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Abstract Recent experiments have shown that the vestib-
ular channel of balance control differs fundamentally from
the visual channel. Whereas the response to a visual pertur-
bation can be suppressed if the subject has awareness that
an upcoming disturbance is likely to be caused by an exter-
nal agent rather than by self-motion, a similar assumption
cannot be made concerning the vestibular system. The
present experiment investigated whether postural responses
evoked by a proprioceptive perturbation (vibration of the
Achilles’ tendon at 90 Hz for 2.2 s) are either automatic and
immune to expectation (similarly to vestibular responses)
or cognitively penetrable (similarly to visual responses).
Subjects (n = 12) stood on a force platform while stimuli were
delivered either by the subject himself (self-triggered con-
dition) or by the experimenter. For the latter condition, the
stimulus was delivered either without warning (unpredictable
condition) or at a fixed interval (500 ms) following an auditory
cue (precue condition). Results showed that the backward
CoP displacement induced by vibration was delayed by
approximately 500 ms in the expected and self-triggered
conditions compared to the unexpected condition. However,
once initiated, the velocity of the backward displacement
was higher in the self-triggered condition as compared
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to the unexpected condition. After a period of 2.2s
of vibration, the amplitude of this backward CoP displace-
ment was similar in the three experimental conditions.
Therefore, although expectation appears to delay the upcom-
ing of the main backward body sway, it does not appear to
be able to weight the impact of the proprioceptive stimu-
lation. This suggested that afferents provided by the
different sensory channels involved in postural control
are not similarly susceptible to high level processes such
as expectation.
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Introduction

Tendon vibration technique is commonly used to investi-
gate the influence of proprioception and particularly muscle
spindles in postural control. Roll and Roll (1988) showed
that vibration of any muscle involved in postural adjustments,
from the ankle to the eyes, gives rise to compensatory
postural responses. The direction of such compensatory
motor responses is related to the function of the target
muscle. For instance, vibration applied to either the soleus,
the sterno—cleido—mastoidus or the inferior recti (extraocu-
lar muscle) induces almost analogous postural effects (Roll
and Roll 1988, p. 160).

The similarity of the postural responses with different
vibration locations suggests that the evoked response is not
simply the results of a local tonic vibration reflex. More
likely, it reflects a common central processing that takes
into account the afferents of all the body segments from the
feet to the head which serves to the elaboration of a coherent
body reference (Roll and Roll 1988). Additional arguments
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which attest of the complex and high level processes
involved in such responses stem from the fact that these
responses are readily modifiable by many different fac-
tors. These factors include the support surface or stability
(Ivanenko et al. 1999, 2000; Hatzitaki et al. 2004), availability
of other sensory cues (Smetanin et al. 2002; Adamcova and
Hlavacka 2007), adaptation to perturbation (Fransson 2000;
Nashner et al. 1982; Roll et al. 1998) or the nature of the
task in which subjects are engaged (Lackner et al. 2000).
Arguments in favor of high level sensory re-weighting can
also be found in central pathologies such as Parkinson dis-
ease (PD). Indeed, Valkovic et al. (2005, 2006) showed that
in advanced stage PD patients, vibration of either the neck
(2005) or the soleus muscles (2006), as well as any other
sudden change of sensory condition (for visual and vestibu-
lar stimulation see Bronstein et al. 1990; Pastor et al. 1993,
respectively), has a significant impact on the scaling of pos-
tural response which are of larger amplitude than in either
early stage PD patients or controls.

