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HIGHLIGHTS

+ There was asymmetry between dominant and
non-dominant legs when stepping into a hole.

+ Changes in walking parameters were
consistent with safety considerations.

+ The differences between dominant and non-
dominant legs did not affect task success.

ABBREVIATIONS

AP anterior-posterior
BW body weight

GRF ground reaction force
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BACKGROUND: Walking in the presence of a hole is a challenging task that demands appropriate adaptation for
successful performance. Depending on the dimensions of the hole, characteristics of the walking surface and
position of the hole relative to normal walking, individuals may need to step into the hole with the dominant or
non-dominant limb.

AIM: We investigated the effect of lower limb dominance on walking adaptations in the presence of a hole in the
ground.

METHOD: Twenty young adults walked and stepped into a hole positioned in the middle of the pathway using the
dominant and non-dominant lower limbs.

RESULTS: For the trailing limb, the impulses were not affected by lower limb dominance, but for the leading limb,
the non-dominant leg increased the braking and propulsive impulses compared to the dominant leg. On the
other hand, toe-off velocity increased when the non-dominant limb was used as trailing and leading limbs. Stride
speed increased when the non-dominant leg was the trailing limb.

CONCLUSION: Our results were consistent with asymmetrical behavior between dominant and non-dominant
legs, but this difference was not enough to affect task success.

Published 01 12 2019
KEYWORDS: Avoidance strategy| Accommodation strategy| Gait | Obstacle | Step down

INTRODUCTION

We modify our gait pattern when walking on uneven terrains, using mechanisms
that ensure dynamic stability to achieve the intended goal.!2 To deal with rough terrains,
individuals may use two strategies: avoidance or accommodation.? The avoidance strategy
involves the regulation of global parameters of walking to avoid undesirable areas, people,
and objects that obstruct or disturb the walking, stop the locomotion, or overcome
obstacles when possible. Different authors have investigated the avoidance of a planar
obstacle on the ground,2456.7.89.10 which is similar to avoiding a real hole in the ground.!!
However, depending on the dimensions of the hole, characteristics of the walking surface,
and position of the hole relative to normal walking, there may be a need to step into the
hole. The adjustment of specific features of the walking pattern to adapt to the environment
(e.g., the hole) defines the accommodation strategy. Although avoidance of an undesirable
area on the ground has been extensively investigated, the accommodation strategy to step
into a hole has been less studied. Thus, it is necessary to examine how the
accommodation strategy is implemented in daily tasks, such as walking in the presence of
a hole, which is very common in sidewalks, particularly in Brazil.

The first component of the task of stepping into a hole with one of the limbs is
similar to the task of descending a stair. However, in the task of stepping into the hole, the
stepping up from the hole component immediately follows the stepping down into the hole.
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This difference imposes different demands on these two tasks. We defined the limb that
steps into the hole as the leading limb and the limb that does not step into the hole as the
trailing limb. The adjustments are asymmetrical between the limbs since only one limb
steps into the hole, and the force production and movement execution of the leading and
trailing limbs can be affected by lower limb dominance. Previous studies showed that there
is asymmetry between the dominant and non-dominant legs in some walking parameters,
even in healthy individuals walking on unobstructed terrains.12 Some studies reinforce this
asymmetry in adaptive locomotion. Young and older adults increased foot elevation for the
non-dominant limb compared to the dominant limb in an obstacle avoidance task.'3 Young
adults decreased the foot-obstacle distance when using the non-dominant limb as the
trailing limb."* Moreover, the success rate was higher for stepping on targets that changed
position on the ground when using the dominant compared to non-dominant limb. 5

Although gait asymmetry can arise from lower limb dominance, lower limb strength
imbalance could also explain gait asymmetry. Laroche et al. showed that strength
asymmetry increased walking asymmetry in older adults.'s However, a recent systematic
review was unable to provide further support for the relationship between gait asymmetry
and muscular performance.!” Thus, we opted to focus the present study on the effect of
lower limb dominance on walking adaptations when stepping into a hole.

