
Human Auditory Cortex !



Primary 
auditory 

cortex!
Secondary 
auditory 

cortex!

Corresponds to 
apex of cochlea!

Corresponds to 
base of cochlea!Areas 41 & 42!



Macaque! Human!

Auditory Cortex in Macaque & Human!



Parvalbumin Defines Macaque Core Auditory Cortex !

RT!
R! AI!low!

high!high!?!



Organization of Auditory Cortex!
in Non-Human Primate (NHP) !

Hackett and Kaas!

In NHPs the core auditory 
cortex is located in the 
ventral bank of the  
lateral sulcus. 



Functional Imaging in Macaque Auditory Cortex !
Petkov et al. 2006!

Alternating blocks of 0.5 kHz and 8 kHz tones.      
For significantly active voxels (inset), frequency 
selectivity = difference in signal correlation to Low vs. 
High tones. Results are thresholded to show only 
strongly frequency selective voxels.  

Timecourse of BOLD response illustrating that 
clusters of voxels underneath labels in (A) 
showed greater activation to the high frequency 
tone at H1 and H2 but to the low frequency tone 
at L1 and L2 



Functional Imaging !
in Macaque Auditory 

Cortex!

Petkov et al. 2006!



•  Anterior (A), primary (AI), posterior (P) and 
ventroposterior (VP) auditory cortices each are tonotopic. 

•  Receptive fields of individual cells also include selectivity 
for sound source location and sound intensity. 

Multiple tonotopic fields in cat auditory cortex!

 
 

 
 

Reale & Brugge  (1990) Schreiner & Weiner (2007) 



AI tonotopy studied via in vivo 2-photon microscopy!
anesthetized mice, no correction for laser noise or acoustic calibration !

Nat Neurosci 2010, 13:361-368. 

Nat Neurosci 2010, 13:353-360 

sound source 10cm from 
contra ear 
 
50ms tones,  
5 ms rise/ fall 
8 repetitions per stim 

sound source possibly 
coupled to contra ear (not 
specified clearly) 



Dichotomy in mouse AI tonotopy !
in vivo two-photon Ca2+ imaging 

Classical tonotopic map shows a 
smooth increase in the preferred 
frequency along a rostrocaudal axis.  

Two-photon imaging reveals 
tonotopy only on a large scale. 
(open circles: no clear BF, or unresponsive to tones.  

Castro & Kandler (2010) summary of Bandyopadhyay et al (2010) 



Scattered distribution of response thresholds 
undermines iso-frequency representation!

Effects of Sound Level on Tonotopy !



Discharge Rate as a function of Sound Level:  
Monotonic  or  Nonmonotonic  !



Cortical Mapping of Sound Level!
clustering of cells with monotonic and nonmonotonic sensitivity to SPL!



Iso-frequency Functional Subregions of AI!

EI!EE!

Schreiner & Weiner (2007) 



Binaural Bands in cat AI 

Imig & Adrian (1977)	




Preference for Noise in!
Belt Auditory Cortex 

•  Analysis based on voxels significantly actived by tones and/or noise  
•  Voxels responded more to noise than tones 
•  Responses in auditory belt areas were larger to noise than tones	


Petkov et al 2006	




The belt and parabelt:!

§ have additional inputs from other 
MG nuclei and other parts of the 
thalamus. !

§ are implicated in integrative and 
associative functions involved in 
pattern perception and object 
recognition. !

MGB Ventral nucleus!
Principal division of the auditory thalamus!

"Core!
Cochleotopically organized fields that generally 

display clear responsive to pure tones!
!

"Belt     !
Multiple fields less precisely cochleotopic and more 

responsive to complex stimuli than tones. !
!

Parabelt !
Rostral and caudal divisions lateral to the belt!

Kaas, J.H., Hackett, T.A., and Tramo, M.J. Auditory 
processing in primate cerebral cortex, Current 
Opinion in Neurobiology,1999, 9:164-170.!

Temporal, parietal, & 
frontal cortex!

… which mediate space perception, auditory 
memory and other functions 



Auditory cortical subdivisions & processing streams!

Kaas & Hackett 2000 Macaque 



rostral auditory cortex to 
temporal & prefrontal 

caudal auditory cortex 
to parietal & prefrontal 

Prefrontal!
!
!
!
!
!
!
!

Belt & parabelt!
!
!
!
!

Core!
!
!
!!

Thalamus !

Auditory Cortical Processing Streams!
PATTERN (“what”) 

thought to represent pattern/object information 
in a stream originating in anterior core and belt 
areas, broadly influencing the temporal lobe.  

SPACE (“where”) 
thought to link AI via the caudomedial 
belt to frontal eye field and parietal 
targets implicated in spatial processing. 



