
Aging and the Mechanisms 
Underlying Head and Postural 
Control During Voluntary Motion 

The quality of sensory information that is necessary for balance and 
postural stability will depend to a great extent on head stability as the 
body moves. How older persons coordinate head and body motion for 
balance during volitional activities is not known. The purposes of this 
article are to present a basis for understanding the influence of aging 
on head control during voluntary motion and to discuss some data that 
demonstrate how elderly people might control head movement to 
improve gaze and the quality of vestibular inputs. A "top-down" or 
"head-first" control scheme is proposed as the mechanism that elderly 
people without disabilities use to maintain head position during 
self-initiated motion. This type of control ensures that the angular 
position of the head in space remains relatively constant-through the 
use of a head-stabilization-in-space (HSS) strategy-regardless of the 
magnitude or direction of displacements in the body's center of force. 
The HSS strategy is thought to reduce potential ambiguities in the 
interpretation of sensory inputs for balance and is derived primarily 
from a geocentric (orientation to the vertical) frame of reference. 
Egocentric (orientation of the head with respect to the body) or 
exocentric (orientation to objects in the environment) frames of 
reference, however, refine the control of head stabilization. Prelimi- 
nary research suggests that elderly people use the HSS strategy to 
control head pitch during difficult balance tasks. These findings, if 
supported by more definitive studies, may be useful in the treatment of 
patients with balance disorders. The treatment of patients with balance 
dysfunction is discussed within the conceptual framework of a "head- 
first" organization scheme. [Di Fabio RP, Emasithi A. ,4ging and the 
mechanisms underlying head and postural control during voluntary 
motion. Phvs Thm. 199'7;'77:458 -475.1 

Physical Therapy . Volume 7 7 .  Number 5 . May 1997 

Key Words: Balance, Head control, Posture, Senso9 integration,. 

Richard P Di Fabio 

Alotlgkot Emasith i 



he quality of sensory information that is neces- 
sary for balance and postural stability depends 
to a great extent on head stabilization as the 
body moves. Some investigators have proposed 

that a "top-down" or "head-first" control scheme is used 
to ensure that the head remains stable, with respect to 
the direction of looking, during body 
Head stability allows gaze (the direction of looking) to 
be properly This orientation is supposedly 
accomplished by modifying head position in anticipa- 
tion of displacements in the body's center of force 
(COF)* so that the angular orientation of the head in 
space remains relatively constant. Anticipatory control of 
the angular displacement of the head is referred to as a 
head-stabilization-in-space (HSS) strategy (Fig. 1) ."his 
strategy differs from a response that fixes the head to the 
trunk, because the HSS allows adjustments of head - 
position that are independent of trunk motion 
(Fig. I).".' 

Stabilizing the head in advance of body motion is 
thought to improve the interpretation of vestibular 
inputs for particularly when visual and 
somatosensory inputs are distorted or incongruent." 
Sensory inputs that yield conflicting perceptions of 
motion are considered to be incongruent. For example, 
visual cues are incongruent with vestibular inputs when 
vision conveys the sense of motion in the environment 
but vestibular information indicates that the body is 
stationary with respect to gravity. Asymptomatic elderly 

' (;~n/rr  cf jorr r  i\ the 1oc;rtion of the vertical ground reaction force vector- 
nleasul-ed hy a fo~-cr platti)l-m and is rq i~al  and oppositc to a wrightrd avrragr of 
all of the dowl)wdl-d ~ I ) I  crs acting on the fol-cr pl;rtr.' 

HSS HST 

I 1 - - 
Figure 1. 
Illustration of head-stabilization-in-space (HSS) and head-stabilization- 
on-trunk (HST) strategies for controlling head motion. Head pitch 
orientation (depicted by the horizontal dotted line through the orbit) i s  
maintained during HSS. In contrast, during HST, head position cannot 
be regulated independently from the trunk. 

persons have demonstrated the ability to use multiple 
sensory inputs for balance as long as two of three 
primary modalities-visual, vestibular, or somatosensory 
inputs-are a~ai1able.R~~ Changes in the sensorimotor 
system with aging have been well do~umented,~~-'"ut 
these changes have not been studied with respect to 
head stabilization in older persons. Age-related changes 
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in the vestibular ocular reflex1-' (\'OR), for example, 
could distort visual input during activities of daily living 
such as walking. A deficient VOR impairs the ability to 
fis eve position while the head is m0ving.1.~ One  way to 

partially compensate for a deficient VOR is to stabili7e 
the head in a way that nullifies the effect of body motion. 
The HSS, therefore, would provide one compensatory 
srrategy that elderly persons [night use to improve gaze. 

M'hether the HSS strategy is used by elderly people to 

stabilize gaze during movement or  whether the natural 
changes in sensory processiilg with age alter the head 
stabilization strategy is not known. Hirasaki e t  all1' stud- 
ied the influence of various locomotor activities on 
compensatory head pitch motions (counteracting verti- 
cal translations of the body during gait) in subjects over 
60 years of age, but the influence of sensory inputs on 
head control was not addressed in the experimental 
design. Although some authors have addressed the 
control of head stabilization during support-surface per- 
tu rba t ion~~,~ ' - '~ ;  during voluntary motions such as walk- 
ing, hopping, o r  '", and during rotations 
of the entire body,"." the populations studied were 
primarily younger than 60 years of age. Balance in 
elderlv persons has been assessed using altered senso? 
environments,9.26-29 platform  perturbation^,^.^ and vol- 

untary motion to test the limits of stahilit~,~~', :" but there 
have not been systematic investigations addressing the 
integration of sensory inputs for head control in aging 
populations. 

The purpose of this article is to present a theoretical 
basis for understanding the influence of aging on head 
control during \~oluntar)l motion. In addition, a discus- 
sion of some preliminary research findings that demon- 
strate how elderly individuals might utilize a head con- 
trol s t rateq to improve gaze and the quality of vestibular 
irlputs fix balance will be provided. The discussion of 
theory is organized into four content areas: (1) frames of 
reference for balance and head control, (1 )  sensory 
influences on each frame of reference, (3)  development 
of head control strategies, and (4) presentation of a 
conceptllal model of head control mechanisms. 4 pre- 
sentation of the results of sorile preliminary studies that 
demonstrate head stabilization strategies in older per- 
sons follows the discussion of theon.. 

Theoretical Mechanisms Underlying Head 
Control During Voluntary Motion 

Frames of Reference for Balance and Head Control 
A frame of reference for balance is a standard against 
which a change in posture is n~easured.:~.:':' There are 
three frames of reference that are relevant to the discus- 
sion of head and postural control.:3"-" An cgoc~r~tric 
reference frame provides spatial coordinates for limb 

and body-segment positions ( eg ,  head position relative 
to the trunk), whereas an uxorentric reference gives 
infbrrnation about body position with respect to the 
enviro~lrrlent (eg. visual localization of an object that is 
extrinsic to the subject). A groct~t~/t-ir reference system 
maintains posture with respect to gravity (vertical oricn- 
tation). Berthoz:(' and Paillardy' suggested that the 
relative importance of each frame of reference was 
01-ganized in a hierarchy, \vith the egocentric and exo- 
centric frames of reference derived from a geocentric 
reference system. 

