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The effects of speed-dependent treadmill
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Abstract.
OBJECTIVES: The purpose of this randomized controlled study was to examine and compare the immediate and retention
effects of speed-dependent treadmill training (SDTT) and rhythmic auditory-cued (RAC) overground walking on gait function
and fall risk in individuals with Parkinson’s disease (PD).
METHODS: Twenty participants (mean age 66.1 yrs) with idiopathic PD were randomized into either SDTT (n = 10) or RAC
(n = 10) progressive, interval-based locomotor training protocols. Immediate and retention training effects on gait function and
fall risk were measured by comfortable and fast gait speed (CGS, FGS), 6-Minute Walk Test (6MWT), and Functional Gait
Assessment (FGA).
RESULTS: Immediate within-group training effects revealed significant gains in CGS, 6MWT, and FGA for the RAC group,
and in FGS, 6-MinuteWalk Test, and FGA for the SDTT group. Retention effects were found at 3-month follow-up for all gait
measures in the RAC group, and for FGS and FGA in the SDTT group. No statistically significant differences in immediate or
retention training effects on gait measures were found between groups.
CONCLUSIONS: Externally-cued locomotor training with progressive and interval-based speed challenges, either with RAC
overground or on a treadmill, produced significant improvements in walking speed, endurance, and dynamic balance during
walking.
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1. Introduction

Parkinson’s disease (PD) is an idiopathic neurode-
generative disorder resulting in a combination of motor
control, postural control, and gait impairments, which
contribute to limitations in mobility skills and increased
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fall risk (Bloem, Grimbergen, Cramer, Willemsen, &
Zwinderman, 2001; Lewis, Byblow, & Walt, 2000;
Morris, 2000; Morris, Huxham, McGinley, Dodd, &
Iansek, 2001; Smithson, Morris, & Iansek, 1998). Mor-
ris et al. (2001) estimated that 50 to 70 percent of
individuals with PD fall within a one-year period. More
than 45% of these falls occur during ambulation or
functional mobility tasks (Ashburn, Stack, Ballinger,
Fazakarley, & Fitton, 2008). Falls often trigger a fear of
future falls, leading to self-imposed activity restriction
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and reduced quality of life (QOL) (Adkin, Frank, &
Jog, 2003; Bloem et al., 2001).

Characteristics of gait in PD include slowed speed,
narrowed base of support, and decreased step length
and foot clearance, resulting in shuffling of gait (Mor-
ris & Lansek, 1997; Morris, 2000; Morris, Martin, &
Schenkman, 2010). The underlying PD-specific impair-
ments contributing to these gait deficits are hypokinesia,
akinesia, and problems with centrally-generated rhyth-
mic movements (Morris & Lansek, 1997). Postural
instability and cognitive impairment also occur with
disease progression, further contributing to gait dys-
function (Morris & Lansek, 1997; Bloem, Grimbergen,
van Dijk, & Munneke, 2006). Instability is evident dur-
ing walking in dual task conditions and in changing
environmental demands (Ashburn et al., 2008; Morris
& Lansek, 1997; Bloem et al., 2006; Bloem, Hausdorff,
Visser, & Giladi, 2004; Smulders et al., 2012). Akine-
sia, motor blocks, and arrhythmic gait in PD can cause
freezing of gait, further increasing fall risk (Bloem et al.,
2004). These complex gait and balance deficits result
in a gradual decline in safe mobility in the home and
community. Preserving walking and balance function
is a priority of rehabilitation for persons with PD.

Externally-cued gait training paradigms are sup-
ported in the literature to address these gait deficits in
PD. These paradigms use temporal or spatial stimuli to
facilitate stepping and a rhythmic gait pattern (Morris
et al., 2010; Nieuwboer et al., 2007). Treadmill train-
ing (TT) is an externally-cued intervention that utilizes
somatosensory cues via movement and speed of the
treadmill belt to drive the stepping pattern. Several TT
protocols have been applied in previous PD research.
Speed-dependent TT (SDTT) employs short intervals
of fast or maximum speed (Pohl, Rockstroh, Ruckriem,
Mrass, & Mehrholz, 2003), while progressive speed
protocols use systematic and gradual speed increases
over time (Bello, Sanchez, & Fernandez-del-Olmo,
2008; Merholz et al., 2010; Pelosin et al., 2009; Pro-
tas et al., 2005). Dosage, including training frequency
and intensity, has varied across studies; therefore opti-
mal training parameters are unclear (Bello et al., 2008;
Frenkel-Toledo et al., 2005; Herman, Giladi, & Haus-
dorff, 2009; Merholz et al., 2010; Pelosin et al., 2009;
Protas et al., 2005). Research evidence supports that
these TT protocols produced short-term improvement
in gait measures including gait speed, stride length,
cadence, and walking distance (Bello et al., 2008; Cakit,
Saracoglu, Genc, Erdem & Inan, 2007; Frazzitta et al.,
2009; Frenkel-Toledo et al., 2005; Herman et al., 2009;
Merholz et al., 2010; Pelosin et al., 2009; Pohl et al.,

2003; Protas et al., 2005; Skidmore, Patterson, Shul-
man, Sorkin, & Macko, 2008). Only a few TT studies
examined balance outcomes following TT and reported
immediate gains in balance abilities (Cakit et al., 2007;
Protas et al., 2005) and reduced falls in PD (Protas
et al., 2005). The majority of TT research, however, has
focused primarily on immediate temporal-distance gait
outcomes, and has inadequately addressed both short
and long-term effects on gait and balance function, and
fall risk reduction.

