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Preface 

The master thesis by Sarah Klamroth titled Acute effects of a novel treadmill de-
vice on gait and postural control in persons with Parkinson’s disease addresses a 
highly relevant issue in the field of neurological rehabilitation with a specific focus 
on the sensorimotor control system. The thesis was part of a larger interdiscipli-
nary research project (EFI – Emerging Fields Initiative of the Friedrich-Alexan-
der-University Erlangen-Nürnberg), which investigated a novel type of treadmill 
training that applies additional perturbations to the walking surface. Within this 
research cooperation, Ms. Klamroth conducted a separate experimental study to 
analyze the short-term motor adaptations in gait and postural control in Parkinson 
patients after a single session of perturbation treadmill training. A secondary aim 
of the study was to identify predictors which might explain differences in motor 
adaptations across participants. This work provides a good theoretical background 
for the development of perturbation treadmill training, and investigates the short-
term motor adaptations to this novel training device in patients with Parkinson’s 
Disease. The thesis is written in article style for publication in an international 
peer-reviewed journal.  

The high quality of this master thesis is seen especially in the study design, the 
complex data analysis and in the extensive interpretation of the results. The work 
also benefits from Sarah Klamroth’s practical skills and theoretical background as 
a physical therapist. Her experience in treating Parkinson patients was not only 
beneficial for conducting the treadmill training, but is also reflected in the discus-
sion section which addresses the relevance and transfer of her findings. Finally, 
the publication of this work in the high-ranking international journal Gait & Pos-
ture underpins the relevance of the addressed topic and the excellent quality of this 
master thesis. 

Prof. Dr. Klaus Pfeifer and Dr. Simon Steib 
  



Institute Profile 

The Department of Sport Science and Sport (DSS) at the Friedrich-Alexander-
University (FAU) Erlangen-Nürnberg is one of the leading institutions for sport 
science in Germany. In recent years it has established itself as an international 
scientific center for competence in Health and Physical Activity. The main focus 
of the DSS lies in human movement within sport as well as other fields, primarily 
from a sport science perspective but also including other related research areas. 
The main topic Health and Physical Activity is covered by the four divisions of 
the DSS: Physical Activity and Public Health, Exercise and Health, Education in 
Sport, and Sport and Exercise Medicine, which are all mutually connected. In or-
der to facilitate activities incorporating research, teaching and University Sports, 
the DSS integrates the University Sports as a fifth division.  

The Division of Exercise and Health (Chair: Prof. Dr. Klaus Pfeifer) investigates 
the health-related potential of physical activity and exercise. Here, possibilities for 
the enhancement of movement related health competence focus on the spectrum 
between physiological adaptations and individual health behavior. Therefore, 
questions related to baseline conditions and assessment methods as well as to the 
conceptualization, implementation and evaluation of respective interventions are 
addressed. In the context of interdisciplinary applied projects, there are several 
close cooperations with physicians, psychologists, teachers, physiotherapists, ger-
ontologists and key stakeholders in the health sector. The field of Exercise and 
Health focuses primarily on three research topics: 1) Physical Activity Promotion 
and Health Research, 2) Exercise Therapy and Motor Control, 3) Digitized Exer-
cise Therapy and Physical Activity Promotion. The master thesis by Sarah Klam-
roth investigated motor adaptations in people with Parkinson’s Disease after a spe-
cific type of exercise therapy (treadmill training). This therefore belongs to the 
research topic of Exercise Therapy and Motor Control in the division of Exercise 
and Health.  

The DSS pursues an integrative-cooperative research approach built on inter- and 
transdisciplinary knowledge transfer between the different fields of Physical Ac-
tivity and Health. The main goal is to generate sport scientific knowledge that is 
practically useful, and to develop, implement and evaluate concepts in the field of 
Physical Activity and Health. In order to reach this goal, the four divisions within 
the DSS strongly collaborate with players in the health sector (e.g. rehabilitation 
clinics, health insurance companies, german pension insurance), in the education 
and research system (e.g. Department of Education and Cultural Affairs, cooper-
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ating universities), in the organized sport sector (e.g. DOSB – Deutscher Olym-
pischer Sportbund), and with stakeholders in economy and industry (e.g. sporting 
goods manufacturers).  

Students enrolled in one of the programs offered by the DSS also benefit from 
current research activities and findings. At the moment, the DSS offers the follow-
ing programs: a Bachelor in Sport Science (extra-occupational); an international 
sport science Masters in Physical Activity and Health; a PhD program in Physical 
Activity and Health; and Physical Education Teaching Programs (for all kinds of 
german schools). All studies at the DSS aim for developing professional capabili-
ties by enabling students to cope with complex situations in the professional fields 
related to sport, physical activity and health. 

Prof. Dr. Klaus Pfeifer 
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Abstract 

Objective: Investigation of acute adaptations in gait and postural control in indi-
viduals with Parkinson’s disease after a single session of perturbational treadmill 
training.  

Design: Randomized controlled trial.  

Setting. University laboratory for research and promotion of physical activity. 

Subjects: People with Parkinson’s disease (n=39) in stage 1 to 3 of the Hoehn and 
Yahr Scale.  

Intervention: All participants received a single treadmill training session. The 
experimental group (n=19) walked with perturbations produced by small three-
dimensional tilting movements of the belt which simulate an uneven surface. The 
control group (n=20) performed treadmill training without additional perturba-
tions. 

Main measures: Primary measures were self-selected comfortable overground 
walking speed (10-Meter-Walk-Test) and center of pressure sway velocity (vCOP) 
and –sway area (aCOP). Secondary measures were spatiotemporal gait parameters 
during treadmill walking. 

Results: The experimental group significantly improved in overground walking 
speed after intervention, compared to the control group (p = .014; ES = +0.41). By 
contrast, postural control measures did not differ significantly between groups af-
ter intervention. While treadmill walking, only the experimental group signifi-
cantly reduced measures of gait variability. Walking without handrail support dur-
ing perturbations predicted significant improvements in step time symmetry (p = 
.029; ES = -0.36) and variability of cadence (p = .002; ES = -0.52). More disabled 
patients significantly improved in overground walking speed (p = .016; ES = 
+0.40) and stance phase symmetry (p = .011; ES = -0.42) if they trained with per-
turbations. 

