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ANALYSIS OF HUMAN VESTIBULAR RESPONSES TO CALORIC STIMULATION

The vestibular response to caloric stimulation 18 described by
a generai hypothetical model in which a distributed parameter repre-
sentation of the relevant thermal processes 1is ‘bupled to known
physiological models of semicircular (s;c5 canal dynamics and vestibular
adaptation. The transfer function relating torgque on the endolymph
to irrigating medium temperature is characterigtic of a wide band | {
pass filter with\@istinct components related to heat transfer at the
surface, heat ¢onduction through the temporal bone and generation of
torque around the s-c canal. An analysis is made of the torque step
and pulse rejponses, of the effects of parameter variations and of the
influences of' vestibular dynamics. The model responses are compared
to slow-phase eye velocity data from humgn subjects.stimulated during
continuous irrigation with temperature waveforms (sinusoids, steps and
pulses) from a specially d;signed caloric stimulator. The major
characteristics of the exéerimental responses are qualitatively explain-
able in terms of the model output torque and reflect the dominant role
of cﬁermal dynamics. The responses did not adapt.to the extent pre-
dicted by the current representation of vestibular adaptation based on

< - -
rotational studids and the adaptation filter was modified accordingly.

The model output which includes Both b-c canal dynamics and modified
adaptation provided a significantly better fit to step response data
" than torque alone. The fact that the vestibular component could bé
separated from the overall” caloric re;ponse may lead to intefesting

«

clinical applications.



RESUME 4

ANALYSE DE LA REPONSE VESTIBULAIRE A LA STIMULATION CALORIQUE CHEZ L'HOMME

'
)

Comme hypoth&se de travail, on propose un modéle global de la
réponse vestibuiaire a la stimulation calorique dans lequel un systéme
a parametres égntinus s'appliquant aux phénomenes thermiques en jeu est
relié aux modeles simples et, connus de la dynamique du canal semi-circulaire
(s-c) et de 1l'adaptation ;estibulaire. La fonction de transfert mettant
en rapport lg couple gravitationnel agissant sur 1'endolymphe et la
température du fluide irrigant possede une caractéristique "bande passante"
et est séparable en trois composantes distinctes d'échange de chhleur a
la surface, de conduction de chaleur dans "os temporal et de génération
d'un/couple sur le périmetre du canal s-c. L'analyse du modele porte
sur les aspects dynamiques des réponses a 1'échelon et 3 1'impulsion de
durde finie, sur l'effet des variations des parametres e% sur 1'influence
Aes composantes vestibulaires. Le modele fut &tudié chez 1'homme stimulé
par des onde; de température (sinusoides, &chelon et impulsion) obtenues
au moyen d'un stimulateur d'un type nouveau.' Dans 1l'ensemble, les
réponses expéfimentalea mesurées par la vitesse en phase lente du

nystagmus oculaire reproduisent les caractéristiques majeures du couple

théorique calculé selon le modele et refletent la prédominance des ph&nomenes

theémiques. L'adaptation n'est pas aussi importante que prévu par les
modél!% ant&rieurs besés sur la réponse a la stimulation rotatoire.

Ap;és nodification de 1la fonction représentant 1'adaptation, on a obtenu
un meilleur ajustement aux réponses expérimentales avec le modele global
qu'avec le modele thermique simple. La co;posante veséibulaire peut donc

ftre quantifife au moyen du moddle global, ce qui pérnet d'entravoir un

certain nombre d'applications cliniques.
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INTRODUCTION
, o )

In this thesis, the vestibuldlocular response to caloric stimu-
lation is studied using a quantitafive model which 1s anélyzed
and tested experimentally. Attentipn is focused on the dynamic
relationship between slow-phase eye velocitv and water Eemperafure in
the external ear canal, hoth in t % time-and in the freddency domains.

The study has be;n motivated by the clinical importance of the sgo-
called caloric te;t which is used to evaluate vestibular functioning
in patients with problems of viffigo and dizziness.

A éirst objective has-heen to deepen the current understanding
of the tomplex processes involved in the caloric reaction phenomena.
A second objective has been the application of the acquired knowledge
to reexamine existing cli?ical procedures and to explore the full
potential of caloric testing. .

The caloric reaction in man is obtained by a simple procedure
in which the ear canal is 1rr1gaFed'with hot or cold (relative to body
temperature) water. Heat conducted‘through the bone acts indirectly
on the semicircular canals, the sensing organs of the vesgtibular system}
and generates characteristic eye movements (ny-tagnué) v;ry similar

to those produced by head motion stimuli.

The caloric reaction is usually explained in terms of a theory
- x’ -
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In man and in

animals, the function of the semicircular canals is to transduce

hehdd angular motion. Head rotation results in a relative displacement
of | the fluid ring of endolymph within the canal, and the displaced

flulid deflects and stimulates thé sensory hair cells projecting into

-~

the ring. According to Baranvy's explanation, after irrigation of the’

ear canal with hot or cold wat lar endolymph flow would

7

fesult due to chaneces e endolymph de si;y as a temperature
gradient is established)across the semicirdular canal in the temporal ‘
bone. .The combined action of gravity and t sfmal expansion explains |
"15 particular the direction reversal of the response when going from
hot to cold stimulation or from the prone to the supine position of
. the Head.
Barany was the first to exploit the caloric reaction to examine
" pétients with vestibular disorders. Various testing procedures were
subsequently developed qut the one originated by Fitzgerald and
Hallpike (1942) was adoptéa as a standard by most clinical laboratories.
In the Hgllpike test, the ear canal on each side is subjected to two

. s,
equal but opposite temperature stimuli in a séquence of four irrigations

at 30 and 44°C. ?:e eye response is characﬁp}ized by horizontal

' nystagmus, an irregular sawtooth-like waveform’ which consists of
a slow movement in one direction interrupted by saccades or quick
phases in the other direction, The nystagmic responses are measured
usually in terms of the peak velocity of the slow-phase component and

o . .
from the set of four responses two basic measures of vestibular function

.

' ‘ . -
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are difived: relative canal sensitivity (labyrinthine preponderance)
and directicdnal preponderance (the latter 1s characterized by nystagmus
of greater intensity in one direction than in the other). These
measures provide valuable diagnostic signs of organ defects and
of lesions in the central nervous system.

The reliability of the caloric test has often beén questioned.
A major difficultv has been the great variability of sensitivities
hetwecen subjects and the poor response repeatability in some
individuals. This variability causes a sienificant overlap between
normal-and abnormal responses so that the test lacks precision as
a diagngstic tool. Different measures of nystagmus response as
well as new testing procedures have been proposed ard evaluated by
many clinical researchers but these attempts have not produced any
breakthrough that could seriously challenge thé Hallpike test as a
standard. The lack of progress in the clinical area might be attributed
in part to the empirical approach, characterizing the clinical research and to
the limited efforts dome on basic research concerning the caloric phenomenon.

A regearch program has been undertaken in this laboratory to
evaluate clinical caloric testing within an appropriate the;retical
framework centered around a mathematical model of the.caloric response.
The approach. was suggested in part by Steer (1967) who introduced the.
first model relating slow-phase eye velocity to ear canal temperature.
The work was also greatly stimulated by Young (1972) who provided
important background material for the present study.

An essential tool of research is a model of the caloric reaction

phenomena that can describe in guantitative terms the dynamic aspects

"
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of the response such as rate of rise, time to peak etc. These
aspects hAve received little attentjon in the past, and it has been
widely dssumed that a single arbitrarily selected measurersuch as
duration or peak slow-phase velocity could adequately characterize
the response.

A caloric response model might be applied to estimate systems
parameters from recorded nystagmus by a suitable identification
technique and, in principle, the vestibular component could be
separated from other influences. A more objective evaluation of the
caloric test 1is also possible with the model. For instance one might
consider the interaction hetween successive irrigations, the signi-
ficance of ,measures sucﬁ as directional preponderance or the effect
of parameter variations. Furthermore, a rational basis is provided
for developing new' testing procedures, and the questions treated
might relate to tgg dynamic range of stimuli, the replacement of
succegsive irrigations in a given ear by a single gtimulus the minimi-
zation of test durationm, etc.‘ An important aspect of the use of the

model throughout these applications is that the response variability

can be studied and related to the épecific parameters with known

physical and physiological meaning.

In the context of this c¢clinically oriented research program,
the work presented in the thesis has been concerqu with the funda-
mental ptoblem‘of developing and validating an adeduate model of the
caloric process. As a starting point, previous models of Steer (1967),
Schmaltz (1932) and Young (1972) have been investigated and on the

basis of new experimental results, a more general representation of

LTS
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ch% caloric reaction phenomenon has Beén developed that provides
/ ’ .
a ugeful working hypothesis.

It has been assu@ed that the overall nystagmis response to

i )

caloric stimulation isfinfluenced by three diff;:ént dynamic processes.
The first process 1is t}ak which generates a toérque on the endolymph
when a temperature stémuluq 1s applied in }he ear ,canal according
to the theory of Bara&y. The second process involves the hydro-
mechanical events in &he semicircular/ﬂanal that usually follow
angular acceleration %timuli. The third process is neural adaptation,
a ﬁigh—pass filterind mechanism acting on the canal signal before
"1t appears as nvstagéus.

The overall caloric response model esents the, dynamic
re;ationship between irrigating water temper Fgg; and slow-phase eve
velocity, respectively viewed as the input ané the output variables
of the system. The model {is hypglhetical gince neither canal dynamiés
nor neural adaptation have been shown to exert significant influences
on the caloric response, which is generally believed to be dominated
by the slupgish thermal events. The new model extends and modifies

A%l

the original representation of Steer that consisted only of the

‘

thermallprocess coupled to canal dyﬁamics. .Nepral adaptation has
since been emphasized in Ves£;bu1ar models and it has been included
here as a possible component of the caloric response.

Mathematical representations of the processes underlving the
caloric reaction phenomena have already been obtained in diffigrent

contexts by a number of authors. In the present work, these repre-

sentations have been coupled together without any major modification
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to yield the overall caloric response model. On the one hand,

the models of Schmaltz (1932) and of Young (1972) provide a
quantitative description of the thermal phenomena that has been used
in preference to Séeer's because thev offer a better explanation

of new experimental data obtained in this study. On the other

hand, the classic deécriptioﬁ of semicircular canal dynamics (van
Egmond, Groen and“s?ngkees, 1949) has been simplified and combined
with a first order high-pass "adaptation" filter, following here‘the
approach of Malcolm and Melvill Jones (1970). }

) The caloric regsponse model has been studied both theoreticallv
and experimentally. 1In particular, an extensive analysis has been done
of the basic models of Schmaltz %1932) and Young (1972) to’'clarify
the -dynamic characteristics of the caloric stimulation process.
Experiments of a new type involving prolonged caloric stimulation
have been conducted and the data applied to verify the genetal model. ©
The results have indicated that both canal dynamics and neural

adaptation exert significant influences on the overall caloric response.

Thesis Outline

In Chapter 2, fgrther detailes are piven concerning the relevant
anatomical and physiological basis of vestipular system functioning
and & critical review is made of the literature on caloric stimulation
to givé a’ptoper perapective to the work ;reaented here.

Chapter 3 is mainly theoreticsl. It-begins with a detailed

presentation bf the models of Schmalts and Young. A transfer function

\

————— oy
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relating torqué on the endolymph to ear canal temperatufe is derived
which has .the characteristics of a wide band-pass filter and is N
mathematically separable into three components, each related to a

.

physical process. The transfer function provides simple explanations /:>

for certain features of the pulaé and step responses as well as

for the effects of parameter variations. Also, it 1s Bhown that the
temperature difference across the canal is very closely related to
the torque and this provides the basis for an experimental verification «
of the model and for an approximate and simpler method of cgiculating
the response. The overall model 1s then examined, aﬂd the possible
roles of canal dynamics and adaptatidn are discussed.

The experimental section begins in Chapter 4 with a description

of the apparatus and techniques.s In pérqﬁcular) a fast-response

v

thermal stimulator of new design:.is .descrihbed. Chapter 5 reports
experiments performed on human subjects. In contrast to the usual
technique of caloric stimulation by short irrigations, precisely
"controlled periodic and transient temperature stimulil were delivered
- during sustained continuous firrigation. )

First, the response to,sinusoidal inputs was examined to
determine thellinearity of the system and its general characteristics
;n a frequency range extending from 0.0005 to 0.02 Hz.

Second, the résponse to step temperature changes was studied.
Step responses recorded over 15 minutes exhibited sustaine};:ystagmus
and the mre:po:{ding #low-phase velocity output was analyzed
quantitatively by & curveé f:ltt:t?g program to determine the model
p;t&:dro. .

Fioally two other experiments of an mﬁnﬁéry natuce are
. - * * N ! ! t .
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desckibed. \Firat, step responses were again recorded, hut the

water f}QW raté;of the irrigation stream was varied to studv the
~
N
role of this parameter on heat transfer. The output curves . were also
fitted to the model to estimate the variation in the heat transfer

'

coefficient.
. -

//Secondly, the respgnsps to both temférature pulges and
Femperature pulses followed by a slow return to baseline temperature
(tail) were rec&ided and ;ompqreé.~ The temperature pulses 'with
tail" were intended .to approximate the stimuli generated by the short
irrigations ;sed in the standard caloric test. The object}ve was
to determine the relative importance of the uncontrolled "tail"
part‘of the stimuli. Regponses from the true pulses were also fitted
to the modad.

The final chapter summarizes the results and indicates a

number of areas for future research.
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CHAPTER 2

ANATOMICAL AND PHYSIOLOGICAL BASIS OF THE VESTIBULO-

OCULAR REFLEX IN RELATION TO CALORIC STIMULATION

L

Iy

. This chapter introduces the essentials of the anatomy and physiology
of the vestibular system required for the understanding of the caloric
vestibular response. The subject has been divided into the following
general headings (a) anatomy and dynamic functioning of the ;emicircular
canal, (b) the vestibulo-ocular system,and (c) associ;ated phenomena due
to neural processing mechanisms. The process of caloric stimulation is
then discussed and a review of existing theoretical models is
made. Finally, r;urrent trends in the developmetit of caloric‘testing

[

procedures are examined.

‘2.1 The Semicircular Canal: Anatomy and Function

The vestibt;lat apparatug (Ciigure 2.11) conglsts of three membranous
semicircular ducts arranged in orthogonal planes and connected to a common
sac, the utricle. The saccule is the other important structure of the
ve'tibuhr labyrinth. All these components commuriicate with eacl:n other by
various duc?n and are filled with v’ui?, the ‘endolynph.~' They are encased
in a system of correuponding cavities within the petrots portion of the

temporal bone. Both the saccule and the utricle are found within a comion

central chasbexr, the vestibule; each possesses one otolith, an organ

»

PR




- S dpege Wt a e v oA - et
> 4
- 10. :
. |
-
x
oW
) V!
) , 4 v
\‘ \ w
_ R sac.sup (Voit)
Sac end N.sac maj.
. R vest —cochl (Oort)
: \\ S‘;':‘f.}(iangl Scarpac
!
. Nfac
[
) N.cochl
Can reunisns
R.cochl.~sacc”
Gangl. spir. cochl.
. &
i
) L4
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®

gsensitive to linear acceleration. The membranous semicircular\

canals are of much smaller cross section than the corresponding bony

Sewl T T

canals, in which they are supported by fibers amd a fluid, the perilymph. !
An enlargement of the circular cross section called the ampulla 1is

found at one end of each canal near the utricle; it contains the crista,

-4

a transverse crest of sensory hair cells,whid¢h supports the cupula, a

St s - A i i S

» gelatinous water—-tight flap extending to the opposite wall of the ampulla.
Consider the schematic representation of a semicircular canal in

figure 2.2. During angular acceleration of the skull, an inertial
reaction torque is applied to the endolymph fluid wing within the semi-
circular canal, according to an elementary physics principle. T#is torque
is opposed by viscous forces of the flow through the small cross section
of the dvct and by the weak elastic torque of the cupula. If laminar f%Pw
and small deviations are asstmed, the dynamic equilibrium of these forces
may be expressed in a differential equation (van Egmond, Groen and Jongkees,

1949) relating the angle of the deflected cupula GC t6 head angular

acceleration 9y :

e - H (2.1)

wl o

. o
+

~“| =
@
®
o>

-

where J is thé moment of inertia of the fluid ring, b is the moment of

€

viscous retardation per unit relative ‘angular velocity of the fluid;and ' ‘ >

k is the moment of elastic retardation per unit relative angular dis-

“»
placement of the fluid. The factor a is a proportionality constant
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¢

Fig. 2.2. Diagrammatic representation of an idealized semic¢ircular

canal (from Melvill Jones, G. & Milsum, J.H., IEEE Trans.
Biomed. Eng. BME-12: 54-62, 1965). "

5 o




13.
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between the cupular deflection angle and the relative angular dis-

placement of the fluid.

Since k»<€gh and J << b, a transfer fun§tion may be written as

-
-

~
P Oc (s) a-t v
- 1.2 2.2y . |
o {
Oy, (8) Ts* 1)(t s+ 1) . . 1
‘y ( 1. 2 ”
~ ‘
N where L}
. 1
’ woo= 0 (2.3) . 1
‘ {
. k ” e
® :
. .
and !
o= 3 : (2.4)
- b ’

J and b may be estimated from physical dimensions of the canal and

fluid properties. "The odd shape of the ,utricle is neglected and a

ol aaribe b e o

uniform circular duct 18 assumed. However, appropriate circumfe?ential
lengéha are considered when estimatigg the effective moment of inertia
and viscous damping. According to the recent estimates of Money et al.
(1971) the ratio J/b is 1/289 sec in man. Values around 1/200 sec
-~ have been augsestg?ﬁin the past by Sclmaltz (1932) and Mayne (1965).

Since k is unknown, rlﬂcan only be estimated by experiments. When
0 ]

factors involving neural adaptation are taken into account, the.time

} @ ‘ constant of the canal appears to be abput 21 secohds in man  (Young
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) and Oman 1969, Malcolm and Melvill Jones, 1970). - ’ 4
Because of the wide separation.between the values of the canal

time cct\stants, the semicircular canal seems to function as a

velocity transducer (Jones and Milsum, 1965). Indeed, in response to

Sk h A

1

: a velocity input (let Oy _,.aég in equation 2.2) the cupulasdeflection

1 yields approximately constant amplitude ratio and no bhase shift over

! a wide range of frequencies (0.01 - 30 Hz) that probably spans the

)

frequency spectrum of normal head movements (Jones and Spells, ]1963).

'

. 2.2 The Vestibulo-Ocular System

The signal generated at the cupula gives rise to é;% movements
by what is called the vestibulo«oculér reflex., The most direct
;onnections between the semicircular canal receptors and the eye
muscles are shown in figﬁre ?.3 to illustrate the cése of horizontal
eye movement. The receptors of the cristae are connected by the
vestibular nerve to the several vestibular nuclei located “In the brain
;Eem of the central nervoue system. There are two major patihways from
the vestibular nuglei to the eyes, one to the oculomotor nucleus related
to the medial rectus and the other to the abducens'nucleus relaée&
to the lateral rectus. The two rectus muscles act on the eyeball in
a push-pull fashion.
In figure 2.4, th; neuro-anatomical pathways that are concerned

o

L with o onotor'control are shown in greater detail. They are introduced

{ £ - .
to“1Mustirate the complexity of the system and to emphasize the
interaction of the vestibular system with vision. It should also be

noted that the vestibular system partjcipates in tany other reflexes

»
’
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med. lat. rectus
rectus 1
3 . il
rd 39 nerve
3% nerve ~th s
nuclei 4 6" nerve -
(oculometor) . ;
6th nerve @ medial
nuclei 1 longitudinal
(obducens) & fasiculus
. - vestibular nuclei @ - S
vestibular nerve
&@ horizontal ) ' '
semtcucular ‘
5
0 . Fig. 2.3, Diagrammatic representation of neyral connections in the

horizontal. plan‘e from laft and right semicircular canals

.- ‘ to lateral and medial rectus muscles of the right eye..
(Modified from Milsum, J.H. & Melviil Jones, G.. Annals N. Y._
Acad. Sci. 136: 851-871, 1969). s - co
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Fig. 2.4. Diagrammatic representation of the major known elements of the
oculomotor systém. SCC, semicircular canals; \VN vestibular
nuclei; MLF¥, medial longitudinal fasciculus; MRF, mesencephalic
and pontine reticular formation; III, 1V, VI, the oculomotor,
troch.\lanr, and abducens nuclei and nerves; I1I, optic nerve; LG)
latinl geni\culate body;. ICTT, internal corticotectal tract; 17,
18, 19, 22, primary and asspciation visual areas; occipital and
parietal; 8, frontal eye ﬁe‘;td CBT, cortic:ﬁml.ar tract; T, tegmental
nuclei, P‘l‘, prenctal nuclei; BC, lupctior colliculi; CER, cerebe{:.um;
8A, stretch afferents from extraccular muscles. (from Robinson, D.A.
IERE Péoceedings 56: 1032-1049, 1968).
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through additional connections from the vestibular nuclei to the
spinal cord, the cerebellum and other nervous centers. These
reflexes play an important role especially {n postural control but
they arg not discussed further since they have no particular relevance
to the problem considered in this thesis.
The eye position nystagmus signal recorded dﬁring stimulation
of the vestibular system has often been considered as the sum of a
contiMuous, slowly varying component and a staircase-~like component
with a position step change at every saccade. Such a decomposition has
been justified by the fact that these components originate in different
anatomical locations. Indeed, the slow-phase component appears to
be related to the neural signal arising from the receptors in the
’ cristae (figure 2.3) whereas the saccades come from one or more
"generators" within the central nervous system (Monnier, 1967). The
time derivative of the continuous position signal called the eye slow-
phase velocity has first been used as an index of vestibular response
by Buys (1924) and it has subsequently been found to be directly ,
proportional to the deflection angle of the cupula as calculated from
the torsion pendulum model of the sgmicircular canal ﬁafllpike and
Hood, 1953). Howeve?, this very simple relationship does not hold
o qulte true as will be seen below when discussing adaptation.

- From figure 2.3, one may wonder how the signals from the receptor
cells on both sides are integrated to provide the resultant slow-phase
eye movement. An important principle of the functioning of the

3' vestibular system is that the brain stem treats these signals as 1if .
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it were a differential amplifjer, the differential output being

‘directed to the push~pull eye muscle system. In absence of any

stimulation, there exists a continuous neural tone transmitted from
each ca;al and kept in balance with the other. During a rotation
stimulus, the firing frequencies in the two vestibular nerves vary in
a push-pull mode, i.e., one increases while the other decreases. In
bilateral caloric stimulation the same temperature stimulus applied
simultaneously to both ears §ields no response as the state of balance
18 maintained by the increasing frequency levels on both s;;es.

In man, the vestibulo-ocular reflex appears to play an important
role in visual image fikation (Jones and Milsum, 1965). The visual
tracking system by itsejL pefforms satisfchOrily'only at relatively
low frequencies of angular head movement and in the absence of vestibular
effects consideréble image slip would occur during the'ordinary head
md;ements of everyday life. However, the vestibulo-ocular reflex
produces eye slow-phase movements that are compensatory and hgnce the
retinal image slip is considerably rehuced during the intervals between
saccades. Thus, the'semicircular canal in monitoring head angular
velocity seems to provide a predictive "feed forward" signal to keep
the eyes on target (Milsum, 1966). ' ) ‘
2.3 Neuuvl Processing Mechanisms

The v'eatibulo-ocu’hr response is nodiﬂeﬂy neural "processing

mechani knhown mostly by the characreristics of tha*rnponse uncier

certain erimental conditions. Three different phenomena related

gy
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to such neural influences are mewtioned: habituation, adaptation

and inhibition due to reduced arousal. - 4

,
s

),

5 g -

2

Habituation

According to Monnier, Belln and Pole (1970), habituation is a

»

general phenomenon that has been discovered by vestibular specialists

and which is characterized by a response decline to repeated stimulation.
. s

An introduction to a number of concepts related to habituation as well

A AT DA e

L i ol

as an extensive bibliography are given in the above reference.
Examples of studies of habituation to caloric stimulation may be 4
found in Lidvall (196la, 1961b), Henriksson et al. (1961) and Collins (1965). '

In man, vestibular habituation may depend on visual fixation and this

'. is discussed in particular by Collins (1965) for caloric stimulation.
This author showed that caloric testing repeated at one da* intervals did

not affect slow-phase velocity 1if the subjects had their eyes open in

complete darkness, whereas a resdonse decline was observed in a corres-

ponding group with visual fixat}on. Collins' results seemed to contradict

\ those obtained by Forssmann, Henriks Dolowitz (1963) who reported
a significant decline of the peak slow-phase velocity when caloric
stimuli were rapeated at 5 minute intérvals in similar conditions ‘of
recordiﬂg with eyes open in the dark. However, %t now seems that such
habituation experiments involving a sequence of closely spaced caloric
stimuli (}orunm: et al., 1;63; Fluur and Mendel, 1962a, 1962b), should
perhaps be interpreted u; if a single prolonged stimulus had been applied
to the cupula., Indeed it is probable that after a 40 second irrigation

@  the thersmal stimhu ‘acting on tha endolymph ‘petsists for at least

10 uinutes (Hood, 1973) 'rhn'a!m. -the rupon“ decline in such
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experiments could also he attributed
form of adaptation.

