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Abstract

The goal of the present study was to determine how the multiple, interdependent
full-body sensorimotor subsystems respond to a change in gaze stabilization task
constraints during locomotion. Nine subjects performed two gazé stabilization tasks
while walking at 6.4 km/hr on a motorized treadmill: 1) focusing on a central point
target; 2) reading numeral characters; both presented at 2m in front at the level of their
eyes. While subjects performed the tasks we measured: temporal parameters 'of gait, full
body sagittal plane segmental kinematics of the head, trunk, thigh, shank and foot,
accelerations along the vertical axis at the head and the shank, and the vertical forces
acting on the support surface. We tested the hypothesis that with the increased demands
plaéed on visual acuity during the numbér recognition tésk, subjects would modify full-
body segmental kinematics in order to reduce perturbations to the head in order to
successfully perform the task. We found that while reading numeral characters as
compared to the central point target: 1) compensatory head pitch movement was on
average 22% greater despite the fact that the trunk pitch and trunk vertical translation
movement cohtrol were not significantly changed; 2) coordination patterns between head
and trunk as reflected by the peak cross correlation between the head pitch and trunk
pitch moﬁon as well as the peak cross correlation between the head pitch and vertical
trunk translation motion were not significantly changed; 3) knee joint total movement
was on average 11% greater during the period from the heel strike event to the peak knee
flexion event in stance phase of the gait cycle; 4) peak acceleration méasured at the head
was significantly reduced by an average of 13% in four of the six subjects. This was so

even when the peak acceleration at the shank and the transmissibility of the shock wave



at heel strike (measured by the péak acceleration ratio of the head/shank) remained
unchanged. Taken together these results provide further evidence that the full body
contributes to gaze stabilization during locomotion, and that its different functional
elements can be modified online to contribute fo gaze stabilization for different visual

task constraints.



1. Introduction

Maintaining gaze stabilization during locomotion places substantial demands on
multiple sensorimotor systems for precise coordination. Previously, gaze stabilization
during locomotion has been studied almost exclusively as a problem of eye-head or eye-
head-trunk coordination (1-4). However, locomotion involves cyclical physical
interactions, consisting of impacts, with the environment. Hence, focusing on a target
and maintaining visual acuity during these activities may require a mechanism or
mechanisms to regulate or manage the enefgy flow from interfering with the visual and
vestibular sensory transduction that contribute to gaze stabilization (5). Thus,
stabilization of visual images during natural body movement such as locomotion requires
full—body coordination of the eye-head and head-trunk systems combined with the lower
limb apparatus. From this point of view, the whole body is an integrated gaze
stabilization system, in which several subsystems contribute to gaze stabilization and
accurate visual acuity during body motion.
Eye-Head Coordination During Locomotion

The eyes must be stabilized in space for clear vision during head movement. The
vestibulo-ocular reflex (VOR) makes a major contribution to gaze stabilization by
generating compensatory eye movements in response to angular head rotation. However
the gain of the VOR is never quite ideal (1.0) for stabilization of images of distant targets.
Pitch and yaw VOR gain can average 0.98 during passive head movements, but when the
body is in motion, pitch and yaw VOR gain decreases (6). During walking, VOR gain in
pitch remains quite accurate (0.97), But is significantly decreased in yaw (0.80). During

running, VOR gain in pitch and yaw can be as low as 0.75 (7). Because natural head



movements have high frequency components, retinal image slip velocity can be sufficient
to degrade visual acuity during activities like walking and running (8). Hence, additional
strategies must be employed by the head-trunk complex and the lower limbs to stabilize

gaze when the body is in motion.

Head-Trunk Coordination .During Locomotion

Coordination between the hFad and trunk segments have been extensively' studied
and have been shown to aid in dynamic equilibrium control and gaze stabilization
functions while walking (for review see 5,9). These studies have hypothesized the use
of the head as a stabilized inertial guidance platform during complex body movements.
Such a platform may help provide a stable reference frame to coordinate body
movements while performing various motor tasks (for a detailed review see 10). Head
stabilization also helps focusing on a target and in maintaining visual acuity for
navigational control through a cluttered environment during locomotion. The restriction
of head angular motion aids gaze stability by reducing the ocular compensation needed to
maintain gaze on a fixed target (11). In this respect, empirical evidence has shown that
during walking and running thie peak angular velocities of the head, in each plaﬁe of
rotation, were generally below held below 100 deg/sec (12) which is well below the
saturation velocity of 360 deg/sec of the vestibular ocular reflex (13). We have showﬁ
along with other investigators that the angular head movements may actually contribute
to gaze stabilization during locomotion. An example of this is the head rotation in the
flexion-extension plane (as in nodding the head) that compensates for the vertical

translation of the trunk that.occurs with each step during the gait cycle (1,3,4,14-16). The



magnitude of the head rotations was observed to be controlled and also dependent on the
distance of the visual target (3,16). Thus, the goal-directed response of these head
movements during concurrent locomotion and visual target fixing suggests that head
movements are not completely dependent on passive inertial and visco-elastic properties
of the head-neck system but may be actively modulated to respond to altered gaze control

requirements.

