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Background. Previous studies have shown that people with Parkinson disease
(PD) have difficulty performing the sit-to-stand task because of mobility and stability-
related impairments. Despite its importance, literature on the quantification of
dynamic stability control in people with PD during this task is limited.

Objective. The study objective was to examine differences in dynamic stability
control between people with PD and people who were healthy and the extent to
which externally cued training could improve such control during the sit-to-stand
task in people with PD.

Design. This was a quasi-experimental controlled trial.

Methods. The performance of 21 people with PD was compared with that of 12
older adults who dwelled in the community. People with PD were randomly assigned
to 2 groups: a group that did not receive training and a group that received audio-
visually cued training (3 times per week for 4 weeks) for speeding up performance
on the sit-to-stand task. Outcome measures recorded at baseline and after 4 weeks
included center-of-mass position, center-of-mass velocity, and stability against either
backward or forward balance loss (backward or forward stability) at seat-off and
movement termination.

Results. Compared with people who were healthy, people with PD had greater
backward stability resulting from a more anterior center-of-mass position at seat-off.
This feature, combined with decreased forward stability at movement termination,
increased their risk of forward balance loss at movement termination. After training,
people with PD achieved greater backward stability through increased forward
center-of-mass velocity at seat-off and reduced the likelihood of forward balance loss
at movement termination through a posterior shift in the center-of-mass position.

Limitations. The study applied stability limits derived from adults who were
healthy to people with PD, and the suggested impact on the risk of balance loss and
falling is based on these theoretical stability limits.

Conclusions. For people with PD, postural stability against backward balance
loss at task initiation was increased at the expense of possible forward balance loss
at task termination. Task-specific training with preparatory audiovisual cues resulted
in improved overall dynamic stability against both forward and backward balance
loss.
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The United States has the high-
est prevalence of Parkinson
disease (PD), with a range of

107 to 329 people with PD per
100,000 people, manifested more
commonly after 65 years of age.1 Pos-
tural and balance impairments are
cardinal symptoms contributing to
functional limitations. Instability dur-
ing functional transfers (eg, rising
from a chair) in people with PD has
been linked to a significant increase
in the risk of falling and debilitation,
especially in older adults with PD.2

Movement from a sitting position to
a standing position (sit-to-stand) is
an important function required for
independent activities of daily living
and is particularly difficult for people
with PD.3 Sit-to-stand can be divided
into 2 phases: movement prepara-
tion (from movement onset to seat-
off) and execution (from seat-off to
movement termination). Compared
with people who are healthy, people
with PD take longer to complete
these 2 phases, have reduced hip
flexion torques during the first
phase, and have difficulty transition-
ing to reach peak hip and knee
extension torques for successful
completion of the second phase.4,5

Given these differences in move-
ment patterns, people with PD (mild
to moderate severity) have an exag-
gerated anticipatory response in the
preparation phase compared with
people who do not have PD. This
anticipatory response is manifested
as increased momentum that gener-
ates greater forward displacement of
the center of mass (COM).6 Such a
strategy is postulated to increase sta-
bility to compensate for impaired
speed and torque-producing capac-
ity so as to avoid backward balance
loss at seat-off.7 However, this exag-
gerated response at seat-off may
cause difficulty in COM control dur-
ing task termination, increasing the
likelihood of a forward fall.8 Despite
the importance of stability control in

people with PD during the perfor-
mance of the sit-to-stand task, litera-
ture on the quantification of stability
control during this task is limited;
most research attributes stability
control to displacement of the COM
relative to the heel during stance.9–11

On the basis of our recently devel-
oped framework, dynamic stability
can be measured in terms of the con-
trol of a person’s COM motion rela-
tive to the base of support (BOS).12

Two variables (the COM position
and the COM velocity) determine a
person’s instantaneous motion state.
Dynamic stability is measured as the
shortest distance from this instanta-
neous motion state to the computa-
tional limits of the feasible stability
region (incorporating thresholds for
both backward and forward balance
loss). This measure has been vali-
dated both theoretically and empiri-
cally to provide an accurate assess-
ment for balance loss and the risk of
falling.13–15 For the sit-to-stand task,
the greater the backward stability
(distance of the COM state from
the backward balance loss threshold
to the feasible stability region), the
lower the risk of backward balance
loss (Fig. 1a), especially if the COM
state is perturbed (displaced relative
to the feet or BOS) externally. Simi-
larly, greater forward stability (dis-
tance of the COM state from the for-
ward balance loss threshold to the
feasible stability region) lowers the
risk of forward balance loss, espe-
cially if the COM state is perturbed
by a trip or pull at movement termi-
nation during the sit-to-stand task.16,17

Dynamic stability control during sit-
to-stand transfer may impose 2
unique and possibly conflicting chal-
lenges for people with PD.18,19 On
the one hand, low COM velocity
could increase their likelihood of
backward balance loss at seat-off
because of its proximity to the pre-
dicted corresponding limits of stabil-
ity. People with PD might have

learned to shift their COM position
forward with respect to the BOS as
an adaptive strategy to compensate
for their impaired speed and avoid
a backward loss of balance. On the
other hand, forward shifting of the
COM position could become a desta-
bilizing factor later—at movement
termination—during the sit-to-stand
task because of the resulting close-
ness to or even surpassing of the
stability limit for forward balance
loss.14 Therefore, over- or undercom-
pensation could be the root cause
for movement dysfunction. How-
ever, these prospects have not been
investigated in people with PD.
From this perspective, studies of
these stability limits should be more
appropriate than studies that con-
sider only the single measure of
COM position, approximated by
center-of-pressure measurements
mostly during static tasks.9–11

