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Abstract

Background Neurological gait disorders are mainly classified based on clinical observation, and therefore difficult
to objectify or quantify. Movement analysis systems provide objective parameters, which may increase diagnostic
accuracy and may aid in monitoring the disease course. Despite the increasing wealth of kinematic movement
and balance parameter data, the discriminative value for the differentiation of neurological gait disorders is still
unclear. We hypothesized that kinematic motion and balance parameter metrics would be differently altered
across neurological gait disorders when compared to healthy controls.

Methods Thirty one patients (9 normal pressure hydrocephalus < NPH >, 16 cervical myelopathy <CM >, 6 lumbar
stenosis < LST>) and 14 healthy participants were investigated preoperatively in an outpatient setting using an inertial
measurement system (MyoMotion) during 3 different walking tasks (normal walking, dual-task walking with simulta-
neous backward counting, fast walking). In addition, the natural postural sway of participants was measured by pedo-
barography, with the eyes opened and closed. The range of motion (ROM) in different joint angles, stride time, as well
as sway were compared between different groups (between-subject factor), and different task conditions (within-
subject factor) by a mixed model ANOVA.

Results Kinematic metrics and balance parameters were differently altered across different gait disorders com-
pared to healthy controls. Overall, NPH patients significantly differed from controls in all movement parameters
except for stride time, while they differed in balance parameters only with regard to AP movement. LST patients had
significantly reduced ROMs of the shoulders, hips, and ankles, with significantly altered balance parameters regard-
ing AP movement and passed center-of-pressure (COP) distance. CM patients differed from controls only in the ROM
of the hip and ankle, but were affected in nearly all balance parameters, except for force distribution.

Conclusion The application of inertial measurement systems and pedobarography is feasible in an outpatient set-
ting in patients with different neurological gait disorders. Rather than defining singular discriminative values, kin-
ematic gait and balance metrics may provide characteristic profiles of movement parameter alterations in the sense
of specific “gait signatures’ for different pathologies, which could improve diagnostic accuracy by defining objective
and quantifiable measures for the discrimination of different neurological gait disorders.
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Trial registration The study was retrospectively registered on the 27th of March 2023 in the ‘Deutsches Register fur

Klinische Studien’under the number DRKS00031555.
Keywords IMU, Gait analysis, Pedobarography

Introduction

Gait deviations leading to changes in spatiotemporal,
kinematic, and kinetic gait parameters are common in
neurological patients and have a significant influence on
everyday life [1, 2]. Due to the high impact of walking
abilities on participation in daily activities and quality of
life, gait recovery in neurological patients is essential [3],
and socioeconomically highly relevant in public health.
However, a premise for the effective treatment of gait
disorders is to correctly identify the cause, which can be
obscured by overlapping symptoms of different diseases
or coinciding pathologies. As gait disorders are at present
mainly classified based on clinical observation, they are
difficult to objectify or quantify, and clinical assessment
might be even more challenging for non-experts of neu-
rological movement disorders.

Given the poor reliability and subjectivity of observer-
dependent gait assessments, instrumented gait analysis
has been implemented to objectively measure and com-
pare movement parameters [3, 4]. Currently, a whole
range of different measurement techniques and systems
for non-invasive motion analysis are available. Concern-
ing neurological gait disorders, mainly spatiotemporal
movement parameters have been investigated so far,
while kinematic movement analysis is still rare in this
patient group. Based on spatiotemporal gait parameters
detected with a pressure-sensitive carpet, Pradhan et al.
were successful in the automated classification of several
neurological disorders by different gait patterns [5]. Nev-
ertheless, such pressure-sensitive carpets, built-in force
plates, instrumented treadmills, or complete optical-elec-
tronic motion tracking systems are more or less limited
to laboratory use only, which is often associated with long
data acquisition and analysis times. In contrast, inertial
measurement units (IMUs) allow a portable application
and mobile data acquisition, enabling measurements in
a real-world environment. This is of special relevance, as
Kuruvithadam et al. previously showed, that movement
patterns of patients significantly differ between real-
world and laboratory environments [6].

