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Summary
A fundamental scientific question in auditory neuroscience is identifying the mechanisms required by the brain
to transform an unlabelled mixture of auditory stimuli into distinct and coherent perceptual representations. This
transformation is often called "auditory-scene analysis". Auditory-scene analysis consists of a complex interac-
tion of multiple neurocomputational processes, including Gestalt grouping mechanisms, attention, and perceptual
decision-making. Despite a great deal of scientific energy devoted to understanding these aspects of hearing, we
still do not understand (1) how sound perception arises from neural activity and (2) the causal relationship be-
tween neural activity and sound perception. Several lines of evidence indicate that the ventral auditory pathway
plays a prominent role in auditory perception and decision-making. Here, we review the contribution of the
ventral pathway to auditory perception and put forth challenges to the field to further our understanding of the
relationship between neural activity in the ventral pathway and perception.
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1. Introduction

Hearing is fundamental to and spans our human existence.
We can hear selectively: we can focus on a sound that a
banjo player is producing and ignore the music produced
by the rest of the band. But, then, we can switch our atten-
tion to the voice of the band’s singer. We can hear in a va-
riety of environments: in a quiet library or in a busy, loud
restaurant. Hearing in this loud restaurant is particularly
challenging because our dining partner’s voice is embed-
ded in a complicated mixture of stimuli of other patrons
talking, waiters describing the specials of the day, dishes
clanking, and background music.
This remarkable capacity is associated with a num-

ber of computational processes, which act in both paral-
lel and serial, including: perceptual grouping, decision-
making, and attention. (1) Perceptual grouping is a form
of feature-based stimulus segmentation that determines
whether acoustic events are grouped into a single sound
or are segregated into distinct sounds [1]. (2) Auditory
decision-making is a computational process in which the
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brain interprets sensory information in order to detect, dis-
criminate, and identify the source or content of auditory
stimuli [2]. (3) Although attention is not always neces-
sary, our awareness of a sound can be influenced by at-
tention [3]. For example, we can choose whether to listen
to or ignore the mandolin, the fiddle, or even the whole
band during a concert. Likewise, we can selectively attend
to the particular features in a person’s voice that allow us
to identify the speaker.
It is widely believed that the neural computations and

processes that mediate auditory perception are found in
the ventral auditory pathway[4, 5, 6]. In rhesus monkeys
[7, 8, 4], this pathway begins in the anterolateral (AL) belt
region of auditory cortex, which receives input from core
regions of auditory cortex, specifically the primary audi-
tory cortex (A1) and field R and the mediolateral (ML)
belt region. AL, in turn, projects directly and indirectly via
the rostral parabelt (rPB) region of the auditory cortex, to
the ventrolateral prefrontal cortex (vlPFC). An analogous
pathway has been identified in humans[7].
In this review, we focus on the processing that occurs

in different stages of the ventral auditory pathway. We re-
view the mechanisms and representations along the ventral
pathway, with an emphasis on those experiments that com-
bined electrophysiology with auditory behavior. We inte-
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grate these studies into a model of hierarchical processing
in the ventral pathway. We attempt to reconcile different
sets of studies and pose challenges to the field as to how to
best study processing along this pathway.

2. Neural correlates of auditory perception
in the auditory cortex

Although not technically a part of the ventral pathway,
a large literature has focused on the contribution of A1
to perception and behavior. The results of these studies
have been, to some degree, controversial. Typifying the
controversy is A1’s contribution to perceptual decision-
making. In order to study decision-making, humans and
non-human animals engage in a behavioral task, while
neuronal signals are recorded simultaneously during the
task. The critical manipulation is to probe behavior when
a stimulus is "ambiguous". For example, if a listener is
asked to report whether a sequence of tone bursts con-
tained more "low-frequency" or "high-frequency" tone
bursts (a "low-high" task), an ambiguous or "noisy" stimu-
lus would be one that contained 50% low-frequency tone-
bursts and 50% high-frequency tone bursts. Using this
strategy, changes in stimulus features can be separated
from those related to changes in the behavioral report. In
essence, if a neuron codes a stimulus feature, its response
should be invariant to the behavioral choice. In contrast, if
a neuron reflects the behavioral choice, then neuronal ac-
tivity should differ as a function of the choice. This is often
called "choice-related" activity.
Several studies have noted such choice-related activity

