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Abstract

Introduction  Gait impairment is a primary symptom of
cervical spondylotic myelopathy (CSM); however, little is
known about specific kinetic and kinematic gait parame-
ters. The objectives of the study were: (1) to compare gait
patterns of people with untreated CSM to those of age- and
gender-matched healthy controls; (2) to examine the effect
of gait speed on kinematic and kinetic parameters.
Sixteen patients with CSM were
recruited consecutively from a neurosurgery clinic, and 16
healthy controls, matched to age (£5 years) and gender,
were recruited for comparison. Patients and controls
underwent three-dimensional gait analysis using a Vicon®
motion analysis system, at self-selected speed over a 10-m
track. Controls were also assessed at the speed of their
CSM match.

Results At self-selected speed, the CSM group walked
significantly more slowly, with shorter stride lengths and
longer double support duration. They showed significant
decreases in several kinematic and kinetic parameters,
including sagittal range of motion at the hip and knee,
ankle plantarflexion, anteroposterior ground reaction force
(GRF) at toe-off, power absorption at the knee in loading
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response and terminal stance, and power generation at the
ankle. At matched speed, the CSM group showed signifi-
cant decreases in knee flexion during swing, total sagittal
knee range of motion, peak ankle plantarflexion and
anteroposterior GRF.

Conclusion and implications The findings suggested that
people with CSM have significant gait abnormalities that
have not been previously reported. In particular, there are
key differences in the motor strategies used in the terminal
stance phase of gait that cannot be explained by speed
alone.

Keywords Cervical myelopathy - Gait - Gait analysis -
Biomechanics

Introduction

Gait impairment is a primary symptom of cervical spond-
ylotic myelopathy (CSM). In contrast to the substantial
body of literature on gait patterns in neurological condi-
tions such as cerebral palsy [1] and stroke [2], little is
known about the kinematic and kinetic characteristics of
gait in CSM. There is evidence that people with CSM have
a slower gait speed, prolonged double support duration and
reduced cadence compared to healthy controls (HCs) [3—-6].
Previous studies also identified reduced knee flexion during
swing in the early stages of the disease, and in more severe
disease, decreased ankle plantarflexion at the terminal
stance and reduced knee flexion during loading response
[3, 6-8]. However, these studies evaluated a limited
number of parameters. A greater insight could be attained
through the systematic analysis of a larger number of dis-
crete parameters at specific points in the gait cycle across
three planes of motion [9]. Furthermore, no previous
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studies evaluated joint moments and powers from kinetic
data, information that could significantly enhance the
understanding of a gait deficit in spinal cord pathology
[10].

An important consideration in the interpretation of
kinematic and kinetic data is the inter-dependence of many
variables. Gait speed is known to influence lower limb
kinematics, with faster speeds generally associated with
larger sagittal range of motion (ROM) [9]. Previous studies
of the CSM gait compared patient and control groups at
different speeds [6, 8, 11] or at enforced speeds [3]. It is
important that participants should be assessed at self-
selected gait speeds to evaluate natural walking perfor-
mance; however, there is also a need to match the speeds of
CSM and control participants to avoid confounding effects
on kinematics [12]. Otherwise, it cannot be known whether
reduced joint excursions are the cause or the effect of
slower speed.

The aims of this study were:

1. to compare gait patterns of people with untreated CSM
with age and gender-matched HCs;

2. to examine the effect of speed on kinematic and kinetic
features of the CSM gait.

Methods
Participants

Approval was obtained from a local ethics committee.
Participants with CSM were consecutively recruited from a
neurosurgical clinic. The following inclusion criteria were
applied: (1) aged 18 years or over; (2) able to give
informed consent; (3) able to mobilise at least 10 m
without assistance of another person; (4) clinical and
radiological evidence of CSM. CSM was diagnosed in the
presence of one or more of the symptoms such as clumsy
hands, numb hands or feet, lower limb weakness, unsteady
gait, and bilateral upper or lower limb paraesthesiae, and
one or more of the following signs on examination: lower
limb spasticity, unsteady gait, hyperreflexia, upgoing
plantars, clonus, weakness in a corticospinal distribution
and positive Hoffman’s sign. The diagnosis was confirmed
by evidence on magnetic resonance imaging of cord
compression due to spondylosis or intrinsic signal change.

