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Abstract
Objective: To explore factors associated with walking adaptability and associations between walking adaptability and falling in polio survivors.
Design: Cross-sectional study.
Setting: Outpatient expert polio clinic.
Participants: Polio survivors (N=46) who fell in the previous year and/or reported fear of falling.
Interventions: Not applicable.
Main Outcome Measures: Walking adaptability was assessed on an interactive treadmill and operationalized as variable target-stepping and reactive obstacle avoidance performance. Further, we collected walking speed and assessed leg muscle strength, balance performance (Berg Balance
Scale and Timed-Up-and-Go Test), balance confidence (Activities-specific Balance Confidence scale), ambulation level, orthosis use, fear of falling, and number of falls in the previous year.
Results: With walking speed included as a covariate, muscle weakness of the most affected leg and balance confidence explained 54% of the variance in variable target-stepping performance. For reactive obstacle avoidance performance, muscle weakness of the most affected leg and knee
extensor strength of the least affected leg explained 32% of the variance. Only target-stepping performance was significantly related to the number
of falls reported in the previous year (R2=0.277, P<.001) and mediated the relation between leg muscle weakness and balance confidence with
falling.
Conclusion: Our exploratory study suggests that leg muscle weakness and reduced balance confidence limit walking adaptability in polio survivors. Because poorer target stepping rather than obstacle avoidance performance was associated with falling, our results indicate that a limited
ability to ensure safe foot placement may be a fall risk factor in this group. These findings should be confirmed in a larger sample.
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Aging survivors of poliomyelitis have a fall rate 2-3 times
higher1-4 than that of comparable community-dwelling healthy
individuals,5 and many falls result in (severe) injuries that affect
daily activities, independent living, and quality of life.2,6,7 Falls
mostly occur during walking,2 an activity of daily life that requires
continuous adaptation to task goals and environmental circumstances (ie walking adaptability). Walking adaptability can be
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conceptualized into 9 domains,8 including obstacle negotiation,
and maneuvering during walking.8,9 Using the C-Mill interactive
treadmill (fig 1), we previously found that polio survivors show
poorer walking adaptability as expressed in reduced obstacle
avoidance performance (mimicking obstacle negotiation) and less
precise target stepping (mimicking walking on uneven surfaces)
when compared to healthy individuals.10
Together with the ability to generate step movements and
maintain balance, walking adaptability is an essential aspect of
safe and independent walking.8,9 Early identification of limitations
in walking adaptability is therefore important, but we first need a

0003-9993/$36 - see front matter Ó 2022 by the American Congress of Rehabilitation Medicine. Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
https://doi.org/10.1016/j.apmr.2022.05.005

1984

J. Tuijtelaars et al

better understanding of factors associated with walking adaptability in polio survivors. In neurologic disorders such as Parkinson’s
disease and stroke, balance problems, and weakness of the hip
abductor and quadriceps muscles, previous falls and impaired
executive function have been reported to be associated with
reduced walking adaptability.11,12 However, factors related to
walking adaptability in the abovementioned groups may not be
directly transferable to a neuromuscular disorder such as polio.
Most falls in polio survivors occur after tripping, slipping, or
missteps,2,6 suggesting an association between reduced walking
adaptability and falling. Although not confirmed in polio survivors, a similar association has been found in community-dwelling
elderly persons13 and in people with Parkinson’s disease.14 Previously identified factors associated with risk of falls in polio survivors include intrinsic problems such as leg muscle weakness15
(specifically of the most affected leg2,4,16), fear of falling,2,16,17
self-reported balance problems,2 and reduced walking speed.16
Nevertheless, extrinsic factors such as environmental circumstances might also be involved18 but have yet to be studied.
Our goals in the present study were therefore to (1) explore factors associated with walking adaptability (target-stepping performance and obstacle avoidance performance) in polio survivors;
and (2) explore the association between walking adaptability and
falling.

