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Background  
Spatiotemporal parameters of gait are useful for identifying pathological gait patterns 
and presence of impairments. Reliability of the pressure-sensitive ZenoTM Walkway has 
not been established in young, active individuals without impairments, and no studies to 
this point have included running. 

Purpose  
The purposes of this study were to 1) determine if up to two additional trials of walking 
and running on the ZenoTM Walkway are needed to produce consistent measurements of 
spatiotemporal variables, and 2) establish test-retest reliability and minimal detectable 
change (MDC) values for common spatiotemporal variables measured during walking and 
running. 

Study Design   
Cross-Sectional Laboratory Study 

Methods  
Individuals (n=38) in this cross-sectional study walked and ran at self-selected 
comfortable speed on a pressure-sensitive ZenoTM Walkway. Twenty-one participants 
returned for follow-up testing between one and 14 days later. Intraclass correlation 
coefficients (ICCs) were used to assess reliability of spatiotemporal variable means using 
three, four, or five passes over the ZenoTM Walkway and to assess test-retest reliability of 
spatiotemporal variables across sessions. 

Results  
All variables showed excellent reliability (ICC > 0.995) for walking and running when 
measured using three, four, or five passes. Additionally, all variables demonstrated 
moderate to excellent test-retest reliability during walking (ICC: 0.732-0.982) and 
running (ICC: 0.679-0.985). 
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Conclusion  
This study establishes a reliable measurement protocol of three one-way passes when 
using the ZenoTM Walkway for walking or running analysis. This is the first study to 
establish reliability of the ZenoTM Walkway during running and in young, active 
individuals without neuromusculoskeletal pathology. 

Level of Evidence    
3b 

INTRODUCTION 

Objective human movement is traditionally studied in re
search laboratories with force platforms, motion capture 
systems, and other instrumented tools. The introduction of 
portable pressure walkways like the GAITRite® (CIR Sys
tems, Inc, Franklin, NJ, USA) and ZenoTM Walkway (Pro
toKinetics LLC, Havertown, PA, USA) has enabled objective 
assessment of gait and other movement parameters in clin
ical spaces. These walkways measure and collect data in
cluding spatiotemporal variables, which are useful in iden
tifying pathological gait patterns,1‑4 assessing changes in 
gait related to medical intervention or aging,5‑14 and iden
tifying sensorimotor impairments.15 Instrumented walk
ways have predominantly been used to assess older adults6,
8,10‑13,16,17 and those with known pathological gait pat
terns,2,4,5,7,18 but few studies exist that assess younger, 
more active individuals or include analysis of running in 
addition to walking.9,19 

Although the ZenoTM Walkway has previously been used 
in research and clinical settings, standard protocols outlin
ing the number of trials required to capture valid gait pa
rameters have not been established. Studies that have mea
sured gait parameters on instrumented walkways utilized 
anywhere from two to 10 walking trials.1,17‑20 Besser et 
al.20 reported that, for a given spatiotemporal variable, five 
to 10 gait cycles were required for 90% of individuals in the 
study population to be within 5%-10% of their mean. How
ever, this study was performed using the GAITRite® mat, 
and up to 24.2% difference in GAITRite® and ZenoTM mea
surements have been reported.16 Although instrumented 
walkways are generally understood to be reliable measure
ment tools,2,21‑27 these reported differences indicate the 
need to assess the reliability of the ZenoTM Walkway inde
pendently. Sufficient data are required to establish an ac
curate representation of an individual’s gait pattern and to 
reduce error in identifying changes in gait over time. Fur
thermore, unnecessarily excessive data collection increases 
patient burden and fatigue. A standardized data collection 
protocol is needed so that researchers and clinicians can 
confidently identify when measured spatiotemporal char
acteristics fall outside the range of typical variability during 
walking or running on the ZenoTM Walkway.8,13,28 

The purposes of this study were to 1) determine if up to 
two additional trials of walking and running on the ZenoTM 

Walkway are needed to produce consistent measurements 
of spatiotemporal variables, and 2) establish test-retest re
liability and MDC values for common spatiotemporal vari
ables measured during walking and running. 

METHODS 

This cross-sectional study included 38 participants (21 fe
males; age: 24.2±3.5 years; BMI: 24.3±3.6 [range: 
16.7-30.8]) recruited between July 2019 and January 2020. 
Twenty-one participants completed follow-up testing be
tween one and 14 days later (12 females; age: 24.4±3.4 
years; time between sessions: 5.9±2.9 days). Participants 
were included in this study if the following criteria were 
met: 15-35 years of age, no previous history of lower ex
tremity injury or surgery during the prior six months, who 
participated in at least 50 hours per year of Level I (e.g. soc
cer, basketball, football) or II (e.g. tennis, skiing, dancing) 
cutting and pivoting sports.29 Exclusion criteria included 
recent history of hip, knee, or ankle pain or surgery dur
ing the prior six months, balance or neurological disorders, 
or current pregnancy. Testing was performed in the Clini
cal Movement Analysis Laboratory at the University of Ne
braska Medical Center (UNMC). All participants provided 
written informed consent. This study was approved by the 
UNMC Institutional Review Board (IRB #0233-19-EP). 

INSTRUMENTATION 

Spatiotemporal variables were measured using a ZenoTM 

Walkway with a sensor area 20 feet long and two feet wide 
with 0.4 square inch sensors. Spatiotemporal data was col
lected at 120 Hz with a resolution of 1.27 cm (0.5 in2). 