Kinematic motion and balance measurement systems
may support the diagnostic procedure and treatment
decision-making while monitoring the outcome during
rehabilitation [3, 7]. Gait analysis technologies may help
to further improve diagnostic accuracy, especially in geri-
atric patients, which are difficult to assess due to comor-
bidities and cognitive impairment. With regard to NPH,

at present, only an estimated 10-20% of all patients are
correctly diagnosed [6, 8], although it constitutes one of
the few effectively treatable causes of dementia and pro-
gressive immobility. While NPH is characterized by the
cardinal symptoms of gait disturbance, dementia, and
urinary incontinence, these symptoms have only a low
specificity, and may as well occur in other neurodegen-
erative disorders [8, 9]. If however NPH is correctly diag-
nosed in the early stage of the disease, its symptoms can
still be reversed [8, 9].

Besides NPH, lumbar stenosis (LST) and cervical
spondlytic myelopathy (CM) are commonly encountered
in the neurosurgical setting as these conditions poten-
tially responsive to surgical intervention, and improving
diagnostic accuracy might dramatically influence treat-
ment decisions and the individual functional outcome.
While data on instrumented gait analysis applied for the
non-invasive evaluation of neurological gait disorders is
steadily increasing, the discriminative value for distin-
guishing different pathologies remains however unclear.

Regarding NPH, wearable motion sensors for gait anal-
ysis have previously been used to characterize motion
and postural response parameters in NPH patients com-
pared to healthy controls [7-10], or to evaluate effects
of therapeutical intervention pre- and post spinal tap,
or pre- and post shunt surgery [11-13]. The relevance of
environmental factors for the evaluation of gait parame-
ters has been shown not only in healthy controls [14], but
as well in this patient group [9, 12, 15]. Likewise, patients
with CM have repeatedly been characterized using kin-
ematic gait or balance parameter analysis by comparison
to healthy controls [16—21], or pre- and postoperatively
for the evaluation of treatment effects [18, 20-23]. In
LST patients, kinematic gait analyses showed differences
in spinal and pelvic movement, and aided to quantify
movement deviations compared to healthy controls [24,
25]. Instrumented gait analysis was furthermore used to
correlate movement alterations to back pain [26], and
to objectify treatment effects postoperatively [27-29] in
LST patients.

There is however a lack of data using kinematic move-
ment and balance parameter analyses to actually distin-
guish different gait disorders. Comparison of different
gait disorders across different studies is highly limited
due to the lack of standardization regarding measure-
ment protocols, choice of parameters, and type of data
analyses. By using the same standardized measurement
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Table 1 Anthropometric data of the study participants

Group N (female) Age [years] Height [cm] Weight [kg] BMI [kg/m?]
NPH 9(4) 76£53 168+74 80£11.6 284+£3.7
™M 16 (4) 58+99 174+£9.2 81+19.2 264+4.7
LST 6 (1) 69+10.2 180+3.1 97+11.8 29.8+3.7
Control 14 (6) 342+11.8 174+8.2 73+18.7 240+4.0

setup and measurement protocol for different patient
groups within the same study, we therefore investigated,
whether inertial measurement systems combined with
pedobarography provide objective measures for the dis-
crimination of different gait pathologies, using healthy
controls as a common reference frame. We evaluated the
applicability of an inertial measurement system in an out-
patient setting, and analyzed balance and gait parameters
in patients with NPH, LST, and CM. We hypothesized
that patterns of kinematic motion and balance param-
eters would be differently altered across different patient
groups when compared to healthy controls.

Material and methods

Participants

To analyze different neurological gait disorders, thirty-
one patients with NPH, CM, and LST were investigated
preoperatively in the neurosurgery department of a uni-
versity hospital center. 14 healthy subjects were included
as controls. Only subjects without musculoskeletal or
(in the case of patients: additional) neurological or psy-
chiatric disorders potentially impeding walking or stand-
ing abilities were enrolled in the study. Exclusion criteria
were age< 18 years and pregnancy. Only subjects who
gave their informed written consent were included. The
study was approved by the local ethics committee (EK
148-18) and conducted according to GCP principles
and the Declaration of Helsinki. Motion parameters
were analysed during three different walking tasks (15 m
walking with self-selected comfortably and speed, dual-
task walking with backward counting, and fast walking)
and two conditions during static standing (with the eyes
opened and closed). The different walking and balance
tasks were chosen to analyse different effects on move-
ment and balance parameters [30, 31]. The anthropomet-
ric data of the tested groups are presented in Table 1.