Rhythmic auditory-cueing (RAC) is another type
of externally-cued gait intervention employed during
overground walking to improve gait function in per-
sons with PD. RAC protocols use rhythm and musical
beats to facilitate sensory motor stimulation during gait
training (de Bruin et al., 2010; Ford, Malone, Nyikos,
Yelisetty, & Bickel, 2010; Freeland et al., 2002; McIn-
tosh, Brown, Rice, & Thaut, 1997; Nieuwboer, 2008;
Willems et al., 2006). Previous research provides evi-
dence that RAC training improves gait parameters in
PD, including gait speed, stride length, cadence and
gait rhythmicity (Bryant, Rintala, Lai, & Protas, 2009;
de Bruin et al., 2010; Ford et al., 2010; Frazzitta et al.,
2009; Nieuwboer et al., 2007; Thaut et al., 1996). Only
Nieuwboer et al. (2007) examined retention effects at
6 and 12 weeks post-training and found that treat-
ment effects were not maintained. Most of the studies,
however, examined only short-term temporal-distance
gait outcomes. There is insufficient research assess-
ing the effects of RAC training on functional gait and
balance measures, which may be more reflective of
fall risk reduction. The treatment parameters of RAC
training (frequency, intensity, duration, and speed of
auditory cueing) are highly variable across studies;
therefore optimal training parameters are unclear. Sim-
ilar to SDTT training, the carryover or retention effects
of RAC training are inadequately examined.

Frazzitta et al. (2009) compared TT and RAC over-
ground training in persons with PD, utilizing combined
auditory and visual cues in both protocols. Both treat-
ment groups showed significant improvements in gait
parameters and reduced freezing of gait episodes imme-
diately post-training. These gains were greater in the TT
group, which may be explained by the combined use
of TT and RAC cueing. Further research is needed to
examine the immediate and retention effects of these
two cued paradigms on functional gait, balance and
fall risk reduction in PD, and to better delineate the
contributions of TT versus RAC.

The primary objective of the present study was to
determine the immediate and 3-month post-training



A
U

TH
O

R
 C

O
P

Y

C.C. Harro et al. / Effects of cued locomotor training on gait function 559

Fig. 1. Consort Diagram. Sequencing of participant screening, enrollment, randomization and allocation. The number of participants involved in
each segment of the chart is represented with “n.” The rhythmic auditory-cued training group is represented with RAC and the speed-dependent
treadmill training group is represented with SDTT.

within-group effects of SDTT and RAC overground
walking programs on gait function, dynamic balance
function, and fall risk in individuals with PD. The sec-
ondary objective of the study was to compare these
training effects between the RAC overground and
SDTT groups. This paper will discuss the immedi-
ate and retention training effects on gait function and
fall risk. A second paper addresses the immediate and
retention training effects on balance function, balance
confidence, quality of life and fall incidence (Harro
et al., 2014, in press). This study has important clinical
implications regarding identification of effective phys-
ical therapy interventions to improve walking function
and reduce falls in persons with PD.

2. Methods

A single-blinded, randomized controlled trial design
was utilized to examine the effects of two evidence-
based locomotor training protocols. Both protocols

incorporated external cueing and a progressive speed
component to facilitate improved gait function. For the
within-groups effect, the independent variable was time
[baseline, post-training, 3-month retention follow-up].
For the between-groups effect, the independent vari-
able was group assignment [type of locomotor training
protocol (SDTT vs. RAC)].

2.1. Participants

Forty-two individuals diagnosed with PD were
recruited utilizing convenience sampling. Twenty-two
participants met inclusion and exclusion criteria for the
study. Refer to Fig. 1 for screening and enrollment pro-
cess. Recruiting sources included the local chapter of
the National Parkinson Foundation, the Mercy Health
Hauenstein NeuroScience Center, and local retirement
communities. Inclusion criteria for the study were: (1)
age of 18–89 years, (2) diagnosis of idiopathic PD,
stage 1–3 on the Hoehn and Yahr (1967) scale, (3) abil-
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ity to walk continuously without physical assistance
for five minutes with or without an assistive device,
(4) stable PD medication schedule and dosing over
past month as reported by the participant’s neurolo-
gist and (5) functional vision and hearing sufficient
to perceive cues with or without aides/glasses. Exclu-
sion criteria for participation in this study were: (1)
impaired cognitive functioning evidenced by a score of
20 or less on the Saint Louis Mental Status Examination
(SLUMS) (Tariq, Tumosa, Chibnall, Perry, & Morley,
2006), (2) history of other neurologic or vestibular dis-
orders, (3) current orthopedic conditions that would
affect the ability to walk, (4) history of PD-related
deep brain stimulation, (5) inability to speak and read
English, and (6) unstable medical status and inability
to engage in moderate exercise based on the LEAPS
clinical trial criteria (Duncan et al., 2007). Participants
were deemed safe to engage in the locomotor training
based on these above criteria and were cleared to par-
ticipate in the study by their primary care physician.
This study was approved by the Institutional Review
Boards at Mercy Health Saint Mary’s and Grand Valley
State University. All participants who met the inclusion
and exclusion criteria completed the informed consent
process prior to participation.

