CLINICAL
BIOMECHANICS

ELSEVIER Clinical Biomechanics 16 (2001) 459-470

www.elsevier.com/locate/clinbiomech
Review
The biomechanics and motor control of gait in Parkinson disease

Meg E. Morris **, Frances Huxham *°, Jennifer McGinley *°, Karen Dodd ¥,
Robert Iansek °

& School of Physiotherapy, La Trobe University, Bundoora 3086, Australia
b Kingston Centre, Warrigal Rd., Cheltenham 3192, Australia

Received 5 April 2001; accepted 5 April 2001

Abstract

Parkinson disease is a progressive neurological condition characterised by hypokinesia (reduced movement), akinesia (absent
movement), tremor, rigidity and postural instability. These movement disorders are associated with a slow short-stepped, shuffling
gait pattern. Analysis of the biomechanics of gait in response to medication, visual cues, attentional strategies and neurosurgery
provides insight into the nature of the motor control deficit in Parkinson disease and the efficacy of current therapeutic interven-
tions. In this article we supplement a critical evaluation of the Parkinson disease gait literature with two case examples. The first case
describes the kinematic gait response of an individual with Parkinson disease to visual cues in the “off” phase of the levodopa
medication cycle. The second case investigates the biomechanics and motor control of turning during walking in a patient with
Parkinson disease compared with elderly and young control subjects. The results are interpreted in light of the need for gait analysis
to investigate complex functional walking tasks rather than confining assessment to straight line walking, which has been the trend

to date. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The biomechanics and motor control of gait in people
with Parkinson disease (PD) is a topic of growing in-
terest for researchers and clinicians, given the rapid
population ageing that is currently occurring through-
out the world. Parkinson disease mainly affects older
people and leads to difficulty in the performance of
skilled motor tasks, such as walking, writing and
speaking. Although people with PD can perform simple
straight line walking tasks relatively easily, they experi-
ence considerable difficulty when walking and turning,
performing simultaneous motor or cognitive tasks,
crossing obstacles or when they attempt to walk in
complex community settings [1-3]. This is because the
basal ganglia are dysfunctional in PD and their role in
the motor control of skilled voluntary movements is
compromised [4]. When imbalance in neurotransmitters
such as levodopa, GABA and acetylcholine occurs in the
basal ganglia, patients find that sequential [5] and
complex [6] motor skills are difficult to perform and
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movements become excessively slow and underscaled in
size. Balance disturbance is also common in the ad-
vanced stages of the disease [7] and further compromises
the ability to walk independently and safely.

In this article we discuss the ways in which the bi-
omechanics and motor control of gait are affected by
hypokinesia, which is the most common movement
disorder in PD. The term hypokinesia refers to reduced
movement speed and size. Akinesia (absent movement)
and dyskinesia (involuntary choreiform movements) are
less common causes of gait disturbance. For informa-
tion on akinetic motor blocks and freezing, readers are
referred to Giladi et al. [8], Burleigh-Jacobs et al. [9] and
Vidailhet et al. [10]. For discussion of the clinical man-
ifestations of gait dyskinesia in PD, the articles by
Morris [11] and Hagell and Widner [12] are recom-
mended. Information on how gait disturbance can occur
secondary to reduced fitness and aerobic capacity is
found in Canning et al. [13].

2. Straight line walking in PD

Although PD affects the control of complex motor
skills, the vast majority of experiments on gait distur-
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bance in this condition have investigated straight line
walking tasks, examining the spatiotemporal, kinematic
or kinetic parameters of gait. Most of these experiments
have been conducted in gait laboratory or hospital ward
settings. They can be grouped into: (i) those which have
evaluated gait characteristics in the “off” phase of
medication, when PD medication has either been with-
drawn or is at very low levels; (ii) those evaluating gait in
the “on” phase and at peak-dose within the medication
cycle, when medication is most effective; (iii) studies
quantifying the effects of neurosurgery. The research can
be further divided into gait analyses with or without the
use of external cues or attentional strategies.

