 12¤ 0.90¤ 19.9¤ 6¤ 0.90¤ 18.8¤ 3¤ 0.77¤ 19.7¤ 2¤ 0.81¤ 16.2¤ 3¤ 0.82¤ 17.3¤

!EO-F¤ 6¤ 0.71¤ 19.4¤ 4¤ 0.75¤ 16.4¤ 3¤ 0.75¤ 15.2¤ 15¤ 0.81¤ 19.5¤ 4¤ 0.74¤ 16.8¤ 3¤ 0.76¤ 17.7¤

!EC-F¤ 4¤ 0.73¤ 14.7¤ 3¤ 0.75¤ 12.7¤ 4¤ 0.75¤ 15.3¤ 1¤ 0.76¤ 17.6¤ 1¤ 0.77¤ 16.1¤ 1¤ 0.80¤ 14.8¤

M amplitude AP¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 14¤ 0.71¤ 16.6¤ 5¤ 0.72¤ 14.9¤ 3¤ 0.70¤ 16.2¤ 16¤ 0.86¤ 19.5¤ 5¤ 0.83¤ 18.9¤ 4¤ 0.80¤ 19.0¤

!EC-S�¤ —¤ —¤ —¤ 15¤ 0.70¤ 16.5¤ 12¤ 0.72¤ 14.4¤ —¤ —¤ —¤ —¤ —¤ —¤ —¤ —¤ —¤

!EO-F¤ 2¤ 0.75¤ 16.2¤ 2¤ 0.75¤ 16.2¤ 1¤ 0.76¤ 14.9¤ 20¤ 0.84¤ 19.9¤ 9¤ 0.72¤ 19.2¤ 5¤ 0.74¤ 19.7¤

!EC-F¤ 5¤ 0.71¤ 17.3¤ 2¤ 0.74¤ 16.2¤ 2¤ 0.78¤ 14.7¤ 3¤ 0.73¤ 18.0¤ 2¤ 0.80¤ 13.7¤ 3¤ 0.75¤ 14.7¤

M velocity ML¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 2¤ 0.80¤ 16.1¤ 2¤ 0.79¤ 15.2¤ 2¤ 0.80¤ 12.9¤ 2¤ 0.72¤ 16.9¤ 2¤ 0.82¤ 13.0¤ 1¤ 0.72¤ 14.1¤

!EC-S¤ 28¤ 0.89¤ 19.8¤ 7¤ 0.85¤ 19.7¤ 3¤ 0.83¤ 18.5¤ 3¤ 0.77¤ 14.4¤ 2¤ 0.70¤ 13.9¤ 2¤ 0.77¤ 11.7¤

!EO-F¤ 32¤ 0.70¤ 18.4¤ 4¤ 0.71¤ 12.2¤ 3¤ 0.72¤ 9.8¤ 4¤ 0.74¤ 16.9¤ 3¤ 0.76¤ 16.5¤ 2¤ 0.72¤ 16.5¤

!EC-F¤ 7¤ 0.73¤ 13.7¤ 2¤ 0.73¤ 10.3¤ 4¤ 0.71¤ 13.1¤ 2¤ 0.71¤ 19.6¤ 2¤ 0.79¤ 16.3¤ 1¤ 0.78¤ 15.6¤

M velocity AP¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 2¤ 0.82¤ 11.6¤ 2¤ 0.82¤ 10.9¤ 1¤ 0.79¤ 12.2¤ 1¤ 0.83¤ 14.4¤ 1¤ 0.80¤ 14.6¤ 1¤ 0.82¤ 13.2¤