Prior studies investigating walking adaptations to step into a hole did not consider
lower limb dominance. For instance, Muller et al. showed that young adults decreased the
second peak of the vertical ground reaction force for the trailing limb, and flexed the ankle
and knee joints more at the end of the stance phase for the same limb compared to level
walking.’® When stepping into the hole, there was an increase in the first peak of the
vertical ground reaction force.’® These findings indicate that adjustments occurred not only
at the perturbed contact but also one step before it.'8 Aminiaghdam et al. showed that the
margin of stability in the anterior-posterior (AP) direction reduced when stepping into the
hole, which may compromise dynamic stability.®

Walking in the presence of a hole is a challenging task that demands appropriate
adaptation for successful performance. Investigation of lower limb asymmetries in this task
can serve as a basis for future studies interested in examining the effect of pathologies in
walking, particularly pathologies that develop unilaterally. We investigated the effect of
lower limb dominance on walking adaptations in the presence of a hole in the ground. The
braking and propulsion impulses, foot velocity, and spatiotemporal stride parameters of
both leading and trailing limbs were analyzed. These parameters allowed us to gather
information about force modulation, limb end-point control to deal with the hole, and foot
control when it is moving toward and away from the hole. Prior studies have suggested
that there is task specificity related to lower limb dominance.'220 When acting towards a
goal, individuals perform the goal with the dominant limb, while the non-dominant limb
provides support. Based on this assumption, we expected to find better control for the non-
dominant than for the dominant limb when the non-dominant limb was used as the trailing
limb. On the other hand, for the leading limb, we expected to find better control when
stepping into the hole with the dominant than with the non-dominant limb.
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METHODS

Participants

Twenty young adults participated in this study (8 women and 12 men, 24.9 £ 3.7
years, 78.8 £ 15.7 kg, 177.2 £ 11.7 cm). The exclusion criteria were visual impairments
not corrected by eyeglasses or contact lenses, severe neuromuscular, musculoskeletal, or
cardiopulmonary disorders, and absence of lower limb dominance. The research ethics
committee approved the experimental procedures, and participants signed a consent form.

Procedures

Participants responded to the Waterloo Footedness Questionnaire to determine
lower limb dominance.2! The score varies from -20 to +20. Scores between -20 and -7
indicate left dominance, between -6 and +6 mixed dominance, and between +7 and +20
right dominance. Next, the participants started the experiment, which consisted of walking
on a pathway (length: 9 m | width: 6 m | height: 0.16 m) that had a hole (length: 0.60 m |
width: 0.80 m | depth: 0.12 m) in the middle of it (Figure 1). The experimenter explained
the task to the participant. After this initial explanation, the participant performed one trial
for each condition to ensure that they understood the task. The participants were informed
that they should walk at their preferred speed, should not stop before the hole, and should
keep walking after stepping into the hole. The participants performed 20 randomized trials
using the dominant (10 trials) and non-dominant (10 trials) limbs to step into the hole
(leading limb). The trailing limb, which did not step into the hole, landed on a target region
(a piece of paper with borders taped on the ground - length: 0.30 m | width: 0.21 m)
located close to the hole (Figure 1). The target region corresponded to one-step length
relative to the center of the hole and was included to ensure that participants stepped into
the hole.

The initial position was pre-determined and adjusted for each participant. The limb
that initiated gait in each trial depended on which leg (dominant or non-dominant) was
required to step into the hole. Two force plates (FP4060-NC, Bertec, Columbus, Ohio,
USA) were positioned side-by-side in the target region and leveled to the pathway height.
These force plates collected the ground reaction force (GRF) data of the trailing limb,
depending on which limb stepped into the hole. Another force plate (AMTI AccuGatt,
Watertown, MA, USA) was positioned beneath the hole. The force platform signals were
sampled at 100 Hz. Three passive retro-reflective markers were placed on each foot
(lateral malleolus, fifth metatarsal, and lateral face of the calcaneus), which were tracked
by eight cameras (MXT-40S, Vicon, Oxford, United Kingdom), and sampled at 100 Hz.

