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Abstract Mechanical changes underlying spastic hyper-
tonia were explored using a paralel cascade system
identification technique to evaluate the relative contribu-
tions of intrinsic and reflex mechanisms to dynamic an-
kle stiffness in healthy subjects (controls) and spastic,
spinal cord injured (SCI) patients. We examined the
modulation of the gain and dynamics of these compo-
nents with ankle angle for both passive and active condi-
tions. Four main findings emerged. First, intrinsic and
reflex stiffness dynamics were qualitatively similar in
SCI patients and controls. Intrinsic stiffness dynamics
were well modeled by a linear second-order model relat-
ing intrinsic torque to joint position, while reflex stiff-
ness dynamics were accurately described by a linear,
third-order system relating half-wave rectified velocity
to reflex torque. Differences between the two groups
were evident in the values of four parameters, the elastic
and viscous parameters for intrinsic stiffness and the
gain and first-order cut-off frequency for reflex stiffness.
Second, reflex stiffness was substantially increased in
SCI patients, where it generated as much as 40% of the
total torque variance, compared with controls, where re-
flex contributions never exceeded 7%. Third, differences
between SCI patients and controls depended strongly on
joint position, becoming larger as the ankle was dorsi-
flexed. At full plantarflexion, there was no difference be-
tween SCI and control subjects; in the mid-range, reflex
stiffness was abnormally high in SCI patients; at full
dorsiflexion, both reflex and intrinsic stiffness were
larger than normal. Fourth, differences between SCI and
control subjects were smaller during the active than the
passive condition, because intrinsic stiffness increased
more in controls than SCI subjects; nevertheless, reflex
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gain remained abnormally high in SCI patients. These
results elucidate the nature and origins of the mechanical
abnormalities associated with hypertonia and provide a
better understanding of its functional and clinical impli-
cations.
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Introduction

Spasticity is a motor disorder associated with lesions at
different levels of the nervous system due to traumatic in-
jury, multiple sclerosis, cerebral palsy, or stroke (Sehgal
and McGuire 1998). Clinical symptoms are diverse; they
include hypertonia, autonomic hyperreflexia, flexor or
adductor spasms, clonus, Babinski’s sign, the clasp-knife
phenomena, loss of sensory function, and dyssynergic
patterns of contraction (Katz and Rymer 1989; Crozier
et al. 1991; Calancie et al. 1993; Waters et a. 1994;
Jamshidi and Smith 1996; Perell et a. 1996; Lamontagne
et a. 1998; Sehgal and McGuire 1998). There are aso
performance deficits such as loss of dexterity, paresis,
and fatigability (Rymer and Power 1987; Katz and Rymer
1989; Lehmann et a. 1989; Gerhart et al. 1993; Little
et a. 1994; Levi et a. 1996; Needham-Shropshire et al.
1997; Thomas et al. 1997, 1998; Drolet et al. 1999).
Nevertheless, hypertonia, an abnormal increase in muscle
tone, is regarded as the defining feature of spasticity
(Lance 1980), having both diagnostic and therapeutic
significance (Katz and Rymer 1989).

Muscle tone is characterized subjectively as “the
sensation of resistance felt as one manipulates a joint
through a range of motion, with the subject attempting to
relax” (Lance and McLeod 1981). Quantitative, objec-
tive evaluation of muscle tone remains difficult, since
there is as yet no universally accepted means of measur-
ing it (Berardelli et al. 1983; Verrier et al. 1984; Capaday
and Stein 1987; Berger et a. 1988; Powers et al. 1988;
Lehmann et al. 1989; Dietz et al. 1991; Katz et al. 1992;



Sinkjaer et a. 1993; Toft et al. 1993; Sinkjaer and
Magnussen 1994; Engsberg et al. 1996; Wolf et al.
1996). One approach is to measure the torques evoked
by perturbing joint position (Lee et al. 1987; Powers
et al. 1988, 1989; Dietz et al. 1991; lbrahim et al. 1993;
Sinkjaer et al. 1993; Sinkjaer and Magnussen 1994). In
the passive condition, when subjects are relaxed, thereis
general agreement that torque responses are greater in
spastic subjects than normals (Powers et a. 1988;
Ibrahim et a. 1993). The picture is less clear during the
active condition, when subjects maintain a voluntary
contraction. Some reports indicate that torques are in-
creased (Sinkjaer et al. 1993; Sinkjaer and Magnussen
1994), while others show the spastic responses are un-
changed or even decreased compared with those of
healthy subjects (Powers et al. 1988; Dietz et al. 1991;
Ibrahim et al. 1993). Another approach to the assessment
of hypertonia is to measure the mechanical properties of
the spastic joint in terms of its overall stiffness (Rack
et a. 1984; Lee et a. 1987; Powers et al. 1988; Lehmann
et al. 1989; Price et a. 1991; Meinders et al. 1996) or
compliance (Gottlieb et al. 1978). Once again, there is
no consensus; some report that stiffness is increased in
spasticity (Gottlieb et al. 1978; Lehmann et al. 1989;
Price et al. 1991), while others find no significant differ-
ence from normals (Rack et al. 1984; Lee et a. 1987,
Powers et al. 1988; Meinders et al. 1996).

The origin of the mechanical abnormalities associated
with spasticity also remains controversial. One hypothe-
sis is that they are due to hyperactive stretch reflexes,
since tendon jerks and reflex electromyograms (EMGs)
are increased in spasticity (Corcos et a. 1986; Eisen
1987; Lee et al. 1987; Powers et al. 1988, 1989; Fellows
et a. 1989; Thilmann et al. 1990, 1991). An alternative
hypothesis is that the mechanical abnormalities result
from changes in the intrinsic mechanical properties of
spastic muscles and/or passive tissues secondary to a
lesion (Berger et al. 1982; Hufschmidt and Mauritz
1985; Dietz et al. 1991; Ibrahim et al. 1993; Sinkjaer
et al. 1993; Sinkjaer and Magnussen 1994). This view is
supported by observations suggesting that reflex torques
are not increased in spasticity (Dietz et al. 1981, 1986,
1991; Berger et al. 1982, 1988; Dietz and Berger 1983;
Ibrahim et al. 1993).

