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Review article 
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A B S T R A C T   

Temporal cortex is a primate specialization that shows considerable variation in size, morphology, and con
nectivity across species. Human temporal cortex is involved in many behaviors that are considered especially 
well developed in humans, including semantic processing, language, and theory of mind. Here, we ask whether 
the involvement of temporal cortex in these behaviors can be explained in the context of the ‘general’ primate 
organization of the temporal lobe or whether the human temporal lobe contains unique specializations indicative 
of a ‘step change’ in the lineage leading to modern humans. We propose that many human behaviors can be 
explained as elaborations of temporal cortex functions observed in other primates. However, changes in temporal 
lobe white matter suggest increased integration of information within temporal cortex and between posterior 
temporal cortex and other association areas, which likely enable behaviors not possible in other species.   

1. Introduction 

The temporal lobe forms a large part of primate association cortex. It 
is considered to have evolved early in primate evolution (Allman, 1982) 
and to be distinct from lateral expansions seen in other mammalian 
orders, such as those in Proboscidea (elephants), Cetacea (aquatic 
mammals), and Carnivora (Bryant and Preuss, 2018). A large part of the 
temporal lobe is devoted to unimodal visual association cortex, which 
many authors have linked to primates’ specialization as visual foragers 
(Mars and Bryant, 2021; Murray et al., 2017). 

The temporal lobe is involved in many high-level cognitive functions 
that are particularly well developed in humans. These include concep
tual categorization, semantic and language processing (Spitsyna et al., 
2006; Garcin et al., 2018) and social information processing, including 
the ability to mentalize or attribute beliefs to others (Schurz et al., 
2020). The search for the neural basis of such human abilities tradi
tionally focused on the human prefrontal cortex. Some authors have 
emphasized on a purportedly disproportional expansion of human pre
frontal cortex (Deacon, 1997). Others proposed a more detailed account 
of human prefrontal cortex specializations within the framework of 

anthropoid brain evolution (Passingham and Wise, 2012). Although 
more recent works also highlight potential changes in precuneus and 
inferior parietal cortex (Van Essen and Dierker, 2007; Bruner, 2018), 
whole-brain comparisons of human and non-human primate brains 
showed the temporal lobe to be a major hotspot of expansion and 
reorganization (Van Essen and Dierker, 2007; Mars et al., 2018b), sug
gesting this part of cortex warrants more attention in a comparative 
perspective. 

This raises the question of how ‘uniquely human’ temporal lobe 
functions have emerged from its anatomy in the human lineage. For 
argument’s sake, one can envision two extreme positions: The first is 
that human temporal lobe is simply a variation and elaboration of the 
non-human primate scheme. Such a position is similar to that taken by 
some in the debate on the number of neurons in the human neocortex. 
The number of neurons in humans is as expected for their brain size, in 
other words, humans are a continuation of an existing trend amongst 
primates (Herculano-Houzel, 2012). The alternative position is that 
human temporal lobe has undergone substantial change that funda
mentally altered its organization and hence its abilities. Such a position 
is consistent with proposed step changes in human abilities, when a new 
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behavior suddenly appears in the fossil record, such as the cultural ex
plosion that occurred around 60,000 years ago and that some authors 
have suggested to be potentially be due to a single or very few changes in 
brain organization (Klein, 2009). 

Arbitration between these extreme positions is hindered by the 
scarcity of overarching theories on temporal lobe organization and lack 
of comparative studies focusing on this part of the brain. Here, we 
synthetize the current state of knowledge on variation in temporal lobe 
structure and function across the primate order. We start by proposing a 
simple organizational scheme of temporal lobe organization based on 
the macaque, the most commonly studied non-human primate. We then 
explore the variation of temporal lobe organization and temporal lobe 
function across species. Finally, we conclude by exploring how those 
variations across species help understand the role of the temporal lobe in 
human behavior. 

2. The macaque temporal lobe 

Surprisingly, there are only few overarching schemes of temporal 
lobe organization. This might be because the temporal lobe houses many 
constituent parts of interest to different sub-disciplines of researchers. 
Indeed, more specialized overviews focusing on particular functions 
such as vision, memory, semantics, and language are available (Binder 
and Desai, 2011; Friederici, 2011; Leopold et al., 2017; Conway, 2018). 
As a starting point, we here present a simplistic model of the temporal 
lobe. We first focus on the macaque, given its prominent role in 
comparative neuroscience and the vast amount of data available on this 
species. Although macaques and humans diverged about 29 million 
years ago (Kumar et al., 2017) and the macaque cannot be taken as a 
representative of the last common ancestor of the human, the fact that 
the macaque is the traditionally most studied non-human primate makes 
it an appropriate starting point. This relatively well-understood species 
will thus serve as an archetype to which modifications in different lin
eages can be discussed, without making statements about ancestry. 

One can synthesize the diverse literature on the macaque temporal 
lobe in an admittedly simplified scheme (Fig. 1) describing two orga
nizational principles of temporal cortex. The first principle (Fig. 1A) 
runs ventral-dorsal, from the predominantly visual inferior temporal 
cortex to the auditory areas of the superior temporal gyrus. The second 
principle (Fig. 1B) reflects the increasing abstraction of the processed 
information with deceasing specificity and increasing generality of 
representations, either for visual information when moving anteriorly 

along the inferior part of the temporal cortex or running outwards from 
the primary auditory cortex for auditory information. In this section, we 
explore how this scheme captures some of the diverse aspects of tem
poral lobe anatomy and function in the macaque. 

