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Abstract 

 

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

approach or avoid. Recognizing specific individuals requires extracting and integrating cross-

sensory indexical cues from richly informative communication signals, such as voice and face 

content. Knowledge on how the brain processes faces and voices as unisensory or multisensory 

signals has grown: neurobiological insights are now available not only from human 

neuroimaging data but also from comparative neuroimaging studies in nonhuman animals, 

which identify the correspondences that can be made between brain processes in humans and 

other species. These advances have also had the added benefit of establishing animal models 

in which neuronal processes and pathways can be interrogated at finer neurobiological scales 

than possible in humans. This chapter overviews the latest insights on neuronal representations 

of voice and face content, including information on sensory convergence sites and pathways 

that combine multisensory signals in the primate temporal lobe. The information synthesized 

here leads to a conceptual model whereby sensory integration of voice and face content 

depends on temporal lobe convergence sites, which are a midway processing stage and a 

conduit between audio-visual sensory processing streams and frontal cortex.   
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1.1 Neurobiological Processing of Voice and Face Content in Communication 

Signals 

 

Far from being redundant, information from different sensory inputs is complementary and 

expedites behavioral recognition of an object or entity. Yet how the brain achieves sensory 

integration remains a challenging question to answer, in part because it has become evident 

that multisensory neural interactions are distributed, taking place between multiple sites 

throughout the brain. Although a handful of multisensory association areas are often 

emphasized in summaries and reviews for brevity (Schroeder and Foxe 2002; Stein and 

Stanford 2008), it is well accepted that multisensory influences abound from early cortical and 

subcortical sensory processing stages and beyond (Damasio 1989; Ghazanfar and Schroeder 

2006).  

Thus the task for neuroscientists has been steadily shifting away from a focus on 

particular sensory convergence sites towards an emphasis on identifying the neural 

multisensory influences and transformations that occur between sites along particular 

processing pathways (Yau et al. 2015; Bizley et al. 2016). Moreover, comparing the forms of 

multisensory convergence seen at different brain sites can pinpoint common principles of 

multisensory integration and identify how specializations in neural multisensory interactions 

may occur, such as duplication with differentiation. In this chapter evidence on neuronal 

representations and multisensory interactions along pathways involved in processing voice and 

face content will be considered. Finally, this chapter will conclude by identifying obvious 

epistemic gaps that inspired readers might be encouraged to empirically shrink in the future, 

helping to advance neurobiological knowledge. 

Initial insights into how the brain processes identity-related information were obtained 

in the visual modality. Neurons responding stronger to faces than to other non-face objects 

were first identified in the monkey inferior temporal (IT) cortex (Bruce et al. 1981; Perrett et 

al. 1982). Subsequently, human neuroimaging studies identified face-category preferring 

regions in the fusiform gyrus, occipital cortex and adjacent visual areas (Sergent et al. 1992; 

Kanwisher et al. 1997). Shortly after, functionally homologous face-sensitive regions in the 

monkey inferior bank and fundus of the superior-temporal sulcus (STS) were identified 

(Logothetis et al. 1999; Tsao et al. 2006). More recently, as we next consider in more detail, 

complementary information from the auditory modality has become available (for a review: 

Perrodin et al. 2015b). Together these developments have opened pathways for understanding 

how multisensory (voice and face) content is combined in the brain (see Fig. 1, also see Plakke 

and Romanski, Chapt. 7). 

 

1.2 Voice Sensitive Brain Regions in Humans, Monkeys and other Mammals 

 

Human neuroimaging studies aiming to shed light on the processing of auditory 

communication signals tend to focus on the neurobiology of speech and language, which is a 

fundamental aspect of human communication (Hickok and Poeppel 2007; Binder et al. 2009). 

In parallel, work in carnivore, rodent, and primate models aims to unravel the neurobiological 

substrates for referential social communication (i.e., “what” was vocalized), a likely 
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evolutionary precursor upon which human vocal communication evolved (Ghazanfar and 

Takahashi 2014; Seyfarth and Cheney 2014).  

More recently, investigators focusing on understanding identity-related content (“who” 

vocalized) have identified voice-sensitive regions in the human brain using functional 

magnetic-resonance imaging (fMRI). The approach of comparing how the brain responds to 

voice versus non-voice content in communication signals is analogous to neurobiological 

studies in the visual domain comparing responses to face versus non-face objects (Belin et al. 

2004). These and other studies have identified the presence of several voice-sensitive clusters 

in the human temporal lobe, including in the superior-temporal gyrus/sulcus (Belin et al. 2000; 

von Kriegstein et al. 2003).  

However, it is known that human voice regions also strongly respond to speech 

(Fecteau et al. 2004), and that both speech and voice content can be decoded from largely 

overlapping areas in the superior portions of the human temporal lobe (Formisano et al. 2008). 

These observations left open the possibility that human voice and speech processes are so 

functionally intertwined that human brain specializations for voice processing may have 

occurred alongside those for speech, raising the question whether ‘voice regions’ would be 

evident in nonhuman animals.  

