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Chapter
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IN SENSORIMOTOR TASKS DEPENDS ON
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ABSTRACT
In the daily life activities, the ability to divide attention between different
sensory modalities is essential since we have to cope with tasks that
require multisensory integration. An individual has to select the relevant
information, and sometimes shifts their attention from one sensory
modality to another when one sensory modality is inadequate, absent, or
salient. These sensory reweighting mechanisms are needed to maintain an
efficient performance. Previous works have suggested that the highly
complex attentional system that is needed in such situations could be
influenced by affective states, such as anxiety. Indeed, it has been shown
that an anxious state influences the efficient functioning of the attentional
system. This can result in differences in the processing of sensory
modalities. Moreover, recent works have highlighted that the allocation
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of attentional resources towards sensory modalities can be modulated by
personality traits, such as trait-anxiety. This review focuses on the
interdependence between anxiety state, anxiety trait and sensory
modalities processing during tasks that require multisensory integration
(e.g. sensorimotor tasks, balance control, posture...)

INTRODUCTION
In everyday life, most of our activities require us to simultaneously
integrate and process various sensory inputs. This mechanism of multisensory
integration is essential, since it allows us to perceive a world of coherent
perceptual entities [56]. In order to achieve our behavioural goals, we must
appropriately select and integrate the sensory inputs that are the most relevant
to successful behaviours. In this context, the interactions between multisensory
processing and attentional selection systems are fundamental for an effective
functioning [96]. Since the 1960s, selective attention research was largely
concerned in studying each sensory modality in strict isolation. The recent
decade has seen an important increase of research activity in crossmodal
attention and multisensory processing (e.g., [3, 15, 51, 74, 96]).
In normal conditions, the various sensory systems provide complementary
and redundant information about the environment. Individual has to select
relevant information, and sometimes shifts his attention from one sensory
modality to another [21, 90]. Among attentional mechanisms that lead
individual to shift his attention, it is conventional to distinguish between
exogenous mechanisms of attention (driven by salient stimuli), versus
endogenous mechanisms [81], that allow to select continuously from among
incoming sensory stimuli, the relevant stimuli that will beneﬁt from faster and
heightened processing [3]. These sensory reweighting mechanisms are needed
to maintain an efficient functioning.
These attentional mechanisms are central in many sensorimotor tasks. For
example, numerous studies have investigated the weight of sensory inputs
involved in balance control [20, 23-25, 44, 45, 70, 77, 78]. Because
information from the various sensory inputs involved in balance control is not
always available or accurate, the weight assigned to each modality may need
to be adjusted -or reweighted-, in order to maintain stance in a wide variety of
environmental conditions [77, 78]. This perceptual inhibition (i.e. the ability to
centrally suppress the inaccurate sensory input) is highly linked to the ability
to shift attention between sensory modalities [84, 85].
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As well as other cognitive mechanisms, these multisensory mechanisms
could depend on psychological states [6, 10, 43, 71, 101, 107]. Among the
psychological states, anxiety is a complex phenomenon that influences various
aspects of cognition including the attentional systems. Indeed, numerous
studies have highlighted relationships between anxiety and attention (for a
review, see [29]), especially for the inhibition and the shifting functions [62].
Since these two functions are central in multisensory integration, we
hypothesized that anxiety could greatly influence the allocation of attentional
resources toward one or other sensory modality.
Anxiety, which could be considered with low moods in a single construct
[8], is a multidimensional phenomenon that can be divided into state and trait
dimensions. As stated by Spielberger [91], while state anxiety is transitory,
trait anxiety may be conceived as latent dispositions to perceive and to behave
in a specific manner. According to Spielberger, personality traits will be
manifested in behaviour particularly if they are triggered by appropriate
stimulus [91]. In line with previous studies that have demonstrated that groups
of different trait anxiety level will adopt different behaviours when exposed to
a stressor [68, 105], we conducted some experiments with subjects possessing
different trait anxiety level, in order to determine the effect of state anxiety on
multisensory integration underlying various sensorimotor tasks.
The behavioural consequences and mechanisms underlying the effects of
trait and state anxiety on multisensory integration provide the focus of this
article. The relationship between anxiety and sensorimotor performances
involving different sensory modalities is discussed.
In a first section, we examine the effects of anxiety on attentional
mechanisms involved in response time performances of different sensory
modalities. In a second section, we focus on the role of trait anxiety on balance
control in control and anxiogenic condition.

STATE ANXIETY, TRAIT ANXIETY AND ATTENTIONAL
MECHANISMS UNDERLYING RESPONSE TIME
PERFORMANCE IN DIFFERENT SENSORY MODALITIES
Anxiety and Response Time Performances
The relationship between anxiety and sensorimotor performances has been
widely investigated and a complex and contrasted relationship has been
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highlighted [7, 10, 11, 28, 47, 71, 101]. On the basis of the inverted-U theory
[109] suggesting that sensorimotor performance is maximized at intermediate
levels of anxiety [59, 82], Oxendine [73] has suggested that simple motor task
requiring rapidity or strength would be maximized at high level of stateanxiety, whereas complex motor skills would be altered.
As far as response time tasks are concerned, it has been suggested that in
tasks with high information content such as complex auditory and visual
choice response time tasks, the state anxiety may produce a slowing down of
the information processing and motor strategies [31, 47]. These deficits in
performance of complex tasks may be due to alterations in higher brain
function [1]. Alternatively, state anxiety would lead to better performances in
visual stimulus-response tasks such as two-choice response tasks, which
depend greatly on automatic abilities, by recruiting motivational capacities [7].
In fact, high state anxiety provokes attentional selectivity [4, 76], which in turn
would favor the information processing in binary visual choice reaction time
task [7]. Besides, previous data have provided insight into the interactions
between trait anxiety and response time performances [9]. Trait anxiety
favours the processing of information of stimulus-response tasks, but not that
of controlled tasks that required strategic processes [9]. According to
Spielberger, personality traits, that may be conceived as latent dispositions to
perceive and to behave in a specific manner, will be manifested in behaviour
particularly if they are triggered by appropriate stimulus [91]. In this way, a
study comparing groups of different trait anxiety levels during normal and
anxiogenic conditions has indicated that arousal and the impairment of the
accuracy in performing a motor task increase with trait anxiety, particularly
when the intensity of the stressor elevates [68]. Nevertheless, to the best of our
knowledge, there is only very limited research that have investigated and
discussed the interrelation between state anxiety, trait anxiety and response
time tasks.
Thus, we have conducted two studies in order to assess in subjects
possessing contrasted levels of trait anxiety whether moderate state anxiety
influences reaction or movement time in response time tasks of different
sensory modalities. While the first study concentrated on simple response time
tasks in visual and auditory modalities (each assessed separately) [35], the
second study used a bimodal choice response time task (visual or auditory)
[36] that could be closer to daily life situations in which attention must be
coordinated between auditory and visual modalities.
The induction of moderate state anxiety was made by the Stroop ColorWord Test with interferences, combined with video recording. This
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association has been shown to induce transitory psychological and
physiological modifications [34, 88, 97, 98, 104], whatever the subjects’ traitanxiety [55, 105]. The Stroop Color-Word Test with interferences was
performed before the response time tasks. Indeed previous studies have shown
a persistence of the physiological arousal after that the stressful Stroop task
has been completed [104, 105].
In these two studies, the subjects whose trait anxiety scores (STAI [92])
were at the extremes of the distribution were assigned in two separate groups.
According to the Spielberger’s classification [92], individuals were shifted as
subjects with a very low trait anxiety (VLTA) level or an intermediate trait
anxiety (ITA) level. Response time tasks were performed in control and
anxiogenic conditions. Response times were distinguished for two
components: (i) reaction time, i.e. the time required to evaluate the stimulus,
and to select and trigger the response, and (ii) movement time, i.e. the time
required to execute the motor response [46].