WALKING AND RUNNING TESTING 

Testing procedures included five trials each of walking and 
running at a self-selected comfortable speed. A trial was de
fined as a single pass in one direction along the full length 
of the ZenoTM Walkway. Participants were given approx
imately three meters of floor space before and after the 
length of the walkway to minimize effects of acceleration 
and deceleration on measured gait parameters. Speed was 
measured using a laser timing system (Brower Timing Sys
tems, Draper, UT) placed at the beginning and end of the 
walkway. Self-selected speed was determined using three 
unrecorded trials of walking or running, respectively, dur
ing the baseline (T1) data collection. To ensure consistency 
during follow-up testing (T2), the laser timing system was 
used to maintain walking and running speed within ±5% 
of the self-selected speed measured during the baseline 
data collection. Participants wore their own athletic shoes 
and were instructed to wear the same pair of shoes for 
both testing sessions. Testing order was standardized, with 
walking completed first, followed by running. Walking and 
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Figure 1. Schematic illustration of spatiotemporal variable definitions (step length, stride length, stride width,             
and toe angle).    

running testing procedures for the twenty-one participants 
who returned for follow-up reliability testing were identical 
to the baseline testing session. Data was collected and 
processed using ProtoKinetics Movement Analysis Software 
(PKMAS) (ProtoKinetics LLC, Havertown, PA). Right and 
left footfalls (i.e., footstrikes) were automatically labeled by 
PKMAS then confirmed by a research assistant. Variables 
of interest included stride length, stride width, step length, 
step time, stride time, stance time, swing time, percent 
stance phase, percent swing phase, single support time, to
tal double support time, single support percent, total dou
ble support percent, speed, cadence, integrated pressure, 
and toe angle. Single support and double support variables 
were not analyzed for running. 
Figure 1 illustrates each of the four spatial variables 

(stride length, stride width, step length, and toe angle). 
For toe angle, positive values indicate an externally rotated 
foot relative to the direction of progression. As defined by 
PKMAS software, step time and stride time were calculated 
using the first contact of two consecutive contralateral or 
ipsilateral footfalls, respectively. Stance time was defined 
as the time between initial and final contacts for a sin
gle footfall. Swing time was calculated as the difference 
between stride time and stance time. Percentage variables 
were calculated as a percent of one full gait cycle, defined 
as the time between the first contact of two consecutive ip
silateral footfalls (i.e., stride time). Single support time was 
defined as the time during which only one foot is in con
tact with the ground. Total double support time was de
fined as the period during which both feet were in con
tact with the ground during stance phase, including both 
the initial and terminal portions of double support during a 
single gait cycle. Cadence was calculated using the number 
of footfalls divided by the total ambulation time of a sin
gle trial and then converted to steps per minute. Integrated 
pressure was defined as the area under the relative pressure 
curve for a single footfall and was averaged across all foot
falls of the same limb for each trial. 

STATISTICAL ANALYSIS 

SAMPLE SIZE 

An a priori power analysis was conducted using unpub
lished pilot data of 18 healthy, uninjured participants col
lected prior to this study. Each participant completed three 
trials of walking and running along the length of the 
ZenoTM Walkway. Mean and standard deviation (SD) of 
sample SDs for integrated pressure, step length, step width, 
and stance time were calculated for walking (integrated 
pressure: 7.40±1.80; step length: 2.10±0.65 cm; step width: 
2.00±0.50 cm; stance time: 0.015±0.005 sec) and running 
(integrated pressure: 4.70±1.40; step length: 4.70±1.90 cm; 
step width: 2.20±0.70 cm; stance time: 0.012±0.003 sec). 
A total sample size of n=37 was required to achieve at 
least 80% power and a significance level of 0.05 for all gait 
variables during walking and running using an equivalence 
margin of ±20%. To determine test-retest reliability, a sam
ple size of n=17 was determined sufficient to detect intr
aclass correlation of 0.85 (vs. a null intraclass correlation 
coefficient (ICC) of 0.5) with 80% power and a significance 
level of 0.05. 

AIM 1: ASSESSMENT OF ADDITIONAL TRIALS FOR 
MEASUREMENT CONSISTENCY 

Statistical analysis was performed using IBM SPSS Statis
tics 26 (Armonk, NY). Two-way mixed effects intraclass 
correlation coefficients (ICC3,k) were used to assess ab
solute agreement between means of spatiotemporal vari
ables calculated using three, four, or five passes over the 
ZenoTM Walkway.30 ICC values range from 0-1, with higher 
numbers indicating better agreement between variables. 
According to published literature, ICC values less than 0.5 
indicate poor reliability, 0.5-0.75 indicates moderate relia
bility, 0.75-0.9 indicates good reliability, and values > 0.90 
indicate excellent reliability.31 
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AIM 2: ESTABLISHING TEST-RETEST RELIABILITY AND 
MINIMAL DETECTABLE CHANGE 

Two-way mixed effects intraclass correlation coefficients 
(ICC3,1) were used to assess absolute agreement of spa
tiotemporal variable means between testing sessions. For 
both walking and running, the average of each spatiotem
poral variable during the first three trials was used in the 
analysis. MDC was calculated using the sample standard er
ror of the mean (SEM), pooled standard deviation between 
both testing sessions (SDpooled), and ICC3,1: 

The standard error of the mean provides information about 
precision, or repeatability, of a measurement. Bland-Alt
man plots (the difference between sessions vs. the mean 
between sessions) were used to visualize the agreement be
tween sessions for each variable. Bland-Altman plots can be 
used to evaluate the amount of measurement bias. For ex
ample, if the absolute value of the difference between mea
surements tends to be greater than zero, or ±1 MDC in this 
analysis, it would suggest bias in the measurement.32,33 

Limits of agreement were set as ± 1 MDC to visually assess 
the magnitude of difference between measurements and 
observe whether a majority of measurement differences fell 
within the range of the MDC (i.e. would be interpreted as a 
true change or not). 