Methods
Study design
Data for this cross-sectional study originate from a 2-year prospective cohort study on walking adaptability in polio survivors, with
measurements taken at baseline, 2 weeks, 1 year, and 2 years.
Here we used data collected at the 2-week point to account for
learning effects.19 The study protocol was previously approved by
the medical ethics committee of the Academic Medical Center
(Amsterdam, the Netherlands). Study reporting was in accordance
with the Strengthening Reporting of Observational Studies in Epidemiology recommendations.20

Participants
Polio survivors (n=48) were recruited from the outpatient clinic of
the department of Rehabilitation Medicine of the Amsterdam
UMC, Academic Medical Center, from December 2016 to August
2018. Inclusion criteria were aged between 18 and 80 years, able
to walk indoors without assistive devices (eg, crutch, cane or
walker), and ≥1 fall reported in the previous year and/or fear of
falling. A diagnosis of any other medical condition that increases
fall risk was an exclusion criterion. Participants provided written
informed consent prior to study enrollment.

List of abbreviations:
ABC
BBS
CWS
FES
MRC
TUG
VE

Activities-specific Balance Confidence
Berg Balance Scale
comfortable walking speed
Falls Efficacy Scale
Medical Research Council
Timed-Up-and-Go Test
variable stepping error

Procedures
Data used in this study included walking adaptability outcomes,
leg muscle strength, balance performance, balance confidence,
walking ability, fear of falling, and fall frequency.
Walking adaptability
Participants performed walking adaptability tests on the C-Mill
interactive treadmilla as described previously.10 After a familiarization protocol (4-5 minutes) and determination of comfortable
treadmill walking speed (CWS, in m/s), participants first performed 3 target-stepping tasks, followed by 2 obstacle avoidance
tasks. For both tasks, the most challenging conditions were used
in the current study because of superior reproducibility compared
to the easier conditions.19 All tests were performed at fixed CWS
and a safety harness without weight bearing was used to prevent
falling. Participants used their customary orthosis during testing.
Variable target stepping was assessed while following a
sequence of rectangular step targets, projected with 30% intertarget variation relative to the participant’s own gait pattern, for 2
minutes. Participants were asked to center their feet in the step targets, which were 3 cm larger than their right foot. Target-stepping
performance was calculated over goal-directed steps; that is, with
the midstance center of pressure located within the target boundaries, defined as the variable stepping error (VE, in mm). The VE
was calculated as the standard deviation over the distances from
the middle of the step target to the midstance center of pressure
using MATLAB 2019a.b A smaller VE represents better targetstepping performance. For reactive obstacle avoidance, 12
obstacles (30 cm long and as wide as the treadmill belt) were projected onto the treadmill belt at the anticipated foot contact location. Successful avoidance was scored when both feet were
positioned outside the obstacle boundaries without handrail use.
Obstacle avoidance success rate (%) was calculated when at least
10 obstacles were projected onto the treadmill, and higher percentages represent better performance.
Leg muscle strength
Muscle strength was assessed manually according to the Medical Research Council (MRC) scale (range, 0-5)21 for 8 muscle
groups per leg. We calculated left and right MRC sum scores
(range, 0-40, note: in case of an ankle arthrodesis, the dorsal
and plantar MRC of that side were set at 022), and we defined a
most and least affected leg (ie, lowest and highest MRC sum
score, respectively). We also calculated MRC asymmetry
scores by taking the absolute value of the difference in left and
right MRC sum scores.22
For the left and right knee extensors, we additionally measured
isometric strength on a fixed dynamometer.c Participants were
seated with the back of the chair positioned in 85 degrees and with
the knee in 60-degree flexion. Maximal strength was defined as
the peak torque (in Nm) of 3 maximal voluntary isometric contractions of 5 seconds, interspersed with periods of 30 seconds’ rest.
Balance performance and balance confidence
Balance performance was assessed with the Berg Balance Scale
(BBS) and the Timed-Up-and-Go (TUG) test. The BBS score
(range, 0-56, higher scores indicate better balance performance) is
summed from 14 activity items (range, 0-4), indicating whether a
participant is able to perform the activity (independently).23 The
TUG score represents the time (in seconds) needed to rise from a
chair, walk 3 m, turn around, and sit back in the chair.24,25 A lower
www.archives-pmr.org
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Fig 1 The C-Mill interactive treadmill. The C-Mill interactive treadmill allows safe assessment of walking adaptability by determining variable
target-stepping (lower left picture) or reactive obstacle avoidance performance (lower right picture).

