
THE 'MEASUREMENT OF THE ELASTICITY AND VIS-
COSITY OF SKELETAL MUSCLE IN NOR.MAL AND

PATHOLOGICAL, CASES; A STUDY OF SO-
CALLED " MIUSCLE TONUS "

By WALLACE 0. FENN AND PAUL H. GARVEY
(From the Departmcntts of Physiology anid of Medicinte, of the School of M4ledicinle

and Dentistry, The University, of Rochester, Rochester, New York)

(Received for publication December 16, 1933)

Mluscle " tonlus " has been described, defined, and measured in a multi-
tude of different ways.1 Scientifically speaking, however, there is no such
si)lgle property of a muscle as its tonus. Rather tonus is a convenienit term
which includes many different properties stuch as elasticity, viscosity, and
conitractility to say nothing of the many nervous processes controllingo, the
muscle reflexes. The continued employment of the term, convenient as it
is, serves to avoid the necessity of analyzing " tonus " into its various com-
ponents. An experimental analysis of this sort however is exactly what is
needed for a complete understanding of the phenomenon and for an in-
telligent and scientific classification of the various tvpes of rigidities fa-
miliar clinically.

.Muscle " tonus " is so complicated in nature that it cannot properly be
measured by any onie method. Herein lies the justification for the develop-
ment of yet another method. For scientific purposes, however, more is re-
quired than merely more methods, and more than merely a simple and con-
venient graphic test serving to distinguish different degrees or tvpes of
rigidity. For a scientific analysis each method must measuire some one
clearly defined physical property of the muscle in absolute tunits. Just as
surely as a muscle has length and breadth it has elasticity and viscosity, etc.
which may show functional changes, and these properties must be measured
quantitatively, not qualitatively, in proper physical units. It is perhaps of
interest to obtain drum tracings showing changes which may be interpreted
as due to an increased muscle viscosity. It is better to measure this vis-
cosity and discover how 111ulch it is increased.

METHOD

The method which we have developed and used has certain practical
disadvantages in matters of convenienice, but, like a previouls method re-

1 Recent methods of Pollock and Davis (1932) and of Berkwitz (1932) may
be nmentioned in this connection in addition to methods referred to in our previ-
ous paper (Smith, Martin, Garvey, and Fenn, 1930).

383



8MUSCLE TONUS

ported fromii this laboratory (Smith, Mlartin. Garvev anid Feiin, 1930) it
does at least miieasure something definlite in absolute uinits. The valne of
the aplparatus is for research rather thani for routine cliniical uise.

The metho(d is a (dynamic onie ani(l wsas (levelope(l in ani effort to avoid
the rather te(lious calculationis ilivolve(i in our former metho(l. which de-

pended upon a mlathemiiatical anialysis of the curve obtained 1y recordii, the
rate of flexion of the kniee in response to gravity. The geineral principle
involve(l in this miietho(d is to move the leg passively to anid fro, bending it
at the knee at conistanit auigular velocity, anid to record on a revolving; (Irtumii
the force nlecessary to move it. The nmovemiienit of the leg at conistan1lt am-
gullar- tvlocity is an iml)ortant feature of the apparatus because it l)ermits
uis to neglect inertia. The force recorded is therefore pturely onie (of re-
sistance to (lisplacement an(d is uniaffected by accelerationl or (leceleration.,
and therefore uniaffectedI by the mass of the leg.

The arralngemenit of the apparatus is showin in Figure 1. The subject
lies on one si(le with onie leg oIn a moving arm of the apparatus anid t-he

