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Fig. 7. Spatia l g radients of CM recorded from a chinchilla coch lea in rcsponse to a 5UO-H7. 
tone. The parameter is time at interva ls o~c. (From unpublished records of BEN1TEZ, 

ELDREDG~EMPLER) 
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C. CM lksponses as FuneLions of Input Level amI Fre(llieney 

J\f'. f'.IIOWIl in F'igs , ü a llel 7, t,hc CM. respollRcS at allY OIlC placc arC' cOllti n\lollsly 
grad('din t,illlC ami rnsclllulc low-paf'.f'. trallsforrn a.t,iolll:l of thc acollRtic wan'forHls , 
Thc pcak-to-peak voltages for the ClVl responses to tones are summarized as fune -
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l'ig. Rn - c, C I\1. reRl'0IlRCS {-,o tOlles n.s ,t fllllct ioll of f,.N11IC'nC'y in ~lI inro pi!!_ Parnml"tl"r iJ; 
!'igna llC'wl. (tt ) ~' irR(; t lll'll nc:tr l'O uml window. (h) :';econd tu,." , (l") Third tUn! _ Thc fn-qucnl"iffl 
nt whieh the responses in t hc second and t hird t1lrns lag thosc in tllc first turn by tU, :7. 

I :n:, 2 :n:, alld 3 :n: radians are ind icated in P anels Band C 
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tions of tonal frequency with input sound pressure level at the tympanic membrane 
as a parameter in Fig. 8. The three panels show average normal responses meas
ured with differential electrodes across the first , second, and third cochlear t . 
of guinea pig (after ENGEBRETSON, 1970)1. For sound pressures up to ab6!r 
70 dB SPL, the responses corresponding to the input frequencies were measured 
using continuous tones and a wave analyzer with a tracking generator, At higher 
levels, responses to short, gated tones were measured directly on the face of an 
oscilloscope. A ll measures were made with the aud itory bu lla opencd, '1'he stiffness 
added by thc compliancc of the srnall vo lu mc of air enelosed bchind thc tympanic 
membrane (ZWJSLOCJU, J 963) would have ehanged the s lopes for all functions by 
the difference between the solid line and the broken line for the 80-dB parameter 
in Panel A of Fig, 8. In add ition to sensitivity as a function of frecruency, i t is 
possible to derive, h orn t hc contOlll's of F ig, 8, informa.tion concerning thc dynami c> 
ranges for Ct\L output as a function of SPL ; comuinations of placc, frequency e 
Je,el for whieh ClVL res ponses are linear in the sense of being d ireetly proport,iollal 
o sound pressure ; cOll1b i nations of p lace, frequcncy and level fo r whielt CM 

responses do not grow lineari.)' : amI CM arnp li tude rclations arnong tums at 
!!i .en frequcncics and Icvels, 

I. Sl' ll sitiYity as a FUlll'I.iull uf l"I'tHl'W Il(~Y 

EXI't'pf flU'l l\(" infllll' ll<T of thc imp('cl:tllc(' of th r, micldle ('ar at. lo w frequ cncics. 
hc (\\1 I"('!': po nH<' in 1111' first turn is nea"'.)' indepcndent of fre<jllcncy Oll t to auoll t 

5 k Hz_ T hc gradual dccrease in CM response uetween 5 kHz and 10 ldfz, which 
i$ not alway:;; prcscnt . is attl' ibuted ill part to the middle eat' a lld in part to one 
of tbe limita t ions in the method of d ifferential record ing of ClVl. With this elcc-
rode ronfigurat ion, the voltage attenuation with d istance a long the cochlear 

part ition is about 6 d H/mm (TASA1<T et al. , 1952). Thus, t he vo ltage rcco l'decl hy 
a pair of diffcrt' ntial eleetl'oues Jl al:l been intcgrateu hom sources over a distan cc 