Measurement setup

Kinematic motion data during ground-level walking was
measured with an IMU system MyoMotion (Noraxon
U.S.A. Inc., Scottsdale, USA). Sixteen IMUs were posi-
tioned on the participants according to the user manual

(Fig. 1).

After sensor placement, the measurements began
with the calibration of the IMU system. For the cali-
bration, the participants stood upright with extended
knees and arms hanging on the sides of the body
(defined as joint angles =0°). After calibration, the par-
ticipants walked at a comfortable self-selected velocity
on a straight walkway for 15 m. They were measured
with the IMUs on the marked pathway for 10 m in the
middle part (without the first and last two steps) to
avoid any start or stop movements which ensures that
confounding influences on gait parameters were mini-
mised. The IMUs used are ideal for this kind of assess-
ments since they have low drift and offset, making them
suitable for static measurements over longer periods
of time [13, 32]. After a short break, on the way back,
the participants were instructed to count backward
from 50 while walking as normally as possible [31].
In the third trial, after a short break, the participants
were instructed to increase the walking velocity self-
determined if possible [30]. After the motion analysis
with the MyoMotion system, a pedobarographic meas-
urement was performed with the DIERS Formetric sys-
tem (DICAM version 3, DIERS International GmbH,
Schlangenbad, Germany). The balance of the partici-
pants was analysed during standing, first with the eyes
opened, then closed. During this test, the patients
stood upright with parallel-positioned feet. The arms
were positioned relaxed beside the body and the head
was oriented upright with eyes straight ahead. The bal-
ance parameters were automatically calculated by the
system during the 10 s measurement duration. No rep-
etitions were performed.

In total, each participant was analysed during 3 walking
trials and two standing trials.

Data processing

During walking, anatomical joint angles, segment ori-
entation angles, and accelerations were measured in 3
dimensions at a sampling frequency of 100 Hz. For stride
detection, the MyoResearch contact mode was used, and
strides were interpolated to 100 points and normalized to
one gait cycle. The mean of 5 strides for each trial was
calculated. Stride detection is a commonly used method
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Fig. 1 Sensor placement for the MyoMotion IMUs

for data reduction, interpretation, and comparison [33].
The data was exported to MATLAB for further calcula-
tions (MathWorks R2019a, MathWorks, Natick, MA,
USA). The average of right and left side data was calcu-
lated. For statistical evaluation, maxima, minima, and
range of motion (ROM in [ °]) during one gait cycle, and
the stance and swing phases were calculated.

We usded spider charts to present the multidimensional
results. While spider charts are two-dimensional, severeal
series of values can be plotted over multiple quantita-
tive variables. These dimensions are usually quantitative
and typically range from zero to a maximum value. Each
dimension’s range is normalized to one another so that
the length of a line from zero to a dimension’s maximum
value will be the same for every dimension.
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Statistical analysis
To detect significant gait deviations, a mixed model
ANOVA was calculated. The mixed model ANOVA
is one of the most important forms of variance analy-
sis and is mainly used in clinical and medical settings.
The model was prepared for the parameters of the gait
analysis: shoulder ROM in the sagittal plane, hip ROM
in the sagittal plane, hip ROM in the transversal plane,
ankle maximum plantarflexion, and ankle ROM in the
transversal plane during one gait cycle; in addition,
the knee ROM in the sagittal plane during the stance
phase, and the stride time. As well as for the param-
eters of the pedobarographic data: force distribution
anterior/ posterior (AP), AP movement, lateral move-
ment, and passed COP distance. The diagnoses (NPH,
CM, LST, or healthy) were analyzed as between-subject
factors, and the trials (walking, dual-task, fast walk-
ing or open, closed eyes) as within-subject factors, in
addition to their interactions. Our intermediate subject
factor (between) would be the group affiliation (control
group/ experimental group). The within-subject factor
(within) would be time, as measured as the depend-
ent variable several times in the same person. Possi-
ble differences between the two groups were analysed
by Bonferroni Post-Hoc tests. Sphericity was analyzed
with the Mauchly-Test, and, in case of violations, the
Greenhouse—Geisser (GG,<0.75) or Huynh-Feldt
(HF, >0.75) correction was used. The Levene-Test was
used to test the homogeneity of variance, in case of
violations, log transformation in terms of the natural
logarithm (In) has been applied. For interpretation, the
calculated differences and confidence intervals were
back-transformed to their original scale. The level of
significance was defined as 0.05.