Patients were excluded if they were affected by any of
the following: (1) severe respiratory or cardiac disease
hindering safe mobilisation; (2) history of neurological
disorders with persistent deficit; (3) symptomatic muscu-
loskeletal problems affecting gait; (4) tandem lumbar spine
stenosis; (5) previous surgical decompression for CSM.
Severity of myelopathy was measured using the Nurick

classification [13] and the modified Japanese orthopaedic
association scale [14].

Each CSM participant was matched to an HC of the
same age (£5 years) and gender. HCs were recruited from
a local population of colleagues and had no symptomatic
lower limb injuries, neurological disorders, or cardiovas-
cular or respiratory impairment that would hinder gait
analysis. All participants gave informed consent.

Gait analysis

Three-dimensional gait analysis (3DGA) was conducted
using a VICON® 250 five-camera Motion Analysis system
(VICON, Oxford, UK) and an integrated Kistler multi-
component force plate (Kistler, Winterthur, Switzerland).
Anthropometric data were collected according to a stan-
dard protocol. Fifteen 25-mm reflective markers were
applied to anatomical landmarks on the lower limbs using
the modified Helen Hayes method [15]. A knee alignment
device (Motion Lab Systems Inc, Baton Rouge, USA) was
used to aid the identification of the knee joint axis.

Each assessment consisted of a static trial for calibration
and a warm-up trial to familiarise the participant with the
protocol, followed by a number of barefoot walking trials.
Data were captured at a frequency of 50 Hz. Participants
were instructed to walk at self-selected comfortable speed
along a 12-m overground walkway. The assessment con-
tinued until ten trials, comprising five left and right force
plate strikes, with good quality data had been achieved.
Breaks between walking trials were provided at partici-
pants’ request to avoid fatigue.

HCs then completed a second assessment at the walking
speed of the individual CSM participants to whom they
were matched. Trials were timed using a stopwatch. The
goal speed was indicated by verbal feedback at the end of
each trial. Trials were included in the representative aver-
age if they were within 0.1 m/s of the goal speed. The
assessment concluded when ten trials at goal speed were
achieved.

Gait data were processed using VICON Workstation®
software. Marker trajectories were reconstructed and fil-
tered using the Woltring routine [16] with a mean standard
error of 15 mm?. VICON Plug-in Gait® was used to cal-
culate motion at the lower limb joints in three planes. Gait
cycle events (heel strike and toe-off) were identified
automatically from force plate data for gait cycles where
force was recorded, and by using frame-by-frame moni-
toring of the heel, ankle and toe trajectories, where force
was not recorded. The average of ten captured trials was
used to represent the gait pattern of each participant under
each condition (comfortable speed only for CSM, com-
fortable and matched speed for HC). Data from CSM
participants’ more affected lower limbs were analysed and
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Table 1 Kinematic and kinetic key points extracted from 3DGA data

Table 1 continued

Joint Description of key point

Joint Description of key point

Pelvis Peak pelvic tilt

Range of pelvic tilt
Average pelvic tilt

Peak pelvic obliquity
Range of pelvic obliquity
Range of pelvic rotation

Hip Hip position in the sagittal plane at initial
contact

Peak hip flexion
Peak hip extension

Total range of hip excursion in the sagittal
plane

Peak hip abduction in swing

Total range of hip excursion in the frontal
plane
Peak hip internal rotation
Total range of hip rotation
Knee Knee position at initial contact

Peak knee flexion in stance, loading
response

Peak knee flexion in swing
Peak knee extension in mid-stance

Total range of knee excursion in the sagittal
plane
Ankle Ankle position at initial contact
Peak ankle dorsiflexion in stance
Peak ankle dorsiflexion in swing
Peak ankle plantarflexion
Peak mediolateral GRF

Peak negative antero-posterior GRF
(braking)

Peak positive antero-posterior GRF
(propulsion)

Ground reaction force
(GRF) (N/kg)

First vertical GRF peak, loading

Minimum value of GRF during stance

Second vertical GRF peak, propulsion
Moments (Nm/kg) Peak hip flexor moment
Peak hip extensor moment
Peak hip abductor moment
Peak knee flexor moment
Peak knee extensor moment

Peak ankle plantarflexor moment

compared to data from the same limb of their HC matches.
The more affected lower limb was determined by sub-
jective questioning. Temporal-spatial parameters and
kinematic and kinetic key points, listed in Table 1, were
selected based on clinical significance in a neurological
population [17] and the results of a reliability study of
3DGA in CSM [18].