Establishing accurate and valid
assessment measures is a prerequi-
site for measuring the effectiveness
of clinical interventions; developing
effective treatment protocols for
increasing functional mobility
remains the highest priority for reha-
bilitation experts. Externally cued
training could be an effective inter-
ventional strategy for improving
movement speed or facilitating the
development of proper compensa-
tory mechanisms in people with PD.
The training effects are more pro-
nounced when a task is performed
with external cues (ie, auditory or
visual) rather than being self-
initiated.20,21 For example, gait train-
ing with auditory and visual cues has
been shown to increase step length
and velocity.20,22 These external
cues can substitute for the required
internal cues from the basal ganglia
in facilitating the anticipatory mech-
anisms for posture control during
both movement initiation and move-
ment termination. They also can
serve to increase focus on task exe-
cution.23 Furthermore, sit-to-stand
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training with auditory and visual
cues has been shown to alter lower-
extremity kinetics and improve
movement speed4,5; these findings
persisted even when the cues were
removed.24

Although improving movement
speed to lead to successful task per-
formance is an important compo-
nent in improving mobility in people
with PD, improving stability along
with mobility is even more critical
for achieving functional indepen-
dence. However, the extent to
which the increase in movement
speed (or COM velocity) induced by
externally cued training can alter the
control strategy and risk of both
backward and forward loss of bal-
ance in people with PD is unclear.

Dynamic stability control can be
improved through implicit repeated
perturbation (slipping) training dur-
ing the sit-to-stand task for both
young and older adults. This is
achieved by shifting the COM posi-
tion forward and increasing the hor-
izontal velocity relative to the BOS
(heels).14,25 Such an increase in sta-
bility at seat-off decreases backward
balance loss upon a slip. Training
often leads to overcompensation, in
which increased stability against
backward balance loss predisposes
people to forward balance loss (for-
ward stepping) at movement termi-
nation, even during unperturbed,
regular trials.14,15 This overcompen-
sation happens as the COM travels
closer to the stability limit for for-
ward balance loss in an attempt to
prevent falling backward. However,
with greater task practice under
mixed conditions (slip and nonslip),
the central nervous system achieves
an optimal stability state to prevent
both forward and backward balance
loss.14 Such results achieved through
implicit training can be attributed to
the challenging training environ-
ment (ie, perturbation).

Figure 1.
(a) Representative trajectories of the center-of-mass (COM) motion state (ie, the antero-
posterior position and forward velocity of the COM relative to the base of support
[BOS]) recorded from seat-off to movement termination during the sit-to-stand task in
an older adult who was healthy and an older adult with Parkinson disease (PDAV) during
the initial testing session (WK0) and during the testing session at week 4 (WK4).
Center-of-mass positions and velocities are related to the heel of the posterior foot and
are normalized to foot length (lBOS) and to the square root of the product of gravita-
tional acceleration (g) and body height (bh), respectively. Also shown are the model-
predicted threshold boundaries for backward loss of balance (BLOB) and forward loss
of balance (FLOB) under the nonslip condition. The shaded area enclosed by these 2
boundaries in the COM motion state space is the feasible stability region (FSR). The lines
labeled with “S” indicate the magnitudes of the stability against BLOB and FLOB,
defined as the shortest distance from the given COM motion state to the respective
threshold (backward and forward) and time instant (seat-off). The arrow in the shaded
area indicates the direction of travel of the COM motion state (trajectory) from seat-off
to movement termination. XCOM/BOS on the horizontal axis represents the horizontal
COM position relative to the BOS. ẊCOM/BOS on the vertical axis represents the
COM velocity relative to the BOS. (b) Representative time histories for forward and
upward velocities of COM from movement initiation to movement termination for
participants with PD during the sit-to-stand task. The vertical lines indicate the instant
of peak COM forward velocity, the instant of seat-off (SO), and the instant of peak COM
upward velocity. Both velocities are normalized to the square root of the product of g
and bh.
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We questioned whether explicit
(cued) training can similarly serve
to improve stability control, as
reflected and measured by the ability
of people to simultaneously adjust
both position and velocity. The inter-
actions between COM velocity and
COM position during examinations
of posture, balance control, and risk
of falling can be fully accounted for
by use of a single stability measure.

The purpose of this study was to
examine differences in the control of
dynamic stability in people with PD
and people who were healthy and
the extent to which externally cued
training can improve such control
during the sit-to-stand task in people
with PD. First, we hypothesized that
people with PD, despite their lower
COM velocity, would have greater
stability against backward balance
loss than people who were healthy
at seat-off during the sit-to-stand task
because of a significant anterior shift
in their COM position.6,7 However,
this adaptive shift at seat-off would
predispose people with PD, relative
to people without PD, to a greater
risk of forward balance loss at move-

ment termination.8 Second, we
hypothesized that externally cued
training would result in improve-
ments in the control of stability and
the risk of both forward and back-
ward balance loss in people with
PD4,5,24 through simultaneous
changes in COM position and COM
velocity.

