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The postural responses to vibration of the leg muscles i standing oo 2 stal:le and unsiable supperl weee
compared. Two types af an unstable suppor were wsed: a tibting plazform shaped tke a large paper-weight and
a stealy support wilh a soft porolon mat for the feet. Oscillations in the apkle juint were 3 — 10 Limes grepter
an o illing platform thar on the hard oo the averige rilc al chanpes on the stahilogrmn inercased 1.6 times,
and a high-frequency camponent appeared on i3 n the 2 3oz zone 1t was impessible W stand on a tling
platfarm. Standing on the solt support was characlerized by increpsed {1.7-feld) rale of changes in lhe
stabilagram, The stabilogram level, the angle ot Uiz ankle joint, and inclinstion of the trunk e a tilting suppoct
in response to vibration weres displaced on averape el Less Uan in response to the same vibration elfecton
a sof or hard stable suppert [t is assumed that the absence of 0 marked response Lo vibration in steading on @

tilting unsteady suppart is due 1o the changes in the stratepy of balance manienance.

Vibration-induced stimulation of museles is among the
methods for studying the tole of propricception in mainte-
nance of the vertical posture in man [1 —3]. The response of
the muscles and the postural reaction to the effect of vibration
depend on the external conditions: the contact of the feet with
the support, the angle of tilting of the support surface, and
fixation of the upper part of the trunk [3 — 8], An opinion has
been repeatedly advanced that the vibration reactions in a
standing person refleet the work of posture control mecha-
nisms, This point of view agrees fully with the fact that
change in the conditions of balance maintenance affects the
postural responses to vibration, We thercfore decided to use
vibrmtion-indueed sfTects in investigating the insufficiently
studied changes in the mechanism of posture control in stand-
ing on a unsteady support, An attempt was made to connect
the discovered differences in the responses to vibration with
changes in the sirategy of balance maintenance and the physi-
ological role of propricception of the leg muscles.

METHODS

Eight healthy subjects aged from 20 to 40 years were i
gaged in the study,
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The device is represented schematically in Fig la. A
platform shaped like a big paper-weight that could accom-
plish a translational-rocking motion served as the unstable
platform, Tes base was shaped like a semicylinder with a ra-
dius ol 25 em. A stabilograph was firmly attached to the lop

==l

Fig. 1. The geieral view of Use device (a), deviations of angles analyzed in
the experiment (4], and change of halanced body posture in ratation of the
platform (£). ) Angle of platform cotation; {3k wngle in ankle joit, 9) anpu-
Lar deviation of trunk rom vertical, £, K') point of contact of platfomm with
flocr. Chosen s the posiive direction of all angles was that direction that
comespended to forward inclintion of the body {eoresponds Lo the clack-
wise direction in the given figure).
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4 nation of the platform and displacement of the Uo-
racic paint were measured will o tensometer, and
the angle al the ankle with a potentiomelric pick-up.
[n some cases (o chieck Eg. (1) the estimated hori-
rontal displocement ol the thoracic poinl wis used
iy caleulating the trunk angle of rotatton i relation
to the weitical, The signals obtained through the
ACPE were sel into an 1BM PC/AT computer Ton
subsequent processing, The frequency of myogram
and mechanogram digilalizalion was 500 and 20
Haz, respectively,

Il is noteworlhy thul the thoracic poinl pick-up
measured the displacement of the upper part of the
trunk in the mmoebile coordinate svstem. To Ood
the horizontnl displacement of the thoracic point in

Ssec

Fig, 2, Balince maibenascs on o steidy (ol oand anstesdy (0} suppozt 7Sk EMG 0V,
2VITM EMG, %, 3 ) oscillatens donoankle joinl dees o) oscillations of platlform, dea,
J ) sagietal stabifogram, N om; & ) horizontal dizplaccment of thorcic poiol in memebile co-
ordine systerr, om, 7Y Borcontal displecement ol therocie peint in system of conrdinntes
of unstesdy sopport, Tound rom cucve 6 alter subtrzeting rom it corve 4 with a coelticient
of Dt gsince inclination of the platform by 195 attended with horizental displacement of
thie peint of contact between the pluttorm and floor by 044 cm). Attention showld be paid o
the M-fold ditference in colibration of the angle at the ankle oo an unsteady and steady

sUppoer.