All statistical calculations were prepared with the help
of IBM® SPSS Statistics (IBM® SPSS Statistics v. 25, IBM
Cooperation, Chicago, Illinois, USA).

Results

Statistical analysis showed significant differences across
groups (NPH, CM, LST, controls) for all presented gait
and balance parameters, except for stride time as well
as for force distribution (AP) (Table 2). Parameters sig-
nificantly differed depending on the trial (walking, dual-
task walking, fast walking, and pedobarography with
the eyes opened and closed), except for ankle maximum
plantarflexion during one gait cycle (Table 2). There was
a significant interaction effect between diagnosis and
trial groups for the parameter force distribution (AP)
(Table 2).
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Table 2 Statistical results of the mixed ANOVA
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Parameter Diagnosis effect Trial effect Interaction effect

P n? (%) p n? (%) P n? (%)
Shoulder ROM sagit- .001 383 <.001(GG) 37.1 055(GG) 17.1
tal plane during one
gait cycle
Hip ROM sagittal .001 379 <.001(GG) 55.6 .058(GG) 16.6
plane during one
gait cycle
Hip ROM transversal .001 386 <.001 199 050 16.0
plane during one
gait cycle
Knee ROM sagittal .009 27.0 .002(HF) 16.2 J65(HF) 1.8
plane during the
stance phase
Ankle maximum <.001 449 (058(HF) 82 658(HF) 5.1
plantarflexion dur-
ing one gait cycle
Ankle ROM trans- .003 319 .009 126 406 8.2
versal plane during
one gait cycle
Stride time 058 185 <.001(GG) 69.0 126(GG) 132
Force distribution 255 9.3 .004 18.6 .016 221
(AP)
AP movement (In) .001 347 .001 256 219 10.1
Lateral movement .033 19.0 .045 9.5 324 8.0
(In)
Passed COP distance .004 27.1 .001 242 284 8.8
(In)

AP Anterior/posterior, GG Greenhouse—-Geisser, HF Huynh-Feldt

Log transformations in terms of the natural logarithm (In) have been applied in case of violation against the homogeneity of variance. Significant values are given in

bold

Kinematic motion parameter analyses
during walking
Further pairwise comparisons of different patient groups
with healthy controls showed a significant decrease in the
shoulder ROM in the sagittal plane during one gait cycle,
as well as in the hip ROM in the sagittal plane during one
gait cycle in LST and NPH patients (Table 3). Hip ROM
in the transversal plane during one gait cycle was signifi-
cantly decreased in NPH and CM patients compared to
the control group. Knee ROM in the sagittal plane during
the stance phase was significantly reduced only in NPH
patients, while ankle maximum plantarflexion and ankle
ROM in the transversal plane during one gait cycle was
significantly reduced in all patients compared to controls
(Table 3).

Pairwise comparisons between patient groups showed
a significantly reduced hip ROM in the sagittal plane dur-
ing one gait cycle (mean difference of 9 degrees, Cl [-17;-
2], p<0.008), and in the knee ROM in the sagittal plane
during the stance phase (mean difference of 9 degrees,
Cl [-17;-1], p<0.014) for NPH patients compared to CM
patients.

Comparison of different walking conditions showed
significant changes for knee ROM in the sagittal plane
and stride time when comparing walking versus dual-
task. Comparing walking versus fast walking led to signif-
icant alterations of all parameters except for knee ROM
in the sagittal plane and ankle maximum plantarflexion.
Comparison of fast walking versus dual-task walking
had effects on all parameters except for ankle maximum
plantarflexion (Table 3). As an example, Fig. 2 shows the
ankle plantar- and dorsiflexion in the sagittal plane over
one gait cycle across different groups and conditions. Fig-
ure 3 shows the different effects of walking trials for each
patient group relative to healthy controls.