Frames of reference for head and postural control, in 
theory, have several common characteristics.:".:':' Each 
frame of reference is produced by the transformation o f  
sensory input to spatial perception. In addition, each 
reference system contributes to the development of an 
overall body schema or  template for balance, and the 
frames of reference enable the prediction of displace- 
ments of the COF. 

Transformation of  sensory input. Information from 
visual, vestibular, and proprioceptive sTstenls are trans- 
formed in each frame of reference to contribute to 
aspects of postural control that are not sensor-specific. 
For example, there is no single dedicated sensor in the 
nervous system that measures the "margin of postural 
stability" during stance.:<' This variable can only be 
derived fiom an interpretative process within the central 
nelvous systrln (CNS) that utilizes senson inputs to 
estimate the coi~figuration of the suppol-t surface, the 
magnitude and sequence of postural muscle activity, and 
the location of the center of gravih.'; The  "sense" of the 
limit of' postural stability, therefore, is a perception 
based on  one or  more frames of reference for balance. 

Contribute to a body schema. Head and Holrnes 
defined body schenin as "a combined standard against 
which all subsequent changes of posture are mea- 
su~ed.""> Thev emphasized that the body schema is a 
template for postural control that influences spatial 
orientation of the body "before a change of posture 
enters consciousness." From a theoretical perspective, 
the body schema can be viewed as the collective influ- 
ence of the egocentric, exocentric, and geocentric 
frames of reference for balance. 

Enable the prediction of movement. A primary goal of 
postural regulation is to stahili7e the head with respect to 
the T o  provide effective control of head 
position during movement, the geocentric frame of 
reference enables anticipation or  prediction of COF 
displacelnents that are induced by voluntary  nori ion.:''.:^^ 
The geocentric frame of reference is thought to use 
somatosensoy, proprioceptive, and vestibular inputs for 
"feed-forward" control of head stabilization. In the con- 
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text of a "top-down" 01- "head-first" control m ~ d e l , ~ , ~ ;  
feed-forward means that corrections of head position 
occur in advance of a voluntary change in body position. 
A feed-forward mechanism is a preprogrammed (pre- 
determined) response that appears to be formed 
through experience with self-initiated goal-directed 
activity.g4 Sensory input in a feed-forward mode is used 
primarily for "knowledge of response" to make appro- 
priate adjustments in subsequent anticipatory postural 
actions.37 This interative process is thought to develop 
various frames of reference that make up the template 
(body schema) to control head and trunk orientation for 
balance.:*5."7.:3H 

Sensory Influence on the Frames of Reference for 
Balance and Head Control 
The literature reviewed in this section highlights three 
issues. First, a geocentric frame of reference is essential 
for generating anticipatory control of head position 
during voluntary motion. Distortions or absence of sen- 
sory input results in an improvement of feed-forward 
stabilization of the head as long as the geocentric 
reference is intact.Ii Second, the frames of reference for 
balance are not based on the input from a single sensory 
modality. Each frame of reference is derived from mul- 
tiple senslnry i~~puts.":~,""."+~Yhird, there are interac- 
tions among the frames of reference that contribute to 
the internal representation of a body schema and the 
overall perception of head, trunk, and limb orienta- 

The contribution of various sensory modal- 
ities to each frame of reference for head stability and 
postural control will be reviewed. 

Vestibular influence on the geocentric frame of reference. 
The labyrinth provides LWO types of information about 
head kinematics: (1) orientation of static head posture 
with respect to gravity and (2) detection of head accel- 
eration.4.-:': - 1  The vestibular inputs that sense static head 

posture provide the backdrop for anticipatory or "feed- 
fonvard" control of head position4," by continuously 
monitoring the orientation of the head.43.4Vhe otolith 
organs provide an invariant reference for head position 
with respect to earth-vertical.17 An example of this static 
gravitational reference can be illustrated by the ocular 
counter-rolling reflex. When the head is tilted to the 
side, the eyes counter-rotate to nullify the effects of head 
n~otiollw '53 and maintain vertical orientation of the 

visual scene (Fig. 2).  Vestibular input, therefore, is used 
for reposi~.ioning of the eyes based on changes in head 
orientation (a more detailed review of visual-vestibular 
interactions is beyond the scope of this article, but the 
reader should refer to the article by Herdman in this 
special series and to a review by Cohen and Henn5*). 

Vestibular inputs also influence trunk and limb stability 
t+hen head position changes. The functional linkage 

I I 
Figure 2. 
Ocular counter-roll reflex. (Top) Head and eye position in the baseline 
condition. (Bottom) Tilt of the head results in stimulation of the otolith 
receptors. The eyes counter-rotate to nullify the effects of head tilt and 
stabilize the visual scene. 

between head orientation and lower-extremity muscle 
activity was demonstrated by Zangemeister et al.""hey 
used a backward head tilt to enhance the influence of 
the otolith end organs during gait for five subjects 
without impairments (mean age= 27 years). Zangemeis- 
ter et alm found that tibialis anterior muscle discharge 
markedly increased during the entire walking cycle and 
also showed a phasic burst of activity at mid-stance. This 
pattern of tibialis anterior muscle activity was thought to 
represent a feed-forward postural adjustment mediated 
by the otolith organs in anticipation of the COF displace- 
ments (beyond the base of support) that normally occur 
during gait. 

When vestibular input is absent, there is a loss of postural 
stabilization that normally occurs prior to self-initiated 
voluntary motion. The loss of anticipatory postural con- 
trol following vestibular dysfunction is manifest by the 
loss of feed-forward control of the head.""-"' Deficits in 
the anticipatory control of head position occur in per- 
sons without vestibular dysfunction who are exposed to 
microgravity and in patients with bilateral vestibular 
dysfunction. Astronauts returning to Earth from orbit in 
space experience difficulty coordinating head and trunk 
motion during gait, and as a result they experience 
temporary postural instability." Reschke et a12"ave 
suggested that the absence of gravity results in recalibra- 
tion of the otolith gravity receptors so that the ambigu- 
ities between the sense of linear motion during gait and 
the sense of gravity contribute to a loss of feed-forward 
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head control. BronsteinM studied six patients with ves- 
tibular loss (32-73 years of age) and six subjects without 
vestibular impairment (18-62 years of age) who were 
seated in a chair and rotated in random directions while 
the subjects attempted to fixate on a visual target. The 
subjects without vestibular impairment were able to 
anticipate changes in the direction of chair rotation and 
corrected head position in advance of the changes in 
trunk (chair) position. In contrast, subjects with bilateral 
vestibular deficits did not show this Feed-forward adjust- 
ment in head position." Other researchers have shown 
that subjects with bilateral vestibular deficits have larger 
head displacement amplitudes, angular velocities, or 
gaze kelocities (motion of the eyes with respect to the 
head) in the dark during hopping or runningx7-' and 
walking in p l a ~ e ~ , ~  compared with subjects without 
vestibular impairment. 