External cues are visual, auditory or somatosensory
stimuli that enable the person with PD to bypass the
defective basal ganglia [11]. For hypokinesia, visual cues
are most frequently used, in the form of white strips of
cardboard placed on the floor at the appropriate step
length for the person’s age, sex and height [3]. Atten-
tional strategies refer to cognitive processes used by the
person to compensate for their movement disorders,
such as thinking about walking with large steps [3], vi-
sualisation or mental rehearsal. It can be hypothesised
that external cues and attentional strategies enable the
pre-motor cortex (PMC) and supplementary motor area
(SMA) to better compensate for defective motor control
mechanisms in the basal ganglia, therefore enabling the
person to move more easily. Cerebral blood flow studies
show that activity in the PMC and SMA is elevated in
people with PD when they perform sequential motor
skills, and is increased when external cues or attentional
strategies are available to drive motor performance [14].

2.1. Straight line walking OFF medication, at end of dose
or in de novo patients

Only a handful of studies have measured walking in
people with PD after the withdrawal of medication, at
the end of dose or in those who have never taken
medication (de novo) (refer to Table 1 for a summary of
the main articles). Although these studies provide in-
sight into the specific effects of PD on gait whilst con-
trolling for the effects of medication, it is acknowledged
that it can take up to 3-4 weeks for the effects of lev-
odopa to completely subside after it is withdrawn [15].
In addition, some investigations were performed on
patients who had received deep brain stimulation (e.g.,
[16]) or other types of neurosurgery (e.g., [17]). The
earliest gait analyses in patients not documented as be-
ing on PD medication were by Martin [18] and Murray
[19]. Purdon Martin [18] reported in detail his clinical
observations of the characteristics of parkinsonian gait,
noting the hallmark features of reduced or absent arm
swing, reduced trunk rotation, a forward stooped pos-
ture, reduced amplitude of motion at the hips, knees and
ankles, slowness, reduced footstep size and decreased

ground clearance. Murray [19] subsequently confirmed
these observations using interrupted light photography.
She noted in particular that transverse plane motion of
the pelvis and thorax was rigidly coupled in people with
PD, compared to the out-of-phase motion of the pelvis
and thorax observed in control subjects. In addition,
there was excessive flexion at the hips and knees
throughout the gait cycle and the total excursions of
movement for the lower limb joints were reduced.

The vast majority of the investigations in this group
have focussed on the spatiotemporal (time and distance)
parameters of the footstep pattern, showing that people
with PD walk more slowly than usual, typically in the
range 40-60 m/min [20,21] rather than 75-90 m/min,
which is more typical for age-matched control subjects
[22,23]. As shown by O’Sullivan et al. [21] cadence val-
ues are within normal range at around 100-110 steps/
min, whereas stride length is much shorter than normal.
Stride length values range from 1.2 to 1.5 m for healthy
older people [22,23] compared to only 0.4-0.9 m for
people with PD after withdrawal of medication [17] or
0.8-1.0 m for those at the end-of-dose [20]. The per-
centage of the gait cycle spent in double limb support is
also markedly increased when levodopa levels are low,
increasing from the usual range of 20-30% gait cycle to
over 35% gait cycle [20]. As a consequence, the person
shuffles, not only with slow short steps, but also with
reduced ground clearance, which increases the risk of
tripping.

Only one study has reported the kinematics and ki-
netics of gait after withdrawal of medication in patients
who have not undergone neurosurgery [24]. In a single
case study of a 71 woman with a 20 year history of PD,
we found a marked reduction in the movement excur-
sion (amplitude) across the hip, knee and ankle joints.
These kinematic movement profiles were shifted up-
wards towards flexion, with limited hip extension range
and reduced ankle plantar-flexion range. The associated
kinetic profiles were abnormal, revealing an elevated
and prolonged hip extensor moment in the early stance
phase of gait, and markedly decreased ankle power
generation at push-off. This study did not examine the
effects of visual cues or attentional strategies on PD gait
after withdrawal of medication. A case example will
therefore be presented to demonstrate typical changes in
“off”” phase gait kinematics in response to visual cues.

