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Uncertainty Relations in Interaural Parame ters
of Acoustical Stimulation: An Evoked Potential
Study of the Auditory Cortex in the
Anesthetized Cat!

T.W, BARRETT?
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Limiversity af Tennessee Medicel Units,
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The pegisiration of acoastical stimuli of differing imbesaural para-
meelurs (indensity, phase and time of signed arrival), on aress Al and AL of
the cartex of snesthetized cabs was studied using @ Laplacisn elecirode and
tone pelses modeled on & modification of Gabor's elementiry sigmal An
analysis of amplitede and lfency relin messuees of ibe evoked pofential,
rather than shsolule meassres, suggests the registeation of an uncerteinty
relstios mvalving changes im the interaural signal amplitede spectmam and
Imterausal time of sgmal arrival. Botk amplitude and ktency ratic messares
pre orihogonal represemintions of the =me interawral information and
together comstitute s traveling wave of wider informalion representation
which may be descrabed By the following usterizinly condition

Loy - &n) = iy = Arg =,

whire ¢ &= & comstant; AF i signal bandwidth; &¢ is signal duratian; A is
imteraural intensdly differemcoe and Ay @8 intersoral time of signal arrivad
differemce,

Differences in intecaiiral slimidlis paramefers aré fégistersd unajuely
al somo peinl on the suditory cortex, i, for a given combination of
stimulus parsmeters a resiricied regiop of the gudbiory cortex will display &
lapge difference in latency or matio meassres. The totad =ffect of “unique™
poimts of registration constituies s droveling wave which meflects the
particular stimulus parameten used.

This study also demondirates thal the phase of a bismara] sSgsil of
mibl-Frequency, 5 kiz, i registersd only &t a requisile (ntegaural difference
in aignal imtensity. Fusthesmore, st sbout 800 gsee of intersurs] signal delay,
the travellsg wove registestion of & binsural signal is comstituted by a new
pemter of imitial activity.

HLP-84.

It has been accepted by Information theorists that af the resolution limidt

I This research was supparted by NIH Grant MH 18302,

of any system—physical or physiological-uncertainty relations exist between
one stimulus parameter and another. Gabor (19496) propossd thet the
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quantum or fogon of information, based on considerations of energy distribu-
tion, 5

A« Ar= 12, (1)

where & is 3 signal bandwidth and Ar iz signal dwuration. In the terms of the
related but distinct theory of communleation, one logon resolves one hinary
digit or "bit" of uncertainty.

1f such o signal i confined 10 rdnbmum sequential relations, ie,,

fortp=12 (1)

where iy is signal midfrequency and Iy ks signal midperiod, a nonvarying form
of the signal is obtained at any midfrequency (Barrett, 1972 a-d).

In the tme domain, Eqgs. (1) and (2) might represent a sinusoidal signal
modified by a Gaussisn wave shape {Fig. 1). This form of signal has the same
“bell-shaped” distribution of energy in both the time and frequency domains.
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Fig- 1. The modified sleimentary slgnal of Gabot in the time domaln: A siiusidal
sigral modualated by a Gaasian curve, This signal satiafies the twe condithens: Af - &= 12
and f =+t = 1/

Dravis (1952) first mentions using this sipgnal in auditory research and Tuntun
(1955, 1960) has made extensive use of this form of auditory pulse o
clectrophysiology.

It is moteworthy that Tunturi has obtained the most exact cortical
center frequency representations in the dog using this elementary signal; and it
would appear that other investigators have found the representation of
frequency on the cortex to become furzier or barely discemible as the
stimulus departed from the elementary signal shape (Goldstein, ef afl., 1970,
Gross and Small, 1961; Hind, 1953; Sindberg and Thompson, 1962),
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The bandwidth of Gabor's elementary sgnal is reciprocally related to
the stimulus duration. However, in most experiments toné pulses are kept at
an arbitrary constant duretion while the center frequency is varied, with
bandwidth negligible. The resulting variety of stimull wsed makes it &fflcult to
compare  the resulis of vamous Evestigators regarding the gquestlon of
tonotopicity or the existence of an exact representation of frequency on the
portex. Yet, experimenis using direct electrical stimulation of the cortex do
give evidence of tonoloplc registration; Woolsey and Walzl (1942} and
Downman, Woolsey and Lende (1960} have demonstrated, polnt-to-point
projection of the cochlear to the cerebral cortex of cat with elecirical
stiraulation of small groups of merve fibess at the edge of the osscous spieal
laminae,

