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Abstract—Appropriate muscular response following an exter-
nal perturbation is essential in preventing falls. Transtibial
prosthesis users lack a foot-ankle complex and associated sen-
sorimotor structures on the side with the prosthesis. The effect
of this lack on rapid responses of the lower limb to external
surface perturbations is unknown. The aim of the present study
was to compare electromyogram (EMG) response latencies of
otherwise healthy, unilateral, transtibial prosthesis users (n =
23, mean +/— standard deviation [SD] age =48 +/— 14 yr) and a
matched control group (n = 23, mean +/— SD age = 48 +/—
13 yr) following sudden support-surface rotations in the pitch
plane (toes-up and toes-down). Perturbations were elicited in
various weight-bearing and limb-perturbed conditions. The
results indicated that transtibial prosthesis users have delayed
responses of multiple muscles of the lower limb following per-
turbation, both in the intact and residual limbs. Weight-bearing
had no influence on the response latency in the residual limb,
but did on the intact limb. Which limb received the perturba-
tion was found to influence the muscular response, with the
intact limb showing a significantly delayed response when the
perturbation was received only on the side with a prosthesis.
These delayed responses may represent an increased risk of
falling for individuals who use transtibial prostheses.

Key words: amputation, balance, electromyography, EMG,
falling, lower limb, perturbation, prosthesis, postural response,
transtibial.

INTRODUCTION

Postural stability is a dynamic process maintained by
appropriate coordination of multiple physiological sys-
tems, including sensory, motor, and skeletal [1-3]. Patho-
logical function of one or more of these physiological
systems can be a contributing factor in falling [4-5]. Indi-
viduals with lower-limb amputations have reduced mea-
sures of postural stability [6-9] as determined by increased
excursion of the center of pressure (CoP) and sway ampli-
tude [9] in the mediolateral [6—7] and anteroposterior
directions. Moreover, they identify postural stability as an
important criterion for functioning with a prosthesis [10],
and they have been shown to fall more than age-matched

Abbreviations: APR = automatic postural response, BF =
biceps femoris, CoM = center of mass, CoP = center of pres-
sure, EMG = electromyogram, GM = gastrocnemius medialis,
MANOVA = multivariate analysis of variance, SD = standard
deviation, SSR = support-surface rotation, TA = tibialis ante-
rior, TTA = transtibial amputee, VL = vastus lateralis.
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nondisabled individuals [11-12]. An understanding of how
lower-limb prosthesis users initiate their response to main-
tain postural stability may provide important insights into
how to prevent falls in this population.

Most of our current understanding of postural stabil-
ity of individuals with an amputation has been provided
by various measures of movement of the CoP on a sta-
tionary [6-9,13—14] or unstable surface [6,15-16]. Sev-
eral studies have demonstrated increased excursion of the
CoP in the anteroposterior direction [13,16] or both the
anteroposterior and mediolateral directions [6—7,9,14].
Studies of individuals with lower-limb amputation have
linked falling with movement of the CoP in the antero-
posterior direction [8] and in individuals without amputa-
tion with a movement of the CoP in mediolateral plane
[17-19]. Other researchers have investigated CoP and
muscular response to catching a falling object [20] or lift-
ing a leg [21]. In addition to increased CoP excursion,
these studies have demonstrated that prosthesis users
have an alteration in automatic muscular responses com-
pared with nondisabled individuals.

An additional method of assessing postural stability is
to actively challenge the postural control by introducing
an external surface perturbation (rapidly moving the sup-
port surface) and assessing how the muscles required to
maintain stability respond to this external stimulus [4].
With this method, electromyogram (EMG) signals from
muscles are recorded and assessed based on the automatic
postural response (APR) [4,22-23]. The APR is the first
functionally significant physiological response to an
external perturbation [24-25] and can have highly consis-
tent temporal responses based on the type of perturbation:
translational perturbations [22], rotational perturbations
[23,25-26], and combinations of both [27-28]. Muscles
that control the ankle can have APRs present as early as
100 ms [28-29], which is also the accepted minimum
threshold for what is considered an APR [22]. However,
APRs are influenced by many factors, including anxiety
[30], previous experience [31], attention [32], and joint
position [33]. In transtibial prosthesis users, APRs differ
from previous investigations involving muscular response
[20-21,34-35] in that they do not allow preemptive pos-
tural adjustments in anticipation of a motor task, but are
mediated by feedback mechanisms and not under voli-
tional control [36-37]. Support-surface rotations (SSRs)
have been used to investigate APRs in young nondisabled
participants [29-30,38-39], as well as in older individuals
[26] and those with total knee arthroplasty [40]. The time

from the first instance of motion of the support surface to
onset of EMG activity is termed the response latency.

A major mediating factor in the generation of an APR
is the movement of the center of mass (CoM). This is the
result of multisensory contributions and not simply the
result of local joint stimuli [29,39]. Among these sensory
contributions, feedback in the form of cutaneous sensitivity
from the plantar surface of the foot [41-43] and muscles at
the ankle [44] is accepted as an important contributor to the
multisensory regulation of APRs. The importance of this
feedback becomes more critical as the balance task
becomes more challenging [45], and a delay in the EMG
response latency is indicative of a person’s ability to
respond to a balance threat and prevent a fall [46].