Mr C was a 51 year old man diagnosed with PD 9
years previously. He was 172 cm tall and weighed 63 kg
and his most troublesome movement disorders were gait
hypokinesia and motor fluctuations. Gait data were
obtained using a three-dimensional motion capture
system (Vicon, Oxford Metrics, UK) and biomechanical
software (Vicon Clinical Manager) according to a pre-
viously described protocol [24]. Walking was firstly
measured without levodopa medication, (UPDRS mo-
tor examination score of 17) [25] and then as Mr C
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Studies on straight line walking after withdrawal of medication, at the end of dose or in de novo patients

Authors

Subjects

Medication status

Main findings

Murray et al. [19]

Koozekanani et al.
[48]
Blin et al. [34]

Bowes et al. [32]

Blin et al. [33]

Pedersen et al. [76]

Defebvre et al. [16]

Meyer, [29]

Cioni et al. [77]

Mclntosh et al. [45]

O’Sullivan et al. [21]

McKay-Lyons, [44]

Van Emmerik et al.
[69]
Azulay et al. [78]

Hanakawa et al. [58]

Ebersbach et al. [50]
Morris et al. [20]

Siegel et al. [17]

44 men with
Parkinsonism

Two male subjects
with PD

21 PD patients: 12
females

14 PD patients: gender
not specified

20 PD patients: 11
females

12 mildly affected PD
patients; five females

7 PD patients with
long term monopolar
stimulation of the
ventral intermediate
thalamic nucleus;
gender not stated

26 PD patients; gender
not specified

15 PD patients; two
females

10 PD patients: four
females

15 PD patients: five
females; 14 of these
had levodopa-induced
dyskinesias

5 PD patients: two
females

27 PD patients: 10
female

16 PD patients: seven
females

10 PD patients: four
females

30 PD patients: 11
females

1 elderly female with
PD

11 PD patients: three
females

Not stated; possibly de
novo
De novo

12 h withdrawal of
medication

Withdrawal of medication
for 12, 14, 16, 18 h
Withdrawal of
medication for 12 h

24 h withdrawal of
medication

12 h withdrawal of
medication before deep
brain stimulation

Withdrawal of

medication for 12 h, prior to
surgery and tested again
after surgery in “on”’

and “off” states

Most patients refrained
from taking their

morning medication
Withdrawal of

medication for 24 h

Overnight withdrawal of
PD medication

Measured at 10%
intervals throughout the
levodopa cycle

De novo

Withdrawal of
medication for 12 h
Withdrawal of
medication for 12 h

12 subjects de novo 18
“on”” medication
Withdrawal of
medication for 12 h
Withdrawal of
medication for 8 h,
measured before and
after thalamic stimulation

Reduced arm swing and trunk rotation, forward
stooped posture, slow, shuffling gait.

Decreased ground reaction forces and sagittal plane
kinematics at the knee.

Decreased stride length and speed; cadence within
normal range.

Stride length and speed decreased; double support
phase duration within normal values.

Walking speed and stride length decreased;
rhythmicity remained intact; increased variability in all
parameters in the “off”” phase.

Maximum gait speed, stride length at maximal speed
and stride length at constant speed were significantly
decreased without medication; stride frequency did not
change.

Stride and step times and double limb support times
were longer in the “off” condition than the “on”
condition.

In “off” state prior to surgery nine patients could not
walk and walking speed was reduced for remainder; in
many cases pallidotomy restored independent
mobility and speed increased.

When “off” qualitative disturbances in muscle
activation patterns seen on EMG.

Compared with the control group or the “on”
experimental group, PD subjects showed decreased
walking speed and stride length and moderate stride
asymmetry. Cadence was also decreased.

Reduced velocity and stride length; cadence within
normal range.

Unpredictable variability in spatiotemporal
parameters of gait throughout the levodopa cycle.

Marked axial (trunk) rigidity in PD patients.

Walking speed and stride length reduced; cadence
increased.

Reduced speed, stride length and cadence, which
increased towards normal values with the introduction
of visual cues. NB: this was a treadmill study.
Increased step-to-step variability of all gait parameters
and reduced stride length and speed.

