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A B S T R A C T   

Background: Bipedal static posturography is widely used to assess postural control. However, standardized 
methods and evidence on the influence of footwear on balance in comparison to barefoot stance is sparse. 
Research questions: Is bipedal static posturography applied in a standardized way with respect to demographics 
and the experimental set-up (systematic review)? Does habitual footwear influence postural control in com
parison to barefoot condition during bipedal static posturography in adult patients and healthy subjects (meta- 
analysis)? 
Methods: For this systematic review and meta-analysis, a comprehensive follow-up literature search was con
ducted from March 2009 until January 2020 according to the PRISMA guidelines. Original, research articles 
reporting on bipedal, unsupported, static posturography in adults (≥18 years) were included according to in
clusion criteria (age, sex, height, weight, duration, repetitions, visual/foot condition, sampling frequency). 
Studies comparing habitual footwear with barefoot condition during bipedal static posturography were included 
for the meta-analysis. Center of pressure parameters (sway velocity, range, root mean square, paths lengths) with 
subjects having eyes closed (EC) or open (EO) were analyzed using random effects models. 
Results: For this systematic review and meta-analysis, 207 and eight out of 5189 studies with 12’341 and 156 
subjects, respectively, were eligible. Most studies (89%) reported barefoot, 5% shod, and 6% barefoot and shod 
measurements. Less than half of studies (44%) included patients of which the minority (13%) suffered from 
neurological disease. Sway velocity in the anterior-posterior direction was higher in habitual shoes compared to 
barefoot with EC (SMD: 1.08; 95% CI: 0.68–1.48; p < 0.01; I2 = 0%), with EO (SMD: 0.68; 95% CI: 0.11–1.26; p 
= 0.02; I2 = 1%), and in the medio-lateral direction with EC (SMD: 1.30; 95% CI: 0.76–1.85, p < 0.01; I2 = 37%). 
Significance: Methodical heterogeneity of bipedal static posturography hampers studies’ comparability. Thus, we 
provide a standardized approach to increase knowledge whether habitual footwear decrease postural control in 
comparison to barefoot stance.   

Abbreviations: BMI, Body-Mass-Index; CI, Confidence Interval; CoP, Center of Pressure; EC, Eyes Closed; EO, Eyes Open; Hz, Hertz; I2, Heterogeneity; RMS, Root 
Mean Square; SMD, Standardized Mean Difference; SD, Standard Deviation. 
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1. Introduction 

Bipedal static posturography is widely used to assess postural control 
and is mostly applied during bipedal static stance measuring the center 
of pressure (CoP) [1]. CoP is defined as the global ground reaction force 
vector that accommodates the body sway [2]. It is well-known that 
postural control is highly influenced by several factors such as age [3], 
sex distribution [3,4], anthropometry [5], foot placement [5], physical 
activity status [6–8], and the subject’s health status, which might be 
hampered e.g. by low back pain, falls, or stroke [9–13]. Hence, it is 
necessary to control for these factors in principle when assessing 
postural control—indicating the need of large sample sizes or pooled 
data analyses that both require a standardized methodology of bipedal, 
static posturography. However, methodological inconsistency on 
bipedal static posturography including demographics, experimental 
set-up, and statistical analysis presently hamper studies comparability in 
general and particularly with respect to the subject’s health status, and 
thus pooled data analysis [1,14]. To overcome this major limitation with 
consecutive lack of knowledge, we follow-up the previous work and 
attempt to standardize bipedal static posturography by Ruhe and col
leagues [2], who performed a systematic review on test-retest reliability 
including studies from 1980 until 2009. They found that bipedal static 
posturography with measuring CoP parameters is a reliable outcome 
instrument for assessing postural control when using a standardized 
experimental set-up. Particularly, age, sex distribution, body weight and 
height were described to influence CoP outcome [2–5,14,15], and were 
thus recommended for a standardized approach [2]. Optimal reliability 
has been suggested with the following parameters: i) a measurement 
duration of at least 90 s, ii) averaging three to five repetitions, iii) a 
measurement on a firm surface, iv) having eyes closed (EC) is more 
reliable than having eyes open (EO), and v) a sampling frequency of 100 
Hz with a cut-off filter at 10 Hz [2]. In addition, foot position should be 
defined [5], but precise knowledge regarding its test-retest reliability is 
still lacking [2]. Despite these well-defined demographics, anthropo
metric and methodological parameters, standardized bipedal static 
posturography has not yet been established [1], and were thus defined 
among others as inclusion criteria in the presented systematic review 
and meta-analysis. 

Another widely disregarded parameter during bipedal static pos
turography is the influence of habitual footwear on the participants’ 
postural control in comparison to their barefoot stance. This is partic
ularly important as earlier studies revealed that shoes impair postural 
control by altered sensory and proprioceptive inputs during bipedal 
static posturography [16,17]. In contrast, motion analysis systems 
elucidated better postural control during shod compared to barefoot 
bipedal, static, quiet stance [18]. Thus, evidence on the influence of 
footwear on postural control is still controversial and is in turn of major 
clinical relevance as patients at risk of falls commonly receive the rec
ommendations to wear shoes [19]. 

Furthermore, evidence in terms of comparing postural control during 
barefoot and shod stance measured by bipedal, quiet, and unsupported 
static posturography is overall sparse, namely in healthy subjects and 
patients. Therefore, we decided to include all original research articles 
published in English that fulfilled demographics and the appropriate 
experimental set-up irrespective from health or disease status to provide 
the maximal available data—knowing that results on mixed groups 
would be preliminary and a first step to highlight this relevant topic and 
lack of data in the field. 

