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Abstract

The vestibular system plays an important role in controling gait, but where in the labyrinths
relevant activity arises is largely unknown. After the semicircular canals are plugged, low
frequency (0.01-2 Hz) components of the angular vestibulo-ocular reflex (aVOR) and angular
vestibulo-collic reflex (aVCR) are lost, but high frequency (3-20 Hz) components remain. We
determined how loss of low frequency canal afference affects limb and head movements during
quadrupedal locomation. Head, body, and limb movements were recorded in three dimensions (3-
D) in a cynomolgus monkey with a motion detection system, while the animal walked on a
treadmill. All six canals were plugged, reducing the canal time constants from ~4.0 sec to ~0.07
sec. Major changes in the control of the limbs occurred after surgery. Fore and hind limbs were
held farther from the body, producing a broad-based gait. Swing-phase trajectories were
inaccurate, and control of medial-lateral limb movement was erratic. These changes in gait were
present immediately after surgery, as well as 15 months later, when the animal had essentially
recovered. Thus, control of the limbs in the horizontal plane was defective after loss of the low-
frequency semicircular canal input and never recovered. Cycle-averaged pitch and roll head
rotations, and 3-D head translations were also significantly larger and more erratic after than
before surgery. Head rotations in yaw could not be quantified due to intrusion of voluntary head
turns. These findings indicate that the semicircular canals provide critical low frequency
information to maximize the accuracy of stepping and stabilize the head during normal
quadrupedal locomotion.
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Introduction

Methods

The vestibular system has a major role in stabilizing balance during locomotion, but the
exact way in which this is accomplished is still a matter of conjecture, particularly during
quadrupedal gait. It has been shown that lateral stability in roll and in the fore—aft direction
are separately controlled during standing.22 It has also been shown that postural stability is
weaker in roll than in pitch,3# and that lateral postural stability is reduced more than fore—
aft stability in bilateral labyrinthine defective subjects and after unilateral labyrinthine
lesions.® Where in the labyrinth activity responsible for such postural and locomotor
stabilization arises and the characteristics of such activity are not known, particularly since
labyrinthine lesions can affect both the semicircular canals and the otolith organs.

Plugging the semicircular canals has been an investigative tool since Ewald’s pioneering
studies in which he investigated the dynamics of the semicircular canals of pigeons after
plugging the canals with gutta percha.® The resting discharge is maintained in the canal
nerves after canal plugging,’ however, indicating that changes in function are not of neural
origin. More recently, using the angular vestibulo-ocular reflex (aVOR) as a test system,
Yakushin and colleagues demonstrated that plugging the canals in monkeys primarily
changed the dynamics of the cupula/endolymph system, reducing its time constant from a
normal value of 3.5-4.5 sec to about 70 msec.8 Rabbitt and colleagues® and Hess and
colleagues!® have come to the same conclusion. The consequence is that the low- and mid-
band frequency responses of canal afferents (0.01 to 2 Hz) are lost after the semicircular
canals are plugged, but high frequency input (3—20 Hz) is maintained. Since the canals also
provide afferent input to the angular vestibulo-collic reflex (aVCR), the same is undoubtedly
true of the aVCR. That is, only high frequency components are available to drive
compensatory head movements after the canals are plugged. Thus, canal plugging can
provide a quantitative tool for studying the effects of removal of low-frequency information
from the sensors of head rotation, that is, the semicircular canals, but otherwise maintaining
the input of the canals and otolith organs to the central vestibular system.

We have recently characterized the kinematics and dynamics of normal locomotion of
monkeys walking on a treadmill1? and have shown that the monkeys maintain relative
stability of their heads during unrestrained quadrupedal gait.1 In the latter study, angular
head movements ranged between 5° and 10°, and head translations were small in all
directions (2-4 cm). Most likely, this compensatory head stabilization originated largely in
the aVCR. Here, we utilized the frequency filtering of canal plugging to investigate how a
reduction in the low-frequency components of the afferent input from the semicircular
canals would affect the kinematics and dynamics of stabilization of the head and limbs
during quadrupedal walking.

