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Background and Purpose: Gait deviations in individuals after incomplete spinal cord injury (ISCI) that are quantified using
spatiotemporal (ST) parameters are often targeted during therapeutic interventions. The purpose of our study was to establish
reliability and responsiveness of ST parameters of gait after ISCI using an instrumented walkway (GaitMat I1). Methods: Sixteen
individuals with ISCI participated in the study. Each subject completed at least 2 walking trials at self-selected (SS) walking speed.
Intraclass correlation coefficients model 2, 1 (ICC2,1) with 95% confidence intervals (Cls), standard error of measurement (SEM),
SEM percent change (SEM%), the minimal detectable change (MDC), and the MDC percent change (MDC%) were determined for
8 ST parameters including step length, single limb support, and double limb support time for the more and less impaired limb,
cadence, and speed. Results: Excellent test-retest agreement (0.84-0.99) was observed in all ST parameters. SEM% ranged from
8% to 29%, while MDC% ranged from 21% (cadence) to 80% (double limb support time). MDC% values were relatively higher
(5-12 MDC%) for the more versus less impaired limb. Discussion: SEM% results indicate that small to moderate changes were
needed fo indicate a real change in walking performance. Differences in MDC% values between limbs indicated that variability
in parameters might be sensitive fo level of motor impairment. Conclusion: In individuals with ISCI, different gait, balance, or
strength training programs can be compared and contrasted based on a quantifiable and meaningful change in the ST parameter
of interest. Key words: gait, intraclass correlation coefficient, measurement, minimal detectable change, spinal cord injury

fter incomplete spinal cord injury (ISCI),
some individuals are able to ambulate
independently, although they often present
with reduced gait speeds, asymmetrical stepping
patterns, and poor balance.! Gait deviations
in these individuals are often quantified using
spatiotemporal (ST) parameters, and therapeutic
interventions are targeted at improving these
measures.” To assess the efficacy of clinical
interventions, it is imperative to identify and
accurately measure initial ST parameters of gait
and their alterations following interventions.’
Development of instrumented walkways
that can rapidly measure ST gait parameters
eliminates the need for manual assessment, thereby
decreasing the likelihood of random human error.*
Intrarater and test-retest reliability have been
established with walkways such as the Gaitrite
(CIR Systems, Inc, Havertown, Pennsylvania) and
GaitMat II (EQ, Inc, Chalfont, Pennsylvania) in
several neurological populations, but not yet in
individuals with ISCL.*® These individuals have

a range of neuromuscular impairments leading
to marked variability in gait deviations, which
necessitates independent investigation.'

In addition to issues of reliability of ST
parameters, investigators have recently directed
attention to estimating how changes in various gait
parameters indicate clinically relevant differences
in walking ability.” Currently, identifying clinically
relevant changes in walking function is often a
matter of subjective interpretation for clinicians
and researchers and lacks objective definition
and quantification. Detailed assessment of the
reproducibility of ST parameters of gait, by
examining relative and absolute reliability of these
measures, will help identify the parameters that are
invariant from one test occasion to another versus
those that are amenable to change with repeated
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measurement. Relative reliability, which examines
the relationship between multiple repeated
measurements, can be obtained by calculating the
intraclass correlation coefficient (ICC). Absolute
reliability, which describes the within-subject
variability attributable to repeated measures, is
estimated by calculating the standard error of
measurement (SEM). The SEM then can be used
to obtain the minimal detectable change (MDC)
defined as the minimal amount of change that is
required to distinguish a true performance change
from a change due to variability in performance or
measurement error.

Other researchers have investigated the MDC
in various neurological populations performing
specific upper and lower extremity tasks.® Such
data provide a foundation for identifying the
minimal thresholds of alterations in motor activity
with recovery following neurological injury or
following a specific intervention. Determination of
the MDC will therefore improve the interpretation
of the relative changes observed in specific ST
parameters and allow the clinician to draw more
definitive conclusions regarding the clinical
importance of a change post intervention in
individuals with ISCI.

