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Gait pattern analysis and
 clinical subgroup
identification: a retrospective observational study
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Abstract
To identify basic gait features and abnormal gait patterns that are common to different neurological or musculoskeletal conditions,
such as cerebral stroke, Parkinsonian disorders, radiculopathy, and musculoskeletal pain.
In this retrospective study, temporal-spatial, kinematic, and kinetic gait parameters were analyzed in 424 patients with hemiplegia

after stroke, 205 patients with Parkinsonian disorders, 216 patients with radiculopathy, 167 patients with musculoskeletal pain, and
316 normal controls (total, 1328 subjects). We assessed differences according to the condition and used a community detection
algorithm to identify subgroups within each condition. Additionally, we developed a prediction model for subgroup classification
according to gait speed and maximal hip extension in the stance phase.
The main findings can be summarized as follows. First, there was an asymmetric decrease of the knee/ankle flexion angles in

hemiplegia and a marked reduction of the hip/knee range of motion with increased moment in Parkinsonian disorders. Second, three
abnormal gait patterns, including fast gait speed with adequate maximal hip extension, fast gait speed with inadequate maximal
hip extension, and slow gait speed, were found throughout the conditions examined. Third, our simple prediction model based on
gait speed and maximal hip extension angle was characterized by a high degree of accuracy in predicting subgroups within
a condition.
Our findings suggest the existence of specific gait patterns within and across conditions. Our novel subgrouping algorithm can be

employed in routine clinical settings to classify abnormal gait patterns in various neurological disorders and guide the therapeutic
approach and monitoring.

Abbreviations: Abs = absorption, AD = adequate, Ankle dFl St =maximal ankle dorsiflexion angle in stance phase, Ankle dFl Sw
= maximal ankle dorsiflexion angle in swing phase, Ankle Ex Mo = peak ankle extension moment, Ankle Po = peak ankle power
generation, ANOVA = One-way analysis of variance, AS = affected side, Ext = extension, F = fast, Flex = flexion, Gen = generation,
Hip Ex Mo = peak hip extension moment, Hip Ex St =maximal hip extension angle in stance phase, Hip Fl Sw =maximal hip flexion
angle in swing phase, Hip Po = peak hip power generation, IDS = initial double support time, IM = intermediate, IN = inadequate,
Knee Ex Mo = peak knee extension moment, Knee Fl St =maximal knee flexion angle in stance phase, Knee Fl Sw =maximal knee
flexion angle in swing phase, Knee Po = peak knee power generation, Moment = peak extension moment, MSK =musculoskeletal
pain group, Power = peak power generation, SL = slow, SS = single support time, TDS = terminal double support time, US =
unaffected side.
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1. Introduction

Gait is one of most complex motor skills in humans. The control
of gait relies on a coordinated network of multiple systems,
including the central nervous system, peripheral nervous system,
and musculoskeletal system.[1,2] Since a gait disorder can result
from a network disruption within any of these systems, its clinical
presentation can be associated with heterogeneous and complex
features.[3] Thus, the development of a method to classify gait
disorders according to their common features is the first step for a
clinical assessment aimed at improving gait.
There are several gait classifications that are based on different

aspects. One of the most popular classifications categorizes
gait disorders according to the main clinical features. However,
this classification relies on the clinician’s experience without
incorporating objective gait characteristics.[2,4,5] Snijder et al
proposed a modified three-step classification of gait disorders in
which a clinical diagnosis is established considering the possible
gait disorder according to the clinical findings, identifying a
probable diagnosis using clinical information, and defining the
gait disorder according to histopathological findings.[2] Although
Snijder et al’s classification covers various aspects of gait
disorders, it relies on the clinician’s experience given that there
are limited objective data on gait characteristics.[2,6] Therefore,
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quantitative methods sampling temporal-spatial parameters,
kinematics of limb movement (joint angles), and kinetics (reactive
forces), have been developed to overcome these limitations.[2,3,7,8]

