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INTRODUCTION

- DYNAMIC ASPECT OF POSTURE

Rigidity is an important factor in determining the sfabilify of
ksupported structures. The supporting strﬁctures of vertebrates are
obviously not as rigid as the supporting structures of an ocaken table,
and therefore not as stable. In the design of the skeletal system,
with its moveable joints and surrounding musculature, somé rigidity
has been-sacrificed.for the mobility necessary in obtaining food,
shelter, and protectionkfrom ofher animals. Thus, the contraction of
various muscle groups may cause fhe skeletal framework to be modified
‘to provide mobility or to be made relatively rigid to provide support.
In the normal standing postqré the supporting structures are not
held as rigid as one might voluﬁtarilyvhold themf Certainly, if oné»
voluntarily attempts to hold himself at a rigid "attention" position,
he will quickly expend a great deal of energy and become fatigﬁed.
Perhaps, because of the enormous expenditure of energy involved in
maintaining a maximally rigid supporting structure,‘the7standing.animal
has learned to use postural corrective mechanisms which involve minimum ,
amounts of muscular acti#ity for the maintenance of stability and thus
demand less metabolic energy expenditure. The corrective mechanisms
permit the postural muscles to remain relatively relaxed until displace-
ment initiates reactions of oniy those muscles which will tend to correct
the displacement. In the quietly standing posture, a series of fine
cdrrective movements are continually occurring in response to displace-

ment by external and internal forces. This dynamic nature of posture



is well demonstrated in the patterns traced by body sway in humans
(1,2) and dogs (3). These facts imply that standing is accomplished
with the aid of a confinuously operating control system which detects

and corrects deviations from a desired position in space.

THE CONTROL SYSTEM MODEL

Dynamic postural control may bé investigated by using the automatic
feedback control system as a working‘model. Yamamoto and Brobeck (4)
.hafé explored the relationships bétween traditional physiology and
control systems engineering, and have reviewed recent accurmlating
evidences compatiBle with the concept of automatic biological feedback
control systems. The model aids in bringing organization and insight
into the problems involved in postural control and aids in developing
working concepts.

Figure 1 illustrates in block diagram a typical control system
comprisea of a controller and a controlled sub-system. Basically,
the detection of the difference between the setpoint and the feedback
.signals results in an error siénal which initiates the adjustments
necessary to reduce the error signal to zero. In tetrapod verfebrates
the controlled elements ar; known to be the body musculature‘by which
position may be alteredvthrough the generation of integrated patterns
of nerve impulses from the actuator elements. The feedback channels
are assuméd to originate in the receptors which are capable of generat-
ing sigﬁais indicating various parameters of body position relative to ,
itself and to the environment. Some of these-receptor signals have
direct effect upon the céntrolied elements primarily via the reflex

arcs. The location and the connections of the errcr detection and
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actuating elements in .the central nervous system have not been identi-
fied. The setpoint is definéd to be external and independent of the
control system; we can assume that it comes into being as a result of
learning. One iearns early in life to align himself with the diregtion
of gravitationél force in order to maintain a standing posture. This
setpoint is assumed to remain fixed so long as this eﬁvironmental cue

is present.

FEEDBACK CHANNELS OF THE CONTROL SYSTEM

Certain sensory receptors are:known to be capable of influencing
body orientation and postural control. About ﬁhe turn of the century
Hinsdale (5) first observed and attempted to quantitate the increase
in body sway of blindfolded deaf-mutes Qho were thought to lack
labyrinthine function. Sherrington (6) later recognized s importance
of prdprioceptive muscle afferents and cutaneous sensory nerves in the
maintenancé of postural tonus in the decerebrate animals.' Clinicians
have long been aware that patienﬁs with posterior column disease are
unable to maintain a stable standing posture ﬁpon visual deprivation. .
The classical studies by Magnﬁs @73 havebcontributed much to the recog-
nition of the importance of the visual, labyrinthine and somesthetic
inputs on the righting reflexes.

Magnus also recognized the important fact that animals are able to
carry out some aspects of postural regulation even after the loss Qf
one or two of these feedback channels. He found that all three channels
were individually capable of activating the reflex righting reactions

which bring the head to its normal position. Thus the head righting

reflex activated by any one channel could only be studied in the absence
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of tﬁe other channels. Observations on standing humans and animals also
demonstfate this compensatory phenomenonvfrom another aspect. It has‘
often been pointed out, on qualitative gfounds only, that the depriv-
ation of any one chanﬁel does not affect the maintenance of adequate
postural qontrol in the human being. = However, the deprivation of any
two channels does result in minor perceptible difficulties. ’Ford (8
has 6bserved patients with previoué bilateral eighth nerve sections to
become unsteady upon visual deprivation. One may speculate that in the
intact condition thevfeedback channels posséss reserves. which may be
utilized to compensate completely for the deprivation of ény one channel.
Depri?ations of any two channels cause the reserve ofvthe remaining
channel to be taxed beyond ité.capacity, and resulf in overt ménifesta-
tions of difficulties in maintéining postural control. Deprivations of
all feedback channels resulf in total postural disorientation_and i

capacitation.

RELATIVE IMPORTANCE OF FACH FEEDBACK CHANNEL

There is much speculation, but no real underétanding, concerning
‘the relative importance of each feedback channel in maintaining the up-
right posture. It is well kﬁown that rodents do ﬁot demonstrate the
visual righting reflexes, whereas these reflexes are very éctive in
higher mammals such as the dogs, cats, monkeys and humans. Magnus and
de Kleijﬁ (9) have observed dogs to be totally incapacitated for ap-
proximétely one weék following labyrinthectomy. - They interpreted
this result to mean that the'labyrinth normally plays the dominant
role in maintaining the upright posture, and that approximately one

week was necessary for the visuzl and somesthetic channels to compensate
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for the labyrinthine deprivation. The relationship of this‘intérpreta—
tion to the studies in orientation of airplane pilots is not ciear. In
spite of the sudden lack or distortion of the labyrinthine and somesthet-
ic stimuli, well-trained airplane pilots are able to visually orignt
themselves to the vertical without experiencing a périod of total in-
capacitation. It is obvious that more information is needed to adequately

assess this problem.

CENTRAL CONNECTIONS OF THE FEEDBACK CHANNELS

The optic tract sends the major portion of its fibers to the lateral
geniculate and a smaller portion to the superior colliculus and the
pretectal nucleus. The anatomical connections between the visual cor-
tex, lateral geniculate, and the tectum of the midbrain remain unclear.
Deprivation studies have shown the cortex to be essential in producing
the visual righting reflexes (10) but the exact center and the pathways
are not known. The tectospinal and the tectotegmentospinal tracts pro-
vide for motor responses to impulses'correlatgd at the superior .
colliculus (11).

The central connections of the somesthetic feedback channel are
less clear. Somesthetic impulses reach the brain via the anterior,
lateral and posterior célumns and are delivered to the thalamus and
cerebellum. The effects of cerebellar lesions upon posture and gait
are well known but the relationship of the cerebellum with the somes-
thetic and the labyrinthine control of posture isbunclear. Ataxia
caused by lesions of the spinocerebellar division of the somesthetic
feedback channel is not corrected by visual and labyrinthine compen-

sating mechanisms (12). The lack of cerebellum does not abolich the
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righting reflexes but certainly impairs the precision_andvthe grace
with which the reflex reactions are manifested. The oufgding somes—
thetic impulses from the thalamus diséharge particularly to the primary
and secondary somesthetic areas of theé cerebral coftex with additionai
influences on the basal ganglia. Outflow pathways from the cértex
reach the brain stem and the spinal cord through the pyramidal and.
extrapyramidal pathways (11).

The central connections of the vestibular feedback channel have
been more extensively studied than other feedback channels. The
majority of fhe vestibular,ner&eﬂfibérs terminate at the four major
vestibular nuclei with a few fibers passihg directly to the cere-
bellum. Secondary fibers give rise to fhe veétibulospinal, vestibulo-
mesencephalic, vestibulocerebellar and the veStibuloreticular pathways.
There is physiological evidence of vestibular projections to the thala-
mus and to theicerebral cortex (11)., Some of thé fibers from the.
cerebellum return to the vestibﬁlar nuclei while ofhers pass to the
red nucleué and relay with the neurons of the rubrospinal systems The
main oﬁtflow pathways of the vestibular fibers are via the vestibulo-
sfinal, rubrospiﬁal and the retiouloépinal tracts. Physiological
studies have shown the vestibulospinal, vestibulocerebellar and the
vestibuloreticular fibers to have.profound tonic effectsbonbbody
.posture, but have not yielded more specific information on how these
fibers function to enable the postural control system to reduce the
error signal. Recent electrophysiological studies by Precht énd
Shimazu (13) have begun to yield informationvabout the synabtic organi-

zation of the véstibular nuclei.



FUNCTIONS OF THE CONTROL SYSTEM

In order to understand the primary functions of the  postural con- .

trol system, it may be helpful to introduce some clear definitions of

terms. The'centef of gravity of a standing animal is elevated some
distance above the supporting surface. In any given stance, fhe animal's
weight will be distributed about a point on the supporting surface
vwhich may be regarded as a single representation of all downwardly
directed forces operating on the points of support. This may be referred

to as the center of weight distribution (14). TFor each animal, there

should be‘one ideal position of the center of weight distribution which
can be maintained with the minimum expenditure of muscular_forces and
metabolic energy. .It would be:in the best interest of the animal if
his posture were regulated in spch a fashion that the line hetween the

center of gravity and the ideal center of weight distribution were kept

parallel to the lines of gravitational forée, The maintenénce of.this
parallelism may be regarded as the primarj function of the postural con-
trol system in quiet standing animals. Any force .which bringsrabqut a
departure from parailelism may be regarded as a disturbance requiring
corrective reactions on the part of the control system.

The feedback channels are equi?ped with specialized receptofs to
enablekthe control system to utilize several different environmental
cues in the detection of errors in alignment. The labyrinthiné channel
primarilyiacquires information of acceleration and gravity; the somes-
thetic channel, of touch, pressure; and proprioception; and the visual
channel, of the Sﬁrrounding objects in the visual field.