Prosthesis users lack sensory feedback distal to their
amputation, and postural stability in the sagittal plane is
reduced compared with nondisabled individuals [6].
Asymmetric feedback is subsequently important in opti-
mizing the control of the intact lower limb [47], and the
unilateral lower-limb sensory information received from
the sound limb has an influence bilaterally in response to
support-surface perturbations [48]. Individuals with a
unilateral amputation have the removal of sensory struc-
tures in one limb, but postural reorganizations may occur
in the prosthetic or intact limbs. We currently do not
know how absence of one physiological ankle and the
sensorimotor structures associated with the ankle affect
the EMG response latency following SSRs in transtibial
prosthesis users in the prosthetic and intact limbs.

Postural reorganization is a documented phenome-
non in transtibial prosthesis users [20,35], and asymmet-
ric weight-bearing is a commonly reported outcome
[9,13,15]. Weight-bearing symmetry has often been used
to evaluate interventions for prosthesis users [49-54]. In
addition, it has been shown that prosthesis users have
asymmetric postural reorganization, and their reliance on
somatosensory afferent information increases with time
after amputation [55]. We currently do not know how
asymmetric weight-bearing affects EMG response
latency in this population.

The aim of the current study was to investigate the
EMG response latency in the intact and prosthetic limbs
of unilateral transtibial prosthesis users following SSRs
in the pitch plane (toes-up/toes-down). A secondary aim
was to investigate how different weight-bearing scenar-
ios on the intact and prosthetic limb affect the EMG
response latencies.



533

METHODS

Participants

Twenty-three transtibial amputee (TTA) prosthesis
users (TTA group) were recruited to participate in the
present study (mean + standard deviation [SD] age =48 +
14 yr, height = 1.77 £ 0.08 m, and mass = 79 + 14 kg). A
group of 23 nondisabled control subjects (Control group)
were also recruited (mean = SD age = 48 = 13 yr, height =
1.77 £ 0.08 m, and mass = 80 + 13 kg). Participant charac-
teristics for both groups are given in Table 1. A power
calculation, using EMG response latency times from a
previous study [26], established that a minimum sample
size of 23 was required to detect a statistically significant
difference (p < 0.05) between two paired groups, given a
statistical power of 0.8 and a true difference between the
groups of 20 ms. The TTA group was recruited based on
having a unilateral transtibial amputation with no con-

Table 1.

RUSAW et al. EMG response latency following platform perturbation

comitant health issues; no current issues regarding fit or
function of the prosthesis including wounds, blisters, or
skin breakdown; and at least 1 year of regular prosthesis
use. All participants had a fiber-composite socket. Pros-
thetic feet varied between users (energy-storage-and-
return = 19, multi-axis = 3, single-axis = 1) according to
the classification described by Hafner [56]. The Control
group was sex, age, height, and mass matched with the
TTA group.

Equipment

Participants were requested to stand on a force plat-
form (Pro Balance Master, Neurocom International Inc;
Clackamas, Oregon) capable of SSRs in the pitch plane
direction (dorsiflexion [toes-up] and plantarflexion [toes-
down]), with an amplitude of 8° and angular velocity of 50
°/s (angular acceleration 3,200 °/s%) (Figure 1(a)). An
eight-channel surface EMG system (Bagnoli-8, Delsys Inc;
Boston, Massachusetts) recorded muscular response with

Participant characteristics. Transtibial amputee (TTA) group with sex, cause of amputation/limb deficiency, years since amputation/limb
deficiency, height, mass, and age (mean + standard deviation [SD] of numerical data) provided. Residual limb length as defined by Persson and

Liedberg [57], and prosthetic foot as defined by Hafner [56].

TTA Group Control Group
Sex Cause” TimS Height Mass Age  Residual Limb Prosthetic Sex Height Mass Age
(yr) (m) (kg) yn Length Foot (m) (kg) (yr)
M Trauma 8 1.78 74 46 Ordinary ESAR M 1.78 84 52
M Infection 5 1.80 67 27 Ordinary ESAR M 1.80 64 38
M Trauma 4 1.90 78 40 Ordinary ESAR M 1.93 78 40
M Trauma 12 1.84 97 65 Long ESAR M 1.84 108 63
M Trauma 3 1.86 82 53 Ordinary ESAR M 1.86 92 51
M Trauma 3 1.79 68 65 Long M-A M 1.79 76 62
F Trauma 33 1.59 64 60 Long ESAR F 1.62 62 52
M Trauma 2 1.78 87 51 Ordinary ESAR M 1.75 85 52
M Trauma 19 1.80 83 33 Ordinary M-A M 1.74 72 31
M Trauma 34 1.78 85 47 Ordinary ESAR M 1.84 85 43
M Trauma 3 1.78 88 72 Long ESAR M 1.75 78 72
M Trauma 44 1.80 91 63 Ordinary ESAR M 1.81 84 63
M Trauma 5 1.70 76 49 Ordinary ESAR M 1.70 76 49
F (0N 28 1.71 73 47 Long M-A F 1.68 66 47
M Trauma 12 1.80 112 26 Long SA M 1.85 102 34
M Trauma 21 1.78 81 37 Long ESAR M 1.75 80 37
F Cong 25 1.54 64 25 Long ESAR F 1.60 53 24
M Trauma 13 1.80 78 60 Ordinary ESAR M 1.82 87 59
F Infection 5 1.82 57 30 Ordinary ESAR F 1.80 70 27
F Cong 45 1.64 64 45 Long ESAR F 1.64 65 42
M Throm 8 1.79 60 56 Long ESAR M 1.82 80 59
M Trauma 3 1.85 88 51 Long ESAR M 1.88 90 53
M Trauma 19 1.76 101 62 Long ESAR M 1.72 95 59
Mean + SD 154+13.6 1.77+0.08 79.0+13.8 482+13.8 1.77+£0.08 79.7+13.1 482+12.6