.........~S-U*-

FHG. 1. GEFNER.AL VIEW OF APPA\RATUS

mnotor mioves this armi back anid forth carrying the legr with it. The axis
of rotationi of the mioving armi- coinicidles with the axis of rotationi of the
kniee. Tenisioni is recordedI lby a priinciple simiilar to the onie uised in the
apparatus dlescribedi by Schaltenbrand (1929). The dletails are shownl in
the (liagrami oni Figuire 2, there being two armis, A, and( A, pivoted abolut the
same vertical axis, this vertical axis being madle to coinicide with the axis of
rotationi of the kniee. The leg, rests oni A1 which is moved back and( forth
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by A2, to which it is attached by springs (s). The displacement of A1
with respect to A2 caused by a given amount of force stretching the springs
is a measure of the resistance to movement. This displacement is recorded
by means of a thread attached to A1, passing over a pulley P., which is
fixed to A, and passing thence by another pulley P. to a lever under the
table which records on a revolving drum. The string between P., anid the
lever coincides with the axis of rotation of A, and A., so that the movement

e /I

Fi(;. 2. DIAGR&AM OF APPARATUS

Not drawn strictly to scale. The motor anid chain in the upper right corner
is much diminished in size. The inset shows details of the dash pot which is
fastened to A2 just to the right of the pin c where the thread over pulley P1 is
fastened. Rapid horizontal movements of A1 anid the leg in relation to A2 are
translated into vertical movemenits of the piston in the (lash pot by means of a
right-angled lever.

of these arms, without any real displacement of A1 with respect to AH.,
causes no movemenit of the lever. In order to support the weight of the
leg, A. is provided with two wheels which run on a galvanized iron surface
of the table with negligible friction (see Fig. 1 ). Likewise there is a wheel
between A1 and A, to reduce friction when the weight of the leg is bearing
down on A1. The force for moving the leg is applied to A., the lower arm,
by a toggle b, which runs in a slot on A4. b is carried backward and for-
ward with constant linear velocity by the motor and the slot in A., is so
designied that a linear movement of the toggle b results in movement of A.,
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31 UMSCLE TONUS

at conistanit angular velocity. The total excursioni of b is 90 cim. anid that of
1 ai(l A4. ani(l of the leg itself is 630. The methodI by whiclh the toggle b

is made to miiove with a colnstanit linear velocity is shown in Figure 1. The
heavy chaini passes over twxo sprockets which are (lriven by a 1 horse power
D.C. miiotor. The chaini carries at onie point a toggle a which engages vith
a slot in the bar c, which in tturni carries the toggyle b. (The bar . is shown
in three sectiolns in Figure 2. It is actually onie steel bar 12 feet long and(I
1l', inch square.) Thtus at conistant speed of rotation of the motor the
toggle ( oni the chaini moves with conistanit linear velocity ani(l therefore also
the toggle b. There is a considerable amount of vibration set upl wheni this
al)l)aratus is runnlinig and(l this is dlaml)e(l out by tvo oil (lash pots. onie to
(laml) movements between 1, ancd 4., anid onle (lirectlv on1 the recor(lilng
lever. These effectively elimiiniate oscillationis of high fre(quelncyvbut (lo lnot
initerfere with the slower chaniges (lue to the pull of the mutiscles.

1 [casicro icnts of recor s

A typical recor(d obtained with this apparatus is shown in Figuire 3.
The large spikes represelnt the points where the (lirection of muotion is re-
verse(l. These spikes are of no significance. their height (lepenllglin mlerely
upon1 the spee(iof miiovemlenit and( the iniertia of I and( the leg. Between

FI(.. 3. TYPiCAL RECORD SHOWIiN( CALIBRAXTION

Poilnts where tonus is measured are indlicated by arrows. HIorizonltal linies
were drawn arbitrarily by spinning drumii after record wvas taken. Reduced to

original size.

the spikes. the recor(d in(licates the total resistanice to miiovemiienit offered by
the mutiscles, the joint, and(I any frictional forces in the apparatus. At the
poinlts mllarkedI by arrows miieasturemenits are ma(le of the vertical (listanice
above or below the horizonital base lilne. Deflections at these poilnts repre-
senit the resistilng forces at the end( of the flexor and(I extensor movemiienits
respectively. The base linie can be (lrawvn representing zero tension but in
lractice we have foulndc ihe position of this lilne slightly variable and(I have
therefore (Irawin any base line arbitrarily merely for purposes of measure-
menit an(l have utilize(d only the sofiii of t(h flex.or (and extcn sor rcsistaices,
i.e. the vertical (listalnces oln the recor(d between two successive points indi-
cated l)y arrows.