Somatosensory influence on geocentric Frame of reference. 
Because bilateral vestibular dysfunction results in a loss 
of anticipatory head control, it is reasonable to conclude 
that vestibular inputs that monitor the resting position of 
the head appear to be necessary to establish feed- 
forward control of head position. Vestibular inputs, 
however, may not be sufficient to completely form or 
elaborate the geocentric reference because other sen- 
sory inputs are known to lead to modification of head 
position with respect to the vertical. Somatosensory 
(cutaneous, joint, and pressure receptors) as well as 
muscle proprioception from spindle afferents, for exam- 
ple, can shape the geocentric reference for balance and 

'4 7 5  '34 -41.62 head stabilization. .. . .-. 

Evidence that somatosensory inputs to the CNS influ- 
ence the geocentric frame of reference for head stability 
was provided in separate investigations by Pozzo et al,:' 
b u n g  and Standish,"" and Jeka and  colleague^.^^'^^^ 
Pozzo et a]:' observed that during a self-initiated jumping 
motion, there was an unbroken trajectory of head rota- 
tion in the sagittal plane in spite of the impact of 
foot-floor contact. They suggested that physical contact 
between the foot and the floor provided the capacity to 
predict a perturbation of gaze and provide anticipatory 
neck muscle contraction to correct impending head 
displacement."ight touch from the fingertip may also 
provide somatosensory input to the CNS that contributes 
to head stabilization."'-a' Young and S t a n d i ~ h " ~  showed 
that visually induced postural sway was attenuated in 
seven of nine subjects without vestibular impairment 
when light tactile pressure (insufficient to stabilize pos- 
ture) was applied to the shoulder. Jeka et al-" found that 
sighted individuals with eyes closed had a decrease in 
head and COF displacement when only light fingertip 
contact (<2.0 N) was placed on a cane during tandem 
stance. Postural sway in subjects with congenital blind- 
ness also improved with touch cues gained by fingertip 

contact, but head stability did not i ~ n p r o v e . ~ ~  These 
results suggested that persons with congenital blindness 
were unable to integrate somatosellsory information to 
control head di~placement .~ '  As noted, considerable 
sensory processing must occur to transform tactile infor- 
mation to orientation information. Head stability, there- 
fore, appears to depend on a geocentric frame of 
reference that integrates vestibular inputs with somato- 
sensory inputs from both upper- and lower-extremih 
load-bearing surfaces to stabilize the head with respect to 
the vertical. 

Mittelstaedt":' has argued that the geocentric reference is 
strongly influenced by somatic gravity receptors originat- 
ing from the viscera within the trunk. There is prelimi- 
nary evidence suggesting that somatic gravity receptors 
exist in monkeysb4 and in h~mans,~j%but further studv is 
needed to reproduce these findings and to determine 
the influence of these receptors on the control of head 
stabilization. 

Influence of vision on the geocentric frame of reference. 
Visual input (retinal information) does not appear to be 
needed for head ~tabilization.~.:'.A.~ The alteration of 
visual inputs by darkness or stroboscopic illumination 
actually improved head stabilization in space during 
hopping and running, l~~ocomotion,"  and stance within 
a tilting visual enclo~ure.~. '  Collectively, these results 
suggest that in the absence of normal visual input, a 
feed-forward mode of head stabilization may control 
head position in a precise way so that the remaining 
sensory inputs (ie, vestibular and somatosensory) can 
provide optimal orientation information. 

Influence of gaze and muscle proprioception on egocentric 
and exocentric frames of reference. &zr is the in tended 
direction of looking and occurs as a result of eve muscle 
activation. Factors that determine gaze are the position 
of the eyes in the head and the position of the head in 
three-dimensional space. Gaze contributes to both the 
exocentric and egocentric frames of reference. The 
"egocentric" component of gaze exists because the mus- 
cles that control eye movements provide proprioceptive 
feedback that is used to control the spatial orientatiorl of 
the head and trunk."," Gaze is also "exocentric," 
because there is evidence that spindle afferent informa- 
tion from muscles surrounding the eye help localize 
visual targets in the envi r~nment . "~  The influence that 
gaze has on the egocentric and exocentric frames of 
reference for balance, therefore, is thought to be related 
to proprioception provided by the ocular muscles (the 
term "proprioception," as used here, refers specifically 
to muscle spindle afferent information). 

Alteration of the egocentric and exocentric frames of 
reference can be studied by applying vibration to a 
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muscle or  t e n d ~ n . ~ ~ . ~ ' . ~ ~ - ~ l  Vibration alters the percep- 
tion of limb localization.'"~6'i~tii~h~~~i0 (distorting the ego- 
centric frame of reference) as well as the localization of 
objects vlewed in the environment (distorting the exo- 
centric frame of r e f e r e n ~ e ) . " ~ , ~ ~  A classic example of 
altering the egocentric frame of reference was provided 
by Goodwin et al,(jC3 who showed that vibration of the 
Achilles tendon in restrained standing subjects can 
create the illusion of forward body sway. If subjects are 
not restrained, stimulation of the Achillks tendon results 
in a corrective body sway backward, because the CNS acts 
to correct the perceived body tilt.ti6.tii.70 Several investi- 
g a t o r ~ " " , ~ ~ ~ ~ ~  have reported that vibration of the extra- 
ocular inferior rectus muscles or the sternocleidomas- 
toid muscles of freely standing subjects with eyes closed 
induces the same corrective postural response that is 
observed with soleus muscle vibration. A proprioceptive 
linkage between the head, trunk, and lower extremities 
that controls head and body orientation was proposed to 
explain the analogous postural effects of muscle vibra- 
tion at these different sites." For each vibrated muscle, 
corrective body sway was presumed to be related to 
a perceived change in the egocentric frame of 
referenCe.6(i,(i7.i0 

.4lterations in the exocentric frame of reference have 
beer1 studied with subjects in a sitting position or by 
restraining standing subjects from swaying during mus- 
cle vibration. In these conditions, subjects not only 
experience an illusion of sway, as described earlier, but 
also a perception that fixed visual targets are m ~ v i n g . ~ ~ ~ " ~  
Distortiori of the exocentric frame of reference was 
demonstrated by Roll et al."# They studied 10 subjects 
without vestibular impairment during a task involving 
pointing toward a fixed visual target."# The subjects were 
seated in the dark and were instructed to point toward 
the lighted target once the light was extinguished. 
Low-amplitude vibration of the eye or neck muscles 
changed the direction of pointing to correspond to the 
direction of head motion that would have stretched the 
vibrated muscle (ie, pointing drifted upward during 
vibration of sternocleidomastoid muscles or the extra- 
ocular inferior rectus muscles). Similar findings with 
other neck muscles were reported by Bigiier et al.?] Roll 
et alfix and Biguer et aln presumed, therefore, that 
spindle afferent input to the CNS from the vibrated 
muscle altered the localization of visual targets because 
of a change in the exocentric frame of reference. 