Unimodal Sensory Processing: Simple Response Time Tasks in
Visual and Auditory Modalities
The main finding of this study focusing on simple reaction time in visual
and auditory modalities each assessed separately, is that moderate stateanxiety differently improves performance in individuals possessing
intermediate trait anxiety or very low trait anxiety level. While VLTA subjects
improved performance in auditory response time, ITA subjects improved
performance in visual response time (see figure 1). In both groups,
improvement of performance in response time occurred at the reaction time
and movement time level.

Reaction time, movement time and state anxiety
As far as reaction time is concerned, attentional mechanisms, that can
strongly modulate sensory processing [22], could play a central role in the
improvement of performances during the anxiogenic condition. Indeed, several
studies have shown the relationship between anxiety and attention [4, 7, 28,
29, 60, 76, 87]. Anxiogenic condition may increase arousal [40, 69, 105],
which could improve attention and lead subjects to attend actively to any
incoming signal [19]. In line with a previous study [7], the present results
suggest that state anxiety could have improved reaction time performances by
modulating attentional mechanisms involved in sensory processing [22]. As
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far as movement time is concerned, our results suggest that the anxiogenic
condition has a positive effect on the movement time as well as the reaction
time. In addition to the effects on reaction time, attention could contribute to
improve the movement time performances. It has been demonstrated that the
increases in attention and arousal could lead to an elevated muscular tension
[93, 102, 103]. Moreover state anxiety is also associated with increase in
muscular tension [38, 39, 57] even when a moderate state anxiety is induced
by the Stroop Color-Word Test with interferences [97, 104, 105]. In line with
studies showing that an optimal muscular tension tends to shorten response
time [27, 49, 93], our results suggest that a high arousal level due to the
anxiogenic condition could have improved the muscular tension [39, 105]
leading to better movement time performances. Overall, our results in
anxiogenic condition suggest that the improvement in response time
performance could have a central origin (modulation of the sensory
processing), and a peripheral origin (increase in muscular tension). However,
in the relationship between response time and state anxiety, our results have
also indicated some differences in visual and auditory tasks according to the
level of trait anxiety.

State anxiety, trait anxiety and unimodal sensory processing
As stated above, ITA, but not VLTA, subjects improved performance in
visual response time. This agrees with previous data [99] that have
demonstrated in a non-anxiogenic condition that subjects with intermediate
level of trait anxiety show a greater visual dependence than subjects with a
very low trait anxiety level while performing a perceptual-motor task. In
addition, given that behaviours associated with trait anxiety are manifest
during anxiogenic conditions [91], it is likely that improved performance in
visual response time produced by moderate state anxiety in ITA subjects may
have resulted from a greater arousal [69] and attention for visual stimuli.
Alternatively, VLTA, but not ITA, subjects improved performance in auditory
response time. This suggests that VLTA subjects exposed to anxiogenic
conditions may focus on auditory stimuli rather than on visual stimuli. It
should be noted that in normal condition, auditory stimuli, that have an
automatic alerting effect, are processed less actively than visual stimuli [18,
50, 80]. Conversely, in anxiogenic condition, the general arousal induced by
the state anxiety could have led VLTA subjects to develop more attentional
resources and to process consciously auditory stimuli as well as visual stimuli.
In this context, the improvement of auditory response time task in VLTA
group could reflect some changes in attentional processing of this modality.
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* p < 0.05, ** p < 0.01 Significant differences between the control condition and the
anxiogenic condition.
Figure 1. Response time performances (mean in ms), i.e. the sum of the reaction time
and the movement time, in the control condition and the anxiogenic condition for the
very low trait anxiety subjects (VLTA; A) and the intermediate trait anxiety subjects
(ITA; B).

Multisensory Processing: Bimodal Choice Response Time Tasks
in Visual or Auditory Modalities
Although each sensory modality can be considered in strict isolation, in
many situations people have to process simultaneously information from
various modalities. Therefore, our second study [36] aimed to determine
thoroughly by which anxiety may influence reaction time and/or movement
time in a crossmodal task. The subjects’ performances in response time were
assessed using a bimodal choice task providing either visual or auditory
modality. The subjects were required to press as quickly as possible the
response button corresponding to the stimulus.