of the baze, The upper surface of the slabilograph was 23 cm
from the floor. The platform together with the stabilograph
weizghed 10 kg, The subjeet stood with opened eves and his
upper limbs hanging freely along the body. Controel measure-
ments on a steady platform were taken in firm fixation of the
platform in a horizontal position.

The position of the feel on the support may dilfer. Since
the center of gravity is unambizuously determined by the
point of contact between the platform and the floor (see lur-
ther), the position of the leel depends on the distance from the
axis of the ankle to the projection of the center of pravity, i.e.,
the force moment. [t is well known that displacement of pres-
sure to the front or back of the feer changes the tonic activity
ol the postural muscles [9] and may alter the direction of
the vibratory responses [4]. So, before recording began,
the subject was told to move his feet in the antero-posterior
direction so that the primary force moment in the ankle joinl
{stabilogram level) on the tilting support would approximate
that in usual standing on the firm Qoor, Accordingly, the level
m, of soleus muscle (SMY EMG activity was also approxi-
mately equal.

Records were taken of the force moment in the ankle
joint (sazital stabilogram), platform angle of rotation, angle
at the ankle joint, horizontal displacement of the upper part of
the trunk on the chest level, and surface EMG of the soleus
muscle and anterior tibial muscle (ATM). The angle of incli-

relation Lo the platform, the horbeontal ranslational
component of the support nuovenent had to be Laken
inlo accownt. Inclination of the platform (23-cm ra-
diush by 17 cansed horizontal displacement of the
point of contact between the platform and the floor
by 23/57 = 0449 em.

Vibration of the Achilles tendons and tendons
of the anterier tibial muscles of both lower limbs
was accomplished with vibrators. The amplitude of
the oscillations was 1 mm, and frequency ranged
from 60 to 70 He [3], The experiment consisled of 6
tests on average on a stable and unstable platform,
cach lasting B0 see. Vibratory stimulation lasted
30 sec, o the mtervals (2 -3 min) between the
tests, the subject sat on g chair withoul displacing
his feet in relation 1o the platform,

In an additional series of experiments, a soll porolon mat
3cm in width and 30 gfdm® in density was used as the unsta-
ble support. Under the subject’s weight the thickness of the
porolen decreased to | em. The postural responses to vibra-
ticn of the Achilles tendons were studied on such a plinble
soft support in 4 persons.

To compare oscillations of the body on a stable and un-
stuble platform, the root-mean-square deviation of the re-
covded mechanograms [tom the mean value was estimated.
The steadiness of standing was assessed by caleulating the
mean rate (accerding to the absolute value) of change of the
stabilogram. The fast Fourler rransform was emploved for
anzlysis of the stabilogram frequency characteristic. The re-
sponse Lo vibratory stimulation wis judged rom the chanee
of the mean level of the mechanogrms and EMG-activity,
The last 20 sec of the vibration period were compared with a
similar preprocedure period. Thus, the transitional process,
which in tests oo a support usually took several seconds, was
nat taken into account in caleulating the mean values. The
averape level of EMG-activily was delermined alier its
stradghtening. The nomerical data are presented in the work

a8 mean & root-mean-suare deviation.
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RESULTS

Peculiarities of Balance Maindenance on a Stable
and Unstahle Support

It is well known tiat when standing on g steady support,
the human body in a first approximation is a single-link over-
turned pendulum with mobility at the ankle joint [10]. Kigid-
ness in the other joints is much higher while the loads experi-
enced are less; as a result the small slow deviations of the
center of mass in the sagittal planc are compensated by the
leg muscles [11]