Auditory Cortical Processing Streams: Evidence?!
Evidence from human imaging studies generally 
supports the dual-pathway (streams) hypothesis... 
 

“What” processing (e.g., determining the pitch, using working memory, phonemes) 
predominantly activates auditory cortex and inferior prefrontal lobe. 

Spatial processing is associated with the activation of posterior temporal 
areas, parietal cortex and superior frontal sulcus. 

…But imaging studies do reveal some caveats 
 
Zatorre et al (2001, 2002) showed that the‘where’ pathway might be 
involved in tasks like sensorimotor integration and the disambiguation of 
overlapping sound sources, and that spatial sensitivity is linked to spectro-
temporal features.  

Alain et al. (2001) reported a significant correlation between the temporal 
and parietal cortex during pitch and localization tasks, suggesting 
considerable cross-talk between the streams. 



Auditory Cortical Processing Streams: Evidence?!

Localization and pattern processing are not 
necessarily independent auditory tasks 
 
Spatial information is a key factor contributing to the “determination”  
(or recognition) of sound sources, and sound localization is greatly 
influenced by the spectral and temporal structure of sounds. Moreover, 
a growing body of evidence suggests that spatial information is carried 
in temporal discharge patterns and encoded in the ensemble activity 
distributed throughout auditory cortex. 



Poremba (2003)!

Schematic summary of cortical areas related to the processing of auditory, auditory plus 
visual, and visual stimuli.  Based on 2-DG studies of unilaterally deaf macaques.   (Poremba et 
al. 2003)!

Multimodal Role for Dorsal Pathway? 
Poremba (2003) – functional mapping 



Timing theories: 
•  sufficient for musical pitch, which 

deteriorates at high frequencies 

 
20 

 
 

500 
 
 
 
 
 

4000 
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Hz Timing Code!



Langner, G. 1992. Periodicity coding in the auditory system. Hearing Res. 60: 115–142.!

Within Cochlear Nucleus: 

onset acts as trigger	


chopper acts as oscillator  
responding with short bursts of regular 
intrinsic oscillations to each modulation period	


pauser acts as reducer 
generating intervals precisely 
related to the signal fine structure	


Langner’s view of periodicity pitch processing!
a correlation is performed between signal fine-structure and envelope!



Langner’s view of periodicity pitch processing!
a correlation is performed between signal fine-structure and envelope!

Langner, G. 1992. Periodicity coding in the auditory system. Hearing Res. 60: 115–142.!

 

•  activated by simultaneous inputs from 
oscillator and reducer, responds best 
when signal fine-structure and envelope 
are correlated and the envelope period 
matches the reducer delay.  

•  Thus the IC neuron responds best to a 
periodically modulated sound (BMF) and 
is simultaneously representing a certain 
frequency and a certain pitch.  

oscillator	


trigger	


reducer	


Cochlear Nucleus 

disc cell	


Inferior Colliculus 



Neural Representation of AM !
auditory nerve!



Transformation in Representation of AM !
auditory nerve (dashed lines) and cochlear nucleus (solid lines)!

enhancement of envelope synchronization 
and extended dynamic range!

Emergence of bandpass tMTFs.!
!



Transformation in representation of AM !
Brainstem to midbrain!



Auditory Midbrain Rate Tuning to AM!
Langner and Schreiner (1988)!

!



Topographic Representation of AM !



Transformation in representation of AM !
Thalamus to cortex !

Typical tMTFs (synchronized firing rate) from MGB and AI (anesthetized cat). 

Composite tMTFs derive from averaging all tMTFs for thalamic and cortical units 
separately. The dotted lines indicate the 6-dB upper cut-off frequency. 



AM Coding in Rhesus 
Auditory Cortex!

Composite MPHs show how activity of a 
population of neurons recorded from the same 
hemisphere of one rhesus monkey responds to 
60-dB SAM stimuli at best carrier frequency. Macaque auditory cortical neurons respond 

with highest firing rate and best synchrony 
to slowly modulating SAM stimuli (<20 Hz) Malone et al (2007)	




Modulation Frequency (Hz) 

lowest     mean           highest	

- 1 SD     + 1 SD	


upper cutoff freq	
best mod freq	




Percepts of Amplitude-Modulated Tones !

The rate at which the temporal 
envelope of fluent speech varies is 
typically about 4 Hz (syllables/s) 

Dots indicate cutoff values for 
modulation transfer functions 
of auditory nerve fibers 

Harmonic complex tones produce a 
pitch comparable to the fundamental 
frequency, but the lower harmonics can 
be removed without affecting the pitch, 
resulting in "residue pitch" if fc and fm 
chosen within the shaded region. 