Neural Adaptation

Adaptation has been-introduced
i component of a hypothetical model of
It is therefore appropriate to treat

The term adaptation is loosely

20.

to thermal effects or to some

v

in the previous chapter as a
caloric vestibular respﬁnse.
this question in greater detail.

deﬁined as a response decline

to a prolonged stimulus. 1In the vestibular system, the concept of

adaptation has been expréssed exp11c1t1§ in the form of a mathematical

[}

model (Young and Oman, 1969; Malcolm and Melvill Jones, 1970) which has
been found to account for a number of phenomena unexplainable by the
classic torsion pendulum model of van Fgmond and coworkers. Figure 2.5

is an example of such a phenomenon. The response shown follows a,’

s

step change in head angular velocity, but instead of decreasih;fmono—

. ' tonically to zero after the initlal rise as predicted by eqqd%ion 2.2

/ ’

the response becomes negative and is further prolonged beybnd~the expected

duration. s
/

The adaptation model of Malcolm and Melvill Joﬂés (1970)(15 based

upon two WIS agsumptions: first, a shifz%gg centfal reference level L

’

is assumed to exist, which is continuously compdred to the cupula signal.

The rate of shifring is givéh by

e

(2.5)
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Fig. 2.5. The rasi:onsahto a step'ﬁchange in angular velocity of the ;

head. The classic model of semicircular canal dynamics
predicts an exponentianl decay to zero, after the initial
;iiﬁ.\ The. negative overshoot of the response is explained
by the adsptation phenomenon (from Malcolm, X. & Melvill
Joues, G. Acta Otolaryny. 10: 126-135, 1970).
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Second, slow-phase eye velocity is assumed to be proportional to the

difference between the referencejleVel and the cupula signal.

¢

!

e = (6 - ml) " (2.6)

where ©O4 is the eye slow-phase Gelocify and m 18 a so-called
directional pr?iondgrance factor, set to 1 for normal subjects.

The associated transfer function given by Malcolm and Melvill

Jones may be reduced to: A
n P()
0 (s) t8+1-m
e a
- 2.7
J
) ec(s) T8+ 1
® ’
with 0O<m<1? R
Equation 2.7 withm = 1 becomes
. o (s) . Tt 8 ¥ N
' A S . (2.8)
Bc(a) T8 +1 . ™

<

which is mmnical to that derived by Young and Oman (1969).

]

. Hnlcah and mlviu Jonea determined T, expetimentany and
obtained 82 seconds; on the other hand, Young and Oman used a T, value
of 120 seconds. Young and Oman also modelled adaptation of the subjective

. '.m:m for which the tiu constant was ‘SO beconds. This lower

~
‘ Vahu is mﬁmc with tin mpum! obu:vatm that sensation
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-vanishes more rapidly tham eye nystagmus. Stockwell, Gibson and

Guedry (1973) gave further support to the value of the adaptatiom
model and they discussed a@ditional methods bf 1dgntifying the time
constant.

The existeéZE\af adaptation in the response to caloric‘stimulation
has n;t been investigated previously. Young (1972) noted that in the
response of some subjects to a temperature pulse, there was a decline
which occurred before the theoretically 6redicted decline of pressure
on the cupula. This was interpreted qualitatively as evidence of
adaptatiJﬁ. Hood (1973) described an experiment in which subjegﬁs were
submi;ted to a standard 1rrigatioﬁ in the supine position and nystagmus
was”fecorded until 1t vanished after about 4 minutes. The subjects were
th;n tufned into the prone position, following which nystagmus reappeared

in the opposite direction for another 4 minutes. The sequence was

repeated with a progressively attenuating response. The results indicate

that the thermal effects on the canal endolymph from a &O second irrigation

may extend over 10 minutes. The disappearance of the nystagmic response
]
after four minutes.suggests that some adaptation took place.
1
Arousal Factors

Another ;entrai factor influencing vestibular nystagmus is the
level of arousal of the .subject. It is cQ-on e;periencerthat rapid .
changes in the nystagmus pattern may occur as a drowsy subject bécomes
-ti;rt. In vestibular .tnsting in general, Went practice is to .ﬁ\ave
th? suh;jnet parfora mental aritimetic or other intellectual activlities
that maintain the arousal level mffiqzuéiy,h_gh. 'Collins (1963)- has

investigated -royui factors during caloric #timulation and shown that

e
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W ‘
slow-phase eye velocity {8 decreased during reverie, as if the system

gain were turned down. Torok (1970) has advocated simple reLexed
attention rather than force& mental alertness and he has indicated that
reverie does not affect the peak nystagmus frequency of the caloric

response.

2.4 The Process of Caloric Stimulation

It 18 appropriate to recall how Barany explained the process of caloric
stimulation. During and after irrigation of thexear canal, a temberature
gradient is set up“within the bone acro;; the semicircular canal.

Because of the changes in endolymph demsity, the equilibrium of the gravity
forces acting on the fluid is perturbed and hence,'endolymph flow 1is
produced. It is genefally believed that the heat from the thetmal stimulus
kgs conducted preferentially through a short b ridge which connects the
horiz;ntal semicircular canal to thé postegior akd upper part of the
auditory meatus near the tympanic membrane. The distance from the bone
aurf&ce to the canal center is approximately 0.76 cm in man (Young, 1972).
‘ In order to verify the extent of temperature changes occurring
during caloric etimuiation, a number of experimenters have igserted
sensitive thermocouples close to or ingide the\;;;iciréﬁlar canal in
cadavers (Schmaltz and Volger, 1924), in temporal bone preparations (Dohlman,
1925), in human skulls (Young, 1972) and in patients undergoing surgery
of the labyrinth (Cawthorne and Cobb, 1954; Kleinfelt and Dahl, 1968).
Geneta]_.ly. the results'obtained by these authors have demonstrated that
significant tesmperatire changes occur in the temporal bohe or in the
semicircular canal. The most quoted rcfetunc;a ﬁ probably Cawthorne ',.nd

Cobdb (1954) who meéssured in man the time course of the temperature difference

.
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between opposite poin}s within the perilymphatic space of the horizontal
,\/

canal. The importance of these measurements of temperature ‘

gradient across the canal llies in the fact that such measurements

have been 80 far the only direct method to assess the validity of Barany's
theory.

Harrington (1969) has challenged the concept of the bod as a main
heat pathway and he claims that heat can travel just as well or even better»'
through the air-filled middle ear. However, this conclusion is difficult
to accept from a physical viewpoint since Dohlman (1925) has shown that bone
thermal condugtivity is 4 to 8 t%pes greater than that of air. Harrington's
data should thereforelpe interpreted cautiously, and perhaps new experiments
done since the basis of existing theoretical models of caloric stimulation
is sériously qﬁeatioﬁed by these data and since nd6 other similar work
is reported in the literature.

‘The interpretation of semicircular cana% or bone temperature measure-
ments usually brings ﬁp the question of vas;ular influences. In principle
at least, heat could be carried away from the temporal bone site by the
vessels in the skin of the auditory meatus, in the bone itself or on the
walls of the membranous ducts and sacs of the labyrinth.

A debate yaa alvays etiate& in the literature on the greaéer sen-
aitiﬁty. to cold stimuli than to hot, due presumably to & vasoconstrictive
effect of the cold (Jongkees, 1948; Steer, 1967; Brunner and Norris, 1971).
On the other hand, Aschan, Bergstedt and Stahle (1956) and Henr%lc:son (1956)

=

have noted tliat such a difference could arise from a systematic error in

delivering exactly opposite ,t:upéucurc stimuli, since the hot stimulus

“ar
1] M w



might be smaller than the cold one because of greater heat losses along
the hot cannula carrying the water to the ear. These authors recorded
no difference between hot and cold regsponses when temperatures were
very carefully controlled. .

The question of vmscular influences has also appedred to account
for variation of. caloric response due to changes in body position
(Jongkees, 1948; Das and Mehra, 1969). On the whole, blood flow seemsto
have a relatively minor influence on the caloric response and therefore

it is not discussed in any further detaill.

2.5 Previous Theoreticai Works

The phenomenon of caloric stimulation in man has been treated
analytically by Schmaltz (1932), Steer (1967) and Young (1972) and
the contribution of these authors will be emphasized in forthcoming
paragraphs. Other reléteé works have been published by Ghaev (1970) and
Lebovitz (1973). Gusev developed a mathematical theory to explain .
experimental data from pigeons who had their semicir;ular canal simul-
taneously rotated and heate& by a point source. Lebovitz dihcusaed
the theoretical basis of vestibular stimulation by absorption of (VHF)
microwaveu-within the human semicircular canal. The interest of these

works lie mainly in the illustration of unusual phenomena of éaléric

stimulation. . ' .

Schmaltz (1932) was the first to express the theory of Barany in a quan-

titative model using mathematical equations derived from basic physical
laws. I& particular, he applied the well known heat conduction equation
to estimate the temperature variations across a semicircular canal within

a semi-infinite solid bone. He also calculated endolymph density

N



changes according to the principle of thermal expansion of fluid and then
ubed Poisseuille's law to obtain the resultant velocity of endolymph
flow. Unfortunately, he did not: take into account the cupula reaction,
which he considered as negligible.

Steer (1967) made the simplifying assumption that a linear temperature

gradient was generated across the semicircular canal as if the input i
temperaturf/ﬁf‘thg\ear canal was filtered through a first order lag. The

gradient p%Bduced a torque on the endolymph which was looked at as an
equivalent angular acceleration, that was fed to the input of the classic
semicircular canalt model discussed previously.

R

Young (1972) extended Schmaltz's model and in particular included

"

the important boundary condition of limited heat transfer at the bone

surface. Furthermore, he validated the assumption of unidimensional heat

flow in the representation of heat conduction through hone by the

following experiment. Steady state temperature measurements were performed

at increasing distances from the gurface in temporal bomnes of human skulls using

ainugoidally varying temperatures at the external auditory meatus. The

amplitudes and the phases were shown éo be linear functions of distance,
as predicted by‘the steady state solutions of the heat cdhduction '
equation (figure 2.6). Young alew derived the output pressures applied
to the cupula for pulse and sinusoidal inputs which he then qualitatively
compared to slow-phasa sys velocity rcop?:un from human subjects.

These theoretical works will be discussed further in the next
chapter whére én analysis of Young's model 1s carried out in detail.

“

2.6 Current Trends in Caloric Testing

There havebecﬁ%eé atteapts to depart from the stendard caloric test

[N
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procedure, and in most cases they have met with limited success. A
L hot caloric test with only one irrigation per ear has been proposed
(Bernstein, 1965; Halama and Hinchcliffe, 1970; Barber et al. 1971)
but according to Dayal and coworkers (1973), the test 1is not to be
recommended as it further complicates the problem of interpretation.
An interesting approach has been tested by Litton and McCabe (1967{ who
used a sequence of gradually increasing cold stimuli in order to obtain
some measure of the response linearity. These authors assumed that
departures from linearity might be due to neural fatigue or '"recruitment"

depending on the shape of the curve recorded. They found in a few

c¢linical cases that these nonlinearities were the only abnormal findings.
Steffen, Linthicum and Churchill (1970) claimed that the Litton and
McCabe's technique could be automatgd by delivering a ramp of temperature
from 37° to 19°C over a 5 minute period. This application of a continuous

temperature waveform is an interesting one but it has unfortunately

been done without an appropriate theoretical basis.
New temperature-controlled air stimulators have been produced

that may eventually replace the classic water baths. Their main

advantages lie in the ease of manipulation and the tolerance by all subjects
L including those with perforated tympanic membrane (Gates, Young and
Hinegar, 1970; Baertachi and Allison, 1972; Albernaz and Guananca, 19{§9.
However, according to Capps and Preciado (1973), much higher air
temperatures must be used to obtain response levels comparasble to those

obtained with water. 1In this respect, it should be noted that due to

,"' the different thermal ch{fncteristic- of air and water, gas flow rate
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must be, very high to provide a thermal stimulus equivalent to

that of water irrigation. One may compare for instance the results
of Aantaa(1967) and Young (1972) respectiyely obtained at 2 and 5 L/min

air flow. The responses at 2 L/min Are approximately half those obtained
’ / .

at 5 L/min and the latter are closer to responses obtained with standard

water irrigation (250 ml/min).

~

Obviously, further ézudies are needed before gas stimulators can
be used on a routine basis. The gas flow rate factor is in fact
related to the more general question of heat transfer in the caloric

stimulation process which will be discussed in this work.
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THEORETICAL ANALYSIS OF A VESTIBULAR RESPONSE MODEL

3.1 Introduction

In this chapter, a detailed analysis of a model relating thermal
torque on the endolymph to ear canal temperature is presented. The
model has been taken from the recently published thesis of Young (1972)
who extended the original work of Schmaltz (1925). Young;s model has
been further developed into a more general representation of the vestibulo-
ocular response by addition of the well known models of semicircular
canal- dynamics and neural adaptation.

Our main objectives have been first, to .describe the fundamental
characteristics of the caloric stimulation process, and secondly, to
make a number of pyedictions which will be used in next chapter to interpret
experimental vestibulo-ocular responses.

h The model of Young and Schmaltz is introduced formally in péétion 3.2.

The work presented in the folleowing sections is original and has been
published part as a conference abstract (Demers and Outerbridge, 1974) . -

In se tiims 3.3 and 3.4, attention is focused on two inter- ‘
connected aspects, the transfer function relating output torque to ear

canal temperature and the torque response to a step change in t:mperatlﬁm.

/
The emphasis put on these elementdry aspects can be justified from
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basic concepts of systems theorv. Indeed, the characteristics of any

process described by a linear differengial equation are completely
described by the corresponding transfer function in the frequency domain
and by the system impulse respongse (or its time integral, the step
response) in the time domain. Th& step response has been preferred here
since it applies more readily to the experimental work of next chapter.
In section 3.5, the effects of varying the model parameters are

examined to provide basic material for practical analysis of experimental
caloric responses. This i§ also a first step in tackling the basic
problem of the variability of the caloric response between subjects

g

that has made the clinical test somewhat unreliable.

In section 3.6, the theoretical relation between output torque !
and the teﬁpe}ature difference across the semicircular canal 1is derived
and hnalyzed. The question is particularly relevant since ghe
mea§urement of the temperature difference across the canal has widely
been considered as a direct measure of the stimulus acting on the
endolymph. The validity of this interpretation is assessed, since
the ggrque on the endolymph in fact depends on the temperature distri-
bution around the canal, and a simplified method of torque calculation
is described.

In section 3.7 an overall model is described which relates

vestibulo-ocular response to inpuf températurefat the ear canal. The

thermal process transfer function 1s now coupled to a simplified
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representatiow of canal dynamics in Qeries with a neural adaptation filter.
The mathematical formulation of the model is discussed and theoretical
output curves are examined which are used to interpret the

experimental results of next chapter.

3.2 The Semi-Infinite Solid Model

T?e complex geometries of the external ear canal and of the temporal
bone are simplified by assuming a semi-infinite solid of homogeneéua
material with uniform conditions over the plane surface of heat exchange
with the irrigating medium (figure 3.1). In this solid, unidimensional

heat flow occurs according to the classie heat conduction equation,

2
3T

(3.2.1)

- 2

9x K at

.
Y

where T = T(x,t) is the temperature at time t(sec) and distance x(cm) from the
surface. The parameters 'pB, Cy and g repregent the density, the

specific heat and the thermal conductivity of the temporal bone. The

group

\ .

"t

& «

is dafined as the thermal diffusivity and has the dhmi/on cmzaec"l.

A
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Fig. 3.1. Diagrammatic representation of the semicircular canal
k within the teaporal bone represented as a semi-infinite
solid, R = large radius of the semicircular canal ;
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ace ; g , gravitational constant. . ) .
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Boundary conditions are defined as follows:
(1) at infinity, a constant temperature is assumed, equal to body

temperature and for convenience taken here as the zero temperature level

T(®,t) = Ty = 0 (3.2.3)

(2) at the surfdce, a linear process is assumed to govern the rate

of heat transfer (Young, 1972),1i.e.,

, aT
Kp — - H-(Tw -T)
ax
x= 0 (3.2.4)
. where ’1‘w is the temperature of ,the irrigating medium (water) and H is the

heat transfer coefficient. H depends on a number of factors such as
surface c&nditions and flow characteristics,and in practice can only be

determined by experiment. Equation 3.2.4 is better expressed as

0

3T
. — w h (T - Tw)

ax

' x -0’ (3.2.5)

viere .
- a i
h - At —— (30206)
s

” .

The 1?11:111 conditions are éntiwad by uniform body temperature througriout_

.- - R

1" _, the #011d st t =0 :
)

T 0 LT, 2.7
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The solution of 3.2.1 given these initial and bqundary conditions
is a classic problem treated in the theory of heat conduction 1in
solids and solutions may be found in many textbooks, e.g. Carélaw and
Jaeger (1959) and Miller (1956).

- Torqpe Generation

Consider the idealized lateral semicircular canal as a toroid of
circumference 27R and cross-section nrz, embedded Yithin the bony
solid with its center at.a distance Xo from the surface. The gravity
force acts on the elementary mass nrsze and the force component . *
tangential to the canal circumference produces a torque dM on the

endolymph with respect to canal center axis, given by

dM noF'g 2 R® cos0d0 - (3.2.8) -

Equation 3.2.8 pertains to the case where the gravity force 4is 'in
the canal plane and perpendicular to the direction of heat flow. A more
general case 18 the one‘iu which the gravity vector is at arbitrary
angles with both canal plane and direction of heat flow. This case is
not discussed since it introduces additional multiplicative factors
without changing the basic nature of the results. The net overall

torque M is obtained by integration over the circumference;
2w

M _*g rz R2

pr cos © dO %

(3.2.9) ‘
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From the basic experimental definition of thermal coefficient of
expansion B, the endolymph density Py may be written as a function of

temperature arourd To ,

°F

v ’

(T) = pF(To) [1 - B (T - 'rb)] (3.2.10)

Denoting by T (9,t) the temperature on the canal circumference and taking

3.2.10 into 3.2.9, one obtains v 1\
27

M _ -BoF( To) g r2 R2 fT (©,t) cos 6 do

0 ] (3.2.11)
Lettin&
c 8o, (T ) gmr’ R (3.2.12)
1= F o) e
3.2.11 becomes
wa :
- i /
* M_C 'T (B,t) cos 6 do . (3.2.13) 4

0

t

Now since pregsure —foﬁ‘ce + area, the pressure differential AP

across the cupula may also be calculated by 3.2.13 except that C1
\

s replaced by €, AN

. <
vhere 'Cz - -pr( 'l‘?o) g R (3.2.14)
r . 4
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Young (1972) used the exact temperature distribution T (0,t),
obtained by solving the heat conduction equation to calculate the
pressure differential across the cupula. On the other hand, Sc¢hmaltz (1932)
assumed that the temperature gradi'ent was sufficiently linear across -
the canal to allt;w calculating the endolymph velocity from 3T/3x
: evaluated at the center of the canal. Using this assumption 1 the
h above equations, one can indeed show that i
i\
r Mos o rRT (x 0 C(3.2.15)
i . ox 1

1 j '
Finallx, Steer (1967) .;avoided computing 3T/3x from the heat conduction
q . equation as Schmaltz did. He simply assumed that the temperature

gradient followed the time course of a first order lag. However, such
)

a representation voorly describes the system as will be shown below.

The model contains a large number of parameters, listed for convenience
in Table 3.1, along with the estimated values for man. In particular,
one may note that the thermal pr({perties of the temperal bone are not
very well known. For a long time, the only measurements of bone
conductivity we}:e those made by Dohlman (1925) on slices of ox femur, for

which he obtained values of 2.4 - 4.8 x 10"" gm—cal/cm-sec-C°. The bone

conductivity values shown in Table 3.1 were derived by Young (1972) from

1

equation 3.2.6 using both measurefients of Ffigure 2.6 and estimates of H

based upon approximating models fri:u’—talt transfer technology. Similarly,

prior to Young's work, the only figure for thermal diffusivity was

\ - : »
. "0.0017S cu2~uoc 1 given by Schmaltz (192%).
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dengity of bone ? gm cm 3
gpecific heat of bone ? <:J.=11—°C-.1 ‘
thermal conductivity -4
of bone 1.2 - 4.2x10 gm-cal Young (1972)
’ sec-cm--C
thermal diffusivity 2 -
of bome ] 0.0025 cm -sec Young (1972)
specific gravity of _‘
_endolymph 1.008 gm-cm Money (1971)
thermal expansion -4 -1 .
coefficient of endolymph 4,4 x10 o¢ Steer (1967)
small s-c canal radius
(figure 3.1) 0.014 cm ) Jones and
) Spells (1963)
, . )
large s-c canal radius 0.315 cm ¢ )} Igarashi
: )  (1966)
”
distance to s-c canal
center 0.76 cm Young (1972)
ratio -
heat transfer coefficient 5.0 cm-l Young (1972)
_ bone thermal conductivity
* ”
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«
The constant C1 calculated from Table 3.1 values is

. . le‘ 2.65% 10.5 dyne ~-cm"-’C‘1 .

and
C, — 0.136 dyne - em 2 o¢L,
The values from Table 3.1 will be referred to as normal in the

following paragraphs.

3.3 Torque/Temperature Transfer Function

Laplace transformation of 3.2.1, 3.2;5 and 3.2.7 yields

T(X8) m e T ‘(s) c(3.3.1)

In 3.3.1, s denotes the complex frequency variable‘. It 18 also clear
from the context that T (x,s) stands for the Laplace transform of

T (x,t) and this simple notation will be applied to other variables
whenever necessary. The derivatiorll of 3.3.1 is again found in many

textbooks, e.g. Carslaw and Jaeger (1959).

5

Applying the Laplace tramfomtion to 3.2.13, one obtains

) 2% ‘
M(s) (11 j T (8,8) cos 6 40 (3.3.2)
0

i
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From figure 3.1 \
X XO + R cos O (3.3.3)
From the above, one obtains
2n i
h
8 8
M (s) \ -X {- —‘: R cos O
_.Cl______.,._._ _eoa e @ cos 0O dO
s
Tw(s) h +J§ ’
. (3.3.4)

The above expreasion is the transfer function describing the
relationship between the output torque appllied to the endolymph fluid

and the input temperature of the irrigating fluid.

Now, given the general form of the modified Bessel function of order N

! l
A C) e” ® ? cos no do
n

(3.3.5)
where 2 is8 a complex variable, and, since cos O {s symmetric
relative to the x axis, it is ea:y to verify that

- Poar

2x : : v
-VE R cos © g . < , '
. o 5 {
. e cos © dO _ 2111 (-:R u)

[N

(3.3.6)

-
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«
i From a basic property of the Bessel\function v
- - \
L@ -1 (-2 (3.3.7) ity

-

and the transfer function is finally expressed as
a A ”

' s
M (8) ~ h —XO{CT s

-2 C ' e 1r11 (R a‘)

(3.3.8)

The above transfer function has quite a remarkable form. It

A .
-

consists of three mathematically separable (gmponénts that can be
related to different physical processes, and they will be discussed

separately in the forthcoming paragraphs. In all components, the

b

frequency variable s is always under the square root sign and appears

associated with the diffusivity parameter, thus allowing definition of

a generalized frequency variable.

- - (3.3.9)

The dimensions of s' are cm °. * , ;,

In addition, each of the three components has its own characteristic
1 - ?

parameter, h, xo and R respectively. The transfer function M(a)/Tw(a) “

and its cosponents are double valued functions, Tecauu of the fractional

powar of 8; these fun;:’tfons are therefore non—analytic and require

~ »

R P

[




speclal treatment for their inverse transformation (De Russo, Roy,
Close, 1967).

The first component

h
h +Ys'

is related to the heat transfer process due to forced convection at the
-
. . Y «
temporal bone surface within the ear. It may be gbnsidered as the transfer

function relating the surface temperature T(0,s8) to the temperature of the

>,

* L

irrigating‘fluid, as made evident by letcing”x = 0 in 3.3.1. Except
for "the square root operator, the form is that of a first order lag.
This is apparent in the Bode plot of figure 3.2 and one may observe a
high frequency asymptote with a negative slope of 10 db/decade, and a
maximum phase shift of 45°, .

T ' The second component

x Ve
. |

-

_1s associated with the heat conduction process within the semi-infinite solid.
L

. It is the transfer function relating the temperature at the center of the semi-

l/

circular canal to the surface temperature. The operator er;.ia often

called the diffusion operator and has been discussed in other
contexts e.g.Jones (1969). The Bode plot (figure 3.3) 1s characterized

by infinite attenuation and phase lag at high frequencies.

A\
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Frequency characteristics of h/(h + s/a ) describing the linear

heat tranafer precess at the surfgce of the semi-infinite solid
bone. The.functi;:n relates the surface temperature to“the
tenp;tltqre of the irrigating. medium. h = heat transfer
coefficient/bone thermal conductivity. g = thermal diffusivity
of bone, ) )
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. Frequeany characteristics of the diffusion operator

axp(-xo s/o ) describing the heat conduction process.
The function relates temperature at distance xo (canal

center) to surface temperature. o = thermal diffusivicy
of bone.
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The third component

. R ]
L Il( 8')
describes the torque generating process around the canal as shown by the:

integral form of I The modified Bessel function with complex argument

it
can be evaluated by direct integration (two real integrals must then

be computed) or by the complex series expansion (Olver, 1964).

o

6 |
- Z N\ (3.3.10)

{=0 jog + D!