The purpose of the present experiment was to question
whether cognitive factors such as expectation of the forth-
coming proprioceptive disturbance could similarly exert an
influence on such postural responses. Concerning the visual
channel, Guerraz et al. (2001b) and more recently Freitas
Junior and Barela (2004) showed that under certain circum-
stances we are able to suppress the inappropriate balance
response. Indeed, an unpredictable displacement of the
visual environment, which creates a visual flow similar to
that experienced during self motion, evokes compensatory
postural responses (Lee and Lishman 1975; Lestienne et al.
1977; Bronstein 1986; Guerraz et al. 2000, 2001a, ¢). How-
ever, when subjects controlled the direction and timing of
the visual scene with a joystick, or were instructed by a pre-
cue of the forthcoming disturbance, the response was
strongly reduced (Guerraz et al. 2001b). Thus, when sub-
jects had the explicit prior knowledge that an upcoming
sensory perturbation is likely to be caused by an external
agent rather than by a real, unplanned body movement,
response suppression occurred (Guerraz et al. 2001b;
Freitas Junior and Barela 2004). Similarly, a virtual reality
visual stimulus has been shown to have a weaker postural
effect than a real world scene (Mergner etal. 2005).
Although there can be different reasons why visual stimula-
tion with virtual reality has weaker effect than a real world
scene, Mergner et al. 2005 attributed this weaker effect to a
cognitive mechanism by which subjects weight the impact
of the visual stimulus based on an estimate of its reality
character (Mergner et al. 2005; Blumle et al. 2006).

Although these data suggest that cognitive processes can
modulate the influence of visual information on balance
control, this does not appear to be a general principle.
Indeed, Guerraz and Day (2005) have shown that the ves-
tibular channel differs fundamentally from the visual one
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for balance control. Expectation of a vestibular perturba-
tion, either through a voluntary action that initiates it (self-
triggered condition) or through a prior knowledge of the
event and timing cues (predictable condition), had no con-
sistent effect on the evoked whole-body response. Suppres-
sion did not occur even though subjects knew when the
stimulus would happen, that it was artificial, and that it had
the potential to make them sway sideways. Therefore, the
present experiment investigated whether expectation of a
proprioceptive perturbation, either through a voluntary
action that initiates it (self trigger condition) or through
prior knowledge of the event and timing cues (precue con-
dition) would affect the evoked postural response.

Methods
Subjects

Twelve (age range: 20-25 years; mean 22.1, 8 females and
4 males) healthy subjects consented to participate in the
experiment according to guidelines of the local ethics com-
mittee and to the declaration of Helsinki. No subjects had
known history of vestibular, orthopedic or neuromuscular
disorders.

Vibration stimulation

A 2.2 s vibration was applied to the Achilles tendons of
both legs by means of inertial vibrators (VB 100 Dyna-
tronic) with a frequency of 90 Hz.

Postural recordings

Subjects stood barefoot on a force plate (type AMTI OR-6),
which registered ground reaction forces in the three dimen-
sions. From these data, the position of the center of foot
pressure (CoP) was calculated. Since vibration of the Achilles
tendon induces body sway mainly along the antero-posterior
axis, CoP parameters were evaluated for that axis only.
The data were collected with a sampling frequency of
100 Hz.

