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Key points

• Voices are information-rich “auditory faces” that the human brain is expert at processing
• The three main types of voice informationdspeech, identity, affectdare processed in interacting, but dissociable functional

pathways (as for faces)
• The Temporal Voice Areas (TVAs) constitute crucial nodes in the network of cortical regions processing voice information
• The TVAs categorize conspecific vocalizations apart from other sounds
• Evidence of TVAs in the rhesus macaque suggests a long evolutionary history of the vocal brain

Abstract

The human voice is arguably the most important sound category of our auditory environment by the wealth of socially-
relevant information it carries: speech, but also identity and affect. The cerebral processing of voice information involves
bilateral “temporal voice areas” (TVAs) that categorize voice apart from other sounds, and represent voice stimuli as
a function of their acoustical dissimilarity with an average voice template. The finding of functionally homologous TVAs in
the macaque brain suggests a long evolutionary history of the vocal brain.

Introduction

Imagine you are sitting on a train, and you hear a conversation in a foreign language in the row behind you. You do not see the
speakers’ bodies or faces, and you cannot understand the speech content because you do not know the language. Still, an amazing
amount of information is available to you. You can evaluate the physical characteristics of the different protagonists, including their
gender, approximate age and size, and associate an identity to the different voices. You can form a good idea of the different
speaker’s mood and affective state, and you also attribute personality traits to the speakers such as trustworthiness or dominance.
In brief, despite the fact that linguistic information is unavailable, you can form a fairly detailed picture of the social interaction
unfolding, which a brief glance backwards can on the occasion help refinedsometimes surprisingly.

This example is meant to illustrate our exquisite ability to extract and process the multiple types of information carried by
voicednot “just” speech. It indicates the existence in the human brain of neural mechanisms dedicated to extracting and processing
voice information. Unfortunately, most of the research effort directed at understanding these cerebral mechanisms has focused on
a single type of voice informationdspeech. This is understandable given the uniqueness of human speech in the animal kingdom,
but has resulted in a comparative lack of understanding of how other types of voice information are processed. The present article
aims at presenting a non-exhaustive summary of research dedicated in the past two decades to understanding how the different
types of voice information are processed by our brain.

The “auditory face” model of cerebral voice processing

Voices most often carry linguistic information (“speech”), although there are many instances in which voices don’t carry any speech
at all, as in laughs or coughs. But in addition (or not) to speech, voices also carry other types of information that also play a crucial
role in our social interactions: person-related information on the speaker who produced the vocalization. We can perceive in voice
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information on the stable physical characteristics of the speaker: his or her sex, her approximate age, an estimate of her size; we can
form “vocal signatures” of speakers encountered repeatedly, allowing us to recognize them from novel utterances. We can also
perceive in voice more transient aspects of the speaker’s physiological state, allowing inferences on his or her motivational and
emotional state. We also form more subtle impressions of a speaker’s personality form his or her voice, that sometimes leave us
confused when we see the actual face of the person. Thus, speech is only one of the multiple types of information a voice carry.

Remarkably, the different types of information we perceive in voice are also routinely perceived in faces. Despite the very
different nature of their physical structure (light reflections hitting the retina in the eye vs. pressure waves inducing vibrations of
the basilar membrane in the ear), faces and voices carry similar types of socially relevant information: both carry linguistic infor-
mation (phonemes for voice, visemes for faces, i.e., representational units used to classify speech in the visual domain) but also
relevant information on the identity and effective state of the speaker. From that perspective, voices can be considered as “auditory
faces”, and it is tempting to hypothesize that the analogy could extend to the underlying neuronal mechanisms. Indeed, the compu-
tational problems faced by the brain (robustness to noise, template matching, invariance, .) are of a similar nature for faces and
voices, and the computational units (cortical columns) the same. This in turn suggests that the rich theoretical and methodological
body of work on face perception can be used to generate hypotheses on the cognitive and cerebral mechanisms of voice perception.

Accordingly, we conceptualized the above notion by extending Bruce and Young’s (1986) seminal model of face processing
(Bruce and Young, 1986; see also Young and Bruce, 2011) and proposed a broadly similar functional architecture for voice process-
ing (Belin et al., 2004), as already suggested by several authors (Ellis, 1989) (Fig. 1)dsee Young et al. (2020) for a recent reformu-
lation emphasizing differences in processing. This model is wrong, like all models, but the hope is that it can be useful in generating
testable hypotheses.