I, (2)

™

For large values of the argument (Im(z) > 60) good accuracy is obtained-

with the asymptotic expansion

1

2! (Bz)2

Vo

A
I, (2 o ¢ 1- =1 + G-D@=-9 +-
z 82

L4
s

(3.3.11)
where u _ lmz,

Details on Bessel functions may be found in a number of texts, for

example Mclachlan (1955).. The Bode pdpt of I, (RYs') is shown in

1
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figure 3.4. It exhibits increasing amplitude and phase with increasing
frequency, behaviour typical of a '"differentiation' operation. For

8' < 1.0, the amplitude various linearly with a 10 db/decade positive

slope and there is a constant phase lead of 45°. This is predicted from

¢ the series expansion which reduces to

R L
) 1, ® Yo'y = - F (3.3.12)

2

as s8' + 0. At high frequencies, both amplitude ang, phase lead increase
to infinity.

The overall transfer function is shown in fiéure 3.5 along with the in-
dividual components, for "normal' parameter values. The Bessel function
dominates at low frequency but as frequency increases the exponential
diffusion operator eventually overrides all other terms as can be shown
mathematically. Indeed, consider the limiting case (not met in practice)
where R is at its maximum permissible value i.e. R = X . 1If Il(RV;')
is replaced by the first term of the asymptotic expansion given by

. .

3.3.L, then

-

M) : (3.3.13)

@ b g

for large values of s8' and R w xo.

The heat transfer process acts as a "trimming" factor in the
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Fig. 3.5. The torque/temperature transfer funlction and its components.
1, h/(h *ﬁ')' 2, exp(~X {;')' 3, I (RF)' s' = frequenc
’ 14 L4 0 » » 1 \ * - y

divided by thermal diffusivity.
Curve 4 1is the overall transfer function relating torque applied

“to the ,-uicircuiar canal endolymph to temperature of the ¢

. irrigating medium. h = Sc-l, Rf 0.3cm, X = 0.76ca.
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overall trangfﬂr function without ¢hanging the maipr characteristics

imposed by the other two components. The influence of the h parameter will,
howevgr, become more evident when considering parameter variations in
the time domain.

.The behaviour of the overall trangfer fuéction relating torque to
input temperatuf% may be summarized by lookinghat it as a wi&e band-pass
filter with a sharp cut-off on the high frequency side only. The peak
amplitude is located around 0.001 Hz (period of 16 minutes) and accelerated
attenuation appears past 0.25 Hz. Below the pgak frequency, positive
phase shift is present with a maximum theoretical value of +45 degrees

3

only. The process is also characterized by attenuation taking place

throughout the frequency range, and ;t normal parameter values, the
maximum amplitude ratio taken from figure 3.5 is 0.25. 1In absolute
values, the peak output to;que calculated for a 1°C sinusoidal input at
the ear canal 1s therefore ch x 0.25 _ 1.3:(10“5 dyne-cm and the

corresponding pressure is 0.068 dyne cm-z.

3.4 Time Domain Solutions: Step and Pulse Response
%

The solution of the heat conduction equation to a unit step
temperature change with boundary conditions as given in section 3.2 can

be found in Carslaw and Jaeger (1959):

x " hx + hzat | x
T(x,t) _ erfc -e erfc + hJ:x_t




., "

where

2 i

A P RPT: (3.4.2)

and is called the "co-error” function. Note that

erfc (u) _

erfc (u) = 1 - erf (u) (3.4.7)

where erf ig the "error" function.

.\

To evaluate the "co-error" function, a rational approximation

due to Hastings (1955) has been found very useful:

5
erf (u) = 1 - o 92 E dy 1 \J
= 1+ pu’

(3.4.4)

where p and the dj'a are constants (see Appendix 1 for values of p and

&,

d,'s).

°
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From the above,

cos O do

<4
~~
(2]
~
]
N
@]
-
m
f o
R’
(a4
Q.
[
~
<
[
~
(]
e
~

W
(S

!
=

(3.4.5) i

CEERRPRE O ORERT T T ReT R R

where

; zJ;’t - (3.4.6) ‘
- » | .

X
E and Yy = 1+p + hJ;?: (3.4.7)

2 '!at

[

Note that 3.4.5 does not contain the exponential term with positive
arguments found in 3.4.1 and therefore ,prese;xts fewer problems in »
conpt{t:ing for large values of h or t. Furthermore, the symmetry of the
function with respect to the x axis allows one to consider only the
integral over the interval (O,n).

The step responses shown below were calculated from 3.4.5

and 3:3.3 using a ntandard*inqgratim subroutine. In practice, the

w

summation over<the j's must be carried out with double precision. Alao,

. )
»
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the generalized time variable t'

t' = at (3.4.8)

in cm2 was used. A listing of the computer program is given in Appendix 1.
Figure 3.6 illustrates the torque step response at normal
paraméter values. For comparison, the .corresponding temperature at the
canal center has also been plotted. The most noticeable characteristic
of the torque curve is a peak at about t'.. 0.3 (120 secohds in real
time with a =~ 0.00125) followed by a very slow decay. At t'=3.0,
(1200 secands or 20 minutes) the output i; still approximately 507 of
the peak value. Over the time interval shown in figure 3.6, the
response appears to have a steady state component. 1In theory, however,
as t' + = .the response must tend to zero as required by 3.4.5. The
slow decay corresponds to the ‘[; low frequency asymptote in the
Bode plot of figuré 3.5. The peak or "overshoot" of the step response _
may also be attributed to the "band pass' nature of the transfer
function.
In figure 3.7A and B, torque*ﬁulae responses have been plotted
at various pulse widths. The peak amplitude riseé with pulse width in
almost a linear fashion up to t' = 0.1 and thereafter continues to increase
up to the peak of the step response. The termination of the
pulse is marked by a fast decay of the torque followed by a
prolonged negatige tail. The level and the duration of the negative

"overshoot" increase with pulse, duration. In figure 3.78, details »
. o

s
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Fié. 3.6. Output torque and temperature at the center of the

semicircular canal following a unit step change of the

- ~frrigating medium temperature. Parameter values: h = 20 cm-l,
R=0.3 cm X = 0.76.cm. N.B.: The curve shown is the’
calculated f of equation 3,4.5 multiplied by r2 .Hence,
to obtain torque in dyne-cm, a multiplicative factor is
required which is equal to 2.C; / Ry2 = 5,88 x 10 ~4 where
Ry = 0.3, '
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CR S

8.83

PULSE WIDTH= 1,5

.02

8.81

TORQUE QUTPUT

® 00
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L

Model output torque from unit temperature pulses of
varying widths. The pulse width is given in normalized
time {.e. time x diffusivity. Parameter values,

A: h= 20@.’1; R = 0.3m; xo = 0.76cm; B: -h{le as 1in
A except h = 5. Por torque units, see fig. 3.6.
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near the origin have been emphasized. A time delay of about »
0.025 cm2 (10 sec) 1is noticeable before the initial respomse rise.

The peak torque of a 0.1 wide pulse is a little more than half thF

peak torque of the corresponding step\input. At normal diffusivity,
an.1 cm2 width is equivalent to the 40 'second duration of a standard
irrigation. Ho&ever, in the caloric test, the peak torque reaches

a greater percentage of the step response peak as shown in the
experimental chapters because of an added tail in the temperature
stimulus.

3.5 Parameter Variation Study

~ The effects of parameter variations in the transfer function will

be discussed here only qualitatively. Changes in the diffusivity are
reflected as shifts of the transfer function M(s)/Tw(s) along the

freqdeﬁcy axis. The individual components of the transfer function

undergo a somewhat similar horizontal sh}ft of their amplitude and

phase when their characteristic parameter varies (figure 3.2’to figure 3.4).
Whenever, the transfer function of a given component is shifted

'\elative to the others, the overall transfer function is of course

modified except for the Bessel function term. 1In the latter case, as

v
i

R is varied in the overall transfer function, the only major change
i8 a vertical shift, i.e. a change of the total gain, which is due
to the lineraity of the amplitude curve over the range of R values

considered. However, minor modifications are found in ‘the high

1

frequency region.

L g

In the time domain, parameter. variations will b; considered by

'

looking at changes produced in the step responses. First the effect

of diffusivity changes may be visualized as a compression or extension

A

- P p————
AN Y T
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in time of a given output curve without changing the amplitude. This

behaviour corresponds to the horizontal sliift of the overall transfer

' * function in the frequéncy domain. In figure 3.8, three groups of step

SRR TRy RS e ¥

responses are shown in which the parameters h, Xo and R are varied, in

turn, around theilr normal values.

TR T TR TS
.

The h coefficient has been varied ove; two orders of magnitude from
40 to 0.625, mainly because a great variabil%ty is expected 1in this
parameter associated with heat transfer at the bone surface. Indeed,
- ) related factors such as the thermal resistance of the skin, skin blood
flow and geometry of the ear cavity are likely to vary more than other
anatomical parameters. As shown in figure 3.8a, with increasing h values,
»
the peak amplitude of the torque step résponse increases, the time to
{ reach the peak becomes ghorter and the decay more rapid. The characteristic
"overshoot'" disappears at around h = 1.25 and an overdamped step response
is observed ﬁ?r smaller h values. Note, however, that the magnitude does
not vary by more than a factor of about 6 in the region of the peak and
b&ha factor of 2 at. the énd of the interval conasidered, which is consistent
with tﬁe relativeiy smell amplitude attenuation of the corresponding
transfer function. On the other hand, as h increases to infinity, the

tor&he output tends to a limit as may be noted from figure 3.8a. .Indeed,

let h + » 1in 3.4.7, f?en Y, vanishes in 3.4.5 which reduces to

2%

"
x o
M (t) ¢, erfec ( ) cos 6 dO (3.2.1)

®» . : 2 fat ,




Fig. 3.8.
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‘The effect of parameter variatfons on the model output

torque. In panels a, b and c, the parameters h, Xo and
R are :especiively varied around normal values. The
dottad line indicatesthe output at normal parametdr

-vnlpes f.e. h = S.OCI-I. xa.; 0.76cm, R =+0.3ca.
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[

The latter equation is the solution obtained when the boundary
condition at the surface is one %p which the surface temperature is
prescribed to a given value. This case corresponds to unlimited
heat transfer rate at the surface.

Increasing values of Xo produce effects similar to those observed
for decreasing values of h, {.e. reductton in peak amplitude and
larger time to peak. 1In figure 3.8b, the torque step response is plotted
over the interval 0 — 0.6, (240 seconds in real time) to emphasize details
near the origin. The initial time delay increases with increasing
xo which corresponds to larger phase lag brought by X0 changes in
the overall transfer function. I

Finally, the effects of variations in the canal large radius R
are illustrated in figure 3.8c. The shape of the output-curve is
practically unaffected and only the amplitude changes. The integral
in equation 3.4.5 has been found to vary linearly with R and the

constant C1 contains R2 go that in practice the overall torque is

\

proportional to the cube of the radius as can be shown from figure 3.8c.
However, this effect on the torque 18 compensated by corresponding
increases of "the moment of inertia J of the fluid which also vartes as
the cube of the radius. Therefore, the equivalent angular acceleration
of the endolymph is in fact ipdependent of R since it is proportional to
the ratio of torque to moment of inertia M/J (aee.segtion 3.7 below).

*

3.6 gglatiqgghib betweer Output Torque and Temperature Difference
Y

Across the Canal

In this section, the relationship between output torque and



temperature difference across the canal will be studied.

From figure 3.1, the temperature difference AT across the
[

canal 1s given by

AT (v) _ 1T (xo - R,t) - T (xo + R,t) (3.6.1)
or, after Laplace transformation
AT (8) _ T (Xo - R,8) - T (xo+ R,8) (3.6.2)

Consider the transfer function T(s)/Tw(s) obtained by applying

3.3.1 to 3.6.2

AT (s)

-X Js'
= e °( 2 sinh (R J—s')
T (8) h+4s-' '
w

(3.6.3)

The above expression differs from the Cquue transfer functten M(s)/Tw(s)
of equation 3.3.8 gaiuly b§ an hyperbolic sine function found in

place of the Bessel fhnction. ThHe sinh and modified Bessel E;ﬁutions
are compared in the Bode plot of figuré 3.9 and a remarkable similarity

ia observed. Both functions expand in odd powers of z and for z < 1,

&
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3
' . sinh (z) = 2 I1 (z) z <1 (3.6.4)
AY
r
with
z3
sinh (z) - 2 Il (z) = (3.6.5)
24!
A On the basis of 3.6.4, one may write {
wC1
M (8) = . AT (8) (3.6.6)..
2 ’ i

to express the relationship between the torque and AT. '

In figure 3.10, the normalized step tesponses, for both torque and AT
are compared at various parameter values. In many cases, the curves are
almogt superimposed. However, there are, minor differences and for

F 3

. o5
instance AT always leads the torque as predicted from the Bode plot
- .

of mure 3.9. §

It may be concluded that over a wide range of parameter values,
the temperature difference across the canal is closely related to the
thermal torque and that in practice, these two variables have the same
dynamics. This relationship offers the bgais for a direct experimental
validation of the present model, making :it possible to verify the response
characteristics that were emphasized in the previous sections.

Another advantage is, of course, a marked simplification of the

. computational procedures since one needs only to calculate the
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Fig. 3.10. Model output torque and temperature difference across
‘ the canal (AT) following a step change of the irrigating.
medium temperature. The curves are normalized relative

to peak values. Note that AT always leads torque. The
deviations between torque and AT are the largest-at

'anill values of xo e.g. xo = .38 in B.
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4

temperature at two points instead of performing an integration.

This approach is different than the one used by Schmaltz (equation 3.1.15)

and based on 3T/3x evaluated at the canal center. It can easily be

shown that, except for a multiplicative factor, Schmaltz's method is

equivalent to replacing the Bessel: function by VS/a i.e. the low

frequency asymptote of I Schmaltz's method should yield curves always

1
lagging the true torque but still representative of the latter. It

would appear, however, that the variable AT is a closer approximation

and, in any case, is the only oﬁe that can be measured.

.As made evident by equation 3.6.3, Stegr's representation of the
dynamics of the temperature difference across the canal by a first order
lag is an oversimplification. In particular, it ignores the characteristic
attenuation at low frequéncies. Steer based ﬁis assumption on the
recordings of temperature gradients across the human canal obtained
by Cawthorne and Cobb (1954). However, these data originated from
standard sh&ft duration irrigationa and were unsuitaple to ﬁ}ovide good
estimates of the system's behaviour at very low frequencies.

3.7 Gengril Model of Vestibular Response to Caloric Stimulation

The general caloric response model proposed in the introduction

chapter as l\ﬁbrking hypothesis 18 now diacussed quantitatively from a
theoretical viewpoint. The model is presented in block disgram form in
figure 3.11 and consists of the thermal process, discussed in the
previous sections, foli;wué by the hydromechanical and neural components
of the vestibular dynamice that have been introduced in the previous -

chapter. The two models have been coupled together by defining (Steer, 1967)

il
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Fig. 3.11.

The general caioric‘response model obtained by coupling torque model (first

block) to semicircular canal dynamics (third block) and to neural adaptation (fourth
block). The second block is a gain factor relating thermal torque M to equivalent

angular acceleration of the head GH eq T , temperature of the irrigating medium;
w

'GC, theoretical cupula deflection; éeye’ theoretical slow-phase velocity or

adapted response.
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. . .
an quivalent head angular acceleration GHeq as
L4
a M (8)
e 3.7.1)
Heq = (3.7.1)
J .

where M(s) is the thermal torque defined by 3.3.2 and J, the moment

of inertia of the endolymph ring given by
Y.

2 2 .3
J . 2" r" R pF(To) (3.7.2)

It 1s assumed that J and other constants of the hydromechanical model
do not vary significantly with temperature.

Canal dynamics have been simplified since the frequency range
of interest is located below 1 Hz. The canal transfer function from

chapter 2 1is tlferefore written as

6  (8) . Kl
— (3.7.3)

+ ]
eueq 'rln 1l

where Kl is a constant.

For convenience, the transfer function of the neural adaptation component
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i8 repeated “

P

GE (8) ras +1-m (3.7.4)
0 (a) ras + 1

In the above, the parameter m will be left unspecified since we
are involved here with adaptation from unilateral stimulation. The
23 following normal value will be used

T, . 82 gecand v _ 21 sec
a 1

obtained by Malcolm and Melvill Jones (1970). The break frequencies
assoclated with these time constants are 0.00196 Hz and 0.00757 Hz for
Ta and rl respectively. For convenience, these values are given in
terms of the generalized time constants Ta' and Tl' . Thus ra' - 0.205

" - 0.0525 cmz wigﬁ corresponding break frequencies at 0.783

and 1
1
and 3,02 cm-z respectively.

. Firat, the effect of these components on the thermal torque will
be discussed in the frequency domain. The combination of canal and
neural adaptation dynamics (figure 3.12) produces a filter with a band
pass located in the region of maximum amplitudeof the thermal torque/

¢ '

temperature transfer functiom.

.The transfer function GE(-)/Tw(s) relating slow-phase eye

.

o
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Fig. 3.12. 'fhoJ effect of canal dynsmics and neural adaptation on the torque/
temperaturs transfer fupction. l:torque function (see fig. 3.5)
2: semicircular canal lag (r, = 21 eec) in series vith adapt-

- ation filter (wz 1,7, = 82 sec). The time constants are norm-
alized (i,e, x 0,0025 cu2/sec. 3: overall tramsfer function),
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velocity to ear canal may now be discussed. Neural adaptation sub-
sténtially increases the attenuation and phase lead already present

in the thermal torque transfer function and a ‘maximum slope of 3/2 4
. 3
and phase lead of 135° are now seen in the low frequency asymptote.

These effects are progressively reduced as the parameter m is

~

decreased from 1 to 0. The canal first order process adds Attenuation
and phase lag at high frequencies above 2.0 <:m_2 but 1s definitely not
a dominating factor since the exponential term of the torque function is {

N

overriding all other terms in that region.

In the time domain, both step and pulse responses have been studied.
The time course of the' slow-phase eye velocity OE was calculated
by filtering the torque response through digital filters equivalent to
the canal and neural adaptation transfer functions; the method is
briefly described in Appendix 2.

Step responses are shown in figure 3.13 for increasing values of m.
The adaptation filter sharpens the peak already present in the torque
respﬁnses and precipitates the return towards the £ase11ne. The maximum
effect takes place for m — 1; the peak is reached in ahout half the
time - 80 sec instead of 160 - and the response reaches zero level at
t' = 0.75, (5 minutes) to continue in the reverse direction at a lower
level but for a prolonged duration. Thus adaptation would eliminate
from the eye response the nearly steady state component applied by

the thermal torque.

In figure 3.14A, the cupular deflection ec is compared to the

1
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line is torque.
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applied torque M when the input is a pulse of width 0.1 (40 seconds).

The canal long-time constant widens the output pulse, the peak occurs
later and a 257 reduction in the amplitude occurs. When adaptation

is added (figure 3.14B), the peak amplitude OE is further reduced but
is brought back towards the peak torque time. The secondary negative
overshoot 1is accentuated and the response reverses its sign earller

in time.

3.8 Discussion ,

The semi-infinite solid model of the caloric response is hased
upon a number of assumptions and- %Kmplifications which could be justified
by the mere fact that the problem becomes otherwise mathemdtically
untractablg. Very fortunately, the theoretical predictions deriv;d from
the model are partly supported by Young's experiment (figure 2.6) in
which the fundamental hypothesis of unidimensional heat flow has been so
nicely confirmed. However, the process of caloric stimulation is essentially
defined by the torque {or pressure) integral equation (3.2.13) and
therefore is not valigated by Young's experiment.

A major result of the study 1s a transfer function for the output
torfjue which consists of three mathematically separable components
represenuti’vemof’the underlying physical processes. In particular, the
torque generating process is described by a "di{fferentiating" operation
which dominates the system's behaviour at frequencies below 0.001 Hz.

The presence of this term is not entirely unexpect§d since from a physical

viewpoint the caloric effect takes place by a difference in the gravitational

b




pull exerfed on both sides of the fluid ring within the semicircular
canal. At first sight, the mathematical representation of this phenomenon
by a modified Bessel function may appear unusual; in fact this 1is but

one of many other examples of irrationmal functions involving fractional
power of the complex variable that are usually found with distributed
parameter systems described by partial differential equations. It

should be noted that the same physical process of the torque generation
may equally be represented by other mathematical functions arising

through the solution of models with different geometry and boundary conditions,
e.g. the infinite slab model (solid limited by two infinite planes
separated by a finite width). 1In an§ case, "differentiator-like"
functions, whatever they are,are alwayé likely to appear to describe the
torque generating process. ,

In the time domain, the typical step response exhibits a peak bet-
ween 2 and 3 minutes after the start. The peak is followed by a prolonggd
drift-1ike decline such that the output level is still at 507 of the peak
value after 15 minutes. The correspogding features observed for a short
pulse input 1s an initial positive peak followed by a prolonged negative
and low amplitude secondary output.

These observations from the pulse response in particular are of
some significance in caloric testing since the return to pre-stimulation con-
ditions appear to take Lmuch longer than is generally assumed. The typical

5 - 8 minutes inrervalwbatween irrigatiﬁnn in the standard test has been

based on the assumption that the tenpeg’turc effect on the canal 1is
O

t
/




completed when the nystagmic response vanishes. Hood's experiment

(1973) discussed in the previous chapter has shown that the nystagmic
response decline is partly due to adaptation and that the thermal stimulus
persists for 11 minutes. The theoretical results shown here are in general
agreement with Hood's conclusion.

The stép response just described as "typical" is only one of a
rather wide spectrum of '"damped' and '"underdamped" responses revealed
by the study of parameter variation. Thermal diffusivity and diséance to
the canal center are important intrinsic factors determining the shape of the’ ‘
response. A third anatomital parameter, the cangl radius, has been found
to produce only amplitude variation of the torque and furéhermore has no
ef fect on the magnitude of equivalent angular acceleration.

Thermal diffusivity depends in particular on the density of the
temporal bone,which appears to be quite variable in the region between
the.ear canal cavity and the bony semicircular canal. Fo( insteance,
Ishiyama and Keels (1970) have discussed the case of a hyperactive
équirrel monkey Fhat was later found to have an unusually dense

o

temporal bone. As already noted, little is known on bone‘thermal ‘
propertieslin general and even less on the range of ;ariation encountered.

On the other hand, the only source of data concerning the canal center

distance ig Young (1972) who failed to indicate the spread around the

average value of 0,76 cm obtained in five human skulls. There exists

a need to collect data on those pnrmtc;'l to estimate their importance } tf

in the variability of caloric responses.

Finally, the parameter h depends on two factirs the heat transfer

"

ek, o s

,
- et =




L TS T ST ey TR

s IR RIS Y

R e
* -
-

£ A

59

v R g, LR 5, ag o AR e e e e ek emp e pmemwe ~%Arurmm’\”mw i s
.

coefficient and bone conductivity. The value of the heat transfer
coefficient is mainly determined by the physical properties of the
irrigating medium and -the characteristics of the flow within the ear
cavity. Two basic types of fluids have been used in caloric stimulation:
gases and water (section 2.6, chapter 2). Based upon the large
differences in the thermal properties between these fluids, it is ndt -

¥
unrealistic to consider h values that¥differ by one or even more orders

of magnitude. Hence, both "damped" and ''underdamped’ response may be
encountered depending on the conditions in which irrigation is
performed. This point‘will be further examined in experiments on

the effect of flow rate (Chapter 5).

The value (5.0 cm_l) of the h coefficient- quoted before as '"normal"
refers to the case of a gas stimulator at 5 L/min flow rate. It cannot,
of course, be applied to the case of water irrigation without some
reserve and, in fact, the results described later on indicate that the
h coefficient"for water at flow rates above 150 cc/min is at least ten
times higher. Coﬁ%ﬁrative studies conducted on the same preparation would,
however, be more appropriate to examine this aspect more rigorously.

The brief analysis of parameter variation introduces to us some of
the difficulties involved in applying the model to a given experimental

[ ]
response. Indeed, the problem of parameter identification is complicated

by the fact that a number of combinations of pgrameser values may give
closely reaembliﬁg shapes. Parameters may be simultaneously varied in
directions that either amplify or nullify the effect obtained when only

one is changed; for exampls, increasing h and shortening xo or vice ve;vu.

Furthermore, if one can only consider felative C:hapu. ‘a8 '1- usually
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the case 1n nystagmic responses, the effects of diffusivity variation

will appear similar to those of Xo and h.
Of course, the magnitude of this {dentification problem is reduced

if independent measures of the parameters can be obtained or if

“ (

thev can be estimated within reasonable limits, e.g. Xo. Furthermore,
one can make use of the fact that the response tends to a limit for

high h vaises. and consequently arrange for experimental conditions
providing elevated heat transfer rates. (In practice, a minimum value
~of 50 seems adequate.) In these conditions, the parameter h can be
eliminated as a variahle parameter of the response.
* The extension of the model to include semicircular canal dynamics

“and neural adaptation has allowed us to predict "theoretical” vestibulo-.
ocular responses. In this more generﬁl model, the torque variable is
considerably modified by the adaptation high~pass filtering which
practically eliminates the sustained torque output level in less than

5 minutes. This effect 1s attenuated if a model of adaptation is
considered that exhihits some ''directional preponderance” as -shown by
varying the parameter m. In the iiteratute, the ;eaponse to prolonged
caloric step inputs has rarely been discussed, and there exist no publighed
records from which one could derive the time course of the slow-phase eye
velocity response. It would appear, however, that caloric ?timulation
maintained even for one or more hours produces a continuyous nystagmus.