Om an unstable rocking support, just like on the hard
floar, the main maobility takes place in the ankle joint, 17 thal
is so, and movements al the other joinls are small, then the
trunk angle of inclination must be equal to the angle of rota-
tion of the platform plus the angle of inclination of the leg
(Fig. 1&):

=0+ (1)

Satisfactory approximation of the experimental curve ol the
trunk angle of inclination could indeed be obtained by adding
the current values of the inclination angle of the platform and
the ankle angle in accordance with Eq, (1). Such approxima-
tion provided accuracy up to 19, while oscillations in the an-
kle joint reached 5 — 107,

Figure 2 illustrates standing on an immaobile and mabile
support of one of the subjects. Differences are most apparent
on goniograms of the angle at the ankle. First, oscillations of
this angle were 3 — 10 times more in standing on an unsteady
platform than in standing on the hard floor (more than ten-
fold in the case of the subject shown in Fig. 2). On the whole,
in the group the oscillations (root-mean-square deviation) in
the ankle joint were equal to (.18 £ 0L06% in standing on a
steady support, and (.93 £ 0.37% in standing on an unsteady
platform. Secondly, though in both cases the mechanograms
changed in phase one with another, on an unsteady platform
the change in the ankle angle was contrary to displacement of
the upper part of the trunk. Forward displacement of the up-
per trunk on an unsteady platform was attended by shorlening
of the gastrocnemius muscle. In large movement amplitudes
{as in Fig, 23, increased EMG-activity of the soleus muscle in
its shorening, but not in stretehing, was apparent.

Mote that in standing on an unsteady platform, the sup-
port is always displaced horizontally due lo its translation-ro-
tation mation (rocking). Balance was maintained on an un-
steady platform largely due to displacement of the support
under the feet to the side of the inclining center of mass of the
hody (Fig. 1), The conditions for balance in this case require
that there is no tilting moment of the force of gravity in rela-
tion to the point of contact between the platform and the
floor, i.e., that the projection of the center of mass is within
the supporting contour of the feet and coincides with the
point of contact of the platform with the floor. This condition
for balance maintenance is shown schematically in Fig. le
Experimentally this conclusion was confirmed by the small

Gl

Fip. 3 Vibeation of the Achilles tendons on a steady (o} and unsteady sup-
porl [5). Desipnations e same as in Fig. 2 Verlical marks &l 30 and O mee
correspond o the beginning and end of vibration

deviation ol the trunk from the vertical, i.e., by the small hori-
zontal displacement of the thoracic point in relation to the
mobile support. Displacement of the thoracic point in the im-
mobile coondinate systam was actually about 2 — 4 cm [curve
fiin Fig. 2} but in relation to the platform the deviations were
smaller (eurve 7 On the whols, horfzontal movements of
the thoracic peint displacement (root-mean-square deviation]
in the group came to .38 £ 0.21 em in a steady system ol co-
ordinates and to 0.29 +0.05 cm in relation to the platform
(0137 + 0.09 cm on a steady support), The small horizontal
mavements of the upper trunk were the result of the oscilla-
tions in the ankle joinl occurring in the phase opposite to
that of the rotation angle of the platform {curves 3 and 4 in
Figs. 2, 3h)

The stabilogram mean level changed insignificantly
(curve 3); the root-mean-square deviation was 1.4 +0.4
(1.7 = 0.6 N - m on a hard support). A peak was secn on the
frequency characteristic of the stabilogram in the zone of
high fiequencies (2 -3 Hz) which had also been found earlier
[12]. The mean rate of change in the stabilogram on an un-
steady platform was 1.6 times that on the hard floor.
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Thus, while balance was agcomplished mainly due to the
Jw muscles, precise stabilization of the angle at the ankle
Juint was not a problem of its maintenance. Balance was prias-
sible whatever the inclimation of the platform and the angle at
the ankle, respectively, i only the projection of the center of
mass coincided with the point of contact of the platform and
floor (Fig. le). Therefore, in the case of an unsteady support,
the value of the ankle angle cannot be an unambiguous abso-
lute reference point. Moreowver, displacement of the trunk on
an unsteady and sieady supporl was attended by differently
“divzcted change of the angle a1 the ankle {e.g., a lorward
movement of the trunk was accompanied with plantar flexion
in the first and dorsal flexion in the second case). Standing on
an upsteady support differed from standing on the hard floor
int the contribution of various sources of sensory information,
For instance, most subjects could not stand on it with their
eyes closed. Due to growing aceelerations at the head level
[12]. an increased role of the vestibular apparatus also cannol
be excluded. It may be assumed that the character of employ-
ing nformation from the muscle spindles in maintaining the
posture on an unsteady supperl changes, which in turn allows
differences fo be expected in the postural responses to vibra-
tion of the lez muscles as compared 1o those in slanding ona
hard support.

