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Abstract The time-varying stiffness dynamics of theelf. However, the variation of model parameters indicat-
human ankle joint were identified during a large streteld that the torque evoked by the stochastic displacement
imposed upon the active triceps surae muscles. Smak predominantly elastic in nature. The stiffness behav-
stochastic position perturbations were superimposed ig-during stretch observed here for the intact human an-
on many repetitions of the larger movement and an dke joint is largely consistent with previous studies per-
semble time-varying identification technique was thdarmed in isolated muscle preparations.

used to characterize the relationship between the small

perturbation and the torque it evoked at each sampleKey words Joint stiffness - Ankle joint - System

time throughout the movement. This technique watentification - Triceps surae - Time-varying -

found to provide an excellent description of the ank&iretch refle:

stiffness dynamics throughout this movement, with the

identified stiffness impulse response functions account-

ing for more than 80% of the torque variance at all timdntroduction

The average low-frequency stiffness valu&s, ) de-

rived from the stiffness impulse responses at each samdumt stiffness, the dynamic relation between the position
in time are believed to reflect primarily the instantaneoaf a joint and the torque acting about it, is an important
elastic properties of active crossbridges. These propemeperty in the control of posture and movement. It de-
ties, which reflect the contractile state of the musclEgmines the resistance generated in response to an exter-
more directly than force or torque measurements, hanad perturbation and can be modulated over a substantial
not been obtained previously from an intact muscle-joisinge by changes in neural activation. Because of these
system. We found that stiffness actually increased durimgperties, it has been proposed that the nervous system
the later portion of the large imposed stretch, indicatingpdulates muscle (Nichols and Houk 1976; Hoffer and
the triceps surae muscles did not yield significantly, aAdidreassen 1981), joint (Feldman 1966, 1974; Crago et
that the post-stretch steady-state stiffness level was a@p-1976; Carter et al. 1990; Kirsch and Rymer 1992) or
proximately 60% higher than prior to the stretch. Refl@ndpoint (Hogan 1985b) stiffness to compensate for ex-
activity evoked by the large stretch did not produce a dernal perturbations and/or to initiate voluntary move-
tectable change iK,,,, even though this activity did pro-ments. Furthermore, stiffness control has been investigat-
duce a clear twitch-like response in joint torque begied for use with electrically stimulated muscle (Crago et
ning approximately 60 ms following stretch onset. A seat. 1990, 1991; Lan et al. 1991) and has been implement-
ond-order mechanical model was found to provide an &+ for robotic manipulators (Salisbury 1980; Hogan
equate characterization of stiffness dynamics for stead@85a, 1987).

state periods before and well after the imposed move-Stiffness has been studied during postural, quasi-static
ment, but it could not adequately describe the obsergmhditions using a variety of approaches, both in reduced
changes in stiffness dynamics during the movementatimal muscle preparations and for intact human joints.
S F Krech RE Kearme These studies have shown that stiffness varies with mean
Department of Biomedica¥Engineering, McGill University, joint position (Weiss et al. 1986?"b)’ muscle activation
Montréal, Québec, Canada level (Hunter and Kearney 1982; Cannon and Zahalak
R.F. Kirsch () 1982; Weiss et al. 1988; Kirsch et al. 1994), and pertur-
MetroHealth Medical Center, Rehabilitation Engineering Center,batlon amplitude (Kearney and Hunte_r 1982; Kirsch et
Hamann 640, 2500 MetroHealth Drive, Cleveland, al. 1994). These steady-state properties are relevant for
OH 44109-1998, US static postural conditions but provide no information
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about joint stiffness when muscle activation and/or mus/oked by the stochastic displacement was primarily
cle length change, as is the case in many everyday tasiisstic in nature.
Several techniques have recently been developed foPortions of this work have appeared previously
characterizing dynamic systems during nonstationgiirsch and Kearney 1991, 1993a).
conditions. An earlier report from this laboratory (Mac-
Neil et al. 1992) used an ensemble system identification
method in conjunction with a small imposed stochastWaterials and methods
displacement to describe variations in human ankle joint _ ) ) o
e experimental and analytical techniques used in this study are

stifiness when subjects voluntarily changed their Isoméfrltually identical to those used previously to examine ankle joint

ric contraction from one level to another. Bennett et _%‘l'rffness properties during a different task (MacNeil et al. 1992)
(1992) examined the stiffness of the human elbow jodrd to study time-varying electromyographic stretch reflex proper-

during unconstrained cyclic movements using a relatéa$ (Kirsch et al. 1993; Kirsch and Kearney 1993b); indeed, the

i ; ta used here were obtained from the same experiments de-
ensemble technique together with the small force pertgﬁlibed in Kirsch and Kearney (1993b). These techniques are de-

. . .. CI
bation provided by an air-jet apparatus. More re?en@fibed fully in these papers and elsewhere (Kearney et al. 1991),
Bennett (1993a,b) has examined reflex modulation &{d thus will be described only briefly below.

joint stiffness during rapid elbow joint movements using
sinusoidal position perturbations superimposed upo .

nominal joint trajectory. Elbow joint stiffness modulatior#u jects and apparatus

has also been examined during both discrete and osciti@e human subjects, aged 22-43 years, with no known history of
tory voluntary movements within the context of the equieuromuscular disease were tested. The experiments performed
librium point hypothesis (Latash and Gottlieb 1991a,pere received prior approval from the ethics committee at McGill

; ; iversity and conformed to the standards of the 1964 Declaration
Latash 1992) using slowly varying external loads and t elsinki. Subjects provided informed consent prior to each ex-

inherent variability of subjects’ reaction times. Finalljyeriment. Each subject was placed in a supine position on an ex-
Lacquaniti et al. (1993) examined joint and endpoipérimental table with their left foot attached to a high-performance

stiffness during a multi-joint ball catching task, again uBydraulic actuator through a rigid, low-inertia fiberglass boot.

ing an ensemble identification technique; in this caseS%2PS were applied to the hip and just above the knee (which was
’ Mmaintained in a slightly flexed position by a firm support) to re-

force perturbation was applied to the upper arm and Wgg movement to the ankle joint. An oscilloscope mounted above
transmitted to the elbow and wrist joints via inertial Cothe subject displayed a visual torque target and a torque feedback

pling. signal, lowpass filtered at 5 Hz to reduce the perturbation-evoked
In the current study, we have examined a behavf@mponent.

where time-varying ankle joint stiffness was produced by

an externally applied stretch of the triceps surae musclgignal measurement and acquisition

rather than by changes in neural activation as in the re-

ports cited above. Similar stretches have been widélgnals proportional to ankle torque and angular position were

; PR ; ided by transducers built into the apparatus, and electromyo-
used in the past to study intrinsic muscle properties ms (EMG) from triceps surae (TS) and tibialis anterior (TA)

reflex excitability, both in isolated cat muscle (Joyce &kre obtained from surface electrodes as previously described
al. 1969; Nichols and Houk 1976; Hoffer and Andreagkirsch et al. 1993). No attempt was made to obtain independent

sen 1981; Kirsch et al. 1994) and at human joints (AlluRMGs from the different muscles of the triceps surae group. All

and Mauritz 1984: Carter et al. 1990; Toft et al. 199 gnals were filtered at 400 Hz by eight pole lowpass Bessel filters
. o (Erequency Devices 902LPF) prior to sampling at 2 kHz. The D/A

