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Abstract: Categorization based on quasi-joint stiffness (QJS) may help clinicians select appropriate
ankle foot orthoses (AFOs). The objectives of the present study were to classify the gait pattern based
on ankle joint stiffness, also called QJS, of the gait in patients after stroke and to clarify differences in
the type of AFO among 72 patients after stroke. Hierarchical cluster analysis was used to classify gait
patterns based on QJS at least one month before the study, which revealed three distinct subgroups
(SGs 1, 2, and 3). The proportion of use of AFOs, articulated AFOs, and non-articulated AFOs were
significantly different among SGs 1–3. In SG1, with a higher QJS in the early and middle stance, the
proportion of the patients using articulated AFOs was higher, whereas in SG3, with a lower QJS
in both stances, the proportion of patients using non-articulated AFOs was higher. In SG2, with a
lower QJS in the early stance and higher QJS in the middle stance, the proportion of patients using
AFOs was lower. These findings indicate that classification of gait patterns based on QJS in patients
after stroke may be helpful in selecting AFO. However, large sample sizes are required to confirm
these results.

Keywords: categorization; gait; stroke; quasi-joint stiffness; ankle joint; orthosis

1. Introduction

In 2019, the global prevalence of stroke was 101.5 million people [1]. At the end of
rehabilitation, approximately half of stroke patients achieve the ability to walk indepen-
dently [2]. However, one-third of patients living in the community cannot safely walk
outdoors after a stroke, limiting their ability to participate in community activities [3,4].
Strong predictors of community ambulation in patients after stroke are walking speed
and walking endurance, which are related to forward propulsion [5–7]. Although an
improvement in forward propulsion is necessary to increase community ambulation, ankle
kinetics, which is an important factor for determining propulsion during gait, is often
disturbed in patients after strokes [8,9].

An ankle foot orthosis (AFO) is a support device that can control the position and
motion of the ankle by providing support for weak limbs or can position a limb into a
more normal position. AFOs have been used in patients who have difficulty walking after
stroke to improve gait patterns, gait speed, and energy expenditure [10–12]. An important
characteristic of AFOs is stiffness, which involves a resistance to rotation at the ankle joint
in the sagittal plane, as represented by the slope of the ankle moment versus the ankle
angle curve of the AFO [13]. AFO stiffness in the dorsiflexion direction causes the storage
of energy and return of energy in the late stance during gait, while AFO stiffness in the
plantarflexion direction causes a limitation of the ankle plantarflexion angle [13,14]. A
systematic review of AFO stiffness showed that increased AFO stiffness affected ankle
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kinematics (i.e., reduced peak ankle plantarflexion and increased dorsiflexion at initial
contact) and knee kinematics (i.e., increased knee flexion at initial contact, reduced peak
extension, and increased peak flexion in the stance phase) [13]. However, a systematic
review of AFO use in patients after stroke did not show significant improvement in ankle
kinetics after the use of AFOs [15,16]. Additionally, there is less evidence of AFO stiffness
in ankle kinetics during gait in patients after stroke [13].

Ankle joint stiffness during gait, which is called quasi-joint stiffness (QJS), in patients
after stroke is an important index for decision making regarding AFO stiffness. Our
previous study revealed a significant association between QJS and ankle kinetics (i.e., peak
ankle joint power at push off) on the paretic side in patients with hemiparesis [9]. However,
QJS in the middle stance (MS) on the paretic side was lower than that on the non-paretic
side and in controls [17,18]. Therefore, an increase of QJS in the MS pre-push-off with
the paretic side in patients after stroke is important for decreased ankle joint power, to
enhance force transmission during muscular contraction to the bone where the muscle
inserts. In fact, increased AFO stiffness in the final range of motion of dorsiflexion, which
is pre-push-off, when using a device with a cam-spring mechanism, assisted the generation
of ankle joint power in the late stance in patients after stroke [19]. On the other hand, QJS
in the early stance (ES) on the paretic side in patients after stroke was higher compared
to that in healthy controls [18]. It may be also important to decrease QJS in the ES with
AFO stiffness in the plantarflexion direction, because the ankle rocker plays a role in the
forward rotation of the tibia, and the knee is not excessively extended in the ES in the gait
of patients after stroke [20–22]. These facts indicate that clinicians should evaluate QJS in
the ES and middle stance.