Modulation Of Shockwave Transmission During Locomotion By The Lower limb

During locomotion, the foot strikes the ground twice during each gait cycle. The
impact of these heel-strikes results in transmission of vertical shock along body
segments, from the foot to the head (17,18). Foot contact with the ground is a critical
phase of locomotion, as the forces arising from the foot-ground interaction can challenge
the visual and vestibular systems (5,14,15, 19). The musculoskeletal system impedes,
directs and dissipates this energy (for review see 5). However, these forces create
vibrations, which, if unattenuated, could interfere with the visual-vestibular sensory
systems in the head (15,20). The body controls these vibrations: muscles and joints act as
filters to minimize the perturbing effects of impacts with the ground and help to maintain
a stable trajectory at the head (21). While studying forces acting on the head with respect
to the trunk, work in our laboratory has previously shown that head movement control is
also modulated depending on the events, such as the high impact and the low/no impact
phases, occurring during the gait cycle (22).

Thus, appropriate attenuation of energy transmission during locomotion, achieved

by the modulation of the lower limbs joint configuration coupled with appropriate eye-



head-trunk coordiﬁation strategies, form the fundamental features of an integrated gaie
stabilization system. Theréfore, the long-term goal of our current series of experiments is
to determine how the multiple, interdependent full-body sensorimotor subsystems aiding
gaze stabilization during locomotion are functionally coordinated and adaptively
modified. The goal of the present study was to determine how modification of a gaze
stabilization task induces modulation in function of the head-trunk complex and the lower
limb apparatus. Subjects walked on a treadmill while either visually fixating a point
target or while performing a number recognition task. We hypothesized that imposing a
gaze stabilization task with increased demand for visual acuity (i.e. the number
recognition task) would: 1) modify head movement control and head-trunk coordination
during locomotion; and 2) modify lower limb joint configurations during the high impact
phases of the gait cycle to reduce the amplitude of the shock-wave transmitted to the
head. This would demonstrate that multiple whole-body systems contribute to gaze

stabilization and that they can be flexibly modified in response to changing gaze task

constraints.

2. Methods
Subjects

Nine subjects, four males and 5 females, average (£ one standard error of mean,
SEM) height of 169.11 (+ 2.35) cm, weight 65.67 (+ 2.77) Kg, with no history of
neurologic, otologic, cardiovascular or significant orthopedic disorders participated in
this experiment. All subjects were competent to give informed consent and these were
obtained from each subject before participation in this study. All subjects were

volunteers recruited through the Johnson Space Center Human Test Subject Facility.



Locomotion Gazé Stablization Protocol

Each subject wore cycling shorts, a sleeveless shirt and the same brand of running
shoe. Subjects walked on a motorized treadmill at 6.4 km/h while performing two goal-
directed gaze stabilization tasks that required them to 1) focus on a central point target
(DOT); or 2) read numeral characters presented centrally on a laptop computer (NRT).
During testing, the laptop was placed on a tripod at the subject’s eye level at a distance of
two meters. Microsoft Power Point™ slide presentation .software was used to display
numbers for the gaze stabilization task that was performed during treadmill locomotion.
Ten slides presenting five numbers of one font size appeared white on a black
background in succession. Font sizes ranged from 12 to 20 point in increments of two
points. The presentations of the five font sizes were randomized, with each font size
presented in two different slides. These font sizes, at two meters, correspond to a range of
visual acuity of 20/15 to 20/30 on a traditional Snellen eye chart, encompassing most
subjects’ static visual acuity. Numerals were balanced among integers from 0-9 such that
each integer was presented an equal number of times. The Geneva font was chosen for
its uncomplicated number design. Each slide was visible for three seconds. The
brightness and contrast were maximized with room lighting held constant. For the
number recognition task subjects were asked to read aloud the numbers presented in each
slide while walking. A test operator recorded responses during the test. Each gaze
stabilization task was repeated over three 20 sec trials. Subjects were permitted to rest
between trials. During testing, all subjects wore a safety harness attached to an overhead
frame to prevent injury resulting from a fall. Downward movement of the harness 15.24

cm in the -Z direction (i.e. a fall) would result in activation of the treadmill “stop” switch.



This harness provided no support during nominal performancé and did not interfere with
the natural movements of the head or limbs. A “spotter” also monitored subjects at all
times to ensure their safety.