Such studies have revealed “yielding”, short-range stiflserter providing the “ramp” command to the actuator (see be-
ness, and other discontinuities in the force or torque Kgv) was also sampled to facilitate trial alignment.
sponses which suggest significant changes in muscle and
joint stiffness. A time-varying system identification pro-. | t perturbati
cedure developed in our laboratory (Kearney et al. 19&{3Placement perturbations
MacNeil et al. 1992) has been used to obtain estimatesf hydraulic actuator, configured as a rotary position servo, was
the full dynamic stiffness of the ankle joint at each timaed to apply a rapid “ramp” movement onto the ankle joint in the
sample throughout a large imposed stretch, in additiorfREIZEE Thacor Ce 8 B o mposed. Note.that the
zlt?;?(% mBer?eS]“:mnvget?gugst t#oai?tﬂ:gr?rzeol:seeS(?osr':rse(?[CLo di mp” perturbation was actually a modified ‘con.stant-velocity

. Y ) - p 4 - vement, with sharp transients at the beginning and end of the
not produce the decline in instantaneous joint stiffneasp stretch reduced by digital smoothing of the D/A command
expected during “yielding”, but rather stiffnéssreased sequence to reduce the contribution of joint inertia to the net
throughout most of the stretch. Stretch-evoked reflex &due response. The resulting stretch had an amplitude of 0.13
tivity produced a twitch-like increase in joint torque bl; d Uf%}éa %‘7;‘}‘1;%%‘37 3; 6 rad/s (344°s), and a peak accelera-

. . . 8 ! no ra °/s2).
no obvious modulation of joint stiffness was detected The stochastic perturbation sequence used for each subject was
during the same interval. A second-order mechanidddntical to that described in a previous study (Kirsch and Kearney
model provided an accurate description of joint stiffneeilggg%- Sr;fggaég?rff&u%b%ﬁ'ﬁgrjoéeeqicgnigbﬁfﬁ V;ﬁsi%%t‘l’gg by
dU”rl[gdSteQdY]:_Stat?I C%nd!tlonfﬁ but its pecrjfor{natn(r:]e _?_rﬁénse function corresponding to the quasi-static ankle compli-
norated signmcantly during the imposed stretcn. fhce of that subject for a 15% MVC (maximum voluntary contrac-
variation of model parameters indicated that the torqumn) torque level; this operation produced a displacement which



73

was skewed to lower frequencies so that the evoked torquethés approach and its benefits relative to other time-varying identi-
sponse exhibited a power spectrum that was approximately flaation techniques can be found elsewhere (Kearney et al. 1991;
over the frequency range of interest (0-50 Hz). The resulting colfiacNeil et al. 1992; Kirsch et al. 1993). The end result of this
mand sequence was truncated to a length of 7300 (36.5 s atidkatification process was a set of 43-point (168-ms), two-sided
200 Hz D/A update rate) and scaled to provide a displaceméanpulse response functions representing ankle stiffness dynamics
with range of £0.018 rad (+1°). Note that although the same s&ti-4-ms intervals throughout the imposed ramp stretch. Goodness
chastic perturbation was repeatedly cycled throughout a given ekiit was assessed by convolving the experimentally recorded po-
periment, its timing was not synchronized to the onset of the ramjtion ensemble with these identified stiffness impulse responses
Because the period of the stochastic sequence was much lotgeybtain a predicted torque ensemble, and then computing the
than the duration of the ramp, its timing relative to ramp ongsrcentage of variance accounted for (%VAF) between the actual
proved to be random (see below). and predicted torque ensembles, both across time at particular in-
stants in the time-varying behavior and across individual trials
(Kirsch and Kearney 1993a).

Experimental paradigm

Each trial was initiated from a neutral ankle position, with the suecond order model fits
ject exerting a mean plantarflexion torque equal to 15% MVC ) ) . .
while the small stochastic perturbation was continuously appliéilkle stiffness dynamics were summarized by fitting a second-or-
When the subject had matched the desired 15% MVC contractitsf model of the fornT()=Ko(t)+Bo(t)+16(t) (whereT is ankle
level to within +5% (i.e., 0.75% of MVC) for three consecutivéorque,o is ankle angleK is joint elastic stiffnessB is joint vis-
200-ms intervals, a second D/A converter added the commanddegity andl is joint inertia) to the stiffness frequency responses
the ramp stretch, to which the subject was instructed to “not f¥tained by Fourier transforming the stiffness impulse responses.
act”. Data were recorded for 600 ms in each trial, beginni ch asecond-(_)rder model has been widely used to describe joint
200 ms prior to the onset of the ramp; Fig. 1 shows an example&ifness properties (Hunter and Kearney 1982; Kearney and Hunt-
the superimposed stochastic and ramp perturbations for one tga11982; Cannon and Zahalak 1982; Weiss et al. 1986a,b, 1988;
along with the corresponding torque and rectified TS EMG. AftBennett 1993a). The parameters of the model were fit to the com-
a minimum of 3 s, another trial could be initiated, although the diex-valued stiffness frequency response at each sample in time
tual inter-trial intervals were somewhat longer since the subjéting a Levenberg-Marquardt nonlinear least-squares algorithm
had to voluntarily re-establish the required steady torque level d@ptimization Toolbox for Matlab, The MathWorks). Each fit was
could also wait longer if desired. Sets of 32 trials were recorded@formed over a frequency range of 8-50 Hz, the upper limit set
sequence, with an inter-set rest period of at least 2 min. Sixtee®Xdhe highest frequency component in the stochastic perturbation
twenty-four sets were recorded in a given experiment, for a todd the lower limit set primarily by the length of the stiffness im-
of 512—768 trials. pulse responses; longer impulse responses would have provided
Several additional trials were also recorded in each experimdtfter frequency resolution, but the identification of these longer
First, a 30-s trial with the stochastic perturbation only (i.e., n@pulse responses would have required a correspondingly larger
ramp stretch) and a mean torque of 15% MVC was recorded fapd |mpractlcal) _number _Of exp_erlmental trials. Moreover, the
all subjects to characterize quasi-static stiffness properties dage of frequencies used in the fit was found to be more than ade-
neutral ankle position. In two of the five subjects, additional 30dgate to describe dynamic behavior of the joint (see below). The
stochastic-only trials were recorded at five equally spaced megpdness of fit of the second-order model was assessed by gener-
positions across the span of the ramp stretch. In the same two 8ipg an ensemble of stiffness impulse responses from the second-
jects, a set of 250 trials with the large stretch and superimpo§éder parameters (one for each sample in time) and following the
stochastic perturbation were recorded as described above, buaie procedure used for the identified, nonparametric stiffness
this case the subject was instructed to remain completely rela;gtulse responses described above.
Finally, 32 trials with the ramp perturbation only were recorded at
an initial 15% MVC contraction level for all five subjects.

Results
Analysis . . .
Responses to ramp and stochastic position perturbations
Trial alignment and selection

L . . . Basic properties
The trial alignment and selection procedures described previously prop

(Kirsch et al. 1993) were again used to choose the 250 “most SI(EJ . .
lar” trials. All trials were first aligned to the D/A ramp command-igure 1 shows both single trial and ensemble average

recorded at 0.5-ms intervals, then the most similar trials were éé@ta for a single subject. The position records illustrated
lected using a mean-square error criterion between lowpass ifi-Fig. 1A show the net positional variations imposed by
tered (18 Hz) torque responses. This filtering reduced the compoz

nent of the torque response due to the stochastic perturba IO% hydraulic actuator in one trial (the thin continuous

while having minimal effect on the torque response evoked by tHee): @s well as the two components of this net perturba-
ramp stretch, thus concentrating the selection process upon theti@d. The ensemble average position across all 250 se-
derlying time-varying behavior rather than on the perturbation-iected trials (thick continuous line) indicates the large
lated component (which was by design different in each trial). TB%rsierxing ramp stretch (0.13 rad or 7.5°, 25 ms dura-
position, torque, and digitally rectified EMG records were therk . } ! .
decimated (after digital anti-alias filtering) to a final sampling raﬁon’ p_eak VelO,C'ty 6 rad/s) that was common to each m,'
of 250 Hz, which was more than adequate to capture stiffness @}-While the thin dashed trace shows the small stochastic
namics for the 50-Hz bandwidth stochastic perturbation. perturbation that was unique to each trial. Also shown in
Fig. 1A (as the thick dashed trace) is the ensemble stan-
dard deviation, whose constancy across time indicates
that the stochastic perturbation was stationary across
An ensemble time-varying identification procedure was used tigne in single trials. Furthermore, this ensemble standard
track time-varying ankle stiffness properties. A full description @feviation was found to be equal to the standard deviation

Time-varying system identification
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c o4l LS - ' 4 beginning approximately 40 ms after stretch onset and

| position ensemble smaller continuous variations evoked by the stochastic
A X standard deviation A8| | ] . .

