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AB S TRACT 

ANALYSIS OF HUMAN VESTIBULAR RESPONSES TO CALORIC STIMULATION 

The vestibular response to calorie stimulation is deseribed by 

a general hypothetlcal model in which a distributed parameter repre-

sentation of the relevant thermal proceesee le tbupled to known 

physiologieal models of semicireular (s-c) canal dynamics and vestlbular 

adaptation. The transfer function relating torque on the endolymph 

to lrrigating medium temperature Is charaeteri~ic of a wide band 

pass filter with .,distinct components related to heat transfer at the 

surface, heat éonduction through the temporal bone and generation of 

torque around the s-e canal. An analysis is made of the torque step 

and pulse re$ponses, of t~e effects of parameter variations and of the 

influences of'vestibular dynamlcs. The model responses are compared 

to slow-phase eye velocity data from human subjects stimulated durlng 
, 

continuous irrigation with temperature waveforms (sinusoids, steps and 

pulses) from a specially designed calorie stimulator. The major 

characteristics of the experimental responses are qualitatively exp lain­

able in terms of the model output torque ilnd reflect the domins,nt role 

of thermal dynamics. The reaponaes did'not adapt.to the extent pre-

dicted by the current representation of vestibular adaptation based on 
\ -, 

rotational 8tudl~8 and the adaptation filter was modified accordingly. 

The model output which includea bath ~-c canal dynamies and modified 

adaptation provided ft .igniflcantly better fit to step response data 

than to~que alone. The fact that the vestibular camponent could be 

eeparated from' the overall~calorlc r •• pon8e asy le~d to interesting 

clinica1 applications. 
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RESUME 

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

Comme hypo~h~se de travail., on propose un modèle ~lobal de 18 

réponse vestibulaire à la stimulation calorique dans lequel un syst~me 

à paramètres 'ontinus s'appliquant aux phénomènes thermiques en jeu est 

relié aux moGlèles simples et, connus de la dynamique du canal semi-circula i.re 

(s-c) et de l'adaptation vestibulaire. La fonction de transfert mettant 

en rapport le couple gravitationnel agissant sur l'endolymphe et la 

température du fluide ir:rigant possède une caractéristique "bande passante" 

et est séparable en trois composantes distinctes d'échange de chaleur à 

la surface, de ~onduction de 
1 

d'un' couple sur le périmètre 

chaleur dans~'os temporal et de génération 

du canal s-c. L'analyse du modèle porte 

sur les aspects dynamiques des'réponses à l'échelon ~t à l'impulsion de 

doree finie, sur l'effet des variations des paramètres ei sur l'influence 

des composantes vestibulaires. Le modèle fut etudié chez l'homme stimulé 

par des ondes de température (sinusoides, échelon et impulsion) obtenues 

au moyen d'un stimulateur d'un type nouveau. Dans l'ensemble, les 

r~ponses expér'imentales mesurées par la vi tesse en phase lente du 

nystagmus oculaire reproduisent les caractéristiqu~s majeures du couple 

théorique calculé selon le modèle et reflètent la prédominance des phénomènes 

thermiques. L'adaptation n'est pas aussi impottante que prévu par les 

- .. '., " madeles antfrieurs beses sur la rEponse a la stimulation rotatoire. 
,-

Apr,èa modification de la fonction repr~8entant l'adaptation, on a obtenu 

un meilleur ajustement aux réponses expérimentalea avec le modèle global 

qu'avéc 1. aodèle thermique simple. La composante v~8tibula1re peut' donc 

être quantifiée au moyen du .od~le siobal, ce qui peraet d'entrevoir un 

eertain noabre d'applications cliniques. 
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INTRODUCTION 

i 
ln this thesis, the vesti~ul.~ocular respons~ to ealoric 

l ~ 
Quantit'a !ive model whlch 18 analyzed 

stimu-

Intion i8 studied using a 

and tested experimentallv. AttE'ndpn ls focused on the dyn8lllic 
,) 

relatlonshlp be\ween slow-phase eye velocity l'lod water temperature in 

1 

the external eAr can~l: hoth in tïe time-and in the fr~quency domains. 

The study has been motivated by the clinical importance of the &0-

callen calorie test which le ,used to evaluate vestlbulttr functioning 

in patients with. prohleos of v~r1t~o and dizziness. 

A first objective has"been to deepen the current understandinp, 

of the tomplex processes involverl in the calorie rea~tion phenomena. 

A second objective has been the application of the acqulred knowléd~e 

to reexamine exi8tin~ clinical procedures and to explor~ the full 
• 

potentisl of calorie testing. 

The calorie reaction ln man 18 obtalned by a simple pr9cedure 

in ~hich the ear canal i8 irrlgated with hot or cold (relative ~o hody 

t6'mpE'rature) "ater. neat conducted throagh the bone 'acts indirectly 

on thp- se.tcircular canals, the sens1ng organs of the vestlbular svstear. 

and 8e~erate. characteristlc eye movementa (nyatagmus) very sjmiiar 

to those produced by head motion stimuli. 

The calorie reaetion 1. ueually expla1ned 1n -taru of a theory 
t, 

-li " il Cv._ 

) 

; < 
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proposed by Ba any in 1906. some fifty years after the first reported 

observations 0 the phenomena hv Brown-Sequard. In man and in 

the function of the semicircular canals is to transduce 

motion. Head rotation results in a relative disp1acement 

of ring of endolymph wit~in the canal, and the displaced 

d deflects and stimulates the sensory hair ce1ls projecting into 

the ring. According to Barany's exp1anation, after irrigation of the' 

ear canal with hot or co1d wat 1ar endo1ymph flow wou1d 

resu1t due to chan~e~ ~ndOlymPh 
) 

gradient 18 established acrOSB the 

bO,ne .. The c'ombin~d action of gravit y and t 
r 

(

" ~n particular the direction reversaI of the response when going from 

hot to cold stimulation or from the prone to the supine position of 

s~ead. 

o 

Barany was the first to explo t the calorie reaction to e~amine 

pa tients with vestfbular disorders. V rious testing procedures were 

subsequently developed ~ut the one originated by Fitzgerald and 

Rallpike (1942) was adopted as a standard by most clinical laboratories. 

In the Hal1pike test, the es! canal on each gide is subjected to two 
l.." 

equsl but opposite temperature stimuli in à séquence of four irrigations 
~ 

st 30 and 44°C. The eye reaponse ia charac~rized by horizontal 

nystagmus, an irregular sawtooth-Ilke waveform'which consists of 

a slow 1Il0vement in one direction inter'ruptt!d by saccades or qlriC~ 

pha8~. in the other direction, The nystagmic responses are measured 

u8ually in terma of the .peak velocity of the slow-phase component and , J 
fr~ the set of fOur re.ponses two basic measures of vestibular function 

/ 
• 
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arp derived: rp.lative canal sensitivity (Jabyrinthine preponderance) 
'" 
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and directiénal preponderance (the latter i5 characterized by nV5tagmuR 

of greater intensity ln one direction than Jn the other). These 

measures provide valuable diaRnostic signs of or~an dafects and 

of lesions in thp central nervous system. 

The reliability of th~ ca~oric test has often been questioned. 

A ~ajor difficultv has becn the great variability of aensitivities 

hetwcen subjects and the poor responsp repeatability ~n some 

individuals. This variability causeR a sip,nificant overlap between 

normal and abnormal response~ so that the test lacks preclRion as 

a diagnQstic tooi. Oiffcrent ~easures of nystagmus response as 

weIl as new testing procerlures have heen proposed and evaluated by 

many clinical researchers but these attempts have not produced any 

breakthrough that could seriousiv challenge the Hallpike test as a 

s~andard. The lack of progres8 in the clinical area might be attributed 

in part to the empirical approach, characterizing the clinical research and to 

the limited efforts dORe on basic research concerning the calorie phenomenon. 

A researeh program has been undertaken in this lahoratory ta 

evaluate clinical calorie testing within an appropriate theoretical 

framework centered around a mathematical model of the calorie response. 

The approach,was suggested in part by Steer (1967) who introducpd the. 

first model relatin~ Rlow-phase eye velocity ta ear canal temperature. 

The work was also gr~atly stimulated hy Young (1972) who provided 

important background material for the present study. 

An essential taol of~e8earch 18 a model of the calorie reactlon 
~. 

phenomena that can deacribe in quantitative terma the dyn~ic aspects 
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of the respons p such as rate of rise, time to peak etc. These 

aspects have received little attent~on in the past, and it has been 

widely àssurnei that a single arbitrarily selected measure such as 

duration or peak slow-phase velocity could adequately characterize 

the response. 

A calorie response model mi~ht 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 is slso possible with the model. For instance one might 

1 
conaider the interaction hetween successive irrigations, the sign1-

ficance of ,measbres such a8 directional preponderance or the effect 

of parame ter variations. Furthermore, a rational basis Is provided 

for developing new'testing procedures, and the questions treated 

might relate t'o the dynamic range of stimuli, th,e replacement of 
M' 

successive irrigations 1n a given ear by a single stimulus the minimi-

zation of test duration. etc. An important ~spect of the use of the 

model throughout these applications i8 that the respons'e variability 

can be .studied and related to the specifie parameters with known 

'physical and physiologieal meaning. 

In the context of this clinically oriented research program, 

the work presented in the thesia has been eoncerned with the funda-
• 

mental problea of developing and validatirtg an ade~uate model of the 

calorie procas •• As a 8tarting point, prev1ou8 modele of Steer (1967), 

Sc~ltl (1932) and Young (1972) have bean investigated and on the , 
b •• is of nev.expertaental re.olt., a more ,.neral representation of 

__ LL~ __ .• ___ .,~_~ _____________ _ 
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thl calorie ~~actiQn phenomp-non has be~n àeveloped chat providps 
1 

a useful working hypothesis. 

5 

It has been assu~ed that the overall nystawmls response to 

calorie stimulation iS!influencPd by threp diff-~t dynamic proce5~es. 
l , 

The first process ig tpat which ~~nerates a t6rque on the endnlymph 

when a temperature sti~ulu~ i~ applied in the ear,canal accordin~ T" / 
1 

to the theory of fiRraryv. Thp second process involves the hydro-

mechanical eventq in ihe semicircular /ranal that usually follow 
1 

i 

BrH;ulBr accelerBtlon rtimuli. 'T'Ile third process i8 neural adaptation, 

B hlgh-pass filterin~ mechanism acting on the canal signal before 

Olt appears as nvstag~us. '~ 
The overa11 ca~oriC reRponse mod~esents the, dynami c 

relationship between irrigating water temperltur~ and slow-phase eye ,," 
velocity, resp~ctively viewed as the input and the output variahles .. 
of the system. The model ia hypotheticaJ since neither canal dynamics 

nor neural adaptation have been shown to exert significant inf~uences 

on the calorie response, which {s generally helieved to be dominated 

by the slu~gi9h thermal events. The new model pxtends and modifies 
I! 

th~ original representAtion of Steer that consisted Only of the 

thermal ,process coupled to canal dynamicB. ~e,ural adaptation has 

-Binee been emphaslzed in vestibular modela and it has been included 

here as a possible cOMponent of the calorie response. 

Mathematical repreeentations of the processes underlving the 

calorie reaet10n ph~nomena have already been obtained in difilrent 

contexte bV a number of authows. In the present work, these repre-

eentationa have been coupled together without any ~jor modification 

+ 1 È ' t: fi MI 
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to yie1d the averall calorie response model. On the'one hand. 

t~e models of 5chmaltz (lg32) and of Young (1972) provide a 

quantitative description of the thermal phenomena that haB been used 

in preference to Steer·s heeause thev of fer a better explanation 

of new experimenta1 data ohtained in t1is study. On the other 

hand, the classic de~cription of semicircular canal dynamlcs (van 

EP,mond, Groen and~n~~ee9. 1949) has been simpllfied and comhlned . 
with a first order high-paqs l'adaptation" filter, fo1lowing here the 

approach of Malcolm and Melvill Jones (1970). 

The caloric response modp1 has been studied both theoretiGallv 

and experimentaI1y. In particular, an extensive analysis has been done 

of the basic models of ~chmaltz ~l932) and Young (1972) to'clarify 

the 'dynamic characteristics of the calorie stimulation process. 

Experiment,s of a new type Involving prolonged calorie s,timula tion 

have been conducted and the data applied to verify the genetal mode1. 

The results have indieated that both canal dynamics and neural 

adaptation exert si~ificant influences on the overall calorie responsè. 

Thesis Outline 

In Chapter 2, ,further deta11~ are Riven concerning the relevant 

anatomie.! and physiologieal Qasls of vestipular system functioning 

and a critical ;eview i8 made of the literature on calorie stimulation 

to givJ a'proper perspective to 'the work ~re8ented here. 

Chapter 3 is matnly theor~tical. It.be,in8 wlth.a detailed 

presentation bf the modela of Scbaaltl and YouÙg. A tr.usfer funetion 

• 
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relating torque on the endolymph to ~ar canal tempetature 18 derived 

whlch has,the characteristie~ of a wide band-pass fil ter and 18 

mathematically separabl~ into three components, eaeh related to a 

"" ~hysical procesR. The transfer function provides simple explartations ~ 

for certain features of t~e pul~ and step responses as weIl as 

for the effects of parameter variations.. Also, it is shown that the 

temperature differenee across the canal Is v~ry closely related to 

the torque and thiR provides the basis for an experimental verification 

of the, model and for an approximate and simpler method of c~~culating 

the response. The oversll ~odel i8 then examined, anJ the possible 

roles of canal dynamies and adaptation are discussed. 

The experimental section begins in Chapter 4 with a description 

of the a~paratus and techniques.""" In pJrt,icular', a fast-r~sponse 

thermal stimulator of 'new desigl) ',is ,descrihed. Chapter 5 reports 

experiments performed on human sub}ects. In contrast to the usual 

technique of calorie stimulation by short ir~igations, precisely 

controlled periodic and trans1ent temperature stimuli were'delivered 

, during sustalned continuou8 irrhation. 

First, the response toàsinusoidal inputs waB examined ta 

determine the linearity of the system and its g.neral characteristics 

in a frequency range extending from 0.0005 to 0.02 Hz. 

Second. the résponse to step temperature changes was_Î.~udied. 

Step re.pon.ee recorded over 15 minute. exhib1ted 8u8taine~ystagmus 

.n~ the GOYre.pondin.·.l~pba.e velocitY output va. analyzed 

q~nt~t.tiv.l, ,by • curyè fittlrr proar" to d.~.radD. the model 
... ' 

par ... tft •• 

'1u11y tWO otlMit ~d.". of at\ ...... tory natun are 
t". • Q, ' r t 

/, '1 _ 

/ 
c, 

u ,:: 
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desc ibed. \:ir~t, step responses w~r~ again recorded, hut the 

water f~w r~t~of the irrigation stream waB varied to studv the 
"",_. ~ 

role of this parameter on heat transfer. The output curves,were a1so 

fitted to the model to estimate the variation in the heat transfer 

coefficient. 

~ 

//~econdly, the respons?S to hoth temperature pulses and 

/ 
reMperature pulses followerl by a slow return to haseLine temperature 

(tail) vere recorded and compared. ~ The temperature pulses "w1 th , 

tail" were intended, to approxim"lte the stimuli generated by the short 

irrigations used in the standard calorie test. The objective was , 

to determine the relative importance of the uncontrolled "tail" 

part of the stimuli: ~esponses from ~he true pulses were a1so fitted 

to the mod8il, 

The finAl ch~pter s~arizes the results and indicates a 

nurober of areas for future tesearch, 

, 1 
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CHAPTER 2 

ANATOMICAL AND PHYSIOLOGICAL BASIS OF THE VESTIBULO-

OCULAR REFLEX IN RELATION TO CALORIe STIMULATION 

This ehapter introduces the essentials of the anatomy and physiology 

of the v~stibular sys tem requlred for the understanding of the calorie 

vestib~lar respanse. The subject has been dlvided in~a the folluwing 

general headings (a) anatomy and dynamic functioning of the semicircular 

canal, (b) the vestibulo-oeular systeM.and (c) 8ssociated phenomene due 

ta neural process:l.ng lIIeehanisms •. The process of calorie stimulation fs 

then discussed and a review of exis tlng theoretica1 models le 

made. Flnally, current trends in the development of calorie testing 

proèedures are examined. 

'2.1 The Seœiclrcular Canal: Anatomy and Function 
( 

The vestibular apparatua (figure 2.1) eonsists of three membranous 

semlclrculal' ducta arranged in orthogonal planes and connected to a common 

•• c, the utrlcle. The saccule 18 the Qther tmportant structure of the 

ve.tibular labyrinth. Al! these coaponents cOIIDUnicate witb each other by 
, 

vadoua ducte and ire fl11ed vith ~Ul~, the endolyaph. ' They are encased 

in a ayatea of correapondint cavitiea vith!n the petroh. portion of the 

taporal bcme." Both tbe .accule and tbe utr1cle are found withln a cOIIIlon 

.centul cb.b.;r. tbe ve.tibule; eadl poe ...... OU otolitb, 'an orsan 

. , 

,. 

, ' .. ~ . " ... ·~t\~~.};I.~iJ.{;~:;:~~ ... ~~ .. ~'-"':.,;~."_L._:.-'-__ ~~ _________________ "..;; • .-: 
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F1g. 2.1. Sea1-d1agrmaaat1c drawing of the human vestlbular 

.pparatus (from M.Hardy, Anat. Rec. 59:412, 1934) 
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sensitive to linear acceleration. The membranous semicircular 

canals are of much amaller cross section than the corresponding bony 

cana}& in which they are supported by fihers and a fluid, the perilymph. 

An enlargement of the circular cross section called the mnpulla ls 

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

" a transverse crest of sensory hair c~lls, wh~èh sup~orts the cupula.~ a 

gelatinous water-tight flap extending ta the opposite wall of the ampulla. 

Consider the schematic representation of a semicircular canal ib 

figure 2.2. During angular acceleration Qf the skull. an Inertial 

reaction torque iB applied to the endolymph fluid .ing within the semi-

circular canal. according to an elementary physics prfnciple. This torque 

ls opposed by ViBCOUS forces of the flow through the small cross section 

of the duct and by the weak elastic torqué of the cupula. If laminar f~w 

and small. deviations are asst1med, the dynllmic equilibrium of theae forces 

may be expressed in a differential equation (van Egmond, Groen and Jongke~s, 

1949) relating the angle of the. deflected cupula e 
c 

acceleration SH : 

e 
c + 

. 
b a 

c 

J. 

+ k a 
c 

J 

ta he ad angular 
---

(2.1) 

where J is the moaent of inertia of the fluid ring, b ia the moment of 

ViSCOU8 retard.tion per unit relative 'angu1ar ve10city of the fluid,and 

k 11 the aœent of e1$atic retardation p.r unit relative angu1ar dis­
~ · •. r~ 

placelMnt ~f the fluld.. The f.ctor a i8 a proportional,lty constant 
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TO t iii. 

Diaaraamatie repreaentation of an idealized semieircular 

canal (froa Melvill Jones. G. & Mil.ua, J.H., IEEE Trans. 
" Bla.ed. In,. BME-1!: 54-62, 1965). 
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between the cupular deflection angle and the relative angular di8-

placement of the fluide 

Since k <~~b and J « b, a transfer fun~ion may be written as 

where 

and 

... 

o (s) 
c 

., 
0ry (8) 

T 
1 

T 
2 

b 

k 

J 

b 

aoT T 
1 2 

(2.2) 

(T S + 1) (T S + 1) 
1. 2 

(2.3) 

-
(2.4) 

J and b may be estimated from physica1 dimensions of the canal and 

~ . 
fluid properties. The odd shape of the.utric1e i8 neglected and a 

uniform circular duct i8 a8sumed. However, appropriate circumferential . .. 
1engtha are considered when estimating the effeetive moment of inert1a 

and v1acoua damping. Accordin~ to the recent estimates of Money et al. 

(1911). the ratio J/b 18 1/289 sec in man. Values around 1/200 sec 

have been aUlaested ~n the past by Scn.altz (1932) and Mayne (1965). 

Sinee k 18 unknovn, T tan only be ut11lated by axperiaents. When 
l~) • 

factor. itrl'olvina neural adaptation are tak-n into aCcouDt, the •. tille 

conatant of the canal app.ara to be .bput 21 aecObd. ln .. n (YoUng 

• 

i , 
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and Oman 1969, Malcolm and Melvill Jones, 1970). 

Because of the wide separation,between the values of the canal 

t.ime c<tJstants, the semicircular canal seems to function as a 

velocity transducer (Jones and Milsum, ~965). Indeed. in response to 

a velocity input (let eH -~H in equation 2.2) the cupula ~ef1ection 

yie1ds approximately constant amplitude ratio and no phase shift over 

a wide ran~e of frequencies (0.01 ~ 30 Hz) that probab1y spans the 

frequency spectrum of normal head movements (Jones and Spells. ]9h3). 

2.2 The Vestibulo-Ocular System 

r,' .. 
The signal generated at the cupula gives rise'ta eye movernents 

by what Is called the vestibulo-ocu1ar reflex. The most direct 

connections between the semicircular canal receptors and the eye 
. 

muscles are shawn in figLre 2.3 to illùstrate the case of horizontal 

eye movement. The receptors of the'cristae are connected by the 

vestibular nerve to the several vestibula'r nuclei located 'in the bra:l.n 
~ 

stem of the central nerVOUQ system. There are two major patkways from 

the vestibular nu~lei to the eyes, one to th~ oculornotor nucleus related 

to the medial'rectus and the other to the abducens nucleus related 

to the lateral rectus. 'The two rectus muscles act on the eyeball in 

a push-pull fashion. 

In figure 2.4, the neuro-anatbmical pathways that are concerned 

.~ 

vith 0=foaotor control are $hown in greater detail. They are i~troduced 
/ , ~ 

t~~ua ate the compl~1ty of the system and to empha8ize the 

1nt~ract1on'of the vestibular sy.tea vith vi.ion. It should 81so pe 

noted tbat the v •• tibular .ystem part~cipate8 ln many other reflexes 

" 

) 
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" 

ris. 2.3. Dl .. r .... tlc repreaentatloa of neural connections in the 
. , 

borlaontll, plane froa 1aft and rilht semielrcular canals 
. . " 

to lataral and .. dial rectua auscle. of th~ rlsht .,a. 
( .. lfiad h·. Kils., J.1I. a Hehdi JOlle., G; .~:.AtUlala. If.Y., 
ACM. Sei. 1.56: 851-871. 1969): QI ,.. • , 

'... . 

( • 

• " 
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Fig. 2.4. Dlagramaatie repreaentatlon of the major known elements of the 
[;, 

" oculO1DOtor systém. sec, seIIlicircular canals; \VN, vestibular 
(, 

• 

nuelel; MLF, medial longitudinal fase1eulus; HaF, meseneephalic 

and pontine retieular foraation;' III, IV, VI, the oculomotor, 

trochl.ar. and abdueen. nucle! and nerves; II, optlc nerve; LG: 

l.t~t*l senlculate body;, lCTT, internaI corticotectal tract; 17, 

18. ~9. 22. primary and a •• ~c1.t1on visual ,~e •. ; occipital and 

par~.t.l; 8, frontal .Y. fi~d; CRT, cortiodbular tract; Tt tes-en}&l 

DÜèlei; PT: pret.etal-nuetel. SC, .~pe.ior colliculi; CEl, cerebeilum; . . 
84.' at'Ntob aff.l'enta trOll extraocular _cl... (tl'Oll Robinlon. D.A. 

lUI Hoceediqa $6: 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 in postural control but 

they are not discussed furthpr since ·they have no particular relevance 

to the problem considered in this ~hesis. 

The eye position nystagmus signal recorded during stimulation 

of the vestibular system has often been consldered as the sum of a 

conti~ous. slowly varying component and a staircase-like component 

with a position sten 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 1n 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 h., firet been used as an index of vestibular response 

by Buys (1924) and it has subsequently been found to be directl; 

proportional to the deflection angle of the cupula as calculated from 

th~ torsion pendulum model of the s~micircular canal ~llPike and 

Raod, 1953). However, th~s very simple relationshlp do es not hold 

~ quite true as will be seen below when diacu8sing adaptation. 

~ From figurè 2.3, one may wonder how the s~&nals from the receptor 

cells on batb sides are integrated to provide the resultant slow-phas~ 

eye movement. An i.portant principle of the functionlng of the 

veatibu1ar .,.ta. i. tbat the br.in .t.. tr.ate thee. 8igna1s as if , 

\ 

• 

• 
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1 

it were a differential amplif~er, the differential output being , 

direeted to the push-pull eye muscle system. In absence of any 

stimulation, there exists a continuous neural tone transmitted from 

each canal and kept in balance with the other. Durin~ a rotation 

stimul~s. the firing frequencies in the two ves~~bular nerves vary in 

a push-pull mode, i.e., one increases while the other deereases. In 

bilateral calorie stimulation the same temperature stimulus a~plied 

stmultaneoualy to both ears yields no response as the state of balance 

ls maintained by the increasing frequency l~vels on both sides. 

In man, the vestibulo-oeuler. reflex appears to play an important 

role in visual image fi\atlon (Jones and Mi~~um, 1965). The visual 

tracking system by itseIk performs 8atisf~OrilY'onlY at relatively 
• 01 

low frequencles of ~ngular head movement and in the absence of veetibular 

effects considerable image slip would occur during the'ordinary head 
, 

, 
movements of everyday life. However, the vestibulo-oeular reflex 

~ 

produces eye slow-phase' movements that arè eompensatory and hence the 

retinal image slip i8 considerably reduced during the intervals between 

saccad~8. Thus, the'semicircular canal in monitoring head angular 

velocity .eema to provide a predictive "feed forward" signal to keep 

the eye8 on target (Mi lSUD , 1966). 

2.3 Neural ProcassiDJ Mecbànis .. 
1 

" Tbe veltibulo-ocular reaponae ia .odifl~y neural processing 

.eChanl~knOVft ao.tly by tbe cbaracteriatica of th~.r.spon.e under 

cer,tain ~erlaent&l conditions. rh". dUC.re.t phan ... releted 

1 

,. 
h , 

" 
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to such neural influences are mentioned: habituation, adaptation 

and inhibition due to reduced arousal. 

Habi tua tion 

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

general phenomenon that has been diseovered by vestibular specialists 

and which i8 characterized hy a response dec1ine to repeated stimulation. 
\ . 

An introduction to a number of conc~pts related to habituation as weIl 

88 an extensive bibliography ar~ given in the above reference. 

Examples of studies of habituation to calorie stimulation may be 

found in Lidvaii (l9~la, I961h), Henriksson et al. (1961) and Collins (1965). 

In man, veatlbular habituation may depend on viaual fixation and this 

19 dlscussed in particular by Collins (1965) for calorie stimulation. 