A cynomolgus monkey (Macaca fascicularis Cy115) was trained to walk on a treadmill
wearing rigid bodies that measured the three-dimensional position of its head, body, and
limbs in space. The experiments conformed to the Guide for the Care and Use of Laboratory
Animal experiments and were approved by the Institutional Animal Care and Use
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Committee of the Mount Sinai School of Medicine. This report details the results of two test
sessions, approximately 20 days after surgery (5/10/06 and 5/11/06; surgery was on
4/20/06), and compares them with two sessions recorded prior to surgery (10/28/05 and
11/03/05). We also recorded locomotion of Cy115 15 months after surgery (7/19/07).

Complete details of the Methods have been given in previous publications.8:1112 |n brief, the
animal was prepared under anesthesia and sterile surgical conditions with a head mount.
This head mount held a cap with light emitting diodes (LEDs) that determined the spatial
coordinates of the animal’s head precisely in three dimensions while it was walking (Fig.
1A). A light body suit in this experiment held a rigid body on the postero-lateral chest wall.
Small rigid bodies were fixed on tapes wrapped around the right wrist and right and left
ankles (right forelimb, RFL; right hindlimb, RHL; and left hindlimb, LHL, Fig. 1A). After
calibration, the angular and linear position of the rigid bodies could be detected with
precision in three angular and linear dimensions as the animal walked relatively naturally on
the treadmill, restrained only by a light chain.

Canal plugging was accomplished using techniques described previously.® Characteristics of
aVOR gains were determined from scleral search coil recordings using passive rotation
before and after operation. From the model of the effects of canal plugging,8 the canal time
constant was estimated to be ~0.07 sec after operation, effectively limiting the canal-afferent
frequency range to 3-20 Hz. Three Hz is above the stride frequencies, but below the step
frequencies during normal quadrupedal walking.1! Therefore, angular head movements
associated with locomotion that fell below frequencies of 2-3 Hz would be decrementally
sensed by the semicircular canals after operation.

Coordinate Frames, Data Collection, and Data Analysis

The inertial space—fixed coordinate frame (X, Y, Z) defined the origin of all other coordinate
frames and the X-Z (vertical), X-Y (horizontal), and Y-Z (roll) planes (Fig. 1A). The Z axis
was along the spatial vertical (positive upward), the positive X axis was along the direction
of forward walking and orthogonal to the Z axis, and the Y axis was orthogonal to the X-Z
plane, positive to the monkey’s left. Rigid bodies on the head, the right thoracic wall, the
RFL, and the RHL defined the positions of the head, body, and limbs in space. Head rotation
relative to space was given in Euler angles in a Fick sequence (yaw, pitch, roll).

Movements of the head, right posterior chest wall (body), right wrist, and right ankle were
detected by tracking the position of the infrared LEDs with a video-based motion detection
system (Optotrak 3020, Northern Digital Inc., Canada). Optotrak data, sampled at 90~100
frames/sec, established the 3-D angular and linear positions of the rigid bodies on the trunk
and limbs. A five-point average window filtered the data. Digital video of the monkey was
recorded simultaneously with the locomotion data to help choose the cycles for analysis.
Individual kinematic waveforms were averaged over limb stride cycles first, and parameters
were derived from the averaged cycle. Approximately 10-15 cycles of gait were used for
each condition at each walking velocity to characterize the frequencies, amplitudes, and
phases of the translations and rotations of the head and body in pitch, yaw, and roll. The
head and body in space were considered as rigid bodies that rotated and translated.
Translational velocities and accelerations were determined by finding the slope of the linear
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regression of 11 data points. Rotation matrices of the head and body were determined from
the Optotrak data, and the axis and angle of the rotation were determined using the Euler-
Rodriguez formula.1314 The components of the angular velocity vector along the X, Y, and
Z axes were denoted as roll, pitch, and yaw velocities, respectively.