RESULTS 
AIM 1: ASSESSMENT OF ADDITIONAL TRIALS FOR 
MEASUREMENT CONSISTENCY 

This analysis included data collected in a single testing ses
sion for 38 participants (21 female; age: 24.2±3.5 years). 
During walking, the number of footfalls per trial for a single 
limb for the first three, four, and five one-way trials were 
2.75±0.38, 2.73±0.38, and 2.73±0.39, respectively. During 
running, the number of footfalls for the first three, four, 
and five one-way trials were 1.58±0.49, 1.57±0.49, and 
1.58±0.49, respectively. Mean (SD) values for each spa
tiotemporal variable calculated from all footfalls during ei
ther the first three, four, or five trials are provided in Table 
1 (walking) and Table 2 (running). ICC values ranged from 
0.995-1.000 for all variables during walking and running, 
indicating excellent reliability of spatiotemporal variables 
when using three, four or five passes over the ZenoTM Walk
way. 

AIM 2: ESTABLISHING TEST-RETEST RELIABILITY AND 
MINIMAL DETECTABLE CHANGE 

The mean of the first three trials for each spatiotemporal 
variable was used to assess test-retest reliability. Table 3 
(walking) and Table 4 (running) show mean, ICC, and MDC 
values for each spatiotemporal variable. Bland-Altman 
plots of the mean value between T1 and T2 vs. the differ
ence between T1 and T2 for stride length, stride width, step 
time, and step length are provided in Figure 2 (walking) and 

Figure 3 (running). Bland Altman plots for the remaining 
variables are available in Appendices A and B. 
ICC values during walking ranged from 0.732-0.982. 

Variables with excellent test-retest reliability (ICC > 0.90) 
during walking on the ZenoTM Walkway were step length, 
stride length, step time, stride time, stance time, integrated 
pressure, toe angle, speed, and cadence. Variables with 
good reliability (ICC 0.75-0.90) were swing time, percent 
stance, percent swing, single support time, double support 
time, single support percent, and double support percent. 
Stride width (ICC=0.732) was the least reliable variable and 
the only walking variable with moderate reliability (ICC 
0.5-0.75). 
For running, ICC values ranged from 0.683-0.939. Vari

ables with excellent test-retest reliability during running on 
the ZenoTM Walkway included step length, stride length, 
integrated pressure, and speed. Variables with good relia
bility included stride width, step time, stride time, percent 
stance, percent swing, and toe angle. Variables with mod
erate reliability during running included stance time, swing 
time, and cadence. No variables demonstrated poor test-
retest reliability during running. 

DISCUSSION 

The purposes of this study were to 1) determine if up to 
two additional trials of walking and running on the ZenoTM 

Walkway are needed to produce consistent measurements 
of spatiotemporal variables, and 2) establish test-retest re
liability and MDC values for common spatiotemporal vari
ables measured during walking and running. The results 
of the first aim suggest that three one-way passes over 
the walkway are sufficient to collect reliable walking and 
running data in young, active individuals, when compared 
with using four or five one-way passes. This information 
can serve as a guideline for efficient and effective use of 
a ZenoTM Walkway in clinical and research settings. Fewer 
trials may reduce patient or participant fatigue and the bur
den of time on both the patient and clinician/researcher 
collecting the data. 
Use of the ZenoTM Walkway and other instrumented 

pressure walkways has historically been limited to older 
adults or populations with known gait pattern abnormali
ties. The results of this study support its use in younger, 
more active populations and with higher-level movements 
like running. The use of pressure walkways with these 
movements would allow a deeper understanding of running 
without the time and cost of three-dimensional motion 
capture. Results from the second aim demonstrate that the 
ZenoTM Walkway is a reliable measurement tool for spa
tiotemporal characteristics of walking and running in a rel
atively young (15-35 years old) population, with most vari
ables showing good to excellent reliability. Stride width, 
percent stance, and percent swing were the least reliable 
variables during walking with ICCs of 0.732-0.766, although 
they still show moderate to good reliability when measured 
by a ZenoTM Walkway. Although these values showed lower 
ICCs, they each demonstrated relatively small magnitude 
SEMs, supporting the precision and reliability of the mea
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Table 1. Descriptive statistics for spatiotemporal variables during walking as measured using three, four, or five               
one-way passes over the Zeno    TM  Walkway. Spatiotemporal values are presented as mean (SD).         

Number of Walking Trials 
ICC3,k (95% CI) 

Variable 3 4 5 

Stride Length (cm) 156.86 (12.09) 156.81 (12.05) 156.82 (12.27) 0.999 (0.999-1.000) 

Stride Width (cm) 9.48 (2.94) 9.52 (2.93) 9.60 (2.88) 0.997 (0.996-0.999) 

Step Length (cm) 78.46 (6.17) 78.46 (6.19) 78.44 (6.29) 0.999 (0.998-0.999) 

Step Time (sec.) 0.53 (0.04) 0.53 (0.03) 0.53 (0.03) 0.999 (0.998-0.999) 

Stride Time (sec.) 1.05 (0.07) 1.05 (0.06) 1.05 (0.06) 0.999 (0.998-1.000) 

Stance Time (sec.) 0.66 (0.05) 0.66 (0.05) 0.66 (0.05) 0.999 (0.999-1.000) 