2.2. Intervention procedures

Twenty-two participants who qualified enrolled in
the study and were stratified based on freezing of gait
attributes (classified with the Freezing of Gait Ques-
tionnaire as “freezers” vs. “non-freezers”) and age (<70
vs. >70 years old), and then were randomly assigned
to one of two groups: (1) SDTT or (2) RAC. One
participant declined to participate due to his work
schedule and another was omitted due to screening
failure. Participants received three, 30-minute training
sessions per week for six weeks. The SDTT group
consisted of moderate intensity treadmill locomotor
training with a safety harness support. The RAC group
consisted of auditory-cued overground locomotor train-
ing on an indoor track while listening to a personalized
music playlist set at subject-specific beats per minute
(bpm). During the intervention period, participants
were required to abstain from any therapeutic inter-
vention that involved gait training or treadmill walking
outside of the treatment sessions.

2.3. Speed-dependent treadmill training

Speed-dependent treadmill training was provided
with one-on-one supervision by three researchers who

followed a standardized protocol (Fig. 2). Each session
started with a 5-minute warm-up period walking at the
participant’s comfortable gait speed (CGS) on the tread-
mill, followed by three 5-minute speed intervals with a
2.5-minute walking recovery between intervals at CGS.
The speed of the first two intervals was at the partici-
pant’s subjective maximal “fast” walking speed (V1),
and the speed of the third interval was a 5% increase
(V2) of V1 speed, as long as during the first two intervals
there was no decline in gait pattern, balance, or exces-
sive cardiovascular fatigue. If researchers observed any
of these criteria, then the third interval was performed
at V1 or slightly slower if necessary. The training ses-
sion ended with a 5-minute cool down walking at CGS.
Participants were allowed to use treadmill railings only
during the first minute following speed interval changes
if necessary to adjust their balance and gait to the speed
demands, and then were encouraged to use a reciprocal
arm swing. Researchers closely monitored the partici-
pant’s gait pattern, safety, and cardiovascular responses
(blood pressure, heart rate and perceived exertion) dur-
ing the training. Training progression across sessions
was individualized by utilizing the participant’s fastest
gait speed from the previous session as their V1 interval
training speed for subsequent session.

2.4. RAC overground training

The RAC training was provided in small groups of
five participants by two experienced physical thera-
pists, which followed a standardized protocol (Fig. 3).
Each participant was provided headphones and an iPod
shuffle (Apple Inc., Cupertino, California), with a per-
sonalized music playlists. The prescribed target bpm
was based on CGS and 5–10 bpm incremental speed
increases. These playlists were created using Pitch-
Switch+software (Pitch Switch+, Inspyder Software,
3342 Mainway, Suite 200, Burlington, ON). The RAC
training consisted of walking overground for 30 minutes
on a level indoor track. Each training session included
a 5-minute warm-up walking with the musical playlist
(bpm) at the participant’s CGS, followed by two 10-
minute speed intervals walking at speeds 5–10 bpm
faster (V1) than their CGS, and ending with a 5-minute
cool down walking at CGS. Training progression was
individualized and was based on quality of gait during
thespeed intervals. If theparticipantwasunable tomain-
tain a rhythmic gait pattern at prescribed V1 speed, then
the selected playlist was set back to the participant’s
CGS for the second 10-minute interval. If no decline
in gait or balance was observed at V1, then the music
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Fig. 2. Speed-dependent treadmill training protocol.

playlist was increased by 5–10 bpm (V2) for the sec-
ond 10-minute interval. The researchers assisted each
participant in finding the beat of the music with use of
a metronome or clapping at the target bpm during the
training.ConsistentwiththeSDTTprotocol, researchers
closely monitored participant’s gait pattern, safety, and
cardiovascular responses during the training. Training
progressionacrosssessionswas individualizedbyutiliz-
ing the participant’s fastest gait speed from the previous
week as the V1 training speed for subsequent session.
At the end of each week, the participant’s CGS was
reassessed using the 10-meter walk test, and the playlist
was adjusted accordingly to reflect this new baseline.