The.setpoint may be defined and learned in terms of en;ironmental

cues utilized by the feedback channels. TFor example, the setpoint may



be learned and expressed in terms.of a number of cues which reflect,
directly or indirectly, the orientation of the body in the field of
gravity. It may relate to thosé visual objects which are recognized

to be oriented in a reliabie way with direction of gravitational forée,
or may be that characteristic'pfeséuré distribution on the supporfing
columns when the center of gra&ity is perpendicularly above the ideal
mean center of weight distribufion. Chénges_in the error sigﬁal as-
soclated with changes in the somesthetig channel reflect the true error
in alignmentband may initiateIappropriate»corrective movements inde-
pendently of the remaining two channels. However, changes in the error
signal associated with changes‘in the visual and the labyrinthine
channels do not always refledt‘fhe true error in alignment and probably
cannot initiate appropriate corrective moveménts indépendentiy_of the
somesthetic channel. Visual and labyrinthine receptors are incapable
of‘differentiating tilting of the head from tilting of the body and

- false correction may result unless the differentiating infofmatibn is
provided by the somesthetic chagnel. Therefore, adequate postural
stability probably does not occur in the complete absence of the somes-
ﬁhétic channel. The integration of information is assumed.to occur in

the actuatiﬁg elements.

THE PROBLEM

The characteristics and functions of any control system may be
examined from several points of view and under a variety of operating
conditions. Oné way in which to study the postural control system is
to look at the stability of the output during quiet standing. Since

the primary function of the control system is to maintain the center



of gravity perpendicularly above the'ideal mean center of weight dis-

tribution, one measure of the effectiveness of the system would be to

examine the deviatiéns between the ideal and the instantaneous,center

of weight distribution. Because the ideal center of weight distribu-

tion reflectsvthe most stable postural attitude, ény deviation of the

instantaneous from the ideal value wouid be indicative of instébility.
Thus we can evaluate instability as an index of the functional charac—
teristics of the system.

Quietly standing posture is the simplest task for the control systém
to perform and affords an operating condition under which observatiqns
and‘measuréments may easily be made. The stability of quietly stand-
ing dogs has been previously observed and measured (3)e Aside from
variations due to disPlacemént forces acting on thé body, the normal
variations observed in the instaﬁtaneous center of weigh£ distribution
were suggested to be.comprised of a variety of noises which have their
sources in the control system. Noises which have their sources in the
feedback channelé were thought to be geﬁerated by variations in thé
feedback receptor sensitivity over time. Noises in the controlled
élements were suggested to be due to Vafiations in muscle tension as
a result of random asynchrony in the diséharge patterns of motor units
during tonic contracfion. Diséomfort from standiﬁg over a long period
of time may initiate occasional slight volitional alterations in stance
for the purpose of relieving this discomfort.

The problem in this investigation.is to‘study the effects of the
labyrinthine and visual deprivations on the normal variations in the
instantaneous center of weight distribution. From-these observations

we may begin to identify some characteristics of the postural control



system and its mode of operation.
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METHODS

GENERAL

In an earlier study (3), the stability of quietly standing dogs
was evaluated using a system of force plates and signal processing'units
to generate an X-Y plot of the movements of the center of welght dis-
tribution. ZTxperience with this method has led to the conclusion that
problems of data reduction could be simﬁlified without loss of critical
information by registering only the longitudinal and lateral components
of these movements on two separate records. Thus, the observational
scheme adopted involved the use of animals trained to stand quietly‘
on force plates‘while records of longitudinal and lateral movements
of the center of weight distribution were recorded on two channels of

an ink-writing oscillograph.

TRAINING OF ANIMALS

Fight animals of approximately equal bulld and weight (20-30 kgs.)
were trained by gentle tactile and verbal reprimands followed by reward
to assume a command posture, a relaxed stance without sudden observable
movements, with the head straight ahead and with the snout above the
scapulohumeral joint. Visual, verbal and tactile commands were estab-
lished and used simultaneously during the training period s that the
commands could be used interchangeably later in the deprivation condi-
tions. Four of the animals were trained to assume a command posture
in previous experiments (3) and required little additional training.

Al the animals were required to maintain this command posture for
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six to seven minutes duration in successive trials without being repri-

manded. Two of the newer animals were unable to meet these requirements

and were eliminated from the experiment.

PRELOADING AND STARTING POINTS

Previous studies indicate each animal has a characteristic_and’indi-
vidual stance (3).- Practice frials'were established to determine the
characteristic stance of each éxperimentai animal and to eliminate
remnants of changes in position due to training.v The establishment of
a characteristic stance allowed the investigatof to estimate the charac-
teristic preload, the amount of lead weight fequired on éach force plate
to simulate the weight and individual pattern of weight distribution.
lThis preloadlwas used to simulate the animal during the calibration
procedures.

During the practice trials each animal was observed to adopt an
initial stance which varied froﬁ trial to trial, gradually drifted into
a more stable stance over a period of‘two to ihree minutes, and retained
this plateau position which was relatively constant from trial to trial.
fhe initial variability in stance was reduced to a minimum by using the
plateaus reached during the practiée trials to guide the placement. and
adjustment of the animal before the recording waé started. The plateau
was characteristic for each animal and was used as the common startiﬁg

point in all experimental trials for that animal.

INSTRUMENTATION
A small room sufficiently isolated from outside noises was selected
in which to conduct the experiment in order to minimize auditory dis-

tractions.
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The force plates were construcfed'in accordance with the modifi-
cations recommended by Petersen, Brookharf and Stone (15), increasing
the beam thickness from O.125'to'0.156 inch and substituting séainiess
steel for béryllium-copper flexures. These modifications pér@itted
increase in the maximum capacity up to 30 kgs. per plate with less
fhan 1% deviation from linearity when thé load is placed at one point
on the plate.. There is a maximum de%iation of approximately 5% in the
response of the plafes to loading on the different corners.

The plates were placed.ia a rectangﬁlar configuration 50 x 15 cm.,.
which permitted all the animals to asauma a natural and comfortable
stanca. A rubber matting was glued to each plate surface to afford
better footing, and a 2% inch boncentric square was markéd on this
matting to aid in centering the animal's feet upon‘the plates. Each
vplate_was assigned initials with respect to the animal's feat: right
anterior (RA), right posterior (RP), left anterior (LA) and left pos-
terior (IP); and numbered from 1 to L, respectively. The numbers
correspond to the channela of the polygraph from top to bottom.

The force plates were conneated by four-conductor shielded cables
to the s;Pl Low Level Preamplifiers ofka_h channel Grass Model 5 Poly—
‘graph. The preamplifiers were slightly modified by mounting insulated
tip.jacks on the face plates to exteriorize the output terminals 4 and
8. The'calibration awitches of the drivar amplifiers were placed in
the "CAL" position to interrupt the normal circuits between the pre-
amplifiers and the driver amplifiers. A voltage summation circuit was
then connected in series betﬁeen the exteriorized preamplifier output
pins and the»driver input pins J, and J2. Figure 2 illustrates the voltage

1

summation unit installed on the polygraph for operation.



Figure 2., Voltage summation unit in detailed view and installed on -the
oscillograph for operation. I¥ront view: the resistors and the bases

of the pin plugs are the only components exposed to the front side.

The lead wires of the resistors are connected to the circuit through small
holes drilled out of the chassis. The larger of the visible holes were
drilled out to accommodate the driver calibration switch, and the smaller
holes were drilled out opposite the driver calibration signal buttons.
Back view: the entire circuit was secured to Teflon stand-offs and

pin plugs. The schematic diagram showing the circuit in detail is
illustrated in Figure 3. Installed view: the summation unit is plugged
into the appropriate jacks of the preamplifier and driver. The output
cable to the monitoring oscilloscope appears on the right side, and

the shielded cables from the force plates appear on the left side of the
illustration.
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The summation circuit was designed so that the signals presented
to the chammel #1 driver amplifier caused it to genérate an output
which represented fhe longitudinal displacements of the center of
weight distribution. Similarly, the siénals presented to the channel
#2 driver amplifier caused it to generate an output which fepresented
the lateral displacements of the center of weight distribution. The
channel #3 driver amplifier output represented the shift Qf.weight
between the two anterior plates, and thé channel #4 driver amplifier
repreéented the shift in weight betwéen the tw§ left lateral plates.

Thé ciréuits for the latter two channels.were'originally designed to
obtain ancillary information about‘diagonal shifts in weighf, However,
it was later found that the amount éf information from these two
channels was insufficient, and subseéuently no -attempt was made to
evaluate the'diagonal shiftsa.

Figure 2 illustrates details of. the voltage summation unit which
was constructed as a "plug-in" unit using a 50 x 9 x 0.5 cm. plastic
sheeting fér the chassis. Tip plugs mounted through the chassis served
as the input and output términals, and provided adequéte anchorage and
a clearance of approkimately % inch from the face plates when installed.
The bases of the tip plugs projecting through the chassis served as
check points for the calibration of the breamplifiers; Four % inch
holes were drilled in the chassis to accommodate the calibration switches
of the driver amplifiers. The entire circuit as illustrated in Figure
53 was secured on the inner aspect of the chassis with Teflon stand-offs.

Since the.polygraph tracings could not be seen while aligning the
animals with the starting points, a type 512 Tektronix oscilloscope

monitored the driver amplifier outputs from channels #l and #. A



Figure %. Schematic diagram of the voltage summation circuit used to
compute from the preamplifier outputs the longitudinal and lateral
displacements of the center of weight distribution. The preamplifier
channel numbers correspond to the numbers assigned in the text to

the force plates. The driver channels 1 and 2 represent the
longitudinal and lateral displacements of the center of weight
distribution, respectively; channel 3 represents the weight difference
between the anterior plates; and channel 4 represents the weight
difference between the left lateral plates. The numbers 4 and 8 on
the preamplifiers represent the output jacks as numbered on the
chassis. The numbers J. and J, represent the input- jacks as labeled on
the chassis. Numbers were assigned to the vertical bus bars to aid in
wiring tge circuit. TEe resistors had the following values:

R, = 5M - 1%, R, = 1M - 1%.
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double pole, double throw toggle switch was used to connect the oscillo-

scope to either of the two channels at terminals J3A and JkA.

INSTRUMENTATION ERROR

The force plate-recording system was tested for probable errof of
registration under‘the condifions used for the experiments, Sinée the
placement of the animal's feef within the designated 2% inch square area
on the surface of the force plates can be accomplished with confidence;
the probable error in registration of the force plate-recording system
was computed by applying force at different points within this square.
A 3 kg. weight héving a two inch diameter base was utilized to simu-
late the suppofting area of the animal's foot, and to obtain thé differ-
enceé in registration between the center and each of four points estab-
lished by the tangents of the base with two sides of the square. These
differences represent the maximumverror in registration as a result of
fhe inability to place the animal's foot at the exact center of the
square. The mean_differences were computed from a sample of 20 differ-
ences associated with each point. The 16 mean differences obtaingd from
all four force plates were summated appropriately in 256 possible com-
bingtions to obtain the average error of .007 i .016 mm./kg. for the
longitudinal displacements of the centér'of weilght distribution. There-
fore, it may be assumed that the heaviest animai (30 kgs.) had a maximum
error of 1 mm. in the final recording 95% of the time. The probable
error for the lateral displacements was assﬁmed to be the same order
of magnitude as the error for the longitudinal displacements since the
same recording.instruments were used for both measures.