This question of whether nonhuman animals have voice-sensitive regions as humans 

do was answered in the affirmative initially in rhesus macaques (Macaca mulatta), an Old 

World monkey species, with evidence in other primate species and mammals following shortly 

thereafter. The macaque monkey fMRI study identified temporal lobe voice-sensitive regions 

that are more strongly activated by voice than non-voice sounds (Petkov et al. 2008). Moreover, 

of the several fMRI identified voice-sensitive clusters in the monkey superior temporal lobe, 

the most anterior one was found to be particularly sensitive to “who” vocalized rather than 

“what” was vocalized, forging a more direct link to human fMRI studies on voice-identity 

sensitive processes in the anterior temporal lobe (Belin and Zatorre 2003; McLaren et al. 2009). 

More recently, Andics and colleagues (2014) imaged domesticated dogs with fMRI to reveal 

voice-preferring regions in the temporal lobe of these carnivores, broadening the evolutionary 

picture. Relatedly, an fMRI study in marmosets (Callithrix jacchus, a New World monkey 

species) identified temporal lobe regions that respond more strongly to conspecific 

vocalizations than other categories of sounds (Sadagopan et al. 2015), which in the future could 

be interrogated for voice content sensitivity. 

In laboratory animals that are established neurobiological models, the fMRI identified 

voice-sensitive clusters can be targeted for neurophysiological study at a fundamental scale of 

neural processing, e.g. at the level of single neurons. Moreover, the identification of voice-

sensitive regions in nonhuman animals also helps to forge links to analogous processes in the 

visual system. 

 

1.3 Voice-Sensitive Neurons in the Ventral Auditory Processing Stream 

 

The anterior voice-sensitive fMRI cluster in rhesus macaques is located in hierarchically higher 

neuroanatomically delineated cortical regions (Galaburda and Pandya 1983; Saleem and 

Logothetis 2007). These areas reside in the anterior portion of the superior-temporal plane 

(aSTP, the dorsal and anterior surface of the temporal lobe, see Fig. 1). The anterior temporal 
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lobe voice-sensitive cluster falls somewhere between the 4th or 5th stage of processing in the 

auditory cortical hierarchy, rostral to the tonotopically organized core (1º), ‘belt’ (2º), and 

parabelt (3º) areas (Rauschecker 1998; Kaas and Hackett 2000). The anatomical localization 

of the voice area in the aSTP places it at an intermediate level in the ventral auditory ‘object’ 

processing stream (Rauschecker and Tian 2000; Romanski 2012). Other downstream cortical 

regions interconnected with the aSTP include the superior-temporal gyrus, sulcus, and frontal 

cortex; see Fig. 1 and (Perrodin et al. 2011).  

Although the fMRI results on voice-identity sensitive processing and the corresponding 

anatomical findings identify the anterior aSTP region as higher-order cortex, the auditory 

feature selectivity displayed by neurons in this region was unknown prior to 

electrophysiological recordings from the fMRI identified clusters in a neurobiological model, 

here macaques. In the initial neuronal recording studies from the anterior voice sensitive 

cluster, neuronal spiking responses were modulated by differences in the vocal features of the 

auditory stimuli, such as call type, caller identity, and caller species (Perrodin et al. 2014). In 

particular, the results revealed a distinct subpopulation of voice-sensitive neurons, which 

accounted for much of the observed sensitivity to caller identity features (“who” vocalized).  

Thus, the neuronal recordings showed that the responses of neurons in voice-sensitive 

clusters can simultaneously be sensitive to the category of voices over non-voice stimuli, and 

to auditory features of individual stimuli within the voice category. This dual sensitivity in the 

recordings is paralleled at a very different spatiotemporal scale by the human and monkey 

fMRI results, which in turn show that 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; Petkov et al. 2008).  

 

 
 

Fig. 1 Auditory voice and visual face processing pathways in the primate brain 

This illustrates a primate model of ascending auditory and visual cortical streams rendered on a rhesus 

macaque brain. It features early sensory cortices, processing stages extracting face 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 
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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, including 

feed-forward and feed-back projections to the auditory and visual processing streams (dotted and solid 

black lines). M: medial, p: posterior, a: anterior. Reproduced from (Perrodin et al. 2015b).  

 

 

The neuronal sensitivity to auditory vocal features in the voice area was compared to 

that in a different part of the anterior temporal lobe, the anterior upper bank of the superior 

temporal sulcus (aSTS, see Fig. 1), which has long been considered to be multisensory since it 

belongs to higher-order association cortex (Stein and Stanford 2008). More posterior regions 

of the STS were known to contain both auditory and visually responsive clusters of neurons 

(Beauchamp et al. 2004; Dahl et al. 2009); also see Beauchamp Chapt. 8. The neuronal 

recordings in the aSTS confirmed that a substantial proportion of neurons in this area are driven 

by sounds, but the results also showed that neurons in this area are not very sensitive to auditory 

vocal features, unlike the auditory-feature sensitive neurons in the aSTP voice-sensitive cluster 

(Perrodin et al. 2014).  