To advance knowledge in the field of standardized postural control 
outcome measure for pooled data analysis in the future, we therefore 
tackled the following two research question by performing a systematic 
review and meta-analysis:  

(1) Is bipedal static posturography applied in a standardized way 
with respect to demographics and experimental set-up (system
atic review)?  

(2) Does habitual footwear influence postural control in comparison 
to barefoot condition during bipedal static posturography in 
adult patients and healthy subjects (meta-analysis)? 

Answering these questions and providing evidence is relevant to 
improve comparability within groups stratified for age, sex, anthro
pometry, foot placement, physical activity, health status and foot con
dition (barefoot/ shod) and will help to advance prediction of patients’ 
postural control outcome trajectories by pooled data analyses in the 
future. 

2. Methods 

This study follows the PRISMA statement for preferred reporting 
items for systematic review and meta-analysis, and the population, 
intervention, comparison, and intervention process (PICO). Eligibility 
was assessed according to predefined criteria (Table 1 and Section 2.1). 
Whilst for the systematic review peer-reviewed original research articles 
on bipedal static posturography in barefoot or shod or both foot con
ditions were eligible, for the meta-analysis, studies were included 
investigating healthy adult subjects or patients (P), that underwent 
bipedal static posturography (I) comparing barefoot to shod (habitual 
footwear) conditions during bipedal, quiet, unsupported stance (C) to 
elucidate differences of postural control between both conditions 
(barefoot/ habitual footwear) measured by CoP outcome parameters 
(O). 

Habitual footwear was defined when shoes were comparable with 
flat shoes, walking, running, or conventional shoes. Conventional shoes 
were shown in original articles as having flat soles. Minimalist shoes 
usually count as habitual shoes and were excluded for the meta-analysis 
due to barefoot-like characteristics. Non-habitual shoes were unstable 
shoes, e.g. Masai Barefoot Technology (MBT), or high-heeled shoes. 

2.1. Inclusion and exclusion criteria 

For the systematic review, we included peer-reviewed original 

Table 1 
Inclusion and exclusion criteria of the systematic review and meta-analysis.  

Inclusion criteria Exclusion criteria 

Systematic review 
Peer-reviewed original research articles in 

English 
Any supported stance 

Adult healthy subjects or patients aged ≥ 18 
years Any perturbed stance 

Static posturography 
Any influenced visual input 
Any amputation of lower 
extremities 

Information on demographics: Use of prosthesis or orthosis 
Age, sex, body weight and height Spinal cord injury 

Information on experimental set-up: Obesity 
Bipedal, quiet, and unsupported stance Pregnancy 
Firm surface 

Wii balance board 

Foot position 
Foot condition (barefoot or shod or both 
conditions) 
Visual condition (EC/ EO) 
Duration of measurement (s) 
Number of trials per condition 
CoP parameters 
Force plate 
Sampling rate (Hz) 

Meta-analysis 
Criteria for systematic review except foot 

condition 
Criteria for systematic review 

Foot condition: barefoot and habituala shoes 
Non-habitual shoes (e.g. MBT 
shoes)  
Minimalist shoes  

a habitual shoes: shoes that are comparable with flat shoes, walking, running, 
or conventional shoes. 
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Fig. 1. Flowchart depicting studies for the systematic review and meta-analysis with the latter comparing postural control during barefoot and shod (habitual 
footwear) bipedal, static posturography. 
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research articles published in English language that reported on studies 
of bipedal static posturography in adult healthy subjects or patients aged 
≥ 18 years (Table 1). Further requirements for inclusion were full in
formation on (1) demographic data including age, sex, body weight and 
height as well as on (2) the experimental set-up regarding static pos
turography with information on i) bipedal, quiet, and unsupported 
stance, ii) whether a firm surface was used, iii) the foot position, iv) the 
foot condition (barefoot or shod or both conditions), v) the visual con
dition (EC/ EO), vi) the duration of measurement (s), vii) the number of 
trials per condition, viii) the CoP parameters ix) the force plate, and x) 
the sampling rate (Hz). Reasons for study exclusion were any support 
during standing, e.g. holding a grip, any perturbed stance or influenced 
visual input, any amputation of lower extremities, any use of prosthesis 
or orthosis, spinal cord injury, obesity, pregnancy or a Wii balance 
board. 

For the meta-analysis, those studies of the systematic review were 
eligible when having compared barefoot to habitual shoe condition; 
studies comparing barefoot to non-habitual or minimalist shoes were 
excluded. 

2.2. Research questions 

(1) Is bipedal static posturography applied in a standardized way 
with respect to demographics and experimental set-up (systematic 
review)? 

(2) Does habitual footwear influence postural control in comparison 
to barefoot condition during bipedal static posturography in adult pa
tients and healthy subjects (meta-analysis)? 

2.3. Literature search strategy and selection process 

A professional librarian (MG) conducted a systematic literature 
search on PubMed, EMBASE, Cochrane and Scopus for the period from 
March 1, 2009 until January 8, 2020, thus following-up the systematic 
review by Ruhe and colleagues [2]. The search terms are given (Sup
plementary Table S1). Thereafter, an additional search was conducted 
with the added terms “barefoot” and “shoe” for retrieving eligible 
studies comparing barefoot with shod condition. Based on the pre
defined inclusion criteria, one reviewer (KR) screened titles and ab
stracts from 2009 until 2016, a second reviewer (SR) screened titles and 
abstract from 2016 until 2020. Four reviewers (KR, SR, MH, CK) inde
pendently evaluated full texts. Disagreements on inclusion between re
viewers were resolved for final decision through a detailed discussion 
with the senior author (KR). 

