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a b s t r a c t
iNtroductioN: Electronic pressure-sensitive walkways are commonly available solutions to quantitatively assess gait parameters for clini-
cal and research purposes. Many studies have evaluated their measurement properties in different conditions with variable findings. In order to 
be informed about the current evidence of their reliability for optimal clinical and scientific decision making, this systematic review provided a 
quantitative synthesis of the test-retest reliability and minimal detectable change of the captured gait parameters across different test conditions 
(single and cognitive dual-task conditions) and population groups.
EVidENcE acQuisitioN: a literature search was conducted in pubMed, Embase, and scopus until November 2021 to identify articles 
that examined the test-retest reliability properties of the gait parameters captured by pressure-sensitive walkways (gait speed, cadence, stride 
length and time, double support time, base of support) in adult healthy individuals or patients. the methodological quality was rated using the 
consensus-based standards for the selection of health Measurement instruments checklist. data were meta-analyzed on intraclass correlation 
coefficient to examine the test-retest relative reliability. Quantitative synthesis was performed for absolute reliability, examined by the weighted 
average of minimal detectable change values.
EVidENcE syNthEsis: a total of 44 studies were included in this systematic review. the methodological quality was adequate in half of 
the included studies. The main finding was that pressure-sensitive walkways are reliable tools for objective assessment of spatial and temporal 
gait parameters both in single-and cognitive dual-task conditions. Despite few exceptions, the review identified intraclass correlation coefficient 
higher than 0.75 and minimal detectable change lower than 30%, demonstrating satisfactory relative and absolute reliability in all examined 
populations (healthy adults, elderly, patients with cognitive impairment, spinocerebellar ataxia type 14, huntington’s disease, multiple sclerosis, 
Parkinson’s disease, rheumatoid arthritis, spinal cord injury, stroke or vestibular dysfunction).
coNclusioNs: current evidence suggested that, despite different populations and testing protocols used in the included studies, the test-retest 
reliability of the examined gait parameters was acceptable under single and cognitive dual-task conditions. further high-quality studies with 
powered sample sizes are needed to examine the reliability findings of the currently understudied and unexplored pathologies and test conditions.
(Cite this article as: parati M, ambrosini E, de Maria b, Gallotta M, dalla Vecchia la, ferriero G, et al. the reliability of gait parameters captured via 
instrumented walkways: a systematic review and meta-analysis. Eur J Phys Rehabil Med 2022;58:363-77. DOI: 10.23736/S1973-9087.22.07037-X)
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Introduction

Gait assessment has progressively become an impor-
tant aspect in the current scientific research, as well 

as in the rehabilitation practice.1 its primary aim was to 
possibly discriminate between normal and abnormal gait, 
helping to reveal potential alterations induced by aging 
and/or pathologies, guiding interventions, and monitoring 

individual progress over time.1-3 changes in gait perfor-
mance, including shorter stride length, lower stride veloc-
ity, increased double support time, and larger stride width, 
demonstrated to correlate with the risk of falls, cognitive 
impairment, or even risk of early mortality.4-6 in the last 
years, gait assessment in dual-task conditions has attracted 
more and more attention in clinical practice and research. 
This condition refers to the ability of a subject to perform 
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specific measure to be considered real beyond the mea-
surement error.22

to date, no systematic appraisal of studies has been con-
ducted to evaluate the reliability and measurement errors 
of pressure-sensitive walkways across different test condi-
tions. performing a systematic review with meta-analysis 
on this research topic could be appropriate to provide a 
quantitative synthesis and a clear determination of the con-
sistency of the computed gait parameters. therefore, the 
purpose of this review was to systematically investigate 
the reliability and the minimal detectable change of the 
gait parameters captured via electronic pressure-sensitive 
walkways. The review is intended to compare findings 
across two different test conditions (i.e. single- and dual-
task conditions) in healthy and pathological populations to 
better guide researchers and clinicians in the use and inter-
pretation of data captured by the aforementioned systems.

Evidence acquisition

Protocol

the systematic review and meta-analysis were consistent 
with the preferred reporting items for systemic reviews 
and Meta-analysis (prisMa) statement23 and consensus-
based standards for the selection of health Measurement 
instruments (cosMiN) methodology.24 the review proto-
col has not been prospectively recorded in an online reg-
ister.

Database and search strategy

three online databases (pubMed, Embase, and scopus) 
were systematically searched until November 2021. the 
search keywords “walkway,” “gait,” “reliability,” and 
“reproducibility” and their related Mesh and Entree 
search terms (“gait” and “reproducibility of results”) 
were appropriately combined using the boolean operators 
“aNd” and “or” to identify potentially relevant articles. 
the key words “reliability” and “reproducibility” were 
chosen to find articles primarily focused on the measure-
ment property examined in this review. the broad terms 
“walkway” and “gait” were used for two main reasons. 
they identify all the possible terms used to identify the 
examined systems, such as pressure-sensitive walkways 
or gait mats. furthermore, they detect articles focused on 
reliability findings of other gait assessment tools, which 
could also include the reliability results of pressure-sensi-
tive walkways, often used as gold-standard tools to vali-
date novel tools. the keywords related to gait parameters 

two distinct tasks simultaneously, such as walking while 
performing cognitive demands or carrying out a glass of 
water. Emerging evidence suggests that dual-task para-
digms are more effective than single-task conditions in 
detecting gait alteration in early disease stages7 or specific 
pathological states and risk factors, including fall risk8 and 
freezing of gait in patients with parkinson’s disease.9, 10 
In addition, dual-task walking might better reflect daily-
living walking11 and, thus, could be a better assessment 
method to predict community mobility after a hospital dis-
charge.12

standardized scales and tests are mainly used to assess 
single-task and dual-task walking in clinical practice and 
research.13, 14 although easy to administer and minimally 
time-consuming, they might convey a lack of specificity, 
poor accuracy and could be biased by subjective evalua-
tions.15, 16 over the years, different technological solutions 
have been proposed to overcome these limitations, includ-
ing 3-dimensional motion capture systems, pressure-sen-
sitive systems, stride analyzers, and wearable sensors.17, 18 
among currently available technologies, electronic pres-
sure-sensitive walkways are one of the most used solu-
tions, thanks to their ease of use.19 dedicated software 
allows to quickly collect gait spatial and temporal param-
eters through a semi-automated procedure from the em-
bedded pressure sensors, arranged along the walkway, that 
allow the detection of footfall location and timing during 
walking.20