8L o ham e e mme e L e 4 perturbation. A steady-state increase in TS EMG follow-

ing the imposed stretch was also found, with the mean
steady-state EMG increasing across all subjects by an
average of 24.7% relative to the pre-stretch mean EMG.
<o} Although not obvious in Fig. 1, a twitch-like increase in
-60 : . : ' : : torque was often observed (see Fig. 5) beginning approx-
Q ool | imately 60 ms following stretch onset, and was presum-
C&d > ably associated with the synchronous reflex burst of TS
2T A Ala EMG occurring 20 ms earlier. TA EMG records are not
T a0s o om o1 o a2 o os llustrated in Fig. 1, but we found TA activity to be negli-
Time (s) gible in all subjects. Maximum TA EMG levels were
typically less than 5% of that of the TS EMG, and the
* ‘ ‘ time course of the TA EMG was very similar to that of
YN the TS EMG. This suggests that the main source of the
recorded TA EMG was a small degree of crosstalk from
the TS group, and it is therefore highly unlikely that the
ankle dorsiflexor muscles contributed to the mechanical
responses described below.
“yelocity Figure 1D plots the same ensemble average torque
and position records as in Fig. 1A and B, but in a nor-
/‘—"::-;-a-e'“ malized form and using an expanded time scale. Super-
/ imposed on these records are normalized velocity and
7 acceleration records obtained by numerically differenti-
/ ating the position record. The vertical arrows indicate
. facceleration break points where the slope of the torque record exhib-
v/ ited clear changes. Note that the leftmost break point co-
. . . » incides with the decrease of acceleration from its peak
Ellw%vx}iﬁthhé &sse'ﬁ%'ﬁ g\'/ae'ra%ifaofretﬁgr%s& é‘gllggte%c’ft'&%'('( positive level, the center break point coincides with the
trace), the stochastic perturbation imposed in a single ttrih( decrease of velocity from its peak, and the rightmost
dashed tracg and the sum of the twah{n continuous trade The break point coincides with an increase in acceleration

ensemble standard deviation is shown aghfek dashed traceB  from its peak negative level. These features were highly
Ankle torque, showing the ensemble average respotigek ( S ;
trace), the response to the stochastic perturbation aldiie (repeatable across all five subjects.

dashed ling and the sum of the twah{n continuous solid trage
Note that plantarflexion torque is shown increasing in the negative

direction. C Rectified triceps surae (TS) electromyogram (EMGEffect of stochastic perturbation on torque response
responses, showing the ensemble averdgek(tracg and a single ramp stretch

trial responsethin trace. D Normalized joint torque, position, ve-
locity, and acceleration records for same subject &s-{. Veloc- . .. ) .. .
ity and acceleration were obtained from numerical differentiatiol€ imposition of the stochastic position perturbation
of position recordArrowsindicate times where slope of torque rewas found in all subjects to enhance the torque generated
sponse chang s in response to the larger ramp stretch. The lower traces
in Fig. 2 compare the torque ensemble averages obtained
from two subjects using the 250 ramp-+stochastic pertur-
of the stochastic perturbation across time in a single trizg&tion trials with those obtained from these same two
This demonstrates that the properties of the perturbatsjects in the 32 ramp-only trials. For both subjects, the
were very similar across all trials and that the timing pfe-ramp torque level produced by the subject was the
the large imposed stretch was random relative to the same with or without the stochastic perturbation, but the
perimposed stochastic perturbation (for a more detailegbosed ramp stretch resulted in a significantly larger
discussion see Kirsch et al. 1993). torque response when the stochastic perturbation was
The torque records shown in Fig. 1B indicate the rpresent. This behavior was found for all five subjects,
sponses to the ramp stretch alone (the ensemble amad is summarized in the upper portion of Fig. 2 by the
age), the stochastic perturbation alone, and the combidifference in the torque ensemble averages obtained with
tion of the two. The large stretch produced a rapid iand without the stochastic perturbation. The response en-
crease in torque that settled after an overshoot tdhancement occurred very rapidly, reached its peak value
steady-state level approximately twice the pre-stretobfore the onset of reflex action, and was maintained for
value, while the stochastic position perturbation resulted interval longer than voluntary reaction times.
in smaller, random changes in torque. The TS EMG
(Fig. 1C) exhibited a large synchronous reflex response

20 single trial At/ ensemble average |

vy

Torque
(Nm)

torque

position

s -
p—



75

voluntary
reflex reaction /\

20 onset time . . . A A/_\_/\/ 50 ms
| All subjects pre-stretch
| | (ramp+stochastic) \

- ramp only 1
, 20000
— 3 ‘Nm mid-stretch
L (rad*s)
- 200 ms
2\#3]&(':; 2 ) post-stretch
/ ramp+stochastic

Torque (Nm)
N
o

-40

.50 Subject 1 L ! 1 1 |
ramponly -0.08 -0.04 0.00 0.04 0.08
ramp+stochastic

-60 B : ' Lag (s)

-0.05 0 005 01 015 02 025 0.3

Time (s) B
Fig. 2 Effect of the stochastic perturbation on the torque response' 5007
to the ramp stretch. THewer portion of the figure shows the re- 1
sponses to the ramp stretch witloiftinuous tracésand without i

(dashed tracgsthe stochastic perturbation superimposed, for two, 1000,’

subjects thin traces and thick tracgsTheuppertraces show the 2
differences between the torque responses with and without the gu- 1
perimposed stochastic perturbation for all five sub acts -f/

£ 500

=
Nonparametric stiffness properties

0

Stiffness dynamics: impulse response s

and frequency response ensembles
The 250 “most similar” trials remaining after the trial se-
lection procedure were input to the ensemble time-vary-
ing identification procedure, which produced estimates
of ankle joint stiffness impulse response functions Fi. 3A, B Stiffness dynamics across time during the imposed
each time sample (i.e., every 4 ms) throughout the exggfetch for one subjech Stiffness impulse responses identified
; ; y ; ; ore, during, and following the imposed stretch. Note that im-
Imental_ ”'f?"- Representatl\_le Impulse responses ggffse responses have been minimally smoothed to remove noise
shown in Fig. 3A.f0r three times: durlng_ the pre-stret¢Rar the Nyquist frequends. Stifiness frequency response magni-
steady state, during the middle of the imposed stretahie ensemble; stretch applied at time zero and each curve repre-
and during the post-stretch steady state. sents the absolute value of the Fast Fourier transform of the stiff-
Although time-varying joint stiffness dynamics ar8€SS impulse response identified at that ime

most convenientlydentifiedusing two-sided impulse re-

sponse functions, these impulse responses are difficulft@ncies, exhibits a resonance at approximately
interpret because they are noncausal and dominated 28y 30 Hz, and thereafter increases with frequency due to
inertial contributions. Fortunately, these impulse rese inertia of the joint. Following the imposed stretch (at
sponses can readily be transformed to the frequency oy 0), stiffness magnitudes at low frequencies clearly
main using the Fast Fourier Transform (FFT), and the fgsreased, but this did not occur instantaneously and the
sulting stiffness frequency responses illustrate the r%‘ﬁape of the frequency responses changed as well as the

vant low-frequency components of joint stiffness mucfypjitude. These changes will be described in more de-
more clearly. Figure 3B illustrates the magnitude porti@gi| pelow.