Two possible sources of drift arise from the Grass recording instru-

ment itself and from the force plates, possibly due to slippage of the
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epoxy bonding between the strain gauges and the beams. The average drift
at the end of 10 minutes with preloaded plates and with sensitivities
as used in the experiment was 0,20 = 0.20 mm. for a ?opulation of 20
trials.

Each calibration deflection was read to the nearest 0.2 mi . which
represents an errof of 1% on the final data. The reéordings were read
to the nearest 0.5 mm.

Since éll of the data were treated as repeated measures, the errors

identified above are not considered significant.

CALIBRATION PROTOCOL

After allowing at léast 30 minutes for the Grass Pélygraph to
achieve thermal stability, the plates were preloaded with lead welghts
approximating the Weight distribution of the animal. Each plate in turn
was balanced to zero voltage dutput_with the.aid of a voltmeter across
the preamplifier output terminals 4 and 8 while the remaining three

preamplifief sensitivity dials were in thé "CAL" position to open the
circuit and prevent interference from the unbalanced plates. The sensi-
tivity of each preamplifier was then adjusted to C.8 volts/kg. With
the entire circuit closed the voltage baseline generated by the driver
amplifier was made to coincide @ 0.2 ﬁm.) with the center baseline of
the graph paper by using the baseline controls of the driver. The
driver sensitivity was adjusted to approximately 1 cm./kg. for channel
#1, and 1 cm./2kgs. for channels #2, #3, and #i. The paper speed was
set for 1 mm./sec., and 2 kgs. were placed successizfly on each plate
to determine the sensitivity as read on channel #2:% Similarly, L xgs.

were placed successively on each plate to determine the sensitivity as
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read on channel #2. The preloads were then removed in preparation for

the trials.

CORRECTION FACTOR

Due to the nature of the éummihg function carried out by the summation
network, coupled with the impossibility of attaining precisé equélitj
of sensitivities of the preamplifiers, it was impoésiblg to attain an
overall recording sensitivify éuch that one millimeter of pen deflection
was préciselyvequivalent to one millimeter of movément of the ceﬁter of
welght distribution. Howevef, the calibratién procedure yielded a meas-
ure of sensitivity, which along with the weight of the.animal, permitted
the establishment of correction factors for each trial. Thus, the re-
corded movements could be converted to actuél movements through'thé use
of these correétion factors. Correction factdrs are tabulated in

Appendix A.

SENSORY DEPRIVATION PROCEDURES

The blindfold was constructed of % inch foam rubber sheets formed
into cups enclOsiﬁg the orbits. and éecured:in placé by elastic bands
around the snout and neck. The cup arrangement permitted the animals
to open.theif eyes with the blindfold in place and ﬁas much better
tolerated than a simple towel blinafold, which was heavy and seemed to
irritate the eyes.

Labyrinthine deprivation was accomplished through pértial destruction |
of the membranous labyrinths. Cawthorne (16) has found that total loss
of vestibular and cochlear functions always occurred from tearing the

membranous labyrinths or by coagulation with diathermy. Information
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about the'proceddre was obtainea through personal communications with,’
Dr. W. A. Stotler, who hés made similar leéiéns in cats with a high de--
gree of success.

Under anesthesia with pentobafbitalthé tympanic bulla wés approached .
ventrally using the hyoid bone as ihe principal landmark. Care was
exercised in avoiding injury to the adjoining carotid artery and the
_hypogloséal nerve when exposing and entering the bulla. A hooked probe
was inserted into the round window and the gone enclosing the base of
‘the cochlea was elevated. As much of the structure of the adjoining
labyrinth was destroyed with the probe tip, followéd by electrocautery
to ensure maximum destruction. After ensuring hemostasis, the wound
was closed without inserting a drain.

Two of the experimental animals developed sterile abscesses at the
wound site where the skin sutures were too tight to permit adequate
drainage. Reopening the wound was sufficient treatment and the animals
recovered without further complications. ‘

In the first postoperative day all animals were unable to maintain
a standing posture and demonstrated violent lateral movements of the
head when attempting to move about. None of the animals demonstréted
gross nystagmus or lateralizing signs. Dufing the next four to five
days all the animals were able to regain balance and minimize the ’
lateral head movemenés. Dog C-6 was observed at this time to have a
30 degree tilting of the head to the left with no cther lateralizing
signs. This tiltipg of the head reqained permanently.

Two weeks following surgery the lateral movements of the ﬁeck were
no longer present. The animals demonstrated some.clumsiness in gait and

were unable to prevent themselves from bumping their snouts upon the
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floor when jumping from a height of four to five inches. They were alsd

unable to stop suddenly and avoid collision upon approaching an obstacle.

After three months the animals demonstrated only a minimal amount of

clumsiness in gait.



RESULTS

CONDUCT OF EXPERIMENTAL TRIALS

After the calibration procedures were completed, the animals were
centered upon the force platés and‘the stance adjusted to bring the
position of the center of weight distribution into alignment within 5
millimeters of the predeterminéd starting point. Past éxperience had
indicated that tense or apprehensive animals tend to assuﬁe a crouch-
ing position and resist'attempts at slight adjustments in stance. To
ensure against tensiqn or apprehension, the animals weré handled gently
and not reprimanded prior.to or during the experimehtal tfials, Each
trial was of six minutes duration with the 1ést five’minutes beirg used
for sampling. The initial minute gave the énimals.cpportunity to relax
and adjust themselves to match the setpoint. After each trial thé
animals were given generous fewards'for their efforts and wéfe permitted
ten-minute rest periods between trials to minimize fatigue. No more
than four successive trials were run on the samé day.

Trlals were discarded for any one df the following three reasons:
sudden observable movements, a slow drlftlng of the snout below the level
of the scapulohumeral joint or beyond 30 degrees laterally, and deflec-

tion of the writing pen beyond the range of the graph paper.

CATEGORIES OF EXPERIMENTAL TRTIALS AND THEIR SPECIAL ADJUSTMENTS
Ten cohsecutive trials were observed in each of four conditions con-
sisting of control, acute visual deprivation, chronic labyrinthine de-

privation, and combined acute visual and chronic labyrinthine deprivations.
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For convenience the conditions will henceforth be designated as "C'", "B",
"L'", and "LB" conditiomns, respectively.

There was no special problem in the "C" condition other than audi-
tory and visual distractions which caused reflex turning of the head
with.conseqﬁent large variations in ﬁhe tracings, necessitating éboftion
of the trial. To minimize the distractions the experiment was conductéd
within a small room sufficiently removed from outside noises. The in-
vestigator was seated directly in front of the animals so-that the ani-
)mals were able to observe all movements made by the investigator without
having to turn their heads. Gentle verbal commands were‘repéated at
constant intervals during the trials to reinforce the’command poéture.

A1l the experimental animals initiélly reacted to the blindfolding
- with apprehension and tension; and failed to maintain their sﬁouts above
the scapulohumeral joint throughéut the trial. Further training was |
consequently required to re-establish the command posture. The initial
reactions to blindfoldinngere probably due to fhe new»experiende
rather than to compromise of the postural control system. Verbalrcommands
were gently repeated during the trial to reinforce the command posture,

\ The'experimental trials in the "L" conditioﬁ were run approxiﬁately
three months after the surgicai procedure when maximal reco#ery and
combensation were thought fo have éccurred. No re-training was necessary
even ?hough the animals were deprived of their auditory fﬁﬁction and

were not able to receive verbal commands. Visual commands, which were
used with verbal commands previously, appeared to be sufficient tQ main-
tain the command posture during the trials.

In the "LB" condition dog C-6, with the tilting head, was unéble to

maintain the command posture and consistently allowed his head to drift
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down and to the left during the trials. Intensive training failed to

re-establish the command postﬁre and the animal was consequently eiim—
inated from the experiment. The remaining five experimental animals
encountered no difficulfies in maintaining the command posture and re-
training was not necessaryvprior fo the experimental trials. Gentle
tactile commands were sparingly used in posifioning fhe animals upon
the force plaﬁes but were not used during the trials. Ali animals
appeared to maintain the command posture without the use of vérbal or

visual commands during the trials.

CALORTC TESTING

The éxperimental animals were tested for labyrinthine function ap-
Aproximafely eight months after fhe surgical procedﬁre. Calorié testingv
was used in preference to histoiogic examination of the eiéhth nerves
because the aniﬁals were to be used for further postural control experi-
ments and could not be sacrificed. Galvanic and rotatory stimulation
were tried but did not produce responses in the control animals which
were>adequate in either magnitude or reliability.

Thrge control animals were tested for responses to caloric stimu—
lation under chloralose anesthesia. Chloralose was selected because
the reflexes of interest are stili observable under the anesthetic dose
of 100 mg./kg. body weight. Approximateiy one hour after the chloralose
waé given intravenously the control animals were tied down in‘a supine
position with the long axis of the head in a vertical position. All
control animals responded to irrigatidn of the external canal with ice
water by rotating the homolateral eye and moving it toward the inferior-

medial quadrant. The eye was held in this position for one to two
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minutes or until irrigated with warm water. Warm water produced an
opposite but smaller response in the homolateral eye. Mdvement.of the
contralateral eye was not.observed during caloric stimulafion, nor was
nystagmus observed in either eye. The response of the homolateral eye
was consistent with succéssive altérnéﬁion between warm and cold water.

Four of the five experimental énimals demonstréted no consistent
response to caloric stimulation. Dog‘C—4 consistently demonstrated a
slow and delayed movement inferiorly of the right.eye in response to
ice water irrigation, but did not demonstrate rotation of the‘eye. The
left eye did nbt respond to caloric stimulation. The response of‘the
right eye probably represents a partial recovery of labyrinthine func-
tion, but strongly suggests that labyrinthine>function was severely

compromised.

GENERAL CHARACTERISTICS OF THE RECORDINGS

' Figure 4'illustrates repfesenta%ive trial runs of two.animals.in‘the
control condition. The small variations of uniform amplitude and fre-
quency which are less than two secondé in duration frém ﬁeak to peak
and seen best in the longitudinal displacements of the center oflweight
distribution in dog C-4 were associated with respiratory movemenfs.