The first studies on gait using quantitative outcome measures
were conducted in the 1960s, taking temporal-spatial parameters,
kinematics of limb movement in three planes (joint angles), and
kinetics (reactive forces) into account.[2,3] Some previous studies
have classified the gait pattern using quantitative gait analysis in
patients with neurological disorders. Winters et al used sagittal
plane kinematic data of quantitative gait analysis in adult
hemiplegic cerebral palsy patients to classify them into four
distinct groups with homogenous gait patterns.[9] Hullin et al
followed this classification while collecting quantitative gait
analysis data from 26 children with hemiplegic cerebral palsy;
however, only one group corresponded to the groups by Winters
et al.[10] Onemeta-analysis and the another study documented gait
pattern in patients with neurological disorders according to
quantitative gait analysis.[11,12] However, classification studies
based on quantitative gait analyses have had small sample sizes,
and were potentially biased due to the inclusion of a few selected
quantitative gait variables.[9–12] A more critical issue is the lack of
identificationof common subgroupsacross various etiologies.[9–11]

The aim of this study was to compare the gait characteristics of
neurological and musculoskeletal disorders that affect gait. A
second aim was to identify subgroups within each disease using
multiple quantitative gait parameters. Finally, we developed a
model to predict which subgroup a patient would be assigned to,
based on their data.
2. Methods

2.1. Participants

We retrospectively collected quantitative gait data and reviewed
the primary physicians’medical records of patients that had been
examined between January 2000 and December 2016. A total of
3155 datasets were acquired. We excluded 184 datasets due to
insufficient walking abilities and consequent poor recordings of
gait parameters. The data were categorized based on the primary
physicians’ diagnosis of the most likely cause of gait disorder, and
included hemiplegia after stroke, quadriplegia due to stroke or
traumatic brain injury, Parkinsonian disorders, myelopathy,
radiculopathy, peripheral neuropathy other than radiculopathy,
musculoskeletal pain, amputation, normal aging, and exposure
to the herbicide Agent Orange.
Weonly includeddata from thefirstmeasurement session in case

of multiple sessions (n=887 datasets excluded). Due to the small
number of cases and the possibility of bias due to imbalance, we
excluded female subjects (n=60), patients with traumatic brain
injury (n=20), myelopathy (n=24), and peripheral neuropathy
(n=28). Individuals that had been exposed to Agent Orange (n=
298) were also excluded because their gait analysis data were
linked to the national disability grade and could have therefore
resulted in a potential bias (i.e., theymightwalk badly onpurpose).
Patients with lower limb amputation (n=148) and quadriplegia
(n=161) were excluded because they did not fit the purpose of the
present study. Seventeen subjectswere excluded due to the absence
of medical records. This resulted in a final total of 1012 patients
with hemiplegia, Parkinsonian disorders, radiculopathy, and
musculoskeletal pain, and 316 normal aging subjects (Fig. 1).
This study has been approved by the local institutional review
board and has been performed in accordance with the ethical
2

standards laid down in the 1964Declaration ofHelsinki (approval
no. 2016-02-015). The institutional review board committee
waived the requirement for informed consent given the retrospec-
tive nature of the study.

2.2. Gait data acquisition

Gait datawere acquired using a three-dimensionalmotion analysis
of lower extremities and external ground reaction forces. Before
2012,833datasetswere included, recordedusing aVicon370with
a five infrared, 60Hz camera motion analysis system (Oxford
Metrics Ltd., Oxford, UK) and two force plates (sampling rate
1200Hz; Advanced Mechanical Technology Inc., Watertown,
MA); from 2012, 495 datasets were included, recorded using a
Motion Analysis with an eight infrared, 60Hz camera motion
analysis system (Motion Analysis Corp., Santa Rosa, CA) and
three force plates (sampling rate 1200Hz; Kistler Corp., Amherst,
NY). Simultaneous recordings of temporal-spatial, lower extremi-
ty kinematics, and foot-floor contact patterns were made as
patientswalked sixmeterswithbare feet at their self-selected speed.
Joint kinematics and kinetics were calculated using the Vicon
Workstation 512 (Oxford Metrics Ltd., Oxford, UK) or the
Ottotrack (Motion Analysis Corporation, Santa Rosa, CA).
2.3. Data preparation

We selected a total of 36 gait variables corresponding to temporal-
spatial, kinematic, and kinetic parameters. The temporal-spatial
parameters were gait speed (cm/s), stride length (cm), step length
(cm), cadence (steps/min), initial double support time (s), single
support time (s), and terminal double support time (s). The
kinematic parameters (degrees) were maximal hip extension, knee
extension, and ankleflexion angle in the stance phase andmaximal
hip, knee, and ankle flexion angle in the swing phase. The kinetic
parameters for hip, knee, and ankle joints were peak extension
moment (Nm/kg) and peak power generation (W/kg, supplemen-
tary Figure 1, http://links.lww.com/MD/D946). For kinematic
andkinetic parameters, the limbswere set as affectedor unaffected.
The affected side in the hemiplegia group was identified according
to medical records, and the affected side in all other groups was
identified according to a shorter single support time.[13]
2.4. Patient-patient similarity matrix and subgroup
identification

