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Abstract

The aim of this study was to investigate the characteristics of the flexion withdrawal reflex modulated during Lokomat treadmill walking in
people with spinal cord injury. The influence of the limb position and movement were tested in 5 subjects with chronic spinal cord injury.
EMG activities from tibialis anterior and moments of the hip joint elicited by the foot stimulation were examined during Lokomat treadmill
walking. To trigger the flexion withdrawal reflex during Lokomat treadmill walking, a train of 10 stimulus pulses was applied at the skin of
the medial arch. The TA EMG activity was modulated during gait phase and the largest TA reflex was obtained after heel-off and initial
swing phase. During swing phase, TA EMG was 40.9% greater for the extended hip position (phase 6), compared with flexed hip position
(phase 8). The measured reflex moment of the hip joint was also modulated during gait phase. In order to characterize the neural contribution
of flexion reflex at the hip joint, we compared estimated moments consisted of the static and dynamic components with measured moment
of the hip joint. The mean static gains of reflex hip moments for swing and stance phase are -0.1, -0.8, respectively. The mean dynamic gains
of reflex hip moments are 0.25 for swing, 0.75 for stance phase. From this study, we postulate that the joint moment and muscle response of
flexion withdrawal reflex have the phase-dependent modulation and linear relationship with hip angle and angular velocity for swing phase

during Lokomat treadmill walking.
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| . INTRODUCTION

O ver the past thirty years, manual-assisted treadmill

training with body weight support has been used in
many research and rehabilitation settings to improve
locomotor function in individuals with spinal cord injury
(SCI) and stroke [1-3]. It is postulated that treadmill training is
a therapeutic paradigm that effectively activates afferent
receptors in the lower limb, generating the necessary sensory
feedback needed to train central pattern generators in the
spinal cord [4,5]. However, the primary limitation with
manual-assisted treadmill training with body weight support is
that a training session relies on several physical therapists to
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manually assist the patient’s leg movement and training
sessions tend to be short because of the physical demands on
the therapists.

To improve these limitations of manual-assisted treadmill
training, the Lokomat System, robot-assisted gait training
device, was developed recently [6]. This robotic gait training
system is a computer-controlled, exoskeletal device that is
secured to a person's legs while he or she is supported over a
motorized treadmill using a counterweight unloading system
similar to therapist-assisted treadmill training. The potential
advantages of using robotic devices in rehabilitation fields
include patient safety, repeatability, unlimited duration of
training and hands-free operation by a single therapist. The
Lokomat System also has advantages in respect to research
purpose for rehabilitation [7,8]: It will become possible to
measure different parameters of gait, change loading
condition for body weight support and the degree of assistance



of leg movements. This will facilitate investigation of the
influence of these parameters on the effects of training.

The swing phase of gait can be assisted with functional
electrical stimulation (FES) by using the flexion withdrawal
reflex [9-11]. The advantage of the flexion reflex is that it
provides balanced hip flexion that is difficult to attain with
stimulation of individual hip flexors. Therefore, nociceptive
flexor reflex has been used for producing or assisting the
swing phase of gait cycle in SCI patients through FES system.
The combined use of FES and treadmill training (with
Lokomat System) is a recent innovation, and it has been
shown to increase walking speed in people with SCI [12].
Clinically applied FES systems have been based on both
open-loop control through a trial-error approach and closed-
loop control to improve the performance of neuroprosthetic
devices. However, it is difficult to determine the optimal
stimulation pattern that is required to obtain the desired limb
motion because the human body consists of a complex
multi-joint system having highly nonlinear neuromuscular
properties [13].
studied the
identification of the input-output properties of electrically