While subjects walked on the treadmill and performed the two gaze stabilization
tasks we measured: 1) full body 3-dimensional kinematic data using a video-based
motion analysis system (Motion Analysis Corp., Santa Rosa, CA); 2) the shock-wave
transmitted through the body using two triaxial accelerometers (EGA3 — 5D for the head
and EGA3 — 25D for the shank, Entran, Fairfield, NJ) and 3) the vertical component of
the ground reaction force using an instrumented treadmill (Model #9810S1x, Kistler
Instrument Corp., Amherst, NY). This enabled characterization of the emergent
strategies in the individual subjects during locomotion and active gaze stabilization for

the two tasks being tested.

Data Collection
Measurement of Full-Body Kinematic Data

Six time synchronized CCD cameras, sampling at 60 Hz, were used to obtain the
three dimensional positions of light weight retro-reflective markers placed on the various
body segments. Three cameras fitted with 8 mm lenses were aimed to capture upper
body motion data (i.e. waist up) while the remaining three cameras fitted with 6mm
lenses were aimed to capture the lower limb motion (i.e. waist down). Each camera in
this “two split-body” measurement setup was positioned between 1.8 and 2.5 meters from
the center of the calibration volume (each three-camera setup views a calibration volume

of 0.75 x 0.50 x 0.98 meters), in a distribution that covered from “two o’clock” to “seven

o’clock” in the xy-plane (with 12 o’clock being in the direction of progression). The



characteristics of this measurement system setup have been measured and reported
elsewhere (22,23) and are reported here in brief. The actual resolution for this
arrangement was calculated to be 0.06mm, but this was rounded up to 0.1mm for
practical reporting. This resolution is approximately 0.40% of the marker size (25mm)
and 0.02% of the shortest calibration volume dimension (502mm). Based on a worst-
case resolution error (0.2 mm) for two markers placed at a minimum distance of 200 mm,
the angular resolution was determined to be of the order of 0.06°. Repeatability also was
computed to 0.1mm. Accuracy ranged from 0.05mm to 0.16mm. Studies that measure
head-trunk kinematics during treadmill locomotion using other optical motion systems
have reported similar angular resolution values for their measurement systems
(approximately 0.1°, 4). Data collection included a quiet standing trial for a period of 3
seconds to obtain the orientation of the individual body segment axes systems.

Head movements, about and along the three dimensions, were measured with
three passive retro-reflective markers affixed to a helmet of negligible mass,
approximating the positions of the vertex, above the right tragion and the nuchale of the
head. For measurement of trunk movement, subjects wore a T-shaped vest with three
mérkers placed on the superior tip of the spinous process of the C7 vertebra, and at equai
distaﬁces laterally from the midline at the level of the 10™ thoracic vertebra. Data were
collected to measure the motion of the right lower limb segment in the sagittal plane. For
this purpose, two markers each were affixed to bony landmarks on the lower limb
modeled as three segments: thigh, shank and foot. Passive retro-reflective markers were
affixed to the femoral greater trochanter, lateral femoral epicondyle, fibular head, lateral

malleolus, shoe surface coincident with lateral surface of the calcaneous, the fifth

10



metatarsophalengeal joint on the supeﬁor aspect of the shoe, on the right side of the body.
Foot-switches (Motion Lab Systems, Inc., USA) were attached to each shoe at the heel
and the toe to enable the determination of heel strike and toe off events. A 12-bit A/D
converter at the rate of 60 Hz sampled the footswitch data.
Measurement of Shock-Wave Transmission

The shock transmitted to the head was measured using two sets of triaxial
accelerometers packaged in a square box (12mm x 12mm x 12mm). The accelerometer
measurement of the head was obtained from the set fixed on to the anteromedial aspect of
the helmet worn by the subject during testing. The shank accelerometer measurement
was obtained from the set fixed on to the anteromedial aspect of the lower right leg. The
measuring axes of both the accelerometers were aligned visually in the sagittal plane such
that one of the axes corresponds to the body cranial axis and the other corresponds to the
. body ventral axis.
Measurement of Ground Reaction Forces

External vertical component of the ground reaction forces for both the right and
left foot were measured using a Gaitway™ Instrumented treadmill. The force and
accelerometer data were acquired at a sampling rate of 1000 Hz using the Gaitway™ ™ Gait

Analysis System and Software.

Data Analysis
Analysis of Number Recognition Data
The responses of the subjects to the numerals presented on the computer were

recorded and checked against the numerals that were presented. Percentage correct
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numerals were calculated based on the total number of optotypes that were prese;nted per.
font size.
Analysis of Footswitch Data

The footswitch data from each foot were analyzed to provide the heel strike and
toe off information for each gait cycle. One gait cycle was defined as the time when the
heel footswitch was turned on by the foot touching the ground to the following heel strike
of the same foot. Since the footswitch data were sampled at a rate of 60 Hz, the temporal
resolution of the heel strike information was determined to be £16 ms. In order to
simplify the analysis, heel strike and toe off information for 15 consecutive gait cycles
per trial during the steady state were used for further analysis. Heel strike and toe off
information from both feet were used to calculate the stride time (gait cycle time), step
time (heel strike to toe off) and dquble support time (heel strike of the ipsi-lateral foot to

the toe off of the contra-lateral foot) for the two conditions.