Starting at the ventral aspect of the first principle, the inferior tem
poral cortex receives strong inputs from the primary visual system and 
forms the ventral visual stream that is heavily involved in visual object 
perception (Mishkin et al., 1983; Kravitz et al., 2013). This stream 
consists of the territory ventral to the superior temporal sulcus. When 
moving anteriorly along the ventral visual stream, i.e. following our 
second principle, the receptive fields of neurons increase, the stimulus 
features processed get more complex, and neural responses get more 
invariant to visual transformations. Along the ventral stream, neurons 
code progressively more complex, fine-grained conjunctions of features, 
features of features, and finally whole objects. Within the ventral tem
poral cortex, there is evident clustering of response profiles with selec
tivity for particular object categories. The phylogenetic and ontogenetic 
basis of such selectivity remains a topic of debate, but an interaction 
between phylogenetic constraint and visual experience is likely (Sriha
sam et al., 2012). Although often described as a visual hierarchy, it is 
now well accepted that the connections along this stream are reciprocal 
and heavily interconnected with perirhinal cortex and subcortical areas. 
Moreover, the view of a single ventral pathway is outdated, with more 
recent proposals emphasizing the existence of multiple ventral path
ways, perhaps coding information of different aspects of the visual field 
(Kravitz et al., 2013). Response profiles in anterior temporal cortex are 
highly adaptable, showing categorical distinctions between stimuli after 
little training (Kobatake et al., 1998; Kiani et al., 2007). 

Murray and colleagues (2017) argue that the view of inferior tem
poral cortex serving purely as object identifier is outdated and propose a 
more evolutionary plausible function for temporal cortex: that of coding 
goal-related feature conjunctions for use in a foraging context. This view 
emphasizes the diurnal foraging habitat to which anthropoid primates 
adapted, where distant qualitative attributes became important to 
recognize. As such, temporal cortex provides contextual information to 
other parts of the brain, including frontal cortex, to reduce foraging 
errors. This hypothesis renders the temporal cortex as highly adapted for 
processing complex information for the foraging niche of primates. This 
proposed ‘preparatory’ role in creating feature conjunctions of complex 
entities or events is underlined by results from a visual categorization 
experiment by Freedman and colleagues (2003). They taught monkeys 
to group visual stimuli as ‘cats’ or ‘dogs’. Within inferior temporal 

Fig. 1. Organizing principles of the macaque 
temporal lobe. (A) First organizational principle 
showing processing of visual information 
ventrally ranging to auditory information 
dorsally. (B) Second organization principle, 
showing increasing integration of features to
wards extreme values on the anterior end. As a 
purely visual example for processing of complex 
stimuli, posteriorly in the ventral visual stream 
we observe coding of single features, while 
more anteriorly we observe coding of increas
ingly complex feature conjunctions. The prin
ciples of organization in this figure are a purely 
schematic representation of information flow in 
the temporal lobe.   
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cortex, neurons were able to distinguish between categories, but mostly 
in the context of rapid visual analysis of the visual stimuli. In contrast, 
neurons in dorsal prefrontal cortex showed categorization signals at 
more behaviorally relevant moments and stronger modulation related to 
the response status of the stimulus. 

In the most dorsal part of the first organizational principle, the su
perior temporal gyrus houses areas devoted to auditory processing that 
receive input from the medial geniculate complex. The auditory areas 
are often described in terms of a hierarchically organized system of core, 
belt, and parabelt (Kaas and Hackett, 2000). The core areas, including 
the primary auditory cortex, contain tonotopically organized areas and 
lesions to them impair sound detection. In contrast, lesions to the belt 
and parabelt lead to deficits in auditory pattern detection, consistent 
with the notion of a functional hierarchy. In addition, neuronal firing 
patterns in belt areas suggest an increased sensitivity to a wider range of 
frequencies compared to primary auditory areas, implying a conver
gence of information from core areas. Thus, as in the visual system, there 
is an increasing abstraction when moving away from primary areas to 
more unimodal association areas, consistent with the second organiza
tional principle. Belt areas in both anterior and posterior parts of the 
temporal cortex display an own species bias marked by stronger re
sponses to species-specific vocalizations (Petkov et al., 2009). Connec
tions from predominantly the parabelt to the rest of the brain enable 
integration with information from other modalities processed in tem
poral, parietal, and frontal cortex. The connections from the auditory 
cortex to the rest of the brain form two pathways, analogous to the two 
visual pathways: a ‘what’ pathway involving anterior temporal and 
ventral prefrontal regions and a ‘where’ or ‘how-to’ pathway involving 
parietal and dorsal frontal cortex (Kaas and Hackett, 1999; Rauschecker 
and Scott, 2009). Overall, the functional organization of temporal cortex 
in processing auditory information is compatible with the evolutionary 

perspective presented above for the visual stream, with temporal cortex 
processing sensory information originating from distant sources. 

Apart from their foraging life, primates are also characterized by 
their high sociality (Dunbar and Shultz, 2007). This sociality is largely 
mediated by the visual and auditory systems that serve well to 
communicate across large distances (Dobson, 2009). The visual system 
contains specialized face processing clusters (Tsao et al., 2003; Ku et al., 
2011). In accordance with the second organizational principle, position 
and head orientation invariance increases in more anterior regions, 
helping to establish facial identity. However, identity is not the only 
crucial information one needs to obtain from a face when navigating in 
social life. Indeed, neurons in some face clusters in superior temporal 
sulcus represent the direction of attention of another person, whether 
available from eyes, faces, or even body posture (Perrett et al., 1992). 
Some researchers have described the characteristics of face-sensitive 
areas in temporal cortex matching our two principles described above 
(Yovel and Freiwald, 2013). According to this model, while ventral areas 
code for static facial features such as those helping establish identity, 
areas in the dorsal aspect of temporal cortex respond to changing aspects 
of faces. In addition, in both ventral and dorsal parts of inferior temporal 
cortex, the size of receptive fields increases when moving anteriorly, in 
particular for those fields coding for increasingly abstract features of 
faces (e.g. gaze-direction or expression). Auditory information process
ing in the dorsal temporal cortex also shows specializations for social 
stimuli, with coding of conspecific vocalizations evident in the ventral 
auditory stream (Fukushima et al., 2014). Thus, the macaque visual and 
auditory association cortex both contain specialized areas whose func
tions preferentially aid social information processing. 