For several decades, researchers have
stimulated muscle responses [14] and have developed
mathematical models for lower limb dynamics in paraplegic
patients [15,16]. Unfortunately, a mathematical model of the
flexion withdrawal reflex, which can play an important role in
producing flexion of lower limb during the swing-phase in
simple reciprocal ambulation of paraplegic persons, has not
been studied. Therefore, it is important to investigate the
relationship between hip conditions (position and angular
velocity) and the reflex response elicited by nociceptive
electrical stimulation of the foot in order to restore motor
function in patients with upper motor neuron lesions. In our
previous studies [17,18], we showed that the flexion reflex
elicited by nociceptive electrical stimulation of the foot was
modulated by the hip conditions (hip position and velocity) in
a supine position of subjects with SCI. The flexion reflex

Table 1. Clinical features of subjects
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might also be influenced by the subject’s body weight under
upright posture [19].

The aim of this study is to investigate the influence of hip
conditions on the flexor reflex elicited by nociceptive
electrical stimulation of the skin afferents of the foot in SCI
subjects during bodyweight supported treadmill walking with
Lokomat System. The joint moment responses of the hip and
the EMG (electromyogram) of the tibialis anterior (TA) were
measured in order to characterize the flexor reflex response
during gait cycle. The influence of hip position and movements
was identified using simultaneous electrical stimulation and
imposed movements of the leg using a motorized apparatus.

[I. METHODS

A. Subjects

Five subjects were recruited into this study through the
inpatient and outpatient physical therapy clinics of the
Rehabilitation Institute of Chicago. The patients included
were sensory and motor complete (American Spinal Injury
Association (ASIA) Scale A) or sensory and motor incomplete
(ASIA C, D) at levels ranging from C5 to C7, as summarized
in Table I. Subject consent was obtained and all procedures
were conducted in accordance with the Helsinki Declaration
of 1975 and approved by the Institutional Review Boards of
Northwestern University, Chicago, [llinois.

B. Experimental setup

The primary equipment used in this study was the Lokomat
System developed by Hocoma AG (Volkestswil, Switzerland).
This system consists of the Lokomat (robotic gait orthosis),
body weight support system and a treadmill (Woodway Inc.,
Waukesha, WI, USA) (Fig. 1).The Lokomat is composed of
high quality computer controlled drives with a precision ball
screw and a rotatable parallelogram structure that allows the
upward and downward movements of the body, but prevents
lateral balance problems. Two drives on each leg were moving

Subject Level of Injury ASIA Impairment Scale Age(years) Time post injury (years)!
A C5 C 37 4
B C5 C 27 2
C Cc7 A 33 1
D C5-6 D 42 8
E C6-7 D 35 13
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the hip and knee joints of the orthosis and consequently the
legs of the subject. The motors were controlled by a real time
system and synchronized with the speed of the treadmill, so
that the legs became moved by a normal physiological gait
pattern on the moving treadmill. This sensitive system assures
a precise match between the speed of the gait orthosis and the
treadmill. In this study, speed of gait was set between 2.0 and
2.5 km/h as determined by subject tolerance and comfort. The
amount of body-weight support provided was minimized to
allow maximum lower-extremity loading without evidence of
excessive knee flexion during stance or toe drag during swing.

In order to elicit the flexor reflex during Lokomat treadmill
walking, the electrical stimuli by constant current stimulator
(Model DS-7A, Digitimer Stimulator, Hertfordshire, UK)
were applied at the medial arch of the foot in one of the
following phases of the gait cycle: heel contact, foot flat, mid
stance, heel off; toe off, initial swing, mid swing, terminal
swing (Fig. 2). The electrical stimulus train consisted of a
50mA, 200-Hz pulse train composed of 10 monophasic pulses
(each pulse of 1-ms duration).