in light of their extensive use as assessment tools, it 
is important to achieve a better knowledge of their mea-
surement properties. Test-retest reliability is the first fun-
damental measurement property to be considered since it 
is a crucial prerequisite of measurement validation. test-
retest reliability refers to the ability of a tool to generate 
repeatable and consistent values between different test 
occasions.21 a tool with acceptable test-retest reliability 
ensures that the acquired data are accurate and reflect the 
subject’s real performance.21 this property should be pri-
marily investigated before examining individual changes 
over time21 to discern real meaningful changes from ir-
relevant or artefactual ones due to measurement errors.22 
test-retest reliability could be presented as relative or 
absolute measures. relative reliability is frequently mea-
sured through the intraclass correlation coefficient (ICC), 
an index used to describe the degree to which individu-
als obtain similar values during repeated measurements. 
instead, the minimal detectable change (Mdc95) is one 
of the most common absolute reliability indices. Mdc95 
provides the minimal magnitude of change required by a 
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cates among databases. a second reviewer (MG) indepen-
dently verified the study selection accuracy according to 
the criteria listed above.

after the bibliographic search phase, retrieved articles 
were filtered based on title and abstract. All titles and ab-
stracts were independently screened by two blinded re-
viewers (Mp, MG) and full-text of the potentially relevant 
articles were analyzed in-depth to examine their eligibility. 
if an eligible article assessed different population samples, 
each sample was considered as a separate study as required 
by cosMiN methodology.24

for each included study, the two reviewers (Mp, MG) 
independently collected data using a standardized data 
extraction form, to retrieve information regarding partici-
pants’ characteristics, measurement procedures, gait pa-
rameters, reliability estimates. disagreements between the 
two reviewers (Mp, MG) were discussed until consensus 
was reached.

Quality assessment

the methodological quality was examined using the 
reliability quality assessment of the cosMiN risk of 
bias checklist24, 26 by two independent reviewers with 
methodological and clinical expertise (Mp, MG). any 
disagreements in ratings were resolved through discus-
sion. the cosMiN checklist was chosen because it is 
a well-recognized and reliable assessment method to 
evaluate methodological quality of studies, which was 
developed through a multidisciplinary and international 
delphi study.27 The COSMIN checklist was specifi-
cally developed for patient-reported outcome measures, 
but it could be applied in systematic reviews aimed at 
assessing psychometric properties of other outcome 
measures.27 the cosMiN risk of bias assessment for 
reliability studies is composed of five different items 
(i.e. stable condition of participants, appropriate time 
interval between testing sessions, similar measurement 
conditions between testing sessions, appropriate statisti-
cal methods, and other important flaws) scored using a 
4-point likert type scale to grade the quality of the stud-
ies as very good, adequate, doubtful or inadequate.24, 26 
the overall study quality score was given by the lowest 
rating of any item, according to the “worst score counts” 
principle.24, 26

Data analysis

the analyses were distinctly performed for trials carried 
out in: 1) single-task condition while walking at a com-

and electronic walkways names were not included in the 
search strategy to keep a broad query and avoid retrieval 
bias.

The electronic search was finally complemented by 
screening the reference lists of included studies.

supplementary digital Material 1: supplementary table 
i presents the search strategies for each online database.

Selection criteria

the inclusion criteria for this systematic review were: 1) 
full-text articles addressing test-retest reliability, standard 
error of measurement, or minimal detectable change of 
gait parameters captured via pressure-sensitive walkways; 
2) articles assessing healthy or clinical populations with 
age higher than 18 years old; and 3) assessment of at least 
one of the gait parameters selected as the most representa-
tive outcomes for the different gait domains:25 gait speed 
(cm/s) and stride length (cm) for pace domain, cadence 
(step/min) for rhythm domain, double support time (% 
Gait cycle, Gc) for phase domain and base (cm) for base 
of support domain.

figure 1 depicts a schematic representation of the pres-
sure-sensitive walkway systems for gait analysis and the 
gait parameters under study.

articles were excluded if the time interval between re-
peated sessions was higher than one month to avoid poten-
tial changes in individuals’ gait patterns.

No explicit language, date, or document format restric-
tions were applied to reduce reporting bias.

Study selection and data extraction

the study selection was conducted by one reviewer (Mp), 
who merged the bibliographic results and removed dupli-

figure 1.—schematic representation of the examined gait parameters 
and the pressure-sensitive walkway set-up.
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included in quantitative 
synthesis (N.=32 articles 
comprising of 44 studies)

included in qualitative synthesis 
(N.=32 articles comprising of 

44 studies)

Excluded after screening  
full-text (N.=63) for the 

following reasons:
-  No test-retest reliability and 

minimal detectable change of the 
examined parameters captured 
by pressure-sensitive waklways 
(N.=61)

-  time interval between testing 
sessions >1 month (N.=1)

-  only abstract was available (N.=1)

full-text articles assessed for 
eligibility (N.=95)

Statistical analysis

all the analyses were performed using r software (version 
4.0.0; r foundation, Vienna, austria) with the Metafor 
function32 and Matlab software (r2020b, MathWorks 
inc., Natick, Ma, usa).