Procedure

Subjects were instructed to stand still and relaxed with the
head facing forwards, the hands at their side and their feet
10 cm apart. A lightweight push-button box was held in the
right hand throughout the experiment. The experiment
involved three vibration conditions: (1) “unpredictable”
condition in which vibration was triggered by the experi-
menter at a random time. Prior to each trial, subjects were
naive as to whether or not, and when they would be stimulated.
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(2) “Precuing” condition in which subjects were informed
by a tone delivered 500 ms before the vibration that they
were going to be stimulated. The volume of the tone was
set at a comfor hearing level. (3) “Self-triggered” condition
in which subjects were instructed during the trial that they
should trigger the vibration themselves using the push-but-
ton within 1-2 s after the verbal instruction. Subjects were
aware that the stimulus was delivered as soon as they
pressed the button. The three vibration conditions were
combined with two visual conditions, either darkness or
with visual cues. Visual conditions were manipulated in
order to test the effect of predictability when subjects can
rely either on one or two undisturbed sensory channels
(vestibular and visual) while they were stimulated by vibra-
tion. In the visual cues condition, the visual scene was a 2D
square (25 cm x 25 cm), consisting of 28 luminescent dots.
The scene was placed at 150 cm in front of the subjects at
eye level in an otherwise blacked-out room. The purpose of
using a small visual display was to ensure that it would
reduce the vibration evoked response compared to darkness
but without suppressing it as reported by previous authors
when destabilization was evoked either by proprioceptive
(Smetanin et al. 2002) or vestibular stimulation (Guerraz
and Day 2005; Day and Guerraz 2007). Six trials were
performed for each of the six experimental conditions
(3 vibration x 2 vision conditions). In addition, 24 control
trials without any stimulation were also included, 12 in
darkness and 12 with visual cues. The overall 60 trials were
divided in two blocks with an equal number of trials per
experimental condition. Subjects had a rest period of
10 min between the two blocks. In each block, trials were
presented in a pseudo-random order with each trial lasting
for 11 s. Prior to data recording, subjects practiced few tri-
als for each vibration condition. This allowed them to
familiarize with the stimulus and procedure.

Data analysis

For each subject, each condition and each block, position
signals were averaged. The time of stimulus onset was used
to synchronize the different trials. From the individual aver-
age CoP under each condition, several parameters were
computed. The postural response to vibration of the Achilles’
tendon is characterized by an early component consist-
ing of a small forward shift of the CoP (Polonyova and
Hlavacka 2001; Adamcova and Hlavacka 2007; Smetanin
et al. 2002; Valkovic et al. 2006). The time during which
the COP was above the baseline level (mean position of the
COP over the 2 s before stimulus onset) was used to mea-
sure the duration of this forward displacement. The main
displacement in the direction of the vibrated muscle was
analyzed by: (1) the amplitude of the backward response.
This was calculated as the difference between the baseline

level and the one achieved after 2.2 s of vibration [over 10
data points (100 ms) at the end of stimulation]. (2) The
velocity of the backward displacement, which was mea-
sured from the slope of the backward response. For each
subject and in each condition, the slope was based on least-
squares linear regression fitted over a period covering n
data points from the onset of the backward displacement till
the vibration stimulation offset.

The different dependent variables were submitted to
separate analyses of variance (ANOVA) with repeated
measures on the three factors (3 vibration conditions
[unpredictable, precue and self-triggered] x 2 visual condi-
tions [darkness and vision] x 2 blocks of trials [first and
second blocks]). Newman—Keuls method was used for
post hoc comparisons whenever necessary. A 0.05 P level
of significance was set for all the forthcoming statistical
analyses.

Results

The postural response to Achilles tendons vibration was
similar to that described in the literature (Polonyova and
Hlavacka 2001; Adamcova and Hlavacka 2007; Smetanin
etal. 2002). The mean time course of the responses is
shown in Fig. 1. It illustrates, for the three vibration condi-
tions with (Fig. 1a) or without visual cues (Fig. 1b), the
average antero-posterior CoP position. As can be seen in
Fig. 1, CoP displacement evoked by lower leg vibration
started in all experimental conditions with an early small
forward shift of the CoP followed by the late main displace-
ment in the opposite direction, i.e., in the direction of the
vibrated muscle. As reported previously by Polonyova and
Hlavacka (2001), another small increase in the backward
direction could be observed at stimulus offset followed by a
rapid return of the COP towards its initial position.