!EC-S¤ 7¤ 0.81¤ 19.3¤ 3¤ 0.79¤ 18.1¤ 2¤ 0.84¤ 15.9¤ 6¤ 0.73¤ 17.1¤ 2¤ 0.78¤ 14.7¤ 1¤ 0.73¤ 14.9¤

!EO-F¤ 2¤ 0.73¤ 13.2¤ 3¤ 0.76¤ 12.0¤ 2¤ 0.71¤ 13.4¤ 3¤ 0.77¤ 16.1¤ 1¤ 0.70¤ 17.4¤ 1¤ 0.74¤ 15.0¤

!EC-F¤ 3¤ 0.76¤ 11.3¤ 1¤ 0.74¤ 10.3¤ 1¤ 0.78¤ 9.7¤ 2¤ 0.75¤ 16.0¤ 2¤ 0.79¤ 14.7¤ 1¤ 0.75¤ 15.1¤

Ellipse area¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 8¤ 0.89¤ 19.0¤ 10¤ 0.94¤ 19.2¤ 5¤ 0.93¤ 19.8¤ 25¤ 0.94¤ 19.8¤ 11¤ 0.94¤ 19.1¤ 12¤ 0.93¤ 19.4¤

!EC-S¤ 216¤ 0.98¤ 19.9¤ 59¤ 0.97¤ 19.8¤ 15¤ 0.95¤ 19.7¤ 219¤ 0.89¤ 19.9¤ 3¤ 0.83¤ 18.7¤ 5¤ 0.82¤ 19.9¤

!EO-F¤ 10¤ 0.94¤ 19.1¤ 3¤ 0.90¤ 18.2¤ 3¤ 0.89¤ 18.7¤ 35¤ 0.94¤ 19.9¤ 4¤ 0.82¤ 18.2¤ 2¤ 0.91¤ 15.0¤

!EC-F¤ 38¤ 0.88¤ 19.8¤ 3¤ 0.80¤ 19.1¤ 12¤ 0.89¤ 19.7¤ 5¤ 0.88¤ 18.5¤ 3¤ 0.88¤ 17.2¤ 2¤ 0.85¤ 18.6¤

Phase plane¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 3¤ 0.75¤ 15.6¤ 2¤ 0.76¤ 13.3¤ 1¤ 0.75¤ 14.2¤ 1¤ 0.79¤ 12.5¤ 1¤ 0.81¤ 11.9¤ 1¤ 0.79¤ 11.4¤

!EC-S¤ 9¤ 0.86¤ 19.2¤ 4¤ 0.80¤ 18.9¤ 2¤ 0.79¤ 18.4¤ 4¤ 0.72¤ 14.1¤ 2¤ 0.75¤ 11.9¤ 2¤ 0.73¤ 11.0¤

!EO-F¤ 3¤ 0.75¤ 15.1¤ 2¤ 0.77¤ 11.8¤ 2¤ 0.78¤ 12.0¤ 4¤ 0.71¤ 16.3¤ 3¤ 0.77¤ 12.7¤ 2¤ 0.74¤ 12.7¤

!EC-F¤ 4¤ 0.73¤ 11.8¤ 2¤ 0.72¤ 10.8¤ 2¤ 0.81¤ 11.1¤ 3¤ 0.79¤ 14.9¤ 2¤ 0.77¤ 13.0¤ 1¤ 0.73¤ 12.4¤

�k, ICC2,k and SEM% cannot be calculated when ICC2,1� 0; ML, mediolateral; AP, anteroposterior; EO-S, eyes open, solid surface; EC-S, eyes closed, solid surface;

EO-F, eyes open, foam surface; EC-F, eyes closed, foam surface

https://doi.org/10.1371/journal.pone.0240702.t002
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was four 30-s trials, while six 30-s trials were necessary for mean amplitude in the ML and AP

direction, excluding the mean AP amplitude in the EC-S condition. A value for k could not be

calculated for mean AP amplitude in the EC-S condition because the ICC2,1 < 0 in all the trial

durations for the non-ID-group. This can be indicative of poor reliability.

Table 3 compares the ID- and non-ID-group on COP parameters having acceptable reli-

ability. Although we observed no significant differences (p< 0.05), phase plane in the EC-S

condition demonstrated large effect sizes (Hedge’s g> 0.80) while phase plane in EC-F condi-

tion and mean AP velocity in the EC-S and EC-F conditions have effect sizes approaching .80.