In summary, feed-forward control of head position 
occurs against the backdrop of a constant geocentric 
reference. Vestibular information signaling static head 
tilt with respect to gravity is necessary to enable antici- 
patory stabilization of the head, but sornatosensory and 
proprioceptive inputs are also needed to refine the head 
stabilization response and the geocentric reference for 

balance. Minimizing head motion when sensory infor- 
mation is absent or distorted is desirable, because head 
stabilization can reduce the ambiguity of sensory inputs 
for balance. This "protective mechanism" might account 
for the improvement in head stabilization during the 
distortion or absence of visual input. Proprioceptive 
inputs from ocular and postiiral muscles appear to have 
an influence on geocentric, egocentric, and exocentric 
frames of reference for balance. There appears to be a 
"functional synergy" between eye, limb, and trunk mus- 
cles that influences the control of head and trunk 
orientation. 

Development of Anticipatory Head Control Strategies 
Hayes and Riach" proposed that sensory inputs serve 
three purposes in a feed-forward control system for 
balance: (1) identification of the initial stance condi- 
tions (ie, position, orientation, and motion of the body), 
(2) provision of immediate information about the feed- 
forward response once it has been initiated (ie, knowl- 
edge of response if balance was maintained), and 
(3) provision of feedback that is used over the long term 
to improve the effectiveness of subsequent feed-forward 
responses. The visual and vestibular end organs are 
located in the head. The quality and "usability" of these 
sensory inputs for identifying initial conditions depends, 
therefore, to a great extent on the strategy used to 
control head position prior to voluntary motion. 

Assaiante and Arnblardti reported that children 3 to 6 
years of age used an HSS strategy while walking on flat 
ground (Fig. 1) .  This strategy involves the correction of 
head position in advance of the rhythmic body oscilla- 
tions produced during gait. When an equilibrium task 
became more difficult for these children (ie, walking on 
a narrow beam), there was an increase in head-trunk 
stiffness that resembled a head-stabilization-on-trunk 
(HST) strategy (Fig. 1).  The HST strategy reduces the 
need for anticipatory correction of head position 
because the head and trunk tend to move as a single 
unit. Adults, by comparison, showed a preference for the 
HSS strategy, particularly during difficult equilibrium 
tasks." 

The inability of children under 6 years of age to adopt 
the HSS strategy during difficult equilibrium tasks sug- 
gests that the neural signals that specify head position 
with respect to the base of support are not fiilly inte- 
grated by the CNS at this age. There is evidence showing 
that infants just beginning to walk independently 
attempt to use sensory feedback to develop head-trunk 
c~ntrol.~"edebt et alw reported a marked improve- 
ment in head-trunk control during the first 10 to 15 
weeks after the onset of independent walking. The delay 
between the initiation of walking and the improvement 
in head-trunk coordination was attributed to the devel- 
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Figure 3. 
Proposed conceptual model of head control during voluntary motion. 
COF=center of force. 

opment of neural processing to integrate sensory inputs 
for equilibrium during amb~lation.~' Feed-forward p o s  
tural adjustments may develop in parallel with the mat- 
uration of sensory feedback processes.3i Whether the 
degradation of sensory processing attributed to aging, in 
turn, degrades the mechanisms that produce anticipa- 
tory head stabilization during voluntary motion is not 
known. 

Conceptual Model of Head Control During 
Voluntary Motion 
Head stabilization as the body moves is partly an expres- 
sion of righting reflexes, the passive elastic and viscous 
properties of muscle and connective tissue surrounding 
head and neck body segments, and "higher-order" sen- 
sory  mechanism^.^^ The body schema and frames of 
reference for head stability are higher-order sensory 
mechanisms that must play a dominant role in the 
control of head position during voluntary motion, 
because the ability to anticipate the location of the 
center of gravity and correct head position in advance of 
a change in body posture requires the integration of 
multiple sensory inputs. Head control, therefore, cannot 
be viewed simply as a vestibular reflex or a passive tissue 
rebponse. 

The higher-order mechanisms that link sensory inpiits to 
the control of head stabilization have not been delin- 
eated. Schor et ali4 speculated that feedback provided by 
muscle proprioceptors and somatosensory information 
contributes to the voluntary and reflex responses that 
underlie head control. Light-touch cues, for example, 
could increase the efficiency of head stabilization 
through the cervicocollic reflex, because this reflex 
relies on peripheral somatosensory inputs to monitor 
the position of the head with respect to the body." In 

parallel with this reflex "loop," a neuronal network 
facilitating the interaction between ankle somatosensory 
inputs with information from proprioceptors along the 
vertical axis of the body-including information from 
neck, trunk, and eye muscles-could also influence 
head displacement prior to the initiation of voluntary 
motion~66,~i,7~77 

We are proposing a preliminary conceptual model that 
uses a template for head stabilization based on the body 
schema (Fig. 3).  The body schema for head and trunk 
orientation is influenced by vestibular and other sensory 
inputs. The amplitude and direction of anticipatory 
stabilization of the head will depend on the initial 
conditions established by sensory input to the body 
schema. Angular orientation of the head in space in this 
model is corrected at a subconscious level after a change 
in one or more frames of reference, but in advance of 
the conscious initiation of voluntary motion. Head sta- 
bilization in turn reinforces the bodv schema in a 
feedback loop by minimizing an immediate change in 
eye position (stabilizing retinal input), the position of 
the vestibular end organs, and the position of the neck 
(stabilizing neck somatosensory and proprioception 
inputs). Head control, in this model, is influenced by 
sensory inputs through the frames of reference for 
balance, rather than directly by individual sensory 
modalities. Once the head is stabilized, trunk and 
extremity postural control follows. This action creates 
sensory feedback and "knowledge of response" that can 
be used to modify the body schema for subsequent 
action. 

The geocentric frame of reference in this model is at the 
top of a hierarchy with respect to the other frames of 
reference."'," The geocentric frame of reference is 
necessary, but not sufficient for feed-fonuard control of 
the head. Other frames of reference (ie, egocentric or 
exocentric) are needed to fully form the response for 
anticipatory head stabilization. The invariant gravita- 
tional reference provided by the geocentric system pro- 
vides a protective mechanism that ensures angular sta- 
bility of the head during difficult balance tasks." Task 
difficulty is determined by mechanical factors (eg, stance - 

on a narrow surface,"19 stance on a compliant support 
surface,%ingle-leg stance2") or by the availability or 
quality of sensory information (ie, balance while walking 
in the dark or with stroboscopic illumination) ." The HSS 
strategy (Fig. 1) is a feed-fonuard control strategy that, 
theoretically, will be useful during difficult balance tasks 
because the precise control of angular head displace- 
ment optimizes the quality of available sensory inputs 
that will contribute to proper orientation of the body 
(Fig. 3).  
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....' ..... , 
Figure 4. 
Effect of gain magnitude and polarity on sway-driven displacement of Figure 5. 
the visual surround. The subject is swaying forward an identical amount The effect of gain magnitude and polarity on sway-driven displacement 
in each frame. Positive sway gains tilt the surround in the same direction of the stance platform. The subiect is swaying forward an identical 
as displacement of the center of force (COF] in the sagittal plane. amount in each frame. Positive sway gains tilt the platform in the same 
Negative sway gains tilt the surround in the opposite direction of COF direction as displacement of the center of force (COF] in the sagittal 
displacement. plane. Negative sway gains tilt the platform in the opposite direction of 

COF displacement. 