Relevant modality according to trait anxiety
Contrary to our first study, statistical analysis did not show any main
effect of condition on both reaction and movement times. Although no
significant effect was detected on reaction time, we found that moderate state
anxiety improves movement time performances in visual modality in ITA
subjects, as well as movement time performances in auditory modality in
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VLTA subjects (see figure 2). This confirms the results of our precedent study
cited above [35], on the relationships between state anxiety, trait anxiety and
response time to visual and auditory stimuli given separately [5]. Taken
together, these two studies suggest that, whether or not a decision-making is
required, individuals exposed to anxiogenic conditions could favour the
information processing of a specific “relevant” modality, either visual or
auditory, depending on their trait anxiety level. As such, ITA subjects would
focus their attention towards visual stimuli, and VLTA subjects towards
auditory stimuli. It should be noted that in similar tasks where attention is
divided between visual and auditory modalities, Driver has shown that
subjects mainly attend to one modality versus another [21]. Given our
findings, we suggest that this may be related to the subjects’ trait anxiety level.
In addition according to the work of Spielberger [91] who has suggested that a
specific behaviour would be amplified if it is triggered by an appropriate
stimulus, we hypothesise that these effects could be intensified in anxiogenic
conditions.
Paradoxically, in anxiogenic condition, improvement of performance in
both groups occurred at movement time, but not at reaction time in the
preferential modality (See Figure 2). According to Driver [21], some
crossmodal selection could apparently arise before diffusion of the stimulus. In
this way, we suggest that subjects would prepare themselves to react to the
expected modality, and thereby could start early motor program for this
modality. Thus, this could contribute to facilitate movement execution when
the expected modality corresponds to the presented modality, but not when the
presented modality differs from the expected modality. However, despite the
subjects’ oriented attention towards a specific modality, we found no
improvement in reaction time. We suggest that this could be due to a stage of
verification that the presented modality really corresponds to the expected
modality.

Conclusion
In conclusion, our results show that subjects exposed to an anxiogenic
condition would allocate attentional resources towards a specific relevant
modality, either visual or auditory, depending on their trait anxiety level. In
simple reaction time tasks, when modalities are assessed separately, both
reaction and movement time performances could be improved in an
anxiogenic condition by more active stimulus processing and enhanced

Sensory Modalities Processing in Sensorimotor Tasks …

9

muscular tension [35]. In bimodal choice response time task, such attentional
resources would influence movement time, but not reaction time [36]. Further
experiments are needed to determine whether our findings may occur in
subjects with higher state anxiety levels. However, according to the inverted-U
hypothesis [59, 109] and given the human limits of adaptation, it is possible to
hypothesize that in contrast with our findings, performance may decline in
conditions eliciting high levels of state anxiety. Overall, these results highlight
personality and individual differences as regards to the human/environment
interaction.

* p < 0.05, significant difference between the control condition and the anxiogenic
condition.
Figure 2. Differences of reaction time and movement time performances (mean in ms)
between the control condition and the anxiogenic condition for the very low trait
anxiety group (VLTA; A, C) and the intermediate trait anxiety group (ITA; B, D).
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STATE ANXIETY, TRAIT ANXIETY AND MULTISENSORY
INTEGRATION IN BALANCE CONTROL
Balance Control and Multisensory Integration
Although response time tasks are very interesting models to understand
the attentional mechanisms when subjects have to direct attention toward one
or other sensory modality, we devised another experiment [37] in order to
study relative weighting of different sensory information directly related to
balance control, i.e., when subjects have to perform balance tasks.
The human balance control system, that depends on the quality and the
integrity of the motor effectors, results from the integration at the central
nervous system level of vestibular, somatosensory, and visual inputs [75].
Each sensory system plays a major role in the control of posture. This has been
well established through the clinical observation of individuals deprived of
sensory inputs from one or more of the three systems. A lack of input, or a
lack of accurate input, generally decreases postural control performance [106].
All these sensorial afferences allow organisation of motor reflex responses,
such as the vestibulo-ocular and the vestibulo-spinal reflexes, and the
occurrence of adaptive and compensatory ocular and body movements [67].
Among these sensory systems, the importance of vision is well known in
postural stabilization, especially for maintaining the balance precision as
measured by the Sway Area (SA). Although the SA parameter with eyes open
depends on distance to target fixation (SA decreased when the distance
shortened [48, 54]), classically, the SA parameter is larger with eyes closed
(EC) than eyes open (EO). Indeed, the lack of visual input decreases postural
performances. When their eyes are closed, subjects would compensate the lack
of visual input by an ankle stiffness strategy, in order to enhance the
somatosensory perception [30]. This sensory reweighting strategy could help
subjects to maintain precision of balance when vision is absent.

Balance Control and Anxiety
Moreover, studies have shown that balance performance could depend on
psychological states such as state anxiety [2, 10, 17, 71, 101]. The fact that
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patients suffering from different pathological anxiety disorders are frequently
confronted with postural instability has been highlighted [33, 89]. This
association between anxiety and balance disorders is not restricted to clinical
samples and even occurs in healthy subjects [52, 108]. State anxiety in healthy
subjects could be considered to be a transitory state of either apprehension or
arousal, resulting from the anticipation of an actual or non-actual threatening
event respectively. It has been shown that state anxiety caused by actual threat
of a fall could lead a healthy subject to develop a postural stiffness strategy in
order to avoid this fall; this strategy is characterized by a smaller amplitude
and higher frequency in CFP displacements [2, 14, 16, 17]. In contrast, few
studies have investigated the effect of state anxiety not directed toward
potential postural threat [10, 71, 101] on static balance performance. When
vision is available, state anxiety could influence interactions of visual input
with vestibular and somatosensory inputs [71, 101]. Another study on this
issue, one which used a computer-controlled movable platform, has also
shown that state anxiety and adverse mood changes could affect the subjects’
ability to use inputs from the vestibular system in order to maintain balance
[10]. These studies suggest that state anxiety could influence one or more
sensory inputs underlying static balance control. In line with our precedent
studies cited above [35, 36] suggesting that individuals possessing different
trait anxiety levels preferentially process some sensory modalities in an
anxiogenic condition, it could be helpful to take into account the state anxiety
and the trait anxiety, in assessing the individual sensory strategies used to
maintain static balance. Thus, in agreement with these previous results and
with Spielberger’s concept [91], we hypothesized that the weight of sensory
inputs involved in balance control could be differently affected by state
anxiety, depending on trait anxiety level.
Consequently, we have conducted a study in order to determine the
influence of state anxiety on static balance performance with EO and EC in
two groups of healthy human subjects with contrasted trait anxiety levels
(named VLTA and ITA groups, according to the Spielberger’s classification
[92]). As well as in our previous studies, subjects performed the tasks in
control condition and in anxiogenic condition induced by the Stroop ColorWord Test with interference. We used posturographic parameters, such as
Sway Area (SA) and Sway Path Length (SPL), as revealed by Centre of Foot
Pressure (CFP) displacements in order to investigate balance control [100]. As
far as static posturography is concerned, low values for both SPL (distance in
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mm covered by the CFP displacement) and SA parameters (surface in mm²
covered by the CFP displacement) reflect efficient balance control. While the
SPL parameter is closely linked to sway velocity, the SA parameter is
considered to be the most representative parameter regarding precision in
balance [26].