TUG score indicates better balance performance. Balance confidence was measured with the Activities-specific Balance
Confidence (ABC) Scale, summed from 16 items (range,
0%-100%).26 Participants used their customary orthosis during
balance testing.
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Walking ability and fear of falling
We assessed patients’ functional ambulation level with a 3-category self-report classification (ie, household, limited community,
or full community27) and we inventoried orthosis use (ie, none,
ankle-foot orthosis, or knee-ankle-foot orthosis). Fear of falling

1986
was assessed with the Falls Efficacy Scale (FES-I),28 a valid and
reliable 6-item questionnaire rated on a 4-point scale. The FES
score was calculated by summing the 6 items (range, 6-24). An
FES score >10 indicates high fear of falling.29
Fall frequency
Fall frequency was retrospectively assessed using a previously
described questionnaire.2 Participants were asked how often they
had fallen in the previous year, with the following answer options:
never, once, twice, 3 times, 4 times, more often.

Statistical analysis
Data were analyzed using SPSS software.d Considering the relatively small sample size and the number of inferential analyses on
the same data, we interpreted the results as explorative.
Multiple linear regression models were developed with variable target-stepping performance and reactive obstacle avoidance
performance as dependent variables. To decide whether a variable
should be included in the multiple regression model, separate univariate models were tested for independent variables known to be
related to gait performance and/or falling in polio survivors. These
included the MRC sum score of most and least affected legs,
MRC asymmetry score, isometric knee extension strength of most
and least affected legs, BBS score, TUG score, ABC score, CWS,
age, functional ambulation level, orthosis use, and FES score.
When a variable was correlated with walking adaptability (ie,
P<.1, which was chosen to make sure that possible relevant
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variables were included in the explorative analysis), it was
included in the final model using backward elimination. Pearson
or Spearman’s correlations coefficients were determined to assess
multicollinearity (ie, r>0.80), in which case the variable with the
lowest correlation with walking adaptability was omitted. Because
walking speed influences the variable stepping error, regression
models for variable target-stepping performance were adjusted30
by including CWS in the first block with method enter.
To explore the association between walking adaptability and
falling, we performed a linear regression analysis with fall frequency as a dependent variable and variable target-stepping and
reactive obstacle avoidance performance as independent variables.
We also performed a mediation analysis (PROCESS v3.5 for
SPSS31) to test to what extent walking adaptability performance
(M) mediated the association between known fall risk factors in
polio survivors (X) and fall frequency (Y, fig 2). To perform the
mediation analysis, the following conditions had to be met: (1)
The fall risk factor was significantly associated with falling (ie,
the total effect); (2) The fall risk factor was significantly associated with walking adaptability (path a); and (3) Walking adaptability was significantly associated with falling (path b).
Target-stepping and obstacle avoidance performance were analyzed in separate models. We evaluated the effect of the mediator
by comparing the direct path (path c) with the total effect. If the
direct path became nonsignificant after including a mediator, this
indicated that the effect of X on Y was (partly) determined by the
mediator. CWS was included in the mediation model as a covariate with target-stepping performance as a mediator.

Fig 2 Mediation model for the association of known fall risk factors associated with walking adaptability and number of falls in the previous
year. The total effect, direct effect (path c), and indirect effects (path a and path b) of fall risk factors in polio survivors (X) on the number of falls
reported in the previous year (Y). Walking adaptability performance was added to the model as a mediator (M). Walking adaptability was assessed
with target-stepping and obstacle avoidance tests. Target stepping was determined by leg muscle strength and balance confidence. Obstacle
avoidance was solely determined by leg muscle strength. Target stepping was related to falling, whereas obstacle avoidance was not. Foot placement limitations may increase the fall risk among polio survivors.
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Results
Two participants were excluded due to invalid foot placement
detection on the C-Mill (see Tuijtelaars et al10 for an explanation). Consequently, data on 46 participants were analyzed
(table 1). Missing data included 1 target-stepping trial and 2
obstacle avoidance trials among 3 participants, resulting in
available target-stepping data for 45 participants and obstacle
avoidance data for 44 participants. MRC scores were missing
for 1 participant.

