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Objective: The aim of this study was to assess the effect of physical exercise on gait
pattern disorders, based on three-dimensional gait analysis in the sagittal plane in a
group of people with Parkinson’s disease (PD).
Methods: Thirty-two subjects with PD (14 women and 18 men; age: 50–75 years) were
qualified for the study, which ran for 3 weeks and included 18 therapeutic sessions.
Thirty-five control subjects were included in the research (13 women and 19 men; age:
52–77 years). Gait analysis using the Vicon 3D system took place in the Biokinetics
Laboratory. The research group was tested before and after treatment, and the control
group was tested once.
results: Comparing the average peak angle changes and average standard time results
(% gait cycle) corresponding with angles of movement in the lumbar spine, cervical spine,
elbow joint, and shoulder joint, statistically significant changes were observed. The study
results are indicative of differences in spatiotemporal parameters and angular changes
in gait for both groups. After therapeutic treatment, we observed improvement in the
angular range of changes in thorax tilting, but there were no difference between the most
affected and less affected side. For the cervical spine, a significant reduction in flexion
during dual support was observed. The angular range of changes in shoulder joint was
significant only in less affected shoulder during the initial contact (F1), terminal stance
(F4), and terminal stance (F8) phases of gait ( p < 0.05). After therapeutic treatment, significant angle and setting changes in the most affected limb of the elbow joint occurred
during the initial contact and terminal swing phases (F1, F8). In the terminal stance phase
(F4), an increase in range of motion by about ±4° was observed ( p < 0.05).
Abbreviations: angle, angular movement changes (degrees) in the sagittal plane; As I, assessment before treatment; As II,
assessment after treatment; Ext, extension; Flex, flexion; LA, less affected side of a body; MA, most affected side of a body;
Norm, angular variation observed during physiological gait in the control group; normalized, mean normalized time values
(% cycle of gait).
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INTRODUCTION

according to the presence of symptoms of patients with PD, on
the basis of three-dimensional analysis and to compare the effect
of a training program on selected gait parameters.

Postural instability, bradykinesia, hypokinesia/akinesia, rigidity,
and tremors are clinical elements in the diagnosis of Parkinson’s
disease (PD) (1). Reduced walking velocity, stride length, cadence,
and proportion of swing time to stance time are common gait
abnormalities, but motor deficits resulting from significant
dopaminergic striatal denervation are present in both the upper
and lower limbs (2).
The majority of research to date has been focused on the
functioning of the lower extremities, while the movements of
the upper and lower extremities are coordinated, any disruptions
in inter-limb coordination may affect stability and lead to gait
disturbances. As reported, arm swing is an essential component
of locomotion, which may influence human gait stability and
remain reduced for even several years prior to diagnosis of PD
(3–6).
Studies revealed that normal arm swing increases global gait
stability and may help the recovery of gait stability following perturbation. Elftman (5) reported that arm swing decreases angular
momentum around the vertical and vertical ground reaction
moment causing a minimization of energy consumption. In this
manner, arm swings generate a horizontal torque to the upper
trunk, and through the shoulder girdle, they work as a gravitational pendulum. The result of the functional division of the body
into the passenger and locomotor proposed by this author, is that
tilting the body becomes an important driving force during gait.
Some studies tried to answer the question whether arm swing is
actively controlled (driven by muscle activity) or rather passive
(7, 8). This idea was confirmed by Hogue (9); however, later studies suggested largely passive swinging of the arms (6, 9, 10). The
assumption of a partly passive arm swing arose from the idea of
evolution adjustment after a change from quadrupedal to bipedal
locomotion.
It has been reported that significant physiological differences
between the left and right arm swing amplitudes exist in healthy
subjects. The asymmetry can be larger in an arm affected by
neurological pathology. Asymmetrical presentation of motor
dysfunctions in PD occurs as a result of the asymmetric process
of nigrostriatal dopaminergic denervation. Symptoms are more
visible on the most affected side and deteriorate with the ongoing disease (5, 11). No compensation of the lesser affected side
was observed in comparison to other studies (12). Decreased
inter-limb coordination was observed in early stages and in
advanced stages of the disease (2, 8, 13). As movements of the
upper and lower limbs influence each other, rehabilitation of
gait focused on improving amplitude of arm movements may
be beneficial.
Under these circumstances, the aim of this study was to analyze
the arm, head, and lumbar movement in locomotion patterns,
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MATERIALS AND METHODS
Study Participants