The most basic, but fundamental information conveyed by voices is that they consist of human voices, i.e., sounds produced by
the vocal tract of a conspecific human being. The “auditory face” model proposes a first processing stage where voices are percep-
tually categorized apart from all other sounds and represented relative to voice-specific templates: the “structural encoding” stage.
After that initial voice-specific stage, the three main types of vocal informationdspeech, identity, affectdare further processed in
three interacting, but partially dissociable functional pathways: (1) a pathway for analysis of linguistic (speech) information,
involving anterior and posterior superior temporal sulcus (STS) as well as inferior prefrontal regions and pre-motor cortex predom-
inantly in the left hemisphere; (2) a pathway for analysis of vocal affective information, involving temporo-medial regions, anterior
insula, and amygdala and inferior prefrontal regions predominantly in the right hemisphere; (3) a pathway for analysis of vocal
identity, involving “voice recognition units”dprobably instantiated in regions of the right anterior STSdeach activated by one
of the voices known to the person (Fig. 1).

These three functional pathways are proposed to interact with each other during normal processing. For instance, interactions
between the linguistic and identity pathways are well established: speech in noise is more intelligible if spoken by a familiar voice
(Nygaard and Pisoni, 1998; Holmes et al., 2018), and conversely, speaker recognition is more robust when a familiar language is
spokendthe “language familiarity effect” (Perrachione and Wong, 2007).

The model further proposes that a functional pathway can be selectively impaired while the two others function normally. That
prediction is verified in the case of receptive aphasia, in which a patient experiences selective deficits in voice linguistic analysis while
the perception of vocal identity or emotion remains normal; and in the case of phonagnosia, either acquired (Van Lancker et al.,

Fig. 1 The “auditory face” model of voice perception. The right-hand part of the figure is adapted from Bruce and Young’s model of face
perception (Bruce and Young, 1986). The left-hand part proposes a similar functional organization for voice processing. Dashed arrows indicate
multimodal interactions. Candidate brain areas are proposed for each processing stream. Reproduced with permission from Campanella and Belin
(2007).
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1988) or developmental (Garrido et al., 2009), in which a person with normal speech comprehension and perception of voice affect
is selectively impaired in recognizing speaker identity. Other predictions of the model (e.g., interaction between identity and affec-
tive pathways, or existence of patients with selective deficits in voice affect perception) remain to be challenged.

The temporal voice areas (TVAs) and the extended voice network

Functional MRI studies comparing cortical responses to vocal vs. nonvocal sounds show that the human cerebral substrate for voice
perception is centered on secondary auditory cortical regions located bilaterally along the superior temporal gyrus (STG) and sulcus
(STS). These “temporal voice areas” (TVAs) show greater fMRI signal in response to vocal sounds, whether they contain speech or not,
compared to other categories of non-vocal sounds such as environmental sounds, amplitude-modulated noise (Belin et al., 2000,
2002; Von Kriegstein and Giraud, 2004; Grandjean et al., 2005; Ethofer et al., 2007; Ethofer et al., 2009; Blank et al., 2011; Linden
et al., 2011; Moerel et al., 2013), or to hetero-specific vocalisations (HV) (Fecteau et al., 2004). Sound stimuli including vocal and
nonvocal sounds necessary for a “voice localizer” fMRI scan can be found here: https://neuralbasesofcommunication.eu/download/.

The TVAs are fairly variable in exact anatomical location across individuals and hemispheres. Yet they are highly reliable within
subject as indicated by test-retest reliability analysis (Pernet et al., 2015). A mega-analysis of the voice localizer collected in several
hundred participants (Pernet et al., 2015) included a cluster analysis of local voice-sensitivity maxima that suggested an organiza-
tion in three “voice patches” along the antero-posterior axis of the STG and STS bilaterally. And indeed, 3 bilateral maxima of voice
selectivity can be found in most individuals along STG/STS: we call these 3 voice patches the posterior, middle and anterior TVAs
(pTVA, mTVA and aTVA). One important unanswered question concerns the exact functional differences between these three voice
patches: as for faces, they could instantiate increasingly abstract, invariant representations of the vocal signal.