Using the most optimistic effect size of 0.90, a minimum sample size of 32 participants (16 per

group) should have 80% power to detect differences in postural control between ID- and non-

ID-group with α = 0.05.

Discussion

The purpose of this pilot study was to identify the optimal combination of trial durations and

number of trials to meet threshold criteria for COP-parameter reliabilities of ICC� 0.70 and

SEM� 20. For the two most reliable COP parameters (i.e., mean velocity and phase plane),

four 30-s trials turned out to be the optimal combination to meet our criteria. This combina-

tion applies to both ID- and non-ID-group and across all postural control conditions. Shorter

trial durations (e.g., 10 and 20 s) were less optimal. Any testing time savings gained from

shorter trial durations would be more than outweighed by the number of trial repetitions nec-

essary to achieve similar reliabilities as with our optimal combination.

From our results, each COP parameter required different numbers of repetitions reflecting

the parameters’ reliabilities. For mean COP amplitude in the AP and ML directions to be reli-

able in all conditions, 30-s trials had to be repeated six times. These findings are at odds with

the lone reliability study on COP measures in men with ID by Suomi and Koceja [30]. In their

Table 3. Means and standard deviations of center of pressure parameters of participants with and without intellectual disability (ID), as well as values for t-statistic,

significance (p), and effect size (Hedge’s g).

with ID¤ without ID¤

M¤ SD¤ M¤ SD¤ t¤ p¤ Hedge’s g¤

M velocity ML (mm/s)¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 4.6¤ 1.2¤ 4.8¤ 1.2¤ -0.29¤ 0.78¤ 0.17¤

!EC-S¤ 5.5¤ 2.1¤ 5.0¤ 1.1¤ 0.40¤ 0.70¤ 0.23¤

!EO-F¤ 9.9¤ 1.4¤ 9.5¤ 2.4¤ 0.30¤ 0.77¤ 0.16¤

!EC-F¤ 16.1¤ 2.8¤ 15.3¤ 4.9¤ 0.30¤ 0.77¤ 0.17¤

M velocity AP (mm/s)¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 8.6¤ 2.3¤ 7.3¤ 2.3¤ 0.96¤ 0.37¤ 0.55¤

!EC-S¤ 11.7¤ 4.3¤ 8.8¤ 2.3¤ 1.3¤ 0.22¤ 0.76¤

!EO-F¤ 16.8¤ 3.4¤ 14.8¤ 4.1¤ 0.85¤ 0.42¤ 0.49¤

!EC-F¤ 27.7¤ 5.5¤ 22.4¤ 6.5¤ 1.4¤ 0.21¤ 0.78¤

Phase plane (unitless)¤ ¤ ¤ ¤ ¤ ¤ ¤ ¤

!EO-S¤ 10.3¤ 2.8¤ 8.5¤ 2.0¤ 1.1¤ 0.30¤ 0.64¤

!EC-S¤ 13.4¤ 4.8¤ 9.8¤ 1.8¤ 1.6¤ 0.15¤ 0.90¤

!EO-F¤ 20.8¤ 4.7¤ 18.9¤ 4.0¤ 0.69¤ 0.51¤ 0.40¤

!EC-F¤ 32.8¤ 7.6¤ 26.9¤ 6.1¤ 1.4¤ 0.21¤ 0.77¤

ML = mediolateral; AP = anteroposterior; EO-S = eyes open, solid surface; EC-S = eyes closed, solid surface; EO-F = eyes open, foam surface; EC-F = eyes closed, foam

surface

https://doi.org/10.1371/journal.pone.0240702.t003
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study, three 15-s trials were sufficient for the COP amplitude in the AP and ML directions to

obtain the same reliability criteria that we set for this pilot study (note that only EO-S and

EC-S conditions were tested in their study). Several explanations could account for this incon-

gruent finding. Suomi and Koceja reported standard deviations of the COP amplitude, as

opposed to mean COP amplitude that we described in our study. However, it is unlikely the

sole reason for the discrepancy because existing studies (e.g., [23, 46]) have calculated very

similar reliability coefficients between the mean and standard deviation of COP amplitude.