Factors associated with walking adaptability
Univariate analysis revealed a significant association between target-stepping performance and CWS (R2=0.263, table 2), indicating a higher VE among faster walkers. When adding independent
variables to the model, with CWS as a covariate, variable targetstepping performance was significantly associated with the MRC
sum score of the most affected leg, MRC asymmetry score, BBS

Table 1

1987
score, ABC score, and FES score (table 2). Due to multicollinearity between the MRC sum score of the most affected leg and the
MRC asymmetry score (r=0.949, P=.001), MRC asymmetry
scores were omitted from the multiple regression model. After
backward elimination of the other variables, the MRC sum score
of the most affected leg and the ABC score, with CWS included
as covariate, together explained 54% of variance in the VE (table
2).
Univariate analysis revealed that reactive obstacle avoidance
performance was associated with the MRC sum score of the most
affected leg, MRC asymmetry score, isometric knee extension
strength of the most affected leg, isometric knee extension
strength of the least affected leg, BBS score, TUG score, and the
ABC score. After correcting for multicollinearity, all variables
except the MRC asymmetry score were added to the multiple
regression model. The MRC sum score of the most affected leg
and the isometric knee extension strength of the least affected leg
explained 32% of the variance in obstacle avoidance performance
(table 3).

Participants’ characteristics and walking adaptability outcomes

Sociodemographic Variables

Polio Survivors (N=46)

Sex (female)
Age (y)
Body mass index (kg/m2)
Diagnosed with post-polio syndrome (yes/no)

32 (69.6%)
63.2§8.8
27.5§4.3
39/7

Clinical characteristics
MRC sum score most affected leg*
MRC sum score least affected leg*
MRC asymmetry score*
Knee extension strength most affected leg (in Nm)
Knee extension strength least affected leg (in Nm)
TUG score (s)
BBS score
ABC score
FES score
Functional ambulation level

Orthosis use

Household
Limited community
Full community
None
AFO
KAFO

Walking adaptability outcomes
Variable target-stepping performance, VE (mm)*
Reactive obstacle avoidance success rate (%)y
Fall frequency
Self-reported fall frequency in the previous year (number of participants (%))

26.0 [5]
38.0 [5]
14 [14.5]
35.3§38.2
96.6§42.9
11.9§3.0
52.8§3.3
65.4§20.3
13.6§3.5
7 (15.2%)
28 (60.9%)
11 (23.9%)
22 (47.8%)
11 (23.9%)
13 (28.3%)
42.1§9.5
64§26

None
One
Two
Three
Four
Five or more

6 (13.0%)
10 (21.7%)
6 (13.0%)
7 (15.2%)
4 (8.7%)
13 (28.3%)

NOTES. Sociodemographic characteristics and walking adaptability outcomes are shown as mean§SD, MRC sum score (range, 0-40) and MRC assymetry
score are shown as median [interquartile range], and other clinical characteristics as number (percentage).
Abbreviations: AFO, ankle-foot orthosis; KAFO, knee-ankle-foot orthosis.
* Based on 45 participants.
y
Based on 44 participants.
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Table 2

Regression models for variable target-stepping performance
Univariate Regression

Independent Variables
CWS
FES score
BBS score
ABC score
MRC asymmetry score
MRC sum score (most affected leg)

Multiple Regression

b

95% CI of b

P Value

Covariate

b

95% CI of b

P Value

R

0.513
0.223
0.270
0.337
0.400
0.452

[0.249, 0.777]
[0.039, 0.486]
[0.574, 0.034]
[0.595, 0.079]
[0.151, 0.650]
[0.711, 0.193]

<.001
.094
.080
.012
.002
.001

—
CWS
CWS
CWS
CWS
CWS

—
0.553
0.657
0.602
0.628
0.707

—
[0.290, 0.816]
[0.353, 0.961]
[0.344, 0.860]
[0.378, 0.878]
[0.448, 0.966]

—
<.001
<.001
<.001
<.001
<.001

0.263
0.311
0.316
0.374
0.419
0.440

2

b

95% CI of b

P Value

0.781*
—
—
0.321*
—
0.417*

[0.534, 1.027]
—
—
[0.549, 0.093]
—
[0.659, 0.173]

<.001
—
—
.007
—
.001

NOTES. Results of the regression analysis for target-stepping performance with independent variables and CWS as covariate are shown.
Abbreviation: CI, confidence interval.
2
* For the multiple regression model: R =0.540.