While NPH and LST patients showed similar pro-
files during walking (Fig. 4), relative between-group
differences seemed to become apparent during the
fast walking and the dual task condition. CM patients
seemed to be the least impaired in all motion param-
eters during walking. Unlike the other two patient
groups CM patients even showed a relative improve-
ment in movement parameters during the fast walking
condition.
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Table 3 Pairwise comparison of walking tasks
Shoulder Hip ROM Hip ROM Knee ROM Ankle Ankle ROM  Stride time
ROM sagittal sagittal transversal sagittal maximum transversal
plane during planeduring plane during plane during plantarflexion plane during
one gait one gait one gait the stance during one one gait
cycle cycle cycle phase gait cycle cycle
NPH vs Control P .002 .004 <.001 .020 .001 .005 155
Mean Difference -13° -10° -8° -9° -12° -9° 108 ms
[N [-23;-4] [-18;-3] [-14;-3] [-17;-1] [-20;-4] [-15;-2] [-22;238]
CMvs Control P .083 1.000 017 1.000 <.001 .043 195
Mean Difference -8° -9° -5° e -11° -6° 89 ms
[N [-16;1] [-7:6] [-10;1] [-7:7] [-18;-4] [-12;0] [-23; 201]
LST vs Control P .007 .036 160 1.000 .004 .044 231
Mean Difference -13° -9° -5° -4° -12° -7° 109 ms
[Cl] [-23;-3] [-17;0] [-10;1] [-13;5] [-20;-3] [-15;0] [-33; 251]
Walking vs P 166 1.000 1.000 .026 1.000 1.000 <.001
Dual Task Mean Difference  -2° a0 3° 2° -1e -5° -123ms
[N [-4,0] [-1;1] [-1;2] [0;4] 11 [-2,1] [-182;-64]
Walking vs Fast P <.001 <.001 .005 1.000 122 .015 <.001
Walking Mean Difference -7° -5° -2° -1° -1° -2° 144 ms
[l [-10;-3] [-7;-3] [-3;0] [-1;1] [-3,0] [-4;0] [107;181]
Fast Walkingvs P <.001 <.001 .003 .013 269 086 <.001
Dual Task Mean Difference  5° 5° 2° 2° 1° 2° -267 ms
[cn [2;8] [3;71 [1;3] [0;4] [-1;3] [0;3] [327;207]

Significant values are given in bold

Pedobarography

Pairwise comparisons for the static standing tests are
shown in Table 4. All patients showed increased sway
in the back- and forward directions compared to the
control group (Table 4). The lateral movement was

significantly increased only in CM patients in com-
parison to healthy participants, whereas CM and LST
patients showed significantly increased overall sway, as
described by the passed COP distance (Table 4, Fig. 5).
All presented sway parameters showed significantly
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Walking
Shoulder ROM sagittal plane ——NPH
during one gait cycle ——CM
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Stride time Hip ROM sagittal plane
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Ankle ROM
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Ankle maximum plantarflexion
during one gait cycle

Dual Task

15.0 15.0

during one gait cycle

Hip ROM

10.0  transversal plane
during one
gait cycle

10,0
150

Knee ROM sagittal plane
during the stance phase

Fast Walking

Fig. 3 Spider plot of the mean deviations of different patient groups relative to healthy controls. Legend: On each axis, the deviation for one
parameter is shown, with kinematic angles in degree and stride time in milliseconds. The center represents no deviation from controls. The mean
deviation is presented for each patient group for each walking task separately

increased motion with the eyes closed compared to the
eyes opened (Table 4, Fig. 4).

While CM patients showed the least balance param-
eter deviations with the eyes opened (Fig. 5), they showed
stronger changes in balance parameters compared to the
other groups with the eyes closed.

Overall, different patient groups showed distinct patterns
of movement and balance parameters alterations compared
to healthy controls, both for mean walking as well as bal-
ance parameters across trials (Fig. 1).

Discussion

The presented results confirm the hypothesis that iner-
tial measurement systems provide objective and quantifi-
able measures of different gait deviations in neurological
patients. We established a setup of inertial sensors and
pedobarographic measurements to collect the objective
balance and kinematic motion data in an outpatient set-
ting without the need for a clinical gait analysis labora-
tory. A laboratory-free motion analysis seems important,
as the environment was previously found to significantly
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—*—NPH
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cop dii?j:gg* 3.1 AP movement*
lateral movement*
Balance with closed eyes
force distribution (AP) —e—CM
LST
passed

COP distance*

AP movement*

lateral movement*
Fig. 4 Spider plot of the mean deviations of different patient groups relative to healthy controls. Legend: On each axis, the deviation for one
parameter is shown, with movement and distance in millimeters and force distribution in percent. The center represents no deviation from controls.
The mean deviation is presented for each patient group for each balance task separately

influence gait performance when comparing neurological
patients under laboratory and real-world conditions [6].
Although the outpatient setting of the present study does
not fully correspond to the real-world situation (which
would require measurements to be obtained at home or
outside in daily life), walking measurements obtained
in a standardized in-door (large corridor) environment
provided nearly unrestricted measurement conditions
compared to those confined to a pure laboratory setting.

