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Abstract 

The social interactions of many animals critically depend on identifying other individuals to 

interact with or avoid. Recognizing specific individuals by voice requires extracting auditory 

indexical cues in communication signals, such as the voice-identity related content in 

vocalizations. Moreover, recognizing individuals can be facilitated by combining different 

forms of sensory inputs, such as when a vocalization is heard while the corresponding facial 

expression is seen. Our understanding of the neuronal substrates involved in processing voice 

content in communication sounds has been steadily increasing: Neurobiological insights are 

now available not only from human neuroimaging studies but also from comparative 

neuroimaging data in nonhuman animals, which together identify the cross-species 

correspondences that can be made between voice-sensitive brain regions. The insights 

obtained using brain functional imaging have also had the added benefit of establishing 

certain animals as model systems in which neuronal processes and pathways can be 

interrogated at finer neurobiological scales than is possible in humans. The use of bridging 

neuroimaging techniques in humans and other animals allow the neuronal-level insights 

obtained in animal models to better translate to and inform the understanding of homologous 

processes in the human brain. In this chapter, we overview these developments, summarizing 

knowledge on the functional characteristics of voice sensitive neurons and on cortical 

pathways that integrate auditory voice with visual face input. This review highlights how 

some of the gaps in our understanding have begun to close and identifies empirical challenges 

that remain on the horizon.  

  



“There is very little difference in people, but that little difference makes a big difference.”  

― Rags to riches businessman and philanthropist W. Clement Stone 

Imagine a future world where androids created in the service of humanity are mass produced 

and look and speak identically. Socially it would be a vapid world, and because of this would 

quickly get replaced with one where there are more natural interactions between humans and 

machines, where every android is an individual and, at the very least, has a distinct face and 

voice. Evolutionary pressures have ensured that individual animals can be readily identified 

by face, voice or other physical attributes. So nature’s playground is full of dashing 

variability within and between species, because identifying individuals not only makes life 

more interesting but is important for social interactions and survival.  

This book considers the intriguing variability in vocal and facial signals that we and 

other animals use to communicate with each other and the neurocognitive operations that 

work on these signals. Our chapter begins with a cursory background, simply to set the stage, 

into what is a rich history of scientific pursuit more thoroughly discussed elsewhere in this 

book and the literature (e.g., Campanella and Belin, 2007; Young and Bruce, 2011; Blank, 

Wieland, and von Kriegstein, 2014). Our contribution to this narrative focuses on the 

neurobiological correspondences between neural signals and pathways processing voice and 

face communication signals in the brains of human and nonhuman primates. How the 

artificial neural networks of intelligent machines recognize individuals will for now remain 

beyond the scope, although it will be enthralling in the future to compare machine 

recognition with the way that living brains solve the problem of recognizing communication 

signals and individuals. 

 

Section 1 - Voice sensitive brain regions 

Studies in the visual sensory modality yielded the earliest insights into how the brain 

processes identity-related information. Face-sensitive neurons were identified in the monkey 

inferior temporal cortex, as neurons responding more strongly to faces compared to other 

non-face objects (Bruce et al., 1981; Perrett et al., 1982). Subsequently, neuroimaging studies 

revealed face-category preferring regions in the human fusiform gyrus as well as occipital 

and other brain areas (Sergent et al., 1992; Kanwisher et al., 1997; Haxby et al., 2001). 

Monkey neuroimaging studies showed homologous visual face-category sensitivity in the 

fundus and inferior bank of the superior-temporal sulcus (STS) in the temporal lobe 

(Logothetis et al., 1999; Tsao et al., 2006; Tsao and Livingstone, 2008; Freiwald and Tsao, 

2010; Ku et al., 2011).  

Scientists have also intensified efforts to investigate the processing of auditory voice-

related content in communication sounds. Many neuroimaging studies of human acoustic 

communication focus on understanding the neural substrates for speech and language 

(Hickok and Poeppel, 2007; Binder et al., 2009; Friederici, 2011; Berwick et al., 2013; 

Bornkessel-Schlesewsky et al., 2015). Parallel work in nonhuman animals has been 

identifying the neurobiological representations of referential signals (i.e., “what” was 



vocalized) as an evolutionarily related process to human communication of meaning via 

speech (Romanski, 2012; Ghazanfar and Takahashi, 2014). Another strand of work, inspired 

in part by visual studies of face processing, where neural responses to face vs non-face 

categories of stimuli are used to identify face-sensitive regions in the brain, led to analogous 

experiments in the auditory domain. Belin and colleagues used functional magnetic resonance 

imaging (fMRI) to discover voice sensitive regions in the human brain, as those that respond 

stronger to voice vs non-voice categories of sounds (Fig. 1A; Belin et al., 2000; Belin et al., 

2004).  

However, human voice regions also respond strongly to speech (Fecteau et al., 2004), 

and speech and voice content engage overlapping neural processes in the human temporal 

lobe (Formisano et al., 2008; for more recent evidence see Mesgarani and Chang, 2012). 

These observations left open the possibility that voice and speech processes in humans are 

functionally intertwined, such that human voice regions may have functionally specialized in 

ways that differ from how voice content is processed in the brains of nonhuman animals. 

In support of the notion that the function of voice regions is evolutionarily conserved 

in primates, Petkov and colleagues obtained fMRI evidence that rhesus macaques (an Old 

World monkey species) have, as do humans, temporal lobe voice sensitive regions that 

respond more strongly to voice than non-voice categories of sounds (Petkov et al., 2008). A 

recent fMRI study in marmosets identified temporal lobe regions that respond more strongly 

to conspecific vocalizations than other categories of sounds (Sadagopan et al., 2015). The 

neuroimaging study in marmosets sets the stage for interrogating the sensitivity of these 

regions to voice content in a New World monkey and provides additional insights into voice 

regions in the primate order. Separately, temporal lobe voice sensitive regions have also been 

identified in domestic dogs (Andics et al., 2014). Thus, the neuroimaging evidence to date in 

humans, monkeys and dogs supports the notion of broadly conserved voice sensitive neural 

clustering of operations and functions. Nonetheless, additional studies in other animals and 

species are needed to unravel the broader evolutionary picture. 