At variance with thess expedments, microglectrode studies have laied to
show a clear cortical tonotopic organization, although a trend towards one i
present (Abeles and Goldstein, 1970; Erulkar, Rose and Davies, 1956; Evans,
Ross, and Whitfield, 1965; Katsuki, Watanabe, and Maruyvama, 1959). How-
ever, these investigators wsed a3 stimulus of constant duration and negligible
bandwidih, whereas Tunturl demonsirated an avergge oF ceniter frequency
(fp) representation of the sgoal bandwidth &) X sigmal duration (40)
wricertainty product of Fig. 1. Since neurons do have a bandwidth of
responsivensss besides 3 charactenistic frequency (Kiang, 1963), to wiew a
sgnal of negligible bandwidth as "simplec” than the elementary signal of Fig
I & not supporied empirically. Furthermore, = podnted out by Altkin and
Wehster (1972), fibers from the medial penbculate body terminate  mwost
profusely in kayer IV of the auditory cortex and not layers | and 11 Thus, it
& incorect fo pool data feem auditory cortleal meorons studied at different
depths. Tekon overall, the evidence seema to indicate a center frequency ()
representation &t the cortical level, which is associated with a8 minimum
bandwidth (47 if not exactly & pure tone {fy) or tonotopic representation
with negligible bandwidth (2/).

Al streciures below the bevel of the cortex a smilar representation
holds, In the cat, newrons are arfanged tonotopkeally in the dossal and wentzal
miclel of the lateral lemniscus (Aitkin, Anderson, and Brugge, 1970), in the
cochlear nuckeus (Rose, Galambos, and Hughes, 1959), in the superior olivary
complex (Boudreay and Tsuchitani, 1970), in the medial peniculate body
(Aitkin and Webster, 1972) and in the inferior colliculus (Rose er of., 1963).

The form of the corfical representation will now be considersd.
.i!.l.bempl.t to regard the electrical activity on the surface of the auditory coriex
as a spatial representation of stimulus parameters have had some success. Lilly
(1950, 1951; Lilly end Cherry, 1951, 1952, 1954, 1955) demonstrated both a
“leading edge” of positive potential (velocity 0.05-0.35 mfsec) and a “trailing
edge” of negative activity (velocity 0.06-0.35 mfsec) fraveling ocross the
cortex. of cat at 907 1o each other with velocities inversely related, The sound
tource in these experiments was driven by a S0psec rectangular wave. Mickle
and  Ades (1953) also observed wavefront movements wsing  100-usee



02 BARRETT

rectangular pulses. Esrly investigation of the phase relations of electrical
activity on fhe surface of the scalp (Walter and Shipton, 1951 Livanov and
Anan'ev, 1955} have been extended to the exposed corlical surface; Demon
(1961, 1966) using a A00-channel toposcope demonsirated voltage gradients of
0.5 mY difference aceoss 0.5-mm areas of the cortex at frequencies of
electrical sctivity ahowe 50 Hz. Also, Barrett {197 la) demonstrated a traveling
wave on the avditory cortex evoked by acoustical stimulation which changes
its direction according to the orentation of the sound source, These observa.
tions of transcortical wave shepes are not at variance with the opinion that
the cortex is constituted of vertically functioning efements, The wave shape
palterning may be due to wertical potential fluctwations, withoul considérable
horizontal voltage Mow (Barrete 196%,b).

The nvestigations reported in this paper extend this interest in spatial
aspects of acoustlcal sthmulus registration to changes In interawral stmubus
parameters. Since the stimulus expeessed by Egs. (1) and (2) involves an
uncertainly product, the gquestion may be asked: Are there uncertainty
refations in interaural differences in auditory stimulation? If so, just how are
these relations registered wpon the suditory cortex? Another way of asking
these questions is: [T the localizatlon of a lateral sound souwrce represents the
successful transmission of wnique information, are there uncertainty relations
between interaural stimulus dimensions, Le., interaural quants comparable to
the hingural signal of Egs, (1) and {2)7

METHODS

Eighteen cats, chosen after visual inspection of the tympanic membrane,
were anesthetized with thiopental sodium 15 mg'kg. The amount of anesthesia
might be fermed “moderate’ with the reticular formation affected and the
medial geniculate body to some degree. The radial vein was cannulated and
[ee of atropine sulphate administersd 1o reduce body fuids, To stop
movements of the brain due to respiration, the dura of the spinal cord at the
base of the occipul was cut and the cerebrospinal Muid releassd, A cawdal
approach was made to the auditory bulla of the right side and a hole drilled
so that a small stainless steel electrode bent in a loop could be placed touching
the round window. In this way the cochlear microphonle responses were
monitored. The ebectrode was then cemented to the bulla. The skull was
resected owver the right side and the dura reflecied over areas, Al, All and Ep.

