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Abstract Both vestibular and neck proprioceptive inputs
contribute towards maintaining a walking trajectory.
We investigated how aging alters neck proprioceptive
and vestibular interaction for preserving equilibrium
and spatial orientation during locomotion. Young and
healthy elderly were exposed to two sensory manipula-
tions as they walked, eyes closed, to a target located
straight ahead: (1) right side dorsal neck muscle vibra-
tion (Vib), and (2) Vib + transmastoidal galvanic ves-
tibular stimulation (Vib + GVS). The maximum path
deviation, average frontal centre of mass velocity and
average trunk roll were evaluated. Trunk yaw rotation
was computed at every metre of the path. We observed
that directional responses to neck muscle stimulation
were very sensitive to the reference frame generated by
vestibular information. The attenuation of path devia-
tion in older adults can be attributed to a reduced sen-
sitivity of the neck proprioceptive system rather than the
vestibular system.

Keywords Vestibular system Æ Neck receptors Æ Sensory
integration Æ Locomotion Æ Aging

Introduction

When a visual reference is not available, both vestibular
and neck muscle receptor inputs increase their contri-
bution to postural control and to planning and main-
taining a walking orientation for efficient progression
(Bove et al. 2001; Fitzpatrick et al. 1999). Tonic vibra-
tion applied unilaterally to the dorsal neck muscles,
during straight ahead locomotion in the absence of vi-
sual cues, causes human subjects to veer in a direction
opposite to that of the vibration. This directional re-

sponse has been attributed to an altered perception of
egocentric space and the direct influence of the neck
proprioceptive input on spinal neural circuits, possibly
through reticulospinal or vestibulospinal pathways, for
postural control to respond to this altered body centred
reference frame (Courtine et al. 2003; Bove et al. 2001).
Similarly, the application of bipolar galvanic vestibular
stimulation (GVS), which creates an imbalance in the
vestibular input, also causes direction-specific deviations
(towards the anodal electrode) from the intended path.
Altered spatial orientation as well as a direction-specific
postural instability, generated by vestibular imbalance,
has been postulated to contribute to this effect (Fitzpa-
trick et al. 1999).

It is proposed that the central nervous system (CNS)
deciphers and integrates muscle proprioceptive infor-
mation with respect to a reference frame generated by
the vestibular input, for the maintenance of vertical
posture (Popov et al. 1999; Hlavacka et al. 1996). In
particular, postural responses to unilateral dorsal neck
muscle vibration during standing are recalibrated with
respect to the status of the vestibular input (Popov et al.
1996). However, task-specific modulation of the gain of
the proprioceptive system (Courtine et al. 2003), as well
as posture-dependent modification of responses to ves-
tibular perturbation (Britton et al. 1993), indicates that
the sensory-motor processing by the CNS in standing
may differ from that during a dynamic task such as
locomotion.

Age-related deterioration in the proprioceptive and
vestibular systems (Liu et al. 2005; Lopez et al. 1997;
Bergstrom 1973) and deficits in central integrative
mechanisms (Hay et al. 1996) may further modify sen-
sory integration strategies in older adults. Strupp et al.
(1999) have proposed that age-related deterioration of
the vestibular system may, in fact, increase the gain of
the neck proprioceptive system, leading to larger spatial
errors in responses to neck muscle vibration in older
adults. However, they investigated the perception of
spatial orientation in a sitting position and did not re-
cord any postural responses. Quoniam et al. (1995) have
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shown reduced postural responses (position, velocity
and acceleration) in older adults, as compared to young
adults, to lower limb muscle vibration in standing. How
neck proprioceptive–vestibular interaction during loco-
motion may be altered by the aging process is not
known. Therefore, the objective of the present study was
to compare postural and spatial orientation responses to
unilateral dorsal neck muscle vibration during locomo-
tion, under normal and altered vestibular conditions, in
the absence of a visual input, in young and healthy ac-
tive older adults.

Materials and methods

Participants

Seven young (age 21.57±4.03, three females, four
males) and seven elderly participants (age 70.00±6.22,
three females, four males) participated after signing an
informed consent form approved by the University of
Waterloo, Office of Research Ethics, in confirmation
with the standards established by the Declaration of
Helsinki. None of them reported vestibular, neuromus-
cular deficits or cervical neck syndrome. The older
adults were independent, healthy and active community
dwellers.