Processing along the two principles of organization as described here 
and communication with the rest of the brain is mediated by the major 
fiber bundles terminating in the temporal cortex. Many of the long-range 

Fig. 2. Variation in temporal lobe morphology across species. Surface view, FA maps displaying grey (darker color) and white matter (lighter color), and primary 
diffusion directions (color indicates direction: red = left/right, blue = dorsal/ventral, green = anterior/posterior) in four primates from different branches of the 
primate phylogenetic tree. Data from Bryant et al. (2021). Brains not to scale. 
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connections of the temporal cortex run through a fiber bundle termed 
the inferior longitudinal fascicle (ILF). The existence of the ILF was 
originally controversial (Tusa and Ungerleider (1985), see Bajada et al. 
(2015) for an overview), but it is now recognized as a longitudinal 
bundle running mostly along the inferior temporal cortex, inter
connecting it with occipital and parietal cortex (Schmahmann and 
Pandya, 2006). The middle longitudinal fascicle (MdLF; (Seltzer and 
Pandya, 1984)) connects the superior temporal cortex with parts of the 
inferior parietal cortex (Schmahmann and Pandya, 2006). A third lon
gitudinal tract, the inferior fronto-occipital fascicle (IFOF) is more 
controversial. Tracer data in macaques originally identified a tract 
connecting caudal ventrolateral frontal cortex, via the extreme capsule, 
with the middle and rostral parts of the superior temporal sulcus (Pet
rides and Pandya, 1988). Diffusion MRI tractography, however, identi
fied a more extensive pathway resembling the human IFOF according to 
some authors (Mars et al., 2016), but not others (Schmahmann et al., 
2007; Takemura et al., 2017). More recent dissection studies suggest a 
longer pathway between frontal and occipital cortex running along the 
length of the temporal cortex in macaques (Decramer et al., 2018). Apart 
from the IFOF route, information from the temporal cortex can reach the 
medial and orbital frontal cortex through the bidirectional pathways of 
the uncinate fascicle (Petrides and Pandya, 1988; Folloni et al., 2019), 
which conveys information from the ventral visual stream to frontal 
cortex (Ungerleider et al., 1989). In conclusion, the macaque temporal 
lobe, especially the neocortical part, consists of uni- and multi-modal 
association cortex dealing with visual and auditory information at 
varying levels of abstraction. Its organizational scheme can be well 
characterized and provides a good basis for exploring modifications to 
this scheme in other species. 

3. Variation in temporal lobe structure across species 

3.1. Morphology and size 

In the absence of comprehensive cytoarchitectonic studies, tradi
tional comparative studies often focus on comparison of the 
morphology, i.e., the sulcal and gyral architecture, of a part of the brain 
as a first measure of comparison. Morphology of the temporal lobe dif
fers remarkably across primates (Fig. 2). The prosimian bushbaby has an 
almost lissencephalic temporal lobe. Most monkey species have a 

prominent longitudinal sulcus on the lateral surface of the temporal 
lobe, generally termed the superior temporal sulcus (STS) (Connolly, 
1950). In some species, the STS is accompanied by an additional sulcus 
located more ventrally, termed the middle temporal sulcus by Connolly 
(1950), which can range from small dimples to a fully formed sulcus. 
Furthermore, ventral and posterior to the STS an occipito-temporal 
sulcus may be present. In the chimpanzee, the longitudinal sulcus 
ventral to the STS is fully formed and suggested to be homologous to the 
human inferior temporal sulcus, creating a prominent middle temporal 
gyrus. While the sulcal pattern is similar in the human, such a ventral 
temporal sulcus is less prominent in the other great apes. On the ventral 
aspect of the temporal lobe, a fusiform gyrus is evident in humans and 
other great apes, with its sulcal morphology showing similarities be
tween chimpanzees and humans (Miller et al., 2020). 

Comparisons of temporal lobe size across primates are rare. One of 
the most extensive comparisons was performed by Rilling and Seligman 
(2002) using structural MRI scans of 11 different primate species. When 
comparing total temporal lobe volume, they observed that human 
temporal lobe is up to five times larger than that of other primates, 
including the chimpanzee great ape (Fig. 3A). However, comparisons of 
absolute volume are often problematic in comparative science, as they 
neglect general scaling relationships. Thus, Rilling and Seligman also 
compared temporal lobe volume against the total brain volume. This 
investigation showed that the temporal lobes of monkeys and apes scale 
along different trajectories, with monkeys showing a greater 
temporal-lobe-to-whole-brain volume ratio than apes (Fig. 3B). Pre
dictions of the human ratio based on a hypothetical human-sized ape 
brain are at the upper limit of the confidence intervals. As such, human 
temporal lobe is suggested to be slightly bigger than predicted for an ape 
with a brain the size of ours. 