Swing Time (sec.) 0.40 (0.02) 0.40 (0.02) 0.40 (0.02) 0.998 (0.996-0.999) 

% Stance (% gait cycle) 62.08 (1.27) 62.11 (1.27) 62.10 (1.25) 0.997 (0.995-0.999) 

% Swing (% gait cycle) 37.92 (1.27) 37.89 (1.27) 37.91 (1.25) 0.997 (0.996-0.999) 

Single Support Time (sec.) 0.40 (0.02) 0.40 (0.02) 0.40 (0.02) 0.998 (0.996-0.999) 

Double Support Time (sec.) 0.26 (0.04) 0.26 (0.04) 0.26 (0.04) 0.999 (0.998-0.999) 

Single Support (% gait cycle) 38.02 (1.41) 38.01 (1.41) 38.00 (1.41) 0.998 (0.997-0.999) 

Double Support (% gait cycle) 24.14 (2.53) 24.18 (2.52) 24.17 (2.52) 0.999 (0.998-0.999) 

Integrated Pressure (p x sec.) 99.62 (23.28) 99.52 (23.12) 99.56 (23.18) 1.000 (1.000-1.000) 

Toe Angle (degrees) 4.05 (4.29) 4.00 (4.27) 3.99 (4.18) 0.999 (0.998-0.999) 

Speed (cm/sec) 149.55 (15.85) 149.33 (15.50) 149.29 (15.57) 0.999 (0.999-1.000) 

Cadence (steps/min) 114.32 (6.85) 114.18 (6.75) 114.12 (6.68) 0.999 (0.998-0.999) 

Intraclass correlation coefficient (ICC3,k) values indicate absolute agreement of spatiotemporal variables. ICC, intraclass correlation coefficient; CI, confidence interval; cm, centime
ters; sec, seconds; %, percentage; p x sec, pressure times seconds; min, minute. 

Table 2. Descriptive statistics for spatiotemporal variables during running as measured using 3, 4, or 5 one-way                
passes over the Zeno   TM  Walkway. Spatiotemporal values are presented as mean (SD).         

Number of Running Trials 
ICC3,k (95% CI) 

Variable 3 4 5 

Stride Length (cm) 236.17 (33.98) 236.59 (33.97) 236.82 (33.98) 0.999 (0.999-1.000) 

Stride Width (cm) 5.12 (4.43) 5.07 (4.32) 5.13 (4.30) 0.998 (0.997-0.999) 

Step Length (cm) 118.06 (17.27) 118.41 (17.31) 118.43 (17.27) 0.999 (0.999-1.000) 

Step Time (sec.) 0.38 (0.02) 0.38 (0.02) 0.38 (0.02) 0.998 (0.997-0.999) 

Stride Time (sec.) 0.76 (0.05) 0.76 (0.05) 0.76 (0.05) 0.999 (0.999-1.000) 

Stance Time (sec.) 0.28 (0.04) 0.28 (0.04) 0.28 (0.04) 0.999 (0.999-1.000) 

Swing Time (sec.) 0.48 (0.04) 0.48 (0.04) 0.48 (0.04) 0.999 (0.998-0.999) 

% Stance (% gait cycle) 36.23 (4.15) 36.24 (4.15) 36.37 (4.06) 0.999 (0.998-0.999) 

% Swing (% gait cycle) 63.81 (4.14) 63.79 (4.14) 63.64 (4.06) 0.999 (0.998-0.999) 

Integrated Pressure (p x sec.) 65.23 (14.70) 65.26 (14.76) 65.33 (14.77) 1.000 (0.999-1.000) 

Toe Angle (degrees) 2.72 (5.37) 2.59 (5.46) 2.52 (5.48) 0.999 (0.998-0.999) 

Speed (cm/sec) 313.60 (49.49) 314.11 (49.78) 314.27 (49.90) 1.000 (0.999-1.000) 

Cadence (steps/min) 159.78 (10.06) 159.30 (9.90) 159.31 (9.93) 0.995 (0.992-0.997) 

Intraclass correlation coefficient (ICC3,k) values indicate absolute agreement of spatiotemporal variables. ICC, intraclass correlation coefficient; CI, confidence interval; cm, centime
ters; sec, seconds; %, percentage; p x sec, pressure times seconds; min, minute. 

surements.34 Participants in this trial demonstrated com
parable walking gait parameters to previously published 
data collected on the ZenoTM Walkway in samples of a sim
ilar age range.9 Minimal detectable change values indicate 
the amount of expected variability between testing ses

sions for each variable during walking or running. Varia
tions larger than the MDC indicate true changes in gait pat
tern. The MDC values reported in this study are unique to 
the ZenoTM Walkway and may be useful in clinical and re
search settings to discern subtle but legitimate changes in 
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Table 3. Descriptive and reliability statistics during (a) walking and (b) running using three one-way passes over                
the Zeno TM  Walkway at T1 and T2. Symbols indicate excellent, good, or moderate reliability.             