of the ensemble of stiffness frequency responses ob-

tained in this way for one subject. In this figure, time

during the trial progresses along the “Time” axis, whil§godness of fit

the stiffness dynamics at each time are shown by individ-

ual traces along the “Frequency” axis. The pre-stretthe ensemble of time-varying stiffness impulse respons-
frequency response at —100 ms shows the basic fornesftescribed ankle stiffness properties throughout the im-
ankle stiffness dynamics familiar from time-invariantosed stretch very well, as illustrated in Fig. 4. In this

studies: stiffness magnitude is relatively flat at low fréigure the recorded joint torque (thin traces) is superim-
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Z= Torque =-19.4 Nm' ) ¥ ' .
A s 2= 3 [Stiffness=289 Nm/rad tOrquEeMG Subject 1 {11
= 50 ms pre-stretch r 4 1
s %VAF =89.1 A 2| position i 16
o ! e .
g e mid-stretch 10 e e LA RS R N
g = %VAF=848 [Nm 1 S
e ' - Torque = -12.6 Nm ' ' ’ .
& WWWWW 20%&1?:‘955"3 tch 3 'Stirf?ness=219 Nm/rad X Sub]ec t2 11
5 i i I f b
10 Trial number 200 B :

T =-134N : i j ' .
| Stittness=203 Nmirad /\_: Subject 3 |11

Trial # 1
B %VAF =90.9 C
10 Trial # 125
Nm %VAF = 96.0
Trial # 250
%VAF =95.1

Al j;] u D

-0.1 0.0 0.1 0.2 0.3
Time (s)

Torque =‘-20.3 Nm' j ' ’ . :
3 | Stiffness=333 Nm/rad Subject 4 11

D3 pazijew.oN

T Az Nm ) | .:
3|Stifthess=286 Nmira i Subject 5 {11

Normalized torque, position, stiffness

Fig. 4A, B Comparison of recorded torque with that predicted bE
time-varying stiffness impulse responses. Recorded torques (with i
ensemble average subtracted) are plotted thithlines predicted ‘ R
torques byheavy linesA Actual and predicted torque for the three =
indicated times during the task, plotted across 100 trials. Note that
the percentage of variance accounted for (%VAF) is computed
across all 250 trial8 Actual and predicted torque plotted acros
time for single trials at the beginning, middle, and end of one eX~
periment. Timing relative to the behavioral task is indicated by
torque and position ensemble averages abdtm:

11
-0.1 -0:05 0 0.05 0.1 015 02 025

posed on that predicted by convolving joint position with
the time-varying stiffness impulse responses (heavy trag; so_F A—E Normalized ensemble average position, torque,
es). This comparison has been done across the enseardl&EMG responses plotted with normalized low-frequency stiff-
of trials at three different times (Fig. 4A). The close coress K, for all five subjects. Torque, EMG, ar¢,, are nor-
respondence between the actual and predicted torquef"FH'—ZGd 0 ”t‘.‘]ff" pre-stretch average ‘é‘?"”?s d(.abso'ur:e Pre‘l)Stretch
. . . . rgue and stirness average values indicated In each panel); posi-
dicates that the _EXpe”mental and analyt|pa| teChmq_%ﬁ ensemble averages are scaled to fit the rangg,pfor each
were SUC(}eSSfm in freez_lng and capturing joint dynamtﬁ!ﬂ)ject. Note that the EMG scale is to thght. F The average po-
at each time, even during the middle of the large imition, torque, EMG, anH,,,, taken across the responses of all five

posed stretch. subjects iPA-E
A similar comparison was also carried out for individ-
ual trials. Figure 4B shows the actual and predicted
torques for trials at the beginning, middle, and end of thgy. 7A) for each frequency response in the ensemble.
experiment. Again, the predicted and observed torqblote that a more detailed description of stiffness dy-
were very similar, indicating that a single set of timewamics in terms of a parametric model will be given be-
varying stiffness impulse responses described stiffnéss.) Figure 5 shows<,,, as a function of time, along
dynamics accurately throughout the entire experimentdth the ensemble averages of position, torque, and TS
session. EMG, for all subjects. All quantities except position
have been normalized to their average values prior to the
onset of the ramp. (The average pre-stretch torque and
Low-frequency stiffness stiffness values are indicated for each subject since the
contraction level was defined as a percentage of each
We generated an empirical indicator of stiffness varisdbject's MVC rather than an absolute level. Note that
tions across time by computirg,,,, the average low- the scale for TS EMG is somewhat larger than for the
frequency stiffness, as the average value of the stiffnefiser quantities and is shown to the right of each panel.)
frequency response magnitude between 10 and 20 HzZThe position ensemble averages were essentially iden-
(depicted by the shaded rectangle in the lower paneltioél for all subjects, but were scaled in each panel of
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Fig. 5 to match the range of that subjeéds, to facili- 500
tate a comparison of their time courses. For all subjects,
low-frequency stiffness was nearly constant during the 400+ Subject 4 1
steady-state intervals before and well after the stretch, . *
but increased by 50-100% following the stretch. At thg 3300
onset of the stretch, most subjects showed a transien@%
crease irK,,, followed by a more gradual increase to thg Z 200 1
final steady-state level. In three subjects (i.e., subjects
3-5) the time course of this gradual increask,jp was 100 - 1
very similar to that of the imposed ramp stretch, while
the stiffness of the other two subjects followed a some- O =006 008 01 012 0.4
what more variable trajectory to the final steady state. In
all subjects, however,,, increased towards its final
steady-state value at the same time as the active TS mgss Dependence of quasi-static stiffness on mean joint position
cles were being rapidly and forcibly lengthened. for two subjects. Time-invariant identification was used at each
The time course oK, was not affected by the siz-position; mean joint position was varied to six locations equally
able reflex activation indicated by the large burst of T8aced over the range of the ramp stretch used in this study
EMG at 40-45 ms following ramp onset. This burst was
highly repeatable and evoked clear twitch-like torque re-
sponses in all subjects. For all subjects, howekgy,
reached its steady-state value prior to the onset of this rg-
flex burst and did not increase even during the sub
guent reflexive increase in joint torque.

T
o
oe

o o]
Subject 5

Position (rad)

2

|| — magnitud'e 50 ms pre-stretch

— = phase == _i‘;
M&&
4=
(3=~ ‘ 0
4

"mid-stretch_

7= 53
&%

(Nm/rad) |,

Static position dependence of stiffness
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The similarity in the time course of the average low-fre- ] L ]
guency stiffnessK,,,, and that of the ramp position per- t
turbation led us to examine the effect of static joint posi- (2
tion on joint stiffness. For two subjects, stochastic per- 0 o220 30 4 s 6
turbations (without the large stretch) were applied at six Frequency (Hz)

different mean joint positions across the range of the

stretch imposed in other trials, and stiffness dynamics 2500 ' '

were estimated using quasi-static methods. The low-fre- %%‘ W
guency stiffness values resulting from these trials aﬁ 5§ 0 : s Kiow
plotted for both subjects in Fig. 6; the zero position col- 23 ,

responds to the pre-stretch position in ramp stretch trials, g% 1 WW\JW
while the 0.13 position is near the final position of the >2 o : ;

ramp. For both subjects there was little change in joint E%o.oz

stiffness with static position over the range examined §§°-°‘J\/\/\«r/v\/\/%\vmv\/v’\;
(which was near the neutral position of the joint). More- = : :

over, the stiffness magnitudes were comparable to those w W
obtained for the pre-stretch steady-state period of time- 2 80 ] ——2nd order model |
varying trials (compare with the pre-stretch values indi- %i""”ess 'RFS(; o o
cated in Fig. 5). Time (s)

