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Abstract

Preventing loss of balance in individuals with transtibial amputation is important, as they are
susceptible to a high frequency of fall related injuries. In order to validate fall prevention and
balance therapies, methods to assess gait stability must be developed. Kinematic, temporal-spatial,
and center of mass data from six healthy young participants with transtibial amputation were
collected during treadmill walking during exposure to 10 randomly ordered discrete medial-lateral
perturbations. The 20 strides prior to each perturbation were assessed for anticipatory changes.
The only consistent postural adjustment made as a result of the perturbations was a significantly
lowered center of mass height (p = 0.016).
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1. Introduction

Falls induced by loss of balance are common in individuals with lower extremity
amputations and can lead to serious injuries and decreased balance confidence [1-5].
Improving the ability to respond to a loss of balance is integral in reducing fall related
injuries. An equally important but often overlooked consideration is the method selected to
assess walking stability. A common strategy is to quantify an individual’s response to
repeated walking perturbations within a single session. However, repeated perturbations

*The views expressed herein are those of the authors and do not reflect the official policy or position of Brooke Army Medical
Center, the U.S. Army Medical Department, the U.S. Army Office of the Surgeon General, the Department of the Army, Department
of Defense or the U.S. Government.

© 2013 Elsevier B.V. All rights reserved.

"Corresponding author. Tel.: +1 734 647 2698; fax: +1 734 936 1925. gatesd@umich.edu (D.H. Gates).



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sturdy et al.

Page 2

may elicit altered gait mechanics compared to unperturbed walking. If gait mechanics are
changed, then using the response to these perturbations as a method to analyze stability
would be invalid. Several studies have investigated the gait adaptation resulting from
inducing anterior-posterior (A/P) slips in healthy individuals. [6-9]. Results show an
anterior shift in the COM [6,7] and a reduction in foot contact angles [8,9] during
unperturbed walking in response to the induced slips. Moreover, the altered gait patterns
were retained as long as one year following the single session [6-8].

Presently, no studies have assessed whether repeated medial-lateral (M/L) perturbations
applied to the base of support result in gait adaptations. A lack of data examining M/L
stability is particularly relevant in persons with transtibial amputation (TTA). The absence
of proprioceptive feedback and musculature below the level of the amputation compromises
the normal ankle inversion and eversion strategy used to maintain M/L gait stability [10]. As
a result persons with TTA may be more susceptible to M/L instability [11]. Improving the
response to M/L perturbations could reduce the frequency and severity of fall related injuries
among individuals with TTA. However, a method of validating improved stability and
perturbation response is needed. As a precursor to a balance training intervention, this study
evaluates a method to analyze balance and stability, and addresses whether individuals with
TTA apply anticipatory gait adaptations as a result of repeated M/L perturbations.

2. Methods
2.1. Subjects

Six healthy, young men (age: 29 + 6 years, height: 1.87 £ 0.04 m and mass: 99.9 + 10.2 kg)
with traumatic TTA participated. Participants were screened to ensure that, for a minimum
of two months prior to testing, they were able to independently ambulate without an
assistive device for at least five consecutive minutes. Participants provided written informed
consent prior to participation in this institutionally approved study.

2.2. Experimental protocol

All participants walked on a treadmill in a Computer Assisted Rehabilitation Environment
(CAREN) system (Motek, Amsterdam, Netherlands) consisting of a 7 m diameter dome
with a virtual environment projected 300° around the individual, providing optic flow [12].
Participants completed a 3-5 min acclimation period, followed by 15 min of walking
including ten (five left, five right) randomly ordered platform perturbations. Participants
were asked whether they would like to rest after the acclimation period, and several times
during the 15 min of walking. Perturbations were directed medially and were initiated at
contralateral toe-off. Total displacement of the platform for each perturbation was 5 cm, and
the maximum attained velocity and acceleration during each event was 0.28 m/s and 0.46
m/s? respectively. Full body kinematics were collected at 60 Hz during all trials using 57
reflective markers and a 24-camera Vicon motion capture system (Vicon, Oxford, UK) [13].

2.3. Data analysis

Marker position data were filtered using a 4th order low-pass Butterworth filter with a 6 Hz
cut-off frequency. Marker positions and joint centers were used to create a 13-segment
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whole body model with center of mass (COM) [14]. Kinematics were assessed using
previously described methods [13]. Data were time normalized to 0-100% of the gait cycle.

Step length (SL), step width (SW), and step time (ST) were defined as the A/P distance, M/L
distance, and time between successive, contralateral heel strikes respectively. Within-subject
variability for temporal-spatial measures was defined as the standard deviation across 20 (10
right/10 left) continuous strides prior to each perturbation. Sagittal plane kinematic and
COM variability were quantified as mean + SD: the average width of the standard deviation
for each entire gait cycle throughout the 20 strides [15]. Finally, we quantified lateral
stability as the minimum margin of stability during stance [16].