Comparing the size of the temporal cortex size against that of the 
remaining neocortex, however, can lead to biased conclusions. Parietal 
and frontal cortices are also large association areas that have likewise 
expanded in various lineages, including that leading to the human 
(Chaplin et al., 2013; Mars et al., 2017). The relevant question is not 
whether temporal cortex increased in comparison to these parts of the 
brain, but whether it has more tissue to devote to processing its 
incoming information. This argument was used in the context of pre
frontal cortex by Passingham and Smaers (2014). They calculated what 
they called a ‘remapping factor’, the ratio of the size of the higher area 

Fig. 3. Variation in temporal lobe size and connectivity across species. (A) Temporal lobe volume across species. (B) Ratio of temporal lobe to whole brain volume 
across species. (C) Remapping factors of temporal lobe compared to striate cortex across species. (D) White matter volume across species. (E) Arcuate fascicle and 
inferior longitudinal fascicle trajectories in macaques and humans. Data from A-D based on Rilling and Seligman (2002) and Brodmann (1913). Subfigure E is 
reproduced from Roumazeilles et al. (2020), published in PLoS Biology 18:e3000810. Brains not to scale. 
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and the size of its primary input area. For the temporal cortex, the striate 
cortex, which receives visual information from the lateral geniculate 
nucleus, is an appropriate choice for the input area of the largely visual 
temporal cortex. Moreover, striate cortex scales with body size and size 
of the lateral geniculate nucleus (Bush and Allman, 2004; Passingham, 
1973) and thus presents an unbiased reference. We tested the temporal 
cortex remapping factor using the data on the size of the cortical surface 
area of the temporal cortex provided by Rilling and Seligman (2002), 
supplemented with data from Brodmann (1913). This analysis shows 
that the human temporal remapping factor is three times larger than that 
of the chimpanzee. When removing the superior temporal gyrus from 
the equation, since it is likely to contain mostly auditory rather than 
visual areas, the human remapping factor is still clearly an outlier. Thus, 
the human temporal cortex has more neurons to devote to processing of 
incoming information compared to other primate species (Fig. 3C). 

Another way to test for local changes in neocortex size is to directly 
register different species’ brains to one another, using putative homol
ogous landmarks as reference points. This approach was taken by Van 
Essen and Dierker (2007), who used a surface-based registration of the 
cortex to warp a macaque brain to human space. We generally assume 
that the formation of new sulci leads to an increase in surface, due to 
additional folding of otherwise comparable aspects of brain regions 
(such as e.g., volume). They showed that, in temporal cortex, a dispro
portionate increase in middle temporal- and temporoparietal areas is 
required for the macaque to match the human. Using the same 
surface-based registration technique, Chaplin and colleagues (2013) 
showed that posterior superior temporal cortex is a hotspot of expansion 
compared to other parts of neocortex across New World and Old World 
monkeys. A volume-based registration between the chimpanzee great 
ape and the human also suggested local expansions in human temporal 
cortex, in particular in posterior temporal cortex (Avants et al., 2006). 
Increased availability of data on fossil species and their integration with 
neuroimaging methods might soon allow such inferences to be expanded 
to human fossil species, with a recent study suggesting temporal lobe 
expansion in the human lineage (Pearson et al., 2020). 

Expansions in temporal lobe volume are likely to be accompanied by 
cortical reorganization, with the expanded region changing the location 
of other areas (Mars et al., 2018b). This indeed has been the case in the 
temporal cortex. Motion sensitive area MT, for instance, is located in the 
posterior part of the superior temporal sulcus in the macaque, but 
located much more ventrally in the temporal cortex in the human brain 
(Huk et al., 2002). Interestingly, expansion of parts of the cortex is also 
reflected in greater individual variability across individuals within a 
species (Croxson et al., 2018). 

3.2. Connectivity 

Together with the large volume of the human temporal lobe, Rilling 
and Seligman (2002) showed that humans have a disproportional vol
ume of temporal lobe white matter (Fig. 3D). They argued the white 
matter volume was not only larger than predicted for overall brain size, 
but also larger than predicted for temporal lobe volume. Such results are 
interesting, as they suggest something fundamental has changed in the 
connections of the temporal lobe grey matter. A grey matter region’s 
function is for a large part constrained by the input a region gets and the 
influence it can exert on the rest of the brain, in other words by its 
connectivity (Mars et al., 2018c; Passingham et al., 2002). Comparing 
the architecture of temporal lobe white matter across species might 
therefore be a fruitful avenue to understand species differences in 
function. 

With this aim in mind, Mars and colleagues described each part of the 
cortical grey matter in both macaques and humans in terms of its con
nectivity to the major white matter fiber pathways (Mars et al., 2018b). 
They reported that the human brain contains a number of areas that 
have a profile of connections that cannot be found anywhere in the 
macaque brain. As expected, some of these were located in the lateral 

frontal cortex, but the majority of species differences were found in the 
posterior part of the temporal cortex. The most outstanding, i.e. most 
‘uniquely human’ part, was in the middle temporal gyrus. Comparing 
the connectivity of this part of the human temporal cortex to that of its 
best match across the macaque brain showed that the human temporal 
cortex had a much greater connectivity with the arcuate fascicle. This 
result is in line with the pioneering finding of Rilling and colleagues 
(2008), who showed in one of the first comparative diffusion MRI 
studies that the arcuate fascicle reaches a much greater temporal cortical 
territory in the human than in the macaque (Fig. 3E) or even in the 
chimpanzee. 

The arcuate expansion in the human lineage has taken on an almost 
iconic status in the comparative MRI literature (Catani and Bambini, 
2014; Mars et al., 2018a). However, it is important to highlight that 
other differences in white matter architecture across the primate order 
are apparent. For instance, when working on the comparison of 
macaque-human connectivity (Mars et al., 2018b), the authors showed 
that the precise definition of the ILF in the human brain has a strong 
effect on the resulting similarity of the inferior temporal cortex between 
species. This suggests that the increased morphological complexity of 
the human inferior temporal and fusiform cortex is accompanied by a 
more complex white matter organization. Such a suggestion is also 
consistent with observations from dissection studies showing that 
human ILF consists of multiple subbranches (Latini et al., 2017). This 
possibility was investigated by Roumazeilles and colleagues (2020), 
who reported that the ILF of humans, indeed of great apes in general, can 
be reliably subdivided into a lateral and a medial branch, whereas the 
macaque ILF consists of a single branch. Importantly, by systematically 
comparing connectivity profiles across the temporal cortex, they were 
able to show that the medial branch of human ILF is homologous to 
macaque ILF, whereas the lateral branch of ILF is a great ape speciali
zation (Fig. 3E). 