@ Springer

Powers (W/kg) Peak concentric hip extensor power during

loading response (H1)

Peak eccentric hip flexor power during mid-
stance (H2)

Peak concentric hip flexor power during
terminal stance (H3)

Peak eccentric knee extensor power during
loading response (K1)

Peak concentric knee extensor power
during mid-stance (K2)

Peak eccentric knee extensor power in
terminal stance (K3)

Peak eccentric knee flexor power, terminal
swing (K4)

Peak eccentric ankle power in loading
response through to mid-stance (A1)

Peak concentric ankle plantarflexor power
at terminal stance (A2)

W watts, kg kilograms, N Newtons, Nm Newton metre

Statistical analysis

A sample size calculation was performed in Stata (Stata-
Corp, Texas, USA). At a significance level of 0.05, 13 pairs
of participants were required for 90 % power to detect a
difference in gait speed of 0.1 m per second (m/s) with a
standard deviation of 0.11 m/s.

Two analyses were conducted. The first analysis com-
pared CSM with HC participants at comfortable speed, and
the second compared the pairs at matched speed. The
distribution of each variable was examined using quantile—
quantile and box plots. Normally distributed data were
analysed using two-tailed paired ¢ tests. The Wilcoxon
signed-rank test analysed variables that were not normally
distributed.

Results

Sixteen participants with CSM and 16 HCs were recruited
between December 2008 and December 2010. Table 2
shows their characteristics.

Temporal-spatial parameters

The mean gait speed of CSM participants was 1.12 m/s,
significantly slower than HCs’ mean speed of 1.49 m/s
(p < 0.0001). This slower speed resulted from a shorter
mean stride length of 1.19 m compared to 1.45 m
(p = 0.0001), and a lower mean cadence of 113 compared
to 122 steps per min (p = 0.005). CSM participants spent a
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Table 2 Characteristics of participants
CSM HC
Case Gender  Age Height  Weight  Duration of Nurick mJOA MRMI  Age Height  Weight
(years)  (m) (kg) symptoms (months) (years)  (m) (kg)
02 F 68 1.52 85.2 12 3 8 34 68 1.69 74.4
03 M 57 1.66 80.3 12 3 11 38 59 1.76 78.4
04 F 50 1.61 57.7 5 1 14 40 45 1.67 62.8
05 M 35 1.93 100.7 24 2 10 40 33 1.76 85.5
06 F 43 1.46 80.2 48 3 12 39 41 1.73 67.1
07 F 46 1.5 56.4 60 3 13 39 41 1.67 61.5
08 F 63 1.6 70.4 36 3 9 39 58 1.71 71.7
11 M 53 1.56 54.6 108 2 10 39 53 1.73 76
12 F 51 1.72 74.8 48 2 10 40 55 1.63 57.5
13 M 74 1.69 61.5 420 3 12 38 73 1.71 63.9
15 F 73 1.64 54.1 10 2 10 40 68 1.56 61.3
16 F 48 1.72 89.8 48 1 13 40 50 1.59 74.5
18 M 47 1.67 78.7 12 3 11 39 52 1.89 89.5
19 M 64 1.83 91.1 180 2 14 40 65 1.8 81
20 M 54 1.79 96.3 18 3 10 39 54 1.79 69.7
22 M 58 1.66 75.6 10 4 12 39 62 1.66 94.2
Mean/median 55.25 1.66 75.5 36 3 11 39 54.8 1.71 73.1

Italic values to indicate that the median is reported rather than the mean

mJOA modified Japanese orthopaedic association score, MRMI modified rivermead mobility index, kg kilograms, M male, F' female

shorter proportion of the gait cycle (GC) in single limb
support (36.7 % compared to 39.9 % GC duration,
p < 0.0001).

At matched speed, stride length (CSM 1.19 m, HC
1.27 m, p = 0.03) and single leg support (HC 36.7 %,
CSM 37.6 % GC, p = 0.049) remained significantly lower
in CSM participants. The full results are shown in Table 3.

Kinematics

Kinematic data are provided in Fig. 1 and Table 4. At
comfortable speed, CSM participants had reduced range of
pelvic obliquity (CSM 6.34°, HC 8.78°, p = 0.003) and
reduced total sagittal plane excursion at the hip (CSM
44.3°, HC 49.1°, p = 0.004). At the knee, CSM partici-
pants showed lower peak flexion in stance (HC 22.1°, CSM
13.7°, p = 0.0005), peak flexion in swing (HC 57.5°, CSM
48.6°, p = 0.0005), and total sagittal plane motion (HC
59.9°, CSM 51.9°, p = 0.004). Ankle plantarflexion was
also reduced in CSM (11.3°, HC —18.4°, p = 0.013).