Moreover, the wearable sensors used in our study proved
to be easily applicable and easy to wear, not restricting
the natural movement capacity of subjects in any way.
Comparison of different patient groups to a reference
group of healthy controls in our study revealed different
patterns of motion and balance parameter alterations
across different gait disorders: Regarding motion param-
eters while walking, NPH patients showed significant
differences in nearly all walking parameters compared
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Table 4 Pairwise comparison for static standing tests
Force distribution (AP) AP movement* lateral movement* Passed COP
distance*

NPH vs Control p 1.000 .044 1.000 307

Mean Difference [Cl] -3% [-11;5] 2mm [1;2.7] 1.5mm [0.4;2.7] 1.8 mm [1;2.7]
CM vs Control p 1.000 .001 .050 .008

Mean Difference [Cl] 2% [-5;,9] 2.5mm[1;2.7] 2.2mm[1;7.4] 2.2mm[1;7.4]
LST vs Control p 1.000 .006 158 .023

Mean Difference [Cl] -4% [-13:6] 2.7 mm [1;7.4] 2.5 mm [1;74] 2.7 mm [1;7.4]
open vs closed eyes p .004 .001 .045 .001

Mean Difference [Cl] -3% [-5;-1] 0.7 mm [0.4;1] 0.8 mm [0.4;1] 0.7 mm [0.4;1]

" For ease of interpretation, the results of calculations and tests are back-transformed to their original scale. Significant values are given in bold

to healthy controls, whereas fewer of the walking param-
eters differed in the lumbar stenosis group (affecting
shoulder, sagittal hip, and transversal ankle ROM, as
well as maximum ankle plantarflexion), and only some
parameters (transverse hip, and transversal/ plantar-
flexion ankle ROM) being altered in the CM group. On
the other hand, balance parameters showed the strong-
est deviations compared to healthy controls in the CM
group (regarding AP movement, passed COP distance,
and by trend lateral movement), followed by LST patients
(regarding AP movement and passed COP distance), and
least in the NPH group (affecting only AP movement)
(please see Table 1). Pedobarographic measurements
were furthermore found to be sensitive for different
conditions (eyes opened or closed), showing significant
effects on all balance parameters analysed especially in
CM patients. Our findings of differently altered balance
metrics across patient groups comply well with the clini-
cal observation of sensory ataxia to be mainly expected in
CM patients (due to involvement of the dorsal columns
of the spinal cord), but not typically in NPH patients.

Overall, NPH, CM and LST patients showed distinct
patterns of movement and balance parameter altera-
tions compared to controls. As there are only few stud-
ies which actually used inertial measurement systems to
compare different pathologies, our study extents current
knowledge, in that it showed distinguishable patterns of
movement and balance parameter alterations across dif-
ferent gait disorders, providing a trajectory for using
inertial measurement systems and pedobarography for
the objective and quantifiable discrimination of different
pathologies. Advancing the application of such technolo-
gies may aid to increase diagnostic accuracy and to econ-
omize diagnostic procedures.

NPH

The finding of a reduced ankle ROM in the transversal
plane in our NPH patients may appear somewhat coun-
terintuitive considering the clinically frequently observed

outward rotation of the feet in NPH patients [34—36], but
complies well with previous studies, in which restricted
ankle movement was also reported in NPH patients [34].
By showing the overall rotation of the feet, we are aware
that the outward placement of the feet is with respect to
the line of progression in the transversal plane, and may
arise from different levels (e.g. pelvis, hips, and ankles).