An independent comparison of temporal cortex connectivity with 
primary sensory areas identified another specialization in the great ape 
lineage. Bryant and colleagues investigated the likelihood of connec
tions of primary visual area V1 and of the auditory core to reach the 
temporal cortex across macaques, chimpanzees, and humans (Bryant 
et al., 2019). In the chimpanzee and the human, but not in the macaque, 
connections originating in primary visual cortex were much more likely 
to reach the anterior temporal cortex. Similarly, connections originating 
in the auditory core were much more likely to reach association areas in 
the superior temporal gyrus in the chimpanzee and human. Finally, in 
the human, there are areas where the connectivity of visual and auditory 
areas overlapped, suggesting a human evolutionary specialization for 
novel multimodal association cortex in the anterior temporal lobe (ATL). 
This suggestion is in line with earlier evidence from the human litera
ture, showing convergence of connectivity in human ATL (Binney et al., 
2012; Bajada et al., 2019). 

Taken together, these results suggest that changes in size and 
morphology of the temporal cortex are accompanied by changes in 
white matter. However, it is important to distinguish between different 
scenarios of evolutionary changes (Mars et al., 2018a). Since part of the 
temporal cortex has expanded in the human lineage, it is likely that 
white matter connections to such a region expanded accordingly, lead
ing to an existing connectivity profile occupying a greater part of the 
temporal cortex. This is different from a scenario where a white matter 
pathway invades new cortical territory, leading to new connectivity 
profiles in temporal cortex. Eichert and colleagues devised approaches 
to distinguish between such scenarios. Focusing on the arcuate fascicle, 
they showed that cortical expansion of grey or white matter alone 
cannot account for the extensive temporal projections of this pathway 
(Eichert et al., 2019). They then went on to quantify the extent to which 
a white matter pathway’s projection extends beyond what would be 
predicted by cortical expansion or relocation of areas between species. 
Apart from the arcuate fascicle, the ILF and the third branch of the su
perior longitudinal fascicle also showed evidence of extension into new 
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cortical territory, albeit to a lesser extent (Eichert et al., 2020). 

3.3. Principles of human temporal cortex organization 

The work presented above showed that the morphology and size of 
temporal cortex vary across species and the remapping factors suggest 
that the temporal cortex can devote more neurons to the processing of 
information from the striate cortex in the human than in non-human 
primate species. The human temporal cortex also contains unique con
nectivity profiles, suggesting that white matter is involved in compu
tations affording uniquely human aspects of cognition across different 
high-level domains. 

One question arising from these expansions and reorganizations in 
human grey and white matter is how they fit into the simplified scheme 
of temporal lobe organization we presented above for the macaque. To 
test this explicitly, Blazquez Freches and colleagues (2020) explored a 
data-driven approach which identified principles of temporal cortex 
organization in the human based on connectivity data. They showed 
three overlapping principles of connectivity change (Fig. 4). The first 
and third principle appear similar to the ventral-dorsal and 
posterior-anterior principles we proposed above. The dorsal-ventral 
principle is mostly driven by the change in projections from inferior 
(ILF, UF) to superior (MdLF, acoustic radiation) tracts, while the 
posterior-anterior axis was dominated by the uncinate connections to 
the anterior temporal pole. The second principle of organization in the 
human brain shows a peak in the posterior dorsal temporal cortex, 
driven largely by the invasion of the arcuate fascicle into the posterior 
temporal cortex—a phenomenon that is unique to the human brain, as 
discussed above. 

The use of data-driven techniques to elucidate principles of organi
zation of a part of the cortex has been used to study the temporal cortex 
by a number of authors. Although differences in the employed tech
niques and in the areas of study, often including the allocortex of the 
medial temporal lobe, mean the results of the studies are not identical, 
some common themes appear (Bajada et al., 2017, 2019; Vos de Wael 
et al., 2021). Most studies agree on a dorsal-ventral organizational 
principle. An anterior-posterior dimension with the ATL forming a 
convergence zone is a theme that stands out (Bajada et al., 2019) and 
consistent with our anterior-posterior principle of organization. 
Furthermore, although not always described as a separate principle of 
organization, the effect of the expansion of the arcuate fascicle on 
temporal cortex organization is also evident in all studies (cf. Vos de 
Wael et al. (2021); Bajada et al. (2017)). 

4. Variation in temporal lobe function across species 

Although the particular ecological circumstances in which apes and 
humans evolved are a matter of debate, it seems likely that temporal 
areas adapted to a more general function compared to the feature 
conjunction coding for goal-directed behavior outlined above for the 
macaque. In particular, through the ability to categorize stimuli that this 
feature conjunction system allows, a semantic memory emerged that 
allow greater conceptual generalization across stimuli and modalities 
(Murray et al., 2017). In the human lineage in particular, reliance on 
conspecifics became important to meet the challenges of the environ
ment (Tomasello, 2014). Many of the existing functions of temporal 
cortex, both in processing social and non-social information, could be 
coopted to deal with the challenge of navigating an increasingly com
plex social environment. 

Variations in temporal lobe function across species are difficult to 
assess, given that functional studies are mainly limited to macaque and 
marmoset monkeys and the human. By necessity, much of our discussion 
will therefore focus on a comparison of functional studies in the human 
with the results outlined above in the macaque. We will take the three 
principles of human temporal lobe organization outlined above (Blaz
quez Freches et al., 2020) as a reference and discuss similarities and 
differences in their proposed functional roles. We then separately 
discuss uniquely human aspects of social cognition and their imple
mentations in the brain, as they constitute a multitude of subprocesses 
that do not fit within a single category (Schurz et al., 2020) and even
tually draw upon faculties involved along all three principles of 
organization. 