Fig. 7A, B Second-order modeling of time-varying ankle joint

. _— . . L stiffness for subject 1A Identified and modeled stiffness frequen-
Parametric modeling: variations in elastic, viscous, ¢y responses for same times as in Fig. M8avy continuous trace
and inertial components indicates identified stiffness magnitude (scale to l&f8, heavy
dashed tracandicates identified phase (scale to tfight). Thin
traces indicate responses predicted by the best-fit second-order
model. Lower panelindicates frequency range for low-frequency
. . . stiffness average,,,,. B Parameter variations and goodness of fit
As described in the Materials and methods, a secondor-second-order model parameteligtt trace9 for subject 1.
der model with parameters corresponding to the elastg, and the %VAF of the nonparametric stiffness impulse re-
viscous, and inertial properties of the ankle joint was ffeonses are shown withick traces
ted to the stiffness frequency response obtained at each
time sample. Several examples of the fits obtained for
one subject are shown in Fig. 7A. The change in the
stiffness dynamics across time is evident in the progres-

Single-subject responses
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sive increase in the low-frequency magnitude and break Cross-subject averages

frequency from the top to the bottom panel in Fig. 7A, normalized 2| Torque/ ——— ————

indicating that the joint has become stiffer. ensemble - Position
T TSEMG |

Figure 7B plots the variation of the elastic, viscous, averages o‘

and inertial parameters of the second-order fits for one 2

subject as functions of time during the experimental tria? Normalized |
o

ot 3 |
elasticity Subject: 1 2 % 4 5

As shown in the upper panel of Fig. 7B, the variation K Increental stiffness
the elastic parameté&t was similar to that of the average 0 : :
low frequency stiffnessK,,; moreover the pre-ramp Normalized’WWW
steady-state values were very similar to those obtain8e viscosity .
previously during quasi-static conditions (Hunter and 0 . :

Kearney 1982; Weiss et al. 1988). The pre-ramp valu 2| ]
estimated for the viscous and inertial parameters wekd Normalized MW
also similar to those found for quasi-static conditions, "*™* . ,
but both parameters changed in a complex manner dur- 100 '
ing the imposed ramp stretch. The viscous parameter - %VAF

hibited a transient change immediately after ramp onset, o| stiffness IRFs 2nd order model
and then again at the termination of the ramp. The iner- 0.1 (') 01 0.2
tial parameter nearly doubled during the ramp stretch, Time (s)

even though its value would be expected to remain con-
stant over the range of joint angles examined here.  Fig. 8A-E Summary of parametric modeling: normalized cross-

The bottom panel of Fig. 7B compares the ability &fbject averages Position, torque, and EMG ensemble averages,
; ; : aged across subjects as in Fig.BfD Time variations of the
the nonparametric stifiness impulse responses and gﬁ meters of the second-order model, averaged across subjects

corresponding second-order models to predict the expgfier being normalized with respect to their respective pre-stretch

mental torque responses. For all times during the trialerage valuesB includes the average time variations Kf,,
the stiffness impulse responses predicted the perturggioss subjectskick trace, as well as the average steady-state in-

P _cremental stiffness for each subjefittgd circles) for referenceE
tion-evoked torque more accurately than the second_ %/%rage %VAF for the second-order modtlirg trace and non-

der model; this was most evident during the large iffls-ametric stifiness impulse responstisck trace across all five
posed stretch, where the %VAF of the second-ordgbject:

model fell below 50% while that of the stiffness impulse
responses remained above 80%.
Fig. 1) by the corresponding steady-state positional
change 46 in Fig. 1). This quantity was computed for
Population averages each of the 250 selected trials for each subject and then
averaged across trials to obtain a single estimate for each
The single-subject results shown in Fig. 7B were typicgalibject; note that the standard deviation of the steady-
for all subjects. The overall population behavior is illustate stiffness across trials produced error bars smaller
trated in Fig. 8 as normalized parameter values; the gan the plotting symbol used in Fig. 8B, indicating the
rameters (elasticity, viscosity, and inertia) for each suimilarity of the trials. For presentation purposes, the in-
ject were first normalized with respect to that subjectsemental stiffness was normalized by the average pre-
pre-stretch average parameter values, and the resulsimgtchK,,. All five subjects showed similar relative be-
normalized records were then averaged across subjdwsior, with incremental stiffness magnitudes approxi-
The average elastic parameter followed a course simitgately 60—100% of the pre-stretih,.
to that ofK,,, except during the ramp stretch itself,
whenK,, increased more rapidly than the elastic param-
eter. At the same time, the viscous parameter exhibiRelative elastic, viscous, and inertial torque
large and complex changes, while the inertial parametentributions
nearly doubled. These unusual variations in the second-
order model parameters during the stretch were accdfigure 9 plots the predicted contributions of the elastic,
panied by a significant deterioration in the goodnesswi$cous, and inertial model parameters to the torque
fit, with the model accounting for less than 50% of thevoked by the stochastic perturbation for subject 1. These
torque variance on average while the nonparametric stiftrves were computed by taking the 250 joint position
ness impulse responses accounted for approximatidya points across the ensemble of trials at each time, nu-
80% of the variance during this period. merically computing joint velocity and acceleration, tak-
Steady-state incremental stiffness measurements ifgy the root-mean-square (RMS) values of position, ve-
each subject are plotted in Fig. 8B for comparison wildcity, and acceleration, and finally multiplying these
the elastic and,,, estimates. Incremental stiffness waBRMS values by the elastic, viscous, and inertial stiffness
computed by dividing the incremental steady-stadstimates, respectively, for that time. Prior to the stretch,
torque response to the ramp stretch (indicatedra®m the elastic component was responsible, on average, for
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Fig. 9 Relative contributions of the elastic, viscous, and inertial
terms of the second-order model to the evoked torque. Traces are
computed as the root-mean-squar@¥§ value of position (elas- ! ' " subject 5
tic), velocity (viscous), or acceleration (inertial) at each tim 0.8 subject 4
across the ensemble of 250 trials, multiplied by the appropriate ps- ¥[x .
rameter at that time Sle™
3'{-;0.4-
. . &% 02}
nearly twice the torque produced by viscous effects and 0 .
approximately 3 times that produced by inertia. Durin 4 " subject 4 'subject 5
the stretch, the second-order model was not accurate, Bt o|m 3}
following the stretch the elastic torque component in- % 2 .l
creased by almost 100% while the other two components |2
were essentially unchanged, resulting in a clear domi- 2! 1
nance of elastic properties during this period. 0
-0.1
Time (s)
Passive torque and stiffness components Fig. 10A-D Passive torque and stiffness propertiefRassive en-

semble average torque responses divided by the corresponding ac-

Figure 10A examines the contributions of passive joi‘riﬁe ensemble average at each time for each subject and plotted as
ercentageB Ensemble average EMG responses to the ramp

properties to the torque evoked by the large impp%@tch for all five subjects for “passive” conditions, normalized by
ramp stretch. Each curve in Fig. 10A represents a diffefeir respective peak active EMG valukieavy tracesn A andB

ent subject and was computed by dividing the torque @icate subject 2, who exhibited the smallest reflex EMG under

semble average for the 32 ramp-only trials obtained wi#ssive condition< Passive elastic stiffness divided by the corre-
onding active elastic stiffness for subjects 4 an® Rassive

the Su.bjeCt completely relaxed (“passive”) by the Cor'.)ao'cosities divided by the corresponding active viscosities for
sponding ensemble average from the 32 ramp-only trlﬁxfé;se same two subjets