Routine measurenwienit of the resistanice to movenment in the leg of a pa-
tient conisists of a preliminary recor(l at a very slow speed, then a series of
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periods of four or five to and fro movements each, at increasing speeds, and
finally a repetition of the same observations at decreasing speeds, ending up
with a very slow movement. The speed is varied by the resistance in the
motor circuit, but for very slow speeds it is necessary to turn the shaft by
hand using a handle and crank provided for this purpose.

Figure 4 shows some complete sample records. C is a typical record
from a normal subject. The large excursions, representing merely the
over-shoot of the instrument when the direction is reversed, are naturally
higher at high speeds. They appear likewise in the record A obtained with
an artificial leg consisting merely of a weight tied to the apparattus. This
record with an artificial leg differs however in showing practically zero de-
flections between and just previous to the large spikes, these being the points
which are measured. Records D and E, Figure 4. are taken from subjects
classified clinically as spastic (Parkinson's) and record B, from a case of
muscular atrophy which was clinically flaccid.

After taking these records they are measured as described and the aver-
age values of deflections above and below the arbitrary base line obtained in
successive movements at each velocity are determined and added together
so that figures are obtained for the sum of the average flexor and extensor
resistances at a series of different velocities. These deflections are cali-
brated in terms of kilograms on the original record (as in Figure 3) so that
deflections in centimeters can be expressed in kilograms. These values are
multiplied by the distances from the point on the apparatus where the cali-
brating force was applied to the axis of rotation, a distance of 60 cm. so
that the results are finally expressed in terms of kilogram-centimeters of
torque. These values are plotted against the angular velocity of movement
in radians per second. Graphs representing average values of this sort are
shown in Figure 5. As the velocity of movement increases the resisting
force also increases, usually in a more or less linear fashion. It is note-
worthy, however, that if these curves be extrapolated backwards they do
not pass through the origin but intercept the X axis at a point which repre-
sents the force exerted at zero speeds of movement. It is, in fact, usual
that a leg simply resting on the apparatus exerts some slight force either in
the flexor or the extensor direction. This resting force may be regarded as
a measure of the elasticity of the leg. The slope of the line, representing
the increase of force for a given increase of velocity of movement, may be
taken as a measure of the viscosity of the leg. The meaning of these forces
may be stated more explicitly as follows:

Let the leg be assumed to be an elastic body which is at rest and exerts no
external tension at some intermediate position. Let it have a coefficient of
elasticity K and a coefficient of viscosity M*. If displaced a distance s1 to the
" flexor " end of the range the flexor muscles are stretched and an elastic force
Ks, is exerted. Likewise an elastic force Ks2 is exerted at the " extensor " end
of the range. Since our measurements were all made at the ends of the range,
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WALLACE 0. FENN AND PAUL H. GARV'EY

the resting force, or force at zero velocity (obtained by extrapolation of graphs
in Fig. 4), is Ks1 + Ks2, or 2 Ks, if s, = s2. The force (2 Ks) is therefore pro-
portional to the coefficient of elasticity of the leg. From this value the coeffi-
cient of elasticity of the muscles themselves could be obtained by dividing 2 Ks
by 2 and by the average displacement, s, of the individual muscles and reducing
to uniit length and cross section area. For this purpose it would have to be as-
sumed that the extensor muscles exert no force in the flexor position and vice
versa. When the leg is moving with a velocity dsldt there is an additional force
measure(l equal to , ds/dt. The force whichl we have actually measured is 2

Kgtn. cm. Torque
/20-

/00-

Very S,pastic
80-

60- / Sp0a -

20- _ tj=10ci

Radians, per %econd
O /.2~~~~~~~~~~~/10 02 OA(l 0.6 0.8 .0 A

FIG. 5. AVERAGE XVALUES FROMI TABLE I
The resisting torque is plotted as ordinates against the angular velocity of

movement of the leg at the knee in radians per second. The upper graph was
taken from a patient showing Parkinson's syndrome.