For both training groups, the researchers provided
intermittent verbal cues to the participants regarding

posture, stride length, and arm swing. At the end of each
training session, participants were guided through a
standardized stretching exercise program. Termination
of a training session was based on the cardiovascular
criteria as described in the LEAPS controlled clinical
trial on locomotor training post-stroke (Duncan et al.,
2007).

2.5. Outcomes

Assessments were completed prior to training
(T0), immediately post-training (T1) and 3 months
post-training (T2) to examine retention effects. All
assessments were completed during the participant’s
on-phase of PD medication. Testing was conducted by
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Fig. 3. Rhythmic auditory-cued training protocol.

three trained researchers who were blinded to group
assignment and did not participate in the interventions.

The primary gait outcome measures addressed in
this paper were comfortable gait speed (CGS) and fast
gait speed (FGS) based on the 10-meter walk test, the
6 minute walk test (6MWT), and the Functional Gait
Assessment (FGA). The secondary outcome measures
that are described in a second paper were functional and
impairment-based measures of balance, including the
Rapid Step-Up Test, the Berg Balance Scale (BBS), and
standardized measures on the SMART EquiTest System
from NeuroCom® (Limits of Stability, Motor Control,
and Sensory Organization tests). Balance confidence

and quality of life measures (Parkinson’s Disease
Questionnaire-39), as well as 6-month prospective fall
incidence were also assessed in a second paper.

The 10-meter walk test (Stokes, 2011) was used to
assess CGS and FGS, with one trial completed at each
speed. Comfortable and fast gait speed has excellent
test retest reliability (ICC = 0.96, 0.97, respectively) in
persons with PD (Steffen & Seney, 2008). Gait speed is
a sensitive measure to detect change in walking function
in older adults (Perera, Mody, Woodman, & Studenski,
2006). The researchers administered the 10-meter walk
test recording the total time from 2 m to 12 m using a 14-
meter path to allow for acceleration and deceleration.
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The FGA is a 10-item clinical gait test used to assess
dynamic balance during walking. The total score is 30
points, with lower scores indicating greater impairment.
A cutoff score of 22 out of 30 points is the reported
fall risk threshold, with excellent sensitivity (sensitiv-
ity 1.00, specificity 0.72) for detecting elderly fallers
(Wrisley & Kumar, 2010). The FGA has excellent inter-
rater reliability (ICC 0.93) and good concurrent validity
with the BBS and Activities-Specific Balance Confi-
dence Scale-16 in persons with PD (Leddy, Crowner,
& Earhart, 2011), as well as with PDQ-39 motor score
(Ellis et al., 2011). Standardized test procedures and
equipment were used with administrating the FGA
(Walker et al., 2007).

The 6MWT assessed walking capacity and
endurance relevant to community ambulation (But-
land, Pang, Gross, Woodcock, & Geddes, 1982).
Participants walked up and down a 100 ft. (30.48 m)
course. Excellent test-retest reliability (ICC ranging
from 0.87—0.99) has been demonstrated across
multiple clinical populations, including those with
neurologic conditions (Steffen & Seney, 2008). The
6MWT was conducted using standard test adminis-
tration according to the American Thoracic Society
Guidelines (2002).

2.6. Statistical analysis

All statistical analyses were conducted using PASW
18.0 (SPSS Inc., Chicago, IL). Sample size was deter-
mined with a priori power analysis for within-group
differences with gait speed as a primary depen-
dent variable to be 6 participants for each group
(one tailed dependent t-test, expected effect size = 1.2,
� = 0.05, power = 0.80). The sample distributions for
the dependent gait variables met assumptions of nor-
mality; therefore parametric statistical tests were used.
For dependent variables, within-groups effects were
analyzed using dependent paired t-tests, and between-
groups effects were analyzed using independent t-tests.
Data were analyzed from Baseline (T0) to Post-
Training (T1) to assess training effects, and Baseline
(T0) to Follow-up (T2) to assess retention effects.
The level of statistical significance was set a priori at
p < 0.05.

3. Results

3.1. Participant demographics

Twenty participants with mean age of 66.1 years
enrolled in this study and were randomly assigned to

RAC and SDTT groups. Refer to Table 1 for partici-
pant demographics and clinical characteristics for each
training group. The mean time since onset of PD for all
participants was 4.12 (2.26) years with a mean Hoehn
and Yahr stage of 1.93 (0.57). Symptoms for FOG were
reported in 35% of participants based on the FOG-Q.
Twenty percent of sample (n = 4) had a history of one
fall and 20% (n = 4) were frequent fallers (≥2 falls) in
past 6 months. All participants were community ambu-
lators and only two reported the use a standard cane
while walking in the community. The mean SLUMS
score was 27.2 (range of 21–30), with 40% of sam-
ple (n = 8) classified as Mild Neurocognitive Disorder
(score between 21 and 26) (Tariq et al., 2006). Inde-
pendent t-tests and Chi Square analysis revealed no
statistically significant differences in participant char-
acteristics (age, gender, Hoehn and Yahr stage, time
post-diagnosis, SLUMS, and FOG or fall risk classifi-
cation) or in any dependent measures between training
groups at baseline (p < 0.05). One subject in the SDTT
group was omitted from the 3-month follow-up analysis
due to an unrelated development of vertigo. The onset
of this new medical condition, which was an exclusion
criterion for this study, had the potential to confound
the follow-up assessment data and skew the results.