Conclusions: One session of perturbational treadmill training led to beneficial 
acute adaptations in gait performance but not in postural control. 
  



 

 

1 Introduction 

Parkinson’s disease (PD) is a progressive neurological disorder with a growing 
worldwide prevalence1 and associated rising health costs in the future2. The dis-
ease is characterized mainly by four cardinal motor symptoms: resting tremor, 
bradykinesia, rigidity and postural instability.3 These symptoms often cause gait 
disturbances, such as reduced gait speed and shortened step length, leading to dis-
ability and reduced quality of life.4,5  

Within the past years treadmill training has become an important therapeutic 
tool in neurologic rehabilitation.6–12 People with PD significantly improved their 
gait speed, step length and walking distance after regular treadmill training.13 A 
few trials also investigated the acute adaptations in this population after a single 
treadmill session and showed improvements in gait speed, stride length and double 
stance phase.14–16  

While previous studies on treadmill training mainly varied walking speed15,17 

and body-weight support14,18,19, recent trials focused on explorative designs where 
participants are perturbed during treadmill walking. Such interventions included 
bilateral separated treadmill walking20,21 which manipulates participants’ gait 
symmetry, perturbation of synchronized movements by applying specific forces 
to the lower limbs22,23, visual-induced perturbations by manipulating the virtual 
environment24,25, and treadmill training which provokes slips or trips of partici-
pants by sudden medio-lateral26–28 or anterior-posterior29–39 movements of the belt. 
Although these types of perturbations were very heterogeneous, all of them repre-
sented an additional postural challenge during treadmill walking.  

Especially in PD, combining treadmill walking with balance training may 
enhance the beneficial effects of conventional treadmill training13, since studies 
have suggested that highly challenging balance exercises can counteract postural 
instability in PD40. Thus a novel treadmill device (Zebris medical GmbH, H/P cos-
mos GmbH) was developed, with the purpose of applying additional perturbations 
during walking. To challenge participants’ postural control, pneumatic actuators 
below the treadmill constantly induce small three-dimensional tilting movements. 
The primary purpose of this study was to examine acute adaptations in gait and 
postural control in individuals with PD after a single training session on the novel 
treadmill device. A secondary aim was to identify specific predictors which might 
explain differences in adaptations across participants. 
  

© Springer Fachmedien Wiesbaden GmbH 2018
S. Klamroth, Perturbation Treadmill Training in Parkinson’s Disease,
Best of Therapie, https://doi.org/10.1007/978-3-658-20543-0_1



 

 

2 Methods 

2.1 Design and Participants 

From June 2013 to April 2015 we conducted a randomized controlled trial with a 
parallel group design. Participants were randomly assigned to either an experi-
mental group (perturbational treadmill training = PTT) or a control group (con-
ventional treadmill training = CTT) by using a computer-generated block-random-
ization, stratified by Hoehn & Yahr stage41 (H&Y 1-2 and H&Y 2.5-3). The 
random allocation sequence was generated by an independent person (SS) not in-
volved in assessment or intervention, and group assignment was concealed during 
enrollment of participants at the hospital (University hospital Erlangen, Germany). 
The Ethics Committee of the University of Erlangen – Nuremberg (Germany) ap-
proved this research project and all participants gave written informed consent 
prior to intervention.  

Recruitment of participants and screening for eligibility was performed at the 
University hospital Erlangen (Department Molecular Neurology, Erlangen). Par-
ticipants fulfilling all of the following criteria were included in the study: 1) diag-
nosis of idiopathic Parkinson’s disease, 2) Hoehn & Yahr (H&Y) stage 1-3, 3) 
Unified Parkinson’s Disease Rating Scale42,43 (UPDRS) subscore gait ≥ 1, and 4) 
able to walk independently without an assistive device. Patients were excluded if 
1) they were diagnosed with any neurological disease other than Parkinson’s dis-
ease, 2) they suffered from any severe cardiovascular or orthopedic condition that 
would impact performing the assessments and/or intervention, and 3) they were 
not able to follow instructions from the assessor and/or care provider due to cog-
nitive impairment. All participants were informed that they will be assigned to one 
of two treatment groups but were not told whether they received the experimental 
or control treatment. 

2.2 Intervention 

Participants in the experimental group walked on a novel treadmill device (Zebris 
medical GmbH & h/p/cosmos medical GmbH), which applies additional perturba-
tions during walking and thereby creates further challenges to postural control sys-
tems. For perturbational treadmill training (PTT), three pneumatic actuators below 
the treadmill (lifting capacity 8 cm; air pressure = 3.5 bar) constantly induced 
small three-dimensional tilting movements of the treadmill and thereby created an 

© Springer Fachmedien Wiesbaden GmbH 2018
S. Klamroth, Perturbation Treadmill Training in Parkinson’s Disease,
Best of Therapie, https://doi.org/10.1007/978-3-658-20543-0_2
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uneven surface while walking (Figure 1). The tilting platform can be switched 
on/off independent from the regular belt movement of the treadmill. The novel 
treadmill device is also equipped with handrails on the left and right side of the 
belt and with a suspension for a safety harness.  

Participants in the control group performed conventional treadmill training 
(CTT), without additional perturbations applied. Control subjects walked on the 
same treadmill device as the experimental group but without additional perturba-
tions (tilting platform switched off).  

Figure 1: Treadmill device 

For both the experimental and control intervention the same standardized protocol 
was applied (Figure 2), which was designed based on a previous study.44 At first, 
all participants walked five minutes on the treadmill with their preferred speed to 
get familiar with the device; for PD patients in the experimental group the addi-
tional perturbations were switched on in the last minute of the familiarization pe-
riod. Subsequently, all participants received a single session of 15 minutes tread-
mill training and based on their group assignment they walked with the 
perturbational stimulus (experimental) or without (control). Training was sepa-
rated into three 5-minute-blocks with a rest period of three minutes (participants 
standing on the treadmill) between blocks. On the treadmill, patients walked with 
70 % of their self-selected comfortable overground walking speed (10 Meter Walk 
Test) and were asked to walk without handrail support, if possible. For safety rea-
sons, the care provider (SK) gave minimal instructions during the familiarization 
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period on the treadmill, but no further recommendations regarding walking per-
formance were provided.  