Ks + 2 ,u ds/dt. The slope of the graphs of Figure 4 is therefore equal to 2 y
or twice the coefficient of viscosity. Lacking a knowledge of the true displace-
ment, s, of the individual muscles we have not tried to calculate the coefficient
of elasticity of the muscles thelmselves but we simply refer to the observed rest-
ing force as the elasticity of t1ie lcy. We shall show later, however, how an ap-
proximate calculation can be niade of the value of u for the muscles themselves.
Treating the leg as a mere physical object this is a true coefficient of viscosity
but it must be remembered that it includes " reflex viscosity " or the force de-
veloped as a result of proprioceptive reflexes initiated by the movement of the
leg.
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39 MUSCLE TON-US

NORMAKL AND PATHOLOGICAL CASES

\We have miieasure(d in all the elasticitv anid viscosity of 19 liornlal legs.
46 flaccid legs, anid 29 spastic legs (as classified cliniically), and some others
unclassifie(l. Separate grap)hs for each of these legs, simlilar to those in
Figture 5, have been plottedI and( figtures obtained by graphical interpolation
for the kilogrami-cenitimeters of torqute at 0.4. 0.8, andcl 1.2 radianis per
secon(l. The (lifference between the valtues at 0.4 anid 0.8 has been sub-
tracte(l fromii the valtue at 0.4 in every case in order to obtain the force ex-
ertedl at zero velocity (elasticity), this beilng in effect the backward extra-
p)olation of the curve. Ihe average values so obtained as recorded in
Table I, and(l plottedl in Figure 5, are 13, 29, anlel 31, respectively, for the
flaccid, normiial, and spastic legs. Likewise the average values for the slope
of the cturve between 0.4 and 0.8 and between 0.8 ancd 1.2 radians peer
seconld are also recordedl in Table I. Here also the more sl)astic legs gen-
erallv show the higher valtue, as woulld be expected.

TABL E I

Summary of torques measured in kilogram centimeters

Increase in torqtie

Number Torqtue at
of cases zero velocity Betweein Betw. een

0.4-0.8 0.8- 1.2
radians second radians/secondcl

Flacciti .......... 46 13 3.6 5.7
Normal ........... 19 29 6.0 5.5
Spastic ........... 29 31 9.5 14.4

It is a poinit of soml-e initerest that this method (loes niot invariably reveal
abnormally high elasticity or viscosity in a leg which is classified cliniically
as spastic. Thus a groul) of 17 patients was sttldie(l. Ninie of these ex-
hibited symptonms of Parkinisoni's synldrome, anid eight cases miianifeste(d
spasticity due to a pyramidal tract lesion. Thus 34 legs were measure(l.
An arbitrary scale was choseni so that they could be classifiedl oni the basis of
the miieasuremienits as nion-spastic, spastic. or markedly spastic. Likewise
the same legs were classified oni the basis of the clilnical report in similar
grotups. The results mzay, be summnarize(d as follows:

Spastic clinically anid by test ........................... 17
Spastic clinically, niot spastic by test .................................. 14
Markedly spastic cliniically, nlot spastic by test ......................... 6
Spastic by test, niot spastic cliniicalicr ........................... 1

The result shows that 14 oUt of 31 clinically spastic cases (lo niot appear
to be so by this miiethodl of ml-easurenmenit. The largest percenitage of failures
to confirmii the clinical impression of stifflness occurred in the groupl) with
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pyramidal tract signs where only one out of seven clinically spastic legs ap-
peared abnormally resistant on the apparatus. Of 17 Parkinsonian legs
which were rigid cliniically, six failed to show any abnormality in the records
as far as the viscosity was concerned but of these six cases, four showed
abnormally high elasticity. Most of the spastic cases which the apparatus
completely failed to detect were therefore due to pyramidal rather than
extra-pyramidal lesions.