This author showed that calorie testing repeated at one d~ interva1s did 

not affect slow-phase ve10eity if the subjeets had their eyes open in 

complete darknes8, was observed in a corres-

ponding group with visual fixat~on. result8 eeemed to contradiet 

those obtalned by Forsamann, Dolowitz (1963) who reported 

a significant deeline of the peak slow-phase veloeity when calorie 

stÛDUli were r~peated at 5 minute intervals in similar conditions of 

recordlng wlth eyes open in the dark. HOwever, it now seems that such 

habituation experiuenta involving a sequence of close!y spaced calorie 

stt.ull <Por .... n et al., 1963; F1uur and Mend~l, 1962a, 1962b), should 

perhapa be interpreted a. if • 8inal. prolonsed 8tt.ulu. had been applied 

to the cupu1a~ Indeed it ie probable that after a 40 .econd irrigation 
, . 

th. tbertial stlallua actilll cm th. eDdo1,.,h perdata for at le.at 
, 

10 IÜ.mIt •• (Roocl, 1973).' 1:bftefoM. ,the ru..,..e cJ..ecUne in sucb 

.. 
\ . ~ . 
\ .. ' J. \' 



1 

, 

20. 

experiments eould also he attributed to thermal effects or to some 

form of adaptation. 

Neural Adaptation 

Adaptation has been·introduced in the previous .ehapter as ~ 
,-

component o~ a hypothetieal model of calorie vestibular response. 

It is therefore appropria te te treat this question in greater detail. 

The term adaptation i6 loo6ely defined as a response decline 
( 

to a pro1onged stimulus. In the vestibular system, ,the concept of 

adaptation has been e~ssed explicitly in the form of a mathematical 

mode1 (Young and Oman, 1969; Malcolm and ~e1vill Jones, 1970) whieh has 

been found to aeeount for a number of phenomena unexp1a1nab1e by the 

c1assic torsion pendu1um model of van F.gmond and eoworkers. Figure t.5 

is an example of $uch a phenomeIton. The response shown follows a/ 
/ 

step change in head angular v~loclty. but Instead of deeresslnrmono­

tonica!ly to zero after the initial rise as predicted by equ'~ion 2.2 
, 

the reaponae becom~8 negat~ve and la further prolonged beylond' the expeeted 

duration. /1 
/ , 

The adaptation .ode! of Malco~ and Melvlll Jo~ès (1970) i9 based 
, / 

upon two -_ ... ,"-~"a8aUlilpUon.: ~irs.t. a Shif~ cen~al refeJ:ence lev el L 

la •• euaed to exiet. whl:h le continuoue1y comp~ed to the cupula signal. 

The rate of abiftinR 1a give~ by 

dL -
dt 

wher. 

1/ 
1 (Sc 1 L) - / 
'fa 

/ 
/ 

(2.5) 

• 
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Second, slow-phase eye velocity i8 8ssumed to be proportional to the 

difference between the rèference'level and the cupula signal. 

CI: mL) (2.6) 

. 
where ge i8 the eye slow-phase ~elocity and m is a so-called 

" directional pr,pond~rance factor, set ta 1 for normal 8ubjects. 

The assoc!ated transfer funct10n g1ven by Malcolm and Melvl1l 

Jones may be reduced to: 

ë (s) 
e . 

'. e (s) 
c 

with o < • 

Equation 2.7 with m _ 1 . ' 

è (e) 
e 

~ 

< 1'" -

bec OIlles 

-

T S a 

T 8 a 

i: 

T 8 
a 

'1 

+ 1 

+ 1 

T • + 1 a 

~ .. 

- m 
(2.7) 

~ 

(2.8) 

whtch 18 Identlcal ta that derived by Yo~na and Oman (1969). 

MalCola a. Melvill Jones dater_ned T" 
" " a 

obtalrutcl t2 HCODIl.; on the otber baDd, Ymmg 

7 j 

experimentally and 

and o.an uaec:t a T value a 

of 120 MCODd.. YOUftI and "n aJ..o tICMIellecJ adaptation of the aubj4Jc:t1ve 

..... tia f6T 'vllich t~ tilte eoMtaut .u '5cf •• cODcl.. Thl. lover 
.' / 

.hIe ... ~_t vith tll. r.tpeated ,olMterv.t1oe. tut ..... tion 
" " 

"Tt" 

.' ' 

• 
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'vanishes more rapidry than eye nystagmus. Stockwel!, Gibson and 

Guedry (1973) ga~e further support to the value of the adaptatioR 

mode! and they discussed additional methods bf identifying the time . 
constant. 

The exi8ten~f adaptation in the responae to calorie stimulation 
. 

has not been investigated previously. Young (1972) noted that in the 

response of some subjects to a temperature pulse, there W8S a .decllne 
, 

which occurred before the theoretically predlcted decline of pressure 

on the cupula. This was interpreted qua!itatively as evldence of 

adaptatiJh. Hood (1913) deseribed an experlment in whlch subjects were 
'-

submlçted to a standard irrigation in the supine position and nystagmus, 
\ .. 

was recorded until it vanished after about 4 minutes. The subjects were 
, 

then turned into the prone position, following which nystagmus reappeared 

id the opposite direction for another 4 minutes. \ The sequence was 

repeated vith a progressively attenuating response. The results indlcate 
, 

that the thermal effects on the canal endolymph from a 40 second irrigation 
!. --

aay extend over 10 minutes. 
• The d1sappearance of the nystagmic response 

" after four minutes.suggests that sorne adaptation took place. 
1 \ 

KrQ".al Faetor. 

Another centrai factor influencing veatibular nystagmus is the 

leve1 of aroua.l or the .aubjec,t. 1t 1. c~n experience that rapid 
t 

chaugea la the nyataeaua patt_rn may .occur ••• drowsy subject bécomes 

-aiert. tD vett1bular ~ •• tina in general. ~.nt pracUce is to \).ve 

th! .ubject ,.tora ... tal aritllht1e or ~t_r illtelleetuel act1~1tieS 

tlJat uiataJ.ll the 'arOUMl leva1 .ff1c1e11tly ,h1Jh. 'Collins (1963)" haa 
• ', .. t-, 

laveatigate4 .r~a1 f.c~or. 4.1'1 .. caloe1e'.t~.t1on and shawn that 

, . 

... ,. " 
• .JI' 

•• I~ 'f,,',' . ." 
~y 'Ir ~;.: " 

,,' t,..~, l _ ~.J2:J,..1a~iI..&.$ i ... ~lj 
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-slow-phase eye veloeity ia decreased during reverie, 8S if the system 

gain vere turned down. 1Urok '(1970) hae advocated süttple re\axed 

attention rather than forced mental alertne8S and he has indicated that 

reverie does not af.fect the peak nystagmus frequency of the calorie 

response. 

2.4 The Proeess of Calorie Stimulation 

tt ls appropriate to recall how Barany ekplained the proce88 of calorie 

stimulation. During and after irrigation of the,e~r canal, a temperature 
,. 

gradient is set up within the bone acrOS9 the semicircular canal. 

Because of the changes in endGlymph de~sity, the equilibrium of the gravit y 

forces acting on the fluid la perturbed and hence, endolymph flow i8 

produced. lt i9 generally believed that the heat from the thermal stimulus 

'~s conducted preferentially through a short b~ ridge which connecta the 

horizontal semicircular canal to the poate~ior a~d upper part or the 

auditory meatu9 near the tympanic membrane. The distance from the bone 

surface to the canal center 18 approxtmately 0.76 cm in man (Young, 1972). 

In order to verify the extent of temperature changes oceurrlng 
. 

during calorie stimulation, a nUlllber of experimenters have inserted, 

sensitive thet*ocouples close to or 1nside the aemicircular canal in . ~ 
cad.vers (Sehmaltz and Voller, 1924), in t .. poral bone preparations (Dohlman, 

1925), in huaa~ etulle (Young, 1912) and i~ patienta under80ing 8urgery 

of the labyr1nth.<Cavthorne and Cobb, 1954; Kleinfelt and Dàhl, 1968). 

Generally. the r •• u1t."obtained by the.e au thora have 4emonetrated that . , 

.iSft1f:1c~t t8llp .. atur. chanae. oceur in the, t.-poral bone or in the 

•• 1e1reular eual. '1'htI .. t 'quotec:l referance ia probably Cawthorne and 
r. 

Cobb (1954) whO 1Ièuv'r ... ·1.1l11a1t the tiM couru of the t-.pereture cHffarence 

• 

, 
1 
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between opposite poin}S within the perilymphatic space of the horizontal 
---...,..---

canal. The importance of these measurements of temperature 

gradient aer08S the canal lies in the fact that such measurements 

have been 80 far the on1y direct method to asseas the va1idlty of Barany's 

theory. 

Harrlngton (1969) has challenged the concept of the bo~ as a ma.in 

1 

-hest pathway and he claims tha~ heat can trave1 just as weIl or even better 

through the air-filled Middle ear. However, this conclusion la difflcult 

to aceept from a physical vlewpoint ainee Dohlman (1925) has shown that bone 

thermal condu~tlvlty i~ 4 to 8 t~me8 ~reater than that of air. Harr1ngton's 

data shou1d therefnre be interpreted cautiously, and perhaps new experiments 

done sinee th& basls of existing theoretieal modela of calorie stimulation 
, 

la 8er10u81y questioned by these data and ainee nb other similar work 

18 reported in the literature. 

'The Interpretation of aemicircular canal or bone temperature measure-

ments u8ually brings up the question of vaseular influences. In principle 

at lea.t, heat could be carr1ed avay fram the temporal bone site by the 

o veasels 1n the skin of the auditory meatus, in the bone itse1f or on the 

walls of the membranous ducts and sacs of the labyrinth. 

A debate bas alVaya eK1ated in the l1tetature on the greater sen-

aitivity to cold atiauli tban to ho~due presumably to ft vasoconstrictive 

effect of the cold (Jongkee8, 1948; Steer, 1967; Brunner and NQuis, 1971). 

On the other band, Aecban, Berlstedt and Stahle (1956) and Henriksson (1956) .,......,., 
bave noted that Auch a dUterence c~ld arua trOll a ayat ... t1c error in 

deliver1aa exaetly oppoe1te ~eaperatur. ett.ul1, .1n~. the hot attmulua 

,. 

, ' 

.,). ': ... ,1 ~,.'" t,_. 
" , 

" ~ ..' -, 
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might be smaller than the co1d one because of greater heat losses along 

the hot cannula carrying the 'water to the ear. These authors record-ed 

no difference between hot and co1d responses when temperatures were 

very carefully control1ed. 

The question of v.scular influences has also appeared to account 

for variation of. calorie response due to changes in body position 

(Jongkees, 1948; Das and'Mehra, 1969). On the whole, b100d flow,seemJto 

have a re1atively minor influence on the calorie ~esponse and therefore 

it i8 not diseussed in any further detail. 

2.5 PreVious Theoretical Works 

The phenomenon of calorie stimu1at·ion in man has been treated 

analytically by Schmaltz (1932), Steer (l967) and Young (1972) and 

the contribution of these authors will be emphasized in forthcoming 
, / 

paragraphs. Other related works have been pub1ished by G~sev (1970) and 

Lebovitz (1973). Gusev developed a mathematieal theory to explain , 

experimental data from pigeons who had their semicireular canal simul-

taneously rotated and heated by ,a point source. Lebovitz diseu9sed 

the theoretical ba8is of veatibular stimulation by absorpt{on of (VHF) 

microwaves within tbe hUllan 8è11icircular canal. The, intere8t of these 

worka lie mainly in the illustrati~~ of unusuaL phenomena of èaloric 

stimulation. 

.. 

Schmaltz (1932) vas tbe first to expr •• s the tbeory of Barany in a quan-

titative .odel uaing aatheaaeical eq~tione derived from basic pby~ical 

law.. l~ part1cular, be .pplied the well known beat conduction equation 

to •• t~t •. tba_t..,erature variatlona acro •• a ... icircular cana1·w1th1n 

a ... 1-inftDite .011d bon.. B. alao calculated eadol,.ph den.lty 

l , 
',7'.-' . __ ._~ --_.~----

( 
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changes according to the principle of thermal expansion of fluid and th en 

used Poisseuil1e's 1aw to obtain the resultant velocity of endolymph 

flow. Unfor~unately, he did not'take into account the eupula reaction. 

which he considered as negligible. 

Steer (1967) made the simplifying assumption that a linear temper&ture 

gradient was generated aeross the semieircular canal as if the input 

temperatur~ear canal was filtered through a first order lag. 

gradient p~ced a torque on the endolymph which was looked at as an 

., 
The 

equivalent angular acceleration. that was fed to the input of the classic 

semicircular cana~model discussed previously. 
,f 

Young ,(1972) extended Schmaltz'g. model and in particular inc1uded 

the important boundary condition of limited heat transfer at the bOne 

surface. Furt~ermore, he va1idated the ass~ption of unidimensional heat 

flow in the representation of hest conduction through hone by the 

following experiment. Steady atate tempeiature mea8~rement8 were performed 

st Increaslng distantes from·the «uriaee in temporal bones of hUmân skulls usin~ 

ainusoidally varying temperatures at the external auditory meatu9. The 

amplitudes and th, phases wer~ shawn ta be linear funetions 'of distance. 

as predicted by the eteady state solutions of the heat c~duction 

equ'tiou (flaure 2.6). Youna al .. derlved the output pressures app1ied 

to the cufUla for pulse aad 'lauaoidal inputs which he then qualitatively 

COlipare4 to 81..-,.,. 81. 't'doclt,. re,pou •• fra. hUll&'n lIubject8. ... . 
The.. tbeor8tic,1 worka .ill b. 41acu •• ed furtb.r in the next 

, ' 

chaptu nerta lift au1y.1' of 10"'" WlOCle1 l, carrle4 out in detail. 

2.6 CuIT_et ,Tr". iD Calorie r.,;Sf.g , 

Thar. bave b.~'~_ att.-pe. to d., ... t fr_ the etadard calorie t •• i 

( 
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procedure, and in most cases they have met ~ith 1imited success. A 

hot calorie test with on1y one irri~ation per ear haB been proposed 

(Bernstein. 1965; Ha1ama and Hinchc1iffe, 1970; Barber et al. 1971) 

but according to Days! and coworkèrs (1973), the test is not to be 

recommended as it further comp1icates the problem of Interpretation. 

An interesting approach has been tested by Litton and McCabe (1967) who 

used a sequence of gradual1y increasing cold stimuli in order t~ obtain 

sorne measure of the response 1inearity. These authors assum~d that 

departureli from 1inearity might be due to neural fatigue or "recrùitment" 

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

clinica1 cases that these nonlinearities were the on1y abnorma1 findings. 

Steffen, Linthicum and Churchill (1970) claimed that the Litton and 

McCabe's technique could be 8utomated by delivering a rarnp of temperature 

from 37° to 190C over a 5 minute period. This application of a Ilontinuous 

temperature w8veform i9 an interestin~ one but it has unfortunately 

been done without an appropriate theoretical basis. 

New temperature-c?ntro1led air stimula tors have been produced 

that may eventually replace the classic water baths. Their main 

advantages lie in the ease of manipulation and the to1erance by aU. subjects 

inc1uding those with perforated tympan1c membrane (Gates; Young and 

W1negar, 1970. Baertach1 and Al11eon; 1972; Albernaz and Guananc8. 197~). 
However, according t6 Capps and Prec1ado (1973). much higher air 

temperaturea auat be u.ed to obtain re.pon.e levels comparable to those 

obt.ined vitp water. In this respect, 1t ahould be noted that due to 

the different theraal charBcteri.tic. of air and vater, gas flow rate 
• 

.. 

, 

" 
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1 
must he, 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) respectively obtain~d at 2 and 5 L/min 

air flow. Th~ responses at Z L/min ~re appraximately half thoae obtained 
, ( 

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

water irrigation (250 ml/min) . 

• Obviously, further studies are needed before gas stimulators can 

be used on a routine basis. The ~as flow rate factor is in fact 

related to the more general question of heat transfer in the calorie 

stimulation process which will be dlscussed in this work. 
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CHAPTER 3 

THEORETICAL ANALYSIS OF A VESTIBULAR RESPONSE MODEL 

3.1 Introduction 

In this chapter, a detailed ana1ysis of a model re1ating thermal 

torque on the end01ymph to ear canal temperature 18 presented. The 

model has been taken from the recently pub1ished thesis of Young (1972) 

who extended the ori~inal 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 weIl known models~f semicircular 

canaL dynamics and neural adaptation. 

Our main objectives have been first. to .describe the fundamental. 

characteristics of th~caloric stimulation process,and secondly, to 

make a number of predictions which will be used in next chapter to interpret , 

experlmental vestibu1o-ocular responses. 

The model of Young and Schmaltz .ta introduced form,lly in ,section 3.2. 
~ 

The work presented in the foll~ing sections is original and has been 

published ~rt as a conference abstract (Demers and Outerbridge. 1974). 

, In 87tions 3.3 an,d 3.4,. attention is focu8ed on two inter-

connected aspects, the tranefer function relating output torque to ear 

canal t~perature and the torque re.ponse te a etep change ln te.perat~e. 
1 

The eaphaels put on theee eleaentdry a.~te cao b. juatlfled from 
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basic concepts of systems theory. Indeed, the characteristics of any 

process deseribed by a linear differential equation are eomplt'tely 

described bv the corresponding transfer funetion in the frequeney domain 

and by the system impulse response (or its time integral, the step 

response) in the time domain. Thl step response has been preferred here 

ainee it applies more readily to the experimental work of next ehapter. 

In section 3.5, the effeets of varying the model parameters are 

examined ta provide basic mAt~rial for praetleal ~nalysis of experimental 

calorie responses. This i~ also a first step in tackling the basic 

problem of the variability of the calorie response between subjects 

that has made the clinical test somewhat unreliable. 

In section 3.6, the theoretical relation between output torque 
. . 

and the temperature difference across the semicircular canal is derived 

and analyzed. The question is patticularly relevant since the 

measurement 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, sinee 
,f 

the torque on the endolymph in fact rlepends on the temperature distri-

bution around the canal, and a simplified method of torque calculation 

i9 described. 

In section 3.7 an oversll modél is described wh1ch relates 
, . 

vest1bulo-ocular reaponse to input temperature~t the ear canal. The 

thermal process tran.fer function 1a now coupled to a simplified 

....''::' 
" 

." .', 

.. 

il 
1 

t 
~ 
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representatio.of canal dynamics in series with a neural adapta~io~ filter. 

The mathematical formulation of the model i9 discussed and theoretical 

output curves are examined which are used to interpret the 

experimental results of nèXt c~apter. 

3.2 The Semi-Infinite Solid Model 

T~e complex geometries of the external ear canal and of the temporal 
1 

bone are simplified by assuming a semi-infinite solid of homogeneous 

material with uniform conditions over the plane surface of heat" exchange 

with the irrigating medium (figure 3.1). In this soUd, unidimenslansl 

hest flaw accurs accarding ta th~ classle hast conduction equatlon, 

2-
a T PBcB aT 

- - (3.2.1) ., 2 
ax Ka at 

where 't =, T(x, t) i8 the temperature at tilDe t{sec) and distance x(cm) from the 

8u~face. The parameters 'PB' cB and K B r~pre8ent the denslty, the 

specifie heat and the thermal eonductivity of the temporal bone. The 

group 

\ 

-
, 

j 2 -1 
i_ deftoed, .. tbe tUtul dlffuaivlcy and ha_ c.he d1aena~on cm sec 

, ", / 

" 
" 
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EAR 
CANAL 

TEMPORAL 
BONE 

semicircular 
canal 

Flg. 3.1. Dl.gr .... tlc·r.pr •• entatlon of the semicircular canal 

Within the teapor.l bone repreaented as a seai-infinite 

.oÜcl. R = 1ar,e radiua of the aeaicvcu1ar c.nal.·; 

N 
" 

,r, ... ll radina; Xo ' distance to canal' center fra. surf­

ace ; , , ar.vitational cOQ.tant. 

x 
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Boundary conditions are defined 8S follows: 

(1) at InfinltYI a constant temperature 18 assumed, equal ta body 

temperature and for convenlence taken here as the zero temperature level 

(3.2.3) 

(2) ~t the surface, a linear process is aS8umed ta govern the rate 

of heat transfer (Young. 1972),l.e .• 

aT 

ax 
,... H '(T - T) 

w 

x- 0 (3.2.4) 

where T ia the temperature of ,the ~rrlgatlng medium (water) and H 18 the 
w 

heat transfer coefflcient. ,.H depends on a nu.ber of factors such as 

surface conditions and flow characteristics, and in practice can only be 

determined by expert.ent: Equation 3.2:4 i8 better e1q)reesed as 

3T 
- h (T - T ) w 

x-a (3.2.5) 

where 
h _ ft 

(3.2.6) 

t~'" 

Th. iilit1a1 conclttiou •••• U1M4 b1 U!liton body teap.ature throuahout. 
_ ~ - - t.· . 
th. eôlU .t t.O : 

(1.2.1) 
. " 

' . 
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The solution of 3.2.1 given these initial and bqundary conditions 

ia a classic problem'treated in the the ory of heat conduction in 

solids and solutions may be found in,many textbooks t e.g. Cars1awand 

Jaeger (1959) and Miller (1956). 

Torque Generation , 

Consider the idealized lateral semicircular çanal as a toroid of 

2 circumference 2wR and cross-section nr t embedded within the bony 

solid with its center at a distance X from the surface. The gravit y 
o 

2 force acts on the elementary maas nr Rda and the force component 

tangential to the canal circumference produces a tor,que dM on the 

endolymph with respect to canal center axis, ~iven by 

dM (3.2.8) 

Equation 3.2.8 pertains to the case where the gravit y force 1a 'in 

the can!l plane and perpendicular to the direction of heat flow. A more 

generai case la thè one in whlch the gravit y vector 18 at arbitrary 

angle8 with both canal plane and direction of heat flow. This case'is 

not discuased since lt introduces additiona1 multiplicative factors 

withO':lt chang1na the basic nature of the re.ulta. The net overall 

torque M 1. obtalned by Int~.r.tlon over the clrcumferencej 

2" f p,e.8949 

(3.2.9) 

1 ' . 

" 

.' 

, 

\ , 



... 

• 

37. 

From the basic experlmenta1 definition of thermal coefficient of 

expansion 8, the endolymph density PF may be written as a funetion of 

temperature arourld T 
o 

'(3.2.10) 

Denoting by T (a,t) the temperature on the canal cireumference and taking 

3.2.10 into 3.2.9, one obtains 

M 

... 
Letting 

3. 2. 11 becomes 

2'1f, 

211 

fT (e, t) 

o , 

f'~ (6,t) COB e de 

o 

cos a dG 

(3.2.11) 

(3.2.12) 

(3.2.13) 

Nov atnee pr.sure - fo~ce + area, the pres.ure differentia1 l1P 

acro.a the eupula .. y al~o be calculated by 3.2.13 except that Cl 

wher. (3.2.14) 

, 

1 
1 
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Young (1972) used the exact temperature distribution T (G.t), 

obtained by solving th~ heat conduction equation to calcula te the 

pressure differentia1 across the cupu1a. On the other hand, Schmaltz (1932) 

assumed that the temperatute gradient was sufficiently 1inear aeross -

the canal to allow calculating the endolymph veloeity from aT/ax 

evaluated at the center of the canal. Using this aS8umption iJ- the 

above equations, one can indeed show that 

M '" (X • t) o 
(3.2.15) 

" " 

~inal1J. Steer (1967) ~voided computing aT/ax from the heat conduction 

equation as Schmaltz did. He simply assumed that the temperature 

'. gradient follow~d the time course of a firat order lag. 
o. 

However. such 
w 

a representation poorly describes the syst~ as will be shown he1ow. 

The model contains a large number of parameter8, listed for convenience 

in Table 3.1, along with the estimated valués for man. In particular, 

one may note that the thermal properties of the temperal bone are not 

very we11'known. For a long time, the only measurements of bone 

conductivity were tho8e .de by Dob,lman (1925) on sl1ces of ox femur. for .. . 
-4 0 which h. obtained values of 2.4 - 4.8 x 10 gm-cal/cm-sec-C. The bone 

conductivity values shawn in Table 3.1 vere derived by Young (1972) from 

equation 3.2.6 Ueinl both aeasurekenta of figure 2.6 and estlmates of H 

b ... d upon approx1aating .odela fro.t~t traDafer technology. Similarly, 

prior to Youna'. work. the cm!y Usure for th.mal diffu.'lvlty was 
, 2 -1 ' ~ . 

'0.0017S CIl -.ec li •• by Sebu1ta (1925). 

/ , 

\ ' 
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\. 'fÀiLE 3.1 .. \ 

density of bone ? 
-3 

PB gm cm 

o -1 1 

cB specifie heat of bone ? cal- C 
. 

K B thermal conduct1vity -4 
of bone 1.2- 4.2xl0 ~-cal Young (1972) 

, sec-cm-oC 

0. thermal d1ffusivity 2 -1 
~ 

of bone 0.0025 cm -sec Young (1972) 
. 

PF specifie gravit y of -3 
,endo1ymph 1.008 gm-em Money ( 1971) 

13 thermal expansion -4 °C-1 . 
1 coefficient of endo1ymph 4.4 xla- Steer (1967) 

r sma11 s-c canal radius 
(figure 3.1) 0. 014 cm ) Jones and 

) Spel1s (1963) 
) 

R large s-c canal radius 0.315 cm • ) Igarashi 
) (1966) 

" X distance to s-c canal 
0 0.76 Young (1972) center cm 

h ratio -

héat tranafer'coefflc1ent 5~O 
-1 Young (1972) cm 

bone ther.al conauctivity 

,. 

" , 

l , 
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The consta~t Cl ca1cu1ated from Table 3.1 values is 

,and 
') 

-2 a -1 C
2 

_ 0.136 dyne - cm C. 

The values from Table 3.1 will be referred to as norll\al in the 

following paragraphs. 

3.3 Torque/Temperature Tr.nsfer Function 

Laplace transformation of 3.2.1, 3.2.5 and 3.2.7 yields 

h -x~ 
e T (9) 

w 
, (3.3.1) T (x,s) _ 

In 3.3.1, s denotes the complex frequency variable. It i8 a1so clear. 

from the context that T (x,s) stands for the Laplace transform of 

T (x,t) and thls s~ple notation'will be applied to other variables 

whenever nece.sart. The derivat10n of 3.3.1 is again found in lIIany 

textbookS. a.g. C&ra1aw and Jaeger (1959). 

Apply1ng the Laplace transformation to 3.2.13, one obtalns 

2. 

M (e) _ Cl 07 T (8,s) cos a da (3.3.,2) 

" 
, ' . 

. " 1. 

, , 

\ .1) 
\ 

1 • 
_a~".i .. , 
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From figure 3.1 

x 

From the above. one obtaihs 

M (s) 
Cl 

T (s) h w 

.. .. 

x + R cos 0 
o 

h 
-x i~ o a -e 

+~~ 
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0.3.3) 

2T1 

fe-~R cos 0 

0 
(3.3.4) 

The above expression ie the transfer function describing the 

cos 0 dG 

relationship hetween the output torque applied to the endolymph fluid 

and the input temperature of the irriRating fluid. 

Now~ given the general form of the modified Bessel function of arder N 

TI 

, 
1 feZ cos e "IN (z) cos ne de 
'If 

0 (3.3.5) 

where z la a complex variable. and, aince cos e ta syMmetric 
. 

relative to the ~ axia, • it ia e88y to vertfy that 

.,.... 

2. 

l' 
o .. 

(3.3.6) 

( 

J"'-

r • 

-' 
~'" , '~ 

l 

1 

'1 
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From a basic property of the Besse1\function 

~ (z) 

• • 

and the transfer function 19 f1na11y expressed as 

, 
f 

-X ~ M (s) h 
-2 Cl 

o a 
dl e 

T (s) 
w h +~ 

( 

42 . 