Figure 2: Study protocol 

2.3 Data Collection and Analysis 

According to the study protocol (Figure 2) all data were collected at the same place 
(Institute of Sport Science and Sport, Erlangen, Germany) and at the same day as 
the intervention was performed, and by the same person who provided treadmill 
training (SK). All patients were assessed during their ‘on’ state of antiparkinson 
medication. 

Primary outcome measures were self-selected comfortable overground walk-
ing speed and postural sway parameters (Center of pressure sway velocity [vCOP], 
- sway area [aCOP]). All primary outcome measures were assessed prior to (pre), 
immediately after (post) and 10 minutes after (retention) treadmill walking. In ad-
dition, postural sway parameters were measured between treadmill training, after 
the first training block (T1) and after the second training block (T2). Overground 
walking speed was assessed with 10 Meter Walk Test45 and out of three attempts 
the average speed was calculated. Postural sway parameters were measured with 
a forceplate integrated in the treadmill (FDM-T, Zebris medical GmbH) during 30 
seconds of quiet stance with eyes open. To avoid fatigue of multiple testing par-
ticipants performed three attempts prior to intervention, two attempts at post and 



6  2 Methods 

 

retention assessment, and one attempt between training blocks. For multiple at-
tempts the average was calculated.46  

  Secondary outcome measures were spatiotemporal gait parameters assessed 
during treadmill walking without perturbations (e.g. stride length, step width, dou-
ble limb support) on a forceplate (FDM-T, Zebris medical GmbH) for 60 seconds 
at the end of each training block and after the retention period. In addition, sym-
metry (Formula 1) and variability (Formula 2) of spatiotemporal gait parameters 
were calculated. Handrail support during treadmill walking was documented.  

Formula (1):  

Symmetry = | mean left  – mean right | 

Formula (2): 

Statistical analysis was performed with IBM SPSS Statistics for Windows version 
23.0 (IBM Corp. Released 2015; Armonk, NY). In order to get a first impression 
of the results and to choose the appropriate method for statistical analysis, a de-
scriptive data analysis with various diagrams (e.g. growths rates of total sample, 
of treatment groups and individual growths rates) for every primary and secondary 
outcome measure was conducted.  

In a second step, a two-level linear mixed model was developed to analyze 
growth rates over time (Level 1: within-individuals) and between-subjects effects 
(Level 2) of the main outcomes. The variables time (occasions of measurement: 
pre = 0, T1 = 1, T2 = 2, post = 3, retention = 4) and group (control = 0, experi-
mental = 1) were included as covariates at Level 2. In order to be more flexible 
with varying occasions of measurement and individual variability a random inter-
cept and random slope model was used. The assumed covariance matrix was di-
agonal for Level 1 and unstructured for Level 2. At first, changes over time within 
groups were investigated by entering the variable time as only covariate to the 
mixed model analysis of every primary and secondary outcome measure, and an-
alyzing results separately for each group (split file by group). Afterwards, signifi-
cant differences over time between groups were analyzed by adding the variables 
time and group as covariates to the model. In this part of the analysis main effects 
for group and time, as well as cross-level interactions (group x time) were ana-
lyzed.  

As a last step of the statistical analysis predictors were integrated into the 
model, in order to explain differences in patients’ growth rates (over time) in out-
come measures. The following variables were chosen as potential predictors and 
were added as covariates separately to the existing model: falls rate, UPDRS, 

Variability = (
standard deviation

mean
) ∗ 100 % 
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vCOP at baseline, and handrail usage. Predictors’ main effect and cross-level in-
teractions (time x predictor; group x time x predictor) were investigated. For better 
interpretation of the observed results, change scores (Formula 3) and standardized 
effect sizes were calculated (Formula 4). In addition, significant differences be-
tween groups in sample characteristics were analyzed with paired t-tests. 

Formula (3): 

Formula (4): 

Change score = (
(Mean measurement occasion - Mean baseline)

Mean baseline
)  x 100 % 

Effect size (Cohen’s d) = (
Estimate of effect

(Standard Errorestimate of effect  x √sample size)
) 



 

 

3 Results 

3.1 Sample Charactersistics 

Characteristics of 39 PD patients who were randomized into perturbational tread-
mill training (n = 19) or conventional treadmill training (n = 20) are presented in 
Table 1. The average age of participants was 64.8 years in experimental group and 
64.2 years in control group. People in both groups showed similar mean UPDRS 
scores (PTT = 16.7; CTT = 17.7) and the same amount of people (n = 8) had pre-
vious treadmill experience (ever walked on a treadmill). There were significantly 
more females in the perturbational treadmill group (PTT: n = 8; CTT: n = 2), com-
pared to the control group. Frequency distribution of fall rates was different within 
groups but the number of fallers (PTT n = 12; CTT n = 10) and non-fallers (PTT 
n = 7; CTT n = 9) is comparable in experimental and control group. 