2.4. Data collection process 

For the systematic review the following parameters regarding full 
information on (1) demographic data including age, sex, body weight 
and height as well as on (2) the experimental set-up regarding static 
posturography with information on i) bipedal, quiet, unsupported 
stance, ii) whether a firm surface was used, iii) the foot position, iv) the 
foot condition (barefoot/ shod), v) the visual condition (EC/ EO), vi) the 
duration of measurement (s), vii) the number of trials per condition, viii) 
the CoP parameters, ix) the force plate, and x) the sampling rate (Hz) 
were assessed. Study characteristics are given: first author, journal, year 
of publication, footwear, or barefoot condition, posturography plate, 
sample rate (Hz), measurement duration (s), eye condition (EC/ EO), 
number of repetitions, sample size of subjects (healthy/ patients), and 
kind of disease. 

For the meta-analysis, data of studies comparing barefoot with 
habitual footwear condition was analyzed. Two reviewers (MH, SR) 
extracted data on study population regarding health status, sample size, 
demographics (age, sex, height, weight, body-mass-index (BMI)), in
terventions (barefoot/ shod), shoe type, force plate, sampling rate (Hz), 
filter cut-off frequency (Hz), duration (s) and repetitions of 

measurements, foot position, eye condition (EC/ EO), CoP outcome 
parameters, statistical analysis, and main results. Authors were con
tacted for completing missing data and/or for raw data. 

2.5. CoP outcome parameters 

CoP outcome parameters were compared between barefoot and shod 
foot condition within the meta-analysis when analyzed in at least two of 
the included original articles, which was the case for i) anterior- 
posterior and medio-lateral sway (with sway being interchangeable 
with range or path or excursion), ii) the anterior-posterior and medio- 
lateral sway velocity, iii) the anterior-posterior root mean square, and 
iv) the total range length independent from plane. 

2.6. Statistical analysis 

The meta-analysis was performed using the meta package in RStudio 
(Version 1.2.5001, Boston, MA, USA) for each CoP outcome variable 
given in at least two studies. Due to the wide range of sample charac
teristics that might influence balance per se, we separately analyzed 
each CoP outcome variable by the subjects’ health status and performed 
a meta-analysis for those CoP outcome variables with original data from 
at least two studies per health status. 

Given the large study variations, a random effects model was chosen. 
Effect sizes are presented as standardized mean difference (SMD) due to 
continuous data with different scales, and 95% confidence intervals (CI) 
are given. SMD were calculated using Cohen’s d values and effects are 
considered small, medium, and strong between 0.2 and 0.5, between 0.5 
and 0.8 or higher than 0.8, respectively. Heterogeneity (I2) considering 
Cochrane’s Q (given as chi-squared statistic) is presented to describe the 
percentage of variability due to heterogeneity rather than to chance for 
effect estimates. We considered I2 between 0% and 40% as not impor
tant, 30–60% as moderate, 50–90% as substantial, and 75–100% as 
considerable heterogeneity. The z-test significance level was set at p <
0.05. Forrest plots with 95% CI are given. Funnel plots and Egger’s test 
describe publication bias. The risk of bias assessment was judged based 
on the Cochrane collaboration’s tool using the online tool robvis for 
assessing risk of bias within studies and across studies by two indepen
dent reviewers (SR, KR). A study quality rating was used with scores of 
“poor”, “fair” and “good” for each of the following parameters: sampling 
rate, the measurement duration, the number of trials per condition, the 
foot position and the eye condition according to previous recommen
dations [2]. In addition, the sample size was assessed based on whether a 
power calculation was performed. Finally, an overall study quality rat
ing is provided (for details see Supplementary Table 2). 

3. Results 

The systematic database search returned 5186 and three further 
identified articles through additional search terms (Fig. 1). After 
removing duplicates and reviews, 2843 articles were screened by title 
and abstract. Thereafter, 207 (20%) out of 1048 full-text articles were 
included for the systematic review of which eight studies [17,20–26] 
were eligible for the meta-analysis based on the defined inclusion 
criteria indicated in Table 1. Reasons for exclusion are specified in Fig. 1. 
Thus, 207 studies addressed the first research question (systematic re
view). Only eight out of these 207 studies addressed the second research 
question (meta-analysis) by reporting the required demographics, 
experimental set-up and comparing barefoot to habitual footwear 
condition. 

3.1. Systematic review 

Study characteristics of each study are presented in Appendix Table 
2. Most of the 207 included studies, namely 183 (88%), investigated 
postural control in barefoot, 11 (5%) shod and 13 (6%) in barefoot and 
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Table 2 
Demographics and main characteristics of included studies for the meta-analysis.  

Study 
Brenton-Rule et al., 
2011 

Cho et al., 2014 Cudejko et al., 2020 Demura et al., 2015 Ferreira et al., 2017 Landry et al., 2010 MacRae et al., 2016 Plom et al., 2014 

Population 
Healthy subjects 
(n = 21) 

Chronic stroke 
patientsa 

(n = 32) 

Healthy subjects 
(n = 22) 

Healthy subjects 
(n = 10) 

Chronic stroke 
patientsb 

(n = 20) 

Healthy subjects 
(n = 28) 

Subjects with chronic 
low back pain 
(n = 20) 
for meta-analysis 
(n = 7) 

Healthy subjects 
(n = 16) 

Age in years (mean 
± SD) 

74 (5) 63.5 (4.7) 55.4 (7.8) 23.9 (3.6) 

Baseline 1 (control 
group): 60.3 (13.3) 
Baseline 2 
(experimental group): 
59.2 (10.4) 