They were greatly attenuated by filtering in the driver amplifiers.
Filtering also eliminated tail wagging as an identifiable cause of vari-
ations in the recordings. Observable head and body movements which
céused veriations in the recordings were unacceptable under the criteria
established for aborting trials and thus were not a cause of variations.
However, occasional large rapid variations such as the one observed in

Figure 4, lateral displacements, were due to uncbservable shifts in body



Figure 4. Representative examples of records of trial runs of two
animals in the control condition. The pair of tracings above the

time line (seconds) represent movements of the center of weight
distribution. The two tracings below the time line represent changes

in the differences between the weights borne on selected pairs of

feet. The directional significance of the movements of the recording
pens is indicated by the labels to the right of each tracing. The scale
factors are indicated to the left of the tracings. The records were
measured in terms of the magnitude of deviation from the baseline
position indicated by the dot on the scaling bar. The trial means

and standard deviations are given for the records concerned with the
center of weight distribution. The sign of the value is given relative
to the baseline position. The records of the differences between

pairs were not measured, nor were these data utilized. Note the small
rhythmic variations in the longitudinal direction related to respiratory
movements.
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position. Variatibns of this type were generaily less than 30 seconds
in duration, few in number, and may have 5een associated with minor
weight redistribution in the interest of comfort. Since they were not
expected to contribute significantly to the final data, these variations
were accepted and treated as the ;esults of reactions of the control
system to external disturbances.

The variations in the recording, with the exception of those identi-
fied to be due to respiratory movements, were assumed to be evidence.of
instability in the postural control system. The variations may arbi-
trarily be classified intovshért term variations with a peak to peak
duratiqn range from one second to.two minutes and Iong ferm Variations‘
with peak to peak duration greater_than two ﬁinutes. The long term
variations, over which were superimposed fhe short term variations, were
sometimes longer than five minutes in duration and apfeared as slow drifts
in the tracingse.

Figure.S illustrates represenfative examples of composites of the
ten trials ﬁithin a condition. The randomness of the variations in
the control condition reinforces inferénce that the variations consti-
tute signs of instability in the control system: The uniform drift of
the tracings posteriorly in the "LB" condition, longitudinal displace-
ments, of dog C-1 may have been due either_to errors in estzblishing
the proper starting point or may have been due to unidirectionality of
the variafions within the trials. Since each animal was aésigned a
common starting point for 211 four conﬁitions, the variations due to
error in establiching a proper starting point should be eliminated

when the data are processed as repeated measures.

The records for the "LB" condition in Figure 5 suggest a broadening



Figure 5. Illustrations of the method of summarizing recordings of

all trials in a given condition.  The records of individual trials were
retraced in superimposed fashion after justification of calibration
factors and baselines. The general features of the display are the

same as those used in Figure 4. The straight horizontal lines represent
the center baseline of the recording system. The means of all trial
means (X-) and the standard errors (S.E.) are indicated above each
fascicle™and represented at the left end of each fascicle.
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of the fasicles in both the longitudinal and lateral displacements of

the center of weight distribution. This broadening of the fasicles

was observed in four of the five animals. The broadening of the fascicles
in the lateral displacéments appear to be due to increased magnitude of
the long term variations, but this appearance was ngt consistent in

the other experimehtal animals. There was no observable peculiarity
" of the tracings in the "1LB' condition which distinguished them from the

tracings in other conditions, and which were consistent in each animal.

. Therefore, statistical tests were utilized for further evaluation.

SUMMARIZATION.OF THE DATA

General, There are several different questions which may be asked
and answered by the recorded data. The first of these may be phrased
as follows: for each condition, is there evidence that the animals
adopted a mean center of weight distribution that was different from
that exhibited by the normal animais? If a specific feedback depriva-
tion resulted in a persistent distortion of output, such a distortion
would be reflected by a change in value of thé mean center of weight
distribution as répresented by the mean of all trial means for a given
condition. A second question could be raised about the degree to which
any irial mean center of weight distribution remained constant over the
ten trials within a condition. Given a mean center of weighf distribu-
tion characterizing that condition, how much variation in the trial
means appeared about this value from trial to trial? If a specific
feedback deprivafion resulted dn a deterioration of the animal's ability
to replicate a given trial mean center of weight distribution within a

condition, the deterioration of that animal's performance would appsar
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as an increase in the standard error of the ten trial means. Finélly,
during any trial, there were variations about the mean for that trial.
Was the magnitude of these random variations within a trial influenced
by the feedback deprivations? If a specific feedback depriﬁation re-—
sulted in a reduction in the capability of the system to.respond to
"noise'" or to temporary disturbance during the trial, evidence of this
reduced capability should appear as an increase in. the mean of the
standard deviations for a condition.

The tracings on the graph were read in millimeters of displacement
from the center baseline at 30 second intervals for a sample of ten in
each trial., fhe raw scores were multiplied by the correction factor
to read actual millimeter displacement of the center of weight distribu-
tion. These corrected scores were then used to compute the mean center

of weight distribution and standard deviations for each trial.

The Mean of Means (Xi)a The mean of the trial means within a con-
dition was assumed to be the best estimate of the mean center of weight
distribution for that condition. This mean of means, ii’ was Qalculated
for each §ondition in each of the five experimental animals and the re-
sults tabulated in Tébles 1 and 2.

Table 1. The means of means, X-, of the longitudinal displacements
of the center of weight distribution.

Dogs | Conditions

nen 1pH Hy,m "B
G=1 +0.46 mm. -0.08 .- 59 +0.72
c-2 +6.25 +1.48 _ +9.28 411 .55
C-3 +5.33 +11.74 +10.20 +12.87
-4 +5,08 _ +0.5% +4 75 +5.14
C-5 +6.,98 ~3.61 L2l +1%.82
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Table 2. The means of means, X—, of the lateral dlsplacements of the
X
center of weight distribution.

Dogs Conditions

ngn npH g "LBM
c-1 8.25 mm.  —7.59 5.75 -6.17
c-2 +7.35 +o.32 -6.68 +3.02
c-3 +3.72 +1.63 -0488 +5.50
C-4 +4.22 %1.04 - +6,08 +6.17
c-5 -1.26 -0.98 +1.43 #1.90

The analysis of variance techniques were utiiized in evaluating
the assumption that the mean center of welght distribution remained
fixed between conditions for the group of experimentél animals. Pre-
liminary testing for hqmogéneity of variances between conditions with
the T-test method {17) indiéated that a parametric analysis of variance
test‘was reqﬁired in testing the ii_of the latersl displaéements of
the center ofhweight distribution between conditions, and that a non-
paramentric analysis of variance -test was required for testing the iﬁ
of the longitudinal displacements between conditions. Table‘B contains
the tabulated results of the- Slngle Classification AnalySﬂs of Variance
for Repeated Measures (18), and indicates no significant differences
of ii' lateral displacements, between conditions for the group of ex-
perimentai animals. Table 4 contains the tabul=zted reéults of the
Friedman Two-way Analysis of Variance Test by Ranks (19) and indiqates
a significant difference between at least the maximum and minimum rank

sums at the 5% level of confidence.
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Table 3. Summary of the Single Classification Ana1y31s of Variance in
' testing the X_ of the lateral displacements of the center of
weight dlstrlgutlon between conditions.

Source S8 arf MS F
Between - 327,02 4
Within v 81.60 15
Treatments 23,66 3 7.89 1.6%
Residuals 57,94 12 4L.83
Total L08.62 19

Table 4. Summary of the Friedman's test in evaluating the ii of the
longitudinal displacements of the center of weight”distribu-
tion between conditions.

Dogs Conditions
IICH "BH HLH IIIBII

c-1 3 2 1 L
Cc-2 2 1 3
C-3 2 3 2 4
C-4 3 il 2 L
Cc-5 3 2 i L

Rank Sums 12 9 "9 20

= g.72% *Significant at the 5% level of
confidence

Thiéldifference occurred Between "B" and "LB",_and betwzen "L" and "LB"
conditions. It may be concluded that no other differences were signif-
icant since the maximum range of the rans sums barely reached the 5%
level of confidence.

The Standard Error (S.E.) The standard error is a measur: of the

variability of $h2 trial m=ans about ta2 mean of means, and refisats

tas ability of the animal to replioate any given trial mean center of
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weight distribution within a condition. The S.E. for each condition
was computed as the standard deviation of the ten trial means in each

condition, and the results tabulated in Tables 5 and 6.

Table 5. The standard errors, S.E., of the longitudinal displacements
of the center of weight distribution.

Dogs Conditions

" ngn ngn "B
c-1 2.92 mm. 2.5k 3.41 4,62
c-2 2.15 2.47 1.77  5.07
43 1.76 2.63 2.20 3.60
o=t 1.93 ko 1.8k k.26
c-5 3.58 5.09 2.24 3.95

A f
.

Table 6. The standard errors, Se.E., of the lateral displacements of
the center of weight distribution.

Dogs Conditions

ugH npH I WLB"
c-1 1.75 mm. 1.92 1.48 2.36
c-2 2.17 R 3.18 5.15
c-3 2.46 2.81 1.87 6.06
O-i 3.87 Fel% 1.56 1.26
C-5 1.26 2.46 1.67 6.08

e
prem

The analysis of variance technigques were again used to evaluate the
effects of labyrinthine and visual deprivation on the animal's ability
to replicate a given trial mean éenter of-weight distribution within a
céndition. The variances between the conditions were not found to be

homogeneous in both the longitudinal and_the lateral displacements of
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the center of weight distribution. However, inspection of the tracings
" indicated that three of‘the trial ﬁeans of the longitudinal displace-
ments in the "L'" condition of dog C-5 were clustered closely together
far beyond the fange of the remaining seven trials. Since'they were
run on the same day and were far beyond the expected range of variation,
the three trials were’not considered random for that condition and Qere
thus eliminated. .Thevmost likely cause of such spurious trials was
probably an undetected paronychia, an infection of the foof which
causes the animal to unload weight ffom the involved foot. - Thgse
foot infections occurred several times in different aniﬁals during
the experimental trials, but were generaily easy to detect when the
animals limped. After the elimiﬁation of tﬁe thfee aberrant trials,
the Xi’ S.E. and XS.D. were fecalculated and new fests were carried
out on the data. Wifh the elimination of the three trials the vari-
ances of the longitudinal displaéements were homogeneous, but the
variances of the lateral displacementé remainea unchanged. The results
'of the Friedman’s test of the S.E. for the lateral displacements are
tabulated in Table 7 and indicate a difference between ”C”.and "LB"
conditions at the 10% level of confidence.

Table 7. Summary of the Friedman's test in evaluating the standard
errors of the lateral displacements betwéen conditions.

Bogs ‘ Conditions
"C" ."BH "L" ) ”LB”
-1 2 3 - q L
c-2 1 7 2 4
C-3 2 3 i L
C-k 4 3 2 1
Rank Sums 10 1.5 ] T
) 1 k >
X° = NECerT) N3 (R.)° - 3N(k+1)
= 6.36  Significant at the 10% level of confidence
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The-results of the Sinéle Factor Analysis of Variance for testing the.
S.E; of the longitudinal displacements are tabulated in Table o and
indicate a siénificant difference at the 1% level of significance. The
Neuman-Keuls Test (18) was utilized to locate the.signifiCantAdiffer—
ences., Table 9 summafizes the results Hr the Newman-Keuls Test and
indicates that éignificant differencéé exist between "C" and "LB",

and between "L" and YLB" conditiOns.