Arm swing has been described to be only mildly
impaired in NPH patients, but has not been further ana-
lyzed in detail previously [34]. Our results show how-
ever a significantly decreased shoulder ROM in NPH
patients compared to healthy controls (during one gait
cycle by approximately 13°, Table 3), which may indi-
cate a stronger hypokinetic impairment of the upper
extremities in NPH patients than commonly noticed. The
reduced hip ROM in the sagittal plane (during one gait
cycle by approximately 10°) in our NPH patient group
complies well with previous findings reported in the lit-
erature. Likewise, the reduced knee ROM or maximum
knee flexion we found in NPH patients has been observed
as well by other groups [34-36]. Both parameters were
significantly decreased in NPH patients compared to CM
patients, but not compared to LST patients. While it can-
not be excluded, that the observed decreases in the ROM
of different joints might be related to age effects rather
than to specific gait disorders in our study, Stolz et al,,
previously described a decrease in ROM of the hip and
knee in NPH patients, even compared to an age-matched
reference group [34], which supports the results of the
present study.

LST

Kinematic movement parameter analyses in LST
patients have repeatedly shown alterations particu-
larly of lumbar and pelvic movement, with measurable
impact of lower limb [26] and lower back pain [37] on
movement patterns, and with objective and quantifiable
measures of improvement after surgical intervention
[28, 29]. One recent study [38] using optoelectronic
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Fig. 5 Spider plots of mean deviation of patients across walking (top) and balance tasks (bottom). Legend: These plots are comparable
with the results from the mixed ANOVA in Tables 3 and 4

techniques in a specialized laboratory setting described
limited internal/external pelvic rotation and craniocau-
dal movement, limited hip extension and abduction/
adduction, as well as limited ankle plantar flexion in
this patient group. Our study confirms these previous
findings in that the ROM of the hip and ankle were also
restricted in our LST patients, while adding the obser-
vation of an additionally impaired ROM of the shoul-
ders, which has not been reported before. In addition,
we found balance metrics to be partially impaired in
this patient group.

™M

Concerning CM, kinematic movement data is also lim-
ited. In the literature, previous studies found significant
differences in the knee ROM of CM patients compared
to age-matched controls [21, 39-41], while another study
found no significant impairment in the knee ROM dur-
ing the stance phase [22], with the latter observation
complying with our findings. Likewise, differing results
have also been reported about the ROM of the ankle,
which is increased in the sagittal plane in some studies
[22, 39], while found to be decreased in another study
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[21], with the latter being as well supported by findings
of our study. Such differences may in part relate to differ-
ences in the severity of clinical impairment among CM
patients, as subclinical alterations of knee and plantar-
flexion have been reported in subclinical CM patients,
as well as altered knee joint movement in severely
affected CM patients (18), with an imbalance between
agonist and antagonist muscles having been suggested
as causative. CM patients previously showed aberrant
sagittal alignment (with a larger anterior pelvic tilt and
lumbar lordosis, but a lesser cervical lordosis and head
flexion), impacting as well on biomechanics of the lower
extremities (39). A previous study showed postoperative
improvement in CM patients regarding balance, while
movement parameters were not completely normalized
(20). In another study, CM patients showed preopera-
tively greater range of motion of the ankle, the pelvis and
the lumbar spine, but less ROM of the hip when com-
pared to controls. Postoperatively, these patients showed
increased knee and hip ROM, but lesser of the pelvis, the
lumbar and cervical spine ROM (23), which may reflect
regained postural stability after therapeutic intervention.

Task conditions

Different study results might relate to differences in the
measurement setup and data processing or might be
grounded in the study design. Accordingly, Kuruvith-
adam et al. [6] showed, that environmental factors and
measurement conditions may significantly alter motion
patterns. Walking speed for example affects walking pat-
terns [42], which is also visible in our results, as e.g. hip
ROM significantly increased during fast walking com-
pared to normal walking. On the other hand, the knee
ROM is not significantly affected by the walking speed,
supporting the hypothesis of a higher influence of walk-
ing speed on the hip than on knee motion. Malone et al.
analysed CM patients in comparison to age-matched
healthy participants walking at comfortable and matched
walking speeds [21]. They found significantly reduced
hip ROM in the sagittal plane only while walking at a
comfortable speed, whereas a significantly reduced knee
ROM in the sagittal plane was found for both walking
speed conditions [21]. Therefore, specific gait distur-
bances may only manifest depending on gait velocity.
While we did not measure gait velocity directly, we were
able to identify the indirect effects of gait velocity on
different metrics by comparing movement parameters
obtained during normal and fast walking. Analysing dif-
ferent walking conditions seems essential given such
findings, as it may increase the sensitivity for detect-
ing specific gait deviations. Nevertheless, significant
interaction effects concerning diagnosis groups and dif-
ferent walking tasks were only for the parameter force
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distribution (AP) during static standing across different
conditions, which might relate to the lack of statistical
power of the present study.