Procedures

Task

The participants were asked to walk (stepping first with
the right foot) to a previously seen target, located 6.5 m
straight ahead, with their eyes closed. In the beginning of
each trial, the subjects were allowed to see the target to
reinforce the straight ahead location of the target. After
completion of a trial, the participants were guided back
to the starting position, with their eyes closed, along a
random trajectory by a spotter, to avoid knowledge of
result.

During the initial three walking trials, tonic vibration
stimulation was applied unilaterally to participants’
right dorsal neck muscles, using a custom-made
mechanical vibrator, at a frequency of 85 Hz with
amplitude of 2 mm (Vib condition: control condition).
The vibration was initiated 3 s prior to the signal for
commencing walking and was maintained throughout
the walking trial. On subsequent trials, transmastoidal
bipolar GVS (Grass Medical Instruments, MA, USA)
was simultaneously applied to provide a concomitant
direction-specific perturbation of the vestibular system.
The anode was placed on the left mastoid for congruent
vestibular information (Vib + L condition) and on the
right mastoid for in-conflict information (Vib + R
condition). The threshold stimulation intensity for GVS
was calculated by slowly increasing the intensity in a

stepwise manner (a step of 0.05 mA) to a level where the
participants demonstrated a visible postural sway in the
anodal direction (Bent et al. 2000). In addition, the onset
of cutaneous (pin-prick) sensation was monitored. Two
experimental intensities were computed for each partic-
ipant as the second (2t) and fourth (4t) multiple of the
threshold, to provide an insight into the scaling effect of
vestibular perturbation. Thus, the task was performed in
the following five experimental sensory conditions: Vib,
Vib + 2tL, Vib + 4tL, Vib + 2tR and Vib + 4tR. A
total of three trials were performed in a block in each
condition and, except for the Vib condition, the condi-
tions were presented randomly. The participants also
performed three walking trials with eyes closed (no
stimulation). Ten infrared light emitting diodes (IREDs)
were attached to the participant’s body on the following
anatomical landmarks: the acromium processes, the
spine of the 12th thoracic vertebra, above the ears, the
occiput, the spines of the 7th cervical and 2nd sacral
vertebrae, and the left and right heels. The IREDs were
tracked by three OPTOTRAK camera banks (Northern
Digital, Waterloo, ON, Canada).

Outcome measures

The trunk IRED coordinates were used to compute the
trunk centre of mass (CoM) location during walking, the
profile of which represented the walking trajectory.
Global performance was measured as the maximum
deviation towards the left (MaxDev) from the intended
straight path and the average CoM velocity (CoMVel) in
the medio-lateral (M-L) direction. The average position
of the trunk in the frontal plane was evaluated by
measuring the average roll angle (TRAvg). Trunk ori-
entation pattern in the horizontal plane was assessed by
computing trunk yaw angles (TYaw) at every 1 m dis-
tance from the starting position up to 5 m (Ym1, Ym2,
Ym3, Ym4 and Ym5). Walking velocity (Vel) was
computed for each trial.

Data analysis

Data were analyzed using a two-way mix factor ANO-
VA (condition · age) for MaxDev, CoMVel, TRAvg
and Vel, and a three-way mix factor ANOVA (condi-
tion · location · age) for TYaw. Data were further
analyzed if a significant interaction was found. Back-
ward deletion multiple regression assessed the compar-
ative weighting of the average CoM velocity and trunk
kinematic parameters in predicting the maximum path
deviation. A statistical program SPSS version 12 (SPSS
Inc., San Rafael, CA, USA) was used for data analysis.
Statistical significance was set at a=0.05 and post hoc
analysis was performed if a significant main effect or
interaction effect was observed. The data are presented
as means and standard error.
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Results

The threshold GVS intensity did not differ between the
groups (F(1,12)=1.09, P=0.317) and ranged from 0.2 to
0.3 mA. The walking velocity was not affected by the
sensory conditions (F(4,48)=1.93, P=0.167) and was not
different in the young and older adults (F(1,12)=1.68,
P=0.219) (young 75.99 cm/s, old 72.22 cm/s).

Initially, to rule out the differential effect of any a
priori systematic bias in the two age groups on the
walking trajectory, MaxDev was compared during
walking with eyes closed (EC). A one-way ANOVA
showed that the groups were not different in the EC
condition (F(1,12)=0.122, P=0.733) (Y 13.17 cm, O
14.99 cm). Since the groups were not different in the
baseline condition (EC), for all subsequent analysis the
Vib condition was used as the control condition.