Analysis of Kinematic Data

Marker data were processed to derive three-dimensional position information
relative to a coordinate frame coincident with the surface of the treadmill using the
Motion Analysis System’s analysis software (Motion Analysis Corp., Santa Rosa, CA).
The marker trajectories were filtered using a fourth order low-pass, zero phase response,
Butterworth filter with its cut-off frequency at 6 Hz. A segmental axes system was
defined using a right-hand orthogonal system based on bony landmarks obtained during
the quiet standing trial and‘was used to provide a consistent frame of reference

independent of body segment position (24). The rotational motion of a body in 3-D space
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or relative to another body may be completely and uniquely defined using a
transformation matrix between the laboratory inertial axes and a set Qf body fixed axes or
between the two sets of body fixed axes. An eulerian angle convention (22,25) referred
to as the gyroscopic system was used to calculate the angular motion about the three axes
for the head and trunk segment coordinate systems with respect to the body segment axes
defined using the quiet standing trial. The vertical (z-axis) trunk translation was
determined from the marker placed coincident with the tip of the C7 spinous process.
Each 20-second trial period for each of these movement parameters was subjected to
Fourier analysis. The amplitude of the signals in the frequency range of 1.5-2.5 Hz (high
frequency) was summed to estimate the predominant contributions of vestibular reflexive
mechanisms to head movement control (26,27). The coordination between the head and
trunk was measured using the cross correlation function between the head and trunk pitch
re space angles as well as that between the head pitch and trunk vertical translation. The
temporal variations of the head pitch angular positién, trunk pitch angular position and
vertical trunk translation were time normalized over the entire gait cycle - heel strike
(0%) to the following heel strike (100%) of the right foot - at one percent gait cycle
intervals. The cross correlation functions between the head pitch and trunk pitch
orientations (HPTP) and the head pitch and trunk vertical translations (HPTV) were
determined. The maximum and minimum values closest to the zero phase lag were
quantified as the estimate of coordination between the head and trunk pitch orientations
and the head pitch and vertical trunk translations, respectively.

The sagittal plane angles of the thigh, shank and foot were calculated using

standard, previously established convéentions used in the laboratory (28). The knee and
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ankle angles were derived from these segment angles -and normalized with respect to their
quiet standing angles (zero reference angle). Parameters were calculated from the knee
and ankle joint angles re space to determine the total movement in the sagittal plane
during each gait cycle. For the knee and ankle joints, the total movement of the joint in
the window from heel strike to peak knee flexion were calculated to determine the joint
responses to the hf;el strike event of the gait cycle.

Analysis of the Ground Reaction Force Data

In order to assess the ground reaction forces during walking for the two gaze
stabilization tasks, the force information for both the right and left leg in the window
from the right heel strike to the peak knee flexion during the stance phase of the gait
cycle were analyzed. The right foot force data were analyzed to measure the peak force
during the loading phase, as well as the loading rate. The left foot force data were
analyzed to measure the peak force during its push off phase, as well as the push-off rate.
The loading and push-off rates were calculated as the ratio of the difference between the
10% and 90% of the peak loading or push off forces and the difference between the time
indices at which these force events occurred.

Analysis of Shock-Wave Transmission Data.

Shank and head peak acceleration amplitudes after the heel strike event were
obtained from the acceleration measurement along the cranial axis. The ratio of these
two (head/shank) and the time interval between shank and head peak accelerations were
calculated to estimate the transmissibility of the shock wave energy from the shank to the
head occurring at the heel strike event. In order to assess the contributions of the initial

conditions of the knee and ankle joint angles to the transmission of the high-energy
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vibrations to the shank and the head, the initial knee (IKA) and ankle angles (IAA) at
heel strike were also determined. For the sake of simplifying the analysis these IKA and
IAA were normalized such that their quiet standing angles were 180 and 90 degrees,
respectively.
Statistical Analyses

To test the hypothesis that changes in the gaze stabilization task will modify the
contributions of the different full body systems responsible for gaze stabilization, each
variable was tested separately and paired t-tests were performed comparing the dot and
the number recognition conditions with a significance level of 0.05. All tests were two-

tailed and done using SPSS release 10 software (SPSS Inc., Chicago, IL, 2000).

3. Results
Number Recognition Characteristics

Figure 1 shows the average (+ SEM) across subjects of the percentage of correctly
identified numerals in the NRT over all the possible presentations (total of 30 per trial)
for the different font sizes across subjects. Subjects identified on average 98.3 (+ 0.80) %
numerals correctly over all the characters and font sizes presented.