Patients with PD attending the Neurological Department
were recruited. After giving their written consent, the eligible
patients were clinically examined by an experienced neurologist. The Hoehn and Yahr scale was used to assess the disease
stage. Thirty-two subjects with PD (14 women and 18 men;
66 ± 8.7; age: 50–75 years) and 35 control subjects (16 women
and 19 men; 64 ± 7.8; age: 52–77 years) were included in the
study. The inclusion criteria were: idiopathic PD diagnosed
according to the UK PD Society Brain Bank criteria, I–III stage
of the disease according to the Hoehn and Yahr scale [we used
(MA) for most affected side of a body and (LA) for less affected
side of the body], continuous pharmacological treatment with
no change in doses for the last 3 months, 50–80 years of age,
absence of additional neurological disorders or severe musculoskeletal system problems; no contraindications to physical
training, capacity to provide written informed consent for
participation in the study. Exclusion criteria were dementia,
uncontrolled hypertension, change in doses of pharmacological treatment during the study, additional neurological
disorders or severe musculoskeletal system problems, lack of
informed consent, and gait disorders, which did not allow to
walk 15 m. The characteristics in each group are presented in
Table 1.
All subjects were treated with l-DOPA preparations (Madopar,
Sinemet, Nakom) with doses between 50 and 1550 mg/day. None
of the subjects had participated in a therapeutic program before.
The study protocol was approved by the Jagiellonian University
Ethics Committee in Krakow (Poland), and procedures were
performed in accordance with Helsinki Declaration.

Experimental Protocol

Subjects, who met the criteria, took part in the research project,
including the Vicon three-dimensional system gait analysis and
physical exercise therapeutic treatment.
Exercise therapy was a part of a standard procedure during
hospitalization. The research project ran for 3 weeks and included
18 therapeutic sessions with a physiotherapist (6 times a week,
for 60 min). Therapy was set individually every morning, during
the “on-phase” of the subjects. Gait analysis using the Vicon 3D
system took place in Biokinetics Laboratory. The research group
was tested before and after treatment, and the control group was
tested once.
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TABLE 1 | The characteristic of groups: the experimental and the control.
Characteristic

Gender

Experimental group
N mean (SD)

% median (min–max)

N mean (SD)

% median (min–max)

14
18

43.75
56.25

16
19

45.71
54.29

66.03 (8.66)

68.00 (50–80)

64.00 (7.80)

66.50 (52–70)

Female
Male

Age (years)

Control group

Duration of disease (years)

5.70 (2.66)

5.50 (1.5–12)

–

–

H&Y scale

1
1.5
2
2.5
3

1
7
14
3
7

2.00 (1–3)

–

–

Weaker body side

Left
Right

18
14

56.25
43.75

–

–

TABLE 2 | Set of markers (one side of the body).
Symbol

Marker name

Marker position

RFHD
RBHD
C7
CLAV

Right front head
Right back head
7th cervical vertebrae
Clavicule

Located approximately over the left temple
Placed on the back of the head, roughly in the horizontal plane of the front head markers
Spinous process of the 7th cervical vertebrae
Jugular notch where the clavicles meet the sternum

TH10
STRN
RSHO
RUPA
RELB
RFRA
RWRA
RWRB
RFIN
RASI
SACR

10th thoracic vertebrae
Sternum
Right shoulder
Right upper arm
Right elbow
Right forearm
Right wrist marker A
Right wrist marker B
Right fingers
Right ASIS
Sacral wand

Spinous process of the 10th thoracic vertebrae
Xiphoid process of the sternum
Placed on the acromioclavicular joint
Placed on the upper arm between the elbow and shoulder markers
Placed on lateral epicondyle approximating the elbow joint axis
Placed on the lower arm between the wrist and elbow markers
Left wrist bar thumb side
Right wrist bar pinkie side
Placed on the dorsum of the hand just below the head of the second metacarpal
Placed directly over the right anterior superior iliac spine
Placed on the skin midway between the posterior superior iliac spine (PSIS)

Gait Analysis: Vicon 250 System

individual patients with PD used to obtain the averaged gait pattern for the whole group before and after therapeutic treatment.