Many classifications based on gait pattern (i.e., gait kinematics) in patients after stroke
have been proposed to guide clinicians when selecting the appropriate line of treatment. de
Quervain et al. (1996) identified four patterns based on visual inspection of the knee joint
angle on the paretic side in gait and gait speed in patients after stroke [23]. Kinsella et al.
(2008) reported that the gait patterns of patients after stroke could be divided into three
distinct patterns [24]. There were differences in ankle joint angles in the stance phase during
gait among these groups [24]. Mulroy et al. (2003) demonstrated that the main factors
classifying gait pattern were walking speed, peak knee extension in the MS, and peak
dorsiflexion during swing [25]. Little suggested a classification based on pelvic excursion
deviation in gait in patients after stroke [26]. Recently, Wang et al. (2021) revealed a
classification based on abnormal gait kinematics (i.e., drop foot, circumduction, hip hiking,
and back knee) in patients after stroke based on deep neural networks [27]. Thus, many
studies have examined the classification of gait kinematics in patients after stroke. However,
no study has developed a classification system based on gait kinetics like QJS in the ES and
MS, which can provide more information for the selection of AFO stiffness. Information on
patients with a high QJS in the ES and low QJS in the MS stance can help clinicians select
AFO stiffness in the plantarflexion and dorsiflexion directions to reduce high QJS in the ES
and increase low QJS in the MS stance. Additionally, it remains unclear whether there is
an association between the classification based on QJS and a daily-used AFO, which has
stiffness in both the plantarflexion and dorsiflexion directions (non-articulated AFO) or
only in the plantarflexion direction (articulated AFO). Categorization based on QJS may
help clinicians to appropriately select AFOs, which might result in the improvement of
ankle kinetics and kinematics for patients after stroke.

The objectives of this study were to clarify (i) if the gait patterns of patients after stroke
could be categorized based on QJS and (ii) differences in spatial and temporal parameters,
joint kinematics and kinetics, and daily-use of AFO among these groups. In our two
previous studies, the average of the coefficients of variation in the QJS in the ES and MS
on the paretic side were higher than that of the non-paretic side [17,18]. Therefore, we
had an a priori expectation of patients with various degrees of QJS in the ES and MS on
the paretic side. Additionally, we hypothesized that in the subgroup with higher QJS in
the ES, ankle plantarflexion and knee extension in the ES and the proportion of use of
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articulated or non-articulated AFOs, both of which have stiffness in the plantarflexion
direction, would be higher than the other subgroups. Additionally, in the subgroup with
lower QJS in the MS, ankle plantar flexion moment would be lower, and the proportion of
use of non-articulated AFOs, which have stiffness in the dorsiflexion direction, would be
higher than the other subgroups without this support.

2. Materials and Methods
2.1. Subjects

We recruited 72 patients with hemiplegia due to stroke. Inclusion criteria were
as follows: (1) stroke due to ischemic or hemorrhagic supratentorial lesion, (2) stroke
occurring at least one month before this study, (3) ability to walk a flat path of 7 m
without the use of a cane and orthosis, and (4) ability to understand instructions by
physical therapists. Exclusion criteria were as follows: (1) abnormal circulatory and
respiratory status, (2) history of orthopedic problems that interfered with gait, (3) brainstem
or cerebellar lesions, (4) diabetic neuropathy, (5) abnormal mental status, (6) higher brain
dysfunction, which would cause skewed measurements, and (7) pain in the lower or upper
limb when walking, which would cause skewed measurements. The present study was
approved by the local ethics committee of Tohoku University of Medicine, Japan.

2.2. Clinical Characteristics

Information about clinical and demographic characteristics and daily-wear AFOs was
obtained through interviews with the patients and from their medical records. The use of
daily-wear AFOs for at least one week was divided into two types of AFO: articulated and
non-articulated AFOs. All subjects who wore AFOs used passive devices, with reference
to the previous study [15]. The number of subjects using articulated or non-articulated
AFOs daily or not using AFOs was 24, 23, and 25, respectively. A physical therapist
(Y.S.) evaluated the Brunnstrom Stages of Motor Recovery of the lower extremity and
neurological impairment using the Stroke Impairment Assessment Set (SIAS) [28].

2.3. Motion Analysis

Three-dimensional coordinates of 33 reflective markers attached to 12 segments
(Table 1) were measured using a three-dimensional motion analysis system (Motion Analy-
sis Corporation, Santa, Rosa, CA, USA) equipped with eight cameras operating at 120 Hz.
A 12-segment model based on anthropometric data was implemented as described by
Dumas [29]. Ground reaction force (GRF) data were acquired at a 1200 Hz sampling rate
using four 90 cm × 60 cm force plates (Anima Corporation, Chofu, Tokyo, Japan). The
participants were asked to walk at a self-selected speed without assistance devices. All
subjects walked 4–10 times on a 7 m long walkway until we successfully measured five
steps on a unilateral side (i.e., a successful trial during which the foot strikes only one force
plate and not two at the same time and the subjects do not stop, trip, or slip while walking),
(Figure 1).

The three-dimensional coordinates and GRF data were smoothed using a bidirectional
fourth-order Butterworth low-pass filter with a cutoff frequency of 6 Hz and 80 Hz, re-
spectively. We decided the cutoff frequencies of three-dimensional coordinates based on a
previous study [30]. The cutoff frequency of GRF was also determined with reference to
a previous study [31]. For each joint in the lower extremities, kinematic data were calcu-
lated using a joint coordinate system [32]. In addition, the kinetics of the lower extremity
joints were estimated using inverse dynamics [32]. All kinematic and kinetic data were
time-normalized to 100% of the one-gait cycle. The representative parameters for the gait
in the patient group were extracted from the kinematic and kinetic data following the
method of a previous study [33]. The first and second maximum knee extension moment
are the maximum knee extension moment in the first (i.e., in ES or MS) and second half
of the stance phase (i.e., in MS or late stance). The representative parameters related to
compensatory strategies in the paretic swing phase were calculated as the segment angle
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in the global coordination system [34]. The kinetic data were normalized to the patient’s
body weight. The peak propulsion was identified as the maximum value of the GRF curve
in the forward direction during gait.
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Figure 1. Reflective markers (n = 33) were attached to 12 segments and a three-dimensional motion
analysis system. (a) The markers attached to 12 segments. (b) A 7 m gait was measured using an
8 camera motion analysis system and 4 force plates.