It may be suggested that the pyramidal spasticity is more directly or
more completely dependent upon the stretch reflexes for its manifestatioll
and that these stretch reflexes are not always elicited by our apparatus for
the following two reasons: (1 ) There is a certain threshold speed of move-
ment required for the development of a stretch reflex which is the basis of
the pyramidal spasticity. This threshold is attained in the clinical test
when the leg is moved by hand but is not attained in the laboratory ex-
amination. The threshold may be higher in pyramidal than in extra-
pyramidal lesions. (2) The spasticity felt clinically may be in the form of
an isolated stretch reflex which develops at a certain point in the excursion
of the limb but is absent at the end of the excursion where measuremenits
are made with our apparatus.

It is possible to offer another suggestion in partial explanation of these
results. The psychological factor is an important one in measurements of
this sort as Berkwitz (1932) has emphasized and the position of the subject
in our apparatus is not always conducive to complete relaxation in all per-
sons. This may account in part for wide variations in normal cases which
thus overlap the spastic range and interfere with clean-cuit distinctions.
Fu.rther, considerable allowance must be made for suibjective error in the
rough clinical classifications.

The difference which we believe exists between pyramildal ancd extra-
pyramidal spasticity is in agreement with the conclusion of Pollock and
Davis (1929, 1932) who state that "muscles intoned by labyrinthine tonic
reflexes show marked internal friction of so-called viscosity whereas the
muscle intoned by muscle proprioceptors show an elastic type of curve."
Schaltenbrand (1929) has also observed a difference between pyramidal and
extra-pyramidal rigidity which would seem to indicate a greater dlependence
of the former upoIn stretch reflexes for he found that the rigidity persisted
after the movement stopped in Parkinsoniiani muscles but not in muscles
with spastic paralysis.

These results provide us with some information. about the nature of the
spasticity which is observed clinically. In some measure this is a static
spasticity (elasticity) but in genieral the spasticity is only present wheni one
attemnpts to measure it, that is, it is purely a dynamic spasticity (viscosity)
which is developed to an abnormal degree by moving the leg. This spas-
ticity becomes therefore to a considerable (legree a matter of stretch re-
flexes. To progress further in the investigationi of the subject it would be

391



3MUSCLE TONUS

dlesirable to be able to measture the thresholdl stimutlus for these stretch re-
flexes or for a kinee jerk. Apparently in somle spastic patients the threshol(d
is sufficiently high so that uio stimutilus takes place at the velocities which we
cotl(l attain in our apparatus. These legs al)l)eared to be complletely ilormlal
as far as cotldl be (leterminie(l fromii graphic recorIs, yet whenl tested in the
tustual clinical manuiier by simp)ly bending the k1iee with the haud(I at consider-
ably higher velocities, definite iudlicationis of spasticity could be ol)tained.
The haud is miore sensitive thani the apparattus in this respect; at least it canl
test the mutscle at hilgher velocities of miovemiienit ani(l cani pick otut the par-
tictular range and(l con(litionis which will best elicit a spastic response. In otur
previous stu(ly of this subject we founid simiilar inidicatiolns that clinical
spasticity is a mlatter of stretch reflexes, for Nwe found that the spasitic leg
did not fall smiioothly but rather in jerks, so that the rate of fall cotuld be
well imitate(d by applying a tap to the patellar tendoni while the leg was fall-
ing. This al)peare(l also in Parkinsonian legs whiclh are therefore nlot utll-
infltueniced by reflexes.

The inability of this method to (letect spasticity in certain legs (loes nlot
miieani that it canniiot (letect smiiall differeilces in tenision but rather that the
legs wvere not spastic tinider the con(litioins of the meastiremenlt at least the
spasticity was no greater thani in the mlost resistanit of nlormiial leg s. T'here
is in fact little doul)t that a systemlatic investigTation of two legs with ourl
apparatus cani reveal (lifferenices between themii wvhich canlnot be (letecte(l by
hand(l. Thtus onie case of hem-iichorea was examiinie(d oln five stuccessive oc-
casioi1s anl(l in fotur of these tests higher forces were measured on the
affected si(le (lute either to higher elasticity or higher viscosity onl that si(le.
Another similar case was examiinie(d three times in two of which the affecte(l
side showN-ed the greater resistanice wvhile the thirdl trial showed nlo (lifferenice
between the two legs. None of these differenices couil(l be detecte(d with
certainity by the hand(l.