Trait Anxiety and Visual Dependence
Our results have demonstrated that a moderate state anxiety increases the
SA and SPL balance parameters (i.e., larger and faster body sways) for both
VLTA and ITA groups when visual input is available. In contrast, with EC, the
anxiogenic condition affects balance performance differently according to the
level of trait anxiety.
These results should be analysed considering the specificities according to
the level of trait anxiety to maintain balance in the control condition. Indeed,
our results in the control condition (see figure 3) highlight some specificities in
the way balance is regulated when vision is absent. Comparisons between
eyes-open and eyes-closed performances have shown that SPL increases in
both groups, while SA increases in the ITA group only. In agreement with
previous studies, VLTA subjects tended to compensate the lack of visual input
with an ankle stiffness strategy [30]. This somatosensory regulation of
balance, which increases the SPL parameter, allows the SA parameter to be
maintained when the eyes are closed [54, 72]. In contrast, in this condition, the
ITA subjects do not seem to use a strategy like this to compensate for the
absence of visual input. These discrepancies could be explained by a visual
dependence phenomenon. Studies have shown that anxious patients were
visually dependent in balance performance [43, 107]. Moreover, it has been
also suggested that ITA subjects have a greater visual dependence than VLTA
subjects while performing a perceptual-motor task [99]. In agreement with this
concept of visual dependence and our own results in the control condition
showing a significant SA increase in eyes-closed compared to eyes-open
performances, we suggest that the lack of visual input could disrupt the
precision of static balance control in ITA subjects more than in VLTA
subjects. Given this potential visual dependence, we have hypothesized that
the ITA subjects could be perturbed by the EC test even in the control
condition.
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** p < 0.01, *** p < 0.001, significant difference between EO and EC tests.
Figure 3. Control condition: differences of balance performances (sway area and sway
path length) between eyes-open (EO) and eyes-closed (EC) tests.

Role of Trait Anxiety in Anxiogenic Condition
When visual input is available, our results show that whatever the
subjects’ trait anxiety level, SA and the SPL parameters increase in the
anxiogenic condition (see figure 4). Studies have shown that state anxiety
could modify multisensory integration by modulating the processing of visual
input [71, 101] and/or by exerting direct effects on vestibular functioning [5, 6,
42], provoking larger and faster body sways, which increase the SA and SPL
parameters. In the present study, similar effects may have occurred. In
addition, the somatosensory system could also be influenced by state anxiety.
Previous studies showed that fear of falling induces anxiety and leads subjects
to adopt a postural stiffness strategy (increased co-contraction of ankle joint
agonist/antagonist muscle pairs) characterized by smaller amplitude and higher
frequency in CFP displacements [2, 14, 16, 17]. In contrast, in the present
study, state anxiety that is not related to a potential postural threat may have
led subjects to adopt different behaviour without muscular co-contraction to
fix posture. However, muscular tension associated with state anxiety [39, 97,
105] may have increased motor activity, which in turn increased both SA and
SPL parameters. Finally, when all sensory inputs are available, state anxiety
may modify the processing or integration of visual, vestibular and/or
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somatosensory inputs, whatever the trait anxiety level. In the present study,
this led subjects to perform larger and faster body sways.
When vision is not available, results have shown a different effect of the
anxiogenic condition on static balance performance according to the level of
trait anxiety (see figure 4). Previous studies on this issue did not show any
influence of state anxiety in the EC condition [71, 101], but none of them took
the level of trait anxiety into account. In the present study, the VLTA group
but not the ITA group increased the SA parameter and the SPL parameter in
the anxiogenic condition. These results may provide initial insight into interindividual trait anxiety differences in managing static balance without visual
input. Similarly to the test performed with visual input, VLTA subjects have
larger and faster body sways in the anxiogenic condition when vision is
absent. In agreement with studies that proposed a relationship between sensory
inputs and psychological states [5, 10, 42, 71, 101], we suggest that in this
condition, state anxiety may influence vestibular input and/or somatosensory
input. Moreover, the effects of state anxiety on static balance control do not
seem to be dependent on whether visual input is present for VLTA subjects. In
contrast, static balance control of ITA subjects may not be influenced by the
anxiogenic condition when vision is absent. The lack of increase in SA and
SPL parameters between control and anxiogenic conditions in the eyes-closed
test in ITA subjects could suggest that moderate state-anxiety would not
disturb the ability to use vestibular input and/or somatosensory input. Given
the potential visual dependence of the ITA subjects that occur in the control
condition, we hypothesized that the state anxiety induced -that remains
moderate- could not be sufficient to cause additional perturbation. The main
discrepancy between VLTA and ITA groups is that VLTA subjects are less
visually dependent than ITA subjects, and so, more sensitive to the effects of
moderate state anxiety in the EC test. These results are in concordance with
those of previous studies that have demonstrated that phobic postural vertigo
patients [41] or elderly adults with postural trait anxiety, characterized by high
visual field dependence [23, 24] show poor balance performances in normal
conditions compared to healthy subjects and young subjects respectively, but
are less vulnerable to anxiogenic conditions.

Conclusion
Our results provide further evidence that state and trait anxiety could
affect sensory inputs involved in balance performance. When vision is
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available, whatever the trait anxiety level, state anxiety could modify the
processing or integration of visual, vestibular and/or somatosensory inputs.
When vision is absent, the precision of static balance control in individuals
with an intermediate level of trait anxiety, characterized by a higher visual
dependence, is altered. Furthermore, moderate state anxiety would disturb the
ability of individuals with a lower trait anxiety, but not that of individuals with
intermediate trait anxiety, to use vestibular and/or somatosensory inputs.
These results confirm the interdependence of trait anxiety, state anxiety and
static balance control. It should be interesting that future research concerning
multisensory integration in balance control incorporates psychological states
including intrinsic predispositions in order to obtain a comprehensive
assessment of balance control.