Reduced speed, stride length, cadence, angular
displacement; reduced plantar-flexor power.
Decreased walking speed, cadence, stride length,
despite thalamic stimulation, for both “on” and “‘off”
conditions.
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walked with visual cues. The cues comprised white strips
of cardboard (50 x 600 mm) placed over the 8 m
walkway at a step-size distance obtained from an age-
matched healthy control subject. Fig. 1 illustrates the

changes in lower limb kinematics in typical single trials
for each condition. In the “off” medication condition,
gait was a little slow for his age (70.1 m/min), with short
stride length (1.0 m) and a rapid stepping rate (139 steps/
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Fig. 1. Sagittal plane kinematic profiles for the hip, knee and ankle in the ‘off’ medication condition (thick line) and the ““off medication with visual
cues” condition (thin line): (a) hip flexion/extension, (b) knee flexion/extension, (c) ankle dorsi/plantarflexion.

min). Hip extension range was mildly reduced (around
2° of extension), as was ankle range of movement (only
15°). With the introduction of visual cues, both gait
velocity and stride length increased markedly, to 83 m/
min and 1.47 m, respectively, with an associated re-
duction in cadence to 113 steps/min. Hip extension
range increased to around 10 degrees of extension, and
ankle range of movement normalised at around 24°.
Interestingly, the flexion range of the hip and knee fur-
ther increased and remained relatively large compared
to age-matched controls, suggesting that the patient
used a “high stepping” gait, possibly to ensure clearance
of the cues. These findings indicate that, even when
levodopa levels are low, some patients with PD can use
visual cues to generate more normal step length and
walking speed.

2.2. Studies on PD gait following deep brain stimulation,
thalamotomy or pallidotomy

Research is accumulating analysing gait in patients
with PD who have received deep brain stimulation,
thalamotomy or pallidotomy, with divergent results.
Whilst some investigations have shown increases in
walking speed after neurosurgery (e.g., [26-29]), others
show that neurosurgery has little effect on hypokinesia,
even though it may be effective for reducing dyskinesia,

dystonia and tremor in a proportion of patients with
severe motor fluctuations (e.g., [16]). Before the benefi-
cial effects of levodopa medication on movement dis-
orders had been reported [30] and adopted routinely,
neurosurgery was one of the few options available for
the management of severe motor fluctuations. For ex-
ample, Knutsson’s 1972 [31] hallmark paper on par-
kinsonian gait included analyses of five patients who
had undergone unilateral thalamotomy and one bilat-
eral thalamotomy amongst the sample of 21 patients
with idiopathic and postencephalitic parkinsonism.
Unfortunately the data were pooled, hence the specific
characteristics of gait following thalamotomy could not
be separated from the general finding of a slow, shuffling
footstep pattern with poverty of movement in the trunk,
reduced arm swing and underscaling of angular dis-
placement at the hips, knees and ankles. Recently Def-
ebvre et al. [16] measured the effects of ventral
intermediate thalamic nucleus stimulation on gait kine-
matics in PD using three-dimensional motion analysis
(Table 1). They found that stimulation did not affect the
spatiotemporal parameters of the footstep pattern and
that lower limb joint positions remained the same from
the pre-test to the stimulation condition, despite a re-
duction in large amplitude tremor. In contrast, Siegel
and Metman [17] conducted a three dimensional motion
analysis study before and after unilateral posteroventral
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pallidotomy, finding that it produced a twofold increase
in walking speed and stride length. Almost all the im-
provement (96%) in stride length could be accounted for
by changes in foot-floor angle, and knee and hip angular
excursion. Further studies are needed to clarify the ef-
fects of specific surgical interventions, taking into ac-
count the status of PD medication, disease duration and
methods of analysing gait disturbance.