Demonstration of Head Stabilization Strategies 
in Older Persons 

Experimental Paradigm and Research Questions 
We have completed several  experiment^^^.^^.^^ that begin 
to examine the ability of elderly people to produce head 
stabilization strategies that might protect gaze and stabi- 
lize sensory inputs for balance. The experimental para- 
digm that we utilized involved balance tasks that have 
different levels of difficulty (Figs. 4 and 5). Subjects 
stood on a movable force platform and faced a visual 
enclosure (described in more detail later). The level of 
difficulty was controlled by changing the coupling- 
referred to as the "gain'-between body sway and simul- 
taneous tilt of the platform or visual surround. For 
example, any displacement of the COF at a gain of +2.0 
will create a tilt of the visual surround (away from the 
subject) 01- a tilt of the platform (toes down) that will be 
four times larger than a tilt at a gain of +0.5 (Figs. 4 
and 5). Changing the polarity of the gain to negative 
reverses the direction of the surround or platform 
motion (ie, as the COF moves forward, the surround is 
tilted toward the subject or the platform is rotated toes 
up). Balance in the negative gain conditions was more 
challenging than balance in the positive gain conditions, 
because the environment in a negative gain condition 
moved cornpletely opposite the direction of body sway. 
Greater frequency or amplitude of corrective balance 
responses in the negative gain conditions compared with 
the positive gain conditions (described in the "Findings" 
section) confirmed the relative difficulty of the negative 
gain conditions. It was possible, therefore, to evaluate 
head stabilization using a spectrum of task difficulty by 

altering the stability of the support surface (platform 
tilt) or by distorting visual input (surround ti1 t) . 

We studied two research questions: (1) Do elderly peo- 
ple use the HSS strategy to control head position during 
more difficult balance tasks? and (2) Do the head 
stabilization strategies used by elderly people differ, 
descriptively, from those strategies implemented by 
younger persons? With regard to the first research 
question, many elderly people without vestibular symp- 
toms (ie, those without a history of falling, frequent 
dizziness, or vertigo) have difficulty interpreting sensory 
inputs that provide conflicting information about spatial 
o r i e n t a t i ~ n . ~ J ~ ~ ~ V o r  this reason, it seemed reasonable 
to propose that older persons would need to enhance 
their ability to use sensory inputs that contribute to each 
frame of reference for balance, particularly in conditions 
with sensory incongruence. We hypothesized that elderly 
persons would rely on the HSS strategy to optimize the 
quality of sensory input for balance. 

In formulating the second research question, we consid- 
ered previous findings that postural stability decreases 
with age.R0-82 To compensate for age-related deteriora- 
tion in postural stability, elderly individuals without 
vestibular symptoms may develop greater control of 
head position compared with younger individuals. This 
strategy would allow elderly to eff~ciently use sensory 
inputs that contribute to each frame of reference dis- 
cussed earlier. We hypothesized, therefore, that elderly 
persons without vestibular symptoms would have greater 
head stabilization compared with younger persons. 
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No. 
of 

Sensory Condition" Gain Trials 

Pretest EOFPS 0 3 
EC-FPS 0 3 

Gain-block 
randomization 

A SM, EO-PM, EC-PM +0.5 3 
-0.5 3 

B SM, EOPM, EC-PM +1.0 3 
-1.0 3 

C SM, EOPM, EC-PM +1.5 3 
-1.5 3 

D SM, EO-PM, EC-PM +2.0 3 
-2.0 3 

Posttest EOFPS 0 3 
EC-FPS 0 3 

Table 1 . The HMS provided an index for detecting relative 
Pretest/Posttest and Block Randomization of Tester-Selected Gain changes in head-body coupling. Larger HMS values 
Across Sensory Conditions 

indicated that the head was moving greater distances 
with respect to the COF, as compared with a lower HMS. 
The relative extent of head stabilization in space 
between experimental conditions, therefore, could be 
compared using the HMS ratios. A pitch HMS of 0.5, for 
example, means that the peak-tepeak pitch rotation of 
the head per unit of COF displacement was half as much 
as a pitch HMS of 1.0. The head is relatively more stable 
in space with respect to body motion, therefore, with a 
lower HMS. 

Data analysis. Each subject served as his or her own 
control. Baseline values for head-x and pitch HMS were 
evaluated using paired t tests for each age group (pretest 
versus posttest). For the experimental conditions, trials 
with positive gains were paired with the corresponding 
trial utilizing a negative gain of the same absolute value. 
Paired t tests were done for each dependent variable 
(head-x and pitch HMS) in each sensory condition 

" Eyes open (EOFPS) and eyes closed (ECFPS) with a fixed platform and 
visual surround; gain block A-D systematically randomized and presented (surround motion [SM], eyes open-platform motion 
during sensoly conditions with surround motion (SM), platform motion with [EO-PM], and eyes closed-platform motion [EGPM]) . 
eyes open (EO-PM) and eyes closed (ECPM). The experimentwise error-rate was adjusted using a 

Bonferroni correction for multiple comparisons 
The methods used to study these research questions are (P<.025). 
outlined in the Appendix, and the experimental condi- 
tions are summarized in Table 1. Findings 

Outcome Measures 
Head stability was analyzed by comparing the peak-to- 
peak head motion with the peak-tepeak displacement of 
the COF in the sagittal plane for each trial. The ratio of 
head motion to COF displacement was referred to as the 
head mobility scme (HMS). An HMS was calculated for 
sagittal translation of the head (head-x HMS) and for 
rotation of the head in the sagittal plane (pitch HMS). 

Baseline measurements. Baseline HMS measurements 
in stance on a fixed platform and fixed visual surround 
with eyes open (EO-FPS) and eyes closed (EC-FPS) did 
not differ from pretest to posttest measurement for 
elderly subjects or for younger subjects (Fig. 6). The 
increase in peak-tepeak COF displacement at the post- 
test measurement compared with the pretest measure- 
ment (Fig. 6) was offset by a parallel increase in head 

Table 2. 
Head-x and Pitch Head Mobility Scores for Each Age Group and Gain Polarity During Visual Surround Motion (SM) and With Eyes Open 
(EO-PM) and Eyes Closed (EC-PM] During Stance on a Movable Platform 

Under 50 Years of Age Over 65 Years of Age 

Positive Gain Negative Gain Positive Gain Negative Gain 
- - - - 

Condition Motion X SD X SD X SD X SD 

SM Head-x 1.54 0.42 1.37" 0.33 1.51 0.28 1.31" 0.29 

Pitch 1.80 0.96 1.44" 0.85 1.41 0.63 1 . 1 4 ~  0.53 

EOPM Head-x 1.05 0.3 1 1.10 0.37 1.27 0.39 1 .07b 0.25 

Pitch 0.99 0.58 1.48' 0.79 1.40 1.29 0.85b 0.27 

EC-PM Head-x 1.27 0.29 1.24 0.19 1.40 0.30 1 .21° 0.23 

Pitch 0.64 0.56 0.91' 0.54 0.67 0.35 0.76 0.29 

No, of trials 60 60 24 24 

" Significantly lower compared with positive gain; P c.025. 
"Trend for lower head mobility score compared with positive gain; .025<l%.07. 
' Significantly greater compared with positive gain; P C.025. 
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displacen~ent. The net result was that 
the head-x and pitch HMS ratios 
remained relatively constant from pre- 
test to posttest measurement. 