We calculated QJS on the paretic side from the slope of the linear regression of the
ankle joint moment versus the ankle angle during the second rocker interval, which was
subdivided into ES and MS following the approach of previous studies [17,18]. We defined
ES and MS in the second rocker interval as intervals from the peak plantarflexion angle in
the stance of a leading (paretic) leg to the toe off of a trailing (non-paretic) leg and from
the toe off of a trailing (non-paretic) leg to the maximum dorsiflexion angle in a stance of a
leading (paretic) leg, respectively.

All data analyses were processed using a custom MATLAB program (MathWorks,
Inc., Natick, MA, USA).

Table 1. Placement of markers on the body that defined the 12 segments of the motion capture
kinematic model.

Segment Placement of Markers

Trunk

Spinous process of the 7th cervical vertebrae, spinous process of the 10th
thoracic vertebrae, jugular notch where the clavicles meet the sternum,
xiphoid process of the sternum, and the position in the middle of the

right scapula

Upper arm Both acromions and both lateral epicondyles of elbow

Forearm Both lateral epicondyles of the elbow and both styloid processes of the
ulna and radius

Pelvis Both anterior superior iliac spines and both posterior superior iliac spines

Thigh Both greater trochanters and both lateral and medial epicondyles of knee

Shank Both lateral epicondyles of knee and both lateral and medial malleolus

Foot Both the first and fifth metatarsal heads, both lateral and medial
malleolus, and both calcaneus

2.4. Statistics

A hierarchical cluster analysis was used to identify subgroups (SGs) with homoge-
neous QJS in ES and MS. In preparation for the cluster analysis, two clustering variables
(i.e., only QJS in ES and MS but not in kinematic and kinetic parameters) were standardized
using Z-scores; then, clustering algorithms utilizing Ward’s linkage method and squared
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Euclidean distance measures were applied. SGs were formed in an agglomerative manner,
starting with each observation as their own SG and at every step pairing the two closest
SGs together until only one group remained. The final number of SGs was chosen based on
a stopping rule (a large percentage decrease in the coefficient followed by a plateau) [24].
The number of SGs was confirmed by visual inspection of the dendrogram [35].

Differences in age, height, weight, time post stroke, and gait spatiotemporal and
kinematic and kinetic parameters were compared among SGs using one-way analysis of
variance followed by Bonferroni’s multiple comparison procedure. Differences in sex,
paretic side, and diagnosis among these groups were tested using Pearson’s chi-squared
test. The Kruskal–Wallis non-parametric test, with the post hoc Wilcoxon rank sum test
with Bonferroni correction, was used to compare the SAIS among SGs. Differences in the
use of AFO among these groups were tested using two-sided Fisher’s exact test followed
by one-sided Fisher’s exact test with Bonferroni corrections and mid-p adjustment. We
used mid-p adjustment only when performing one-sided Fisher’s exact test for multiple
comparison, because Fisher’s exact test is somewhat conservative [36,37]. A significance
limit of α = 0.05 was selected. The eta-squared (η2) was calculated to estimate the effect
size. Statistical analyses were performed using a statistical software package (SPSS Ver.24,
IBM-SPSS Inc., Chicago, IL, USA) and JMP Pro 16 (SAS Institute Inc., Cary, NC, USA).
JMP Pro 16 was used only when Fisher’s exact test was performed. In addition, one-sided
Fisher’s exact test with mid-p adjustment and Bonferroni corrections was performed using
a custom MATLAB program (MathWorks Inc., Natick, MA, USA) [38,39].

3. Results

The dendrogram for the clustering results is outlined in Figure 2. Between SGs two
and three, there was a large decrease in the agglomeration coefficients (48.0%), followed by
that between SGs three and four (33.0%). Additionally, the result was confirmed by visual
inspection of the dendrogram, as shown in Figure 2. Therefore, the number of SGs was set
to three.
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Figure 2. Dendrogram of the hierarchical cluster analysis. Linkage distance on the y-axis and
individual patients on the x-axis. The three identified SGs (subgroups 1–3) are identified by a
colored square.

3.1. Differences in Gait Parameters among the SGs
3.1.1. Quasi-Joint Stiffness

Figure 3 shows QJS in the subgroup 1 (SG1). There were significant differences in QJS
in early (F2,65 = 50.542, p < 0.001, η2 = 0.59) and middle stances (F2,65 = 47.985, p < 0.001,
η2 = 0.58) among the SGs.
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Figure 3. Quasi-joint stiffness in the early and middle stances in the three subgroups. Quasi-joint
stiffness on the y-axis and individual subgroups on the x-axis. The light and dark green bars
represents quasi-joint stiffness in the early and middle stances, respectively.