*Cause of and time since amputation/limb deficiency.

Cong = congenital, ESAR = energy-storage-and-return, F = female, M = male, M-A = multi-axis, OS = osteosarcoma, SA = single axis, Throm = thrombosis.
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Figure 1.
Description of type of support-surface rotation and limb positions

used. (a) Pitch plane surface rotations in toes-up and toes-down
directions corresponding to rotations in sagittal plane (y-z).
Mechanical axis of force platform denoted in (b). (b) Standing
orientation on support surface. White support surface is level-
mounted scale used to monitor weight distribution during testing
protocol. Three coordinate directions (x-y-z) corresponding tc
(mediolateral-anteroposterior-superoinferior), with arrows corre-
sponding to “positive” direction. (c)—(e) Standing position on plat-
form and three limb-position scenarios. (c) Intact limb (gray) on
force platform (also marked as gray), (d) both limbs on force
platform, and (e) prosthetic limb (black) on force platform.

rectangular (41 x 20 x 5 mm), single-differential, surface-
mounted, silver EMG sensors with an intra-electrode
distance of 10.0 mm (Bagnoli DE-2.1, Delsys Inc). Motion
analysis equipment (Qualysis, AB; Gothenburg, Sweden)
was used to identify platform movement. In order for the
weight-bearing distributions and CoP positions to be moni-
tored in real-time by both the participant and the investiga-
tor, a computer screen display and digital scales were used.
The computer screen conveyed CoP position with a visible
cursor, and the digital scale (EKS International Inc;
Gislaved, Sweden) conveyed weight distribution. The scale
was mounted at the same vertical level as the force platform,
lateral to the force platform (Figure 1). Display screens
were mounted at eye level, 1 m in front of participants.

Data Acquisition

Raw EMG signals were first amplified (gain 1,000) and
then band-pass analog filtered between 20 and 450 Hz prior
to sampling at 1,000 Hz. Detection characteristics of the
EMG signal included an input impedance >10"° /0.2 pF,a
common-mode rejection ratio of 92 dB, and root-mean-
squared referred to the input noise of 1.2 uV. The z-com-
ponent data from four force transducers under the force
platform were sampled at 1,000 Hz. Motion-analysis data
were simultaneously collected with an eight-camera
motion analysis system (Qualysis AB) at 500 Hz using
four reflective markers placed on the force platform to
identify perturbation onset. Markers were placed at the
corners of the force platform (two anteriorly and two pos-
teriorly) at distances of 30 cm and 20 cm, respectively,
from the mechanical axis of the force platform (Figure 1).

A series of SSRs in the pitch plane were conducted
with the participant standing in each of three limb-
perturbed scenarios (Figure 1): (¢) only intact foot on the
platform (Intact), (d) both feet on the platform (Both),
and (e) only prosthesis on the platform (Prosth). Within
each of the limb positions, the participant was instructed
to shift his or her body weight to provide three weight-
bearing scenarios: 50 percent weight distribution (Equal),
reduced to 25 percent on the limb of interest (Reduced),
and increased to 75 percent on the limb of interest
(Increased) (Figure 1).

Surface EMG electrodes were placed over the mus-
cles of interest as recommended by the Seniam guidelines
[58]. Prior to electrode placement, we prepared the skin
by shaving the hair and cleaning the skin with isopropyl
alcohol at appropriate locations. For the TTA group, elec-
trodes were placed over the tibialis anterior (TA) and gas-
trocnemius medialis (GM) muscles on the nonamputated
limb and bilaterally on the vastus lateralis (VL) and
biceps femoris (BF). For the Control group, electrodes
were placed bilaterally over the TA, GM, VL, and BF.
Participants were fitted with a harness suspended from the
ceiling above the force platform in case of a fall. Instruc-
tions were given to maintain foot position and avoid lean-
ing or otherwise changing body posture throughout the
testing protocol. The same type of shoes was provided for
all participants to eliminate the confounding factor of
variations in shoe design [59]. Participants in the TTA
group wore their currently functioning prosthesis.