In neuroimaging studies, voice sensitive regions are typically identified as areas of the 

brain that show a stronger response preference to a collection of voices in comparison to 

categories of other types of complex natural sounds. An additional functional property of 

some of these voice regions is selectivity for particular voices within the voice category of 

vocalization sounds. Namely, several acoustical features, including the vocal filtering of the 

sound produced by the vocal source in the mammalian larynx, provide indexical cues that 

animals use to identify individuals (Rendall et al., 1998; Smith et al., 2005; Fitch and Fritz, 

2006; Ghazanfar et al., 2007). Harnessing this natural variability in the category of 

vocalizations produced by different individuals (while ensuring that the vocal expression or 

meaning of the vocalizations produced by these individuals is the same; See Video 1 and 2) 

can be an effective strategy for identifying neural processes sensitive to the acoustical cues 

that animals use to identify other individuals.  

 



Video 1: Dynamic face and audio of a monkey producing a ‘coo’ vocalization. This is a 

video of a monkey producing a species-specific ‘coo’ call. Video 2 shows the same 

individual producing a different type of vocalization. 

Video 2: Dynamic face and audio of the same monkey producing a ‘grunt’ vocalization. 

Videos such as these can be used to stimulate neurons and to assess multisensory influences. 

For instance, the video alone can be played to determine if the neuron is visually driven, the 

soundtrack alone can be played to see if the neuron is sound drive, and the combined audio-

visual signal can be presented to determine if the response differs than the response that the 

neuron provided to the visual or auditory stimulus alone. Using videos from different 

individuals producing the same types of vocalizations is also useful for studying identity 

sensitive neurons, see manuscript text. 

 

In certain voice sensitive regions, strong categorical responses to the set of voices 

could reflect a neural process coding for the species-specific voice characteristics of the 

sounds (a human voice, a monkey voice etc). In the same or other fMRI identified voice 

clusters, neural responses may be particularly sensitive to specific individual voices within 

the voice category of sounds, which is important for identifying individuals. In this regard, 

anterior temporal lobe regions in the human brain show a sensitivity to the variability in voice 

identity within the category of human voices producing the same type of vocalization (Fig. 

1A; Belin and Zatorre, 2003; von Kriegstein et al., 2003; McLaren et al., 2009; Andics et al., 

2010). A corresponding sensitivity has also been seen in macaque monkeys (Petkov et al., 

2008), as follows: of several fMRI clusters identified in the monkey supra-temporal plane, 

the most anterior one is particularly sensitive to “who” vocalized rather than “what” was 

vocalized, showing more variable responses to different individuals producing the same type 

of vocalization than to different call types produced by the same individual (Fig. 1B).  

Thus although the evidence from nonhuman animal neuroimaging studies on voice-

content sensitivity remains relatively sparse, the results from monkey fMRI emulate two of 

the functional characteristics identified for anterior voice-identity sensitive fMRI clusters in 

humans. Namely, human and monkey voice-identity sensitive regions show a sensitivity to 

both the category of voice vs non-voice sounds, with more anterior temporal lobe regions 

also showing a sensitivity to different individual voices within the voice category (Fig. 1). 

Other brain regions, such as frontal cortex, can also show voice category sensitivity 

(Campanella & Belin, 2007), responding to certain aspects of voice content in 

communication sounds (not illustrated in Fig. 1). How neurons support these intriguing types 

of regional responses, however, cannot be answered with fMRI, because this neuroimaging 

approach indirectly measures neuronal ensemble responses by way of the blood oxygen level 

dependent response. Direct recordings from neurons in the fMRI identified regions in the 

animal models are required to understand the response characteristics of neurons in voice 

sensitive brain regions.  

 



 

Figure 1. Imaging voice-sensitive fMRI clusters in the primate temporal lobe. (A)Voice-category 

sensitive sites (voice vs. non-voice sounds; blue) in the human temporal lobe and those that are voice-

identity sensitive (within category; red). The identified sites are projected onto the surface using 

pySurfer software (https://pysurfer.github.io/) and correspond to the identified peak of activity 

clusters reported in: (Belin et al., 2000; Belin and Zatorre, 2003; von Kriegstein et al., 2003; Andics et 

al., 2010; Chandrasekaran et al., 2011; Latinus et al., 2013; Watson et al., 2014). These 

representations focus only on the temporal lobe and the right hemisphere, although, as the original 

reports show, the left hemisphere and other brain areas have voice-sensitive regions that respond 

selectively to the categorical differences between voice vs non-voice sounds. For a probability map of 

the location of voice-category sensitive regions in humans see (Pernet et al., 2015). (B) Summary of 

voice-category and voice-identity sensitive sites in the macaque temporal lobe, obtained from peak 

activity clusters reported in (Petkov et al., 2008). Also shown in purple are vocalization-sensitive peak 

responsive sites as reported in macaque neuroimaging studies using monkey vocalizations for stimuli 

(Poremba et al., 2004; Gil-da-Costa et al., 2006; Joly et al., 2011). Abbreviations: a, anterior; p, 

posterior; PAC, primary auditory cortex; TP, temporal pole; STS, superior-temporal sulcus; STG, 

superior-temporal gyrus; STP, superior-temporal plane. Image reproduced from (Perrodin et al., 

2015b). 

 

 

Section 2 - Voice sensitive neurons and their response characteristics 

In the 1980’s, neuronal recordings in nonhuman primates obtained first evidence of neurons 

with robust responses to faces (face cells). In the 1990’s face-sensitive regions were 

discovered in humans using brain neuroimaging, which was followed at the turn of the 

millennium by comparative fMRI evidence for face sensitive regions in the brains of 

macaque monkeys; (reviewed in Tsao and Freiwald, 2006; Campanella and Belin, 2007). 

With the discovery of voice identity sensitive regions in humans (Belin et al., 2000) and that 

these regions in the human temporal lobe appear to have evolutionary counterparts in the 

https://pysurfer.github.io/


brains of nonhuman primates (Petkov et al., 2008; Sadagopan et al., 2015), the stage was set 

to ask whether voice regions contain “voice cells”, and, if so, whether their response 

characteristics would closely emulate those that have been described for face cells. Arguably, 

the auditory system tends to show less tangible and obvious organizational properties than the 

visual and somatosensory systems (Nelken et al., 2003; Griffiths et al., 2004; King and 

Nelken, 2009). Namely, acoustical features tend to be processed by large populations of 

neurons (distributed code), which does not require strong selectivity for particular features to 

be evident in individual neurons (Bizley et al., 2009; Rothschild et al., 2010; Mizrahi et al., 

2014).  