2.3. Straight line walking in the ON phase of the PD
medication cycle

There is now considerable information on the char-
acteristics of PD gait in the “on” phase of the PD
medication cycle (refer to [32-58] for the most relevant
articles containing data on PD gait for steady-state
locomotion in the “on” phase of medication). The most
common theme to emerge from this literature is that the
speed of walking is reduced in the majority of people
with PD, despite the best attempts to control movement
using levodopa medication and other forms of phar-
macotherapy [32-58]. For example, Bowes et al. [32]
conducted a randomised placebo controlled study of
the effects of levodopa carbidopa in people with mod-
erately severe PD. Objective measures of the spatio-
temporal parameters of gait obtained from a gait
assessment trolley showed that walking speed was on
average 23.9 m/min after 12 h withdrawal of medication
and increased by 9.6 m/min for the placebo medication
condition and only 27 m/min for the levodopa condi-
tion to only around two-thirds of normal value. The
low walking speeds were the result of reduced stride
length, which was on average just over two-thirds of
that of age-matched control subjects whereas cadence
values were within normal range and did not change
markedly in response to medication. These findings
echoed the results of Blin et al. [33,34] and our own
research [35-37] demonstrating that peak speed and
stride length in patients with hypokinesia were dopa-
sensitive whereas temporal variables such as cadence
and swing and stance duration were dopa-resistant.
Moreover Forssberg and colleagues [38] noted that in
addition to gait changes associated with slowness,
timing disorders were not responsive to medication.
Rhythmicity of walking may well be controlled by
brainstem, cerebellar and spinal regions with overriding
control by the frontal motor cortices [59], rather than
the basal ganglia-SMA-PMC-cortex motor control
loop, which may play a greater role in the scaling of
movement size. Supporting this hypothesis, our re-
search team has shown a disorder in the scaling of step
length in hypokinetics, despite normal ability to mod-
ulate footstep timing [36,37], for both the “on” and
“off” phases of the levodopa cycle [35]. Although some
studies have documented reduced cadence values for
people with PD [45,46] these appeared to include

patients with akinesia in addition to hypokinesia. It
would seem likely that the pathogenesis of gait hy-
pokinesia, akinesia and dyskinesia are different, re-
quiring careful control when studying motor
performance in people with PD.

Another emerging theme in the literature on straight
line walking in the “on” phase of medication is that
force regulation is abnormal in parkinsonian hypokine-
sia. Using a pedodynograph system, Nieuwboer et al.
[47] showed that, after correcting for speed of walking,
patients with PD walked with considerably lower rela-
tive peak forces at the forefoot and heel and increased
load at the mid-foot compared with control subjects.
This means that patients were walking with a flat-footed
gait pattern with reduced roll-off. This type of gait
pattern would be predicted to increase the risk of trips
and may require greater energy expenditure than nor-
mal. In addition, a force platform analysis of PD gait by
Koozekanani et al. [48] showed underscaling in the
vertical and frontal ground reaction forces in patients
with PD, with the push-off peaks being considerably
underscaled. In agreement with these findings, evidence
is now accumulating showing that ankle plantar-flexor
power generation at push-off is underscaled [24], and
that hip flexor “pull off”” at early stance is increased [24],
possibly to compensate for the reduced force generation
at push-off. Electromyographical (EMGQG) studies con-
firm that after gait speed is controlled for, the amplitude
of gastrocnemius EMG is reduced in PD, even though
tibialis anterior activity remains within normal range
[49]. Ebersbach et al. [50] speculated that the resultant
decreased stride length and force gain in PD hypokinesia
may help to minimise energy expenditure in people with
this disabling disease.

Excessive variability in gait parameters in the “on”
phase of the PD medication cycle is another character-
istic of gait in PD hypokinesia. In one study comparing
walking patterns in people with PD, cerebellar ataxia
and subcortical arteriosclerotic encephalopathy, Ebers-
bach et al. [50] found that step-to-step variability was
similar for medicated patients with PD and control
subjects and was much greater for ataxics and those with
encephalopathy. Similarly our results [24,51] and those
of Schenkman et al. [52], MacKay-Lyons [53] and
Hausdorff et al. [54] showed that gait performance was
relatively consistent from one trial to the next when
patients were tested at peak dose of the medication cy-
cle. However, there was marked variability from one
trial to the next when trials were performed after with-
drawal of PD medication. There was also marked vari-
ability when end of dose performance was compared
with peak dose performance. Thus, although patients
with PD show fluctuations in their walking perfor-
mance, this appears to be due to the variable effects of
medication rather than an inherent feature of hypoki-
nesia.
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2.4. Straight line walking ON with visual cues and
attentional strategies