To look at anticipatory responses as a result of repeated perturbations during gait, we
analyzed the data from gait cycles prior to each perturbation. The 20 stride cycles preceding
the first perturbation were used as a baseline and compared with the analogous cycles for
perturbations 2-10. Kinematic peaks and temporal-spatial parameters were compared using
a series of two-factor (Time by Limb), within-subjects, ANOVASs to test for differences
between prosthetic and intact limbs during walking prior to perturbations (2—-10) (SPSS 16,
Chicago, IL). A single-factor, within-subjects ANOVA was used to explore differences in
COM variability over time. Estimated marginal means with a Bonferroni correction for
multiple comparisons were used for post-hoc analysis of significant interaction effects.

A significant main effect of time (from pre-perturbation 1 to pre-perturbation 10) was
observed for the average COM height during stance (<0.004 m, approximately 0.2% body
height; p = 0.016; Fig. 2) as well as a small, but significant decrease in peak knee flexion
during swing (<1°; p = 0.04; Fig. 3). There was a significant difference between limbs for
mean SW (p = 0.024; Fig. 1) and hip kinematic variability (p = 0.025). There was a
significant limb x perturbation interaction effect for ankle dorsiflexion in mid to late stance
phase (p = 0.014). Post-hoc analyses found no significant changes over time for either limb
when assessed independently. There were no other significant differences in kinematics or
step measures. The lateral margin of stability was unaffected by limb (p = 0.461) or
perturbation (p = 0.599).

4. Discussion

While the importance of maintaining lateral-stability is widely accepted, the effects of
repeated M/L perturbations during gait are unknown. In the present study, a unique
environment was used to assess M/L stability in individuals with TTA. Exposure to repeated
M/L perturbation in this study elicited only small postural changes in these individuals with
TTA. While there were a few between limbs differences (mean SW, hip kinematic
variability), which are expected in individuals with TTA [18], there were no differences in
the way the limbs anticipated the perturbations.

Participants decreased the height of their center of mass slightly (~0.2% body height), but
significantly over time. It has been suggested that lowering COM, and therefore decreasing
the moment arm between COM and ground reaction force, increases stability by requiring a
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greater amount of force to induce a fall [17]. The amount of lowering required to provide a
clinically meaningful improvement in stability, however, is uncertain. Significant
adaptations in step parameters and kinematics might be expected in conjunction with
changes in the COM [17], however, we did not observe that here. Such small changes over
the course of ten perturbations could also be interpreted as the result of fatigue rather than a
strategic adaptation. However, no participant opted to rest at any point, and the investigators
did not observe any cardiovascular fitness issue that prompted them to mandate a rest
period.

It is possible that we did not have a large enough sample size to detect changes in the joint
kinematics. However, this seems unlikely as we did have sufficient statistical power to
detect a change in knee kinematics of <1° (Fig. 2). Additionally all observed changes in
kinematics were quite small, and thus are unlikely to be physically meaningful despite
statistical significance.

The results of this study show that only a slight postural change was made by the individuals
with TTA as a result of exposure to repeated discrete perturbations. The lack of substantial
adjustments made may be due to an inability of the participants to recognize when a
perturbation was about to occur. The CAREN system facilitates a continuous walking
environment with no physical cues to indicate an upcoming perturbation. Utilizing a
treadmill mounted on a moveable platform to deliver a perturbation greatly reduces the
ability of subjects to anticipate during which step a perturbation may occur; whereas,
walking in a room with floor mounted force plates constrains the perturbations to a visibly
observable range of steps. The nature of the perturbations used in this study was not so large
to produce a training effect. Rather, because no preparatory adaptations have been
perceived, this study illustrates the feasibility of using similar protocols to compare the post
perturbation lateral stability and perturbation recovery strategies before and after various
training therapies.

References

1. Gooday HMK, Hunter J. Preventing falls and stump injuries in lower limb amputees during
inpatient rehabilitation: completion of the audit cycle. Clin Rehabil. 2004; 18(4):379-90. [PubMed:
15180121]

2. Kulkarni J, Toole C, Hirons R, Wright S, Morris J. Falls in patients with lower limb amputations:
prevalence and contributing factors. Physiotherapy. 1996; 82:130-6.