3.2. Training progression

Participation rates were comparable in both train-
ing groups (100% in SDTT and 99% in RAC). Table 2
summarizes the training parameters for both groups,
reflecting walking speeds and distances at the end of
week one as compared to the end of week six of training.
In regards to mean total distance walked per 30-minute
training session among participants, the RAC group
progressed from 1.56 to 1.72 miles and the SDTT group
progressed from 1.24 to 1.65 miles. Both groups also
showed progression of CGS across training sessions
with a mean change from 115.7 to 124.0 bpm in the
RAC group and a mean change from 2.10 to 2.98 mph
in the SDTT group. The different construct of each pro-
tocol precludes meaningful quantitative comparison of
training data.

Following training, participants were encouraged to
engage in walking activity on their own. Activity logs
were collected monthly from participants. The partici-
pants’ activity logs showed that 50% of the RAC group
did walking exercise for ≥30 minutes, three times per
week for six months following the intervention, versus
only 22% of the SDTT group. However, 70% of the
RAC group and 66% of the SDTT group stayed active
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Table 2
Summary of training parameters

RAC SDTT

Mean CGS Session 3: 115.70 bpm (105–126 bpm) 2.10 mph (0.80–4.10 mph)
Mean CGS Session 18: 124.00 bpm (114–135 bpm) 2.98 mph (2.10–4.80 mph)
Mean V1 Session 3: 125.70 bpm (113–144 bpm) 2.83 mph (1.10–5.10 mph)
Mean V1 Session 18: 130.90 bpm (123–144 bpm) 3.57 mph (2.30–5.60 mph)
Mean V2 Session 3: 133.70 bpm (113–146 bpm) 3.00 mph (1.20–5.40 mph)
Mean V2 Session 18: 136.20 bpm (123–144 bpm) 3.77 mph (2.50–6.50 mph)
Mean Distance Walked Session 3 (miles): 1.56 (1.20–1.83) 1.24 (0.84–2.47)
Mean Distance Walked Session 18 (miles) 1.72 (1.33–2.09) 1.65 (1.08–2.70)
Mean % Change in Distance Walked (%): 29.39 (22.85–35.11) 26.62 (14.77–46.35)

Summary of training parameters for the rhythmic auditory-cued training group and speed-dependent treadmill training group at the end of week 1
(session 3) and the end of week 6 (session 18). Abbreviations: RAC, rhythmic auditory-cued training; SDTT, speed-dependent treadmill training;
CGS, comfortable gait speed; V1, first velocity speed interval; V2, second velocity speed interval; bpm, beats per minute; mph, miles per hour.

in some form of aerobic activity (e.g., biking, playing
tennis) over the six-month follow-up period.

3.3. Within-group effects of training on gait
function

Statistically significant within-group training effects
for the gait measures were found in both the SDTT
and RAC groups (Table 3). Dependent t-tests revealed
statistically significant increases in mean CGS for the
RAC training group (p = 0.013) and in mean FGS for the
SDTT group (p = 0.012) from baseline to post-training.
The RAC group’s mean CGS improved from 1.30 to
1.45 m/s (11.93%, p = 0.02), as compared to 1.30 to
1.36 m/s (4.53%, p = 0.13) improvement in the SDTT
group. In contrast, the SDTT had greater gains in FGS,
1.69 to 1.82 m/s (7.45%, p = 0.01), as compared to 1.74
to 1.81 m/s (3.56%, p = 0.08) gain in the RAC group.
These training effects were maintained at follow-up for
CGS in the RAC group (p = 0.003) and for FGS in the
SDTT group (p = 0.05). Interestingly, the RAC group’s
mean FGS continued to improve 3 months post-training
(1.74 m/s baseline, 1.81 m/ post-training and 1.87 m/s at
three months follow-up), with a statistically significant
difference found between baseline and follow-up FGS
(p = 0.02). Refer to Fig. 4 for a comparison of CGS and
FGS at baseline, post-training, and 3-month follow-up
for the two groups.