The power afforded by the large sample size in Pernet et al. (2015) also showed that the TVAs are but the most salient part of an
extended “vocal brain”, a bilateral, distributed network of cortical and subcortical regions showing small but significant voice-
sensitivity. As for face processing (Haxby et al., 2000), evidence suggests the TVAs constitute a Core network for voice processing
in the temporal lobe connected to an Extended network comprised of additional cortical and subcortical areas. The Extended voice
network notably includes 3 sets of bilateral prefrontal areasdthe posterior, middle and anterior prefrontal Voice Areas (a, m and
PFVA) (Aglieri et al., 2018) as well as the amygdala (Fig. 2).

Our voice cognition abilities most often involve more than simply detecting a voice, and our behavioral goals often make us
focus on one specific type of voice information: speech content, identity, affective state, etc. Results from neuroimaging studies
on the perception of voice gender (Charest et al., 2013), identity (Latinus et al., 2011, 2013), affect (Bestelmeyer et al., 2014b)
or attractiveness (Bestelmeyer et al., 2012) converge to the notion of an interplay between the Core and Extended voice networks
to extract and process voice information relevant to behavioral goals. These studies suggest that neuronal activity in the Core
Network is essentially related to extracting voice acoustics, essentially driven by acoustical proximity to the voice template in the
middle voice patches TVAm, and by acoustical differences with the previously heard voice stimulus in more anterior TVAa. That
acoustical information is further processed by the Extended Network as a function of the task demands, involving subcortical areas
such as the amygdala (Bestelmeyer et al., 2014a,b) and several areas of prefrontal cortex bilaterally (Bestelmeyer et al., 2012, 2014b;
Charest et al., 2013; Latinus et al., 2011, 2013).

Fig. 2 Core and extended voice networks. (A) The Core Network: Three bilateral temporal voice areas (TVAs) as suggested by cluster analysis of
individual voice sensitivity maxima. (B) The Extended Network: group analyses with large sample sizes reveals voice sensitivity in a number of extra
temporal areas notably in bilateral inferior prefrontal cortex and the amygdala. Adapted from Pernet et al. (2015).
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The existence of TVAs in the cortex of the vast majority of normal listeners has been verified by several groups and can hardly be
disputed. What remains less clear is the functional role of the different voice patches. Are these cortical areas even performing
computations related to voice perception? The TVA patches do not only respond to voices: they also respond to other complex
sounds, although less strongly. One possibility is that these areas are part of a larger set of areas performing general timbre
analysisdanalogous to cortical areas performing general visual shape analysis of which the FFA and OFA constitute prominent
nodes (Haxby et al., 2001). This potential analogy is reinforced by neuroimaging studies of timbre processing that show that areas
of anterior temporal lobe close to the location of the central TVAm cluster respond to the manipulation of different timbre cues in
complex sounds (Warren et al., 2005; Menon et al., 2002). Another clue on the TVA’s functional role comes from studies of social
cognition that indicate a striking involvement of neuronal populations along the STS for processing social signals in
generaldstimuli from other humans such as mouth, hand, eyes, etc. The observation of voice-sensitive neuronal populations along
the STS, particularly in the most posterior voice patch TVAp, constitute additional evidence for a strong involvement of STS cortex in
representing social stimuli.

One influential hypothesis on the functional significance of the FFA activations in response to faces if that they reflect a compu-
tational stage of face detection (Tsao and Livingstone, 2008). This face detection stage would constitute a mandatory computational
stage before processing further facial information according to behavioral goals. Indeed automatic face processing research suggests
it is computationally much more rapid and efficient to first detect face stimuli then apply specific fine-grained template matching or
filter mechanisms only on the detected faces to extract higher-level face information (identity, affect, .) rather than to apply those
filters or match internal templates directly on all incoming stimuli, faces as well as non-face objects (Tsao and Livingstone, 2008).
Such mandatory face detection stage before more advanced goal-oriented processing is akin to what Vicky Bruce and Andy Young
conceptualize as a face “structural encoding” stage in their influential model of face processing (Bruce and Young, 1986; Young and
Bruce, 2011): a processing stage where a stimulus is recognized as a face and at which its internal structure is encoded for further
processing along three main processing routes.

The analogy between face and voice processing suggests that the notion of a mandatory detection stage could also apply for the
TVAs. The “voice structural encoding” stage of the “Auditory Face” voice processing model would correspond to voice detection, i.e.,
the recognition that an incoming sound stimulus is a human voice. As for faces this stage could consist of a mandatory processing
stage before higher-level processing of different types of voice information.