(3.3.7) 

~ 

'J 

(R~ ) 

(3.3.8) 

The above transfer functlon has quite a remarkable form. It . . 
consists of three mathematica11y separable ~ponents that can be 

related to different physlcal process~s. and they will be discussed 

leparately ln the forthcoming paraAraphs. In aIl components, the 

frequency variable s i8 a1ways under the square root aign and appears 

associated with the diffusivity parameter, thus allowing definition of 

a generalized frequency variable. 

• .1' 
8 - (3.3.9) 
a 

The di.llensions of .' -2 ,. 
are CIl 

In addition, .. ch of the three c9llPonent• has it~ own charae terist1c 

para.ter, h, X and lt. re.pective1,. o 

.; 

The tranater funct10n 
" . 

M(s)!T (s) 
w 

J 

and H. eOllpOtleDt* are,Jdouble valued fU~Ction •• iecauae of the fractionsl 

power qf a; the •• lun~tton. are tharafora non-analytic and require 



• . '. 

special treatment for their inverse transformation (De Russo, Roy, 

Close, 1967). 

The first component 

h 

is related to the heat transfer process due to forced convection at the 

C"""'''\ 
, ..... ' .... 

temporal bone ~urface within the ear. It may be considered as the ~anster 

function relating the surface temperature T(0,8) to the temperature of the 

irrtgating f1uid, as made evident by letting x o in 3.3.1. Except 
" 

for 'the squ~re root operator, the form is that of a first order 1ag. 

This 18 apparent in the Bode plot of fi8ure 3.2 ànd one may observe a 

It ~quency asymptote with a negative 9lope of 10 db/decade. and a 

maximum phase shift of 45°. 

The second component 

-x (s, 
° e 

1& 8s8ociated with the heat conduction procees withln the semi-infinite sol!d. 
, . . 

. It ia the tranefer function relat1ng 'the telllperature at the center of the semi-

circular canal to the surface temperature. The operator e-~ 19 often 

called the diffuaio'A operator and has been diacu8aed in other 

confexta e.g.Jones (1969). The Bode plot ,(figure 3.3) 18 characterized 

by Infinite attenuation and phase 1a8 at high frequencies. 

\ 
.,', 

,) 

<> • 
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l' fig. 3.2. Frequency characterist1cs of h/(h + s/a ) descr1bing tne linear 

heat transfer process at the surface ot the semi-infinite 801id 
1 

bone. The.function rèlates the surface temperature to ,the 

t .. per.t~re of the lrrllatiqs.mediuœ. h. heat transfer 

coefficient/bone thermal 'conduct1v1ty. a - thermal diffu8i~ity 
ot boa.e. 

" 
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Fig. 3.3 •. Frequency cbaracteristics of the diffùsion op~r.tor 

exp(-X ./a) déscriblng th(> heat c:onduction process. o 
The func:tion relatee teaperature at distance X (canal 

o 
center) to lurface temperature. a = thetaal diffusiv1ty , 
of boue. 
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The third component 

. , 
describes the torque generating proces8 around the 'canal as shown by the' 

integral form of Il' The modified Bessel function with complex argument 

can be evaluated by direct integration (two real integrals mus~ then 

be çomputed) or by the complex series expans1on(Olver, 1964), 

to 

z (3,3.10) 

j - 0 
j: (j + l)! 

For large values of the argument (Im(z) > 60) gaod accuracy i8 obtained-

with the aèymptotic expansion 

z 
IN (z) 

e 
(V - 1) (v - 1)(\.1 - 9) - 1 - + + • 

f, 

F- 8z 2: (8z) 2 

-<II' J 

(3.3.11) 

where 
2 

tJ _ 4n ~ 

Detaila on Bessel functions may be found in 8 number of texte, for . 
exaaple MeLachlan (1955)., The Bode l'ift of Il (R ft') la shown in 
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figure 3.4. It exhibits increasing amplitude and phase wlth increasing 

frequency, beh~vlour typical of a "differentiation" operation. For 

s' < 1.0, the amplitude ~arious linearly with a 10 db/decade positive 

slop'e and there i9 a constant phase lead of 450
• This is predicted from 

<' the series expansion which reduces ta 

R~ 
(3.3.12) 

2 

as s' + O. At high frequencies~ both amplitude an~phase lead increaee 

to infinity. 

The overali transfer function is shown in figure 3.5 along with the in-

dividual component8, for "normal" parame ter values. The Bessel function 

domina tes at low frequency but as frequency increases the exponential 

diffusion operator eventually overrides aIl other terms as can be shown 

mathematically. lndeed, consider the limiting case (not met in practice) 

where R 18 at 1ts maximum permisslble valUé 1.e. R- Xo ' If Il(Rts') 

1s replaced by the firet term of the 8eymptotic expansion given by 

3 • 3 • il , then 

" 

M (8) 
h 1 

III (3.3.13) 

T (a) h +f·' rf' W 

for larle valu •• of .' *Dd-R - Xo. 

TIWl but ~ran.f.r proe ... acta ae a Il ir i.-illl " ,factor in the 

iJ 
/ 
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FREQUENCY/DIFFUSIVJTY 
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P11. 3. 4. ';equet'l~Y charaetériaUea of Il (J. ~ a/o. ? deacribing the 

torqùe lenaratinl proe.a.. The lunction relatee torque 

actinl on the canal eDdol,.,h to t_perature at the canal 

center. 1. lara. canal radius; o.. th.~1 d1ffuaivity of 

bone. 
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Tbe torque/t-.perature tr.nefer funetion and lts c~onent •• 

1. h/(h +;;'); 2, exp(-Xo 1-'); 3, Il ,car-): st = frequeney 

d;l.y;l.ded by tHnal diffuelvlty. 
Curv. 4 la the ovarall tran.fer funetlon ralatina torque appl1ed . 
~to the e..telreular canal endolyaph to te~er.tur. of the t 

' '. -1 -
mi •• U ... ...u.... h = S.. • Il r 0._: Xo = 0.16"". 
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overa!1 transt4r function without -,thlilnging the maj})r characteristlc8 

imposed by the other two ~omponents. The influence of the h parame ter will, 

howev~!. become,more evident when consldering parame ter variations in 

the time domain. 

The behaviour of the overa!1 transfer function relating torque to 

input temperatur~ m~y be summarized by 100king at it 8S a wide band-pass 

fllter wlth a sharp c~t-off on the high frequency side only. The peak 

amplitude ls located around 0.001 Hz (period of 16 minutes) and accelerated 

attenuatlon appears past 0.25 Hz. Below the peak frequency, positive 

p~ase shift ie present with a maximum theoretical value of +45 degrees 

only. The proce8s 18 slso characterized by attenuation taking place 

throughout the frequency range, and at normal parameter values, the 

maximum amplitude ratio taken from figure 3.5 ls 0.25. In absolu te 

o values. the peak output torque calculated for ale sinusoidal input at 

the ear canal 18 therefore 2e
I 

x 0.25 _ 1.3~IO-5 dyne-cm and the 

corre.ponding pressure is 0.068 dyne cm- 2• 

3.4 Time Domain Solutions: Step and Pulse Responae 

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): 

T(x,t) 

(3.4.1) 

, ., 
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where 

CD 

erfe (u) = 
2 

dE; 0.4.2) 

u 

and ie ealled the "co-~rror" function. Note, that 

erre Cu) - 1 - erf (u) 0.4.3' 

where erf ill the "error" function. 

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

due to Hastings (i955) has been found very useful: 

" -u2 
erf (u) == 1 - e d (1 }j 

j l + pu' '] 

(3.4.4) 

vhere p and the d
j

' 8 

dj ' a). 

ar~ conatants (see Appen4ix 1 for values of p and 
'" 

, 
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From the above. 

, 
2 

[J~ t - x 

- Y2
J)] 4at 

(y j M Ct) '" 2 Cl e d
j cos e de 1 

~ 
(3.4.5) l 1 

; 

~ 
1 r 

• r: 
; 

[1 rI ~ x 

1 
where YI """ + p 

2Ft - (3.4.6) 

e [' x rI and 
Y2 - + P +h~ (3.4.7) 

2{-t 

Note that 3.4.5 do es not contain the exponentia1 term with positive 

argumenta found in 3.4.1 and therefore~presents fever problems in 

computlng for large value. of h or t. Purthermore. the symmetry of the 

funct~on ~th respect to the x axis allovs one to cons1der only the 

tntegral over the lnteryal (O.w). 

Tbe .tep re.ponses shawn below'"ere calculated from 3.4.5 

and 3:3.3 usina 8 .tandard'in~lratlOD 8ubroutine. In practice. the 

• y .UMIlt1on OYer t>,th. j'. aust be carr1..d out ,,1 th ~ouble pr.cition. Also. 

\ 
\ 

\ 
\ 
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the generalized time variable t' 

t ' - ut 0.4.8) 

2 
in cm was used. A listing of the computer program la given in Arpendix 1. 

Figure 3.6 illustrates the torque step response at normal 

paramëter values. For comparison, the.corresponding temperature at the 

canal center has also been plotted. The most noticeab1e characteristic 

of the torque curve is a peak at about t' _ 0.3 (120 seconds in rea l 

time with a -0.00125) fo11owed by a very slow decay. At t'= 3.0, 

(1200 seconds or 20 minutes) the output i8 still approximately 50% of 

the peak value. Over the time interval shawn in figure 3.6, the 

response appears to have a ~teady state component. In theory, however, 

as t ' '~~ ,the response must tend to zero as required by 3.4.5. The 

slow decay corresponds to the ,r; low frequency asymptote in the 

Bode plot of figure 3.5. The peak or "overshoot" of the step response 

may also be att:ributed to the "band pass" nature of the transfer 

functibn. 

In figure 3.1A and Bt torque'pulse responses have been plotted 

st various pulse widths. The peak amplitude rises vith pulse width in 

al.ast a ,lineer fashion up to t f -0.1 and thereafter continues to increase 

up to the peak of the step response. The termination of the 

pula. i. aerked by • fast decay of the torque followed by a 

prolonsed neaative tail. The level and the duratian of the negative , 

"overshoot" ~aerea.e vith pulae, duration. In figure 3r1B, details b 
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CJ42 

TIPE x DtFFUSI~ .~ 
\ 

\.. 
POl'E WIDTH • 0.2 
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• ,1: 

(! 

Model optput torque froa unit·t .. perature pul.e. of 

varytna wldth.. Tbe pul.e width 1. ,Iven in noraalited 

tiM 1.e. tiM x diffut1vity. ,Par .. eter ~lues. 
-1 ' 

A: h • 20c:a ; 1. = O.3ca; X = O.76c:a; B: '''e a. in o \ 
A exc.,~ h • 5. ror torque uait.~ •• e fia. 3:6. 
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near the origin have been emphasized. A time delay of about 

2 
0.025 CM (la sec) ia noticeable before the initial response rise. 

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

peak torque of the corresponding step input. At normal diffusivity, 
," 

2 
a 0.1 cm width ia equivalent to the 40 'seeoRd duration of a standard 

irrigation. However, in the calorie test, the peak torque reaches 

a greater pereentage of the step response peak as shown in the 

experimental chapters because of an added tail in the temperature 

stimulus. 

3.) Parameter Variation Study 

The effects of parame ter variations in the transfer function I"ill 

be discussed here only q~litatively. Changes in the diffusivity are 

reflected as shifts of the transfer function M(s)/T (s) along the 
w 

frequency axis. The individusl components of the transfer function 

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

phase when th~ir characteristic parame ter varies (figure 3.2 to figure 3.4). 

Whenever, the transfer function of a given component Is shlfted 

. ~lative to the others, the overall trànsfer function is of course 

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

R ia varied in the ovetall tranafer function, the only major change 

ia a vertical shift, i.e. a change of the total gain, which ia due 
, 

to the lineraity of the amplitude curve over the range of R values 

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

frequency region. 

In the tfme domaln, parameter,varlations will b, copsidered by 

looking at ~han~e8 produced in the stèp ~~~ponses. Piret the effect 

of diffusivity changes may be vlaualized a8 a c~ression or e~enèion 
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in time of a given output curve without changing the amplitude. This 

behaviour corresponds to the horizontal soift of the averall transfer 

function in the frequéncy domain. In figure 3.8, three groups of s~ep 

responses are shown in which the parameters h, X and Rare varied, in 
o 

turn, around their normal values. 

The h coefficient has been varied over two orders of magnitude from 

40 to 0.625, mainly because a great variability is expected in 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 

anatomie al parameters. As shawn in figure 3.8a, wit~ increasing h values, 

the peak amplitude of thé torque step rèsponse inereases. the time to 

reach the peak becomes shorter and the decay more rapid. The characteristic 

"overahoot" disappears at around h - 1. 25 and an overdamped step reéponse 
f 

ls observed for amaller h values. Note, however, that the magnitude does , 
not ... vary by more than a factor of about 6 Jn t'he region of the peak and 

by "a factor of 2 at. the end of the interval considered, which i8 consistent 

with the re1ative1y 8~,11 amplitude attenuation of the corresponding 

transfer function. On the other hand, as h lncreases to lnflnlty, the 
-'1 

torque output tends to a limit a8 may be noted from figure 3.8a. ,Indeed, 

let h + œ ln 3.4.7, then Y2 vanishes ln 3.4.5 which reduces to 

2. 

f·rf~ 
..... ... 

( X ) cos a da (3.5.1) ... 
"' 2.F 

0 J' 

/ " . 
, . 

" -
j 
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Thf> latter equation is the solution obtained wh en the boundarv 

condition at the surface iq one in which the surface temperature is 
<' 

prescribed to a given value. This case corresponds to unlimited 

heat transfer rate gt the surface. 

Increas ing values of X produce ef,fec ts similar to those observed 
o 

for decreasing values of h, i.e. reduct~on in peak amplitude and 

larger tim~ to peak. In figure 3.8b, the torque step response i8 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 ta larger phase lag brought by X
o 

changes.in 

the overall transfer function. 

Finally, the effects of variations in the canal large radius R 

are illustrated in figure 3.Bc. 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 

2 constant Cl contains R sa that in practic8 the overa!l torque is 

proportionsl to the cube of the radius as can be shawn from figure 3.Re . 

However, this effect on the torque is compensated hy corresponding 

increases of" the moment of inertia 1 of the fluid whlch a1so var'tes as 

the cube of the radius. Therefore, the equivalent angular aeeeleratlon 

of the endol~ph is in fsct lQdependent of R since it is proportiona! to 

the ratio of torque to mome~t of inertia MIl (see section 3.7 below). 
'1 

3.6 lelationship betweeW Output Torgue and Temeer@ture Difference , 
Aero.. the Canal , 

In this section, the relat10nship between output tOTque and 
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temperature difference Beroes 'the canal will be studied. 

From figure 3.1, the temperature difference ~T across the 
f 

canal ia given by 

60. 

~T (t) _ T (X - R t) - T (X + R,t) 
0' 0 

(3.6.1) 

or, after Laplace transformation 

~T (s) T (X - R,s) - T (X + R,s) 
- 0 0 

(3.6.2) 

Consider the transfer function T(s)/T (s) obtained by app1ying 
w 

3. 3. 1 to 3.6. 2 

6T (s) h 
e-Xof' - 2 sinh (R (s') 

h+fs' T (s) 
w 

(3.6 . .3) 

.. 

V· 

The above expression differs from the torque tranefer function M(s)/T (s> 
w 

of equation 3.3.8 main1y by an hyperbolic aine functlon found ln 
''-. 

place of the Bessel function. !ne .tnh and .odified Be •• el fuftations 

are ca.pared ln the Bode plot of figuré 3.9 and a rea.rkable slml1arity 

18 observed. Joth functiona expand in odd power. of 1 and for z < 1, 

( 

\ 

\ 
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Ptl. 3.9. rreqaency characteria c. of the function S1nh (R ;;ia)' 

relatina the t .. perature dillerance Aero.. the canal 
, , 

t~the t_peratui'e at t'he aul ceater.. Tbe aa .. el e fuacti.on Il (a t=ia ) (ault1-p lad by 2) te *bowD for 

co.parieon. a = O.3ca. 
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sinh (z) ~ 2 Il (z) z < 1 0.6.4) 

,with 

sinh (z) - 2 Il (z) 0.6.5) 

24! 

On the basis of 3.6.4, one may write 

M (s) '" liT (s) 

2 

to expre8~ the relationship between the torque and foT. 

In figure 3.10, the normalized step {,esponses, for both torque and liT 

are compared at various parameter values. In mafty cases, the curves are 

almo~ superimposéd. Hovever, there are, minor differences and for 
" .'" 

instance liT always leads the torque as predicted from the Bode plot 

o~ "'-ure 3.9. 

It may be concluded tbat over a vide range of parame ter values, 

the temperature difference aeross the canal i9 closely related to the 

thermal torque and that 1~ practice, these two variables have the aame 

dynasics. Thi. relati~ship offera the basis for a direct experfmental 
< 

validation of the pres.nt .odel, -.king it possible ta verity the respanse 

characteriatfc8 that vere eaphasized in the previau8 sections. 

Another advantale fa, of cour.e, a .. rked stapl~fieation of the 

c~tatlonal proceduree since one needa Obly to calcul.te the 

l 

.. 

.i --------_ .. ".~, 
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Fig. 3.10. Model output torque and teaperature difference 8cr088 

t~e c~.l (AT) fol1owtag • atep change of the irrigating, 

aediua teaperature. The carv •• are normalized relative 

, 

to peak value.. Note that AT al_ys leada torque. The 
deviat1oD. betweeo tor~u. and AT are ,the 1.rse8t~at 

, ... 11 v.l~e. of Xo .:,. 10 = .38 iD 1. 
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temperature at two points instead of perfo~ing an Integration. 

,Thls approach ie different than the one uaed by Schma1tz (equation 3.1.15) 

and based on 3T/ax evaluated at the canal center. lt can e881ly be 

shown that, ,except for a multiplicatlve factor, Schmaltz' s lIethod le 

equlvalent to replacing the Bessel'function by ~ i.e. the low 

frequency asymptote of Il' Schmaltz's method 8hould yield curvés alwaya 

lagglng the true torque but still representative of the latter. lt 

would appear, however, that the variable hT 18 a cloaer approximation 

and, in any case, la the ooly one that can be measured. 

,As made evldent by equation 3.6.3, Steer's representation of the 

dynamic8 of the temperature dlfference across the canal by a first arder 

lag ia an bveralmpllfication. In particular, it ignores the characteristic 

attenuatioo at low frequéncie8. Steer baeed hie assumptlon on the 

recordlngs of tempe rature gradients acroee th~human canal obtained 

by Cawthorne and Cobb (1954). However, theae data origlnated from 

Standard short duratlon irriaatlona and were unsuitable to provide good 

estiaatee of the syatem'a behavlour at very law frequencies. 

3.7 Geq,ral MOdel of Ve.tlbular Respone. to Calorie Stimulation 

The leneral calorlc reeponee ~.l propo.ed ln the introduction 

chapter al a,workiaa hyp~~~e.l. ia DOv dt.cua •• d quantitatlvely from a 

theoretical v1wpoint. The aodel ta ~raaented iD black dialra fora in 

filure 3.11 and conatats of the ther8al proca •• , di.eueaed ln the 
, ~ ~ \ 

pr."ioua .acUOIUI. followed br the bydra.tIC"-lcal and Deutal cOlDponenta 

of the ..... t1bular ,dynaaic8 that have b ... introclucacl iD th. pravious . 

~hapter. t'lui two Mdela have b.8Il coupl" toaether by dannina (St~er. 1967) 

" 
\ ~ \. ~ \ 

~_ ."~t~>_. .";: ~""'" I~ .ul~,,, ':~,!~~. 'f;: ~:~.~ j,l~:~~:~:~_ '.t~ .. :t'(i~~-: .. ,!I,l~;ta' j~~ 
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an equ1valent head angular Acceleration 0 as 

~ Heq 

, 

e 
Heq 

M (8) 

J 
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(3.7.1)' 

where H{s) 1a the thermal torque defined by 3.3.2 and J, the moment 

of 1nertia of the endolymph ring glven by 

'\4 
J 2 'Ir 2 2 3 

(3.7.2) r R PF { To> 

It 18 assullled that J and other constants of the hydromechan1cal model 

do not vary significantly vith temperature. 

Canal dynamlcs have been slmplified a1nee the frequency range 

of intereBt 18 located be10w 1 Hz. The canal traDsfer function from 

chapter 2 11 t~refore written as 

a (s) 
c 

a 
Heq 

where KI 1. a constant. 

~1 

T • + 1 
1 

(3.7.3) 

For coaven1ence. the tranafer function of the neural .daptation coaponent 
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ia repea~ed 

o (a) 
c 

Ts+l-m 
a 

T a + 1 
a 

(3.7.4) 

In the above, the parameter m will be left unapecified ainee we 

are involved here with adaptation from unilateral stimulation. The 

following normal value will be used 

_ 82 see and T 

1 
21 sec 

obtained by Malcolm and Melvill Jones (1970). The break frequeneies 

aS80eiated with these time constants are 0.00196 Uz and 0.00757 Hz for 

Ta and Tl respectively. For convenience, these values are given in 

terms of the general~zed time constants T'and T ' • Thus T ' 
a 1 a 

0.205 
2 .. 

and T' 0.0525 cm with corresponding break frequencies at 0.783 
1 -

and 3.02 cm-2 respectlvely. 

Pirst, the effect of these eomponents ~n the thermal torque will 

be discu.sed ln the frequency domain. The coabinatlon of canal and 

neural adaptation 4Yftaaic. (figure 3.12) produces a fllter with a band 

pa •• lqcated ln the reglan of aaxlmum amplitudeof the thermal torque! 

t .. peratu~e tran,fer function. 

,The tranafer function 9a(e)/Tw(a) relatins .low-pha.e eye 

, , 

" 



• 

, 

, '. 

tl 

, 'T 
j 
1 

(J! 
(~) 1 

+- -- -- -

(D \ 
W t---- - -(:j 

.., - j 
J 

ll: r . ........... 
cn 1 
o.: 
L 
r-O.-. 

~.)' 
\)~ 

-+ 
1 1 

1 

1 

~, 

tr' 'L . • 

» t 

FREQUENCY/DIFFUSIVITY 

./ , \ .. 
\ \ 

\\ 

\\1 
\ \ 

3 \, 

" '. 2 --

68. 

ri._ 3.12. Tb. effect of cau1 c1yuaic. ac1 neural adaptation on the torquel 

teaperature tr~.fer f~ction. l:torque funct~on (le. fig. 3.5) 

2: ' • .aic1rcular caaa1 lai (f' = 21 •• e) iD .erie. vith adapt-
. , C 

Ation filter <. = 1,". =. 82 MC). The t1ae ~OHtaDtl are nora-

&11a_ O .••• z 0,0025 -"/MC. 3, overall trauf.r function). 
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velocity to ear canal may,now be discussed. Neural adaptation sub-

stantially increases the attenuation and phase lead already present 

in the thermal torque transfer function and à 'maximum slope of 3/2 

0' 
and phase lead of 135 are now seen in the low frequency asymptote. 

These effects are progressively rerluced as the parame ter m i8 

decreased from l to O. The canal first order procees adds pttenuation 

-2 and phase lag at high frequencles above 2.0 cm but ls definitely not 

a dominating factor since the exponentia1 term of the torque function ia 

'" overriding aIl other terms in that region. 

In the time domain, both step and pulse reaponses have been studied. 

The time course of the' slow-phase eye ve10city GE was ~alculated 

by filtering the torque response through digital filters equivalent to 

the canal and neural adaptation transfer functione; the method is 

brief1y described in Appendix 2. 

Step responses are shawn in figure 3.13 for increasing values of m. 

The adaptation filter sharpens the peak a1ready prRsent in the torque 

responses and precipitates the return towards the baseline. The maximum 

effect takes place for m - 1; the peak is reached in about half the 

time - 80 sec instead of 160 - and the response reaches zero level at 

t ' œ 0.75, (5 minutes) to continue in the reverse direction at a lower 

leve1 but for a prolonged duration. Thus adaptation would eliminate 

from the eye response the nearly steady state component applied by 

the thermal torque. 

In figuTe 3.14A, tbe cupular deflection e 18 compared to the c 
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applied torque M when the input ls a pulse of width 0.1 (40 seconds). 

The canal long-time constant wldens 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 GE Is further reduced but 

i8 brought back towards the peak torque time. The secondary negative 

overshoot is accentuated and the response reverses its sign earlier 

in time. 

3.8 Discussion 

T~e semi-infinite solid model of the calorie response is hased 
. ( 

upon a number of assumptions anQ:~i~plifications which could be justified 

by the mere fact that the problem becomes otherwise mathematically 

untractable. Very fortunately, the theoretical predictions derived from 

the model are partly Bupported by Young's experiment (figure 2.6) in 

which the fundamenta~ hypothesis of unidimensional heat flow hàs been 80 

nice1y confirmed. However, the proce88 of calorie stimulation is essentially . 
defined by the torque (or pressure) Integral equation (3.2.13) and 

therefore ls not va1idated by Young's ex~eriment. 

A maj,or result of the s'tudy is a transfer function for the output 

torqu@ which consists of three mathematically separable components 

repreaentative of the undeTlyin~ phy.ical processes. In particular, the 

torque generating pracess ta described by a "differentlating" operation 

which 'dominate* the syatem's behaviour at frequencles below O.OO~ Hz. 

The presence of thia term ia not sntirely une~pected ainee from a physical 

viewpoint the calorie ~ffeet take. place by • difference ln the gravitational 
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pull exertpd on bath 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 ~s but 

one of Many other examples of irrational 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 Bame physical process of the torque genetation 

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). In any case, "differentiator-like" 

functions, whatever they are,are always likely to appear to describe the 

torque generating process. 

In the time domain, the typical step response exhibits a péak bet-

ween 2 and 3 minutes after the start. The peak i8 followed by a prolonged 
1 

drift-like decline su~h that the output level is still at 50% of the peak 

value after lS minutes. The corresponding featurea observed for a short 

pulse input i8 an initial P061tlve peak followed by a prolonged negative 

and low amplitude secondery output. 

Theae observations from the pulse reaponse ln particular are of 

80~ signifieance in calorie teating since the return to pre-stimulation con-

dit ions appear to take much loos.r than Is generally aSBumed. The typical 

, S - 8 atoutes in~erva.tJ1atween irriaatiotl8 ln the standard test has been 
r 

based on the •• su.ptlon that the, t .. p~~tura affect on the canal 18 

\ 

\. 
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comp1eted when the nystagmic response vanishes. Hood's experiment 

(1973) discussed in the previous chapter has shown that the nystagmic 

response dec1ine is partly due to adaptation and that the thermal stimulus 

persists for Il minutes. The theoretica1 results shown here are in general 

agreement with Hood's conclusion. 

The step 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 distance to 

the canal center are important intrinsic factors determining the shape of the 

response. A third anatOVli't:al parameter. the canal radius. has been found 

to produce only amplitude variation of the torque and furthermore has no 

effect on the magnitude of equivalent angular acceleration. 

Thermal diffusivity depends in particular on the density of the 

temporal bone,whlch appears to be qui te variable in the region between 

the.ear canal cavlty and the bony semiclrcular canal. For instance. 

Ishiyama and Keels (1970) have discussed the case of a hyperactive 

squirrel monkey that was lAter found ta have an unusually dense 

tempo:ral bon~. As already noted, little is known on bone thet'1ll81 
, 

propert1es in genera! and even less on the range of variation encountered. 