MaxDev was significantly affected by the sensory
manipulation conditions in both groups (F(4,48)=23.42,
P=0.001) (Fig. 1a, b). However, the main effect of age
showed that the deviations of the older group were sig-
nificantly smaller than the young group (F(1,12)=5.12,

P=0.04) (Fig. 2a). All the participants veered to the left
when unilateral dorsal neck muscle vibration was ap-
plied on the right side (Vib). The subjects deviated far-
ther to left when the GVS was simultaneously applied
with the anode on the left mastoid process. Conversely,
the leftward deviation was significantly attenuated when
the anode was placed on the right mastoid process.
Further, multiple comparisons demonstrated that path
deviations were significantly different between
Vib + 4tL and Vib + 2tL (P=0.001), as well as be-
tween Vib + 2tR and Vib + 4tR (P=0.018). When the
GVS-induced path deviation was evaluated by sub-
tracting the vibration-induced deviation from the dual
stimulation conditions, no differences were found be-
tween the groups (F(1,12)=0.45, P=0.51). All the four
conditions were statistically different from each other
(Fig. 2b).

The sensory manipulations significantly affected
CoMVel in the M-L direction (F(4,48)=15.73, P=0.001)
(Fig. 3). The negative values indicate that the CoM
moved faster to the left side with neck vibration, which
was further augmented when the GVS anode was placed
on the left side. With the anode on the right side, the

Fig. 1 A bird’s eye view of average locomotor trajectories in the
young (a) and in the elderly (b) in five experimental conditions.
Negative values indicate leftward deviation. Vib: Vibration only;
Vib + 2tL: Vibration + GVS with two times threshold, anode on
the left mastoid; Vib + 4tL: Vibration + GVS with four times

threshold, anode on the left mastoid; Vib + 2tR: Vibra-
tion + GVS with two times threshold, anode on the right mastoid;
Vib + 4tR: Vibration + GVS with four times threshold, anode on
the right mastoid. Black plot indicates EC condition
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leftward CoMVel reduced significantly at a 2t intensity.
At a 4t intensity, the direction of the velocity reversed
and the CoM moved faster to the right side, as shown by
the positive values. The trunk velocity of the young
group was considerably, although not statistically,
higher (F(1,12)=2.42, P=0.14).

The TRAvg and TYaw did not differ between the
groups. Therefore, the data were pooled for further
analysis. The trunk roll angle was significantly influenced
by sensory manipulation (F(4,52)=23.99, P=0.001)
(Fig. 4a). The average trunk roll was towards the left in
the Vib condition. The angular displacement to the left
was increased with the left anodal GVS and attenuated
with the anode on the right. In the Vib + 4tR condition,
the trunk tilted slightly to the right. A significant inter-

action was found between the condition and the spatial
location for the TYaw (F(16,208)=3.27, P=0.001)
(Fig. 4b). One-way ANOVAs with multiple compari-
sons, conducted separately for each spatial location,
showed that the yaw angles in only the Vib + 4tR con-
dition were significantly more (to the right) at Ym3
(F(4,52)=2.78, P=0.03), Ym4 (F(4,52)=3.55, P=0.01)
and Ym5 (F(4,52)=4.01, P=0.007).

A multiple regression analysis (backward deletion)
was performed separately for the young and the older
groups, with MaxDev as a criterion variable and
CoMVel, TRAvg and Ym3 as predictor variables. Only
the regression coefficient of CoMVel was found to be
significantly greater than zero in both the groups (young
group y = �169.64 + 4.17x, older group y = �
266.47 + 5.14x) (Fig. 5). The CoM velocity in the M-L
direction was a strong predictor of the magnitude of the
path deviation; it explained 76 and 87% variance in path
deviation in the young and the elderly, respectively.

Discussion

In the absence of a visual reference, neck proprioceptive
and vestibular system inputs are integrated for an
internal representation of postural and spatial orienta-
tion. Psychophysical evidence has shown the interactive
effects of these two systems in a sitting position for the
perception of a straight ahead direction (Karnath 1994)
and for the perception of body movement (Schweigart
et al. 2002). In the present study, the path trajectory
while walking to a previously seen target located straight
ahead, was significantly influenced by the experimental
manipulation of the afferent information coming from
these sensory channels. Similar to previous findings
(Courtine et al. 2003; Bove et al. 2001), all subjects
deviated to the left from their intended straight ahead