Kinematics and dynamics of limb movement of juvenile macaque monkeys during
quadrupedal walking have recently been characterized.1! Cynomolgus monkeys typically
walk with a diagonal gait sequence (Fig. 1A), in which the fore and hindlimbs on the same
side move reciprocally along the X-axis. Typical swing phases of the RHL of Cy115 before
all six canals were plugged are shown in Figure 1B. During representative gait cycles, the
animal’s hindlimb traveled forward ~25 cm in space during the swing phases, and moved
back in space during the stance phases, while the foot was planted on the belt of the
treadmill (Fig. 1B). Lateral movement components were small along the Y-axis (Fig. 1C).

The X-axis limb movement had a unique pattern in that ankle velocity rose almost linearly
to a maximum during the swing phases (~1.5 m/sec) before dropping quickly to zero at the
end of the swing. The limb then maintained a steady negative velocity during the stance
phase (Fig. 1D). Deviations of limb velocity from linearity during the stance phases were
due to the fact that the rigid body was on the ankle, which extended as the foot moved back.
The hindlimb of the animal also moved slightly to the right, and then returned to the left at
the end of the swing phases (Fig. 1C). Consistent with the small Y-axis movements, the
lateral velocity was less than ~0.5 m/s (Fig. 1E). These data confirmed that Cy115 had a
typical gait and gait dynamics before surgery during quadrupedal walking.

The RFL and RHL had consistent oval-like patterns during the swing and stance phases
when viewed from the side in the X-Z plane (Fig. 2A) or from above in the X-Y plane (Fig.
2C). The RHL swing phases, which began at the open circles, were chosen to synchronize
the movements of the RFL and head and body. The limbs, body, and head then progressed
along their average paths, shown by the heavy curved lines. Progressive darkening of the
circles depicts the progression of the limbs, head, and body through the swing and stance
phases of the RHL. Both the RHL and RFL had precise onsets and endpoints associated with
the swing phases. The eccentricity of the oval-like trajectories of the RFL was small when
viewed both from the side (Fig. 2A) and from above (Fig. 2C). Consistent with the theory of
hindlimbs “driving” and the forelimbs “steering,”1° the forelimbs were held farther from the
body than the hindlimbs, and the eccentricity of their trajectories was smaller than those of
the hindlimbs (Fig. 2C). Pacing was regular, and there was little forward (X) or upward (Z)
movement of the head or body during these cycles (Fig. 2A,C). Viewed from above, the
hindlimb trajectories were just lateral to the rigid body on the chest wall, while the linear
forelimb trajectories were located about 6 cm from the chest rigid body.

Canal Plugging

By ~3 wks after surgery, Cy115 had recovered from the acute effects of operation. Optotrak
traces of the head, body, right hindlimb (RHL), and right forelimb (RFL) from the side (X-Z
plane) and top (X-Y plane), before (Fig. 2A,C), and ~3 wks after canal plugging (Fig.
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2B,D) demonstrate the changes in gait produced by canal plugging. There were relatively
few differences in either the stance or swing-phase trajectories when viewed from the side in
the X-Z plane before (Fig. 2A) or after surgery (Fig. 2B). There were striking changes,
however, in limb movement when viewed from the top in the X-Z plane (Fig. 2C,D). Both
the fore and hind limbs were held farther from the body after surgery (compare vertical
arrows, Fig. 2C,D), and their trajectories varied significantly from stride to stride. The lateral
excursion of the swing phases in both fore and hind limbs had more than doubled after canal
plugging, and variations in swing width were close to twice those before operation (Table 1).

Head movements were also affected, and the head made larger lateral swings with each step.
Peak-to-peak amplitudes of head movements increased significantly in all translational and
rotational directions except yaw (Table 2).