Prior to having participants stand on the force plat-
form, we established the 25/50/75 percent of body-mass
distributions on an individual basis. This was done by
having the participant stand on the digital scale mounted
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laterally from the force platform. The participant stood
stationary with all of the equipment donned and an inves-
tigator read the results of the digital display. The 25/50/75
percent mass distributions were then calculated. When the
participant stood with both feet on the force platform, the
mediolateral mass distribution goals (x-direction) were
visualized by placing markings on the computer screen
that had been predetermined to identify the locations that
corresponded with the 25/50/75 percent mass distribu-
tions. Participants were able to attain these goals by view-
ing in real-time the digital weight display in front of them.

Once mass distribution goals were determined, par-
ticipants moved to the force platform, where foot position
was established by placing the anatomical ankles at the
mechanical axis of the force platform (Figure 1). For the
TTA group, the intact ankle was aligned with the
mechanical axis and the anteroposterior prosthetic limb
foot position was then matched to the intact foot. The
participants were then requested to stand upright facing
the computer screen and to find their most comfortable
standing position. In this posture, the investigator noted
the position of the CoP in the anteroposterior direction by
placing a horizontal mark on the computer screen in front
of the participant. The participant was instructed that this
was the anteroposterior “goal” position and was provided
1 to 2 min to practice shifting his or her body weight
anteroposteriorly, following the CoP cursor on the com-
puter screen, and maintaining the cursor position on the
horizontal mark. Then the participant practiced mediolat-
eral weight-shifting to the predetermined goals (25/50/
75%). Using the digital display from the scale, the partic-
ipant then immediately practiced shifting his or her body
weight (1-2 min) in the mediolateral direction (X-direc-
tion) (25/50/75%), while maintaining the anteroposterior
goal position (y-direction). Participants were deemed
ready to continue when they could maintain the antero-
posterior position of the CoP while shifting the CoP to
each of the mediolateral goal positions. This never took
longer than the given allowed practice time (maximum 4
min for anteroposterior and mediolateral). Finally, a prac-
tice session consisting of three to five SSRs was con-
ducted in which both anteroposterior and mediolateral
goals were maintained. Using a webcam, the investigator
was able to verify in real time the CoP and weight distri-
bution and verbally correct if the participant was not
appropriately positioned. SSRs were not initiated until
correct CoP position in the anteroposterior direction and
correct weight distribution, as indicated by the digital dis-
play from the scale, were attained. Participants were

RUSAW et al. EMG response latency following platform perturbation

reminded throughout the testing protocol to remain in an
upright standing posture prior to the perturbation and to
remain focused on the CoP on the computer screen in
front of them. They were instructed to, to the best of their
ability, resist the elicited perturbation and remain stand-
ing after the platform rotation.

A total of 99 trials was conducted: 33 trials for each
of the limb-perturbed scenarios (Intact, Prosth, Both),
with each of these scenarios further subdivided into 3
groups of 11 weight-distribution trials (Figure 2). Groups
of 11 trials were broken into 5 for each direction (toes-up/
toes-down), with the first trial being discarded because of
high variability associated with this trial [31]. Data collec-
tion began approximately 1 s before the platform moved
and continued for a total data collection time of 8 s. A
random delay of between 10 and 15 s was inserted
between the trials to prevent the participant from being
able to anticipate the perturbation. To offset the effects of
fatigue, a longer seated rest (5-10 min) was given
between the limb-perturbed scenarios (A—C in Figure 2)
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Testing protocol for each of three limb positions (A, B, and C)
for Intact, Both, and Prosthetic, respectively. Weight-bearing
scenarios (Increased, Reduced, Equal) of limb of interest and
direction (toes-up = Up, toes-down = Down) for plantarflexion/
dorsiflexion stimulus direction of support-surface rotation. As
each trial was randomized on three levels (limb position, weight
distribution, rotation direction), figure is summary of number of
trials per condition and not representation of order of condi-
tions. Eleven trials for each of weight-bearing conditions
include first trial, which was removed from analysis, leaving ten
trials remaining for analysis (five toes-up and five toes-down).
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similar to previous studies [26]. The total time from
beginning of data collection to completion was approxi-
mately 60 min. The order of the trials was randomized at
three places: limb position, weight distribution, and rota-
tion direction.

Data Analysis

Following analog-to-digital conversion, the digital
EMG signal was processed offline. EMG signals were
full-wave rectified and low-pass filtered using a 4th-
order Butterworth filter at a cutoff frequency of 100 Hz
(slope of 24 dB/octave). Onset of SSR was first estab-
lished by extracting the z-component (vertical) of the
unfiltered three-dimensional position data for one marker
located 30 cm anteriorly from the mechanical axis of the
support surface. A moving capture window of 100 ms
progressed through the data and designated platform
motion as the first instance the z-component of the
marker deviated 3 SDs from the preceding 100 ms. Using
this instance of platform movement, we determined EMG
response latency offline by averaging the background
EMG activity for each trial for the 100 ms immediately
prior to the SSR. A response was then determined when
an EMG response deviated 3 SD from the mean of the
response during the background period and remained for
a period of at least 10 ms.