with the subject contracting to 15% MVC. Over the first
40 ms, a substantial fraction of the response is passive
and due primarily to the inertia of the joint. After 50 m250 trials with the large stretch and superimposed sto-
post-onset, however, the response flattens out, with tiastic perturbations (i.e., identical to the main body of
“passive” response accounting for approximategxperimental trials), but with the subject relaxed rather
10-50% of the total response in different subjects. Wean contracting at 15% MVC. A set of time-varying
had significant difficulty obtaining truly passive responstiffness impulse responses was identified and second-or-
es from most subjects, however, as indicated by the aber models were fitted to the corresponding stiffness fre-
responding “passive” EMG responses illustrated quencies as for the active trials. Figure 10C and D sum-
Fig. 10B. These EMG stretch responses, normalized rhgrize these results by plotting the resulting passive
the peak of the active response of each subject, were slgstic and viscous stiffness estimates, respectively, for
nificant in 4 of 5 subjects; only the subject illustrated byoth subjects, normalized with respect to the correspond-
the heavier trace showed negligible reflex activity, amy active parameters for that subject. Prior to the
the passive torque component for this subject (heatyetch, the passive contribution to elastic stiffness was
trace in Fig. 10A) was the smallest by far. Judging froless than 20% for both subjects, but it clearly increased
this subject and from the other subjects prior to the onasta fraction of the net stiffness following the imposed
of reflex activity, passive properties probably accountsttetch, averaging 32.5% of the total stiffness for subject
for between 10% and 25% of the net torque responsettand 24.7% for subject 5. The passive contribution to
ramp stretch. net viscous stiffness was a greater fraction of total vis-
Passive time-varying stiffness properties were alsosity, averaging 48.7% and 95.9% for the pre-stretch
characterized in two of our five subjects by recordimgeriod for subjects 4 and 5, respectively, and being even
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larger during the post-stretch period. It should be notedjue allowed us to track the rapid changes in ankle joint
again that the post-stretch “passive” elastic and viscaifness by an imposed stretch in a manner not previous-
stiffness values of both these subjects almost certailylypossible in an intact system.
contained an active component since both had significant
reflex responses to the imposed stretch even while re-
laxed. The pre-stretch behavior indicates, however, thatearity and goodness of fit
the passive contribution to elastic stiffness was rather
small for the position tested, while passive properti@slinear time-varying identification technique was used
produced a significant fraction of the net viscosity. here, even though muscle and joint stiffness properties
are known to exhibit several nonlinear features. Previous
guasi-static studies (Hunter and Kearney 1982; Kearney
Discussion and Hunter 1982; Weiss et al. 1988; MacNeil et al. 1992)
have shown ankle joint stiffness to be quite linear for
We have used an ensemble time-varying identificatismall stochastic perturbations; in the present study, stiff-
technique to characterize the instantaneous stiffness miyss was linearized about the time-varying imposed
namics of the human ankle joint throughout a large, rapmp stretch. The resulting time-varying stiffness im-
id stretch imposed upon the active TS muscles. The rapidse responses were found to provide an excellent de-
stretch produced large joint torque and TS EMG reeription of ankle joint dynamics, accounting for be-
sponses, but excellent descriptions of instantaneous stiffeen 80% and 95% of the torque variance related to the
ness dynamics were obtained throughout the imposgdchastic perturbation throughout the experimental trial
movement using the torque responses evoked by a sifialis. 7, 8). The highest %VAFs were reached during
stochastic perturbation superimposed upon the largezady-state conditions, while the slightly lower levels
stretch. were observed during and immediately after the imposed
Low-frequency stiffnessK(,,) was increased by thestretch. The higher %VAF post-stretch relative to pre-
stretch by approximately 60% on average and reachedsitetch probably results from the higher stiffness ob-
final steady-state value before the termination of tkerved during this period; a higher stiffness will provide
stretch and well before any reflex activity evoked by iarger torque variations for a fixed displacement ampli-
Reflex activity evoked by the large stretch producedtide, so the effects of fixed amplitude noise (i.e., torque
clear twitch-like response in joint torque beginning apemponents not related to the stochastic perturbation)
proximately 60 ms following stretch onset, but had nweill be reduced. The form of the stiffness impulse re-
apparent effect on the instantaneous joint stiffness.sponses (and the stiffness frequency responses derived
second-order mechanical model described stiffness &gm them) was in general quite similar to that obtained
namics well during the pre-stretch and post-stretander quasi-static conditions. Furthermore, stiffness
steady-state periods. However, during and immediatetagnitudes from the pre-stretch steady-state period ob-
following the imposed stretch, the goodness of fit d&ined using the time-varying method were very similar
clined significantly and the model parameters varied irt@a corresponding quasi-static stiffness estimates. Thus,
complex and seemingly inappropriate manner. The ftihe nonparametric description of stiffness dynamics af-
lowing sections will discuss methodological issues relrded by the time-varying ensemble of stiffness impulse
vant to our conclusions, possible mechanisms mediatiegponses was very good. We therefore also have high
the observed stiffness properties, and the physiologicahfidence in the low-frequency stiffness valu&g,f)
significance of the results. obtained from these impulse responses.