By comparison to these observations from neural recordings in the aSTP and aSTS, 

neurons in the ventro-lateral prefrontal cortex, which are hierarchically further along the ventral 

processing stream, show a sensitivity to complex acoustical features of vocalizations, such as 

call-type (Gifford et al. 2005) and caller identity (Plakke et al. 2013). Why certain areas in the 

processing pathways to frontal cortex show less auditory feature specificity than others is a 

topic that will be visited later in this chapter, after considering more of the available 

information.  

Converging evidence from the visual and auditory modalities in humans and monkeys 

points to anterior subregions of the temporal lobe being involved in the processing of identity-

related features. In the visual domain, face regions in the anterior inferior-temporal lobe (aIT; 

see Fig. 1) are particularly sensitive to identity-related content in 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 sensitive to identity-

related content in communication sounds both in humans (e.g., Belin and Zatorre 2003; von 

Kriegstein et al. 2003) and monkeys (Petkov et al. 2008). A number of theoretical models also 

highlight the anterior temporal lobe as a region containing sites sensitive to voice or face 

identity-related content (Bruce and Young 1986; Campanella and Belin 2007). 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), other more posterior voice or face sensitive sites in the 

temporal lobe are undoubtedly involved in ways that need to be better understood. For instance, 

more posterior superior temporal lobe regions can also be sensitive to identity-related 

information regardless of the sensory modality (Chan et al. 2011; Watson et al. 2014).  

In summary, the results from neuronal recordings in the voice sensitive aSTP specify 

the auditory response characteristics of neurons in this region of the ventral processing stream 

and distinguish these characteristics in relation to those from neurons in the adjacent 

association cortex of the anterior STS. However, despite the surface resemblance, sensory 

processing of voices and faces in the auditory and visual modalities, respectively, does not 
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seem to be identical, as we consider in the next section where we ask: do voice cells exist and, 

if so, are they direct analogs of visual face-sensitive neurons? 

 

1.4 Do Voice-Sensitive Regions Contain ‘Voice Cells,’ and, If So, How Do Their 

Responses Compare to ‘Face Cells’ in the Visual System? 

 

An initial question while interrogating neuronal responses in voice-sensitive cortex, given the 

evidence for face-sensitive cells in the visual system, is do ‘voice cells’ exist? Arguably, at the 

cellular level the auditory system tends to show relatively less tangible organizational 

properties than those seen in the visual and somatosensory systems for a host of fundamental 

sensory processing features (Griffiths et al. 2004; King and Nelken 2009). The better 

established view of auditory cortical processing is that many auditory functions are supported 

by neuronal processes that are distributed across populations of auditory neurons and do not 

require topographical maps or individual cells with high feature selectivity (Bizley et al. 2009; 

Mizrahi et al. 2014).  

Thus another open question was whether fMRI-identified voice clusters contain highly 

voice-content sensitive neurons, or ‘voice’ cells. Voice cells could be defined as neurons that 

exhibit two-fold greater responses to voice vs. non-voice stimuli, in direct analogy to how face 

cells have been defined: This was the approach of Perrodin and colleagues (2011) in searching 

for ‘voice cells’ in the anterior voice-identity sensitive fMRI cluster in macaque monkeys. They 

first used an auditory voice localizer borrowed from the earlier monkey fMRI study (Petkov et 

al. 2008), which allowed them to identify neurons within the fMRI voice clusters that were 

preferentially sensitive to the voice category of stimuli. The voice localizer stimulus set 

included a collection of macaques voices from many individuals (many voices), and two 

comparison categories containing either animal vocalizations and voices from other species, or 

a set of natural sounds. All stimuli were subsampled from a larger stimulus set so that the 

selected sounds from each category were matched in multiple low-level acoustical features. 

Using these sounds as stimuli, the researchers observed a modest proportion (~25% of the 

sample) of neurons within the aSTP that could be defined as voice cells.  

Yet, comparisons of the proportions and response characteristics of the ‘voice cells’ in 

relation to what is known about face cells suggest that voice cells may not be direct analogs to 

face cells. For instance, visual studies of face clusters identified a high density of face cells in 

monkey face sensitive fMRI regions (Tsao et al. 2006; Aparicio et al. 2016). This very high 

clustering (>90%) of face cells in these fMRI face clusters is in stark contrast to the much more 

modest (~25%) clustering of voice cells (Perrodin et al. 2011). Further, the voice-sensitive cells 

in the anterior temporal lobe fMRI cluster are remarkably stimulus-selective, responding to 

only a small proportion or just a few of the voices within the category of stimuli (Perrodin et 

al. 2011). This high neuronal selectivity of voice cells seems to diverge from the functional 

encoding properties that have been reported for face cells, whereby face cells typically respond 

more broadly to the majority of faces in the stimulus set (Hasselmo et al. 1989; Tsao et al. 

2006).  