Table 8. Summary of the Single Classification Analysis of Variance
in testing the Standard errors of the longitudinal displace-
ments of the center of weight distribution between conditions.

Scurce SS af MS P
Between .20 4
Within 21.24 15
Treatments 13.08 _ 3 4,36 Gl **
Residuals 8.16 i . 0.68
Totals 2L 4y 19

Table 9. Summary of the Neuman-Keuls Test for the S;E; of the longi-~
tudinal displacements of the center of welght distribution.

Conditions "L“' ) ”C” ”B" ”LB"
" Ordered S.E. 2.29 mm. 2.47 3.43 4,31
LT AL - .18 1.14 ' 2.02%%
Differences el - .96 1.84%*
between npn - .88
pairs. WB -

** Significant af the 1% level of confidence

The Mean Standard Deviation (X, . ). The mean standard deviation,
e l)e

S.D., is a measure of the within trial variability of the center of
weight distribution about the trial mean, X, and is assumed to indicate

the magnitude of the variations within each trial with respect of X.
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The XS p. was computed by averaging the standard deviations for the ten

trials within a condition, and the results were tabulated for the longi-

tudinal and lateral displacements in Tables 10 and 11, respectively.

Table 10. The mean standard deviations, X , of the longltudlnal
displacements of the center of wéIight dlstrlbutlon.'

Dogs Condiﬁions
1r|-:11 IIBTI IILH erBll
Cc-1 1.68 1.9 2.79 2.82
-2 163 0.91 1.6l 2.26
C-3 285 2.05 1.89 341
C-h J=55 L.77 Lok . 2.58
C-5 2.95 1.61 2B 2.25
Y4
Table 11. The mean standard deviations, X b7 , of the lateral dis-

placements of the center of welgﬁg distribution.

Dogs Conditions
nen NBN ug,n LB
c-1 1.46 1.90 2.30 1S
c-2 1.14 0.73 ZaE 1.45
B=% 2.26 iL.57 1.56 3.21
C-4 2.43 2.09 1.99 2.43
C-5 1.28 L6 C 4,89 128

Preliminary testing with the T;test indicated homogeneity of variances
in both the longitudinal and lateral displacements of the center of
weight distribution. Tables 12 and 13 contain the tabulated results
of the Single Factor Analysis of Variance for Repeeted Measures for the
longitudinal and lateral displacements, respectively, and indicate that
visual and labyrinthine deprivation have no significant effect upon the

magnitude of the variations within trials.
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Table 12. Summary of the Single Classification Analysis of Variance
in testing the mean standard deviations of the longitudinal
displacements of the center of weight distribution between

conditions. '
Source S8 df MS F !
Between 9.66 b
Within 6.93 15
Treatments 0.46 3 0.153 0.283
Residuals 6.47 12 0.539
Totals 16.59 18

Table 13. Summary of the Single‘ClassifiCatibn Analysis 6f Variance
in testing the mean standard deviations of. the lateral dis-
of the center of weight distribution between con-

placements
ditions.

SS

Source af M3 F
Between 2.63 4
Within 12,77 15
Treatments 2.72 E) 0.91 1.09
Residuals 10.05 12 0.84
Totals 15.40 19




DISCUSSION

General

The effects of visual and labyrinthine deprivation on postural
stability were examined by statisticelly testing the changes in the
mean of means (ii)’ standard error (S.E.), and the average standard
deviation (KS.D.) of the center‘of weight disﬁribution for eech condi-
tion:_contfol ("C"), blindfolded ("B"), labyrinth-deprived (''L"),
and coﬁbined labyrinth-deprived and-blinéfolded ("LB").

In the longitudinal_dieplacements of the center of weight distribu-
tion, the lack of sigﬁificent differences of the ii between the "C"
and '"B", and Between the "C" and "L" conditions indicates that depriv-
ation of either the visual er labyrinthihe channel alone did not
significantly alter the positien of the mean center of weight distribu-~
tion. Although the data from the "C" and "LB" conditions were not
significantly different, the presence of significant differenees.be—
tween the "B" and "LB" (5% level), and between "L'" and "LB" (5% level)
conditions SUggest‘that simulteneous deprivations of both channels
significantly altered the mean center of weight distribution in the
forward direction. The lack of significant differences of‘the S;ﬁ.
between the "C" and "B, an& between the "C" and "L" conditions suggests
that the lack of information over each channel by itself did not com-
promise.the ability of the animal to'replicate the trial mean center
of weight distribﬁtion. The significant differences between "C'" and
"LB' (1% level), and between the "L'" and "LB" (1% level) conditions

indicate that simultaneous deprivations compromised this ability. The
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lack of information conveyed over'visuai and labyrinthine channels had
no significant influences upon the random variations of thevcentef of
weight distribution within trials. A more detailed consideration of
each of these observations is given in the following paragfaphs.

In the lateral displacements of the center of weight distribution,

there were no significant differences of the XE’ S.E. and XS D between
conditions.,
The Mean of Means ' A : .

We have earlier defined the ideal center of weight distribution
as that position which requires the minimum expenditure of-muscular
force and metabolic energy. It is assumed that the actual center of
-welght distribution will vary randomly about this ideal position but
that the control system operates to keep the disérepancy small. On
these grounds, it seems reasonable to regard the mean of the ten trial
means (Xi) in the control condition as the best estimate of this ideal
center of weight distribution. In conditions other than the control,
any significant departure of ii from the control ii permits the infer-
ence that the animal does not vary about his ideal center of weight
distribution, and that the line'cénnecting'his center of gravity with
the‘ideal ceﬁter of weight distribution is not parallel to the lines
of gravitational force. This unparallelism due to departure of Xi-
from the control ii is maintained by persistent distortibn'of the error
signal. |

For a given setpoint, the correction of any deviation from the
ideal center of weight distribution commences upon the development of
an error signal, and ceases upon the reduction of this signél»to ZET0.

Therefore, in order for an animal to match the setpoint, the error
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signal should accuratély reflect the deviation in positioﬁ. In such

a case, deviations in position caused by external displacing forces
would be accurately counteracted by thé control system. Similarly,
vdistﬁrbances which have their sources in the controlled elements and

in the neural networks traversed by the error and actuatlng 51gnals
produce dev1atlons in p051t16n that are also corrected. The error
signal, however, may be altered by disturbances in the sensof‘and
feedback pathways.in such a way that it no longer reflects the devi-
ation in position accurately. The respohse>of the control system which
brings this altered errorvsignal.to zero results in an unstable posi-
tion which does not match the setpoint; and deviations from the ideal
center of weight distribution areinot accuratély corrected. It should
bé noted that, in the presence of a persiétent alteration in the error
signal, the control sysfem continues to function with the same degree

of accuracy and efficiéncy in correcting deviations in position with
respect to the new unstable positioh. Since the error signal ‘is gener-
lated by the detection of é difference between the setpoint and the.feed-
back éignals, any alteration in the error sigﬁal should have its source
in these two Signais. -The setpoint for the command posture was assumed
to remain fixed and unaltered; .therefore, sources of alteration in the
error signal are assumed to be limited to the feedback channels.

The alteration of the error signal may also be steady-state in nature,
associéted with a change in the quality of information being transmitted
through the feedback channels. Thus, the selective alteration of infor-
mation from non;adaptive réceptors without influence on information from
rate-sensitive receptors would introduce a persistent change in the error

signal. In order to bring this changed error signal back to zero, the
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animal would have to adopt a steady-state deviation of his center of
weight distribution so that it would not match his ideal.

The déta indicate that thé visual and labyrihthine channels nor-
mally exerted some sfeady—state influence upén the error signal, and
that upon deprivation the ténically altered error signal moved the mean
center of weight distribution anterioriy. Al though the data indiéate
that labyr?nthine deprivation aione aid not significantly alter the
error signal, it is to be recalled that the "L" condition represents
a chronic condition, and that coméensation_by the_remaining channels
may have occurred tb attenuate the lab&rinthine steady-state influence.
The significant dif ference between the "B" and "BL" conditions implies
two different things. TFirst, since the compensated labyrinth-deprived
animal shéws functional changes upon acﬁte'blindfolding, some of the
compensation must havé invelved a change in thé freatment of visual
feedback signals. Second, sinée the deviation noted in the "LB"
animals was a steady;state deviation, the original, normal labyrinthine
input must have been exerting a toniq or steady-state inflﬁence on the
érror signal. Obsérvations of the animals in the postoperative period
also suggest that the labyrinthine deprivation alone is capable of
producing a persistent distortion of cutput in the fﬁrm of‘decreased
muscle tonus, and that the mégnitude of this distortion decreased over
time., .The inabilities of the animals %o maintain stapce in the immedi-
ate postoberative period and to decelerate themselves were probably due
to failure to exert sufficient extensor tonus. Decrease in extensor
tonus, although not observable during the trials of the "L condition,
may have been sufficiently present to produce movement of the center of

welght distribution anteriorly. Davis and Pollock (20) have demonstrated
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persistent decrease in extensor tonus of antigravity muscles in decere-
brate animals upon labyrinthectomy. Fulton, Liddel, and‘Rioch (21) pro-
duced hjpotoﬂia in the homolateral limBs upon unilateral vestibular
lesions in normal caté. It may be hypotheSized that the labyrinth nor-
mally exerted a significant amount of steadj—state influence upon the
error signal, and that affér labyrinthine déprivation the visual channel
partially compensated for the change in steady-state influence. The
significant difference between the "L" and "LB" conditions indicafes
that significant change in the mean center of weight distribution
occurred as a result of acute visual deprivations in a previously
labyrinthectomized animal. However, the lack of significant. differences
between "C'" and "B" indicates that no significant change occurréd as
a result of acute visual deprivation in a previously normal animal.

The difference in response to acute visual deprivation suggests that
the visual channel had partially compensated for the loss of 1ab§rinthine
steady-state influence.