A rectal telethermometer in conjunction with a heating pad maintained
tempersture at 38° C when recordings were not being made. The corlex was
maintained in & modst state by pedodic application of mineral ol heated 1o
body iemperature.

Tone pulzes modeled on o modification of the elementary signal of
Gabor (1946) were generated by delivering reclangular pulses from two
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stimdators {American Elecironic Laboratories 1044) of appropriate duration
through half-octave filter sections of iwo fllter seis (Krohn-Hite 3700} [This
method was first used by Tunturi (1955).] The duration of the rectangular
pulses was one-halfl the period of the center frequency of the hall-octave filter
gotion  selecied, These fone pulses were led to separpie atienuator sets
(Hewleti-Packard 35000} and the contralatern] stimulus line only was led
through a delay network (Universal Ad-Yu |Electronics BOZE). Both stimuli
fines were then led to separate earphones (TDH-39) covered by plastic tubes
directing the sound st esch car. A vamn was placed within the tubes to
dampen resonance. The carphones have a flat frequency response untll the
E=10kHz region, The sound pressure level at each source was determined (with
1 Bruzl and Kjser 1)2in, condenser microphone and an artificial ear) as 40 db
price (o the use of the atienuators. All the results obtained are for elementary
ggnals which gave a cochlear microphonie of 3 kHz—a frequency above the
usaally sscribed range of application of the volley theory of nervous condoc
iion. The cochlear microphonic was used as 8 physiclogical indicator of the
physical stimulus mnervating the earphones. All recordings took place i a
sound and elecidcally shislded room.

A sketch was made of the cortical surface on which electrode place
menls were later recorded, A stable stainless steel electrode was placed at the
edge of aren Al to compare evoked potentials as the preparation declined.
Most recordings were made in the 3-hr period after the surgery was completed
and no noticeable decline in the preparation was ever observed,

A five-point stainless steel Laplacian electrode, 2 mm $quare around the
outer four podnis, with tips of approximately 300p diameter was used o
mecord evoked potential activity (Perl and Cashy, 1954). This electrode differs
from the widely vsed concentric electrode in that at the center, recorded
pedentials are amplified with respect to the sverage of the surrounding
potentials rather than the sem of the surounding potentials. Thus, the
pedentials arising from deeper structures are recorded rather than franscortical
petentials, The recordings are, therefore, 2-mm squares of cortical surface. Using
i Kopl Instrument, moveable adjustment, récordings were taken at 2-mm steps
on the cortical surface, Minimum surface pressure was maintained.

At each cortical recording position, five contralateral ear signal delays
were uged: 0, 300, 600, 900, and 1200 psec. At each delay, five ipsilateral ear
signal attenvations were wsed: O, 10, 20, 30 and 40 db. Twenty-lfive stimulus
records were thus obtained at each recording site. Sullicient records weme
taken with each slimulus condition for later averaging, the data being
collected on magnetie tape. Usually only activity above 50 Hz was recorded,
dthough seme recordings (Fig. 3A-I0) include all frequencies. Using a DLE.C.
PDP-9 tlhmpMEr, Hl'lilﬂt %] -|l‘|p'l.'|| canvergon and averaging was schigved, The
averaped response was then converted back apain into an analog form and
relaved to an A EL 680 anslog computer. Records were then made on gragh
paper by an x-p plotter. The plot achieved was of such size (25 uvfin. and
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5 psecfin.} that high-accuracy measurements of evoked potential Latency and
amplitude could be made,

Interesting results were obtaimed when, instead of “absolute” latency
and amplitude measures being used, "amplitude ratios™ and “latency ratios™ of
first positive peak te second positive pesk were caleulated. The use of ratio
measures rather than absolute measures was dictated by the consideration thal a
messure referencing succeeding activity is more appropriate than a measure ref-
erencing an unrelated and distant sctivity {the rationale being that a distant
podential is the summed result of many dipole layers and thus o meaningless
measure). The ratio measure provides “contrast™ for signal registration. Thes
ratic messurements were calowlated only in records of activity above 50 Hz.

RESULTS

This study is based on 70 recordings from areas Al and AIl in 18 cats, |
shall begin by describing the noticeable changes occuming in costically
recorded measures of electrical potential when the stimuli at the two ears ane
separated by & 600usc delay or more, As sounds are delayed about
29 gsec/cm at the farther ear with respect to the cat's interpinnae distance, a
G00-psec delay represents a period signalling two sounds rather than one fused
localized sound, A plot of the amplitude ratics of the first positive and
negalive peoks in many cases indicated that at 8 600-psec delay at the
contralateral ear, o difference in cortical registration of interawral delay occurs
(Fig, 2ABC) when there are no interawral intensity differences. In Fig. 24
and 2B, nofice the dechine of the graph lines at between 600 and 200 psec
contralateral delay—with the exception of the plois of latency of the [rst
negative trough in Fig 2B, which indbcate a noticeably fast reactbon of the
negative trough st G600 gsee  contralateral delay. In Fig. 2C, notice the
steepness of the graph lines at between 300 and 600 usec contralateral delay,
Averaging has indicated the sipnificance of these differences. It appears that
interaural delays less than 600 usec are registered differently on the cortex of
cal at some locstions. This conclusion is born owt by other indicators
mentioned below in the discustion of Fig. 4A-0.