Early forward shift of the COP according to the vibration
condition

As seen in Fig. 1, whatever the experimental condition, an
early forward shift of the CoP occurred with a similar
latency of ~110 ms. However, this forward displacement
of the CoP was only transient in the unexpected condition,
but was sustained in the expected and self-triggered condi-
tions (see Table la). Analysis of the total duration of the
forward shift (see Fig. 2a), indicated a significant effect of
vibration condition [F(2,22)=3.7, P <0.05]. Newman
Keuls analyses revealed that the duration of this forward
shift was longer in the self-triggered than in the precue con-
dition, this later being longer than in the unexpected condi-
tion (P <0.05). There was no significant effect of visual
cues [F(1,11)=0.04, P> 0.05] on this early forward CoP
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Fig. 1 Mean antero-posterior displacement of the CoP for the different vibration conditions and visual conditions. Onset and offset of vibration
were, respectively, at 2 and 4.2 s. A negative result signifies a backward displacement

Table 1 Mean and standard

Block 1
errors (in brackets) of the duration ¢

Block 2

of the forward responses in sec-
onds (a), amplitude in cm (b) and

Visual cues

Darkness Visual cues Darkness

velocity in cm/s (c¢) of the back-
ward responses for each modal-

| . . Unpredictable 0.600 (0.139)
ity of the vibration

(unpredictable—precue—self-trig- Precue 0.872 (0.141)
gered), visual (visual cues—dark- Self-triggered 1.121 (0.099)

ness) and block (block 1-block

2) factors Unpredictable 0.922 (0.263)
Precue 1299 (0.236)
Self-triggered 1.523 (0.280)

a. Duration of the forward response (s)

0.535 (0.099)
0.698 (0.109)
0.857 (0.116)

0.514 (0.100)
0.975 (0.198)
1.184 (0.119)

0.796 (0.127)
0.968 (0.134)
1.288 (0.143)

b. Amplitude of the backward response (cm)

1.5753 (0.215)
1.521 (0.166)
2.012 (0.427)

0.739 (0.220)
0.435 (0.284)
0.776 (0.384)

1.396 (0.322)
1.265 (0.280)
0.981 (0.286)

c. Velocity of the backward response (cm/s)

Unpredictable 1.104 (0.318)
Precue 1.405 (0.212)
Self-triggered 2.111 (0.317)

1.523 (0.213)
1.427 (0.157)
2.015 (0.260)

0.658 (0.181)
0.680 (0.190)
1.477 (0.238)

1.378 (0.377)
1.624 (0.215)
1.710 (0.276)

displacement but a significant main effect of block
[F(1,11) =5.10 P <0.05]. The forward shift of the COP
lasted longer in the second block than in the first one (see
Table 1).

Backward shift of the COP according to the vibration
conditions

As can be seen in Figs. 1 and 2b and in Table 1b, the use of
visual cues had a significant main effect on the amplitude of
the backward CoP displacement [F(1,11) =11.4, P < 0.01].
The amplitude of the response was reduced by approxi-
mately 57% when visual cues were available in comparison
to complete darkness. ANOVA also revealed that the factor
vision did not interact with the vibration conditions
(P=0.51). Similarly, block analysis revealed that the
amplitude of the backward displacement was larger during
the first than during the second block [F(1,11)=17.2,
P <0.01]. This decrease of the postural response to tendon
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vibration reflected the well described phenomenon of adap-
tation (see Fransson etal. 2000, 2004). Interestingly,
despite variable delays of initiation of the backward dis-
placement (see above), the amplitude of the backward CoP
displacement was similar in the three vibration conditions
at stimulation offset [F(2,22)=0.58 P =0.57] in both
visual conditions. This absence of difference after 2.2 s of
vibration can be understood when considering the dynamic
of CoP displacements in response to vibration (Fig. 2c).
Indeed, slope analysis (velocity of the backward displace-
ment) indicated that once the backward CoP displacement
was initiated, its velocity was higher in the self-triggered
than in the precue condition (see Fig.2c; Table lc), this
later being higher than in the unexpected condition
[F(2,22) = 10.81, P < 0.001]. Post-hoc comparisons revealed
that only the self-triggered condition differed from the other
two conditions (P <0.01). The ANOVA also revealed a
significant reduction of velocity when visual cues were
available compared to darkness [F(1,11) =43 P <0.01],