Statistically significant within-group improvements
from baseline to post-training were also found in both
training groups for the 6MWT (RAC, p = 0.007; SDTT,
p = 0.027) and FGA (RAC, p = 0.003; SDTT, p < 0.001).
The RAC and SDTT groups increased 6MWT dis-
tances by 47 m (9.41%) and 30 m (5.84%), respectively
(Fig. 5). This gain in 6MWT was maintained at follow-
up for the RAC group only (p = 0.05). Regarding the
FGA (Fig. 6), based on a threshold FGA score of 22

Fig. 4. Mean Comfortable and Fast Gait Speed at Baseline, Post-
training, and 3-month follow up. Dependent t-tests showed statisti-
cally significant increases in mean Comfortable Gait Speed (m/sec)
for the Rhythmic Auditory-Cued training group and in mean Fast Gait
Speed (m/sec) for the Speed Dependent Treadmill Training group
from baseline to post-training (p < 0.05). These increases were main-
tained at 3-month follow-up, as well as an additional statistically sig-
nificant increase in mean Fast Gait Speed for the Rhythmic Auditory-
Cued Training group. There was insufficient evidence to demonstrate
a between-group effect for both gait speeds (p < 0.05). Abbreviations:
SDTT: speed dependent treadmill training; RAC: rhythmic auditory-
cued; CGS: comfortable gait speed; FGS: fast gait speed.

for identifying those at fall risk, 4 participants in each
training group who were classified as being at fall risk at
baseline, improved scores and moved out of this fall risk
category post-training. Improvements in FGA scores
post-training were retained at follow-up for both groups
(RAC, p = 0.01, SDTT, p = 0.001).
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Fig. 5. Mean Six Minute Walk Test Results from Baseline, Post-
training, and 3-Month Follow Up. The rhythmic auditory-cued
training group and the speed-dependent treadmill training group
both demonstrated significant within-group increases in the distance
walked (meters) during the Six Minute Walk Test from baseline to
post-training (p < 0.05). This gain was only maintained in the RAC
group (p = 0.05). No between-group difference was found (p < 0.05). *
Denotes statistically significant differences for within-group compar-
isons, p < 0.05. Abbreviations: 6MWT: 6-Minute Walk Test; SDTT:
speed dependent treadmill training; RAC: rhythmic auditory-cued.

3.4. Between-group effects of training on gait
function

There were no statistically significant differences
found between training groups in any of the dependent
gait measures from baseline to post-training, or from
baseline to 3 month follow-up. However, for CGS and
FGS, there appeared to be a trend toward a training-
specific effect of group assignment on gait speed. From
baseline to post-training, there was a trend of greater
CGS improvement in the RAC training group as com-
pared to the SDTT group (0.16 vs. 0.06 m/s, p = 0.138)
and a trend of greater FGS improvement in the SDTT
group as compared to the RAC training group (0.13
vs. 0.06 m/s, p = 0.227). It should be noted that post
hoc power analyses revealed low statistical power for
the between-group effects for gait speed and 6MWT
distance (e.g., effect size = 0.70, two-tailed � = 0.05,
1–� = 0.31 for FGS). Table 3 summarizes the between-
group comparison of gait dependent measures.

4. Discussion

This study applied the best evidence regarding over-
ground and treadmill locomotor training paradigms to

Fig. 6. Mean Functional Gait Assessment Results from Baseline,
Post-Training, and 3-Month Follow-Up. The rhythmic auditory-cued
training group and the speed-dependent treadmill training group
both demonstrated significant within-group increases Functional Gait
Assessment score from baseline to post-training (p < 0.05). This gain
was maintained in both groups at 3-Month Follow-Up (p = 0.05). No
between-group difference was found (p < 0.05). *Denotes statistically
significant differences for within-group comparisons, p < 0.05. The
horizontal line at 22 points represents fall risk threshold. Abbrevi-
ations: FGA: Functional Gait Assessment; SDTT: speed dependent
treadmill training; RAC: rhythmic auditory-cued.

design and evaluate outcomes of training protocols
that systematically applied externally-cued, individu-
ally progressive, and interval-based SDTT and RAC
training. Results from this study provide support for
efficacy of both interventions in persons with PD as evi-
denced by significant training-specific changes in CGS,
FGS, 6MWT and FGA. Gains in walking speed and
endurance were evident across the 6 weeks of training
sessions for both groups, and the majority of gains were
maintained at the three-month follow up. Although
there were not any statistically significant between-
group differences in gait function in this small sample,
there are some potentially important implications of
the present study’s results for intervention selection in
individuals with PD.

4.1. Effects on gait function

Both groups demonstrated clinically meaningful
gains in gait capacity (e.g., speed and distance walked)
immediately post-training; however, retention effects
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varied between training groups. Speed-specific changes
were noted in the two training groups. For the RAC
group, statistically significant gains were found in CGS
but not FGS, immediately post-training. At follow-up,
the RAC group maintained these CGS gains, and also
displayed a significant improvement in FGS from base-
line. In comparison, the SDTT group demonstrated
significant gains in FGS post-training that were main-
tained at follow-up, but did not display significant
changes in CGS.