At matched speed, CSM participants showed reduced
knee flexion in swing (HC 54.6°, CSM 48.6°, p = 0.006)
and total sagittal plane excursion (HC 56.8°, CSM 51.9°,
p = 0.03). At the ankle, dorsiflexion in stance (HC 16.2°,
CSM 14.3°, p = 0.02) and peak plantarflexion at pre-swing
(HC —16.6°, CSM —11.3°, p = 0.02) were also lower in
CSM participants.

Kinetics

Figure 2 and Table 5 show the results of the kinetic
analysis. At comfortable speed, vertical ground reaction
force (GRF) during loading was significantly lower in
CSM (p = 0.0004). Antero-posterior GRF was also
lower in both the deceleration (CSM 1.39 N/kg, HC
2.1 N/kg, p =0.0003) and acceleration components
(CSM —1.6 N/kg, HC —2.53 N/kg, p < 0.0001). CSM
participants had reduced peak hip flexor moments
(HC —0.81 Nm/kg, CSM —0.62 Nm/kg, p = 0.02) and
reduced peak knee extensor moments (HC 0.56 Nm/kg,
CSM 0.27 Nm/kg, p = 0.0005). Peak ankle plantarflexor
moments were also lower in CSM (HC 1.6 Nm/kg,
CSM 1.41 Nm/kg, p = 0.0007). Analysis of net power
showed reduced hip power absorption in mid-stance, H2
(HC —-0.96 W/kg, CSM —0.61 W/kg, p = 0.004), and
hip power generation in pre-swing, H3 (HC1.71 W/kg,
CSM 1.0 W/kg, p = 0.0001). Knee power absorp-
tion peaks were also lower in CSM throughout the
GC. Ankle power generation at pre-swing, A2, was
higher in HC (4.85 N/kg) than in CSM (2.82 N/kg,
p = 0.0001).

There were fewer differences between CSM and HC
participants at matched speed; however, some findings
persisted. The acceleration component of antero-poster-
ior GRF remained reduced in CSM (HC —1.9 N/kg,

@ Springer



Eur Spine J (2012) 21:2456-2466

2460

[81] Apmis Joud e ur Paje[NO[Ed ‘JUSWAINSESW JO JOLID PIepuelS

SPUO0J3S § ‘SANAW W ‘9[9AD BT DO ‘UONBIASD pIepuels (s

¢0'0 80000 SO0— SI'0O— OI'0 OI'0— ¢€I'0 LI'I 9000 SI°0 €00 I1°0 600 900 860 [0 LO'L (S) awn aping
00 €00 100— 9I'0— ¥I'0 800— ¢€I'0 LTI 10000 91'0— Lg£0— 0CT0 90— 110 S¥1 610 oIl (ur) 3ud oping
100 g0 €00 00— ¢S00 100 Y00 910 70 €00 100— ¥00 100 €00 910 Y00 LT°O () wpim darg
00 L000  100— LO00— SO0 %00— 900 850 000 80°0 00 900  S00 €00 o6v'0 00  vS0 (s) oum dorg
100 00 100— 600— LOO SO0— 900 ¥90 1000°0 800— 6I'0— II'0 ¥I'0— 900 €L0 oro 650 (w) p3udy darg
LLO 90 0’1 190— ¥S'1 ¢C0 eL’T 69Tl 90000 SLe LTl €ec  IST ¢r'r ovor  vI'c 16Tl (DD %) 330 100§ A1s0ddO
10°1 900  ¥0°0 o' 1— I¥1 IL0— 6§90 LTOS 600 y1°0 €S'I—  LST  690— 650 9T0s STl 9S6v (DD %) 19109 J00J ANsoddp
00 €0 900 00— LOO <00 1co  II'1 10000> t+¢0— 6¥0— +¥T0 9¢0— 8I'0 oVl yco  CI'l (s/ur) paads Jreny
180 Lo 8Tl ¢8'0— 10T 1T0 oL'T  6¥'C9 €000 0% €0'1 18C  €6°C €e’l 8109 oI'c ILTY (DD %) 330 1004
6¥0'0 000 6L T— L9T 060— 991 9¢Lc 10000> €I'¢c— 9Ty— 66’1 0CT¢— 680 986t 90T 999¢ (DD %) uonemp 1oddns s[3urg
YI'0 ¥9C 0y'o— 8T CI'l e yove 10000 S6'L ys'e vy  vLS €0C Te0T T8E 909z (DD %) uonemp oddns diqno(g
100 0000 00— LOO— %00 SO0— +0'0 ¥¥0 60 00 00— ¥00 000 00 6£0 Y00 6£0 (s) woddns ofSurg
100 L0'0 000 €0'0— €00 <¢00— LOO 0£0 1000°0 1o S0'0 900 800 €00 00 900  8C0 (s) 11oddns aqno
0L T 60000  IT¥1 (4504 006 I€6 c0Cl  16°€0I 9000 €e'e—  LI9I— 6SO0CI SL6— T98 L6TCl OVO0l CTEll (urwysdors) aouspe)