4.1. Three principles of human temporal lobe organization 

The first, dorsal-ventral organizational principle appears comparable 
between the macaque and the human. The ventral part consists of the 
ventral visual pathway mediated for a large part by the ILF. However, 
within this principle, there is substantial expansion of the lateral tem
poral cortex that, as discussed above, is associated with the appearance 
of the medial temporal gyrus and expansion of the ILF. Blazquez Freches 
and colleagues (2020) used functional decoding of their principles of 
organization (Fig. 4, bottom row) to investigate what functional roles are 
associated with them. They showed that intermediate values along the 
first principle (Fig. 4A), partially located in the middle temporal gyrus, 
correspond to functional activations related to high-level behavior. 
Functional studies showing activation in this part of the brain are 

Fig. 4. Human connectivity gradients and functional decoding. Top row: Three dominant modes of connectivity change in the human brain. Bottom Row: Functional 
decoding of gradient percentiles. Figures reproduced from Blasquez Freches et al. (2020), published in Brain Structure and Function 225:1245-1260 under the 
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
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associated with key words such as ‘theory of mind’, ‘comprehension’, 
and ‘social cognitive’. Interestingly, these are more higher-level pro
cesses than found when decoding the more extreme ends, which yielded 
terms like ‘objects’, ‘faces’, ‘word form’ ventrally and ‘sounds’, ‘tone’, 
‘voice’ dorsally. 

Several authors have suggested the existence of a third pathway, in 
between the traditional ventral visual pathway along the temporal lobe 
and the dorsal visual pathway in the parietal lobe, which explains the 
occurrence of highest-level cognition at intermediate values of the 
gradient. For instance, based on functional data, Weiner and 
Grill-Spector (2013) argued for a third pathway from lateral occipital 
cortex towards the middle temporal gyrus that contributes to dynamic 
coding of stimuli and integration of visual information with other mo
dalities. The dissociation between static and dynamic coding of stimuli is 
reminiscent of the dissociation already observed in macaque face pro
cessing (Kravitz et al., 2013). Interestingly, a new or elaborated pathway 
for integration of visual and other modality information dovetails with 
the increasing integration of visual and auditory information observed 
by Bryant and colleagues (2019) discussed above. Using a data-driven 
analysis of resting state fMRI data, Haak and Beckmann (2018) also 
argued for a third visual pathway in lateral occipital cortex, which might 
be consistent with the posterior section of the pathway identified by 
Weiner and Grill-Spector. 

The second principle we proposed in the macaque seems consistent 
with the third principle of organization observed in the human (Figs. 1B 
and 4 C). It concerns the increasing abstraction of processing when 
moving away from primary areas in the temporal cortex. Above, we 
argued that in the macaque this increasing coding of feature conjunc
tions forms the basis of the ability to categorize stimuli. Similar pro
cesses are evident in the human ventral visual pathway. Indeed, 
Kriegeskorte and colleagues (2008) used a representational similarity 
analysis to show that categorization clusters in inferior temporal cortex 
are similar between macaques and humans. The importance of human 
temporal cortex in categorization is also illustrated by the fact that it 
performs anticipatory coding of stimulus categories, even before visual 
stimuli are presented (Uithol et al., 2021). Illustrating that principle, 
Jackson et al. (2018) found a fronto-posterior organization of increasing 
domain-generality in anterior parts of the human temporal lobe using 
Laplacian eigenmapping of task and resting-state fMRI data. 

Elaborating on the macaque ability to form feature conjunctions and 
to perform categorizations to provide this information to prefrontal 
cortex, temporal cortex in great apes forms semantic representations. 
According to one prominent theory, the ‘hub and spoke’ theory of se
mantic cognition, ATL encodes knowledge of concepts through the 
learning of the higher-order relationships among various sensory, 
motor, linguistic and affective sources of information that are widely 
distributed in the cortex (Rogers et al., 2004; Lambon Ralph et al., 
2010). This model was formulated to account for a number of effects 
observed in patients with damage to this area, including the case of 
semantic dementia. Patients often show specific semantic impairments 
that result from an inability to combine different aspects of a stimuli. For 
instance, they overly rely on highly familiar concepts and they are un
able to put together a picture and a word of the same object. In other 
words, they rely on modality-specific superficial similarities and less on 
semantic structure. It should be noted that ATL does not necessarily form 
a single region, and more recent formulations of the hub and spoke 
model emphasize a graded organization where connections from 
different parts of cortex converge in different parts of ATL rather than all 
in a single region (Lambon Ralph et al., 2017). Such a topographical 
organization can be an efficient way to combine information in a neural 
architecture (Jbabdi et al., 2013). 

The final principle of organization found by Blazquez Freches and 
colleagues (2020) was centered around the arcuate fascicle’s projection 
into the posterior part of the temporal cortex (Fig. 4B), which seems to 
be a uniquely human phenomenon. Up until today we lack evidence for 
a third organizational principle in the macaque or other primates. 

Functional decoding of the structural principles of organization suggests 
that there is a hotspot involved in ‘semantic processing’ in posterior 
temporal cortex; one that is distinct from the more anterior ATL se
mantic processing hub. It is informative to dissociate the semantic 
processing in the ATL and that in the posterior temporal cortex. Noonan 
and colleagues (2013) describe the ATL as important for the represen
tation of conceptual knowledge, while posterior temporal cortex and 
parts of the angular gyrus are involved in semantic control, for instance 
the regulation of semantic activation in a task- and context-sensitive 
fashion. Notably, posterior temporal activation is prominent during 
production tasks, such as spoken language production—a traditional 
role of the arcuate fascicle. The dissociation is also illustrated by the 
disparate clinical effects of lesions to ATL and pMTG. ATL is associated 
with semantic dementia, the loss of core semantic concepts leading to 
multi-modal semantic impairments, while pMTG is associated with se
mantic aphasia, marked by general impairments in cognitive control 
accompanied by language related impairments (Jefferies and Lambon 
Ralph, 2006; Corbett et al., 2009). 