QJS in the ES in SG1 was highest, although that in subgroup 2 (SG2) was the lowest
among the SGs. On the other hand, the QJS in middle stance in subgroup 3 (SG3) was
lower than that in SG1 (p < 0.001) and SG2 (p < 0.001).

3.1.2. Spatiotemporal Parameters

Table 2 shows the spatiotemporal parameters in the three SGs. There were differences
in gait speed (F2,65 = 25.999, p < 0.001, η2 = 0.43), cadence (F2,65 = 16.969, p < 0.001, η2 = 0.33),
stance time (F2,65 = 9.084, p < 0.001, η2 = 0.21), swing time (F2,65 = 6.695, p = 0.002, η2 = 0.16),
single stance time (F2,65 = 5.057, p = 0.009, η2 = 0.13), initial (F2,65 = 11.263, p < 0.001,
η2 = 0.25) and late double stance time (F2,65 = 8.613, p < 0.001, η2 = 0.20), paretic step length
(F2,65 = 18.525, p < 0.001, η2 = 0.35), and non-paretic step length (F2,65 = 25.974, p < 0.001,
η2 = 0.43).

Table 2. Gait spatiotemporal parameters measured using a three-dimensional motion analysis system in the three subgroups.

Group Statistics
SG1 SG2 SG3 ANOVA p-Values of the Post Hoc Test

F-Value p-Value η2
SG1
vs.

SG2

SG1
vs.

SG3

SG2
vs.

SG3

Stance time (s) Mean 0.78 0.84 1.31
9.084 <0.001 0.208 1.000 0.019 0.001SD 0.13 0.14 0.66

Swing time (s) Mean 0.50 0.51 0.60
6.695 0.002 0.163 1.000 0.069 0.004SD 0.06 0.09 0.12

Single stance time (s) Mean 0.38 0.43 0.34
5.057 0.009 0.128 0.763 1.000 0.007SD 0.08 0.05 0.14

Initial double stance time (s) SD 0.17 0.20 0.53
11.263 <0.001 0.246 1.000 0.010 <0.001SD 0.07 0.07 0.42

Late double stance time (s) Mean 0.24 0.22 0.44
8.613 <0.001 0.200 1.000 0.065 0.001SD 0.16 0.09 0.29

Walking speed (m/s) Mean 0.70 0.67 0.31
25.99 <0.001 0.430 1.000 <0.001 <0.001SD 0.31 0.23 0.18

Step length (m)
Paretic side Mean 0.44 0.43 0.27

18.525 <0.001 0.349 1.000 0.001 <0.001SD 0.12 0.11 0.13
Non-paretic side Mean 0.39 0.42 0.22

25.974 <0.001 0.430 1.000 0.001 <0.001SD 0.17 0.10 0.11
Stride length (m) Mean 0.86 0.87 0.51

25.410 <0.001 0.424 1.000 <0.001 <0.001SD 0.28 0.21 0.20
Cadence (steps/min) Mean 95.55 91.05 69.23

16.969 <0.001 0.330 1.000 <0.001 <0.001SD 14.74 13.93 18.93
Step width (m) Mean 0.15 0.14 0.18

6.944 0.002 0.168 1.000 0.120 0.002SD 0.04 0.03 0.05

SG: subgroup; ANOVA: analysis of variance; p-values marked with bold indicate statistically significant differences at the p < 0.05 level.
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SG3 had the slowest gait speed (SG3 vs. SG2: p < 0.001, SG3 vs. SG1: p < 0.001) and
cadence (SG3 vs. SG2: p < 0.001, SG3 vs. SG1: p < 0.001), longest stance time (SG3 vs. SG2:
p = 0.001, SG3 vs. SG1: p = 0.019) and initial double stance time (SG3 vs. SG2: p < 0.001,
SG3 vs. SG1: p = 0.010), and shortest paretic (SG3 vs. SG2: p < 0.001, SG3 vs. SG1: p = 0.001)
and non-paretic step lengths (SG3 vs. SG2: p < 0.001, SG3 vs. SG1: p = 0.001) among the
three SGs. Additionally, there were no significant differences between SG1 and SG2 for any
of these parameters.

3.1.3. Kinematic Parameters

Table 3 shows the representative kinematic parameters in three SGs. There were
significant differences in knee flexion at heel contact (F2,65 = 3.417, p = 0.038, η2 = 0.09) and
toe off (F2,65 = 10.849, p < 0.001, η2 = 0.24), maximum knee flexion in swing (F2,65 = 14.455,
p < 0.001, η2 = 0.30), knee (F2,65 = 11.205, p < 0.001, η2 = 0.25) and hip angle excursion
(F2,65 = 20.642, p < 0.001, η2 = 0.37), hip flexion at heel contact (F2,65 = 3.312, p = 0.042,
η2 = 0.09), maximum hip extension in stance (F2,65 = 8.726, p < 0.001, η2 = 0.20), and hip
flexion at toe off (F2,65 = 3.731, p = 0.029, η2 = 0.10), but not in the kinematic parameters
related to the ankle joint. Moreover, there tended to be a difference in maximum knee
flexion in the ES (F2,65 = 3.085, p = 0.052, η2 = 0.08) and knee extension in stance (F2,65 = 2.856,
p = 0.064, η2 = 0.08).