 

Section 2.1 – Location of the anterior voice sensitive cluster and position within the 

auditory processing hierarchy 

The fMRI-based localization of the anterior voice-identity sensitive cluster in the macaque 

monkey shows that its position straddles anatomically delineated regions Ts1/Ts2 (Galaburda 

and Pandya, 1983; or area RTp in the terminology of Saleem and Logothetis, 2007) on the 

anterior supra-temporal plane. This area is rostral to the primary and immediately adjacent 

non-primary auditory cortical areas (Fig. 2B; Kaas and Hackett, 2000; Petkov et al., 2008). 

The anterior temporal lobe voice-sensitive cluster falls between the 4th and 5th processing 

stage in the auditory cortical hierarchy, downstream from the tonotopically organized core 

(1º), ‘belt’ (2º) and parabelt (3º) fields (Rauschecker et al., 1995; Kaas and Hackett, 2000; 

Petkov, 2006; Petkov et al., 2008; Kikuchi et al., 2010; Perrodin et al., 2011). Thus the 

anatomical localization of the anterior voice area places it at an intermediate level in the 

ventral auditory “object” processing stream, whose feedforward connectivity successively 

links auditory cortical fields with association areas in the superior temporal sulcus (STS), 

superior temporal gyrus (STG) and ventral prefrontal cortex (Romanski, Tian, et al., 1999; 

Plakke and Romanski, 2014; Scott et al., 2015).  

 

Section 2.2. – Do voice cells exist, and if so are their response characteristics comparable 

to those known for face cells? 

 

In an initial study of neuronal responses from the voice cluster located in the anterior supra-

temporal plane, fMRI maps identifying this anterior voice sensitive cluster were obtained in 

each of the macaque monkeys and used to guide neurophysiological recordings (Fig. 2A; 

Perrodin et al., 2011). Three categories of sounds from the voice-localizer paradigm in the 

original monkey fMRI study were used to acoustically stimulate neurons (Petkov et al., 

2008). The sounds used for stimulation included conspecific macaque vocalizations produced 

by many individuals (many voices). Neuronal responses to this category of sounds were 

compared with those to two other categories of sounds: animal vocalizations from other 

species (again many voices but not from conspecific individuals) and familiar natural sounds 

that were recorded from the animal’s home environment (e.g., rain, running water, etc). The 

sounds in each of the three categories were subsampled from a larger stimulus set so that the 

resulting categories of sounds used in the experiments were as acoustically comparable as 

possible: this meant that at least two low-level features were matched across the three 

categories of sounds, the frequency content and fluctuations in sound energy.  



  

Comparing neuronal response amplitudes to each of the three sound categories 

showed a rather modest proportion of neurons within the voice-sensitive brain area that could 

be characterized as ‘voice cells’ (~25% of the neuronal sample). Voice cells are defined as 

neurons that respond two-fold stronger to the collection of conspecific voice stimuli than to 

the stimuli in the other two categories of sounds (Fig. 2C; Perrodin et al., 2011). Auditory 

studies in animal models have shown that neuronal responses typically become increasingly 

more selective for complex sound features along the auditory processing hierarchy 

(Rauschecker et al., 1995; Romanski et al., 2005; Chechik and Nelken, 2012; Bizley et al., 

2013; Kajikawa et al., 2015). This occurs in particular as one ascends the ventral processing 

stream in auditory cortex (Rauschecker et al., 1997; Rauschecker, 1998; Kaas and Hackett, 

1999; Romanski, Tian, et al., 1999; Rauschecker and Tian, 2000; Tian et al., 2001), the 

processing stream that is more sensitive to object features (‘what’ stream), in relation to the 

dorsal stream that by comparison is more sensitive to spatial features (‘where’ stream).  

 

The response selectivity for species-specific vocalizations seems to increase in the 

auditory processing hierarchy outside of primary auditory cortex (Rauschecker et al., 1995; 

Tian et al., 2001; Poremba et al., 2004; Recanzone, 2008; Kikuchi et al., 2010; Fukushima et 

al., 2014). By comparison, in the initial processing stages of the auditory cortex, the neuronal 

responses to conspecific vocalizations are often not different to responses given to control 

sounds containing at least similar spectral content (Wollberg and Newman, 1972; 

Rauschecker et al., 1995; Wang, 2000; Recanzone, 2008). The results obtained from voice-

sensitive neurons in the anterior supra-temporal plane, a few stages of processing further 

down the ventral processing pathway downstream from primary auditory cortex, show 

considerable selectivity for voice and other vocalization features (Perrodin et al., 2011, 2014).  

 

How do these impressions about voice cells in the auditory modality compare to those 

that have been obtained for face cells in the visual modality? Comparing the results from 

voice sensitive neurons in the auditory modality to observations in the visual “face” 

processing system already shows some discordance between voice and face cells response 

characteristics, indicating that voice cells do not appear to be direct analogs of visual face 

cells.  

 

The relatively small proportion of voice cells is in stark contrast to the results of 

several studies of face cells, which report high clustering of face-selective cells ranging from 

60% to 90% (or higher) across different face clusters throughout the macaque monkey 

inferior temporal cortex (Tsao et al., 2006; Freiwald and Tsao, 2010; McMahon et al., 2015; 

Aparicio et al., 2016). In addition, comparing voice cell responses to individual voices within 

the conspecific voice stimulus category showed that voice cells in the anterior temporal 

cluster are also remarkably stimulus-selective, only responding to a select few voices within 

the conspecific voice sound category (Fig. 2D; Perrodin et al., 2011). Given the anatomical 

location of the anterior voice region within the auditory ventral processing pathway, the 

stimulus-selectivity of voice cells is expectedly higher than the selectivity for vocalizations 

reported at several stages of the auditory processing hierarchy, such as the core and belt 



auditory cortex (Tian et al., 2001; Recanzone, 2008). The stimulus selectivity of neurons in 

the anterior voice cluster is also higher than those from an auditory region in the insula 

(Remedios et al., 2009) and lateral portions of auditory cortex on the superior-temporal gyrus 

(Russ et al., 2008). By comparison, the high stimulus-selectivity of the voice cells in the 

anterior temporal lobe is on par with that measured for neurons responding to conspecific 

vocalizations in the ventro-lateral prefrontal cortex (Gifford et al., 2005; Romanski et al., 

2005; Romanski, 2012). The high neuronal selectivity noted for voice cells also appears to 

diverge from the response characteristics that have been reported for face cells, which, by 

comparison, typically respond more broadly to the majority of faces presented within the face 

stimulus category (Fig. 2E;  Hasselmo et al., 1989; Tsao et al., 2006). Thereby, comparisons 

of the proportion and general characteristics of voice sensitive neurons are in concordance 

with other data from the auditory ventral processing stream. These comparisons provide 

complementary information on voice sensitivity that can be related to human voice sensitive 

regions by way of the links that can be made to the corresponding monkey fMRI 

observations. However, when voice cell response characteristics are compared to those that 

are known for face cells, the results so far raise the possibility that voice cells are not direct 

auditory analogs of face cells.  