To compare swing phase trajectories in the X-Y plane, the starting points of the swing were
translated to their mean value and overlaid (Fig. 3). Before surgery, the limbs moved
predominantly in the forward—backward direction. There was slight curvature of the
hindlimb movement, but the limb ended the swing phases within 2 cm of their initiation
(Fig. 3A). The pre-operative swing phases of the forelimb were more precise—the limb
moved directly ahead along the X-axis in the swing phases with little Y-axis movement (Fig.
3B). After surgery, Y-axis movement began at the onset of the swing phases (compare the
shapes of the starting points), and the trajectories were spread laterally and medially, more in
the forelimb (Fig. 3D) than in the hindlimb (Fig. 3C). These changes were long lasting, and
the loss of lateral limb control was still significant after 15 months (Fig. 3E,F), although
there was some improvement in the curvature at the starting point of the swing phases.

Differences in the swing phases in the X-Y plane before and after surgery were reflected in
their dynamics. Limb velocity was determined in phase plane plots as a function of the
change in position along the X-axis (Ax), which is the X-axis project of the swing length in
space. The hindlimb and forelimb had similar dynamics along the X-axis before (Fig. 4A,
hindlimb; Fig. 4C, forelimb) and after surgery (Fig. 4E,G), although, there was greater
variation in the ending of the swing phases of both fore and hind limbs after surgery (Fig.
4E,G). This variation was probably caused by the diverging swing-phase directions after
canal plugging, which shortened the swing length in space.

Dynamics along the Y-axis were much different. The phase plane plots along the Y-axis
were coherent before surgery for both the hindlimbs and forelimbs (Fig. 4B,D), whereas
after surgery, the Y-axis velocities were widely spread, more in the RFL than the RHL (Fig.
4F,H). The variance at the onset of the swing phases (Ax = 0 in Fig. 4H) was due to the fact
that Y-axis velocities were already present at the onset of the swing phases and varied in
direction and magnitude (Fig. 3C,D). These findings show that the canal plugging had
produced a long-lasting lack of Y-axis (lateral) coordination of the swing phases, resulting in
aberrant paw placements.
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Discussion

These data demonstrate that the semicircular canals provide critical low- and mid-band
frequency information through the aVCR and other vestibulo-spinal inputs to control head
and limb movement during normal quadrupedal locomotion. The most dramatic change was
in the accuracy and precision of lateral forelimb and hindlimb placement during the swing
phases in the X-Y plane. Although the results presented here are from a single animal, a
unique feature of the study was that we were able to follow an animal before and after all six
canals were plugged, and compare the post-operative data to the normal preoperative
findings, just after recovery, and a year later. The difficulty in lateral control of the fore and
hind limbs during the swing phases and dispersion of the swing phases continued long after
the initial surgery and was present more than a year after lesion. Thus, it appears to be a
permanent deficit after canal plugging.

The paw placements after canal plugging had two characteristics. The gait was broad-based,
so that the animals held the paws wider apart. This behavior was more prominent in the
forelimbs, which steered the locomotion, than in the hindlimbs, which drove it.15 In addition
to holding its forelimbs and hindlimbs more laterally, there were broadened oval trajectories
of the limbs during the swing phases, with a wide variation in direction in the X-Y plane
(Fig 2D). There was also a significant Y-axis component just before the beginning of the
swing phases that caused the final placement of the paws to be broadened. This type of
behavior is consistent with the reported increased lack of lateral postural stability above that
of fore—aft stability following unilateral vestibular lesions in humans.#>

There has been considerable emphasis on the role of the otoliths in enhancing postural
stability in static conditions,18 and some damage of the otoliths cannot be totally discounted
because of the proximity of the utricles to the canals that were plugged. However, low-
frequency otolith control of balance appears to be primarily directed toward control of body
sway and maintenance of the upright.1® In addition, the effects of utricular damage on eye
movements adapt rapidly after unilateral vestibular damage in humans.’