Postural Vibration Responses on a Steady
and Unsteady Support

Vibration of the Achilles tendons in a subject standing
on a lard suppert caused the trunk to incline backwards
(Fig. 3a), which was deseribed for the first time by Eklund
[5]. On average, in 8 subjects the stabilogram leve! was dis-
placed by 18£8 N m and the angle at the ankle joint by
1.5 £ 0.5% In some of the subjects, mild extension at the hip
Joint was encountered in small deviations of the upper trunk,
while the change in the ankle joint occurred in two phases; at
first the angle of inclination of the trunk and the angle at the
ankle joint changed in parallel, then, while the trunk contin-
ued deviating slowly to the back, the change in the angle al
the ankle took place more slowly or even reversed,

When the support under the feet becomes plisble, stabili-
zution of the vertical body posture deteriorates, which is dis-
played in increased amplitude and rate of mechanogram
changes [13]. In our experiments with a soft porolon mat, a
statistically significant 1.7-fold increase of the mean rate of
stabilogram changes occurred, which was evidence of more
active contribution of the leg muscles to stabilization of body
balance [14). The size of oscillations of the angle of inclina-
tion of the leg in relation to the vertical (which in standing
on an easily distorled support is unambiguously related 1o
the angle at the ankle) increases | 6-fold as compared to that
in standing on a hard support, The response to vibration of
the Achilles tendons on a soft “immobile” suppart, however,
persisted, i, backward deviation of the body was demaon-
strated (the stabilogram level was displaced by 10N -m an
the average).

Yo I Ivanenko and ¥, L. Talis

The vibration effect usually hardly changed the pattern of
standing on a mobile support (Fig. 34), although swilching
the vibralors on or off afTected the characler of the oscilla-
tions in many cases. They could increase or, in contrast, de-
crease, Some subjects noted that they found it easier o stand
during vibration, Dilferences could ocour between the first
and the next tests (because the subject had become aceus-
tomed to the procedure), On the whale, the mean valie of the
ankle angle in the group of subjects did not change (Table 1),

The myographic palterns of balunee maintenance on a
steady and unsteady support were similar in many respecls,
The level of SM activity was moderate, the ATM was poorly
active in most cases. Alter vibration had been switched on,
EMG-activity of the soleus muscle on a hacd support dimin-
ished by 46% on average. In some ol the subjects (as in
Fig. 3a) it was damped almost completely, On an unsteady
support SM activity did not decrease and even inereased in
some subjects, The increase in SM oactivilty on an ursteady
suppart in a constant stabilosram level (e moment of lores
in the ankle joinl) was apparently compensaled for Ty the
other muscles,

[n vibration of the ATM tendons on a hard support the
Body deviated to the front. There was no response on an un-
steady support (Table 1), and the EMG-activity level of the
5M and ATM hardly chinged.