Temporal Stride Characteristics

The temporal stride parameters stride time, stance time and double support time
were calculated to compare the lower limb performance for the two gaze stabilization
tasks. Data in Figure 2 shows the average (= SEM) across subjects for the two gaze
stabilization tasks. There was no systematic difference between the two conditions for

the stride time (t(0.05, 8) = -0.722, p = 0.491) or for the stance time parameters (t(0.05, 8)
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=-1.030, p=0.333). The double support time for the NRT was significantly greater
(t(0.05, 8) = -6.267, p = 0.0001) than the DOT gaze stabilization task.
Head trunk Coordination During Locomotion

Figure 3 (A-C) shows exemplar fime series plots of the vertical trunk translation,
head pitch angular motion, and the trunk pitch angular motion of a single subject while
performing the DOT gaze stabilization task. Figure 3D and 3E show the cross correlation
functions between the head pitch and trunk pitch orientations and the head pitch and
trunk vertical translation, respectively, over a typical gait cycle for the DOT gaze
condition plotted for lags between —30% to +30 % gait cycle interval. Figure 4 (A-C)
shows the magnitude of the mean area under the spectral curve (+ SEM) across subjects
for the head and trunk rotations in the sagittal plane (pitch movements with respect to
space) as well as the vertical trunk translations with respect to spacé, for the two gaze
stabilization conditions during walking. The magnitude of the head pitch angular motion
for the NRT was significantly greater (t(0.05, 8) =-3.226, p = 0.012) than in the DOT
task. There were no systematic differences between the two gaze stabilization conditions
for the magnitude of trunk pitch angular motion (t(0.05, 8) = 0.676, p = 0.518) or for the
vertical translation of the trunk (t(0.05, 7) = -0.498, p = 0.632).

To determine if patterns of coordinaﬁon between the head and trunk were
changed between the two-gaze stabilization conditions during walking, we performed
cross correlation analysis between the head and trunk motion. Figure 4 (D-E) shows the
average (i SEM) across subjects of the maximum and the minimum cross correlation
values for the HPTP and the HPTV functions, for the two gaze tasks. There were no

systematic differences between the two gaze stabilization conditions for the maximum
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HPTP (t(0.05, 8) = -0.887, p = 0.401) or the minimum HPTV (t(0.05, 8} =0.925,p=
0.382). ‘

Lower Limb Joint Angles

Figure 5 (A-F) shows exemplar plots for one subject of the head and shank
acceleration along the cranial axis of these segments, the knee and ankle joint angles as
well as the vertical component of the ground reaction force of the left and right foot,
while performing the DOT gaze stabilization task. These data are time normalized to 500
points over a gait cycle for presentation purposes only (0 % and 100% representing the
right foot heel strike event). Note that the event of peak knee flexion is synchroniied
with the completion of the loading phase of the right leg as well as the time event when
the left leg pushes off the support surface.

Figure 6 (A-B) shows the average (+ SEM) across subjects of the total movement
of the knee and the ankle flexions during the phase from the heel strike to the peak knee
flexion during the stance phase of the gait cycle. The magnitude of the total movement
of the knee in the sagittal plane for the NRT was significantly greater (t(0.05, 8) = -3.047,
p = 0.016) than for the DOT gaze stabilization task. The magnitude of the total
movement of the ankle in the sagittal plane for the DOT task was not significantly
different (t(0.05, 8) =-1.561, p = 0.157) as compared to the NRT.

Ground Reaction Force Data

Figure 7 shows the average (+ SEM) across subjects of the peak vertical force
during the loading phase (7A), the pushoff phase (7B), the loading rate (7C) and the
pushoff rate (7D). The magnitude of the peak force on the right foot during the loading

phase for the NRT was significantly greater (t(0.05, 8) = -2.958, p = 0.018) than for the
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DOT vtaskA. There were no systematic differences between the two gaze stabilization
conditions for the peak force on the left foot during the pushoff phase (t(0.05, 8) = -1.238,
p = 0.251), the loading rate (t(0.05, 8) = -1.805, p=0.109) and the push off rate (t(0.05,
8) = -1.016, p = 0.340). |
Modulation of Shockwave Transmission During Locomotion

The data in Figure 5A show the remarkable consistency with which the high-
energy accelerations occur at the head after the right and left heel strike event during a
gait cycle. The Figure 8A shows the average (+ SEM) across subjects of the peak head
acceleration along the cranial axis. Accelerometer data from only six subjects were
available for analysis. The magnitude of the peak head acceleration for the NRT was
nearly significant (t(0.05, 5) = -2.415, p = 0.061) and less than the DOT gaze stabilization
task. Since the magnitude of the peak head accelerations between the two gaze
stabilization conditions was close to significance, we further analyzed this parameter on
an individual subject level using a 2 tailed independent sample t-tests with equal
variances. Four out of the six subjects showed peak head accelerations for the NRT
significantly less than the DOT gaze stabilization task (Subject3: t(0.05,88) =5.88,p =
0.0001; Subject6: t(0.05,88) = 10.729, p = 0.0001; Subject7: t(0.05,88) = 8.948, p =
0.0001; Subject8: t(0.05,88) = 3.855, p = 0.0001) while two subjects (Subject5: t(0.05,88)
=0.407, p = 0.685; Subject9: t(0.05,88) = -1.106; p = 0.272) showed no significant
difference between the two tasks.