The present study was designed to address two issues
regarding spastic hypertonia: (1) What is the nature of the
mechanical changes associated with spastic hypertonia?
(2) What are the relative contributions of intrinsic and re-
flex mechanisms to these mechanical changes? We used
system identification techniques to measure ankle dynam-
ic stiffness at different positions through the range of
motion (ROM), for passive and active conditions, in both
spastic, spinal cord injured (SCI) and healthy (control)
subjects. Important factors of this study were: (1) the me-
chanical properties of the joint were fully described in
terms of its dynamic stiffness at operating points through
the normal range of motion, and (2) the relative contribu-
tions of intrinsic and reflex stiffness were distinguished
using a parallel-cascade identification technique.
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Our results demonstrate that: (1) overall joint stiffness
was substantially greater in SCI subjects than in con-
trols; (2) both intrinsic and reflex mechanical responses
were significantly increased in SCI patients, but the ma-
jor mechanical abnormality arose from increased reflex
stiffness; and (3) the relative contributions of reflex and
intrinsic changes were strongly dependent on position
and condition. Aspects of this work have been presented
at several conferences (Mirbagheri et al. 1998a, 1998b).

Methods

Subjects

Nine (five women, four men) SCI patients were examined. All
SCI subjects had: (1) clinically evident spasticity, associated with
traumatic spinal cord injury with incomplete motor function loss,
(2) enough retained voluntary control to generate contractions in
the ankle muscle, and (3) long-term spasticity of at least 2 years
duration. Table 1 provides details for each SCI subject. The time
between the injury and the start of experiment varied from 2.3 to
13 years. Thelevel of the lesion ranged from the fifth cervical ver-
tebra (C5) to the first lumbar vertebra (L1). The cause of injury
was motor vehicle accident (MVA) in eight subjects and afal in
one subject. Ten healthy subjects (five women,five men) with a
mean age of 26.5+3 years and no history of neuromuscular disease
served as controls. All subjects gave informed consent to the ex-
perimental procedures, which had been reviewed and approved by
McGill University’s Research Ethics Board.

Clinical assessment

SCI subjects were evaluated clinically prior to each experiment
using: (1) the modified 5-point Ashworth scale (Ashworth 1964;
Bohannon and Smith 1987) to assess muscle tone, and (2) the
Fugel-Meyer scale (Fugl-Meyer et a. 1975; Fugl-Meyer 1976) to
assess function. These scales are the most common clinical assess-
ment methods. To avoid interexaminer variability, the first author
performed all evaluations.

In SCI subjects with incomplete motor function loss, the left
and right sides are often affected differently. Consequently, both
sides of the SCI subjects were assessed, and we examined the side
with the highest modified Ashworth scale and lowest maximum
voluntary contraction (MVC) both conditions always occurred on
the same side.

Apparatus

The apparatus has been described previously in detail (Mirbagheri
et al. 2000). In brief, subjects lay supine with their foot attached to
the pedal of an actuator by a custom-fitted, fiber glass boot. The
knee was held fully extended by sandbags and a knee strap. Joint
position and torque were measured with a precision potentiometer
and torque transducer, mounted in the actuator. A 90° angle be-
tween shank and foot was considered to be the neutral position
and defined as zero. Displacements in the dorsiflexing direction
were taken as positive and those in the plantarflexing direction as
negative. Torque was assighed a polarity consistent with the direc-
tion of movement it would generate (e.g., a plantarflexing torque
was taken as negative).

EMGs were recorded from the lateral head of the gastrocne-
mius (GS) and the belly of the tibialis anterior (TA) using bipolar
surface electrodes placed paralel to the muscle fiber direction,
with an interelectrode distance of 1 cm. The reference electrode
was attached over the patella. Position, torque, and EMGs were
filtered at 200 Hz to prevent aliasing, and sampled at 1 kHz.
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Table 1 Characteristics of spastic, spina cord injured (SCI) sub-
jects. (Age Age at time of examination, Duration duration of inju-
ry prior to examination, Level spinal cord level of injury, Etiology
cause of injury, MVA motor vehicle accident, PF MVC maximum
voluntary contraction in plantarflexion, DF MVC maximum vol-

untary contraction in dorsiflexion, Max DF greatest dorsiflexing
position examined, Ashworth modified Ashworth scale, clinical
assessment of muscle tone, Fugl-Meyer Fugl-Meyer scale value,
clinical assessment of function, NM MV Cs not measured owing to
spasms)

Subjects Age Duration Level Etiology PFMVC DFMVC Max DF Ashworth  Fugl-Meyer
(years) (years) (Nm) (Nm) (rad)

BA 45 3 C4-5 MVA —43 24 0.24 1 32

DF 37 35 T1-2 MVA -15 19 0.24 4 33

FF 43 2.3 T5-6 Fall -50 30 0.24 2 32

FG 49 3.7 C5-6 MVA 46 8 0.16 1 23

MS 28 8.8 C6 MVA -36 1 0.24 4 18

MF 40 29 C3-4 MVA —-61 30 0.24 3 31

PO 22 6 C7-T1 MVA -38 7 0.24 4 31

SC 46 13 C4-5 MVA NM NM 0.00 3 30

SM 25 4.3 C5-6 MVA 24 5 0.16 3 27

Mean 37.2 5.5 -39.1 155 0.20 2.8 28.6

SD 10.6 3.7 14.5 11.7 0.08 12 5.0

SE 0.3 0.67 0.36 0.75 0.41 0.43 0.18

Procedures Following each trial, the torque and EMG signals were exam-

Actuator dynamic response

The electrohydraulic actuator was operated as a position control
servo driving ankle position to follow a command input. The actu-
ator’s dynamic response and torque capabilities were much greater
than those of the subject’s ankle, so that the overall response was
flat to more than 80 Hz and the position change was essentially in-
dependent of the subject’s response.