** p < 0.01, *** p < 0.001, significant difference between the control condition and the
anxiogenic condition.
Figure 4. Differences in balance performances with eyes open (A, C) and eyes closed
(B, D) for the sway area (mean in mm²; A, B) and the sway path length (mean in mm;
C, D) between the control condition and the anxiogenic condition for the very low trait
anxiety group and the intermediate trait anxiety group.
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GENERAL CONCLUSION
Our work attempts to explore the influence of state and trait anxiety on
multisensory integration involved in various sensorimotor tasks. The results of
these studies have mainly evidenced that according to the trait anxiety level,
state anxiety may have distinct influences on attentional processes underlying
multisensory integration. We have suggested that the allocation of attentional
resources toward sensory modalities could depend on the personal relevance of
stimuli, which appears different between groups of low and intermediate trait
anxiety level. Indeed, contrary to individuals with low level of trait anxiety,
individuals with higher level of trait anxiety appear to have a greater visual
dependence when performing sensorimotor tasks.
These results should be considered on the basis of previous studies in this
research area. Most of the studies considering the relationships between
emotions and crossmodal attention have used emotional stimuli (e.g., [12, 13,
53, 58, 79]), and have highlighted some attentional biases that are specific to
emotional processing. As far as anxious personality is concerned, previous
studies have suggested that attentional biases could result from a disruption in
the balance between the endogenous and the exogenous attention. Indeed, it
has been shown that anxious subjects are automatically induced to direct their
attention toward threatening stimuli [63], and have difficulties in voluntarily
disengaging attention from them [32, 110]. The few studies that have used
nonemotional stimuli in investigating the competition between endogenous
and exogenous attention have also suggested that anxious individuals have an
enhanced exogenous attentional system and that they are attracted to salient
stimuli regardless of emotionality [64, 65].
It should be noted that in our studies, the experimental design is quite
different. Indeed, subjects were asked to perform experimental tasks that
require the processing of various modalities. There were neither task-irrelevant
stimuli (e.g. distractor), nor salient stimuli (e.g. abrupt or high-contrast
stimulations), nor emotional stimuli (e.g. threatening stimuli). Moreover, given
our experimental design, we can not assert that subjects have voluntarily or
consciously directed their attention toward a specific modality. Our results
rather suggest that the allocation of attentional resources was involuntarily and
unconsciously conducted, depending on the subject’s trait anxiety level. This
mechanism, linked to the personality, could be considered as a filter on our
sensory processing.
Such results seem to highlight that certain modalities could be specifically
relevant according to the individual’s personality. It should be noted that
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previous study has suggested a specific involvement of the amygdala, which is
particularly associated with anxious temperament [83], in the appraisal of
relevant stimuli [86]. Besides, it has been shown that the thalamus, highly
linked to the amygdala, could direct attention to one sensory modality rather
than another [61, 94, 95]. By directing attentional resources toward the
personally relevant modality, these two structures, which are involved in the
emotional system, might therefore play a role in the behavioural differences in
sensory modality processing between individuals with contrasted trait anxiety.
The assumption that the individual may have personal priorities in the
attentional processing of sensory inputs is consistent with a recent study that
has revealed a neural mechanism for the construction of a priority map
involved in the selection of the important stimuli for attention [66].
The interest of this emerging research is to understand the role of
personality in the influence of affective states on multisensory processing
underlying action, in order to allow better adaptation processes of man that
interact with environment. However, the dynamic relationship between
personality traits, affective states and the weight of each sensory modality
involved in sensorimotor tasks remains complex and ambiguous. Therefore,
further data are needed to determine thoroughly the mechanisms by which the
allocation of attentional resources may be inhibited, shifted or directed toward
specific modalities.

REFERENCES
[1]

[2]
[3]
[4]
[5]
[6]

Abraini, JH; Bouquet, C; Joulia, F; Nicolas, M; Kriem, B. Cognitive
performance during a simulated climb of mount everest: implications for
brain function and central adaptive processes under chronic hypoxic
stress. Pflugers Arch, 1998, 436, 553-9.
Adkin, AL; Frank, JS; Carpenter, MG; Peysar, GW. Postural control is
scaled to level of postural threat. Gait Posture, 2000, 12, 87-93.
Alais, D; Newell, FN; Mamassian, P. Multisensory processing in review:
from physiology to behaviour. Seeing Perceiving, 2010, 23, 3-38.
Azais, F. [Cognitive experimental approach to anxiety disorders].
Encephale, 1995, 21, 597-607.
Balaban, CD; Porter, JD. Neuroanatomic substrates for vestibuloautonomic interactions. J Vestib Res, 1998, 8, 7-16.
Balaban, CD; Thayer, JF. Neurological bases for balance-anxiety links. J
Anxiety Disord, 2001, 15, 53-79.

18
[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

Jean-Philippe Hainaut and Benoît Bolmont
Bolmont, B; Thullier, F; Abraini, JH. Relationships between mood
states; performances in reaction time, psychomotor ability, and mental
efficiency during a 31-day gradual decompression in a hypobaric
chamber from sea level to 8848 m equivalent altitude. Physiol Behav,
2000, 71, 469-76.
Bolmont, B; Abraini, JH. State-anxiety and low moods: evidence for a
single concept. Physiol Behav, 2001, 74, 421-4.
Bolmont, B; Bouquet, C; Thullier, F. Relationships of personality traits
with performance in reaction time, psychomotor ability, and mental
efficiency during a 31-day simulated climb of Mount Everest in a
hypobaric chamber’. Percept Mot Skills, 2001, 92, 1022-30.
Bolmont, B; Gangloff, P; Vouriot, A; Perrin, PP. Mood states and
anxiety influence abilities to maintain balance control in healthy human
subjects. Neurosci Lett, 2002, 329, 96-100.
Bolmont, B. Role and influence of moods including anxiety on motor
control. In Clark AV (Ed.). Causes, Role and influence of Moods States,
Nova Science Publisher, New York, 2005, 57-73.
Brosch, T; Grandjean, D; Sander, D; Scherer, KR. Behold the voice of
wrath: cross-modal modulation of visual attention by anger prosody.
Cognition, 2008, 106, 1497-503.
Brosch, T; Grandjean, D; Sander, D; Scherer, KR. Cross-modal
emotional attention: emotional voices modulate early stages of visual
processing. J Cogn Neurosci, 2009, 21, 1670-9.
Brown, LA; Polych, MA; Doan, JB. The effect of anxiety on the
regulation of upright standing among younger and older adults. Gait
Posture, 2006, 24, 397-405.
Busse, L; Roberts, KC; Crist, RE; Weissman, DH; Woldorff, MG. The
spread of attention across modalities and space in a multisensory object.
Proc Natl Acad Sci U S A, 2005, 102, 18751-6.
Carpenter, MG; Frank, JS; Silcher, CP. Surface height effects on
postural control: a hypothesis for a stiffness strategy for stance. J Vestib
Res, 1999, 9, 277-86.
Carpenter, MG; Frank, JS; Silcher, CP; Peysar, GW. The influence of
postural threat on the control of upright stance. Exp Brain Res, 2001,
138, 210-8.
Colavita, FB. Human sensory dominance. Percept. Psychophys., 1974,
16, 409-412.
Deutsch, JA; Deutsch, D. Attention: some theoretical considerations.
Psychol Rev, 1963, 70, 80-90.