Method
Participants
Thirty-one people with PD (Table)
were recruited from a Movement
Disorder Clinic in Hong Kong and
diagnosed by a neurologist accord-
ing to United Kingdom PD Society
Brain Bank criteria.26 Participants
were stable on antiparkinsonian
medications, were able to perform
the sit-to-stand task independently
and follow instructions, and had
no dyskinesia or cardiopulmonary or
orthopedic problems. After the ini-
tial assessment, participants were
randomly assigned to 2 groups: a
group receiving audiovisually cued
training (PDAV group, n�16) and a
group not receiving such training
(PDcontrol group, n�15). After exclu-
sion of participants for whom force

or motion data from either assess-
ment session were missing, the valid
numbers of participants in the PDAV

and PDcontrol groups were 13 and 8,
respectively. All tests were carried
out within 1 hour of medication
administration. In addition, 12 older
adults who dwelled in the commu-
nity in Chicago, Illinois, and who
were similar in body mass and height
served as the healthy control group
(Table). These participants had the
same inclusion and exclusion criteria
as the participants with PD. There
was no difference in any demo-
graphic variables, including duration
of disease in the 2 PD groups (Table).
Informed consent was obtained from
each participant in accordance with
the 1964 Declaration of Helsinki.

Assessments
Participants in the PDcontrol group
did not receive any treatment and
participated only in the assessment
sessions. Each participant in both PD
groups was assessed twice. The ini-
tial session was conducted 2 days
before treatment (week 0), and the
final session was conducted after the
completion of 4 weeks of training

Table.
Demographic Information for Participants With Parkinson Disease (PD) and Elderly Participants Who Were Healthya

Characteristic

Participants Who
Were Healthy

(n�12)

Participants
With PD
(n�21) P b

Participants With PD

P c
PDcontrol Group

(n�8)
PDAV Group

(n�13)

Age, y

X (SD) 74.3 (6.1) [67–85] 64.4 (7.9) [51–77] .001 65.5 (6.2) [56–74] 63.7 (8.9) [51–77] .623

No. of women 10 6 .002 3 3 .477

Body height, m 1.62 (0.07) 1.63 (0.07) .663 1.61 (0.05) 1.65 (0.08) .293

Body mass, kg 61.8 (6.9) 58.8 (8.3) .309 60.6 (5.8) 57.7 (9.5) .451

Fall rate (%)d 33.3 61.9 .043 62.5 61.5 .965

Disease duration, y 4.7 (4.5) 3.3 (2.7) 5.5 (5.3) .286

Disease severitye 2.8 (0.4) 2.7 (0.5) 2.8 (0.3) .500

UPDRS score 18.0 (3.6) 17.6 (3.1) 18.3 (3.9) .682

a Participants with PD included 2 groups: a control group (PDcontrol group) and a group receiving audiovisually cued training (PDAV group). Values are
means (SD) unless otherwise indicated. For age, body height, body mass, disease duration, disease severity, and Unified Parkinson Disease Rating Scale
(UPDRS) score, the independent t test was used. For sex and fall rate, the �2 test was used.
b Comparison between participants without PD and participants with PD (both PDcontrol and PDAV groups).
c Comparison between control and PDAV groups of participants with PD.
d Approximation of the annual fall rate in elderly people.31

e Hoehn-Yahr Scale scores.
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(week 4). The Hoehn-Yahr Scale and
the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS) were adminis-
tered to all participants with PD. A
history of falls in the last 12 months
was collected. Participants in the
healthy control group participated
only in 1 assessment session.

Participants to whom reflective
markers were applied (28 for both
participants without PD and partici-
pants with PD) sat on an adjustable
chair-stool located on a single force
plate, with their feet placed side by
side on a pair of adjacent force plates
and their hands on the iliac crests.
The height of the chair was adjusted
according to each participant’s knee
height, that is, the vertical distance
from the knee joint to the ground.
The feet were positioned such that
both knees were flexed at about 85
degrees. The participants were
instructed to stand up as quickly as
possible, keeping their feet in the
same position, with no cue given
during the initial and final assess-
ment sessions. Five test trials were
performed for participants with PD,
with 2-minute rest periods in
between trials to minimize fatigue.
For participants without PD, 4 test
trials were recorded, with approxi-
mately 1-minute rest periods in
between trials.

Sit-to-Stand Training for the
PDAV Group
The PDAV group received audiovisu-
ally cued sit-to-stand training with
an Equitest-Balance Master (Neuro-
com International Inc, Clackamas,
Oregon) providing the cues. In brief,
the participants were instructed to
perform 3 tasks in accordance with
a “part-to-whole” training principle:
sit-to-stand initiation, seat-off, and
whole sit-to-stand (see below). The
visual cue was a 1- � 1-cm yellow
square that appeared on a computer
screen placed at the eye level of
participants standing 1 m away. The
visual cue represented the partici-

pants’ body COM and was used to
guide trunk movement in a desired
direction. The auditory cue was a
verbal command and was given
simultaneously with the visual cue.