Some indications to that effact are provided by Schmaltz (1932, p. 380,

3rd para), Spiegel and Aronson €1934) and van ﬁgmond ;nn} Tolk (1954).

On the other hand, c_he' presence of adaptation in caloric respon?;es from

»
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short irrigation is ‘indicated by Young (1972) and Hood (1973). In
he absence of any useful data from the literature, the question of
adaptation is left and will be resumed however in Chapter 5 after ‘

presenting the results of the experimental work.
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CHAPTER 4

EXPERIMENTAL STUDIES ON THF CALORIC VESTIBULAR RESPONSE:
METHODS AND TﬁCHNIOUES

An experimental';tudy of the caloric vestibular response is
reported in the following two chapters. Human‘volunteers were connected
to a special apparatus and selected temperature stimuli were delivered
during -sustained irrigation of the external ear canal with water. .
Eye moveme;ls were recgrded by electro-oculography and andly7ed in
terms of slow-phase eye velocity from the eye position recording.
Methods and techniques are introduced in the present chapier; the specific
experiments and the results are discussed in Chapter S.M

w .

In section 4.1, a new caloric stimulator is described that has
been designed and developed by the author as a necessary step to carry
on the experimental program. It is intended for use in a number of
clinical projects to be run in the clinical laboracory in addition to

AN its use in blsic rese ch.
AN

N ‘Bection 4.2 i concerned with the eﬁ%erimental set up, methods
N *' a

-

. 3

3
and measuring tachniques common to all experiments.

Section &\\. a slow-phase velocity analyser is described and
the ncthda\qg\ca-pling slow-phase eye velocity from the recording

. is discussed.
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4.1 A New Caloric Stimulator

Only two caloric stimulators using water as a heat carrier have
been described in the 1iterafure, by Sgeffen, Linthicu@ and Churchill
(1970) and‘by Maffei, Zini and Bottazi‘(l96;). Steffen et al used
a device in which custom—maae valves driven mechanically by a geared
motor produced temperature\ramps by mixing water from two baths.
Maffei and coworkers built an .apparatus in which sa%}ne was heated
directly by an electrical current under the control of a rheostat.
Both the above devices lacked flexibility and it was felt that
a general purpose stimulator to provide arbitrary temperature

; waveforms and amplitudes should be developed.

In the following quégraghs the basic design philosophy and
operating principles of the new stimulator are discussed, leaving
out siméle technical details and standard circuitry. The aspects

1
related to safety are considered in some depth to ghow that the

1

stimulator can be safely used on human subjects.

4.1.1 Operating Principles and Basic Description

A functional diagram of the caloric stimulator 1is given in ¥
figure 4.1. The'devicé consists of an hydraulic circuit in which tap
z;ﬁ;r is pu-pd‘ at’s constant flow rate across an electrical heater
an; flows out ch:oygg-. cannula to be inserted into the subject's ear.

The !{u‘ur l..- . central component of the system and its design
was npprp:;::é by congidering’a number of basic principlés.

First, the -txlﬂnn~r?quired electrical power Euax dqpends on tHe
» :

=Y
a Uf

® The technical Mlp of nm;.. L van Cluef md J¢ WCoLl was greatly
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Fig. 4.1. Schematic diagram of the caloric stimulator.
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temperature range and on the water flow rate F as

Foax = 4-18 F(Te max Ti) 4.1

where Te max is the uvper temperature limit and Ti the water
temperature at the inlet. A decision was made to limit the nower
at 300 watts, making it possible to cover a 20°C range around body
temperature, at 150 cc/min flow rate, with a wide margin for heat
losges and inefficiencies. This range was found adequate for
the experimental work and it also included the temperature levels
used in standard caloric tests.

The flow rate was gelected arbitrarily since no precise indication
could be found in the literature concerning the minimum required

., flow rate in caloric stimulation. The results of next chapter indicate

that efficient heat transfer may occur at 150 cc/min.

The output temperature is dynamically related to both E and *

T, by the approximating transfer function’

Te(s) 1r Ti(s) + E(s) 4.2

4,18 ¥

<| =
1< 2]
+
P

* N
where V is the volume of fluid around the heater. Hence, the

ratio F/V is the time goastmt of the heater and a faat responsel

requires small values of V. The size o? the heater elemen£ ig a

major factor determining the \Iroiune and it can be minimized by
‘ ) . lmﬁns the element's electrical resistance, reducing the operating

—

voltli;a m selecting high resistiVity macerial, so-t¥" be shown’
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from simple physical consiperationq.

The following configuration was c¢hosen after a few trials.
The heater element is a4 2.5 cm #22 "ichrome wire (R - A0 milliohms)
crimped inside bhrass tubing and positioned along the A{is of a
1/8 inch diameter hole within a block of Plexiglass. The water
enters simultancously near hoth extremitics of the heater wire
and leaves through a single central outlet (Fig. 4.2).

The power control unit is shown in greater detall in figure 4.3.
The heater element represented by a pure resistive compdnent i3 )
connected across the sccondary of a 110V-~5V current transformer
controlled on the primarv bv a triac switch. A commerciallv
availabfe trigper circuit (pA742 supplied hy Fatrchild Somiconductor*)
delivers the trigger pulses to the triac. Powér 1s applied to the
heater In shoré bursts of 60 cycles at a frequency of about 3Hz.
The corresponding sequence of input pulses to the triac trigger is
provided by a pulse width modulator consisting oé a triangular waveform

generator feeding into a comparator.

The pulse width {s directly proportional to the signal applied’

at the second input of the comparator. At frequencies sufficiently
below the modulating frequency, the power delivered ia directly

proportional to the modulator inaﬁt signal and the circuit behaves

-

)

as a linear power amplifier. The technique sometimes called ''time
proportionating” is commonly used for handling large AC power loads
at fclnthely low cost and is described in a number of application

notes from various manufacturers (e.g. Fairchild Semiconductor).

% Fairchild Semiconductor, Mountain View, c:lifofuia. U.S.A.
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Pig. 4.2. Photograph of the heater block. The heater element
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The "power amplifier" is part of a simple temperature control
systemy,, }he signal driving the caloric stimulator is applied to
. the input of a difference amplifier and coﬁpared to the output
temperature signal fedback from a thermistor amplifier. Tge error
signal 1s amplified and fed to the pulse width modulator to generate
the power pulse across the heater. *

The temperature sensor at tﬂo heater outlet consists of an
assemhly (Thermilinear Component)a made of two thermistors mounted
in a single 1/8'" diameter bead. 1Tt is incorporated in a network
of high precision re§istors to provide a linear output with * 0.1§C

maximum deviation in the 0 - 50°C range.

Hydraulic Components

Water is. ohtained at 28°C from a thermostatic.valve (Powers
440 Fotoguard)b connected to both the hot and cold taps and it runs
continuously into a one gallon reservoir on the main instrument.
The reservoir ensures complete debubbling of the mixed water and is
kept filled to overflowing. A magnetic float level detector connected
to a safety control circuit 4s installed on the reservoir.
Water:}g ciréulated through the heater b1¢ék by an adfustable-
speed ioller pumpc and the flow- vate 1is monitored by a
Gilmont ball flowmeter . The 6utlet tube consists of a 3 ft. long
Teflon épagheﬁti tubingd within an envelope of corrugated plastic,
2
a. suppi%ed by Yellow Springs Instrument, ?ellow Springs, Ohio, U.S.A.
b. supplied by Powers Corp., Skokie, Illinois, U.S.A.

¢. supplied by Cole~Parmer, Chicago, Illinois, U.S.A.
‘. d. supplied by Polymer Corporation of Pennsylvania, Reading, Pa., U.S.A.

AN -
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The very thin wall of the Teflon tubing (0.N012") has a low heat

capacity that ﬁinimizes damping; the envelope protects the tube

. from cooling drafts around the apparatus since this part is not

-~

included in the temperature feedback. Finally, a’'double-head pumpC
run by a single motor has been added to the system. One pump
regulﬁtes the inflow to the supply reservolr from the mixing valve,
the other returns the excess water to the drain.
4,1.2.Performance

The performance of the caloric stimulgtor is summarized
in figure 4.4. A recording (A) of the outputs of both the heater
feeddack and the tube outlet thermistors shows that a 0.4°C ’
peak-to-peak temperature ripple at the heater is smoothed

down to within 0.1°¢C by the thermal capacitance and resistance of

the outlet tube walls., Temperature linearity in relation to

qpre

input voltwege is illustrated by the stimulator response to a 0.002 Hz

. triangular waveform (C). The step response (B) has a time constant

of about 3 seconds and from frequency response measurements the output

is 3 db down at 0.1 Rz,
With very high gain of the error signal amplifier, the
sensitivity of the apparatus in 0C/’vo]t should be close to the

reciprocal of the gain of the thermistor amplifier in volE/OC.

In practice, stahility problems have limited the gain and the sensitivity

is about 1.6°C/volt for a thermistor gain of 0.5 v/°C. Because of

the limited gain, the output temperature varies with the temperature

of the supply reservoir (approximately 0.25°C/°C). The latter

¢. supplied by Cole-Parmer, Chicago, Illinois, U.S.A.
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. i Fig. 4.4. A: simultaneous recordings of temperature at thth’eht%r outlet
and at the cannula outlet ('rz) at constant imput voltage.

B: T, response to & square-wave input. CY '1‘2 response to a

2
trianglular wvaveform. vin: voltage input signal.
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. is however/m;}nﬂfaﬂzd within 0.25°C by the mixing valve so that the

/ e
y ;5;bvﬁf/;emﬁerature drift i< negligible after the {nitial warm-un

period. The output temperature 1is also dependent on the square of the
line voltage and in any location where the power line is
fluctuating, the ingtrument does not perform satisfactorily unless a

-
voltage regulator is used.

b 4.1.3. Safety Aspects

| Particular attention wés given to pof:;tia thermal and
electrical hazards throughout the developmen;.Ji this apparatus
(which was intended for caloric testing 1n humans). During sustained
irrigation of the ear tanal, the cannula is located in very close

\

proximity to the tympanic membrane. The irrigation per se has
no harmful effect as show% by years of clinical caloric testing.

. However, one mav point out that because of malfunctioning
very high water teﬁperatures could he produced and, in the extreme
case, steam could be ejected into the subjeet's ear. Such dangerous
effects could only occur under conditions of reduc;d or gtoppped flow
with maximum power applied to the heater (equation 4.2). A number
of safeguarding mechanisms were therefore 1n;orporated into the
design, in particular a safety cut-off relay and a roller pump in

the hydraulic circuit (fig. 4.1). The safety cutloff is triggered

by signals from either the reservoir level detector or the heater

thermistor. The temperature signal is viewed through a window circuit to

detect high temperature above 46°C or conditions such as disconnected

s
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or damaged thermistor. Both the‘pump and the heater are discopnected
when the relay 1s activated and the instrument must he reset

manually to resume opvration:‘ The roller pump was selected in

R place of other less expensive pumps to insure constant flow

despite variation of the hydraulic resistance within the tubing
or at the tip of the cannula. N

[ Destrucfive testing was used to investigate the worst

casc. Tn spnecial tests, the ~ffect of stopping the water pump with + .
\.
///J’full power applied, to the heater was aexamined. Some boiling then

occurred bhut a large bubblc was rapidly formed, the clement turned

red hot and fused in 2 seconds or less. No temperature Ilncrease’

was recorded at the tip of the patient's cannula, the outlet tube
' appareptly acting as a prlotective; buffer. The tests thus confirmed

] that the iInstrument is intrinsically safe under all conditions.

(s

Finallv, the electrical safety aspects are discussed. The

current transformer isolates'thg heater from the power line and only .
1 v
low voltages anpear across the heater. Furthermore, th$ transfoummer

~

secondary 1s.groundéd on ope side to provide a current pathway

in case of an.insulation breakdoyn between the primary and secondary

Y

windings. In an ideal set-up, tﬁe subject should he isolated from

ground, but if it wére necessary to ground the subject, then minimal

AC current ( < 5 microamperes) might flow from the heater through
N .

the water in the tube. Indeea, the resistivity of tap water is

.
. ” high under most’ circumstances and typically, the electrical resistance

- * N -
. .
b . \
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hetween the’outlet tube extremities was of the order of 4 Megohms.

»

-

4.2 Methods and Measurements

£

The subjercts were male and female volunteers between 20 and

[

r »

35 vears old with no history of vestibular disturbance.

The subjrcts were first fitted with electrodes ig detecg eve

—_— - )
movements using the well-kAown principles of rlectro-oculogranhy

(Schackel, 1967). Three silver-silver chloride electrodes (Beckman
K] 2 A
3509 B‘mm“ surface area) wers covered with electrolvte jelly and

applied to the. external canthz ai.d the mid-front position after

vigorous fﬂbh{ng of the skin with alcohol. Thiscwas followed by

1
a 30 minute waiting period in the dark or wearing red goggles to

N

allow for electrode stabilization and adaptation of the retinal

-

_potential to darkness (Gonshor and Malenlm, 1971).

The subjects were then scated comfortably (figure’Z.S)
and adjustments were made tdg have the head at an angle of 30 degrees
with the horizontal so that the lateral semicircular canals were

\ .
in the vertical plane. As much as possihle, the head was kept in

N ¢

its natural position re%ative to body axis. ,

The external ear canal was first examined and a shortlcannula
made of silicope rubbher tubing was carefully {ntroduced instd; the
ear canal &eeply enough to have the tip of the cannula wf?hin one or
two millimeters of the tympanic.membrane without touching 1it.

The é;nnula‘waa immobilized with tape, or using a special holder made

of steegl wire and encircling the pinna. In hoth cases, the cannula

remained fixed relative to the head to allow for possible head

1




Fig. 4.5. The ‘experimental set-up. The~subject is shown with the electrodes
fixed on the canthi and the cannula inserted into the ear canal.

The caloric stimulator is oﬂ\fhe,Lgft.
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movements. The free end of the cannula could be manipulated
safely and was connected to a three-way stopcock at the end of the
stimulator outlet tube. The other arm of the stopcock was used to
circulate water in the tube during therpreparatory phase of the
experiment. A funnel was conveniently positioned to collect the
water coming out of the ear canal.

Before starting the irrigation, calibration of eye positioh
signal was done and a short recording was obtained with eyes
closed to detect the presence of any spontaneous nystagmus.

Irrigation always started at normal bodv temperature and
was malntained at that level for a Fime to allow the subiect to
become accustomed to the irrigation. " The temperaﬁure was often
readjusted slightly since many subjects had detectable nystagmus{“
at 37°C, /The adjustment never exceeded one degree centigrade in
practice.

Througﬁ0ut the preparatory phase and during the exneriment
itgself the room was kept dark except for a red light required for the
operator's cohvenience. After the period of habituation to irrigation,

-

the subject was asked 'to keep his eyes closed unless instructed

/

othervise.

Control of Aiouaal

Great care wég take; to maintain the arousal level of the subject’
to a sufficiently high level during the prolonged periods of stimu-

lation. Contrary to what was expected, the continuous irrigation

wa; not an arousing factor and most subjeéis habituated rapidly to
the aénshtioy which was' described by many as pleasant. Some even -

[}

’

[ - % .
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tended to fall asleep. Mental arithmetic was not found to be
particularly useful in maintaining arousal during these long
recordings (up to 30 min). It was however found that subjects

could readily be kept aroused through conversation on a subject

of speclal interest to the individual. For instance, medical \

- / .
students responded very well when asked to review human anatomy

or to discuss diseases and various therapies. Other preferred
mathematical games or kitchen recipies. It was algo found that some
subjgcts could maintain a brisk nystagmus withput any conversation
whereas others had occasional periods ¢f dysrhythmia and suppression
of nystagmus ever during.menta} activity. As a whole however,
the control of arousal could be achieved satisfactorily in most
cases. This reqp}red continuous monitoring of the nvastagmus waveform
on thé récorder énd continuous interaction withvthe subject.
Meagurements
(a) Eye Position

The potential difference across the two outer electrodes was

4

measured 'by a high input impedance (101 ohms) Burr Brown model
3061/25 differential amplifier with a fixed gain of 100 and an
adjustable output offset. The output of this first stage was

carried to a second general purpose amplifier and the total gain

varied between 500 ard 1000 to yield a signal in the volt range.

In a few cases to be indicated, an AC amplifier was used. Calibration

was performed in the usual way usiﬂg light sources subtending a

il

known arc.

I, . 1\ ™
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(b) Iggggyatdre - ‘

The temperature of the irrigating medium was sensed prior
to the ear cannula tub{ng with the linear fhermis;or assembly
described in section 2.1.2. This measurement was in error by é
small time’delay and a/;egligible.tempe;ature drop along the cannula.
Calibration was done in constant temperature water baths by com- A
parison of the thermistor output with # mercury thermometer having
a 0.1°¢ resolution.

(c) Recording

Both thé eye position and temperature signals were recorded
on a two-channel recorder continuously driven at 10mm/sec. In a

number of cases the data was stored on a FM magnetic tape recorder.

4.3. Slow-phase Eye Velocity Measurements

A semi-automated technique to measure slow-phage eve velocity
was developed. A chart reader was constructed* (figure Z.ﬁ)
which included a specially designed gonlometer that measured the
angle of a line on the chart with respecﬁ to the time axis. The go-
niometer consisted of a atandard one-turn 2.5" diameter wiré-wound
potentiometer in which che‘shaft had been replaced by a 1" diameter

transparent core with a reference cursor on the face close to the

paper. The goniometer #as mobile In both directions across the chart

. A

and another potentiometer fixed to the sliding asgembly measured

the displacement along the time axis. Both the angle and time

-

potentiometer were c?nnected to a computer via a gmall signal conditioning

o T

* The assembly was built by Mr. A. Hagemann.
The gouniometer was modified with the help of Mr. J. McColl.

ﬂﬂﬂﬂﬂ u————T L L
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Slow-phase eye velocity analyser. The potentiometer with

, & transparent core measures the angle of the cursor relative
to the time'axis of the recording. Slow-phase velocity is
proportional to the tangent of that angle.

g
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box and a suitable program calculated the time and slow-phase
velocity.

t  The accurdcy of the output angle was checked by repeated
measurements of a gseries of known angles traced by a digital plotter.
The relative error of the computed tangent was 0.8% at 45° and
52 at 5° and 850, the error being symmetric about 45°.  For long
regordings, the time potentiometer had to be reset every 60 cm, but

. with sufficient cate the accuracy could be maintained within one
second over periods of 1500 seconds or more.

To measure slow-phase velocity, the center of the cursor was
conveniently located at the mid-point of the intersaccadic interval
and éhe curgor was aligned on the best line fitting the eye position
within the interval. In some cases, slow-phase velocity varied
continuously within the interval. The averagefslope was' then deter-
mined by aligning the cursor on the chord joinihg both extremities of
the interval. During the period of direction reversal, nystagmus is
abasent and the eyes may remain relatively steady or jump in a step-
wise fashion in either ene or the other direction. During such
periods, slow-phase velocity was sampled as the slope of the eye
position tracing, despite the absence of saccades. As a rule, eacﬁ
1ntern;ccndic interval was sampled excépt in the case of high frequercy

nystagmus beating at more than one per second, when only representative

saccades were sampled.. The average time interval between samples

{
vas in the range 1-2 geconds. Prolonged periods of artifacts and

dynrhythnin were marked and left blank in plots of slow-phase velocity.

In figure 4.7, a sequence of slow-phase eye velocities
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-dﬁﬁiéred to the original eye positign recording. ~The slow-phase

velocity signal is "noisy" and variations of the slow-phase slope

may be observed directly from the recording. For the sequence

)

shown in figute 4.7, the mean slow-phase velocity 1s 10.2 deg/sec

and the standard'deviation (m = 24) 18 1.8 deg/sec i.e. more than

-

" 17 percent of the mean value. All slow-phase velocity plots shown

¥

in this thesls exhibit such large deviations about the running average.
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CHAPTER S

EXPERIMENTAL STUDIES ON THE CALORIC VESTIBULAR RESPONSE:

ld

EXPERIMENTS AND RESULTS

5.1 Intrsauction . |

Ao The experiments described in this chapter were designed to study ‘
the dynamics of the calor}c vestibular response with particular -
referenee to a hypothetical model relating slow-phase eye velocity '
to ear canal temperature. Temperature stimuli were applied during ‘
continuous water irrigation which consisted of simple elementary
signalé i.e. pure sinusoids, steps and pulses, so that the
theoretical results of Chapter 3 might be directly applied to the »

'Bnélyais of the alow—phasg'Velocity data. Caloric stimulation was
performed in humans ovér much longer periods than in the classic-
caloric test in which itrigation times never exceeds one minute.

In particular, sinusoidal input at frequencies 4s low as 0.00055 Hz
and steps lasting over 20 minutes-wete applied. The %urpose was to
examine the lonq;;erm aspect; of the caloric resp;nsé/in the low
frequency range below 0.005 Hz where the p!hk of the '"band-pass"

equivalent system filter is located, according to the model.

.
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Four different aspects were considered. First, the respogse ‘
to sinusoidal stimulation was investigated (section 5.2) before
any other types of input waveform to obtain some indications
of the system linearity and time invariance.

In the second set of cxperiments (section 5.3), the response
,to temperature step inputs ;as recorded since no adequate data
could be found in the 1iterat%£e on the\elementary step response.
(The latter is particularly useful in systems analysis to identify the
characteristic behaviour of processes). A quantitative analysis
of the responses was made in Eerms of the general model and the
relative influence of vestibular dynamics was studied.

The response to temperature pulse inputs whs obtained
(section 5.4) from a small group of subjects to provide some indication
on the applicability of the model wo shor; lasting caloric
responses -usually encountered in caloric testing. Tt also appeared
important to determine the relative effect of forcing the return
te body temperature by continuous i;rigation as opposed to the Q
usual procedﬁre in ;hich irrigation is simply stopped.

¥

In experiments described in section 5.4, the effects of flow

rate variation on step response vere studied. -




5.2 Sinusoidal Caloric Stimulation

5.2.1. Protocol

Five subjects were prepared and connected to the caloric
stimulator as degcribed in the previous chapterl Sinusoidally varying
temperature changes around normal body temperature were applied at
various frequencies between 0.00055 Hz and 0.05 Hz. Generally,

;
several cycles of the responsé were recorded, but at very low frequeneies
it was sometiﬁes possible to record only one full cycle. Stimulatiop
was usutally started at the beginning of a cycle when going from
hot to cold temperatures. At low frequencies, the sinusoidal
amplitude was set to around 2°¢C to avoid nausea and excessive dizziness
cauged at larger amplitudes. Above 0.0l Hz, the amplitude was set to~
around 5°C in order to compensate for marked response attenuation.
However, at these high frequencies the temperature could no; be
raised beyond a ¢ertain limit above which the stimulation would become
painful apparently due to failure of cutaneous receptors to adapt.

A different sequence of stimulation frequencies was followed for
each subject to avoid any systematic trend. After stimulation was com-
pleted at a given frequency tempera;ure was returned to 37°C for
about three to five minutes and the subject was allowed to relax
mentally. The overall experimeﬁt lasted about three hours and midway

through the irrigation was interrupted for a coffee break of ten minutes.

Continuous attention was given to keep the subject alert and interested

in the experiment,

B T

o
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5.2.2. The Caloric Respomnse to Sinusoidal Stimulation:
Qualitative Aspects

The response to s%nusoidal temperature changes around body
temperature was characterized by continuous nystagmus with perfodic
direction reversals according to the stimulatien frequency.

In most subjects, a sharp and brisk nystagmus was recorded with few
interruptions or periods of arrhythmias even at very low frequencies.
Short segments of the eye position‘recording at various phases of

an 800 second cycle are shown in figure 5.1 to illustrate the variations
of nysfagmus intensity and direction reversals as a function of time.
In this particular record, nystagmuswas more intense at peak response
on the hot side than on the cold, which 1s reflected as a bias in the
slow-phase velocity replot (figure 5.%&)

The high frequency limit to caloric sinusoidal stimulation seems
to lie in the irterval ¢.02 - 0.05 Hz. No measurable response was
ever obtained at 0.05 Hz, but all subjects exhibited distinguishable
nystagmus at 0.02 Hz.

The eye position records were analyzed by the semiwautomated
method described in the previous chapter and figure 5.2 shows typical
replots of slow-phase eye vglocity from subject C.M. at four different
frequencies, 0.00086, 0.001, 0.003 and 0.01 Hz.

Slowjphaae eye velocity appears as a continuous and approximately

‘sinusoidal signal with superimposed high frequency ''spike-like' noise.

In two instances illustrated in curve A and B, data are miézing

because the recording could not be sampled due to artifacts. Typically




A TTmas T RS e TR T T A s

TR RETRTIR AT T

~N.
WP PN N 0% & v e sy _,ﬂ: i e v \ e / . X wo@q‘« AR e rms A patean Y
> ;" hl
/ 102.

d e

EYE POSlTION TEMPERATURE TIME

’ in.
R qs % ™ ‘
| [ / ‘
i l ] ' 1

" i . { |

T gt v 3 1

12
16

18

rig. S.1. The ocular response to a sinuscidal tq\nim stimulus
applied htiu centinuous irrigation of the external esar
canal. The smplitude of the stimulus wes 2°C about body
tesparatura sad the frequency was 0.00086 Nx. Segments ‘
of the sys position recording are ahows at three minute
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Fig. 5.2. Slow-phase ’Eeﬁcity responses to Otwteﬂperatu e «

‘ stimulation at various frequencies in same subject. C
’ Temperature (smooth sinusoidal curves) has been normalized. ;

A, —plitukae‘ of the temperature stimulus; F, frequency.
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these blanks were of short duration compared to the period of the wave-

form and did not introduce major difficulties. The responses are biased

towards the positive'side (left direction) but in other subjects, the

bias was not present or it appeared in thé other direction.