Table 3. Representative kinematic parameters in paretic lower limb during walk in the three subgroups.

Group Statistics
SG1 SG2 SG3 ANOVA p-Values of the Post Hoc Test

F-Value p-Value η2
SG1
vs.

SG2

SG1
vs.

SG3

SG2
vs.

SG3

Maximum ankle plantarflexion in early stance
(◦)

Mean 1.49 3.32 6.01
2.304 0.107 0.063 1.000 0.236 0.312SD 5.93 5.18 7.42

Maximum ankle dorsiflexion in stance (◦) Mean −12.01 −15.14 −12.45
1.461 0.239 0.041 0.752 1.000 0.353SD 7.73 4.63 7.82

Ankle plantarflexion at toe off (◦) Mean 1.82 1.00 −1.12
0.756 0.473 0.021 1.000 1.000 0.912SD 9.54 7.56 8.17

Maximum ankle dorsiflexion in swing (◦) Mean −5.09 −5.17 −2.77
1.027 0.364 0.029 1.000 1.000 0.544SD 7.20 5.85 7.84

Ankle angle excursion (◦) Mean 17.51 21.99 23.84
2.255 0.113 0.061 0.460 0.121 1.000SD 6.72 6.74 8.62

Knee flexion at heel contact (◦) Mean −10.97 −12.26 −7.50
3.417 0.038 0.090 1.000 0.696 0.037SD 5.08 4.81 9.17

Maximum knee flexion in early stance (◦) Mean −15.63 −17.61 −11.83
3.085 0.052 0.082 1.000 0.904 0.050SD 5.26 6.08 11.75

Maximum knee extension in stance (◦) Mean −1.21 −6.26 −1.82
2.856 0.064 0.076 0.346 1.000 0.087SD 5.47 6.08 9.40

Knee flexion at toe off (◦) Mean −27.59 −31.26 −19.17
10.849 <0.001 0.236 1.000 0.129 <0.001SD 10.23 7.26 12.41

Maximum knee flexion in swing (◦) Mean −39.07 −43.64 −26.36
14.455 <0.001 0.295 1.000 0.044 <0.001SD 13.55 10.74 14.40

Knee angle excursion (◦) Mean 38.21 38.48 25.57
11.205 <0.001 0.245 1.000 0.019 <0.001SD 13.20 11.11 11.47

Hip flexion at heel contact (◦) Mean −28.88 −28.64 −23.84
3.312 0.042 0.088 1.000 0.337 0.060SD 4.21 7.91 8.65

Maximum hip extension in stance (◦) Mean −2.37 −1.85 −9.91
8.726 <0.001 0.202 1.000 0.059 0.001SD 8.19 7.62 8.38

Hip flexion at toe off (◦) Mean −9.79 −9.67 −15.07
3.731 0.029 0.098 1.000 0.330 0.037SD 7.87 8.15 8.59

Maximum hip flexion during swing (◦)
Hip angle excursion (◦)

Mean −33.35 −32.72 −28.89
2.238 0.114 0.061 1.000 0.475 0.184SD 4.95 7.37 8.91

Mean 31.04 31.13 19.74
20.642 <0.001 0.374 1.000 0.001 <0.001SD 7.99 6.45 8.14

Pelvis hiking (◦) Mean 5.06 3.10 5.30
3.280 0.044 0.087 0.499 1.000 0.044SD 2.28 3.40 3.75

Leg circumduction (◦) Mean 11.54 9.58 13.01
4.985 0.010 0.126 0.786 1.000 0.007SD 5.19 3.83 4.49

SG: subgroup; ANOVA: analysis of variance; Negative value represents flexion or dorsiflexion; p-values marked with bold indicate
statistically significant differences at the p < 0.05 level.



Brain Sci. 2021, 11, 1512 8 of 14

A lower maximum knee flexion in the swing phase (SG3 vs. SG2: p < 0.001, SG3 vs.
SG1: p = 0.044) and knee (SG3 vs. SG2: p < 0.001, SG3 vs. SG1: p = 0.019) and hip angle
excursion (SG3 vs. SG2: p < 0.001, SG3 vs. SG1: p = 0.001) were found in SG3 compared
with the other SGs. In SG2, the maximum hip extension in stance (p = 0.001), hip flexion at
push off (p = 0.037), maximum knee flexion in the ES (p = 0.050), and knee flexion at push
off (p < 0.001) were significantly larger than that of SG3. However, there was no significant
difference in any kinematic parameters between SG1 and SG2.