As an interesting point regarding semantics in posterior temporal 
cortex, it has been suggested that human temporal cortex stores se
mantic information about tools (Frey, 2007). In both the human and the 
macaque, inferior parietal cortex contains neurons that are involved in 
the planning of tool use. Ramayya and colleagues (2010) suggest that 
two pathways from MTG to inferior parietal cortex are involved in tool 
use in the human brain, one to supramarginal gyrus involved in inte
gration of ventral stream object recognition and dorsal stream action 
planning pathways and one to supramarginal and angular gyrus pre
dominantly involved in language. Although there are connections be
tween IPL neurons and the ventral visual pathway in the macaque 
(Zhong and Rockland, 2003), parietal-temporal pathways are much 
more extensive in the human than in the macaque or chimpanzee (Hecht 
et al., 2013). Hecht and colleagues link this change to the way in which 
humans learn about tool use, with an emphasis on process learning in 
humans (i.e. to imitate an action) rather than product learning (copying 
the outcome of an action) in non-human primates. 

As discussed above, this third principle of organization of the human 
temporal cortex is strongly driven by the extension of the arcuate 
fascicle. It is therefore sensible to interpret these functions in terms of 
the unique connections of this part of the brain. The extended connec
tion between posterior temporal and ventral frontal cortex via what 
some authors describe as the long segment of the arcuate (Catani and 
Bambini, 2014) is traditionally associated with syntactic production and 
comprehension, but this view might be too narrow (Hagoort, 2019). A 
major challenge is to relate these novel arcuate connections to compu
tational abilities that underlie human language behavior (Roelofs, 2014; 
Schomers et al., 2017). Similarly, the increased connections between 
posterior temporal and inferior parietal cortex have yet to be explained 
in a computational framework, although some authors have suggested 
models in which human inferior parietal lobule can integrate informa
tion from temporal cortex to compute a contextual prior for action 
planning (Verhagen et al., 2013), which is an interesting conceptual 
extension of the contextual role of anterior temporal-frontal connec
tivity. In this context, it is notable that it is the temporal-parietal part of 
the arcuate fascicle that seems most developed in humans compared to 
chimpanzees (Sierpowska et al., 2020). 

4.2. Social cognition and the temporal lobe 

We already discussed the role of the temporal cortex in social pro
cessing in the macaque. Primates are highly social animals, and the 
complexity of their social life is reflected in the size of their neocortex 
(Dunbar and Shultz, 2007). It is well established that humans in 
particular show highly complex social behavior, being naturally coop
erative and communicating through language (Tomasello, 2009). As 
such, our social behavior has been interpreted as the basis of our unique 
cognitive abilities (Tomasello, 2014). Indeed, several meta-analyses 
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showed that social information processing in the human activates 
similar areas to other behaviors, including language and semantic pro
cessing, and autobiographical memory (Andrews-Hanna et al., 2014; 
Schurz et al., 2020). The relationship between these processes is com
plex and the order of appearance of functions in the human lineage is 
difficult to reconstruct. Rather than providing an exhaustive discussion, 
we here highlight important social abilities and discuss them in the 
context of the processes outlined above: mentalizing, the processing of 
social stimuli, and social categorization. 

Mentalizing or Theory of Mind, i.e., the capacity to attribute mental 
states to others even if they conflict with our knowledge of the world, is 
perhaps the most often discussed human social ability. Following Pre
mack and Woodruff’s article asking if the chimpanzee has a Theory of 
Mind (Premack and Woodruff, 1978), this question has been at the 
forefront of the study of uniquely human social cognition. Various 
models suggest humans have more sophisticated mentalizing abilities 
(Devaine et al., 2017) and individual differences in this ability correlate 
with grey matter volume in the temporal cortex (Lewis et al., 2011). In 
particular, the temporoparietal junction area (TPJ) at the posterior end 
of the temporal cortex is associated with this behavior (Saxe, 2006; 
Schurz et al., 2017). However, how this ability came about has remained 
an open question. Recently, a number of related models emphasize the 
cortical areas involved in processing dynamic aspects of faces and bodies 
as potential precursors for this ability. 

As discussed above, processing of social stimuli in the macaque relies 
on a number of selective patches in the ventral visual stream. These 
patches are organized both posterior-anteriorly with increasing visual 
fields and robustness against perspective and dorsal-ventrally with more 
dorsally located regions coding for more dynamic aspects of social 
stimuli. Experiments from marmosets, macaques, chimpanzees, and 
humans suggest that at least these general principles are conserved 
across species (Tsao et al., 2008; Parr et al., 2009; Hung et al., 2015). 
Based on the consistent presence of both ventrally and dorsally located 
face patches, it has been argued that the more dorsally located regions 
coding for dynamic aspects of stimuli form a distinct, “social” visual 
pathway (Pitcher and Ungerleider, 2020), similar to the third visual 
pathway proposal discussed above. In general this flow of processing is 
in line with the increasing abstraction leading to the coding of feature 
conjunctions, we described earlier for non-social stimuli as our first 

principle of organisation. In this view, the visual input to the STS is 
integrated with other sensory modalities to enable primates to under
stand and interpret the actions of others. 