in A1 [9, 10, 11, 12, 13, 14]. For example, in one study
in which ferrets participated in a pitch discrimination task,
both local-field potentials and spiking activity were modu-
lated by the ferrets’ pitch judgments. Work from the Sutter
lab has also identified A1 and belt-region activity that was
modulated by choice; in these experiments, rhesus mon-
keys detected changes in amplitude-modulated noise. In a
human neuroimaging study, core auditory cortex was mod-
ulated by whether listeners could discriminate between
ambiguous speech sounds.
A different set of literature, however, has failed to iden-

tify choice-related activity in A1 and several belt regions
of the auditory cortex. Work from Romo’s group failed to
see choice activity in A1 while rhesus monkeys were dis-
criminating between acoustic flutter but did see elements
of choice behavior in the ventral premotor cortex [15, 16].
Similarly, several studies from our lab have not identified
choice-related activity in the auditory cortex [17, 18, 19].
In a recent study, we asked monkeys to detect a target
stimulus in various signal-to-noise regimes and found that,
on average, A1 activity was not modulated by choice. A
different finding emerged at the population level: a linear
decoder could read-out choice as well as various task pa-
rameters (single-to-noise level and "signal" versus "noise"
trials) from these neurons. This implies that information
about choice and task is available in the population, which

potentially could be encoded more robustly in those sin-
gle neurons that receive input from A1. In another set of
studies in which monkeys were engaged in the low-high
task, we found average AL and ML activity was not mod-
ulated by choice. In a final study, monkeys participated
in a two-interval, discrimination task in which they re-
ported whether two phonemes were the "same" or "differ-
ent". Once again, average AL activity was not modulated
by choice.
We cannot totally reconcile these different sets of find-

ings. However, we wonder whether these differences may
relate to the specific nature of the different auditory de-
cisions. For example, for those studies in which choice-
related activity was observed [11, 12, 13], the animal lis-
teners were asked to make an auditory decision about a
relatively low-level stimulus feature (pitch or amplitude
modulation). Because these features may be represented
directly in an A1 neuron’s firing rate, A1 activity may be
able to encode the sensory evidence for these decisions. In
contrast, in the sets of studies that did not identify choice-
related activity, [15, 16, 17, 18, 19], rhesus monkeys were
required to make a decision about a stimulus attribute that
may not be encoded directly in a neuron’s firing rate. In-
deed, in our signal-to-noise detection task [19], we found
that the firing rates of most A1 neurons were not mod-
ulated by different signal-to-noise levels. For such deci-
sions, it is feasible that only later regions of the ventral
auditory pathway participate in the decision process.
This raises an intriguing idea. Namely, the neurocompu-

tations underlying auditory perception may be multiplexed
along the ventral auditory pathway. In other words, de-
pending on the demands of the task and the nature of the
auditory decision, a particular brain region may differen-
tially contribute to the different computations underlying
auditory perception and decision-making. To test this idea,
we would minimally have to record simultaneously in dif-
ferent brain regions and examine how single neurons and
neuronal populations are modulated by the same task with
different types of stimuli and also by different tasks with
the same stimuli.

3. The contribution of time to understand-
ing decision-making

We have previously reported the presence of choice-
related activity in the vlPFC [20]. In that study, rhesus
monkeys discriminated between two phonemes and re-
ported whether they were the same or were different. We
found that, for the same nominal stimulus, vlPFC activity
was modulated by choice.
At first glance, this combination of studies from AL,

ML, and vlPFC suggest a hierarchical processing stream
in which sensory evidence early in the pathway (AL and
ML) gets transformed into a categorical choice later in the
pathway (vlPFC). However, although this posited hierar-
chy seems quite enticing, it is missing a critical piece of
information: when do these computations occur? This tim-
ing information is critical because it can help us differenti-
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ate between neuronal responses related to feedforward and
feedback connectivity.
Indeed, the ventral auditory pathway is as rich in feed-

back connections to cortical and subcortical regions as it
is in feedforward connections [7, 21]. Because of this rich
interconnectivity, the presence of, for example, A1 choice-
related activity does not necessarily imply that this infor-
mation arises in A1 nor does it necessarily follow that it is
part of a feedforward process in which this choice-related
activity contributes causally to the eventual auditory de-
cision. Similarly, if vlPFC choice-related activity occurs
after the actual choice, our interpretation of its functional
utility would be substantially different than if it occurred
at the time of the choice.
One means to resolve this issue is to identify ap-