Table 3

Regression models for obstacle avoidance performance
Univariate Regression

Independent Variables

Abbreviation: CI, confidence interval.
For the multiple regression model: R2=0.316.

*

b

95% CI of b

P Value

R

0.299
0.356
0.384
0.425
0.449
0.457
0.472
0.486

[0.006, 0.604]
[0.651, 0.061]
[0.097, 0.672]
[0.140, 0.711]
[0.171, 0.727]
[0.180, 0.734]
[0.750, 0.194]
[0.214, 0.758]

.054
.019
.010
.004
.002
.002
.001
.001

0.089
0.127
0.148
0.181
0.202
0.209
0.223
0.237

b

95% CI of b

P Value

—
—
—
0.318*
—
—
—
0.383*

—
—
—
[0.043, 0.593]
—
—
—
[0.108, 0.659]

—
—
—
.024
—
—
—
.008
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ABC score
MRC asymmetry score
BBS score
MRC sum score (most affected leg)
Knee extension (most affected leg)
CWS
TUG score
Knee extension (least affected leg)

Multiple Regression
2
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95% CI of Coefficient P Value

0.040 (0.013) [0.067, 0.014]
0.076 (0.028) [0.133, 0.019]

P Value Coefficient

0.024 (0.013) [0.050, 0.002] .068
0.30 (0.029) [0.089, 0.028] .301

95% CI of C
A (SE)

95% CI of A

P Value B (SE)

95% CI of B

P Value C (SE)

Path c
Path b
Path a

Indirect Effect
Fall Risk Factor (X)

Results of the mediation analysis
Table 4

In polio survivors who had experienced falls and/or fear of falling,
walking adaptability seemed to be mainly determined by leg muscle
strength (for both target-stepping and reactive obstacle performance)
and balance confidence (for target-stepping performance alone).
However, despite the known role of leg muscle weakness in falls, participants’ performance in reactive obstacle avoidance was not associated with falling, whereas variable target-stepping performance
explained 28% of variance in the number of falls reported in the previous year. Furthermore, the association between leg muscle weakness and balance confidence with falling was mediated by targetstepping performance, suggesting that leg muscle weakness leads to a
reduced ability to ensure safe foot placement, consequently increasing
fall risk in polio survivors. Even though findings were interpreted as
explorative to prevent type I errors, they might aid identification of
polio survivors with walking adaptability limitations and those at risk
of falling.
Because it is easier to follow step targets when walking more
slowly,30 we added CWS as a covariate in the regression analyses
for target-stepping performance. Once CWS was included as a
covariate, reduced variable target-stepping performance was associated with leg muscle weakness, balance performance, balance
confidence, and increased fear of falling in polio survivors. In previous work in elderly persons32 and Parkinson’s disease,12 target
stepping was associated with (reactive) balance performance,
executive function, and reaction time. In these 2 studies, participants had to hit suddenly appearing targets, which might explain
the relevance of response factors in completing this task successfully. In our study, we calculated target-stepping performance
over a trajectory of step targets for both legs. Muscle weakness of
the most affected leg may limit target-stepping performance either
through an inability to aim the foot at the target or by causing balance problems when serving as the stance leg while the other foot
is aimed at the target. We previously found that the least affected
leg shows reduced target-stepping performance compared to the
most affected leg,10 which supports the idea that muscle weakness
in the most affected leg is the restrictive factor in target stepping
while supporting body weight as the stance leg.
Reactive obstacle avoidance was significantly associated with
leg muscle strength, balance performance, balance confidence,
and walking speed. Similarly, leg muscle strength (including the
hip, knee, and ankle muscles) and dynamic balance performance
were associated with obstacle avoidance performance in people
with Parkinson’s disease,33 whereas people with stroke have difficulties in controlling balance while crossing obstacles.34 Based on
our multivariate model, leg muscle strength appeared to be the

Direct Effect

Discussion

0.110 (0.032) [0.044, 0.175] .002
0.113 (0.034) [0.044, 0.183] .002

Total Effect

The fall frequency was significantly associated with target-stepping performance (R2=0.277, P<.001) but not with obstacle avoidance performance (R2=0.0, P=.931).
The ABC score and MRC sum score of the most affected leg
met all conditions needed to perform mediation analysis with variable target-stepping performance as a mediator. Once target-stepping performance was added as a mediator with CWS included as
a covariate, the direct effect of the ABC score and the MRC sum
score of the most affected leg on the number of falls became nonsignificant, indicating a significant mediation effect (table 4).