The purpose of this study was 2-fold. First, we
wished to assess test-retest reliability, SEM, and
SEM percent change (SEM%) of clinically relevant
ST gait parameters in persons with ISCI using the
GaitMat II. Our second goal was to determine
MDC and MDC percent change (MDC%) in
each ST parameter.” The SEM estimates the
measurement error across repeated measurements
for a group of individuals, while the SEM%
indicates measurement error independent of the
units of measurement. Similarly, the MDC and
MDC% quantify responsiveness of the GaitMat II
and provide the absolute and relative magnitude
of change necessary to exceed the measurement
error of 2 or more repeated measures at a
specified confidence interval (CI).” We focused on
commonly studied ST parameters for persons
with ISCI, such as step length, cadence, speed,
and single limb support and double limb support
time with additional emphasis placed on gait
speed, which is a commonly reported outcome
measure.'”"? Clinicians may use this information

to distinguish a true performance change from an
observed change due to variability in performance
or measurement error.'*"

Method

Participants

Sixteen adults with ISCI (3 women, mean age 41
+ 11 years; 3-88 months post injury) participated
in the study. Inclusion criteria for subjects included
(1) age of 18 years or older; (2) diagnosis of first-
time SCI, including etiology from trauma, vascular,
or orthopedic pathology at cervical or thoracic
levels; (3) 3 months post SCI; (4) SCI defined by the
American Spinal Injury Association Impairment
Scale (AIS) as category C or D; (5) medically stable
condition; (6) documented medical approval from
the subject’s personal physician; (7) ability to
ambulate at least 10 ft with or without an assistive
device (and/or contact guard); (8) minimum of
30 minutes (total) each day spent standing or
walking; and (9) ability to give informed consent.
Exclusion criteria for subjects included (1) current
participation in a rehabilitation program or
another research protocol that could interfere
with the outcome measures of our study and
(2) history of congenital SCI or other degenerative
spinal disorders. Subject demographics are listed
in Table 1. The study protocol was approved by
the University of Florida and the Northwestern
University Institutional Review Board. All subjects
provided informed consent prior to participation.

Procedure

Each subject completed at least 2 walking trials
over the GaitMat II at self-selected (SS) walking
speed. To maintain steady-state gait speed, subjects
began and stopped walking approximately 2 to 3
ft from the ends of the walking platform. Subjects
were guarded during walking trials if safety was a
concern, and they were provided a rest break in
between trials as needed. To estimate test-retest
reliability, the testing procedure was repeated
after 1 to 2 weeks. A blinded physical therapist
(PT) analyzed the data as described previously. >
To further examine the influence of impairment
severity on the ST parameters, the selected gait



Table 1. Subject characteristics
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Time since

More impaired

Subject Sex/Age, years injury, months AIS side Assistive device used
1 M/43 35 D L RPW
2 M/23 84 D R Bilateral Loftstrand
Crutches
3 M/55 3 D R RW + AFO
4 F/46 10 D L Cane + AFO
5 F/23 20 C R RPW + AFO
6 M/21 12 D R None
7 M/42 88 D L None
8 M/52 4 D R SBQC
9 M/48 21 D L SC
10 M/51 3 C L None
11 M/37 8 D R Walker
12 M/45 5 D L Walker
13 M/58 28 D L Walker + Bilateral AFO
14 M/36 3 D R SC
15 F/43 9 D L None
16 M/47 8 D L SC

Note: AIS = American Spinal Injury Association Impairment Scale; RPW = rolling platform walker; RW = rolling walker; AFO = ankle foot
orthosis; SBQC = small base quad cane; SC = straight cane; M = male, F = female, R = right, L = left.

parameters (step length, single and double limb
support time) were grouped according to the more
and less involved limb based on lower extremity
motor scores (LEMS).

Statistical analyses

Test-retest reliability, a measure of relative
reliability, was estimated using the intraclass
correlation coefficients model 2,1 (ICCSZ’I) for the
ST parameters of gait. A 95% confidence interval
(95% CI) was constructed around the ICC,
point estimate for each parameter. To interpret
ICC, | values, benchmarks suggested by Fleiss were
used.'® According to Fleiss’ classification, an ICC
value above 0.75 indicates excellent reliability,
between 0.40 and 0.75 are fair to good, and less
than 0.40 indicates poor reliability.