Men: 53.6 (10.2) 
Women: 53.2 (6.9) 

37.9 (13.0) 20 (1.3) 

Sex distribution 
(male/ female) 

6 / 15 16 / 16 11 / 11 10 / 0 14 / 6 9 / 19 3 / 4 0 / 16 

Height in cm 
(mean ± SD) 

not given 163.3 (6.7) not givenc 171.8 (4.1) 

Baseline 1 (control 
group): 161 (6) 
Baseline 2 
(experimental group): 
166 (8) 

Men: 171.7 (4.5) 
Women: 162.3 (6.0) 

173.8 (7.3) 166.4 
(5.5) 

Weight in kg 
(mean ± SD) 

not given 62.5 (6.1) not givenc 67.6 (4.9) 

Baseline 1 (control 
group): 63.6 (11.9) 
Baseline 2 
(experimental group): 
69.1 (10.7) 

Men: 85.8 (15.3) 
Women: 76.0 (14.3) 

82.4 (22.0) 65 (9.9) 

BMI in kg/m2 

(mean ± SD) 25.4 (4.2) not given 26.7 (4.9) not given 

Baseline 1 (control 
group): 24.4 (4.1) 
Baseline 2 
(experimental group): 
24.9 (3.6) 

not given not given not given 

Intervention 

Barefoot 
versus 
2 different shoe 
types 

Barefoot 
versus 
4 different shoe 
types 

Barefoot 
versus 
12 different shoe types 

Barefoot 
versus 
4 different shoe types 

Barefoot 
versus 
habitual shoes 

Barefoot 
versus 
2 different shoe 
types 

Barefoot 
versus 
rocker-sole or flat shoes 

Barefoot 
versus 
3 unstable shoes or 1 
standard shoe 

Shoe type included 
for meta- 
analysis 

Walking shoes Flat shoes 
Conventional shoes 
for 
women and mene 

Conventional shoes 
Habitual shoes not 
further specified 

Habitual shoes not 
further specified Walking shoes Standard shoes 

Force plate 
MatScan plate 
Tekscan Inc, South 
Boston, USA 

Good Balance 
force platform 
Metitur Ltd., 
Jyvaskyla, Finland 

FootWork Pro, AM CUBE 
Berkshire, UK 

Stabilometer G5500 
Anima, Japan 

Kistler model 9286BA 
Kistler Group, 
Winterthur, 
Switzerland 

Kistler force plate 
Kistler Group, 
Winterthur, 
Switzerland 

FP5000 
AMTI, Massachusetts, 
USA 

Kistler force plate 
Kistler Group, 
Winterthur, 
Switzerland 

Sampling rate (Hz) 40 50 20 20 100 2400 10c 40 
Filter cut off 

frequency (Hz) 
not given not given Low-pass filter at 2 Hz not given not given Low-pass filter at 

50 Hz 
Low-pass filter at 10 Hz not given 

Duration of static 
posturography 
(s) 

30 30 30 60 30 30 30 out of 90 10 

Trials per 
condition 3 3 3 3 1 3 3 3 

Foot position 

Individually 
standardized in the 
"angle-of-base-of- 
gait" 

Legs apart 
shoulder width 

Marked stance position Feet together 

Schematic 
representing a 30◦

angle within the 
sagittal plane 

Feet aligned in the 
sagittal plane and 
15 cm apart 

Feet approximately 
pelvis 
width apart 

Feet 15 cm apart 

Eye condition Eyes open and eyes 
closed 

Eyes open and eyes 
closed 

Eyes closed Eyes open Eyes open and eyes 
closed 

Eyes open 
Eyes open and eyes 
closed meta-analysis: 
eyes openf 

Eyes open 

(continued on next page) 
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Table 2 (continued ) 

Study Brenton-Rule et al., 
2011 

Cho et al., 2014 Cudejko et al., 2020 Demura et al., 2015 Ferreira et al., 2017 Landry et al., 2010 MacRae et al., 2016 Plom et al., 2014 

Center of Pressure 
outcome 
parameters 

Anterior-posterior 
and medio-lateral 
swayd 

Anterior-posterior 
and medio-lateral 
sway velocity 

Anterior-posterior and medio- 
lateral 
swayd and sway velocity 

Anterior-posterior and 
medio-lateral sway velocity 
and its sum indicated as mean 
path length, and root mean 
square; 
total area, total root mean 
square 

Anterior-posterior 
and medio-lateral 
swayd and sway 
velocity; 
maximal and minimal 
oscillation, trace 
length, equivalent 
area 

Anterior-posterior 
and medio-lateral 
swayd 

Anterior-posterior root 
mean square 
and 
anterior-posterior sway 
velocity 

Anterior-posterior and 
medio-lateral swayd 

Statistics 
Two-way ANOVA 
post-hoc: Tukey 

One-way repeated 
ANOVA 
post-hoc: least 
significant 
difference 

log10 transformation 
linear mixed-effects model 
Bonferroni corrections 

One-way repeated ANOVA 
Bonferroni correction 

Multivariate analysis 
of variance 

Two-way repeated 
ANOVA 
Bonferroni 
correction 

Two-way mixed model 
ANOVA 

Repeated measure 
ANOVA 
Bonferroni correction 

Main results 

Anterior-posterior 
sway increased in 
common walking 
shoes compared to 
barefoot 
in both visual 
conditions 
p ≤ 0.006 

Anterior-posterior 
and medio-lateral 
sway velocity 
increased in 
flat shoes 
compared to 
barefoot 
in both visual 
conditions 
p < 0.05 

Anterior-posterior and mediol- 
lateral sway and sway velocity 
were increased in conventional 
shoes compared to barefoot 
p < 0.05 