Although the improvements in CGS in RAC group
are consistent with previous research (Bryant et al.,
2009; Ford et al., 2010; Nieuwboer et al., 2007), the
speed-specific findings in the present study are inconsis-
tent with previous research that reported improvements
in both CGS and FGS following RAC locomotor train-
ing (Ford et al., 2010) and improvements in CGS
in treadmill training protocols (Frazzitta et al., 2009;
Herman et al., 2009; Pohl et al., 2003). The training
specificity of RAC and SDTT protocols may explain
the speed-specific training effects found in the present
study. The Minimal Detectable Change (MDC) for CGS
in individuals with PD and stroke is reported to range
from 0.1 and 0.18 m/s (Adkin et al., 2003; Perera et al.,
2006). The RAC group demonstrated a 0.15 m/s gain
post-training, reflecting meaningful change. This effect
is consistent with the RAC protocol’s training demands,
which required participants to complete relatively
longer walking intervals at faster-than-comfortable
walking speeds (V1 and V2). The MDC for FGS in
individuals with PD has been reported to be 0.25 m/s
(Stokes, 2011). Although neither group met the MDC,
it is important to note that the SDTT group’s mean FGS
at baseline (1.69 m/s) fell within the age-related nor-
mative range, reflecting a potential ceiling effect in this
measure in the cohort. The significant change in FGS
observed in the SDTT group immediately post-training
may be explained by training demands of a SDTT train-
ing paradigm. The three, 5-minute intervals of maximal
walking speed employed in the protocol may have trans-
lated into task-specific changes in FGS. The moving
treadmill belt provides external pacing, which may have
forced participants to precisely maintain fast walking
speeds. The SDTT group may also have also been able
to engage in greater training speeds due to the utiliza-
tion of the harness and one-on-one training, promoting
feelings of safety and enhanced motivation. It is unclear
why this gain in FGS did not generalize to changes in
CGS for the SDTT group.

Significant gains in 6MWT distance were found in
both the RAC and SDTT groups immediately post-

training, which were maintained at follow-up in the
RAC group only. These gains in 6MWT are consis-
tent with results from previous studies (Frazzitta et al.,
2009; Pelosin et al., 2009; Skidmore et al., 2008). Based
on previous research in persons with varied neurologic
conditions, the MDC for the 6MWT ranges from 36.6
to 82 m (Flansbjer et al., 2005; Perera et al., 2006; Stef-
fen & Seney, 2008). The RAC training group’s mean
improvement post-training was within this MDC range
(47.87 m), whereas the SDTT mean change (29.74 m)
was lower than this MDC threshold and gains were not
retained. The greater improvements in 6MWT findings
for the RAC group may be due to the longer, sustained
fast walking intervals in the protocol, which may have
had a greater effect on walking endurance. Additionally,
the overground walking performed by the RAC group
may have training effects that better translate to ambu-
lation in the community. These training effects may
also have contributed to participants’ increased adher-
ence with maintaining an independent walking program
following training.

Both training groups demonstrated statistically sig-
nificant improvements in dynamic balance function
during walking as measured by the FGA, which were
maintained at follow-up. Although the MDC estimates
for FGA have not been reported for individuals with
PD, studies in the stroke population reported an MDC
of 4.2 points (Lin, Hsu, Hsu, Wu, & Hsieh, 2010).
Improvements in FGA scores of 4.2 and 4.7 points
for the RAC and SDTT groups in the present study,
respectively, likely represent a clinically meaningful
change. The FGA is a sensitive tool to detect elderly
fallers (Leddy et al., 2011) and has good predictive
validity to assess fall risk in persons with PD (Fore-
man, Addison, Kim, & Dibble, 2006). Forty percent
of the participants in the present study had a sig-
nificant reduction in fall risk post-training based on
based on cutoff score of 22 points. Four participants
in each group who were identified at increased fall
risk at baseline improved their FGA scores to exceed
this fall risk threshold post-training and maintained this
gain at follow-up. Functional Gait Assessment scores
continued to improve at follow-up, as another three par-
ticipants moved out of the fall risk category. Improved
FGA scores support the premise that task-specific loco-
motor training with speed challenges may translate into
improved dynamic balance for walking tasks. Only
one previous study examined balance-related gait out-
comes following locomotor training in PD. Consistent
with our findings, Cakit et al. (2007) reported sig-
nificant improvements in Dynamic Gait Index scores
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following SDTT. No previous RAC studies evaluated
these functionally relevant gait measures. Therefore,
the present study is the first to demonstrate the posi-
tive effect of RAC overground training on the ability
to safely perform functional gait tasks. This finding
is critical for individuals with PD who demonstrate
instability while adapting their gait to a busy and
changing environment, increasing their risk for falls
(Ashburn et al., 2008; Bloem et al., 2004; 2006; Morris
& Lansek, 1997; Smulders et al., 2012). The signif-
icant gains in FGA scores in both training groups
may reflect improved dynamic balance during walking,
which may translate to reduced fall risk for mobility
tasks.

Although between-group differences were not
observed in the gait measures utilized in the present
study, it is important to note that only the RAC group
retained statistically significant improvements in all
gait measures at follow-up when compared to baseline.
Limited research is currently available that examines
retention effects in locomotor training other than the
RESCUE trial (Nieuwboer et al., 2007), which did not
support retention of RAC training effects. The present
study provides evidence for retention effects in gait and
dynamic balance function following cued locomotor
training paradigms in PD.