Fig. 3 Average (mean ± SEM) CoM velocity in five experimental
conditions duringwalking. The differences in path deviation between
Vib and Vib + 4tL, Vib + 2tR and Vib + 4tR were statistically
significant. Negative values indicate a faster trunk movement to the
left

Fig. 2 a The average (mean ± SEM) values of maximum leftward
deviation from the intended path. The differences in the path
deviation between Vib and Vib + 4tL, Vib + 2tR and Vib + 4tR
were statistically significant. Negative values indicate deviation to
the left. Black bars represent the young group and grey bars
represent the older group. b The mean values (mean ± SEM) of
absolute GVS-induced change in the maximum path deviation. All
the conditions were statistically different from each other. Negative
values indicate an increase in path deviation towards the left and
positive values indicate reduction in path deviation
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path, with right-sided dorsal neck muscle vibration.
Furthermore, congruent and in-conflict vestibular
information had systematic additive and negating effects
on the path deviation, respectively. For the first time,
these results demonstrate that the neck proprioceptive
and vestibular signals are linearly integrated during
walking for maintaining path trajectory. The anatomical
and physiological convergence of these two sensory
channels at various levels (e.g. at the level of vestibular
nuclei (Gdowski and McCrea 2000) or at the cortical

level (Bottini et al. 2001)) may contribute to this effect.
Additionally, path deviations during dual stimulation
were scaled as a function of the magnitude of the ves-
tibular perturbation in both groups. These results also
suggest that the neck proprioceptive and vestibular input
integration during walking, is very sensitive to the
available vestibular input. It would be interesting to
know if similar sensitivity is demonstrated to the neck
muscle spindle output by manipulating the frequency of
vibration.

The present results suggest that the central integrative
mechanism for neck proprioceptive and vestibular in-
puts, for maintaining path trajectory during locomotion,
was preserved in the older participants. However, the
overall path deviations were attenuated in the older
group, irrespective of the sensory condition. When the
absolute GVS-induced modification in path deviations
was compared, the effect of age disappeared, implying
that the age-related reduction in path deviation pri-
marily originated from a decline in the response to neck
muscle vibration. Evidence from animal studies has
shown age-related atrophic structural changes of the
muscle spindle complex leading to reduced afferent
information and dynamic sensitivity (Miwa et al. 1995).
A human study that investigated the effects of aging, on
vibration induced postural responses in the standing
posture, has revealed attenuation of kinetic and kine-
matic responses to vibration-induced leg proprioceptive
information in the elderly (Quoniam et al. 1995).
Therefore, it is possible that both peripheral degenera-
tion and central integrative factors contributed to re-
duced sensitivity to neck muscle vibration in the older
adults.

Considering age-related morphological changes in
various components of the vestibular system (Lopez

Fig. 4 a Average (mean ± SEM) trunk position in the frontal
plane during walking. The differences in average trunk position
between Vib and Vib + 4tL, Vib + 2tR and Vib + 4tR were
statistically significant. Positive values indicate trunk tilt to the left.
b Mean (mean ± SEM) values of trunk rotation in five conditions
at 1 m (Ym1), 2 m (Ym2), 3 m (Ym3), 4 m (Ym4) and 5 m (Ym5).
Ym3, Ym4 and Ym5 were statistically different in Vib + 4tR
condition. Positive values indicate trunk rotation to the left

Fig. 5 Relationship between the average trunk velocity and the
maximum path deviation. Black markers represent the young group
and grey markers represent the older group. Negative values on the
X-axis indicate path deviation to the left; those on the Y-axis
indicate average trunk velocity to the left
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et al. 1997; Bergstrom 1973) and current evidence from
psychophysical studies (Schweigart et al. 2002; Strupp
et al. 1999), we expected reduced responses to the GVS
during locomotion in older adults. However, the sub-
jects in these psychophysical studies were in a seated
position. Task differences as well as reduced sensory-
motor demands of postural control in sitting, may have
contributed to these differences. A relative increase in
vestibular gain in the absence of visual input (Fitzpatrick
et al. 1999) may be higher in older adults for the control
of equilibrium, considering the dynamic nature of the
locomotor task. On the other hand, it is also speculated
that age-related degeneration in cerebellar components,
particularly Purkinje cells (Torvik et al. 1986), may re-
duce the inhibitory influence on vestibulospinal tract
and, thus preserve the GVS-induced postural responses
(Welgampola and Colebatch 2002) in older adults.