Absolute reliability was assessed first by
creating Bland Altman plots that reveal systematic
changes in the mean values for each ST parameter
and then by calculating the SEM and SEM%. The
Bland Altman plots were constructed by plotting
the between-session difference versus the mean
value of the 2 sessions for each variable. These
plots along with the 95% CI calculated for the

between-session differences were then used to
visualize systematic variations across the zero
line. The 95% CI was calculated as the between
session difference + 1.96 multiplied by the
standard error of the between session difference.
The SEM accounts for within-subject variability
and assesses how precisely a test measures a
subjects true score.”” SEM was calculated by the
square root of the within-subjects error variance
(SEM = vwms ) 8 The SEM% was defined as (SEM/
X ) x 100, where X is the mean for all observations
from test session 1 and 2. The SEM values obtained
were utilized to measure MDCs for each ST
parameter of gait.

The MDC can be used to assess the minimal
magnitude of change required to be 95%
confident that the observed change between the 2
tests reflects true change and not measurement
error.’® The MDC was calculated as: 1.96 x SEM x
V2. To calculate MDC independent of the units
of measurement, the MDC% was defined as
(MDC/ X ) x 100.® Significance was set at o =
0.05. Analyses were performed using SPSS 12.0
software for Windows (SPSS Inc., Chicago,
Illinois).
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Table 2. Values for the spatiotemporal (ST) parameters of gait at self-selected walking speed in individuals with

incomplete spinal cord injury.

Gait parameters ICC,, 95% CI SEM* SEM% MDC* MDC%
Speed, m/s 0.97 (0.94,0.98) 0.06 12 0.17 32
Step length — MIL, m 0.83 (0.72,0.91) 0.06 13 0.17 36
Step length — LIL, m 0.89 (0.81,0.94) 0.04 9 0.11 24
Cadence, steps/min 0.97 (0.95,0.98) 4.73 8 13 21
Single limb support time — MIL, s 0.86 (0.76,0.92) 0.08 15 0.22 42
Single limb support time — LIL, s 0.84 (0.73,0.91) 0.1 17 0.28 47
Double limb support time — MIL, s 0.96 (0.93.0.98) 0.25 29 0.69 80
Double limb support time — LIL, s 0.93 (0.87,0.96) 0.19 24 0.53 68

Note: ICC, | = intraclass correlation coefficients, model (2, 1); LIL = less impaired limb; MDC = minimal detectable change; MIL = more
impaired limb; 95% CI = 95% confidence interval; SEM = standard error of measurement.

* Provided in units of each parameter meters (m), seconds (s), or m/s.

Results

ICC,  values for the ST parameters based on
impairment severity are listed in Table 2. All
parameters demonstrated excellent agreement
with ICC,  values ranging from 0.83-0.97 (95% CI,
0.72-.98). For gait speed, ICC,  was excellent (0.97).
Bland Altman analysis revealed no systematic
variance in performance from one session to
the next for all of the ST parameters except for
single limb support time on the more impaired
limb (Figure 1). Given the values of the between-
session difference, subjects spent slightly longer
time in single limb support on the more impaired
limb in the second session compared to the
first. Furthermore, the plots reveal non-uniform
variability across the means for single limb support
time on the less impaired limb indicating that
higher values of the mean suggest greater variability
between the test sessions. The SEM, SEM%, MDC,
and MDC% values for the ST parameters are also
listed in Table 2. In general, the SEM% ranged
from 8% to 29%, while MDC% ranged from 21%
(cadence) to 80% (double limb support time).
For gait speed, SEM% and MDC% were 12% and
32%, respectively. Figure 2 represents the MDC
and MDC% changes in gait speed plotted against
the initial gait speed, illustrating how the MDC%
is effective in quantifying relative improvements in
individuals with different initial walking speeds.

It is interesting to note that the MDC% changes
for some of the variables were relatively higher
(eg, 5-12 MDC%) for the more impaired limb
compared to the less impaired limb, indicating that
the variability of measurements might be sensitive
to the level of motor impairment.

Discussion

The present study examined the reproducibility
and responsiveness of ST parameters of gait in
individuals with ISCI. ICCs for test-retest reliability
were good to excellent (>0.70) for all parameters,
indicating that clinicians and researchers can
measure the effect of an intervention without the
substantial influence of labile measurements.