Tlhe recordls of Figure 6 were takeni frolmi a p)atienlt who readlily wenit
inlto a tetaniy oln overbreathing. Records 1, 2, 3, an(l 4 were takeni at in-
tervals dturilg a period of hyperventilation. In 4 the tetantus was very
markedI and(I the resistalnce finally became so great that the illotor was till-

able to move the leg at all. The spikes ind(licating the sudden reversal of
(lirectioni are scarcely visible at all oni accoulnt of the extremlle spasticitv.

Normwal viscosifvt

Figoures in Table I for the slope of the cturves representing- torctie
plotted against velocity are of initerest fromii the point of view of the coeffi-
cienit of viscosity of niormal muitiscle. By coefficielnt of viscosity w-e uinder-
stani(l the force necessary to miiainitaini a tuniit inlcrease in velocity of m11ove-
melt. i.e., dF dV, where F rel)resents the force in granms per cm.2 cross
sectioni an(l I - is the velocity of shortening, ill Cmil. slhortenlillngf per cmi. lenlgth
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of musc'e per second. It is p)ossil)le to calculate from the figures of Table I
a coefficient of viscosity expressed in these ulnits for comparisoln with simi-
lar figures obtained in other ways.

FIG. 6. FOUR SUCCESSIVE RECORDS AT CONSTANT SPEED FROM A PATIENT
DURING OVERBREATHING WHICH BEGAN JUST BEFORE THF FIRST RECORD WAS
TAKEN.

The speed of the motor moving the leg was decreased somewhat in Number
4 because of the great resistance against which it had to work. Time in 5
second intervals. Reduced to % original size.

To do this it is necessary to know the cross section area of all the muscles
which are stretched when the knee is bent. These comprise the quadriceps
group, the hamstring group, and the gastrocnemius. Only a rough estimate can
be obtained of the average normal cross section of these muscles. We have at-
tempted to estimate it from cross section diagrams of the leg, such as those given
by Braune and Fischer (1889, Table II). The total cross section area of the
diagram was measured by a planimeter and also the cross section area of the
particular muscles concerned. Knowing what fraction of the total cross section
area is represented by a given muscle it is simple to calculate this fraction in
absolute units from the circumference of an "average" normal leg. In this
way we have found that the cross section of the quadriceps represents 34.6 per
cent of the total cross section of the leg, the hamstrings, 19.3 per cent, and the
gastrocnemius 15.9 per cent. The first two are measured at the upper third of
the thigh and the gastrocnemius at the calf. Thus the cross section areas may
be estimated roughly at 790, 440, and 172 cm.2 respectively or a total of 1400
cm.2. From Table I the increase in torque between velocity 0.4 and 1.2 radians
per second for normal muscles is 11.5 kgm. cm. If the lever arm of the muscles
concerned be estimated at 3.8 cm. (Fischer, 1927), then the force on the muscle
tendons is 3020 grams or 2.15 grams per sq. cm. This force is concerned with
a velocity of rotation of the leg of 0.8 radians per second, which with a radius
of 3.8 cm. means a rate of stretching of the muscles of 0.8 X 3.8 3.04 cm. per
second. If the muscle length be estimated at 40 cm.. this means a velocity of
shortening of 0.076 cm. per cm. muscle length per second. The coefficient of
viscosity is therefore 2.15/0.076 which equals 28.3. This figure may be com-
pared with considerably larger figures obtained by Bouckaert, Capellen and de
Blende (1930), of 1120 by an extensometer method, 1005 by the Levin-Wyman
method. Similar values may be calculated from the data of Hill (1922) on
work performed by human arm muscles in shortening at different speeds.
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3MUSCLE TONUS