Increasing phasé lag and attenuation occurred wiéh increasing frequency.
¥

In the lower curve (D), recorded at 0.0l Hz, the phase shift

approximates 180 degrees. Note that‘in this case the temperature

input amplitude was more than double that in (A).

A marked distortion of the sinusoidal output-waveform was found
in one case (figure 5.3A) whereas the curves obtained at other
frequencies in the same subject were symmetrical. The distortion may
be explained by a time-varying féctor (a.g. level of arousal) rather

than by a static nonlinearity which would cause digstortion at all

frequencies.

< Tranaient Analysis

The response of a linear system submitted to a ;inusoidal input
from initial resting conditions (e.g. uniform temverature throughout
the temporal bone) undergoes a transient phase before steady state
amplitude and phase values are reached. The aspects related to the
transient are important in the present study aincg one 13 dealing
with experimental responses that have been limited 19 duration to a
few cycles because of partictilar co;straints.

Young (1972) derived the time domain solution to a temperature

o »
sinusoidal input applied at zero phase of the cycle. The steady state

»

component is immediately found from the transfer function derived in

Chapter 3. The transient term is a complex expression involving a

-

o

ip
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Fig. 5.3 A case of asymmetrical response (curve A) to sinusoidal
stimulation. The distortion vas not observed at other freq-
usticies in the same subject (e.g. curve B). A, amplitude

of the temperature stimulus; ?.fttquc;xcy.
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double integral that we have calculated at various frequencies for
normal parameter values with a computation method differing from the
one used by Young (Appendix 3). Both the transient component and
the overall torque response are shown at representative frequencies
in figure 5.4, in which steady state components have been normalized
to unity peak amplitude. The transient exhibits a fast phase lasting
200 seconds and it continues wigh a prolonged small amplitude tail.
In theory, steady state is achieved .only when time tends to
infinity since this fs the time required for the impulsc response to
vanish completely.

The effect of the transient on the overall response varies
with frequency. Below N.001 Hz, the transient introduces a short
lasting positive bias, followed by a negative bias betwe:n 5 and 10 per-
cent of peak amplitude with a slow drift towards the haseline. At
intermediate frequeﬂcies between 0.001 and 0.009 Hz, the fast phase of
the transient is ohservable on the first peak and the negative tail 1is
less than 5 percent of peak amplitude. Above 0.0l Hz, the first cycle
is shifted considerably above the baseline and a gradual return takes
place during the subsequent cycles..

The observations made from the slow-phase velocity records are in
general agreement with these theoretical curves. At very low ~

frequencies, the fast phase of the transient was practically non-observable

\* i 0
and up to Q.01 Hz it affected only the first peak. At frequencies

\above 0.01 Hz the predicted shift of the initial cycle could be

observed (figure 5.5)and itwes particularly ﬁronounced at 00,0246 Hz.
- '_:’ .

The prolonged tail of the transient cofild not be observed directly from

-



TRANSIENT 001 Hz

Fig. 5.4. Theoretical transient component (dotted line) and overall
output torgue (\continuoﬁi iine) to a sinusoidal temperature
;,nput applied at ¢t = 0. The curves have been normalized
) relative to steady state aplitudo.
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T
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élmr;phne sye velocity responsaes illustrating the effect
of the initial transient at high frequencies of sinusoidal
stisulation. Compare with theoretical torque curves of
£ig. 5.4. ¥ « frequency. A = smplitude.

.



the slow-phase velocity replots because of noise. However, this

tail should be viewed as a source of bias and drift for purpose of

]

quantitative analysis.

5.2.3. Determination of Slow-Phase Veloci:xﬁAmpl?tude and Phase; Bode Plot

In order to obtain estimates of phase and amplitude from the
slow-phase velocity data, both Fourier analysis and statistical

curve fitting were congidered. Fourier decomposition nrovides
least squares estimates of the fundamental component and the
associated higher harmonics in one simple set of calculations but it

requires equispaced data over a complete cycle. Data smoothing and

-
o

reduction with conventional digital techniques was h‘owevet: a problem

\

in our case because the data consisted of non-equispaced samples
with occasional blanks. *
Standard *linear regression was easier to apply and was used

iuu%afor this reason. The output slow-phase velocitv (SPV) was

represented by an equation of the form ¢

SPV .. a +b sin (wt+4¢) + ct 5.1

A

where w 1s the stimulation freauency. b and ¢ the SPV amplitude and
ﬁhase relative to the origin of the record. The terms a + ct were
included to account for 'the bias directly observable from the replots
and for linear drift due foi example to the tail of the transient.

Equation 5.1 may also be expressed as

Sl;V-.a + b! s}n wt + bh" cos wt + ¢t 5.2

' o

where ,
SRS CE AN ‘ 5.3
and ¢ -t:an‘l (b"/b') ' 5.4
- o
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Eéti@ates of a, b', b" and ¢ were obtained by standard linear
regression. As an example, a best fitted sinusoid is shown in
figure 5.6 superimposed on thg raw data. The initial position of
the data was judged by visual observation to contatn the fast phase
of the transient and hence was excluded from the regression.

The residuals wé}e also plotted and were found‘more or-less randomly
distributed along the time axis with little periodic trend. The

regression equation obtained in this case was

»
SPV = 0.104 - 0.0028 ¢t *+ 10.14 sin 0 ©+ 3:81

- 107

]

The mean values b' and b" and the corresponding standard deviations

Ab' and Ab" were )
b' -~ -7.84 " Ab' .2 0.178 ‘
» b" = -7.20 Ab" = 0.179

L}
The amplitude b was determined within the limits of an error circle

of radius ab

Ab = -Ab'2 + Ab"z

-and the maximum phase deviation 4¢ was given by

Ve
B O T " 7
b
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in amplitude, and a phase deviation of 1.4 degree.

Y

The t statistics were computed for each coefficlent in order .
-

to test the hypothesis that a given coefficient was significantly

_-,,.m.,,.,.‘-.-
P e

:
,
,

different from zero.
A total of 29 records from four gubjects were processed by

r
statigtical curve fittin® ¥nd numerical results are tabulated in tahle 5.1. <

4

The maximum amplitude ratios varied between subjects from 2.3 ¢o 8.7 ., _.
; -

AY
deg/sec/oc and occurred in three cases between 0.001 and 0.002 Hz ./

and 1in the other at 0.005 Hz. The range of relative phases extended
from +17 degrees (lead) at 0.00N55 Hz to -214° (lag) at 0.0175 Hr.

At frequencies below 0.01 Hz, the amplitude deviations varied
between 0.6 and 6 percent and tge overall correlation coefficient

. was always above 0.90. At' frequencies higher than 0.0l Hz, the
amplitude deviations reached 9% and the correlation coefficients
. varied between 0.72 and 0.84. This deterioration of the goodness
of fit at high freauenciés was in part cauged by the fewer number of
- “points that could be sampled per cycle.

The drift coefficient was statistically non-significant in -’
many cases; in the others, the drift rate ranged between small values
of 0.009 and 60.00055 deg/sec/seg. The bias term was quite variable
even in records from a aiqgle gsubject at various frequencies. 1In }ﬁ
subject V.V., a marked shift towards negative bias values appeared mid-
way through the experim;mt, probably due to a technical fault in the

equipment since an offset was found in the temperature amplifier output

: /]

. after the experiment.
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TABLE 5.1 STATISTICAL CURVE FITTING OF SINUSOIDAL RESPONSES
Subject Input Amplitude Percent Pelative Drift Correlation
and Frequency emplitude ratio deviation phase coefficient Bias coefficient
Pt ¥o.
L ]
V.V, R 10—3 Hz °c deg/sec/oc deg deg/sec/sec deg/sec
o | 3.3 1.9 7.24 2.2 - 65 N.S, 0.91 0.97
2 17.5 2.75 1.17 5.2 ~-214 -0.011 2.5 0.84
3 5.88 2.10 4.89 1.6 - 92 -0.0058 1.5 0.95
4 ‘ 9.8 2.8 3.59 1.7 -152 N.S. 0.104 0.97
5 0.66 2.0 8.01 1.0 - 12 N.S. -3.8 0.96
6 7.91 1.9 5.07 1.7 ~114 ~0.0046 -2.21 0.95
"7 24.7 2.67 0.79 9.0 -208 N.S. - 0.723
8 1.19 2.0 8.7 7.9 - 15. N.S. -4.13 0.97
9- 4.3 2.0 6.5 1.5 ~106 N.S. ~4.35 0.96
10 13.2 2.5 2.2 3.0 =175 N.S. -0.86 0.92
11 3.3 1.9 6.8 1.5 - 59 +0.005 -5.5 0.96
’
jﬁ:
[
o
hat
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TABLE 5.1 continue : g
Iaput. Amplitude Percent Relative Drift Correlation %
¥requency amplitude ratfo deviation phase coefficient Bias coefficient 3
- P
n=3 ] o ‘ o 3
10 ~ Bz - c deg/sec/ C deg deg/sec/sec degjsec %’
i
, 5.42 1.9 2.29 2.2 - 81.5 N.S. 0.27 0.92 ]
20.0 R 0.67 5.0 - -206 y.s- 1.2 0.93 ;
0.55 3.3 1.30 0.7 +17 -0.00055 1.06 0.89 3
3.25 3.0 2.2 1.4 - 53 -0.0033 2.4 0.94
9.63 3.2 1.16 2.8 -138 N.S. 0.69 0.93
1.25 3.5 2.2 -, n.8 - 17.6 -0.0019 2.7 0.95
L] i
? -
‘3.%7 1.9 2.77 - 54 -0. 004 2.85 0.93
20.9 3.0 0.63 -205 N.S. 2.75 0.84 i }
9.6 4.3 1.20 -136 -0.007 1.80 0.97 i
. |
0.86 2.0 2.84 - 0.3 ~0. 0006 1.85 0.95 §
1.01 1.8 3.03 - 11.4 +0.0010 ©0.35 0.95 }
— 3
.. N }
i
- J . P Sy

v > - o - o
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TABLE 5.1 continue
mjeci Input Amplitude Percent Relative - prift Correlation
and Frequency amplitude ratio deviation phase coefFicient Bias coefficient
Pt No. .
. m——— —t:_ ————
- a3 o , o
M.B. 10 ~ Hz c deg/sec/ ¢ deg deg/sec/sec deg/sec
1 9.26 5.04 1.66 3.1 -116 N.S ~1.60 0.92
2 19.5 4.6 0._694 6.9 ~146 N.S. 0.989 0.88
3 19.46 4.2 0.484 7.9 -184 N.S. 0.796 0.76
4 9.8 4.6 1.53 3.2 -127 N.S. 0.98 0.93
‘5 5.39 5.2 2.92 0.6 -87 -0.0052 2.21 0.95
6 19.38 4.27 0.44 8.0 -177 ~0.0093 0.65 0.79
7 1.85 5.30 5.64 3.3 =29 ~-0.06 11L.6 0.97

P
—
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The analysis was complemented by testing for the presence of

gsecornd and third harmonics that are often generated from a pure
sinusoidal input by systems with static nonlinéhrities. Thus, the

regression analysis was repeated with additional terms proportional to

cos 2wt, sin 2wt, cos 3wt and sin 3wt included in the rggression equation.

In general, the overall correlation coefficient increased little above
the value obtained with the fundamental frequency alone. In a few -
cagses harmonic terms were 'found to be significantly different from zero

Voo
f

but there was no systematic occurrence of either the second or the third

harmonic in any subject. Hence, these significant harmonics may be attri-

buted to random factors that would probably be averaged out if more
cycles could be recorded, especially at low frequencies.

Bode Plot !

A Bode plot (figure 5.7) was constructed from the results of the

regression analysis to study the caloric response in the frequency domain.

The amplitude ratio is maximum in the frequency range 0.001 - 0.005 Hz
and gccelerated attenuation appears above 0.009 Hz. The very few points
bel&w 0.002~Re4ndicate that amplitude probably ;ecreaaea with decreasing
frequencies. ; ’ (

The phase data from all subjects aré remarkably grouped in a smooth
cur;ve. Around 0.02 Hz the ph'au reaches -210 degrees and extrapolates
towards larger phai“laga at higher frequenciés. On the other hand,
the phase curve resaches Qefo at 0.00086 Hx and 1 pointn}g _towards

positive phase values ué lower ircquenciu. r

e 5 R S M TP
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5.2.4, Discussion

The only pr?vious data on sinusoidal caloric stimulation were
those‘obtained by Young (1972) who stimulated a number of subjects
with air at frequencies around 0.007 Hz for appro*imatelv two
complete cycles or approximately six minutes. Young's slow-phase
velocity curves are comparahle with those reported here.

However, Young's data suggest that tHere is a dead zone or vestibular
threshold near zero eye velocity where nystagmus reverses its direction.
The effect was probably due to a restr1c£edﬂq§finition of slow-phase
velocity. Young sampled slow-phase between saccades Shly and did not
egtimate élow-phase velocity in the reversal period where no saccades
océur. In the present work, the.slope of the eye position signal
was measu;ed at convenlent points dusing the null period_so that
méasurements around zero slow—phas; velocity could be obtained. With
this method, no dead zone or threshold w:s found in any of the four subjects.

This interpretation is in agreement with that of Malcolm and Melvill

Jones (1970) who discussed similar data with slow-phase velocity

1

-going through zero when nystagmus reversed direction (ftgure 2.5, Chaptér 2).

According to these authors, their data suggested a continuoushcupula
signal lying between two lines representing the resolution limits
and if a threshold existed, it could only be very small.

Young's work also deserves some comments concerning the transient

" agpects of the sinusoidal response. Young compared the time courses of both

slow-phase velocity and theoretical pressure differential across the cupula

and noted that the nyatagnus-datp did not exhibit an asymmetry as
' V4
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large as that predicted by the model. However, the theoretical

curve drawn by Young at 0.007 Hz probably pertains to a higher frequeqcy

located in the frequency range above 0.01 Hz according to our own

"calculations. Indeed, as shown in figure 5.4, around 0.007 Hz,
thé effect of the transient is pronoﬁnced only in the first peak
and it 1s only above 0.0l Hz that asymmetry appears over several
cycles. The computed curves have been confirmed qualitatively by the
experimental data shown in figure 5.5. Contrary to what Young
may have indicated, the model predicts well the time course of
the sinusoidai response.
The seinusoidal character of the response was assessed by
statistical curve fitting. A high correlation coefficient (> 0.9)
. was obtained for the fundamental frequency alone and higher order
harmonics, second or third, were not present in any systematic fashion.
The fact that a sinusoidal response was generated by a sinusoidal
temperature input is far from being trivial since it provides a
good indication that the system is linear and time invariant.
Indeed, a great concgrg»inwthéié'ékperime;;s has been that at
' such low frequencies of stimulation a number of time dependent factors
could have perturbed the response, such as blood flow,direct thermal
N ; .

effects on the vestibular receptors or variations in the arougal

leéel. A digtorted output waveférm was found in one case and has been

tentatively explained by such influences. It 18 unlikely however i

that these factors would -interact afd balamce out their effects

P
/ggM:haiiEEETEIﬁaxvtdal_chazggggg~of the output is preserved at all
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frequencies. Hence, they probably played a minimal role during prolonged .

caloric stimulation.

The 1inearity of the caloric response has been investigated
by é_number of authors (Henrikkson, 1956; Torok, 1969; Litton and ;
McCabe,1967) in experiments involving short irrigations at graded ™
temperature levels usually in the direction of cold temperatures. In
general, responses measured in terms of peak slow-phase velocity
increased linearly with decrea;ing temperature down to 30°C,
below which the linearity was often altereé. The results of sinusoidal
stimulation described here suggest that the system responds linearly
in both hot and cold directions. It remains however to define more

. precisely the range of linear responses in caloric stimulation since
-
a limited set of amp}itudes and frequencies was examined in these
experiments.

A‘great variability was observed in the bias term of the regression
analysis, and is somewhat difficult to explain. As already showm, one
gsource of bias may be the long tail of the response transient that can
reach 10 percent of the steady state amplitude (at frequencies below
0.001 Hz). -

Another cause of bias is the difference between the basic
temperature level of the stimulaéor at zero‘signdl (set as close as
possible to 37°C) and actual body temperature. In principle, the -
bias slow-phase velocity due to any significant difference may be

detected anﬁ corrected for by monitoring nystagmus at the resting level

. : and trimming the stimulator basic temperature accordingly. 'Unfortunately,
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o

this aspect was not given sufficient attention in the experimental
protocol at that early phase of the work.

In any case, it would have required much longer control periods
at body temperature between stimulation since accurate measurements
at low slow-phase velocities are difficult.

The sinusoidal stimulation experiments were performed befg;e the
publication of Young's thesis, in order to test a tentative caloric
response model using Steer's lumped parameter approach. If the canal
time constant in Steer's model is changed from 10 seconds to the more
realistic value of 20 seconds, 2 reasonable fit of the experimental
phase curve can be obtained in the 0.00? -~ 0.0l Hz frequency range.
However, Steer's model exhibits a maximum phase lag of 180° 1n the
frequency domain, hence it cannot explain measured phase lags exceeding
210 degrees at frequencies above 0.0l Hz that extrapolate towards
greater phase lag at higher frequenciess Because of this discrepancy,
Steer's modelﬂwas abandoned in favour of the distribucedhparameter
description of Young.

A brief comparison of the experimental Bode plot (figure 5.7)

with the theoretical torque transfer function characteristics shown

 in figure 3.5 reveals a great'deal of similarity in most details. On

a mote quantitative basis, transfer function cyrves were best ficted

to the data yieldh;g parameter values close to the normal values

found in Young's work. The results p'ravided some indication of the /
validity of the model but they had little statistical significance

duel to the ncgrcity of data points and they have not been raported here.

Another objective of sinusoidal stimulation was to test the
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role of neural adaptation in the caloric respongse. It was originally
argued on the basis of Steer's model that adaptation would cause
positive phase shift at low frequencies. However, the introductlon .
of Young's model to represent the thermal -processes complicated
the problem gince the toquF/temperature transfer function also
predicted pogitive phase at low frequeAcles. Fo£ the sake of discussion,
one may consider the frequency at zero phase shift, which is 0.00965 Hz
and 0.002 Hz respectively for the torque model and for the overall
transfer function with the adaptation filter (m = 1). Experimentally
the cross over point was found a* an intermediate frequency around !
0.00086 Hz. This may in fact correspond to a case where the value |
of the parameter m 1s intermediate between 0 (no adaptation) and
1 (full adaptation), a possibility which will he raised again in the
analysis of the step response in the next section.

It is evident that the measurements should extend further down
in the frequency range perhapd as low as (0001 Hz (period = 166 minutes)
to identify adequately the transfer function i? terms of the taloric
response modelt To say the least, such measurements would be very
difficult to obtain from human subjects. In any case, if system
identification becomes the main objective in future experiments, one
may then prefer other test signals more efficient than pure sinusoids
that can only provide measurement at oée frequency value. In this work,.the
sinusoidal stimulation experiments have provided a reasonable check of |
system linearity and time invariance that are required in the proper
use of célplex signala.

In conclusion, the data on sinusoidal zesponses have established

'} .

~ \

e
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‘ - . ™
é - that the system responds linearly and is compatible with Young's
4 ; " - “
: torque model both in steady state and in transient aspects.
. r
However, the overall caloric response model cannot be tested
adequately from these data. \
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5.3. Response to Temperature Step Change

5.3.1. Protocol

k1

Py
In eight subjects, a step change in temperature was applied
, *
either above (42 or AOOC) or below (30 or 320) bodv temperature.
The steps lasted a minimum of ten minutes and sometimes exceeded

twenty minutes. In a few cases, the response was also obtained for an

" additional ten-minute period after return to body temperature. The

methods and set-up were 4s described before except that an AC amplifier
with a time constant of three secpnds was uged to record eye position,

Another four step responses were taken from experiments on
flow rate described é;low. Only the first response from each subject
was then included in the study since it was ohtained in the same
conditions than for the ahove group of eight subjects i.e. at the same
flow rate. |
5.3.2. Results

In all aubjects, sustainéﬁ}nystagmus was produced {in response to
step Cemp;tature changes, d4nd lasted as long as the stimulus waé‘ “\Q\\
appiied (figure 5.8). The return to baseline temperature ‘ ~
in a Ftepwise faghion caused a rapid decay of the response followed by
an overshoot in the opposite di;;ct%on.

A typical slow-phase eye veloé}ty response is shown in figure 5.9.

After an initial delay of 20-30 seconds, sloﬁ-phase velocity rose

rapidly to & peak in ‘about 100 seconds, then decayed more slowly during

?

‘the firat five minutes, after which the response either stabilized or

*
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decayed very slowly, remaining significantly above zero over the
last 15 minutes of stimulation. A similar reaction in the opposite
direction was observed after the return to body temperature i.e.
slow-phase velocity decreased quickly and reached a new peak in the
opposite direction before gradually decaying to zero.

This characteristic response with an overshoot wés observed in
all subjects with some variations in the initial rate of rise and the
time to peak. A number of fast and slow responses are 1llustrated in
figure 5.10 (fast) and 5.11 Fslow). The time to‘peak estimated
directly from these plots varied between 92 and 270 seconds with an
average of 159 seconds.

5.3.3. Quantitative Analysis of Step Response in Terms of the Ceneral
Caloric Regponse Model

(a) Preliminary Remarks

Previous results of the theoretical model analysis were applied
to interpret the step response data. A preliminary qualitative
comparison with the model .curves shown in figure 3.13 indicated that

the sustained slow-phase velocity responses above zero required that

the parameter m associated with the neural adaptation filter be given
small values in the range of 0 - 0.5. Indged. at higher values of m
the response of the adapted model would attenuate rapidiv within five
minuéea and would even reverse in the case where m — 1. Hence, the ‘
mathematical representation of neural adaptation pertaining to rotational

responses (m = 1) could not be applied to the case of unilateral

E

caloric stimulation.

.When m was restricted to small values the differences between

v
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the model variables (theoret{cal torque and theoretical adapted
response in particular) were small so that in practice the noisy
slow-phase velocity data curves could not be further evaluated

on a qualitative basis. A quantitative analysis was therefore conducted
to test whether the influence of canal dynamics and neural adaptation
could be detected in these data. A method of stepwise curve

fitting was adopted. The basic torque model was first fitted to the :

data and the model parameters were adjusted between certain limits to !

minimize the sum of squared deviations between slow-vhase velocity
. 0 data and theoretical torque. This was then repeated successively

with the model cupula defiection and with the model adapted response.

The improvement in the goodnegs of fit brought by additional components
. in the theoretical response was evaluated by a‘standard statisticala '&
test. , ﬁ;

~ v
Statistical curve fitting could be used since the theoretical

responge was known analytically. However, the regression equations i
are *highly nonlinear and an optimization procedure,very demanding g
1n/90mputer time and memory, is mecessary in practice to obtain least §
square; egtimates of the parameters. A simpler though less rigorous
method based on an interactive computer program wu; deviged to solve
the problem. ' v

(b) Curve Fitting Procedure

*

The curve fitting program displays &imultaneoualy a slow-phase

velocity record and a theorstical step response which can be modified

and adjusted so that both curves are superimposed. To minimize
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computing time, thef theoretical response is obtained from a bank
of precalculated theoretical torque curves stored on contiguous
disc files,retrievable under program eontrol. The basic torque model

contains four parameters but one only needs a two-dimensional

parameters grid in Xo and h, respectively the distance to canal

center and the coefficié:t assoclated with heat transfer. Diffusivity T

cai easily be simulated by increasing the basic time interval to {

stretch or compress the theoretical curve. The radius is neglected 4

since as described earlier (section 3.3.) it affects only gain which

is already includedrés'a parameter. When the experimental response

starts from a non—%éro slow~-phase velocity value, a bias must be

added to the theoretical curve. Finally, to simulate canal dynamics ‘ "

and neural ad;ptation, the digitai filters described in Appendix 2 are

used on line. Further details on the program are given in Appendix 4. )
Because of the program constraints, the parameters could only

be varied hetweén certain limits. Xo wag varied between 0.45 and 1.14 cm

i.e. approximately +50% around the mean value 0.76.cm meastired by

Ao SR g

Young (197i). This was required because of the absence of any

hat& data on the range of variation encountered in vivo. The lower

an; upper limits of h were 0.5 and B0 cm-l respectively. The lower limit
was 10 times mmaller than the value of 5.0 suggested by Young.for air.

On the other hand, there was no advantage in further increasing the

L )

. [
upper limit since the responge changed little beyond that point, as A

1

already noted from theoretical considerations. Diffusivity could

be varieél continuously from zero to about 10 times the normal value

« s
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~ for\bone (0.0025 cmz/sec).
The relative goodness of fit was evaluated with the standard
one-sided F test of variance ratio. The hypothesis was that the ,
variance obtained in curve fi?ting the model adapted response was
smaller than the variance obtained in fitting the model torque alone.
- The sum of squared deviations (S500) calculated from the p}ogram
only provided an approximation to the variance since a zero-mean
deviation could not be insured by visual fitting. However, the error

was probably small since visually fitted curves were found very close

to the optimum curve. A better procedure was implemented at a later

-

stage of the analysis in which the variance was determined by linear

regression with respect to the gain parameter so that a zero mean

. deviation could be obtained.