Another possible explanation is related to the difference in sampling and cut-off frequency of

the raw COP data. This pilot study used a sampling rate of 100 Hz with a 10 Hz cut-off while

Suomi and Koceja’s study used a 50 Hz sampling frequency and a cut-off frequency of 5 Hz. In

Ruhe and colleagues’ [12] systematic review on the reliability of stabilometry, they determined

that cut-off and, to a lesser extent, sampling frequency significantly affects the reliability of

COP data. Further, they recommended a sampling frequency of 100 Hz with a 10 Hz cut-off

for traditional COP parameters like amplitude, velocity and ellipse area. We also found that

mean AP amplitude in the EC-S condition had negative ICC values. While this suggests that

this specific COP measure is not reliable, existing literature (e.g., [12]) does not support this.

An alternative interpretation would be to consider this negative ICC as a spurious result aris-

ing from the low sample size of our study. We entertain this possibility considering that it sig-

nificantly differed from the ICC values calculated in the other postural control conditions.

Furthermore, previous studies on young adults with and without ID have reported higher reli-

ability coefficients for AP amplitude in EC-S conditions [15, 30, 47].

Among the COP parameters we evaluated, ellipse area had the worst reliability for both the

ID- and non-ID-group. Previous studies on healthy young and older adults [48] and young adults

with musculoskeletal disorders [23] also found poor ICC values for ellipse area. The three 30-s

trial protocol implemented in these studies was insufficient to yield ICCs� 0.70 in EO-S and

EC-S conditions. The inadequacy of three repetitions to achieve acceptable reliability on both

EO-F and EC-F was also reported in a study on young gymnasts even when the trial duration was

120 s [49]. Our pilot study’s findings taken together with existing literature provide evidence

against the use of ellipse area as a measure of postural control, especially for short trial durations.

In contrast, mean COP velocity and phase plane possessed the highest reliability, which

agrees with multiple studies on clinical and non-clinical population without ID [12, 23, 25,

50]. Furthermore, we found that four 30-s trials yield reliable data on COP velocity and phase

plane. Two studies involving healthy young adults produced conflicting results on the reliabil-

ity of mean COP velocity in EC-S conditions. For two 30-s trials, Takala and colleagues [47]

reported a reliability coefficient below our threshold (ICC = 0.46–0.54) while Pinsault and

Vuillerme [51] obtained ICCs> 0.70. Our findings are in agreement with Pinsault and Vuil-

lerme’s results, as we also found that two 30-s trials were adequate to obtain reliable data on

mean COP velocity for our non-ID group. Note that we used the same form of reliability coef-

ficient (i.e., ICC2,1) as did Pinsault and Vuillerme in their study. Takala et al. [47] did not expli-

cate their version of ICC and it is possible that related differences can account for

discrepancies in the findings. In our study, four trials were necessary for the ID-group to

obtain the same level of reliability as the non-ID-group. We found no studies reporting reli-

ability of mean COP velocity obtained from four 30-s trials in participants with ID. The greater

number of repetitions needed for the ID-group may be related to the higher performance vari-

ability typically observed within this population [52, 53]. The problem of large performance

variability of COP parameters causing lower ICC values in non-ID clinical populations has

been documented by Harringe and colleagues [49].