Sensory Modalities Processing in Sensorimotor Tasks …

19

[20] Doumas, M; Krampe, RT. Adaptation and reintegration of
proprioceptive information in young and older adults’ postural control. J
Neurophysiol, 2010, 104, 1969-77.
[21] Driver, J; Spence, C. Crossmodal attention. Curr Opin Neurobiol, 1998,
8, 245-53.
[22] Driver, J; Frackowiak, RS. Neurobiological measures of human selective
attention. Neuropsychologia, 2001, 39, 1257-62.
[23] Eikema, DJ; Hatzitaki, V; Tzovaras, D; Papaxanthis, C. Age-dependent
modulation of sensory reweighting for controlling posture in a dynamic
virtual environment. Age (Dordr), 2012, 34, 1381-92.
[24] Eikema, DJ; Hatzitaki, V; Konstantakos, V; Papaxanthis, C. Elderly
adults delay proprioceptive reweighting during the anticipation of
collision avoidance when standing. Neuroscience, 2013, 234, 22-30.
[25] Eklund, G. General features of vibration-induced effects on balance. Ups
J Med Sci, 1972, 77, 112-24.
[26] Era, P; Heikkinen, E. Postural sway during standing and unexpected
disturbance of balance in random samples of men of different ages. J
Gerontol, 1985, 40, 287-95.
[27] Etnyre, B; Kinugasa, T. Postcontraction influences on reaction time. Res
Q Exerc Sport, 2002, 73, 271-81.
[28] Eysenck, MW. Anxiety: The cognitive perspective. Lawrence Erlbaum;
1992.
[29] Eysenck, MW; Derakshan, N; Santos, R; Calvo, MG. Anxiety; cognitive
performance: attentional control theory. Emotion, 2007, 7, 336-53.
[30] Fitzpatrick, R; McCloskey, DI. Proprioceptive, visual; vestibular
thresholds for the perception of sway during standing in humans. J
Physiol, 1994, 478.1, 173-86.
[31] Fowler, B; Lindeis, AE. The effects of hypoxia on auditory reaction
time; P300 latency. Aviat Space Environ Med, 1992, 63, 976-81.
[32] Fox, E; Russo, R; Bowles, R; Dutton, K. Do threatening stimuli draw or
hold visual attention in subclinical anxiety? J Exp Psychol Gen, 2001,
130, 681-700.
[33] Furman, JM; Jacob, RG. A clinical taxonomy of dizziness; anxiety in the
otoneurological setting. J Anxiety Disord, 2001, 15, 9-26.
[34] Hainaut, JP; Bolmont, B. Effects of mood states and anxiety as induced
by the video-recorded stroop color-word interference test in simple
response time tasks on reaction time and movement time. Percept Mot
Skills, 2005, 101, 721-9.

20

Jean-Philippe Hainaut and Benoît Bolmont

[35] Hainaut, JP; Bolmont, B. Moderate state-anxiety differently modulates
visual and auditory response times in normal- and very low trait-anxiety
subjects. Neurosci Lett, 2006, 395, 129-32.
[36] Hainaut, JP; Monfort, V; Bolmont, B. Trait-anxiety dependence of
movement time performance in a bimodal choice task in subjects
exposed to moderate anxiogenic conditions. Neurosci Lett, 2006, 409,
196-9.
[37] Hainaut, JP; Caillet, G; Lestienne, FG; Bolmont, B. The role of trait
anxiety on static balance performance in control and anxiogenic
situations. Gait Posture, 2011, 33, 604-8.
[38] Hazlett, RL; McLeod, DR; Hoehn-Saric, R. Muscle tension in
generalized anxiety disorder: elevated muscle tonus or agitated
movement? Psychophysiology, 1994, 31, 189-95.
[39] Hoehn-Saric, R; Hazlett, RL; Pourmotabbed, T; McLeod, DR. Does
muscle tension reflect arousal? Relationship between electromyographic
and electroencephalographic recordings. Psychiatry Res, 1997, 71,
49-55.
[40] Hoehn-Saric, R; McLeod, DR. Anxiety and arousal: physiological
changes; their perception. J Affect Disord, 2000, 61, 217-24.
[41] Holmberg, J; Tjernstrom, F; Karlberg, M; Fransson, PA; Magnusson, M.
Reduced postural differences between phobic postural vertigo patients
and healthy subjects during a postural threat. J Neurol, 2009, 256,
1258-62.
[42] Jacob, RG; Furman, JMR; Clark, DB; Durrant, JD; Balaban, CD.
Psychogenic dizziness. In Sharp JA and Barber HO (Eds.). The
Vestibulo-ocular reflex and vertigo, Raven Press, New York, 1993,
305-315.
[43] Jacob, RG; Furman, JM; Durrant, JD; Turner, SM. Panic, agoraphobia,;
vestibular dysfunction. Am J Psychiatry, 1996, 153, 503-12.
[44] Jeka, J; Allison, L; Saffer, M; Zhang, Y; Carver, S; Kiemel, T. Sensory
reweighting with translational visual stimuli in young and elderly adults:
the role of state-dependent noise. Exp Brain Res, 2006, 174, 517-27.
[45] Jeka, JJ; Oie, KS; Kiemel, T. Asymmetric adaptation with functional
advantage in human sensorimotor control. Exp Brain Res, 2008, 191,
453-63.
[46] Jensen, AR; Munro, E. Reaction time, movement time, and intelligence.
Intelligence, 1979, 3, 121-126.
[47] Jones, JG; Hardy, L. The effects of anxiety upon psychomotor
performance. J Sports Sci, 1988, 6, 59-67.