Methodological considerations Ankle stiffness dynamics and modeling

Dynamics and identification of time-varying properties The nonparametri&,,, quantity is important because it
represents the static stiffness available to reject external
The time-varying identification technique used here wedisturbances. However, the frequency responses illustrat-
developed specifically for characterizing time-varyingd in Fig. 7 clearly show that the dynamic properties of
dynamic systems, and thus is capable of distinguishiig joint also changed significantly during and following
between effects due to the stiffness dynamics themseltressimposed stretch. The increase in stiffness magnitude
and the change of these dynamics across time, witatdow frequencies and the shift in the natural frequency
temporal resolution limited only by the sampling intesseen in these records during and following the stretch are
val. This fine resolution is attained by using data frooonsistent with an increase in elastic stiffness, but a more
many similar trials rather than across time in a single ttemplete assessment of stiffness dynamic properties was
al, so it is referred to as amsembleapproach. A more attempted by fitting a second-order model to the stiffness
detailed discussion of the relative advantages of tfisquency responses. This fitting process provided elas-
technique can be found in Kirsch et al. (1993). In thieity, viscosity, and inertia estimates at each point dur-
current application, this time-varying identification teching the trial. In agreement with previous results obtained
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under quasi-static conditions (Hunter and Kearney 19&ily resulted from an inadequate approximation to higher-
Weiss et al. 1988), we found that a second-order paseder (and unmodeled) effects. Furthermore, the fact that
metric model of ankle joint stiffness dynamics performdte second-order model provides a poor description of
well during steady-state conditions, accurately fittingystem dynamics during the stretch has no effect on the
stiffness magnitude and phase responses over the rfieéevance of the nonparametig,, value; regardless of
guency range of interest. The elastic, viscous, and inre changes in system dynamics, this quantity represents
tial parameters computed for the pre-ramp steady-stdite static, elastic component of joint stiffness. The elastic
period were comparable to measures obtained for quasirameter of the second-order model, on the other hand,
static conditions at similar contraction levels, indicatingill almost certainly be distorted by the poor fit of the
that the time-varying technique was accurate, at leasidel to the data during the stretch.
during these intervals. During and immediately follow-
ing the imposed stretch, however, the fidelity of the mod-
el to the observed nonparametric stiffness frequency &ifness mechanisms
sponses deteriorated significantly, and the model param-
eters exhibited unexpected variations. The elastic pardrhe net ankle torque response to the imposed perturba-
eter varied in a manner similar ¥, during steady- tions (ramp and stochastic) arises from a number of
state periods, but its increase during the ramp stretchmiechanisms, including muscle contractile properties,
self was usually delayed. The viscous parameter oscilla@ssive joint properties, and reflex action. The following
ed during the ramp stretch between about 40% and 1288tagraphs summarize our attempts to characterize the
of the pre-stretch value and the inertial parameter unéfluence of each of these components using changes in
pectedly doubled during the stretch. task (i.e., active or passive), different stiffness measures
It is possible that these parameter variations reflg¢ce., time-varying, small-amplitude stiffness and steady-
important underlying mechanisms; for example, changsate, large-amplitude stiffness), and timing (i.e., before
in viscosity could be due to rapid changes in crossbridaed after reflex latency).
attachment produced by the imposed stretch, and the ap-
parent increase in joint inertia could be due to an inade-
quate coupling of the foot to the actuator or to nonlinedrtuscle contractile properties
ities in the stiffness properties. A significant fraction of
net viscosity was found to be passive (Fig. 10), howevE&he time-varying stiffness properties characterized in
and the significant decrease in goodness of fit by the séhis study were obtained using a stochastic perturbation
ond-order model but not by the linear stiffness impulgéth a displacement range of +1°, which represents less
responses largely rules out poor fixation or nonlinetian 2% of the ankle joint range. Length-tension proper-
properties. ties are unlikely to make significant contributions to
It is more likely that these parameter variations arostiffness for such small displacements. However, the
because the net ankle stiffness dynamics became nsmnall displacement amplitude places the stochastic stiff-
complex during the imposed ramp stretch than could fess responses well within the “short-range” stiffness re-
described by the simple second-order model used hgien (Rack and Westbury 1974; Walmsley and Proske
Certainly, the decrease in the %VAF of the second-ord€&x81), and the dominance of the torque response to the
fit would support this interpretation, and fitting themall stochastic perturbation by the elastic component,
wrong parametric model to data is well known to give ereupled with the predominantly nonmuscular origin of
ratic results (Ljung 1987). Moreover, MacNeil et athe viscous and inertial components, is suggestive of the
(1992) reported that a second-order ankle stiffness modedrly purely elastic properties of active crossbridges
was also inappropriate during volitional changes in is@ulian and Morgan 1981; Zahalak 1986; Lombardi and
metric contraction level. We evaluated a simple exteRiazzesi 1990). We thus believe tkg4, (Figs. 5, 7, 8)
sion of the second-order model which incorporated a geimarily reflects the intrinsic stiffness of active cross-
ries elasticity to account for tendon compliance. Howelrridges in-series with the muscle tendon. The computa-
er, this did not significantly improve the fit provided byion of this quantity with high temporal resolution for an
the second-order model and will therefore not be piatact human joint is a unique contribution of the time-
sented here. It was beyond the scope of the current stuahying identification technique used in this study.
to develop a musculoskeletal model capable of describ-The behavior of joint torque evoked by the large im-
ing these results. This is an active research area, howmsed ramp stretch was rather similar to that described in
er, and improved models capable of predicting the resdtglier studies (Allum and Mauritz 1984; Toft et al.
presented here are anticipated. It should be reiterate®91), with torque increasing rapidly during the stretch
though, that these parameter variations were probaahd overshooting slightly before reaching a steady-state
due to an inadequate model of the stiffness frequencyvalue that was significantly larger than the pre-stretch
sponses, not to noise in the frequency responses theatde. The incremental steady-state stiffness typically
selves. The gain cutoff and phase shifts could not cmmputed (Fig. 8B) was found to be somewhat smaller
modeled by changes in viscosity and inertia alone, so theamplitude tharK,,, obtained using stochastic pertur-
unexpected variations in all the model parameters probations, consistent with the view that,, primarily re-
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flects intrinsic “short-range” stiffness properties of activileus muscle may also be so significant that yielding
crossbridges, while the incremental stiffness quantityvi®uld not occur even in the absence of connective tissue.
determined primarily by muscle length-tension propéiWe cannot distinguish between these possibilities from
ties (i.e., number of available crossbridges) and refleur data, but in either case we believe that yielding, if
ively mediated changes in muscle activation level. present at all, is subtle and certainly does not produce the
Yielding, as described for isolated muscle (Joyce aidtastrophic effects seen in the cat soleus muscle.
al. 1969; Nichols and Houk 1976; Flitney and Hirst Our estimates of low-frequency stiffness showed that
1978) and intact human joints (Carter et al. 1990), idte magnitude actually increased during much of the
rapid decrease in force or torque during an impossidetch, even though neural activation remained constant
stretch which is presumed to result from the nearly sidring this interval. This is counter to evidence for yield-
multaneous disruption of a large fraction of the actiweg behavior in some muscles (as discussed above), but
crossbridges when their displacement range is exceeddhder studies of lengthening muscle have shown similar
The amplitude of the ramp stretch used in the currdrghavior to that described here. Lombardi and Piazzesi
study was much greater in amplitude than the stocha¢1i890) found that stiffness was always significantly
perturbation and was almost certainly beyond the rargreater during a lengthening stretch than for isometric
where yielding would be expected. The evidence for thenditions, even for extremely high stretch velocities.
presence of yielding in our data is weak, however. Tibey attributed this enhanced stiffness to either an in-
torque response usually exhibited a change in slope duease in the excursion range over which crossbridges
ing the stretch that coincided with a transient decreasea@m remain attached, an increase in the number of at-
Kiow (Fig. 5), which could indicate the presence of yieldached crossbridges during stretch, or both. A larger
ing. However, this change in slope coincided with tlhlange over which attachment can be maintained would
peak of acceleration, indicating that it probably arosesult in a larger force generated by a given crossbridge
from joint dynamic properties such as inertia rather théfor a fixed crossbridge stiffness), which in turn would
from a significant change in elastic stiffness propertidsad to an increase in net muscle stiffness. An increase in
Furthermore, the decreaseHp,, during this period was the number of attached crossbridges during stretch has
quite brief and followed a transient increase, sol)at also been reported by Julian and Morgan (1979). Lom-
during the stretch never decreased below the pre-stréiaidi and Piazzesi (1990) hypothesized that this behavior
level. IndeedK,,,, actually increased quite rapidly as theccurs because crossbridges forcibly detached by stretch
stretch continued — a property that would not be expec#n reattach 200 times faster than crossbridges which de-
ed in a yielding muscle with a decreased number of teh after a “normal” contraction cycle.
tached crossbridges. Our protocol is not directly comparable to that of
Yielding behavior has been described extensively foombardi and Piazzesi (1990), however, since they mea-
the cat soleus muscle only (e.g., Joyce et al. 1969; Blived stiffness at different constant stretch velocities