Exp Brain Res (2008) 184:53-59 57
a Duration of the forward response b Amplitude of the backward response C Velocity of the backward response
- i ki N [J with visual cues
5§ 2, = 2 ® 251 b R
s * 2 '3 § SE — X [ darkness
2 * < 3 2|
@ 15 » L — E% 15 Sa
§= *~—— w0 8 . *
F° ag £ 151
5% 5% 56
% §5 ! %
58 £: 52 1
£ L) of
EE 051 §§ 0,5- E-
3 & 27
c o - o : ; T gl - S 5
e Unpredictable  Precue  Sel-riggered Unpredictable  Precue  Self-triggered Unpredictable  Precue  Self-triggered

Vibration condifion

Fig. 2 Mean results and standard errors bars for the different param-
eters analyzed depending on the different vibration conditions and
visual conditions. a Mean duration of the forward displacement of the
CoP (early component of the response). b Mean amplitude of the back-

without any significant interaction with the block or vibration
factors (P > 0.05).

Discussion

Despite their apparent automaticity, the postural responses
evoked by either visual, vestibular or proprioceptive stimu-
lation share the characteristic of being readily modifiable
by many different factors, such as the support properties,
the standing posture, the availability of other sensory cues,
the adaptation to perturbation or even the nature of the task.
However, these sensory channels appear to differ from each
other relative to cognitive influences. Indeed, whereas the
response to a visual perturbation is largely reduced if not
suppressed when the subject is aware that an upcoming dis-
turbance is likely to be caused by an external agent rather
than by self motion (Guerraz et al. 2001b; Freitas Junior
2004), the same does not appear to be true for both the ves-
tibular (Guerraz and Day 2005) and proprioceptive chan-
nels as presently evidenced.

In the present experiment, we investigated whether
expectation of a proprioceptive perturbation (Achilles’ ten-
don vibration), either through a voluntary action that initi-
ates it (self triggered condition) or through prior knowledge
of the event and timing cues (predictable condition) affects
the evoked postural response. Results showed that whatever
the vibration and visual condition, a short latency
(~110 ms) forward CoP displacement, followed by a main
backward CoP displacement was evoked by Achilles’s ten-
don vibration. Results also showed that the amplitude of the
main backward displacement was similar in the three vibra-
tion conditions. However, a difference appeared in the time
course and dynamic of these events. Indeed, whereas in the
unexpected condition, the short latency forward response
was immediately followed by the main backward CoP
displacement, it appeared that the later was delayed by

Vibration Condition

Vibration condition

ward displacement of the CoP at the end of the stimulation (time:
4.2 s). ¢ Mean velocity of the displacement of the CoP between the for-
ward peak and the end of the stimulation

approximately 500 ms in both the self-triggered and
expected conditions. In contrast, once initiated, the velocity
of the backward displacement was even higher in the self-
triggered than in the other two conditions. Therefore,
although expectation appeared to delay the appearance of
the main backward body sway, cognitive mechanisms did
not appear to be able to weight the impact of the proprio-
ceptive stimulation as evidenced by the amplitude and kine-
matics of the main backward responses.

Guerraz and Day (2005) proposed that the reason for the
different sensitivity of the visual and vestibular channels to
cognitive inputs arises from the natural ability of the two
channels to signal self-motion. Both the vestibular and
visual systems can potentially monitor self-motion but with
one important difference. The vestibular system detects
unambiguously the acceleration of the head in space and
therefore always signals self-motion. The visual channel is
different in that visual flow carries information regarding
both self-motion and object-motion. A displacement of
either the body or the visual scene can yield similar patterns
of retinal motion stimuli. Thus, the origin of the visual flow
information remains ambiguous. This could explain why a
process has evolved that is able to suppress the postural
response to a visual perturbation if the perturbation is
deemed likely to result from object-motion or eye-motion
(see also White et al. 1980), rather than self-motion. In con-
trast, there is no equivalent requirement for the vestibular
channel and therefore no necessity for such a cognitive con-
trol: the vestibular information is unambiguous in that it
systematically reflects head displacement.