For phase plane, two repetitions of 30-s trial were enough to reach acceptable reliabilities

for the ID- and non-ID-group. Raymakers, Samson, and Verhaar [54] also demonstrated that
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two trials were adequate for reliable phase plane data in adults without ID. However, they used

50-s trials in the EO-S condition only and used the coefficient of variation as a reliability coeffi-

cient, which limits comparability between their study and ours. A study on young adults with

anterior cruciate ligament injury by Hadian et al. [50] reported ICC values of the phase plane

parameter in the EO-S, EC-S, and EC-F conditions. They showed that three 30-s trials were

required for ICC� 0.70 and SEM� 20. This is one repetition more than what our findings

suggested but the difference in study population may explain the dissimilarity.

Based on our findings, reliable COP measures could be obtained with trial durations even

shorter than 30 s albeit at the expense of increased numbers of trial repetition. However,

increasing the number of repetitions to compensate for shorter trials has its own shortcom-

ings. First, the increased number of repetitions for shorter trials may lead to a longer active

testing time (i.e., time when the force plate is recording the COP excursion) than longer trials

and fewer repetitions. For instance, our results showed that mean COP velocity needed four,

seven and 32 repetitions of 30-, 20- and 10-s trial durations, respectively. Computing for active

testing time (4 x 30 = 120 s; 7 x 20 = 140 s; 32 x 10 = 320 s), we found that we could save the

most time with the longest trial duration. This applies, as long as the longest trial duration is

feasible for the participants. Second, more between-trial periods also added to passive testing

time (i.e., time before and after trials). For our participants with ID, the passive testing time

was often longer because standardizing their foot position and reminding them of the instruc-

tion (e.g., stand still, keep quiet, and maintain forward gaze) needed multiple repetitions.

Lastly, shorter trial durations do not provide adequate time for the postural system to adapt to

the postural control challenge, especially for more difficult standing conditions [17], and it is

more likely to miss lower frequency component of the COP signal [14]. Therefore, a trial dura-

tion of 30 s appears adequate to yield reliable data of certain COP parameters. This is sup-

ported by studies on healthy young adults [17, 23], as well as on adults with ID [30] and other

clinical population [25–27].

In sum, the lack of consistency in stabilometric test protocols and the lack of systematic reli-

ability studies targeting assessments of postural control in individuals with ID may explain

conflicting results in the literature. To our knowledge, our study is the first to use an appro-

priate statistical approach [22] to determine the optimal configuration of trial duration and

repetition that yields acceptable relative and absolute intrasession reliability in adults with

ID. It was found that four 30-s trials are adequate to achieve acceptable reliability of COP

parameters, particularly mean COP velocity and phase plane. We have performed this analysis

simultaneously on both clinical and non-clinical population (i.e. ID- and non-ID-group) to

ensure that the trial duration and repetition combination provides reliable COP parameters

in both groups. As to our second goal, the effect sizes from our current study informed us

than no fewer than 32 participants (16 participants x 2 groups) are needed to have sufficient

statistical power for the detection of postural control differences between adults with and with-

out ID.

Our results provide an important first-step in the development of a stabilometric testing

protocols that are reliable and feasible for future studies. As with the general population, estab-

lishing a standard procedure for stabilometry in the ID population could strengthen its poten-

tial to not only identify individuals with postural instability but also evaluate accurately the

effectiveness of postural control interventions. Furthermore, unreliable outcome measures are

unlikely to discriminate those with and without postural control issues and are likely to give

incorrect information on effectiveness of intervention. Only through the standardization of

stabilometry and identifying reliable COP parameters could we establish stabilometric refer-

ence data that are comparable between studies. Ultimately, this would help to complete our

understanding of the postural control problems experienced by individuals with ID.
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It is important to acknowledge that this pilot study’s findings must be interpreted with cau-

tion due to several limitations. The most important one is the small sample size, as well as rep-

resentativeness of our sample. Our ID-participants were generally young, healthy, active, and

high functioning individuals. Thus, applicability of our findings to older adults with more

severe ID and comorbid health problems may be limited. In particular, individuals with more

severe ID, who often have worse cognitive and motor skills and are more likely to have comor-

bid health conditions [3, 55], could have limited ability to complete stabilometric tests even for