Whether amplitude or lalency measures are taken, there {5 & reglatered
effect when only the interaural delay at the comtralateral ear i changed, and
the interaural intensity difference remaing constant (Fig. 3A-D). Notice the
change in shape of the averaged evoked response in Fig. 3A-D. These results
were obtained for all frequencies of electrical sctivity at the conex in the
anesthaiized cal.

Al frequencies of electrical activity abowe 30 Hz, the reaction of
changing petential inputs to the corfex, indicated by positive going peaks, 10
stimuli greater than 600 ysec interaural delay, appear to mirror the reaction of
potentials to stimuli fess than 600 psec interaural delay (Fig. 44-G).
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Fig. 2A-C. Three examples from dilTerent subjects o maasunes ¢f evoked nesponses
o 2 bimawrd 5-kHz elementary signal with contmalatersd deleys in time of signal arrival.
£l ordingte refers fo dke mtensity ratio of the amplitade of the first positive peak 1o
he amplitude of the secomd positive peak {open circles) of averaped (3] evoloed
wmposses im oamea Al of cat asditory corlex, Right opdinate refers to the lstency s maec
f the first positive peak (ciscles with inscribed phes) snd of flest negative trough (ciscles
vith imscribed mimus) of the seme aversged dets.  Deluys v mécrossconds ane shown on
he whscissa. Fregeencies of electrical data: 50 Hz and abowe.

In Fig. 4A, notice that the peak labeled I decreases through the
onditions O, 300, and 900 ysec contralateral delay, but imorrases at 900 and
| 200 psec contealateral delay.

In Fig. 4B, notice that the peak labeled *I" incregses through the
wonditions ©, 300 and 600 gsec contralateral delay but decreases at 200 wsec
aontralateral delay and incresses again at 1200 psec contralateral delay,

In Fig. 4C, notice that the peak labeled “2" decreases through the O,
B00 and 600 gsee contralaterzl delay conditions to a minimuem at 900 psec
bontralateral delay but greatly incregses again at 1200 psec contralateral delay.
In Fig. 4D, notice the decrease of the peak labefed 1™ at 600 and
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Fig JA.B. Two examples of sveraged evoked potentils from orea Al of cal
auditory corex. Frequencies of electrical data: all Fregquencies.

Fig. 3C,0. Two examples of averaped evoked polentials from (1) area Al and (20
area All of cat auditory cortex. Freguencies of elecirical dats: all frequencies.

900 psec contralateral delay and the slight (ncreese at | 200 usec contralateral
delay,

In Fig. 4E, notice the incremse of the peak labeled “2" at 0,300, and
&00 psec contralateral delay and the decreare at 900 and 1300 psec conira-
lateral delay.
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In Fig. 4F, potice the peak labeled "1 occurs only at 900 and
1200} psee contralateral delay.

In Fig. 4G, notice the decrease of the peak labeled ™1™ at 300 and
90 psec contralateral detay.

These fgures indicate that an apparently changing lafency of the first
peak of positive potential is more properly the dropping out of the faster first
peak and the heightening of a slower second peak, or vice versa. The separate
but overlapping cortical tepresentations of the input from the twoe ears,
established statistically (Rosenzweig, 1951), are shown as separate peaks in
Fig. 4A=C, where the first 50 He of electrical activity has bean filtered out.

Figure 5A ghows the corlical electrode positions for the data representa-
tions of Fig, 5B=L., which are Intency ratio (lefi fgure) and intensity ratio
(right fgure) measurements to Interaural intensity differences atl warious
interaural delays. In over K% of the 70 placemenis studied there oocurs owly
arie maximum peak or frowgh (v the graph lee for @ particular delay.

In Fig. 5B-L notice the following peaks (P) and troughs (T) at the vanious
contralateral delays (CD) and interaural intensity differences with the signal
attentuated at the ipsilateral ear (11).