On the other band. the onli source of data concern1ng the c~nal center 

distance 1, Young (1972) who fal1ed to indic.te the 8pread around the ' 

average value of 0.76 cm obtained in five hu.an akulla. Thar. exists • 
a need to coll.ct data On thoe. paraaet.ra to .. t1aate the1r 1.portance 

in the variabillty of calorie re.pon •••• 

rtnally. the par .. eter h •• pend. OD two fac ~tba h4at tran.f.r 

,,.',"("'b " ! $ •. .J u 
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coefficient and bone conductivity. The value of the heat transfer \ 

coefficient iB mainly determined by the physical properties of the 

irrigating medium and -the characteri~tics of the flow within the ear 

cavity. Two basic types of fluids have been used in calorie stimulation: 

gases and water (section 2.6, chapter 2). Based upon the large 

differences in the thermal properties between these fluids, it i8 not -
t 

unrealistic ta consider h v~lues that-differ by one or ev en more orders 

of magni tude. Hence. bath "damped" and "underdmnpedH response May be 

encountered depending on the conditions in which irrigation is 

performed. This point will he further examined in experiments on 

the effect of flow rate (Chapter 5). 

-1 The value (5.0 cm ) of the h coefficient- quoted hefore as "normal" 

refera ta the case of agas stimulator at 5 L/min flow rate. It cannat. 

of course, be applied ta the case of water irri~ation without sorne 

reserve and, ln fact, the results described latp.r on indicate that the 

h coefficient for water st flow rates above 150 cc/min is at least ten 

tiœes higher. c~arative studies conducted on the Bame preparation would, 

however. be more appropr1a~e to examine this aspect more rigorous1y. 

The brief analys18 of paraœeter variation introduces to us Bome of 

1 

the difftculties ifivolved in applying the model to a glven experimental 

• 
re.ponse. Indeed, the problem of paraœeter identification ia complicated 

1 

by the faèt that a n~ber of combinat ions of p~rameter value .... ' live , \ 

clo8ely reae.bling ehape.. Paraaetere may be .imultaneouely varied 1n 

directions that eitber -.plity or nullify th~ effact obtained when on17 

oite 18 cha" .. ; for Gapla. lncreaeins h and ,hort."i", X or vice ver ... 
" 0 ,. -

o 
Purtber.ore, lf one can oaly con81der relatlve .hep .. , al le ueually 

. , 
r\ • r 
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) 
the case in nysta~mic responses, th~ effects of diffusivlty variation 

w[ 11 appear sim! lar to those of X and h. 
o 

Of course, the magnitude of this identification problem 18 reduced 

if independent measures of the parameters can be obtained or if 

thf'V can he estimated within rpasonàhle limits, e.g. X. Furthermore, 
o 

one can make use of the fact that th? response tends to a limit for 

high h va~ps. and consequently arrangp for experimental conditions 

providlng elevated hellt transfer rates. (In practice, a minimum value 

of 50 seems adequate.) In these conditions, the parllmeter h can be 

eliminated as a variahle oaramp.ter of the r~8ponse. 

The extension of the model to include semicircular canal dynamieq 

'and neural adaptAtion has allowecl us ta prediet "theoretical" vestibulo-, 

ocular re8ponse~. In this morp. generÀl model, the torque variable 18 

eonaiderably modified by the adaptation high-pass filterin~ whieh 

practically el1minates the sustained torque output level in less than 

5 minutes. This effect i8 attenuated if a model of adaptation i5 

èonsidered that exhi'>its sorne "dl,rect1onal preponderance" as 'shmffi by 

varyi~g the parame ter m. In the literatute. the response ta prolonged 

calorie .tep inputs h~s rarely been diaculsed, an. there exist no published 

records from whlch one could deriv, the time course of the slow-phase eye 

velocity respon.e. lt would appear. nowever, that calorie stimulation 

maintained even for one or more hours produeea a contln~ou8 nystagmu8. 

Soae indieationa to that effect are provided b1 ScbD.lt~ (1932, p. 380, 

3rd para) t Ild .••• l and Aron.on (1934) and v~n Bponel an.l Tolk (1954). , 

On the otber han.. the p~ •• ence of actaptation in calorie response8 from 

i. '/ _. __ ....................... __ ........ ___ ....... ~~ ~1L' 
'\~ 
,1".' 

• :l,.1~ ~ , 

, , 

< • 
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short irrigation is indicRted hy Youn~ (1972) and Hood (1973). In 

Ihl' absence of bny useful data from the literature, the question of 

adaptatioq la left and will be resl~ed ho~ever in Chapter 5 after 

presentlng the results of the experimental work. 
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OlAPTER I~ 

EXPERIMENTAL STUDIES ON THr rALORIC VF.STIBULAR RESPÙNSE: 

METRons AND TECHNIOUES 

An experimental study of the calorie vestibular response is 
, 

reported in the following t' .. o chapters. Human volunteers were connec ted 

to a special apparatus and selected temperature stimuli werp deliverpd 

durin~'susteined irrigation of the external ear canal with water. 
, ) , \ 1 

Eye ~vement8 wp.re recirded by electro-oculography and an~fyzed in 

terms of slow-phase eye yelocity from the eye position recordin~. 

~thods and techniques are introducpd in the' present chapter; the specific 
01. 

experiments and the results are discussed in Chapter 5.' 
'0 

In section 4.1, a new calorie ,stlmulator is described that has 

been designed and devel'oped by the author as a necessary st~p to carry 

on the expertmental program. It ls intended for use ln a number of 

clinical projects to be run ln the clinical laboratory in addition to , , 
its use ln ba.ic re8i'ch. 

" . . ~ 
."\. 4 .. 

~ . ... " 'Section 4 2

5
' concerned with the e,(perimental set IlP, method! 

an~~.a.ur1n. tflchn ques c01lllllon to a11 experlments. 

~s:ct1on 4\ ~ a slow-phase velocity analyser tA described and 

the .. thôd~ •• ~~iDg alow-phaa. eye veloclty fram the recordtng 

.: 1. dbo ....... 

, 
,r ,,. 
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4.1 A ;~ew Calorie Stimulator '* 

Only two calorie stimulators using waeer as a heat carrier have 

been described in the literature, by Steffen, Linthicum and Churchill ". . J ' 

(1970) and by Maffei, Zini and Bottazi (1967). Steffen et al used 

a device in which custom-made valves driven mechanically by a geared 

motor produced temperature ramps by mi~ing water from two baths. 

Maffei and coworkers built an ~pparatus in which saline was heaten 

-directly by an electrical current under t~e control of a rheostat. 

Both the above devices 1acked f1exibi1ity and i~ was felt that 

a genera1 purpose stimu1ator ta provide arbitrary temperature 

waveforms a~d amplitudes shou1d he deve1oped. 

In the fo1low1ng paragraphs the basic design phl1osophy and .. . 
op@rating princlples of the new stimulator are discussed, 1eaving 

out simple technical details and standard circuitry. The aspects .. 
re1ated ta safety are consldered in some depth ta show that the 

stlmulator can be sBfe1y used on human subject8. 

4.1.1 Operating Principlea and Basic Description 

A functional diagram of the calorie stimulator i8 given in 

figure 4.1. The device consists of an hydraulic circuit in which tap 

vater 1a P~ at'. constant flaw rate across an e1ectrical heater 
V,~ " 

aad t10va out throUSh"8 cannula to ba ina.rted into ~he lubject'. ear. , 

Tha .beater h ,a cantral C01Ip01WD,t of the .yata 8n4 Hs design 

wa., .ppro« .... .., cOlldder1fta~,a nUllb.r of baHc principl ••• . ~ 
Pir.t. tha ... t~ r~u1red el.ctrte.! power Rmax depends on tHe 

- \ 
! ' 

J. [ " , 
, ',/ 

L van Cl __ .. J." -.coll l'as ar.aUy 
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Fig, 4.1. Schematic diagram of the calorie stiœ~lator. 
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tempe rature ranRe and on the water flow rate F as 

E = 4.1 R F (T - T ) max (' max i 4.1 

where T is the uoper temperature limit and Ti the water e max . 

tempcrature at the inlet. A d~cision was mad~ to limit the power 

o at ]00 watts, making it posRihle to cover a 20 C range around body 

temperature, at 150 cc/min flow ratE:', with a wide t1ar~1n for heat 

10Rses and inèffteieneiee. Thi~ range waq found adequate for 

the experimental work and it also included t~ temperature ll'vels 

used in standard calorie tests. 

The flow rate was I;lelected arHtrarily since no precise indication 

could be found in the literature èoncerning the minimum required 

flow rate in calorie stimulation. Thé reBultB of next chapter indicate 

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

The output t~mperature is dynam1cally related to both E and • 

Ti by the approxlmatlng transfer function 

, 

T (s) 
Il Ti(S) ± E(s) 

4.'2 e - F 4.1A F 
- S 
V 

± 1 

where V ia the volume of. fluid around the heater. Hence, the 

ratio F/v la the time constant of the heater and a faat re.ponse 

reQuire • ..aIt value. of V. The siae of th, heater elemeot 18 a 

.. jor fac~or deteralDlng the voiume and it cao be alnt.lzed by 

lowariaa tbe el ... nt'. electriea1 t •• tatance, reductas the operatlnR 

vo1.ta~. cd .. 7."at'11'l1 h1~h r.'1at1~ Mterial. ~ .hown' 

" 

. . 
,,", •. Jo. "ir 

." ) , ' J r .AI'· ! 
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from simplp phvsical consi~erationq. 
• 1 

Thp following configuration wns chas en Rft~r a few trials. 

P.O milllohm'l) 

crimped lnside hrass tuhing and positioned along the Rxis of a 

LIR inch diametPr ~ole within ~ hlock of Plexi~lass. Th~ wat~r 

enters qimultaneously near hotl) i'xtremi tieq of thE' heftter wlr(' 

and Ipavps through a sinRle c~ntrnl outlet (Fig. 4.2). 

The power control unit is sl-Jown in grpater detaU tn figure 4.3. 

The heater element representeci by a pure resistive component Ul 

connected aeroes t,e s0condary of a lIOV-SV current transformpr 

controlled on the primarv bv a triac switch. A comm~rciallv 

'" available trigger circuit (].JA74:! supplied hy Fairchild S0miconductor ) 

de1ivers the trigger pulses to the trjac. Power Is applied to the 

heater in short bursts of 60 cycles at a frequency of ahout 3Hz. 

The corresponding sequence of input pulses ta the triac trigger ls 

provided by a pul~e width modulator cO~si8ting of a triangular waveform 

generator feed1n~ into a comparator. 

The pulee wiqth 1s directly proportional to the signal appliPd' 

at the second input of the comparator. At frequencies sufficiently 

below the modulatiqg frequency, the power delivered 18 directly . 
"'-proportional to the modulator input signal and the circuit b~haves 

as a I1near power amplifier. The technique sometimes called HUme 

proportionating" la commonly u~ed for handl!DI large AC powèr loads 

at relatively low co.~ and 1. de.cribed ~n'a a~ber of application 

nota. fro. varioue .anu~.c~urer. (a.,. Fairchild Sèaiconductor). 

t lte 

• 'alrchl1d 8~onductor. ~taln View. C8ltfornia. U.S.A. 
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ria. 4.2. ~hotosr.ph'of the heater block. the heater element 

18 8hown a.parately abOYe the heater block. 
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Tlle "power amplifier" iB part of a simple temperature control 
, 

svstf>m., The si~nal drivi~ the caloric stimulator i8 applied to 

th<> input of a difference amplifier and cO,mpared fo the output 

tempetature signal fedback from a thermistor amplifier. The error 

signal i8 amplified and fed to the pulse width modulator to generate 

the power pulse across the heater. 
.j 

The temperature sensor at thp heater outlet consists of an 

a 
assernhly (Thermiljnear Component) made of two thermistors mounted 

in a single 1/8" diameter bead. It is incorporated in a network 

of high preci~ion re~istàrs to provide a linè~r output with f O.ltC 

o 
maximum neviatlon in the 0 - 50 C range. 

Hydraulic Components 

tlater is. ohtained at 28
0

(; from a thf>rmostatic. valve (Powerc; 

b 440 Fotoguard) connected to both the hot and cold taps and it runs 

continuously into a one gallon reserVoir on the main instrument. 

The ~e8ervoir ensures complete debubblin~ of the mixed water and i5 

kept filled to overflowing. _ A maRne tic float lev~l detector connected 

to a safety control circuit 1s installed on the re'Jervoir. 

W'ate/'t!! cir~u18ted through the heater bl9Ck br an ad1ustable­

speed roller pumpc and the flOW-l'ste ls monl,tored by a 

Gilmont bél1 flowmeter c • The Botlet tube consists of a 3 ft. long 

d 
Tpflon 8paRhe~i tuhln~ within an envelope of corrugated plastic. 

a. supp bV Yellow Sprin~s In8trume~t, Yellow Spr1n~s, Ohio, U.S.A. 
b. suppl by Powera Corp., Skokie, IllinOi8, U.S.A. 
c. 8uppl1ed by Cole-Parmer, Chicago, Il~inà1a, U.S.A. 
d. 8upplied by Polymer Corporation of Penn8ylvania, Readin~, Pa., U.S.A. 

- --, ------------'--------------------_ .... 
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The very thin wall of the Teflon tuhin~ «().I)12") has a low heat 

capacity that m'inimizes damping; the eonvelope protects tht' tuhe 

from coo1in~ drafts around thf' apparatus sinee this part 1s not 

included in the temperature feedbaek. c Finally, a'double-head pump 

run hy a single motor has heen added ta the system .. One pump 

regulates the inflow ta the supply reservùir from the mixing valve, 

the other returns the eXceS8 wateor to the drain. 

4.1.J.Performancc 

Th~ performnnce of the calorie stimulator i8 summari4ed 

i~ figur.e 4.4. A reeording (A) of the outputs of bath the heater 

feedback and the tube outlet thermistors shows that a O.4
o

C 

peak-to-peak temperature ripple st the heater is smoothed 

o down ta within 0.1 C by the thermal capacitance and reaistance of 

the outlet tube wal1s. Temperature linearity in relation to 

input vol t'8ge is il1ustratE'd by the stimulator respon~e ta a 0.002 Hz 

'. triangular wavpform (C). The- steo response (R) has a time constant 

of about 3 seconds and' from frequency r"sponse measurements the output 

i8 3 db down st 0.1 Hz. 

With very hl~h gain of the error signal amplifier, thE' 

° seneitivity of th~ apparatus in t;/'VoJt should he closE' to the 

, /0 reciprocal of the gain of the thermistor amplifier in vol~ C. 

In practice, 8ta~ility problems" have limlted the gain and the sensitivitv 

i8 about 1.6oC/volt for a thermistor gain of 0.5 V/oC. RecausE' of 

the limited .ain, the output temperature variee vith the temperature 

of the 8upply reservolr o 0 (approx1aately O.2S CI Cl. The latt~r 

c. 8uppl1ed by Col.-Par1ler, Chie.SO t Illinois. n.S .A. 
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Pia. 4.4. A: ataultaneou8 recordinl8 of t .. ,eretur. et theu1le.t~r outlet 

and .t tb. eaoaule o~tlet (T2) et con. tant input volta,e. 

1: '2 reapon •• to • aquare-weve input. Ci T2 re.ponse to a 

trunalular vavefora. Vin: volt ... input a1pal. 
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C bv the mixin~ valve 90 that the 

~;M'f>",rature drift 1<; negli~Lble after the initial warm-"f) 

period. The output temperaturc is also dpppndent on the square df the 

line voltage and in nny location where the power line i9 

fluctuatin~. the instrument does not perform satisfactorily unless a .. 
voltage regulator ls used. 

4.1.3. Safety Asp~ 

elpctrical hRzards throughout thé rlevelopmen; f this apparatu<; 

(whic.h was intended fdr calorie testinS/: ~n human6). nurin~ sustained 

irrigation of the par ~anal. the cannula i6 located in very close 

proximity to the tymoanf~ memhrane. The irri~atfon pel' se has 

no harmful effect as showrt bv years of clinical calorie testing. 

Howéver, ' one mav point out that because of malfunetioning 

very hi~h water temperatures could he produced and, in the extreme. 

case, steam could be ejected into the sublect l f> ear. <)lIC~ rlangprous 

effeets could only occur under conditions of reduced or stoppp~d flow 

with maximum power applied to the heater (equation 4.2). A numher 

of safeguarding mechanisms were therefore !ncorporated in ta the 

dès1gn, in particular a safety eut-off relay and a raller pump in 

the hydrau1ic circuit (fi~. 4.1). The safety eut-off 19 trig~ered 

by signaIs from either the reservoi\ level deteetor or the heater 

tl'lf'rmistor. The tpmperature si~nat ls viewerl throu!I;h a windo'l>.' circuit ta 

o detect high temperature above 46 C or conditions sueh as disconnected 

i 
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or damagpd thermistor. Bath thp _.rump :lnd the hl'atf'r aro discoJ;\npcEpd 

whpn the ff"~ay le; élLtlvat!,rj and the instrumpnt must he rcset 

place' of otht'r "ll'sS pxpensive p\Jmps to insurp constant flow 

dec;pilp variation of the hydraulic resi~tancp within the tubing 

or at the ~ip of the cannula. 

Destructive testing was uqed to lnvestigatl' the worst 

cas('. In C)!wciA.l teflts. the nffpct 

~" 
( full power applied,to thp hpatpr was 

of stopping the water pump wlth 
\. ,. 

9xamined. So~~ hoilin~ thl'n 

occurrecl 'but a large buhbld" was rRoidly forrnpd. the C'lemp.nt turnE'd 

rpd hot and fused ln 2 seconds or less. No temperature lncreasp' 

was record,eci at the tip pf the patient's carlnula, the outlet tuhe 

appare~tly acting as a protective buffer. The tf'sts thus confirmed 

that the inc;trument fs intrinsically safe under aIl condllions . . 
Finallv. the electrlcal c;afety aspects are dlscussed. The 

current tran~form~r isolates'the heatpt from t~e power llne and only' 
t 

low voltages appear aeross th~ heater. Furthermore, the transfommer 
~ 

secondary ls ~round'ed on ope Ride to provide a currpnt pathway 

in case of sn.insulation breakdown between thê prlmary and secondary 

windings', In an l~eal set-up, the Rubject should he isolated from 

ground, but if i~ wère nece~~arv to grgund the subject, t~en minimal 

AC current ( < S microamperes) might flow' from the heater through . . .. 
~he water in the tube. Indeed, the r~s1stivlty of tap water 18 

... 
~ h1Sh under IlOst' dr~um.tance. and typicallYt the eleet,riesl resistllnce 

. , 
'r" 

1 
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bet1.1een thE' loutlet tuhf' extrf'mities 1.1as of the order of 4 Meg"ohms. 

4.2 Methods and Ml?asurement~ 
., 

'3 ') VPffrf> old with no ~istory of vestihular di sturhancp. 

The 'mh1 o ctf; 1.1erf' first fi tted with elec:t:rodes 1 detec,~ eyp 

- 1 mOVements using thl' ;-'E:'II-k;\m,,'1 f1ri'1clplec; of r>lectro-oculop,ranhv 

(~chack0I.I9r,7). ThrE'c Rilv~r-qilvcr chlbrlde electrodec; (Bcck~an 

.. ') 

3')0!) R nun~ surLlcP lIrpa) wr:!r" covnrcd 1.1ith electrolvtp Jf'Il'y and 
• 

arp1 ipd tp th!".l'yternal canthl m.d, the mid-front pdsttion aftpr . 

vilwrous rühh lng of the c;ktn wfth il1 cohol. Th! Sc 1.1as followed hy 

~ 

a 30 minut~ 1.1atting period in the dark or wcaring red ~oRg]('q to 

i; 

allo1.1 for E'lectrode stabilization and adaptation of the retinal 

.potentiai to darkness (Gonshor and ~ial('f)lm. 1(71). 

r 
the suhjects wprp t~pn spated comfortablv (fi~ure 4.') 

and adjustments were made td have the head at an angle of 30 dpgrepc; 

with the horizontal so that the Iaterai semicircular canals were , 
in the vertical plane. As much as possihle. the head was kept in 

its naturai position relative tO body axis. 
f 

The extf'rnai ear canal '"as f irst examined and a ghor.t cannu.la 

made of silicoll€' ruhher tubing 1.1RS carefullv in,troduced insi.de the 

" ear canal deeply enouRh to have the tip of the cannula 1.1ithin one or . 
two mililmeters of the tympan1c~membrane without t~uching it. 

.. 
'l'he cannula 'was 1mmobtlized t.7ith tape, or ,us1n~ Il special holder madE' 

of steel wire and enclrcl1n~ th,e' pinns. In l,oth cases, the cannula 

remalned flxed reIsttve ta the ~ead to s110w for possible head 

.. 

• 
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Fig. 4.5. The-experimental set-up. Th~subject is shown with the electrodes 

fixed on the canthi ~ the cannula inserted into the ear canal. 

The calorie stimulator la on t~_left. 
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movp-ments. The frpe end of th~ cannula could be manipulated 

safely and was connected to a three-way stopcock at the end of the 

stimulator outle t tube. The other arm of thf" stopcoc kwas used to 

circulate water in the tube durin~ the preparatory phase of the 

experiment. A funnel wa~ conveniently position~d to collect thr 

water comin~ out of the ear canal. 

Before starting the irri~ation, calibration of eye positioh 

signal was done and a short recordlng wa~ obtalned with cyes 

closed to detect the presence of Any spontaneous nysta5UIlus. 

lrrieatibn always started at normal body temperature and 

was maintained at that level for a time to allow the suh;ect to 

hecome accusto~erl tb the irri~ation. The temperat~re was ofnen 

readjuRtf!d c;lightlv sinee many subjects had detectable nystaj;mus ," 
o at 37 C, ,The adj ustment never excf>eded one degree cent igrade in 

practice. 

Throughout the pre~aratory p~ase and during the eXDeriment 

itself the room was kept dark except for a red light requirnd for the -.., 

operator's cobvenience. After the period of habituation to irri~ation, 

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

otherwhe. 

Control of Arouaal 
, 

Great eare w9s taken to maintain the a~ousal level of the subject 

to a 8uff1c1ently'high l~vel during the prolon~ed perlods of stimu-

lation. Contrar)" to what wall expected, t,he continuous 1rri~ation 

VRS not an arouains factor and .oat subjects habltuated 'rapidly to 
" ~ 

the aenBatioft whieh waB'deacribed by .~y a8 p1eesant. Some even . 
() 

' ... ; 



tended ta faii asleep. Mental arithmetic waB not found to he 

particuiarly use fuI in maintaining arousai during these lon~ 

~ecordings (up to 30 min). It was howpver found that suh1ects 

cou1d readiIy b~ kept aroused through conversation on a suhject 

ôf ~pecial interest to the individual. For instance, medical 
1 

c:;tudpnts responded v('ry wpll when askpd to review human anatomy 

or to discuss diseaBes and var tous therapies. Other preferred 

mathE>matical Rames or Idtchpn rccipies. It wa!'! a1so found that some 

suhl}'cts could maintain a brisk nystagmus with.out Rny conversation 

whereas others had occasionsi periods ~f dysrhythm~and suppression 

of nystagmus even dllring. menta~ activity. As a whole however. 

the control of arouaal could be achieved sati8factorilv in most 

cases. This required continuous monitoring of the nv.;tap,mus wavefol"lll 

on the recorder and continuoue interaction with the subject. 

}{easurements 

(8) Ere Position 
. , 

The pot('ntial difference /tCr08S the two outer elect,rodps wa'3 

mell8ured . by a high input Impedance (1014 ohms) Burr Brown- model 

30~1/25 differential amplifier with a fixed gain of 100 and an 

adju8table output offset. The output of this first stage W8S 

carried to a gecond general purpose amplifier and the total gain 

var~ed betveen 500 and 1000 to ~ield a signal in the volt ran~e. 

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

vas performed ln the u8ual way using light .ource~ 8ubtending a 

~nOW'll arc. 

• 
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(b) Temperature 

The temperature of the irrigating medium was sensed prior 

A - • to the ear cannula tublng with the linear thermis~ot' assembl-y 

described ln section 2.1.2. This measuremênt was in error bv a 
/" ) 

qmall time delay and a negligihle temperature drop Along the cannula. 

Ca1tbration was done in constant temperature water bathe by com-

parieon of the thermistor output with .mercury thermometer having 

a O.lo~ resolution. 

• 
(c) Recording 

80th the eye position and temmerature signaIs were recorded 

on a two-channel recorder continuously driven at lOmm/sec. tn a 

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

4.3. Slow-phase Rye Velocity ~easurements 

A semi-automated technique to measure slow-phase eve ve10city 

. 
WI;lS deveo10ped. A chart reader " was constructed (figur~ 4.6) 

which includ~d a spec1al1y'rlesigned p,onlometer that measurf'd the 

angle of a 11ne on the chart with respec.t ta the time axis. The go-
~ . 

. . 
nlometer cons1sted of a'standard one-turn 2.5" diameter wire-wound 

potentiometer' in which the shaft had been ,replaced bv a l" di.'imeter 

transparent core w1th a reference cursor, on,. the face close to the 

paper. The goniOllleter was mobile ln both directions acrO'S8 the chart , 

and another potentiometer fixed to the's11ding a88emb1y measurèd 

the di.placement along the t~e axia, Both t~ angle and ~4me 

potent1a.eter were conneeted to a computer via a sma11 91gnal cond1tion{ng 

* The a .... bl,. wae built by !ir. A ... Hal.no. 
the IO"l~tet va_ ao4:tU.cl w1th the help of MI:. J. MeColl. 

\, 
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Slov-phas8 eye velocity·.nalyaer. The potentioaeter wlth 

j a transparent. core .... ur •• the .nsle of the cursor relative 

to the ti .. ·.x1l of the'recordinl. Slow-phase velocity la 

proportlonal to the tanaent of that anlle. 
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box and a suitable program calculated the time and slow-phase 

veloeity. 

t The accuracy of the output angle was checked by repeated 

measurements of a series of known angles traced by a digital pIotter. 

The relative error of the computed tangent was 0.8% at 450 and 

o 0 0 5% at 5 and 85 , the error being symmetric about 45. For long 

recordings, the time potentiometer had t,o be reset every 60 cm, but 

,with sufficient ca~e 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 the cursor was aligned on the best line fftting the eye position 

within the interval. In some cases, slow-phase velocity vari~d 

continuously wlthin the interval. The average +s1ope was' then deter-

mined by aligning the curaor on the chard joining both extremities of 

the interval. n~ring the period of direction reversal, nystagmus ls 

absent and the eyes May Teaain relatively steady or jump in a step-

wise fashion in elther one or the other direction. During such 

periode, slow-phaae ve10city was samplèd as the slope of the eye 

position traeing, despite the absence of saccades. As a rule. each 
, 

inter.aecadie interval vas .ampled except in the case of high frequericy 

nyataa-ua beating at more than oue per second, when only representative 

aa~c.de. vere a.-pled.- The averase time interval betveen samples 

vaa in the range 1-2 .econ~ •• P~lOD8ed periode of artitact8.and 

dferhythafa vere .. rked and 1eft blaftk i~ plota of alov-pha.e velocity. 