The Vicon 250 system allowed to record and to analyze motion
patterns in three-dimensional space. This system was coupled
with five infrared CCTV cameras, which worked at 120 frames/s
frequency. Plastic balls with a diameter of 25 mm, called passive markers, covered with reflective material, were affixed to
the tested person to reflect the position of the bone and joint
axis landmarks. The filmed, two-dimensional flat image of the
markers motion was sent to the data station, where based on
comparison between images from at least two cameras, it was
processed to spatial image. In this manner, the Vicon 250 system
identified the location of markers as points in space. The changes
recorded at the data station were analyzed by the system and
sent to a PC, on which, further processing of collected research
material was done.
Before the tests, passive markers were stuck to the patient’s skin
at characteristic anthropometric points and at a certain distance
from the symmetry center of the joint (Table 2). Then, patients
performed gait at a natural, stable speed on a track length of about
15 m, allowing to capture at least 4 cycles of gait. The data from 15
cycles of gait of the patients derived from the Vicon 250 system
were subjected to statistical analysis. Average gait patterns of
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Therapeutic Treatment

The aim of therapeutic treatment was to teach proper movement patterns and to prevent the consolidation of already
present pathological motor patterns. This was attempted using
individually tailored stimulation techniques such as verbal and
visual contact, resistance, traction, and approximation. The
conducted exercises were selected individually according to the
Vicon first assessment and designed to reduce muscle tension,
restore normal ranges of motion in the lumbar spine, cervical
spine, shoulder joint, and elbow joint, strengthen weak muscles,
and consciously control posture. This was followed by gait and
balance training, which included distance walking, performance
of activities of daily living, such as turning, changing position,
and overcoming obstacles. Attention was given to trunk rotation and arms swing while walking with cueing of cadence to
improve stride length and walking speed. Training of posture
and balance reactions was performed while sitting, standing,
or walking. Complex movements were split into sequential
components.
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Strategies for dealing with gait freezing and shuffling gait were
taught to the patients using a variety of external stimuli methods.
Elements of education for the patient and his family were added
to the therapeutic treatment to learn how to cope with family,
professional, and social life situations.

The significantly smaller range of angular changes in the most
affected shoulder joint during the terminal stance (F4) phase of
gait registered before therapy differed by about ±6°, compared
with the healthy subjects (p < 0.05, Figure 3). Shoulder of the
most affected upper limb had a tendency to maintain extended
throughout the gait cycle.
The range of movement in the less affected elbow joint prior
to therapy was similar to the range of double SD achieved
by healthy subjects during every moment of the gait cycle
(Figure 4). Angular changes among the analyzed curves did not
differ significantly between groups for the elbow joint of the less
affected limb and shoulder joint of the most affected limb in the
first test (p < 0.05). Other curves for both the most affected and
less affected limb differed significantly from the control group’s
average (p < 0.001).
Analyzing the average angle of the thorax tilting before and
after treatment, significant differences were found. During gait
in PD patients, tilting of the thorax was clearly smaller than
the mean value of control group’s tilting angle (p < 0.05). After
therapeutic treatment, we observed improvement in the angular
range of changes in thorax tilting. Average values of chest tilting
in the sagittal plane (Figure 1) did not differ significantly between
the most affected and less affected sides.
After therapeutic treatment, mean peak angular changes and
standardized time referring to collected motion angles in the
cervical spine were significantly different from the values before
treatment (p < 0.05). Improvement in the results relates to the
cervical spine setting and angular changes at different phases of
the gait cycle (Figure 2). The curve for the test conducted after
therapy concerning the most affected and less affected sides in the
whole gait cycle, was close to the average achieved by a healthy
person. The difference between the studies in terms of angle
changes was about ±3°. A significant reduction in flexion during
dual support was observed after therapeutic treatment.

Statistical Analysis

Normal distribution of variables obtained in the study was
assessed using the Wilcoxon test and equal variances were
assessed using the Levene Median test. The significance of differences in mean values of the variables was tested with t-tests
(one-sample location test and repeated measurements test). Data
are presented as mean ± SD, p < 0.05 was used to establish statistical significance, and data were analyzed using STATISTICA 10
(StatSoft®) software.