Table 1: Sample characteristics with mean SD or number of particpants (%) 

 

p-valuea

Age (years) 64,8 ± 10,3 64,2 ± 8,5 .833
Gender (male/femal)* 11 / 8 18 / 2 .021 *
Height (cm) 173,9 ± 8,0 175,2 ± 13,7 .731
Weight (kg) 74,9 ± 13,0 83,2 ± 13,7 .060  

UPDRSb 16,7 ± 5,5 17,7 ± 8,7 .662

.106
none n=7 n=9
one n=3 n=8
two n=5 n=0
three or more n=4 n=2

n=8 n=8 1.0

(26.3%)

a significant differences between groups calculated wth paired t-tests; b data from n=36; c data from n=38; 
* significant at level p≤.05

(21.1%)

(42.1%)

Number of falls past 12 monthsc 

(percentage of participants)

Experimental Group (PTT)
n=19

Control Group (CTT)
n=20

(42.1%)
(0%)
(10.6%)

(40.0%)
Treadmill experienceb 

(percentage of participants)

(47.4%)(36.8%)
(15.8%)

© Springer Fachmedien Wiesbaden GmbH 2018
S. Klamroth, Perturbation Treadmill Training in Parkinson’s Disease,
Best of Therapie, https://doi.org/10.1007/978-3-658-20543-0_3
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3.2 Gait and Postural Control 

Results for primary outcome measures are presented in Table 2 and Table 3. Prior 
to treadmill intervention no significant differences between groups in primary out-
come measures were observed. Participants in the perturbational treadmill group 
showed a significantly higher overground walking speed immediately after (post) 
and 10 minutes after (retention) intervention (p = .049; ES = +0.34), with a sig-
nificant difference compared to the control group (p = .014; ES = +0.41) (Figure 
3). 

Center of pressure sway velocity decreased in both groups after retention be-
low baseline values but without reaching statistical significance. In both groups 
center of pressure sway area increased over time, but only within the control group 
results were significant (p = .009; ES = +0.49) (Figure 3). 

Table 2: Primary outcome measures: Time effects within groups and group-by-time 
interaction effects (between groups) are reported with effect size (ES) and p-
value.  

  

Outcome measure

ES p-value ES p-value

Overground walking speed (m/s)
experimental +0.34 .049*

+0.41 .014*
control -0.17 .440

vCOP (mm/s)
experimental +0.14 .400

+0.17 .285
control -0.14 .397

aCOP (mm2)
experimental +0.21 .197

-0.13 .416
control +0.49 .009*

a reference category: time=pre; b reference categories: time=pre, group=control
*significant at level p≤.05

Time effects 

within groupsa between groupsb
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Table 3: Primary outcome measures: Mean (SD) at baseline (pre) and mean change 
(SD) with change in % at T1, T2, post and retention.   
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Figure 3: Primary outcome measures 
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Analysis of spatiotemporal gait parameter during treadmill walking (Table 4 

and Table 5) revealed a significant reduction in variability of stride length (p = 
.048; ES = -0.34), stride time (p = .052; ES = -0.33), double limb support (p = 
.005; ES = -0.48) and cadence (p = .048; ES = -0.34) for participants in the exper-
imental group. Changes in gait variability over time did not significantly differ 
between groups. Step time symmetry during treadmill walking demonstrated a sig-
nificant group by time interaction (p = .033; ES = -0.36), suggesting that partici-
pants in the control group decreased and the experimental group increased sym-
metry over time. None of the other spatiotemporal gait parameters showed 
significant changes over time within or between groups.  

Additional results from the analysis of primary and secondary outcome 
measures are presented in Figure 4 and Table 6 and Table 7.  

 

Figure 4: Variability of spatiotemporal outcome measures 
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Table 4: Secondary outcome measures: Mean (SD) at the beginning of the intervention 
(T1) and mean change (SD) with change in % at T2, post and retention.  

M
ea

n 
ch

an
ge

 (S
D

) 
%

M
ea

n 
ch

an
ge

 (S
D

) 
%

M
ea

n 
ch

an
ge

 (S
D

) 
%

St
rid

e 
le

ng
th

 (c
m

)
ex

pe
rim

en
ta

l
10

8.
91

(1
6.

26
)

+1
.2

1
(5

.9
3)

+1
.1

%
+0

.3
8

(5
.2

4)
+0

.3
%

+1
.0

8
(8

.2
9)

+1
.0

%
co

nt
ro

l
11

0.
70

(1
5.

76
)

-0
.3

4
(5

.6
0)

-0
.3

%
+0

.3
4

(4
.9

4)
+0

.3
%

-0
.1

9
(5

.0
4)

-0
.2

%
St

ep
 w

id
th

 (c
m

)
ex

pe
rim

en
ta

l
10

.1
2

(2
.6

4)
-0

.1
7

(1
.4

0)
-1

.7
%

-0
.0

6
(1

.3
1)

-0
.6

%
-0

.7
0

(1
.4

2)
-6

.9
%

co
nt

ro
l

10
.9

2
(3

.0
8)

+0
.5

0
(1

.4
6)

+4
.6

%
+0

.2
9

(1
.2

1)
+2

.7
%

+0
.2

3
(1

.4
8)

+2
.1

%
St

rid
e 

tim
e 

(s
)

ex
pe

rim
en

ta
l

1.
22

(0
.1

6)
+0

.0
1

(0
.0

8)
+0

.8
%

+0
.0

0
(0

.0
7)

+0
.0

%
+0

.0
1

(0
.1

1)
+0

.8
%

co
nt

ro
l

1.
15

(0
.0

9)
+0

.0
0

(0
.0

7)
+0

.0
%

+0
.0

0
(0

.0
6)

+0
.0

%
+0

.0
0

(0
.0

6)
+0

.0
%

D
ou

bl
e 

lim
b 

su
pp

or
t (

%
)

ex
pe

rim
en

ta
l

33
.9

9
(3

.4
9)

+0
.0

0
(1

.1
5)

+0
.0

%
+0

.2
0

(1
.3

1)
+0

.6
%

-0
.0

3
(2

.0
4)

-0
.1

%
co

nt
ro

l
35

.0
9

(4
.4

0)
+0

.1
7

(0
.9

7)
+0

.5
%

+0
.1

4
(1

.1
5)

+0
.4

%
+0

.0
3

(1
.0

3)
+0

.1
%

C
ad

en
ce

 (s
te

ps
/m

)
ex

pe
rim

en
ta

l
99

.9
2

(1
2.