TABLE |

Latemcy Ratic and Infensily Ratic Measures

Latency Ratio Mieasures Intupsity Ratio Measures

Fig. ik Al 0 wsee {CD) Pat 30dk & 1000 (1)
Al A wsee (CD0 P oal 20db (1
At GO0 wees OCM) T an 2046 €11)
At G900 mses (G0 T an 30db & 10d8 (11
At D200 ses: (OO0 Fan 20 (17}

' at 40k {11}
Fat 20k (11

Fig. 5C At 0 pses (CD) Tat 1066 (1T T at 20db (1)
AT 300 pasc (CD) F a1 2040 (ED T at 20db (1)
Al GO0 weec (CD) P at 10db (1) T at 20db (1)
At G000 wses (D) P at 1045 (11D T at 2Kk ()
At 13040 wsec (CD) Pat Odix (00} T an 20 (11}
Fig- 51¥ At B usec {CD) P ai 30d% (L)
Al A0 wsec PCO) P at 20di (11D
Al GO0 pses MCD) P an 10db (10D
At GO0 usec 00D P a1 Db N}
At 12000 usec (CDv P at 2046 (00
Fig. 5E AR 0 ussc (CI) P ai 20dk (1) Far 10k (11}
Al 300 usec {CD) P at 30ds (I1) Pat 20adb (1)
Al GO0 wsec (CD) P at 20db (11D P oot 40t (11}
At SO0 wsec PCD) P ai 30d% (I0) P ai 30db (I3
Al 12300 wsec (CD) P ai 20db (1) P ad 30db {11
. 5F At 1 psec (CD) Pal 1005 (00) Pat 404k (1)
At I pmee (CD) P an dk {10 Fa 20ab (i)
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Fig. 5F
A GO pdwc (CTF) P at 3046 & 1048k,
T at I0ds (1) Pt L0 LIy
Al SO0 psee (0T Fat 1B (11
A 1HG usec (0D P at 30d% (10
Fig. 5G Ar 0 pses (D) T at 30db (00) P at 40dd (11
Al 300 psee (CD) Far 3db (100 P at 10db (00)
1 GO0 wsec (C0) P ar Hdh (10} P at [0db (0
Al S0 mec (COF T at 204d% (10 T at 10k (TLp
At 1200 geee (OO T ab Bdh (1) Pat 204% (50
Fig. 5H Al 0 psec (COFT at 30db & Fag Db (11) P at T0dhb (1)
Al M0 e (CDp Pal 3t () Fat 1048k {11y
At G0 s (OO Fad 1046 & T ad 30db (11 P at 1k 0}
Al G0 eec (OO Fat 20ddb & T an 30k (11 F ot 10db {11}
Al 1200 mscc (CD) Fal Odb & T at 30db Fat 3db {1}
Fig. 51 Al 0w (CD) P gl 0485 (T P at 3db {11k
Al I e (OO Pt 30d% (05 Pat 30k (L1F
Al S0 pses (C0) P gt 40ds (1) Fal 30406 (11}
Al 00 psec (CD) P et 30db (1) Fai fdb (11}
At 1200 msec (CDY Pat i) Pat 404k (11
Fig. 4J At 0 usec (CD)
At 0D gsesc (CD) P al 30db CIR)
AL GO0 miec (O P at 30db(00)
Al GO0 usec (CIN
At P20 usec (CD)
Flg. K At 0 wsec (CD) P at Gdb {11} P i AGde (L)
At I} msec (CD) T ad 30dE (LT} Par 30db (I1h
At G600 usec (CD) Fat 10db {I0) Fat Odb (I}
At S0 usec (CDY) Pat 20db CEE) Fai 104k (0Es
At 1My gsec (CDF) P oat 4045 (IE) Pl 30dk (1)
Fig. 5L At 0 yssc (CTF Fat 20db (11} Pai 10db (IL)
At 300 g (CD) P gt 30db (10 Pt 10db (15}
Ar A0 paec (0T P an D08 (I0) Fat 20db (1)
AL S8 psec (C1) P et 30dn (00 Pt 30db (10}
Af 1200 wsec (CT¥) Pt 4d0db (11} Fat Hdb (1)

RSS2 EREope
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The peaks vary according to both the delay and the position of the
eleetrode on the cortex. Sines an average signal frequency (f) representation
pecars 48 a position of maximum firing on the cat cortex {lonolopicity], and
the sverage frequency (fp) in this study was kept constant at 5 kHe, it would
appear that these peaks and troughs are the result only of (a) the intersural
difference in time of sipnal arrival, and (b} the interaural difference in signal
imtemsioy.
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It was initially expected that some correlation would exist between the
intensity and latency ratbo measures of Fig. 5B-L. However, neither a
nificant positive nor negstive correlation was found (F= 2 0.5), which
sperts that dhe intensity and latermcy raffc messeres of formaiion regisine
n above S0 Nz are ovthogoral or independent functions of the same
iebles. Furthermore, the registration, in both left and rght figures, of a
ticular interaural delay at a particular interaural intensity, suggests the
stence of an uncertainty relation or reciprocal relation between interaural
nal delay and interaural signal intensity differences. Thus, the unigue peak
dstration -can be considered a dependent wvariable to two independent
lables (of interaural time of sgnal arrival difference ond interaural signal
ensity difference). The suggestion is, therefore, that the uncertainty condi
n of these twe independent variables is registered on the cortex by the
aking of the curves shown in Fig. 58-L.