Pseudorandom binary sequence trials

To identify overal stiffness properties and separate the reflex and
intrinsic components, we used pseudorandom binary sequence
(PRBS) position inputs with amplitude of 0.03 rad and a switching
rate of 150 ms (see Fig. 2). These perturbations (1) had a mean
velocity low enough to avoid attenuating reflex responses overly,
(2) contained power over a wide enough bandwidth to identify
the dynamics, and (3) were tolerated well by the SCI subjects
(Mirbagheri et al. 1997a).

Pulsetrials

Pulse trials were applied to the ankle before and after each PRBS
trial as described by Mirbagheri et al. (2000) to control for chang-
es in the subject’s “state”. Each pulse trial comprised five pulses
with an amplitude of 0.03 rad and pulse-width of 40 ms. Pulses
were applied with a minimum interpulse interval of 5 s. EMGs
from TA and GS and torque were recorded, ensemble-averaged,
and compared. Amplitude changes of the reflex EMG or torque
responses greater than 20% were taken as evidence of a change
in the subject’s state, due to fatigue or other factors, and data for
the corresponding PRBS trial were discarded. This occurred very
rarely; in most experiments no trials were discarded.

Conditions

Trials were conducted at ankle positions from full plantarflexion
(PF; —0.48 rad) to near maximum dorsiflexion (DF; +0.24 rad), at
0.08 rad intervals. Each position was examined under both the (1)
passive condition, where subjects were instructed to remain
relaxed, and (2) active condition, where subjects maintained a
tonic PF contraction of -5 Nm, aided by visual feedback of ankle
torque.

ined for evidence of nonstationarities or coactivation of TA. If
there was evidence of either, the data were discarded and the trial
was repeated.

Analysis procedures
Parallel cascade identification technique

Reflex and intrinsic contributions to ankle dynamic stiffness were
identified using a parallel cascade technique, described in detail
previously (Kearney et a. 1997; Mirbagheri et a. 2000). Briefly,
the method proceeded as shown in Fig. 1:

1. Reflex EMG dynamics were estimated in terms of a linear im-
pulse response function (VGSgg) relating half-wave rectified
velocity EMG to EMG. The latency of this IRF was used to es-
timate the conduction delay associated with the reflex pathway.

2. Intrinsic stiffness dynamics, shown in the top pathway, were
estimated in terms of a linear impulse response function
(PTQ,rp) relating position and torque. The length of PTQ,ge
was limited to that of the reflex delay (~40 ms) to prevent con-
tamination by reflex effects.

3. Reflex tiffness dynamics, shown in the bottom pathway, were
estimated in terms of a parallel cascade pathway comprising a
differentiator (s), a static nonlinearity (N), and a linear impulse
response function (VTQge). The static nonlinearity, which
closely resembled a half-wave rectifier, was normalized so that
the entire linear gain in the pathway was assigned to VTQ,ge.

4. Theintrinsic and reflex stiffness |RFs were convolved with the
experimental input to predict the intrinsic and reflex torques,
respectively.

Note that the method characterizes the relation between position
and torque and does not attempt to predict torque from EMG,;
EMG is used only to estimate the reflex delay.

Intrinsic compliance

The dynamic inverse of the intrinsic stiffness dynamics (PTQ,g)
was computed to give the intrinsic compliance (TQPgg). The
Levenberg-Marquardt nonlinear least-square fit algorithm (Press
et al. 1985) was then used to find the parameter set that minimized
the mean squared-error between TQP g and the impulse response
of the second-order system:

P(s) 1

TQP[RF (S) = TQl (S) = 152+BS+K (1)




Fig. 1 The parallel cascade
structure used to identify intrin-
sic and reflex stiffness. Experi-
mental data include the posi-
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where P isjoint angle, TQ isintrinsic torque, | isinertial parame-
ter, B is viscous parameter, K is elastic parameter, and sis Laplace
variable.

Note that the intrinsic elastic parameter K also corresponds to
the steady-state gain of the intrinsic stiffness. Typical compliance
IRFs and their corresponding second-order fits are shown in the
top row of Fig. 3.

Reflex stiffness

Parameters of the reflex stiffness impulse response function
(VTQ,gp) Were found by fitting the third-order model (Mirbagheri
et a. 1995);

VTQurr (s) = %;(;)

Gszp (2)

—ST

e
(52 +2Ewys +03) (s+ p)

where TQg isreflex torque, V isjoint angular velocity, Gy is reflex
gain, w, is second-order natural frequency, § is damping parame-
ter, p is first-order cut-off frequency, T is reflex delay, and s is
Laplace variable.

Typical reflex stiffness IRFs and their corresponding 3rd-order
fits are shown in the top row of Fig. 4.

Statistical analysis

Comparisons between groups and conditions were done using
standard t-test procedures. Only results with P values |ess than 5%
(P<0.05) were considered to be significant.

Results
Experimental data
Figure 2 shows segments of experimental trials for typi-

cal SCI (left panel) and control (right panel) subjects at
the neutral position for the active condition (-5 Nm plan-

L EMG r

i

VGS 1rr

tarflexing contraction). The position inputs (Fig. 2, top
row) were almost identical in both cases; the PRBS in-
puts had a peak-to-peak amplitude of 0.03 rad and a
switching interval of 150 ms. The EMG (Fig. 2, second
row) and torque (third row) responses were much larger
for the SCI than the control subject but were qualitative-
ly similar. Thus, the GS EMG (Fig. 2, second row), dis-
played a characteristic, unidirectional rate-sensitive be-
havior in both subjects. a short-latency burst of EMG
followed each movement in the dorsiflexing (positive)
direction; equivalent movements in the opposite direc-
tion evoked no response. However, the peak EMG of the
SCI subject (Fig. 2c) was more than 10 times that of the
control subject (Fig. 2d). Similarly, both torque respons-
es comprised two distinct components: (1) a symmetric
variation correlated with the ankle position and its deriv-
atives with no significant delay, probably representing
the contribution of intrinsic mechanics; and (2) a tran-
sient, twitch-like increase in torque associated with dor-
siflexing displacements only, which we have previously
shown to be due to reflex mechanisms (Stein and Kear-
ney 1995). These two components are seen more clearly
in the bottom row of Fig. 2, where segments of the
torque records are shown on an expanded time scale with
the reflex components shaded. The SCI reflex torque
was more than four times larger than that of the control
subject.