Bland Altman plots were constructed to evaluate
systematic variance in ST parameters between
sessions. Our data revealed that individuals spent
slightly longer time in single limb support on the
more impaired limb in the second versus the first
testing session. It is important to note that the
magnitude of the difference between the sessions
were closer to zero suggesting that the systematic
variance might not be due to a learning (testing)
effect from one session to another. However, given
the heterogeneity of the individuals in our study,
it is likely that this variability could be due to one
of several reasons including the type of assistive
device used and/or the duration of injury. Closer
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Figure 1. The Bland Altman plots the difference between the first and the second session against the mean
of the 2 sessions for the ST parameters. The plots for step length, single limb support time, double limb support
time, and for cadence demonstrate no systematic variation in group performance between sessions for all the
ST parameters except for single limb support time on the more impaired limb and non-uniform relationships
between the mean and the difference between the sessions for single limb support time on the less impaired
limb. Solid black line represents the 95% confidence interval for the difference and the grey line represents zero.
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Figure 2. Graphical representation of a detectable increase or decrease in walking speed for a range of initial
gait speeds in individuals with incomplete spinal cord injury when utilizing (A) minimal detectable change (MDC)
values compared to (B) the MDC percent change (MDC%) values. While utilizing MDC values, the magnitude
of change required for determining a clinically reasonable increase or decrease in walking speed is constant
across initial walking speeds. In contrast, a detectable magnitude of change in walking speed is relative to the

initial walking speed while considering MDC%.

analysis of the data revealed that the 5 individuals
who demonstrated this difference between the
testing sessions ranged between 3 to 35 months
post injury and consisted of individuals with and
without assistive devices. Therefore, the systematic
variance observed in the Bland Altman plot for the
single limb support time on the more impaired
limb might not be due solely to the use of certain

assistive devices and/or the subacute or chronic
injury status of the individuals but could be due to
a combination of these factors.

The plots also revealed non-uniform variability
in the single limb support time for the less impaired
limb. Further examination of the data revealed that
greater differences were observed in the individuals
who walked with either a walker or a rolling walker



or a rolling platform walker, had a slow walking
speed (less than 0.3 m/s), and spent longer time
in single limb support on the less impaired limb.
Thus, temporal variables may be more sensitive to
the degree of motor impairment and to the type of
assistive device used. Overall, our data suggest that
the variability observed in our single limb support
time plots might be due to the heterogeneity of
our sample. A larger homogeneous sample of
individuals with similar assistive devices, duration
of injury, and motor impairment status might
yield consistent results from one testing session to
another compared to our findings.

Along with Bland Altman plots, the SEM was
used to assess the measurement error of the ST
parameters and MDC to detect the minimal
threshold of change above the 95% CI for each
ST parameter. These measures represent the
limit for the smallest change that indicates a real
or detectable improvement for individuals with
ISCI. Small values of SEM for the gait parameters
indicate that measurements made by GaitMat II
were stable and reproducible over time thereby
implying precision in measurement.” SEM and
SEM% have not been previously reported for this
clinical population but the range of SEM% values
(8%-29%) are comparable to those reported
for gait performance measures in hemiparetic
individuals.® These results indicate that small to
moderate changes were needed to indicate a real
change in walking performance for a group of
subjects with ISCI. Furthermore, the calculated
MDC values for gait speed in individuals with ISCI
from our study are comparable to those reported
for individuals with chronic stroke (0.15 to 0.25
m/s)® and Parkinson’s disease (0.18 m/s)."

The calculated MDC% provides an assessment
of a relative improvement or deterioration in the
value of a parameter and would be beneficial to
the clinician to determine whether performance
has truly changed over time. Therefore, for a
heterogeneous population of individuals with
ISCI, the MDC% accounts for the variability across
the population. For example, the MDC change
for walking speed is 0.17 m/s, which represents
a MDC% change of 32%. For an individual
walking at 0.2 m/s at pre test, an improvement
to 0.37 m/s would satisfy the requirements of the
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calculated MDC using absolute values, although
this would represent a nearly 2-fold improvement
in walking speed. In contrast, use of the MDC%
would require only an improvement of 0.07 m/s
for a detectable change in walking speed, which
reflects a more realistic improvement during a
brief bout of physical therapy. In contrast, for an
individual walking at an initial SS speed of 0.8
m/s, an improvement of 0.17 m/s (ie, absolute
MDC) would reflect a reasonable increase in
walking speed as determined in previous studies
in neurologically impaired populations following
a brief (4 week) training period.”?*' Thus, a
true change in the parameter of interest can be
reasonably determined not only by assessing
statistical significance, but also by incorporating
the MDC or MDC% into clinical decision making.