allOut 1 mm cither side of t he electl'ode p laeement , TONNDOIU? (IH58) aA 
\\' IIfTYIElon ami Hoss ( I H(j!)) note t hat t hcse elcct-. rodes llnderest.irnatc t he sou I. 
\-oha!!e"" ",!tCII f he tr a \'C'li ng wavcs uccomr, s hort, uecause opposing phascs appear 
withil1 a eritica l distance, K OIILLÖFFEL (J971 , 1972b) reported high scnsit.iv it,y at 
hi..-: /,1~N' up to at I('a-st J () Jdh wit,Jt bot,h clcdri('al ami lasel' mct.hods, TIIlIf'. , it·, 

i, rE'a' nahI" to attr ibute SOllln of t hc gradual dc<: linc inl:;cllsit.ivity up t,o .10 kHz 
o rh~ Jimitatiolls Oll the methol'l. 

The (;:\1 responses from tbe seeünd turn Me shown in F ig. 813 , At Jow Jevels, 
bey aregreatest for frequencies around 2 kliz, Für these frequencies , the phase 

~ lal?S the phase of CM, by 1- 2 7T. rad ians . Again , t.he respol1sr,s at JO\ver 
___ I1_c_i_es_ primaril.r refLect the t l'a nsm iss ion eharacteristic of thc micldlc car. .. 

·::Jr,;,;nxlc plat,(,l11ellts a re c'onsidered " good" if, aR in l"ig, (ja. (,he \\':lveform s Rho\\' gO()" 
common-mc:wlc J"("jN·tio ll of voltageR from ot. lu' r t llrns amI if t hc trayeling-wavc delaYR yicld 

;;e difTl"J"("Il (,(,s het " 'ccn t lirnR, [<'01' a ll t,lIrnR t hcrc is a t.cndency. Rimilar 1'0 tim t 
ed b_, "'f:ISS fl rrl , (I !l? 1 a). for voltagcs at. t.hc c lectrode in sca la vcst ihilli 1'0 dominatC' 

.. : :be mati"l"ly Imno
,. f~CtfllelH.: i c;; am l 1'01' yoltagcs at t hc eiDetrodc in scala t..v lll puni to 

domina.<r' at ahc Irighl"r frl'q llcn(' i c~, Thn relat ive efTieicnc:y with w hielt each e lcdrodc )'rcort!s 
os npprorn to "ary inclepcndc llt ly. For thi~ roaROIl, incli virlll a l f llnct. ions recol'cl ecl 

--good'- plaCl"ments va ry as mil ch as 8 dB arolllld t he k ends 1 
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CM reguires a syntbesis of all o! the information of these figures and of both the 
strengths and the wealmesses of the methods employed to reeord these responses. 
l\lJa.ny of the positive features of the method of differential reeording are apparent 
in tbe figures and have been diseussed elsewhere by TASAKI et al. (1952), TONN· 
DORF (1958) , TEAS et al. (1962), and DALLOS (1969 a ). Speeifie limitations will be 
diseussed later in the eontexts of speeifie measurements. 
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I·'ig . HA- D. CM voltage \\'aveforms as a, f unetion of time rerordt-d from tbe fir<'t (t o p) , 
second (m idelle), anel t hird (bottom) turns of t he guine.'\ pig cochlea in n""]1OJr-I!' 10 fou r di ffc rcnt 
acoustie signa ls. A. Wiele·banel cl iek. B 650·Hz low. p.."lSS clit'k. (' .. 501l· fu ~.pip . .1). 4000· 

Cv 

3eollstie tones. 

Hz tone· burst 

, f1;~ tv pt,,~r (;.S -..-

Bl:: l{}:SY (j !)!) l a) used a miel'Oeleetrode fhat ton 
and timt ,-ibratecl with a trapezoida l pattern in {i 
\'ollages \l'en~ a f tlll ctioll of di s pln.eenJent rnthcr t 

membrane. The CM. waveforms in t he panels of Fiz. 6 &ce. 
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n. proportional to the displaeements in eaeh turn for eaeh of the foul' signa' 
o elicit the responses . These waveforms a) are graded in time, b) sho' 

ys between t urns, and e) demonstrate a seleetive sorting of speetral energ 
places as for aseries of low·pass filters. e 

e ms--.antaneous waveforms are eontinuously graded in time. Those for tl 
~ to the two tone· bursts and to the low·pass cliek eorrespond elosely . 