Head stabilization response to sway- 
driven tilt of visual surround. There 
were decreases in head-x and pitch 
HMS (Tab. 2 and Fig. 7 )  for younger 
subjects in the negative, more challeng- 
ing gain conditions compared with the 
positive gain conditions. Elderly sub- 
jects also showed a decrease in head-~  
HMS (Tab. 2 ) ,  and there was a nonsig- 
nificant finding that pitch HMS 
decreased in negative gain compared 
with positive gain conditions ( t =  - 1.92, 
df=23, P=.067; Tab. 2 and Fig. 8 ) ,  
although the probability value for the 
decrease in pitch HMS was close to 
being significant. 

Head stabilization response to sway- 
driven tilt of the eyes open. In 
young subjects, there was no change 
in the head-x HMS for positive versus 
negative pain during EO-PM (Tab. 2 ) .  

A 

Young 
Subjects 

Elderly 

a 
.... .... .... 

Pretest Posttest Pretest Posttest 

I 

3.5 - 

3 - 

.... .... .... 

H 4 
Pretest Posttest Pretest Posttest 

I Head-x Pitch COF I 
0 " 0 

The pitch HMS for young subjects, Figure 6. 
llowever, increased during llegative Pretest and posttest measures of baseline conditions during stance on a fixed within a 

Fixed visual surround: (A) eyes open and (B) eyes closed. Head-x and pitch head mobility scores 
gains compared with positive gains (HMS) remain relatively constant (no statistically significant difference) from pretest to posttest 
(Tab. 2 Fig. 9). In contrast, elderly measurement. Statistically significant increases in the magnitude of the center of force (COF) 
subjects showed a reduction in the during the posttest measurement compared with the pretest measurement are indicated by the 

head-x HMS and a nonsignificant asterisk (* I .  
reduction of the pitch HMS (Tab. 2 
and Fig. 9 )  in negative gains compared 
with positive gains (t=-2.31, df=23, P=.03), although 
the probability value for the reduction of pitch HMS was 
close to being significant. The frequency and amplitude 
of correci.ive adjustments in the COF were greater for 
the negative gain conditions (see "Elderly Subjects," Fig. 
9) compared with the positive gain conditions. Head 
pitch remained stable in spite of the COF fluctuations. 

Head stabilization response to sway-driven tilt of the 
eyes closed. Young subjects showed no 

change in head-x HMS, whereas elderly subjects had a 
decrease in this variable (Tab. 2 and Fig. 10).  There were 
small increases in the pitch HMS for younger subjects in 
negative versus positive gains, but there was no change in 
the pitch HMS for elderly subjects (Tab. 2 ) .  The fre- 
quency of corrective adjustments in the COF for the 
negative gain conditions (for both young and elderly 
subjects; Fig. 10) was greater compared with the fre- 
quency for the positive gain conditions. Head pitch 
remained stable for all subjects in spite of these frequent 
COF adjustments. 

Discussion 
There are no specific sensors in the body that signal the 
sequence of limb motion, the position of the center of 
gravity, or the dimensions of a support s u r f a ~ e . : ~ ~ , ' ~  The 
control or spatial perception of these variables requires 
a body schema-an internal representation of the head 
and body orientation-that serves as a template for 
balance and equilibrium. The body schema can be 
viewed as the collective expression of egocentric, exo- 
centric, and geocentric frames of reference (Fig. 3 ) .  
Anticipatory head stabilization that accompanies volun- 
tary motion occurs because these frames of reference for 
balance enable the prediction or anticipation of a 
change in the position of the COF. Stabilization of the 
head in a feed-forward manner, in turn, optimizes 
the quality of sensory inputs that are used for 
equilibrium.:l.4,ti,22 

Minimizing head motion during more difficult balance 
tasks is desirable because head stabilization can reduce 
the ambiguity of sensory inputs that contribute to the 
body schema. In our preliminary studies, we d12mon- 
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Head pitch and center-of-force (COF) tracings for one young (32-yearald) subiect during stance coupled with swaydriven tilt of the visual surround. 
Each data frame represents the first trial at the gain shown. Positive gains are in the left column, and negative gains are in the right column. The bar 
graph in the middle of the figure depicts the head mobility scares for each trial in the figure. 

Young 
Gain: Subject 

COF 

0.5 
Pitch 

Pitch 

strated that elderly subjects without vestibular symptoms 
restrained head motion to a greater extent in conditions 
where mechanical compliance of the force platform or 
distortion of visual inputs was most disruptive to equilib 
rium (eg, in the negative gain conditions; Figs. 8-10). 
The HSS strategy in older persons was apparent from the 
tight control of head pitch when the balance tasks were 
most challenging. This finding means that older persons 
could use a HSS strategy to control head position during 
active balance tasks as an effective way to stabilize the 
head in a feed-forward manner during a wide range of 
COF displacements (Figs. 8-10). Confirmation of these 
preliminary results awaits further testing, but the obser- 
vations in this study appear to demonstrate the theory 
that elderly persons might use an HSS strategy to stabi- 
lize the head. 

1.0 

Age-related differences in processing proprioceptive 
inputs have been reported by Quoniam et al,'O who 

w 

showed that vibration-induced postural sway was slower 
and had less amplitude for 26 elderly subjects (60-83 
years of age) than for 9 younger subjects (20-44 years of 
age). This finding implies that elderly persons under- 
estimate the dysequilibrium that is signaled by the 
proprioceptive systems. The reduction of corrective sway 
amplitude and velocity for the elder subjects might also 
suggest that elderly persons process incongruent sensory 
inputs less efficiently than do younger persons, and 
therefore have a greater need to constrain body tilt 
during balance activities. The results from our prelimi- 
nary study support this idea. Specifically, during condi- 
tions that distorted proprioceptive inputs from the lower 
extremities (EO-PM and EGPM), elderly subjects 
showed either an attenuation of the pitch HMS (EO-PM) 
or no change in the pitch HMS from positive to negative 
gain conditions. The mean pitch HMS for the elderly 
subjects never increased during the transition from 
positive to negative gains (Tab. 2). In contrast, younger 
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Figure 8. 
Head pitch and center-of-force (COF) tracings for one elderly (72-year-old) subject during stance coupled with swaydriven tilt of the visual surround 
for positive and negative gains. Each data frame represents the first trial at the gain shown. Positive gains are in the left column, and negative gains 
are in the right column. The bar graph in the middle of the figure depicts the head mobility scores for each trial in the figure. 

7 Elderly 
Gain: g :  Subject 

subjects increased the pitch HMS, and this increase 
occurred most markedly in EO-PM (Tab. 2 and Fig 9). 
The implication of the preliminary findings is that 
elderly persons without vestibular symptoms may actually 
constrain head motion to a greater extent than younger 
persons in an attempt to optimize the quality of visual 
and vestibular inputs for balance. Additional research is 
necessary to further evaluate this theory. 

