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Abstract

Background This study aimed to determine the relationships between subjective validated patient-reported outcomes and
health-related quality of life, to objective gait characteristics in patients with foot—ankle conditions. Objective gait charac-
teristics were obtained using a wearable foot inertial-sensor device as well as by assessing the relationships between spati-
otemporal or gait parameters by analyzing the inter-metric correlations.

Methods Fifty-two patients with foot—ankle conditions (37 women/15 men, aged 21-75 years) were included in this study.
Clinical assessments, including evaluations of validated patient-reported outcomes using visual analog scale foot and ankle
score, health-related quality of life using validated Short Form-36, and gait characteristics using a wearable foot inertial-
sensor device, were performed and recorded for each patient.

Results A significant negative correlation was observed between the physical component summary (PCS) and maximal
cadence (r=—0.308, P=0.025). Significant positive correlations were noted between mean walking speed and mean cadence
(r=0.776, P<0.001) and between maximal walking speed and mean step length (r=0.498, P <0.001). Significant negative
correlations were found between the mean cadence and mean step length (r=-0.491, P <0.001) and between maximal
cadence and mean step length (r=—0.355, P=0.009).

Conclusions Cadence is an important objective spatiotemporal parameter to assess in foot and ankle patients as it relates well
to outcome, with a significantly negatively correlation to subjectively reported PCS in health-related quality of life. Based
on inter-metric relationships, an increased cadence might be used to maintain walking speed as a compensatory mechanism
in patients with foot—ankle conditions.
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Introduction

Evaluations of patients with foot and ankle conditions
consist of subjective and objective assessments. However,
occasional inconsistencies exist between patients’ symptoms
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and the findings of objective measurements [1]. In addition,
the combinations of objective and subjective assessments
have not been adequately validated [2—4]. Currently, several
studies have attempted to report the relationships between
patient-reported outcomes and/or quality of life and objec-
tive measures, such as gait metrics [5—7]. However, no
general consensus exists on the relationships between the
spatiotemporal parameters in gait kinematic studies, such as
the effects of walking speed change on other parameters in
patients with foot and ankle conditions [6, 7].

The purpose of this study was to report the relationships
among validated patient-reported outcomes [8], health-
related quality of life [9], and gait characteristics using a
wearable foot inertial-sensor device in patients with foot and
ankle conditions. Moreover, the inter-metric correlations
were also analyzed to determine the relationships between
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spatiotemporal or gait parameters in patients with foot and
ankle conditions during walking.

Materials and methods

Fifty-two patients with foot- and ankle-related conditions
(37 female and 15 male, aged 21-75 years) were included
in this study. Clinical assessments, including evaluation of
validated patient-reported outcomes using the visual analog
scale foot and ankle (VAS-FA) score [8], health-related qual-
ity of life using the validated Short Form-36 (SF-36) [9],
and gait characteristics using a wearable foot inertial-sensor
device, were performed and recorded for each patient. The
exclusion criteria were as follows: age < 18 years, difficulty
to bear weight on the involved foot without assistive device,
significantly incomplete data, and cognitive dysfunction.
Institutional review board approval was obtained, and
informed consent was provided by all patients.

A foot pod (Garmin Ltd., Kansas City, USA) is a wear-
able device that uses micro-electromechanical systems
(MEMYS) inertial-sensor technology [10], which was used
to assess the gait parameters in this study. The foot pod cap-
tured the following gait parameters: distance travelled, step
count or length, cadence, and walking speed. Foot pod out-
put could be wirelessly synced to a compatible smartphone
or tablet. The data could also be shown in the computer via
shared data from a compatible smartphone or tablet. Walk-
ing distance was set at 10 m with markings on the floor.
For walking speed calibration of the foot pod, the task was
performed on a treadmill at a controlled velocity of 0.28 m/s
or 1 km/h over a 100-m distance.

For gait assessment, the foot pod was placed and strapped
on the dorsum of the foot (1 fingerbreadth distal to the ankle
area). The patients were instructed to walk a distance of
10 m for the walking trial at a self-selected speed. Their gait
parameters were recorded and transferred to the computer.