Prior to export for analysis, the data were pre-
screened to determine the trials in which the participants
had an appropriate weight-bearing distribution. The
pooled z-component data from all force transducers
located in the rotatable force platform were summed to
determine the weight being transmitted to the limb of
interest. Trials were excluded if the participant’s weight
distribution deviated greater than +5 percent of the
intended weight distribution (25/50/75%).

Statistical Analysis

Statistical analysis was performed using IBM SPSS
Statistics, v. 19.0.0 (IBM; Armonk, New York). A Shap-
iro-Wilk test showed the data to be normally distributed.
Paired t-tests showed no statistically significant differ-
ence between the dominant and nondominant sides of the
Control group. For this reason, Control group data used
in analysis are a pooled combination of both sides.

Two three-way multivariate analyses of variance
(MANOVAs) were conducted to address the aims of the
study. The first analysis, INTACTyjanova, Was on the
intact limb of the prosthesis users and the combined val-

ues for both limbs of the control participants. The second
analysis, PROSTHy;anOva, Was on the prosthetic limb
using the thigh (VL and BF) of the amputated limb with
the corresponding combined signals of the control partici-
pants. For all analyses, “Group” refers to TTA vs Control,
“Limb-perturbed” refers to the position of the limb of
interest (intact or prosthetic) in relation to the force plat-
form (On/Off/Both), and “Weight” refers to the weight
distributions (25/50/75%).

The INTACTyanova had three independent vari-
ables (Group, Limb-perturbed, Weight) and eight depen-
dent variables as bilateral EMG response latency of each
of the four EMG channels (GM, TA, VL, BF) in two
directions (toes-up, toes-down). The PROSTHp;anOvVA
had three independent variables (Group, Limb-perturbed,
Weight) and four dependent variables as EMG response
latency of each of the two EMG channels (VL, BF) in
two directions (toes-up, toes-down). Bonferroni post hoc
tests were conducted where appropriate. Confidence
intervals of the group main effects are presented. Statisti-
cal significance was determined using a critical alpha
level of 0.05 for all tests.

Descriptive statistics were graphed using the pooled
data for EMG response latency (On/Off/Both) from each
muscle (GM, TA, VL, BF) and limb (intact and pros-
thetic) to describe the temporal activation of muscle
responses across the lower limb.

RESULTS

Two participants in the Control group and one partic-
ipant in the TTA group were unable to complete the
entire testing protocol. The two Control group partici-
pants cited visual discomfort, and the TTA participant
cited physical discomfort in the residual limb with
increased weight-bearing. In all these cases, participants
completed 88 of 99 trials, with the remaining 11 not
included in statistical analysis.

Intact Limb

The results of the INTACTy;anova showed a statis-
tically significant main effect for each of the independent
variables (Group, Limb-perturbed, Weight).

The statistically significant main effect for Group
(TTA vs Control) (Table 2) was in the GM muscle in the
toes-up direction (p = 0.02). The differences indicated
increased mean EMG response latency for the TTA group
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Results of INTACT\anova analysis for pooled Group main effect. Muscle signals (tibialis anterior [TA], gastrocnemius medialis [GM], vastus
lateralis [VL], biceps femoris [BF]), support-surface rotation direction (toes-up = Up, toes-down = Down), Group (TTA vs Control), mean EMG
response latency and difference in EMG latency times between groups (TTA vs Control), 95 percent confidence interval (CI) of mean EMG
response latency and mean difference between groups (TTA vs Control), and p-values for pooled-group main effect presented.

. Mean Latency Mean Difference ~ 95% ClI for
Muscle  Direction Group (ms) 95% ClI (TTA-Control) Difference p-Value
TA Up TTA 152 137 to 167 14 -6 to 34 0.16
Control 166 153 to 178
Down TTA 137 112 to 162 30 -3t0 63 0.07
Control 107 86 to 128
GM Up TTA 182 140 to 224 66 10 to 121 0.02*
Control 116 80 to 152
Down TTA 181 159 to 202 8 -21 to 37 0.60
Control 189 170 to 207
VL Up TTA 220 190 to 249 14 —24 to 52 0.47
Control 206 181 to 231
Down TTA 130 113 to 146 9 —12to 31 0.40
Control 121 107 to 134
BF Up TTA 179 137 to 221 38 —17 to 93 0.17
Control 141 105 to 177
Down TTA 193 164 to 222 15 -23to 53 0.43
Control 178 153 to 202

*Indicates significant difference between TTA and Control group.

EMG = electromyogram, MANOVA = multivariate analysis of variance, TTA = transtibial amputee (group).

(182 ms) compared with the Control group (116 ms). No
statistically significant interaction effect was found for
the remaining variables (Table 2).