No significant increase of all 
parameters in conventional 
shoes compared to barefoot 

No significant 
increase of all 
parameters in 
habitual shoes 
compared to barefoot 
in both visual 
conditions 

No significant 
difference between 
habitual shoes and 
barefoot 

No significant 
difference between flat 
shoes and barefoot at 
baseline 

No significant 
difference in all 
parameters between 
standard shoes and 
barefoot  

a Chronic stroke patients: more than 6 months after single stroke (mean 300.6 days) with the ability to stand independently. 
b chronic stroke patients: 6 months to 5 years after ischemic or hemorrhagic stroke (mean 3.7 ± 1.4 years), independent gait. 
c received from author on request. 
d sway is interchangeable with range or path or excursion. 
e conventional shoes for women (Go Walk 4.0-Pursuit, Skechers, USA) and for men (Superior 2.0-Jeveno shoe, Skechers, USA). 
f for meta-analysis: sway velocity and root mean square in anterior-posterior direction in eyes open condition were included as only those were reported for barefoot compared to flat shoes. 
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shod foot condition during bipedal static, quiet and unsupported pos
turography. The total sample size amounted to 12’341 subjects with a 
mean of 60 and a mode of 16 participants. Less than half of studies 
(44%) included patients of which the minority (13%) suffered from 
neurological diseases: seven trials (3.4%) incorporated stroke patients, 
eight trials (3.9%) analyzed patients with Parkinson’s disease, six trials 
(2.9%) patients with multiple sclerosis, and five trials (2.4%) patients 
having neuropathy. Articles had a large heterogeneity regarding their 
experimental set-up. Sample frequency varied from 5 Hz to 4000 Hz 
(mean: 284 Hz; mode and median: 100 Hz), whereby 69% of studies 
used a frequency of 100 Hz or more. Likewise, measurement duration 
varied widely from 10 s to 15 min, with a mean of 46 s and a mode of 
30 s. Whereas 9% of included studies measured for less than 30 s, 44% 
for 30 s, 18% between 30 and 60 s, 22% for 60 s, 7% for more than 60 s, 
and 5% for equal or beyond 90 s. Trials per condition ranged from one to 
ten repetitions (mean: 2.6 trials; mode and median: 3 trials) with 55% of 
measurements being repeated three or more times. A higher consistency 
was observed regarding vision, particularly 62% of the studies measured 
postural control with EC and EO, 27% measured patients merely with 
EO and 11% exclusively with EC. Furthermore, investigated trials 
revealed a large heterogeneity regarding foot positions as follows: 26% 
measured participants with feet together, 11% with parallel feet 
shoulder width apart and 28% with parallel feet and other distances. 
Moreover, there was a large heterogeneity with respect to feet angles 
and the heel-to-heel distances. The minority of studies, namely 6% 
allowed self-selected stance position, whereas 11% used a standardized 
marked foot position. 

3.2. Meta-analysis 

Thirteen out of the 207 studies of the systematic review met the 
compared barefoot to shod condition. Eight [17,20–26] out of these 13 
studies were eligible for the meta-analysis as they compared barefoot to 
habitual footwear condition with a total of 156 participants (69 males; 

87 females), and thus addressed the second research question (Table 2). 
One [17] out of these eight studies was included after discussion due to 
the good overall study quality rating although only the BMI and not the 
raw data of the subject’s weight and height were reported (Table 3). Five 
studies were excluded due to exclusively comparing postural control of 
subjects wearing non-habitual shoes, such as high-heel shoes, ski boots, 
unstable shoes, or insoles, to barefoot condition. For two studies, raw 
data on body height, weight, and sampling rate (Hz) was received on 
request [21,25]. 

Five studies [17,21,22,24,26] analyzed 97 healthy subjects (36 
males; 61 females). Two studies [22,26] measured young adults with a 
mean age (± SD) of 20 (± 1.3) and 23.9 (± 3.6) years of which one [22] 
described regular exercise habits, while the other one [26] gave no in
formation on the participants’ physical activity status. Two studies [21, 
24] included middle-aged adults with a mean age of 55.4 (± 7.8) and a 
mean age of 53 years (males: 53.6 years (± 10.2), females: 53.2 years 
(± 6.9)). One study included elderly subjects with a mean age of 74 
years (± 5),[17] indicating the heterogeneity of studies with respect to 
age, a relevant factor when measuring postural control, that might have 
confound results, and pinpoints the need to standardize applied bipedal, 
static posturography—allowing pooled data collection and analysis in 
the future. 

Regarding patients, two studies [20,23] investigated 52 chronic 
stroke patients (30 males; 22 females), and one study [25] compared 
bipedal static posturography in a subgroup of seven (3 males; 4 females) 
out of 20 subjects with chronic low back pain. Details on chronic stroke 
patients are summarized in the Supplementary Table S3. It is worth 
noting, Ferreira et al. [23] performed a randomized controlled trial 
(RCT) comparing barefoot and habitual shoe condition with insoles in a 
longitudinal design of which we incorporated baseline data without 
insoles, which are indicated as baseline 1 (control group: n = 8) and 
baseline 2 (experimental group: n = 12) (Table 2 and Supplementary 
Fig. S1). Regarding body weight and height, Brenton-Rule et al. [17] 
indicated the BMI (raw data was not received) but was included due to 

Table 3 
Study quality rating of the studies included into the meta-analysis.  
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its good overall quality rating as indicated in Table 3. 
Bipedal static posturography using CoP differed between studies 

with seven different predefined foot positions in the eight included 
studies (Table 2). Four studies [17,20,23,25] measured CoP with EC and 
EO, one study [21] with EC, and three studies [22,24,26] with EO. 
MacRae et al. [25] measured during EC and EO but reported data 
comparing barefoot to habitual shoes only with EO. Length of mea
surement ranged from 10 to 90 s with one study [25] using the middle 
30 s for analysis, thus net duration ranged from 10 to 60 s. Ferreira et al. 