T1 
Mean 

T2 
Mean 

SDpooled ICC3,1 (95% CI) SEM 
MDC 
(95%) 

Stride Length (cm) 156.54 156.79 13.37 0.939 (0.856-0.975)* 3.30 9.15 

Stride Width (cm) 9.46 9.86 2.22 0.732 (0.456-0.881)‡ 1.15 3.18 

Step Time (sec.) 0.52 0.52 0.03 0.929 (0.832-0.970)* 0.01 0.02 

Step Length (cm) 78.16 78.40 6.97 0.908 (0.787-0.961)* 2.11 5.86 

Stride Time (sec.) 1.04 1.04 0.06 0.925 (0.824-0.969)* 0.02 0.04 

Stance Time (sec.) 0.65 0.65 0.04 0.920 (0.815-0.966)* 0.01 0.03 

Swing Time (sec.) 0.39 0.39 0.02 0.861 (0.688-0.941)† 0.01 0.02 

% Stance (% gait cycle) 62.27 62.15 1.25 0.755 (0.489-0.893)† 0.62 1.72 

% Swing (% gait cycle) 37.74 37.88 1.24 0.766 (0.511-0.897)† 0.60 1.67 

Single Support Time (sec.) 0.40 0.39 0.02 0.850 (0.670-0.936)† 0.01 0.02 

Double Support Time (sec.) 0.25 0.25 0.03 0.874 (0.715-0.947)† 0.01 0.03 

Single Support (% gait cycle) 38.03 37.78 1.28 0.796 (0.568-0.911)† 0.58 1.61 

Double Support (% gait 
cycle) 

24.30 24.37 2.39 0.809 (0.586-0.918)† 1.05 2.90 

Integrated Pressure (p x sec.) 95.98 95.74 19.31 0.982 (0.957-0.993)* 2.59 7.18 

Toe Angle (degrees) 3.60 3.69 3.44 0.923 (0.820-0.968)* 0.95 2.65 

Speed (cm/sec) 150.77 151.66 16.98 0.928 (0.832-0.970)* 4.56 12.63 

Cadence (steps/min) 115.47 115.87 6.07 0.904 (0.780-0.960* 1.88 5.21 

T1, baseline timepoint; T2, follow-up timepoint; SDpooled , pooled standard deviation; ICC, intraclass correlation coefficient; CI, Confidence Interval; SEM, standard error of the 
mean; MDC, minimal detectable change; cm, centimeters; sec, seconds; %, percentage; p x sec, pressure times seconds; min, minute. *Excellent, †Good, ‡Moderate.31 

Table 4. Descriptive and reliability statistics during running using three one-way passes over the Zeno            TM  

Walkway at T1 and T2. Symbols indicate excellent, good, or moderate reliability.             

T1 
Mean 

T2 
Mean 

SDpooled ICC3,1 (95% CI) SEM 
MDC 
(95%) 

Stride Length (cm) 248.12 248.31 32.58 0.928 (0.832-0.970)* 8.74 24.24 

Stride Width (cm) 5.38 5.39 4.56 0.879 (0.726-0.949)† 1.66 4.61 

Step Time (sec.) 0.37 0.37 0.02 0.731 (0.445-0.881)‡ 0.01 0.03 

Step Length (cm) 124.29 123.97 16.58 0.934 (0.844-0.972)* 4.26 11.81 

Stride Time (sec.) 0.74 0.74 0.05 0.761 (0.495-0.896)† 0.02 0.06 

Stance Time (sec.) 0.26 0.27 0.04 0.694 (0.392-0.862)‡ 0.02 0.06 

Swing Time (sec.) 0.48 0.48 0.04 0.708 (0.410-0.870)‡ 0.02 0.05 

% Stance (% gait cycle) 34.99 35.39 3.02 0.817 (0.608-0.921)† 1.29 3.58 

% Swing (% gait cycle) 65.05 64.61 3.01 0.820 (0.614-0.922)† 1.28 3.54 

Integrated Pressure (p x 
sec.) 

62.24 62.39 12.64 0.968 (0.923-0.987)* 2.26 6.27 

Toe Angle (degrees) 2.03 1.63 5.68 0.761 (0.497-0.896)† 2.78 7.77 

Speed (cm/sec) 335.30 336.47 45.87 0.985 (0.964-0.994)* 5.62 15.57 

Cadence (steps/min) 162.52 163.52 10.68 0.679 (0.358-0.856)‡ 6.05 16.78 

T1, baseline timepoint; T2, follow-up timepoint; SDpooled , pooled standard deviation; ICC, intraclass correlation coefficient; CI, Confidence Interval; SEM, standard error of the 
mean; MDC, minimal detectable change; cm, centimeters; sec, seconds; %, percentage; p x sec, pressure times seconds; min, minute. *Excellent, †Good, ‡Moderate.31 

gait parameters longitudinally or in response to interven
tion that would not otherwise be perceived. Further inves
tigation is needed to determine whether these MDC values 
correspond to clinically-meaningful changes in spatiotem
poral characteristics of walking and running. 

This is the first study to quantify spatiotemporal para
meters of running when using the ZenoTM Walkway. All 
spatiotemporal variables included in this analysis showed 
moderate to excellent test-retest reliability during running. 
Temporal variables including cadence, stride time, step 
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Figure 2. Sample Bland-Altman plots for spatiotemporal variables during walking.         
The dashed red lines and shaded areas indicate limits of agreement equal to ±1 MDC. The dashed black line indicates the mean difference for all participants between the first and 
second testing sessions. The solid black line is included as a reference and indicates no difference between testing sessions. Plots for all variables are available in Appendix A. T1, 
baseline timepoint; T2, follow-up timepoint; cm, centimeters; sec, seconds 

time, and stance time were the least reliable with ICCs 
ranging from 0.683-0.771. In general, reliability decreased 
during running compared to walking. This reduction in reli
ability during running could be a result of measurement er
ror at higher velocities. Despite showing reduced reliability, 
differences in measured spatiotemporal variables between 
sessions may still fall within the range of normal variability 
and not affect the larger goal of assessing for clinically-rel
evant changes in running characteristics. 
Limitations of this study include the narrow inclusion 

criteria such that results may only be generalized to young, 
active individuals and not to older, active adults and seden
tary young people. Future studies should aim to assess the 
reliability of specific high-level movements like hopping to 
increase the utility of the ZenoTM Walkway for young, ath
letic populations. 