proaches by which a subject’s behavioral responses can
be related to underlying neurocomputational processes
and ultimately to neuronal activity. A successful approach
has been to combine behavioral tasks with variants of
sequential-sampling models, like the drift-diffusion model
[2]. These models quantify the process of converting in-
coming sensory evidence, which is represented in the brain
as the noisy, spiking activity of populations of relevant
sensory neurons, into a decision variable that guides be-
havior [22]. A key benefit of these models is that they
can make quantitative predictions about both choice and
response time as a function of the manipulated stimulus
parameter (e.g., signal-to-noise ratio). Thus, we can use
these models to jointly fit (1) the psychometric function,
which describes accuracy versus the manipulated stimu-
lus parameter and (2) the chronometric function, which
describes response time versus the manipulated stimulus
parameter. The fits to this model yield insights into the
decision process that gives rise to the measured accuracy,
response times, and trade-offs between the two [2]. Fur-
ther, these model fits also allow us to approximate the time
of occurrence of the decision process: the drift-diffusion
model partitions a subject’s response times into "decision"
and "non-decision" times. Decision time reflects the time
(relative to stimulus onset) needed to make a perceptual
decision, whereas non-decision times reflect sensory de-
lay, motor preparation and other post-decision processing.
Using this approach, we have made several important

insights into the temporal dynamics of an auditory per-
ceptual decision that are needed during the low-high task
[17, 23]. These temporal dynamics reflect this particular
auditory decision and whether or not they generalize to
other auditory decisions is an open question. Regardless,
relative to the time of stimulus onset, we found compa-
rable stimulus sensitivity (i.e., the degree to which neu-
ronal activity was modulated by the percentage of low-
and high-frequency tone bursts in a sequence) and choice-
related activity in ML and AL. However, on a neuron-by-
neuron basis, when we compared AL’s responses relative
to the decision time, we found a correlation between stim-
ulus sensitivity and choice-related activity. Importantly,
this correlation became significant just before the decision
time. We failed to find such a correlation in the ML data.

This suggests that AL–but not ML–may transmit the in-
formation used in this decision. Consistent with these ob-
servations, microstimulation of AL sites biased the rhesus
monkeys’ behavior, whereas ML sites did not bias behav-
ior. vlPFC neurons appear, on average, to signal choice-
related activity only after the inferred decision commit-
ment. vlPFC may then play a role in monitoring or evalu-
ating decision outcomes.
Where then is the brain region that actually encodes the

decision?We have yet to identify this area. But, we suspect
that the parabelt may be a prime target because it receives
input from AL and projects to vlPFC. Even without the
identification of the putative site(s) that encodes the actual
decision, this temporal analysis strongly suggests a feed-
forward pathway between ML and the vlPFC along with
the respective functional roles.
We believe that being able to identify the temporal dy-

namics of a decision-making process and then relating
these dynamics to neuronal activity is a powerful way to
identify a flow of information. We encourage others to use
a similar approach in order to distinguish between feedfor-
ward and feedback contributions to perception and behav-
ior.

4. Conclusions and future questions

Of course, several fundamental questions remain. First,
as noted above, understanding how feedforward versus
feedback information contributes to neural correlates of
perceptual judgments remains an open question. Relat-
edly, the degree to which subcortical processes interact
with decision-making and these feedforward and feedback
loops is an open question. Second, the degree to which dif-
ferent types of auditory judgements differentially engage
different regions of the ventral pathway have yet to be fully
articulated. A third question is to identify how the different
computational processes (e.g., perceptual grouping, atten-
tion, and decision-making) that underlie auditory percep-
tion interact with one another at both the cortical and sub-
cortical level. For example, it remains an open issue as to
whether and how attention differentially modulates neu-
ral correlates of auditory perception at different hierarchi-
cal levels of the ventral auditory pathway (e.g., A1 versus
AL) [24]. Another example is the potential interactions be-
tween auditory perceptual grouping and decision-making.
Finally, it is important to identify the manner by which the
dorsal and ventral auditory pathways interact in order to
form a consistent and coherent representation of the au-
ditory scene and the degree to which the dorsal pathway
(and potential other pathways) mediate perception.
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