Evidence synthesis

Search and selection

Figure 2 illustrates the PRISMA flow diagram depicting 
the review selection process and the number of articles 
yielded at each stage of the literature search. overall, the 
search strategies identified a total of 8270 articles. Fol-
lowing the removal of duplicates, screening of title/ab-
stracts, and full-text screening, a total of 44 studies from 
32 independent articles were eligible for the quantitative 
analysis and were included in the current systematic re-
view.

fortable speed; and 2) cognitive dual-task condition while 
walking at a comfortable speed.

the primary outcome of the study was the gait speed 
and its reliability. secondary outcome measures were the 
reliability of stride length, cadence, stride time, double 
support time, and base of support. for each examined out-
come measure, test-retest correlation values (i.e. intraclass 
correlation values) reported in the original articles were 
collected and meta-analyzed to derive an overall estimate 
of the test-retest relative reliability (hereafter icc). the 
95% confidence intervals (CIs) were generated using a 
random-effects model with weighting of individual point 
estimates based on study samples. ICC findings were con-
ventionally interpreted using the following metrics: poor 
(ICC<0.500), moderate (ICC: 0.500-0.749), good (ICC: 
0.750-0.899) and excellent (ICC≥0.900) test-retest rela-
tive reliability.28 Thus, a value of 0.75 is commonly used 
as the cut-off point to discriminate acceptable values from 
suboptimal ones.28

Values of minimum detectable change at 95% confi-
dence level (Mdc95) were quantitatively summarized. 
Mdc95 was used to provide a threshold amount of change 
in scores required to be 95% confident that a true change 
beyond that of measurement error had occurred.28 Mdc95 
values were directly collected from the results of included 
study findings or calculated from the ICC values and the 
pooled standard deviation of the test- and retest values 
(sdtest-retest) (Eq. 1):22

 MDC!" = z  score !"%  !"   ×   2  ×  SD!"#!!!"#"$#  ×   1− ICC 
  

 (1)
pooled estimates of Mdc95 values (hereafter Mdc95 

for simplicity) were computed by weighted mean and 
standard deviation, with weighting of individual point es-
timates based on study samples.

finally, the percentage of the Mdc95 compared to the 
mean test-retest value (Meantest-retest) of the outcome (here-
after Mdc95%) was computed to present a relative amount 
of random measurement errors (Eq. 2):

 MDC!"% =
MDC!"

Mean!"#!!!"#"$#  
  ×  100  (2)

for interpretation, minimal detectable changes (Mdc95-
Mdc95%) should be as small as possible to increase the 
absolute reliability of the measure and lower measurement 
error. some studies suggested that an Mdc95% is consid-
ered acceptable when lower than 30%.29-31

a subgroup analysis based on participants’ health sta-
tus was ultimately performed to determine if the different 
health condition of the participants is a confounding factor 
of the reliability results.

Figure 2.—PRISMA flow diagram of selection process in the systematic 
review.
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ing. the GaitMat ii (EQ inc.) is 4 meters long, whereas 
the Gaitrite® (cir systems inc.) and Zeno™ Walkway 
(protokinetics llc) are available in different lengths. the 
included studies using Gaitrite® (cir systems inc.) 
adopted different mat lengths, varying from 3.5 up to 9 
meters. the two studies using the Zeno™ Walkway (proto-
kinetics llc) adopted the 4.3-m long system. the usEW 
is composed of twelve pressure modules, arranged to form 
a u-shaped walkway that allows straight-line walking and 
turning evaluations.

all these systems embedded pressure sensors activat-
ed at heel strike and deactivated at toe-off, for collecting 
footprints while an individual walked along the mat. the 
spatial resolution of the matrix of pressure sensors varies 
across the four systems. the Gaitrite® (cir systems 
inc.) and Zeno™ Walkway (protokinetics llc) have a 
slight better spatial resolution (1.3 cm) than the GaitMat 
ii (EQ inc.) (1.5 cm). No information about spatial resolu-
tion was reported for usEW system.

footprints were collected at a mean sampling frequency 
of 80 hz (range: 32-180hz) and were processed by ad-hoc 
application software to collect spatial and temporal gait pa-
rameters. the included pressure-sensitive walkways adopt 
different processing software systems, which could lead to 
disparities in the gait parameter calculations. for instance, 
Gaitrite® (cir systems inc.) software measures the gait 
speed as the ratio between the distance travelled and the 
ambulation time using only the first and the last foot con-
tacts.64 in contrast, the protokinetics Movement analysis 
software (pKMas) of the Zeno™ Walkway (protokinetics 
llc) computes it as the ratio between the sum of the stride 
length and the sum of the stride time taking into account 
all footfalls.64 a previous study evaluated the possible dif-
ferences between these two processing software systems.65 
the authors compared the Gaitrite® (cir systems inc.) 
software with the protokinetics Movement analysis soft-
ware (pKMas) of the Zeno™ Walkway (protokinetics 
llc), using the same footsteps data collected from older 
adults with the Gaitrite® (cir systems inc.) walkway.65 
the authors showed that minimal differences occurred 
between the two software systems in the most of gait pa-
rameters, suggesting they may be used interchangeably.65 
to our knowledge, no other studies compared differences 
between GaitMat ii and usEW software systems with pK-
Mas and Gaitrite® (cir systems inc.) software.

Characteristics of the included walking protocols

all gait evaluations were carried out in controlled labora-
tory conditions. The majority of the studies asked partici-

Methodological quality

the cosMiN ratings for each study are summarized in 
supplementary digital Material 2: supplementary table 
ii and revealed that half of the included studies had a sat-
isfactory methodological quality. there was a total of 10 
studies with very good methodological quality and 12 
studies with adequate quality. twenty-two studies were in-
stead judged doubtful or inadequate, mainly due to an in-
appropriate time interval between test and retest sessions. 
Methodological quality evaluations are reported in the 
supplementary materials (supplementary digital Material 
3: supplementary table iii).

Characteristics of the included studies

General characteristics of the included studies are reported 
in supplementary table ii: studies are grouped by health 
status. then, the studies of each health status are reported 
in chronologic order. the samples included participants 
with or without pathology. Most studies included healthy 
adults (ah) (11 studies;31, 33-42 198 subjects) and elderly 
(EY) (9 studies;40, 41, 43-48 882 subjects). The most common 
pathology was stroke (sK) (10 studies;49-54 248 subjects). 
few studies included individuals with other pathologies, 
such as: cognitive impairment (ci) (4 studies;46, 55-57 131 
subjects), multiple sclerosis (MS) (3 studies;31, 33, 39 101 
subjects), spinal cord injury (SCI) (2 studies;58, 59 39 sub-
jects), rheumatoid arthritis (RA) (1 study;60 50 subjects), 
vestibular dysfunction (Vd) (1 study;61 35 subjects), Par-
kinson’s disease (pd) (1 study;62 32 subjects), Hunting-
ton’s disease (hd) (1 study;63 12 subjects), spinocerebellar 
ataxia type 14 (ca) (1 study;38 8 subjects). The sample 
size (N) widely varied from 8 to 558 participants across 
the studies, with only 14 studies including N.≥30 partici-
pants. the mean age of the participants spanned from 20 
to 84 years.