This “structural encoding” stage could not only detect a voice but also at the same time match it to internal voice templates. This
notion is consistent with evidence that the TVA encode novel voices using a norm-based code (Latinus et al., 2013): voices more
acoustically different from an internal voice template (actually two: one male and one female) are perceived as more distinctive
and elicit greater activity in the TVAs than voices more similar to the prototype. This encoding scheme, strikingly similar to face
encoding schemes (Leopold et al., 2006; Loffler et al., 2005; Koyano et al., 2021) would constitute a parsimonious way of encoding
voice information for further processing in the extended voice network.

Evolution of the TVAs

How the evolution of speech has transformed the human auditory cortex compared to other primates remains largely unknown.
While primary auditory cortex is organized largely similarly in humans and macaques (Kaas and Hackett, 2000) the picture is
much less clear at higher levels of the anterior auditory pathway (Rauschecker et al., 1995), particularly regarding the processing
of conspecific vocalizations (CVs).

A “voice region” similar to the human TVAs has been identified in the macaque right anterior temporal lobe with functional MRI
(Petkov et al., 2008); however its anatomical localization seemingly inconsistent with that of the human TVAs has suggested a “repo-
sitioning of the voice area” in recent human evolution (Ghazanfar, 2008). A more recent comparative fMRI study observed important
differences in the cerebral processing of harmonic sounds in the anterior temporal lobe of humans and macaques (Norman-Haignere
et al., 2019), suggesting a “fundamental divergence” in the organization of higher-level auditory cortex.

Both studies suggest that the cerebral processing of CVs (often highly harmonic) might have fundamentally diverged in the
human lineage compared to other primates; they cast doubts on the usefulness of non-human primate models for studying
higher-level audition in humans. However no study yet has compared vocalization processing by humans and macaques using
the same MRI scanner and experimental protocol and with conclusive results at standard significance thresholds (but see Joly
et al. (2012)).

To address this issue we recently used comparative fMRI and scanned awake rhesus macaques (n ¼ 3) and humans (n ¼ 5) on
the same 3T MRI scanner (Siemens Prisma) using an identical auditory stimulation paradigm. Auditory stimuli (n ¼ 96) consisted
of brief complex sounds sampled from 16 categories grouped in 4 larger categories: human speech and voice (n ¼ 24), macaque
vocalizations (n ¼ 24), marmoset vocalizations (n ¼ 24) as well as complex non-vocal sounds (n ¼ 24). The comparison of
fMRI volumes acquired during sound stimulation vs. the silent baseline revealed general auditory activation by the stimulus set.
Both humans and macaques showed extensive bilateral STG activation centered in both species on core areas of the auditory cortex
(A1) and extending rostrally and caudally to higher-level auditory cortex.

We next searched for CV-selective activations by contrasting in each species the fMRI signal measured in response to CVs vs. all
other sounds. In humans this comparison confirmed the classical pattern of three TVAs along mid-STS to anterior STG bilaterally
with additional voice-selective activations in premotor and inferior frontal cortex including in bilateral BA 44 and 45. In macaques,
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the contrast of macaque vocalizations vs. all other sounds primarily yielded bilateral CV-selective activations in anterior STG and
extending ventrally to the upper bank of STS in the left hemisphere. These regions correspond to the cytoarchitectonic area ts2, con-
firming the localization of the macaque voice area previously described in the right hemisphere (Petkov et al., 2008) while empha-
sizing its bilateral nature: the left voice area was actually more consistently located in our macaques than its right counterpart. We
call these bilateral voice areas the macaque aTVAs because of their anterior STG localization analogous to that of the human aTVAs
(Bodin et al., 2021) (Fig. 3).

We then compared sound representations in the aTVA with those in primary auditory cortex (A1) using Representational Simi-
larity Analysis (Kriegeskorte et al., 2009). In A1, we found strikingly similar sound representations in humans and macaques, essen-
tially reflecting acoustical differences between stimuli (Bodin et al., 2021). In the aTVA, in contrast, sound representations were