It is proposed that the head acceleration information
from the vestibular system is incorporated to maintain
lateral stability during locomotion. When vision is re-
moved, frontal plane instability can potentially result in
deviations from the planned trajectory in labyrinthine
deficient subjects (Glasauer et al. 1994). A direction-
specific path deviation, with the GVS-induced lateralized
vestibular input, has been partially attributed to direc-
tional postural instability (Fitzpatrick et al. 1999). On
the other hand, the role of the neck’s proprioceptive
system, in postural stability during locomotion, is not
clear. It is postulated that the path deviation in response
to unilateral neck vibrations is primarily due to an al-
tered perception of straight ahead (Courtine et al. 2003;
Bove et al. 2001). None of these studies have evaluated
direction-specific postural instability similar to that re-
ported with lateralized vestibular input (Fitzpatrick
et al. 1999).

The average CoM velocity in the M-L direction was
significantly influenced by the sensory conditions in
this study. It is possible that, as a secondary effect, the
magnitude and the direction of CoM velocity in the
frontal plane influenced the lateral location of foot
placement to keep the CoM within the base of sup-
port. A cumulative effect of such directional response
can further result in path deviation. The M-L CoM
velocity was considerably lesser in the older group and
replicated the results of path deviations, suggesting
that age-related decrease of CoM velocity responses
could primarily be attributed to attenuated responses
to neck muscle vibration. Compared to young adults, a
lesser gain in sway velocity, following lower limb
muscle vibration, has been previously reported in the
standing posture in older adults (Quoniam et al. 1995).
It is possible that the magnitude differences in the M-L
CoM velocity contributed to attenuated path devia-
tions.

Segmental kinematics in the frontal plane was sig-
nificantly modified by the sensory manipulations in both
young and older adults. On an average, the trunk
maintained a leftward inclination with tonic neck
vibration. Although there is no direct evidence, it is

possible that the neck proprioceptive input can directly
elicit trunk muscle responses in addition to its influence
on the lower limb muscles (Anderson and Magnusson
2002). The trunk tilt response in the frontal plane was
directionally modified by the simultaneous GVS, possi-
bly through its direct influence on the trunk muscles (Ali
et al. 2003).

An appropriate adaptation of body orientation is a
key factor for efficient progression during locomotion
(Hollands et al. 2001). Input from the neck proprio-
ceptive and the vestibular systems is incorporated by the
CNS for egocentric spatial orientation during move-
ment, by interpreting the trunk motion in space
(Mergner et al. 1991). The results demonstrate that the
vibration-induced leftward path deviation was accom-
panied by orientation responses to the left. However,
concurrently applied GVS did not further alter the ori-
entation in spite of its effect on path deviation, unless
when high magnitude in-conflict vestibular stimulation
was used. It can be noticed from the trajectories
(Fig. 1a, b) that only in the aforementioned condition
did the direction of the path trajectory actually reverse
to the right. Therefore, the reset in body orientation was
probably required to optimize the locomotor perfor-
mance under this condition. It is not clear from the
present study why the trunk kinematic responses did not
demonstrate the effects of aging.

Multiple regression analysis demonstrated that the
CoM velocity in the M-L direction was a strong pre-
dictor of the magnitude of path deviation. In contrast,
trunk orientation in the frontal (trunk tilt) or horizontal
plane (trunk rotation) did not show significant weighting
in prediction of the global response in both age groups,
possibly due to a low magnitude of the actual average
angular displacement in response to the sensory stimu-
lations (average range, 3� and 8�, respectively). It is also
possible that the organization of the global responses by
the CNS, during locomotion, were primarily aimed at
maintaining balance under the challenging sensory
conditions used in this study, rather than simply guided
by the body orientation.

In conclusion, neck proprioceptive and vestibular
inputs were centrally integrated during locomotion for
the purpose of maintaining a walking trajectory. The
present data suggest that directional locomotor re-
sponses to neck muscle vibrations were very sensitive to
the reference frame generated by vestibular information.
This relationship was preserved in older adults; however,
locomotor responses were significantly attenuated in
older adults. Unlike the evidence from studies performed
in a sitting position (Schweigart et al. 2002; Strupp et al.
1999), these results may be attributed to a reduced sen-
sitivity of the neck proprioceptive system rather than the
vestibular system. A high predictive value of the CoM
velocity suggests that organization of the global re-
sponses by the CNS were primarily directed towards
maintaining equilibrium under the challenging sensory
conditions used in this study rather than simply guided
by the body orientation.
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