3.1.4. Kinetic Parameters

Table 4 shows the representative kinetic parameters for the three SGs. There were
significant differences in maximum hip extension moment in ES (F2,65 = 7.235, p = 0.001,
η2 = 0.17), maximum hip flexion moment in stance (F2,65 = 12.048, p < 0.001, η2 = 0.26),
first maximum knee extension moment (F2,65 = 3.607, p = 0.032, η2 = 0.10), maximum
ankle dorsiflexion moment in ES (F2,65 = 6.024, p = 0.004, η2 = 0.15), and maximum ankle
plantarflexion moment in stance (F2,65 = 47.293, p < 0.001, η2 = 0.58).

Table 4. Representative kinetic parameters in paretic lower limb during walk in the three subgroups.

Group Statistics
SG1 SG2 SG3 ANOVA p-Values of the Post Hoc Test

F-Value p-Value η2
SG1
vs.

SG2

SG1
vs.

SG3

SG2
vs.

SG3

Maximum hip extension moment in early
stance (Nm/kg)

Mean 0.84 0.61 0.47
7.235 0.001 0.173 0.085 0.002 0.123SD 0.12 0.30 0.25

Maximum hip flexion moment in stance phase
(Nm/kg)

Mean −0.52 −0.60 −0.33
12.048 <0.001 0.259 1.000 0.098 <0.001SD 0.30 0.21 0.20

First maximum knee extension moment in
stance phase (Nm/kg)

Mean 0.27 0.33 0.18
3.607 0.032 0.095 1.000 0.798 0.029SD 0.23 0.18 0.23

Maximum knee flexion moment in stance
phase (Nm/kg)

Mean −0.36 −0.05 −0.13
2.265 0.112 0.062 0.112 0.336 1.000SD 0.31 0.29 0.43

Second maximum knee extension moment in
stance phase (Nm/kg)

Mean 0.17 0.28 0.22
1.272 0.287 0.036 0.530 1.000 0.642SD 0.14 0.16 0.23

Maximum ankle dorsiflexion moment in early
stance (Nm/kg)

Mean −0.06 −0.04 −0.01
6.024 0.004 0.149 0.487 0.010 0.048SD 0.07 0.04 0.04

Maximum ankle plantarflexion moment in
stance phase (Nm/kg)

Mean 1.01 0.97 0.53
47.293 <0.001 0.578 1.000 <0.001 <0.001SD 0.16 0.20 0.19

SG: subgroup; ANOVA: analysis of variance; p-values marked with bold indicate statistically significant differences at the p < 0.05 level.

Among the three SGs, the lowest maximum ankle plantarflexion (SG3 vs. SG2:
p < 0.001, SG3 vs. SG1: p < 0.001) and dorsiflexion moment (SG3 vs. SG2: p = 0.048,
SG3 vs. SG1: p = 0.010) were found in SG3. In SG2, maximum hip flexion moment
(p < 0.001) and the first maximum knee extension moment (p = 0.029) were larger than
those in SG3. In SG1, the maximum hip extension moment in ES was larger than those in
SG3 (p = 0.002).

3.2. Differences in Demographic Data and Clinical Features among the Subgroups
3.2.1. Demographic Data

No differences (all p > 0.156) in age, height, weight, time post stroke, sex, diagnosis,
and paretic side among the SGs were found, as shown in Table 5.

3.2.2. Clinical Features

In SG3, items for motor function in lower limb in the SIAS were lower than those
in SG2 (ankle joint: p = 0.002, knee joint: p = 0.009, and hip joint: p = 0.004), as shown in
Table 5. However, there was no significant difference in deep tendon reflex and range of
motion in ankle dorsiflexion in SIAS among the SGs.

3.2.3. Use of AFOs

Table 6 shows the distribution of use of AFOs in the three groups. We found statistically
significant differences in the non-use of AFOs, use of articulated AFOs, and use of non-
articulated AFOs among the three SGs. The proportion of patients without AFOs in
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SG2 was significantly higher than that in SG3 (p = 0.008). The proportion of patients
with articulated AFOs in SG1 was significantly higher than that in SG2 (p = 0.040). The
proportion of patients with non-articulated AFOs in SG3 was significantly higher than that
in SG1 (p = 0.036).

Table 5. Demographic and clinical features of patients in the three subgroups.

Group

SG1 1 SG2 SG3

Number 2 8 28 36
Gender (Male/Female) 2 6/2 22/6 25/11

Age (years) 3 52.6(9.5) 55.7(12.2) 58.5(11.4)
Height (cm) 3 162.1(5.6) 167.8(9.0) 164.9(7.6)
Weight (kg) 3 62.1(8.4) 65.8(10.6) 61.7(11.9)

Diagnosis (Hemorrhage/Infarction) 2 6/2 18/10 18/18
Paretic side (Right/Left) 2 3/5 17/11 21/15

Time since neurologic event (month) 3 11.25(18.35) 35.82(40.98) 36.31(49.49)
SIAS 2,4

Motor function (0/1/2/3/4/5)
Ankle joint 1/2/0/2/3/0 1/3/1/7/13/3 5/9/5/11/5/1
Knee joint 0/0/0/3/4/1 0/0/2/7/15/4 0/2/3/21/8/2
Hip joint 0/0/0/3/5/0 0/0/1/4/19/4 0/1/3/16/15/1

Deep tendon reflex (lower limb) (0/1/2/3) 0/5/2/1 1/10/8/9 1/13/18/4
Range of motion (ankle dorsiflexion) (0/1/2/3) 1/5/2/0 2/11/13/2 1/19/14/2

1 SG: subgroup; 2 Number of patients; 3 Mean (standard deviation); 4 SIAS: stroke impairment assessment set.

Table 6. The ratio and number of subjects who used AFOs daily in the three subgroups.