4.2 Clinical implications.

The present study was designed to implement and
evaluate two reproducible, externally-cued progressive
locomotor training protocols based on application of
previous research. This study’s results provide evidence
that a 30-minute training session three times per week
for six weeks was of sufficient intensity to produce
meaningful changes and retention in walking function.
Given these training parameters, the clinician should
be able to effectively implement these gait interven-
tions in individuals with PD in daily practice. Due to
the inherent variability of clinical symptoms in individ-
uals with PD it is necessary to individualize training
parameters and progression of each training session.
Based on the present authors’ experience, ongoing
evaluation of participants’ gait pattern, balance and car-
diovascular responses was required for safe training
prescription and progression. Therefore, it is recom-
mended that these protocols initially be implemented
in a therapist-directed plan of care before prescribing
independent training programs in the home or com-
munity setting. Furthermore, it should be noted that
this study’s inclusion and exclusion criteria ensured a

sample of individuals with PD who were independent
community ambulators and had stable cardiovascular
status, which limits generalizability to a broader pop-
ulation with greater impairment and/or comorbidities
that might limit exercise intensity.

Regarding clinician selection of a training proto-
col, each protocol has unique benefits as a mode of
locomotor training. The somatosensory cueing via the
moving treadmill belt in SDTT may allow individuals
to achieve faster gait speeds without a compensatory
decrease in stride length. Additionally, the environ-
ment of SDTT allows for training speeds to be more
tightly controlled and enforced. However, there was an
adjustments period (3–4 sessions) required before par-
ticipants felt comfortable being challenged with speed
demands on the treadmill and harness support was
required for safety. The RAC training utlized rhythmic
music with prescribed bpm that was a genre selected by
the participant; therefore this was an enjoyable mode of
training. The RAC training was implemented in small
groups of 5 participants, which was clinically feasi-
ble for monitoring individual performance and was
motivational for the participants. This mode of train-
ing may have application to wellness-based classes for
persons with PD. Some participants had difficulty main-
taining the correct walking rhythm with their music,
which required researchers to assist them in finding the
music’s bpm using a metronome. It is noteworthy that
the RAC group was able to maintain their improvements
in gait function at follow-up and a greater percentage
of this group continued independent walking training
for 6 months post-training. These findings may suggest
that the RAC training may have enhanced participants’
walking self efficacy, which facilitated continued walk-
ing exercise in the community setting. However, it is
important to note that our findings demonstrate that
both RAC and SDTT training groups had significant
improvements in gait function.

4.3. Limitations

This study has several limitations. Sample size was
statistically powered to detect within-group differences
with gait speed as primary outcome measures. There-
fore, the small sample size was under-powered to
definitively assess between-group differences. Conve-
nience sampling was utilized in participant recruitment
that resulted in a sample of higher-level functioning
community ambulators, thus limiting the generalizabil-
ity of this study’s findings. Therefore, caution should be
taken regarding applying this study’s findings to indi-
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viduals in later stages of PD or those with great gait
disability. However, the present study’s implementation
of stratified and randomized group allocation resulted
in equivalent groups with a range of impairment, which
enhances both the internal validity and the general-
izability of the results. Another potential limitation
of this study is that two different groups of exam-
iners completed the baseline/post-training testing and
the 3-month follow-up testing. However, both groups
of examiners were trained by the same researcher
and demonstrated competency in test administration
and scoring, and all examiners were blinded to group
allocation.

4.4. Implications for further study

This comparative locomotor pilot study lays impor-
tant groundwork for further research. A larger
controlled clinical trial is needed to determine if the
RAC or SDTT protocol is superior in improving gait
function and reducing fall risk in persons with PD.
Furthermore, a broader sample with a wider range of
disease severity would help to identify which individu-
als will be most responsive to cued locomotor training
based on clinical and personal characteristics. A clini-
cal trial targeted for individuals with freezing gait, who
are at particularly high fall risk, is needed to assess if
FOG episodes and fall incidence can be reduced fol-
lowing cued locomotor training. Future research could
also examine the effect of the each training protocol
on non-motor symptoms associated with PD using the
Non-Motor Symptoms Scale (NMSS) (Bryant et al.,
2009), as numerous participants in this study reported
anecdotal improvements in sleep, mood and other non-
motor symptoms of PD.

5. Conclusion

A 6-week, externally-cued, locomotor training pro-
gram with progressive, interval-based speed challenges,
whether overground with RAC or on a treadmill,
produced significant improvements in walking speed,
endurance, and dynamic balance during walking based
on CGS, FGS, 6MWT and FGA. Gains in gait speed
and FGA were maintained at follow-up in both groups,
while only the RAC group showed retention of 6MWT
gains. These changes are clinically relevant as they may
translate to enhanced gait capacity, reduced fall risk,
and improved safety for community mobility in persons
with PD.
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