shorter durations and with fewer repetitions. Feasibility of stabilometry may be a greater con-

cern than reliability in severe impairments [56]. The heterogeneity of sex within the groups

may have introduced the increased variance in the COP measures. Lastly, we also limited our

analysis to traditional linear COP parameters and did not include nonlinear parameters (e.g.,

sample entropy, fractal dimension, etc.). Keeping these shortcomings in mind, we consider the

reported data preliminary and recommend a confirmatory reliability study with a larger sam-

ple size. Nevertheless, the findings of this pilot study could guide decisions on testing protocols

for stabilometric studies among individuals with mild ID. This is particularly helpful given the

limited applicability of the recommended optimal trial duration (i.e., 60 s) for reliable COP

parameters used in stabilometry for adults with ID.
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22. Lafond D, Corriveau H, Hébert R, Prince F. Intrasession reliability of center of pressure measures of

postural steadiness in healthy elderly people. Arch Phys Med Rehabil. 2004; 85:896–901. https://doi.

org/10.1016/j.apmr.2003.08.089 PMID: 15179642

23. Qiu H, Xiong S. Center-of-pressure based postural sway measures: reliability and ability to distinguish

between age, fear of falling and fall history. Int J Ind Ergon. 2015; 47:37–44. https://doi.org/10.1016/j.

ergon.2015.02.004

24. Visser JE, Carpenter MG, van Der Kooij H, Bloem BR. The clinical utility of posturography. Clin Neuro-

physiol. 2008; 119:2424–36. https://doi.org/10.1016/j.clinph.2008.07.220 PMID: 18789756

25. Moghadam M, Ashayeri H, Salavati M, Sarafzadeh J, Taghipoor KD, Saeedi A, et al. Reliability of center

of pressure measures of postural stability in healthy older adults: Effects of postural task difficulty and

cognitive load. Gait Posture. 2011; 33:651–5. https://doi.org/10.1016/j.gaitpost.2011.02.016 PMID:

21458272

26. Gray VL, Ivanova TD, Garland SJ. Reliability of center of pressure measures within and between ses-

sions in individuals post-stroke and healthy controls. Gait Posture. 2014; 40:198–203. https://doi.org/

10.1016/j.gaitpost.2014.03.191 PMID: 24768116

27. Terra MB, Da Silva RA, Bueno ME, Ferraz HB, Smaili SM. Center of pressure-based balance evaluation

in individuals with Parkinson’s disease: A reliability study. Physiother Theory Pract. Epub ahead of print

17 August 2018. https://doi.org/10.1080/09593985.2018.1508261 PMID: 30118638

28. Borji R, Sahli S, Zarrouk N, Zghal F, Rebai H. Neuromuscular fatigue during high-intensity intermittent

exercise in individuals with intellectual disability. Res Dev Disabil. 2013; 34:4477–84. https://doi.org/10.

1016/j.ridd.2013.09.025 PMID: 24139713

29. Simonoff E, Pickles A, Wood N, Gringras P, Chadwick O. ADHD symptoms in children with mild intellec-

tual disability. J Am Acad Child Adolesc Psychiatry. 2007; 46:591–600. https://doi.org/10.1097/chi.

0b013e3180323330 PMID: 17450050

30. Suomi R, Koceja DM. Postural sway patterns of normal men and women and men with mental retarda-

tion during a two-legged stance test. Arch Phys Med Rehabil. 1994; 75:205–9. https://doi.org/10.1016/

0003-9993(94)90397-2 PMID: 8311679

31. Dellavia C, Pallavera A, Orlando F, Sforza C. Postural stability of athletes in Special Olympics. Percept

Mot Skills, 2009; 108:608–22. https://doi.org/10.2466/PMS.108.2.608-622 PMID: 19544966

32. Payne VG, Isaacs LD. Human motor development: A lifespan approach. New York: McGraw-Hill,

2012.
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