The ﬁisual channel alone did not seem to exert a steady—state in-
fluence upon the error Signal in a ﬁormal animal, but did seem to exert
an influence in a previously labyrinth—deprived aniﬁal. However, it
is to be'pointed out that the visuai deprivation was achieved through
elimination of environmental cues, as opposed to labyrinthine depriva-
tion which was achieved through ablation of ﬁhe receptors. It may be
that steady-state influence is normally exerted‘by fhe aétivity eman-—
ating from the intact retinal network independently of its function
relative to pattern vision. The experimental design is inadequate to
evaluate this possibility. Certainly, labyrinthine deprivation achieved

through elimination of the environmental cue, such as in a state of
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weightlessness in space, does not seem tprcause the same degree of
incapacitation as that experienced.bﬁ dogs after labyrinthine.ablation;‘

Although the setpoint was assumed to remain fixed, tlherd dre cer-
tain identifiable situations in which the setpoint is believed to change.’
‘It has been mentioned that one source of deviation of center of welght
distribution was due to volitional aiterations’in stance in an attémpt
to relieve discomfort from long standing. These brief volitional move-
ments are assumed to occur thrdugh alterations in the command setpoint.
When these variations were associated with grossly observable movémeﬁts
of the animal, they were of short duration»and did‘not cauée & per-
sistent distortion of the output. ‘The setpoint may also change under
conditions of apprehension, as was 6bservedrduring the early phase of
training and blindfolding. During the training period, it Qas observéd
that the animais responded to‘reprimand by becoming apprehensive and
assuming a crouching position that resulted in the ﬁovement of the
center of_weight distribution forward. The minimal observable crouch-
ing moved the center of weight'diétribution approximately 10 mm.
anteriorly. Thg success to which eliminatioﬁ of apprehensiocn can be
;qgigyed through training is.demonstrated‘by the absence of any tendency
for the ii‘to move forward between conditions "C" and ''B". Training
"and avoidance of reprimana eliminated any observable tendency to assume
this crouching position. The crouching.was also observed as an initial
reaction to the blindfolds, and was probably due to apprehension as a
result of a new experience. Apprehension may also occur in response
to increased disorientation caused by the combined visual and labyrin-
thine deprivatioﬁs, and thus cause a persistent distortion in output.

Since one cannot be certain that this apprehension can be eliminated
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with training, this source of persistent distortion in output, though
remote; cannot be totally ignored.

The lack of significant changes in the ii of the lateral displace-
ments of the center of weight distribution between conditions indicates
that the steady-state influence upon the error signaivdid not produce
a unilateral distortion of position. It should be poinfed out that
these results alone do not reflect the completeness of the bilateral
lébyrinthine deprivations. éince the analysis of vafiancé techniques
test differences bétween conditioﬁs for the animals as a group, random
lateralization as a resuit of incomplete bilateral labyrinthectomy
would not be reflected in the changes of the ii' Inspection of the
data for changes in Xi for each individual animal indicate no marked

tendency for lateralization, even in dog C-4‘which was suspected on

the basis of caloric testing to be only partially labyrinth-deprived.

The Standard Error4

The standard error, S.E., is a measure of the variability of the
trial mean about the mean center of weight distribution, Xi’ and is a
reflection of the animal's ability to repiicate a given trial mean.
If the aniﬁal were able tofreplicate a given trial mean over the ten
trials within a condition, all trial means would obviously coincide
with the ii and thegvariations within any one trial wéﬁld be.randomly
and éymmetrically dispersed about the ii' Tﬁe,deviation of any trial
mean from'a given ii then occurs with the appearance'within the trial
of superimposed variations which by themseives ére not Symmetrically

dispersed about the Xi' These variations méy have a wide range of

magnitude and duration; for a given magnitude of trial mean, they may
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be of short duration and large magnitude or may be of long duration and
small magnitude. These variations are a component of the normal vari-
ations observed in all animals as indicated by the S.E. values for the
normal condition.

The.data eherefore indicate that combined visual and iabyrinfhiﬁe
deprivations 81gn1flcantly compromlsed the animal's ablllty to adequately
~correct the Varlatlons which increase the magnitude of S.E., and con-
sequently the animal's ability to replicate a given trial mean. It
-may be hypothesized that the combined deprivations produced a signifi-
cant loss of information concerning:body position relative to the
enviroe@ent, and resulfed in the inability of the control system - to
detect and correct these variations in position. There is no reason
to believe that the animals have changed setpoint from trial to trial,
or that the degree of apprehension varied between trials.

- The significant differenees between the "L' and "LB" conditions
considered with the non-significant difference between the "C" aﬁd Li=iT
‘ v N
conditions suggest that the visual channel may have compensated for i
the labyrlnthlne deprivation to a certain extent.

‘It may be argued that the increase in S.E. of the "LBY condition
relnforces the conclusion based on the changes in X- The changes in
XE between conditions were attributed to some alteration in the error
signal produced‘by a steady-state distortion of the feedback signal
such that the animals exhibited a new mean center of weight distribution
which deviated from the ideal (2; control). The increase in the S.E.
implies that the "LB" animals also exhibited a degradation of their
ability to arrive at their new ii’ and persisted in holding a deviated

position over the entire duration of each trial. This persistent
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adoption of a position‘different from the ii of the "LB'" condition dur-
ing thé length of the trial also hints at a distortion of the steadj—state
feedback signal or iﬁ'thé manner .in which it is processed by the control
syétem. Thus,vboth the Xﬁ values and the S.E. values point toward the
conclusion that the acutely blindfolded and labyrinth—depfived animal
behaves as though steady-state influences in his contrél'system have
been degraded. |

The changes of the S.E. (lateral) between the "C'" and "LB" condi-
tibns were sfatistically-significant at the 10% level, and tend to agree
with and support theAresults of the changes in the S.E. er longitudinal

displacement.

The Mean Standard Deviation

The mean standard deviation, XS.D., was gssumed to be a measure of
the magnitude of within trial variations withirespect to the trial mean.
The XS.D.'iS probablyvthe mqst difficult of the tﬁreevméasures of pos~-
tural stability to inter?ret reliably. lUnlike the Kﬁ and the S.E., the
XS;D. is influenced by the présgnce of drifts due to error in selection
of the proper initial stance and‘to unidirectionality of variations
within a trial. Thus, the sensitivity. of the.XS.D. in detecting Qithin—
trial variations is inverseiy proportional to the magnitudes of these
drifts. Dogs C-1 and C-2 had no observable drifts of position in the
longitudinal direction in the control conditioﬁ; they also had the

smallest XS D values of fhe five animals. The values of X in dogs

S.D.
C-3, C-U4, and C-5 were approximately half the magnitudes of the drifts,
and appeared to correlate better with fhe magnitudes of the drifts

than with the within-trial variations. Therefore, the interpretation



b3

of the data should be made with the reservation that the,iS.D.'is a
measuré of the magnitude of within—trial»variations which are ﬁpssibly
contaminated by improper selection of initial stéﬁce which do not con-
stitute evidence of control instability.

Thgvmeasﬁrements of the iS.D. failed to reveal any significant
differences between conditons, suggestiﬁg that the within;tfial vari-
ation was not inflﬁenced by the sensory deprivations. The actual
measurements are consistent with thg visual-appeafance of the com?osite
tracings of groups of tridls witﬁ one exception. In the case of dog
C-4, the cohtrol records exhibif é clear, ﬁnidirectionai drift of
longitudinal positidn in all triéls.‘ For the same animal in the "LB”
condition, there is 1ittie if any drift épparent in the composite trac-
ings; however, the impression of increased, fapid, variability is
unmistakeable. Careful visual inspection will not permit a decision
as to whether this appearance of greater instability results from a
higher fféquency of variations only, or whether greater amplitude O
variations is also a factor in generation of-qhanges in visible appear-
ance,

It deserves to be pointed out that the~insecurity'of intérpretation
enforced by the presence of drifts applies only to fhe data for the
longitudinal displacements of the center of weight distribution. Lateral
drifts did not occur with the same frequency and regularity as did the
1ongitﬁdinal drifts. The fact.that the XS.D. for the lateral displace-
ments of the center of weight distribution was the same for all conditions
increases confidence in the interpretation of this measure as an index

of control system instability within trials.

If it be accepted that the within-trial variability was not affected
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by sensory deprivationé, certain implications relative to the control
system.operation are justified. It has already been pointedioutvthat
the combined sensory deficits revealed that a steady-state influence
on the error signal probably‘chéracterizes normal labyfinthine input.
If the sensory deprivations also degraded thevfacility with whichithe
system senses and corrects for errors based on the derivafives of
position, one would expect that the variabilitj around a‘trial‘mean
would increase, with resultant increase in iS.D.', Since this did not
occur, it seems reésonable to conclude that the sensory deprivations
-used in this study influenced neither the feedback signals from
"velocity or acceleratioﬁ receptors", nor the manner in which they

were utilized by the central nervous system ?ortions of the control

mechanism.

Implications of the Control System Operation

These data may be considered from two different points of View in
relation to fhg normal operations of the postural control system. From
the point of view of the block diagram ofvthe Control'sysﬁem (Figure 1),
the data suggest slight modifications to reflect the observations made
here. The other point of view suggests a perspective view of the
postural contfoi mechanism as seen operating in the quietl& standing
animal. |

As a part of the introduction to this problem, a block diagram was
preseﬁtédAto illustrate one way in which the postural control mechan-
isms could be conceived.b‘ln Figure 1, the varleties of feedback channels
were not subdivided into functional or anétomical units, but were luﬁped

into a single element. It is already known from previous work that this
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is an oversimplification and that, on anatomicofﬁnctional grounds, at
least three feedback channels should be shown in such diegrams. The
results of this study suggest still‘another manner for classifying
_feedback influences using a functional subdivision wirhout'anatomical_
implications. The data imply thatlsteedy-state discortions of feed-
back information were produced by the combined visual and lebyrinthine
deprivations, bur give no evidence of disturbance of feedback signals
related to change of position. On these grounds, it seems reasonable
to propose that the total feedback operations should be subdivided
intokthree‘channels on the basis of the type of informacion processeéed
by the individual channels.A Thus, Figure 1 has been modified and
presented again as Figurs 6. The feedback'pathway; in the remodelled
form, affords a channel for information pertinent to steady—stafe
position (x), a chaﬁnel for information related to the rate of change
of position (%X, velocity), and a channel for information related to the
second derivafive of position (%, acceleration). The observatiohs re-
ported here indicate that the double sensory deprivations affected only
the first of these channels. It is nof physiologically inconsistent to
euppose that each of the channels identified on anétomicofunctionel
grounds (somesthetic, visual, and labyrinthine) might be similarly sub-
divided according to type of information.

From the second point of view, the data, along with direct observa-~
tions of the animal, indicate that combined visual and labyrinthine
deprivations produce very little change in postural stability. The
change was so small that it could not be detected by direct observations,
but only through the use of statistical techniques. Even.with the

statistical treatment, the change was barely detectable at the 5% level
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of confidence, and was manifested in the longitudinal displacements'of
the center of weight distribution but not in the lateralbdisplecements.
Either of two conclusions may be made based upon the fecf,that the ob-
served change in postural stability was so small. The first conclusion
eould be that the somesthetic channel is the most important and‘over—
riding of the three feedback channels. It was indicated earlier that
whereas labyrinthine and visual inputs are important for the control
of head position, information from these sources alone could not be
expected to reflect accurately the position of other body parts with
respeCt to the suﬁporting surface. Thus, a priori, there is reason for
expecting that the experimental design used here might be produefiVe
of only minimal alterations in postural stability. This expectation,
however, couid not be accepted without actual testing. Furthermore,
the data do not permit the establishment of a priority rating of the
three types of input on the basis of imgoftance. The data only indicate
that, in the absence of the two other inputs, the somesthetic channel
is capable of maintaining postural stability at near-normal values.