Training started with sit-to-stand ini-
tiation; participants were instructed
to lean forward at the trunk immedi-
ately in response to the visual cue
and the verbal command “move for-
ward.” Next, the participants were
instructed to lift their buttocks off
the chair in response to the visual
cue and the verbal command “move
upward” (seat-off).24,27 Finally, par-
ticipants were trained to stand up
immediately in response to the visual
cue and the verbal command “stand
up” (whole sit-to-stand).24,27 Each
task lasted 2 minutes (with 20–30
repetitions) with 30-second rest
periods between tasks. The training
focused on the use of audiovisual
cues and motor learning principles
(ie, practice and knowledge of the
time of task completion) for each
task. The PDAV group received train-
ing for 20 minutes, 3 times per week
for 4 weeks.

Data Collection
Full-body kinematics during task per-
formance were collected with a
VICON Motion Analysis System (Sys-
tem 370, Oxford Metrics, Oxford,
United Kingdom) and a Peak Motus
motion analysis system (Peak Perfor-
mance, Englewood, Colorado) at 60
Hz for participants with PD and par-
ticipants without PD, respectively.
The ground reaction forces were
gathered with 3 synchronized force-
plates (AMTI, Advanced Mechanical
Technology Inc, Watertown, Massa-
chusetts) for participants with PD
and participants without PD at 60
and 600 Hz, respectively.

Even though the groups were
assessed in different countries, the
demographic measurements, data
collection, and data analysis were
similar, and similar procedures for

experimental setup, participant
instruction, and protocol were used.
Furthermore, the locations at which
passive markers were attached to
bony landmarks were the same, and
the same methods were used to
obtain COM kinematics from the
marker position data.

COM Stability
Center-of-mass kinematics were cal-
culated from the filtered marker
position data. The COM position and
the COM velocity in the anteropos-
terior direction were expressed rela-
tive to the rear border of the BOS.
The rear border of the BOS was
defined as the heel of the posterior
foot in ground contact during the
sit-to-stand task. The COM position
and the COM velocity were normal-
ized to foot length and to the square
root of the product of gravitational
acceleration and body height,
respectively.

Stability was assessed by comparing
the COM state (ie, horizontal COM
position and COM velocity) with the
previously published feasible stabil-
ity boundaries for backward or for-
ward balance loss in people who are
healthy.12–14,28 The backward or for-
ward balance loss boundaries are
continuous lines obtained from the
results of a multilink human biome-
chanical model simulation. The solu-
tion derived from the forward simu-
lation technique and the forward
optimization process determined,
for a given COM position, the mini-
mum initial COM velocity that a per-
son must have to avoid backward or
forward loss of balance. This process
was repeated at other COM posi-
tions, and polynomial interpolation
between solutions was used to out-
line the threshold (continuous
boundary) for backward or forward
loss of balance. The region enclosed
by the backward and forward bal-
ance loss boundaries is called the
feasible stability region (Fig. 1a). The
magnitude of backward or forward
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stability was calculated as the short-
est distance from a given COM
motion state (the combination of
COM position and COM velocity)
to the computational boundary for
backward or forward balance loss.
Within the feasible stability region,
stability is positive, indicating that
the body is stable against balance
loss; higher values indicate greater
stability. Otherwise, stability is
negative.13,28

Center-of-mass stability, COM posi-
tion, and COM velocity were
obtained at the instant of seat-off and
at movement termination. Seat-off
was defined as the instant when the
vertical ground reaction force under
the chair was less than 10% of body
weight. Movement termination was
defined as the instant when the for-
ward COM velocity finally fell below
3 standard deviations of the base-
line velocity measured during the
period before movement initiation.
There was no significant difference
between the COM velocity averaged
over 2 seconds during a standing cal-
ibration trial and the baseline veloc-
ity before movement initiation dur-
ing the sit-to-stand trials. Because of
the simplicity of programming, the
latter was used to determine move-
ment termination. Stability against
backward balance loss (backward
stability) at seat-off and stability
against forward balance loss (for-
ward stability) at movement termina-
tion were computed and used for
analysis.

Seat-off, the instant of the end of the
preparatory phase and a transition
from peak horizontal to peak vertical
COM velocity (Fig. 1b), is critical for
successful task execution without
backward balance loss into the
chair.6,29 Movement termination rep-
resents the end of the task execution
phase and is a critical period for sta-
bilization of the vertical COM veloc-
ity,30 when uncontrolled momentum
could lead to forward balance loss.6

Data Analysis
For testing of the first hypothesis,
the values obtained for COM stabil-
ity, COM position, and COM velocity
at week 0 (baseline) from partici-
pants without PD were compared
with those from participants with
PD (both PDAV and PDcontrol groups)
by use of independent t tests. The
values entered into the analysis for
each participant constituted the
means of the baseline trials (5 for
participants with PD and 4 for par-
ticipants without PD).