In flaure 4.7 t • eequenca of dov-phue .Y. "lodt1 •• 

• 
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'Fil. 4.7. Typical ~uter plot of alow-phase e,e velocity sbowo vith the 

ori8inal record fra. which it vas obtaiued. The variability of 

show-phase velocity betveen saccades ie observable fra. the eye 

position tracing., 
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has b~10ttèd as a stepwlse varying function and ia 

-~~red to the original eyè IPositiQn recording. 'The slow-phase 

velocity signal i8 "noisy" and var,iations of the slow-phase sïope 

may be'observed directly from the recording. For the sequence 
, 

shown in figufe 4.7, the mean slow-phase ve10city 18 10.2 deg/sec 

and the standard deviation (m _ 24) Is 1.8 deg/sec i.e. more than 
.,; 

17 percent of the mean ,value. AH slow-phase velocity plots shown 

in this thesis exhibit such largè devlatlons about the running average. 
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CHAPTEIt 5 

EXPERIMENTAL ~TUnIES ON THE CALORIC VESTIBULAR RESPONSE: 

" EXPERlMENTS AtW RESULTS 

5.1 Intr6'duction 

The experiments describcd in this chapter were designed to study 

the dynamics of the calorie vestibular response with partieular 

referenee to ~ hypothetical model relating slow-phase eye ve]ocity 

to ear canal temperature. îemperature stimuli were applied during 

continuous water irrigation which conslsted of simple elementary 

signaIs i:e. pure sinusoids f steps and pulses, so that the 

theoretical results of Chapter 3 might Qe dire~tly applied to the 

analysis of the slow-phas~~elocity data. Calorie stimulation was 

perforrned in humans over mueh longer periods then in the classic­

calorie test in which b:ri~ation tlmes 'never exeeeds onE' minute. 

In particular, sinusoidal input at frequencies âs l~w as 0.00055 Hz 

and steps lasting over 20 minutes were applïed. The purpose was to 

examine the lon~erm aspects of the calorie response in the !ow 

frequency range below 0.005 Hz where the ptak of the "band-pass" 

equivalent system filter i. located, accordlng to the mode!. 
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Four differeot aspects were considered. First. the response 
1 

ta sinusoidal stimulation waB investigated (section 5.2) beforp 

Any other types of input waveform to obtain Borne indications 

of the system linearity and time invariance. 

In the second set of cxperiments (section 5.3). the r~spon5e 

,to temperature step inputs was recorded since no adequate data 

could be found in the literature on thè elementary step response. 
,,-

(The latter Is particularly useful in systems analysis to identifythe 

characteristic behaviour of processes). A Quantitative analysis 

of the responses was made in terms of the genpral model and the 

relative influence of vestibular dynamics was studied. 

The response to temperature pulse inputs wes obtained 

(section 5.4) from a small group of subjects to p'rovide sorne indication 

on the applicability of the model iD short lasting calorie 

responsea'uaually e~countered in calorie testing. Tt also appeared 

important to determine the relative effect of forcing the return 

ta body temperature bv continuou8 irrigation as opposed to the 
, 

ususl procedure in which irrigation ia simply stopped. 

In· experiments described in section 5.4, the effects of flow 

rate variation on step respon~e ~ere studied. r 

./ 
( , 
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5.2 Sinusoidal Calorie Stimulation 

5.2.1. Protoeol 

Five subjects were prepared and cannected ta the calorie 

stimulator as described in the previous chapter. Slnusoidally varying 

temperature changes around normal borly temperature were applied at 

vatious frequencies betveen 0.00055 Hz and 0.05 Hz. Generally, 

severa! cycles of the response were recorded, but at very low frequencies 

it vas sometimes possible to record only one full cycle. Stirnulatiop 

was usûally started at the beginnin~ of a cycle when goinR from 

hot to cold temperatures. At low frequencies, the sinusoidal 

o 
amplitude was set to around 2 C to avold nausea and excessive dizziness 

caused at larger amplitudes. Above 0.01 Hz. the amplitude was set ta' 

o 
around 5 C in order to compensate for marked response attenuation. 

However, at these high frequencies the temperature could not be 

raised beyond a ~ertain ltmlt 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 8ubject ta avoid Any systematic trend. After stimulation was com-

pleted st a given frequency o 
temperature was returned ta 37 C for 

about three ta five minutes and tbe 8ubject vas allowed to relax 

mentally. The overall experiment lasted about three hours and midway 

through the irrigation ~s interrupted for a coffee break of tan minutes. 

Co~tinuou. attention wa. ,Iven to keep the 8ubject alert and Interested 

in tbe expertaent. 

j
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5.2.2. The Caloric Response to Sinusoidal Stimulation: 
Qualitative Aspects, 

The respanse ta s~nusoidal temperature changes around body 

temperature was charaeterized by continuous nystagmus with periodic 

direction reversais according to the stimulation 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 recQrding at various phases of 

an 800 'second cycle are shown in figure 5.1 to illustrate the variations 

of nystagmus intensity and direction reversaIs as a funetion of time. 

In this particular record, nystaRt1lUswas more intense at peak response 

on the hot side than on the cold, which is reflected as a bia~ in the 

slow-phase veloeity replot (fjgure S.2A) 
\ .. 

The high frequency limit te calorie sinusoidal stimulation seems 

to lie ln the interval q.02 - 0.05 Hz. No measurable response was 

ever obtained st 0.05 Hz, but aIl 8ubjects exhibited distinguishable 

nyàtagmus at 0.02 Hz. 
J 

The eye position records were analyzed by the aemi~automated 

method described in the prev10us chapter and figure 5.2 shows typieal 

replats of slow-phase'eye v~locity from subject C.M. at four different 

frequencies. 0.00086, 0.001, 0.003 and 0.01 ~z. 

Slo~phase eye ve10city appeara as a continuoue and approxlmately 

~'sinu801dal signal vith superillposed high frequèncy "sp1ke-like" noise. 

"-In two instancès illustrated in curve ~ and B. data are m1ss1ng 

because the recording couid not be ... pled due to artifaete. Typically 
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TEMPERATURE TIME 
min. 

o 
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il': -·1 i 
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~LcliJ rrv.r:r t.,~n 15 

/ 

."U.s clw_ COIlt1a:uoWl 1"Qat~ of .tlae _temal ur 
c.aJ... Tt. ..,1:I.~.lt of. ct. .ttadtll ... t»C about bOdy 

ttIIfeI'atun ... tlte fl'~ •• O .... 1.. .. ... t. 

of CM .,. ,..ttlOll net""" .......... t~e IiUute 

~. 

• 

~ 
1 

1 



• 

103. 

A 
F -0.00086 Hz A • 2.0 OC • 
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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 the other direction. 

Increasing phase la~ and attenuation occurred with increasing frequency. 

In the lower curve (D). recorded at 0.01 Hz. the phase shift 

approx~ates l80.degrees. Note that in this case the temperature 
. -input amplitude was more than double that in (A). 

A marked distortion of the sinusoidal output wavefor~ was found 

in one Case (figure S.3A) whereas the curves obtained at other 

frequencies ~n the same subject were symmetrical. the distortion m~y 

be explained by a time-varying factor (e.g. level of arouaal) rather 

than by a static nonl'lnearity which would cause distortion at a11 

frequencies. 

Transient Agalysis 

The response of a ~inear system submi tted to a 'sinusoidal input 

from initial resting conditions (e. g. ,uniform temoerature throughout 

the temporal bone) undergoes a transient phase before steady state 

amplitude and phase valùes are reached. The aspecta related to the 

ttanslent are important in the present study 8inc~ one i8 dealing 

with experimental responaps that have been limited in duratlon to a 

few cycles because of partie~lar constraints. 

tauDI (1972) derived the tiae 4o .. 1n solution to a te~p~rature 

• sinuaoidal 1n~ut applled at aero phase of the cycle. The steady state 
.; " 

ca.pone~t 1. ~ed18tèly tound trom the transfer function derived ln 

Cha~ter 3.' The tranaient tan la • c()Iil)1ex expre .. lon lnvolving a 

, \ 

,~ " . 
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" 
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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 Youn~ (Appendix '3). Roth the transient component and 

the overall torque response are Rhown at representative frequencies 

in figure 5.4, in which steady state components have been normalized 

to unit y peak amplitude. The tranqient exhibits a fast phase lastin~ 

200 seconds and it continues with a prolonged small amplitude tail. 

In theory, steady Btate i9 achieved .only when t ime tends to 

infinity since this 18 the time required for the impulse rcsponse to 

vanish completely. 

The effect of the transient on the overall responsp varies 

wlth frequency. Below n.OOl Hz, the trllnsient i'1t1;"odllce~ a short 

• lasting positive bias, followed by a negative bias between 5 and 10 per-

cent of peak amplitude with a slow drift towards the haseline. At 

intermediate frequencies between 0.001 and 0.009 Hz, the fast nhase of 

the transient i8 ohservable_pn the first peak and the negative tail ia 

~ess than 5 percent of peak amplitude. Above 0.01 Hz, the first cycle 

i9 shifted considerably above the baseline and a graduaI return takes 

place during the subsequent cycles. 

The observations made fram the slow-phase ~elocity records are in 

general agreement with these theoretical curves. At very low 

't 
frequencies. the fast phase of the trans1ent was practica11y non-observable 

'. 
and up to Q.Ol Hz it affecta! only the f!rat peak. At frequencies 

\.~ove 0.01 Hz the predicted ,hUt of th: initi41 cyde could be 

obaerved (figure 5.S)and itva. p.rticu1arly proGounced at 0.0246 Hz. .. ~~. 
Thè prolonged taU of the traui.nt COIilcl not be obe.rvad directl)' frOll 

~ 

J 



'la. 5.4. 1'h4lOt'et1ul traubmt coapouent (dotted line) and aveull 
" , 

output torque (cont1nuoué 11ne} to a a1nuso1dal temper.ture 
~ , 

1Dput applbcl at t -= O. Th. curv.a have been normal1zed 

relative to atea4y ataCa .-pl1tud •• 
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the slow-phase velocity replots hecausc of noise. However. this 

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

quantitative analysis. 

5.2.3. De~rmination of Slow-Phase Velocity Ampl~tude and Phase; Bode Plot 

In arder to abtain estimates of phase and amplitude from the 

slow-phase velocity data, both 'Fourier analysis and statistical 

curve fitting were considered. Fourier decomposition nrov1des 

1 
least squares estimat~s of the fundamental component and the 

associated higher harmonics in one sfmple set of calculations but it 

requires equispaced data Over a complete cycl~. Data smoothing and 

red\1ction with conventional digital techniques Vas howevet: a prohlem 

ln our case because the data cons1sted of non-equispaced samples 

with occasionsl blank~. 

Standard ·linear regression W8S easier to apply and was used 

lere for this reason. The output slow-phase velocitv (SPV) was 

represented by an equation of the form 

SPV _ a + b sin (wt + +> + ct 5.1 
• 

, \1 
where w ia the stimulation frequency. b and ~ the SPV amplitude and ) 

phase relative to the origin of the record. The terms a + ct wère 

included to account for the bias directIy observable from the replots 

and for Iinear drift due for ex~le to the taU of the transient. ., 

Equation 5.1 ma1 alao be expressed as 

SPV _ a + b ' sin wt + h" cos wt + ct 5.2 
<) / 0 

where 

• b _ (b,,2 CJ + b,2)i 5.,3 

and • _ tao-1 (bu/b') 5.4 

1 ~ 
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Estimates of a, b', bIt and c were obtained by standard linear 

regression. As an example, a beRt fitted sinusoid is shown in 

figure 5.~ superimposed on the raw data. The initial p~sition of 

the data was judged by visua1 observation to cont~ the fast phase 

of the transient and hence was exc1uded from the regression~ __ 

" 
The residualé vere a1so p1otted' and vere found more or'less randomly 

distributed along the time axis ,,71th lLttle period!c trend. The 

regression equation obtained in this case vas 

SPV ~ 0.104 - 0.0028 t + 10.14 sin 'ln t -+ 3.Rl 

Ica 

The Mean values b' and bit and the corresponding standard deviations 

Ab' and Ab" were , 
b' -7.84 Ab' "'" 0.178 

b" -7.20 /sb" 0.179 

" 
The amp,litude b was determined vith!n the limits of an error circ1e 

of radius lib 

Ab -

-and the .uxila_ phase devietion /s41 wu given by 

./ 

ta the.. Abcwe c... Ab -

-1 sln àb _ Ab/b 
~ 

, 
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Fig. 5.6. Statistlcal curv~ fitting of slow-phase velocity response 
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best èurve are p~ted versus time. The initial cycle was 

not includèd in the regrea.1Oft analys18. 
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in amplitude, and a phase deviation of 1.4 de~ree. 

The t statistics w~re computed for ~ach coefficient in order , 
• 

ta test the hypothesis that a ~iven coeffi'cient was significantlv 

different from zero. 

A total ~f 29 records from four 8ub1~cts were processed hy 
./ 

statistical curve fittin~~And n-uaerical results arr> tabulated i.n tahle 5,1. 

The maximum amplitude ratios varied hetween subjects from 2.3 ft) 8.7 /' 

1 

o 
deg/sec/ C and occurred in three cases between O.orH and O. ()()? Hz \.,j 

and in the other at 0.005 Hz. The range of relative phases extcnded 

from +17 degrees (lead) at O.OO()55 Hz to _?14° (lag) at n.0175 If;'. 

At frequencies below a.nl Hz. the amplitude deviations varied 

between 0.6 and 6 percent and the overal! correlation coefficient 

was always above 0.90. A.t frequencies higher than 0.01 liz, the 

amplitude deviations reached 9h and the correlation coefficients 

"varied between 0.72 and 0.84. This deterioration of the goodness 

of fit at hi~h freQIJcncies was in part caused ~y the fewer nuntber of 

~points that could be sampled pel' cycle. 

The drift coefficient was statistically non-significant in -

Many cases; 1n the oth~rs, the drift rate ranged between small values 

of 0.009 and 0.00055 dê~/sec/8e~. The bias term wss qu1te variable 

even in records fram a single subject st var10us frequencies. In 

subject V.V., a marked ahift towards negative bias values appeared mid-

way through the expertment, probably due to a technical fault in the 

equipaent sinee an offset was found in the temperature ampl~fier output 

after the experiment. 

.. 
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TABLE 5.1 STATISTICAL CURVE FITTING OF SINUSOIDAL RESPONSES 

, 
t 

Subjecl Input Amplitude Percent Relative Drift Correlation - fre1tuency aplitude ratio deviation phase coe ff ic ien t Bias coefficient Pt Vo. 
~ • l , -

• 
Y.v. 10-3 Hz Oc ° deg/sec/ C deg deg/sec/sec deg/sec 

·1 3.3 1.9 7.24 2.2 - 65 N.S. 0.91 0.97 
2 17.S 2.75 1.17 5.2 -214 -o.on 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 !'J. S. 0.104 0.97 
S 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 ~. S. 0.723 
8 1.19 2.0 8.7 7.9 - 15.4 N. S. -4.13 0.97 
9- 4.3 2.0 6.5 1.5 -106 ~. 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 

r 

$1: 

1-' 
1-' 
W . 

------• 
~ 



• \ 
!IBLE 5.1 continue 

- léject Input. Aapl1tude Percent .. lrequeacy aptitude ratio deviation 
hRo. 

."'1. --3 ~ 
10 - Ib- Oc 0 des/sec/ C 

1 5.42 1.9 2.29 2.2 
2 20.0 3.4 0.67 5.0 -

------3 0.55 3.3 1.30 0.7 
-4 3 .. 25 3.0 2.2 1.4 
S 9.63 3.2 1.16 2.8 

• 6. 1.25 3.5 2.2 \. 0.8 

\ 
C.IL 

1 t 
.1 \3.'1 1.9 2.77 
2 20.0 3.0 0.63> 
3 9.6 4.3 1. 20 
4 0.86 2.0 2.84 
S 1.01 1.8 3.03 

~ ""-",l:-&~~.,_" .. ;; ~~"'''''''''"~~,~ 

Relative Drift 
phase coefficient Bias 

deg deg/sec/sec deg/sec 

- 81.5 N.S. 0.27 
-2<16 ~.s· 1.2 
+17 -0.00055 1.06 

- 53 -0.0033 2.4 , 

-138 N. S. 0.69 

- 17.6 -0.0019 2.7 

- 54 -0.004 2.85 
-205 N.S. 2.75 
-136 -0.007 1.80 
-' 0.3 -0.0006 1.85 

- 11.4 +0.0010 . 0.35 

" . 

... 

~'"O--~ 

-

Correlation 
coefficient 

0.92 

0.93 

0.89 

0.94 

0.93 

0.95 

0.93 

0.84 

0.91 

0.95 

0.95 
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/-' 
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TABLE 5.1 continue 

SUbject 
art 

Pt.". 

..... 
1 
2 

3 

4 

'S 

6 
7 

Prequeney 

. 10-3 Ra 

9.26 

19.5 

19.46 

9.8 
5.39 

19.38 
1.85 

.. 

~ 

/ 

Input 
apl1tude 

Oc 

5.04 

4.6 
4.2 

4.6 

5.2 

4.27 

5.30 

J 
( 

P4 & .,. au hki c a W SU.$ ça, =2-44* s. tg 5445 !l4i;W:U a $21 q;::::;; $ljJ)if""' ~--.ri*4 00 •• 

Amplitude 
ratio 

0 deg/sec/ C 

1. 66 

0.694 . 
0.4$34 

1.53 

2.92 

0.44' 

5.64 

, 

--

Percent 
deviation 

3.1 

6.9 

7.9 

3.2 

0.6 

8.0 

3.3 

" 

~.~. '~h .'- "~~'.r'~ 
~-:!y-~ ......... ' ......... )~~ 

J 

Relative ~ift 
phase coè!rlcient 

deg 

-116 

-146 

-184 

-127 

-87 

-177 

deg/sec/sec 

N.S 

N.S. 

~.s. 

~.S. 

-0.0052 

-0.0093 

Bias 

--tt 

deg/sec 

-1.60 

0.989 

0.796 

0.98 

2.21 

0.65 

• 

Correlation 
coefficient 

0.92 

0.88 

0.76 

0.93 

0.95 

0.79 
-29 -0.06 lL6 • 0.97 

~ 
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The analyais was complemented by testing for the presence of 

second and third harmonies that are often generated from a pure 
. 

sinusoidal input by systems with static nonlinearities. Thus, the 

regression analysis was repeated with additional terms proportiona! to 

cos 2wt, sin 2wt, cos 3wt and sin 3wt include4 in the regression equation. 
1 

In general, the oversll correlation coefficient inereased Iittle above 

the value obtained with the fundamental frequency alone. In a few 

cases harmonie terms were 'found to be significantly different from zero 
,1 ' 

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

harmonie in any subject. Hence. these signlficant harmonics may he àttri-

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) WBS constructed from the results of the 

regresslon a081ys18 to study the calorie response ln the frequency domain. 

The amplitude ratio is maximlll1 in the frequency range 0.001 - 0.005 Hz 

and accelerated Attenuation appears above 0.009 Hz. The very few points 
-

belaw o. OO~'1ndicate that amplitude probably decreases with decreasing 
,:}: 

, , 

frequeneies. 

The phaae data from aIl 8ubject8 .ré remarkably grouped in a smooth 

cuneo AroUD4, 0.02 III ~be ph8le réaches -210 degrees and extrapolates 

towarcla lerler pha"la,s at higher frequenc1~8. On the other hand. 

the phi .. curve reacbta •• ro et 0.00086 Ha and 1. pointlng,to~ard. 

po.tU .. ,baH .aluu .é l<JWr frequmcd .••• 
" , 
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Pil. :5.7. '8oc1e plot iIl.lunradaa CH frequeacy cbaracteriat1,cs of 

the oalotte r •• ~ 'II fO'lar aubj.cte. "eh point vas . ~ -
o.eatlU!'d fri. 'tIae, 'reapoUe to •• iDu_lûl t.aperature 

101'01::' (tél.' S.l). !1ft f!IIt1itu4~ l'.Uo 1., in dea/ •• è/OC. , 
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5.2.4. Discussion 

The onlv previous data on sinusoidai calorie stimulation were 

those obtained by Young (1972) who stimu1ated a number of subjects 

with air at frequencics around 0.007 Hz for approximatelv two 

complete cycles or approximately six minutes. Young's ~low-phase 

velocity curves are comparahle with those reported here. 

However, Young'8 ~a~a suggest that tHere is a dead zone or vestibular 

thresho1d near zero eye vel~~ity where nystagmus reverses its direction. 

The effect was probably due to a restricted\definition of slow-phase 
" 

ve10city. Young sampled slow-phase between saccades only and did not 

estimate slow-phase velocity in the reversaI period where no saccades 

occur. In the present work, the slope of the eye position signal 
\, 

was measured at convenient points du»dng the nu11 perlod.so that 
, 

measurements around zero slow-phase veloéity éould be obtained. With 
1-

this method, no dead zone or threshold was found in any of the four subjects. 

This Interpretation ia in agreement with that of ~lco1m and ~elvil1 

Jones (1970) who discussed similar data with slo~pha8e velocity 

·~oing through zero when nystagmus reversed direction (ftgure 2.5, Chaptér 2). 

According to these authors, their data suggested a continuou~hcupula 

signal lylng between two lines representing the resolution limits 

and It a threshdld extsted, tt could only be very sma11. 

Young'. work al.o deserves some commenta concerning the transient 

~ aspecte of the sinu8oidar' response. Young cOillpared the Ume courses .,Ç~f both 

alow-ph.se velOcity and tbeoretlcal pressure differèntial across the cupula, 

and note4 that thé nyeta81lU_ .data did Dot exhibit .n .eyuaet,ry as 

/ 

" ~ 
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large as that predicted by the model. However, the theoretical 

curv~ drawn by Young st 0.007 Hz probably pertains to s higher freque~cy 

lo-cated in the frequency range above 0.01 Hz aceording to our own 

calculation8. Indeed. as shawn in figure 5.4. around 0.007 Hz. 

the effeet of the transient is pronounced only in the first peak 

and it is only above 0.01 Hz that asymmetry appears over several 

cycles. The computed curves have been confirmen qualitatively by the 

experimental data shown in figure 5.5. r.ontrary to what Young 

may have indicated, thp. model prediets weIl the time course of 

the sinusoidat response. 

The einusoidal character of the respons~ was assessed by 

statistteal curve fitting. A hi~h correlation coefficient (> O.q) 

wes obtained for the funclamental frequency alone and higher arder 

harmonics, second or &hird, were not present in any systematic fashion. 

The fact that a sinusoidal response W4S generated by a sinusoidal 

temperature in~ut i8 far from being trivial sinee it .provides a 

good indicat~on that the system is linear and time invariant. 
_ 1 

Indeed, a great concér~.1n.·-t;hê8ê- experiments has been that at 

8uéh low-frequencies of stimulation a number of time dependent factors 

could have perturbed the response, such as blood flow,direct thermal 

effects on the vestibular receptors or variations in the arousal 
• 

leve!. A di,torted output waveform was found in one case and has been 

tentatively explained by such influences. It 18 unlikely however 

that the.e factot:,8.lII'PUld- 4ntelact ·ïiha Da1ance out their effects , -----
_.!I~~~t~of thé output is preserved 8t a11 

-----~--- ------
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frequencies. Renee, they probably played a minimal role during prolon~ed 

calorie stimulation. 

The lineattty of the caloric response has been investigated 

by a number of authors (Henrikkson, 19S~; Torok, 1969; Litton and 

McCabe,l967) in experiments inyolving short irrigations at graded ~. 

tempe~ature levels usually in the direction of cold temperatures. In 

general, responses measured in terms of p~ak slow-phase ve10city 

o increased linearly with decreasing tempêrature down to 30 C, 

below which the linearity wœoften altered. 
-t 

The results of sinusoidal 

stimulation described here suggest that the system responds linearly 

in both hot and cold directions. It remains however ta aefine more 

precisely the range of linear responses in calorie stimulation sinee 

a limited set of amplitudes and frequencies was examined in these 

experiments. 

A great variability was observed in the bise term of the regression 

analysis, and i8 somewhat difficult to explain. As already shown, one 

source of bias may he the long tail of the response transient that can 

reach 10 percent of the steady state amplitude (at frequencies below 

0.001 Hz). 

Ânother cause of bias i8 the difference hetween the basic 

teaperature levaI of the stimulator at zero signal (set as close 8S 

o 
~oe.lble to 37 C) and actual body téaperature. In principl~. the 

biae Ilow-pha.e veloctt, due to any lignlficant difference may be 

detected and corrected for by mOnitoring nyet&1BU8 at the resting level 

and tr1 .. 1ng the 8t~ulator basic t .. perature &ccordingly. 'Unfortunately, 

',1 
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thls aspect was not given sufficient attention in the pxperimental 

protocol at that early phase of the work. 

In any case, ft 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 beft;e the 

publication of Young's thesls, in order to test a tentative calorie 

response model using Steer'g lumped pa~ameter approach. If t~e canal 

time constant in Steer's model i8 changecl from 10 second~ to the morp 

rea1istlc value of 20 seconds, a reasonahle fit of the experimenta1 

phase curve can be obtained in the 0.007 - 0.01 Hz frequency range. 

o However, Steer's model exhibits a maximum phase 1ag of 180 in the 

frequency domain, hence it cannot explain measured phase lage exceeding 

210 degrees At frequencies above 0.01 Hz that extrapolate towards 

greater phase lag et higher frequencies~ Because of this discrepancy, 

Steer's model was abandoned ln favour of the distributed parameter 

description of Young. 

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

vith the theoretical torque transfer funetion characteristics 9hawn 

in figure ~.5 rev~81. a great'deal of similatlty in mast details. On 

a more quantitative basi., transfer function c~rves vere best fltted 

to th~ data yieldlnl para-eter values close to the normal values 

found in YOURS t
, vork. The r'lulta provided same indi~ation of the 

valldity of the model but they had littl. atatiatiea! .lJntl1cance 

/ 
due to the acarcity of data pointe and ,th., ha". IlOt "en reported here. 

Anothe.r objective of at_oidal .tiaulatton .... to taU the 

... 
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.. 
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raIe of neural adaptation in the calorie response. It was originally 

argued on the basis of Steer's model that adaptation would cause 

positiv~ phase shift at low frequeneies. However, the introductlon 

of Young's model to represent the thermal.processes complieated 

the problem since the torq~e/temperature transfer function also 

ptedicted positive phase at low frequencies. For the sake of discussion, 

one may consider the frequency at zero phase shift, whieh is 0.00065 Hz 

and 0.002 Hz respectively for the torque model and for the overall 

transfer function with the adaptation filter (m·= 1). Experimental1y 

the cross over point was found a~ an intermerliate frequeney around 

o.n0086 Hz. This may in fact correspond ta a case where the value 

of the parame ter m 1s intermediate between 0 (no adaptation) and 

1 (full adaptation), a possibility which will he raised aga!n in the 

,analysis of the ~tep response in the next spction. 

l t is evident that the measurementB should, extend further down 

in the frequency range perlotapS' as low as 0.0001 Hz (period - 16(, minutes) 

to identify adequately the transfer function in terms of the calorie 

response model. Tq say the lesst, such measurements would be very 

difficult to obtain from human subjects. In any case, if system 

identification becoœes the main obje~tive in future experiments, one 

aay then pre fer other test si8~ls more efficient than pure sinusoids 

that èan only provlde .easurement at oae frequency value. In thls work. the 

81n~eoidal .ttaulation experimenta have provided a reasonable check of 

,lyS tee linearity .ad tiae i~ariance that are required in the proper 

U8è of eoaplex 8ilftala. 