Similarity was evaluated for the 36 gait parameters between any
two patients. For each group, we computed a patient–patient
matrix using the Pearson’s correlation coefficient. Then, a sparse
similarity matrix was obtained by applying a threshold of
corrected P< .05 using the Benjamini–Hochberg method.[14]

Furthermore, we identified subgroups in each condition using a
community detection algorithm (supplementary Figure 2, http://
links.lww.com/MD/D947).[15,16] Subgroups that included less
than ten patients were considered as outliers and excluded from
further analyses. The Louvain community detection algorithm
uses a heuristic approach to compute modularity, yielding
slightly different communities run by run.[16] Therefore, we
performed 1000 independent community detection processes and
identified the subgroup that had the highest average value of
normalized mutual information over all other optimization
results, as described in a previous report.[17] Significant gait
parameters that distinguished between subgroups were identified
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Figure 1. Study profile. We retrospectively collected quantitative gait data including 424 patients with hemiplegia, 205 patients with Parkinsonian disorders, 216
patients with radiculopathy, 167 patients with musculoskeletal pain (MSK), and 316 normal controls were included.
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using the Cohen’s effect size. We calculated effect sizes of all
parameters between subgroups pairs (Fig. 2).

2.5. Validation of subgroups using speed and maximal hip
extension angle

To test whether specific parameters selected based on the steps
described above could identify subgroups, we computed the
Euclidean distance between the mean values of gait variables in
each subgroup and individual gait variables using the following
equation:

dij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
k∈V

mik � gjk
� �2

s
; ð1Þ

where mik is the mean value of the k-th gait variable of the i-th
subgroup, gik is the k-th gait variable of the j-th participant, andV
is the set of selected variables. Then, the subgroup membership of
3

the j-th participant was determined using the minimum value of
dij. For example, if a participant (j) had Euclidean distances d1j=
13.5, d2j=45.4, and d3j=54.7 with respect to three subgroups,
then the participant (j) would be assigned to the subgroup 1
because the gait pattern for this participant shows the maximum
similarity (i.e., minimum dissimilarity) with subgroup 1.
2.6. Statistical analysis

One-way analysis of variance (ANOVA) with Bonferroni
correction was used to test group differences. For each group,
we conducted an ANOVA to identify any subgroup effects. Since
a total of 36 gait pattern variables were compared, a multiple
comparison correction using the Benjamini–Hochberg procedure
was applied.[14] Additionally, eta-squared (h2), which is the most
commonly reported estimate of effect size for the ANOVA, was
computed using the sum of squares for the effect of interest
divided by the total sum of squares. Significant gait variables were

http://www.md-journal.com


Figure 2. Cohen’s effect size for each gait parameter computed between the subgroups. The color scale represents the Cohen’s effect size for the pairwise post
hoc analyses between subgroups for each neurological or musculoskeletal condition: (A) Hemiplegia, (B) Parkinsonian disorders, (C) Radiculopathy, (D)
Musculoskeletal pain, and (E) Normal controls.
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identified at an FDR-corrected threshold of P< .05 with large
effect sizes (h2>0.14).[18] Finally, pairwise post hoc comparisons
among subgroups were conducted for the significant gait
variables.

3. Results

3.1. Between-group differences

General characteristics are shown in Table 1. The hemiplegia
group had a decrease in the affected knee/ankle flexion angle in
the stance and swing phases as compared to the unaffected side.
The Parkinsonian disorders group showed a marked reduction in
maximal hip extension in the stance phase and increased
extension moment in the hip/knee joints as compared to the
other groups. The radiculopathy and musculoskeletal pain
groups did not have statistical differences in any parameter
(Table 1 and Fig. 3).