For testing of the second hypothesis,
a 2-way repeated-measures analysis
of variance was performed with
COM stability at seat-off as the
dependent measure, group (PDAV

versus PDcontrol) as the independent
factor, and session (week 0 versus
week 4) as the repeated measure.
The same analysis was repeated for
COM position and COM velocity. A
similar statistical process was used
for each variable obtained at the
instant of movement termination.
Significant effects (.05 level) were
analyzed with an a priori–planned
t test. Independent t tests of the per-
centage change in each variable
(except for velocity at movement
termination) as a result of interven-
tion were also performed for the
PDcontrol and PDAV groups. The
change for each group was obtained
as the change score: (Y at week 4 �
Y at week 0)/Y at week 0, where Y
served as the variable of interest. An
analysis of the correlation between
backward stability at seat-off and for-
ward stability at movement termina-
tion was performed (for both the
healthy control group and the PD
groups combined) to test whether
adaptive changes to decrease back-
ward balance loss increased the risk
of forward balance loss.

In addition to the means, the variabil-
ity of the stability values for each
participant was calculated as the
standard deviation of the stability

across all test trials (5 for participants
with PD and 4 for participants with-
out PD). The variability of the stabil-
ity values was very small for each
participant and was not significantly
different between participants with-
out PD and participants with PD
(P�.05). The mean combined (both
participants without PD and partici-
pants with PD) variability of the sta-
bility values across all participants
(n�31) for backward stability at seat-
off was 0.011 (SD�0.003), and that
for forward stability at movement
termination was 0.034 (SD�0.013).
Stability values at the instant of peak
vertical velocity also were obtained
and used in comparisons of groups
and comparisons before and after
intervention. However, the results
(other than absolute values) did not
differ from those presented below at
the 2 events of interest and hence
were not included in this report. All
statistical analyses were performed
with SPSS version 17 (SPSS Inc, Chi-
cago, Illinois), and significance was
assessed at the .05 level.

Role of the Funding Source
This study was supported by grant
NIH R01-AG029616 (Dr Pai) and
Health Service Research Fund
911006 (Dr Mak and Dr Hui-Chan).

Results
Differences Between Participants
With PD and Participants
Without PD
Examination of the clinical measures
indicated that participants with PD
had mild to moderate PD (Table),
with a mean UPDRS score of 18.0
(SD�3.6) and a mean Hoehn-Yahr
Scale score of 2.8 (SD�0.4). Exami-
nation of the UPDRS rigidity and pos-
ture subscales at week 0 revealed
mean scores of 0.6 (SD�0.9) and
2.4 (SD�0.9), respectively. Thirteen
(61.9%) of the 21 participants with
PD had at least 1 fall in the previous
12 months compared with the
approximately 33% annual fall rate in
the elderly population31 (Table).
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All participants were able to perform
and complete the sit-to-stand task at
the baseline session. At seat-off, the
COM state of all participants (both
participants without PD and partici-
pants with PD) was above the stabil-
ity limit for backward loss of balance
(Fig. 1a). However, compared with
participants without PD, participants
with PD (both PDAV and PDcontrol

groups) had greater stability against
backward balance loss (P�.001 for
both groups) (Fig. 2a). Although par-
ticipants with PD had lower COM
velocity than participants without
PD at seat-off (P�.001) (Fig. 2b),
they had a significant anterior shift in
COM position at this instant com-
pared with participants without PD
(P�.001) (Fig. 2c).

At movement termination, both par-
ticipants with PD and participants
without PD had positive stability val-
ues (Figs. 1a and 3a). However, par-
ticipants with PD had less forward
stability than participants without
PD (P�.01). Participants in both the
PDAV group and the PDcontrol group
also had a significantly more anterior
COM position at movement termina-
tion than participants without PD
(P�.01) (Fig. 3b). The forward sta-
bility at movement termination (y)
linearly decreases with increases in
the backward stability at seat-off (x)
(y��1.207x�0.401, r�.392, P�.01).
Hence, the backward stability at seat-
off was negatively correlated with
the forward stability at movement
termination; that is, an increase in
backward stability at seat-off would
result in a decrease in forward stabil-
ity at movement termination.

Training Effects
At seat-off, there was a significant
session � group interaction
(F�4.701,19, P�.05), in that signifi-
cant improvements in stability were
demonstrated as a result of 4 weeks
of training for the PDAV group
(P�.05 between week 0 and week
4) (Fig. 2a). In contrast, there was