Data analysis

GRF was normalized by the body weight and used to calculate the braking and
propulsion impulses in the anterior-posterior (AP) and vertical directions. We identified the
foot contact and toe-off events when the vertical component of the GRF was >5 N and <5
N after the initial contact on the force plate, respectively. The transition between braking
and propulsion phases corresponded to the zero-crossing point in the GRF in the AP
direction. We computed the impulse (area under the GRF curve) for the braking (from foot
contact to zero-crossing) and propulsion (from zero-crossing to toe-off) phases.
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Figure 1. (A) Top view of the experimental setup. The blank rectangle represents the target region where
participants stepped before stepping into the hole. The gray rectangle represents the location of the hole,
illustrating only the condition where the right limb is in the hole. (B) Lateral view of the hole and its
dimensions.
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The coordinates of the feet markers were digitally filtered using a fourth-order
Butterworth low-pass digital filter with a cut-off frequency of 6 Hz. Foot velocity was
obtained as the first derivative relative to the time of the marker position (metatarsus) in
both AP and vertical directions. Based on the foot velocity time series, we identified the
toe-off velocity for the trailing and leading limbs. For the trailing limb, the toe-off velocity
was measured when the leading limb was in the hole. For the leading limb, the toe-off
velocity was measured when the foot was leaving the ground before stepping into the hole.

Some participants stepped initially into the hole using either a tiptoe or heel
strategy, so the calculation of stride length used the instant when the foot was flat on the
ground. Even after stepping into the hole using the tiptoe strategy, the participants always
landed the rest of the foot on the ground. The stride length was calculated for the leading
and trailing limbs as the difference between the coordinates of the calcaneus marker on
the y-axis (AP) for successive contacts of the same limb on the ground. The stride duration
was calculated as the time interval from the contact of the foot on the ground (tiptoe or
heel, whichever occurred first) to the subsequent contact of the same foot on the ground.
The stride speed was calculated by dividing the stride length by its corresponding duration.
For the trailing limb, we used the stride correspondent to the period that the leading limb
was in the hole, whereas for the leading limb, we used the stride correspondent to the
period that the limb was moving towards the hole.

Statistical analysis

The average value of the ten trials per condition was used in the following
statistical analyses. For the impulses and foot velocities, we performed one-way
MANOVAs (limb [dominant and non-dominant]) with repeated measures. For these
MANOVAs, we grouped the dependent variables using the AP and vertical directions. For
the remaining variables, we ran one-way ANOVAs (limb [dominant and non-dominant])
with repeated measures. The level of significance was set at a<0.05.

RESULTS

Lower Limb Dominance

The score in the Waterloo Footedness Questionnaire ranged from +8 to +20. The
mean was 15.6 points (+ 4.5). Thus, all participants screened exhibited right lower limb
dominance, and none of them were excluded because of a lack of lower limb dominance.

Impulses
Training Limb

For the braking impulse, although the MANOVA identified an effect of limb
(p=0.035), the univariate tests did not identify any effect in either AP or vertical directions.
For the propulsion impulse, the MANOVA did not detect an effect of limb (Table 1).

Leading limb

The MANOVA identified an effect of limb (p<0.0001) for the braking impulse, and
the univariate test identified this effect only in the AP direction (p=0.001, Table 1). For the
propulsion impulse, the MANOVA also identified an effect of limb (p<0.0001), and the
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univariate test exhibited this effect only in the AP direction (p<0.0001, Table 1). Both
impulses were higher for the non-dominant than for the dominant limb.

Table 1 - Mean and standard deviation (in brackets) for the impulses of the trailing and leading limbs. The two right columns
indicate the differences observed in the statistical analyses.