DISCUSSION

The results of the experiments show that change of the
conditions of balance mainterance in standing on an unsteady
stpporl leads to the disappearance of macked vibration re-
sponses that occur on the bard floor. In principle, the uppesite
effect could also be expected. The absence of a store of stabil-
ity could have possibly caused serious balance disorders dur-
ing vibration, Nevertheless no significant changes were on-
countered, and balance was not disturbed and some subjects
even found standing easier. On the other hand, if the postural
vibration-induced responses consisted of activation and
shortening of the vibrated muscles, then a marked change in
the angle at the ankle joint and the angle of inclination of
the platform in balance maintenance could not be excluded
(Fig. Ic). However, the mean Jevel of the ansle at the ankle in
the group as a whole did not change,

With what may the disuppesrance of the vibration-in-
duced responses on an unsteady support be connected? One
of the causes may be suppression of the reflex excitability of
the motor neurons. This suggestion is based on the results of
work [15] in which the authors found that the H-reflex was
suppressed in i persan walking on a narrow unsteacy beam.
MNevertheless this explanation cannot be considered exhaus-
tive. The case that we studied differed from the usual condi-
tion in that maintenance of balance on an unsteady support
amounted to positioning the support under the deviating cen-
ter of mass and not to minimizing deviations of the center of
mass in relation to a steady support. In comparison with the
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normal position of a person on a hard oo, standing on a mo-
bile, unsteady support requires higher levels of control,

We beligve thal the absence of a response to vibration of
the leg muscles may be attributed to a change in the way pro-
pricceptive information is used in maintaining balance on a
mobile support. 1t may be assumed that on a firm support the
syslent of posture control uses the conceptl of the vertical,
which is based to a great measure on proprioceptive informa-
tion, including information from the receptors of leg muscle
stretching, The current control takes place in relation to this,
referent posture. Vibeation-induced stimulation ol the mus-
cles produces a false additional sigoal, which causes displace-
ment of this referent posture. As a result the hody deviates
forward or baclward and contral s accomplished in rela-
tion to a new level. This hypollesis is supported by the facl
that the response to vibration of the leg muscles involves not
only these muscles but the remoete muscles of the trunk as
well, and the fact that when trunk movements are prevented
by fixation, vibration produces the ilusion of its inclination
[3,7, 8]

The subjects practically could net stand on an unsteady
supporl with the chosen parameters if their eves were closed,
This means that to maintain a verlical posture under these
conditions the visual vertical must be used. This may be due
to the difficulty of using propriceeptive information for for-
mation of the reading system in the case of a mobile rocking
support whose tilting changes continucusly at quite high
rates, In particular, inclination of the body on the bard Noor
and on porolon can be judged by the change in the force mo-
ment in the ankle joint, but in experiments on an unsteady
platform the situation is differenl (see the results), The
change from a proprioceptive to visual vertical allers the re-
sponse to the effect of vibration. The vibration-induced signal
from the muscle receptors s no longer interpreted as dis-
placement of the referent posture and does not induce the re-
sponse of deviation of the body, This does oot exclude
changes at the level of the eperative control (in stabilogram
oscillations, EMG moduolation, ete.),

Thus, these data are evidence in Tavor of the netion that
postural vibraton-induced responses in standing are basi-
cally determined by central rather than by local segmental
mechanisms,

CONCLUSIONS

1. Comparison of standing on a steady support and on
an unsteady rotator supporl showed the main maohility in
balance maintenance to be in the ankle joint, However, on
an unsleady supporl oscillations in the ankle were 3 - [0
times greater, the mean rate of changes in the stabilogram
orow 1o-lold, and a high-frequency compenent appearcd on
the slebilopram (2 — 3 He).

2. The strategy of balance mainlenance on a4 "paper-
weight" was related to the horizontal mebiliry of the platform
and consisted in displacement of the supperl in the direction
of the deviating body mass center,

3. The lorce moment and the angle a1 the ankle joinl
changed in response lo vibration on ao unsteady support
much less than in response to o similar vibration elfect on a
soll or firm steady suppor.

4. [ is supweesied that the absence of a marked re-
sponse to vibration of the leg muscles in standing on a mo-
bile unsteady support is due to changed strategy of balance
maintenance.

This work was supported by grant Mo, 93-04-20520 of
the Russian Fund of Fundamental Research. The authors
express lheic grtitude o Yo, 5. Levik for his valuable
discussion.
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