The high stimulus-selectivity of voice cells is on par with the level of selectivity 

measured in neurons responding to conspecific vocalizations in the ventro-lateral prefrontal 

cortex (Gifford et al. 2005; Romanski et al. 2005); both temporal and frontal sites show higher 
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stimulus selectivity than that reported for neurons in and around primary auditory cortex (Tian 

et al. 2001; Recanzone 2008), an auditory region in the insula (Remedios et al. 2009), or parts 

of the superior-temporal gyrus (Russ et al. 2008). Thus, in relation to reports on face cell 

selectivity, so far the available evidence raises the intriguing possibility that voice cells are not 

direct auditory analogs of face cells, which may reflect specialization under different 

evolutionary pressures in the auditory versus visual domains (Miller and Cohen 2010; Perrodin 

et al. 2011). 

 

 

2 How Multisensory is the Anterior Voice-Sensitive Temporal Cortex? 

 

The authors involved in the initial monkey neuroimaging and electrophysiological studies on 

voice regions and voice cells were rather bold in their initial claims identifying the anterior 

temporal fMRI-identified cluster as a voice sensitive area. In the initial monkey neuronal 

recording studies multisensory stimulation conditions were not used to rule out or rule in that 

the region is multisensory rather than auditory. Moreover, human fMRI studies had already 

shown evidence for both functional crosstalk and direct structural connections between voice- 

and face-sensitive regions (von Kriegstein et al. 2005; Blank et al. 2011), which suggests that 

the neuroanatomical pathways for the exchange of visual face and auditory voice information 

are in place. 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 higher association areas such as inferior frontal cortex (Romanski et al. 1999a; 

Romanski et al. 1999b), and the upper-bank of the STS (Pandya et al. 1969; Cappe and Barone 

2005). Multisensory projections with subcortical origins could also directly or indirectly 

influence cross-modal interactions, such as those from the suprageniculate nucleus of the 

thalamus or the superior colliculus.  

A number of electrophysiological studies have directly evaluated the multisensory 

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

including posterior auditory regions closer to primary and adjacent auditory cortex (Ghazanfar 

et al. 2005; Kayser et al. 2008), and higher-order association regions such as the STS 

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

(Sugihara et al. 2006; Romanski 2007); also see Plakke and Romanski, Chapt. 7. However, 

whether the aSTP could be classified as auditory or association/multisensory cortex had been 

ambiguous based on its neuroanatomy (Galaburda and Pandya 1983; Kaas and Hackett 1998), 

begging the question whether multisensory interactions in the voice-sensitive aSTP are 

comparable to those in early auditory cortex, or alternatively, whether they are more like those 

seen in multisensory association areas.  

 

2.1 How Multisensory are Neurons in the Anterior Voice-Identity Sensitive fMRI 

Cluster? 

 

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

presented visual facial information, neuronal recordings were performed from the anterior 

aSTP voice cluster during auditory, visual, or audiovisual presentation of dynamic face and 
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voice stimuli. As might be expected of a predominantly auditory area, neurons in the voice-

sensitive cortex primarily respond to auditory stimuli while silent visual stimuli are mostly 

ineffective in eliciting neuronal firing (see Fig. 2B and Perrodin et al. 2014). Yet, comparing 

the amplitudes of spiking responses to unimodal (auditory alone) vs bimodal (audiovisual) 

stimulation conditions revealed clear nonlinear influences (sub-additive or super-additive) on 

the responses of auditory neurons (Fig. 2A, B). This provided evidence for robust visual 

modulation of auditory neuronal responses at the anterior voice-sensitive fMRI cluster in the 

aSTP (Perrodin et al. 2014). From here, a comparison can be made between these multisensory 

influences in the anterior voice area and those seen in earlier auditory areas. Interestingly, 

similar proportions and types of multisensory influences have been reported for neurons in the 

posterior core/belt auditory areas (Ghazanfar et al. 2005; Kayser et al. 2008), suggesting 

qualitatively comparable multisensory interactions throughout auditory cortex, from earlier 

auditory cortical processing stages to the anterior voice cluster.  
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Fig. 2 Neuronal multisensory influences and effect of voice-face congruency in voice-sensitive and 

superior-temporal cortex 

A. Example spiking response of a unit in the anterior voice-sensitive fMRI cluster on the superior-

temporal plane showing nonlinear (subadditive) visual modulation of auditory activity: firing rates in 

response to combined audio-visual stimulation (AV, voice and face) are significantly lower than the sum 

of the responses to the unimodal stimuli (A: auditory and V: visual; AV 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 supratemporal 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 B reproduced from (Perrodin et al. 2015b). C. Illustration of the 
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stimulus set containing three congruency violations in primate voice/face pairs. D. Example response 

of a unit with congruency-specific visual influences: a congruent, but not an incongruent, visual 

stimulus significantly modulated the auditory response. The plot shows spiking activity in response to 

the auditory stimulus alone (A), the congruent visual stimulus alone (Vc), the congruent audio-visual 

(AVc), and the incongruent audio-visual (AVi) pairs. The horizontal gray line indicates the duration of 

the auditory stimulus, and the light grey box represents the 400ms response window in which the 

response amplitude was computed. Bar plots indicate the response amplitudes in the 400ms response 

window (mean ± sem). The symbols refer to significantly nonlinear audio-visual interactions, defined 

by comparing the audio-visual response with all possible summations of auditory and visual responses 