Figure 3 summarizes the intrinsic stiffness analysis of
the Fig. 2 data. The dashed curves in the top row are the
intrinsic compliance |RFs estimated for the SCI (Fig. 3a)
and control (Fig. 3b) subjects. These were similar in
shape and magnitude, although the SCI IRF appeared to
be more heavily damped, since its oscillation died out
more rapidly. Second-order fits to these compliance
IRFs, shown by the superimposed solid curves, were
very good. In both cases, the variance accounted for
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Fig. 2a-h Five-second segments from typical sequence trialsfor a
spastic spinal cord-injured (SCI; left panel) and a control (right
panel) subject. (Neutral position, active condition) a, b Position
(P); ¢, d reflex EMG (EMGg); e, f torque (TQ); g, h a segment of
the torque record between dashed lines on an expanded scale. The
reflex component of the response is shaded. Plantarflexing dis-
placements and torques are taken as positive

(VAFg 1) was greater than 92%, as was typical of all our
data; VAFg for the compliance |RF was always grester
than 90%. The intrinsic torques predicted by these IRFs,
shown in Fig. 3c and d, were comparable in magnitude
and waveform, suggesting that the differences in IRF
shapes had little effect on the torque responses evoked
by our perturbations.

The reflex stiffness analysis for the same data is sum-
marized in Fig. 4. The reflex stiffness IRFs estimated for
the spastic (Fig. 4a) and control (Fig. 4b) subjects are
shown as dashed lines. Third-order model fits to these
reflex stiffness IRFs were very good, as indicated by the
superimposed solid curves. These fits were always very
good, never accounting for less than 85% of the vari-
ance. The amplitude of reflex stiffness IRF for the SCI
subject (Fig. 4a) was 4 times that of the control subject
(Fig. 4b). In addition, the duration of the SCI reflex stiff-
ness IRF (600 ms), defined as the time taken to decay to

SCI CONTROL

INTRINSIC COMPLIANCE IRF (TQ \Re)

0.2 E

rad/Nm

o] 0.1 0.2 0.3 0 0.1 02 0.3
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Fig. 3a—d Typical intrinsic dynamics and predicted torques esti-
mated for the SCI (left panel) and control (right panel; data from
Fig. 2). a, b Intrinsic compliance (TQP,ze); the dashed curve is the
nonparametric IRF, the solid curve is the parametric fit; ¢, d pre-
dicted intrinsic torque

10% of the peak amplitude, was amost twice that of the
control (350 ms). The reflex torques predicted by these
IRFs reflected these differences; the peak-to-peak torque
of the SCI subject in Fig. 4c (~6 Nm) was 4 times that of
the control subject in Fig. 4d (~1.5 Nm).

Stiffness during the passive condition

Figure 5 shows the group means and standard errors of
intrinsic and reflex stiffness parameters for the passive
condition. The narrow standard error bars demonstrate
that the overall behavior was very consistent for both
groups.

The intrinsic stiffness gain (K; Fig. 5a) and viscous
parameter (Fig. bb) were always larger for SCI patients
than controls, and the differences increased as the ankle
was dorsiflexed. Positions where these differences were



SCI CONTROL

REFLEX STIFFNESS IRF (VTQ )

Nm.s/rad

-100 -100F 1

—200 -200 b

0 0.2 0.4 0.6 0 0.2 0.4 0.6

PREDICTED REFLEX TORQUE
T T T T T T T T

Cc D

Nm

—4 4} -

_8 1 1 1 1 _8 1 1 1 i
0 1 2 3 4 5 0 1 2 3 4 5

Time (s) Time (s)

Fig. 4a—d Typical reflex dynamics and predicted torques for
the SCI (left panel) and control (right panel). (Data from Fig. 2).
a, b Reflex dynamic stiffness (VTQ,ge); the dashed curve is the
nonparametric IRF estimate, the superimposed solid curve is the
parametric fit; ¢, d predicted reflex torque

statistically significant (P<0.03) are denoted by aster-
isks. K and B increased with ankle dorsiflexion for
both groups, as reported previously for control subjects
(Mirbagheri et al. 2000). As expected, the inertia
(I; Fig. 5¢) parameter was similar in both groups (P>0.3)
and was independent of position.

Reflex stiffness gain (Gg; Fig. 5d) was larger for SCI
patients than for controls at most positions; the differ-
ence increased as the ankle was dorsiflexed and was sta-
tistically significant (P<0.02) for al positions greater
than —0.25 rad. There was no significant difference be-
tween the mean values of the other three parameters
(P>0.3), as shown in Fig. 5e—g. Position dependence
was similar in both groups. Reflex stiffness gain in-
creased dramatically as the ankle was dorsiflexed, with
changes being larger in the SCI patients than controls.
The damping parameter (§; Fig. 5€) did not change
systematically, the second-order natural frequency
(w,, Fig. 5f) decreased, and the first-order frequency
(p; Fig. 50) increased. Thus, for the passive condition,
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Fig. 5a—g Position dependence of intrinsic and reflex stiffness
for SCI and control subjects as functions of position (group
means, passive condition). a Intrinsic stiffness gain (K); b intrinsic
stiffness viscous parameter(B); ¢ inertia (I); d reflex stiffness
gain (Gg); e damping parameter (§); f the second-order natural
frequency (w,); g the first-order frequency (p). Error barsindicate
+1 SEM. Asterisks represent points where differences between
SCI patients and controls are statistically significant (P<0.05).
(PF plantarflexion, NP neutral position, 90°, DF dorsiflexion)

both intrinsic and reflex stiffness were significantly
enhanced in the SCI patients, especially at dorsiflexed
positions.