83
)

-1
.2

0
(5

.5
5)

-1
.2

%
-0

.6
2

(4
.7

6)
-0

.6
%

-1
.3

3
(7

.4
6)

-1
.3

%
co

nt
ro

l
10

4.
66

(7
.9

7)
+0

.1
9

(5
.1

2)
+0

.2
%

-0
.5

6
(4

.4
3)

-0
.5

%
-0

.0
5

(4
.7

1)
+0

.0
%

V
ar

ia
bi

lit
y 

st
rid

e 
le

ng
th

 (%
)

ex
pe

rim
en

ta
l

4.
33

(2
.3

3)
-0

.5
3

(1
.5

3)
-1

2.
2%

-0
.6

0
(2

.1
5)

-1
3.

9%
-1

.0
0

(1
.4

9)
-2

3.
1%

co
nt

ro
l

4.
24

(2
.9

5)
-0

.4
4

(2
.9

7)
-1

0.
4%

-0
.2

0
(1

.6
4)

-4
.7

%
-0

.5
1

(1
.3

7)
-1

2%
V

ar
ia

bi
lit

y 
st

ep
 w

id
th

 (%
)

ex
pe

rim
en

ta
l

18
.3

9
(7

.7
3)

+2
.0

4
(5

.1
4)

+1
1.

1%
+1

.8
4

(4
.8

8)
+1

0.
0%

-0
.6

3
(6

.5
5)

-3
.4

%
co

nt
ro

l
15

.3
7

(7
.0

6)
+1

.9
2

(4
.7

7)
+1

2.
5%

+2
.1

8
(6

.9
3)

+1
4.

2%
+1

.6
4

(4
.5

6)
+1

0.
7%

V
ar

ia
bi

lit
y 

st
rid

e 
tim

e 
(%

)
ex

pe
rim

en
ta

l
3.

58
(1

.8
1)

-0
.5

2
(1

.3
4)

-1
4.

5%
+1

.4
2

(1
.7

2)
+3

9.
7%

-0
.8

1
(1

.5
3)

-2
2.

6%
co

nt
ro

l
3.

18
(2

.5
2)

-0
.5

7
(2

.4
9)

-1
7.

9%
-0

.0
1

(1
.3

5)
-0

.3
%

-0
.3

5
(1

.1
7)

-1
1.

0%
V

ar
ia

bi
lit

y 
do

ub
le

 li
m

b 
su

pp
or

t (
%

)
ex

pe
rim

en
ta

l
5.

53
(2

.0
3)

-0
.4

0
(1

.6
4)

-7
.2

%
-0

.7
5

(1
.4

3)
-1

3.
6%

-1
.1

7
(1

.7
7)

-2
1.

2%
co

nt
ro

l
5.

13
(1

.9
9)

-0
.1

8
(2

.3
9)

-3
.5

%
-0

.2
8

(1
.4

2
-5

.5
%

-0
.4

1
(1

.4
2)

-8
.0

%
V

ar
ia

bi
lit

y 
ca

de
nc

e 
(%

)
ex

pe
rim

en
ta

l
3.

56
(1

.8
5)

-0
.4

6
(1

.3
1)

-1
2.

9%
-0

.5
8

(1
.7

8)
-1

6.
3%

-0
.7

9
(1

.5
0)

-2
2.

2%
co

nt
ro

l
3.

18
(2

.5
6)

-0
.5

0
(2

.5
0)

-1
5.

7%
+0

.1
2

(1
.0

7)
+3

.8
%

-0
.2

1
(0

.6
9)

-6
.6

%
Sy

m
m

et
ry

 s
te

p 
le

ng
th

 (c
m

)a

ex
pe

rim
en

ta
l

2.
84

(2
.7

1)
+0

.6
3

(1
.7

7)
+2

2.
2%

+1
.0

9
(2

.4
7)

+3
8.

4%
+0

.5
1

(1
.5

1)
+1

8.
0%

co
nt

ro
l

4.
19

(3
.2

7)
-0

.1
7

(2
.8

0)
-4

.1
%

-0
.7

1
(2

.5
7)

-1
6.

9%
-0

.4
8

(2
.2

5)
-1

1.
5%

Sy
m

m
et

ry
 s

te
p 

tim
e 

(m
s)

a

ex
pe

rim
en

ta
l

24
.2

0
(2

6.
40

)
-1

.1
6

(1
2.

65
)

-4
.8

%
-1

.6
4

(9
.8

0)
-6

.8
%

-1
.5

4
(1

3.
79

)
-6

.4
%

co
nt

ro
l

15
.6

4
(1

1.
20

)
+1

.0
3

(7
.8

8)
+6

.6
%

+4
.7

5
(9

.8
3)

+3
0.

4%
+5

.2
3

(7
.9

2)
+3

3.
4%

Sy
m

m
et

ry
 s

ta
nc

e 
ph

as
e 

(%
)a

ex
pe

rim
en

ta
l

1.
50

(1
.4

3)
-0

.0
9

(0
.7

2)
-6

.0
%

-0
.0

6
(0

.6
8)

-4
.0

%
-0

.2
7

(1
.1

2)
-1

8.
0%

co
nt

ro
l

0.
94

(0
.9

0)
+0

.2
0

(0
.7

0)
+2

1.
3%

+0
.2

4
(0

.7
2)

+2
5.

5%
+0

.2
8

(0
.6

7)
+2

9.
8%

a  d
iff

er
en

ce
 b

et
w

ee
n 

le
ft 

an
d 

rig
ht

 le
g 

(lo
w

er
 v

al
ue

s 
in

di
ca

te
 h

ig
he

r s
ym

m
et

ry
)

M
ea

n 
 (S

D
) 

M
ea

su
re

m
en

t o
cc

as
io

ns
T1

T2
po

st
re

te
nt

io
n



3.2 Gait and Postural Control 15 
 

 

Table 5: Secondary outcome measures: Time effects within groups and group-by-time 
interaction effects (between groups) are reported with effect size (ES) and p-
value 