Sensory Modalities Processing in Sensorimotor Tasks …

21

[48] Kapoula, Z; Le, TT. Effects of distance and gaze position on postural
stability in young; old subjects. Exp Brain Res, 2006, 173, 438-45.
[49] Kimura, K; Imanaka, K; Kita, I. The effects of different instructions for
preparatory muscle tension on simple reaction time. Hum Mov Sci, 2002,
21, 947-60.
[50] Klein, RM. Attention and visual dominance: a chronometric analysis. J
Exp Psychol Hum Percept Perform, 1977, 3, 365-78.
[51] Koelewijn, T; Bronkhorst, A; Theeuwes, J. Attention and the multiple
stages of multisensory integration: A review of audiovisual studies. Acta
Psychol (Amst), 2010, 134, 372-84.
[52] Kogan, E; Lidor, R; Bart, O; Bar-Haim, Y; Mintz, M. Comorbidity
between balance and anxiety disorders: verification in a normal
population. J Psychol, 2008, 142, 601-13.
[53] Koizumi, A; Tanaka, A; Imai, H; Hiramatsu, S; Hiramoto, E; Sato, T; de
Gelder, B. The effects of anxiety on the interpretation of emotion in the
face-voice pairs. Exp Brain Res, 2011, 213, 275-82.
[54] Le, TT; Kapoula, Z. Role of ocular convergence in the Romberg
quotient. Gait Posture, 2008, 27, 493-500.
[55] Leite, JR; Seabra Mde, L; Sartori, VA; Andreatini, R. The videorecorded Stroop Color-Word Test as a new model of experimentallyinduced anxiety. Prog Neuropsychopharmacol Biol Psychiatry, 1999,
23, 809-22.
[56] Lewkowicz, DJ; Ghazanfar, AA. The emergence of multisensory
systems through perceptual narrowing. Trends Cogn Sci, 2009, 13,
470-8.
[57] Linton, SJ; Gotestam, KG. Relations between pain, anxiety, mood and
muscle tension in chronic pain patients. A correlation study. Psychother
Psychosom, 1985, 43, 90-5.
[58] Maiworm, M; Bellantoni, M; Spence, C; Roder, B. When emotional
valence modulates audiovisual integration. Atten Percept Psychophys,
2012, 74, 1302-11.
[59] Martens, R. Arousal and motor performance. Exercise and Sport
Sciences Reviews, 1974, 2, 155-188.
[60] Mathews, A. Why worry? The cognitive function of anxiety. Behav Res
Ther, 1990, 28, 455-68.
[61] McCormick, DA; Bal, T. Sensory gating mechanisms of the thalamus.
Curr Opin Neurobiol, 1994, 4, 550-6.
[62] Miyake, A; Friedman, NP; Emerson, MJ; Witzki, AH; Howerter, A;
Wager, TD. The unity and diversity of executive functions and their

22

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]

[72]
[73]
[74]
[75]

[76]

Jean-Philippe Hainaut and Benoît Bolmont
contributions to complex “Frontal Lobe” tasks: a latent variable analysis.
Cogn Psychol, 2000, 41, 49-100.
Mogg, K; Bradley, BP. Some methodological issues in assessing
attentional biases for threatening faces in anxiety: a replication study
using a modified version of the probe detection task. Behav Res Ther,
1999, 37, 595-604.
Moriya, J; Tanno, Y. Competition between endogenous and exogenous
attention to nonemotional stimuli in social anxiety. Emotion, 2009, 9,
739-43.
Moriya, J; Sugiura, Y. Impaired attentional disengagement from stimuli
matching the contents of working memory in social anxiety. PLoS One,
2012, 7, e47221.
Mysore, SP; Knudsen, EI. A shared inhibitory circuit for both
exogenous; endogenous control of stimulus selection. Nat Neurosci,
2013, 16, 473-8.
Nashner, LM; Shupert, CL; Horak, FB. Head-trunk movement
coordination in the standing posture. Prog Brain Res, 1988, 76, 243-51.
Noteboom, JT; Barnholt, KR; Enoka, RM. Activation of the arousal
response and impairment of performance increase with anxiety and
stressor intensity. J Appl Physiol, 2001, 91, 2093-101.
Noteboom, JT; Fleshner, M; Enoka, RM. Activation of the arousal
response can impair performance on a simple motor task. J Appl Physiol,
2001, 91, 821-31.
O’Connor, KW; Loughlin, PJ; Redfern, MS; Sparto, PJ. Postural
adaptations to repeated optic flow stimulation in older adults. Gait
Posture, 2008, 28, 385-91.
Ohno, H; Wada, M; Saitoh, J; Sunaga, N; Nagai, M. The effect of
anxiety on postural control in humans depends on visual information
processing. Neurosci Lett, 2004, 364, 37-9.
Ouaknine, M, Posture and vision, 4th symposium of CEOPS, Vol. 4,
Toulouse France, 2006, 18-22.
Oxendine, JB. Emotional arousal and motor performance, Quest n°13,
1970, 23-32.
Palmer, TD; Ramsey, AK. The function of consciousness in multisensory
integration. Cognition, 2012, 125, 353-64.
Paulus, W; Straube, A; Brandt, TH. Visual postural performance after
loss of somatosensory and vestibular function. J Neurol Neurosurg
Psychiatry, 1987, 50, 1542-5.
Peretti, CS. [Anxiety; cognition disorders]. Encephale, 1998, 24, 256-9.