 

It is possible that the auditory and visual pathways may have specialized in different 

ways for processing the indexical cues about individual identity (Perrodin et al., 2011). 

However, methodological differences need to be excluded: For instance, given that sounds 

are by their nature dynamic and many prior studies of face sensitive neurons have assessed 

responses to static images, it is possible that these apparent discrepancies in voice and face 

cell response characteristics may become less apparent when face cells responses are assessed 

with dynamic faces. It would also be useful to re-assess comparisons between voice and face 

cell characteristics once more data is available from neuronal recordings in other voice 

clusters in the temporal lobe (such as those closer to the auditory core and belt; Petkov et al., 

2008).  

 

 

  



  
 

 

 

Figure 2: Probing voice cells and their auditory response characteristics. (A) Illustrated is the 

targeting approach for recording neurons from the anterior voice-identity sensitive fMRI cluster in the 

aSTP (anterior superior-temporal-plane, red), using stereotaxic coordinates and a neurosurgical 

targeting system to guide electrode placement (purple line). Classical multisensory (association) 

cortex in the upper bank of the superior-temporal sulcus (STS) is illustrated in yellow. The fundus and 

lower-bank of the STS can contain face-sensitive clusters (blue). (B) Individual fMRI map of the 

voice-sensitive cluster (red heat map) in relation to other parts of auditory cortex in one of the 

macaques in the Perrodin and colleagues’ studies (ibid 2011; 2014; 2015). The axial MRI slice is 

aligned in plane with the STP (dotted black line) from (A). Also shown are the outlines of the 

separately localized auditory fields (black outlines), such as tonotopically organized core and belt 

auditory cortex (Petkov et al., 2006; Petkov et al., 2008). AP: antero-posterior; ML: medio-lateral 

coordinates. (C) Exemplary spiking response selectivity of a voice sensitive cell displaying a two-fold 

stronger response to the MVocs category (monkey vocalizations from many individual voices) than to 

the other two sound categories (AVocs: animal vocalizations, NSnds: natural environmental sounds). 

(D) Voice sensitive cells (n = 21) respond selectively to a small subset of the stimuli presented within 

the MVocs category. The black squares indicate that the particular MVoc stimulus elicited a response 

larger than the half maximum response for a particular voice cell. (E) Voice sensitive cells appear to 



be more stimulus-selective, i.e., respond well to smaller percentages of the presented voices (Perrodin 

et al., 2011), than face cells which by comparison tend to respond to ~55% of the faces within the 

category of face stimuli (Baylis et al., 1985; Hasselmo et al., 1989; Tsao et al., 2006). Shown is mean 

± SEM. (F) Neurons sensitive to voice (caller) identity tend to show invariant responses to different 

vocalizations (here the responses to “coo” and “grunt” calls are averaged) but differential responses to 

different callers (caller M1 vs. M2; Perrodin et al., 2014). Panels A and F are reproduced from 

Perrodin et al. (2014) with permission from the Society for Neuroscience. Panels B-E are reproduced 

from Perrodin et al. (2011). 

 

Section 2.3 – Auditory feature sensitivity of voice region neurons in relation to neurons in 

adjacent temporal lobe regions 

The sensitivity of voice-area neurons to a number of auditory stimulus features was 

investigated by quantifying neuronal responses to a set of voices from different human and 

monkey individuals, organized in a multifactorial design. Neuronal spiking rates in the voice 

sensitive cluster were differentially modulated by changes in a number of auditory features in 

the voice stimuli, such as call type (“what” was vocalized), caller identity (“who” vocalized; 

Fig. 2F) and caller species (Perrodin et al., 2014). In particular, the results revealed a distinct 

subpopulation of voice-preferring neurons, which accounts for much of the observed 

sensitivity to caller identity features. Thus, the neuronal recordings show that the responses of 

neurons in voice-sensitive clusters are sensitive to both the category of voices (responding 

stronger to it than non-voice stimuli) and selective for individual voices within the voice 

category of stimuli. The dual neuronal sensitivity to these two features of voice processing is 

paralleled at a very different spatiotemporal scale by the fMRI results in macaques and 

humans, showing that anterior voice-sensitive clusters are sensitive to both the categorical 

distinction between voice versus non-voice stimuli and to specific conspecific voices within 

the category of voices (Belin and Zatorre, 2003; von Kriegstein et al., 2003; Petkov et al., 

2008; Chandrasekaran et al., 2011).  

 

Converging evidence from the visual and auditory modalities points to anterior 

subregions of the temporal lobe being more sensitive to identity-related features than 

posterior temporal lobe sites. In the visual domain, face regions in the anterior inferior-

temporal lobe (aIT; see Fig. 5) are seen to be more sensitive to individual identity-related 

content than more posterior temporal lobe regions in both humans (Kriegeskorte et al., 2007; 

Tsao and Livingstone, 2008) and monkeys (Freiwald and Tsao, 2010; Morin et al., 2014). 

Likewise in the auditory modality more anterior temporal lobe areas are particularly sensitive 

to identity-related content in communication sounds in humans (Belin and Zatorre, 2003; von 

Kriegstein et al., 2003; Andics et al., 2010; Chandrasekaran et al., 2011) and monkeys 

(Petkov et al., 2008). A number of theoretical models also highlight the anterior temporal 

lobe as a region containing sites sensitive to aspects of voice/face identity-related content 

(Bruce and Young, 1986; Campanella and Belin, 2007; Belin et al., 2011; Perrodin, Kayser, 

Abel, et al., 2015). However, since anterior temporal lobe sites are nodes in a broader 

network processing voice and face content (Fecteau et al., 2005; Tsao et al., 2008), more 

posterior voice or face sensitive sites in the temporal lobe network undoubtedly play a 



complementary role in identity processing, especially when features of facial or vocal 

expressions can identify individuals (Freiwald and Tsao, 2010; Morin et al., 2014; Meyers et 

al., 2015; Aparicio et al., 2016). More posterior superior temporal lobe regions can also be 

sensitive to person-related voice or face content, regardless of the sensory modality (Chan et 

al., 2011; Watson et al., 2014; Deen et al., 2015).  