The significant main effect for Limb-perturbed (On/
Oft/Both) was in the VL muscle in the toes-down direc-
tion. The statistically significant differences were
between On (98 ms) and Off (147 ms) (p = 0.006) and On
(98 ms) and Both (130 ms) (p = 0.03). There was one sta-
tistically significant interaction effect between Group and
Limb-perturbed (p = 0.02), indicating the EMG response
latency for the VL muscle was increased for the TTA
group (195 ms) compared with the Control group (126
ms) in the Off position (Figure 3).

The statistically significant main effect for Weight
(Increased, Reduced, Equal) was in the VL muscle in the
toes-down direction. These differences were between
Increased (100 ms) and Reduced (138 ms) (p =0.03) and
Increased (100 ms) and Equal (137 ms) (p = 0.009). No
statistically significant interaction effect was found for
the remaining variables (Table 2).

Prosthetic Limb
The results of the PROSTHy;onova Showed a statis-
tically significant main effect for the Group (TTA vs

Control) variable. The significant difference was in the
BF muscle in the toes-up direction (p = 0.02), indicating
increased EMG response latency for the TTA group (180
ms) compared with the Control group (129 ms). No sta-
tistically significant interaction effect was found for the
remaining variables (Table 3).

All other comparisons for main effect (Limb-
perturbed and Weight) were not statistically significant.

Temporal Activation

The pooled data for EMG response latency (On/Off/
Both) from each muscle (GM, TA, VL, BF) and limb
(intact and prosthetic) indicate a slower reaction for the
TTA group compared with the Control group (Figure 4).

DISCUSSION

The aim of this study was to evaluate the role limb
position and weight-bearing play on EMG response
latency following SSRs in the pitch plane on the pros-
thetic and intact limbs of otherwise healthy transtibial
prosthesis users. There was significantly increased
latency for both the intact and prosthetic limbs of the
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Figure 3.

Electromyogram (EMG) response latency (milliseconds) for
vastus lateralis muscle in toes-down direction separated by
group (transtibial amputee [TTA] or Control) and limb position
(On/Off/Both). Significant interaction effect (group x limb posi-
tion; p = 0.02) showed an increased EMG response latency for
TTA group compared with Control group for Off variable.

TTA group when compared with the Control group. In
the intact limb, the TTA group had increased EMG
response latency in the GM muscle during toes-up rota-
tions and in the VL muscle during toes-down rotations of
the support surface. In the residual limb, the TTA group
had increased EMG response latency in the BF muscle
during toes-up rotations of the support surface.

Table 3.

In the toes-up direction, the GM muscle of the TTA
group had significantly increased pooled mean latency
(TTA group = 182 ms, Control group = 116 ms) regard-
less of weight distribution or limb position. This is of
interest as a toes-up rotation of the TTA group’s intact
ankle is not anatomically different from the Control
group. This indicates an influence functionally unrelated
to the position of the limb as there was no interaction
effect of limb-perturbed. As prosthesis users lack sensory
information from the ankle about rotation of the support
surface, one would expect increased EMG response
latency in the GM muscle of the sound limb in the Off
condition (only prosthesis receives perturbation). Yet,
regardless of position, the TTA group had increased
latency in the intact limb. Bilateral sensory changes
[14,60] and postural reorganization [55] previously
shown in transtibial prosthesis users may be factors influ-
encing this delayed EMG response in the intact limb.
Given that the stretch reflex of the ankle can elicit an
EMG response within 40 ms of perturbation, the results
suggest there was no spinal reflex elicited for either of
the groups. Many of the responses were around the 100
ms threshold for APRs [22], indicating the platform per-
turbation was of sufficient magnitude to fulfill the
research aims of this investigation.

When the intact foot was on the force platform, the
VL muscle of both groups (intact limb of TTA group) had
significantly decreased pooled mean EMG onset latency
in the toes-down direction (On = 98 ms) compared with
each of the other two limb-perturbed conditions (Off =

Results of PROSTHyanovA analysis for pooled-group main effect (Group). Muscle signals (vastus lateralis [VL], biceps femoris [BF]), support-
surface rotation direction (toes-up = Up, toes-down = Down), group (transtibial amputee [TTA], Control), mean electromyogram (EMG) response
latency and difference of EMG response latency between groups (TTA vs Control), 95 percent confidence interval (CI) of mean EMG response
latency and mean difference between groups (TTA vs Control), and p-values for pooled-group main effect presented.

L Mean Latency Mean Difference 95% CI for
Muscle  Direction Group (ms) 95% ClI (TTA-Control) Difference p-Value
VL Up TTA 216 184 to 247 6 —34 to 46 0.77
Control 210 185 to 235
Down TTA 140 124 to 155 20 0to 41 0.05
Control 119 107 to 132
BF Up TTA 180 146 to 214 51 7 to 94 0.02"
Control 129 102 to 156
Down TTA 171 144 to 197 -20 54 to 14 0.24
Control 191 170 to 212

*Indicates significant difference between TTA and Control group.
MANOVA = multivariate analysis of variance.
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Figure 4.