3.2. Nomenclature for subgroups within disease groups

Each group was classified into subgroups having similar gait
patterns. According to the community detection algorithm, the
following subjects failed to be categorized into a subgroup or
were present in a subgroup of less than ten patients: 16
Parkinsonian, 8 radiculopathy, and 6 musculoskeletal pain
patients, and 16 control subjects. Gait speed (temporal-spatial
variable) and maximal hip extension angle (kinematic variable)
were the measurements with the largest effect size for the
ANOVA and therefore the most suited to distinguish between
subgroups. There was no effective parameter for distinguishing
between subgroups when looking at kinetic variables (Figs. 2
4

and 4). Subgroup labeling proceeded as follows. First, if the gait
speed was significantly different between the subgroups, then
the subgroups were named Fast (F), Intermediate (IM), and
Slow (SL). Then, if the gait speed was not significantly different
between two F subgroups within a group, then adequate (AD)
or inadequate (IN)was added to the subgroups’ name according
to the maximal hip extension angle in the stance phase within
the normal range (defined as the mean±2 standard deviations
from the maximal hip extension angle in the normal aging
group).
3.3. Subgroup comparison within disease groups

We identified three common subgroups (F/AD, F/IN, and SL)
within the hemiplegia, radiculopathy, and musculoskeletal pain
groups. The F/AD subgroup had the fastest gait speed with close-
to-normal kinematic and kinetic curves among the subgroups
within the disease groups. The F/IN subgroup had increased hip
flexion angle throughout the whole gait cycle with increased hip
flexion moment in the loading response and increased knee
flexion angle in the swing phase with increased knee extension
moment (black arrow in Figs. 5A, 6A and B, and supplementary
Table 1, http://links.lww.com/MD/D948, http://links.lww.com/
MD/D949, http://links.lww.com/MD/D950, http://links.lww.
com/MD/D951 - 4). The SL subgroup had a shortest stride
length among subgroups with an absence of ankle push-off in
the pre-swing phase. There was one more subgroup (IM) in the
radiculopathy group. The IM subgroup had kinematic curves
similar to those of the SL subgroup within the same disease
group, but increased hip/ankle extension and knee flexion
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Table 1

Quantitative gait analysis data in all groups.

Hemiplegia Parkinsonian Radiculopathy MSK pain Normal Analysis of variance
h2(n=424) (n=189) (n=208) (n=161) (n=300) F4,1277 Corrected P

Mean age (years) 63.53 (10.14)†jj 70.47 (4.82)
∗‡xjj 65.72 (10.09)†jj 64.74 (13.63)† 57.65 (11.58)

∗†‡ 47.58 <.001
Spatiotemporal parameters
Gait speed (cm/s) 49.58 (23.30)†‡xjj 60.40 (28.93)

∗xjj 65.05 (25.52)
∗jj 69.27 (24.75)

∗†jj 92.09 (20.45)
∗†‡x 139.86 <.001 0.30

Stride length, unaffected (cm) 69.82 (22.64)‡xjj 70.95 (28.38)‡xjj 81.70 (22.55)
∗†jj 84.76 (22.12)

∗† 105.94 (16.90)
∗†‡ 129.81 <.001 0.29

Stride length, affected (cm) 69.60 (22.63)‡xjj 70.99 (28.22)‡xjj 81.67 (22.34)
∗†jj 84.81 (21.98)

∗†jj 105.47 (17.01)
∗†‡x 128.38 <.001 0.29

Step length, unaffected (cm) 33.90 (12.99)‡xjj 34.34 (13.67)‡xjj 40.96 (13.16)
∗†jj 41.47 (12.71)

∗† 53.52 (9.04)
∗†‡ 127.07 <.001 0.22

Step length, affected (cm) 35.70 (11.78)‡xjj 36.54 (15.82)‡xjj 40.63 (12.41)
∗†jj 43.21 (13.00)

∗† 52.11 (8.82)
∗†‡ 90.47 <.001 0.28

Cadence (steps/min) 82.76 (22.00)†‡xjj 100.35 (21.20)
∗‡ 93.07 (18.14)

∗†jj 96.00 (16.41)
∗jj 103.81 (11.29)

∗‡x 66.04 <.001 0.17
Initial double support, unaffected (s) 0.48 (0.81)‡xjj 0.42 (0.76)jj 0.34 (0.42)

∗jj 0.30 (0.22)
∗jj 0.17 (0.05)

∗†‡x 13.94 <.001 0.08
Initial double support, affected (s) 0.39 (0.39)‡xjj 0.35 (0.50)jj 0.28 (0.16)

∗jj 0.26 (0.14)
∗jj 0.16 (0.04)