Limbs

Non- MANOVA & Differences
Dominant . Univariate Tests
Dominant
Trailing Limb
, Wilks’ A=0.689,
Braking Impulses (BW.s) F5 15=4.068, p=0.035
N -0.030 -0.029 _ _
AP Direction (0.007) (0.007) F1,19=0.619, p=0.441 -
. N 0.315 0.330 _ _
Vertical Direction (0.054) (0.082) Fi119=1.319, p=0.265 -
, Wilks’ A=0.848,
Propulsion Impulses (BW.s) Fp15=1.610, p=0.227
N 0.034 0.035 _ _
AP Direction (0.007) (0.008) F1,19=0.292, p=0.595 -
. N 0.267 0.283 _ _
Vertical Direction (0.042) (0.046) F4,19=3.306, p=0.085 ---
Leading Limb
Wilks’ A=0.414,
Braking Impulses (BW.s) F21=12.735,
p<0.0001
. . -0.015 -0.019 _ _ Non-Dominant >
AP Direction (0.005) (0.004) F119=15.243, p=0.001 Dominant
. N 0.321 0.302 _ _
Vertical Direction (0.055) (0.046) F119=2.607, p=0.123 -
Wilks’ A= 0.350,
Propulsion Impulses (BW.s) F218=16.733,
p<0.0001
AP Direction 0.014 0.019 F149=30.335, Non-Dominant >
(0.006) (0.006) p<0.0001 Dominant
. N 0.256 0.256 _ _
Vertical Direction (0.091) (0.062) F1,19=0.001, p=0.972 -

BW: body weight | AP: anterior-posterior direction
Bold p-values indicate a significant effect of limb.

Toe-off velocity
Trailing Limb

Although the MANOVA identified an effect of limb (p=0.024), the univariate tests
exhibited this effect only in the AP direction (p=0.005). The toe-off velocity in the AP
direction was larger for the non-dominant than the dominant limb (Table 2).

Leading Limb

The MANOVA identified an effect of limb (p=0.002), and the univariate test
showed this effect in both AP (p<0.0001) and vertical (p=0.005) directions. In both
directions, the toe-off velocity was higher for the non-dominant than for the dominant limb

(Table 2).
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Table 2 — Mean and standard deviation (in brackets) for the foot toe-off velocity of the trailing and leading limbs. The two right
columns indicate the differences observed in the statistical analyses.

Limbs MANOVA & .
. Non- .o Differences
Dominant . Univariate Tests
Dominant
Trailing Limb
. Wilks’ A= 0.660,
Toe-off Velocity (m/s) F, 15=4 646, p=0.024
. . 0.303 0.466 _ _ Non Dominant >
AP Direction (0.162) (0.230) F1,19=9.805, p=0.005 Dominant
: I 0.265 0.299 _ _
Vertical Direction (0.083) (0.096) F149=1.460, p=0.242 -
Leading Limb
. Wilks’ A= 0.498,
Toe-off Velocity (m/s) F»15=9.072, p=0.002
AP Direction 0.078 0.456 F119=18.687, Non Dominant >
(0.099) (0.341) p<0.0001 Dominant
. . . 0.131 0.364 _ _ Non Dominant >
Vertical Direction (0.219) (0.247) F119=9.896, p=0.005 Dominant

AP: anterior-posterior direction
Bold p-values indicate a significant effect of limb.

Spatiotemporal gait parameters
Training Limb

The ANOVA exhibited a main effect of limb for stride length (p=0.022) and stride
speed (p=0.006). Both variables were larger for the non-dominant than for the dominant
limb (Table 3). The ANOVA did not identify an effect of limb for the stride duration.

Leading Limb
The ANOVA did not identify an effect of limb for any of the variables (Table 3).

Table 3 - Mean and standard deviation (in brackets) for the stride length, duration, and speed of the trailing and leading limbs.
The two right columns indicate the differences observed in the statistical analyses.

Moraes

Dominant I-Imbljon-Dominant ANOVA Differences

Trailing Limb
Stride Length (m) ((1):3%) ((1):8%) F110=6.194, p=0.022 o7 Dominant
Stride Duration (s) (gqgg) ((1):1 ;g) F. 1=3.856, p=0.064
Stride Speed (m/s) ((1):14212) (g):fgg) F119=9.459, p=0.006 o Dominant
Leading Limb
Stride Length (m) (8:3‘7‘8) (8:332) Fy 1=3.549, p=0.075
Stride Duration (s) ((1):(1)3% (Q,j]%) Fy 16=3.150, p=0.092
Stride Speed (m/s) (8:1;?) (g)flgg) Fy16=2.423, p=0.136
Bold p-values indicate a significant effect of limb.
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DISCUSSION