(c) Application to Experimental Responses

Fig. 5.12 illustrates a typical run of the program. In the first
two photographs, the experimental data were compared to the torque
variable. Inmone case, the theoretical torque curve was adjusted
to fit the peak and the later part of the response whercas the initial

rise and the decay immediately after the peak were poorly fitted.

In the second case, the peak was°1eft_qut”€6 provide a better fit

—

to the initial rise andr_tq,t%ré mk}or part of the response decay. Despite
many attempts, it was not possible to find a combin;cion of the torque
response parameters that upuld fit all parts of the ‘alaw-phase velocity'
curve.

In figure 5.12C, the theoretical curve represents the output of

. the adapted reasponse model with a canal time constant of 21 seconds

. -

"’
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w= Q. 0.00236 % = 0.00129 « = 0.00209 cm® / sec ;
X, ..z 0.608 . X, = 0.608 xo_ﬁ_w\ cm
Te = 21 sec
Subiocf: J.McC 3
Ta = 82 sec m = 0.5 R 3
- FPig. 5.12. Curve fitting the caloric response model. The model output (regular dotted curve) is
superimposed to slow-phase eye velocity data from step response. In A and B,different
attempts to fit the data by torque alone are shown. C illustrates the improvement in
the fit given by the model which includescanal dynamics and "modified" neural adaptation. —
. W
(%)

The parameter h was set to 80. cm~! in all cases. Symbols defined in text.
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and an adaptation time constant of 82 seconds with m = 0.5. A much

P

better fit to all parts of the experimental response may be observed.

TWe A
e At

. e L

The addition of the canal first order léé improved the fit mainly in

the initial response rise whereas the lead-lag fi{lter helped in

Spren

reducing the discrepancy in the immediate post-peak decay which occurged
at a faster rate than predicted by the model torque.
The goodness-of-fit observed visually was also confirmed by the
decreasing SSQD value that successively dropped from 2.20 (arbitrary
units) to 1.84 to 1.42 when considéring successively the model torgque,
cupula deflection and adapted response. The rate of torque variance
to adapted rggponSe variance yielded an F value of 1.35 which indicated ¢
a significant- difference to the 0.01 probability level (n = 538). A
Difficulties
TQO basic difficulties were met in using the program. First, certain

details of the experimental curves could not be fitted wéll by any of

the three model variables. Sometimes, the responses reached a steadv

Y AP

state rather than decaying smoothly as theoretically expected. One

ESl

subject (figure 5.10A) exhibited a small but noticeable increase of
- .
slow-phase velocity after 10 minutes of stimulation.: Differences were

also noted between the initial géak and the second peak following the

return to baseline. The mecond peak tended to be flatter and less
&

steep than the initial one, with longer time to peak (figure 10C).

These differences could not be explained by the residual effect of
il ﬁﬂ'l&

the on-step since the responses were dewing 2:vm'y‘ slowly at the time
the off-step was aypueq.‘ These apparent changes inthe system dynamic
characteristice ware not predicted by the model and the curve fitting

-
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of the late part of the response was generally more difficult.

Another serious Skoblem was met when several sets of parameter
values yielded similar response shapes and sums of squared deviations
that were very close to each other. The interactive program was not
sufficiently accurate to allow identification"of an absolute i
optimum set with any degree of confidence. This problem will be’ f
examined in more details after presenting the results.

% The curve fitting procedure was simplified in order to deal with
thege difficulties. The respongses were fitted only up éo the point of
ré;urn of the stimulus to body temperature and the later parf of the |
response was neglected. The distance to canal center was also arbitrarily
fixed at 0.76 cm (normal value) and only diffusivity, system gain

. and the parameter h were allowed to vary since most shapes could be
reproduced with this reduced parameter set. It was thought ‘that the distance
to canal centerwas probahly less variable than the other parameters.
Results

10 records were analyzed by visgual curve fitting. "The remaining
two records were too noisy og‘-contatned too many blanks. Generally,

| the characteristic pattern observed in figure 5.12 was met in most

} curves l.e. a .syatemtic improvement in the goodness of fit was observed

as canal dynamics :;nd neural adaptation were included in the simulation

/ * of t;he model responses. Additional examples of best fitted curves

are shown in figure 5.13.

Table 5.2 sumsarizes the data on curve fitting. The time to

peak given in the second column (measured dirsctly fr&n the slow-phase

. o .
N - »”
a .




Subject : R.D.

= 0.00218
0. 76

" q
" ]

Fig. 5.13.

N.S. H.F.
a = 0.00299 a = 0.00209 cm? / sec
X = 1.14 X = 0.76 cm-
o [o]

Curve fitting the general caloric response model to slow-phase eye velocity data
from step responses. Additional examples are given of best fitted curves of the
model output including canal dynamics and neural adaptation. Parameter values common

to all three cases: h —80. cm~1 s R =.3 cm; ‘tc?21'sec; far'82'sec; m — 0.5. Symbols

“9LT

defined in text.
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TABLE 5.2 VISUAL CURVE FITTING OF STEP RESPONSES

(a)
[s]

Subject Time to peak h X a Variance rati p_level Number of
. T sec l 9;__1 cm 1073 cmzlsec —peints
R.D. 92 80 0.76 2.18 ~ 1.65 < 0.01 566
J.MeC © - L0 80 0.76 2.09 1.35 < 0.01 533
Lo.. - - 120 80 0.76 2.45 1.53 < 0.01 670
R.8. 115 80 - 1.14 2.99 1.28 < 0.01 431
J.H. 210 5 0.76 1.79 1.18 < 0.05 670
H.F. ' 130 80 0.76 2.09 1.60 < 0.01 424
D.K. . 122 80 0.76 2.14 1.14 N.S 860
F.H. b' ] 270 5 0.76 - 1.34 1.295 < 0.01 339
R.D.2 160 80 0.95 3.03 0.97 - 500
. L.S. " 2640 10 0.76 1.60 0.96 - 295
Mean 160 : 1.9%"
tS.E. 18.8 0.126
(a) Variance (torque model) —
Variance (adapted response) w
*  excluding subjects N.S. and RD2 .
5
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velocity plot) gives an indication on the basic character of the response

- sluggish or overshooting. Thq.h parameter varied between 80.0 and

.

5.0 cm--l and diffPsivity between 0.00803 and 0.00134 cmzlsec. —
Low values of these two parameters were found associated with sluggish
responses Iin which the time to p;ak edceeded 200 ;;conds. On Fhe
other hand, responses with small time to peak had larger diffusivities
(> 0.0020) and tﬁe h coefficient wasustally 80.0. In two cases ,
(N.S. and RD2) distance was inadvertentily set to 1.14 and N.95 cm
respectively, but this was apparent{v compensated by much higher
diffusivity values than those obtained Aor’the rest of the group. These
two cases wére excluded when an average\aiffusivigy value was computed
that yielded 0.00196 + 0.000126 . \l

In eight out of ten subjects, the &ariance ratio is larger than
1.0 1.e. the SSQD obtained with model tgrque decreased with the addition
of the vestibular dynamic components. 'n all but one of these cases,
the improvement in the goodness of ;1t 8. statistically significant
(6 cases at p < 0.01).’ The other two 7£bjects had responges for which

neural adaptation did not provide a better fit. In these two cases

there was no significant diffeténce tween the variances of all three

model output variables. ‘ /

5.3.4. Analysis in the parameter Jgﬁce

A different procedure was/developed to check the curve fitting
results and to investigate furthler ‘the aspects related to parameter

identification. The sums of squared deviations (SSQD) were calculated
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above and below normal diffusivity. The data of subject J.H.

(figure 5.11) were used. Gain was determined by linear regression and

\
bias was set to the value previously determined by visual

curve fitting.

In figure 5.14A, diffusivity is constant and SSQD is shown
as a function of distance Xo for different h values. A minimum
is clearly visible for each curve and as h takes lower values,
there'is a decrease in the value of XO at which the minimum occurs, as
expected from previous theoretical considerations. The lowest SSOD
value 18 observed at XO = 0,76, h = 80.0 which differs by only 3%
from other minima at X0 = 0,6.

The coordinates of this minimum SSQD point in the
X, - hgrid (plane) vag; with diffusivity (Table 5.3). As already
noticed in several occasions, the effects of increasing diffusivity may be
compensated by decreased heat transfer coefficient or by increased
distance. Distance increases steadily with increasing diffusivity
but the ;ariations of the h parameter are somewhat irregular which is
probably due ;o the coarseness of the grid. The actual path followed

@

in the three dimensional space by the minimum SSQD function is probably

a smooth curve for each coordinate.

TABLE 5.3 Ec—h COORDINATES OF MINIMUM SSQD AT VARYING DIFFUSIVITY

Diffusivity ém? /sec x 1072 1.5 2.0 2.5 3.0 [3.5

h a1 10.0 40 10 80 %0

X ém 0.45 0.60 | 0.60 | 0.76 [ 0.76
minimum SSQD arbitrary 0.7724 | . 0.7545| 0.7543] 0.7466] 0.7467
in the plane units
h - X
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0.8
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Fig. 5.14. The sum of squared deviations (SSQD) between model and data

¢ in the parameter space. A: SSQD (in, arbitrary units)
is plotted as a function of canal distance at constant
diffusivity. B: SSOQD as a function of diffusivity. Each
-point is tl‘\'e minimum SSQD obtaine& in the plane xo- h
at constant diffusivity. e.g. the circled point of ¢urve 1
corresponds to the circled minimum 88QD of the top plot.
Cmél. 2 and 3 respactively relate to model torque,
theoretical cupular deflection and model adapted response.
Data from subject J.H.
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The SSQD minimum points of Table 5.3 are shown plotted against
diffusivity in figure 5.14B (curve 1). The latter pertains to the output
of the torqﬁz;@odel. Curves 2 and 3 were obtained for the theoretical

\

cupula defleétian&and the theoretical adapted response. Note that above a
diffusivity of 0.002 the SSQD functions vary by less than 17. An absolute
minimum i8 found in curve 1 at 0.003 diffusivity but in curves 2
and 3, S$SQD steadily decreases with increasing diffusivity. The .
differences between the SSQD levels of the model variables are much

larger than the variations seen along any given curve. The SSQD level
is the highest f torque and the lowest for adaptgd response. ‘

This anai}sis in the parameter space confirms two important
observations made in visual curve fitting. First, it is obvious that
a large number of parameter sets fit equally well the experimental
data which cannot be differentiated by visual observation. Second,

a significant improvement in the goodness-of-fit is obtained with the
theoretical adapted response i.e. when the basic torque model is
extended by additidn of canal dynamics and neural adaptation.

Ideally, all experimental curves should have been fitted using

the parameter scanning method but this has kot been possible in practice

‘because of the required computer time. Fortunétely, it has been

found relatively easy to "land" in the valley of the minima by visual

fit alone. FPor -instance after completing the visual fit for subject J.McC.
(tig&ie,S.IS) the SSQD were obtained for model torque at different '
Xb - h Vllh2l and constant diffusivity, using the visugl curve fitting

program only. Both the SSQD values previously obtained for theoretical

»
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® subject :JMcC.

104

i
l
; !
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5 6 7 8 9 10 11 cm
DISTANCE TO GCANAL CENTER X

the parametér space. In A, the points joined by lines
relate to nodel output tordue. The open ctrc:.le at
§ X = 0.60 and the circled dot at x = 0.76 respectively
' relnta to theoretical cupuiit deflection and to model
' ) ‘ adapted response. These latter points were obtained by
viaual fic before scanning (the parameter space for the
to ue iodal.

Fig. 5.15. To check results of visual fitting against SSQD data in )
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cupula deflection (open circle at XO=’ 0.6) and adapted response
(circled dot at X0== 0.76) were smaller than any of the min?ma found
around Xo values 0.76 and 0.6 for the output of the torque model.
5.3.5. Discussion

Sustained nystagmus is produced in response to a temperature
step input applied at the external ear canal. This experimental fact

has been documented in humans by recording step responses in several

subjects over 15 minute periods.

Another fund;mental result has been obtained concerning
the time course of slow-phase eye velécity,‘which 1s®characterized
by a peak occurring between one and four minutes affer the beginning
of the step and followed by a slow decay. van Egmond and Tolk (1954)
expressed the opinion that a constant temperature stimulus in the
external ear should produce a constant slow-phase velocity. However,
these authors made that statement without any supporting data.

In the interpretation of the step response variations of arousal,
tndifect thermal effects on blood flow and on vestibular receptors must

>

again be considered as possible causes of the post-peak decay. On

13

thqlhpsiswpf previous results on sinusoidal caloric stimulation one

. may reasonably assume that the influence of these factors was probqbly ~

small in the step response as welll

' The dynamic characteristics of the response have been explained
in terms of a gen;ral caloric response model used as a working hypothesis.
The model is an extension of the basic torque model of Young (1972) that

18 coupled to models of canal dynamics and neural adaptation. From a

quantitative snalysis of the data 1-pértant conclusions have been reached:

< ’
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1. The semicircular canal component is refleéted in the
response by an additional lag in the initial rise. Part of the lag
was in fact due to the caloric stimulgtor that had a‘time constant
of 3 seconds. The latter is-small relative to the 20 geconds time
constant used in curve fitting and,would not invalidate the above
conclusion concerning the role of canal dynamics.

2. The decay of slow-phase velocity after the initial peak is
best fitted by the model adapted responsé.

The adaptation effect was not so pronounced as the one observed

in rotational responses since the caloric response did not vanish

hnada SRS ot

after 5 minutes as predicted from analysis of the mbdel. However, the

decay phenomenon could be related to a more general form of the adaptation

.3 filter suggested by Malcolm and Melvill Jones (1970). This filter
\ . ’

contains a so-called directional preponderance parameter m which was

set to the value 0.5 (instead of 1 for rotational response) to fit

.

adequately the response decay. The choice of the value m = 0.5 was
made arbitrarily as the best choice between a "fully .adapting” and
/ . a "non-adapting response". 4
Note that the phase data in the Bode plot obtained from sinusoidal
stimulation.were tentatively explained on a qualitative basis by a _
transfer fupction of the adapted response in which m also took an
intermediate value between 0 and 1. In figure s.is.i. the sinusoiual
- . data are couplt;d to frequency response. curves of the general mod’el that
co::,rupond to beet fitted step responses. The two sets of dgta from step
¥

’ and sinusoidal caloric inpuls are compatible with each. other and appear
to be adcqutcly described by the model. K

B
} '
\

The umtion of the adaptation affect u probubiy related

/
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Fig.5.15.2. Comparison bf step and sinusoidal data in the frequency
domain. Curves ‘RD.JI'! and FH were calculated from the general
model with canal dynamics ( . = 21 s) and adaptation ( = 82 s
) /{nd\\- = .5). The othpr parameters were set to the values obtain-
ed ﬁ:pn the corresponding fitted step responses (table 5.2).
’ The data points. (dots) are from sinusoidal stimulation . For
clu'icir\, amplitude data from only one f:ﬁj-ct are shown and the
uput'u\« level was u't arbitrartly. “The phase pertaining to the
case of \'tfull" adaptation is also shown (thick broken line).
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to the fact thﬁ only one side of the vestibular syatenm was activated.

<

However, one can hardly speculate about the nature of thé modification
broughs about by unilateral caloric stimulafion since the mechanism
of vestibular adaptation is still poorly understood. Nevertheless,
one may suggest a useful experiment to further investigate the
question. In this e*petiment, equal temperature steps ;f opposite
direction would be applied in both ears simultaneocusly. By activating )
the semicircular canals on both sides a "fully" adapting response
should be obtained as if a rotational éfimulus were applied.

' The analysis has been based on the assumption that the torque
model, the first component of the general caloric response model,
is a valid representation of the thermal processes generating the
torque acting on the éndolymph. Since the torque model has not yet
been verified directly, the“results of step response analysis can
only be considered as providing good evidence of the significant role
played by the vestibular dynamics in the caloric response.

A number of discrepancies of the modél have been left unexplained

tﬁat may require a reappraisal of the step response data in terms
of a different model. For the sake of discussion, consider the infinite

slab model where the solid bone is limited at some distance from the

ear canal by an infinite plane surface at constant temperature. Such

“

. a representation is quite acceptable physiologically since at some

undetermined depth (e.g. in the brain), blood'flow is presumably
large enough to maintain a constant temperature. Intuitively, it

would seaem that the slab should exhibit a lead characteristic enhanced

relative to the semi-infinite solid and furthermore a steady state
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should be reached in a finite time. Such a physical model would
perhaps fit the nystagmic data without the addition of an adaptation
compgnent. Furthermore, 1t m;ght explain the post-peak plateau
of constant slow-phase velocity seen in a few cases. The solution
of the slab model involves infinite series that add considerable
complexity to the mathematical description and the available dac;
have not justified further theoretical development on this aspect.
Parameter identification has been somewhat unsuccessful because
of the rather flat valley where the optimum parameter set lie in the
parameter space. However, parameter values close to the normal
values obtained by Young (1972) were found in gﬁat valley of
minima which indicated the basic correctedness of the model. The
curve fittinghresults have shown that the dynamic parameters may

vary considerably between subjects.

Diffusivity varied over a range of 0.00134 - 0.00303

which 18 not unexpected in view of the widé spread observed %p the
time-to-pedak values of slow-phase velocity (92-270 seconds). The
mean diffusivity value 0.00196 cmzlsec‘compsres reasonably well with
the values 0.0025 and 0.0017 respect}vely obtaineé by Young (1972)_ and
by Schmaltz (1924)- F

The h coefficient, the railo of heat transfer coefficient to
bone thermal éonductivity,is much higher in most cases than the mean
value of 5.0 cm-l measured by Young (1972) with an air stimulator
in cadaver skulls. According to our /data, water frrigation provides
better heat trnnufef than air, which ¥s expected on the basis of the
different thersal properties of the two fluids. Other factors must also

\

be considered such as bone characteristics and flow rate. This latter

Y
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lp . factor has been investigated experimentally and the discussion

on heat transfer will be resumed below in section 5.5.
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5.4. The Caloriic Response to Temperature Pulsé Input

5.4.1. Protocol ' '

The study was performed in five subj#cts prepared as described
béfore and connected to the stimulator./ The caloric input consisted
of a 20 second duration temperature pulse followed by a

9 return to body temperature for a minimum of 5 minutes. The initial
stimulus was cold (30°C) in three cases and hot (4400) in the two
others. . A second stimulus was always applied in the direction
opposite to the first one. The experiment was terminated by a third !
20 second pulse;.at the end of which the irrigation was stopped by
turning off the pump while the recording was continued for another
fI;; minutes. This latter manoeuvre was intended to simulate the

. stimulus provided by the stande;rd short irrigation used in caloric test-
ing. The irrigation stimulus éiffers from a true temperature pulse
in that the temperature in the external ear canal decays slowly
towards body téemperature.
5.4.2. Resu}ts
| Slpw-phase velocity responses to pulse input temperatﬁre
are shown in figures 5.16 and 5.17. Peak slow-phase velocity and
response duration were measured directly from ch’e plots (Table 5.4).
Responsa duration was Q:tillted as the time interval between the
initial rise and the point st which the response met the baseline
du?tng the decay following éhe initial peak. The response durations
of the two pulses averaged 118.4 gec t6.1 S.E. and peak slow-phase

12 <
. . velocity 7.74 deg/sec $0.45 S.E. (n = 10). ‘The response to

4
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o
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A puLSE HETEHT :44, OC

—
+

TIME

400 s.

i
1

susJect: I.L,
IRRIGATION TEMPERATURE 37.0 OC
PULSE WIDTH : 20 s

10 pee/s.

PULSE HETGHT :30, °C

SbO S

400 s,

C PuLSE WITH *TAIL":44,0 OC

a

Responses to hot (A) and cold (B) 20 second
temperature pulsesin the same subject. ' In C, the
irrigation was stopped at the end of the pulse. The
response duration and peak 1ncreased‘£elat1ve to the

true pulse response.
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Fig 5.17. Same as in fig. 5.16 except that the cold pulse was %
administered first. In this subject, tl\* model resp- ",a
onse with adaptation and canal dynsmics provided a *

best fit to the cold pulse respomse (curve A).
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TABLE 5.4
A0 2.3

I True 20s pulse Pulse w. tail
Subject Stimulus Duration Peak Duration Peak
Hot H SP¥ - . SPV
. Cold ¢ R
sec deg/sec sec deg/sec
R.N c 104 9.2 160 10.6
H 92 6.4
- 1.L. c 120 9.0 220 11.4
H 96 9.0
| - .
L.Y. C 144 8.0 180 10.0
| H 128 6.0
'E R -
F.D c 120 7.0 160 9.0 |
: H 100 5.4 ‘
| S.H. c 140 8.4 240 14
. H 140 9.0 !l
\\ Mean *+ S.E. 118.4+6.2 7.7420.45 14;216 11.00.84
\ . ,
! /
' SPV: slow-phase eye velocity ~ ’
. .
‘l L]
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. pulses with a temperature "tail” lasted much longer (192 sec * 16.2 S.E.)
o and reached higher peaks (11.0 deg/sec * 0.80 S.E., n = 5) than
, the true pulsefresponses.. " .
The true pulses responses were also analysed in terms of the
calori; response model. Visual fitting was found difficult to use
because of noise. Instead, the analysis was done using the program
developed to study the SSON function of the stepAresponse in the
B parameter space. This could be done in a reasonable time because
of the smaller number of points in each record.
Table 5.5 gives the minimum SéaD value obtained for each of
the model variable in 10 responses. Tﬁf theoretical variable which
best fitted the data is indicated by agstar‘in the appropriate column.
. { The theoretical cupula deflection provided the best fit in 6 cases,
model torque in 2 and model adapted response in 2 also. A variance
ratio was ca1Cj}ated by relating the variance of the model torJLe
to the variance of the theoretical variable that yielded the minimum
55QD. From a stafistical viewpointn the improvements in the fit
.brought by‘addition of canal dyn;mics and neural adaptation were not

significant except for the cold response of subject R.N. illustrated

in figure 5.17A. In the latter case, the adapted response provided

[
N
-

the best fit ahd the corresponding experimental slow-phase velocity =

exhibited a characteristic overshoot of the post-peak response decay.




o L ” - e

BN 3T T RSP A il RO D A A A TN < SO A S ey : WWWR P

153.
o 4 ‘
TABLE 5.5 VARIANCE OF THE MODEL® VARIABLES FITTED TO PULSE RESPONSES ‘
Cupula Adapted 1 Probability
Subject Torque Deflection Response F_ level .
R.N. COLD 0.61 0.47 0.34% 1.81 p < 0.01
HOT 0.135 0.134% 0.152 1.00 N.S.
F.D, CoLD 0.840 0.693% 5.14 1.21 N.S
HOT 0. 409 * 0.448 0.560 1.00 N.S :
4
L.y. COLD 0.781 0.723 0.602* 1.29 N.S. |
HOT 0.388%* 0.431 0.530 1.00 N:S
¢ ~
O S.H.  COLD  0.414 0.412% 0.435 1.00 N.S.
HOT 0.428 0.409* 0.417 1.03 N.S.
4
=
I.L. COLD 0.525 . 0.509* 0.543 1.01 N.S.
HOT 0.493 0.481* 0.481 1.02 N.S.

variance (outﬁut of torque model)

variance { * model variable)
M

' ”
™ ~ s -
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5.4.3. Discussion

It has been found difficult in general to document the shape
of the pulse response especially after the initial peak because of
the noise levél and the lack of measuring accuracy near zero slow-
phase velocity. Statistical analysis of the data in terms of the
general caloric response model showed no significant differences >
between the theoretical variables of the model. These results would
seem to contradict previous .results obtained from step response analysis
but they probably reflect the poor quality of the data more than
anything else.

' An interesting case 1is the one in which the adapted response model
exceptionally provided a significant better f£fit than the other model
variables. The noise‘ievel was much smaller (figure 5.17A) and a
characteristic overshoot could\be recognized by visual observation.
However, the hot response-from the same subject did not exhibit
adaptation and the overshoot of the post-peak decay was not so pronounced
(figure 5.17B). 1In the latter case, the wavy appearance of slow-
fhase velocit§ near the baseline indicates that other factors may have *

influence the response. Young (1972) also studied th- response to cold
l air pulses énd siﬁilarly noted a *ead of recorded slow~phase velocity

relative to the theoretical pressure‘&ifference across the cupula

{(which 1e,equ1vaient to torque): Young suggested that the lead could be E

modelled according to the adaptation model of Young and Oman (1969)

but he did not fit his data to that mogel.

~ WWM‘
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The results have also shown that in| the ordinary clinical
irrigation procedure for- caloric stimulation a considerable portion of
|
the caloric response is due to the templerature tatl. The length of
this taill depends among other factors on he‘amount of water left in
E the éar cavity after removing the cannulaI According to Henriksson's
data (1955) the temperature in the ear‘ca+a1 drops exponentially with |
1 a time constant of about one minute. Singe the temperature decay is |
totally uncontrolled it may vary between subjects and even between
consecutive irrigations in a given subject. From a clinical viewpoint,
this raises the important question of how such a variable factor affects

the quality of the vestibular function measures, directional pfeponder- "

ance and canal sensitivity, that are obtained from the responses to a

number of successive irrigations. A study should be conducted to
evaluate the advantages of the true temperature pulse compared to the
standard irrigation in terms of an improved reproduction.