ABC score
0.151 (0.057) [0.266, 0.035] .012
MRC sum score
0.406 (0.115) [0.639, 0.174] .001
(most affected leg)

Relationship between walking adaptability and
falling

NOTES. Mediation effects (A/B/C/Coefficient) of fall risk factor (X) on the number of falls reported in the previous year (Y), with target-stepping performance as a mediator (M) and CWS as a covariate. For the
mediation model, see figure 2.
Abbreviation: CI, confidence interval.
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.004
.010
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best predictor of reactive obstacle avoidance performance. For
successful 2D obstacle avoidance, step length needs to be
increased to generate an avoidance maneuver, an undertaking that
requires sufficient leg muscle strength.32 Furthermore, because
gait stability decreases with increasing step length,35 leg muscle
strength and balance control are essential to maintain stability.36,37
Though reactive obstacle avoidance performance was primarily
affected by leg muscle weakness, which is a known risk factor for
falling in polio survivors,2,4,15,16 surprisingly, we found no association between reactive obstacle avoidance performance and falling.
However, our obstacle avoidance tests focused on avoiding trips
rather than on the recovery from a trip. Although tripping is a frequent cause of falls among polio survivors,2,6 it is not yet known
whether failure to avoid an obstacle leads to tripping (ie, poor walking adaptability) or, alternatively, unsuccessful recovery from a trip
is the main problem. Our results suggest that the latter possibility
might be well worth pursuing in future studies. Alternatively, avoiding projections of 2D obstacles on a treadmill while wearing a safety
harness might not sufficiently represent situations in daily life,
because no toe clearance is required and mistakes do not result in
trips.38 This might perhaps explain why obstacle avoidance was not
associated with falling. By contrast, variable target-stepping performance was associated with the number of falls reported in the previous year. Target stepping involves foot placement control of every
single step and thus requires high levels of gait control. Due to polio
sequelae, a reduced ability to activate the quadriceps muscles39
might impair gait control and consequently affect fall risk. Furthermore, we identified reduced target-stepping performance as a mediator of the relationship between leg muscle weakness/balance
confidence and falling. Leg muscle weakness and self-reported balance problems2 are known risk factors for falling in polio survivors.
This is concordant with our results, which also indicate that these 2
factors limit target-stepping performance, thus helping further illuminate fall risk. This knowledge could be used to identify polio survivors at increased risk of falling, as previously shown for stroke
survivors and people with Parkinson’s disease, where the inclusion
of walking adaptability tests in fall risk assessment led to better
identification of prospective fallers.40 Studies of walking adaptability training have also shown promising results in reducing fall risks
in community-dwelling elderly.41 This approach therefore warrants
further investigation in polio survivors.

Study limitations
Our participants reported at least 1 fall in the previous year
and/or a fear of falling, reducing within-group contrasts. Further, falls were assessed retrospectively and results may thus
have been influenced by recall bias, which could be avoided
with a prospective fall registration. The relatively small sample size only allowed us to do explorative analysis. The level
of uncertainty in our findings was indicated by the wide 95%
confidence intervals for all coefficients in the regression analyses. Nevertheless, our cross-sectional study design laid groundwork on factors associated with walking adaptability in polio
survivors, which should be pursued and strengthened in a longitudinal study with a larger sample.

Conclusions
Leg muscle weakness and reduced balance confidence seem to
limit walking adaptability in individuals with prior polio who
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have experienced falls and/or a fear of falling. Explorative analyses indicate that reduced target-stepping performance is associated
with a higher fall frequency and mediates the association of falling
with leg muscle weakness and balance confidence, whereas reactive obstacle avoidance performance is not associated with falling.
This suggests that limitations in the ability to ensure safe foot
placement due to reduced leg muscle strength might increase
fall risk in polio survivors, which should be confirmed in a prospective study in a larger sample.
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