CONCLUSION 

The findings of this study recommend a reliable measure
ment protocol of three one-way passes over the ZenoTM 

Walkway for assessment of walking or running. During both 
tasks, spatiotemporal variables of gait show moderate to 
excellent test-retest reliability when measured at least one 
day apart. The ZenoTM Walkway is a reliable measurement 
tool for gait analysis and can be used in the assessment and 

management of young, active populations without neuro
musculoskeletal impairment or injury. 
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Figure 3. Sample Bland-Altman plots for spatiotemporal variables during running.         
The dashed red lines and shaded areas indicate limits of agreement equal to ±1 MDC. The dashed black line indicates the mean difference for all participants between the first and 
second testing sessions. The solid black line is included as a reference and indicates no difference between testing sessions. Plots for all variables are available in Appendix B. T1, 
baseline timepoint; T2, follow-up timepoint; cm, centimeters; sec, seconds 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-NC-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre

ativecommons.org/licenses/by-nc/4.0/legalcode for more information. 

Reliability of an Instrumented Pressure Walkway for Measuring Walking and Running Characteristics in Yo…

International Journal of Sports Physical Therapy

https://ijspt.scholasticahq.com/article/94606-reliability-of-an-instrumented-pressure-walkway-for-measuring-walking-and-running-characteristics-in-young-athletic-individuals/attachment/198497.png


REFERENCES 

1. Brach JS, Studenski S, Perera S, VanSwearingen JM, 
Newman AB. Stance time and step width variability 
have unique contributing impairments in older 
persons. Gait Posture. 2008;27(3):431-439. doi:10.101
6/j.gaitpost.2007.05.016 

2. Roche B, Simon AL, Guilmin-Crépon S, et al. Test-
retest reliability of an instrumented electronic 
walkway system (GAITRite) for the measurement of 
spatio-temporal gait parameters in young patients 
with Friedreich’s ataxia. Gait Posture. 2018;66:45-50. 
doi:10.1016/j.gaitpost.2018.08.017 

3. Guo G, Guffey K, Chen W, Pergami P. Classification 
of normal and pathological gait in young children 
based on foot pressure data. Neuroinformatics. 
2017;15(1):13-24. doi:10.1007/s12021-016-9313-x 

4. Monticone M, Ambrosini E, Fiorentini R, et al. 
Reliability of spatial–temporal gait parameters 
during dual-task interference in people with multiple 
sclerosis. A cross-sectional study. Gait Posture. 
2014;40(4):715-718. doi:10.1016/j.gaitpost.2014.06.0
15 

5. Song M, Lieberman A, Fife T, et al. A prospective 
study on gait dominant normal pressure 
hydrocephalus. Acta Neurol Scand. 
2019;139(4):389-394. doi:10.1111/ane.13064 

6. Virmani T, Gupta H, Shah J, Larson-Prior L. 
Objective measures of gait and balance in healthy 
non-falling adults as a function of age. Gait Posture. 
2018;65:100-105. doi:10.1016/j.gaitpost.2018.07.167 

7. Urquhart DM, Morris ME, Iansek R. Gait 
consistency over a 7-day interval in people with 
Parkinson’s disease. Arch Phys Med Rehabil. 
1999;80(6):696-701. doi:10.1016/s0003-9993(99)9017
5-2 

8. Hausdorff JM, Rios DA, Edelberg HK. Gait 
variability and fall risk in community-living older 
adults: a 1-year prospective study. Arch Phys Med 
Rehabil. 2001;82(8):1050-1056. doi:10.1053/apmr.200
1.24893 

9. McKay MJ, Baldwin JN, Ferreira P, et al. 
Spatiotemporal and plantar pressure patterns of 1000 
healthy individuals aged 3–101 years. Gait Posture. 
2017;58:78-87. doi:10.1016/j.gaitpost.2017.07.004 

10. Verlinden VJA, van der Geest JN, Hoogendam YY, 
Hofman A, Breteler MMB, Ikram MA. Gait patterns in 
a community-dwelling population aged 50 years and 
older. Gait Posture. 2013;37(4):500-505. doi:10.1016/
j.gaitpost.2012.09.005 

11. Herssens N, Verbecque E, Hallemans A, Vereeck L, 
Van Rompaey V, Saeys W. Do spatiotemporal 
parameters and gait variability differ across the 
lifespan of healthy adults? A systematic review. Gait 
Posture. 2018;64:181-190. doi:10.1016/j.gaitpost.201
8.06.012 

12. Hars M, Herrmann FR, Trombetti A. Reliability 
and minimal detectable change of gait variables in 
community-dwelling and hospitalized older fallers. 
Gait Posture. 2013;38(4):1010-1014. doi:10.1016/j.gait
post.2013.05.015 

13. Marigold DS, Patla AE. Age-related changes in 
gait for multi-surface terrain. Gait Posture. 
2008;27(4):689-696. doi:10.1016/j.gaitpost.2007.09.00
5 

14. Paterson KL, Lythgo ND, Hill KD. Gait variability 
in younger and older adult women is altered by 
overground walking protocol. Age Ageing. 
2009;38(6):745-748. doi:10.1093/ageing/afp159 