One of the interesting findings of recent research is
that most patients with PD retain the ability to over-
come their gait disorders using external cues and at-
tentional strategies. People with PD hypokinesia can
increase the size and speed of their movements by using
frontal cortical areas of the brain (and perhaps the
cerebellum) to bypass the defective basal ganglia. For
example, Behrman et al. [55] showed that patients with
PD were responsive to verbal instructions that specified
movement size or speed. Simply asking a patient with
hypokinesia to walk with long strides can lead to an
immediate increase in walking speed which can last for
up to 2 h [3]. Many other researchers have demonstrated
that people with PD can use visual [35-37,60,61] and
auditory [45,46,56] cues to enhance motor performance.
One of the more notable of these studies was conducted
by Hanakawa and associates [57,58]. They explored the
physiological mechanisms underlying response to visual
cues by measuring regional cerebral blood flow during
gait on a treadmill whilst patients stepped over white
lines placed either transverse to the direction of walking
or parallel to the direction of walking. Whereas the
parallel lines had little effect, the transverse lines led to a
marked improvement in the temporal and spatial pa-
rameters of gait, and a reduction in cadence, which was
unusually high in their sample. This was associated with
increased activation in the posterior parietal cortex and
cerebellar hemisphere and particularly in the right lat-
eral premotor cortex, suggesting that patients might
have compensated for basal ganglia dysfunction by
utilising non-affected areas of the brain to activate
movement. Thus the ability to generate normal patterns
of movement is not lost in people with PD, rather there
is an activation problem. Physical therapists and other
health professionals play a major role in teaching pa-
tients with PD how to bypass defective basal ganglia
circuitry in order to move more quickly and easily (refer
to [11] for a review).

3. Walking and turning

Even though the vast majority of PD gait research is
on straight line walking, the ability to turn during
walking is an integral part of functional locomotion. At
least two turns every 10 steps are used to perform
common daily activities such as going to the bathroom
or making a cup of tea [62]. Turning during walking is a
potent source of akinetic blocks, triggering freezing ep-
isodes in almost half of akinetics [8]. Importantly,
turning is associated with increased fall risk in people
with PD, with the reported incidence of falling in the
disease ranging from 38% [63] to 62% [64] annually. In

people with PD falls carry a higher risk of serious injury
than corresponding falls in the elderly, presumably be-
cause protective postural responses are impaired by the
disease [7].

Despite the importance of turning during walking,
these “online’ turns have only recently been studied in
normal young adults [65-67]. We therefore commenced
an investigation into the spatio-temporal and kinematic
parameters of gait for online turns in people with PD
compared with elderly and young adult controls. Sub-
jects were evaluated turning whilst walking at preferred
speed, using turn magnitudes in the range commonly
used during household activities (refer to [62]). The main
aim was to gain information on the changes occurring in
the frontal (y) plane as subjects walked along the labo-
ratory then turned towards positive y (Fig. 2).

Light reflective VICON markers were attached to
each subject to delineate the right forehead (RFHD),
right shoulder (RSHO), right anterior superior iliac
spine (RASI) and the toes and heels of both feet for a
PD subject, an elderly age-matched control subject and
a young adult of similar height and weight. Table 2
provides a summary of the subject characteristics. The
PD subject had a modified Hoehn and Yahr discase
severity rating of III, signifying bilateral disease with
postural involvement yet independent ambulation. He
was assessed whilst “on”” medication at which time his
UPDRS [25] motor examination score was 14. For each
of the gait trials, subjects were instructed to walk at a
comfortable speed along the walkway, turning at a ret-
roreflective corner on the force platform to one of five
coloured targets (Fig. 2). The targets were placed to
evoke 30°, 60°, 90° and 120° turns. Six turns of each
magnitude were performed, counterbalanced to avoid
series effects. After visual examination of the data, one
representative trial was selected from each subject for
each turn. The number of frames corresponding to two
steps in and two steps out of the corner was clipped and
used for further analysis. These will be referred to as the
first and second ‘“‘approach” steps and the first and
second “‘turn” steps (T1 and T2, Fig. 2). Because online
turning is not a steady-state activity, it was not possible
to normalise data to the percentage of the gait cycle.