---------

1~ conclU8ion t the data on eiau.oidal ... poneee have establiahed 
". 

--- ..... 

- ---~---
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t· 
that the system responds linearly and is compatible with Young 1 s 

" / 
t~rque model both in steady statè and in transient aspects . 

. 
However, the overall calorie response model cannot he tested 

adequately from these data. 

1 

" 

• 

\ 
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5.3. Response to Temperature Step r.hange 

5.3.1. Protocol 

~ 

In eight subjects, a step change in temper~ture was applied 

o 0 , * either above (42 or 40 C) or below (30 or 32 ) body temperature. 

The steps lasted a minimum of ten minutes and sometimes exceeded 

twenty minutes. In a few cases, ~he response was a1so obtained for an 

additions! ten-minute period after return to body temperature. The 

methods and set-up were ~s descrihed before cxcept that an AC Rmp-lifipr 

with a time constant of three seconds wes used to record eye position~ 

Another four step respanses were taken from experiments on 

flow rate described below. Only the first response fro~ each suhject 

was then included in the study sinee it "ras ohtained in the same' 

conditions than for the above ~roup of eight subjects i.e. at the same 

f!ow rate. 

5.3.2. Resulta 
\. 

In aIl Bubjects, sUBtain~J nystagmus was praduee~ in response ta 
l' 

step 
.. 

temperature changea, and lasted as long as the stimulus waJ 

àpplied (figure 5.8). The return ta bssellne temperature 

ln a stepwlse fsshlon caused a rapid'decay of the rA8Donae followed by 
.fi> 

an overshoot in the opposite direction. 
\ 

A typical 81o~phase eye veloc~ty respônse ls shawn in fiwure 5.9. 

After an initial de~ay of 20-30 velocity rose 

rapla1y to a ,peak in 'about 100 second 

the f1rat live .1nute •• alter whlch 

tben decayed more slowly durl~g , 

e reaponse elther stabilized or 

• We vi.h to aeknolrledle the .a.latane of Kr. M. Cheng !n 
pÎtrforainl th ... ! .,.~t .. , 

" 

'{ 

\ 
. _?_i ~_~.~..t.., .. _ .. __ ~I............<."" A"--'--..J.... ______________ ..... __ ...;.·,.;.' __ _ 
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decayed very slowly, remaining significantly ab ove zero over the 

Iast 15 minutes'of stimulation. A simi1ar reaction ln the opposite 

direction was observed after the return ta body temperature i.e~ 

slow-phase ve10city decreased quick1y and reached a new peak in the 

opposite direction before gradua11y decaying ta zero. 

This characteristic response with an overshoot was observed in 

a11 subjects with sorne variations in the initial rate of rise and the 

time ta peak. A number of fast and slow responses are illustrated in 

figure 5.10 (fast) and 5.11 (slow). The time to p.~ak estimated 

directly from these plots varied hetween 92 and 270 seconds wlth an 

average of 159 seconds. 

5.3.3. Quantitative Auslysis of Step ~esponse in Terms of the General 
Calorie Response ~del 

(a) Prelimlnsry Remarks 

Previous results of the theoretlcal model analysis were applied 

to interpret the step response data. A preliminary qualitative 

comparison with the model.curves shown in figu~e 3.13 indicated that 

the sustained Blow-phase velocity responses above zero required that 

the parameter m assoeiated ~ith the neural adaptation fiiter be given 

small values in the range of 0 - 0.5. Indled. at higher values of m 

the response of the adaptpd model vould sttenuate·rapidlv within five 

.tnutes and would even reverse in the case whe~e m - 1. Renee, the 

matha.atical representation of neural adaptation pertaining to rotations! 

responaea (m - 1) eould not be applied to the case of unilateral 

calorie sttmulation. 

_When a ... reatrieted to small vàluea the differeneea between 

foi 
• 1 
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the model variables (theoretical torque and theoretical adapted 

response in particular) were small sa that in,practice the noisy 

slow-phase velocity data curves could not be further evaluated 

on a qualitative basis. A quantitative analysis w8s 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 ta the 

data and the model parameters were' adjusted between certain limits ta 

minimize the sum of squared deviations between slow-phase velocity 

data and theoretieal torque. This was then repeated suceessively 

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

The improvement in the goodness of fit brought by additional components 

ln the theoretlcal response was evaluated by a standard statistieal .,. 
test. 

'" , 
Statistieal curve fitting could he used 81ncè the theoretical 

response was known analytically. However, the reg~ession equatione 

are'highly nonlinear and an optuatzation proeedure,verv demandln~ 

in ~omputer time and memory, 18 ueces,ary in practice to obta1n least 

squares est~tes of the parametere. A eimpler though Iese rlgorous 

• method bae.d on an interacttve computer program vae dev1sed to solve 

the problea. .. 

(b) CU". PI t tini Procedure 

The curve fittln& program diapla,a !imultaneously a slow-phase . , 
veloclty record aDG • theoretical etep re.ponae wblch can be modified 

and adjuatec1 eo tbat both curvel are .uperiaposed.. To ain1a12:e 

~ , 
'". 

,. 

., 

J . 
,ÏI 

" 

~ 

" 

.,{, '. ,r 
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computing time, th~ theoretical response ie obtained from a bank 

of precalculated thporctical torque curves stored on contiguous 

dise files,retrievahle under program control. The basic tor~ue model 

con tains four parametérs hut one only needs a two-di~ensional 

parameters gr id in X and h, respectively the distance ta canal 
a 

center and the coefficient associated with heat traosfer. Diffusivity 

cah easily he simulated by increasing the basic time interval to 

stretch or comprees the theoretical curve. The radius is neglected 

since as descrlbed earlier (section 3.3.) it affects anly gain which 

ls already included as a parameter. When the experimental response 

starta from a non-z:ero slow-phase veloci ty value, a bias must be 

added ta the theoretical curve. Finally, to simulate canal dynamics 

a~d neural adaptation, the digital filters described in Appendlx 2 are 

used on 1ine. Further details on the program are given in Appendix 4. 

Because of the program constraints, the parameters could ooly 

be varied hetweèb certain limita. X was varied between 0.45 and 1.14 cm 
o 

i.e. approximate1y ±50% around the mean value 0.76.cm measured by 

Youog (1972). This wa9 required because of the absence of any 

hard data on the range of variation encountered in viv~. The lower 

-1 and upper limits of h were 0.5 and 80 cm respectively. The lower limit 

weB 10 times aDaller than the value of 5.0 suggested by Youngpfor air. 

On the other hand, there wa. no advantage in fu~ther increasing the 
• 1 

upper 1t.dt since the respo~~e chauged litt!e beyond that point, as 

already noted froa theoretica1 èonaiderationa. Diffuaivity could 

be vad,. coutiuuoue1y frOll zero ta about 10 ti... tbe nowl value 

\ 

, , 
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for bone (0.0025 cm2/sec). 

The relative goodness of fit was evaluated with the standard 

one-slded F test of variance ratio. The hypothesls was that the 

variance obtalned in curve fitting the model adapted response Wa8 

smaller than the variance obtalned in Htting the model torque alone~ 

The sum of squared deviations{SS~n)ca1culated from the program 

on1y provided an approximation ta the variance aince a zero-mean 

deviation could not be insured by visuai fitting. However, the error 

was probably 8maii sinee visually fitted curves were found very close 

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

Bt~ge of the analys18 in which the variance was determined by l1near 

regression with respect to the gain parame ter 80 that a zero mean 

deviation could be obtained. 

(c) Ap21ication tD Experimeqtal Respon8e~ 

Fig. 5.12 illustra tes a typical run of t~ rrogram. ln the first 

two photographs, the experimental data were comparerl ta the torque 

variable. ~n one case, the theoretical torque curve w~s adjusted 

to fit the peak and the later part of the re8pons~ ·wheréa$ the initial 

rise ~nd the decay Immed1ately after the peak were poorly fitted. 
-' . 

In th~ sècon.d case, the peak ws' 1eft qu-t--(o provide a better fit 

to the initial riae and .tQ _t-he" major part of the response decay. Dèspite 

many attempt •• lt va. not possible to find a combination of the torque 

re.ponae parametera that would fit all parta of the slow-phase velocity' 

cuneo 

ln figure 5.l2C. the theoretica1 turve ~.pr •• enta the output of 

the adapted reaponae lIOdel vith. un.1 tt_ coutaut of 21 aeconda 

. " 

" { " ~ 
11 A.ru I! hl 
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LbJb ••. ' 
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. Pig. 5.12. Curve fitting the calorie response modela The model output (regular dotted curve) is 

supertmposed 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 inc1udescanal dynamics and "modified" neural adaptation. 

The parameter h was set to 80. cm-1 in all cases. Symbols defined in text. 
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and én adaptation time constant of 82 seconds with m = 0.5. A much 

better fit to aIl parts of the experimenta1 respanse may be observed. 

The addition of the canal first order 1;g improved the fit mainly in • 

the initial response rise whereas the 1ead-lag filter he1ped in 

reducing the discrepancy in thp Immediate post-peak decay wh1ch occurlèd 

at a faster rate than predicted by the model torque. 

The goodness-of-f1t observed visually was also confirmed by the 

decreas1ng SSQD value that 8uccessively dropped from 2.20 (arbitrary 

units) to 1.84 to 1.6~ when considering successively the model torque. 

cupula deflect10n and adapted response. The rate of torque variance 

.'"" 
to adapted response variance yielded an F value of 1.35 wh1ch indicated 

a significant" difference to; the O'"rH probability level (n = 538). 

Difficulties 

1\10 basic difficulties were met in us1ng the program. F1rst, certain 

details of the exper1mental curveB could not be fitted wtHI by any of 

the three mode1 variables. Sometimes, the responses reached à steadv 

state rather than decaying amoothly as theoretically expected. One 

subject (figure 5.l0A) exhibited a small but noticeable increase of 

." 
slow-phase velocity after 10 minutes of stimulation.' Differences were 

a180 noted between the initi81~ak and the second peak fo110wing the 

return to b •• e11ne. The second peak tended to be flatt~r and less • 
1\, 

.teep than the 1nitial Qne, vith ,longer tiae to peak (fisure lOC). 

Thes. ditferences could not be explainàd by the residual effect· of 
. r~ ~ 

th. ob-.tep ainee tfiè fetlpOn ••• vere de.,-los :Very dow1y 8,t the tilDe 

the off-.tep Ra appl1ed. ne •• apparent c::b81la~ in the aYltem dynamic 

cbaracterlatic. ,.... Got pr_ictft by the lIOCIe1 and the curve fttting 

'. 

,f" '1 1.11 ,.f , 

,',.é;" : 1r ~i"<: ':a.;: . ' ,<~~ ~ ,.{::~ ~~~:. ~. ~o;:;:;,~~~:;; ~~.-
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of the late part of the response was generally more difficult. 
'\ 

Another serious p\oblem was met when several sets of parame ter 
( 

values yielded similar response shapes and sums of squared deviations 

that were very closè ta each other. The interactive program was not 

sufficiently accurate ta allow Identification of an absolute 

optimum set wi th sny degree of confidence. This prohlem will be . 

examined in more details aEter presentin~ the reBuits. 

The curve fitting procedure was simpl1fied in order to deal with 

these difficulties. The responses were fitted only un to the point of 

return of the stimulus to body temperature and the la ter par~ of the 

response ~as neg1ected. The distance ta canal 'center was also arbitrarilv 

fixed at 0.76 cm (normal value) and on1y diffusivity. system gain 

and the parame ter h were allowed to vary sinee most shapes could be 

reproduced with this reduced parame ter set. It was thought that the distance 

to canal center was probahly lellS variable th an the other parameters. 

Results 

10 records were analyzed by vieual curve fittins. 'The rema1ning 

two records were too noisy or-conta1ned tao many blanks. Generally. 

the characteristic pattern observed in figure 5.12 was met in moat 

curves i.e. a syatematic improvement in the goodness of fit was ~bserved 

as canal dynaœdcs and neural adaptation were included in the simulation 

of the .odel r.epooaea. Add1tlônal examptes of best fitted curves 

ar~ shawn ln fiaure 5.13. 

Table S.2 su..arlzea tbe data on curve fitt1ng. the tiae ta 

peak given 1Œ the second eolu.a ( .... urèd directly fr~ t~e slow-phase 

, o. 
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Su1,)ject : I..D. N.S. H.F. 

a = 0.00218 Ct = 0.00299 (l -- 0.00209 cm2 / sec 

1 - 0.16 X = 1.14 X = 0.76 cm' -0 0 0 

Pig. 5.13. Curve fltting the general calorie response model to slow-p~se eye veloeity data 

from 8tep responses. Additiona1 examples are given of best fitted curves of the 
, . ' 

model output including canal dynamics and neural adaptation. Parameter values common 

to aIl three esses: h -80. em-1 ; R =.3 cm; T c~21 "sec; t'a= 82 "sec; m ~ O.S. Symbols 

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

~_bj.ct Tille to peak h X a - ~ --1 10-3 2 
~ ~ cm cm /sec 

(a) 
2 1eve1 Variance ratio 

a.l). 92 80 0.76 2.18 1.65 < 0.01 
~ J.lIeC - 140 80 0.76 2.09 1. 35 < 0.01 

L.O •. . 120 80 0.76 2.45 1. 53 < 0.01 
-, 

R.S. 11S 80 1.14 2.99 1. 28 < 0.01 
. .; 

.J.II. 210 5 0.7n 1. 79 . ' 
:, 1.18 < 0.05 

\ 

R.F. Ba 80 o. 76 2.09 1.60 < 0.01 • 
D.K." 122 80 0.76 2.14 r 1.14 N.S. 
F.B. c 270 5 0.76 - 1.34 1. 295 < 0.01 

R.D.2 160 80 0.95 3.03 0.97 

L.S. 240 10 0.76 1. 60 0.96 
.. ,... 

160 1.96 
±S.E~ 18.8 0.126 

Ca) 
Variance ~torgue model) 
Variance (adapted response) 

* excluding subjects ~.s. and RD2 

" \. rH !bll' Ptlta sn KI.:"1 '~~~r~_fV;~~*~ 
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velocity plot) gives an in.ication 0 the basic character of the reseong~ 

- slugglsh or overshootin~. The h pa ameter varied between 80.0 and • • -1 2 
5.0 cm and diffusivity between 0.00 03 and 0.00134 cm {sec. 

" 

Law values of these two pàrameters we found associated with sluggish 

responses in which the time ta peak e ceeded 200 ~econds. On the .,. 

other hand. responses with small time 0 peak had larger diffusivities 

(> O. D020) and tl/e h coefficient was us a11y AO. O. In two cases 

(N.S. and RD2) distance was inadverten Iv set to 1.14 and ~.95 cm 

-......... --

respectively. but this was apparently c mpensated by much higher 

diffusivity values than those obtai~ed ~orl the rest of the group. These 

two cases wêre exc1uded when an average \aiffUSiVi~Y value was computed 

that yielded 0.00196 ± 0.OOOl~6 \ 

In eight out of ten subjects, the ~ariance ratio 18 larger than 

i 
1.0 i.e. the SSQD obtained with model t1rque decreased with the addition 

of the vestibular dynamic çomponents. ~n aIl but one of these cases, 

,the Improvement in the goodness of fit ~s, statistica11y signiticant 
J 

; 
(6 cases at p < 0.01). The other two ~bjects 

neural adaptation did not provide a b~ter fit. 

there was no significant diffetence ~tween the 

model output variables. / 

5.3.4. Anal .is in the ace 

had respon~es for whic~ 

In t-he se two cases 

variances of aIl three 

A dlfferent ta check the curv'e fitting 

reaults and to lnvesUgate furt ere'the" aspects rèlated ta p8l:&n\éter 

identification. the sums of 1 uared devi.tians (SSQD) were calculated 

for each point of the 1 - h ar ... ter Irid at five diffuaivity values 
o 



/ 

• 

above and below normal diffusivity. The data of subject J.H. 

(figut~ 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 X for different h values. A minimum 
o 

is clearly visible for each curve and as h takes lower values, 

there'is a decrease in the value of X at which the minimum occurs, as 
o 

expected from previous theoretical considerations. The lowest ssqn 

value is ohserved at X ~ 0.76, h - 80.0 which differs by only 3~ 
o 

from other minima at X = 0.6. 
o 

The coordinates of this minimum ~SQD point in the , 
X - h grid (plane) vary with diffusivity (Table 5.3). As already 

o 

" \ 

noticed in several occasions, the effects of increasing diffusivity may be 

compensated by decreased heat transfer coefficient or by increased 

distance. Distance increases steadi1y with increasing diffusivity 

but the variations of the h parameter are somewhat irregular which i8 

probably due to the coarseness of the grid. The actual path fo11owed 

• 
in the three dimensiona! space by the minimum SSQD function is probably 

a smooth curve for each coordinate. 

TABLE 5.3 !o-h COORRtNATES OF MINIMUM SSQD AT VARYING DIFFUSIVITY 
/ 

/ . 
1 2 10- 3 Diffusivity ém [sec x 1.5 2.0 U 3.0 3.5 

1 -1 --
h cm 10.0 40 10 80 ~O 

X , 
0 

èm 0.45 0.60 0.60 0.16 0.76 
ù 

minillUlD SSQP arbitrary 0.1724 , 0.7545 0.7543 0.146.6 0.1467 
ln the plane unlts 
h - X 

0 , 

, ' 

l 
, 

1 
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FiR. 5.14. The SOM of squared deviations (SSQD) between model and data 

in the paraœeter space. A: SSQD (ln, arbitrary units) 

la plotted aa a functlon of canal dlstance at constant 

dlf(uslvity. B: SSQD a. a function of dl~fu.lvlty. Each 

.point is the .1nt.ua SSQD obta1ned in the plane X - h 
, 0 

at coastant diffuaivity. e.g. the circled point of_çu~e 1 

eorr.~. to the circ1èd afniaua ssQn of· the top plot. 

eurv"1. 2 and 3 reapeçtlvely relate to .ode! torqpe, 
, t 

theoretical eupular deflection and .odel adapte4 responae. 
'. , 

Data froll .ubject J.R. ' 
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The SsqD minimum points of Table 5.3 are shown plotted against 

diffusivity in figure 5.l4B (curve 1). The latter pertains to the output 

of the torq~odel. Curves 2 and 3 were obtained for the theoretical 
\ 

\ 

cupula deflettio~and the theoretical adapted response. ~ote that above a 

diffusivity of 0.002 the SSQD functions vary by less than 1%. An absolute 

minimum i8 found in curve 1 at 0.003 diffusivity but in curves 2 

and 3, SSQD steadily decreases witb increasing diffusivity. The 

differences beFween the SSQD levels of the model variables are much 

larger than the variations seeq along any given curve. The SSQD le~el 

ia the highest t;? torque and the lowest for adapt~d response. 
t, 

This analysie in the parame ter space confirms two important 

observations made in visual curve fitting. Firet, it ie obyious that 

a large number of parame ter sets fit equally weIl th~ experimental 

data which cannat be differentiated by visual observation. Second, 

" a significant improvement in the goodness-of-fit is obtained ~th the 

theoretical adapted response i.e. when the basic torque model is 

extended by addition of canal dynamics and neural adaptation. 

Ideally, aIl experimental curves should have been fitted using 

the parameter ecartn1ng method but th1s has ~ot been possible in practice 

:because of the required computer time. Fortunately, it has been 

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

fit aione. Por ·instance after completing the visusl fit for su~jectJ.McC. 

\~ 
(figure,S.lS) the SSQD ~re obtained for model torque et differ~nt 

x - h value. and constant d1ffusivity, nains the visURI curve fitting 
o 

progr .. only. Both the S9QD values previonaly obtained for theoretical 
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subject :J.McC. 

10 

8 

6 

0 4 
0 

~ 
2 1 

1 

0 

~ 

DISTANCE TO ANAL CENTER 

fl~. 5.15. To ch~k results of visual fitting against SSQD data in 

the paraaetér space. In A the points jolned by lines 

relate to .adel output 
, , 

Xo • 0.60 and the clrcled 

relate to tbeoretical 

The o~en circle at 

et X = 0.76 re.pectlvely 
- 0 

deflectton and tq model 

adapted re.pOn... ter pointe vere obtained by 

visual fit before .canniQi the para.eter .pace for the 
~ 

i"ftlPlltliA 1IOCS.1. 
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cupu1a def1ection (open circ1e at X ~ 0.6) and adapted response 
o 

(ci.rc1ed dot st X == 0.76) were ama11er thsn any of the minima found 
o 

around X values 0.76 and 0.6 for the output of the torque model. 
o 

5.3.5. Discussion . 
Sustained nystagmus la produced in response to a temperature 

step input app1ied at the externa~ ear canal. This experimental fact 

has been documented in humans by recording step responses in severa1 

subjects over 15 minute periods. 

~nother fundamental result has been obtained concerning 

- . ' the time course of 9lot.,-phasè eye velocity, whlch 19 characterized 

by a peak occurring between one and four minutes after the beginning 

of the ste? and followed by a slow decay. Van Egmond and Tolk (1954) 

expressed the opinion that a constant temperature stimulus ln the 

external ear should prod1lce a constant slow-phase velocity. However, 

these authors made that statement wlthout Any supporting data. 

In the Interpretation of the step response variations of arousal, 

indifeét thermal effects on blood flow and on vestibular receptors must 
... 

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

the baslspf previous reaulta on sinuaoidal calorie stimulation one 
".... . 

m~i "reasonably assume th'at the Influ«lce of these factors was probably 

small in th~ atep response as weIL. 

The dynamic eharaeteristicR of the re~8è-have been explalned 

ln terma of a general calorie re.panae model used as a working hypothesis. 

The .odel la an exten~1on of th~ 'baste torque model of Young (1972) that 

1a coupled to ~el. of canâ~ dynamles and neqral adaptation. From a 

quantitative 'naI,.ia of the data taportant concluatdna have heen reached: 

/ 
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1. The semicircular canal component is refiected in the 

response by an additions1 lag in the initial rise. Part of th~ lag 

was in fact due to the caloric stimulator that had a'time constant 

of 3 seconds. -The latter is,s~all relative to the 20 seconds 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 ia 

best fitted by 'the model adapted responsë. 

Th~ adaptation effect vas not sa pronounced as the one observed 

in rotational responses since the calorie response did not vanish 

after 5 minutes as predlcted from analysie of the m~del. However, the 

decay phenomenon could be related ta a more g~neral form of the adaptation 
/. 

fHter s\..aggested by Malcolm and Melvill Jones (1970). This fUter 
\ ~ 

conbalns a so-called directional preponderance parame ter m which was 

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

adequately the respoose decay. The ch01ce of the value m - 0.5 vas 

made arbitrarily as the best choice between a "fully .adapting" and 

a "non-adapting response". 

Note that the phase data in the Bode plot obtained from sinusoidaf 

.ttœulati~n vere tentatively explained on a qualitative basis by a 

tran.fer fUDct10n of the adapted response in whieh m s180 toot an 

interlledtate value between 0 and 1. 
, . 

In figure 5.15.2, the''81nu801od 

data are coapared to frequency reaponee, curvea of the general model t~at 

corf •• ~d to b •• t fltted atep reapons.a. Tbe tvo •• ta of data from step 

and a1nu.oidal c.lo~ic tDput. ara coapat1ble vith "~.,oth.r and sppear 

"t 
to bë "equatel, , 

, l , 
, 1 

1 1 

Tba atteauatioa of tba "a,tatioo'effect ~ p~oba~y ralatad 
1 1 j 

't / { 

, . 

" 

"'. 
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ed ft~ th. corre.poodlnl fltted .tap re.pon ••• (table 5.2)~ 

The d.,~. poiDt •. ~dota) are froa .:1nuaolct;l atiaulation • For 
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, \ . . . 
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to the fact th~only one side of the vestibular si&tem was activated. 

HOWéver. one can hardly specula te about the nature of thJ modification 
, 

brought about by unilateral calorie stimulation since the mechanism 

of vestlbular adaptation i9 still poo~ly understood. Nevertheleas, 

one may suggest a useful experiment to further investigate the 

question. In this experiment, equal temperature steps of opposite 

direction would be applied ln both ears slmultaneou8ly. By activating 

the semlcircular canals on both sides a "fully" adaptlnB response 

should be obtained as if a rotational stimulus were applied. 

The analys1s has been based on the assumption that the torque 

model. the first co~ponent of the general cal~ric response model, 

i8 a valld representation of the thermal pro cesses generating the 

torque acting on the ~ndolymph. Since the torque model has not yet 

been verlfied directly, the resulta of step responae ana1ys1s can 

only be consi~ered 8S providing good evidence of the signiflcant role 

played by the vestihular dyna.lcs in the calorie response. 

A number of discrepancies of the model hav'e been left unexplained 
~ 

that may require a reappraisal of the step response data ln terms 

of a different model. Por the sake of discussion, consider the Infinite 

sIab model where the solid bone ls limlted at some distance from the 

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

. a' repre~entation'18 qulte acceptable phys10log1cally s1nce at aome 

undet~rained depth (e.g. in the brain), blood fIow 18 presumably 

1arle etlOUlh to .. int.in a constant taperature. In tuitive'I y , 1t 

vould se .. that the .lab ahoUld exhibit a lead characteriatic enhaneed 

relative to the ... i-1DfiDite .olid and further.ore a at •• dy 'tate 

'.... "1-' 'l"',..,.... ""?";' "r" • r :<'~:;;r:r~~- :'·~;·~':'~l·'~""·,~"','i: ..t,;,\, 
.. :93 , ' >il,..". .., ,~ '" 
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should be reached in a finite time. Such a physical model would 

perhaps fit the nystagmic data without the addition o'f an adaptation 

compQnent. Furthermore, it might explain the post-peak plateau 

of constant slow-phase velocity seen in a few cases. The solution 

of the slab model involves infin~te series that add considerable 

complexity to the mathematical description and the available data 

have not justified further theoretical d~velopment on this aspect. 

Parame ter identification has been somewhat unsucc8ssful because 

of the rather fIat valley where the optimum psrameter set lie in the 

parame ter space. However, parameter values close to the normal 

values obtained by Young (1972) were found in thst valley of 

mini~ which indicsted tbe basic correctedness of the model. The 

curve fitting,.results have shown that the dynamic par~eters may 

vary considerably betveen subjects. 

Diffusivity varied over a range of 0.00134 - 0.00303 
" \ 

whlch.ls not unexpected ln view of the vide spresd observed ip the 

time-to-peak values of s1ow-phase ve1~city (92-270 seconds). The 
2 . 

mean diffu.ivity value 0.00196 cm Isec compares ressonab1y weIl with 

the values 0.0025 and 0.0017 respectively obtained by Young (1972).and ,. 
by Schmaltz (1924). 

The h coefficient. the r$tio of heat transfer coefficient to . 
bone theme1 conductivlty,is much higher in Most cases than the mean 

value of 5.0 -1 cm ~asured by Young (1972) vith an air stiaulator 

in cadave~ ekulle. Acco~dtn, to our/data, vater irrisation provides 

better heat tranefer than .1~vhlcb te expected on the ba.ts of the 

dIfferent t~rMal propertie. of the two fluide. Other factor • .uet al.o 

cbaractari.tics and Elow rate. Th~8 latter 
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, 
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• 

factor haB been investigated experimentally and the discussion 

on hest transfer will be res~ed below in section 5.5. 