SG1 (n = 8) SG2 (n = 28) SG3 (n = 36)
p-Value

SG
1 vs. 2

SG
1 vs. 3

SG
2 vs. 3

n % n % n %

Non-use of AFO 3 38 15 54 7 19 0.689 0.475 0.008
Use of articulate AFO 5 63 5 18 14 39 0.040 0.387 0.113

Use of non-articulate AFO 0 0 8 29 15 42 0.154 0.036 0.442

AFO: ankle foot orthosis; SG: subgroup; p-values marked with bold indicate statistically significant differences at the p < 0.05 level.

Participants who used the articulated AFOs daily wore an AFO with resistance in
the plantarflexion direction due to an oil damper and without stiffness in the dorsiflexion
direction (Gait Solution Design; Kawamura Gishi, Osaka, Japan) or a posterior leaf spring
plastic AFO with a Tamarack flexure joint (Becker Orthopedic, Troy, MI, USA). The par-
ticipants who used non-articulated AFOs daily wore an ORTOP AFO (Pacific Supply Co.,
Ltd., Osaka, Japan) or posterior leaf spring plastic AFO.

4. Discussion

We assessed the gait pattern based on ankle joint stiffness, also called QJS, in the gait in
patients with hemiparesis using a hierarchical cluster analysis. The group was divided into
three SGs, with different gait patterns based on knee kinematics, especially maximum knee
extension in MS, as described in previous studies [23–25,40]. However, interestingly, the
three groups had different proportions of AFO use, which supports our hypothesis. This is
the first study that demonstrates that the type of QJS in the gait of patients after stroke can
determine whether they use articulated AFOs, non-articulated AFOs, or no AFO.

The highest QJS in the ES on the paretic side was found in SG1. However, the lower
limb reflex, including Achilles’ tendon reflex and passive dorsiflexion range of motion at
the ankle joint, did not differ from that of the other SGs. As indicated in previous studies,
QJS in the ES may contribute to other factors, such as viscous damping at the ankle joint,
but not the dorsiflexion range of motion and increased muscle activity at the ankle joint
in the ES due to spasticity [18,41]. Contrary to our hypothesis, the group with a high



Brain Sci. 2021, 11, 1512 10 of 14

QJS in the ES (SG1) did not exhibit hyperextension of the knee in the ES. This is because
dorsiflexion movement in the ES was not low, which may be a stronger factor preventing
hyper knee extension than QJS in the ES [42]. Additionally, higher hip extension moment
in the ES on the paretic side was found in SG1. The impaired ankle rocker in the ES due to
high QJS may not play a role in moving the center of mass (COM) in the forward direction,
which has been shown as an inverted pendulum model [43]. Because gait speed in SG1
did not decrease compared to that of the other SGs, the increased hip extension moment
on the paretic side may have compensated for decreased forward COM movement due to
high QJS in the ES. QJS in the MS in SG1 was also higher than in SG3, which resulted in
higher ankle plantarflexion moment in stance, as was predicted by our hypothesis. SG1
does not belong to any of the groups that were presented in previous studies [23–25]. The
proportion of patients with articulated AFOs in SG1 was significantly higher than in SG2;
while that with non-articulated AFOs in SG1 was significantly lower in SG3. Articulated
AFOs, which were used by patients in SG1, were associated with AFO stiffness in the
plantarflexion direction but not AFO stiffness in dorsiflexion [44]. Patients in SG1 may
not need an increase in QJS in the MS due to AFO stiffness in the dorsiflexion direction,
which the non-articulated AFO has, although they need a decrease in QJS in the ES due
to AFO stiffness in the plantarflexion direction, which the articulated AFO has. However,
care should be taken in interpreting the result regarding the proportion of patients with
articulated AFOs in SG1 due to the small number of subjects in that group.

SGs 1 and 2 showed a higher QJS in the MS compared to SG3, and SG2 showed the
second highest QJS in the ES. Additionally, the patients had milder paresis in the lower
limb on the paretic side than in SG3. Therefore, in patients with high motor function in the
lower limbs, the characteristics of QJS were similar to those in the healthy controls, such as
low QJS in the ES and high QJS in the MS, as shown in a previous study [18]. Due to the
high QJS in the MS, the high ankle plantarflexion moment in the stance phase may cause a
higher gait speed in SG2, which was consistent with previous findings [9,18], and a high
proportion of the non-use of AFOs. However, knee flexion throughout the gait cycle in
SG2 increased. The maximum knee extension in the stance phase (−6.3 ± 6.1) in SG2 was
similar to that reported by Kinsella for SG2 (−2.3 ± 4.0) [24]. High knee flexion in the early
stance during weight transfer was similar to the buckling knee pattern with intermediate
gait speed, as reported by de Quervain [23]. Kobayashi reported that AFO stiffness in
the dorsiflexion direction increased knee extension in the stance phase in patients after
stroke [45]. These facts indicate that the non-use of AFOs may lead to excessive knee
flexion in ES in patients after stroke. In addition, the second highest QJS in ES, in which the
direction of resistance is consistent with AFO stiffness in the dorsiflexion direction, may
prevent excessive knee flexion in the ES in a buckling knee pattern.