Small ITDs can be detected 
between modulated stimuli to 
the two ears. 



Nature 2005, 436:T162-165 



A Pitch- Selective neuron!
Bender & Wang’s criteria for pitch-selectivity: 

•  the neuron had to respond significantly to both pure tones and MFs with a similar pitch.  
•  all harmonics of the MF had to be outside the neuron’s excitatory frequency response area.  



In this pitch region: 
 
•  131 neurons responded to pure tones, and 51 (39%) were 

pitch-selective. Pitch-selective and -nonselective neurons 
exhibited similar CFs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
•  50 additional neurons responded poorly to pure tones, but did 

respond to narrowband or wideband stimuli such as harmonic 
complex tones, SAM, SFM, click trains, or band-pass noise.  

•  A subset of 10 neurons only responded to harmonic complex 
and SAM tones with rep rates similar in frequency to the CFs 
of neighboring neurons.  

Bender & Wang (2005) 

53 neurons (3 marmosets) were “pitch-selective”.  
51/53 were located within a low-frequency region 
near the rostrolateral border of AI. 



Binary Spiking !











Auditory Scene Analysis!
(sound source determination) !

• Sounds from multiple sources arrive at the auditory periphery as one complex 
sound field. Individual sources are then resolved from spectro-temporal patterns. 

• A single source can stimulate a wide region of the cochlea, with multiple sources 
simultaneously stimulating the same peripheral frequency channels. 

• Determining the source of a sound depends on analytic processing to segregate 
spectral components according to source.  



Waves from environmental sound sources !
mingle before reaching the ears 

Time 
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Auditory system disentangles the sources 

Time 
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ue
nc

y 



Yost calls this “Sound Source Determination” 



Grouping Principles !

Proximity:  
•  Tones close in frequency will group together, 

constraining the extent of frequency jumps 
and the number of streams.  

•  Tones with similar timbre will group together. 

•  Speech sounds of similar pitch will tend to be 
heard from the same speaker.  

•  Sounds from different locations are harder to 
group together across time than those from 
the same location. 

Auditory scene analysis is well described by many of the Gestalt 
principles recognized in visual scene analysis  (Bregman)	


Common fate:  
•  Sounds from a common source tend to start 

and stop at the same time and change in 
amplitude or frequency together (vibrato).  

•  A single component is easy to hear out if it is 
the only one to change in a complex. 

Good continuation:  
•  Abrupt discontinuities in frequency or pitch, can 

give the impression of a different sound source. 



Perceptual Grouping!

Simultaneous Le
ve

l 

Freq 

Clarinet 
Voice 

Sequential!
‘Streaming’ 

Time 
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y 

•  Separating frequency components that arrive 
simultaneously from multiple sources  

 (e.g., the segregation of a single voice). 

•  Simultaneous grouping features include 
spectral separation, harmonicity, onset/offset 
asynchrony, co-modulation, etc. 

•  Deciding which group of components at one 
time is a continuation of a previous group. 
(e.g., connecting the parts of the same melody). 

•  Temporal order judgment is good within one 
stream but bad between steams.  



Harmonic mistuning promotes segregation 

If a harmonic is mistuned by > 2-3%, it stands out perceptually!
(Moore et al., 1985, 1986; Hartmann et al., 1990 ) 

Le
ve

l 

200 400 600 800 1000 1200 

Frequency 
200 400 618 800 1000 1200 

stimulus! percept !

1 sound 
pitch: 200 Hz 

2 sounds 
Harmonic (pitch: 200 Hz) 
Pure tone (618 Hz) 



Onset asynchrony promotes 
perceptual segregation!
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Time 

stimulus percept 

1 sound 

2 sounds 



Co-modulation promotes perceptual segregation !
Fr
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Coherent FM promotes the fusion of harmonics 
Darwin et al. (1994) 



Perceptual continuity!

perceptual continuation of a 
gliding tone through a noise burst 

picket fence effect with speech 

Sound interrupted by a noise that masks it, can appear continuous — the auditory 
system interpolates across the mask, creating the illusion of continuity.	




Auditory streaming!

If the tone frequencies are similar, the percept is 
a single stream of sound with a galloping rhythm.  

repeating triplet of tones.!