To measure the reflex activity of monoarticular flexor
muscle, surface electrode was applied to lightly abraded,
degreased skin over the muscle belly of the TA. The signal
was amplified (x 1,000) and filtered (10-500 Hz; Myosystem
1400A, Noraxon USA, Inc, Scottsdale, AZ). The interaction
forces exerted by the subject on the Lokomat were also
measured to identify reflexive joint moments using six
degrees of freedom load cells (JR3 Inc., Woodland, CA, USA)
mounted between the Lokomat and the leg cuffs attached to
the subject. The signals were sampling at 1,000 Hz using a
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Fig. 1. Experimental setup
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data acquisition card (PCI-6031E, National Instruments,
Austin, TX, USA). Custom Matlab software (Mathworks Inc.,
Natick, MA, USA) was used for controlling data acquisition
and electrical stimulation.

C. Data analysis

TA EMG was band-stop filtered at 57.5-62.5 Hz (8th order
Butterworth filter), rectified and smoothed using a low pass
filter (5 Hz, 8th order Butterworth filter). The rectified,
smoothed TA EMG data were integrated for each of the three
trials at each condition to obtain a measure of the EMG area
associated with the flexor reflex response. The muscle
activation (EMG) pattern for each stride was then time
normalized, expressed as a percentage of the total gait cycle
(e.g., 0-100%).

The standard leg attachment cuffs that come with the
Lokomat were modified to contain 6-degrees of freedom load
cells (JR3 Inc., Fig. 3(a)). The calibrated forces and moments
were obtained from multiplying the six by six calibration
matrix by the six-element output voltage vector (Eq. 1).

(A Ayg Ay Ayy Ags Al | Vi | | Load .y |
Agy Aoy Aoy Agy Asgs Asg| | Viey Loadpy
Agy Asg Asgg Ay Ags Age| | Vi _ Loadpy, 1)
Ay Agp Az Ay Ags Aug | | Viux Loadx
Ay Asy Asg Asy Ass Ase| | Viry Load,y
_A61 Agy Ags Ags Ags A66_ | Vsz _LoadMZ_

where, [A]=6 x 6 calibration matrix, [V]=output voltage
vector and [Load]=calibrated load vector.
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Fig. 2. The eight stimulation phase during the gait cycle
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Fig. 3. Calculation of joint torque from force sensor

In fig. 3(b), the horizontal and vertical distances of load cells

from each joint were used for calculating the joint moments of

subject (Eq. 2).

R,
M, _ M, HVio 0]||R @
Mknee 1112 00 HZ V2 R3

R,

where, H, V are horizontal and vertical distances from each
joint of subject; R, M are forces and moments from load cell.

The net reflex moments of the hip and knee joints induced
by foot stimulation during Lokomat treadmill walking can be
determined by subtracting passive hip and knee moments
without stimulation.

D. Identification of reflex moment using linear model

In our previous studies [17,18], we postulated that the hip
proprioceptors, including the hip joint afferents and hip
muscle afferents, converged with the cutaneous afferents from
the noxious foot stimulation onto common spinal neuronal
pathways to result in a flexion withdrawal reflex that was
modulated by hip joint angle and angular velocity. Therefore,
we assumed the reflex moment of the hip joint as combination
of linear model of hip angle (9,”-1,) and angular velocity

(0 hip)'

Mr,»efle:l: — B0—|— Bl G}Lip+ Bgéhip (3)

hip

where B,, B, are static and dynamic gains of reflex

moment of hip joint, respectively.

lll. RESULTS

A. Characteristics of TA EMG Response during Lokomat
Treadmill Walking

Fig. 4 shows a typical example of TA EMG response in each
of the eight stimulation phases during Lokomat treadmill
walking. The TA EMG activity was very small in the SCI
subjects during Lokomat treadmill walking without
stimulation of the foot. In contrast, a distinct flexor reflex after
stimulation of the foot appeared in the TA in this subject. Fig.
5 shows the integrated TA EMG of the flexor reflex for all

subjects. The TA reflex response was modulated during gait
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Fig. 4, Typical TA EMG activity of spinal cord injured patients during Lokomat
treadmill walking with foot stimulation (subject B)
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Fig. 5. Integrated TA EMG response induced by stimulation of the foot sole at
eight different phases of the gait cycle

phase and the largest reflex responses were obtained after
heel-off and initial swing phase. During swing phase, TA
EMG was 40.9% greater for the extended hip position (phase
6), compared with flexed hip position (phase 8). These data
support the conclusion that an extended hip posture increases
the reflex excitability of the flexor reflex.