Elaboration of these aspects of information processing might form 
the computational basis of complex social processes like mentalizing, 
especially in light of the expansion and reorganization of posterior 
temporal cortex (Patel et al., 2019). Such a hypothesis was suggested by 
Mars and colleagues (2013) who observed that the human TPJ has a 
functional connectivity profile very similar to that of areas in the ma
caque middle superior temporal sulcus that contain neurons coding for 
the direction of attention of others (Perrett et al. (1992)). Following 
earlier models (Emery, 2000), it was suggested that extracting infor
mation relevant to the attention state of others is a precursor of human 
mentalizing abilities. Consistent with this suggestion, macaque STS and 
human TPJ both respond to unexpected social events (Behrens et al., 
2008; Roumazeilles et al., 2021) and the locus of this activation in the 
macaque is consistent with a region shown to code for the focus of an
other’s attention (Ramezanpour and Thier, 2020). More recent compu
tational evidence suggests that TPJ can code information in terms of the 
deviation from the perspective of the self (Kolling et al., in press), which 
could be interpreted as an elaboration of the macaque’s ability to see 
whether another is attending different information than the self (Fig. 5). 

The second aspect of social cognition we highlight is the role of 
anterior temporal lobe (ATL) in categorization in the social domain. 
Categorization in the social domains activates more dorsal parts of ATL 
compared to the non-social domain (Murray et al., 2017). Consistent 
with a role of ATL in processing social information, patients with se
mantic dementia often show social cognitive deficits (Irish et al., 2014). 
Zahn and colleagues (2007) showed activation of superior ATL when 
participants judged the meaning of social concepts over concepts related 
to animal behavior. Moreover, the ATL activation was not modulated by 
emotional valence, which did modulate activation in frontal cortex. This 
is reminiscent of the dissociation between ATL and frontal cortex in 
coding of value of emotionally valent entities, such as situations, en
counters, or emotions. As such, ATL function is a likely candidate for an 
area where already existent functions provided a good exaptation for 
human social information processing. 

A number of recent functional neuroimaging studies illustrate how 
this function of ATL contributes to human social information processing. 

Fig. 5. Functional differences in processing of 
social information and their anatomical basis. 
Different types of information can be extracted 
from the direction of gaze of another person, 
ranging from simple detection of whether one is 
looked at in most species, to joint attention, to 
full attribution of belief states or mentalizing in 
humans. Joint attention relies on an area in 
macaque superior temporal sulcus that shows 
anatomical similarity to human TPJ, which is 
used in mentalizing. Top row based on Emery 
(2000); bottom row reproduced from Mars et al. 
(2013), published in Proceedings of the Na
tional Academy of Science USA 
110:10806-10811. Brains not to scale.   
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Vijayakumar and colleagues (2020) highlighted the fact that humans 
engage in large social groups and that therefore it is a necessary skill to 
categorize people and to learn about their attributes first through the 
heuristic of the group level. Extending the hub and spoke idea of ATL, 
they showed that ATL coactivation with other parts of the brain repre
senting social information increases over the course of learning the 
preferences of social groups (Vijayakumar et al., 2020). Along a different 
vein, Tsukiura and colleagues (2008) demonstrated that ATL shows 
increased activation with the recognition of famous or familiar faces. 
Successful recognition of a famous or familiar face relies on placing 
perceived stimuli in different contexts. These contexts or situations 
depend heavily on our social interactions with the perceived stimulus 
(such as interacting with a family member or talking about a celebrity). 
Again, this dovetails with the ATL’s role in providing information for 
goal-directed behavior to frontal cortex. Summarizing the overall role of 
ATL in social information processing, Frith and Frith (2003) suggested it 
provides ‘scripts’ for social situations, emphasizing the integrative and 
context-dependent nature of the information processing in this part of 
the temporal lobe. 

5. Conclusion 

We started this review with the question of how human temporal 
cortex can be involved in many behaviors considered distinctly human. 
We have seen that temporal cortex has undergone significant changes 
across the primate lineages and in the lineage leading up to humans in 
particular. Human temporal cortex has expanded in size with respect to 
its input regions; it shows local expansions leading to the appearance of 
an additional gyrus in the ape lineage and relocation of areas particu
larly in the human; it has more white matter than expected for its size, 
which is reflected in the increased complexity of the ILF and invasion of 
the arcuate fascicle. Functionally, the human temporal cortex operates 
along the main principles that are apparent in the other well-studied 
temporal cortex, namely that of the macaque (see Fig. 6 for a sche
matic represenation). Many of the ‘human’ functions of temporal cortex 
can therefore be seen as elaborations of functions present in other spe
cies. However, the expansion of the posterior temporal connections with 
inferior parietal and frontal cortex seem to enable changes that are 
closest to representing a ‘step change’, such as the cultural explosion 
about 60,000 years ago as we mention in the introduction. 

We have echoed the sentiment expressed by recent work interpreting 
some of the specializations of the anthropoid brain in terms of a foraging 

perspective (Mars and Bryant, 2021; Murray et al., 2017; Passingham 
and Wise, 2012). The human foraging niche is, of course, distinctively 
different from that of other primates. It has been argued that the social 
or cultural behavior of humans presents a particular solution to its 
foraging challenges (Tomasello et al., 2012). Processing of social in
formation seems to cover many diverse activation patterns observed in 
human neuroimaging studies. However, as we have attempted to show, 
many of these social abilities are also in line with computations that are 
performed in a non-social context (Kolling et al. (in press); Behrens et al. 
(2008)), including improved categorization behavior in anthropoids and 
semantic processing in great apes. 

Human temporal cortex is involved in generating some of the be
haviors that are most fascinating in a comparative context, but the lack 
of detailed anatomical and functional data from a wide range of species 
is still apparent. We have provided a brief view on the state of the 
literature and highlighted some recent large-scale comparative work. 
Indeed, the increasing availability of anatomical neuroimaging data 
from many different species holds a great potential to understand how 
the structural basis of distinct abilities has come about (Friedrich et al., 
2021). We hope that these new data will be successfully integrated with 
studies on the behavioural abilities of various temporal cortices and 
therefore will provide a new impetus into temporal cortex research. 
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