∗†‡x 26.21 <.001 0.04
Single support, unaffected (s) 0.66 (0.42)jj 0.69 (0.33)xjj 0.62 (0.43)jj 0.58 (0.23)†jj 0.43 (0.07)

∗†‡x 26.66 <.001 0.09
Single support, affected (s) 0.55 (0.23)‡xjj 0.53 (0.15)xjj 0.49 (0.11)

∗jj 0.47 (0.12)
∗† 0.42 (0.06)

∗†‡ 32.56 <.001 0.08
Terminal double support, unaffected (s) 0.42 (0.47)xjj 0.40 (0.71)xjj 0.32 (0.30)jj 0.28 (0.17)

∗†jj 0.16 (0.06)
∗†‡x 19.44 <.001 0.06

Terminal double support, affected (s) 0.43 (0.62)‡xjj 0.34 (0.44)jj 0.27 (0.18)
∗jj 0.26 (0.15)

∗jj 0.16 (0.06)
∗†‡x 20.01 <.001 0.06

Kinematic parameters (degrees)
Stance phase
Hip extension, unaffected �3.64 (15.59)†jj 8.91 (13.00)

∗‡xjj �1.38 (13.66)†jj �0.96 (14.55)†jj �16.47 (7.12)
∗†‡x 116.57 <.001 0.25

Hip extension, affected �1.76 (15.82)†jj 9.16 (12.93)
∗‡xjj �2.27 (17.64)†jj �0.41 (16.46)† �16.72 (7.04)

∗†‡ 105.44 <.001 0.27
Knee flexion, unaffected 23.78 (12.14)†‡xjj 27.90 (8.08)

∗‡xjj 20.99 (10.78)
∗†jj 20.43 (12.39)

∗† 12.62 (8.37)
∗†‡ 73.88 <.001 0.17

Knee flexion, affected 16.94 (11.99)†‡xjj 26.71 (8.12)
∗‡xjj 21.15 (9.99)

∗†jj 20.12 (11.48)
∗†jj 12.34 (7.89)

∗†‡x 64.61 <.001 0.19
Ankle dorsiflexion, unaffected 19.27 (14.99)†jj 15.54 (4.67)

∗
17.44 (5.41) 17.49 (8.00) 16.94 (5.64)

∗
5.40 <.001 0.02

Ankle dorsiflexion, affected 14.50 (13.36)‡jj 15.11 (4.68) 17.30 (5.65)
∗

16.91 (6.18)jj 17.33 (8.94)
∗x 5.83 <.001 0.02

Swing phase
Hip flexion, unaffected 34.54 (13.55)jj 37.37 (9.45)‡jj 32.39 (12.11)†jj 34.01 (15.46)jj 23.98 (8.27)

∗†‡x 48.92 <.001 0.12
Hip flexion, affected 28.08 (13.79)†‡xjj 36.69 (9.42)

∗‡xjj 31.80 (11.60)
∗†jj 32.67 (13.66)

∗†jj 23.58 (7.48)
∗†‡x 44.41 <.001 0.13

Knee flexion, unaffected 56.99 (12.28)‡jj 58.73 (11.41)‡xjj 53.62 (15.35)
∗†jj 53.94 (15.13)†jj 49.53 (10.68)

∗†‡x 20.94 <.001 0.17
Knee flexion, affected 39.77 (18.29)†‡xjj 57.09 (13.05)

∗jj 53.61 (14.43)
∗jj 52.91 (15.35)

∗jj 49.13 (8.65)
∗†‡x 63.33 <.001 0.06

Ankle dorsiflexion, unaffected 10.55 (10.11)jj 12.15 (5.62)jj 10.73 (7.55)jj 10.05 (15.83)jj 3.85 (4.88)
∗†‡x 34.20 <.001 0.08

Ankle dorsiflexion, affected 4.93 (11.46)†‡x 11.27 (6.42)
∗‡jj 9.82 (7.41)

∗jj 8.71 (14.20)
∗jj 4.22 (4.87)†‡x 27.20 <.001 0.10

Kinetic parameters
Moment (Nm/kg)
Hip extension, unaffected 0.87 (3.18) 0.83 (0.90) 0.67 (0.68) 0.89 (0.98) 0.64 (0.41) 0.90 .491 0.00
Hip extension, affected 0.70 (1.19) 0.67 (0.58) 0.69 (0.71) 0.72 (0.70)jj 0.70 (0.39)x 0.11 .980 0.00
Knee extension, unaffected 0.84 (0.92)jj 0.96 (0.95)xjj 0.76 (0.92)jj 0.66 (0.62)†jj 0.42 (0.28)