(AVc vs (A+Vv) and AVi vs (A+Vi), z-test, * p<0.05; n.s., not significant). E. Summary of the 

congruency specificity of visually modulated units in the anterior voice-sensitive cortex (aSTP; left) 

and the anterior superior-temporal sulcus (right). Bar plots indicate the percentage of auditory 

responsive units that showed significant non-additive audio-visual interactions in response to the 

congruent pair only (black bars), the incongruent pair only (light grey bar), or both the congruent and 

the incongruent stimuli (dark grey bar).  Stars indicate p-values (**: p<0.01; n.s., not significant) 

resulting from a Chi-square test comparing the numbers of visually modulated units for each of the 

three categories to a uniform distribution. Panels A, C-F reproduced from (Perrodin et al. 2014) with 

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

 

 

Beyond the proportions of modulated neurons, and the types of multisensory 

interactions, cross-modal influences are also known to differ in their specificity to behaviorally 

relevant multisensory combinations used for stimulation (Werner and Noppeney 2010). The 

neuronal sensitivity of visual influences to speaker congruency was investigated using a set of 

congruent and incongruent audiovisual stimulus conditions, in which a voice was paired with 

a mismatched face (Fig. 2C). The neuronal responses to these conditions showed that 

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

were not strongly affected by the mismatching audio-visual stimulus conditions, such as when 

a monkey voice was paired with a human face (see Fig. 2E and Perrodin et al. 2014). The 

relative lack of specificity of visual influences in the aSTP is consistent with the notion that the 

anterior voice cluster shows more general cross-modal influences, belonging to a relatively 

early stage of audiovisual processing, which includes primary auditory cortex and surrounding 

auditory areas (Schroeder et al. 2003; Ghazanfar and Schroeder 2006).  

The impressions given by these observations is that there are clear visual influences on 

many auditory neurons in the anterior voice-sensitive cluster in the aSTP. These multisensory 

influences are qualitatively more like those reported in early auditory cortical fields, potentially 

differing from those seen in neurons from multisensory association cortex in the aSTS (see 

Sect 2.3). Thereby, the anterior voice identity sensitive cluster in monkeys is primarily sensitive 

to auditory features, with the multisensory influences seen in this region being of a more 

general modulatory form.  

 

2.2 Natural Asynchronies in Audio-Visual Communication Signals and their Impact 

on Neuronal Excitability 
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As we have considered, neurons in the anterior voice-sensitive cluster in the aSTP, although 

predominantly auditory, do show certain types of cross-modal influences from faces on their 

auditory spiking responses to voices. During audiovisual communication, a caller is perceived 

to produce a vocalization while the facial expression changes. However, although these 

multisensory signals are often perceived to emanate in concord, in natural communication 

signals there is a considerable level of temporal asynchrony between the onset of informative 

content in one modality relative to the other. For instance, visual orofacial movements can 

precede the vocalization by tens to hundreds of milliseconds (see Fig. 3A-C and Ghazanfar et 

al. 2005; Chandrasekaran et al. 2009). While a coherent multisensory percept can be 

maintained across a wide range of spatial and temporal discrepancies (McGrath and 

Summerfield 1985; Slutsky and Recanzone 2001), these subtle to moderate temporal 

misalignments have the potential to drastically impact on neuronal excitability and population 

dynamics. Yet because neurons in voice sensitive cortex lack the temporal response fidelity of 

neurons in and around primary auditory cortical or subcortical regions (Creutzfeldt et al. 1980; 

Bendor and Wang 2007), it was uncertain whether such stimulus asynchronies affect 

audiovisual influences on neurons in the aSTP voice-sensitive cortex. 
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Fig. 3 Audiovisual primate vocalizations, visual-auditory onset delays and the direction (sign) of 

multisensory interactions 

A-C. Examples of audiovisual rhesus macaque ‘coo’ (A,B) and ‘grunt’ (C) vocalizations used for 

stimulation and their respective natural visual to auditory onset asynchronies/delays (time interval 

between the onset of mouth movement and the onset of the vocalization; red bars). The video starts at 

the onset of mouth movement, with the first frame showing a neutral facial expression, followed by 

mouth movements associated with the vocalization. Gray lines indicate the temporal position of the 

representative video frames (top row). The amplitude waveforms (middle row) and the spectrograms 

(bottom row) of the corresponding auditory vocalization are displayed below. D. Proportions of 

enhanced and suppressed multisensory units by stimulus, arranged as a function of increasing visual to 

auditory onset delays (VA-delay, n = 81 units). Note that the bars are spaced at equidistant intervals for 

display purposes. Black dots indicate the proportion of enhanced units for each VA-delay value, while 

respecting the real relative positions of VA-delay values. The red line represents the sinusoid with the 

best-fitting frequency (8.4 Hz, adjusted R2 = 0.58). Reproduced from (Perrodin et al. 2015a). 