Figures 8B, 8C and 8D shows the average (+ SEM) across subjects of the peak
shank accelerations along the cranial axis of the segment, the ratio head/shank and the

time lags between the time instances of the two peak accelerations. There were no
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systematic differences between the two gaze st_abilization conditions for the peak shank
acceleration ((0.05, 5) = 0.968, p = 0.378), the ratio between the head to shank peak
accelerations (t(0.05, 5) = 0.678, p = 0.528) or the time lags between the occurrences of
the peak head and shank accelerations (t(0.05, 5) = -0.036, p = 0.972).

In order to assess if the knee and the ankle joints had any role in the changes seen
in the peak acceleration of the head and the shank after the right leg heel strike, the IKA
and the IAA at heel strike, for the corresponding six subjects, were calculated. Figure 8
(E- F) shows the average (+ SEM) across subjects for the IKA and the IAA. There was
no significant change in the IKA (t(0.05, 5) =-1.002, p = 0.362) and the IAA (t(0.05, 5) =

-1.316, p = 0.245) between the two gaze stabilization conditions.

4. Discussion

‘This investigation was designed to evaluate functional modulation of the head-
trunk complex and the lower limb apparatus in response to modifications in a gaze
stabilization task. The first gaze stabilization task required subjects to simply fixate a
point target while walking. The second task required subjects to read numbers, placing
increased demands on full-body gaze stabilization mechanisms.
Number recognition proficiency

Subjects showed a remarkable ability to recognize the different numerals
presented during the NRT with a high degree of accuracy across the different font sizes

as seen in Figure 1. This demonstrated that subjects were performing the NRT with a

high level of proficiency.
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Temporal stride characteristics

During the NRT, subjects spent significantly greater time in the double support
phase of the gait cycle (i.e. when both feet are on the support surface). This was so,
despite no change in the stride time and the step time. The double support time was
greater by 10% across all subjects while performing the NRT compared to the DOT gaze
stabilization task. Spending more time in the double support period would provide
greater stability to the upper body during the NRT. Presumably, this strategy was
invoked to facilitate number recognition during walking.
Modulation in head movement control

The head pitch angular movement for the NRT was significantly greater than in
the DOT gaze stabilization task in the frequency bandwidth of 1.5-2.5Hz. However, the
perturbation to the head control system as quantified by the trunk pitch motion as well as
the vertical translation of the trunk, in the same frequency bandwidth, remained
unchanged for the two gaze stabilization tasks. During walking, subjects control head
pitch angular motion to compensate for their vertical translation as seen in the exemplar
plots of Figufe 3. Also, as seen in Figure 3, the head pitch angular motion is in phase with
the trunk pitch angular motion. This is further reflected in the cross correlation functions
HPTP (Figure 3D) and HPTV (Figure 3E) that were calculéted to quantify the
coordination between the head and trunk. The maximum and minimum values of these
functions showed that cc;ordination between the head and trunk was not altered for the
two gaze stabilization tasks.

Previous investigators have established the function of the Vestibplar apparatus in‘

head movement control (29,30). Mechanisms such as passive/inertial, reflex and
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voluntary, involved in the control of head movement have been the topic of several
investigations (20,26,27,31-33). Keshner, et al. (26,27) have hypothesized that the
contribution of the control mechanisms in the modulation of head motion is dependent on
- the frequency content of the self-generated or externally imposed movements. The three
main feedback systems recognized in the control of head position are the cervicocollic
reflex (CCR), the vestibulocollic reflex (VCR) and the optocollic reflex (OCR) (34).
These head stabilization reflexes use input from the somatosensory recéptors in the neck
musculature, the vestibular systems and the visual systems, respectively. The inputs from
these subsystems contribute to the voluntary and reflex responses that are generated in
the control of head movements. Keshner and Peterson (26,27) repo'rted that the reflex
control mechanisms have their optimal range of operation in the frequency bandwidth of
1.5-2.5 Hz. Recently it has been found that the head pitch motion re space serves to
compensate for the vertical translation of the trunk, predominantly produced by the linear
vestibulocollic reflex when subjects have walking speeds greater than 1.2 m/s (4).
Moreover, the ability to control head motion to achieve gaze stabilization during
locomotion was shown to deteriorate in people with abnormal vestibular function and in
astronauts returning from spaceflight resulting from increased head instability and
impaired visual acuity (1,15,35). This was achieved predominantly through a reduction
in the contributions in the reflex control mechanism bandwidth of 1.5-2.5 Hz (1,35).
Thus, we infer from the findings of the current study that performing a gaze stabilization
task with increased demands for high visual acuity (correctly identifying numerals) fully

engaged the reflexive contribution to the control of head movements. These findings
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underscore the concept that head movement control during locomoti})n can be modulated
depending on differing gaze demands.
The lower limb acts as a shock absorber during locomotion