Fig. 3 Functionally homologous aTVAs in humans and macaques. (A) The contrast of fMRI signal acquired during stimulation with conspecific
vocalizations vs. all other sounds highlights TVAs in humans (left) and macaques (right). Bar plots indicate the responses of the left and right aTVAs
to the 16 subcategories of sound stimulid4 leftmost categories in blue are human voices, 4 next in red are macaque vocalizations. (B) Left: Cerebral
Representational Dissimilarity Matrices (RDMs) capturing pairwise differences in BOLD signal evoked by the 16 sound categories. Right: acoustical
RDMs and categorical model RDMs for the 16 categories. (C) Comparison of the cerebral RDMs to the acoustical and model RDMs shows strong
correlations with acoustics in A1 of both species, but strongest correlation with the species-specific categorical model in aTVAs. Adapted from Bodin
et al. (2021).
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markedly different in humans and macaques: in both species BOLD signal differences between sounds were best explained by
a binary model categorizing conspecific vocalizations apart from the other sounds. Thus, not only have the aTVAs analogous
anatomical localizations, they are functionally homologous in humans and macaques.

A group in Budapest recently developed a dog fMRI scanning strategy where dogs are trained using operant conditioning with
positive food and social reinforcement to stay still in the scanner for about 10 mindwhich they learn much faster than the
macaques! A group of dogs was scanned during auditory stimulation with sounds of dog vocalizations, human voices and environ-
mental sounds, allowing the delineation of functionally sensitive auditory cortex and the comparison of selectivity in different
cortical areas (Andics et al., 2014). The contrast of images of brain activity measured during stimulation with dog vocalizations
vs. the other sounds highlights a small region of middle ectosylvian gyrus that shows significant preference of dogs vocalizationsda
dog homolog of the voice areas. Furthermore that area was found to be modulated by the affective content of the vocalizations
(Andics et al., 2014), much like the human TVAs (Ethofer et al., 2009, 2012).

Together the macaque and dog findings of TVA homologs provide strong evidence for a long evolutionary history of voice pro-
cessing. The most parsimonious explanation for the fact that voice areas can be found today in these species is that the voice areas
were already present in some rudimentary form in the last common ancestor of humans, macaques and dogs, more than 80 million
years ago! Thus the neural mechanisms dedicating to analyzing conspecific vocalizations have been evolving during these tens of
millions of years and it is not surprising that they are highly developed in our brain. This notion implies that we should be able to
find voice areas in the brain of many other living animals for whom accurate processing of conspecific vocalizations has some adap-
tive significance. This also implies that than when they started speaking some 0.1e0.2 million years ago, our ancestors were already
equipped with sophisticated neural machinery for processing voice information which they could bootstrap to develop a novel
mode of vocal communicationdspeech.

Conclusion

Research into the cerebral mechanisms of the non-linguistic aspects of voice cognition has been lagging compared to speech or face
perception research, but it is gaining increasing momentum. Current results suggest, in strong analogy with known mechanisms of
cerebral face processing, a distributed vocal brain with a core network of areas centered on the TVAs and an extended network
including extra-temporal areas such as the amygdala and areas of inferior prefrontal cortex. The core network corresponds to a stage
of “voice structural encoding” that performs voice detection and acoustical template matching while the extended network performs
higher-level goal-related computations organized in three interacting processing streams specialized in extracting one particular type
of vocal information.

Many open questions remain for a better understanding of the functional architecture of the vocal brain. About the core network
in the TVAs: How different is the vocal stimulus representation in the different voice patches? Can homologs of the voice patches be
found in macaques and do they show a progression in the voice representation similar to what has been evidenced for the macaque
face patches (Freiwald and Tsao, 2010; Freiwald et al., 2009)? Are there precise anatomo-functional correspondences in the human
TVAs that could help interpret their large inter-individual variability, and could such correspondences be observed in simplified
form in the macaque brain? About the extend network: what is the precise functional topography of prefrontal areas engaged by
voices? What is their pattern of anatomical connectivity with the core TVAs and how does this co-vary with inter-individual differ-
ences in behavioral performance? How is the pattern of functional connectivity between core and extended networks modulated by
task demands and how is it affected in acquired or developmental phonagnosia? etc.

Also, while voice perception and production are intimately related, the extent to which their neural substrates overlap or interact
remains largely unexplored. Is activity in TVA modulated during vocalization production (in a similar fashion as some neurons in
primary auditory cortex are inhibited)? What is the connectivity between the voice core and extended network and voice production
areas? Are there differences in activity depending on whether subjects are passively listening to voices or if they are engaged in
conversations? Much exciting work lies ahead on our road to answer these important questions on the functioning of one of
our most ancient and important ability to extract information from conspecific vocalizations.
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