Figure 2.
Group mean and standard deviation for center-of-mass (COM) stability (SCOM) against
backward loss of balance (BLOB) (a), COM velocity (b), and COM position (c) at seat-off
(SO) during the sit-to-stand task for the healthy control group, a group of participants
who had PD and received no training (PDcontrol), and a group of participants who had
PD and received audiovisually cued training (PDAV). For both PD groups, the values
recorded during sessions at week 0 (WK0) and week 4 (WK4) are shown. For the healthy
control group, only the values recorded during the first testing session are shown. In
Figure 2b, ẊCOM/BOS represents the horizontal (forward) COM velocity relative to the
base of support (BOS). In Figure 2c, XCOM/BOS represents the horizontal COM position
relative to the BOS. Center-of-mass positions and velocities are related to the heel of the
posterior foot and are normalized to foot length (lBOS) and to the square root of the
product of gravitational acceleration (g) and body height (bh), respectively. A higher
COM position value means a more anterior location. The values for stability against
BLOB are computed as the shortest distance from a given COM motion state to the
theoretical threshold for BLOB (Fig. 1). The stability values are positive if the COM
motion state is located within the feasible stability region, with higher positive values
indicating greater stability against BLOB. *P�.05, **P�.01, ***P�.001.
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no change for the PDcontrol group
between the 2 assessment sessions.
There was a significant increase in
COM velocity with training for the
PDAV group (P�.01 between week 0
and week 4) (Fig. 2b). In contrast,
there was no change in COM veloc-
ity for the PDcontrol group (P�.05
between week 0 and week 4;
group � session interaction:
F�15.621,19, P�.001). Training also
brought about a significant posterior
shift in COM position between week
0 and week 4 for the PDAV group
(P�.001) (Fig. 2c), in contrast to the
less significant posterior shift for the
PDcontrol group from week 0 to week
4 (P�.05). Finally, training also
resulted in an overall decrease in
movement time from week 0 to
week 4 for the PDAV group (P�.05).
There was no change in the UPDRS
overall score or in the UPDRS pos-
ture and rigidity subscale scores
(means at week 4�2.1 [SD�0.9] and
0.8 [SD�1.2], respectively) from
week 0 to week 4 (P�.05 for both
comparisons).

Training resulted in significantly
greater forward stability at move-
ment termination at week 4 than at
week 0 for the PDAV group (P�.05)
but not for the PDcontrol group
(P�.05) (Fig. 3a). Because of this
improvement, the significant differ-
ence between the PDAV group and
the healthy control group at week 0
no longer existed at week 4 (P�.05).
Moreover, there was a significant
posterior shift in COM position from
week 0 to week 4 for the PDAV group
(P�.05) (Fig. 3b), negating the base-
line difference between the PDAV

group and the healthy control group
at week 4 (P�.05).

There was a significant difference
between the PDcontrol group and the
PDAV group in the change score for
stability at seat-off (P�.04) (Fig. 4a),
and there was a nearly significant dif-
ference in the change score for
COM velocity at seat-off (P�0.06)

(Fig. 4c). In contrast, no significant
intervention-related between-group
difference was observed in the
change score for COM position at
seat-off (P�.10) (Fig. 4b). Although
there was no significant difference
at movement termination in stability
against forward loss of balance and
COM position (P�.10 for all 3 mea-
sures), there was a strong trend for
these variables showing greater
improvement in the PDAV group
than in the PDcontrol group (Figs. 4d

and 4e). Note that COM velocity at
movement termination was zero for
both groups.

Discussion
The results of the present study
showed that participants with PD
had greater backward stability than
participants without PD. These
results are consistent with the theory
that people with PD compensate for
reduced backward stability during
the sit-to-stand task by placing their

Figure 3.
Group mean and standard deviation for center-of-mass (COM) stability (SCOM) against
forward balance loss (FLOB) (a) and COM position (b) at movement termination (MT)
during the sit-to-stand task for the healthy control group, a group of participants who
had PD and received no training (PDcontrol), and a group of participants who had PD and
received audiovisually cued training (PDAV). For both PD groups, the values recorded
during sessions at week 0 (WK0) and week 4 (WK4) are shown. For the healthy control
group, only the values recorded during the first testing session are shown. XCOM/BOS
represents the horizontal COM position relative to the base of support (BOS). Center-
of-mass positions are related to the heel of the posterior foot and are normalized to foot
length (lBOS). A higher COM position value means a more anterior location. The values
for stability against FLOB are computed as the shortest distance from a given COM
motion state to the theoretical threshold for FLOB (Fig. 1). Higher positive values
indicate greater stability against FLOB. *P�.05, **P�.01.
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COM more anteriorly relative to their
BOS. This strategy partly offsets their
lower COM velocity and results in
greater backward stability (Fig. 1a).
However, through the motor train-
ing used in the present study, partic-
ipants with PD were able to modify
their motor behavior to reduce the
risk of forward balance loss and fur-
ther reduce the risk of backward bal-
ance loss.

On the basis of the classic symptoms
of bradykinesia and rigidity, it is
likely that people with PD would
experience difficulty in shifting their
head-arm-trunk segment forward in
preparation for the sit-to-stand
task.32–35 This circumstance would

translate to difficulty in moving their
COM anteriorly, given that the thigh
and leg segments are relatively sta-
tionary. Coupled with reduced COM
forward velocity, this situation
would reduce overall COM stability
against backward balance loss and
increase the likelihood of people
with PD falling backward at seat-off
(compared with people without
PD). However, people with PD com-
pensated for their slowness and
related posterior instability by posi-
tioning their COM forward at
seat-off.36

The observed anterior shift in the
COM position relative to the BOS
could have resulted from a rather

permanent disease-related postural
alteration (ie, stooped posture dur-
ing sitting) because of changes in the
neck, trunk, and hip flexor muscles
(trunk rigidity) and the curvature of
the spine.27 Alternatively, the signif-
icant anterior shift in the COM posi-
tion manifested by people with PD
could have resulted from a prepara-
tory strategy adopted to increase sta-
bility against falling backward,29

which is thought to be a major deter-
rent to rising from a chair for people
with PD.3 Inkster and Eng6 noted an
exaggerated hip flexion strategy dur-
ing the sit-to-stand task, in which
people with PD had significantly
more anterior COM displacement
than people without PD, similar to
our findings. Such a preparatory pos-
tural strategy could be adopted by
people with PD to compensate for
lower-extremity strength deficits,
allowing successful seat-off.7,37 The
findings that participants had mild
rigidity and a moderate degree of
postural instability (UPDRS rigidity
and posture subscale scores of 0.6
and 2.4, respectively) strengthen the
latter suggestion.