Characteristics of the included pressure-sensitive walk-
ways

four different pressure-sensitive walkways were exam-
ined in the included studies. the most common pressure-
sensitive walkway employed was the Gaitrite® (cir 
systems inc., havertown, pa, usa), which was used in 
39 studies, followed by GaitMat II (EQ Inc., Chalfont, 
pa, usa) in 2 studies, Zeno™ Walkway (protokinetics 
llc, haverton, pa, usa) in 2 studies and usEW62 in 
one study. the Gaitrite® (cir systems inc.), GaitMat ii 
(EQ inc.), and Zeno™ Walkway (protokinetics llc) have 
a rectangular shape and they examine straight-line walk-

COPYRIGHT©
 2022 EDIZIONI MINERVA MEDICA



parati  rEliability of Gait MEasurEs usiNG WalKWays

368 EuropEaN JourNal of physical aNd rEhabilitatioN MEdiciNE June 2022 

in addition, different test conditions were employed. a 
total of 41 studies assessed the test-retest reliability of gait 
parameters while participants were instructed to walk at 
their self-selected comfortable speed without performing 
any other task (i.e. single-task condition). fifteen studies 
from 10 independent articles assessed walking in cogni-
tive dual-tasking condition, asking participants to walk 
while counting backwards (-1, -3, or -7 from a fixed or ran-
dom number) or reciting words that start with a predefined 
letter. because of the limited number of studies (N.=2) 
investigating motor dual-tasking conditions (i.e. walking 
carrying a tray with glasses), the analysis was focused on 
cognitive dual-tasking conditions only.

Data pooling

in this section, results are presented for all outcome mea-
sures, starting from the gait speed, selected as the primary 
outcome measure. the meta-analysis results of test-retest 
reliability of the gait speed are reported in the forest plots 
in figure 3.31, 33, 34, 36, 37, 39-45, 47-63

pants to walk at their self-selected walking speed along a 
path, long from 5 up to 30 meters. if necessary, they were 
allowed to use their walking aids, but the therapist’s as-
sistance was not permitted. few studies asked participants 
to perform some practice walks before testing trials to be-
come familiar to walk on the mat.

different walking protocols were adopted in the included 
studies. a total of 21 studies used an intra-session test-retest 
reliability design. they usually assessed walking perfor-
mance in a single session with 2 testing trials (range: 2-4 tri-
als), with a time between testing trials varying from 2 min-
utes to 1 hour. the remaining 23 studies employed an inter-
session test-retest reliability design. the gait assessment in 
two testing sessions was the most selected choice (N.=21, 
91%), while the number of walking trials in each testing ses-
sion widely varied from 1 to 10 across studies. several stud-
ies did not report the duration of the resting break between 
walking trials. When reported, 10-minute break was usually 
allowed between each testing trial in a testing session. the 
testing sessions were generally spaced one week apart.

figure 3.—test-retest relative 
reliability of gait speed. a) re-
sults in single-task condition; 
and b) in dual-task condi-
tion.31, 33, 34, 36, 37, 39-45, 47-63

forest plot displaying intra-
class correlation coefficients 
(ICC) data (and 95% con-
fidence interval) of the gait 
speed, primary outcome mea-
sure of the review. Grey box 
indicates the area of subopti-
mal ICC findings.

a

b

Single-task condition

Dual-task condition

Study ICC (95% CI)

Study ICC (95% CI)
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of ICC with 95% confidence intervals) and the pooled 
Mdc95 for all outcome measures, health conditions, and 
task conditions are summarized in figure 4. finally, the 
results of Mdc95% are summarized in Figure 5.

Gait speed (cm/s)

the test-retest reliability of gait speed in single-task con-
ditions was estimated from 36 studies recruiting a total of 
1491 subjects. Overall, the meta-analyzed data showed 

figure 3a31, 33, 34, 36, 37, 40-45, 47-54, 56-63 shows the results of 
the studies examining gait speed in single-task condition 
(i.e. those having a black square both in the “Gait speed” 
and “single-task” columns in supplementary table ii), 
whereas figure 3b31, 33, 39, 45, 50, 55, 56, 61 displays the results 
of the studies reporting gait speed in dual-task condition 
(i.e. those having a black square both in the “gait speed” 
and “dual-task” columns in supplementary table ii).

the results of the forest plots (i.e., the pooled estimates 

figure 4.—summary of the rela-
tive and absolute reliability find-
ings.
for each examined outcome 
measure, the test-retest relative 
reliability (pooled ICC [95% 
confidence interval, CI]) find-
ings is presented on the left col-
umn and the weighted average 
of Mdc95±standard deviation is 
shown on the right column. for 
each graph, the results of relative 
and absolute reliability in single-
task and dual task conditions 
for the total population sample 
(tot) and the subgroups are 
shown. Grey box indicates sub-
optimal ICC findings.
ah: healthy adult; Ey: elderly; 
ci: cognitive impairment; Vd: 
vestibular dysfunction; Ms: mul-
tiple sclerosis; pd: parkinson’s 
disease; ca: spinocerebellar 
ataxia type 14; hd: huntington’s 
disease; sK: stroke; sci: spinal 
cord injury; RA: rheumatoid ar-
thritis.
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The reliability findings reached good to excellent levels 
for all the examined health conditions (adult healthy, el-
derly, cognitive impairment, vestibular disease, multiple 
sclerosis, and stroke), as demonstrated by subgroup analy-
sis in figure 4. Mdc95 was 20.6±8.3 cm/s for the total 
population sample, and it ranged from 9.2 to 26.1 cm/s 
across the different examined subgroups. Mdc95% values 
were acceptable for all the health conditions (16-29%), 
except for patients with multiple sclerosis and cognitive 
impairment (38% and 42%, respectively).