deg Y+
120 deg () 60 deg

[ ] o @ 30dee
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—C:®
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Fig. 2. Experimental set-up showing laboratory coordinates.
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Table 2
Subject characteristics for turning study
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Young control

Elderly control

Parkinson disease

Age 22.5 yr 76.1 yr 77.5 yr
Height 166.5 cm 166 cm 169 cm
Weight 66.4 kg 74.0 kg 60.8 kg
Velocity 1.30 m/s 1.16 m/s 0.99 m/s
Stride length 1.25 m 1.21 m 1.06 m
Cadence 112 steps/min 115 steps/min 125 steps/min
Stride width 73.31 mm 98.88 mm 137.97 mm

Table 3

Number of steps taken to turn (in 1500 mm square — averaged over six trials)

Turn (°) Young control (mean (SD)) Elderly control (mean (SD)) Parkinson disease (mean (SD))
0 1.76 (0.86) 2.35(0.01) 2.95(0.24)
30 2.37 (0.12) 2.51 (0.24) 3.25 (0.25)
60 2.54 (0.22) 2.89 (0.20) 4.36 (0.73)
90 3.15 (0.22) 4.03 (0.16) 5.18 (0.61)
120 4.07 (0.23) 4.68 (0.31) 6.75 (0.50)

It can be seen that the PD subject required more steps
for each turn, and his step number increased more
steeply as turn magnitude increased, suggesting greater
difficulty with larger turns (Table 3).

The spatiotemporal parameters of gait showed the
predicted decrement in stride length with age and disease
(Table 2). Stride width was derived from the mean inter-
heel distances in the y (frontal plane) over the straight
trials and found to increase with age (young control
73.31 mm; elderly control 98.88 mm) and again with PD
(137.97 mm). This conformed well with a large study of
elderly and PD subjects in which stride width was noted
to increase early in PD, presumably to compensate for
altered posture and balance, later narrowing in ad-
vanced disease [68]. At Hoehn and Yahr stage III, our
PD subject carried a moderate disease burden, with
markedly increased stride width that had not yet nar-
rowed with severe disease.

Examination of marker y trajectories showed clear
differences between subjects. In the young and control
subjects, T1 toe trajectories increased from 30° to 60°
turns, reducing for the more destabilising 90° and still
further for the 120° turns, in both of which an extra
step was added for stability (Fig. 3). The PD turns
showed reduced direction change with maximum
achieved in the 90° turn. The different subjects also
showed different responses to the potential destabilisa-
tion inherent in the 90° and 120° turns. The young
subject used a remarkably consistent approach path for
the five trial types (0°, 30°, 60°, 90° and 120° turns) and
was the only one to pivot on the turn (circled), although
even he included an extra step around the two largest
turns. In contrast, the elderly control deviated in his

approach path to take the corner wide (particularly
obvious in the 120° trial), but then made large and ef-
fective direction changes after the corner. The PD
subject also used a variable approach path. However,
closer inspection revealed that this variability did not
serve a safety purpose as the 90 and 120 paths resulted
in a sharper corner rather than a wider one. All PD
direction changes after the corner were underscaled and
comparatively stereotypical. The subject with PD did
not demonstrate the pattern of increasing size seen in
the others. Although this probably represents the
characteristic underscaling of hypokinesia, it may also
act to improve stability around the corner at the cost of
decreased efficiency in turning.