, 
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5.4. to Tem erature PuIs 

5.4.IA Protocol ~ , 

The study as performed in five subj~S prepared as described 

before and connec ed to the stimulator.~he calorie input eonsisted 

of a 20 second duration temperature ~se followed by a 

return to body temperature for a minimum of 5 minutes. The initial 

stimulus was cold (30DC) in three cases and hot (44°C) in the two 

others. , A second stimulus was always applied in the nireetion 
\ 

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 wes eontinued for ~nother 
~ 

five minutes. This latter manoeuvre was intended to simulate the' 

stimulus provided by the standard short irrigation used in calorie test-

Ing. The irrigati~n stimulus differs from a true temperature pulse 

ln that the temperature in the external ear canal decays slowly 

towards body tèmperature. 

5.4.2. Resulu 

Slow-phase velocity responsea to pulse input temperature 

are shawn in figures 5.16 and 5.17. Peak slow-phase ~e!oclty and 

re.ponee duration'were me&.ured directly from the plots (Table 5.4) . 

• Re.pon.e durat101l vu .Itillated as the time- interval between the 

initial rie. and the point at vhleh the reaponae .et the baseline 

dur!nl the d.ca, follovina the initial peak. The re.ponae durations 
, 

of the hO puleee aVel'aled 118.4 .ec ± 6.1 S.E. and peak ,alciw'-phaae 
f , 

ve1od.ty 7.74 de.Jeee iO.45 S.E. (n -10). 'The'relpon8e to 
.. \ 

.. 

.. 
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[

SlfBJECT: I.l. 
IRRIGATION TEMPERATURE 37.0 Oc 

PULSE WIDTH : 20 S 

R PtlLSE HEIGHT :30. Oc 

300 s 

400 s. 

Fig. -5.16. Ia.ponse. to hot (~) and co1d (B) 20 second 

t..,erature pulleJln the s .. e 8ubject •. In C. the~ 

irrigation vas Itopped at the end of the pulae. The 

~e.po .. é .duration and ~eak increasad "rt!lative to the 

tru~ pula. reapon ... 
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t"BJECnR.N. A 
IRRIGATION TEMPERATUKE:37.5 
PULSE WIDTH:20 S. 

PULSE HEIGHT: 30.5 Oc 

1400 S 

Tlf1E 

1400 S 

44.2 Oc 
'-. 

C PULSE WITH wTAll­
:30.5 Oc 

Pia 5.17. S ... a. in fia. 5.16 except'that the cold pul •• va. 

ada1ni.t.~.d firet. In thi. aubj.ct, t~ ~.l r •• p­

on.. vith adaptation aDd canal dy,aaaic. prov1ded a 

b •• t fit to tb4Î cold pul.e r....... (ÇU7:V. A),' 
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Stimulus 

Hot H 
Co Id C 
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H 

C 
H 

C 
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TABLE 5.4 
If' 

True 20s pulse 

Duration Peak 
SPV 

sec deg/sec 

104 9.2 
92 6.4 

120 9.0 
96 9.0 

144 8.0 
128 6.0 

120 7.0 
100 5.4 

r~) 

140 8.4 
140 9.0 

118.4±6.2 7.74±0.45 

SPV: slOW-Rhase eye velocity 

Pulse w. 

Duration 

.. ~ . 
sec 

-' 
160 

220 

180 

160 

151. 

ta il 

Peak 
SPV 

deg/sec 

10.6 

11.4 

10.0 

9.0 
1 

14 

11. ()±O. 84 

... 

~ 

... , 
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pulses with a temperature "tail" lasted much longer (192 sec ± 16.2 S.E.) 

and reached higher peaks (11.0 deg/sec ± 0.80 S.E., n = 5) than 

the true pulse,' rcsponscs. 

The true pulses responses were also analysed in terms of the , 
calorie response ~odel. Visual fitting was found difficult ta use 

because of noiae. Instead, the analysis WpS done usin~ the program 

i 
developed ta atudy the SSQD funetion of the step response in the 

" parameter space. This could be don~ in a reasonable time because 

" 

of the smaller number of points in each record. 

Table S.S gives the mi~imum ~5QD value obtained for each of 
'\ 

the mode1 variable in 10 responses. The theoretical variable which 
\ 
\ 

best fitted the data ia indicated by .t~sta'r in the appropriate column. 

The theoretical cupula defleetion provided the best fit in 6 cases, 

model torque in 2 and model adapted response in 2 alao. A variance 

ratio was calc~lated by relating the variance of the model tor/ue 
( 

ta the variance of the theoretica1 variable that yielded the minimum 

SSQD. From a statistical vlewpolnt, the improvements in the fit 
/ 

brought by addition of canal dynamlc8 and neural adaptation were not 

slgnificant except for the cold response of subject R.N. i1lustrated 

in figure 5.l7A. In the latter case, the adapted response provided 
, " 

the hast fit and the corresponding experlmental slow-phase ve10city \. 'y-; 

exhiblted a characterlstic overshoot of the post-peak response decay. 
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TABLE 5.5 VARIANCE OF nIE K>DEL" VARIABLES FITTED 1:0 PULSE RESPONSES 

Cupu1a Adapted 
FI 

Probability 
Sl,IQject Torque Deflection Response 1eve! 

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.O. COLD 0.840 0.693* 5.14 1.21 N.S. 
HOT 0.409 * 0.448 0.560 1.00 'N. S. 

L.Y. COLD 0.781 0.723 0.602* 1.29 N.S. 
HOT 0.388* 0.431 0.530 1.00 N;S. 

S.H. COLD 0:414 0.412* 0.435 1.00 N.S. 
HOT 0.428 0.409* 0.417 1.03 N.S. 

• LL. COLD 0.525 0.509* 0.543 1.01 N.S. 
HOT 0.493 0.481* 0.481 1.02 N.S. 

. 
vat'iance (output of torque model) 

1. F _ 

variance'( * model variable) 

, , 
,,, , .:. 

\ 

" 
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5.4.3. Discussion 

It has been found difficult in general ta document the shape 

of the pulse response especially after the initi~l peak because of 

the noise levél and the lack of measuring accuracv near zero slow-

phase velocity. Statistical analysis of the data in terme of the 

general càloric response model showed no significant differences 

between the theoretlcal variables of the model. These results would 

seem to contradict previous ,results obtained from step response anaiysis 

but the y probably reflect the poor quality of the data more than 

anything else • 

. An interestlng case ls the one in'which the adapted response model 

exceptionally provided a significant better fit than the other model 

variables. The noise level was much amaller (figure 5.l7A) and a 

characteristlc overshoot could be recognized by visual observation. 

However~ the hot responsa-from the same subject did not exhibit 

adaptation and the overshoot of t~e post-peak decay was not ao pronounced 

(figure 5.17B). In the latter case, the wavy appearance of slow-

'-
1hase velocity near the b8seline indicates that other factors may have 

influenCé the response. Young (1972) al90 studied th~ response to cold 
. 

air pulses and 8~m11arly noted a }ead of recorded slow-phase veloclty 

relative to ,the theoretical pressure,difference across the cupula 

(which ts.equivalent to torque). YounS lusgested that the lead could be 

aodellad accord1na to the adaptation model of Young and Oman (1969) 

but he did not fit hi. data ta that .o~el • 

• f 
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The results have a1so shown that in the ordinary clini~al 

irrigation procedure fo~ calorie stimulat on a considerable portion of 

the calorie reaponse ia due to the temp~r ture tail. The length of 

this taii depends among other factors on he amount of wàter left in 

the ear cavity after removing the cànnula According to Henriksson's 

data (1955) the temperature in the ear.cahal drops exponential1y with 
1 

a time constant of about one minute. SinFe the temperature decay is 

totally uncontrolled it May vary between subjects and even between 

consecutive irrigations in a glven subject. from a clinical viewpoint, 

this raises the important question of how such a variable factor affects 

the quality of the vestibular function measures. rlirectional preponder-

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

number of successive irrigations. A study should be conducted to 

eva,luate the advantages of the true temperature pulse compared to the 

standard irrigation in terms of an fmproved reproduction. 

Obviously, further studies will be necessary to deflne the 

characteristic8 of the puise response. The prelimlnary expertment8 

dlscussed here t Indicate the need to revise-the protocol ta Btudy the 

pulse re.ponse. The caloric responae model predicts a prolong~d' 

reaponse at low a.plitudes after the initial peak. Thereforé, th~ 

stiaulu. ,aaplitude abould be .. de .s large a8 possible to ~ 

.aasurable slow-phaae veloeities for prolonged period8~he peak. 

Secondl" one mlght c~.ider the advantase. of response averaglng by 

obtaintna aeveral rea~ •• eeparated by an approprlate ti.e interval. 

The aspecta reliated to habituation becOile iaportant Itl that C8ae-'but 
r ~ 

,'' __ , ____ .... ___ .... _______ ~ __ IIIiII .. __ ? ... _ .... ____________ ••••. !IIŒ2J.~!IiW.-II:·~:S;~f:~, .... ,· 
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\ 

the work of Collins (1965) has shawn that habituation may not influence 

the calorie respanse if the latter is reearded in the daik wtthout 

vlsual fixation. 

o 

( 

l' 
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5.5. The Effeet of Flow Rate Var!ations on the Calorie Step Response 
! .? 

S. S. 1. Protocol 

In this experiment, the S~'imulation cOr'fi3isted of three consecutive 

o ' 
step inputs at 32 C, of 1S min~te duration each followed by a 10 minute 

period ~t body temperature. Tre irrigation flow rate was set to 
1 

1 
150 cc/min during the first stimulus and to 30 and 300 cm/min 

during the two othets. The Iow flow rates were achieved by pumping 

a fraction of the normal stimulator outflow at the junction of the 

subj ec t cannula and the outlet tube. The high f low rates'" were ob tained 

by increasing the stimulator pump speed. 

A different protoeol w$s followed ln one 9ubject (L.S.) to study 

the effect of flow rate variatio~s in bath the hot and the cold directions. 

Five consecutive steps were applied for 8 minutes followed by 8 minutes. 

at base1ine temperature. The response to both co1d (32oC) and 

o 
hot (42 C) stimuli were obtained fIrst at 150 cc/min then at JO cc/min. 

The laet stimulus wae identical lo the first one (32°C - 150 c~/m~). 

5.5.2. Results , 

!!t ~~lt8 were obtalned from four 8ubject8. As already mentioned. 

the firat step response (at 150 cc/min) from each subject was Included 

in the group of exper~ental responses analyzed in section 5.3. 

In fiaure 5.18, the alow-phase velocity reeponses recorded at 
, 

ISO and at 30 cel_in lram the ... e 8ubject illuatrate the effecta of 

de~rea.ed flow rate. At the lower flov rate, the lnitial rat'e of rise 

d~lnl.h.d. the p.ak ~ccurred at a la ter tt.. and the reaponae amplitude 

" . ,. 
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SUBJECT R.D. 

- FLOW RATE (CC/MIN) 

150.!. 

30. 

- --f- +- - -

300 600 1500 s 

lIME 

\~AT~!-... 30 0C------~ ..... +--..:...-37 °C--­

fEMPERATURE 

Fig- S.18. The effect of f10w rate on the d~ic aspects of the ..... 
.low-pha.e eye veloctty re.ponse to a .tep teaperature change. 

The curvea obteined at 150 and et 30ce/.in have been 

8up.riapo8ed. , 

'. 

• 
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was generally smaller. . , . " 
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 effect8 of decreasing flow rate vere the aame for both hot 

and cold stimuli (figure 5. 19). 
/ 

~ 

Presumably, the changes in the dynamic aspects of th~sc€P response 

brought about by flow rate variations correspond to changes in the 

value of the model parameter h. Indeed, the latter i8 defined by the 

ratio of heat transfer coefficient H ta bone conductivity ~ and H 

ia known to be dependent on fluid flow rate alt~ough the mathematical , .. 

relationship between the two parame~ers must often be derived empirically. 

Since kB and aIl other parametera were constant in a given subject, 

the model was used to estimate the changes in h due to changes in 

flow rate. 

Us1ng the parameter values obtained by curve fitting the normal 

flow response for the adaptéd response mod~l (section 5.3) the curVe 

fit was repeated for the low flov response allowing only h to vary • . 
-1 

In 3 cases. h dropped from ~O.O to 2.5 cm • In the other,case (L.S.) 

the respon8e was al~eady sluggish at normal flow rate and h only 

-1 
changed frOia 5.0 to 2.5 cm • 

The flow rate experiments have pro~ded useful information on . 
. 

the .tep re.panse obtained repeated1y fram the seme subject. In 
\ 

partlc~l.r. figure 5.20 il~u.trate8 the hot and cold .tep re.panses 

reèordecl in .ubject L.O. at 150 cc/min flov 'rate. A r .. arkable 

--------------------------- ~ 
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SIlB~ECT: L.? 

1) 
42,rl Oc 

3) 

- -1 

100 s 

- 1 - - - - --j 

4) 

2) 

WArER FL(M RATE 

1 , 2 150 CC/MIN .•••••••• 

3 , 4 30 CC/MIN --

r1g_ 5.19. The effect of decreased flow rate on the lnitial rise 

.of 81ow-pha8e ve10city f~ilow1n8 a temperature .tep 

chanae. The effect. were the .... for both the hot and 
the co1d .ti.uli. 
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Fig. 5.20. Slow-phase eye velocity responses obtained at five minute 

interv.l trom the a_e subj ec t. ' Note th'e re1l8rkable 

SymMetr e ot an responaes and the difference 

in ~i;;' d;~~~~'·~~~~~'~~· 'of 't1\è'-~ff"'8tep respon~e cOIIpared 

to the tnit!41 peak. 
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similarity May bl' ohservf .. d hf't",('(>n the two curves. Note especially 

a significant rise of slow-phase velocity that started at 

400 seconds and the widenpd peak of the off-step response. These 

latter detai1s could not be fit:ted by the model and figure 5.20 

shows that they ",ere Ilot causcJ by time-varylng factors but that they 

arase as part of the hasic step response. 

5.5.3. Discussion 

The experiments invo1ve? a sequence of stimuli applied in the 

Bame temperature direction but at varying flow rates. The question 

May then be raised that the overall decrease of the response at 10101 

flow rate cou1d have been caused in part by habituation to the repeated 

stimulus. However, nystagmus ",as rec~rded with the eyes closed and o wi~out visual fixat~n. According ta Collins (1967), under 

these conditions the calorie response does not show habituation. Even 

if one accepted that habituation reduced the gain of the response, the 

chang~s in the rcsponse shape must still be related to the variation 

in f10w rate. Note that in subject L.S. the direction of the stimuli 

were alternated and the effects of fla", rate were not significantly 
.. 

different fro. those observed in other subjects. Therefore"habituation 
1 

probably did not play any major role in this study. 

The flow rate experiments here confiraed the validity Qf Young's 

aS8umption of a limited heat transfer proce88 at tQe tempoPà1 bone 
~..;* .. ~ 

surface in the external ear canal. Changes ih the dynamic characteristics 

of the response with changes in flow rate vere predicted on the 
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basis of the genera1 rclationship ~xisting between heat transfer 

coefficif'nt H and flow ratf' F in heat transfer proceRses. On]y 

the direction of chanp,e could h(' predicted since the particular relation-, 

ship hetween F and H is unkI).own. Young (1972) \lsed models borrowed 

From heat transfer technology to estimate H From gas flow rate. 

However, the as~umptions required to applv these models are difficult 

to justffly and further studies are npeded to invpstigate the problem 

of heat transfer in the ear canal. An intcresting application is the 

deterrnination of bone conductivity From the kno'o/ledge of II and experi-

mental values of h. 

The experim~nts have establi~hed that major changes in the 

response occur between 3~ cc/min and 150 cc/min Flow rate. The h 

o values aTe probably sufficiently high at 150 cc/min to consider that 

the I:heoretica1 limit case (h -~ 00) applies in practice in which further 

increases of h do not modify any further the step response. This 

conclusion 18 a1so 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 elimlnating the procees of limlted heat 

transfer. The boundary condition at the bone surface ie then reduced 

to one in which the surface temperature lB made ~qual to the irrigating 

.• water temperature. The problem of parameter Ident ificat ion is of course 

s1aplif1ed considerably sinee both the model solutions become simpler 

and the nUilber of parameters ta reduced hy one. 

When air la uaed a. a aedium, the hest tranafer proe~s must be 

. " ',. 1'''''~ 
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-1 . 
taken into account sinee h is only 5.0 ém at,S L!min gas f10w rate 

, 
(Young, 1972). Although gases have many important practical 

advantages in terms of ~!pulation specially. water appears to be 

a better medium for heat exchange and lB, preferable for quantitative 

studies of the type done in this thesis. 
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CHAPT ER 6 

SUMMARY ANn CONCLUSIONS 

In eding ehapters, the dynamie aspects of the calorie 

response een investigated. A mathematieal model has been 

the relative influences of the various thermal 

and l proeesses involved in the calorie response. In 

the following p ragraphs, the results of the stu3Y are summarized 
1 

and their SiP,ni!icanee is digcu~sed. 

Theoretieal Res Ita 

The physi al e~ents of the calorie reaetion phenomenon were 

described by a heat wave generated by the 

temperature ~timulus that travelled in the temporal bone and 

perturbed t e equilibrium of gravit y forces acting on the semicircular 

On the basis of Barany's description Schmaltz 

in which the cl~s8ic unidimensional heat conduction 

to calcula te endo1ymph velocity in response to 

Schmaltz's model was neg1ected until Young's 

recent orK (1972) in which specifie time domain solutions were 

jlPorte that account for limited heat transfer at the bone surface 

and expressed in terme of the pressure differential scross 

the Ho_ver, .there was no attentiOng1ven to the generai 

-
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characteristics of the model response and the implications of the 

model ~ere not fully elaborated . ... 
The distributed parametpr model of Schmaltz and Young has been 

reexamined theoretically ln this thesis using a frequency domain 

approach. A traosfer function ~aR been derived from the mode! 

equations ta relate output torque M(~) 00 the endolymph to input 
, 

temperature T (s) of the irrigating medium, ,t' .• -e.: w , 

M(s) h ,- .L. . exp -X Fa ) a 

T (s) 
w 

(h + fJa) 
l' 

v 

where h ( - H/~) depends on the heat transfet coefficient H and bone 

conductivitY,kB; aQd where Xo i8 the distance to the canal centet, 

R the large semicircular canal radius and 0, the thermal diffuslvity 

of bone. 

The abo~e function i8 mathematically separable into three 
, 

components aSlociated with distinct physical processes. The first 

comp~nent corre.ponda to the boundary conditions of linear heat transfer 

. 
at the .urfac~. The èxponentiàl tem is a so-called\t!iffusion 

.. -\ t t " f 

operator •• .octated vith hèat condûctlon withln the semi-infinite 80lid 

and relatee the t~erature et Xo to'the teaperature at the aurface. 
,1 , • \ 

The th~td 'c~ponent involva •• .odified 'e •• el function 11~d relates 

torque lanerate4by tbe t~peT_tur. d1.tribution aroun~ tha 'canal 

, . 
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ta thp temp~rature nt X. This Bessel term has the characteristics 
o 

of a "differentiating" process with positive phase and attenuation 

which decreases with increasing frequency. .. .. 
The overall transfer function has the appearance of a wide band-

pass filter dominated at low freQuencies (f < 0.001 Hz) by the 

R ~a. asymptote of the Bessel term and at frequencies above 0.01 Hz, 
~ 

by the attenuation of the ~ponential term. PeaK amplitude is met 

around 0.001 Hz. 

The dynamic characteristics of the torque step response to a 
• 1 

temperature step input have ~~ studied over a wide range of parame ter 

values using a simplified mathematical expression derived from the 

complex formula ~iven in Young's wor1{. At normal parameter v~lues, 

-1 
(R = 0.3 cm, X ~ 0.76 cm, h ~ 5 cm 

o 
. 2 

a = 0.0025 cm !sec), the 

step response exhibits a peak at 120 s with a 50 percent overshoot 

relative to the amplitude at 20 minutes. After th~ initial peak, 

torque decays and tends gsymptotically to zero as time tends to infinity. 

lncresslng h values and thermal diffusivities as weIl as 

decreasURg distances ta csnal center sccentuate the characteristie 

oversh09t and the opposite effect i8 produeed by changes of these 

para~eters In~the ~ther direction. The,radius affecta the response 

gain only and torque (M) varie a with the cube of R. The equivalent 

angular accelerat~oft MIl 1. independent of 1 ainee l, the moment of 

• ,3 
inertia Ox endolV*ph, v.ries vith R allO. 

A liaitinR case i. reacbed a. h tends to very larae vaiuea 

, 

1 • j 
J 

',~I •. 1 . . 

J: 
j
' 0" 

f 

./ 



1 

• 

168. 

(small bone t __ ductivity and large heat transfer coefficient). 

The response tends to the one obtained when the surface temperature 

i5 made equal to th~ irrigating medium temperature. In practice, 

-1 this condition 1s met with ~ = 80 cm and other parameters at 

normal values. 

An integratian of the temperature distribution around the canal 

i8 required ta compute torque. It has been shown that over a wide 

rangE' of parameter vallles, torque Is approximately proportional té 

the temperature difference acroas the canal. 

A New Calorie Response Model 

Young's torque model only represented the thermal processes of 

th~ calorie reaction and it could not be app11ed direetly to the 
,. 

analys18 of calorie responses ueually recorded in terme of slow-phase 

eye velocity. 

In order tp study the relationship between slow-phase eye 

velocity and input temperature at the eaT canal, a calorie ~e8pon8e 

mod"l has been proposed as a ~rklng hypothes1s which l'ncorporatl!1I models 
, 

of veatibular dynamica de~eloped by others_ The torque model has een 

tentatively coupled ta a firat arder lag represent1ng cana 

~T - 21 sec) ln 8eries with 4 firat order lead-lag filter 
c 

neural ad41p tation ('t'a - 82 sec).. The hypothesis 

aince 1t gives the possibility- of separa-ting the thermal and the 
'. 

veatlbular co.,onenta from the averal! calorié re.pOn.e. 

\ 
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.J 
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Experimental Results 

The possible influence of neural adaptation in calorie vestibular 

response made it necessary to explore the response charaeteristics 

at very low frequenètes below 0.005 Hz. However, most data in the 

literature were obtained from such stimuli as the short lasting 

irrigations of the standard te9t that cou1d not provide the required 

information. Experiments are described in this thesis in whic'h subjects 

were conneeted to a speeially designed calorie stimula~r and the 

responses to sinusoidal and to step temperature inputs were recorded 
/' 

using electro-oculop,raphy. ' 

Slow-phase eye velocity has been found to vary sinusoida11y in 

responsé to sinusoida1 temperatures at frequenctes extending fram 

0.00055 to 0.02 Hz. The data could be Htted with high correlation 

coefficients (r > 0.9) to a regression equation igcluding a sine 

• funct!on plus linear drift and bias terms. No significant harmonie 

could be detec'~ed systematically at aIl frequencies in any given 

subj ect. 

Calculations of the torque tranaient from sinusoida1 inputs showed 

that below 0.01 Hz the effects of the transient were l1mited...to the 

firet half cycle and that after tnree minutes one needed on1y be 

concerned with a reeidusl component similar to a bias plus drift. 

Above 0.01 Hz, the fe.t initial ~hase of the transient was reflected by 

a ahift of'the firet cycle. above tbe steady state mean output level. 

The.e -predictione ha .. been qualitatively varif1ed fra. the data. 

In tba,lode plot, eaplitude ..... xtawa in th. fr.quency range 

"~':<j/t' 
!. ! •• ' ,~ r 
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O. nOl - 0.005 117. and accelf'r!lted attl'nuation occurred abovC' 0.01 Hz 

\ 

vith phase lag exceeding 200 dpgrees. Extrapolating th~ frequency ) 

response data the amplitude ratio probably decre8ses and the 

phase b.comes positive at low frequencies below O.OOI.Hz. This 

behaviour 18 in agreement with both the torque and the general 

calorie response model, but the data do not allow one to ~make 
f 

definite conclusions on the ~ontrihutioi of the vestibular components. 

The response to temperature step changes were recorded in 

several subjects over periods extending to 20 minutes and in some 

cases the off-step responses vere a180 ~onitored. 

Typically, the slow-phase velocity response to a temperature 

step ,change exhibited a peak at 159 seconds + 18.8 S.E.(n -~ 10) 

t followed by a slow decay. 1 The response level was mdintained 

significantly above zero throughout the on-step phase. The off-

,) 

step response W8S charactérized by an overshoot of the response to a new 

peak in the opposite direction before the response vanished. Slow­

phase veloc1ty fol"'ed a ttme course s1mi1ar to that of the model 

torque step !esponse and it did not adap~ to the extent predicted 

by the current model of veatibular adaptation based on rotational 

reaponBes. 

The cal~ric .tep re.ponse. were analyzed in t~rms of the rte~ 

calorie reapqa.e . .odel with the h81p'o~ a eurve fitting program 
'\. , 

that allowed adjustment8 of thé par ... ter. within cert.in lim1t •• 

'V 
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zero of the lea~was shifted halfway between the pole and the 

orlgin (m ~ 0.5 in the model of Malcolm & Melvill Jones (1970». 

Î' 

A best fit was obtained for the model output 'variable that inc14ded 

both canal dynamics and the modified adaptation filter. The 

improvemen~ over the fit ohtained with torque was statistically 

significant in seven out of ten cases. However, the off-step part 

of the response could not be included in the fitting procedure for 

aoy of the mOd~ variables becAuse of apparent changes in the dynamic 

aspect af the response. 

The frequency response data .similarly indij:ated an attenuated 

form of adaptation since the point of zero phase shift recorded at 

0.00086 H~ corresportds to an intermediate thèoretical curve between 

torque alone and fully adapted response. 

The experimental work a180 involved preliminary studies on the 

pulse response and on the effect of water flow rate. 

The response to 20 second hot and cold temperature pulses were 

recorded in five subjects. The mean response duration was 118 sec 

and mean peak slow-phase veloc1ty wae 7.4 deg/sec. The same group of 

subjects was stimulated with a ,20 second "flow pulse" that simulated 

the 8tand.~4 irrigation of the clinical test: mean peak slow-phase 

velQclty reachad II.8 dea/sec and response duration 198 sec. The 

differences hetveen the t.perature pqlse and the "flow pul:se" 

re.pon ••• can be attr1buted to the long t-.perature tail that 
" ; r. -

accoapaD1 •• the stopping of irrilAtion in tbe latter. ( 

The.pulae re8paaa •• vere curve'f1tted vith the calorie,ré.panse . ' 

-
'%, 
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model but inconclusivt' results were obtained except ln one case 

in which the mo,lel output with adaptation and canal dynamics provided 

a betler fit than torque alone. 

In t~ree cases, a change in the irrigation flow rate from 150 

to 30 cc/min modified the dynam!c character of the step response 

from an overshootfng type ta a slu~gish type. Correspondin~ly, the 

h values obtained by curve fitting the model ta the data dropped 

-1 1 

from 80 to 2.5 cm . Ih a fourth case, the response was already 

sluggish gt th~ standard flow rat~ (h - 5) and little change W&S 

observed in the response at the low flow rate. In two cases, 

increasing flow rates from 150 cc/min to 300 cc/min did not alter 

gignificantly the character of the response, which indicates that, 

in practice, the theoretical limiting case of heat tranBfer (h ~ 00) 

prevailed at ·150 cc/min. 