Stride length (cm)

A total of 14 studies (368 subjects) reported ICC data to 
assess the test-retest relative reliability of stride length 

that the pooled estimate of test-retest relative reliability 
was excellent (ICC: 0.92 [95% CI: 0.90, 0.94]) (Figure 
2). the subgroup analysis demonstrated that the reliability 
was good to excellent across all the different health condi-
tions, as shown in figure 4.

Mdc95 was 12.7±5.4 cm/s (MDC95%=13%) for the en-
tire sample of participants and varied from 10.7 to 28.1 
cm/s across the different health status. MDC95% was 
generally deemed acceptable (11-25%) in all the exam-
ined populations, except for multiple sclerosis group 
(Mdc95%=34%).

regarding dual-task conditions, twelve studies includ-
ing a total of 387 subjects overall found excellent test-re-
test relative reliability (ICC: 0.91 [95% CI: 0.87, 0.93]). 

figure 5.—summary of Mdc95% 
findings. A) Results of MDC95% 
of the gait parameters in single-
task; and b) results in dual-task 
condition.
the analysis was performed 
for the total population sample 
(tot) and the subgroups. dot 
size is proportional to the num-
ber of participants included in the 
analyses. Mdc95% less than 30% 
is considered acceptable (light 
gray-gray dots; green-yellow in 
the online version), otherwise 
Mdc95% is judged suboptimal 
(off-white–dark gray dots; or-
ange-red in the online version).
ah: healthy adult; Ey: elderly; 
ci: cognitive impairment; Vd: 
vestibular dysfunction; Ms: mul-
tiple sclerosis; pd: parkinson’s 
disease; ca: spinocerebellar 
ataxia type 14; hd: huntington’s 
disease; sK: stroke; sci: spinal 
cord injury; RA: rheumatoid ar-
thritis.

a

b

Single-task condition

Gait speed (cm/s)

Stride length (cm)

Cadence (step/min)

Stride time (s)

Double support time (%GC)

Base of support (cm)

Dual-task condition

Gait speed (cm/s)

Stride length (cm)

Cadence (step/min)

Stride time (s)

Double support time (%GC)

Base of support (cm)

 TOT AH EY CI VD MS PD CA HD SK SCI RA

 TOT AH EY CI VD MS PD CA HD SK SCI RA

MDC95% ∈ (0,10)
MDC95% ∈ (10,20)
MDC95% ∈ (20,30)
MDC95% ∈ (30,40)
MDC95% ∈ (40,50)
MDC95% ≥50

Sample size

1491

8
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patients (33%) and acceptable (13-17%) for all other ex-
amined populations (healthy adults, vestibular disease, 
multiple sclerosis).

Stride time (s)

data from 13 studies suggested that the test-retest reliabil-
ity of stride time was excellent with an ICC of 0.90 (95% 
CI: 0.85, 0.93). Excellent values were observed in healthy 
adults, elderly, multiple sclerosis, and huntington’s dis-
ease (ICC: 0.91-0.96). Instead, stride time reliability was 
good for patients with parkinson’s disease, spinocerebellar 
ataxia, and cognitive impairment (ICC: 0.76-0.89). Mod-
erate reliability was found in rheumatoid arthritis (icc: 
0.73 [95% CI 0.57, 0.84]). MDC95 was 0.19±0.15 s, with 
an Mdc95% of 16% in the total population sample. In 
the subgroups, the Mdc95 varied from 0.06 to 0.43 s and 
its percentage was always below 28% of the mean value 
of stride time, indicating acceptable measurement errors 
(Mdc95%: 6-28%).

The ICC data reported in 9 studies (251 subjects) for 
test-retest reliability of stride time during dual-task condi-
tion overall showed excellent levels (ICC: 0.90 [95% CI: 
0.84, 0.94]). The subgroup analysis found good to excel-
lent reliability for the healthy adults, elderly, cognitive 
impairment, or multiple sclerosis subgroups (icc: 0.86-
0.93). Regarding MDC95, the value for the total population 
sample was 0.34±0.18 s, corresponding to a 25% for the 
Mdc95%. The MDC95% was acceptable for all tested pop-
ulations (10-21%), except for multiple sclerosis (33%).

Double support time (% gait cycle)

double support time was evaluated under single-task 
conditions by 8 studies including a total of 172 subjects. 
the pooled estimate of test-retest reliability in this con-
dition suggested an excellent value of reliability between 
test and retest measures of double support time. icc 
value was 0.91 (95% CI: 0.84, 0.94) for the total popula-
tion sample and varied from 0.90 to 0.96 in the examined 
subgroups (healthy adults, multiple sclerosis, parkinson’s 
disease, cerebellar ataxia, and spinal cord injury). MDC95 
was 5.03±2.29% of the gait cycle for the total population 
sample (Mdc95%: 17%). Regarding subgroup analysis, 
Mdc95 values ranged from 2.87 to 7.27%. These values 
supported acceptable values of Mdc95% (10-20%).

the test-retest relative reliability of double support 
time under dual-task conditions was examined by 4 stud-
ies. These studies included healthy subjects (N.=31 from 
2 studies) and patients with multiple sclerosis (N.=76 
from 2 studies). overall, the reliability was excellent, 

in single-task conditions. The meta-analysis findings 
suggested excellent reliability of stride length for the en-
tire population sample (ICC: 0.96 [95% CI: 0.93, 0.97]). 
The subgroup analysis also verified that stride length 
had excellent reliability for all examined health condi-
tions, except for rheumatoid arthritis (ICC: 0.81 [95% 
CI: 0.69, 0.89]). The MDC95 was 12.0±5.4 cm for the 
total population sample and varied from 3.6 to 17.3 cm 
in the different subgroups. all the Mdc95 were below 
17% of the mean value of stride length (MDC95%=4-
17%), demonstrating always acceptable small measure-
ment errors.

in dual-task conditions, stride length largely showed 
excellent relative reliability (ICC: 0.94 [95% CI: 0.87, 
0.97]) in 8 studies recruiting a total of 211 subjects. In 
particular, the reliability was excellent for patients with 
multiple sclerosis or cognitive impairment (ICC: 0.97 in 
both groups) and good for healthy adults (ICC: 0.88 [95% 
CI: 0.80, 0.94]) and patients with stroke (ICC: 0.79 [95% 
CI: 0.64,0.88]). MDC95 was 15.4±4.2 cm and ranged from 
11.1 cm to 16.4 cm across the included populations. the 
Mdc95% of stride length under dual-task conditions was 
acceptable (9-24%) for all examined subgroups.