15. Kirkland MC, Wadden KP, Ploughman M. Bipedal 
hopping as a new measure to detect subtle 
sensorimotor impairment in people with multiple 
sclerosis. Disabil Rehabil. 2022;44(8):1544-1555. doi:1
0.1080/09638288.2020.1820585 

16. Vallabhajosula S, Humphrey SK, Cook AJ, Freund 
JE. Concurrent validity of the Zeno Walkway for 
measuring spatiotemporal gait parameters in older 
adults. J Geriatr Phys Ther. 2019;42(3):E42-E50. doi:1
0.1519/jpt.0000000000000168 

17. Hollman JH, McDade EM, Petersen RC. Normative 
spatiotemporal gait parameters in older adults. Gait 
Posture. 2011;34(1):111-118. doi:10.1016/j.gaitpost.2
011.03.024 

18. Chen A, Kirkland MC, Wadden KP, Wallack EM, 
Ploughman M. Reliability of gait and dual-task 
measures in multiple sclerosis. Gait Posture. 
2020;78:19-25. doi:10.1016/j.gaitpost.2020.03.004 

19. Paterson KL, Hill KD, Lythgo ND, Maschette W. 
The reliability of spatiotemporal gait data for young 
and older women during continuous overground 
walking. Arch Phys Med Rehabil. 
2008;89(12):2360-2365. doi:10.1016/j.apmr.2008.06.0
18 

20. Besser M, Kmieczak K, Schwartz L, Snyderman M, 
Wasko J, Selby-Silverstein L. Representation of 
temporal spatial gait parameters using means in 
adults without impairment. Gait Posture. 1999;9:113. 

Reliability of an Instrumented Pressure Walkway for Measuring Walking and Running Characteristics in Yo…

International Journal of Sports Physical Therapy

https://doi.org/10.1016/j.gaitpost.2007.05.016
https://doi.org/10.1016/j.gaitpost.2007.05.016
https://doi.org/10.1016/j.gaitpost.2018.08.017
https://doi.org/10.1007/s12021-016-9313-x
https://doi.org/10.1016/j.gaitpost.2014.06.015
https://doi.org/10.1016/j.gaitpost.2014.06.015
https://doi.org/10.1111/ane.13064
https://doi.org/10.1016/j.gaitpost.2018.07.167
https://doi.org/10.1016/s0003-9993(99)90175-2
https://doi.org/10.1016/s0003-9993(99)90175-2
https://doi.org/10.1053/apmr.2001.24893
https://doi.org/10.1053/apmr.2001.24893
https://doi.org/10.1016/j.gaitpost.2017.07.004
https://doi.org/10.1016/j.gaitpost.2012.09.005
https://doi.org/10.1016/j.gaitpost.2012.09.005
https://doi.org/10.1016/j.gaitpost.2018.06.012
https://doi.org/10.1016/j.gaitpost.2018.06.012
https://doi.org/10.1016/j.gaitpost.2013.05.015
https://doi.org/10.1016/j.gaitpost.2013.05.015
https://doi.org/10.1016/j.gaitpost.2007.09.005
https://doi.org/10.1016/j.gaitpost.2007.09.005
https://doi.org/10.1093/ageing/afp159
https://doi.org/10.1080/09638288.2020.1820585
https://doi.org/10.1080/09638288.2020.1820585
https://doi.org/10.1519/jpt.0000000000000168
https://doi.org/10.1519/jpt.0000000000000168
https://doi.org/10.1016/j.gaitpost.2011.03.024
https://doi.org/10.1016/j.gaitpost.2011.03.024
https://doi.org/10.1016/j.gaitpost.2020.03.004
https://doi.org/10.1016/j.apmr.2008.06.018
https://doi.org/10.1016/j.apmr.2008.06.018


21. Parati M, Ambrosini E, De Maria B, et al. The 
reliability of gait parameters captured via 
instrumented walkways: a systematic review and 
meta-analysis. Eur J Phys Rehabil Med. 
2022;58(3):363-377. doi:10.23736/s1973-9087.22.070
37-x 

22. Cutlip RG, Mancinelli C, Huber F, DiPasquale J. 
Evaluation of an instrumented walkway for 
measurement of the kinematic parameters of gait. 
Gait Posture. 2000;12(2):134-138. doi:10.1016/s096
6-6362(00)00062-x 

23. Ade V, Schalkwijk D, Psarakis M, et al. Between 
session reliability of heel-to-toe progression 
measurements in the stance phase of gait. PLOS ONE. 
2018;13(7):e0200436. doi:10.1371/journal.pone.0200
436 

24. McDonough AL, Batavia M, Chen FC, Kwon S, Ziai 
J. The validity and reliability of the GAITRite 
system’s measurements: A preliminary evaluation. 
Arch Phys Med Rehabil. 2001;82(3):419-425. doi:10.10
53/apmr.2001.19778 

25. van Uden CJT, Besser MP. Test-retest reliability of 
temporal and spatial gait characteristics measured 
with an instrumented walkway system (GAITRite®). 
BMC Musculoskel Disord. 2004;5:13. doi:10.1186/147
1-2474-5-13 

26. Bilney B, Morris M, Webster K. Concurrent related 
validity of the GAITRite® walkway system for 
quantification of the spatial and temporal parameters 
of gait. Gait Posture. 2003;17(1):68-74. doi:10.1016/s0
966-6362(02)00053-x 

27. Menz HB, Latt MD, Tiedemann A, Mun San Kwan 
M, Lord SR. Reliability of the GAITRite® walkway 
system for the quantification of temporo-spatial 
parameters of gait in young and older people. Gait 
Posture. 2004;20(1):20-25. doi:10.1016/s0966-6362(0
3)00068-7 