RESULTS
Comparison of the angular movements of lumbar spine, cervical
spine, shoulder joint, and elbow joint in the sagittal plane, during
gait in patients with PD, before and after treatment.
Charts regarding the angular movement changes in the lumbar
spine, cervical spine, shoulder joint, and elbow joint, before and
after treatment in comparison to the control group are shown in
Figures 1–4, respectively.
The study showed that during gait of PD patients, tilting of the
thorax was clearly smaller than the mean value of control group’s
tilting angle (difference of about 8°). Average values of chest
tilting in the sagittal plane (Figure 1) did not differ significantly
between the most affected side and the less affected side.
The course and setting angle of the curve changes in the cervical spine in patients with PD before treatment was flexion and
differed from the control group (p < 0.05, Figure 2).

FIGURE 1 | Angular movement changes in the lumbar spine before and after treatment compared with control group.
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FIGURE 2 | Angular movement changes in the cervical spine before and after treatment compared with control group.

FIGURE 3 | Angular movement changes in the shoulder joint before and after treatment compared with control group.

The angular range of changes in the shoulder joint improved
after therapeutic treatment, but the observed improvement was not
statistically significant. The only significant changes were observed
in the less affected shoulder during the initial contact (F1), terminal
stance (F4), and terminal stance (F8) phases of gait (p < 0.05).
Significant angle and setting changes in the elbow joint
occurred during initial contact and terminal swing phases (F1, F8)
for the most affected limb before and after treatment (p < 0.05).
In the terminal stance phase (F4), an increase in range of motion
of about ±4° was observed after therapeutic treatment. The curve
indicates that the nature of the movement was mainly flexion
in all the phases of gait in patients with PD.

Frontiers in Neurology | www.frontiersin.org

Angular changes among the analyzed curves did not differ
significantly between groups for the shoulder joint of the most
affected limb and the elbow joint of the less affected limb in the
second test (p < 0.05). Other curves for both the most affected
and less affected limb differed significantly from the control
group’s average and between the first and second tests (p < 0.001).

DISCUSSION
Parkinson’s disease leads to motor dysfunctions in gait, speech,
or writing. In recent years, particular attention was paid to
gait abnormalities and the possibility of their improvement by
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FIGURE 4 | Angular movement changes in the elbow joint before and after treatment compared with control group.