Cadence (step/min)

Excellent test-retest relative reliability (ICC: 0.92 [95% 
CI: 0.88, 0.94]) was found for cadence during walking in 
single-task condition in 24 studies (667 subjects). Good 
to excellent results were found in all examined population 
groups, with a minimum intraclass correlation coefficient 
of 0.75 (95% CI: 0.60, 0.85) in individuals with rheuma-
toid arthritis to a maximum intraclass correlation of 0.97 
(95% CI: 0.90, 0.99) in stroke patients. The total popula-
tion sample showed an Mdc95 of 9.3±4.7 steps/min, cor-
responding to an Mdc95% of 9%. The subgroup analyses 
showed Mdc95 ranging from 6.0 to 17.3 step/min and all 
acceptable Mdc95% values (range: 5-17%).

in dual-task conditions, cadence overall yielded good to 
excellent test-retest relative reliability (ICC: 0.89 [95% CI: 
0.81, 0.94]), as reported in 8 studies (235 subjects). Simi-
lar results were found for healthy subjects, patients with 
vestibular dysfunction, and multiple sclerosis (icc range: 
0.86-0.94). Instead, cadence revealed a moderate reliabil-
ity for stroke patients in dual-task condition (ICC: 0.69 
[95% CI: 0.49, 0.82]). The MDC95 was 14.7±3.8 steps/min 
for the total population sample, the minimum Mdc95 was 
registered for healthy adults (Mdc95: 12.4±3.5 steps/min), 
and the maximum one for stroke patients (Mdc95: 19.3 
steps/min). MDC95% was deemed suboptimal for stroke 
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under single and dual-task conditions. the review includ-
ed studies enrolling several populations with diverse gait 
patterns. Almost half of these studies (45%) was focused 
on healthy adults31, 33-42 and elderlies typically experienc-
ing a lower comfortable gait speed, a wastage of muscular 
effort for postural maintenance, and an increased fear of 
falling.40, 41, 43-48 in addition, several studies included neu-
rological conditions. the principal examined neurological 
patients were stroke patients characterized by gait asym-
metry and steppage gait49-54 and patients with multiple 
sclerosis who exhibit a slower preferred gait speed, lower 
stride length and an increase in gait asymmetry indicating 
potential issues with balance control.31, 33, 39 some studies 
included patients with cognitive impairment, character-
ized by slow gait, increase falls risk, impaired spatial ori-
entation and decreased dual-tasking ability.46, 55-57 instead, 
a limited number of studies (16%) were focused on other 
pathologies, including spinocerebellar ataxia type 14,38 
huntington’s disease,63 spinal cord injury,58, 59 parkinson’s 
disease,62 vestibular disorder38 and rheumatoid arthritis.60 
despite the diversity of included populations and gait pat-
terns, the current evidence suggested that the reliability of 
the examined gait parameters was acceptable under both 
single and dual-task conditions. clinicians and researchers 
could use these systems to measure the effects of an inter-
vention or changes due to disease progression without the 
substantial influence of labile measurements.

inter-studies comparisons revealed that different study 
designs and testing protocols have been applied in the 
included studies. regarding testing protocol differences, 
the mat length and the walking distance that participants 
were asked to perform were the main factors that frequent-
ly varied across the studies. Most of the studies limited 
the walking distance to the mat length or to a maximum 
of 10 meters, whereas there were some studies in which 
the pressure-sensitive walkway was embedded in a 20-m 
or 30-m walking track39, 44 or that used for the 6-minute 
walking test.58 furthermore, the length of the pressure sen-
sitive-walkways varied from 3.5 to 9 meters. This factor 
could influence the number of strides recorded on the mat.

the number of trial repetitions within each testing ses-
sion and the different number of testing sessions were oth-
er relevant factors that changed across the studies. finally, 
differences in the applied type of cognitive dual-tasking 
were observed, as using a serial subtraction of 1, 3, or 7 
as well as reciting words with a predefined letter. All these 
elements revealed the lack of a common and standard-
ized approach to examine the reliability properties of an 
instrument in terms of dual-task condition, walking dis-

demonstrated by an ICC of 0.94 [95% CI 0.86, 0.97] for 
the total population sample. looking at subgroup analy-
sis findings, test-retest reliability was good for healthy 
adults (ICC: 0.87 [95% CI 0.72, 0.94]) and excellent for 
patients with multiple sclerosis (ICC: 0.97 [95% CI: 0.95, 
0.98]). In this testing condition, MDC95 was 6.84±1.7% of 
the gait cycle for the total population sample and varied 
from 4.39±0.22% of the gait cycle in the healthy subjects 
to 7.85±0.80% of the gait cycle in patients with multiple 
sclerosis. computing Mdc95%, acceptable levels of abso-
lute reliability were reached (17-20%).