We investigated the effect of lower limb dominance on walking adaptations in the
presence of a hole in the ground. For the trailing limb, the impulses were not affected by
the lower limb dominance, but for the leading limb, the non-dominant limb increased the
braking and propulsive impulses compared to the dominant limb. On the other hand, the
toe-off velocity of both trailing and leading limbs was affected by lower limb dominance.
Toe-off velocity increased when the non-dominant limb was used as trailing and leading
limbs. Spatiotemporal gait parameters were affected by limb dominance only for the trailing
limb. In addition, all the participants successfully performed the task of stepping into the
hole and none of them stumbled on the borders of the hole. The meaning of these findings
is discussed below.

For the trailing limb, three important changes occurred when this limb was the
non-dominant one; individuals increased the toe-off velocity, in addition to increasing stride
length and speed. These changes are directly linked to gait progression and increased
safety. The increase in toe-off velocity favored a longer stride length and speed. This
longer stride length can be seen as a mechanism to increase safety while the dominant
limb is dealing with the hole. It increases the base of support in the AP direction, which can
help to avoid a fall if the dominant leg stumbles on the edge of the hole when leaving it.
These findings support our hypothesis and agree with the argument that the non-dominant
limb is better for providing support while the dominant limb is moving towards a goal.'220

For the leading limb, the AP braking and propulsion impulses were higher for the
non-dominant limb than for the dominant one. These changes indicate a greater need to
slow down the movement followed by a higher thrust to leave the hole when stepping with
the non-dominant limb. Peterson et al. positively correlated braking and propulsion
impulses with walking velocity.22 Accordingly, in the present study, there was greater
variation in velocity between the start and end of the support phase because of the
increase in braking and propulsion impulses, which may place the individual at a higher
risk of stability disturbance when using the non-dominant limb to step into the hole. These
findings suggest a less careful movement, since higher propulsion impulse in the AP
direction may compromise the foot exit from the hole. As a consequence, it may place the
individual at a higher risk of stumbling when stepping into the hole with the non-dominant
limb. Again, these findings agree with our hypothesis that the dominant leg is better for
performing actions towards a goal.

Studies on lower limb dominance present controversial results about the
relationship between the asymmetry of parameters and dominance of lower limbs during
gait.20Some results suggest that the asymmetry found in the lower limbs may be related to
their functionality during walking. While the dominant limb contributes more to walking
progression, the non-dominant limb contributes more to providing support for the walking
task, especially when the task is unilateral.20

Our results showed differences between the dominant and non-dominant limbs
when they were used to step into the hole or to provide support for the action. The
differences found in our study reinforce the idea that asymmetry between the limbs during
walking seems to be related to the function they perform, and this becomes more evident
in adaptive locomotion. Moreover, these findings may explain the preference of the
individuals to step with the dominant limb into the hole. Finally, it is worth noting that in our
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study, the participants were young and the hole used had no restricted dimensions. These
characteristics may have facilitated the movement and masked some of the changes when
using the non-dominant limb to step into the hole.

Gait speed is an important parameter that can influence walking performance in
the task investigated in the present study. It relates to safety, since a reduction in speed
contributes to movement accuracy.2In the present study, the movement of the leading
limb required accuracy so that the individual would step into the hole and maintain the
forward progression. There was no difference between dominant and non-dominant limbs
for stride speed. Thus, the demand for accuracy may have contributed to the absence of
differences between the limbs when stepping into the hole.

LIMITATIONS

The depth and length of the hole could influence the adaptations observed in the
present study. Thus, since we used fixed dimensions for the hole, future studies should
analyze stepping into holes of different depths and lengths to better understand the
adaptations in walking when stepping into a hole.

CONCLUSION

Our results were consistent with asymmetrical behavior between dominant and
non-dominant lower limbs. However, the differences found in our study between dominant
and non-dominant limbs did not affect success in the task.
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