Electrical stimulation of individual canal nerves has demonstrated that continuous low-
frequency (100 Hz) stimulation causes cats to have prolonged postural responses in the plane
of the activated canal nerve.18 Lateral canal nerve stimulation caused the head to turn to the
contralateral side, associated with flexion of the contralateral forelimb and extension of the
ipsilateral forelimb. If the stimulation continued, the animals circled in the plane of the
lateral canals, making complete turns to the contralateral side with appropriate flexion and
extension of the forelimbs. The hindlimbs supported the turning but were less involved. This
showed that the lateral canals can regulate placement of the forepaws and heading of the
body in the plane of the lateral canals.

The foot-placement responses following plugging of all canals complement these findings.
Foot placement following canal plugging suggests that low- to mid-band frequency input
from the semicircular canals contributes significantly to lateral postural stability and heading
during active locomotion. The finding that splaying of paw placement was present long after
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lesions further suggests that this function is not readily assumed by other systems as
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Figure 1.
Experimental configuration and normal gait in Cy115: (A) Coordinate frames and placement

of rigid bodies on the head, chest, and limbs. The spatial reference rigid body is shown on
the left. 0 is the origin. The X-axis in space is forward in the direction of walking, the Y-axis
in space is to the animal’s left, and the Z-axis in space is vertical. Head coordinates are
marked as Xy, Y, Zn, and the positive Fick angles are shown for yaw, pitch, and roll. LFL,
left forelimb; RFL, right forelimb; LHL, left hindlimb; RHL, right hindlimb. (B, C) Position
of the hindlimb along the X- and Y-axes as a function of time while walking at 0.89m/sec.
The vertical dotted line shows the end of the swing phases and the beginning of the stance
phases. The forward and lateral movements of the hindlimb are marked in B and C. D, E, X-
and Y-axis velocities versus time. The inflection in the velocity during the swing phase in D
is due to the multijoint movement. Movement of the hindlimb to the left or right of the Z-
axis is reflected in velocities above or below the zero line. Note that there was very little
lateral or medial deviation of the hindlimb in the pre-operative normal walking in E. (n =
19).
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Figure 2.

Side (X-Z, A, B) and top (Y-X, C, D) views of Cy115’s walking at 0.89 m/sec before (A,
C) and 20 days (B, D) after all six semicircular canals were plugged. The ordinates in A and
B show the Z position of the limb as a function of position along the X-axis. Open circles
mark the beginning of the right hindlimb (RHL), and they become progressively darker as
the RHL progresses from swing through stance phases. The head and body positions are also
shown. The animal had its head turned slightly to the right as shown both in C and D. The
limb movements were not changed in the X—Z projections before and after surgery (A, B),
but there was considerable increase in the variation of the limb movements in the Y-Z plane
(D) after canal plugging. The animal also had a broad-based gait, more in the forelimbs, as
shown by the distance of the RFL from the body (C, D, arrows).
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Figure 3.

Swing-phase trajectories of right hindlimb (A, C, E) and right forelimb (B, D, F) before (A,
B), 20 days after (C, D), and 15 months after (E, F) all six semicircular canals were
plugged. The swing phases were normalized to the same initial position, and the trajectories
are displayed in the X-Y plane (fop view). The displacement in the X direction is shown on
the abscissae, and the Y direction on the ordinates. Note the marked splaying of the
trajectories after surgery.
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Figure 4.

PP?ase plane plots of the right hindlimb (A, B, E, F) and right forelimb (C, D, G, H) swing
phase velocities (C, D, G, H) before (A-D) and after (E-H) all six semicircular canals were
plugged. The position of the limbs along the X-axis is shown on the abscissae, plotted
against the X-axis velocity in A, C, E, G, and against the Y-axis velocity of the limbs in B,
D, F, H. Note the broadened endpoints of the swing-phase X-axis velocities in E, G, and the
dispersion of the Y-axis velocities in F, H after the semicircular canals were plugged.
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