Although the preparatory postural
strategy adopted by people with PD
effectively increased their dynamic
stability against falling backward, it
decreased their forward stability at
the braking phase (movement termi-
nation) of the sit-to-stand task. Our
previous studies in older adults who
were healthy demonstrated that an
excessive increase in stability against
backward balance loss at seat-off
increased the risk of forward balance
loss at movement termination under
both perturbed and unperturbed
conditions.14,15 The negative correla-
tion between backward stability at
seat-off and forward stability at
movement termination strengthens
this point as well. However, there is
clear evidence that people are more
fearful of backward falls. They take
unnecessary backward protective
steps more frequently than they take

Figure 4.
Changes from the initial testing session (WK0) to the session at week 4 (WK4) in the
group mean and standard deviation for (a) center-of-mass (COM) stability (SCOM)
against backward loss of balance (BLOB) (a), COM position (b), and COM velocity (c)
at the instant of seat-off as well as COM stability against forward loss of balance (FLOB)
(d) and COM position (e) at movement termination during the sit-to-stand task for a
group of participants who had PD and received no training (PDcontrol) and a group of
participants who had PD and received audiovisually cued training (PDAV). In Figures 4b
and 4e, XCOM/BOS represents the horizontal COM relative to the base of support
(BOS). For Figure 4c, ẊCOM/BOS represents horizontal (forward) COM velocity relative to
the BOS. Center-of-mass positions and velocities are related to the heel of the posterior
foot and are normalized to foot length and to the square root of the product of
gravitational acceleration and body height, respectively. A higher COM position value
means a more anterior location. The values for stability against BLOB and FLOB are
computed as the shortest distance from a given COM motion state to the respective
theoretical thresholds against BLOB and FLOB (Fig. 1).
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unnecessary forward ones to main-
tain an upright posture while being
perturbed in either the forward or
the backward direction.28 Therefore,
the motor behavior of people with
PD could reflect their preferred
adaptive strategy to decrease the
likelihood of falling backward into
the chair. Still, a drawback of this
adaptive strategy is that increased
forward stability could lead to diffi-
culty in controlling movement termi-
nation. This is a common disease-
related limitation38 with this
“stabilization phase”30 and can lead
to an increased likelihood of falling
forward.

Relative to participants who had PD
and did not receive any intervention,
participants who had PD and
received audiovisually cued task-
specific training were able to
improve their dynamic stability to
reduce the risk of falling backward
or forward (Figs. 2a and 3a). After
training, the participants were able
to increase their COM velocity and
reduce, to some degree, their reli-
ance on postural compensation.
Their COM position became more
posterior than that before training
and closer to that of participants
without PD at seat-off. Although
such a shift may enhance balance
loss in the backward direction, the
change was only moderate, and the
net effect of the training was that
the participants became more stable
against backward balance loss at
seat-off (Fig. 2c). This posterior shift
in COM position at seat-off was still
maintained at movement termina-
tion, serving also to increase stability
against forward balance loss at this
phase (Figs. 3a and 3b). After the
baseline differences between the
PDcontrol group and the PDAV group
were accounted for, the latter group
still had significantly greater stability
against backward balance loss at
seat-off and showed a trend toward
greater stability against forward bal-

ance loss at movement termination
(Figs. 4a and 4d).

The training-induced posterior shift
in COM position in people with PD
at the instant of seat-off was not pre-
viously reported. It is interesting that
such a shift was seen not only in the
PDAV group but also in the PDcontrol

group. The practice of the sit-to-
stand task during the assessment ses-
sions (5 trials each during the first
and second sessions) for both groups
could have changed the participants’
strategy for controlling their COM
motion state so as to decrease for-
ward balance loss. However, the
change in the COM position was not
accompanied by an increase in the
COM velocity in the PDcontrol group
and could have increased the risk of
backward balance loss rather than
enhance stability for this group. For
participants in the PDAV group, the
provision of audiovisual cues could
have assisted motor preparation so
that they were more readily and rap-
idly able to initiate the sit-to-stand
task.5,24,39 Furthermore, a training-
induced rapid switch from flexion to
extension is known to occur at the
instant of seat-off.6,7 These previ-
ously reported training-induced
changes could have brought about
an increase in COM forward velocity
and a significantly greater posterior
shift in COM position in the PDAV

group than in the PDcontrol group—
resulting in significantly greater sta-
bility against backward balance
loss, as reflected by the change score
analysis (Fig. 4). Furthermore, the
change scores indicated a strong
trend for the PDAV group to have
greater stability against forward loss
of balance than the PDcontrol group
at movement termination (Fig. 4d).
Therefore, audiovisually cued train-
ing might have enabled participants
with PD to gain a better overall con-
trol of stability by reducing the con-
flicting risks of backward balance
loss at movement initiation and for-

ward balance loss at movement ter-
mination (Figs. 1, 2c, 3b, 4a, and 4d).