 

How auditory are the neurons in the anterior voice sensitive cluster in relation to 

adjacent sites in the anterior temporal lobe? To answer this question, the neuronal sensitivity 

to auditory vocal features in the voice sensitive cluster in the aSTP was compared to that of a 

neighbouring population of neurons in the upper bank of the anterior STS (see Fig. 2A and 

5). The aSTS is strongly interconnected with adjacent sites including the anterior voice-

sensitive cluster and has long been thought of as an association area involved in multisensory 

object representations (Ghazanfar et al., 2005; Saleem et al., 2008; Chandrasekaran and 

Ghazanfar, 2009; Romanski, 2012; Plakke and Romanski, 2014); in part because it contains 

auditory, visual and bimodal neurons (Beauchamp et al., 2004; Dahl et al., 2009). Neuronal 

recordings in the aSTS region using the same collection of vocalizations from different 

callers as used to study aSTP neuron responses, showed little sensitivity to the auditory 

features tested, such as call type and caller identity. This comparison indicates that neurons in 

the aSTP are more auditory feature sensitive than those in the aSTS (Perrodin et al., 2014). 

Such a loss of auditory feature sensitivity by regions such as the aSTS that are downstream 

from the aSTP is interesting but does not seem to impact upon auditory responsive neurons in 

the prefrontal cortex, which are sensitive to vocalization type (Gifford et al., 2005) and caller 

identity (Plakke et al., 2013). The auditory responsive neurons in the ventrolateral prefrontal 

cortex must receive their auditory sensitivity by other sources than the aSTS, as we will 

consider in the next section.  

Altogether, these results suggest more similarity in auditory-feature representations at 

voice-sensitive clusters and auditory responsive neurons in the ventral prefrontal cortex than 

in an association cortical region such as the aSTS (Stein and Stanford, 2008). These 

impressions substantiate the idea that the neurons in the voice-sensitive cortex in the aSTP 

reflect the properties of a region that is functionally well integrated in the ventral auditory 

processing pathway, downstream to tonotopically organized auditory core and belt fields.  

 

 

Section 3 – Multisensory influences and pathways of convergence for voice and face 

information 

How is the voice sensitive cluster within the anterior temporal lobe functionally 

interconnected with other brain areas in the temporal or frontal lobes, including prefrontal 

cortex? Previous neuroanatomical studies using neuronal tractography have identified 

pathways for sensory input from the temporal lobe into the frontal lobe, including dense 

projections from the second key stage of auditory cortical processing, the auditory belt, into 

prefrontal cortex (Romanski, Tian, et al., 1999; Plakke and Romanski, 2014). In addition, 

projections to frontal cortex from association cortex in the anterior superior-temporal gyrus 



are considerable (Petrides and Pandya, 1988; Seltzer and Pandya, 1989). Yet whether neurons 

in the aSTP voice cluster would project to certain regions of frontal cortex, as strongly as 

either the upstream auditory belt cortex or downstream STS areas, was unclear. 

Insights into the effective connectivity between some of these regions were recently 

obtained using combined electrical microstimulation and fMRI in monkeys. Electrically 

stimulating a brain region and using fMRI to assess which regions respond can reveal the 

synaptic targets of the stimulated site, a presumption supported by the fact that target regions 

activated by stimulation are often consistent with those identified using neuronal anterograde 

tractography (e.g., Matsui et al., 2011; Petkov et al., 2015). This approach allows charting the 

functional effective connectivity of neural pathways. Namely, first a target region is 

electically microstimulated and fMRI used to identify the regions activated by stimulating 

this site. Then a target of the region, identified by its fMRI activity response, is subsequently 

stimulated to identify which additional areas are activated with fMRI that were not evident 

when the first site was stimulated.  

Interestingly, microstimulating voice-identity sensitive cortex in the aSTP does not 

strongly activate prefrontal cortex, unlike stimulation of a downstream multisensory area in 

the STS or stimulation of upstream auditory cortical areas in the lateral belt (Petkov et al., 

2015). Thus, the voice-sensitive cortex in the primate aSTP seems to functionally interact 

primarily with a local multisensory network in the temporal lobe, which includes the upper 

bank of the aSTS and regions around the temporal pole (Fig. 3A). By contrast, stimulating the 

aSTS resulted in significantly stronger frontal fMRI activation, particularly in orbital frontal 

cortex (Fig. 3B). These observations suggest that multisensory voice/face processes can 

influence each other within a network of anterior temporal lobe regions, only parts of which 

have a strong functional impact on frontal cortex. These effective connectivity results 

complement insights on the inter-regional connectivity of auditory and association cortex 

areas in the anterior temporal lobe obtained in studies of either neuronal tractography (Frey et 

al., 2004; Saleem et al., 2008; Plakke and Romanski, 2014; Scott et al., 2015) or neural 

function (Poremba et al., 2004; Kikuchi et al., 2010; Perrodin et al., 2014). They also link to 

information obtained from structural and functional connectivity studies in humans showing 

connections between voice and face sensitive regions (Blank et al., 2011; Ethofer et al., 

2013).   

 



 

Figure 3. Imaging voice-sensitive effective connectivity projection patterns. (A) A study of 

effective functional connectivity using combined microstimulation and brain imaging with fMRI 

shows that electrically stimulating voice-sensitive cortex (blue cross) results in fMRI activity in 

adjacent anterior-temporal lobe (ATL) regions (Petkov et al., 2015). (B) By comparison, the anterior 

STS, a multisensory region that appears to be a functional recipient of voice sensitive cortex and is 

thought to integrate auditory and visual information (Beauchamp et al., 2004; Ghazanfar et al., 2005; 

Saleem et al., 2008; Chandrasekaran and Ghazanfar, 2009; Dahl et al., 2009; Romanski, 2012; Plakke 

and Romanski, 2014), when electrically stimulated also elicits an fMRI activity response in frontal 

cortex, in particular the orbitofrontal cortex (OFC). A: anterior, P: posterior, S: superior, I: inferior. 