Statistical analysis was performed using IBM SPSS
software version 22 (SPSS Inc., Chicago, IL, USA). Dif-
ferences in quantitative data were analyzed using Student’s
t test as the data were parametric. Differences in categori-
cal data were analyzed using Chi-squared or Fisher’s exact
test. Pearson’s correlation coefficient was used to express
the correlation between the VAS-FA, SF-36 scores, and gait
parameters. P <0.05 was considered statistically significant.

Results

Mean age was 51.9 (+13.7) years (range 21-75 years).
Baseline data, including foot and ankle diagnoses and
regions of pathology, are shown in Table 1. There were
no significant baseline differences in age, VAS-FA, SF-36
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Table 1 Baseline data

Foot and ankle pathology Number (%)
Forefoot conditions 8 (15.4)
Injury 2(3.8)
Deformity/arthritis 5(9.6)
Infection 1(1.9)
Midfoot conditions 2(3.8)
Injury 1(1.9)
Deformity/arthritis 1(1.9)
Hindfoot conditions 21 (40.4)
Injury 5(9.6)
Deformity/arthritis 9(17.3)
Fasciitis/tendinopathy 7(13.5)
Ankle conditions 16 (30.8)
Injury 7(13.5)
Deformity/arthritis 9(17.3)
Combined ankle-subtalar arthritis 2 (3.8)
Unspecified arthritis or diagnosis 3(5.8)
Total 52 (100)

Table2 Mean and standard deviation (SD) of visual analog scale
foot and ankle (VAS-FA), Short Form-36 (SF-36), and kinematic gait
parameters

Items? Mean +SD
VAS-FA

Pain subscale 76.1 (32.6)
Function subscale 71.1 (24.4)
Other-related subscale 85.0 (15.7)
Total score 75.2(22.9)
SF-36

Physical component summary 64.4 (24.3)
Mental component summary 78.1(22.2)
Total score 68.6 (22.2)
Mean speed (m/s)® 0.44 (0.22)
Maximum speed (m/s) 1.47 (0.15)
Step length (m/step) 0.64 (0.26)
Mean cadence (round/min) 44.43 (23.23)
Maximum cadence (round/min) 107.66 (14.82)

*The parameters were recorded from 52 patients with 53 measure-
ments. (Two measurements were taken in a patient no. 11 with two
different time points in around 7-week interval.) The health transition
item in SF-36 was not included to calculate in a patient no. 11 at a
second measurement due to the same value of both times of measure-
ment

"Mean speed was detected by a foot pod in 46 patients. Other param-
eters were detected in all 52 patients

scores, and gait parameters among all categories of foot
and ankle conditions (P> 0.05, Table 1). Mean values of
VAS-FA, SF-36 scores, and gait parameters are shown in
Table 2.
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The correlations between age, VAS-FA, SF-36 scores,
and gait parameters are shown in Tables 3 and 4. Only the
negative correlation between physical component summary
(PCS) and maximal cadence was significant (r=—0.308,
P =0.025). In addition, the correlation between VAS-FA
and SF-36 scores was high (r=0.858, P <0.001). Subgroup
analysis was performed to assess whether heterogeneity
in the assessed foot and ankle pathology was confound-
ing the result between objective cadence and subjective
patient-reported outcomes. As such, subgroup analysis
was completed assessing the most common regions of foot
and ankle pathology including combined ankle-subtalar
arthritis pathology (2 patients) and isolated ankle arthritis
(8 patients) (10 patients, 19.2%) and flatfoot (8 patients,
15.1%). In the group of combined ankle-subtalar arthritis
pathology and isolated ankle arthritis, maximal cadences
were significantly negatively correlated with VAS-FA
(r=-0.853, P=0.001) and SF-36 scores (r=-0.789,
P=0.004). The maximal cadences were also significantly
negatively correlated with PCS (r=-0.828, P=0.002) and
MCS (r=-0.749, P=0.008). In the flatfoot group, there
were no significant correlations between gait parameters and
VAS-FA or between gait parameters and SF-36 scores.