It was demonstrated previously in
people who were healthy that the
central nervous system prefers a
strategy that minimizes the likeli-
hood of both backward and forward
loss of balance.14,40 A similar strategy
could have been adopted in people
with PD. The posterior shift in COM
position that occurred after training
did not decrease stability because it
was coupled with a training-induced
increase in COM velocity. These
findings suggest that the central ner-
vous system recalibrated the internal
representation of stability limits, rely-
ing on both online (same trial) and
offline (subsequent trial) somato-
sensory feedback. The recalibration
resulted in increased mobility with-
out compromising stability.

There was no change in the UPDRS
posture subscale scores from week
0 to week 4. This finding suggests
that the anterior COM position shift
noted in participants with PD, rela-
tive to participants without PD, at
week 0 could have been an adaptive
compensatory strategy to increase
stability. This suggestion lessens the
possibility that such a shift resulted
from a more permanent musculo-
skeletal impairment affecting static
posture (ie, stooped posture), as dis-
cussed previously. Such compensa-
tion could have been reversed some-
what by the audiovisually cued
training provided. Furthermore, the
findings that there were changes in
COM velocity or position in the PDAV

group but not in the PDcontrol group
suggest the possibility of training-
induced changes achieved through
the substitution of voluntary self-
initiated movement with externally
cued movement.

It has been proposed that the basal
ganglia assist voluntary motor con-
trol primarily through an interaction
with the supplementary motor area
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in the cortex.41,42 They provide an
internal cue or trigger to enable
movement sequences to be carried
out automatically. Impairments
within the basal ganglia and their
cortical connections will disrupt or
delay this trigger signal, resulting in
bradykinesia (slowness of move-
ment) or akinesia. Similarly, impair-
ments in the signals for sequential
cueing could impose difficulty in
switching between task subcompo-
nents and in promptly changing the
force generated to terminate the
task.43 Externally cued movements
are thought to bypass faulty basal
ganglion–supplementary motor cor-
tex pathways and use cerebellar–
premotor cortex pathways that may
be intact in people with PD.23 An
external cue delivered at the appro-
priate time could theoretically
enhance preparatory processes and
result in more normal movement.
The improvement in backward bal-
ance control in people with PD
given external cues just before seat-
off highlights their role as “task initi-
ators.”44 Similarly, the improvement
in forward balance control during
task termination that resulted from
the use of ongoing audiovisual cues
strengthens their postulated role as
timekeepers for the execution of vol-
untary movement.45 We did not test
retention of the training effects on
stability in a noncued environment.
However, on the basis of our previ-
ous study, which demonstrated a
transition from similar audiovisually
cued training to noncued practice
up to 2 weeks after training,24 similar
retention could be expected.

The findings of the present study
must be interpreted in light of the
limitations of our study design. First,
participants with PD were signifi-
cantly younger than participants
without PD (Table). However, this
age difference would only
strengthen any significant findings
for the 2 groups. With an age-
matched control group, the differ-

ences in velocity and position would
have been even greater. Second, it
may not be appropriate to apply sta-
bility limits derived from adults who
are healthy to people with PD. How-
ever, the beneficial effects of the
intervention are unaffected because
the comparisons were made in the
same person before and after treat-
ment. Third, the suggested impact
on the risk of balance loss and falling
is based on theoretical findings.
However, it also is based on exten-
sively validated empirical evidence
established in people who are
healthy. As a first step, it was impor-
tant to establish whether an
intervention-related increase in
dynamic stability could be obtained.
Future studies should correlate such
an improvement with fall incidence
or other clinical balance and func-
tional mobility measures. Fourth, the
posterior shift in COM position in
the PDcontrol group could have been
due to a practice effect resulting
from repeated sit-to-stand tasks.
Because the PDcontrol group did not
receive any treatment, the beneficial
effects of training with auditory and
visual cues on COM position could
have been due to factors other than
the training itself. However, as in
other studies5,24 that included more
vigorous controls, the PDAV group
had significantly greater improve-
ment from week 0 to week 4 on
all outcome measures (stability and
COM velocity and position) than the
PDcontrol group. Finally, the sample
sizes in the PDcontrol group and the
PDAV group were not the same.
Therefore, all of the results in the
present study should be interpreted
with this fact in mind.

In summary, the previously validated
measure of dynamic stability was
applied to and compared in older
adults who were healthy and people
with PD during the sit-to-stand task.
Furthermore, the effects of cued
intervention on this dynamic stabil-
ity control measure were studied by

examining the interactive effects of
simultaneously changing the COM
position and the COM velocity in
people with PD. The present study
provides a unique perspective on
how people with PD deal with both
backward and forward instability
during different phases of sit-to-
stand. The results of the present
study show that cueing to increase
movement speed during the sit-to-
stand task in people with PD influ-
ences COM position and velocity
and results in increased forward
and backward stability, which could
translate into a reduced risk of
falling.
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