'c w&\'eforms. Sueh patterns differ clearly from the all·ar·none responSI 
neurons and from the more stereotyped negative and positive wa v 
\'arious neural evoked responses. For eaeh aeoustie signal, the ons(' 

-er features of the waveforms in the seeond ancl in the third turns sh ( 
jXogrfssi\'e delays wit h r espect to t he waveforms in the first turn. Sueh dein. 
an! con,,-i.stent with the t raveling waves deseribed by BEKESY and wit h t l 
clIanges in phase as a function of plaee as shown in Fig. 5. 

The responses to the t wo signals with aeoustie energy eonfined to low fAuc 
ries. tbe äOO· Hz tone· burst and tbe low.pass cliek, grow larger as the . e 

n"aches the th ird turn. But, note that in eaeh ease the responses in tl 
~_ and second t urns a re substa,ntial. The r csponse to the one signal with e ne l'~ 

mro to rhe high freq ueneies, the 4UOO·Hz; to ne.pip, is maxima l in the fil' 
• 1., di-.tortC'([ aml shows a stl'Ollg asymmctl'ical nonlineal'it,y in t he sc('or 

un •. :"lfl. tox<'t'pl for c!l' laypc! onsd allel offsd, t.mllsieilt!';, i::; abs('nt in Ure th ir 
onl. 'nu' aIK)\'(o I'platio lls a n' n ll ('onsi"t('nt \\' it h ~t patlcl'n fo l' traveling wny 
1I."t. 'I(~ill" /1('<1 1' 111(' ba,'ip :un[ g I'OI\'" slo \\·ly ou t 1".0 some place o{ lI1axi mnrn I' 

"IX)n. ... c lx°[I)J~" d(·('ay ing a bl'uplly at, mol'c a pieal plaees. The low.pass filtcrir 
implied by til<"SC' relatio ns sho \\'!'; most, c1early when the signal is a wide bar 
acou.,tic di('k as in Panel A . The res ponses horn t he thil'd and seeond t.ums a 
low·pass trnnsients wi t h a m odest amount of "l'inging" at a freCJuency ehamctc 
i,.ir for cadl of tilc 10catiollS. The l'ing ing in the response of the first turn may]; 
in part. attributed to a resonance in t he eal'phonc and, in part, to the propcrti 
of fhe C~I response at t hi f> plaee. 

e 
ß. EleCLr.ical Travel.ing \Vavcs 

Longitudinal \'oltag<' pat.t.P l'11s in spaee at sll ceessive times C~tI\ be recoll stl'll 
cel from wa"dol'llls such as those in Fig. li whcn t1re plaees at wh ieh thc m eaSlll' 
mC'nt~ W<'n" mad<' al'e known. Figlll'e 7 shows five patterns derived from voltn.g 
re<'On:lE'd fl'om thc t h I'ee coeh lear tums of eh i llehilb in response t.o a 500·1 
one·bur.:t. 'fhe eUl'ves a l'e f> hown at appl'oximately O.4·msee intervah. TI 
n~ry interpolat ions are providcu by vailles interpolated fol' peak volt,agcs ; 
a function of plaee a nu fol' t he spa t.i a l locations of ollsets, peaks, allel 7.Cl'o·crossi 11 

a.." a functioll of t ime O ll p lots s imilal' to those ShOWll by 'J.'J~AS et al . ....-.L.Uü 
Tl:."'<. 5 and 6) . Tlte simple l'eqnil'ement that t he voltage transitions thro. t 
Jllro.surcU plaees be smooth in spaee and time eompels the spat.ial patterns 
akc the form shown in F ig. 7. These l'ep liea.te J3.U]1ZESY'S f indingf> weil enom 

to make it cc rta in that t.raveling waves also oeent' at physiologieal sound leH 
aud an" /lot a n arl ifact of the hig h levels l'equ i1'eu for visual 01' lVlössba u 
obscryat ions. 