 

 

Relevant studies have shown that the temporal dynamics of sensory streams, such as 

those typical for processing human speech or other natural stimuli, can shape and synchronize 

cortical oscillations through entrainment (Ghitza 2011; Giraud and Poeppel 2012). More 

generally, neuronal oscillations are thought to reflect the state-dependent excitability of local 

networks to subsequent incoming sensory inputs (Schroeder et al. 2008; Thut et al. 2012). 

These oscillatory responses are considered to reflect neuronal population mechanisms for 

routing information to downstream stages and prioritizing the processing at sensory nodes in 

the brain network (Bastos et al. 2015). It is also known that cortical oscillations are influenced 

by rhythmic multisensory input (Thorne and Debener 2014; van Atteveldt et al. 2014). 

The impact of cross-modal stimulus asynchronies on neuronal responses and cortical 

oscillations in voice-sensitive cortex of the primate aSTP was assessed using a set of dynamic 

face and voice combinations spanning a broad range of naturally occurring audio-visual 

asynchronies (Fig. 3A-C). The results of this study revealed that the prevalence of two key 

forms of audiovisual interactions in neuronal spiking responses (multisensory enhancement or 

suppression) varied according to the degree of asynchrony between the onsets of informative 

communication content in either sensory input stream (see Fig. 3D and Perrodin et al. 2015a). 

Time-frequency analyses of the local-field potential signal in the aSTP showed that this cross-

modal asynchrony selectively affects low-frequency neuronal oscillations (Perrodin et al. 

2015a). By aligning and transiently synchronizing the phase of ongoing low-frequency cortical 

oscillations, the visual input cyclically influences the excitability of auditory neuronal 

responses in the aSTP. Thus, whether the majority of neurons show enhancement or 

suppression in their multisensory responses depends to a large extent on the visual-to-auditory 

stimulus onset delay present in natural communication signals. These effects on neuronal 

excitability span several hundreds of milliseconds, or the full range of asynchronies observed 

in audiovisual communication signals (Chandrasekaran et al. 2009; Perrodin et al. 2015a). 

The functional role of cortical oscillations and how they modulate sensory perception 

is the topic of ongoing research. By comparison, comparable cross-modal phase-resetting in 

local-field potentials is also seen in early auditory and visual cortical areas (Lakatos et al. 2007; 

Mercier et al. 2013). In primary auditory cortex, another study shifting somatosensory nerve 
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stimulation combined with pure tone stimuli found a comparable alternating pattern of 

multisensory enhancement and suppression of multi-unit activity for different relative stimulus 

onset asynchronies (Lakatos et al. 2007). Other studies on visual influences in primary auditory 

cortex have reported comparable neural response dependancies on temporal stimulus alignment 

(Ghazanfar et al. 2005; Bizley et al. 2007). Thus in combination with the naturally occuring 

timing differences in multisensory streams, cross-modal resetting of ongoing oscillations 

allows the leading visual input to shape or ‘window’ subsequent auditory responses.  

One hypothesis proposes that these temporal relationships in natural communicative 

situations segment sensory input into an appropriate temporal granularity (Giraud and Poeppel 

2012; Gross et al. 2013). For instance, neurons in the monkey STS show specific patterns of 

slow oscillatory activity and spike timing that reflect visual category-specific information in 

faces versus other objects (Turesson et al. 2012). Anterior voice area neurons seem to be 

comparably involved in oscillatory responses, whereby the neuronal spiking responses display 

different types of multisensory interactions (enhancement vs suppression) depending on the 

phase alignment of low frequency oscillatory responses. Taken together, these findings suggest 

an interplay between neuronal firing and the surrounding oscillatory context that needs to be 

better explored in terms of the causal interactions underlying auditory and audio-visual 

transformations of neural responses between brain areas. The potential behavioral relevance of 

these oscillatory phenomena for stimulus identification and detection will also need to be 

described. These issues are currently being investigated in humans (Henry and Obleser 2012; 

Keil et al. 2014) for a host of perceptual processes (Strauss et al. 2015; Ten Oever and Sack 

2015); also see Keil and Senkowski, Chapt. 10. These efforts could benefit from insights 

obtained at the neuronal level in animal models, especially from subjects participating in active 

tasks (Fetsch et al. 2012; Osmanski and Wang 2015) to better understand the perceptual 

correlates (Chen et al. 2016).  

 

2.3 How do Visual Interactions at Voice Clusters Compare to those in Multisensory 

Areas of the Temporal Lobe? 