∗†‡x 18.00 <.001 0.07
Knee extension, affected 0.75 (0.72)†jj 0.91 (0.73)

∗‡xjj 0.70 (0.55)†jj 0.68 (0.61)† 0.40 (0.31)
∗†‡ 23.92 <.001 0.05

Ankle extension, unaffected 1.23 (1.08) 1.08 (0.76) 1.12 (0.69) 1.25 (0.94)jj 1.10 (0.30)x 2.15 .085 0.01
Ankle extension, affected 1.12 (1.08) 1.00 (0.62) 1.18 (0.71) 1.02 (0.56) 1.11 (0.29) 1.95 .109 0.01

Power generation (W/kg)
Hip, unaffected 1.54 (8.05) 0.96 (1.19) 0.95 (0.98) 1.13 (1.01) 1.30 (0.69) 0.83 .523 0.04
Hip, affected 0.83 (1.03)xjj 0.69 (0.73)xjj 0.92 (1.18)jj 1.09 (1.35)

∗† 1.25 (0.62)
∗†‡ 12.72 <.001 0.00

Knee, unaffected 1.08 (2.12)jj 1.05 (1.54)jj 0.88 (1.09) 1.06 (1.38)jj 0.60 (0.39)
∗†x 5.19 <.001 0.02

Knee, affected 1.06 (1.38)xjj 0.79 (0.96) 0.89 (1.34) 0.75 (0.88)
∗jj 0.62 (0.40)

∗x 7.65 <.001 0.02
Ankle, unaffected 1.80 (2.17) 1.49 (1.58) 1.55 (1.27) 1.82 (1.99)jj 1.82 (0.80)x 2.06 .095 0.01
Ankle, affected 1.47 (1.84)jj 1.32 (1.21)jj 1.62 (1.60) 1.39 (1.12) 1.78 (0.80)

∗† 4.04 .004 0.01

Data are expressed as mean (SD). eta-squared (h2), which is the most commonly reported estimate of effect size for the ANOVA. (h2>0.14) are in bold. Special characters in the table indicate significantly
different values as compared to hemiplegia (∗), Parkinson (†), Radiculopathy (‡), MSK pain (x), and Normal (jj) groups.
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moment and power on the affected side (white arrow in Figure 6A
and supplementary Table 3, http://links.lww.com/MD/D950).
We identified two subgroups (F and SL) in the Parkinsonian

disorders group (Fig. 5B and supplementary Table 2, http://links.
lww.com/MD/D949). The F subgroup had better maximal hip
extension than the SL subgroup. The SL subgroup had a short
stride length with an absence of ankle push-off in the pre-swing
phase, which means it shared similar characteristics with the
common SL subgroup in hemiplegia, radiculopathy, and
musculoskeletal pain groups (white arrow in Fig. 5B and
supplementary Table 2, http://links.lww.com/MD/D949). The
control group was divided into three subgroups (F, IM, and SL)
5

with significantly different gait speeds and adequate maximal hip
extension angles (Fig. 6C and supplementary Table 5, http://
links.lww.com/MD/D952).
3.4. Validation of subgroups using selected gait
parameters

The subjects were re-classified into subgroups according to the
gait speed with maximal hip extension angle in the stance phase.
The correct classification accuracy was 89.6%, 84.9%, 72.6%,
83.6%, and 70.4% for the hemiplegia, parkinsonism, radicul-
opathy, musculoskeletal pain, and control groups, respectively.
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Figure 3. Kinematic and kinetic variables for various conditions. The kinematic and kinetic graph of hemiplegia showed an asymmetric decrease (black arrow). The
graph of Parkinsonian disorders showed decreased joint movements (gray arrow) and increased extension moments (white arrow).
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4. Discussion

The aim of this was
1.
 to compare between disease groups especially each neurologic
and/or musculoskeletal conditions (Fig. 3),
2.
 to identify novel subgroups depending on gait patterns in each
disease groups by using community detection methods.