DISCLISSION

At low [requencies the phose of a stimulus can be a cue to the
allzation of a sound in space. At higher frequencies there is an ambiguity in
+ interpretation of the phase of the stimulis with respect to avditory angle.
however, the reglstration of the phase angle of the signal is a function not
v of frequency and interaural differences in time of signal arrival bur also
intersural differences in signal intensity, Le., the phase angle of the signal is
¥ registered at 2 certaln imteraural intensity difference, then the ambigaity
lonper exists. The resulte shown in Fig. 5B-L suggest that this & the cose, |
Il mow diecuss the sipgnificance of this fesule

Some confusion can arise in the use of the term "sgnal phase,” Because

refractory period of axomal discharge (1 raec) and the size of nere fibemn
wide boundary conditions to mean pulse rate, the volley principbe (Wever,
19) of nerve impulse conduction no longer applies with stimull above about
Hz. The voliey principle describes a form of mean pulse rate modulation
ich, when the number of spikes is counted in discrete intervals of time, is a
m of amplitude moedulation of those counts. | shall call the frequency of
s mosdulation: fo . The frequency of the modulated signal, f., is genemlly
eed to be registered at the basilar membrane by a place principle (Von
céay, 1964, 1965). Ar lequencles below 4 kHz, either principle might
ister the frequency of a signal and frequency modulation could no lomger
ur. When the amglitude modulating frequency, fm, and the carrier
quency, f., overlap at signal frequencies below 4 kHz, the physical signal is
resented twice—by pulse rate modulation (f,) and by a place principle
b. The stimulus wsed in the present study gave a cochlesr microphonic of
ter frequency 3 kHz, The interaural phase sngle generated when the
mlus was delayed at one ear was thus a function of SkHz (F); [ shall call
i form of phase angle: ¢.. The phase angle generated as a function of f, [
Il call: ghy.
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Fig. 4A-G. Averaper of 30 evokod potentials [rom area Al ol cat sisdilory corlex
io imterawral delays of 0, 300, &), 00, and 1200 wsec reading from top io Boilom
Mumerals on the nght of esch aversged response refer to the ratie of the firs appeaning
peak to dbe mext. Frequencies of electrical data: 50 Hr amd sbhowe. (A) Peak | decreases
from O thromgh 300 and 600 psec deluy, and them begins 1o regrin s height (arrowl;

Tavestigations &f g

Cortical neurons are respensive to interaural phase differences for tones
below 2400 He (Brugge, Dubrovsky, and Rose, 1964, Brugge e al., 1969},
The number of action potentizls in the response to a binaural stimulus is a
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3

B The height of peak 1 fluctustes at 900 psec delay; (O] AR tneeease in the mbensity
ofic measues al &00 and 900 psec delays; (D) A diminution of the firs! peak afeer
600 psec delay; {E) The second peak resches a maximum vabue af 3060 e delay and
them declines; {F} A firsl prak appears ai 900 and 1200 gsec delay: (G) The fasi peak
dips ot 300 and 90 uses dulay.

function of the intersural time delay, and the time beiween peaks of this
function corresponds to the frequency period of the tone employed. The
smplitude of the cortical evoked mespomse & also dependent upop the
Interaural phase angle of stimuli below 2 kHz (Hirsch, 1968). Fipally, io
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Fig. 54. Positioning of electrodes on et auditony coplex amd from which the dats
shown Im Fig. 58-1. were obtalned, Upper line refers to the supeasylvian solcus. Venhcal
limes refer to the posicrior and anedor eclosylvian subd. Brains Tace 1o righl.
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Fig. SB-L. Latency and Entensily ratio messures to ipsilateral signal afftenwation.
atersl signal commences gt 40 db and s progressively alienssted 10 0 db, Five
roural delays {ipsdatersl sthmulus beadsh of 0, 300 apd SO0 weec Mheavy lisesh; 900 and
0 usec (dotted lines), Peaks indicated by (1), troughs by (L.
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lpw-frequency tones sngle auditory fibers of the squirrel moakey give a
phase-locked response (Rose er al 1967, Brugge ef al., 1969, Rose er of,
1969).