The adjustments in head position prior to initiation of 
voluntary movement are not likely to influence body 
stabilization because of the relatively low mass of the 
head.' By contrast, anticipatory postural adjustments in 
the limbs (ie, activation of the thigh muscles to stabilize 
the knee prior to rapid ankle plantar flexion while 
standing) appear to stabilize the body in preparation for 
movement initiation.e5g0 A complete discussion of antic- 
ipatory postural adjustments in the limbs is beyond the 

Pitch 

COF 
0.5 

scope of this article. Feed-forward control of head posi- 
tion and limb position are important for successful 
balance behavior, but for different reasons. Head stabi- 
lization may optimize the quality of sensory inputs used 
by the CNS to activate postural muscles for balance 
(Fig. 3), whereas the preparatory muscle activation in 
the limbs ensures postural stability during task initia- 
tion.7,8590 The "functional synergies" between eye, limb, 
and trunk muscles that were described earlier may 
provide a fundamental mechanism that could enhance 
the coordination of head stabilization with the prepara- 
tory limb stabilization that occurs prior to initiation of 
voluntary movement. 

Pitch 

h 
COF 

The postural control mechanisms underlying self- 
initiated voluntary m ~ t i o n l ~ ~ ~ ~  may be different from 
those controlling balance during a reaction to external 
pert~rbation.~J7-20 Shupert et al,19 for example, found 

3 5  
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Eyes open-sway induced platform motion: Head-x [x), pitch (p) , and center-of-force (COF) tracings for one young (32-year-old] subject and one 
elderly (72-year-old] subject during stance coupled with swaydriven tilt of the platform (top row is  positive gain of 1; bottom row is negative gain 
of 1 ) .  The bar graph in the center of the figure depicts the head mobility scores for each trial illustrated. Note the precise control of pitch (single arrow) 
in the elderly subiect even when the COF is  frequently adjusting in the negative gain condition to maintain stance (recordings highlighted by triple 
arrows). 

that head motion did not appear to be coordinated with 
ankle or hip motion when subjects reacted to perturba- 
tions of' stance on a flat surface or  a transverse beam. 
These authors suggested that changes in the neck angle 
were passively propagated up the body following lower- 
extremity reaction to support surface displacement (ie, 
primarily viscoelastic rather than active control of head 
position). This reactive response to perturbation was 
different from the anticipatory head stabilization that 
has been reported for self-initiated voluntary m o t i ~ n . ~ % ~ . ' j  
More work is needed to clarify how aging influences the 
mechanisms controlling head stability during "reactive" 
postural adjustments compared with goal-directed vol- 
untary movements. 

Clinical implications 
Balance during voluntary motion requires that patients 
gain precise control of head motion. In persons with 

neurologic dysfunction, it is possible that disruption of 
sensory integration may alter anticipatory head stabiliza- 
tion and lead to balance dysfunction during self-initiated 
motion. Many types of treatment have been advocated 
for patients with deficits in the ability to integrate 
sensory information for b a l a n ~ e . ~ . " ~  These treatments 
often involve practicing standing while the therapist 
alters the availabilit). or congruence of sensory inputs. 
Patients who rely on "support surface" cues for orienta- 
tion, for example, are asked to practice balance and 
walking on compliant surfaces such as foam or moving 
surfaces. The goal is to train patients to become profi- 
cient with balance in progressively more difficult condi- 
tions by altering or distorting available sensory informa- 
tion (a more detailed review of the treatment 
procedures is provided by Shumway-Cook and McCol- 
lumg). These procedures, however, do  not specifically 
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Figure 10. 
Eyes closed-sway induced platform motion: Head-x (x), pitch (p), and center-of-force (COF) tracings for one young (32-year-old) subject and one 
elderly (72-year-old) subject during stance coupled with sway-driven tilt of the platform (top row is positive gain of 1; bottom row is  negative gain 
of I ) .  The bar graph in the center of the figure depicts the head mobility scores for each trial illustrated. Note the precise control of pitch (single arrow) 
especially in the negative gain condition (both young and elder subiects) compared with frequent corrections in the COF needed to maintain stance 
(recordings highlighted by triple arrows). 

address the control of head motion as a distinct feature are supported by the "top-down" or "head-first" scheme 
in the treatment protocol. of postural organization described in our review. 

Some interventions have been described that focus on 
the control of the head as a means of facilitating overall 
postural control.92 The "Alexander Technique," for 
example, involves positioning the head prior to volun- 
tary motion as a way of integrating the flow of head and 
body action (reviewed by Jonesg2). Jonesg2 found that the 
coordination of head-body motion observed during 
activities such as walking, stair climbing, or raising from 
a chair was altered when the position of the head was 
modified prior to the beginning of the task. He sug- 
gested that changes in head posture would facilitate 
more efficient movement patterns.g2 There has been 
little recent attention to this procedure in the literature, 
but some of the concepts advanced by Alexander (eg, 
that head control will influence overall postural stability) 

Although balance is often disrupted following a lesion of 
the CNS, loss of head control has not been specifically 
addressed in many patient populations that require 
physical therapy. It is known that certain CNS deficits 
alter anticipatory postural adjustment. For example, 
when subjects with stroke perform a rapid voluntary 
sway, the number of response defaults (the number of 
times that postural muscles are not recruited) is greater 
than for subjects who are not d i ~ a b l e d . ~  When a pos- 
tural response is initiated, "anticipatory" activation of the 
paretic limb occurs closer in time to the intended 
movement. Patients with hemiplegia appear to be 
unable to fully integrate anticipatory, feed-fonvard com- 
ponents of balance to execute a voluntary motion.g4 
Furthermore, prior knowledge of the task constraints- 
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usually in a nonchoice reaction-time paradigm-does 
not improve the onset or timing of feed-fonuard postural 
 adjustment^^^,^," or change the sequence of postural 
muscle activation following stroke.Y6 Therapy aimed at 
head c:ontrol during voluntary motion may improve 
anticipatory postural responses in the lower limbs of 
patients after strokes, but this idea warrants further 
study. 

Conclusions 
Voluntary, self-initiated movement involves feed- 
fonvard, anticipatory control of head position. The 
mechanism of head stabilization seems to rely primarily 
on a geocentric frame of reference, but can be refined 
by egocentric or  exocentric frames of reference. Increas- 
ing the difficulty of balance tasks might increase the 
dominance of an HSS strategy in older persons. The HSS 
strategy will theoretically optimize the use of sensory 
inputs for balance. There is some support for addressing 
head stabilization within the context of a "topdown" or 
"head-first" control scheme, and alternative treatments 
for balance dysfunction might be developed using this 
theoretical fiamework. The development of treatment 
strategies that address head control during voluntary 
motion seems to be justified from the theoretical con- 
structs and preliminary findings reported here. The 
implementation of new treatments based on the "head- 
first" model will require additional study. 
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Ap endix. 
Metpods Used to Study the Research Questions 

Subjects 
Seven subjects (six male and 1 female), ranging in age from 25 to 72 
years (X=42.4, SD=19), participated in this preliminary study. Five 
subjects were under 5 0  years of age (X=32, SD=7), and two subjects 
were over 60 years of age (66 and 72 years). All subjects had no 
evidence of neuromuscular, orthopedic, or systemic disease. All subjects 
were active, living independently in the community, and did not report 
experiencing any falls within a year preceding the study. Each subject 
signed a consent form prior to participating. The protocol for this study 
was approved by the Committee on the Use of Human Subjects in 
Research at the University of Minnesota. 