Stiffness during the active condition

Figure 6 shows the group means and standard errors of
intrinsic and reflex stiffness parameters for the active
condition, where subjects maintained a -5 Nm plantar-
flexing voluntary contraction. K was similar in both
groups (Fig. 6a, P>0.1) for al positions. Whereas, B was
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Fig. 6a—g Position dependence of intrinsic and reflex stiffness for
SCI and control subjects as functions of position (group means,
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viscous parameter (B); c inertia (1); d reflex stiffness gain (Gg);
e damping parameter (§); f the second-order natural frequency
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significantly greater for SCI patients than controls
(P<0.05) and the difference increased with dorsiflexion
(Fig. 6b). | was similar in both groups (P>0.25) and in-
dependent of position (Fig. 6¢).

As for the passive case, the reflex gain (Gg) was sig-
nificantly larger in the SCI patients than the controls
(Fig. 6d; P<0.01), while § (Fig. 6e) and w,, (Fig. 6f) were
similar for both groups (P>0.2). The major difference
from the passive condition was that the first-order cutoff,
p, was substantially smaller in the SCI group (Fig. 6g;
P<0.05) for plantarflexed positions. Position dependence
of reflex stiffness parameters was similar to that for the
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Fig. 7a—f Position dependence of torque variances for the SCI
and control subjects (group means for the passive — left column —
and active conditions — right column). a, b Total torque variance;
¢, d intrinsic torque variance; e, f reflex torque variance. Error
bars represent +1 SEM. Asterisks represent points where differ-
ences between SCI patients and controls are statistically signifi-
cant (P<0.05). (PF plantarflexion, DF dorsiflexion)

passive condition. Thus, for the active condition, reflex
stiffness was significantly larger for SCI patients, while
intrinsic stiffness was similar.

Intrinsic and reflex torque: absolute contributions

The preceding results demonstrate that the gain and dy-
namics of both intrinsic and reflex stiffness vary strongly
with position and condition. The mechanical conse-
guences of these changes are difficult to predict, since
they will depend on the amplitude and frequency of the
position input as well as the nonlinearity in the reflex
pathway. To examine the mechanical consequences of
these changes quantitatively, we computed the variance
of the ankle torque as well as the predicted intrinsic and
reflex torques as functions of position. Figure 7 summa-



rizes these results for both passive and active conditions.
Three major points are apparent:

1. Total torque variance, shown in the top row, was sig-
nificantly larger for SCI patients than for controls un-
der both passive (Fig. 7a) and active (Fig. 7b) condi-
tions (P<0.05); the difference increased as the ankle
was dorsiflexed.

2. Intrinsic torque variance was significantly greater in
SCI patients at the most dorsiflexed positions (more
than 0.1 rad, P<0.03) for the passive condition as
shown in Fig. 7c. For the active condition (Fig. 7d),
there was no significant different between SCI and
control subjects.

3. Reflex torque variance was substantially larger in the
SCI patients than the controls at all positions from
mid-plantarflexion to full dorsiflexion (P<0.05) for
both passive (Fig. 7€) and active (Fig. 7f) conditions.
Reflex torque variance was maximal between the zero
(neutral) position and full dorsiflexion.

Intrinsic and reflex torque: relative contributions

Figure 7 describes the absolute contributions made by
the intrinsic and reflex mechanisms to total torque vari-
ance. To assess their relative importance, we computed
the ratio of the reflex torque variance to total torque vari-
ance. Figure 8 shows the relative reflex contribution as a
function of position for both passive (Fig. 8a) and active
conditions (Fig. 8b). Intrinsic contributions were com-
plementary.
Three important points are evident:

1. Reflex torques were much larger relatively in the SCI
patients than the controls at all positions for both con-
ditions. The differences were significant for all posi-
tions from —0.25 rad through full dorsiflexion. The
maximum reflex torque contribution was 40% for SCI
patients, while it never exceeded 7% for controls
(Fig. 8a).

2. The maximum relative reflex contribution occurred
closer to the neutral position, that is, at a more plan-
tarflexed position, than the maximum absolute contri-
bution (Fig. 8e, f). This probably occurred because
the intrinsic stiffness, K, increased with position more
rapidly than did the reflex stiffness gain, Gg.

3. The relative reflex contribution was somewhat small-
er for the active condition than the passive condition
at corresponding positions. This reflects the observa-
tion that the reflex gain was almost the same for both
conditions while the intrinsic gain increased from the
active to passive condition.

Correlations with clinical evaluation
We looked for correlations between our objective mea-

sures of dynamic joint stiffness and clinical assessments.
We examined the data from each position and the active
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Table 2 Correlation coefficients (r) between stiffness parameters
and clinical measures at neutral position (90°) under the passive
condition. (K Intrinsic stiffness gain, Gy reflex stiffness gain,
Ashworth modified Ashworth scale value, clinical assessment of
muscle tone, Fugl-Meyer Fugl-Meyer scale value, clinical assess-
ment of function)

K Gy
Ashworth 0.20 -0.21
Fugl-Meyer 0.34 -0.24

and the passive conditions separately but were unable to
detect any significant correlation. Table 2 shows the re-
sults of the correlation analysis for one data set. These
were acquired for the passive condition at the neutral po-
sition where the relative reflex contribution was maximal
and differences between SCI and controls might be ex-
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pected to be most evident. However, even for this case,
there were no significant correlations between our quan-
titative measures of joint mechanics (K and Gg) and the
clinical measures (modified Ashworth and Fugl-Meyer
scales).