The alternative conclusion could be that the problemsvpresentedvby
%he task of quiet standing are so simple as to permit them to be solved
without taxing the capaciiy of the central integrating mechanisms.
As mentioned in the introduction.and as suggested by the data, each
channel has associated with it certain capacities to compensate fof
the loss of one or two channels. The small change in stability as re-
flected in the data is a reflection of the capacity associated with the
somesthetic channel to handle the instability of posture in the absence
oi visual and labyrinthine channels. The experimental design of this

investigation does not permit further investigation into the nature of
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these capacities.

These conclusions suggest the necessity for ﬁtilizing more serious
challenges upon the control systeﬁ to evaluate the caﬁacity of the inte-
grating‘system with respect to the feedback cﬂaﬁnéls. Observations of

) 4
humans (3) along with observations of the animals in this experiment
suggest that instability caused by feedback deprivations would become
more obvioﬁs during dynamic testing'procedures. Stressing the control
system may re&eal informétion about the magnitude of the capécity
associated with each channel énd ﬁelp us make a choice between the

latter two conclusions.



SUMMARY AND CONCLUSION

The effects qf bilateral visual and labyrinthiﬁe deprivations on the
pqstural stability of qﬁietly standing dogs have been examined in this
study. The animalé were required to stand quietly on forcé plates which
provided voltage outputs to enable the recording system to compute
and record the longltudinal and lateral displacements of the center of
.weight distribution‘as separate indices of stability. Ten trials of
five minutes duration were recorded for each of five animals in each of
four conditions: normal, blindfolded, labyrinth-deprived, and combined
labyrinth-deprived and blindfolded. Recordings éf the longitudlnal and
lateral displacements were sampled for‘magnitude of deviation from the
center baseline. The means of the ten trial means of the center of
weight distribution for each condition (2;), variations of fhe ten
trial means within a condition (S.E.), and the average variation of

the recording within each trial in a condition (XS D ) were computed

and tested for differences. The results indicate.a very small signifi-
cant change in ii and S.E. (longitudinal) after combined visual and
labyrinthine deprivations, but no significant increase after singlé de-

privations. There were no significant differences in ¥ (longitud-

S.D,
inal or lateral), S.E. (lateral) or Xi (lateral) after single or combined
sensory deprivations.

The results have been interpreted on the assumption that quiet stand-
ing is achieved through the opefatiohs of a feedback regulated control

system using the various sensory channels as feedback pathways.  The

results imply that a steady-state distortion of the feedback information
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was produced by combined deprivations, but gave no évidence of dis-
turbance of information related to the change of position. It was
therefore proposed that the feedback operations be classified func-
tionally on the basis of the type of'infbrmation processed, namely,
position, velocity, and acceleration. Thé‘resulﬁs also suggest that
each»feédback channel is able to compensate for the loss of one or
two other channels.

The minimal changes in stability produced by these deprivations
suggeét either (1) that for the burpose of the control of quiet stand-
ing the somesthetic feedback paths are used to the al@ost‘complete
exclusion of the_&isual and labyrinthine inputs, or (2) the problems
presented to the control system during quiet standing are foo simple
to tax the capacity of the sysfem to a significant degree éven in the

absence of two sources of feedback information.



£04

11.

12.

13.

14,

REFERENCE

Houtz, S.J., Councill, W.J., Norris, E. N., Bubank, R.N., and
Hellebrandt, F.A., Fundamental Approach to the Study of Stance
Stability and Locomotion in the Cerebral Palsied. Physical
Therapy Review, 1952. 32, 51-55.

Skogland, J.E., A Quantitative Study of Normal and Pathological
Station in Human Subjects. Medical Records, 1942. 155, 15-22.

Brookhart, J.M., Parmeggiani, P,L.,,Peters%n, W.A., and Stone, S.4.,
Postural Stability in the Dog. American Journal of Physiology,
1965. 208, 1047-1057. '

Yamamoto, W.S., and Brobeck, J.R. (Eds.), Physiological Controls
and Regulations. Philadelphia and London: W.B. Saunders, 1965.

Hinsdale, G. The Station of Man, Considered Physiologically and
Clinically. American Journal of Medical Sciences, 1887. 93,
478—485 ') :

Sherrington, C.S., Decerebrate Rigidity, and Reflex Coordination’
of Movements. Journal of Physiology, 1838. 22, 319-332.

Magnus, R., On the Cooperation and Interference of Reflexes
From Other Sense Organs With Those of the Labyrinth, Laryngoscope,
1936. 36, 701-712.

Ford, F.R., and Walsh, F.B., Clinical Observations Upon the Importance
of Vestibular Reflexes in Ocular Movements. Bulletin of the Johns
Hopkins Hospital, 1936. 58, 80-88. :

Magnus, R., and de Kleijn, A., On Optic "Stellreflexe" in the Dog
and in the Cat. (Koninhlijke) Akademle van Wetenschappen, 1920.
22 (No. 9); 948-953.

Magnus, R., Physiology of Posture. Lancet, 1926. 2, 531-536,
585_588 -

Crosby, E.C., Humphrey, T., and Lauer, E.W., Correlative Anatomy
of the Nervous System. New York: Macmillan, 1962.

Manter, J.T., and Gatz, A.J., Essentials of Clinical Neuroanatomy

and Neurophysiology. Philadelphia: Davis, 1961.

Precht, W., and Shimazu, H., Functional Connections of Tonic and
Kinetic Vestibular Neurons with Primary Vestibular Afferents.
Journal of Neurophysiology, 1965. 28: 1014-1028.

Morton, D. J., The Human Foot. New York: Columbia University,

1925.



A

16.
17.
¥8s
19.
20,

< [

51
Petersen, W.A., Brookhart, J.M. and Stone, S. A., A Strain-gage
Platform for Force Measurements. Journal of Applied Physiology,
1965. 20, 1095-1097.

Cawthorne, T., Vestibular Injuries. Proceedings of the Royal
Society of Medicine, 1946, 39, 270-273.

Walker, H. M., and Lev, J., Statistical Inference. New York:
Holt, 1953. ' '

Winer, B. J., Statistical Principles in Experimental Design. New

York, Toronto, London: McGraw-Hlll 1962

Siegel, 8., Nonparametrlc Statistics. New York, Toronto, London:
MeGraw-Hill, 1956. '

Davis, L., and Pollock, L. J., Studies in Decerebration. Archives
of Neurology and Psychiatry, 1926. = 16, 555-565.

Fulton, J.F., Liddell, E.G.T., and Rioch, D., The Influence of
Unilateral Destruction of the Vestibular Nuclei Upon Posture
and the Knee-jerk. Brain, 1930-31. 53, 327-343,



52

Appendix A. Correction Factors for the Longltudlnal and Lateral Displace-
ments of the center of gravity.

Because of the difficulty of obtaining equal sensitivities on all four
preamplifiers, correction factors were computed for each animal to con-
vert the recorded displacements of the center of weight distribution

to actual millimeter displacements. The recordéd displacemnts were
multiplied by these factors to yleld the actual results.

(PD) (CW)
2 (WD) CD)

Correction factor for longitﬁdinal displacements =

PD = longitudinal distance between plates in millimeters
CW = calibration weight in kilograms
WD = weight of dog in kilograms '

CD = average calibration deflection in miliimeters

(pPD) (cw)
2 (wp) (cD)

Correction factor for lateral displacements =

PD = lateral distance between plates in millimeters
CW = calibration weight in kilograms

WD = weight of dog in kilograms

CD =vaverage calibration deflection in millimeters.
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Appendix B. Mean and Standard Deviation in Millimeters for Each Trial

and the ii’ XS p. @nd 8.E. for Each Condition of Dog C-1
nen ) g
Longitudinal Lateral Longitudinal Lateral
Displacement Displacement . Displacement Displacement
Trials Means S.D. Means Sie s Means  S.D. Means Steflls
1. +4.05 2.32 “7:15 1.90 .15 2u3h -6.50 2.09
2. +1.45 3,48 -9.25 0.98 B0 271 -7.85 1.40
3. . +3.10  1.90  -7.25 0.83  +2.40 1.90. -10.55 2.15
b, -2.60 .1.28  -6.75 1.93 -2.75  2.45 -6.60 2.67
5. +1l.45 1.6k 5.15 2,27 -1.25 2.08 -4.55  1.34
8. =0.10 1.63 -7.80 2.51 +4.10 1.73 -7.85 1.36
7. +1.00 1.22 -10.55 1.07 - 40.10 1.10 -8.70 2.3k
8. +3.65 1.68 -10.70 0.53 .70 383 -5.45 1,48
84 —2e00 1.12 -8.75 1.67 2.5 L4 10,20 “2.57
18, -=3.50 0.53 ~9,10 0.9%  +2.hk5 1.96 -7.95 1.81
gx +0.46 -8.25 -0.08 -7.59
zS_D. 1.68 1.46 . 1.90 1.90
BBy 2:55 1.75 2.54 92
HLH HLBH
Longitudinal Lateral Longitudinal Lateral
Displacement Displacement Displacement Displacement
Trials Means Sielle Means S.D. Means SeDa Means SterlVe
1. <1400 ha25 b5 3077 41030 2.36 -7.15  0.9h
2. -7.95 1.77  -5.05 2.79  -0.55 2.92  -8.10 0.77
3. =3.90 L4.,26 -5.20 3.0% -1.75 4,46 -6.40 0.51
b -8.40  1.43  -5.90 0.77  +3.40 1.76  -5.40  3.06
5. =9.15 1.78 -6.25 . 2,02  +5.15 L.h5 -6.80 1.20
6. =7.30 2.73 -5.05 1.94 +0.75 2.89 Jmon . a2
e =015 2P -3,35 3,3 Be50 La5T B85  dalb
g 7205 2591 ~7.75  2.07 @ O 2.98 “H65 DS
O =He9y B2 -8.30 0.89  -6.05 2.73 -8.30 0.5
hey =i Be  woEE -6.25 - 2.43 B 2.0k -7.95  0.90
ggx -7.59 -5.75 - +0.72 -6.17
55 D 2.79 2.30 2.82 1.15
S.E.- 3.4 1.48 b.e2 2436
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Appendix C. Mean and Standard Deviation in Millimeters for Bach Trial

and the Xi’ XS D. and S.E. for Each Condition of Dog C-2
, I|CI| IIBH
Longitudinal Lateral _ Longitudinal Lateral
Displacement Displacement Displacement Displacement
Trials Means S.D. Means  S.D. Means  S.D. Means  S.D.