Control of the Sensory Environment 
A modified dynamic posturography systemo was used to manipulate the 
sensory environment. The sensory environment consisted of two compe 
nents: a niovable visual surround and a movable force platform. 
Servomotors tilted the foot support surface around the axis of the ankle 
joint (maximum tilt angle= t 10"). Servomotors also tilted the visual 
surround forward or backward (maximum tilt angle=+ 10"). The mag- 
nitude and direction of platform or surround tilt were determined by the 
magnitude and polarity, respectively, of the "gain" selected by the 
tester. During the test, either the support surface or the visual surround 
were tilted in some proportion to anteraposterior sagittal displacement 
of the center of force (COF). The position of the vertical proiection of the 
COF was calculated from the output of four vertical-thrust transducers 
embedded in the force platform. Precision potentiometers were mounted 
on the pitch rotation axis of both the visual surround and the platform to 
measure displacement-time history. 

Two baseline conditions-stance on a fixed platform and fixed visual 
surround with eyes open (EO-FPS) and closed (EC-FPSJ-were tested 
before and after the experimental conditions (see Tab. 1). The gain for 
the baseline conditions was 0 because neither the platform nor the 
surround moved in conjunction with the subiects' COF. Three experi- 
mental conditions were presented to each subject, and the investigators 
altered the amount of sensory input to the CNS in each of these 
conditions by manipulating the magnitude and polarity of the gain 
controlling platform or surround motion with respect to displacement of 
the COF (see Figs. 4 and 5). The three conditions were: 

1 .  Surround motion (SM): Only the visual surround was moved in 
conjunction with displacement of the COF in the sagittal plane. For 
positive gains, forward displacement of the COF caused a forward 
tilt of the visual surround. Negative gains reversed the direction of 
surround tilt (see Fig. 4). 

2. Eyes open-platform motion (EO-PM): Only the force platform was 
rotated in conjunction with the COF in the sagittal plane. For positive 
gains, forward displacement of the COF caused a "toes-down" 
rotation of the force platform. Negative gains reversed the direction 
of platform rotation (see Fig. 5). 

3. Eyes closed-platform motion (EC-PM): Same as EO-PM but with eyes 
closed 

Eight experimenter-selected gains ( t0 .5 ,  k 1 .O, f 1.5, and k2.0) were 
tested for each of three sensory conditions (see Figs. 4 and 5). Some 
conditions involved platform motion that was combined with surround 
motion, but these conditions were not analyzed. 

Measurement of Head Linear Displacement and 
Angular Position 
A 6-degree-of-freedom magnetic tracking device" was used to measure 
head position and orientation. The electromagnetic tracking device 

consists of a surce (transmitter) that emits a low-frequency magnetic field 
and a sensor that detects these magnetic fields. The device has been 
found to be highly reliable for measuring spatial rigid body motion,' 
and reliability was confirmed for the current application. A "bench" test 
was conducted by fixing the sensor approximately 1 m from the visual 
surround and displacing the transmitter in several known locations on a 
precision-drilled calibrated ~ l e x i ~ l a s ~  plate. During the bench test, the 
visual surround was fully upright, tilted maximally toward the transmitter 
(simulating negative gain), or tilted maximally away from the transmitter 
(simulating positive gain). 

For this study, we focused on translation and rotation of the head in the 
sagittal plane ("head-x" and head pitch, respectively). The linear and 
angular calibration measurements were found to be within 1 degree of 
the surround-vertical condition up to a sensor-transmitter distance of 
z 15 cm. The maximum error with respect to the surrounderect position 
was 0.18 cm for x-translation and 0.78 degrees for pitch. 

Data Collection 
Three DOS-based com~uters were interfaced for data collection. One 
computer controlled displacement of the sensory environment and 
triggered data sampling. The second computer was used to sample data 
simultaneously from the force platform transducers and the platform and 
surround-~osition ~otentiometers. The third comDuter was dedicated ta 
collection' of head tracking data. Force recordings and potentiometer 
outputs were sampled at 500 Hz, and the head tracking system was 
sampled at 100 Hz. All recordings were filtered with a Hanning filtere 
so that the resultant low-pass corner frequency was 20 Hz for all 
recordings. 

Procedures 
Each subject wore an adjustable plastic band firmly fitted to the head. 
The 6-degreeof-freedom electromagnetic sensor was mounted on the 
band with a plastic screw assembly. The electromagnetic transmitter 
was mounted on an overhead arch and fixed to a Plexiglas tube that 
was secured 8 cm above the subject's head. The alignment reference 
frame of the sensor relative to the transmitter was calibrated bv 
digitizing the location of each external auditory canal and determining 
the perpendicular bisection of the imaginary "line" connecting each 
canal. The perpendicular bisection defined the origin of the alignment 
reference frame. 

The subjects removed their shoes and were instructed to stand as quietly 
as possible on the force platform. They faced into the enclosure 
surrounding their field of vision (1  m deep) and were asked to maintain 
a standing posture with arms folded across the chest and look straight 
ahead. Baseline measurements were taken for three 20-second trials 
during EO-FPS and EC-FPS. Following the pretest baseline measures, the 
gain for the visual surround and the platform were altered to change the 
input-output relationship between the COF displacement and tilt of the 
physical environment (see Tab. 1, Figs. 4 and 5 ) .  A block of three trials 
was collected for each positive gain and was followed by a block of 
three trials for a negative gain of identical absolute magnitude (see 
Tab. 1). The presentation of blocks was randomized between subjects. 
Data for three trials were collected during each condition that involved 
displacement of the sensory environment (SM, EO-PM, and EC-PM). The 
duration for each trial was 20 seconds, and the intertrial interval was 
approximately 30 seconds to allow subjects to return to their initial 
starting position. Once exposure to all nonzero gain conditions was 
completed, the subiects were retested in EO-FPS and EC-FPS (see 
Tab. 1). 

" EquiTest, !<euro(:orn International Inc, 9570 SE Lawr~field Kd, Clackanlas, O R  
9701.3. 

" Polhemus, Div of hise l -  Arrospacc Electn)nics Corp. 1 Hcrr~lles Dr, (:olchcs[cr, 
IT 0.54461949. 
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'An KN, Jacobsen MC, Bcrglund 1:J, (:l~.bo E\S. .Application of a rrragnetic 
tracking device lo kinesiologir studies. J Biorn~<h. 198X:Yl:619-620. 
"Rohrn & Haaa (lo, I i ~ l e p e n d r ~ ~ c e  Mall W, Phil;tdelphia, PA 1910.5. 
"Matlab, Mathworks Inc, 24 Prime P k y ,  Natick, .MA 0176l). 
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