3. Miller WC, Deathe AB, Speechley M, Koval J. The influence of falling, fear of falling, and balance
confidence on prosthetic mobility and social activity among individuals with a lower extremity
amputation. Arch Phys Med Rehabil. 2001; 82:1238-44. [PubMed: 11552197]

4. Pauley T, Devlin M, Heslin K. Falls sustained during inpatient rehabilitation after lower limb
amputation: prevalence and predictors. Am J Phys Med Rehabil. 2006; 85(6):521-32. [PubMed:
16715022]

5. Ulger O, Topuz S, Bayramlar K, Erbabceci F, Sener G. Risk factors, frequency, and causes of
falling in geriatric persons who has had a limb removed by amputation. Top Geriatr Rehabil. 2010;
26(2):156-63.

6. Bhatt T, Pai YC. Long-term retention of gait stability improvements. J Neurophysiol. 2005;
94:1971-9. [PubMed: 15928059]

Gait Posture. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sturdy et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

Page 5

. Bhatt T, Wang E, Pai YC. Retention of adaptive control over varying intervals: prevention of slip-

induced backward balance loss during gait. J Neurophysiol. 2006; 95:2913-22. [PubMed:
16407423]

. Heiden TL, Sanderson DJ, Inglis JT, Siegmund GP. Adaptations to normal human gait on

potentially slippery surfaces: the effects of awareness and prior slip experience. Gait Posture. 2006;
24:237-46. [PubMed: 16221549]

. Marigold DS, Patla AE. Strategies for dynamic stability during locomotion on a slippery surface:

effects of prior experience and knowledge. J Neurophysiol. 2002; 88:339-53. [PubMed: 12091559]
. Winter DA, Prince F, Frank JS, Powell C, Zabjek KF. Unified theory regarding A/P and M/L
balance in quiet stance. J Neurophysiol. 1996; 75:2334-43. [PubMed: 8793746]

Viton JM, Mouchnino L, Mille ML, Cincera M, Delarque A, Pedotti A, Bardot A, Massion J.
Equilibrium and movement control strategies in transtibial amputees. Prosthet Orthot Int. 2000;
24:108-16. [PubMed: 11061197]

Vaughan CL, O’Malley MJ. Froude and the contribution of naval architecture to our understanding
of bipedal locomotion. Gait Posture. 2005; 21:350-62. [PubMed: 15760752]

Wilken JM, Rodriguez KM, Brawner M, Darter BJ. Reliability and minimal detectible change
values for gait kinematics and kinetics in healthy adults. Gait Posture. 2012; 35:301-7. [PubMed:
22041096]

Silverman AK, Wilken JM, Sinitski EH, Neptune RR. Whole-body angular momentum in incline
and decline walking. J Biomech. 2012; 45:965-71. [PubMed: 22325978]

Dingwell JB, Marin LC. Kinematic variability and local dynamic stability of upper body motions
when walking at different speeds. J Biomech. 2006; 39:444-52. [PubMed: 16389084]

Hof A, van Bockel R, Schoppen T, Postema K. Control of lateral balance in walking experimental
findings in normal subjects and above-knee amputees. Gait Posture. 2007; 25:250-8. [PubMed:
16740390]

MacLellan M, Patla A. Adaptations of walking pattern on a compliant surface to regulate dynamic
stability. Exp Brain Res. 2006; 173:521-30. [PubMed: 16491406]

Nolan L, Wit A, Dudzinski K, Lees A, Lake M, Wychowanski M. Adjustments in gait symmetry
with walking speed in transfemoral and transtibial amputees. Gait Posture. 2003; 17:142-51.
[PubMed: 12633775]

Gait Posture. Author manuscript; available in PMC 2015 March 01.



1duosnuey Joyiny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuel Joyiny vd-HIN

Sturdy et al.

Page 6

® Prosthetic X Intact

g dnaddnny hdba44s
Sk S AR ELL
R EAIEALI LTI FEL

(A) Mean and (B) variability of temporal-spatial measures for all subjects are shown as the
difference in cm between the 10 strides prior to each perturbation over time (Pert 2-10)
compared to the 10 strides prior to the first perturbation, with 0 indicating no difference.
Error bars represent the 95% confidence interval about the mean. Significant limb effect is
seen in for SW (p = 0.024).
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Fig. 2.

anter of mass (COM) excursion over an intact side gait cycle in the vertical and medial-
lateral directions are shown for a single representative subject (there were no differences
between sides). Bands represent the 95% confidence interval of the mean COM motion
across the 10 strides. A significant main effect of time was seen as a change in COM height
(p=0.016).
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Fig. 3.
Mean kinematic peaks for all subjects during Early Stance (0-25% gait cycle), Mid/Late

Stance (26-65% gait cycle), and Swing (66—-100% gait cycle) are shown as the difference in
degrees between the 10 strides prior to each perturbation over time (Pert 2-10) compared to
the 10 strides prior to the first perturbation, with 0 indicating no difference. Error bars
represent the 95% confidence interval about the mean. A small (<1°) but significant main
effect of time was seen in knee kinematics during swing (p = 0.04).
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