The results further suggested that the 60° turn might
actually present the greatest challenge to stability be-
cause it was accomplished without the additional step/s
used for larger turns. It would therefore require more
control of trunk momentum during a large swing phase
of T2 (Fig. 4). In the typical trials chosen for analysis, it
can be seen that both the young and elderly subjects had
a much bigger distance between T1 and T2 (long ar-
rows). This represented a wider-based double support
during the critical turn phase, and can seen to be con-
siderably reduced in the PD subject. A similar reduction
in lateral T1-T2 distance for all turns in the PD subject
suggested that, despite his increased stride width during
straight walking, his gait narrowed during turning.
Furthermore, the T1 foot stepped outside the forehead,
shoulder and pelvis markers in young and elderly sub-
jects (small arrows), but not in the PD, suggesting that
the centre of mass of this person was likely to be closer
to his limits of stability.
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Differences were also seen in the relative relationship
between the upper trunk, as represented by the right
shoulder marker (RSHO), and the lower trunk as de-
fined by the right anterior superior iliac spine marker
(RASI). As with the toe trajectories, the PD RASI
trajectories were underscaled relative to the two un-
impaired subjects, but this underscaling was much
more marked in the PD RSHO trajectories (Fig. 5).
This may represent the result of trunk rigidity, with the
trunk tending to move en bloc, although that would
seem more likely to lead to shoulder trajectories mir-
roring pelvic ones. Abnormalities in the harmonic re-
lationship of upper and lower trunks develop early in
PD [69] and are believed to impact on the ability to
decrease forward momentum during walking in a
straight line [70]. Such changes might be particularly
relevant in turning, where arrest and re-direction of
forward trunk momentum is vital to success. Decreased
ability to control trunk momentum has been noted in
older unimpaired subjects [71,72]. The relative down-

sizing of shoulder trajectories may therefore represent
an attempt to constrain movement for increased sta-
bility. Controlled clinical trials utilising large groups of
subjects are required to verify the generalisability of
these findings.

4. Community ambulation in people with PD

As well as studying online turns during walking, there
is a need for future research to investigate gait disorders
and disability during community ambulation tasks. In
view of the prevalence and diversity of gait disorders in
people with PD, it is not surprising that many patients
report that community mobility is markedly impaired.
Characteristic features of PD include difficulty attaining
and then sustaining adequate walking speed [3,50,51]
and reduced gait endurance [50]. Moreover balance and
postural control are usually impaired [7,73], increasing
the risk of slips, trips and falls. It can be further
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suggested that maintaining balance over varied surfaces,
negotiating obstacles, and successfully monitoring
changes in the surrounding environment are particularly
demanding for these individuals, although this has never
been studied. The attentional demand of monitoring
open environments such as crowded shopping centres,
stations or roadways is also likely to be troublesome for
people with advanced PD, given that cognitive impair-
ment is common in the latter stages of this condition.
People with PD also experience difficulty carrying ob-
jects such as a tray with glasses [1] or talking fluently [2]
whilst ambulating. In such tasks, diverting attention
from the primary task of maintaining stable gait per-
formance may compromise safety and increase the risk
of falling. Community ambulation also requires the
ability to turn at frequent intervals, which, as shown by
preliminary results discussed above and the reports by
Stack et al. [64] and Van Emmerik et al. [69], can be
markedly compromised in people with this disabling
neurological condition. In future studies it might be
beneficial to incorporate more global measures of gait
disability as provided by validated disability rating
scales (e.g., [74,75]) in order to achieve a greater depth of
understanding of the functional consequences of move-
ment disorders on gait performance.

5. Conclusion

The ability to walk quickly and easily in a range of
different environments is a highly developed motor skill
that takes many years to master. Due to neurotrans-
mitter imbalances in the brain, people with PD pro-
gressively lose flexibility and adaptability in their
locomotor responses and walk with a stereotyped short-
stepped, narrow based, shuffling gait for a range of
different tasks. They also experience difficulty in mod-
ulating gait parameters according to changing task de-
mands, despite the best attempts at pharamacotherapy
or surgery. This limits their ability to ambulate in the
home and community and to participate in work, social
and leisure activities. Future PD research needs to shift
from the current narrow focus on laboratory-based
studies of straight line walking to gait analyses in the
home and community, where more complex locomotor
activities are severely compromised.
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