Average source waveforms from auditory cortex 
of 14 human listeners in response to ABA tone 
triplets with different A-B frequency separations 

Fig 6.
Average source waveforms from the auditory cortex of 14 listeners in response to ABA tone
triplets with different A-B frequency separations (indicated in semitones on the left; they
increase from top to bottom), and for a control condition in which the B tone was replaced by
a silent gap (bottom trace). The P1m and N1m peaks evoked by the trailing A tone are labeled
on the bottom trace. The three tones are represented schematically at their respective temporal
positions underneath the traces. Each tone was 100 ms (including 10 ms ramps), the offset-to-
onset interval-tone interval within each triplet, 50 ms, and the inter-triplet interval, 200 ms.
The source waveforms shown here reflect activity originating from dipoles located in or near
Heschl's gyrus (right and left hemispheres), as determined by spatiotemporal dipole source
analysis (Scherg et al., 1990). Further methodological details can be found in Gutschalk et al.
(2005). The main difference between the experiments described in that earlier study and that

Micheyl et al. Page 25
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Micheyl et al (2007) 

But if the "A" and "B" tones are far apart the 
gallop disappears, and two streams are heard. 

12  semitones =  1 octave	




Auditory streaming!
Responses in awake rhesus macaque auditory cortex 
Number of spikes evoked in A1 during each of 20 successive ABA-triplet sequences. 

500 ms	


etc… to total 10s 

Time	


∆F 
(semitones) 

Segregation builds up over time, and depends on the AB frequency separation 

Adapted from Micheyl et al (2007) 



Auditory streaming!
Caveats on interpretation of neural data 

•  Certain neural properties in auditory cortex, including tonotopicity and multi-
second adaptation are consistent with known perceptual characteristics of 
streaming, but that doesn’t mean that these cortical properties determine 
the streaming percepts. e.g., those properties have also been observed below cortex. 

•  Much of the current evidence is a comparison of neural responses obtained 
in one species with psychophysical data collected in another.  

•  Most neural studies have used only pure tones, but perceptual segregation 
occurs with many stimulus types, including sounds that activate overlapping 
tonotopic channels (e.g. Grimault et al., 2001).   The sensitivity of A1 
neurons to temporal cues may be important in stream segregation. 

•  Psychoacoustic experiments have shown that attention can influence the 
build-up of stream segregation (Carlyon et al 2001, Cusack et l 2004), but 
neural studies have yet to address this issue.  



Neural Mechanisms for Stream Segregation?!
• TEMPORAL COHERENCE of neural 

responses to sounds perceptually unifies 
a stream, distinct from other responses. 

Shamma et al, 2011	


• ATTENTION initiates binding, modulating 
neural maps and/or temporal coherence 
patterns of relevant acoustic features.  



Attention in Auditory Streaming!

Adapted from Shamma et al., 2011 

Attention sharpens 
cortical receptive field 

•  Frequency tuning is sharper in a ferret’s auditory cortex when the ferret attends to a 
repeating target tone than when he listens to the entire sound mixture. 

•  The sharper RF enhances segregation of the target from the background of the maskers.  



Segregation of a melody from 
interfering tones. On each repetition 
the pitch of the melody is raised 
(by two semitones).  At some point 
the listener will be able to segregate 
the melody from the distractor tones.  

Auditory streaming!

Streaming in Ugandan xylophone 
music: two musicians play note 
sequences equally spaced in time 
(isochronous). Interleaving of these 
cycles creates high and low 
perceptual streams with irregular 
rhythms.  



Spectral separation   
• Sometimes two or more sounds having different spectral 

components can be resolved by frequency selectivity. 

Temporal separation & Asynchrony   
• Multiple sound sources are often asynchronous (onset 

or offset) & temporally complex, aiding segregation. 

Profile analysis & Timbre   
• Sound spectra are characterized by their intensity 

variation as a function of frequency.  
• The auditory system is sensitive to changes in spectral 

profile despite variation in overall sound level. 
• Timbre allows discrimination of one sound from another 

when both have the same pitch, loudness, and duration.  
Different spectra give rise to different timbres.   

Spectral Modulation   
• Changing a frequency modulation or modulating a 

complex set of harmonics facilitates segregation.  

Spatial separation 
•  IID and ITD are cues for segregation, particularly with 

competing signals. e.g., cocktail party effect 
•  Increasing separation between masker and signal 

improves discrimination.  e.g., multiple talkers 

Informational masking 
• The inverse relationship between pattern complexity 

and target resolution is called informational masking. 
• Variation in target location in a pattern, total number of 

elements in the pattern, and stimulus uncertainty affect 
the information content of a sequence.  

Temporal modulation 
• Coherence of change among spectral components may 

help the auditory system to identify those components 
as originating from a single source (can be AM or FM). 
• A coherently modulated cue band offers relief from 

masking (comodulation masking release). 
• A modulated masker can impair detection of a 

modulated signal (modulation detection interference).  

Harmonicity   
• A sound consisting of harmonics is usually perceived as 

a single pitch equal to the fundamental frequency even if 
the fundamental is absent in the sound spectrum.   
• Fusion of spectral components into an image or entity is 

described as a pitch. 

Cues for Sound Segregation!