Discussion
Summary of results

We used a nonlinear, system-identification technique to
examine the mechanical changes associated with spastic-
ity in the ankle joint of SCI subjects. We believe these
results provide the most comprehensive description of
the mechanical abnormalities associated with spasticity
to date because: (1) the mechanical behavior of the joint
was described in terms of its dynamic stiffness at each
operating point, (2) intrinsic and reflex stiffness were
separated, simultaneously, using a parallel cascade iden-
tification technique, (3) the mechanical properties were
examined over most of the range of motion, for both pas-
sive and active conditions, and (4) a homogenous group
of SCI subjects was examined and compared with a con-
trol group.

The results of this study provide a number of new in-
sights into spastic hypertonia:

1. Firgt, there is no qualitative difference between joint
stiffness and its components between SCI and control
subjects. The same model structure worked equally
well for both groups. Differences between the two
groups were restricted to four parameters, two (K and
B) related to intrinsic stiffness and two (Gg and p) re-
lated to reflex stiffness.

2. Secondly, the abnormalities in SCI joint stiffness, and
itsintrinsic and reflex components, vary with position
over the range of motion. When the ankle was fully
plantarflexed, there was no difference between the
overal joint stiffness of SCI and control subjects. In
the midrange (-0.2 to 0.2 rad), overal joint stiffness
was larger in SCI patients, primarily due to abnormal-
ly high reflex stiffness. At full dorsiflexion, increased
intrinsic stiffness also contributed to the larger overall
stiffness in SCI patients. Thus questions about the na-
ture and origin of hypertonia may have quite different
answers depending upon where in the range of motion
tests are made.

3. Finaly, it demonstrates that differences between the
stiffness of SCI and control subjects are smaller dur-
ing the active than the passive condition. However,
this does not result from a decrease in SCI reflex
gain; it either increases or stays the same. Rather, it
results from a larger increase in the intrinsic stiffness
in controls than SCI patients. These findings do not
support the hypotheses that (1) spastic reflexes are
hyperexcitable for the passive condition but are nor-
mal or suppressed for the active condition (Cody et al.
1987; Berger et al. 1988; Dietz et al. 1991; |brahim

et a. 1993; Sinkjaer et a. 1993; Sinkjaer and
Magnussen 1994), and (2) active, spastic muscles
generate more torque or stiffness in response to
stretch than normals (Dietz and Berger 1983, Dietz
et al. 1991; Lee et a. 1987; Ibrahim et al. 1993;
Sinkjaer et a. 1993; Sinkjaer and Magnussen 1994).

Taken together, these results provide a better understand-
ing of the nature and origin of the mechanical abnormali-
ties associated with hypertonia. The strong dependence
on operating point we have documented can be expected
to have important functional and clinical implications
and may explain some conflicting results in the litera-
ture. These ideas will be discussed in more detail in the
following sections.

Methodological issues

The nature and origin of mechanical abnormalities asso-
ciated with spastic hypertonia are still controversial, de-
spite being the subject of numerous studies. Our results
demonstrate that overall dynamic stiffnessisincreased in
spasticity and that these dynamics incorporate a strong,
nonlinear, velocity-dependent component. These find-
ings have significant implications for the interpretation
of previous studies. In particular, Lee et a. (1987) have
characterized stiffness by applying torque steps and mea-
suring the resulting static position change. This approach
would provide an estimate of the intrinsic elastic stiff-
ness but would not detect velocity-dependent compo-
nents such as intrinsic viscosity or reflex stiffness that
our results indicate make major contributions to overall
stiffness.

Our results are also relevant to studies using linear
analysis methods. In some cases sinusoidal inputs were
applied and Fourier analysis was used to extract the
component of the output at the input frequency and all
other components discarded (Rack et al. 1984; Lehmann
et al. 1989; Price et a. 1991; Meinders et al. 1996). This
analysis procedure explicitly eliminates nonlinear contri-
butions to joint dynamic stiffness; according to our re-
sults, this would ignore almost al of the reflex torque.
Other studies have used an indirect analysis to relate the
“pathlength” of the Nyquist diagram to reflex stiffness
(Rack et al. 1984; Lehmann et al. 1989; Price et al. 1991,
Meinders et a. 1996). This method was based on a sim-
plified mathematical model that assumed linearity. Our
results indicate that reflex stiffness is strongly nonlinear
even for small perturbations about an operating point.
Conseguently, the pathlength approach is likely to pro-
vide heavily biased estimates of reflex contributions to
overall stiffness

Our parallel cascade identification technique estimat-
ed intrinsic and reflex stiffness simultaneously for each
experimental trial. This represents a magjor advantage
over studies that estimated reflex contributions by com-
paring mechanical responses or properties before and
after eliminating reflexes using electrical stimulation



(Sinkjaer et a. 1993; Sinkjaer and Magnussen 1994)
or nerve block (Herman and Schaumburg 1968; Huf-
schmidt and Mauritz 1985; Lehmann et a. 1989). As we
have discussed in detail previously (Mirbagheri et a.
2000), these approaches are lengthy and risk over- or
underestimating reflex contributions because of changes
in the intrinsic properties associated with eliminating the
reflex responses (Lehmann et al. 1989; Mirbagheri et al.
2000).

Our findings demonstrate that intrinsic and reflex
mechanisms were both strongly dependent on position
and condition. These strong operating point dependen-
cies could well explain conflicting reports in the litera-
ture. For example, according to our results, measures
which reflect intrinsic elasticity (Lee et al. 1987) would
detect differences between spastic patients and controls
during the passive condition but not during the active
condition. Similarly, the magnitudes of differences
would be very dependent on the position of the joint;
they are large at dorsiflexion and small at plantarflexion.

Limitations

The identification methods used in this study provide a
dynamic description of the joint stiffness at particular
operating points throughout the subject’s range of mo-
tion. However, these models do not provide a compre-
hensive description of joint mechanics, since there are a
variety of nonlinear effects it does not account for (see
Discussion by Stein and Kearney, 1995). As a result, the
model changes with the operating point defined by mean
position, level of activation, perturbation amplitude and
avariety of other parameters. Two effects are particular-
ly noteworthy.