The lowest QJS in the ES and MS on the paretic side were observed in SG3. Addi-
tionally, evaluations of motor function in the lower limb showed severe paresis in the
lower limb in SG3. Severe paresis may decrease the activity of the ankle plantar flexor
muscle in the MS, thus resulting in a decrease of QJS in the MS, as shown in a previous
study [18]. Because there was no difference in reflexes in the lower limb and passive ankle
dorsiflexion range of motion among the SGs, which has an effect on QJS, severe paresis
may be a main factor decreasing QJS in the ES. The results of lower limb kinematics in SG3
showed decreased knee flexion in the ES at push off, swing and hip extension in stance,
and increased hip flexion and compensation movements in swing. Decreased QJS in the
ES may cause decreased knee flexion in the ES due to poor eccentric control of the tibia.
On the other hand, the low QJS in the MS may decrease the ankle plantarflexion moment,
thus resulting in insufficient knee flexion at toe off and swing and excessive hip flexion at
toe off and compensation movements in swing, as shown in previous studies [9,18,46–48].
The proportion of use of non-articulated AFOs in SG3 was higher, whereas a previous
study showed that AFO with severe stiffness in the plantarflexion direction reduced ankle
joint power generation at push off in the gait of patients after stroke [49]. It seemed to be
unreasonable that patients in SG3, who had a decrease in ankle kinetics at push off, used
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non-articulated AFOs to reduce ankle joint power generation at push off. Tsuchiyama et al.
(2021) reported that in groups with severe ankle impairment, the use of AFOs improved
stability in the gait of patients after stroke [50]. Therefore, our results indicate that SG3,
with the lowest QJS in ES and MS, may need more stability by using non-articulated AFOs
with severe stiffness in the dorsiflexion and plantarflexion directions, due to poor control
of the tibia rather than propulsion by push off.

There were several limitations of the present study. First, only patients who could
walk without any assistance after stroke were recruited. Patients with a slow gait speed in
the previous studies used a four-point or straight cane when walking [23,25]. Additionally,
in comparison to those in the previous studies (Kinsella et al. (2008), 0.13 m/s and 0.23 m/s;
De Quervain et al. (1996), 0.16 m/s), the gait speed (0.31 m/s) in the SGs that was
categorized as slow gait speed in the present study was faster [23,24]. The differences
in gait function between the present study and previous studies may have an effect on
the difference in categorization based on knee kinematics at slow gait speed. Second,
the present study did not measure gait with daily-used AFOs. Therefore, it is unclear
whether daily-used AFOs are the most appropriate. Third, SG3 did not have any features of
maximum knee extension in the stance phase (−1.8 ± 9.4◦) with a slow gait speed. Previous
studies showed that there were two types of maximum knee extension (i.e., excessive knee
flexion and extension) in groups with slow gait speed [24,25]. There was no difference in
plantar flexor activity or ankle plantarflexion moment in the stance phase between the SGs
with two knee types in previous studies [24,25]. The categorization in this study is based
on QJS, which is attributed to ankle plantarflexion activity and moment in the stance phase
during gait. Therefore, SG3, with a slow gait speed, was not divided into two knee types as
in previous studies [24,25]. Fourth, the present study was cross-sectional. Future research
should prospectively follow patients after stroke to clarify whether similar SGs exist prior
to determining daily-used AFOs. Fifth, the sample size of SG1 was small. A future study
to measure and analyze QJS in a larger sample size is warranted.

Future research should collect both kinetic/QJS and kinematic data for gait classifica-
tion. However, appropriate data (i.e., kinematic parameters, other parameters) for use in
gait classification may depend on the purpose for which the gait classification is used. A
variety of data on gait in stroke patients is needed to determine a gait classification index
for appropriate treatment and orthotic selection. In our present results, the SG1 sample
size was small. The use of 3D motion analysis is limited in terms of resources to measure
large amounts of data, which may require the use of wearable sensors or depth sensors
that are currently being developed. In addition, future research on gait classification,
including patients in the subacute phase, should provide valuable information to clarify
the recovery process.

5. Conclusions

In summary, we classified the gait pattern based on ankle joint stiffness, called QJS, in
the gait of patients after stroke and clarified the differences in the use of AFOs among the
groups as follows: the proportion of use of articulated AFOs, that of non-articulated AFOs,
and the non-use of AFOs were higher in SG1, with a high QJS in the ES and MS, followed
by SG3, with a low QJS in the ES and MS, and SG2, with a low QJS in the ES and high QJS
in the MS. However, large sample sizes are required to confirm these results.
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