Electromyogram (EMG) response latency (milliseconds) for
each muscle from distal to proximal (left to right) for transtibial
amputee (TTA) group (gray circle, intact limb; white circle, pros-
thetic limb) and control group (black square) for each muscle
(tibialis anterior [TA], gastrocnemius medialis [GM], vastus late-
ralis [VL], biceps femoris [BF]) and direction (Up, Down).

147 ms, Both = 130 ms). The significant interaction effect
between group and limb-perturbed indicates the groups
responded differently within the limb-perturbed condition.
In the toes-down SSR, the TTA group had increased EMG
response latency of the VL of the intact limb when the SSR
was received with only the prosthesis on the force platform
(Off) (TTA group = 195 ms, Control group = 126 ms)
(Figure 3). A toes-down SSR forces the body’s CoM
anteriorly [43], and an increased EMG response latency
on the intact limb could be due to a delayed movement of
the CoM following the perturbation when the stimulus is
through the prosthesis. It could also be due to alterations
in local stimuli in the remaining structures of the residual
limb [3,29,43]. Although this demonstrates a clear influ-
ence of the prosthetic side on response latencies in trans-
tibial prosthesis users, further research is necessary to
determine to what extent each of the factors (CoM dis-
placement and local joint stimuli) contributes to the differ-
ences. As the mechanical properties of prosthetic feet vary
greatly [61], it is possible different prosthetic feet could
lead to altered response latencies.

The TTA group also demonstrated differences in
their EMG response latency in the residual limb. The dif-
ference identified was an increased latency of the BF mus-
cle during a toes-up perturbation (TTA group = 180 ms,

RUSAW et al. EMG response latency following platform perturbation

Control group = 129 ms.). Voluntary knee flexion during
toes-up rotations of the support surface is known to
shorten the latency of the BF muscle in nondisabled indi-
viduals [33]. This was not the case for the TTA group,
and EMG response latencies were longer than in the Con-
trol group. This is particularly interesting because of the
clinically normal practice of preflexing the prosthetic
socket. This is done to provide an increased vertical load-
ing area within the socket and to preload the knee exten-
sors of the prosthetic limb to increase their effectiveness
in controlling knee-flexion during gait [62-63]. As the
knee is generally more flexed in the residual limb than
the Control group one must wonder why the TTA group
does not have the same shortening of latency in the BF
muscle that nondisabled individuals have [33]. Oude
Nijhuis et al. showed that during toes-up rotation pertur-
bations, there is a destabilizing effect that requires a com-
pensatory strategy to prevent falling that includes earlier
activation of muscle responses [33]. They also identified
a role between knee flexion and the ankle torques pro-
duced following toes-up perturbation. They found volun-
tary knee flexion delayed the onset of knee flexion in
response to the perturbation and eliminated the unloading
activity of soleus and anterior tibialis. We cannot draw
direct connections to our results as we did not analyze
kinematic data, but the connection between knee flexion
angles, ankle torques, and EMG response latency is a
possible explanation for our results. As the TTA group
lacks normal dorsiflexion of the prosthetic ankle, the
prosthetic foot exhibits increasing resistance to dorsiflex-
ion as the angle of dorsiflexion increases [61].

The foot and ankle are thought to influence postural
control [41,43,45], and delayed EMG response of lower-
limb musculature following sudden perturbations is
indicative of a person’s ability to prevent a fall following
a balance threat [46]. More proximal sensory structures
have been shown to adequately compensate for these def-
icits in an individual who lacked lower-limb propriocep-
tion [28]. The reason the TTA group was not able to
compensate for this (as evident by increased EMG
response latency) could be that individuals with lower-
limb limb loss have not only an absence of sensory infor-
mation but also a total sensorimotor deficit distal to the
amputation. If more proximal structures are able to sense
the movement, it is not automatically given that the
response would be in the muscles of the lower limb; it
may be seen in the trunk musculature [28]. It is not nec-
essarily the case that proximal muscles would have
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altered EMG response latencies as the angular perturba-
tions used in this investigation elicited different physio-
logical responses to the translational perturbations used
in previous work [39,64]. The current study was limited
to investigating EMG response latency of the muscles of
the lower limb. As prosthesis users have postural reorga-
nization [20,35,55], which is likely to affect other mus-
cles than those of the lower limb, future studies are
warranted to see whether there are more proximal struc-
tures that are able to mediate postural responses in this
population. As complex interactions between both limbs
are responsible for coordinated response [48] and persons
with unilateral amputation have contralateral sensory
changes following their amputation [60], it is possible
that the sensory structures of the intact limb had an effect
on the results. By exploring the sensory structures of the
remaining limbs in more detail with validated tools (e.g.,
monofilament testing), it might be possible to identify the
interaction between sensory acuity and bilateral postural
response. This is an important area and future studies
should explore this connection.