[23] measured chronic stroke patients once, while all other studies [17, 
20–22,24–26] averaged three measurements for their analysis. Six 
studies [17,20–22,25,26] gave exact information on type of the foot
wear: five [17,21,22,25,26] used running and walking shoes, respec
tively, indicated as walking, conventional, habitual or standard shoes, 
and one study [20] analyzed flat sole shoes. CoP parameters were i) 
sway velocity in the anterior-posterior (Fig. 2) and medio-lateral (Fig. 3) 
plane each with EC or EO, ii) range (interchangeable with sway, path or 
excursion) in the anterior-posterior and medio-lateral plane each with 

Fig. 3. Sway velocity in the medio-lateral plane was increased in shod compared with barefoot condition with (A) eyes closed and (B) eyes opened in stroke and 
healthy subjects, indicating decreased postural control during shod bipedal static posturography. 

Fig. 2. Sway velocity in the anterior-posterior plane was increased in shod compared with barefoot condition with (A) eyes closed and (B) eyes opened in stroke and 
healthy subjects, indicating decreased postural control during shod bipedal static posturography. 
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EC and EO (Supplementary Fig. S1A-D), iii) root mean square in the 
anterior-posterior direction with EO (Supplementary Fig. S1E), and iv) 
path length with EO indicating the total range length independent from 
plane (Supplementary Fig. S1F). 

3.2.1. Habitual footwear might influence postural control 
The meta-analysis of the heterogeneous samples regarding the sub

jects’ health status, i.e. patients with chronic stroke, chronic low back 
pain and healthy subjects, revealed a significant strong effect towards 
increased sway velocity in the anterior-posterior direction with EC [20, 
21] (SMD=1.08 [random]; 95% CI: 0.68;1.48; p < 0.01; I2 = 0%) 
(Fig. 2A) and EO [20,22,25] (SMD = 0.68 [random]; 95% CI: 0.11;1.26; 
p = 0.02; I2 = 1%) (Fig. 2B) in shod compared to barefoot condition with 
low heterogeneity of both analyses indicating better postural control 
during barefoot quiet stance in the sagittal plane with or without visual 
control. Likewise, a significant strong effect was elucidated towards 
increased sway velocity wearing habitual shoes compared to barefoot 
quiet stance in the medio-lateral direction with EC [20,21] (SMD = 1.30 
[random]; 95% CI: 0.76; 1.85; p < 0.01; I2 = 37%) (Fig. 3A) with low 
heterogeneity indicating better postural control of barefoot condition in 
the frontal plane without visual control. In contrast, postural control 
displayed as medio-lateral sway velocity with EO [20,22] did not differ 
between subjects whilst quietly standing barefoot or shod with large 
studies’ heterogeneity (I2 = 90%) (Fig. 3B). All other CoP parameters, 
namely range in the anterior-posterior plane with EC [17,21,23] or EO 
[17,23,24,26] and medio-lateral plane with EC [17,21,23] or EO [17,23, 
24,26], the root mean square in the anterior-posterior plane with EO 
[22,25], and the total path length with EO [22,23] did not differ (Sup
plementary Fig. S1A-F). 

3.2.2. CoP outcome variables per health status 
Four out of the total of 13 CoP outcome variables, namely sway in the 

anterior-posterior and medio-lateral plane with EC and EO, were 
analyzed in healthy subjects within at least two out of the eight eligible 
studies as indicated in Table 4, and thus additional meta-analyses for 
healthy subjects are provided. No meta-analyses were feasible for the 
health status of chronic stroke and chronic low back pain patients due to 
the lack of original data. 

Healthy subjects had an extended sway in the anterior-posterior 
plane with EC while wearing habitual shoes in comparison to barefoot 
condition as indicated by a significant medium effect [17,27] (SMD =
0.61 [random]; 95% CI: 0.17; 1.05; p < 0.01; I2 = 0%) (Fig. 4A), while 
sway in the anterior-posterior direction with EO remained 
non-significant with a moderate heterogeneity [17,24,26] (SMD=0.27 
[random]; 95% CI: − 0.20; 0.75; p = 0.25; I2 = 41%) (Fig. 4B). Healthy 
subjects also had an extended sway in the medio-lateral plane with EC 
when wearing habitual shoes in comparison to barefoot stance with a 
significant small to moderate effect [17,27] (SMD = 0.50 [random]; 
95% CI: 0.04; 0.96; p = 0.03; I2 = 0%) (Fig. 5A), while the analysis of 
sway in the medio-lateral direction with EO did not differ between both 
foot conditions [17,24,26] (SMD = 0.18 [random]; 95% CI: − 0.22; 0.59; 
p = 0.37; I2 = 0%) (Fig. 5B). 

3.2.3. Risk of bias 
Risk of bias assessment for each study and across studies resulted in a 

moderate to high risk of bias for each study due to the items of perfor
mance, reporting and other biases using the Cochrane Collaboration’s 
tool (Supplementary Fig. S2A-B). There are concerns regarding the 
blinding of outcome assessment and the experimental set-up with the 
lack of a power calculation in six out of eight included studies. We as

sume no publication bias relying on the Funnel plots and Egger’s test for 
publications with respect to sway velocity in the anterior-posterior plane 
with EC (Fig. 6A) or EO (Fig. 6B), nor in all other analyzed parameters, 
except sway velocity in the medio-lateral direction with EO with 
considerable heterogeneity (data not shown). 