Obviously, further studies will be necessary to define the ‘ .
characteristics of the pulse response. The preliminary experiments
discussed here, indicate the need to revise the protocol to study the
pulse response. The caloric response model predicts a prolong%d
response at low amplitudes after the initial peak. Therefore, tth
atinulus\anpiitude should be made as large as possible to yi
measurable slow-phase velocities for prolonged perioda\al{\:% peak.
Secondly, one might cdq-ider the a:lvanc:gen of response averaging by ‘

obtaining several responses separated by an appropriate time interval.

The aspects related to habituation become important in that case but _

¥ -
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the work of Collins (1965) has shéwn that habituétion may not influence

the caloric response if the latter is recorded in the dark without

2

? visual fixation.
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5.5. The Effect of Flow Rate Varjations on thE’Caloric Step Response
: / - e
5.5.1. Protocol
In this experiment, the s?imulation congisted of three céngecutive
step inputs at 32°c, of 15 minwke duration each followed by a 10 minute
period -at body temperature,. The irrigation flow rate was set to
150 cc/min during the first st&mulus and to 30 and 300 ¢m/min
during the two othets. The low flow rates were achieved by pumping
a fraction of the normal stimulator outflow at the junction of the
subject cannula and the outlet tube. The high flow rates’ were obtained
by increasing the stimulator pump speed. "
A different protocol was followed in one squect (L.S.) to study
the effect of flow rate variations in b;th the hot and the cold directions.
‘ | Five consecutive steps were applied for B minutes followed by 8 minutes.
at baseline temperature. The resbonse to hoth cold (?2°C) and
hot (42°C) stimuli vere obtained first at‘150 cc/min then at 30 cc/min. o
The last stimulus was identical fo the first one (32% - 150 cc/mph).
! 5.5.2. Results ' , . s
ﬁtgfgts were obtained from four s;bjects. As already mentioned,
the first step response kat 150 cc/min) from each subject was included
" in the group of experimental responses analyzed in section 5.3.
In figure 5.18, the sloybphaae velocity responses recorded at
150 and at 30 ce/min from the sun; subject 1llustrate t#é effects of

decreaged flow rate. At the lower flow‘race, the initial rate of rise

diminished, the peak occurred at a later time and the respouse amplitude
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Fig. 5.18. The effect of flow rate on the dy'al;pic aspects of the
slow-phase eye velocity response to a step temperature change.
The curves obtained at 150 and at 30cc/min have been

suparimposed. .
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was generally smaller.

»
L
FARRN

Two responses only were obtained at high flow rate
(300 cc/min). They showed no major differences from the responses
recorded at 150 cc/min.

The effects of decreasing flow rate were the same for both hot

A
\
\

and cold stimuli (figure 5.19). -

e
-

- 1
Presumably, the changes in the dynamic aspects of thq/stéﬁ response

B At el ok e’ 2 A

brought about by flow rate variations correspond to changes in the
: value of the model parameter h. Indeed, the latter is defined by the
E ratio of heat transfer coefficient H to bone conductivity kB and H ‘ |
is known to be dependent on fluid flow rate although the mathematical
relationship between the two parameters must often be derived empirically.
o Since kB and all other parameters were constant in a given subject,
the model was used to estimate the changes in h due to changes in
flow rate.
Using the parameter values obtained by curve fitting the normal
flow response fﬁt the adapted response model (seétion 5.3) the curve
fit was repeated for the low flow response allowing only h to vary.
In 3 cases, h dropped from 80.0 to 2.5 cm-l. In the other.casé (L.S.)
the response was already sluggish at normal flow rate and h only
changed from 5.0 to 2.5 cm L.
The flow rate experiments have prowided useful information on °
the step reap&nse obtained rquatedly from the same subject. In

particular, figure 5.20 {llustrates the hot and cold step responses

recorded in subject L.O. at 130 cc/min flow rate. A remarkable

- S,
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" F1g. 5.19. The effect of decreased flow rate on the tnitial rise

of slow-phase velocity failowing a temperature step

change. The effects were the same for both the hot and
the cold stimuli.
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Slow-phage eye velocity responses obtained at five minute

interval from the same subject. Note the remarkable
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inkthe dynamic aspects of the offast:ep response compared
to the initial paak.
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similarity may be observed between the two curves. Note especially
a significant rise of slow-phase velocity that started at "
400 seconds and the widened peak of the off-step response. These
latter details could not he fitted by the model and figure 5.20
k shows that they were not caused by time-varying factors but that they {
arose as part of the basic step response. ' ‘
5.5.3. Discussion
The experiments involved a sequence of stimuli applied in the
same teﬁperature direction but at varying flow rates. The question
may then be raised that the overall decrease of the response at low )
" flow rate could have been caused in part by habituation to the repeated
stimulus. However, nystagmus was recorded with the eyes closed and
o wifhout visual fixat%on. According to Collins (1967), under
these conditions the caloric response does not show habituation. Even
if one accepted that habituation redu;ed the gain of the response, the
changgs in the response shape must still be related to the variation
in flow rate. Note that in subject L.§. the direction of the stimuli
were alternated and the effects of flow rate were not significantly
different from those observ;d in other subjects. Therefore, habituation
probably did not play any major role in this study.
The flow rate experiments here confirmed the validity of Young's

asgumption of a limited heat transfer process at the temporal bone
i . .

surface in the exten{;i ear canal. Changes ih the dynamic characteristics

of the response with changes in flow rate were predicted on the

® | | -
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basis of the general relationship existing between heat transfer

coefficient H and flow rate F [n heat transfer processes. Only

the direction of change could be predicted since the particular relation-

ship hetween ¥ and H is unknown. Young (1972) used models borrowed
from heat transfer‘technology to estimate H from gas flow rate.
However, the assumptions required to applvy these models are difficult
to justify and further studies are nceded to investigate the problem
of heat transfer in the ear canal. An {nteresting application is the
determination of bone conductivity from the knowledge of H and experi-
mental values of h.

The experiments have established that major changes in the
response occur between 39 cc/min and 150 cc/min flow rate. The h
values are probably sufficiently high at 150 cc/min to consider that
the theoretical limit case (h - «) applies in practice in which further
increases of h do not modify any further the step response. This
conclusion {8 also supported by the fact that the responses at 150 and
at 300 cc/min did not differ significantly.

When using water at high flow rates, Young's theoretical model
can probably be simplified by eliminating the process of limited heat
transfer. The bouﬁdary condition at the bone surface is then reduced

to one in which the surface temperaﬁure is made equal to the irrigating

~ water temperature. The problem of parameter identification is of course

simplified considerably since both the model solutions become simpler

and the number of parameters is reduced hy one.

When air is used as a medium, the heat transfer process must be
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2

taken into‘account since h is only 5.0 Cm-l at.5 L/min gas flow rate
: (Young, 1973). Although gases have many important practical
advantages in terms of mag}pulation specially, water appears to be
a better medium for heat exchange and is preferable for quantitative

studies of the type done in this thesis. ¥
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CHAPTER 6

SUMMARY AND CONCLUSIONS
/
In the/bre eding chapters, the dynamic aspects of the caloric
response h@ve een Investigated. A mathematical model has been
|
used to est}mat the relative influences of the vari&us thermal
and physiological processes involved in the caloric response. In

the following pdragraphs, the results of the study are summarized

ES

I
and their significance is discussed. \\\\\\\~__w

Theoretical Results

The physi¢al events of the caloric reaction phenomenon were
described by Barany in terms of a heat wave generated by the
temperature stimulus that travelled in the temporal bone and

perturbed the equilibrium of gravity forces acting on the semicircular

canal endolymph. On the basis of Barany's description Schmaltz
developed/a model in which the clagssic unidimensional heat conduction
equation was applied to calculate endolymph velocity in response to

a temperfture inptit. Schmaltz's médel was neglected until Young's
recent work (1972) in which specific time domain solutions were

that account for limited heat transfer at the bone surface
expressed in terms of the pressure differential across

a. However, .there was no attentiongiven to the general

R T T AT I LA 5~ W A M oo S A R Y N 15
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characteristics of the model response and the implications of the

B T b A

model ﬁﬁre not fully elaborated.
The distributed parameter model of Schmaltz and Young has been

‘- i reexamined theoretically in this thesis using a frequency domain

approach. A transfer function has been derived from the model

equations to relate output torque M(s) on the endolymph to inbut

o temperature Tw(s) of the irrigating medium,‘fdéf:

\) L . . eip , =X s/a . Il (R ‘,s/a)

where h (- H/kB) depends on the heat transfer coefficient H and bone

conductivity.kB; and where Xo is the distance to the canal center,
R the large semicircular canal radius and a, the thermal diffusiviiy

of bone.
The above function is mathematically separable into three 1
components associated with distinct physical processes. The first

component corresponde to the boundary conditions of linear heat transfer

at the lurfacg.[ The éxponential term is a so-calle?yd}ffusion

- a

operator associated with heat condiction within the semi-infinite solid

and relates the témperature at X, to the temperature at the surface.
. !

. re, A\
The third component involves a modified Bessel function Iil‘nd relates

i

torque generated by the temperature distribution around the -canal
. ‘ » _‘

) - o + - \
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to the temperature at XO. This Bessel term has the characteristics
of a "differentiating'" process with positive phase and attenuation
wh%sh decreases with increasing frequency.

The overall transfer function has the appea;ance of a wide band-

pass filter dominated at low frequencies (f < 0.001 Hz) by the

R ‘F;Zx asymptote of the Bessel term and at frequencies above 0.0l Hz,
by the‘attenuation of the éxﬁonential term. Pedk amplitude is met
around 0.001 Hz.

' The dynamic characteristics of the torque step response to a
temperature step input have éégn studied over a wide range of parameter
values using a simplified mathematical expression derived from the
complex formula given in Young's work. At normal parameter values,

(R = 0.3 cm, XO = 0.76 cm, h =5 cm—l, a = 0.0025 cmzlsec), the

.
¥y

step response exhibits a peak at 120 s with a 50 percent overshoot
relative to the amplitude ;t 20 minutes. Af ter the initial peak, s,
torque decays and tends dsymptotically to zero as time tends to infinity.
Increasing h values and thermal diffusivities as well as

decreasing distances to canal center accentuate the characteristic'
overshogt‘and the opposite effect is produced by changes of these
parameters in the ®ther direction. The radius affects the response

gain only and torque (M) varies with the cube of R. The equivalent
angular acceleratjon M/I is independent of R since I, the moment of

inertia of endolymph, varies with R’ also.

A limiting case is reached as h tends to very large values

t A
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(small bone e#pductivity and large heat transfer coefficient).

The response tends to the one obtained when the surfa;e temperature
is made equal to the irrigating medium temperature. 1In practice,
this condition is met with h = 80 cm_1 and other parameters at
normal values.

An integration of the temperature distributfon around the canal
is required to compute torque. It has been shown that over a wide
range of parameter values, torque is approximately proportional to
the temperature difference across the canal. a

A New Caloric Response Model

Young's torque model only represented the thermal processes of
the caloric reaction and it could not be applied directly to the
analysis of caloric responses usually‘recorded in terms of slow-phase
eye velocity. |

In order tp study the relationship between slow-phase eye
velocity and input temperature at the ear canal, a caloric tesponge
model hag been proposed as a working hypothesis which Incorporates models

*

of vestibular dynamics devéloped by others. The torque model has een

tentatively coupled to a first order lag representing canay dyn
Qrc = 21 sec) in se}iea with & first order lead-lag filter esc 1b£ng
neural adaptatiom (ra = 82 gec). The hypothesis ie ﬁn important one
since it gives the possibility.ef separating the thermal and the

vestibular components from the overall caloritc response.

\
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Experimental Results

The possible influence of‘neural adaptation in caloric vestibular
response made it necessary to explore the response characteristics ‘
at very low fréquendies below 0.005 Hz. However, most data in the
literature were obtained from such stimuli as the short lasting
irrigatiofis of the standard test that could not provide the required
information. Experiments are described in this thesis in which subjects
were connected to a specially designed caloric stimulatier and the
responses to sinusoidal and'to step temperature inputs were recorded

. 4

using electro~oculography." .

Slow-phase eye velocity has been found to vary sinusoidally in
responsé to sinusoidal temperatures at frequencies extending from
0.00055 to 0.02 Hz. The data could be fitted with high correlation
coefficients (r > 0.9) to a regression equation igclgding a sine
function plus linear drift and bias terms. No significant harmonic
could be detected systematically at all frequencies in any given
subject.

¢

Calculations of the torque transient from sinusoidal inputs showed
[

that below 0.0l Hz the effects of the transient were limited -to the

first half cycle and that afteg three minutes one needed only be

y 0y

concerned with a residual component similar to a bias plus drift.
Above 0.01 Hz, the fast initial phase of the transient was reflected by '
a shift of the first cycl;s above the steady state mean output level.
These predictions have been qualitatively verified from the data.. . 4

In the Bode plot, amplitude was maximum in the fréqucncy range

\ -~
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0.001 ~ 0.005 Hz and accelerated attenuation occurred above 0.01 Hz
with phase lag exceeding 200 degrees. Extrapolating the frequency i
response data the amplitude ratio probably decreases and the
phagse becomes positive at low frequencies below 0.001 Hz. This
behaviour 1s in agreement with both the torque and the general
caloric response model, but the data do not allow one to}pake
definite conclu;ions on the contributiqg of the vestibul;r comﬁonents.
The response to temperature step changes were recorded in
several subjects over perlods extending to bO minutes and in some
cages the off-gtep responses were also monitored.
Typically, the slow-phase velocity response to a temperature
step change exhibited a pe:k at 159 seconds * 18.8 S.E.(n = 10)
¢ followed by a slow decay. ' The response level was mdintained

significantly above zero throughout the ori-step phase. The off-
step response was characterized by an overshoot of the response to a new
peak in the opposite direction before the response vanished. Slow-
phase velociiy foli‘yed a time course similar to that of the model
torque step regponse and it‘did not adapt to the extent predicted

by the current model of vestibular adaptation based on rotational
responses. . .

, The caloric step responses were analyzed in terms of the new
caloric response model with the halp:of a curve fitting program

. < )
that allowed adjustments of ;he paranaters within certain limits.

A different form of the adaptation filter was used in which the

wegs
. x
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zero of the 1ea§:£gg,was shifted halfway between the pole and the
origin (m = 0.5 in the model of Malcolm & Melvill Jones (1970)).

A best fit was obtained for the model output'var{able that incluyded
both canal dynamics and the modified adaptation filter. The
improvement over the fit ohtained with torque was statistically
significant in seven out of ten cases. However, ghe off-gtep part

of the response could not be included in the fitting procedure for
any of the modié variables because of apparent changes in the dynamic
aspect of the response.

The frequency response data similarly indipated an attenuated
form of adaptation since the point of zero phase shift recorded at
0.00086 Hz corresponds to an intermediate theoretical curve between
torque alone and fully adapted response.

The experimental work also 1qvolved preliminary studies on the
pulse response and on the effect of water flow rate.

The reaponse to 20 second hot ;nd cold temperature éulses were
recorded in five subjects. The mean response duration was 118 sec
and mean peak slow-phase velocity was 7.4 deg/sec. The same group of
subjects was stimulated with a 20 second "flow pulse" that simulated

the standard irrigation of the clinical test: mean peak slow-phase

“ velocity reached 11.8 deg/sec and response duration 198 sec. The

differences between the temperature pylse and the "flow pulse"

responses can be attributed to the long temperature tail that
.o A ’
accompanies the stopping of irrigation in the latter. (

~_!halpu1:¢ responses were curve fitted with the caloric résponse

s
= v
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model but inconclusive results were obtained except in one case

in which the mo.lel output with adaptation and canal dynamivs'provided
a bet&er fit than torque alone.

In three cases, a change in the irrigation flow rate from 150
to 30 cc/min modified the dynamic character of the step response
from an overshooting type to a sluggish type. Correspondingly, the
h values obtained by curve fitting the model to the data droppe&
from 80 to 2.5 cm_l. In a fourth case, the response was already
sluggish 4t the standard flow rate (h = 5) and little change was
observed in the response at the low flow rate. In two cases,
;nctgasing flow rates from 150 cc/min to 300 cc/min did not alter
sigsificantly the character of the response, which indicates that,
in practice, the theoretical limiting case of heat transfer (h -+ 00)
prevailed at ‘150 cc/min.

Conclusions
From the!e reaults‘, the following important conclusions have
‘ been reached.

(1) The system is probably linear and time-ipvariant even at very

w

low frequencies below 0.001 Hz, as shown by the data from sinusoidal
stimulation. 7
(11) The gross dynamic features of the caloric slow-phase velocity

s \ +

response aré well predicted by the torque model which indicatesthat

Y

/ the guran response u dminated by the r.heml procenes. Thia
NNES
c7hcmu {s mpporced () by the general lppurlncc ?t the atc-p
. responsa, (b) by thc frcquenf rupoma chnnc:urh:leh derived from
. o : N

f
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sinusoidal stimulation, {(c) by the behaviour of the transient to
sinusoidal inputs and (d) by the changes in the dynamic

character of the response due to changes in flow rate.

rotational studies does not apply to unilateral caloric stimulation,

and it must be modified to account for the reduced adaptation

observed in the latter.

§

(iv) From a quantitative curve fitting of theé step responses, both

5

+ canal dynamics and neural adaptation in an attenuated form are

significantly reflected in the slow-phase eye velocity response.
Therefore, the relationship between slow-phase velocity and input
temperature alone is hetter represented by the general caloric

‘ J

responge model than by t¥e torque model alone.

On the Validity of the Physical Model
¥

The aemifinfinite solid model ;f the caloric process has

provided good estimates of the torque acting on thé endoiymph

foliowing caloric stimulation since the basic dynamic characteristics

of the system have been ;erified from the genecral agreement between
predicted torque and slow-phase velocity data. However, the .
physical model ups been used as a pasic assumption to demonstrate

by dynamic analysis and stepwise model compafison that significantly
distinc¢t and repro@ucibkg*devfations from the‘theoretical_torquei
responise could be q:ttibuced to vestibular dynamics. These deviations

are rélatively small and one cannot a prtofl gxclude other

r
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explanations based on different and more complex mathematical
representations that would take into account the limit dimensions
and the intricate geometry of the temporal bone. Furthermore, q{z:
crepancies have been found between model output and data which cannot
be arbitrarily attributed to an inadequaze physical model or to time-
; varying neural processing of the cupula signal. Finally, the challen-
ging work of Harrington (1969) suggested that other heat pathways
are involved through the air-filled vestibule and would require an
extensive revision of the torque model based on the hé;t conduction
through the temporal bone only.

}
In that context, the direct validation of the torque model of

Young appears now as a critical step in the continuation of this

“

‘:) work., Torque or pressure cannot be directly measured in the semi-

: circular canals and to appreciate the technical difficulties, one

may quote the estimate of 10-3 dyne/cm2 (10'_5

cm HZO) obtained by
Oman & Young l1972) for the pressure variations in the canal due to
caloric stimuli. Torque may be estimated from the known
distribution of temperature around the semicircular canal. Techniques
are available (Dohlman, 1925, Cawthorne & Cobb, 1954, Ishiyama &
Keels, 1973) that were successfully applied in animals, cadavers and
- even in anesthetized puman subjects to measure temperature in the
perilymphatic¢ space. New data are needed concegpiug thaf@ynamics
of the temperatutre distributian;around the canal and the ;imﬁlest

approach might involve recording the temperature difference across

the semicircular canal, which has been shown to provide a good |
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approximation to calculated torque.

On Vestibular Adaptation in Caloric Responses

The conclusions concerning neural adaptation of the caloric
response are of particular significance to the basic concepts of
vestibular functioning. It has been suggested (Malcolm & Melvill

Jones, 1970) that the functional role of neural adaptation is to

‘maintain the balance of the differential inputs to the central

nervous system from the vestibular receptors of both sides of the
head. These receptors exhibit a resting neural discharge and
adaptation would act as an "automatic balancing circuit’ insuring
zero output at the very low frequencies, well below the frequency
range in which the system oberates under the action of normal head
movements.. The current Vestibulé; adaptation model cannot differentiate
between shifts 1in the resting.discharge of one side only and a differ-
ential signal generated by sustained cupula deflections on bbkh aides.
It is now clear that this model must be modified to take into account
thé~reduced adaptation capacity exhibited by the caloric response to
a unilateraliy applied temperature eté; change. .

An intriguing question is whether the mild adaptatlon observed
in the step response involves the same pathways as the adaptation ;een
in rotational responses. This 1s somewhat implied by theapse of a

unique filter to represent these two different phenomena that can be

differentiated by adjustment of a siné}e gain parameter. However, \ SR

such a general representation of vestibular adaptation must still be 1

considered as a working hypothesis and needs further testing. In this
T ¢ /
4 : .
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respect, a critical experiment has been suggested in which prolonged
accelerations might be gimulated bv caloric stimuli of equal magnitude
but opposite direction applied simultaneously to both sides. 1If the
model 1s correct, a "fully adapting’ response should be recorded.

The question of a unique mathematical model of adaptation may .
also be raised concerning such adaptation phenomena observed in the /
pulse response by us and by Young (1972) and also recorded by Hood in |

i

the standard caloric test (1973). 1In particular, Hood concluded thatf

/
the stimulus applied to the endolymph probably persisted for more th%n
ten minutes but that nystagmus disappeared after 4!— 5 minutes presdﬁably
because of adaptation. Qualitatively, Hood's data can be explained
in terms of the basic adaptation high pass filter pertaining to rqtational
responses. However this interprétation conflicts with the earlier
conclusion of this work based on step response data. As discuss@d
later, such data from standard irrigation stimuli cannot be easily
applied to the torque model and further studies are needed to tlarify
their significance.

Another important component of the caloric response is ghe
perceived sensation of angular rotation. The latter has not;beeﬁ
discussed so far mainly because no attempt w;s made to measure subjective
regponse in the experimental work reported ﬁnre; Nevertheless, it may
be worthwhile mentioning that in all subjects, a sensation;of turning

was experienced which completely disappegred'soue time afjer the

temperature steép change was: applied. This observation woild indicate
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. *
that "full adaptation' still takes place along the subjective
pathways in unilateral caloric stimulation. The subjective response
adapts much more rapidly than slow-phase velocity (Young & Oman, 1969) //;7

and an interesting question proposed for future investigation is
whether the same time constant characterizes the process in unilateral
.caloric stimulation as in bilateral caloric stimulation or in

., " rotational inputs.

It is obvious that the integration of these various phenomena

of vestibular adaptation in a coherent picture will require a systematic
investigation along some of the lines proposed here. The main motivation
to pursue this fundamental research may come not only from the
increased understanding of vestibular functioning but also from the
clinical implications of the findings.

Clinical Application of the Caloric Response Model

The objecgives of this research have been to apply systems method-~
ology to the evaluation and to the development of clinical caloric
.testing. A promising avenue opened to clinical researchers is the
use of a caloric response model as a tool to interpret caloric test
data. An important step has been to establish that the vestibular
dynamics are significantl'y reflected in the sloy—phase velocity response
to prolonged stimulation with step inputs. Attempts to identify P
node® pirgnctera gave somewhat disappoinéing results except for the
encc;uraging fact that a hest fit of the model could be obtained for

i

many sets of parameters within the expected range around normal values.

It was not considered appropriate to complicate the optimization search
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by varying the canal time constant and the adaptation time constant.
In future studies, the identification of véstibular parameters should
be an important objective since tﬁese are the main parametetrs of
. Interest to the clinician concerned with vestibular function.
The work done on the problem of parameter identification has
served to point out basic difficulties which must be overcome before

considering direct clinical applications. These difficulties may

by Lot e atccest Saitidiiinndos b e R

be broadly related to two general agpects, namely, the number of ‘
parameters estimated from the nystagmic response and the quality of
the slow-phase velocity datgy.
Four basic parameters characterize the torque temperature
{ : transfer function and four additional parameters are necessary to
O repregent the vestibular dynamic‘s. It i8 obvious that any reduction
in the number of dimensions of the parameter space considerably
simplifies the analysis of data in tetnérof the overall caloric
\ response model. Two possibilities have been discussed, namely, the
separate measurement of the distance to canal center (by XJray

techniques) and the elimination of heat trapsfer parameter from the

model equation by using sufficiently high water flow rates.

limiting the domain of optimization. There 18 a lack of data
concerning the parameters of the thermal processes. -Extensive data

cou¥d only be found for the canal radius (which does not influece the

, Tesponse). Other parameters have been estimated but little is known

\ v w
i

;
Another dmportant aabect is the definition of practical boundaries
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/éhout the corresponding deviations to he expected in a normal
" population. [n order to obtain such badic data, studies of the T§E§T~\’—’—\\‘\\\\

/ already suggested to validate the torque model are required and this
may provides further justification to orient research efforts in
this direction.