There are too many variables in the quantitative gait analysis,
so we could not divide the subgroup using it as a whole. Instead,
36 parameters representing gait characteristics in aspects of
temporal-spatial, kinematic and kinetics were extracted and the
subgroups were classified using the community detectionmethod.
Then, graphs were plotted in each subgroups, using the
quantitative gait analysis data of the subgroups (Figs. 5 and
6). This study showed that two to four different subgroups
identified and a common trend through the disease groups.
From these different subgroups, two main factors were found
to be differentiated. First, the gait speed characterizes the
fast(F)/intermediate(IM)/slow(SL) subgroups. Second, the maxi-
mal hip extension in stance phase characterizes the adequate
(AD)/inadequate (IN) subgroups.

4.1. Comparison between disease groups

Asymmetry was the main feature in hemiplegia due to stroke.
Stroke causes damage to the nerve cells and the central nervous
system pathways; this results in diminished muscle strength with
spasticity, which is the main contributor to gait impairment.[19,20]

The hemiplegic group was characterized by an asymmetric
decrease in motion on the affected side as compared to the
unaffected side, mainly due to muscle weakness with extensor
muscle spasticity.[2,19,21]

We found that the main feature in the Parkinsonian disorders
was a resistance to joint movement. Although the underlying
pathogenetic mechanisms can vary, basal ganglia dysfunction is
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the main process characterizing Parkinsonian disorders. Basal
ganglia dysfunction results in a reduction in the range of joint
movements and rigidity.[2,22,23] The pattern we identified, that is
reduced joint movements with increased joint moment, captures a
fundamental pathogenetic aspect of this syndrome.
Radiculopathy group damaged with peripheral nervous system

but musculoskeletal pain group mainly suffer joint pain of lower
limb. Radiculopathy group results in reduced peripheral
sensibility and/or motor impairments.[24,25] The faster gait speed
with longer stride length was shown in radiculopathy group than
CNS lesion groups, but there is no significant difference in all
variables compared with musculoskeletal pain group.
4.2. Subgroup comparison within disease group

The subgroups have features both common across disease groups
and specific to a disease group. The subgroup with fast gait speed
and inadequate maximal hip extension in this study represents a
newly identified compensatory gait pattern. Hip extension moves
the trunk segment forward over the stance foot, which
contributes to the step length of the contralateral limb,[13,26]

and its reduction could directly lead to a slow gait speed.[2,19,27]

However, the F/AD and F/IN subgroups commonly had fast gait
speeds and the main difference between them was in the maximal
hip extension angle in terminal stance phase. The F/AD
subgroups had normal kinematic and kinetic curves, which
indicate good lower extremity function. The F/IN subgroup had
decreased hip extension in the terminal stance, primarily due to
the tightness of the hip flexor muscles, which indicates an increase
in the hip flexion moment during the hip extension in the loading
response. The decrease in hip extension compensated for the
excessive flexion of the hip and knee joints in the swing phase and
resulted in a relatively fast speed. The F/IN subgroup was
common across several disease groups examined in this study.
However, this subgroup has not been previously reported, likely



Figure 4. Key parameters for distinguishing subgroup identification. Gait speed, maximal hip extension in stance phase, maximal extension moment, and power
generation are shown foe each subgroup.
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due to the small proportion of this subgroup per disease
(8.5–16.5%). Underlying conditions may be needed for this
compensatory pattern to be implemented. One of these
conditions may be a preserved ankle function in the gait cycle,
which implies that kinematics and kinetics of the ankle joint are
comparable to those of the F/AD subgroup. It is worth
7

emphasizing that this was a common compensatory gait pattern
in all the disease groups except for Parkinsonian disorders. In
summary, an insufficient peak hip extension could be overcome
by compensatory hip/knee movements in the swing phase, and an
increase in the peak hip extension is not the only way to increase
the gait speed.

http://www.md-journal.com


Figure 5. Kinematic and kinetic variables in subgroups within the hemiplegia and Parkinsonian disorders groups. (A) Hemiplegia. (B) Parkinsonian disorders.