Reproduced from Perrodin et al. (2015b). 

 

Section 3.1 - Multisensory interactions in voice sensitive cortex: How multisensory is the 

anterior ‘voice’ sensitive region? 

The initial neuroimaging and electrophysiological studies in monkeys had perhaps too hastily 

referred to the anterior temporal fMRI-identified cluster as a ‘voice’ sensitive area. These 

initial results, obtained studying responses exclusively to auditory stimulation cannot rule out 

that this region is potentially highly multisensory and may not be an auditory voice region 

after all.  

 

Human fMRI studies have shown both functional crosstalk (von Kriegstein et al., 

2005; von Kriegstein and Giraud, 2006; Schall et al., 2013) and direct structural connections 

(Blank et al., 2011) between voice- and face-sensitive regions, suggesting that visual face 

information is available in voice sensitive regions. Other potential sources of visual input into 

the auditory STP include cortico-cortical projections from visual areas (Bizley et al., 2007; 

Blank et al., 2011), feedback projections from association areas, including those in voice/face 

sensitive ventrolateral PFC (Romanski, Bates, et al., 1999; Romanski, Tian, et al., 1999) and 

the multisensory STS (Pandya et al., 1969; Cappe and Barone, 2005). Multisensory 

projections with subcortical origins, such as the suprageniculate nucleus of the thalamus or 

the superior colliculus, could also directly or indirectly support crossmodal influences.  

 



A number of electrophysiological studies have directly evaluated the multisensory 

influences of face input on voice processing in nonhuman primates, in a number of cortical 

sites, including posterior fields closer to the primary auditory cortex (Ghazanfar et al., 2005; 

Kayser et al., 2008), and classical association cortex such as the STS (Ghazanfar et al., 2008; 

Chandrasekaran and Ghazanfar, 2009; Dahl et al., 2009) or ventro-lateral prefrontal cortex 

(Sugihara et al., 2006; Romanski, 2007). In addition, whether the anterior STP would qualify 

as auditory or association cortex had so far been ambiguous based solely on neuroanatomical 

observations (Galaburda and Pandya, 1983; Kaas and Hackett, 1998). Thus, it was unclear 

whether multisensory interactions in this region would be qualitatively comparable to those in 

hierarchically earlier auditory cortical fields, or alternatively, relate better to those seen in a 

multisensory association area in the temporal lobe such as the aSTS.  

 

Section 3.2 - How multisensory are neurons in the anterior voice-identity sensitive fMRI 

cluster compared to neurons at other sites in the temporal lobe? 

To answer whether and how auditory responses to voices are affected by simultaneously 

presented visual facial information, neuronal recordings were performed from the aSTP voice 

cluster in macaque monkeys conducting a visual fixation task during auditory, visual or 

audio-visual presentation of dynamic face and voice stimuli. As expected of an auditory 

cortical area, neurons in voice-sensitive cortex mainly respond to auditory stimuli, while 

silent visual stimuli are mostly ineffective in eliciting neuronal firing (example response Fig. 

4A, Fig. 4B; Perrodin et al., 2014). However, comparing the magnitude of spiking rates to 

unimodal vs bimodal stimulation revealed that auditory firing rates were influenced by the 

visual modality, mainly via nonlinear (sub-additive or super-additive) neuronal response 

modulation (Fig. 4A). This observation provided first evidence for robust visual modulation 

of auditory neuronal responses at a voice-sensitive fMRI cluster in the aSTP (Perrodin et al., 

2014). The direction of nonlinear visual modulation of neuronal responses was further shown 

to be predicted by the relative timing between the natural voice and face stimuli onsets, via 

resetting of the phase of low frequency oscillatory in neuronal ensemble (local field potential) 

responses (Perrodin, Kayser, Logothetis, et al., 2015). Similar types, proportions and 

mechanisms of visual influences have been found to modulate auditory responsive neurons in 

the posterior core/belt auditory cortex (Ghazanfar et al., 2005; Bizley et al., 2007; Lakatos et 

al., 2007; Kayser et al., 2008), suggesting qualitatively comparable neuronal-level 

multisensory interactions in the voice-sensitive aSTP as seen in other auditory cortical 

processing sites.  

 

Extracellular recordings of neuronal activity from association cortex in the anterior 

upper-bank of the STS revealed a comparable proportion of nonlinear audiovisual 

interactions as seen in the aSTP neurons using the same set of stimuli and conditions (Fig. 

4B). However, in agreement with previous electrophysiological studies (Benevento et al., 

1977; Bruce et al., 1981; Dahl et al., 2009), direct crossmodal convergence was more 

prevalent in the STS, where neurons showed a balance of both auditory and visual responses 

(Fig. 4B). These observations are consistent with those in studies highlighting the STS as an 



association cortical region that is a prominent target for both auditory and visual afferents 

(Seltzer and Pandya, 1994; Beauchamp et al., 2004). 

 

Beyond characterizing the proportions and types of multisensory interactions, 

crossmodal influences on neural responses can also differ in their specificity to behaviorally-

relevant multisensory associations (Werner and Noppeney, 2010). To look into this facet of 

neuronal responses in aSTP and aSTS neurons, the sensitivity of visual influences to speaker 

congruency was investigated using a set of incongruent audio-visual control stimuli: for 

instance, a voice could be paired with a mismatched visual (face) context, such as a monkey 

face being paired with a human voice. Direct electrophysiological recordings showed that 

multisensory influences on aSTP units were relatively insensitive to speaker congruency and 

were not strongly affected by mismatched audio-visual stimulus pairs (Perrodin et al., 2014). 

The relative lack of specificity for visual influences in the aSTP is consistent with this area 

showing more general crossmodal influences, which at least qualitatively match those seen in 

and around primary auditory cortex (Schroeder et al., 2003; Ghazanfar and Schroeder, 2006; 

Kayser and Logothetis, 2007; Werner and Noppeney, 2010). These general comparisons 

suggest that such auditory regions, perhaps because they are primarily engaged in sensory 

analysis in the dominant modality, have less obvious cross-sensory specificity. This might 

avoid disruption of vocal or facial analysis during incongruent cross-sensory situations (such 

as looking at an individual that is not the one vocalizing).  