Base of support (cm)

The reliability of the base of support was assessed by 17 
studies recruiting a total of 919 subjects. The results for 
the total population sample demonstrated good test-retest 
relative reliability (ICC: 0.85 [95% CI: 0.78, 0.90]). Sub-
group meta-analysis found good to excellent reliability for 
the following groups: healthy adults, patients with cog-
nitive impairment, multiple sclerosis, cerebellar ataxia, 
Huntington’s disease, and spinal cord injury (ICC range: 
0.75-0.94). Moderate reliability was found for elderly and 
rheumatoid arthritis subgroups (ICC: 0.61-0.69).

the measurement error was suboptimal in the total pop-
ulation sample (Mdc95%: 49%), as well as in the follow-
ing subgroups: elderly subjects, patients with cognitive 
impairment, multiple sclerosis, and rheumatoid arthritis 
(Mdc95%: 30-84%). Acceptable measurement error find-
ings were achieved on healthy adults and patients with 
huntington’s disease (Mdc95%: 20-26%).

six studies established the test-retest reliability of base 
of support under dual-task conditions. they included 
a total of 157 participants (56 healthy subjects and 101 
patients with multiple sclerosis). pooled estimate found 
good test-retest reliability (ICC: 0.89 [95% CI 0.74, 0.95], 
Mdc95: 2.0±2.0 cm) for the entire population sample. 
subgroup analysis instead revealed good reliability for 
healthy subjects (ICC: 0.79 [95%CI: 0.48, 0.92], MDC95: 
2.7±1.9 cm) and excellent reliability (ICC: 0.94 [95% CI: 
0.82, 0.98], MDC95: 1.7±2.0 cm) for patients with multiple 
sclerosis. Acceptable findings of MDC95% were found for 
the total population sample (20%) and the examined sub-
groups: patients with multiple sclerosis (16%) and healthy 
subjects (29%).

Discussion

the result of the current review revealed that pressure-
sensitive walkways are highly reliable tools for the objec-
tive assessment of gait spatial and temporal parameters 
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ceptability threshold (ICC>0.75). This fact is potentially 
generated by some limitations of the included studies. 
firstly, as shown in supplementary table ii, most of the 
included studies presented a fairly small sample size (<30 
participants); secondarily, some gait parameters, test con-
ditions and pathologies are currently understudied. these 
elements reduced the overall sample size of the meta-
analyses and increased uncertainties around the point of 
estimate. Using the lower boundaries of 95% CIs as a 
cut-off point to discriminate between acceptable (95% CI 
lower boundaries of ICC>0.75) and suboptimal reliability, 
the number of suboptimal reliability findings was 27% of 
the total number of analyses. future research is invited to 
adopt a sufficiently powered sample size and to report the 
consequent sample size calculation, as recommended by 
the guidelines for reporting reliability and agreement stud-
ies.28

although icc is a commonly reported measure to as-
sess reliability, it merely informs about the magnitude of 
measurement error relative to the between-subject vari-
ability for the tested sample tested.28 in situations with 
a large range of scores, it could happen that icc is ex-
cellent despite large between-subjects differences in the 
scores among test-retest trials.28 to overcome this issue, 
the complementary use of an absolute reliability measure 
as Mdc95 is fundamental to provide a useful consistency 
indicator that is not affected by heterogeneous samples.28 
Mdc95 allows assessors to interpret if an observed change 
score is above that expected due to random measurement 
error and therefore if it represents a real change in gait per-
formance. this review provided the guidance on Mdc95 
across different test conditions and populations, that 
should be used when assessing individual changes in gait 
performance produced by an intervention or by a disease 
progression, when calculating the sample sizes for a clini-
cal trial or when applying methods to adjust for measure-
ment error in epidemiological research.

in the current review, except for some isolated cases, the 
examined gait parameters showed small and satisfactory 
measurement errors, generally demonstrating an Mdc95% 
lower than the 30% (Figure 5). This means that small real 
changes in the measurement could be confidently detected 
by these systems. however, it is important to note that 
the base of support generally presented good icc values 
(0.65-0.94) but suboptimal MDC95 values (>30%), mean-
ing that only quite large variations in this measurement 
could be securely detected as real. the base of support is 
defined as the distance between the heels when walking. 
the pressure-sensitive mats computed this parameter as 

tance, trial frequency and time interval between testing 
sessions. Future research is recommended to define and 
promote the use of a standardized protocol with optimal 
procedures and determine how these confounding factors 
impact the different subgroups of individuals. Neverthe-
less, all these inter-studies differences have the potential to 
inspect how the systems react to different test conditions, 
populations and protocols and increase the generalizability 
of the reliability findings. Therefore, in the present review, 
reliability data from the examined gait parameters were 
collected and summarized using meta-analysis and other 
quantitative techniques in order to look broadly at patterns 
and generalize findings.

regarding relative test-retest reliability results, current 
evidence suggested that the test-retest relative reliability of 
the examined gait parameters was acceptable under single 
and dual-task conditions (ICC>0.75), with only a few ex-
ceptions (4 analyses out of 83: stride time and base of sup-
port in the single-task condition in patients with rheuma-
toid arthritis, base of support in the single-task condition 
in elderly and cadence in the dual-task condition in stroke 
patients). in deep, the pressure-sensitive walkways ap-
pear to provide similar results across different repetitions 
when subjects walked at their self-paced walking speed in 
single-task condition. Whereas, when they were asked to 
perform more demanding tasks as cognitive dual-tasks, the 
pooled reliability estimates were still from good to excel-
lent, but they showed a slight decrease compared to the 
single-task values. These findings are in line with previ-
ous studies focused on cognitive dual-task condition and 
are possibly attributed to an attention overloading during 
the concomitant tasks66, 67 or to learning effects between 
repeated trials.31, 33, 39 With the increasing use of dual-task 
outcome measures in clinical trials, it is important to bal-
ance and minimize learning effects due to test familiariza-
tion to ensure that observed effects can be attributed to the 
intervention itself. some techniques could be applied to 
decrease the likelihood of a learning effect due to practice, 
such as starting from a randomized number or initial letter 
on each dual-task test.39 however, the number of studies 
focusing on dual-task condition is limited with respect to 
single-task condition and new research on this topic is ad-
vocated.