 

Extracellular recordings of neuronal activity in the anterior upper-bank of the STS in response 

to the same voice and face stimulus set described in Sect. 2.1 revealed a comparable proportion 

of nonlinear audiovisual interactions as in aSTP neurons (Fig. 2B). However, in agreement 

with previous electrophysiological studies (Benevento et al. 1977; Dahl et al. 2009), evidence 

for a greater level of cross-modal convergence was prevalent in the STS, where neurons 

showed a balance of both auditory and visual responses alongside modulatory multisensory 

influences (Fig. 2B). These observations are consistent with studies highlighting the STS as a 

cortical association area, and a prominent target for both auditory and visual afferents in the 

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

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

generic visual influences in voice-sensitive neurons, those modulating the auditory responses 

of STS neurons occurred with greater specificity: multisensory interactions were sensitive to 

the congruency of the presented voice-face pairing, and nonlinear multisensory responses (both 

super- and sub-additive) occurred more frequently in response to matching compared to 

mismatching audiovisual stimuli (e.g., were more likely to be disrupted by incongruent 
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stimulation, see Fig. 2D, E). Dahl et al. (2010) similarly reported congruency-sensitive auditory 

influences on visual responses in the monkey lower-bank STS. 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 representing unisensory features (see Sect. 1.3 and Werner and Noppeney 2010; Perrodin 

et al. 2014). More generally, this increased audiovisual feature-specificity in STS neurons, a 

classically defined multisensory region, is in agreement with current models of audiovisual 

processing and the important role of the STS in multisensory integration (Beauchamp et al. 

2004; Stein and Stanford 2008). 

Thereby, neurons in the anterior voice-sensitive cluster in the aSTP show a double 

dissociation in functional properties with respect to neurons in the aSTS: aSTP neurons, maybe 

because they are primarily engaged in sensory analysis in the unisensory (auditory) modality, 

show little specificity in their cross-sensory influences. In contrast, neurons in the STS show 

more specific multisensory influences but display a lack of fidelity in their unisensory 

representations (see also Sect. 1.3). Together, these observations suggest that a high level of 

specificity is not retained in both the unisensory and the multisensory domain. As such, the 

results are consistent with the notion of reversed gradients of functional specificity in the 

unisensory vs multisensory pathways, whereby unisensory stimulus response fidelity decreases 

along the sensory processing hierarchy as multisensory feature sensitivity and specificity 

increases. These comparisons of results across different brain areas suggest an intermediate 

functional role of voice-sensitive neurons in the auditory and audiovisual processing 

hierarchies relative to early auditory fields and the multisensory STS, which is of relevance for 

building better neurobiologically informed models of multisensory integration (for reviews see, 

e.g.: Ghazanfar and Schroeder 2006; Stein and Stanford 2008). 

 

 

3 Multisensory Pathways to Primate Prefrontal Cortex 

 

Sect. 2.1, 2.2, and 2.3 above reviewed some of the evidence for visual influences on the 

neuronal processing of voices at voice-sensitive and association regions in the temporal lobe. 

However these findings do not address whether and how voice regions in the primate temporal 

lobe are interconnected. Previous neuroanatomical studies have identified pathways for visual 

and auditory input to the frontal lobe, including dense projections from the second stage of 

auditory cortical processing, the auditory belt (Romanski et al. 1999b; Plakke and Romanski 

2014); also see Plakke and Romanski, Chapt. 7. Projections to frontal cortex from association 

cortex in the anterior superior-temporal gyrus are considerable (Petrides and Pandya 1988; 

Seltzer and Pandya 1989). Yet, the strength and functional impact of the connections between 

the aSTP and frontal cortex was unclear. 

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

provided using combined microstimulation and fMRI in monkeys. This approach allows 

charting the directional connectivity of a specific pathway, in this case between temporal and 

prefrontal brain regions. Namely, electrically stimulating a specific cortical brain region and 

using fMRI to assess which regions are activated in response can reveal synaptic targets of the 

stimulated site, a presumption supported by the fact that target regions activated by stimulation 
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are often consistent with those identified using neuronal anterograde tractography (e.g., Matsui 

et al. 2011; Petkov et al. 2015). Surprisingly, microstimulating voice-identity sensitive cortex 

did not strongly activate prefrontal cortex, unlike stimulation of downstream multisensory 

areas in the STS and upstream auditory cortical areas in the lateral belt (Petkov et al. 2015): 

The voice-sensitive cortex in the primate aSTP seemed to interact primarily with a local 

multisensory network in the temporal lobe, including the upper bank of the aSTS and regions 

around the temporal pole (Fig. 4A). By contrast, stimulating the aSTS resulted in significantly 

stronger frontal fMRI activation, particularly in orbital frontal cortex (Fig. 4B). These 

observations complement those on inter-regional connectivity (Frey et al. 2004; Plakke and 

Romanski 2014) and information on neuronal properties in some of these regions (Kikuchi et 

al. 2010; Perrodin et al. 2014), which altogether suggest that multisensory voice/face processes 

are initially integrated in a network of anterior temporal lobe regions, only parts of which have 

direct access to frontal cortex.  

 

 
Fig. 4 Effective functional connectivity between voice-sensitive and frontal cortices  

A. A study of effective functional connectivity using combined microstimulation and fMRI shows that 

stimulating voice-sensitive cortex (blue cross) on the anterior supratemporal plane (aSTP) tends to elicit 

fMRI activity in neighboring regions of the anterior temporal lobe (Petkov et al., 2015). B. By contrast, 

stimulating the anterior superior-temporal sulcus (aSTS) also elicits fMRI activity in frontal cortex, in 

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

from (Perrodin et al. 2015b).  