The presentation of incongruent audiovisual stimuli revealed that, in contrast to the 

somewhat generic visual influences in aSTP neurons, those modulating the auditory 

responses of aSTS neurons showed greater specificity. Namely, multisensory interactions in 

the aSTS were sensitive to the congruency of the presented voice-face pairing, and these 

influences on aSTS neuron responses occurred more frequently in response to matching than 

mismatching audio-visual stimuli. For instance, aSTS neuron responses were more likely to 

be disrupted by incongruent stimulation. Altogether these observations are consistent with the 

evidence for integrative multisensory processes in the human and monkey STS (Beauchamp 

et al., 2004; Dahl et al., 2009), potentially at the cost of decreased specificity for unisensory 

representations (Werner and Noppeney, 2010).  

 

However, it is also worth noting that incongruent stimuli have so far only rarely been 

used to probe neurons in auditory cortex. For instance, Ghazanfar and colleagues (2005) 

noted a sensitivity to the congruency of pairing a voice with an artificial visual mouth 

movement in caudal auditory cortex. So additional comparisons of neuronal responses to 

different voice and face multisensory conditions are warranted and depend on obtaining 

additional empirical data. 

The observations that can currently be made on the forms of audio-visual interactions 

seen in aSTP neurons complement the impressions obtained by the functional 

characterization of voice-sensitive neuronal representations in the auditory domain. The 

results reveal clear visual influences on many auditory neurons in the anterior voice-sensitive 

cluster. However, visual influences on voice-sensitive neurons are seen to be qualitatively 



more similar to those reported in early auditory cortical fields, underscoring the 

predominantly auditory role of the aSTP and the anterior voice-sensitive cortical neurons. In 

contrast, neurons in an association cortex such as the STS display more specific audio-visual 

interactions than neurons in the aSTP voice sensitive cluster. These results can be interpreted 

as reversed gradients of functional specificity in the unisensory and multisensory processing 

of communication signals, along their respective processing pathways. The general 

comparisons of anterior voice cluster neuron characteristics in relation to processes in early 

auditory fields and the STS (for reviews see, e.g.: Ghazanfar and Schroeder, 2006; 

Campanella and Belin, 2007; Stein and Stanford, 2008) implicate an intermediate functional 

role for the anterior voice cluster, both in terms of its auditory and audio-visual processing 

roles within the respective processing hierarchies.  

The findings we have overviewed inform our understanding of where and how in the 

sensory processing hierarchy voice and face content is likely to be integrated into a unified 

multisensory representation. However, these snapshots of the neuronal encoding properties at 

different processing stages can only hint at the intriguing transformation of sensory 

representations that are likely to occur from one level to another. It also remains unclear how 

the specificity in neuronal multisensory influences might causally impact on perception, 

which can only be gleaned by studying neural responses during active behaviour (Fetsch et 

al., 2013; Yau et al., 2015) as the animals encode voice/face predictions or prediction errors 

(Bastos et al., 2012).  

 

 



 

Figure 4 Visual face influences on the responses of neurons in the voice-sensitive aSTP. (A) 

Example spiking response of a unit in the anterior voice-sensitive fMRI cluster, in the supra-temporal 

plane, showing nonlinear (subadditive) visual modulation of auditory activity. Firing rates in response 

to combined audio-visual stimulation (AV, voice and face) significantly differ from the sum of the 

responses to the unimodal stimuli (A: auditory and V: visual; A vs (A+V), z-test, **: p<0.01). The 

horizontal gray line indicates the duration of the auditory stimulus, and the light grey box represents 

the 400ms peak-centered response window. Bar plots indicate the response amplitudes in the 400ms 

response window (shown is mean ± SEM). (B) Neuronal multisensory influences are prominent in 

voice-sensitive cortex (anterior supra-temporal plane; aSTP) but are qualitatively different from those 

in the anterior superior-temporal sulcus (aSTS). For example, aSTS neurons more often display 

bimodal responses (Perrodin et al., 2014). Panel A is modified from Perrodin et al. (2014) with 

permission from the Society for Neuroscience, and B is reproduced from Perrodin et al. (2015b). 

 

 

Section 4. A primate model for stages in voice and face identity processing 

The combination of direct extracellular recordings and noninvasive imaging methods 

considered in this chapter reveal initial insights into the voice-sensitive neuronal 

representations and how they compare qualitatively to relevant data across multiple levels in 



the ventral sensory processing stream in the primate brain. This information motivates a 

heuristic model of identity processing in the primate brain and we consider the ways in which 

it may generalize to humans. 

Non-invasive neuroimaging studies in humans initially revealed face- and voice-

sensitive areas (von Kriegstein et al., 2005; von Kriegstein and Giraud, 2006; Blank et al., 

2011; Chan et al., 2011; Schall et al., 2013; Watson et al., 2014; Deen et al., 2015). These 

observations were compared with and informed by work in nonhuman primates, which 

provide detailed information on neuronal responses at some of the corresponding regions of 

interest. However, it is currently unclear how voice and face cells in the human temporal lobe 

would respond to different stimulus features and how voice/face regions are functionally 

interconnected with multisensory regions in the STS and in frontal cortex. Since this 

knowledge is already available in monkeys, the extracellular electrophysiological studies in 

nonhuman animal can be used to generate hypotheses that can be tested in humans using, for 

example, intracranial recordings in patients being monitored for surgical resection (Griffiths 

et al., 2010; Mesgarani and Chang, 2012). Thus, while direct recordings from the human 

brain can only be serendipitously obtained in patients from brain regions that are clinically 

important to monitor for surgery, the available neuroimaging studies and data from 

nonhuman primates generate predictions on neuronal processes that may at some point be 

studied in humans and seen to correspond to the information available from nonhuman 

primates. This would also provide another basis upon which to translate insights in animal 

models using approaches that still cannot be used in humans: systematic neuronal recordings 

and pharmacological, optogenetic or electrical perturbation of the system in animal models. 

Such reciprocal crosstalk between insights from humans and animal models is crucial for 

increasing knowledge about the neurobiological substrates of voice and face processing 

across neural spatiotemporal scales. 