Kyeong et al. Medicine (2020) 99:15 Medicine
The SL subgroup was another common subgroup among
disease groups and was characterized by a decreased ankle push-
off in the pre-swing phase. A decrease in the ankle plantar flexion
power results in a shorter stride length and a slower speed
because the ankle plantar flexor power at the push-off affects
forward propulsion.[28] The ankle plantar flexor power is also the
primary kinetic factor responsible for the short step length in
older subjects.[29] Our participants were relatively old; thus, a
starting point for the treatment of the SL subgroups might be to
target the ankle plantar flexion.
8

Specific disease characteristics need to be considered to attain a
proper understanding of the Parkinsonian and radiculopathy
subgroups. All subgroups in the Parkinsonian disorders had
inadequate maximal hip extension angles, due to the character-
istic rigidity.[30] Therefore, an additional gait variable other than
maximal hip extension in the stance phase may be needed to label
the Parkinsonian gait disorder. Subgroups in Parkinsonian
disorders may mirror disease progression. Specifically, the SL
subgroup was characterized by a more limited range of motion
at the hip than the F subgroup. Since the progression of



Figure 6. Kinematic and kinetic variables in subgroups within the radiculopathy, musculoskeletal pain, and normal groups. (A) Radiculopathy. (B) Musculoskeletal
pain. (C) Normal controls.

Kyeong et al. Medicine (2020) 99:15 www.md-journal.com
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Parkinsonian disorders is characterized by increased rigidity, the
SL subgroupmay correspond to amore advanced stage than the F
subgroup. In contrast, the small fourth subgroup (IM) identified
in the radiculopathy group was characterized by distinctive
kinetic points. The main difference between the IM and SL
subgroups of the radiculopathy groupmay be the weakness of the
ankle dorsiflexor muscle, corresponding to an increased exten-
sion moment and power generation in the stance phase. The
decrease in ankle strength was caused by the radiculopathy,
which most commonly involved the L5 region,[31] and resulted in
the compensatory increase in the hip/knee kinetic variables.
4.3. Identifying subgroups using gait speed and maximal
hip extension

Identifying subgroups only based on the gait speed and maximal
hip extension was the last and more challenging aim; neverthe-
less, our equation resulted in a relatively high accuracy. Gait
speed is widely considered to be the most reliable indicator of the
functional status in neurological conditions. However, it has
limited usefulness for distinguishing between subgroups because
it is universally decreased and not specifically associated to other
gait imbalance features.[12,32,33] Themaximal hip extension angle
in the stance phase reflects specific kinematic characteristics, and
the maximal hip extension of the affected limb displays a
compensatory decrease with disease severity.[2,34] Although
further research is required to consolidate our approach, we
propose that our algorithmic decision tree could be applicable to
patients with gait disorders in routine clinical settings to conduct
a rapid evaluation and classification of abnormal gait patterns.
The inertial sensor system for gait data collection is of easier access
for clinician than the three-dimensional motion analysis system
used in this study.[35] It is difficult for the clinician to identify the
causeofgait disorderusingquantitative gait analysis.However,our
classification workflow can be exploited as a guide for therapeutic
choices or prognostic purposes and treatment evaluation.
4.4. Limitations

This study presents some limitations. First, this was a retrospec-
tive study; there was limited information on disease onset. While
most patients receive a routine evaluation within 1 to 2 years
after disease onset in our facility, no precise information on this
was collected. To minimize this bias, we only used data from the
first quantitative gait data collection. Second, as the severity of
the disease groups is heterogenous, comparative analysis would
have shown limited results. Third, in the Parkinsonian disorders,
radiculopathy, musculoskeletal pain, and normal control groups,
we identified the “affected” limb according to the stance time.
However, older patients (such as those in the present study) may
have bilateral limb problems (e.g., osteoarthritis or bilateral
radiculopathy), which may have resulted in biased results. Forth,
anti-Parkinsonian drugs were not controlled prior to gait
analysis. This could affect the results of gait analysis in
Parkinsonian patients. Fifth, gait data were collected using two
different acquisition systems. We made sure to use the same
model for lower extremity kinematics/kinetics, and set the same
anatomical landmarks across acquisition systems for the pelvis,
thigh, knee, shank, and foot.[36] Furthermore, the reproducibility
of the test results between systems was validated on healthy
individuals. However, we could not ascertain whether this
validation could be directly translated to pathological conditions.
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Fourth, only male patients were included due to our institutional
characteristics (Veterans Hospital). Due to sex-related differences
in gait characteristics, the generalizability of our results will
require further investigation. Nevertheless, this is the first study
drawing upon a large dataset including different primary
underlying etiologies.
5. Conclusion

In conclusion, we have found three subgroups that can be
commonly applied to several disease conditions. We also
considered the method for identifying subgroups that can be
applied with high accuracy and more easily than using three-
dimensional motion analysis system data. A more diverse
application of our classification seems to be needed for conditions
that can cause gait disorders, including other disease groups with
neurologic abnormalities.
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