From Hill's data, Feinn, Brody, and Petrilli (1931, sec their Table III)
calculated the per cent loss of tension for anl increase in tlle anigular velocity of
movemiienit of 1 radiani per second, and give also Hills value for the maximium
work, (V,, (in kgm. AL.), which was perforlmied. 1To calculate the coefficienlt of
viscosity in the above units it is necessary to determine the force on the muscle
correspon(diing to this mnaxiimiulmi work, and(I to express the anigular velocity in
terms of cim. slhortening per cim. of muscle. The work was performed 1y pulling
a distance of 60 cm. so that TlV0 60 is equal to the force otn the hand at a distance
of 34 cii. app)roximiiatelv fromii the elbow. If the lever armii of the muscles be
takeni as 2.88 cim. an(d the cross sectioni of the flexor muscles be estimated as 29
per cent of the total cross section of the arm or about 218 sq. cim., then the force
on the miiuscles is equal to Wo7 /0.6 X 34/2.88 X 1000/218 --90 Wrv gin. per Cm1l.-
If the lever arm of the mnuscles is 2.88 cm. and the length of the muscle be esti-
mated at 20 cim. theni ani angular velocity of 1 radian per second represents a
slhortening of 2.88120 cim. per cim. length of muscle per second. If the values
43.5 KJITFO (per cent loss of tenision for an increase of 1 radian per second in
angul1ar velocity) as given by Fenn, Brodv. and Petrilli be mlultiplied by 2012 88,
we have the per celnt loss of tenisioni for 1 cmii. per second inicrease in velocity.
M1ultiplying by 90 IVte wNe have the coefficient of viscosity. Thus if [V0 equals
14 kgmii. the coefficient of viscosity is 14 X 90 X 11.5 X 20/2.88 which is equal to
1010. Other values similarly calculated fromii the samiie (lata are 738 and 637.
These values colmipare verywell with those of Bouckaert. Calpellen and de Blen(le,
alnd also with otlhers which wvehave obtained on stimiiulate(d frog miiuscle.

The value of 28 froml our muscle tonuts measturemiienits is very much
lower than similar coefficienits of viscosity calculate(d fromi Hill's data (637
to 1010) and(I the differenice is greater thani the inaccuracies of the estima-
tionls. It is perhaps accounite(d for 1b the fact that in passively flexinig a
leg. the flexor muscles assist the movemiient by their oWIv elasticity while
the extensormnuscles retard it alndI we are measurincg really the (lifferelnce
letween the flexor an(l extensor pulls. These relatively feeble elastic forces
of restinigmutscles are of lno importance in Hill's experiments with conl-
tracting armiimuscles.

It is also of initerest to compare the figures obtained in Table I for the
resistanice of niormalmutscles to stretchincg at (lifferenit velocities with corre-
sponding figures which may be(lerive(l from the dlata of Smith, AMartin,
Garvey and(I Fennii (1930) who)measture(dmutscle tenisionis from a recor(l of
the spee(d with which the lower leg falls from the horizonital position when
suddenly release(l. In their Figtre 6. subject number 2 (normal). graphs
are giveln for the velocity of fall of the leg and(l for the resistiiig force at
differenit times during the fall. From measturemenits oni these curves.
simtultanieous valtues for velocity and(l forcemay be obtained and these are
plotte(l in Figure 7 for times 0.1, 0.2, and(l 0.3 second(I after the momenit of
release of the leg. T'his gives a smiiooth graph through the origin showing
that the force inicreases as the velocityincreases. Three other points at low
velocities areindicate(l b)v crosses oni this cturve. Thesevere (lerived from
the (lata of TableI. The torque at velocities 0, 0.4. 0.8, and( 1.2 ra(lians
per secon(l fornorimial muitiscles was (livi(le(l by 3.8 cm.., the estimatedI lever
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arm of the muscle, to obtain the force in kilograms on the muscle itself.
The value at zero velocity was substracted to get the force due to move-
ment only. On the assumption that half of this force was measured dur-
ing flexion and the other half during extension, the figures have been di-
vided by two to give the tension in the extensor muscles at these three
velocities. It is striking that the results obtained by these two utterly dif-
ferent methods should fall on the same smooth curve. The validity of the
comparison depends upon the assumption that the dimensions of the legs

/i. tension of
20 - eKtet7sormiusc/es/

0 / 2 3 4 5 6
An.gu/or Ve/ocity in radians pers.'ec.