As seen in Figure 5, following the heel strike event both legs are on the support
surface (the double support period). During this brief period, the right leg goes into
flexion while the left leg gets ready to push off from the support surface. The event of the
left leg push-off marks the completion of weight transfer from this trailing leg to the
leading right leg. This was followed by th_e single support phase of the right leg. As
reported earlier, the threat to gaze stabilization comes not only frorh the high energy heel
strike event of the gait cycle but also the toe off events during walking. This is evidenced
by the loss in control at these events in astronauts retumihg from a short duration
exposure to microgravity performing a gaze stabilization task (28,37).

In addition td the modulations in head movement control we also found that, in
response to the NRT, the lower body joint motion was also altered. Our data show that,
during the stance phase of the gait cycle in the window from heel strike to the peak
flexion of the knee, the total movement of the knee was 11% greater while performing
the NRT and was significantly different in cémparison to the DOT task. At the same
time the ankle joint total movement was also on average ~9 % greater while perfomﬁng
the NRT but was not significantly different in comparison to the DOT task. In
comparison to the response of the knee and ankle joints, the peak vertical force during the
loading phase of the right leg showed significant increases of 5% while performing the
NRT as compared to the DOT task. The loading rate also showed average increases of

16% during the NRT compared to the DOT but was not significant. Also, the peak
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vertical force during the push off phase (2% average increase during NRT compared to
the DOT) and the push-off rate (3% increase during NRT compared to the DOT) of the
left leg remained unchanged (See Figure 7).

The increase in knee flexion during the stance phase of the gait cycle has been
implicated to function as a shock absorbing mechanism associated with the rapid weight
transfer from the trailing to the leading leg (38,39). The increase in knee flexion during
the stance phase after the heel strike has been associated with the rapid transfer of weight
during the double support phase, thus providing a shock absorbing mechanism after the
heel strike event during walking. This may help in damping out any disturbing forces to
the head resulting from this rapid weight transfer during the toe-off event of the gait
cycle.

Modulation of energy transmission

Figure 5 also show the accelerations along the cranial axis of the head and the
shank during a gait cycle for the DOT gaze stabilization task. The acceleration profiles
show the consistent peaks occurring in the head and shank soon after ghe heel strike event
of the right leg (0% gait cycle) and in the head after the left leg heel strike event (50%
gait cycle) reflecting the perturbations to the head during the two impacts on the support
surface during a typical gait cycle. The peak accelerations at the head for the NRT
showed a significant decrement of 13.5%, averaged over four of the possible six subjects;
with respect to the DOT gaze stabilization task. The peak acceleration of the head along
the vertical axis showed a nearly significant (p = 0.061) decrease across the entire subject
group for the NRT as compared to-the DOT gaze stabilization task. The level of

significance may have been affected by the availability of accelerometer data from a
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reduced number of subjects (6/9). In the éurrent study, the.peak acceleration at the head
was measured to be reduced to ~60% of that at the shank during walking for the two gaze
stabilization tasks. Cappozzo (40) inferred that attenuation of the excessive vibrations to
the head was necessary to reduce perturbations to the visual-vestibular system.
Vibrations at the head can severely degrade visual acuity (41). These vibrations, as well
as inappropriate or disturbed head-trunk or locomotion control strategies, would interfere
with the visual-vestibular integration process. As a result, decrements in sensorimotor
integration, dynamic visual acuity and balance are outcomes of excessive vibrations
being transmitted to the head (5). We infer from the results of the current study that
attenuation of the high-energy vibrations transmitted to the head is a factor that is being
controlled by a full-body modulation system. The results of the study also showed that
the attenuation response is dependent on the goals of the gaze stabilization task.

The attenuation of forces is not simply a matter of the material characteristics of
the body. The musculoskeletal system is assembled in a way such that it can filter out
certain components of the heel-strike shock-wave to maintain head vibration within the
functional limits of the visual-vestibular system (5). Specific coordinated actions of the
lower limbs have been shown to contribute to the attenuation process. Although joint
configurations and specifically the degree of flexion at the knee at the instant of heel-
strike do play a role in attenuating the shock transmitted to the head, Lafortune, et al. (19)
found that the initial knee angle had the opposite effect on the shock measured at the
shank and the head. These investigators have shown the shock at the head decreased by
45% with a commensurate increase of shank shock by 57% when they varied the initial

knee angles from 0 to 40 degrees. They also show a significant reduction in the
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head/shank peak ratio. In the current study, however, the IKA and TAA showed no
significant changes between the two gaze stabilization tasks. Also, the measured average
peak acceleration at the shank as well as the transmissibility of the high-energy transients
(as reflected by the ratio of the head/shank peaks) through the body also remained
unchanged between the two gaze stabilization tasks. These results indicate that across
the two gaze stabilization tasks, the reduction in the peak acceleration at the head for the
NRT as compared to the DOT task may not be attributed to the initial joint configurations
-at the moment of heel strike and implicates the involvement of other mechanisms.