The inter-metric correlations between gait parameters
were also analyzed in this study. Positive correlations
between mean walking speed and mean cadence (r=0.776,
P <0.001) and between maximal walking speed and mean
step length (r=0.498, P <0.001) were observed. Negative
correlations between mean cadence and mean step length
(r=-0.491, P<0.001) and between maximal cadence and
mean step length (r=—0.355, P=0.009) were noted. Sub-
group analysis was also performed in the most common
pathologies including combined ankle-subtalar arthritis
pathology and isolated ankle arthritis and flatfoot. In the
group of ankle with and without subtalar arthritis, maxi-
mal and mean cadences were significantly negatively and
positively correlated with mean step length (r=—0.704,
P=0.016) and mean walking speed (r=0.774, P=0.005),
respectively. In the flatfoot group, mean cadence and mean
step length were significantly positively correlated with
mean walking speed as »=0.803, P=0.030 and r=0.856,
P=0.014, respectively. The maximal cadence was signifi-
cantly positively correlated with maximal walking speed
(r=0.716, P=0.046).

Discussion

This study highlights the relationship between validated
patient-reported outcome [8], health-related quality of life
[9], and gait characteristics, which was assessed using a
wearable foot inertial-sensor device in patients with foot and
ankle conditions. The results show that cadence is a good

foot and ankle (VAS-FA), and gait parameters

Table 3 Correlations between age, visual analog scale

VAS-FA

Age

Items®

Total score

Function subscale Other-related subscale

Pain subscale

0.502

P
P
P
P
P

0.100
0.104
0.223

R
R
R

0.162
0.208

P
P
P
P
P

0.207
0.176
0.262

R
R
R

0.467

P
P
P
P
P

0.109
0.089

R
R
R

0.921

P
P
P
P
P

0.015

R
R
R

0.428

P
P
P
P
P

-0.118
—0.034
0.105

R=

R
R

Mean speedb (m/s)

0.460
0.109
0.508
0.135

0.525

0.572

0.079

0.811

Maximum speed (m/s)

0.058

0.101
0.614

0.228

0.298

0.146

=0.454

Step length (m/step)

—0.093 =
—0.208

R=

0.957

—0.008
-0.128

R=

—0.071

R=

0.252

—0.160
-0.127

R=

-0.128 =0.359
0.669

—0.060

R=

Mean cadence (round/min)

R= =0.359 R=

0.162

—0.195

R=

0.367

R=

R=

Maximum cadence (round/min)

R, Pearson’s correlation coefficients r; P, P value

#The parameters were recorded from 52 patients with 53 measurements. (Two measurements were taken in a patient no. 11 with two different time points in around 7-week interval)

"Mean speed was detected by a foot pod in 46 patients. Other parameters were detected in all 52 patients
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Table 4 Correlations between Items? SF-36
Short Form-36 (SF-36) scores
and gait parameters Physical component Mental component Total score
summary summary
Mean speedb (m/s) R=0.164 R=0.195 R=0.211
P=0.269 P=0.189 P=0.154
Maximum speed (m/s) R=0.050 R=0.198 R=0.106
P=0.724 P=0.156 P=0.451
Step length (m/step) R=0.219 R=0.185 R=0.232
P=0.115 P=0.184 P=0.095
Mean cadence (round/min) R=-0.027 R=-0.031 R=-0.015
P=0.849 P=0.824 P=0.913
Maximum cadence (round/min) R=-0.308* R=-0.238 R=-0.264
P=0.025 P=0.086 P=0.056

R, Pearson’s correlation coefficients r; P, P value

*Significant value at P <0.05

#The parameters were recorded from 52 patients with 53 measurements. (Two measurements were taken
in a patient no. 11 with two different time points in around 7-week interval.) The health transition item in
SF-36 was not included to calculate in a patient no. 11 at a second measurement due to the same value of

both times of measurement

®Mean speed was detected by a foot pod in 46 patients. Other parameters were detected in all 52 patients

objective predictor of foot and ankle function and is related
well to subjective patient-reported outcomes as there is a
significant negative relationship between PCS and maximal
cadence. In the subgroup analysis of patients who had com-
bined ankle-subtalar arthritis pathology and isolated ankle
arthritis, maximal cadence was also significantly negatively
correlated with subjective patient-reported outcomes. No
significant correlations between other items of outcome
score or health-related quality of life and parameters of gait
characteristics were found [9].