First, the changes in parameters with joint position
are of particular importance, since they demonstrate that
there is an important position-dependent nonlinearity not
yet characterized. Our results describe the behavior at
each operating point but not what happens during the
transition between operating points. Consequently, these
models cannot be used to predict the response to large
displacements, such as the ramp displacements used by
Rymer’s group (Powers et a. 1988), which involve
movements between operating points. Our models do,
however, provide a convenient, concise summary of how
stiffness changes with position in the steady state.

Secondly, it must be recognized that random perturba-
tions will themselves influence the system. We have pre-
viously demonstrated that the intrinsic dynamics are not
changed by ongoing random perturbations but that reflex
stiffness decreases as the average velocity of the pertur-
bation increases (Stein and Kearney 1995; Kearney et al.
1997). We controlled for these effects in these experi-
ments by selecting a set of perturbation parameters that
does not unduly attenuate the reflex response and using
the same stimulus throughout. In view of the evidence
that the stretch reflex gain is lower during movement
than rest and modulated systematically throughout cyclic
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activities (see Brooke et a. 1997), it now appears that
any experimental involving ongoing perturbations or
movements must account for these effects.

Intrinsic stiffness

We found that, for the passive condition, the intrinsic
stiffness gain and viscous parameter were larger in SCI
patients than controls (Fig. 5a) and that as a result intrin-
sic torques were larger (Fig. 7c). This conclusion con-
trasts with that of Meinders et al. (1996), who found no
change in intrinsic stiffness. The different conclusions
probably arise because Meinder et al. studied only a nar-
row range of positions near the neutral position, where
our results indicate differences between intrinsic stiff-
ness of SCI patients and controls are small.

The increased intrinsic stiffness in SCI subjects, par-
ticularly at dorsiflexion for the passive condition, could
be due to the accumulation of connective tissues in atro-
phic muscle secondary to the lesions (Katz and Rymer
1989; Sinkjaer and Magnussen 1994). In addition, per-
sistent positional deformity often found in SCI subjects
may result in changes in the length of muscle fibers and
passive tissues (Herman and Schaumburg 1968; William
and Goldspink 1978; Tardieu et al. 1982; Hufschmidt
and Mauritz 1985; Katz and Rymer 1989; Thilmann
et a. 1991).

Reflex stiffness

Our results demonstrate that reflex stiffness gain was
substantially larger in SCI patients than in controls at
most operating points; in some cases by as much as a
factor of 7. The differences were:

1. Greatest at dorsiflexed positions where reflex stiff-
ness was largest for both groups

2. Mirrored by changes in reflex torque variance indicat-
ing that the changes in reflex gain have substantial
mechanical consequences

3. Large enough to significantly change the relative con-
tribution of reflex mechanisms to overall ankle stiff-
ness. Indeed, reflex contributions were always signifi-
cantly greater in SCI patients than in controls. At its
maximum, reflex stiffness generated as much as 40%
of the torque variance in our experiments, while it
never exceeded 7% for controls.

It is of interest to compare our results with those of
Rymer’s group (Lee et a. 1987; Powers et a. 1988,
1989), who attributed the reflex abnormality to a de-
crease in “reflex threshold.” They used a large position
ramp as input and defined the reflex threshold to be the
position at which the ramp displacement first evoked a
reflex response (Powers et al. 1988, 1989). In contrast,
we applied small-amplitude PRBS displacements at dif-
ferent positions through the ROM and choose velocity as
the input variable rather than position. These method-
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ological differences prevent us from comparing our re-
sults to those of Rymer directly. However, an indirect
comparison is possible. We found that in SCI subjects
the reflex gain (Fig. 6d) and reflex torque variance
(Fig. 7ef) were substantial even at plantarflexion where
reflex responses were completely absent in control sub-
jects. This indicates that a ramp displacement, such as
Rymer used, would first evoke reflex responses at more
plantarflexed position in SCI patients than in controls.
Consequently, our finding of increased reflex “gain” us-
ing velocity inputs is consistent with Rymer’s finding of
adecreased “threshold” using position inputs.

What physiological mechanisms might explain these
changes? The increase in reflex gain in SCI subjects may
be attributed to inappropriate recruitment of larger motor
units in spastic subjects at rest or low levels of contrac-
tion (5-10% MVC) at which only small motor units are
recruited in normal subjects. This is supported by our
previous findings that reflex latency was shorter in SCI
subjects, consistent with the early recruitment of larger
motor units with larger, more rapidly conducting axons
(Mirbagheri et al. 1998b). This hypothesis would also
explain the weakness and fatigability observed in spastic
subjects. Thus, early recruitment of large motor units
would result in the activation of rapidly fatiguing motor
units at low levels of contraction. This would cause inef-
ficient muscle activation, induce early loss of force and
fatigue, increase effort, and result in the perception of
weakness (Katz and Rymer 1989).

Effects of voluntary contraction

It is widely accepted that spastic muscles behave differ-
ently under passive and active conditions (Powers et al.
1988; Dietz et a. 1991; Ibrahim et a. 1993). If true, this
might explain some of the conflicting ideas regarding the
origin of mechanical abnormalities associated with spas-
ticity. Thus, the reflex hypothesis is supported mostly by
studies carried out under passive conditions (Lance
1980; Powers et al. 1988; Fellows et al. 1989; Thilmann
et al. 1990), while the evidence for the intrinsic hypothe-
sis comes most from experiments using active conditions
(Dietz et a. 1991; lbrahim et a. 1993; Sinkjaer et al.
1993).