1.  +4.40 - 1.70 +5.10 1.37  +1.15 0.89  +6.75 0.59
2. 455 1.36  +8.30 0.89  +4.65 0.92  +3.20 ' 0.8
3. 47.25  1.32  47.60  0.32  -2.70 0.92  =3.75 0.98
b, +2.25 0.92  +4.90 0.70  +2.50 0.0 -3.30  1.20
5. 47.20° 1.95 +10.80 1.58  +3.75  1.21 . 2.80  1.b2
6. +4.95 2.55  46.55 0.80 -0.80 0.75  +4.05 0.4k
7.9 +8.95 0.64  +8.70 1.89 +1.60 0.32 +6.85 . 0.4
8. +7.10 0.77 +10.05 0.83  +3.75 1.4L8  -3.70 0.35
9. +6.95 2.90  +7.10  1.45  -1.65 1.76  -1.00 0.62

10.  +8.95 2.21 k.o 1,58  +42.65  0.47  -3.10  0.46
X- +6.25 +7.35 +1.48 +0.3%2
gg - 1.63 1.1k 0.91 ) 0.7%
S.B."  2.15 Bl 2.47 bob
"L” "LBH
Longitudinal = Lateral - Longitudinal Lateral
Displacement Displacement Displacement Displacement
Trials Means S.D. Means S.D. Means S.D. . Means 8.D.

1. +6.80  1.18  -1.10  3.04  49.85 1.83  +4.05 0.55
2. 49.80 0.98  -1.35 2.53 +8.25 1.38  +1.30 3.35
3, 48,40  0.65  -0.60 0.93 412.50 2.64 . 15.95 1.23
he 48,15 1.16  43.95 5.56  417.30 0.75  +k.55  0.83
St 0D 126 “%2.20 231 - 213555 255 Uy - 107
6. +11.75 '0.48  +0.95 1.21 +15.25 2.39 +6.15 0.91
P~ £8.25 F.39+ 41,20 U 138 418,25 - 148 w205 0.58

8. +12.30 2.59 ° -5.20 0.95 +17.00 1.29  -2.50 2.31
9. +8.70 3.47 -5.65 2.81 +1.60 3.54 <560 2«5
10. +8.05 0.96 —2.25 1.36 +6.10  L.73 +5.55 1.5k
X- +9.208 -0.68 +11.56 +3.02
5% D 1.61 2.21 2.26 ‘ 1.45

(e e Sl T Balls 5.07 5.15




22

Appendix D. Means and Standard Deviations in Millimeters for Each Trial

and the Xi’ XS D.? and S.E. for Each Condition of Dog C-3

HCll IIBU
Longitudinal Lateral Longitudinal Lateral
Displacement Displacement Displacement Displacement
Trials Means S DE Means S.D. Means S, Means SEDK
1. 860 ¢ 273 @525 1,05 #1135 2.19 430 2,86
2. +7.20 3,08 +2.80 3.k2  +12.75 2.08  -2.55 2.57
3. 45,05 2.02  +7.25 1.63 +12.20 2.48 0,10 0,94
L, 43,65 . 2.43 Hl,25 Bz09 w3545 2ell. =009 2ig7
5. +3.75 3.87  47.90° 3.55 +11.75 1.96 -0.90 0.94
6. +6.70 4.18 +2.45  3.30 412,30 1.97 +3.75 1.75
7. +4.,90 2.89 +0.75 2.15 +11.35 2.89 +0.45 1.96
8. +2.95 2.09 +3%.95  1.14 +7.30 1.00 +5.85 2.74
9. +4.70 3,22 +1.55 2.13%3 +16.50 1.47 +1.00 1.7%
iiGs ‘45,85 2408 4,05 2,16 +7.75 2.4 +4.75  1.25
X- +5.33 +3,72 +11,74 +1.63
gg 2.85 2.26 2.05 ' 1.97
S.EST T 1.76 2.46 -~ 2.65 Thail
HLH ) v HLBH
Longitudinal Lateral Longitudinal Lateral
Displacement Displacement Displacement Displacement
Trials Means S.D. Means S.D. Means - S.D. Means S.D, -
35 =875 1.595 -0.h0  1.12 +7.55 2.97 +15.15 3.31°
2. #1315 3.75 =1.15 1.99 F17.45 2.%2 -3.90 2.80
%, +7.40  L.39 +1.75  1.16  +14.20 2.43 2.70 1.6
4, +11.65 0.71 -1.75 1.23% +16.20 3.24 +3.45  3.50
5. +10.75 0.68 +1.00  0.75 +9.45  2.22 413,95 " 2.46
6. +12.30 1.86  -2.95 0.68 +16.80 4.60  +5.65 k.52
P 'wB.Y5 0478 T-3.05 3:05 @ #k0 3.56 245045 4.5
8. +8.70 1.58 +0.70 3,05 +13.30 2.19 +7.65 °© 5.20
9. +11.30 2.92 “3.45  1.19 +12.75 5.35 +5.95 1.84
10. +9.85 0.88 +0.45 1,36 +1%.60 5.23 +4.,400  2.84
X +10.20 -0.86 . +12.87 +5. 50
P 160 1.56 Z ot z.21
SVET 2.20 1.87 2,660 6.06 '
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Mean and Standard Deviation in Millimeters for Fach Triai,

and the X 5 XS D.* and S.E. for each Condition in Dog C-4
n'Cn
Longitudinal Lateral Longitudinal Lateral
Displacement Displacement Displacement Displacement
Trials Means Siale Means Syl Means»» S ol Means - S.D.
l. +6.20 3.00 ¥6.70  1.65 +7.35 L .60 +4.35 1,89
2. #8.25 371 +0.70  0.92  +2.90 4.8  -0.25 1.13
%,  +5.05 4,16 +9.00 2.98 +2.55 4,92 -5.30 2,00
h. +2,05 2.25 +10.55 3.08 +2.55 2,92 2258 L.37
5. +4.00 3.51  +0.60 1.05  +2.90 8.05  +3.60 1.54
6. +4.35 3,23 +2.45 2,06 -0.30 5.24 +1.85 2.85
7. +3.85 3.35 -1.60 3.08 -6.75 L.,o4 +0.70 1.43
8. +3.30 2.87 +3.30 2,57 -3.65 3.51 +0.30 4,21
9. +6.85 4.82 45,70 2.31  +2.90 L.75  +4.55 2,89
10. +6.95 L4.63 +4.80 4,62 -5.15 5.25 +3.00 1,55
X- +5,08 +4,22 +0.53% - +1.04
T %.55 243 p. 7% 2.09
ST 3,07 .50 L
||LH
Longitudinal Lateral Longitudinal Lateral
Displacement Displacement ° Displacement Displacement -
Trials Means Shallis Means S.D. Means Sia D Means IS LmL,
1. +6.70  4.55  +5.65 2.41  +2.35 3,07 +h.25  1.45
2. +4.,65 3,095 I5405 2.8l #loiley e +7.50 0.97
3. k.25 3.96 +4.85 1.16 +6.80  0.92  +6.20 2.97
Lo +3.55 4,09 +5.10  1.76 +8.45 3,48 +7.95 2.15
5. #2525 5,97 47.05 2.12 -0.35 2.28 +7.65  1.73
6. +2.70 3.4 +6.50  2.60  +3.45 3,38 +h.70  2.21
7. +5.75 2.27 +9.75  1.32 +9.90  3.41 +5.00 3,65
8. +3.50 5.9%  +6.20 2.80 +8.00  2.79  +6.05 2.29
9. +7.85 3,23 +h.20  1.06 -2.20 1.84 +6.25 4,05
10, +6.30 3,02 +6.50 1.87 = +4.85 2.16 +6.20 2.85.
X +4.75 6.0 +5.14 +6,17
% o k0% 1299 2,58 5T
SJES° 1,84 1.5 L. 26 1.26
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Appendix'F. Mean and_Stagdard Deviation in Millimeters for Each Trial
and the Xi’ XS D and S.E. for Each Condition of Dog C-5 -
. HCH HBII
Longitudinal Lateral Longitudinal Lateral
Displacement Dilsplacement Displacement Displacement
Trials Means S.D. Means S.D. Means S.D. Means St
1. +3.60 1.88 -1.75 1.83 4,10 - 1,10 -1.85 1.65
2. +2.15  2.00 -1.50 1.33  -0.70 1.30  +4.45 2.18
3. +8.60 4,14 -1.45 1.50 -0.80 1.37 +0.%30 1.03
L., +5.80 2.55 -2.55 2.38 -1.85 1.99 -2.05 2.02
5. 410.05 ‘ 2.30 +1.60 0.46 -2.50° 1.87 ~-2.50 0.97
6. +6.30 2.98 -2.30 1.16 ~17.65 .41 +1.95 1.14
7. +6.05 5,80 -0.35 1.45 -1.10 1.26 -2.35  2.38
8. +3.40 2.1 -0.90 0.77 -0.85 1.87 B 202
9. +13.,40 1.79 -2.65 1.22 -2.50 2.20 -2.45 1.36
10. +10.50 3.63 -0.80 0.68 -4,10 1.71 -2.05 1.62
X- +6,95 -1.26 -3,61 -0.98 ,
ZS D 2.95 1.28 1.61 1.66
S.E.° 2.58 1.26 5.09 2.46
"B,
Longitudinal Lateral Longitudinal Lateral
Displacement Displacement ~ Displacement Displacement
Trials Means S.D. Means S.D. Means S.D. Means S.D.
1. +16.55 1.70 +0.40 1,19  -10.20 3.34 +1.50 2.87
2. +10.60 3.06 -0.70 1.87 -8.55 7.14 L) 3.85
3. +10.30 2.ei3 =0.30 145 —8.35 6.23 +1.85 i 8
L, +17.65 0.53 +2.35 0.97 -3.75  4.33 -1.60 2.15
5. +16.80 3%.08 ~0,10 1.05 -5.05 Sl +2.35 1.43_
6. +17.25 2.98 +1.75  0.95 -6.55 4.58 +3.30  1.84
7. +14.15 Bl 7 +19.00 2.87 -8.25 AT +0,05 2.63%
8. +6.90 1.76 -1.20  0.97
9. +10.35 1.76 +0.45 0.95
10. +17.70 d=t75 ~-0.75 0.59
5& +13%,82 +1.90 -7.24 ; +1.4%
XS D 225 1.28 L, 89 f 2. e ii
Seife 6.08 2.2k : 1.67