Con"clus 10ns 

From the~e results, the fOllowlng important conclusions have .. 
been reached. 

(1) The .ystem 18 probably linear and tiœe-lgvariant even at very 

low frequenciea below 0.001 Hz, as shown by the data from sinusoidal 

8tillu~tlon. ? 

(11) The Iro.a dynaa1c featural of the ealorie slow-phase vel,oe1ty 
\ 

reaponee .ré-vell pre41cted by the torque model which indicateathat 

( tbe ,9'ferall re.poue 1" 4oaainated' by the the';"1 proces.es. Th1~ 
\ ck~iti {a .. ~rt.4 (~ .b, ,ehe pueral .ppe.ran~~ \~'f the et.., 
. \. . /-- - .' l " , 
~~e" (b) by the fr.queuey ~.pon •• ' cbar.ct.rl.tto~t .~rlved from 

~ , •• 4 '\ --• ..,. .', .. 
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sinusoidal stimulation, (c) by the behaviour of the transient ta 

sinusoidal inputs and (d) bv the changes in the dynamic 

character of the response due ta changes in flow rat~. 

(iii) The current representation of neural adaptation derived from 

rotational studies does not apply ta unilat'eral calorie stimulation. 

and it must be modified to aceount for the reduced adaptation 

observed in the latter. 

(iv) From a quantitative curve fitting of the step responses, both 

1 canal dynamies and neural adaptation in an attenuated form are 

signifieantly refleeted in the slow-phase eye velocity response. 

Therefore, the relationship between slow-phase velocity and input 

tem~erature ,alone ls better represented by the general calorie 
) 

response mode1than by tte torque model alone. 

On the V.lidity of the Physieal Madel 

The semi~infinite solid model of the calorie process has 
fi 

provided good estimates of the torque acting on thê endolymph 

following calorie stimulation ainee the basic dynamic characteristics 

of the system have been verified from the general agreement betwçen 

predicted torque and slow-phase velocity data. However,~e 

physlcal model ~s been used as a,pasle assumption to demonstrate 

by dynamic analY81s and 8tepwiae model ~ompati80n that signiflcantly 

dl.Unèt and reproducib~e '"deviations from the theoTetlcal ,torque ~ '., ' 

respoQse could he .ttrlbuted to veetibular dynam1cs. The8e deviatians 
, 

aTé rélatlvely ... 11 and one eannot a prtoTi exc:1ud'e other 
• . ~ 

• 
,. 
. 
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explanations based on different and more complex mathematical 

representations that would takc into account the limit dimension~ 

and the intricatp geometry of the temporal bone. Furthermo~e.~-
crepancies have been round between ~del output and data which cannot 

~ 

be arbitrarily attributed to an Inadequate 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-fi~led vestibule and would require an 

• extensive tevision of the torque model based on the heat conduction 

througq 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 presBure cannot be directly measurpd in the semi-
.. 

circular canals and ta appreciate the technical diffi_culties. one 

-3 ?-5 may quo te t~e estimate of 10 dyne/cm' (10 cm H20) obtained by 

Oman ~ Young t1972) for the pressure variations in the canaL due to 

calorie stimuli. Torque may be estimatéd fram the kno~n 

distribution of temperature around the semicircu1ar canal. Techniques 

are available (Oohlman, 1925, Cawthorne & r.obb, lQS4. Ishiyama & 

Keels. 1973) that w~re successfully applied in animaIs, cadavers and 

even in .u\e8thetlzed human 8ubjects to measure temperature_ln the 

perilympnaUc apace. New data are needed concernins tb~·'dynaiDics 
• ' i 

of the t .. perature distribution around the canal and the si_ple8t 

approaeh ailht Involve reeo.rding the tamperature difference acrol. 

the .a.ieireular caaa!, whieh ha. been lboWn to provide a IOOd 

t, f 
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approximation to ~alculated torque. 

On Vestibular Adaptation in Calorie Responses 

The conclusions concerning neural adaptation of the calorie 

responsp are of particular. significance ta the hasic concepts of 

vestibular functioning. It has been suggested (Malcolm & Melvill 

Jones, 1970) that the functional role of neural adaptation i8 ta 

'maintain the balance of the differential inputs ta the central 

nervollS system from the vestibular receptors of bath sides of the 

head. These receptors exhiITit a resting neural discharge and 

adaptation wou Id act as an "automatic balancing circuit" insuring 

zero output at the very low freq~c{e8, weIl below the frequency 

range ln which the system operates under the action of normal head 

movements.- The current vestibul~r adaptation model cannat differentiate 

between shifts in the resting discharge of one side oRly and a differ-

ential signal generated by sustained cupula deflections on bbth sides. 

It is now clear that this model must be modified to take into account 

the reduced adaptation capacitv exhibited by the calorie respons& to 
,1 , 

a unilaterally applied temperature step change. 

An Intriguing question ia whether the mild adaptation observed 

in the step response involves the same pathways as the adaptation .een 

in ratetiona! responaes. This 18 ao.ewhat tmplièd by the.ule of a 

unique filter to ,repreaent these two different phenomena ~at can be 

dlffereDt1ated by adjuatment of a 8ing~e IaIn paraMet~r. However, 

8ucn a g80eral repr •• entetioD,o aptation must still be 

c~ldered a8 a vork1DI hypoth .. t. and needs further testins. In this 
, , 

• .4 

1 • 
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respect, a eritiea1 experiment has been suggested in which prolonged 

acce1erations might he simu1ated by calorie stimuli of equal magnitude 

but opposite direction applied simultaneously to both sides. If the 

model i8 correct, a "t'ully adaptin~" response shoull be recorded. 

The question of a unique mathematical model of adapt~tion may 

also be raised concernins such adaptation phenomena observed in the / 

/ 
pulse response by us and by Young (1972) and a1so recorded by Hood in 

the standard calorie test (1971). In particular, Hood concluded that; 

the stimulus applied to the endolymph probably persisted for more th~n 

) 

ten minutes but that nystagmus disappeared after 4 - 5 minutes prea~ably 

beeause of adaptation. Qualitatively; Hood's data can be explained 

in terms of the basic adaptation high pass filter pertaining to ritational 

responses. However this interprètation conflicts with the earli~r 

conclusion of thie work based on step response data. As discus~ed 

laCer, such data from standard irrigation stimuli cannat be easily 

applled to the torque model and further studies are needed ta tlarify 

their significance. 

Another important component of the calorie response is ~he 

perceived sensation of angular rotation. The latter has not: been 

discus.ed so f~r ma1nly becauae no attempt was made to measure subjective 

re.pona, in the experimental work reported ltere.. Nevertheless, it may 
j 

be worthwh11e .ent~oning that in aIl subject., a sensationlof turning 

wa. experiencad whtch completely d18appe~Ted' eoae ttme af1er 

t .. peratura Itep ohange wa.'opplied. Thi. obo.rv~tion VO~ld 

• 

.. 
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that "full adaptation" still takCIil place along the subjective 

pathways in unilateral calorie stimulation. The subjective response 

adapts much more rapidly than slow-phase veloeity (Young & Oman, 1969) 

and an interesting question prop0ged for future investigation ls 

whether the same time constant characterizes the process in unilateral 

,calorie stimulation as in bliaterai calorie stimulatlon or in 

rotationai inputs. 

It ia obvious that the integration of th~ge various phenomena 

of vestlbular adaptation ln a coherent pleture will require a systematic 

investigation along sorne of the lines proposed here. The main motivation 

to pursu~ t~is fundamental research May come not only from the 

Increased un~rstanding of vestioular functioning but also from the 

clinical implications of the findings. 

C1inica1 Application of the Calorie Response Model 

The objectives of this research have been to apply systems method-

0108Y to the evaluation and to the developme~t of clinical caloric 

,testing. A promising avenue opened to clinical researchers is the 

use of a calorie response model as a tool to interpret calorie test 

data. An i~ortant Itep has been to establish that the vestibular 

dynaaiea are aign1fleantly r'eflected ln the slow-phase vel()city -response 

to proloDle~ .tl~lation with .tep inputs. Attempts to identify 

.ade~ p.r~ter. gave eomevhat disappo1nting results except for the 

encoural1nl fact that a ha8t fit of the model could be obtained for 

sany .. t. of.par ... ter. within the-expected ranse aroUA4 normal values • . 
tt w •• not conaidered approprlate to coaplicate the ~pti.i,atlon seareh 
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by varylng the canal time constant and the adaptation time constant. 

In future studies, the identification df véstibular parameters should 

he' an important objectivp "Ince' thes<" are the main parameters of 

interest to the clinician concerned with vesttbular fu~tion. 

The work done on the problem of parame ter identification has 

served to point out basic difficulties which must be overcome bef'ore 

considering direct clfnical applications. These difficulties May 

be broadly related to two ~enpral aspects, namely, the number of 

parameters estimated from the nystagmlc response and the quality of 

the slow-phase velocity dat~. 

Four basic parameters characterize the torque temperature 

transfer function and four additional parameters are necessary to 

represent the vestibular dynamics. It i8 obvious that any reduction 

in the number of dimensions of the parameter space considerably 
..,. 

simplifies the analysis of data in terms of the overall calorie 

response model.· Twa pa8s1bili ties have been dis~ussed, namely, the 

separ4te aeasur~ent of the distance ta canal.centèr (by X~ray 

techniques) and the elimination of heat tra~8fer parame ter from the 

model equation by using sufficiently high .ater flow rates. 

Another 'important aspect is the deflnition of practical boundarles 

llmltlng the damain of optimization. There ls a lack of data 

concernins, the para_ters of thE!' thet'1l81 processes. ·Extensive data 

coula on1y be found for the canal radius (whlch do •• not influece Çhe 

re.pona.). Other parametere have been e.tiaated but 11tt1e 1. known 
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popula tion. In order ta ohtajn sllch ba~ic data, studies of the ~ 
;' 

/ already suggested to validate the torque model are required and this 

may provides further justification ta orient research efforts in 

this direction. 

A traditional appro'~h has been used in representin~ the cupula 

related signal by slow-phase ey~ velocity. Our slow-phase velocity 

dat~ were characterized by a high noise level which undoubtedly 

contributed to the difficulties in parame ter estimation. The "noise" 

appeared as an Inherent component of calorie nystagmus and the 
1 

question of smoothing a~d fjltering was not discussed mainly because 

the measurin~process involved sorne kind of sampling and visual filtering 

whfch is not simply expressed in term~ of commonly used techniques of 

signal analysis. 
1 

In the broad context of nystagmus analysis, the ~asic problem 
'" 

is t&e separation of the continuous signal related ta cùpula defl~ction 

and the saccadic compdnent. The saccadic component involves SOrne kind 

pf stochast1c proces8 as evidenced by the,ranrlom occurrence of 
.)1 

saccades and by the variability of saccade amplitudes. The nature 

/ of the stochaStic procesiii i8 not fully understood. Cheng (1972) 

suggested t~t a mult1-lIIOdel phenomenQn in, interval distribution may 

pe seen at the beg1nning and at the end of the calorie re8ponB~. 

There il probably aomë l~teractlon between the s~ccadlc and the continuous 

eo.p~gent. of nyàt ... ~. 8S 'sUigested by the work of'Sugie & MelvllI 

Jon~' (1966) 'but t~t •• pect has not been Inveatigated for calorl~ 

nystlpul. 

~~_~..::J0''--_____ '''' ______ '''""J.''''''''. _"..._---~ 



.. 

• 

-

180. 

Slow-phase velocity remains a simple and use fuI concept. 

A reexamination in depth of the 'characteristics of calorie nystagmus 

is required, to deal wHh sueh aspects as slow-phase eye velocity 

('noise". 1Vith respect to the objectives of this research. a new 

approach to nystagmus analysis is highly desirable because the 

" Interpretation of calorie response on the pasis of slow-phase velocity 

alone is neeessarily limited and other in~rmation with potential , 

clinical value is neglected. 

Clinical Applications: Modification of the Hallptke Test 

The experie?ee gained in developing te~hniques for prolonged 

calorie stimulation may be called upon to offer specifie suggestions 

to modify the p~ocedure of the Hallpike test and to increase the 

reliability and the aecuracy'of the test. The application of the model 
~ 

has made it neeessgry to define precisely the temperature stimulus and 

to keep co~ditions of heat transfer as constant as possible. We have 

noted tha' the simple "flow pulse" or irrigation of the Hallplke 

standard test p~oyides an Inadequate l~~st signal because the 

conditions of hest transfer are abruptly changed at the end of irrigation. 

1 
An unconrrolled temperature decay ls added to the Initial temperature 

li 

pulse which has been shbwn to contribute signlficantly ta the response. 

cO'IIlponent of the response due to the "temperature tail" 19 somewhat 
. 

variable and can be' identified 8S 8 source of error . . -
caloric stimulation applied dur~n8 contin~ous irrigation haS been 

found adv.nta~ou. froa two polnts of v1ew. Fir~t. the temperature 

in the ear canal could be CODtrolled accurately and the rate of heat 

, -' 

. " 
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transfêr considered constant. Secondly, the 9ubjects seemed to 
, > 

habituate rap1d1y to water irrigation and presumably" the state of 

aroueal was ma1ntained at a more constant level than could be 

achieved 1n a standard test. In the latter procedure" the sur,prise 

-due to sudden f1ushing of the ear ia added to the effect of the 

stimulus itaelf and may cause wide variations of arousa1. 

The sèquence of tour irrigation in the standard test was designed 

to provide measures of the sensitivities to hot and co Id in each ea~. 
These basic measures cou1d be obtained ~qua1ly weIl from one adequately 

chosen temperature stimulus successively applied to each ear. For 

instance. the stlmulus might be a tèmperature sine function of 1imited 

duration sayat a frequency of 0.006 Hz. The steady state responses 

to hot and c~ld waves ~re normally symmetrical and the peak values 

ahould provide soùnd me'ssures of hot and co1d sensitivities. Of 

course, these measures could be used to derive directiona! preponderance 
. . 

and cana! pr~ponderance 8S is usually done. 

The use of a sinueoldal stimulus may be iustlfled ln practlce 

aince 1t ha. been shown that 8teady state 18 achieved rapidly (except 

for a bias that can he accounted fQr). Indeed, the effects of· the 

~ransient are relatively 8mall below 0.01 a~'contrary to the previous 

indioation of Young (1972). The influence of the translent could 

pro~ably be further reduced by apprQpriately aelecting the initial 

anlle of the input function .... y'pe dona for other linear systems. . . 
One .~Ld .lao conaider the off-trana1ent and detera1ne the optimal 

t 

1 

~ 
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return to initial conditions which would allow testin~ the other 

l!Iide with a minimum waiting ,time interval. 

The above technique should not only reduce thé test duration 
.' . 

but insure a more steady level of arouqal for bath hot and cold 

responses. It should also make it possible to offset (during an 

initial stabilization perioJ) any significant bias due ta individusl 
, , 

dlfferences ln body temperature. 

~oncludin8 Remarks 

Tradltlonally, calorie stimulation has been used largely on an, 

empiri-cal basis and mostly ln ,elinical vestibular function testing,. 

The present study has demonstrated that the calorie response can 

be analysed quantitatively in terms of a medel representing the 

chain of ,thermal processes and vestibular dynamics. reehniques , 
have been.developed to provide precisely controlled temperature 

stimulation during continuoue irrigation. 

lt ie felt that calorie stimulation should be'~8idered as 

a quantitative tool of rèsearch ln veatibular physiology and it appear. 

particularly auitahle to study t~,phenomenon of vestibulat adaptation. 

The need of basfc res.arch on t~~ermal proceS8eB has been pointed 

out which .hould i~e the confidence in the model and allow its 
, i 

use in the evaluation of clinical re.ponee •• 
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" APPENDIX l 

< "-

COMPU'TIATION OF THE STEP RESPONSE' 

\ 
\ 

The step respJnse of Young' s torque 1lrod~1 involves the\;.o-error 

function (or 1 minus th~ error function). The latter can be 
.,J 

, ' 
approximated by a rational expression taken from Hastings (1955) and 

f 

found in most mathematical handbooks. Thus the error fun-etion e'ft 

is given by 

-u2 erf(u) - 1 - e 

where 

5 

E + eCu) 

j ,,-\ 

\ The ~alues of p and d
j 

may be found ln the following FORTRAN program 

lis.tin8t .denoted r'esp(cti"elY 

to c.lcula~ t~ theol"etical 
, -, 

, 

J 

, . 

by, p and a!ra~ A. The pro~ram was used 

.tep reaponse of Young's'torquè model. 

" ., 

1 

1 
1 
i . 
i 
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C-VEI1SllIH (,~IO TO ~E V~f" W'TH EY~Hl f.O~~k" 
C-40 'POINT!> Il H' 5 FIN" 5 ,lI ~ 
C 
c­
c­
c­
c 
c 
C 

xe • 
HT. 
11f'lt> 

O'S'tANcr TO ('\:t'/Ftl (fNTE~ 
HEAl HI1N~:Ffl1 l('EFfJ( IlUl,H".E (ONt.vtlll/ll" 
CANAL I1A()JU~ 

t-5U(~OUTINf CALLEO Q~F TO I~TE6~ATE 
C- SFr lEi" Hl> "'ANl'Hl 
C 

c 
"'"ENSiON A(5), FliCH(!l,. F"l)l,~).I1(l?>, Z<1!'. 1/0(2) 
DOUilLE ~~EC'SION Yl.Yi.YY,FlI16,j>~FI 

C VEtTa. ~ tONTAIN$ COfFFIlIFNTS (oF APP~OXI"ATING F'OlYNO"'IAL 
C 

C 

C 

lIATA 11/ 254~2'5920e, - 2e4~9~~l60~. 1 42141374109, 
1-1 ~53152e27~9. 1 e51~e~4290e~ 
DATA p~ 3275~11v0/ 
DATA ll'AO. X.1.I. KH'II/,:;:. U .. 5 1 
DATA FACHI 125, 25. S.l .2 .4, • Il • H 1 
DATA 'IIIC)(1 6. 9,1 • 1 ~5. 1 5.' 

N~EC*49 
N[)AT~ :re:: 
NOAT"'Z-N"AT-;;: 
NI.AT)("'N(JAT·;;: 
CJlLl SETFIUt.' STEPT2', IEI"'I', '[)j( ) 

I>EFlNE F'ILE 1<NI1EC, IIIOAH" l'. 1\" 
'V r l 
",,.) t41"~'5l 
OT~ .~ 

'L1K- Ll 
Hllrp';'(L,I"-l ) 
~lfrl 

00 U Il''1.5 
ICllrlCf)N_FIICKO 1) 
1>0 li' 3J'1. B 
HTR~Hf.N.rAtH(JJ) 
fr(l 

1>0 11 Jrl, NI>"'T"~ 
T-T+OT 
I<TIo-SORT ( T.I> IF) 

'f 

C-CALCULIITI 13 POINTS A~OUNO THE CANAL C'~CU"F'IR[NC[ ,~O" -"1~2 TO +"1/2 
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APPENDIX 2 

~ALCULATION OF CANAL CUPULAR DEFLECTION AND 

SbOW-PHA~E EYE VELOCITY FROM TORQUE 

.. 
The canal cupular deflection o and the eye slow-phase velocity 

c . 
o have been calculated from torQ4e M by recurrence formulse which e 

, ' 

are equivalent digital flltera for a first order lag and a firet order 

lead-Iag. The/method has been described by Monro (1970) to simulate 

~lmple tranafer functions. 

Il 

. 
Consider sequences of the var~ablè8 M, e and 0 sampled at . c e 

times t
i 

_ lAt. 

between, samples. 

i _ 1, 2 •• :.N where At Is the basic tim~ interval 

e 
Ci 

" 
where 

~ 

'" 

• 

e 
c~ 

- e 

• , 
Is oDtained from M by , .' 

'-y -y 
1 :[ 1 

J 
1 - e ± M' e (A.2.1) Ci _ 1 1 

Y 
l 

At/t • Y - (A.l.2) 1 l 

,. 

' , 
'fi 

p 

',' . 
~ '", .• _, l 

...... pi! 1 .. 

• .j" 

~ 
' , , , 
'i 

... ,A 
ç: 
" 
~ 
.~ 

J 
i 
-\' , , , 
1 , 

'1 

_t,s!ii;;~. 
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0 18 obtained from 0 by e c 

--/' 
-y -y (1 - m) . . 2 2 e 0 -. e + G 0 - e e 

~i e
i - 1 ci ci - 1 

," ,,, 
\ 

CA. 2.3) 
.r 

6t/t 
, ~ 

(A . .2.4) whete y 
2 - 8 
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LRG TD VEt TD~ V 

C-"ETHOO DEVELO~ED 
.C 

~Y "ONRO SEE REROPT I"PE~IRL (OLLEGf.lDN~ON 
SIO"EDltRL ENGINEEPINO P~DDJA" 

t 

le 

• ELECT~ltAL ENGINEEPIN~ 
5UBROUTINE LRD!DT. TLAG.Y.NORT. 
Dl"EN51011 \'(1) 
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VL~ST"Vl 
1,'(1)"1,'1 

CONTIHUE 
lU: TURN 
ENO 

~ 

t-~U8~OUlINE TO 5J"ULATE RDAPTATION IN'CALDPI~'~tspnHSE "ODEL 
(-RPPLV LE~LAO F~LTEP T~ SEQUENCE V ,outPUT 15 V 
C-N~AT IS LEHGTH OF Y[CTOP V 
C- T~.ADRPTATIDN TI"E CONSTRNT 

SVBROUTINE LE~LAO\OT. TA. ZERO. Y.NDAT) 
Oll'I[NSIOH 1,'<1> 

C 

• !5 

2 

• 

, ' 

~l·;:[RO/TA ' 
~2.1 "'T~ 
COEFlrE)(p(-Al.0T)& 
tOEF2 r [)(P<-A2.0T. 
IF«! -tOEF1) LT 1 E-6)00 TO • 
OAIN~AI"'A2.(1 -COEF2)/(1 -COEFI) 
GO TO , • 
OAIN'Cl -ÇOEF2)/(A2.0T) 
"lAST~' 
KLASTrV( 1) 

"00 2 Ir~.NOAT 
"1""LAST·eOE;2·(V(I)-)(L~ST.COEFl).OAIN 
KUIST "YC 1 ) 
Y~I'IST·Vl 
YfI )~Yl 
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APPENOIX 3 

TOR0UE TRANSI~NT TO A SINUSOIDAL INPUT 
.. ' 

'fbe fo~u1a der1V~ by Young (197Z) ta ca1culate the translen~ 

torque response ta 4 sinusoidal Ipnut 18 given by 

M-C 
1 

where 

2ah 

lT 

feu) 

'Ir 
and 

'\ 
lIIfII 

-

TI ... 

f f' COB e . f(u) 
2 

e-<lu·t u du dB A3.I 

o o 

'Ir 'Ir 
W U cos(ux ) + h sin (ux ) 

A3.2 

e X + R cos 
0 A3.3 

The other ayabols are deflned in the .. in taxt (aee Chapter 3~O). 

The fOl'Mlla. 18 vaUd if the input ia • aJlie tuncticm. applied at 

( 
, 1 

. \ 

• 

, 

f 
1 
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1 

t = 0 with In our work, Equation ,A3.1 was evaluated by 

direct integrati * standard subroutine QSF . 

Young used a faster technique based on a Gauss-Laguerre 
'Ir 

quadrature (DQL32). However, it was found difficult to assess the 

~ccuracy of the quadrature technique which depended on the value 

of very hi~h order derivatives (n- 32 in this case) (&alston, 1965). 

r 

. , 

* ..,at .. /36& lèiIDttfte 8ubZOUtia. la ... ,. (360 ~ ca 031) Varalon II 
xac.~tf.~ .......... (torporad .... 19.'. ' 

'J 

\' 

j 

1 
" 

',' ~, 
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APPRNDIX 4 

VISUAL CURVE FITTING PROr.RAM 

The computer system wa~ a medium size laboratory computer 

(PDP-l1/20, 'Digital Equipment Corporation) with l6K core memory. 

a scope display, an analog-digital interface and a 1.2 M-word 

cartridge dise. The sysyem operated with OOS (Disc Operating System) 

and aIl programs were written in FORTRAN IV. The system software 

included a number of ~pecial FORTRAN callable s~broutines to operate 

the analog-digital ~n'terfacp. and the scope diaplay. 

In a preliminary phase, torque step responses were' ca1culated 

in the normalized time interval Q - 3.0 divided in 300 steps. The 

responses were calculated for a grid of values in the X - h plané. o " 

In arder to accommodate longer data files and larger ~iffuslvity values, 

another tiank of torque responses was obtained over the interval 
,; , 

o - 6.0. for pulse responsfts, a 0 - 0.05 Interval was used. 

The curve ,fitting progr8lll l1,ted at the end of this appendiX 

18 briefly explained. Experimental data are firet read and a bank 

'of theoretical responses 18 selected. A set of 6 potentiometers 

(Pl to P6) 1. sampled. ~Xo ~ h coordinates are set by Pl and P~ 

and, if ne'cellary. a nev torque response té read in array Y from the 

• 
disco The array tOUT ia used to represent the fitted rèaponae. 

" 

~ccord1nl to the r~que8ted options, YOUT i. àOdified to yleld the 

re.pon •• to a ~ulle of • alvep vi4tb an410T 1a filtere~ throuab the" 

~~c .... l" 1 .. and the ".daptat1~n" 1HcI"'lq f11ter (Appendix 2). \ 

Thé _cliff •• tOUT are then fittH to the d.te 'by .ppropri.te .d.juetllent 
, ' 

" 

. ' 
.... " " 

t ' ) '\ ", • . .". ~ .. 
y. "1 '. t' ~I • 
't. " " '!. 

't-
l ' 
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/ 

of bise PS-and g~n P4. A time array (ITIM) la also computed 
, 

accarding ta tIfuSiVltY value set .by P3. The theoretlcal response 

la dlaplayed n the scape slong with the experimental data potrtt. 

During compu/ation, the display 18 blan~ed out to aVQid poor interaction 
1 

with the Ir. 

curve 

bëtwe 

P6 ~ts as s switch thst returns the to patentiometer 

to keyboard control for selection 0 options. 

I1mita~lon, a to the 
, . 

to compute tl\e mesn 9 uared deviâtion '(SSQD) 
~ '. , , 

• 1 ... 

theoretlcal curve~. The times of the expérimental 

point. fall randomly between the equiapaced pOTnts (Yi) o~ the 

theoietieal .equence. H?pce for any .lov-~ha .. velocity value SPV
J 

at lime t j between t i snd t i +1, a nev value Y
j 

19 obtained by linear 
1 

interpolation nom the ~a1ue8 y 1 and ' Yi +1' 
1 

S~D 18 calculated accordlng to 

1 
f 1 

SSQD IliO­

n 

n 

j - 1 
tA 

ud 18 'a1n1Jl1t:ed with re.peet to GAIN by Unear nare.don. Gain 

ottt1aiBat;ioD "a. ,.dcled st a l.te~ 8tal. of pr0p'_ dev"opaebt to 

p81:'forll the au1,.1. of SSQD in tbe pal' ... ttr ~e •• 

) , 
" 

____ . 1 
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C-TO CO"~UTE PULSE ~ESPONSE FtOI1 SlEP ~ESPONÇE 
C-SUIROUTIN[ TO EVe~lR P~OO~AI1 
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2 

5 
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