Proprioceptive information about the angle of the leg
with respect to the foot can also be potentially ambiguous.
Indeed, modification of the ankle angle can occur either
because the subject is leaning forward or backward on a
stable support surface or because the foot is more plantar or
dorsi flexed during a displacement of the support surface.
However, in response to a displacement of the support
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surface or to forward-backward displacements of the body,
the central nervous system (CNS) is compelled to act on the
input in order to maintain equilibrium (Nashner 1976;
Horak et al. 1989; Maki and Whitelaw 1993). This is fun-
damentally different with vision for which the ambiguity is
whether the input arises from body motion, which the CNS
needs to act on, or from environmental motion, which it
does not. Therefore, as for the vestibular channel, there is
no requirement for a high level process (cognitive control)
that would be able to suppress the balance response when
the proprioceptive perturbation is deemed likely to result
from an external unnatural stimulation.

Of interest, experiments in which proprioception was
stimulated by a sudden displacement of the support surface
have provided results that are in line with the present ones.
Such displacements of the support surface on which sub-
jects stand evoke fast muscle responses with a latency
between the simple segmental reflex and volitional laten-
cies (Horak etal. 1989). These early, automatic muscle
responses, driven in part by somatosensory inputs (but also
by vestibular afferents), represent a first line of defense to
keep the body upright and are functionally important. Simi-
larly to vibration evoked postural responses, these postural
responses to a sudden support displacement also seem rela-
tively immune to cognitive modulations. Indeed, precuing
subjects with partial or complete information about the
forthcoming disturbance of the support surface has either
no effect (Diener et al. 1991) or only small effects (Maki
and Whitelaw 1993; McChesney et al. 1996) on these auto-
matic responses.

In the above-mentioned experiments, postural perturba-
tion was the consequence of external destabilizing condi-
tions (displacement of the support surface, vibration of the
Achilles’ tendon, etc.). Another source of potential body
destabilization stems from the action of the subject himself.
For instance, the action of unloading a heavy object or ris-
ing the arm or the leg have the effect of displacing the cen-
tre of mass which could eventually induce a disequilibrium.
However, in those circumstances, prior to the onset of a
rapid arm movement for instance, a specific pattern of
acceleration of the trunk is generally observed (Bouisset
and Zattara 1987; Nougier et al. 1999). The self-triggered
postural perturbation is then compensated for by anticipa-
tory postural adjustments (APAs) (Dufosse etal. 1985;
Lacquaniti and Maioli 1989). Interestingly, in those tasks
which can have the consequence of acting on different sen-
sory channels (usually the vestibular or proprioceptive
channels), the generation of efficient APAs requires a direct
relationship between the motor action and the expected per-
turbation (Aruin and Latash 1995; Aruin et al. 2003). In
other words, expectation or the explicit knowledge (high
cognitive level) of the forthcoming destabilizing situation is
not sufficient to trigger robust and well adapted APAs,
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which is consistent with the results of the present experi-
ment and with that of Guerraz and Day (2005) concerning
the vestibular channel. However, in some circumstances,
APAs could be generated without any direct action by the
subject (Massion 1992). For example, APAs associated
with a load catching can be observed when information
about the upcoming object is conveyed by the visual channel.
When the eyes are closed and subjects receive an auditory
cue on the release of the object, the APAs are either absent
or not consistent (Lacquaniti and Maioli 1989).

Current research has demonstrated that postural control
is less automatic than previously thought (Shumway-Cook
etal. 1997; Vuillerme et al. 2000; Ehrenfried et al. 2003)
and can therefore be affected by high level processes (Guerraz
et al. 2001b; Hunter and Hoffman 2001). The interest of the
present research is that the inputs provided by the different
sensory channels are not equally susceptible to the influ-
ence of high level processes (cognitive processes) such as
expectation.
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