A traditional approidch has been used in representing the cupula
related signal by slow-phase eye velocity. Our slow-phase velocity
data were characterized by a high noise level which undoubtedly
contributed to the difficulties in parameter estimation. The '"noise’
appeaer as an inherent component of caloric nystagmus and the
questi;n of,smoothing a’d filtering was not discussed mainly because
the measuring process involved some kind of sampling and visual filtering
which 18 not simply expressed in termg of commonly used techniques of
signal analysis. g

In the broad context of nystagmus analysis, the Wasic problem
1s the separation of the continuous signal related to cupula deflection
and the saccadic compdnent. The saccadic component involves some kind
' of stochastic process as evidenced by the random occurrence of J
saccades and by the variability of saccade amplic;hes. The nature
of the stochastic procesa is not fully understood. Cheng (1972)
suggested that a multi~model phenomenon in interval dis;ribution may
be seen at the beginning and at the end of the caloric response. -
There 1is ptobabLy some iﬁternctiqd betweenuthe siccadic and the continuous

compogents of nystagause as ‘suggested by the work of Sugie & Melvill

Jones (1966) but that aspect has not been investigated for calorie

’

nystagsus.
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Slow-phase velocity remains a simple and useful concept.
A reexamination {in depth oﬁ the ‘characteristics of caloric nystagmﬁs
is required to deal with such aspects as slow-phase eye velocity ! '
"noise". With respect to the objectives of this research, a new
approach to nystagmus analysis is highly desirable because the
inCerp;etatign of-caloric response on the basis of siow—phase velocity.
alone 1is necesgsarily limitea dnd other ingﬁrmation with potential

clinical value is neglected.

Clinical Applications: Modification of the Hallpike Test

The experiepce gained in developing techniques for prolonged
caloric stimulation may be called upon to offer specific sugéestions
to modify the procedure of the Hallpike test and to increase the
‘ reliability and thg accuracy of the test. The applicatison of the model
has made it necessdry to define precisely the temperature stimulus and
to keep conhitions of heat transfer as constant as possible. We have
noted that thévsimple "flow pulse'" or irrigation of the Hallpike
a£anda;d test provides an inadequate igput test signal because the
conditions of heat.transfer are abruptly changed at the end of irrigation.
~ An uncontrolled temperature decay is added to the initial Semperatﬁre -
pulse which has been shown to contribute significantly to the response.
he component of the response due to the "temperature tail" is somewhat

variable and can be' identified as a source of error.

+*

s

. Caloric stimulation applied during contingéus irrigation has been
found advantaglous from two points of view. First, the temperature

in the ear canal could be controlled accurately and the rate of heat

e

——is
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transfér considered constant. Secondly, the subjects seemed to
habituate rapidly to water irrigation and presumably the state of
arousal was maintained at a more constant level than could be

achieved in a standard test. In the latter procedure, the surprise

“due to sudden flushing of the ear is added to the effect of the

stimulus itself and may c;use wide variations of arousal.

The séquenée of four irrigation in the standard test was designed
to prévide meagures of the sensitivities to hot and cold in each ea&.
These basic measures could be obtained equally well from one édequately
chosen temperature stimulus successively applied to each ear. For
instance, the stimulus might be a témperatur; sine function of limited
duration say at a frequency of 0.006 Hz. The steady state responses
to hot and cold waves are normally symmetrical and the peak values
should provide sound measures of hot and cold sensitivities., Of
course, these measures could be used to derive directional preponderance
and canal preponderance as 1s usﬁally done. \

The use of a simusoidal stimulus may be justified in practice
since it has been shown that steady state is achieved rapidly (except
for a bias that can be accounted for). 1Indeed, the effects of- the
transient are rel;tively small below 0.01 Hz contrary to the pievious
indication of Young (1972). The influence of the transient could
probably be further reduced by appropriately selecting the initial

angle of the input function as may be done for other linear systems.

One shoiild also consider the off-transient and determine the optimal
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return to initial conditions which would allow testing the other
slde with a minimum waiting time interval.

The above technique7§hould not only reduce the test duration
but insure a more steady'level of arousal for both hot and cold
responseg. It should also make‘it possible to offset (during an
initial stabilization period) any significant bias due to individual

differences in body temperature.

Concluding Remarks

Traditionally, caloric sgimulation has been used largely on an,
P empirical basis and mostly in clinical vestibular function testing.
The present study has demonstrated that the caloric response can

be analysed quantitatively in terms of a mcdel representing the

: . chain of thermal processes and vestibular dyna;nics. Techniques
have been'deveIOped to provide precisely controlled‘;emperature
stimulation during continuous 1rrig§tion.

It 18 felt that caloric stimulation should be considered as

a quantitative tool of research in vestibular physiology and it appears

partiéularly suitable to study the phenomenon of vestibular adaptation.
The need of baa{c research on thiﬂjhetnal processes has been pointed
out which should ieﬁiéﬁhe the confidence in the model and allow its

"
uge in the evaluafion of clinical responses. -

¥
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APPENDIX 1
Q. -

COMPUTATION OF THE STEP RESPONSE
o S
e AN
. d} . \
The step response of Young's torque model involves the ‘co-error

~

function (or 1 minus the error function). The latter can be
- ;
approximated by a rational expreshion taken from Hastings (1955) and
| .
found in most mathematical handbooks. Thus the error function eff ’

is given by

\
: = O B I ,
erf(u) = 1 - e'-u2 ‘E -dj a I + e(u)
- l+pu
. j-r-'l
where -

few] = 15« 1077

' The values of p and dj may be found in the following FORTRAN program
<r listing, denoted fesp ctively by p and array A. The program was usedl
to culculaée\;h;.theotetical step response of Young's torque model.

* \
’ !

e - ,

A RSN . AL
Y

s




Cr EVHLURTE INTEGRAL NNLY 11 GET TOROUE RBLTIPLY &Y 2eC1
C’VEPFIUN LFID TO RE USED WITH EYEAL FROLRAN
N ’ C~40 FOINTS 8 H'S AND S «0 ¢

: . it C- T0 COMPUTE STEF RESHONSE OF TUMUNE MODEL

C -
c- xe ° DISTRANCE TO CWNRL CENTER
c- NTR HEAT TAMNSFER CREFFIC1LNT, GONE CONDUCTIVITY
c- RAD CANAL RAD UL

3 c
¢ NOFMALIZED TIME DIF 1 INTERVAL: 20807

, c !

C-SUERDUTINE CALLED QXF 10 INTEGRRTE «
c- SEE IEM SSP MANUHL ,
c

DIMENSTON RCS), FACHCE ), FACYLSY, RC12), 2(12Y, ¥(162)
DOUBLE PRECISION ¥1i.Vi.VY.ARG. F.f

VECTOR A CONTRINS COEFFICIFNTS OF RPPROXIMATING FOLYNOMIAL

(s N2 X2]

DATA A/ 254R29592D8, - 28419671600, 1 42141374400, .
» 1-1 #%318202700,1 65140542909/
DRTA P/ 327321100/ .
DATA RAD, XN, HTRN/. 3. 76,5 / ~
DRTA FRCH/ 125, 2%. S.1 .2 ,4 .8 .16 /
f - ORTA FACX/ 6. 8,1 ,1 25,1 3¢ !
c " ¢
NFECe4@ y ~
NDRT=202
NOATMZ=NOART -2 *
NDATX=NURT#Z
CHLL SETFILC(L, "STERT2 , 1ERR. “ DK O
DEFINE FILE L(NFEC, NDATH, UL TV
Tvry .
P1r3 141392653
DT B2 ‘ '
‘LINL3
HArPIZ7CLIN=1 >
DiFry . -
DO 13 11r1,8
XOrRONSFACKCI])
00 16 JJIri B e , ‘
HIRFHTRNSFACH( IS §
Tep
00 44 Jr1. NDATND
TeT+DT
KTrSORTCToDIF)

. »

c . .
C-CRLCULARTE 12 POINTS AROUND THE CANAL CIRCUWFERENCE FROM -P1/2 TO +P1/2
4

00 0 Ke=a,LINM -
AlrK-g .
ANOLE® ~P1/2 wATeP]2CLIN-1 )
KETAR=RB+RADS I NCANGLE)
VIrcKETAR/S /XT)
ARQrviand .
YEr(XSTAR/2 /XToNTRAXT)
Virs, DO/CL DRePeYL)
Y2ry D8/C1 DEYPOVD)
Yve¥ 0O - -
0D 100 -1, 5.

100 YYrYPeRC ] poivienc ) -YRue(] ) —
.,  1FCOnR RG> LT #7 08)080 1O S0

RCK) .
ag-fo ze
s CKIP VYOl EXPC=ARG)I sSINCANGLE) x
38, " conTinve
ZINTEQRRTE
. TALL GFFCNA. R, 2. LIM) .
LA MLFLEN 1. 3]
14 CoONtINUE
¢ -
geSVunt DN CONTIGUOUS FILES ON ISy
L VEMNTAS L NI .

™ Y(NDRTRE SO ) e X0 '
. WEITECL - IND (VI 0. 1og, NOATY
1 N il . ’
i8 Lony Inut ‘ .
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’ ‘ , . APPENDIX 2

€ALCULATION OF CANAL CUPULAR DEFLECTION AND

- . SLOW-PHASE EYE VELOCLTY FROM TORQUE

o

-* ’
A

- . The canal cupular deflection Oc and the eye slow-phase velocity

»

ee have been calculated from torque M by recurrence formulae which * .

2 i e iR

are eqﬁivaient digital filters for a firs;t order lag and a first order

lead-lag. The:method has been described by Monro (1970) to simulate

L S
gimple transfer functions. . . .
‘ . B ' Consider sequences of the variﬂablés M, éc and (:)e sampled at
« p
times t - i4¢, 1 _ 1, 2....N where At is the basic time interval
. .
between samples. ec is obtained from M by °
1 ) ) r
. . . 4
) .-Y -‘Y A
’ ’ + 1 . ) l - e l ;“
ec - ec e t Mi - ) (A.2.1) “
i i-1 . .
Y
- 1 1 » \rl
v ¢ .
L] N QE:}'
%
where '
ac/t ! ' ' :
. Yl - / 1 ) (A.2.2) '
L3 i N L] Q
N . M <
@ ’
» \ » 7 1‘




Ge is obtained from Oc by
) -, -y (1 - m)

é é o e ) 2 *

e = a + G|]o -0 e

! i-1 Cy €1 -1

(’AJ._2.3)
where Sy . at/t" * (A.2.4)
2 a

and

6 . 1-m (A.2.5)

(L

i

with ] f_ m< 1 .
/ o . ¢
.For @ = 1, G tends to the limit oo ) 7
“
. > =Y o
: ) 7
-~ 3 LY ‘1 - e
° - G -
e /
- Y, ‘(A.2.6)
- © - o« - ~
° e ! ) i i ’ N
) *
. i -
KA ’ ‘ l )
v ~ ? i o
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SR AT TR T TR T ey TR AT

L

. L

C-SUBROUTINE LAG RPPLY FIRST ORDER LAG TO VECTOR v
C-QUTPUT ¥.NDAT IS VECTOR LENGTH

C- TLAG=TIME CQONSTRNT

C

C~METHOD DEVELOFEDL By MONRQ SEE FEFORT IMPERIAL COLLEGE. LONDUN
€ EIOMERICRL ENGINEERING FROGEFAM
c P ELECTRICAL ENGINEERINU

SUBRDUTINE LRG(DT. TLAG. ¥. NDAT»

OPIMENSION V(1)

IFCTLAD E@ @ HRETURN -

A2r1 /TLAG

COEFD=EXP(-R2eDT)

GAINr (4 -COEFZ)/RAR

© YLAST=v(1) .

DO 18 1r2. HDAT

Xrycly |

VLrVLAST#COEF2+XeaGAIN

YLASTrvi

Y(lrevy .
10 CONT INUE

RETURN
- END

¥

C-SUBFOUTINE TO SIHULATE ADAPTATION

IN'CALORIC RESPONSE MOLEL

C-RPFLY LEDLRAG FILTER T® SEQUENCE ¥ s OUTPUT IS ¥

C-RDAT IS LENGTH OF VECTHR ¥

Cc-

TR=ADRPTATION TIME CONSTANT

SUBROUTINE LEDLAG.DT, TR, ZERD, Y. NDAT)
DIMENSION v(1)

N1+ DERO/TR
A2=1 /TA
COEFArEKP(-R1eDT) ¥ ‘
COEFZrEXP(-R2*DT)
IFC(L -COEFL)> LT 1 €E-6)6G0 TO 4
OAIN~AL/R20(1 -COEF2)/(1 ~CODEF1)
00 T0 5 R

4 QAINFC1 ~COEF2)/C(RRDT)

s VLAST>®
XLASTry(l)
DO 2 1r3: NOAY
YirVLASTeCOER24(V(1)-XLASTCOEF 1) sGAIN
XLASTr¥CT)
VLAST=v)

2 velyevy
RETURN
END
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APPENDIX 3

TORNUE TRANSIENT TO A SINUSOIDAL INPUT

~ 7

#fhe formula derived by Young (1972) to calculate the transient

torque response to a sinusoidal input is given by

0 e . N i .
) ’ {
ki o . . . '
2ah - Zt :
M=c, __ cos @ . f(u) e % ududo A3.1 i
C *
. o o ) ;
w u cos(ux*) + h sin (ux*)
where f(u) = N ~ 7 A3.2
‘J B
@ ot +0?ym? ¢ ud) )
N 4
o
* ¢ 1 : kl
and x - xo * R cos O A3.3 |
3
: 1
The other symbols are defined in the main text (see Chapter 3.0). ‘
The formula is valid 1f the input is a aﬁe function applied at
IS

- ' ' | ‘ f 1
§
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» .
t

=0 wiph zero\phasg. 1In our work, Equation A3.1 was evaluated by

: *
direct integrati using a standard subroutine QSF .

LA S

Young used a faster technique based on a Gauss-Laguerre
*
quadrature (DQL32). However, it was found difficult to assess the
i accuracy of the quadrature technique which depended on the value

of very high order derivatives (n — 32 in this case) (Ralston, 1965).

* system/360 scwnuc Subroutine Package (350 - cm 03X) Version I .
mummw m:tau- carpoutm. 1966. :

-

-

®
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. APPENDIX &

VISUAL CURVE FITTING PROGRAM

The computer system wags a medium size laboratory computer
(PDP-11/20, 'Digital Equipment Corporation) with 16K core memory,

a scope display, an analog-digital interface and a 1.2 M-word

cartridge disc. The system operated with DOS (Disc Operating System)
and all programs were written in FORTRAN IV. The system software
included a number of special FORTRAN callable subroutines to operate
the analog-digital interface and the scope display.

In a preliminary phase, torque step responses were calculated
in the normalized time interval O - 3.0 divided in 300 steps. The
responses were calculated for a grid of values in the Xo - h plané.:\
‘ o In order to accommodate longer data files and larger q}iffusivity values,

another Baﬁk of torque responses was obtained over the interval

, -»
0 - 6.0. For pulse responses, a 0 — 0.05 interval was used.

The curve fitting pfogram listed at the end of this appendix

is briefly explained. Experimental data are first rea; and a bank

of theoretical responses is selected. A set of 6 botentiometers

(P1 to P6) is sampled. Th lxo‘— h coordinates are set by Pl and P2 ’
N N and, 1§ necessary, a new torque‘recponse is read in array Y from the

disc. The array {pUT is used to Leptesent the fitted résponse.

According to the requested options, YOUT is modified to yield the

response to a pulse of a given width and/or is filtered through the

"canal" lag and the "adaptation" lead-lag filter (Appendix 2).°

The modified Ybl!"f are then fitt:qd to the date by appropriate adjustment

§
i
!
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/
of bias P5-and gzln P4. A time array (ITIM) is also computed
/ .
according to diffusivity value set by P3. The theoretical response
. is displayed ¢n the scope along with the experimental data point.

During compu%ation, the display is blanked out to avoid poor interaction

with the user. )
P6 a/[is as a switch that returns the étog am to potentiometer
sampling )r to keyboard control for selection off options. |
Because of core limitation, a s;acond program is chained to the

curve tting program to compute the mean(s Pafed deviation (SSQD)

L 4

betwe experimental and theoretical cﬁrvés. b’rhe times of the experimental

points fall randomly between the equispaced points (y,) of* the

j ¥
at time tj between t, and t.ps @ new value 'yj is obtained by linear

f .
interpolation from the values Yy and Yot

theoretical sequence. H‘gpce for any slow-phase velocity value SPV

[ SR
SSQD is calculated according to
{

n o 2
: ( )
SsSqQp - Z (SPV:‘ «{ GAIN . y:1 . * BIAS
j“]. ' .

and is 'minimived with respect to GAIN by linear regression. Gain
optimizarion was added at a later stage of program devgup-ent to

perform the ’mlynia of SSQD in the parameter space.
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C-10 EVERALL FIT EXF DAY 10 1HECON CURVES ThOn MOREL

C-THEORETICRL STEF FESFONSLE IN CTFFIO Ok “1EF12

[ ENTRATLD BY GRID FROGRAN 40 FOINTS

C-DRTA FOINTC PN FILE EVLME DI

C-FRAAMETER vRtuk SELECIED Y hlelll'lﬂﬁNﬁ LOY 170 €

C-MODEL TIMFCITIM OUYIWUYeDb T

C-DRTA  Yinbteld S F VELOUIIY ISFY

c

c-

C-SUBROUTINE C(ALLED ADCFY SYETEM SOFIMARE EBY C 6
C- RIDIS "

C- FuL 5S¢ SEE APFENDEL LISTING
c- LRD

c- RDAF Y

DIMENSION VCIB2), THIT(ZEP). TTIMC@2), TCHCE) , FOT(B) oNETAS G

UIMENSION 17(3208), 17FYC1200), JUCI®)
: DIMENSION YOUT (200
DRTA NLIRS/Z86,0,060,0,0,6,0,0/
DATA FOT/1Y .4X 8¢ , %6 ,1 .91 ,0 .8 /
D1s €3
C-READ EXFP AR
CRLL SETFILCY, "ENCRT DAT ., JERF, DK’ )
NREC D1
NOF e 2¢i €
DEFIND FILE SCNRECZ, NOFZ., U, TR)
Iy .

ENUFILE 3

NHIGH: 2016

DIFNr Q005

SIGNE« - §

IFRCI: 8 °

TVhe g

NRECr /0

10R1~ 2@

NDRTY: 302

RORYMEsNUAT- 2

NDRAIX=NORT 2
C-SELECT BANY OF THEORETICAL RESPONSES
C-RERD IN FIRST 6F &5 ONSE

195 CALL SETFIL(2, “STEPTD”, IERR, “DK’)
GO 10 3%

86 CALL SETFILC2. “STLET2 . JERR, 7 OK”)

196 DEFINE FILE 2¢HREC. NDRTX. U, 1V)
Ivey ' -
NEMs 3 .
READC2/ IVICYCI), e g, NOAT)

[ T
RDWr 3@ P s

c..

c-

C-SAMFLE POT 3-€ ONLY ONCE

2¢ CRALL ADCKRYCIFACTY, ICH. 3,0, 3. 2,3, 4,% 6)

C-READ ON DISK ONLY IF "NEM VALUES OF F1,P?
IFCNEN FR 3)G0 Y0 360
IFCIARSCICHCA) - TCHILD)Y (Y 1360 10 360
LFCQIARSCICHC2) - TCHZLDY GT 1760 10 3¢8
IFCIRBRCIOM(Z) - TCHILD)Y O 1500 10 %1

60 Yo 162
C-COMPUTE FILE INDX
160 NEwrs

CALL RIDISCITIN IFIT, 20, 2)

ICHILUe ICHCS Y

FOMIA D TENC2)

107 CMBTRSS S Y0 1CHAI IV AraTCsd e,
IR CHRINBCRISTCRCP) V01 (F ],

IFCIX LY. 8 OF IX 61, % 025,

IPCIR LY 3 OR 1H 61 &GO 10 25

IVNY (TR 13869 1N :

IFCIVIEY TVOLDIGO 10 52

V0L br SyN

tan

V- w0l 5
ut!{: n;. NEEL OB 1V. Lt BYGD TO 24 -

SAYY Tl 295000 BN Y
FORBHICIN | DUt ORlD-, 216
o 16 [ -

< R IICECIY R B N T

READCI TRITEEG, THAX . TIMCAL, SPYSCA, MPIS, C1TC1), 1SEVCID, 151, HETE)

R ST R R
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%y Db e CHEIHS CIYeTLHE 2T ISUEFN N

Co-MEN DIFFUSIVITY ADJUST  1TIM VECIQR

C-BLHNK LI AY WKMILE FESCTIING VECTORS
CHLL EFTDIC ITIM. IFIT.20.2) .
‘ IUHLLURITHCT -
DO 48 Iri, NORTHS .
TIMA-CYBEGI«DT. DIF
IFCTIMG GT THAX GO 108 a? . -

45 ITIMCID = TINLSTINCAL '
4 IFCT LY 28)1=20 ’
IDATs ]
C~PDIUST YOUT WECTOR ACCORDING TO OPTION .
a9 DO 12@ I+1,RDATNZ
128 YOUTCT el

C- TD FI1T R FULSE OF WIDTH WFULS
TFCRPULS EQ 1)CRLL PULSECDIF, HPULE, YOUT, ¥, DT, NDATNZ, THAX)
C~TO ADD CRRRL DYNAMICS Ok RDAFTRTION
UTL-UI/LTF
1F(NRDR EQ 1)CAHLL LEDLAGCDTYL, TRDAFT, ZERG, YOUT. NDATND)
IF(NCAN EQ 19CALL LAGCDTL, TCAN, YOUT, NDRTNZY
C-ROJUST FOF BIARS AND GARIN ANL UIRECTION
163 QAINrIR »s(ICHIZFNT ()
BIAS=(NRIAS(SI+ICH(S Y ) /POTIS)
C-D1SPLAY CONTINUDUSLY DN SCOFE REFRESH RATE SET BY EXTERNAL TRIGGEF
[N

C~OISPLAY IN X-¥ MODE [ITIM, IFIT] AND [ 17,15°V)
CRLL RYDISCITIN IF1T, JORT, 2, 1T, ISPV, NPTS, 2, NDX, TU, 0. 1)
C-CONPUTE NEW IFIY e
, 00 58 11, NDRTHZ
IFCT LE 18X IUCIIwBIRSHSIONE

-5

YErYOUTCI>#GRINCBIRS
IF(YX GY 489€)VX=4056
se IFITCI)rYReSIGHE
NEuU-d
C-POT & RETURN CONTROL YO CGONSOLE FOR OPTIONS
2?7 IFCICHCEY LT HHIGH)GO TO 26
14 NRITECE. 181) )
101 FORMATC & -$50-1 PAR 2 EYBAL-3 NN FIL 4 PULS 3 ADA-6 FREV-?

1 GR @ 1-8'") !
READCS. 1 28I RARK
60 TOCL0. 11,26, 12, 125, 126, 183, 1999, KARK -

C-TYPE PARANETER VALUES

11 RELGEN=GRIN/SPVSCR .
PINSKL=BINS/SPYSCA
MRITECE, 1O2IVINDATHZ+1), YCNDATNR+2), DIF, RELGEN, BIASRL
192 FORMATC & HTR  X@ 01F GRIN BIAS’ /7
11H , 3645 6/77)
00 10 14 :
C-PULSE OPTION ENTER RESET TINE
12% MRITECE, 127>

127 | FORNAYC &1 -PULS. TERD” /)
READCE, 128)NPULS, TEND

108 FORMATC11, F6. @) ‘
MPULSuTEND-TBEQ o
NEM=)
6D T0 43

C-CANAL DYNARICS AND ADAPTYRTION T)KE CONSTANT E

126 HRITECE, 129

129 FOURAY C* ANADR-NCAN-TADAPY ~ZERO~-TCAN= 2]144--3F6. 87 /)"
REMO (S, L30)NADA, ncnu.tnoarr.ztko.vcau

130 FORRAT(214, 3F6 ®
NENSY .
o YO 49

C-FOR B KM DANK DF STEP RESPONSE

196 MRITELE, APL)

191 felnwvt'tntio w0, SPACE. DY’ /)
ltlt&a.s!n)nntn,ut . bY

ERDEILE 2
xr«nnuu *o..asé 10 195
" 90 10,496

sﬂm« wvwr 1o N TO S5O0 PROGRAN

10546. 4 ,
% 4 ] ORMNTC 8 gantv $34 U, $30 PRO u11n PARAN’ /) ’
. nun;c. uu. 17, GA1I, BINS, TCAN, TADAPT. ZER0, S1ONE, KPULS

{ L deudl

H

:

¥

: 3

RITECE, tﬂ nv . - i

0 -

24 v%iunt 13y PR

tro mtnz wiseCtion of modEL resrouss : ?v ' . :

e
3 s \\ . .
. ,'!‘. . 5, L » .
‘ / " \ + 1 ,




c

wo

C-T0 COMPUTE PULSE RESPONSE FRON STEP RESPONSE
C~-SUBROUTINE TO EVBALR PROGRRM

LYOUTCT)avGRIDC])

SUBROUY.)HE PULSECDIF, HPULS. YOUT, YGRID. DT, NMAX, THAX) A
DIMENSION YOUT(1), YGRID(1)
D0 L Isg, NNAX =~

NENDERPULSSDIF/DT |
NEND-NEND+1 - . ;
TFCNEND GT NMAXIGO TO S ¢ . . ‘
00 2 I*NEND. NNAX ?
YOUTCD)«YOUTCI) -YORIDC I -NEND+1)

CONTINUE ‘
RETURN

WRITECE, 37 ‘
FORMAY( gMIDTH EXCEED BASIC VECTOR LENGTH” /) ‘

RETURN . .

ENO