The reaction times for the TTA group were on aver-
age slower than the reaction times for the Control group.
This is evident by an average delay of the reaction times
in the TTA group by 15 to 20 ms across all muscles of the
lower limb. The temporal pattern of proximal-to-distal
still seems to fit with the temporal pattern of response
referred to as the “ankle” strategy [22]. Though, the only
one of these group comparisons (TTA vs Control) that
was statistically significantly different was the GM mus-
cle of the intact limb when the rotation of the platform
was in the toes-up direction. The borderline latency for
what is considered an APR is ~100 ms [28-29] to ~120
ms [23], which typically occurs in the ankle first, and the
thigh is delayed by ~30 ms. The threshold at which voli-
tional control begins to influence the EMG response is
~180 ms, suggesting—with the exception of the latencies
of the VL and TA muscles (130 ms and 137 ms, respec-
tively)—that the TTA group had fewer APRs and had a
substantially larger component of the EMG response
mediated under volitional control. This suggests that
when transtibial prosthetic users are subjected to pertur-
bations in the pitch plane, they are at increased risk of
falling compared with nondisabled individuals.

There are some other limitations in the current study.
The generalizability of the results to the larger population
of all prosthesis users is not possible. The selection of
participants who were free from concomitant health

issues means the external validity of the study is compro-
mised. We must also acknowledge that there is an imbal-
ance in the TTA group in the number of male and female
participants (male: n = 18; female: n=5). The TTA group
wore their currently functioning prosthesis, and the types
of feet were not consistent for all participants. There may
be an influence by the type of prosthetic foot incorpo-
rated into the prosthesis, and further research is war-
ranted to answer this relevant question.

Although all of the participants were transtibial pros-
thetic users, there were two individuals with congenital
limb loss. Although not part of the original aim, these
individuals’ pooled results were analyzed separately to
explore any differences that may have existed with the
TTA group. In the intact limb, there were no clear differ-
ences between the TTA group and these two individuals.
There were five response latencies that were shorter
(mean = 24 ms) and three that were increased (mean =
18 ms). There appeared to be no clear pattern, with the
results spread equally throughout the toes-up and toes-
down directions. For the prosthetic limb, there were short-
ened response latencies for all muscles compared with the
TTA group in both the toes-up (mean = 52 ms) and toes-
down (mean = 40 ms) rotations. These results suggest that
this subsample of two individuals with congenital limb
loss may have altered neurological responses to platform
perturbations when compared with individuals who have
had an amputation. Future research should explore these
potential differences.

The testing protocol was controlled to accommodate
for any potential learning effects that may have been
present in the data. The randomization occurred at three
levels: the limb-position of the individual, the weight-
bearing condition, and the direction of the platform rota-
tion. In our methods, we discarded the first trial of each
of the 11 trial blocks because of high variability [31],
which may have offered additional information not given
in the current analysis [65]. Future studies will include
this important aspect in the analysis of postural response.
A number of attempts were made to minimize any effect
fatigue may have had on the results. This included multi-
ple levels of randomization in the trial orders, mandated
resting periods between testing blocks, and verbal
reminders from the investigator during testing. We
believe these efforts have limited the effects fatigue may
have had on the results.

The significant differences in EMG response latency
following SSRs observed in this investigation all occurred
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within 200 ms of the perturbation. Periods of 200 ms of
surface EMG signal have been shown sufficient to identify
modes of gait for the purposes of controlling externally
powered prosthetic limbs [66]. As many of the EMG
response latencies were under 200 ms, the results suggest
that it is technically possible to use the same technology to
identify muscle synergies following perturbations in the
same population. Rapid identification of muscle responses
would enable prosthetic components to respond quickly
(potentially prior to the 200 ms threshold for conscious
control) to sudden balance threats and potentially prevent
falls. Zhang et al. showed that during ambulation, pros-
thetic foot acceleration and EMG response latency were
two variables that were highly accurate in identifying
stumble reactions in transfemoral prosthesis users [67].
The authors suggest, although acceleration of the pros-
thetic foot identified the stumble sooner depending on type
of perturbation, a combination of both acceleration and
EMG signals greatly increased the accuracy of stumble
identification. With further investigation, it would be pos-
sible to clarify whether similar results would be observed
in situations in which the participants were not ambulat-
ing. Manufacturers of prosthetic components attempting to
utilize the physiological response of lower-limb muscula-
ture to coordinate responses of these components (such as
intelligent ankle systems) must take this physiological
response into account. They must recognize that not only
do prosthesis users have different responses compared
with nondisabled individuals, the responses are also
dependent on the side of interest. The prosthetic limb has
reactions during these postural perturbations that cannot
necessarily be used to predict what is happening at the
other limb, at least in the length of times included in this
study (<700 ms).

CONCLUSIONS

Transtibial prosthesis users have delayed responses
of various muscles of the lower limb following pitch
plane SSRs when compared with a group of nondisabled
controls. These delayed responses were both in the intact
limb and the residual limb. Weight-bearing had no influ-
ence on the response latency in the residual limb, but did
on the intact limb. Limb position was found to influence
the muscular response, with the intact limb showing a
significantly delayed response when the perturbation was
received only on the side with a prosthesis. These

RUSAW et al. EMG response latency following platform perturbation

delayed EMG responses in transtibial prosthesis users
may place them at increased risk of falling when sub-
jected to an external balance threat.
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