FIG. 7. RESISTANCE OF THE NORMAL LEG TO PASSIVE M\1OVEMENT (ORDINATES)
PLOTTED AGAINST THE ANGULAR VELOCITY OF MOVEMENT (ABSCISSAE)

Dots are from the data of Smith, Martin, Garvey, and Fenn and crosses from
data of Figure 5. The tensions have not been reduced to unit cross section
areas.

in the two sets of data were approximately equal. One other complicating
factor has been neglected, i.e. the length of the muscle, which has varied at
the different points chosen. The graph nevertheless represents the best
data now available on the resistance offered by human muscles to passive
stretch at different velocities. Further data are necessary under more uni-
form conditions before conclusions can be drawn but the data as they stand
indicate that the force increases approximately as the 1.26th power of the
velocity of stretching, i.e. the curve is concave upwards. The same ten-
dency is shown by the graphs of Figure 5.

DISCUSSION,

WVe have described in this paper an apparatus with which we have been
able to measure in absolute units the resistance to movement at the knee
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joint at (litfereint velocities of rotationi in 1)oth dlirections. 'Measurements
have been mladle in both niormial and pathological cases. The results show
the variations of force as a funictioni of velocity. Thus 1)oth a static and a
dyniamlic miieasure of " tontis " is found, for the force at zero velocity is
static awl(1 is proportional to the coefficienit of elasticity of the leg. The in-
crease of force with increase of velocity is a (lvdnaic measuire of " tonlUs
or is imiore prop)erly (lefine(l as the coefficient of viscosit- of the leg. This
figure has l)een calculate(l anlel providles ani adequate description of the be-
havior of the leg in the apl)aratus.

\We (lo not believe that the apparatus (lescrilbed is ideal for the purpose.
It has served, however, to miieasure the resistance to movement inldepenid-
enitly of inertia andl as a ftunctioni of velocity anid the mlagniituide of this re-
sistance is of physiological initerest. Oni the clinical si(le the results serve
to emphasize the imlportanlce of speed of miiovemlenit in eliciting a spastic re-
sponse. TIhe reflex niature of spasticity is thus inidicatedl. It appears that
if we cotldl explore the whole range of movemiienlt of the knee at differenit
velocities we might expect to find soni-e in(lividtuals in whomii stiffness would(I
only malifest itself above certaiin velocities anid p)erhaps at certaini knlee
angles.

SUMAIMARY

1. An apparatus is (lescribed which alternately flexes and extend(s the
leg at the knee at constanit angular velocities and records simultanleously
the nlecessary torque which is applied to the leg for this purpose.

2. The force so recordle(d is lnot zero at zero velocity anld this resi(luum
is a static measure of mutscle " tonus ' and(I is founld to be large in clinically
spastic subjects. It is equivalent to a miieasure of the elasticity of the
muscles.

3. The force (F) inicreases miiore or less linearlv with increase in
velocitv of miiovemienlt ( V) anid this rate of inicrease of F (dF dl') is a
kinietic miieasture of the miiuscle " toinus " alndl serves for a calculationi of the
coefficielnt of viscosity oif the leg. The average value for nlormal legs is 22)
grams per c1m.2 of miiuscle cross sectioni for a velocity of stretch of 1 cim. per
cmi. muscle lenigth per seconi(l.

4. Somiie legs classifie(d cliniically as sl)astic g.,ive nlormiial v'alues whien
testecl 1v this apparattus. This occurs chiefly i l)atients \x ith pyramidlal
rather than in those N-ith extra-p)yrami(lal lesions, and(l it appears to be (lue
to the slow speeds of wiioveiiieiitwhich are attainie(d by the aparattis \\hici
are niot a(lequate to reach the threshold for the stretch reflexes responsible
for the spasticity observed clinically.
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