ES p-value ES p-value
Stride length (cm)

experimental +0.01 .935
+0.02 .925

control +0.00 .983
Step width (cm)

experimental -0.11 .512
-0.23 .160

control +0.09 .598
Stride time (s)

experimental +0.01 .959
+0.01 .934

control +0.00 .993
Double limb support (%)

experimental +0.05 .743
+0.00 .981

control -0.01 .973
Cadence (steps/m)

experimental -0.07 .657
-0.02 .880

control -0.06 .724
Variability stride length (%)

experimental -0.34 .048*
-0.17 .292

control -0.27 .117
Variability step width (%)

experimental -0.11 .520
-0.23 .155

control +0.11 .502
Variability stride time (%)

experimental -0.33 .052*
-0.19 .232

control -0.03 .870
Variability double limb support (%)

experimental -0.48 .005*
-0.24 .148

control -0.22 .180
Variability cadence (%)

experimental -0.34 .048*
-0.17 .289

control +0.01 .950
Symmetry step length (cm)c

experimental +0.27 .112
+0.31 .059

control -0.21 .206
Symmetry step time (ms)c

experimental -0.11 .488
-0.36 .033*

control +0.46 .010*
Symmetry stance phase (%)c

experimental -0.12 .470
-0.29 .081

control +0.24 .154
a reference category: time=T1; b reference categories: time=T1, group=control
*significant at level p≤.05

within groupsa  between groupsb
Time effect 
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Table 6: Primary and secondary outcome measures with mean±SD for all measurement 
occasions.  
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Table 6: Continued   
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Table 7: Primary and secondary outcome measures: Time effects within groups and 
between groups reported with estimate of effect, standard error (SE) and p-
value 

    Time effects 
  within groupsa  between groupsb 

    Estimate SE p-value   Estimate SE p-value 

Overground walking speed (m/s)       
 experimental 0,03 0,01 .049*     

      0,05 0,02 .014* 

 control -0,01 0,01 .440     
vCOP (mm/s)        

 experimental 0,08 0,10 .400     
      0,19 0,17 .285 

 control -0,14 0,15 .387     
aCOP (mm2)        

 experimental 20,32 15,15 .197     
      -20,19 24,52 .416 

  control 67,51 22,05 .009*         

Stride length (cm)        
 experimental 0,04 0,51 .935     
      0,06 0,65 .925 

 control 0,01 0,36 .983     
Step width (cm)        

 experimental -0,07 0,10 .512     
      -0,21 0,15 .160 

 control 0,05 0,10 .598     
Stride time (s)        

 experimental 0,00 0,01 .959     
      0,00 0,01 .934 

 control 0,00 0,00 .993     
Double limb support (%)        

 experimental 0,04 0,13 .743     
      0,00 0,16 .981 

 control 0,00 0,07 .973     
Cadence (steps/m)        

 experimental -0,21 0,46 .657     
      -0,09 0,59 .880 

  control -0,13 0,37 .724         
a reference category: time=pre/T1; b reference categories: time=pre/T1, group=control 
*significant at level p≤.05        
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Table 7:  Continued  

    Time effects 
  within groupsa  between groupsb 

    Estimate SE p-value   Estimate SE p-value 

Variability stride length (%)        
 experimental -0,26 0,12 .048*     
      -0,17 0,16 .292 

 control -0,18 0,10 .117     
Variability step width (%)        

 experimental -0,30 0,45 .520     
      -0,82 0,57 .155 

 control 0,28 0,41 .502     
Variability stride time (%)        

 experimental -0,24 0,12 .052*     
      -0,17 0,14 .232 

 control -0,03 0,17 .870     
Variability double limb support (%)       

 experimental -0,37 0,13 .005*     
      -0,25 0,17 .148 

 control -0,13 0,09 .180     
Variability cadence (%)        

 experimental -0,24 0,11 .048*     
      -0,25 0,23 .289 

  control 0,01 0,20 .950         

Symmetry step length (cm)        
 experimental 0,35 0,21 .112     
      0,41 0,21 .059 

 control -0,23 0,17 .206     
Symmetry step time (ms)        

 experimental -0,65 0,92 .488     
      -2,53 1,14 .033* 

 control 1,75 0,61 .010*     
Symmetry stance phase (%)       

 experimental -0,06 0,07 .470     
      -0,17 0,10 .081 

  control 0,07 0,05 .154         
a reference category: time=pre/T1; b reference categories: time=pre/T1, group=control 
*significant at level p≤.05        
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3.3 Predictors 

In the experimental group 15 % and in the control group 21 % of participants were 
able to walk without holding on the handrails during the whole treadmill training. 
The other participants made use of handrails either partially during training (PTT: 
45 %; CTT: 42 %) or throughout the whole session (PTT: 40 %; CTT: 37 %). 
Handrail support affected growth rates during treadmill training for people in the 
experimental group but not in the control group (Figure 5). If PD patients trained 
with the perturbational stimulus, walking without support by handrails predicted 
a reduced variability of cadence (p = .002; ES = -0.52) and a higher step time 
symmetry (p = .029; ES = -0.36) over time compared to walking with handrail 
support.  

Figure 5: Predictor handrail support 

Including patients’ impairment and disease severity into the analysis revealed 
that participants with higher fall rates showed a larger increase in overground 
walking speed (p = .016; ES = +0.40) and stance phase symmetry (p = .011; ES = 
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-0.42) over time, if they trained with the perturbational stimulus (Figure 6). Inte-
grating patients’ UPDRS score supported these results, indicating that a higher 
UPDRS also predicted a larger increase in overground walking speed (p = .042; 
ES = +0.34) and in stance phase symmetry (p = .045; ES = -0.33) for people in the 
experimental group. Center of pressure sway velocity at baseline did not show 
significant predictions for growth rates in primary or secondary outcomes. 