3.2.4. Study quality rating 
The study quality rating is indicated in Table 3. The overall rating 

revealed a good study quality for six studies [17,20,23–25,27], while 
two studies [22,26] had a poor study quality rating. In detail, only two 
studies [25] used the suggested measurement duration of 90 s, two 
studies [23,24] applied the recommended sampling rate of 100 Hz, five 
studies [17,20,21,23,25] measured with EC. Regarding the sample size, 
two studies [23,24] reported a power analysis for sample size 
calculation. 

Table 4 
Overall, 13 CoP outcome variables were analyzed within the eight studies of the 
meta-analysis of which only four CoP outcome variables were analyzed at least 
in two studies per health status as indicated in green. These CoP outcome var
iables were sway in the anterior-posterior and medio-lateral plane with eyes 
closed and eyes open in healthy subjects. All other CoP parameters did not meet 
the minimum of two studies per health status, and thus separate meta-analyses 
for chronic stroke and chronic low back pain patients are currently not available 
due to the lack of standardized methodology across studies using bipedal, static 
posturography. Abbreviations: AP: anterior-posterior, ML: medio-lateral, EC: 
eyes closed, EO: eyes opened, CoP: Center of pressure, RMS: Root Mean Square.  
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4. Discussion 

In this systematic review, 207 (4%) out of 5189 original articles were 
eligible based on the recommended methodology reporting full infor
mation on demographics and applied standardized experimental set-ups 
during bipedal static posturography. The vast majority, namely 88% of 
studies, assessed postural control barefoot, while only 5% measured 
participants with shoes and 6% in both conditions, namely barefoot and 
with any kind of shoe. According to the large research effort of 12’341 

analyzed subjects within the included studies of the systematic review, 
our first research question whether bipedal static posturography is 
applied in a standardized way with respect to demographics and 
experimental set-up is “no”. Thus, methodologic inconsistencies in 
bipedal static posturography persist and hamper studies’ comparability 
and pooled data analysis. Particularly, the duration of measurement 
varied largely as only one third of studies measured for a duration of at 
least 60 s. Besides that, methodological inconsistencies were specifically 
found regarding the foot position and sampling frequency, while two 

Fig. 5. In healthy subjects, sway in the medio-lateral plane was increased in shod compared with barefoot condition with (A) eyes closed, indicating decreased 
postural control during shod bipedal static posturography. (B) The meta-analysis of sway in the medio-lateral plane of healthy subjects with eyes opened revealed no 
difference between both foot conditions. 

Fig. 4. Four out of eight eligible studies allowed meta-analyses per CoP outcome variable in healthy subjects. (A) In these healthy subjects with a mean age of 74 and 
55, respectively, sway in the anterior-posterior plane with eyes closed was increased in shod compared with barefoot condition, indicating a decreased postural 
control during shod bipedal static posturography. (B) In contrast, sway in the anterior-posterior direction with eyes opened did not differ between foot conditions. 
These results support the benefit of measuring subjects with eyes closed during bipedal static posturography. 
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thirds of studies measured subjects with EC and EO as recommended. 
This discrepancy between a huge research effort without data allowing 
pooled data analysis underline that we are currently far-out from stan
dardized posturography albeit its wide use for five decades since its 
implementation in the early 1970s by Nashner et al. [28]. Moreover, 
standardized static posturography is particularly lacking in patients 
suffering from neurological diseases as indicated by 13% of included 
studies in the systematic review. 

4.1. Meta-analysis with a limited number of studies comparing foot 
condition 

Regarding the meta-analysis on whether habitual footwear influence 
postural control in comparison to barefoot condition during bipedal 
static posturography in adult patients and healthy subjects allow merely 
preliminary conclusions. In detail, eight studies with heterogeneous 
study populations, namely with chronic stroke, low back pain or healthy 
subjects, met the inclusion criteria, of which only part of studies re
ported the same COP parameters—disclosing the lack of standardized 
bipedal static posturography. Based on this sparse evidence comparing 
habitual footwear with barefoot bipedal, quiet, and unsupported stance 
on a firm static posturography force plate, we assume that habitual 
footwear might decrease postural control in chronic stroke and healthy 
subjects that needs further investigation in larger cohorts with particular 
focus on subgroup analyses regarding the subjects’ age, physical activ
ity, and health status in the future. Largest effect sizes were found for the 
CoP parameter sway velocity in the anterior-posterior and medio-lateral 

plane with EC followed by sway velocity in the anterior-posterior plane 
with EO within the heterogenous study samples indicating better 
postural control during barefoot compared to shod stance. Why postural 
control did not differ between habitual footwear and barefoot conditions 
in chronic low back pain patients remains unclear and might indicate a 
decreased lumbar sensory transmission that needs further investigation. 
These preliminary findings due to the sparse available standardized data 
and the wide range of sample characteristics were supported by our 
meta-analyses of healthy subjects regarding the CoP outcome variable 
sway in the anterior-posterior and medio-lateral plane with EC. These ana
lyses pinpoints that wearing habitual shoes increases the length of sway 
in both planes with EC in comparison to barefoot condition, empha
sizing the benefit of measuring subjects with EC. 