The Present Tnvestigarion of ¢

The results summarized dn Fig. 5B-L sugpest that in the anesthetized
preparation:

(1) The registration of §. i5 present in corticel macropotential activity
above 50 Hz,

(2} The registration of . s indigated by & maximum ratio measire (i.e.,
peakk or trough in Fig 5B-L), rather than an “absolute™ value of the evoked
potential amplitude or latency.

(3} The registration of . is & function net enly of interaural differénces
in time of signal arrival and signal fréquency (f = 5 kHz), but also of interawral
intensity differences.

Point {3} warrants further discusssion. The phase angle of & modulsting
signal {0, if the component frequencies lis within approximately 20% of
each other, is audible. A change of the central components with respect to the
ide bands i also gudible (Mathes and Miller, 1947} A monavral phase
detection also occurs when the differences in phase specira are nonlinear with
respect to frequency (Ronken, 1970). However, a shift in the phase angle of
the components are nof detected nermally when the shift is by amounis
lineardy dependent upon frequency (de Boer, 1961), Thus, if:

p(fi=a+ b {3)

Then o change in b gives o linear shift or time delay and a change in o gives a
eniform phase shift for all components. Meither shift {$.) is audible. The
present resulls are not at varance with these facts.

On the other hand, the results of the present study demonstrate the
registration of phase, $., to be dependent upon both differences in interaural
e of signal arrival and glso upon differences in interaural signal intensity.
Thus, the registration of the interaural phase demonstrated here s moalinear
with respect to the signal center frequency (5 kHz), being also depsndent
upon the two variables already mentioned. 1f the intersural difference in signal
intensity is not systematically varied, there is no registration of &,

I this vein, Helmholiz (1877) wrote:
the quality of the musical pontson of 3 compound tone depends solely on the
nambér and relative sirength of its partial simple tones, and @ B0 Mespesct 08
their dilTeremces of phaoe (page 1261

It is, however, sometimes forgotien that this statement was qualified by
When the musical foneg is atcompanied by unmusical noims, such as puming,

scratching, coughing, whizzing, hissing. these motions are either oot to be
considered as puriodic al all, ar elss correspond  te higher upper pantials, of
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neaily ihé same pitch, which consequenily form strident dissonances. We
were nol able (0 embrace thes in our experiments, and bence we must leave ji
for the prosent doubeful whet v in sach dissomating tones difference of phasw
is am ebement of imporance. Subsequent thecmetic contiderations will lead us
1o suppose that # really is {page 117}

The nonlinearity of the ¢, regisirafion with respect fo frequency demon-
strated in Fig. 5B-L agrees with Helmholts's suppositions. The distinction
between ¢, and gy registration as well a3 that between [ and fo places the
result of this study within the explanatory framework of Licklider's (1951,
19%6) triplex theory of pitch perception. Emphasis on place registration here
is also in agreement with previous theories (Bowlker, 1908; Fefires, 1948),

The Registration of ¢, and frs Relation o Tonotopiclty

The representation on the cortex of the center frequency (fp) of a tone
pulse in which the duration (Ar) and bandwidth (A7) are reciprocally related
[Tunturi’s center frequency (fy) representation|, implies that a change in
elecirode position i similar fo a change in lecation on a iwe-dimensional
frequency répresgntation map with a constant center frequency (fp) input in
this study of 5 kHe, Figures 5B-L demonstrate that for various positionings oa
this map a maximum peak or trough in the ratie meaunes cormesponds 1o
specilic interawral differences i Ume of slgnal arrival and signsl Intensity, The
unigueness of this peak registration on & iwo-dimensionsl frequency repre-
sentation map can be summarized in the following equations:

Ay = &g (A - M) =c, (4

where, A7 is interaural differences in signal intensity [power difference
specirum of the signal); Ar; is interaural differences in tme of slgnal arnival; 47
5 signal bandwidth; and & f is signal duration.

The center or average frequency (fg) associated with the signal band-
width &f, is defined by the following equation:

ax*
Iu=f[w'g{=_|fx.ﬂ dt
& E

where il *® and XX* are the speciral energles of the signal in the frequency
and time domain, respectively, and E 5 signal energy.