We expected the dual-task condition during walking
to be indicative of cognitive impairment accompanying
gait disorders. When comparing NPH to CM and LSK
patients, we thus expected gait performance in NPH
patients to be significantly more impaired during the dual
task condition. As opposed to our expectations, how-
ever, current results showed no interaction effect in this
regard, which might relate to the small sample size, but
which we believe should be readdressed in future studies
with larger samples.

Future perspectives

While many instrumented gait analysis studies in
patients with neurological gait disorders focuse on spa-
tiotemporal metrics as such as walking speed, stride
length, stride width, or cycle variables, extending move-
ment analyses by kinematic movement parameters with
the inclusion of the upper extremities may add to a bet-
ter understanding of the complex pathophysiology of
human locomotion. Integrating these findings may aid
in more precisely phenotyping different movement dis-
orders and might help to identify additional treatment
targets for physical rehabilitation. Future studies should
investigate larger patient samples not only cross-section-
ally but also longitudinally, and instrumented motion
and balance parameters may well be increasingly sub-
jected to data-driven analyses, potentially enabling auto-
mated classification algorithms soon.

Limitations

Although a multitude of different movement and balance
parameters were analysed in the present study, the small
and heterogenous sample size has to be regarded as a major
limitation. Based on the small number of participants, we
are well aware of the exploratory character of this study,
whose findings need to be validated in further investiga-
tions. Furthermore, age differences across groups may be
regarded as a further shortcoming, as we cannot exclude
that some of the measured differences could be confounded
by age effects, although normal gait characteristics of young
and healthy subjects are commonly referred to in the litera-
ture. However, becauseof disease-immanent age differences
of various gait disorders (per se limiting direct comparabil-
ity of different patient groups with each other), we rather
chose a common normative control group of young healthy
subjects as “a common reference frame’, rather than choos-
ing different control groups for each gait disorder. Moreo-
ver, the recruitment of “healthy elderly subjects” may not
necessarily exclude the existence of some underlying, yet
unrecognized pathology, which would rather distort the
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“healthy” reference values. Potentially age-related effects
in our sample may even be smaller than suspected, as a
study by Renggli et al. [14] showed differences between
groups with a mean age difference of 50 years to be larger
in a real-world environment, while age groups differed in a
non-real-world environment only in stride and gait veloc-
ity. Moreover, age differences were larger than in our study
so age effects might be further limited here.

As inertial sensors might be prone to various errors
(signal drift, magnetic smog, movement of the sensors
after calibration on the body segments), repeatability of
measurements might be limited and will require further
technical refinement and validation, although validity and
reliability of inertial measurement unit-derived kinemat-
ics have been described as excellent for mean spatiotem-
poral parameters during walking [43] and with good to
excellent agreement for all sagittal kinematic parameters
when compared to optical motion capture systems [44]

Although the presented measurement setup is easily
applicable, it may not be widely accessible to clinicians yet.
Considering the complexity of human locomotion and the
high dimensionality of parameters obtainable by instru-
mented gait and balance parameter measurements, it is
necessary to further define those metrics most sensitive to
neurological gait deviations, to economize data acquisition
and minimize post-processing time. Furthermore, aspects
of test-retest reliability, as well as measurement accu-
racy of the applied techniques, have to be addressed first,
before they might be established in clinical routine.

Conclusion

Our study showed that the application of inertial meas-
urement systems and pedobarography is feasible in an
outpatient setting in patients with different neurologi-
cal gait disorders, showing advantages as a non-invasive,
portable, fast, and easy-to-use examination device. This
technique provided objective and quantifiable measures
of differently altered motion and balance parameters
across different patient groups. Further studies should
however validate, whether inertial measurement systems
and pedobarography allow to define specific profiles of
movement and balance parameter patterns in the sense
of specific ‘gait signatures’, which could aid in increas-
ing diagnostic accuracy in the discrimination of different
pathologies as well as in disease monitoring, and in objec-
tifying the clinical outcome after therapeutic intervention.
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