4.2. Postural control in patients and healthy subjects over the adult life 
span 

Sway velocity in the anterior-posterior plane was increased in shod 
compared with barefoot condition with EC and EO in young and middle 
aged healthy subjects and chronic stroke patients, indicating that shoes 
might decrease postural control. Furthermore, sway velocity in the 
medio-lateral plane was increased in shod compared with barefoot 
condition with EC in middle aged healthy subjects and chronic stroke 
patients, suggesting again that shoes decrease postural control. Beyond 
that, sway was increased in healthy subjects with EC wearing habitual 
shoes in comparison to barefoot stance, thus indicating decreased bal
ance whilst wearing habitual shoes. However, current evidence suggests 

Fig. 6. Sparse but not biased publications comparing barefoot to shod (habitual footwear) condition analyzing sway velocity in the anterior-posterior plane with (A) 
eyes closed and (B) eyes opened. 

Box 1 
Standardized methodology for assessing postural control by bipedal, static posturography.  

1. Demographics (age, sex distribution)  
2. Arthrometry (body weight, body height)  
3. Physical activity status  
4. Health status  
5. Sample size with power calculation  
6. Experimental set-up with defined  

● bipedal, quiet and unsupported stance  
● foot position (self-selected foot placement and traced foot position by using templets for repetitions and/ or follow-up measurements)  
● foot condition (barefoot and habitual footwear)  
● visual condition (EC and EO); no perturbed visual input  
● duration of measurement (90 s)  
● number of trials per condition (3–5 repetitions)  
● CoP parameters (sway velocity in the anterior-posterior and medio-lateral plane, sway (interchangeable with range or path or excursion) 

in the anterior-posterior and medio-lateral plane, root mean square, total range independent from plane, sway vector)  
● force plate with a firm surface  
● sampling rate (100 Hz), cut-off filter (10 Hz)  
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that footwear becomes more relevant to ageing in terms of fall risks [29], 
and optimizing footwear is recommended during ageing to prevent falls 
[30]. Although, we recommend age-stratified analysis for future analysis 
based on larger samples, there is evidence footwear impairs foot position 
awareness in both the young and the elderly [31]. 

On the neuronal level, past studies showed a significant impact of 
shoes on the proprioceptive system [32], the joint position sense [33], 
the sensitivity to foot position [31], and on the tactile system [34]. As 
the tactile and proprioceptive system are altered during ageing and in 
neurological diseases e.g. multiple sclerosis [35], stroke [36], and Par
kinson’s disease [37,38], it seems evident that balance is more affected 
by shoes in these groups compared to healthy subjects. Data on chronic 
stroke patients by Cho et al. [20] and by Ferreira et al. [23] could not be 
pooled as they measured sway velocities and range, respectively. The 
presented, however preliminary, results due to mixed populations, 
suggest that barefoot condition provide better postural control in 
healthy young adults as well as during aging in healthy and chronic 
stroke patients that needs further research of larger samples allowing for 
subgroup analyses. Our data underline that advancing the field is rele
vant as postural deficits during static posturography has been shown to 
predict gait and balance dysfunction that were not visible through 
functional tests such as the Timed Up and Go or Timed 25-Foot Walk 
[39]. Thus, we emphasize the need of complete reporting of de
mographic and experimental set-up according to the recommended 
parameters (Box 1). 

4.3. Limitations 

First, included subjects were mixed with respect to diseases and age 
probably confound results. However, these are the first data available in 
the field and help to pinpoint the topic’s relevance. Second, all included 
trials for the meta-analysis showed substantial heterogeneity in the 
experimental set-up including foot position, eye condition, duration, 
repetitions, sampling rate and cut-offs as well as a moderate to high risk 
of bias, indicating again the need for applied standardized posturog
raphy. Third, two studies [22,26] on young healthy subjects had a poor 
study quality rating according to our scoring, which emphasizes the 
current lack of evidence on whether habitual footwear influence 
postural control in comparison to barefoot condition. Fourth, we 
excluded studies on patients with spinal cord injury due to the restricted 
unsupported stance that need additional investigation. Fifth, we 
excluded all trials using Wii balance boards as CoP outcome measures 
are at least partly incomparable to force plates having limitations on 
accuracy, precision, and validity [40,41], and thus current evidence 
justify its exclusion. Sixth, only a very limited number of CoP parameters 
could be pooled for meta-analyses due to the limited standardized 
methodology, and a promising and robust CoP parameter, i.e. the sway 
vector, should be also considered in future research [1]. Seventh, even 
though the eligible studies for the systematic review investigated a wide 
range of sample characteristics regarding age and diseases, e.g. Par
kinson’s disease, multiple sclerosis and neuropathy, these original data 
could not be pooled for the meta-analysis due to the lack of standardized 
methodology and the lack of comparing foot conditions. 

4.4. Future perspective 

Here, we endorse the recommendation by Ruhe and colleagues 
regarding the full information on demographics and the experimental 
set-up [2]. Therefore, we suggest a measurement duration of 90 s, a 
sampling frequency of 100 Hz and at least 3 measurement repetitions. 
To advance knowledge whether habitual footwear decreases postural 
control measured by bipedal, static posturography, we suggest a mea
surement duration of 90 s which has not yet been performed comparing 
habitual footwear to barefoot condition. Moreover, a standardized 
methodology will be the prerequisite for pooled data analysis and 
enlarged sample sizes for multivariate regression models controlling for 

age, sex, body weight, height, and diseases that will help to provide 
robust evidence and clinical recommendations regarding postural con
trol during barefoot and habitual foot condition. 

4.5. Conclusion 

This systematic work pinpoints the large heterogeneity of applied 
bipedal static posturography and the sparse evidence comparing 
habitual footwear with barefoot condition. Our methodological recom
mendations for standardized bipedal static posturography might pave 
the way for larger pooled data analyses, and thus better predict patients’ 
outcome trajectories in the future. 
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