chols and Houk 1976), with one study reporting yieldirrgther than for a single displacement with a bell-shaped
in the human first dorsal interossoeus muscle (Cartewvelocity profile. That is, thedynamics of stiffness
al. 1990). Other cat TS muscles either show very sultleanges were not studied in the isolated muscle fiber.
yielding effects or none at all (e.g., see Kirsch et &lle did study this quantity, but in a whole muscle with
1994). Even in the cat soleus muscle, yielding occurs amany muscle fibers and no control over individual fiber
ly in an active muscle which is stretched from an initialtretch velocities. Even so, the enhanced stiffness during
isometric condition. Deafferented muscle perturbed withe stretch is consistent with the isolated fiber results of
a very restricted bandwidth stochastic displacement &ombardi and Piazzesi (1990); enhanced muscle fiber
hibits no evidence of yielding for perturbation amplitiffness during lengthening (due to either greater force
tudes at least 3 times the normal range of “short-ranuer crossbridge or to a higher number of attached cross-
stiffness” (Kirsch et al. 1994). The results presented bridges) could produce an increase in net muscle stiff-
this current report were also obtained during continuonsss. This increase may be delayed somewhat, perhaps
movement (the small stochastic perturbation), so alue to some degree of initial “yielding” or to viscous ef-
failure to observe obvious yielding may result from simiects in the muscle that we could not accurately esti-
lar mechanisms. Furthermore, to our knowledge theramate.
no previous evidence of yielding behavior in the human The maintenance of stiffnes(,) after the cessation
TS muscles. For example, Allum and Mauritz (1984f lengthening (when muscle fiber properties presumably
noted the lack of yielding in their ankle joint responsesvert to their lower stiffness “isometric” behavior) must
to dorsiflexing stretches (including ones larger thde due to other mechanisms. Changes in the muscle
those used in the current study) and attributed this reseftgth-tension relationship or in muscle moment arms
to mechanical filtering by connective tissue. We belieage not likely mechanisms since the quasi-static stiffness
that the intact state of the muscles (including inter-mud- the ankle showed very little change over the angle
cle connective tissues) and inertial properties due to taege of the stretch (Fig. 6), and passive properties
mass of the foot may mask or prevent yielding behaviohanged only slightly following the large imposed
but differences in the muscle fiber type composition sfretch (Fig. 10). It is thus most likely that the steady-
the human TS muscles relative to the rather unique stdte stiffness enhancement seen after the stretch was pri-
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marily mediated by the approximately 25% increase turbations that may have shown the attenuation predicted
baseline EMG observed during this period. by Stein and Kearney.
Even though the effects of reflex activity on several
aspects of the joint were clearly present, the time-vary-
Passive properties ing K,y quantity appeared to be independent of both the
large burst of ramp stretch-evoked EMG and the twitch-
The passive stiffness properties of the ankle joint wdile increase in torque that followed. Likewis§,,, was
difficult to obtain in isolation due to reflex responsesompletely unaffected by the 80-100 ms “silent period”
evoked in the TS by the ramp stretch in most subjecatdiich commenced approximately 60 ms following
even when they were instructed to relax completely. Gmetch onset and exhibited an EMG stretch reflex gain of
the basis of one subject who was able to suppress allegsentially zero (Kirsch and Kearney 1993b). Even
flex action and on the “passive” responses obtainedtlimugh we believe that our current method primarily esti-
the other subjects prior to the onset of reflex EMG actimates intrinsic, rather than reflexive, components of
ity, it appears that passive properties contributed onlst#fness properties, one would expect the intrinsic stiff-
modest component to the torque response of the jaiess to increase in parallel with joint torque following
and to the net elastic component of joint stiffness. Wee large ramp-evoked burst of reflex EMG activity. Al-
examined joint properties near the neutral position of tti®ugh this was not observed, it should be noted that in
ankle where passive properties are at a minimum, hdbhe steady state both stiffness and torque were increased
ever; stiffness properties for ankle angles near eitheraoid that the twitch-like reflex contribution to joint
the extremes of joint excursion would be expected twrque, although easily observed in most subjects
contain significantly greater passive components (We{§3g. 5), was in most cases small in comparison with the
et al. 1986a). The viscous component, which accountacrall increase in torque due to the stretch. Thus, a
for a smaller fraction of the torque variance than tisenall increase in time-varying stiffness during the reflex
elastic component, contained a large passive comporteitich may have been too small to detect. It is also possi-
which presumably arose from the viscoelastic propertigle that the low-frequency stiffness estimate did indeed
of the ankle joint capsule and other connective tisscentain a reflex component that combined with a de-
crossing the joint. crease in intrinsic stiffness to produce a relatively con-
stant net stiffness. We did not examine stretch responses
in the absence of reflex action, so further study would be
Reflex action required to assess this and other possible explanations
for the lack of an obvious reflex stiffness component.
The results presented above show that reflex activityAlthough reflex action seemingly produced no obvi-
evoked by the large imposed stretch was clearly preseus change i, the presence of the stochastic pertur-
in both the EMG and torque responses. The superipation clearly enhanced the torque response to the large
posed ramp stretch evoked large and repeatable reftegosed ramp stretch. Continuous movement similar to
EMG responses in all subjects, followed in most caghst produced by the stochastic perturbation has previ-
by a robust twitch-like torque response. These results avsly been found teeduceisometric force in isolated
in contrast to those reported by Stein and Kearneyiscle preparations (Rack and Westbury 1974; Kirsch et
(1995), who found that the human ankle reflex torque @- 1994), so it is very unlikely that intrinsic muscle
sponse to a small position pulse displacement was attmechanisms are responsible for the observed enhance-
uated progressively as the mean absolute velocity omant of the torque response to ramp stretch. It is possible
superimposed stochastic perturbation increased. For ttheg the perturbation did indeed interfere with muscle
mean absolute velocity of the stochastic perturbatioantractile mechanisms, requiring the subjects to pro-
used in the current study (0.49 rad/s), reflex torque dace a higher activation level to achieve the required
sponses would be predicted to be decreased by a fat&¥#% MVC mean ankle torque level. Although baseline
of 2 to 3 relative to the responses obtained with no supgeMG levels were significantly larger with the ongoing
imposed stochastic perturbation. The results presenteg@énturbation than without it (Kirsch and Kearney 1993b),
Fig. 2 indicate that such severe attenuation was not &g enhanced torque response to the subsequent ramp
parent in the current study, however. We believe that #teetch indicates that muscle stiffness (which is mediated
difference between these studies is due to the highgrthe same mechanisms as muscle force) was larger and
mean contraction levels used here (12.6-20.3 Nm thss clearlynot reduced by the stochastic perturbation.
compared with the 0-10 Nm range used by Stein afilde remaining possibility is that the increase in baseline
Kearney) and to the use of a maintained stretch 3 tinlE®G during the perturbation is primarily reflexive in or-
the amplitude of the brief pulse perturbation (akin toigin and that this particular temporal pattern of activation
tendon tap) used by Stein and Kearney. It is likely thatsomehow more effective in producing muscle stiffness
the stretches in the present experiments were supra-nthan force.
imal for the stretch reflex and thus overwhelmed any in- Whatever the mechanism, the enhancement of the
hibitory effects due to the ongoing stochastic perturbiarque response to imposed stretch by the stochastic per-
tion. We did not examine reflex responses to smaller perrbation suggests that our estimates of time-varying
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stiffness magnitude may be larger than would be detion may be organized somewhat differently at the in-
served for an unperturbed condition; if so, our concltact human ankle joint relative to that of the decerebrate
sions are valid only for the particular experimental conat TS, where reflex action has been proposed to act pri-
ditions tested. It should be noted, however, that stiffnemarily to prevent yielding (Nichols and Houk 1976;
can be measured only by imposisgmetype of pertur- Hoffer and Andreassen 1981). Third, while a simple sec-
bation; an ideal input perturbation would provide suffend-order model was found to be adequate for describ-
cient excitation to the system under study to evoke @y ankle stiffness dynamics during stationary condi-
relevant behavior without causing the system to act intions, it was unable to describe these dynamics accurate-
inappropriate or distorted manner. Unfortunately, this during the imposed stretch. A more complex model of
ideal is difficult or impossible to attain in a nonlinegoint stiffness is required to describe the nonstationary
system such as the stiffness properties of the intact bbmanges in joint stiffness characterized here and for
man ankle joint. We chose a small stochastic perturlmdher tasks which may be examined in a similar manner
tion and matched its frequency spectrum to the expectedhe future. Finally, reflex contributions to the time-
frequency response of ankle stiffness to reduce distearying low-frequency stiffness estimated here appear
tion. Subjects perceived the perturbation as very milwlbe small or absent. This may be due to the small mag-
and the torque evoked by it was small compared with thieude of the reflex component or to its nonlinear nature;
stretch-evoked component. Thus, we believe that thdeed, it has been recently shown (Stein and Kear-
stiffness behavior reported here presents a reasonalele 1993; Kearney et al. 1994) that a nonlinear identifi-
picture of the variation in joint stiffness during an imeation approach is required to detect such reflex contri-
posed movement. butions. Further study of the contribution of reflex

mechanisms to stiffness properties under a variety of

conditions is clearly indicated by the results of this pres-
Implications ent study.
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