However, as Beckerman et al suggested, the
MDC is a clinimetric property of a measurement
tool and could be different from what clinicians
and researchers judge as a clinically relevant
change.” Researchers and clinicians might deem
an intervention to be beneficial based on its
multifactorial impact across the continuum of
health, functioning, and disability. Perera et al*
for example accounted for distribution-based
methods that rely on the psychometric properties
of a measure to define an MDC and anchor-
based methods that rely on using the patient’s or
provider’s perception of change as an external
anchor to determine the corresponding magnitude
of change in gait speed. According to their findings,
the best initial estimate of small and substantial
change in gait speed for community-dwelling
older adults, adults with mobility issues, and a
subacute stroke cohort was approximately 0.05
to 1.0 m/s.?? Similarly, Schmid et al examined the
changes in velocity-based, community ambulation
categories in relation to clinically meaningful
changes in stroke-related function and quality
of life.” They reported that an increase in gait
velocity that resulted in a transition to a higher
class of ambulation resulted in better function and
quality of life, especially for household ambulators.
Similarly, for individuals with ISCI and other
neurological conditions with gait dysfunction, an
intervention may still be considered to be clinically
meaningful if, for example, it led to a change in
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the assistive device used for walking or improved
a person’s community ambulation, although there
may have been no change in walking speed.
Therefore, further research is needed to explore
the correspondence between MDC and a clinically
relevant change in individuals after ISCI so as to
optimize outcome measurement post intervention.

ST parameters such as step length, single limb
support, and double limb support time exhibited
different MDC and MDC% values for the more
and less impaired limbs. Since the impairment
level for each limb was quantified based on the
LEMS, the different values might imply that the
change in magnitude of these ST parameters as
a result of an intervention might correlate with
a change in impairment status. Parameters such
as speed or cadence that quantify overall gait
performance alone might not be sensitive to a
change in impairment status. The cumulative
assessment of all the ST parameters might
therefore reflect on the impairment status of the
individual. Clinicians could use these parameters
to their benefit by correlating them to the observed
change in functional status or the quality of life
post intervention.

Limitations

Our study has several limitations. First, the
sample size for our analysis was small. It is possible
that our results would have differed with a larger
sample. Second, our sample was heterogeneous
with regard to the type of assistive devices used for
walking and the duration of injury (ie, subacute or
chronic). It is possible that individuals in our study
who were 3 months post injury or in the subacute
phase of recovery might demonstrate true changes
in ST parameters that might erroneously be
included in the measurement variability from one
testing session to another. A homogeneous sample
of individuals with chronic injury would have
been ideal for our study. Third, the type of assistive
device used influenced the variability observed in
the single limb support time for the less impaired
limb. Fourth, although we have considered the ST
parameters that are commonly used by clinicians,
the results of our reliability analysis are not
generalizable to other ST parameters. Therefore,

although our sample is representative of the
heterogeneous group of individuals after ISCI who
demonstrate variable degrees of walking ability
and are typically recruited for gait training, the
heterogeneity of the group might threaten external
validity of our study.

Conclusion

The present study utilizes a comprehensive
set of statistical tools and serves as a first step in
assessing the reliability and responsiveness of
commonly assessed ST parameters of walking in
a heterogeneous group of individuals with ISCI.
A larger, homogeneous sample based on type
of assistive device used and duration of injury
will help further define MDC values for this
population. Different gait training, balance, or
strength training programs can thus be compared
and contrasted based on a quantifiable and
meaningful change in the parameter of interest.

Clinical message

A working knowledge of the MDC values
for specific ST parameters will be useful for
clinicians and researchers to determine whether
an intervention has truly changed walking
performance in individuals with ISCI.
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