B. Characteristics of Reflex Moment during Lokomat
Treadmill Walking

Fig. 6 shows a typical reflex moment of the hip joint at
stimulation phase 3 and hip moment without stimulation
during Lokomat treadmill walking. The net reflex moment
recorded after stimulation was subtracted from the response
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Fig. 6. Raw data of reflex moments at the hip during gait cycle at phase 3
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Fig. 7. Reflex hip moments at the hip during gait cycle.
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without stimulation. In Fig. 7 (a), reflex moment of the hip
joint was modulated during gait phase and the reflex hip
moment observed after heel-contact and during foot-flat was
larger than the responses after heel-off and during
swing-phase. Fig. 7 (b) shows the contributions of reflex hip
moment that is divided into static and dynamic components by
assuming the reflex moment as linear function of hip
conditions (hip position and hip angular velocity). The mean
static and dynamic contributions of the reflex hip moment
using linear model are shown in Fig. 8. The mean static gains
of reflex hip moments for swing and stance phase are -0.1,
-0.8, respectively. The mean dynamic gains of reflex hip

moments are 0.25 for swing, 0.75 for stance phase.

IV. DISCUSSION

Our study showed that the flexion reflex during Lokomat
treadmill walking was modulated in a phase-dependent
manner.

1) TA EMG response

TA EMG response was modulated during Lokomat
treadmill walking. Specifically, TA EMG was greater for the
extended hip position (phase 6), compared with flexed hip
position (phase 8) during swing phase. Our current
observations are consistent with the modulation pattern of the
flexion reflex in SCI subjects by hip positions, which is
facilitated during hip extension and depressed during hip
flexion [17,18]. In this study, flexion reflexes were facilitated
at the step cycle phases at which the hip was extended and
depressed when the hip was flexed as occurs during the
swing-to-stance transition. The nociceptive flexion reflex was
also modulated in a phase dependent manner in non-injured
subjects [20,21], similar to our observations.

2) Reflex moment response of the hip joint

The hip moment response was probably modulated by a
combination of differences in the neural drive and differences
in the muscle mechanics involving muscle length and moment
arm changes of the hip musculature during Lokomat treadmill
walking. For example, the difference between the muscle
length of the iliapsoas (a hip flexor) in the flexed and extended
positions was approximately 63 and 170% of the optimal fiber
length, respectively (based on biomechanical estimates using
SIMM, MusculoGraphics, Santa Rosa, CA, USA). Thus, the

Yongchul Kim

muscle force output would be modulated by the length-tension
properties of the hip muscles. The moment arms of the hip
muscles are also changed by hip posture. As a result, the hip
joint moments generated in the extended hip position might be
higher for the same amount of muscle activation. In addition, a
stretch reflex excitation of the hip flexors would also be
expected to increase the neural drive to the hip flexors in the
extended hip posture, further enhancing the neural excitation
of these muscles. Although the dependence of flexor reflexes
on hip position may reflect an effect of hip flexor afferents on
locomotion circuits, as observed in the cat, a central drive
from the locomotor generator is also likely to play a unique
role in the modulation of flexor reflexes during walking.
During walking in humans, the flexor reflex pattern evoked by
a painful cutaneous stimulus is modulated by the step cycle
[20,22].

V. CONCLUSION

We concluded that static and dynamic components from hip
proprioceptors enhanced the flexor reflex response during
Lokomat treadmill walking. The input-output model of
withdrawal reflex can be applied to the design and control
strategies of neuroprosthetic devices with functional electrical
stimulation for spinal cord injured patients.
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