Moreover, increased cadence was significantly related
to a decreased PCS value in health-related quality of life
[9]. Patients who were in poor physical condition due to
foot and ankle conditions demonstrated compensatory gait
mechanisms resulting in an increased cadence to maintain
their walking speed. This finding was consistent with the
evidence presented by Schmitt et al., who found that the
presence of end-stage osteoarthritis at various lower extrem-
ity joints results in compensatory gait mechanisms that cause
movement alterations throughout the lower extremity [11].
Cadence was also significantly positively correlated with
walking intensity; patients with increased cadence need
more energy during walking [12]. This may be a vicious
cycle in these patients with poor physical condition. Further-
more, cadence shows a significant relationship with physical
outcome in this study and walking intensity in a previous
study. Therefore, cadence is an essential parameter in gait
studies to objectively assess outcome of patients with foot
and ankle pathology and can be used effectively in epide-
miological studies, interventions and behavioral research,

@ Springer

dose-response studies, determinant studies, and practice
[12].

For the inter-metric relationship, significantly posi-
tive correlations between mean walking speed and mean
cadence and between maximal walking speed and mean
step length were observed. Significantly negative corre-
lations between mean cadence and mean step length and
between maximal cadence and mean step length were also
noted. The results of subgroup analysis were quite similar
to the results in the overall analyses, indicating that these
pathologies were not confounding the relationship between
cadence and self-reported outcomes. This evidence supports
the compensatory gait mechanisms that resulted in signifi-
cant relationships between several parameters. Moreover,
Aguilar-Ferrandiz et al. [13] showed that stance phase and
step length do not improve in patients with ongoing condi-
tions of the lower limb. The symptomatic patients in the
present study possibly had reduced stance phase because
of their painful symptoms [14], impaired range of motion
or strength, deformities, or imbalances due to their foot and
ankle conditions. In accordance with Cadenas-Sanchez et al.
[15], a reduced support phase as part of the stance phase dur-
ing walking showed a similar trend with reduced step length,
which significantly correlated with decreased walking speed
in the present study. These changes were compensated by
increased cadence to maintain the patients’ walking speed,
i.e., walking speed = step length X cadence [16]. A signifi-
cant relationship was also found between increased cadence
and decreased step length as a compensatory mechanism.
Hence, cadence is a key parameter for compensatory gait
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mechanisms in patients with foot and ankle conditions. This
spatiotemporal parameter is easily interpretable by research-
ers and clinicians and therefore offers the potential to link
science, practice, and real life [12].

The limitations of this study include the heterogeneity of
foot and ankle conditions in the study subjects. Nevertheless,
there were no significant differences for age, VAS-FA, SF-36
scores, and gait parameters among the varied regions of
foot and ankle conditions included. Subgroup analysis was
also performed to assess whether subgroups of pathology
may be confounding the results, such as combined ankle-
subtalar arthritis pathology and isolated ankle arthritis and
flatfoot. Subgroup analysis did not result in varying find-
ings, indicating that these subgroups were not confounding
the relationships observed between cadence and subjective
patient-reported outcomes, and supported the results from
the overall analysis. In addition, this study is quite unique in
that it determined the relationship between subjective vali-
dated patient-reported outcome [8], health-related quality of
life [9], and objective gait characteristics using a wearable
foot inertial-sensor device in patients with foot and ankle
pathology.

Conclusions

Regarding the relationships among several spatiotemporal
parameters and patient-reported outcome measures, cadence
is the only objective parameter that is significantly nega-
tively related to subjective parameter PCS in health-related
quality of life. Thus, cadence is an essential parameter for
compensatory gait mechanisms in patients with foot and
ankle conditions and should be assessed in clinical practice.
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