Based on the available insights from nonhuman primates on the auditory and 

audiovisual voice-sensitive neuronal processes in the anterior temporal lobe described in this 

chapter, we propose a model of identity-related processing in primates (Fig 5; Perrodin, 

Kayser, Abel, et al., 2015). In this model, two independent but interacting auditory and visual 

ventral processing streams extract voice/face features. Anterior regions of the temporal lobe 

are more sensitive to identity features, with other, more posterior, areas evaluating other 

aspects of voice/face content, such as category membership and voice/face expression or 

location in space. The STS is a key conduit between voice and face processing streams, with 

the aSTS serving as a convergence site that allows multisensory representations to more 

strongly influence frontal cortex. Neurons in anterior-temporal lobe (ATL) subregions such 

as the aSTS and the temporal pole integrate highly specific information about unique entities, 

such as individuals. Because of extensive multisensory interactions in the anterior temporal 

pole, such representations may not be tied to any sensory modality and the neural 

mechanisms underlying multisensory computations in different ATL sites need to be 

determined (for discussion see Perrodin, Kayser, Abel, et al., 2015). Possibly the ATL 

provides crucial feedback to unisensory processing streams to route specific forms of sensory 

input that might assist in forming multisensory associations crucial for recognizing identity. 



Anatomical connectivity between the primate ATL regions funnels into the temporopolar 

cortex (Fan et al., 2014; Pascual et al., 2015), but less is known about this region’s functional 

role in primates particularly for processing identity. Identity recognition is likely to involve 

also memory-related structures in the middle temporal lobe (MTL). However, currently 

whether auditory pathways to the MTL in primates are less direct than those in humans is an 

open question (Fritz et al., 2005; Munoz-Lopez et al., 2010). Answers to this and other 

questions will depend upon direct cross-species comparisons of functional and structural 

connectivity using similar neurobiological approaches in the different species (e.g., Petkov et 

al., 2015; Oya et al., 2017). 

This primate model at a regional level is generally in agreement with human models 

on face and voice processing contributing towards perception, whereby distinct sensory 

processing streams have prominent multisensory interactions between face and voice areas 

(Belin et al., 2011; Gainotti, 2013; Blank, Wieland, andvon Kreigstein, 2014). One issue that 

needs addressing is whether human voice regions in the STG/STS are intrinsically more 

multisensory than the voice region in the primate aSTP. It is possible that human auditory 

voice regions in the STG are difficult to distinguish from neighboring multisensory regions in 

the STS in group neuroimaging data (Pernet et al., 2015). Thus the anterior upper-bank of the 

STS may be a key site of multisensory convergence for identity processing in both humans 

and monkeys. The model highlights ATL areas such as the aSTS and the temporopolar cortex 

as important sites for identity-related multisensory convergence.  

 

 



 

 

Figure 5: A model for auditory voice and visual face processing pathways in the primate brain. 

(A) A framework focused on the sensory cortical streams for processing auditory voice and visual 

face information. The model is illustrated on the right hemisphere of a rendered macaque brain. It 

features early sensory cortices, processing stages extracting faces content in visual areas of the 

inferior temporal lobe TEO and aIT, and auditory regions of the anterior superior-temporal 

plane/gyrus (aSTP/STG) extracting voice-related content. Multisensory interactions are possible 

between voice and face processing regions including by way of association areas along the superior-



temporal sulcus (STS) and frontal cortex (PFC: prefrontal cortex, OFC: orbitofrontal cortex). The 

cortical regions are interconnected via bidirectional pathways of inter-regional projections (solid lines, 

auditory: blue, visual: red, audiovisual: green), and these regions have feed-forward and feed-back 

projections to the auditory and visual processing streams (dotted black lines). M: medial, p: posterior, 

a: anterior. (B) The model focuses on the auditory pathway involved in extracting voice-identity 

content in communication signals and the analogous visual pathway. Similar principles would apply 

to other sensory input streams although the interacting regions involved may differ. The key features 

of the model are the initial sensory and category-sensitive processing stages (m/pSTS; visual area 

TEO and auditory regions in posterior STP/STG). Multisensory influences are present throughout the 

visual and auditory pathway, but are thought to be qualitatively different in the STS, in relation to, for 

example, aSTP regions where the auditory modality is dominant (Chandrasekaran and Ghazanfar, 

2009; Perrodin et al., 2014). Identity-related processes would primarily involve ATL regions (anterior 

STP/STG; aSTS; aIT). Not illustrated are interactions with MTL structures such as the entorhinal 

cortex and hippocampus that could support the recognition of familiar individuals. Image reproduced 

from Perrodin et al. (2015b). 

 

Summary, conclusions and look ahead 

Guided by imaging evidence of voice sensitive regions in humans, comparative neuroimaging 

studies located what appear to be functionally homologous voice areas in monkeys. Macaque 

monkeys have become a prominent animal model system that is providing neuronal level 

insights on the processing of voices at finer neurobiological scales than have been possible in 

humans. Single-unit electrophysiological recordings in nonhuman primates from the anterior 

temporal lobe fMRI voice cluster revealed the existence of a modest proportion of voice-

sensitive cells, whose encoding properties and neuronal response characteristics appear to 

differ from those reported for face cells in the visual system. Auditory neuronal responses 

within the anterior voice cluster are influenced by visual face input, but in a mainly 

modulatory way that is seen to be similar to reported multisensory influences on neuronal 

responses in regions within and around primary auditory cortex. These types of multisensory 

responses, however, contrast with those obtained from neurons in association cortical regions 

of the STS. Close functional interconnectivity and interactions are seen between these regions 

in the anterior temporal lobe, providing the basis for multisensory face/voice interactions and 

for certain regions to act as functional conduits, transmitting processes to prefrontal cortex 

and receiving feedback influences.   

Although the gaps in our understanding of voice processes in humans and animal 

models have begun to close, the next set of empirical questions are in better focus. The 

following aspects require further study for a better understanding of the neuronal substrates 

of vocal and caller-identity processing: a) the neural processing transformations that occur 

along the processing hierarchies; b) the causal roles that certain sites might have in 

influencing perception; and c) the neural dynamics that influence representations, including 

the form and functional characteristics of feedback inputs. Elucidating these neural operations 

and the roles of particular sites in the neural network will require studying behaving animals 

while manipulating neuronal activity with electrical, pharmacological or molecular-genetic 

tools. Such research is likely to bring new insights into the neural codes, brain systems and 



pathways enabling social communication, one benefit of which would be to provide insights 

into how to design better and more flexible recognition of unique entities in artificial systems.  
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