Some studies have concluded that active, spastic mus-
cles generate more torque in response to stretch than nor-
mals (Dietz and Berger 1983; Lee et al. 1987; Dietz et al.
1991; Ibrahim et al. 1993), suggesting that intrinsic
mechanisms are abnormal in spasticity. This conclusion
was based on the observation that, for the active condi-
tion, torques evoked by transient inputs in spastic limbs
were normal, whereas EM Gs were lower; the mechanical
properties of the active muscle were not measured direct-
ly. Our results, which measured these properties, do not
support this interpretation. Figure 9 shows the change in
intrinsic stiffness gain (Fig. 9a) and viscosity (Fig. 9b)
from the passive to the active condition. Intrinsic stiff-
ness increased with activation for both control and SCI
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subjects; the increase was smaller for the SCI patients
(P<0.025). The intrinsic viscous parameter increased
with activation in both groups by similar amounts
(Fig. 9b; P>0.1). Thus, the increase in intrinsic stiffness,
and conseguently intrinsic torque, with activation is ac-
tually lessin SCI patients than normals. Why this should
be is unknown. Perhaps changes in fiber length associat-
ed with spasticity, as discussed here, result in the SCI
muscles operating at different points on the length ten-
sion curve (William and Goldspink 1978).

It is also widely accepted that spastic reflexes are
hyperexcitable for the passive condition but are normal
(Ibrahim et al. 1993; Sinkjaer et al. 1993; Sinkjaer and
Magnussen 1994) or suppressed (Cody et al. 1987
Berger et al. 1988; Dietz et al. 1991) for the active con-



dition. This view is based on observations of the EMG
and overall torque responses evoked by transient inputs
(Berger et a. 1988; Dietz et a. 1991; lbrahim et al.
1993) and by estimates of the magnitude of reflex torque
response to pulse displacements obtained by using elec-
trical stimulation to suppress reflexes (Sinkjaer et al.
1993; Sinkjaer and Magnussen 1994). Our results do not
support this view, since, as Fig. 9¢c shows, the SCI reflex
gain did not decrease with activation. Rather, at plantar-
flexed positions it increased with activation, while at
dorsiflexed positions it did not change (P>0.7). This
contrasts with the behavior of normal subjects, where the
reflex gain increased by a constant, smaller amount at all
positions. Thus, with activation, the differences in the
reflex stiffness gain between SCI patients and controls
either remain the same or increase.

Figure 9d demonstrates another notable difference in
the effect of activation. The first-order frequency (p) did
not change with activation in the SCI patients (P>0.4),
while, for controls, it increased significantly at most
positions (P<0.05). The natura frequencies, w,, were
similar in both groups so that the overall bandwidth of
the reflex response will be determined by p; this re-
mained constant with activation for SCI patients, while
for controlsit increased.

In a preliminary simulation study (Mirbagheri and
Kearney 2000), we examined the mechanisms underly-
ing the third-order model of reflex dynamics and sug-
gested that the second-order term was related to muscle
dynamics while the first-order term was related to the
pattern of neural activation. In particular, we found that
the first-order term would arise from an oscillatory re-
sponse of the motor neuron pool in which a single input
pulse generates a large peak of activation at the latency
of a monosynaptic reflex arc, followed by a several
peaks, at intervals of about 140 ms, of decreasing ampli-
tude. Moreover, the value of p was inversely related to
the amplitude of the extra bursts. Consequently, the fail-
ure of p to increase with activation in SCI subjects sug-
gests that motoneuon response was more oscillatory in
SCI patients than in controls. Our inspection of the EMG
dynamics (VGS,gg) supported this; oscillations in the re-
flex dynamics were much more apparent in SCI patients
than controls (Mirbagheri et al. 1995; Mirbagheri and
Kearney 2000).

Clinical significance

Our results show that overall dynamic stiffness was sig-
nificantly larger in spastic than normal subjects due to
increases in both intrinsic and reflex stiffness. Their rela-
tive contributions were strongly dependent on position
and condition; reflex contributions dominated at mid-
position, whereas intrinsic contributions did so at fully
dorsiflexed positions. Clinical measures of muscle tone,
such as the Ashworth scale, involve manipulating the
joint through much of its range of motion and attributing
a subjective measure of resistance to reflex mechanisms

457

(Ashworth 1964; Lance 1980). They cannot distinguish
the relative contribution of intrinsic or reflex mecha
nisms cannot or how they change with position. This
may explain, at least partly, why we found no correlation
between our objective measures of stiffness and the
modified Ashworth scale. Perhaps clinical evaluations
measure something other than joint dynamic stiffness —
such as the way it changes with position.

It is also possible that the failure to detect a correla-
tion between clinical measures of spasticity and our
guantitative measures was the result of the random per-
turbations used in our study. As noted above these would
be expected to attenuate the reflex response to some ex-
tent. Despite this, reflex stiffness was much greater in
the SCI than the control group. Nevertheless, we cannot
rule out the possibility that the effects of the perturbation
in some way masked the clinical correlations. This might
occur if, for example, the reflex responses in SCI pa-
tients were more (or less) sensitive to the effects of per-
turbation than the controls. Preliminary studies examin-
ing the effects of the stimulus properties on SCI and con-
trol subjects indicate the sensitivities are qualitatively
similar in both groups (Mirbagheri et a. 1997a, 1997b);
acomprehensive analysis of the effects is forthcoming.

Our results aso show that in SCI patients the relative
reflex contribution was larger for the passive than the ac-
tive condition. Reflex torque and stiffness were similar
for both conditions, but intrinsic torque and stiffness
were much larger for the active than the passive condi-
tion. This may explain why hypertonia is more apparent
when clinical evaluations are conducted under passive
conditions (Lance 1980).

We conclude by noting that spasticity is a syndrome
and not a disease; the term is used to describe disorders
resulting from a variety of different lesions, having dif-
ferent features, and time courses. The present study con-
trolled for this by using subjects with similar lesions
(traumatic SCI patients) of long standing. It is possible
that quite different results would have been obtained
with spastic subjects of different etiology. Consequently
we believe that similar objective, quantitative studies
using this identification technique using other patient
groups such as stroke, multiple sclerosis (MS), and brain
injury would lead to a better understanding of mecha-
nisms underlying spasticity.
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