The binaural trading ratio of Af fo Af is 8 measure of the relativ
effectiveness of these two interoural parameiers in permilting sound localiza-
tion. The existence of 8 ArpAdy trade is well documented in the psychophysical
literature, although such a trade may be (i) incomplete and (i) the relative
usefulness of the two intersural parameters may be idiosyncratic to the
individual listener (Hafter and Carrier, 1972).
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The Oethoponality of Amplitude aad Latercy Ratlo Meamires

At low Trequencles an infecaursl difference in time of signal ardval can
be compensabed by an interaural intensity difference in judging the localiza:
tion of a sound source (Licklider, 1951). On the other hand, with
lew-frequency stimulation, phase (3 periodic variable), and not the interawral
difference in signal time of srrival (which is not a periedic variable), is
registered on the cortex in both evoked potential (Hirsch, 1968) and action
potential (Brugge, Dubrovsky, and Rose, 1964, Brugge ef ol., 1969) [orm. The
uncertainty conditions underying these two facts can be summarized in the
following equations:

g blp=c (6)
Ay - Ay =c, )]

where © i3 @ conatant; ¢ = interaural phase differences; &4 = interaural intensity
differences; &y = imteraural tme of signal arrival differences. The opposing
propogals are illustrated im Fig 6. A tramslation between the iwo proposals is
possible, as center frequency, fy (3 perodic measure), 8 also represented
positionally on the cortex as a relsted signal dimension. The confrontaton of
the two proposals need nod ocour if one signal dimension is dways repre-
senifted with the other, and this aciually is the case if all signal dimensions
hawe a related cortical representation, A place principle for center frequency
{fp) representation on tee cal cortex has been demonstrated (Tuntor, 19600,
phase {a periodic messure of frequency) also has 3 spatial representation
[Hirsch, 1968); and time of signal arrival differences at the two ears have 3
representation at right angles to the surface, ie., by means of the height and
latency of the evoked potential (demonstrated here in Figs. 4 and 5). This
owerall conception is Musteated in Flg. 7.

The representation of interaursl differences in time of spnsl serival and
interaral intensity differences in the signal by amplitude and latency ratios
(Figs. 4 and 5)-both measures of activity at right anghes to the surface of the
cortex—thus favors the trading relation of Eq. (7) and not (&) and yet =
compatible with a sucface representation of center frequency and phase.

A Traveling Wave ag an Unpmibiguous Megnire of Al Parameters of Acoustion
Sigrals

This study has presented evidence indicating that cortical intensity and
latency ratio measures both register the uncertaindy relations of interaural
differences in time of signal arrival and interaural intensity differences {Fig
5). Such measures on a two-dimensional swrface, orthogonal, vet measuring
the same signal dimensions, constitute a traveling wavefront which & an
unambiguous measure of all parameters of stimulation considered
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Fig. & Lefl {this pape) and right (opposile page] lop figures: two theories of
infarmation concerning sewnd lateralization registration, The left fop Ggure plots awditary
angle in terms of (i) the infersural difference powes spectrum Ay and (i} the interaaral
phise spectram (), This theary comesponds to Eq. (6) in the text. The mght top fgue

Démension | {time ensbon 2 (electrical potential
height)
Latency ratio measurne Intensity ratic measure

Ay &y =c

Dimensions 3'and 4 {two dimsensions
of cortical surface)

Aipr Ah=c

Traveling wave measune
By pby A - Ar)=e

Thus, the present stedy suggests that the registration of nteraural
“auantz” of acoustical stimuli (Al + Ay, = some minimum value), together with
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phald auditery Engle in deems of (i) the mteraarsd dilference power specirem (Ad) end (G
the inferaursl time of sigeal arrival differences (& ¢, This theory carrespends 1o Eq. (7)
in the lext. The cne iheory may be iranslated infc the other by the use of a signal
awverage feequency (fg) ropreésentation— s representation shown on the lower right.

the modified Gabor quantum, &+ ar=1/2; fi * ¢g = 1/2, occur as a travel-
mp wave, The effect of such 3 signal on a single unit activity has already
bteti demonstrated (Barrett, 1971k, 1972f), as well 25 the multiple s of
lucal costical areas (Barrett, 197 2} The registration of the minkmum value of
the interaural quantum, rather than the dimensbons of intersural differences in
time of signal arrival or signal intensity specifically, sugpests that these
lependent signal parameters might be registered by the centrzl nervous system
sl reselution limits far below the value one would sscribe from o knowledge
ul the refractory period of a neuron: A very small Ar, can be registered if A
i large; comversely, a wery small Af; can be registered if Ar, is large. A
yaestion o be answered by further research is thus: What is the minimum
valise of the interawral quanta?
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Fig. 7. Simplified scheme of bimaursl ard infersurel infoemation registratoon. The
frequency and phase of tbe binaural signel are mogistered positsonally on the cortical
surface. The interaural fntenslty and time of signal arrival differences are gegistersd dn o
plame at right angles 1o the corticel sarfice by the helght and timing of the evoked
patential, The evoked podential thus exists as & spatictemparal patterning on the cortical
surface—a padierning in which polential height, position. and temporsl mlations an
meaningful is defining undquely the particular Binaural and inferaural pacamebers af (ke
stimulies.
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