pharmacological treatment and rehabilitation. The use of new,
more accurate measuring devices, such as the Vicon system,
allows to record and analyze motion in three-dimensional space
(14, 15). Until now, there were few publications (16–18) related to
the use of the Vicon motion analysis system in the assessment of
therapeutic treatment effectiveness in patients with PD.
No studies were found on the upper extremities movement
changes in connection to head and lumbar movements of
patients with PD. Arm swing, which is an essential component
of locomotion, may influence human gait stability (3–6). As
the upper and lower extremities are coordinated, disruption in
inter-limb coordination may lead to gait disturbances. Decreased
inter-limb coordination can be observed at the early stages as well
as advanced stages of the disease (2, 8, 13). Gait rehabilitation
including improving the amplitude of arm movements may be
beneficial.
Our study showed significantly reduced chest tilting during gait in patients with PD (Figure 1). This was probably
associated with lower walking speed and resulted in reduction
of body force driving developed from body ground reaction
momentum. Such a situation may cause the need for greater
muscle involvement in order to provide propulsion of the body.
As studies revealed, decreased trunk mobility during walking
may be present in individuals with PD (19). During locomotion,
changes in coordination patterns have been observed for head
and trunk motions. Flexible coupling of thoracolumbar and
cervical segments allows locomotor task-dependent use of the
upper limbs. This optimal coupling depends on walking speed,
as arm swing compensates angular momentum with increasing
gait velocity. The vertical moment to counter the torque from
torso motion is produced by arm swing and is the only torsional
effect (20, 21).
Our results show that the mean values of angular changes
in the most affected shoulder joint did not differ significantly
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between patients and the control group. Results are within the
range of double SD (Figure 3), but a greater range of extension
was registered for the most affected shoulder joint at the terminal stance (F4) phase of gait. In the most affected elbow joint,
statistically significant differences were registered during initial
contact (F1), terminal stance (F4), and terminal swing (F8) in
comparison to healthy subjects. This demonstrates the lack of
balance on the most affected side. Similar parameters related to
changes in the angle of the shoulder and elbow joints during gait
were assessed by Knutsson (22) and Murray et al. (23), using
the method of photokinemetric registration. The authors noted
lack of coordination of the upper limbs, oversized shoulder
extension, and greater elbow flexion in patients compared with
the results obtained in the control group. In our study, following
therapeutic treatment, an improvement in the range of shoulder
and elbow flexion was observed. This points out the alternate
work of upper limbs during gait, which did not exist prior to
treatment.
There is no reference, in literature, to the results that we obtained
in the present study, in which the impact of gait therapy treatment
based on three-dimensional motion analysis on parkinsonian
gait was evaluated, analyzing the angular changes corresponding
to the recorded movements of the cervical spine. As follows from
our analysis of the cervical spine movement curve during gait,
limited range of extension prior to the treatment was affirmed.
The conducted therapy had positive impact on changes in angular
movements of the cervical spine, and the average course of the
curve approached the course of the control group’s curve. There
has been significant improvement in the obtained average values
of reduction in peak flexion (extension) of cervical spine movement during the gait cycle. In control group, they occurred during
the mid-stance (F3) phase of gait, and the average value of peak
flexion occurred at the final (terminal) phase of gait. In patients
with PD, these phases were delayed and occurred in terminal
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stance (F4) of cervical spine extension while flexion occurred
during the initial swing (F6) phase.
Analysis of individual gait cycles of people with PD showed
evident improvement in the angle of selected joint motion (24).
Studies by Wells et al. (25) revealed an increase in the range
of motion of the upper limbs. In their study, the results of pathological walking patterns occurring prior to treatment improved
after treatment and moved closer to the physiological gait pattern. Palmer et al. (26) claimed functional improvement in gait,
coordination, and reduction of upper limb tremor after 3 months
of therapeutic treatment; one focused on upper limb karate training and the other on trunk stretching exercises. Walking without
arm swing is possible but requires greater effort of the legs due to
greater foot moment reaction. As Park (27) referred, it is believed
that arm swing in human walking minimizes torque loading on
the joint and skeletal structure leading to optimization of lower
limb motion. Whether motor learning affected by the neurodegenerative process in basal ganglia may be mediated by exercise
was always a highlighted question, while studies have shown that
rehabilitation positively affects structures “occupied” by disease
(28, 29). According to the findings of Nieuwboer et al. (30) limits
in motor learning caused by disease, extended rehabilitation, and
learning processes are necessary to achieve automatization.
In studies on their own kinematic work patterns of the upper
extremity joints, the lumbar and cervical spines are managed to
be improved. In PD, the pathological gait pattern is fixed in the
first years of the disease. Because of the already advanced changes
in the musculoskeletal system, resulting from years of disease, it
may be assumed that the duration of the therapeutic program
should be longer to maintain favorable kinematic changes in the
joint working pattern.
Assessing at exactly which point in time the gait phases occur,
the corresponding values of movement ranges in the upper limbs
joints, lumbar, and cervical spine in patients with PD rehabilitation program was elaborated taking into account all discussed
abnormalities of gait pattern.

Patients with PD were characterized by reduced range of
motion in the joints of the lumbar spine, cervical spine, shoulder, and elbow. Exercise therapy slightly increased the range of
movement in the examined joints and also resulted in improved
locomotion patterns. The results presented in the elaboration
of their own research may be an example of very precise assessment of gait abnormalities, used for preparing gait rehabilitation
and documenting the result progression after gait therapeutic
treatment. It seems that the obtained results should contribute
to further research penetration including a more representative
group. Future studies should include a follow-up study to show
whether the positive changes in locomotion last over a longer
period of time.

Limitation of This Study

We point out that a limitation of the current study was lack of
patients assigned to a group with no treatment. Exercise therapy
was a part of a standard procedure during hospitalization, and
due to ethical considerations, group of patients with PD with no
treatment have not been performed in the study.
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