 

 

4.  Voice and Face Processing Pathways: Comparative Perspective 

 

Much of this review has thus far focused on studies in human and nonhuman primates. 

However, it is important to at least briefly consider the benefits of pursuing a broader 

evolutionary perspective for advancing the understanding of the neurobiology of 

communication signal processing and integration (Fig. 5). Some animal models will allow 

teasing apart mechanisms and processes that remain difficult or not possible to achieve in 

primate models. 
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Although a number of non-primate species rely less on voices and faces for social 

interactions than other forms of communication, relevant ethologically suitable paradigms can 

be found. The ferret (Mustela putorius) is an animal in which both the auditory and 

multisensory cortical representations and pathways are actively being studied. For instance, 

studies in ferrets are relied on to reveal the neuronal coding principles supporting the 

representation of multiple simultaneous auditory features, such as pitch and the timbre of 

resonant sources (Bizley et al. 2009; Walker et al. 2011). These auditory features, while more 

generally found in many natural sounds, nevertheless are related to the processing of voice 

content, given that prominent indexical cues for identifying an individual by voice are provided 

by formants, with the vocal folds as the source and vocal tract as the filter (Fitch 2000; Smith 

and Patterson 2005). Multisensory interactions between auditory and visual stimuli have also 

been well studied, both anatomically and functionally, in ferrets (Bizley et al. 2007).  

Many rodents, including mice (Mus musculus), rats (Rattus norvegicus), and gerbils 

(Meriones unguiculatus), strongly rely on olfactory/pheromonal and auditory information for 

social interactions, and these animals can readily identify each other by odor (Brennan 2004). 

Information about odor identity is represented in the olfactory piriform cortex (Kadohisa and 

Wilson 2006; Gire et al. 2013), and can synergistically interact with vocalization sounds to 

influence maternal behavior in mice (Okabe et al. 2013). There appear to be multisensory 

interactions between the rodent olfactory and auditory processing systems associated with 

improved maternal behavior (Budinger et al. 2006; Cohen et al. 2011). A broader comparative 

approach will clarify evolutionary relationships and better define the function of behaviorally 

relevant uni- and multi-sensory pathways. 
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Fig. 5 Sensory processing pathways supporting social communication in the mammalian brain   

A comparative view of ascending auditory and visual or olfactory cortical streams illustrated on the 

right hemisphere of brains across several mammalian species. A. Rhesus macaque monkey, B. Human, 

C. Ferret, D. Rodent. Unisensory neuronal representations of communication signals (visual: face or 

facial expressions in primates, auditory: voices or vocalizations, olfactory: odor or pheromonal cues) 

become progressively more selective in relation to primary sensory cortices (auditory projections: blue 

lines, visual and/or olfactory: red. OB: olfactory bulb, Pir: piriform (olfactory) cortex). Bidirectional 

anatomical and functional crosstalk occurs at multiple levels throughout the sensory streams, for 

instance visual projections into auditory cortices (Bizley et al. 2007), or auditory projections from 

primary auditory cortex into olfactory cortex (Budinger et al. 2006). There are also feedforward and 

feedback projections between cortical areas, including multisensory influences from high-order 

association areas in the frontal lobes (PFC: prefrontal cortex) onto sensory processing streams (Hackett 

et al. 1998; Romanski et al. 1999a). Directions for future study include better understanding the nature 

and dynamics of the bidirectional functional links between higher-level unisensory and frontal cortices, 

and how these mediate the transformation/abstractions of multisensory neuronal representations. 

 

5.  Summary, Conclusions and Look Ahead 

 

This chapter has reviewed the current state of neuroscientific knowledge on the neural 

representation of voice and face content in communication signals, focusing in particular on 

some of the processing sites in the anterior temporal lobe in primates. Guided by neuroimaging 

results in humans and rhesus macaques and the resulting functional correspondences across the 

species, invasive electrophysiological recordings in the nonhuman primates revealed evidence 

for voice cells and characterized their basic functional properties, including how these relate to 

information on face cell characteristics in the visual system. Neuronal processing in the aSTP 

voice cluster was found to be sensitive to voice identity, and very acoustically stimulus 

selective in relation to upstream auditory areas. Additionally, a double dissociation in the 

auditory feature sensitivity versus the specificity of multisensory interactions was identified 

between, on the one hand, neurons in the anterior voice-sensitive cluster on the supratemporal 

plane and, on the other, adjacent regions in temporal association cortex. Insights into the 

directed functional connectivity have also been obtained, providing information on inter-

regional connectivity to complement that on neuronal response characteristics. Together, these 

initial forays into the neurobiological substrates of voice processing in the temporal lobe raise 

a number of new questions: What are the perceptual and behavioral correlates of the observed 

neuronal, and oscillatory, responses and multisensory interactions? What are the 

transformations and causal interactions that occur between brain regions involved in voice and 

face processing, as well as multisensory integration for identifying individuals and other 

entities? Pursuing answers to these questions will be essential for solidifying the next set of 

advances in understanding how the brain integrates sensory information to guide behavior. 
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