as uedy as uedy as UuedN dS U\ as uespy

S[eAIoyUl S[eAIOIUT

anfea d  dUAPYUOD % S6 QOURIAYI DH onfead 9douapyuo) 9 G6 QUM DH INSD

JNAS uostedwos paads payore| uostedwos paads a[qerroyuo)) eep NSD J[qeLIB A

syuedronred DH pue NSO Jo sidjowered [eneds—ferodwa], ¢ d[qe],

pringer

A's



Eur Spine J (2012) 21:2456-2466 2461
Pelvic Tilt Pelvic Obliquity Pelvic Rotation
L “ !
{ b 1 !
1o~ ——_— o 29/ n I 8 2.3
@« . - A < ~ - @ 11 ! .
o Tyl Nl o ~ . : . o /
o o Y T T (=] T 1
@ 7] ] )
sy [s] 24 J. il O . s
. 4- il = @ )
0 20 40 60 80 100 2 : o0 00 10 z . B L
% Gait Cycle % Gait Cycle % Gait Cycle
Hip Flexion / Extension Hip Abduction /| Adduction Hip Rotation

1 6

5 [od] o1

N, [Renge] | » 2]

‘ | § ol

| 82
o

-6

B) 0 [Aaa]

20 40 60 80 100
% Gait Cycle

Knee Flexion / Extension

Peak flex,
60 i| ,~ & |swing
* Peak flex, -~
404 stance

% Gait Cycle

% Gait Cycle

Ankle Dorsi / Plantar ROM

** Peak dorsiflexion

= = HC (Comfortable Speed)

E Degrees E
w

20 40 60 80 100
% Gait Cycle

Fig. 1 Kinematic curves of HC and CSM participants. Significant
differences between HC (dashed lines) and CSM (continuous line) are
indicated using boxes and arrows; asterisks denotes significant
difference at comfortable speed only; double asterisks denotes
significant difference at matched speed only. Ant anterior, Post

CSM —1.6 N/kg, p = 0.02). CSM participants generated
higher peak hip extensor moments (CSM 0.78 Nm/kg,
HC 0.61 Nm/kg, p = 0.013), a parameter that was not
different at comfortable speed. In keeping with this
finding, peak hip power generation during loading
response (H1) was higher in CSM (0.51 W/kg) compared
to HCs (0.25 W/kg, p = 0.05). There were no differ-
ences in power generation and absorption at the knee,
although there was a non-significant tendency for lower
absorption peaks at K1 and K4 in CSM. At the ankle,
there was a non-significant trend towards higher power
generation at the ankle at toe-off in HC (3.32 W/kg)
compared to CSM (2.82 W/kg) (p = 0.075). All signifi-
cant differences in temporal-spatial, kinematic and
kinetic parameters exceeded previously calculated SEM
values [18].

HC (Matched Speed)

% Gait Cycle

posterior, Flex flexion, Ext extension, Plantar plantarflexion, Dorsi
dorsiflexion, Abd abduction, Add adduction, Int internal, Ex = exter-
nal. Vertical dashed lines indicate toe-off for CSM(black) and HC

(grey)

Discussion

This study was the first to examine a wide range of
kinematic key points, moments and powers during gait in
the CSM population, and to control for the confounding
effects of gait speed when comparing to healthy individ-
uals. The reliability of the primary outcome measure,
three-dimensional gait analysis, was evaluated in a pre-
vious paper, ensuring that all statistically significant dif-
ferences could be interpreted within the context of prior
known measurement error [18]. In keeping with other
studies [3, 4, 6-8], the current study found that CSM
participants walked at significantly slower gait speeds,
demonstrated difficulty in generating adequate stride
length and spent less time in single support, suggesting
either a lack of stability in single leg stance, weak

@ Springer
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Fig. 2 Kinetic curves of CSM and HC participants. Significant
differences between HC (dashed lines) and CSM (continuous line) are
indicated using boxes and arrows; asterisks denotes significant
difference at comfortable speed only; double asterisks denotes
significant difference at matched speed only. Med medial, Lat lateral,

contralateral push off at pre-swing, premature cessation of
swing due to hyperactivity of the hamstrings or limited
hip extension on the stance leg [19].

