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Unilateral lesions of the auditory cortex lead to contralateral deficits in the accuracy of
sound localization. Such observations have motivated several searches for a point-to-point
cortical representation of auditory space. The generally broad spatial tuning of neurons has
frustrated such searches. At moderate sound levels, spatial receptive fields often encompass the
entire sound field, impeding efforts to assign preferred locations to particular neurons. As an
aternative, we have examined systematic changes in neural response patterns within broad
spatial receptive fields. We find that single neurons can signal the locations of sound sources
throughout as much as 360° of auditory space(Middebrookset al., 1994 1998 Xu et a., 1999
and that the acaracy of locaion signaling by small ensembles of neurons approaches that of
behaving animals (Furukawa ¢ al., 200Q. This presentation will consider the corticd signaling
of the locations of broadband sounds, which human listenerslocdize acarately, aswell asthe
signaling of locaions of sounds that, in humans, producelocdizationill usions.

We reoord unt adivity in auditory corticd areaA2 in anesthetized cats. We use mullti -
channel recording probes that permit simultaneous recordings of single- or multi ple-unit spike
adivity at 16 sites. The probe @ntains recording sites gacel at 100-um intervals along aline
passng through the middle corticd layers. Noise-burst stimuli are presented from multiple
loudspedkers, ore loudspedker at atime, paositioned in the horizontal and verticd-midli ne planes,
1.2m from the cd.

Figure 1 shows the resporses of asingle unit to broadband nase bursts presented from
various locations in the horizontal plane. The threeraster plots $how spike patterns elicited by
sounds at 20, 30,and 40 B abou the unit’ s threshold. At the lowest level, resporses were
elicited orly by sources in the hemifield contralateral to the recording site, but the spatial
receotive field expanded with increasing soundlevel to cover 360° of azimuth. The spike
patterns of the unit varied in spike rate, latency, and temporal dispersion d latency as afunction
of soundsourcelevel.
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We have used artificial neural networks to reagnize soundlocaion-spedfic spike
patterns and, thereby, to estimate soundsourcelocaions. We train a network with ore set of
spike patterns from a crticd neuron, then use the trained network to classfy an independent set
of spike patterns from the same neuron. In ore study (Middebrooks et a., 1999, locaion
estimates were obtained under condtions in which soundsourcelocdions varied throughou
360° of azimuth in 20° steps and soundlevels varied from 20to 40 B abowe threshald. The
median error for signaling of soundsource aimuth averaged around 45, and al units srowed
median errors substantially small er than the dhance-performancelevel of 90°. Information abou
soundsourcelocaionis caried bah by spike rates and by the timing of spikes. We computed
the stimulus-related information transmitted by various uni-dimensional feaures of spike
patterns (i.e., spike rates, first-spike latencies, and the dispersion d spike latencies) and by spike
patterns that were manipulated to isolate seleded feaures of neural resporses (Furukawa and
Midd ebrooks, unpulti shed observations). Of the feaures that we tested, first-spike latencies
typicdly transmitted more stimulus-related information than dd spike rates. Moreover, in many
cases, spike patterns srowed nolossin stimulus-related information unaer condtionsin which
the patterns were truncated after the first spike.

Under several classes of experimental condtions, human subjedswill report heaing a
soundat alocation at which there is no adual soundsource We have agued that a mwmplete
model of corticd soundrepresentation shoud acount for corred locdization o sounds that
subjedslocdize acarately (such as broadband nase bursts) and shoud acournt equally well for
soundlocdizationill usions. One suchill usionis the phenomenon d summing locdi zation,
which isone of a dassof phenomenaknown colledively as the precalence dfed (Litovsky et
a., 1999. When two hrief sounds are presented in quick successon (typicdly <1 ms) from two
locaions, subjeds report heaing a soundat the intermediate locaion. We recrded the respornses
of corticd neuronsto similar paired stimuli. We trained an artificial neural network with spike
patterns elicited by single sounds at various locations, then used the trained network to classfy
resporses to the paired stimuli. The corticd responses closely foll owed the behavior of human
subjedsin that the location judgement was of an intermediate locdion that varied acwrding to
the inter-stimulus interval (Mickey and Midd ebrooks, 2000.

A seoondclassof locdizationill usions that we have examined pertains to spedral-shape
cuesfor locdizationin the verticd and front/badk dimension. The head and external easfilter a
soundasit travels from the sourceto the ea canal. Thefilter functions vary with the angle of
incidence of the sound,so the spedrum of the soundarriving at the tympanic membrane caries
information abou soundsourcelocaion. Such spedral-shape wes permit acarate verticd
locdization unaer conditions in which the soundsource has a broad flat spedrum, but
applicaion d certain filters to the sourceresults in systematic locdization errors. When
presented with 1/6 octave noise bursts, human listeners reported well defined auditory images
that varied in elevation acording to the center frequency of the spedrum but were independent
of the adual sourcelocaion (Middebrooks, 1999 (Fig. 2, upger panels). A computational
model that incorporated the source spedra and the diredion-dependent filter functions of
listeners eas acaurately predicted thase e@roneous location judgements; in the figure, light
colorsindicae the model predictions and the symbasindicae adual |ocation judgements. We
tested the resporses of ca cortica neurons to similar narrow-band sounds (Xu et a., 1999. An
artificial neural network was trained with response patterns elicited by broadband sounds at
various locations, then the trained network was used to classfy resporses to narrow-band sounds



(Fig. 2, lower panels). The computational model that predicted human location judgments was
modified only by substituting the filter functions from the feline subjects. That model
successfully predicted the elevations that were signaled by the cat cortical neuronsin response to
the narrow-band sounds.
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The results of these studies suggest that |ocations of sound sources are written in the
auditory cortex in asyntax that incorporates both the magnitudes and temporal features of neural
spike patterns. The accuracy of location coding succeeds and fails under conditions similar to
those that in humans produce accurate or illusory location sensations.
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