Figure 6: Predictor fall rate 

Effects of all predictors (fall rate, UPDRS, vCOP baseline, handrail support) 
on growth rates of primary and secondary outcomes are presented in Table 8.  
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Table 8: Effects of predictors on growth rates of primary and secondary outcomes. In-
teraction effects reported with estimate of effect, standard error (SE), p-value 

      Interaction effects 
   time-by-predictora  time-by-predictor-by-groupa,b 

      Estimate  SE p-value   Estimate  SE p-value 

Fall rate         
 OWS (m/s)  0,01 0,01 .388  0,02 0,01 .016* 

 vCOP (mm/s)  0,002 0,08 .956  0,07 0,09 .445 

 aCOP  7,67 10,24 .459  -5,49 10,50 .604 

 Stride length (cm)  -0,13 0,31 .680  0,15 0,31 .640 

 Step width (cm)  -0,05 0,07 .503  -0,08 0,07 .277 

 Stride time (s)  0,00 0,00 .973  0,00 0,00 .568 

 Double limb support (%)  0,05 0,07 .481  -0,02 0,08 .755 

 Cadence (steps/m)  0,11 0,27 .697  -0,07 0,27 .799 

 Variability stride length (%)  -0,09 0,07 .245  -0,08 0,07 .231 

 Variability step width (%)  -0,26 0,27 .335  -0,29 0,27 .280 

 Variability stride time (%)  -0,03 0,07 .643  -0,05 0,06 .447 

 Variability double limb support (%)  -0,06 0,08 .442  -0,07 0,08 .353 

 Variability cadence (%)  -0,05 0,11 .678  -0,09 0,11 .433 

 Symmetry step length (cm)  0,02 0,11 .846  0,03 0,10 .799 

 Symmetry step time (ms)  -0,42 0,52 .421  -0,64 0,51 .215 

 Symmetry stance phase (%)  -0,05 0,04 .301  -0,10 0,04 .011* 
UPDRS         

 OWS (m/s)  0,00 0,00 .701  0,00 0,00 .042* 

 vCOP  -0,04 0,01 .003*  0,01 0,01 .446 

 aCOP  0,04 1,93 .982  -1,39 1,56 .381 

 Stride length (cm)  -0,05 0,05 .263  -0,03 0,04 .427 

 Step width (cm)  0,01 0,01 .466  -0,01 0,01 .277 

 Stride time (s)  0,00 0,00 .230  0,00 0,00 .400 

 Double limb support (%)  0,00 0,01 .757  0,00 0,01 .929 

 Cadence (steps/m)  0,04 0,04 .333  0,03 0,03 .394 

 Variability stride length (%)  0,00 0,01 .988  -0,01 0,01 .135 

 Variability step width (%)  0,02 0,04 .621  -0,02 0,03 .497 

 Variability stride time (%)  0,00 0,01 .761  -0,01 0,01 .295 

 Variability double limb support (%)  0,00 0,01 .914  -0,01 0,01 .207 

 Variability cadence (%)  0,01 0,02 .686  -0,01 0,02 .360 

 Symmetry step length (cm)c  -0,02 0,02 .127  0,01 0,01 .360 

 Symmetry step time (ms)c  0,00 0,00 .443  -0,11 0,07 .143 
  Symmetry stance phase (%)c   0,00 0,01 .640   -0,01 0,01 .045* 
a reference categories: time=pre/T1, predictor=lowest value;      
b reference categories: time=pre/T1, predictor=lowest value, group=control;   
c lower values/scores indicate better performance;        
*significant at level p≤.05         
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Table 8:  Continued 

      Interaction effects 
   time-by-predictora  time-by-predictor-by-

groupa,b 
      Estimate  SE p-value   Estimate  SE p-value 

vCOP Baseline         
 OWS (m/s)  0,00 0,00 .033*  0,00 0,00 .089 

 Stride length (cm)  -0,03 0,06 .564  -0,01 0,05 .901 

 Step width (cm)  0,00 0,01 .836  -0,01 0,01 .291 

 Stride time (s)  0,00 0,00 .579  0,00 0,00 .962 

 Double limb support (%)  0,00 0,01 .873  0,01 0,01 .515 

 Cadence (steps/m)  0,02 0,05 .730  0,00 0,05 .944 

 Variability stride length (%)  0,02 0,01 .247  0,00 0,01 .758 

 Variability step width (%)  0,02 0,05 .714  -0,01 0,05 .790 

 Variability stride time (%)  0,02 0,01 .139  0,00 0,01 .890 

 Variability double limb support (%)  0,01 0,01 .373  -0,01 0,01 .260 

 Variability cadence (%)  0,01 0,02 .733  -0,01 0,02 .654 

 Symmetry step length (cm)  -0,04 0,02 .018*  0,01 0,02 .634 

 Symmetry step time (ms)  0,12 0,10 .261  -0,16 0,09 .088 

 Symmetry stance phase (%)  0,01 0,01 .135  -0,01 0,01 .388 
Handrailusage         
 OWS (m/s)  0,00 0,00 .475  0,01 0,00 .131 

 vCOP  0,05 0,04 .243  0,03 0,04 .365 

 aCOP  -8,55 5,33 .117  -6,40 4,80 .191 

 Stride length (cm)  0,23 0,14 .113  0,13 0,13 .320 

 Step width (cm)  0,02 0,03 .575  0,00 0,03 .870 

 Stride time (s)  0,00 0,00 .130  0,00 0,00 .597 

 Double limb support (%)  -0,04 0,04 .264  -0,03 0,03 .327 

 Cadence (steps/m)  -0,20 0,13 .135  -0,08 0,11 .496 

 Variability stride length (%)  -0,03 0,03 .384  -0,03 0,03 .352 

 Variability step width (%)  0,22 0,13 .088  -0,14 0,11 .228 

 Variability stride time (%)  -0,04 0,03 .220  -0,04 0,03 .116 

 Variability double limb support (%)  -0,01 0,04 .760  -0,03 0,03 .277 

 Variability cadence (%)  -0,02 0,05 .749  -0,07 0,02 .002* 

 Symmetry step length (cm)  0,03 0,05 .595  0,06 0,04 .196 

 Symmetry step time (ms)  -0,22 0,27 .423  -0,50 0,22 .029* 

 Symmetry stance phase (%)  -0,01 0,02 .730  -0,02 0,02 .329 
a reference categories: time=pre/T1, predictor=lowest value;      
b reference categories: time=pre/T1, predictor=lowest value, group=control;     
c lower values/scores indicate better performance; d with handrail support=0, without handrail support=1 
*significant at level p≤.05         

 



 

4 Discussion 

This study investigated acute effects in gait and postural control in people with PD 
after a single session of perturbational treadmill training applying additional pos-
tural challenges during walking. Treadmill training with perturbations signifi-
cantly increased overground walking speed after intervention, compared to con-
ventional treadmill training. Measures of postural control revealed no significant 
changes over time between groups. Only the experimental group showed a signif-
icantly reduced gait variability during and after intervention. Further, walking 
without handrail support during perturbations predicted significantly larger im-
provements in step time symmetry and variability of cadence. More disabled PD 
patients seemed to benefit most from perturbational treadmill training. 