Sensory Modalities Processing in Sensorimotor Tasks …

23

[77] Peterka, RJ. Sensorimotor integration in human postural control. J
Neurophysiol, 2002, 88, 1097-118.
[78] Peterka, RJ; Loughlin, PJ. Dynamic regulation of sensorimotor
integration in human postural control. J Neurophysiol, 2004, 91, 410-23.
[79] Poliakoff, E; Miles, E; Li, X; Blanchette, I. The effect of visual threat on
spatial attention to touch. Cognition, 2007, 102, 405-14.
[80] Posner, MI; Nissen, MJ; Klein, RM. Visual dominance: an informationprocessing account of its origins and significance. Psychol Rev, 1976,
83, 157-71.
[81] Posner, MI. Orienting of attention. Q J Exp Psychol, 1980, 32, 3-25.
[82] Raglin, JS. Anxiety and sport performance. Exerc Sport Sci Rev, 1992,
20, 243-74.
[83] Rauch, SL; Shin, LM; Wright, CI. Neuroimaging studies of amygdala
function in anxiety disorders. Ann N Y Acad Sci, 2003, 985, 389-410.
[84] Redfern, MS; Jennings, JR; Martin, C; Furman, JM. Attention influences
sensory integration for postural control in older adults. Gait Posture,
2001, 14, 211-6.
[85] Redfern, MS; Jennings, JR; Mendelson, D; Nebes, RD. Perceptual
inhibition is associated with sensory integration in standing postural
control among older adults. J Gerontol B Psychol Sci Soc Sci, 2009, 64,
569-76.
[86] Sander, D; Grafman, J; Zalla, T. The human amygdala: an evolved
system for relevance detection. Rev Neurosci, 2003, 14, 303-16.
[87] Shapiro, KL; Lim, A. The impact of anxiety on visual attention to
central and peripheral events. Behav Res Ther, 1989, 27, 345-51.
[88] Silva, FT; Leite, JR. Physiological modifications; increase in state
anxiety in volunteers submitted to the Stroop Color-Word Interference
Test: A preliminary study. Physiol Behav, 2000, 70, 113-8.
[89] Sklare, DA; Konrad, HR; Maser, JD; Jacob, RG. Special issue on the
interface of balance disorders; anxiety: an introduction and overview. J
Anxiety Disord, 2001, 15, 1-7.
[90] Spence, C. Multisensory attention and tactile information-processing.
Behav Brain Res, 2002, 135, 57-64.
[91] Spielberger, CD. Anxiety: Current trends in theory and research.
Academic Press; 1972.
[92] Spielberger, CD; Gorsuch, RL; Lushene, R; Vagg, PR; Jacobs, GA.
Manual for the State-Trait Anxiety Inventory (Form Y) (Self-Evaluation
Questionnaire). Palo Alto, CA: Consulting Psychologists Press, 1983.

24

Jean-Philippe Hainaut and Benoît Bolmont

[93] Spijkers, WA. The relation between response-specificity, S-R
compatibility, foreperiod duration and muscle-tension in a target aiming
task. Acta Psychol (Amst), 1990, 75, 261-77.
[94] Sturm, W; de Simone, A; Krause, BJ; Specht, K; Hesselmann, V;
Radermacher, I; Herzog, H; Tellmann, L; Muller-Gartner, HW;
Willmes, K. Functional anatomy of intrinsic alertness: evidence for a
fronto-parietal-thalamic-brainstem network in the right hemisphere.
Neuropsychologia, 1999, 37, 797-805.
[95] Sturm, W; Longoni, F; Fimm, B; Dietrich, T; Weis, S; Kemna, S;
Herzog, H; Willmes, K. Network for auditory intrinsic alertness: a PET
study. Neuropsychologia, 2004, 42, 563-8.
[96] Talsma, D; Senkowski, D; Soto-Faraco, S; Woldorff, MG. The
multifaceted interplay between attention and multisensory integration.
Trends Cogn Sci, 2010, 14, 400-10.
[97] Teixeira-Silva, F; Prado, GB; Ribeiro, LC; Leite, JR. The anxiogenic
video-recorded Stroop Color-Word Test: psychological and
physiological alterations; effects of diazepam. Physiol Behav, 2004, 82,
215-30.
[98] Tulen, JH; Moleman, P; van Steenis, HG; Boomsma, F. Characterization
of stress reactions to the Stroop Color Word Test. Pharmacol Biochem
Behav, 1989, 32, 9-15.
[99] Viaud-Delmon, I; Ivanenko, YP; Berthoz, A; Jouvent, R. Adaptation as
a sensorial profile in trait anxiety: a study with virtual reality. J Anxiety
Disord, 2000, 14, 583-601.
[100] Visser, JE; Carpenter, MG; van der Kooij, H; Bloem, BR. The clinical
utility of posturography. Clin Neurophysiol, 2008, 119, 2424-36.
[101] Wada, M; Sunaga, N; Nagai, M. Anxiety affects the postural sway of the
antero-posterior axis in college students. Neurosci Lett, 2001, 302,
157-9.
[102] Waersted, M; Bjorklund, RA; Westgaard, RH. Shoulder muscle tension
induced by two VDU-based tasks of different complexity. Ergonomics,
1991, 34, 137-50.
[103] Waersted, M; Bjorklund, RA; Westgaard, RH. The effect of motivation
on shoulder-muscle tension in attention-demanding tasks. Ergonomics,
1994, 37, 363-76.
[104] Willmann, M; Bolmont, B. The trapezius muscle uniquely lacks adaptive
process in response to a repeated moderate cognitive stressor. Neurosci
Lett, 2012, 506, 166-9.

Sensory Modalities Processing in Sensorimotor Tasks …

25

[105] Willmann, M; Langlet, C; Hainaut, JP; Bolmont, B. The time course of
autonomic parameters and muscle tension during recovery following a
moderate cognitive stressor: dependency on trait anxiety level. Int J
Psychophysiol, 2012, 84, 51-8.
[106] Woollacott, MH; Shumway-Cook, A; Nashner, LM. Aging; posture
control: changes in sensory organization; muscular coordination. Int J
Aging Hum Dev, 1986, 23, 97-114.
[107] Yardley, L; Britton, J; Lear, S; Bird, J; Luxon, LM. Relationship
between balance system function; agoraphobic avoidance. Behav Res
Ther, 1995, 33, 435-9.
[108] Yardley, L; Owen, N; Nazareth, I; Luxon, L. Prevalence and
presentation of dizziness in a general practice community sample of
working age people. Br J Gen Pract, 1998, 48, 1131-5.
[109] Yerkes, RM; Dodson, JD. The relation of strength of stimulus to rapidity
of habit information. J Compar Neurol Psych, 1908, 18, 459-482.
[110] Yiend, J; Mathews, A. Anxiety and attention to threatening pictures. Q J
Exp Psychol A, 2001, 54, 665-81.