Kinematic and kinetic analyses provided further insight
into the underlying movement patterns. Peak hip extension
showed a mean reduction of 3° in CSM compared to HC.
This did not reach statistical significance; however, it
caused a significant reduction in total sagittal plane range

% Gait Cycle

N Newtons, kg kilograms, Nm Newton metres, Ant anterior, Post
posterior, Ext extensor, Flex flexor, W Watts, kg kilograms, Gen
generation, Abs absorption, H Hip power peak, K knee power peak,
A ankle power peak. Vertical dashed line indicates toe-off for both
groups

at the hip. Stimulation of afferent receptors in the hip joint
occurs during hip extension and signals the transition from
stance to swing, contributing to appropriate muscle acti-
vation. If the hip is prevented from reaching an extended
position, the generation of the flexor burst and the onset of
swing may be inhibited [20]. This may have contributed to
the shorter step lengths and reduced single support duration
of the CSM cohort.
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CSM participants showed reduced knee flexion in both
stance and swing. Power absorption peaks at loading
response and initial swing were also reduced, confirming
that the losses of knee flexion in stance and swing were
associated with reduced eccentric activity.

Peak ankle plantarflexion at the pre-swing phase was
lower in CSM, and associated with reduced plantarflexor
moments and peak ankle power generation. The plantar-
flexors provide most of the body’s support during pre-
swing [21]. The loss of their concentric power burst at this
point would have limited the propulsion of the leg into
swing [22]. This lack of propulsion was not compensated
by an increase in the H3 hip power generation peak, as
noted in other populations [23]. An effective swing phase,
and therefore stride length, depends on the generation of
sufficient momentum at the toe-off phase of gait [22], and
the lack thereof could have contributed to the CSM par-
ticipants’ shorter stride lengths and reduced single support
times.

The matched speed condition was designed to distin-
guish true differences between CSM and HC gait patterns
from speed-dependent differences. Without controlling for
speed, a difference in a kinematic or kinetic parameter
could simply restate the fact that people with CSM walk
more slowly, rather than providing insight into the causes
of the slower gait [2]. The abnormal features at matched
speed indicated that there were fundamental changes in the
biomechanical strategies of gait in CSM. For example,
single support time was significantly shorter in CSM than
in HC participants at matched speed, supporting the
hypothesis that people with CSM lacked either stability in
stance or adequate propulsive power in pre-swing [22].

Reductions in peak ankle dorsiflexion, plantarflexion
and knee flexion in swing further supported the hypothesis
of inadequate propulsion [24]. Similar patterns have been
reported in the paretic limbs of people with stroke [2].
Furthermore, the increase in hip power generation and
extensor moment at loading response in CSM is a known
compensatory mechanism for a disruption of forward
progression during stance [22]. It indicated that hip ex-
tensors were activated more intensely to transfer the trunk
over the supporting limb, compensating for a lack of
momentum that would usually be present from pre-swing
of the previous stride.

This study identified the key biomechanical strategies
underlying gait impairment in CSM. Clinically, 3DGA
offers the potential for sensitive, detailed and reliable
evaluation of change following surgery for CSM, as well as
detailed monitoring of disease progression and the oppor-
tunity to develop rehabilitation strategies based on key gait
impairments identified by this study. Our study included
only participants with clear clinical and radiological evi-
dence of CSM. Given the difficulties in diagnosing early-

stage or uncertain CSM [25], 3DGA could play a role in
informing the diagnostic process through a detailed eval-
uation of gait in people with suspected, but unconfirmed
disease.

Conclusion

This study identified and described key features of gait in
CSM that were independent of speed and could be attrib-
uted to the biomechanical effects of this neurological
impairment. Limited propulsion, possibly due to paresis of
the distal lower limb muscles with some compensation by
the proximal hip musculature, was hypothesised as a likely
impairment. Future studies should examine the effect of
decompressive surgery on these gait features. The role of
3DGA in identifying sub-clinical changes in gait in early
or uncertain CSM should also be determined.
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