Participants in the experimental group walked significantly faster over 
ground immediately after and 10 minutes after treadmill intervention. Previous 
research about sensorimotor adaptation might provide some explanations for these 
findings. The definition of ‘motor adaptation’ by Martin et al.47 suggested that 
people who adapted to a new motor behavior also have to de-adapt in order to 
achieve their prior behavior. Participants in the experimental group adapted their 
walking performance to perturbations by improving their gait variability and gait 
symmetry during treadmill walking which suggests an increased gait stability. Alt-
hough perturbations were not present during overground walking, PD patients 
might not have been able to directly de-adapt after treadmill performance and used 
the more stable gait also overground which could have enabled them to walk 
faster. Other mechanisms which might explain the observed after-effects are feed-
forward adjustments and anticipatory control. Lam et al.48 showed that people 
adapted to dynamic perturbations while walking by using not only feedback but 
also feedforward control. When perturbations were removed, people still antici-
pated them and used their newly acquired adaptive strategies. Interestingly, par-
ticipants in the present study showed adaptations in walking overground which 
might suggest that they transferred their motor behavior from treadmill walking. 
Reisman et al.49 also investigated acute effects of a type of perturbational tread-
mill training in stroke patients which transferred treadmill effects to overground 
walking, while healthy controls did not. The authors argued that this was due to 
difficulties with ‘switching’ environments for stroke survivors, and adaptation to 
different contexts may also play a role in individuals with PD. 

To the best of our knowledge this was the first study investigating the effects 
of such a type of perturbational treadmill training in people with PD. Thus, com-
paring our findings with previous research is limited. Nevertheless, a few tri-
als16,15,50 examined acute adaptations after conventional treadmill training in PD 

© Springer Fachmedien Wiesbaden GmbH 2018
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which is comparable to our control intervention. Two of these studies15,16 reported 
that patients significantly increased in overground walking speed and one showed 
improved gait variability50 after intervention, while control subjects in the present 
study did not. It is important to note that participants in these studies were trained 
with the same speed16,50 (or even higher)15 on the treadmill as they walked over-
ground, and they walked with hands on handrails. Since PD patients in our trial 
also walked without handrail support and trained only with 70 % of their over-
ground walking speed, this might explain the different findings for conventional 
treadmill training.  

We also aimed for identifying predictive variables which might explain dif-
ferences in adaptations across participants. The role of handrails in treadmill train-
ing previously has been discussed51 and pointed out as being important for future 
research15. Based on research with wheeled walkers50,52, Bello and colleagues51 
suggested that handrail support has less impact on gait effects. However, our anal-
ysis revealed that walking without handrail support during perturbations led to 
significantly larger improvement in parameters indicating more gait stability (var-
iability cadence, symmetry step time). Bastian53 described motor adaptations as a 
‘trial-error-process’, while errors during motor performance facilitated adaptation. 
People walking without handrail support during perturbations had no external sup-
port and needed to compensate perturbations solely by adapting their walking per-
formance. This could have produced more errors in motor behavior, and thereby 
improved walking performance over time. Further, we showed that higher impair-
ments of patients predicted significantly larger improvements in gait performance 
(overground walking speed, symmetry stance phase) when walking with the per-
turbational stimulus. This was supported by two predictors, fall status and UPDRS. 
These specific benefits for PD patients in advanced stages also have been reported 
for conventional treadmill training16. These results support the idea that adaptation 
seems to be largely intact in people with degenerative basal ganglia damage54–56. 
Nevertheless, one could hypothesize that more disabled PD patients, with higher 
cognitive impairments, have more difficulties with switching environments and 
contexts,57,58 and thus study adaptation processes over a longer period of time.  

The results of this study have to be interpreted with caution as there are sev-
eral limitations. Quality of postural sway measures could have been improved by 
conducting three trials at every measurement occasion and performing quiet stance 
with eyes closed46. Measurement of spatiotemporal gait parameter during over-
ground walking would have increased the meaningfulness of the observed changes 
in gait. Moreover, assessments and intervention were provided by the same person 
(SK) which was not blinded to group allocation. Although the sample size was 
relatively high compared to previous studies14,15,16 , high standard deviations in the 
results indicated large variations between participants. Finally, the allocation of 
males and females to treatment groups was unbalanced. 
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One of the main goals in rehabilitation is motor learning, which requires long-
term exercise. Nevertheless, it is very important to investigate acute adaptations 
to new therapeutic techniques since motor adaptation is a prerequisite for motor 
learning53. In this study PD patients showed adaptations in gait after a single ses-
sion of perturbational treadmill training. Future research needs to examine whether 
regular training with the novel treadmill device would lead to long-term changes 
in gait performance. Our findings indicate that the novel treadmill training is fea-
sible for mild to moderately affected PD patients and thus would be a save tech-
nique in gait rehabilitation. An important next step would be to prove feasibility 
and effectiveness of the novel intervention in more severely impaired patients 
(H&Y ≥ 3) as their increased risk of falling59 requires effective rehabilitative strat-
egies. Moreover, this treadmill training with additional postural challenges might 
be also applicable for rehabilitation in other populations with gait and balance im-
pairments. 
  



 

 

5 Clinical Message 

� Treadmill training with perturbations (creating an uneven surface) is feasible 
for mildly to moderately affected PD patients 

� One session of perturbational treadmill training showed short-term improve-
ments in overground walking speed and gait variability 

� This novel technique might be also beneficial to other populations with gait 
and balance impairments 
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