28. Stergiou N, Decker LM. Human movement 
variability, nonlinear dynamics, and pathology: is 
there a connection? Hum Mov Sci. 
2011;30(5):869-888. doi:10.1016/j.humov.2011.06.00
2 

29. Grindem H, Eitzen I, Snyder-Mackler L, Risberg 
MA. Online registration of monthly sports 
participation after anterior cruciate ligament injury: 
a reliability and validity study. Br J Sports Med. 
2014;48(9):748-753. doi:10.1136/bjsports-2012-0920
75 

30. Shrout PE, Fleiss JL. Intraclass correlations: uses 
in assessing rater reliability. Psychol Bull. 
1979;86(2):420-428. doi:10.1037/0033-2909.86.2.420 

31. Koo TK, Li MY. A guideline of selecting and 
reporting intraclass correlation coefficients for 
reliability research. J Chiropr Med. 
2016;15(2):155-163. doi:10.1016/j.jcm.2016.02.012 

32. Giavarina D. Understanding Bland Altman 
analysis. Biochem Med. 2015;25(2):141-151. doi:10.11
613/bm.2015.015 

33. Hergott CG, Bolgla LA, Waller JL, et al. TUG-10: A 
modification of the timed up and go test for aerobic 
assessment in older adults. Cardiopulm Phys Ther J. 
2022;33(4):157-165. doi:10.1097/cpt.00000000000002
02 

34. Denegar CR, Ball DW. Assessing the reliability 
and precision of measurement: an introduction to 
intraclass correlation and standard error of 
measurement. J Sport Rehabil. 1993;2(1):35-42. doi:1
0.1123/jsr.2.1.35 

Reliability of an Instrumented Pressure Walkway for Measuring Walking and Running Characteristics in Yo…

International Journal of Sports Physical Therapy

https://doi.org/10.23736/s1973-9087.22.07037-x
https://doi.org/10.23736/s1973-9087.22.07037-x
https://doi.org/10.1016/s0966-6362(00)00062-x
https://doi.org/10.1016/s0966-6362(00)00062-x
https://doi.org/10.1371/journal.pone.0200436
https://doi.org/10.1371/journal.pone.0200436
https://doi.org/10.1053/apmr.2001.19778
https://doi.org/10.1053/apmr.2001.19778
https://doi.org/10.1186/1471-2474-5-13
https://doi.org/10.1186/1471-2474-5-13
https://doi.org/10.1016/s0966-6362(02)00053-x
https://doi.org/10.1016/s0966-6362(02)00053-x
https://doi.org/10.1016/s0966-6362(03)00068-7
https://doi.org/10.1016/s0966-6362(03)00068-7
https://doi.org/10.1016/j.humov.2011.06.002
https://doi.org/10.1016/j.humov.2011.06.002
https://doi.org/10.1136/bjsports-2012-092075
https://doi.org/10.1136/bjsports-2012-092075
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.11613/bm.2015.015
https://doi.org/10.11613/bm.2015.015
https://doi.org/10.1097/cpt.0000000000000202
https://doi.org/10.1097/cpt.0000000000000202
https://doi.org/10.1123/jsr.2.1.35
https://doi.org/10.1123/jsr.2.1.35


SUPPLEMENTARY MATERIALS 

Appendix A   
Download: https://ijspt.scholasticahq.com/article/94606-reliability-of-an-instrumented-pressure-walkway-for-
measuring-walking-and-running-characteristics-in-young-athletic-individuals/attachment/198489.docx 

Appendix B   
Download: https://ijspt.scholasticahq.com/article/94606-reliability-of-an-instrumented-pressure-walkway-for-
measuring-walking-and-running-characteristics-in-young-athletic-individuals/attachment/198490.docx 

Reliability of an Instrumented Pressure Walkway for Measuring Walking and Running Characteristics in Yo…

International Journal of Sports Physical Therapy

https://ijspt.scholasticahq.com/article/94606-reliability-of-an-instrumented-pressure-walkway-for-measuring-walking-and-running-characteristics-in-young-athletic-individuals/attachment/198489.docx
https://ijspt.scholasticahq.com/article/94606-reliability-of-an-instrumented-pressure-walkway-for-measuring-walking-and-running-characteristics-in-young-athletic-individuals/attachment/198489.docx
https://ijspt.scholasticahq.com/article/94606-reliability-of-an-instrumented-pressure-walkway-for-measuring-walking-and-running-characteristics-in-young-athletic-individuals/attachment/198490.docx
https://ijspt.scholasticahq.com/article/94606-reliability-of-an-instrumented-pressure-walkway-for-measuring-walking-and-running-characteristics-in-young-athletic-individuals/attachment/198490.docx

	Reliability of an Instrumented Pressure Walkway for Measuring Walking and Running Characteristics in Young, Athletic Individuals
	Background
	Purpose
	Study Design
	Methods
	Results
	Conclusion
	Level of Evidence
	INTRODUCTION
	METHODS
	Instrumentation
	Walking and Running Testing
	Statistical Analysis
	Sample Size
	Aim 1: Assessment of Additional Trials for Measurement Consistency
	Aim 2: Establishing Test-Retest Reliability and Minimal Detectable Change

	RESULTS
	Aim 1: Assessment of Additional Trials for Measurement Consistency
	Aim 2: Establishing Test-Retest Reliability and Minimal Detectable Change

	DISCUSSION
	CONCLUSION
	Conflicts of interest
	Funding

	References
	Supplementary Materials