Other factors that may be contributing to the reduction in head peak vertical
acceleration as reported in previous investigations include the head-trunk-pelvis
configurations (40,42). Recently several studies have shown that a short latency VCR is
elicited during sudden head perturbations of linear peak acceleration amplitudes of 1.2g
to as low as 0.4g to modulate and dampen the mechanically induced instability of the
head (20,43-45). Thus, the reduction seeﬁ in the peak acceleration along the vertical axis
of the head seen in the present study during the NRT may indicate that the head
movement control system indeed modulates the vertical accelerations reaching the head
from the high energy phases of the gait cycle as a function of the gaze stabiliza‘ti(l)n task
requirements. In this study, we have also found that the head pitch angular movement for
the NRT was significantly greater than in the DOT gaze stabilization task. This increase
in head movement may also be related to the constraint of reducing the perturbations
reaching the head during the high-energy phases of the gait cycle. The acceleration
measured by the accelerometer is a function of not only the impact energy but also the

angular velocity and the angular position of the segment (19). Hence, we hypothesize
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that the head movement dynamics may contribute towards the reduction in the peak head
acceleration. This issue is being pursued through other modeling approaches and will be
topics of further investigations.

Thus, the body of evidence presented here elucidétes the full body contributions
to the gaze stabilization system during dynamic motor activities such as locomotion.
This work also provides evidence that the CNS produces and optimizes the online
modifications of its different elements for the successful completion of any task based on
the boundary conditions placed on it (46). Future experiments will further elucidate both
the strategic immeciiate response characteristics of the full body gaze stabilization system

along with its adaptive properties.
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Figure Legends:

Figurel: Percentage correct response to the NRT averaged (X SEM) across subjects over
all possible presentations as a function of the font size.

Figure 2: Average (+ SEM) across subjects of A) Stride time B) Stance time C) Double
support time, for the two gaze stabilization conditions. The “*’ denotes significance at

p<0.05.

Figure 3: Exemplar time series plots from a typical subject for the DOT gaze
stabilization task of A) Vertical torso translation with respect to space B) Head angular
pitch (extension/flexion) orientation in the sagittal plane with respect to space and C)
Torso angular pitch (extension/flexion) orientation in the sagittal plane with respect to
space D) The cross correlation function between the head pitch re space and trunk pitch
re space (HPTP) over a gait cycle for lags ranging from -30% to +30% gait cycle
interval; E) the cross correlation function between the head pitch re space and vertical
trunk translation re space (HPTV) over a gait cycle for lags ranging from —-30% to +30%
gait cycle interval.

Figure 4: Average (+ SEM) across subjects of the sum of magnitude under the spectral.
curve in the 1.5-2.5 Hz bandwidth for A) Head angular pitch (extension/flexion)
orientation in the sagittal plane with respect to space B) Vertical trunk translation with
respect to space C) Torso angular pitch (extension/flexion) orientation in the sagittal
plane with respect to space; D) the maximum correlation coefficient of the cross
correlation function between the head pitch re space and trunk pitch re space (HPTP); E)
the minimum correlation coefficient of the cross correlation function between the head
pitch re space and vertical trunk translation re space (HPTV). The *’ denotes
significance at p<0.05.

Figure 5) Exemplar plots of the A) the head acceleration along its vertical axis B) the
shank acceleration along its vertical axis C) the knee joint orientation with respect to
space D) the ankle joint orientation with respect to space D) the vertical component of the
ground reaction force measured for the left foot E) the vertical component of the ground
reaction force measured under the right foot; for a typical subject performing the DOT
gaze stabilization task. Data from 15 gait cycles during a typical trial are overlaid and
were time normalized to 500 points with 0% and 100% representing the right foot heel
strike event. The shaded regions are the double support phases when both feet are on the

ground.

Figure 6: The average (= SEM) across subjects of the total movement calculated from
the heel strike to the peak flexion of the knee during the stance phase for A) the ankle
joint and B) the knee joint, for the two gaze stabilization tasks. The “*’ denotes
significance at p<0.05.



Figure 7: The average (+ SEM) across subjects of the peak vertical force during A) the
loading phase, B) the push-off phase, C) the loading rate and D) the push-off rate. The
“*> denotes significance at p<0.05.

Figure 8: The average (+ SEM) across the six of nine subjects of the A) peak
acceleration at the head, B) the peak acceleration at the shank, C) the ratio of peak
acceleration of head/shank, D) the time lag between the occurrences of the peak head and
shank accelerations E) the angle of the knee at the heel strike event F) the angle of the
ankle at the heel strike event.
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