it is important to mention that in this review the reli-
ability point estimates were used as cut-off points to dis-
criminate between acceptable and suboptimal reliability 
values. For some subgroup analyses (Figure 4), the 95% 
ci boundaries of icc estimate are wide, and the lower 
bounds of the confidence intervals are often below the ac-
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nation period. furthermore, there were some studies that 
adopted a very short time interval (in the range of a few 
minutes) between repeated sessions, potentially leading to 
the risk of fatigue or learning effects in the individuals. in-
deed, a learning effect is a well-recognized factor that may 
influence the reliability of a given test: an individual may 
become more proficient in a given test with increased ex-
perience, as consecutively repeating a cognitive task. this 
factor might substantially decrease the amount of random 
error in the test findings and, hence, improve the reliabil-
ity of the test. on the contrary, the concomitant fatigue 
could affect gait performances in continuous repetitive tri-
als, causing an increase in the number of random errors 
and consequential decrease in test-retest reliability. at 
the same time, there were some studies that used a range 
of some weeks as time interval between testing sessions. 
this period could be too long, and individuals could po-
tentially have an actual change in their gait patterns in the 
meantime, which theoretically biases the reliability find-
ings. future research should consider the shortcomings of 
the currently available articles to design upcoming studies 
with high methodological quality. in particular, the assess-
ment of stable health conditions before testing trials and 
the adoption of optimal standardized protocols to perform 
test-retest examinations should be recommended.

Limitations of the study

this review has some strengths, but the results should 
also be interpreted in light of some limitations. the main 
strength laid in the rigorous systematic process and meth-
odological quality assessment achieved by the use of 
prisMa and cosMiN checklists, widely validated tools 
to report review findings and to examine the risk of bias in 
reliability studies. another strength was the relatively com-
prehensive and exhaustive literature search, attested by the 
broad search string adopted and without the application of 
search filters that could potentially lead to retrieval bias. 
however, we did not consult all electronic databases, nor 
grey literature, a strategy that future reviews might con-
sider. thus, there is a slight possibility to miss some stud-
ies that could be relevant for the present systematic review. 
in addition, this review did not take into account studies 
enrolling very young populations (age <18 years old). fu-
ture works should include and review the reliability of gait 
parameters in this population sample, both in healthy and 
pathological conditions. another limitation of the present 
review was that it was restricted to examine the measure-
ment properties of test-retest reliability and Mdc95. in ad-
dition, we did not include any other exploratory subgroup 

the perpendicular distance from the center of heel of one 
footfall to the line of progression of the opposite foot.41 
the observation of a larger Mdc95 for base of support can 
be explained by several factors. Menz et al.41 hypothesized 
two possible explanations. The first hypothesis concerned 
a technical shortcoming of these systems. the spatial reso-
lution of the pressure sensor grids, generally 1.3 cm, was 
too low in relation to the magnitude of the base of support 
parameter.41 Given the fact that the base of support values 
typically ranged from 2 up to 5 cm, the occasional fail-
ure to detect one or two 1.3 cm wide sensors from a foot-
fall could result in a large between-trial differences and 
suboptimal measurement error. While, for other spatial 
parameters as the stride length, the adopted spatial resolu-
tion could be considered adequate because the distance be-
tween the two footfalls in the stride length measurements 
is considerably larger than the base of support measures. 
lastly, the base of support is an important parameter in the 
maintenance of postural stability.68, 69 the observation of 
a larger Mdc95 for the base of support might be caused 
by the inherent challenge associated with postural stability 
requirements during walking.68, 69 impairments in postural 
stability could increase stride width variability and poten-
tially impact the reliability measures.68, 69

to conclude, when interpreting Mdc95 values, it is im-
portant to compare them to the minimal clinically impor-
tant differences (MCIDs), defined as the smallest amounts 
of change in the domain that are considered relevant and 
important to patients and clinicians.22 achieving a score 
at least equal to the Mcid suggests that an individual has 
undergone a change in condition that reflects a clinically 
relevant change.22 theoretically, the Mdc95, which is a 
threshold of measurement error should be lower than the 
Mcid.70 However, in the current scientific literature, the 
provision of clinically meaningful cutoff points for all the 
gait parameters captured by pressure-sensitive walkways 
is limited and the Mdc95 and Mcid comparisons are cur-
rently not feasible.

Methodological quality criteria are crucial for assess-
ment and to identify efficient instruments for clinical prac-
tice. The COSMIN criteria facilitated the judgement of 
methodological quality of the included studies. overall, 
the methodological quality was from good to excellent in 
more than half (51%) of the included studies. The most 
common methodological shortcomings were the definition 
of an appropriate time interval between test and re-test ex-
aminations and the evidence of stable individuals in the 
studies. some studies indeed did not specify if the enrolled 
participants were stable during the test and retest exami-
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analysis to investigate how possible confounding factors 
influence reliability results for each subset of individuals, 
due to the limited number of available studies that limited 
possible comparisons. finally, most of the included stud-
ies (88%) investigated the reliability properties of GAI-
trite® (cir systems inc.) walkway, and limited informa-
tion is available for the other pressure-sensitive walkways. 
consequently, this review did not robustly detect which 
pressure-sensitive walkway differences could influence 
the reliability results for the different clinical populations. 
to the best of our knowledge, only one previous study 
directly compared the characteristics and the concurrent 
validity of two pressure-sensitive walkways (Gaitrite® 
[CIR Systems Inc.] and Zeno™ Walkway [protokinetics 
LLC]), showing moderate to excellent validity for gait 
parameters in older adults.64 in conclusion, future studies 
should examine how possible confounding factors could 
influence the reliability results of gait parameters captured 
by pressure-sensitive walkways, as well as investigate 
their intra- and inter-rater reliability, and concurrent valid-
ity with other gait analysis instruments and clinical tests in 
different clinical populations.

Conclusions

the review provides a relevant contribution to knowledge 
by comprehensively examining the reliability of gait spa-
tial and temporal parameters captured by pressure-sensi-
tive instruments in healthy individuals as well as several 
pathological conditions. the review generally showed 
from good to excellent test-retest reliability and satisfac-
tory minimal detectable changes, despite a large variety 
among studies. high heterogeneity was indeed observed 
in the examined clinical conditions, experimental design 
protocols, and methodological quality. in addition, the re-
sults of the current review showed that the reliability of the 
gait parameters in many pathological conditions is either 
understudied or unexplored. therefore, more high-quality 
studies devoted to investigating these understudied or un-
explored conditions should warrant further investigations.
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