
Chapter 1
The Functional Neuroanatomy of Face
Processing: Insights from Neuroimaging
and Implications for Deep Learning

Kalanit Grill-Spector, Kendrick Kay and Kevin S. Weiner

Abstract Face perception is critical for normal social functioning, and is mediated
by a cortical network of regions in the ventral visual stream. Comparative analysis
between present deep neural network architectures for biometrics and neural archi-
tectures in the human brain is necessary for developing artificial systems with human
abilities. Neuroimaging research has advanced our understanding regarding the func-
tional architecture of the human ventral face network. Here, we describe recent neu-
roimaging findings in three domains: (1) the macro- and microscopic anatomical
features of the ventral face network in the human brain, (2) the characteristics of
white matter connections, and (3) the basic computations performed by population
receptive fields within face-selective regions composing this network. Then, we con-
sider how empirical findings can inform the development of accurate computational
deep neural networks for face recognition as well as shed light on computational
benefits of specific neural implementational features.

Introduction

Face perception is critical for normal social functioning. For example, faces pro-
vide key visual information that we use to discriminate one person from another
every single day. Since face perception is ecologically and evolutionarily relevant
across species [39, 52, 152, 167] a fundamental question is:What neuroanatomical
and functional features of the human brain contribute to the visual perception and
recognition of faces?
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To tackle this question, many influential theories regarding the cognitive neuro-
science of face perception [12, 29, 39, 58, 67, 71, 123] have examined how regions
within the brain fill the representations proposed by classical theories of face per-
ception in cognitive psychology [14, 82, 154]. This approach has been successful in
identifying a network of functional regions in the human occipito-temporal cortex
that is specialized for processing faces. Indeed, many influential studies have func-
tionally differentiated both ventral from dorsal components of this network [39], as
well as functional regions from one another within these dorsal and ventral compo-
nents, respectively [77, 110, 112, 125, 129, 165, 169]. This chapter focuses on the
ventral component of this network and differs from prior papers and book chapters
in two main ways. First, while prior articles focus on the face network as an inde-
pendent system, a repetitive theme throughout this chapter is that the ventral face
network is embedded within the visual system more generally. Thus, we discuss and
propose that visual processing in regions outside the face network and their inter-
action with the face network—for example, through white matter connections—is
meaningful and contributes to the efficiency of face processing. Second, in addition
to understanding the functional characteristics of each region within the ventral face
network, this chapter zooms into the cellular structure of neural tissue composing
each region. Both of these topics are important and necessary stepping-stones toward
building a mechanistic model that would inform how the anatomical structure of the
face network subserves computations underlying fast and efficient face recognition.

From both neuroscience and computational perspectives, a complete mechanistic
model explaining the functional neuroanatomy of face perception would (1) define
each component of the ventral face network, (2) determine the anatomical features of
each component, as well as their connections, (3) understand the functional charac-
teristics (e.g., the representations and information) containedwithin each component,
(4) derive the computations within and across components to the point that they can
be modeled and cross-validated, and (5) provide an understanding regarding how
anatomical features of the underlying neural circuits and their connections imple-
ment computations relevant for face perception and recognition.

This chapter synthesizes recent findings and shows that the field has made sig-
nificant progress toward generating this model. First, we describe functional charac-
teristics of the human ventral face network from well-established research findings.
Second, we summarize novel macro- and microanatomical features of the ventral
face network as well as features of white matter connections. Third, we discuss basic
computations of the ventral face network performed by population receptive fields
(pRFs). In the fourth section, we consider how recent empirical findings regarding
the human ventral face network could be implemented and tested in computational
models including deep convolutional neural networks (CNNs) that contain archi-
tectural features inspired by the hierarchical architecture of the ventral stream [41,
121, 136]. While deep CNN architectures are broadly “neurally inspired” by neu-
robiological architectural features of the ventral visual stream, they also differ from
the neural architecture in the human brain in several fundamental ways (Table1.1).
Therefore, in this fourth section, we highlight some of architectural and functional
features that have not yet been implemented in deep neural network architectures
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and consider potential computational benefits of specific functional and anatomical
features of the neurobiological implementation.

1.1 The Functional Characteristics and Organization
of the Ventral Face Network in the Human Brain

1.1.1 Functional Characteristics of the Ventral Face Network

Face-selective regions, which exhibit higher responses to faces compared to other
stimuli have been identified with neuroimaging methods first with Positron Emis-
sion Tomography [134, 135], then with intracranial electroencephalography [1–3,
95, 116], and later with functional magnetic resonance imaging (fMRI) [72, 94, 108,
114, 150, 165]. Based on this functional characteristic, scientists identify a constel-
lation of face-selective regions using fMRI [58]. In the occipital and temporal lobes,
scientists identify face-selective regions in both ventral occipito-temporal cortex
(Fig. 1.1a), as well as superior temporal cortex [39, 167]. The former are associated
with face perception and recognition [35, 50, 97, 150] and the latter are associated
with dynamic aspects of face perception [4, 17, 18, 110, 115, 175]. As the focus
of this chapter is understanding the neural basis of face recognition, we focus on
three regions of the ventral face network: IOG-faces, pFus-faces, and mFus-faces1

(Fig. 1.1a). The former region is synonymous with the occipital face area (OFA, [42,
109]). The latter two regions are anatomically and functionally distinct components
of the fusiform face area (FFA, [72, 165, 166]): pFus-faces is synonymous with
FFA-1 [108] while mFus-faces is synonymous with FFA-2 [108]. Additional face-
selective regions have been identified in the anterior temporal lobe [10, 70, 118,
153], but these regions are not considered part of the core face network (but see [21])
as they are not just driven by visual stimulation and are more elusive due to lower
signals and susceptibility artifacts in fMRI.

The basic functional characteristic of functional regions within the ventral face
network is higher neural responses to the visual presentation of faces compared
to a variety of other stimuli including animate stimuli (such as limbs, bodies, and
animals), familiar and unfamiliar objects, scenes, characters, and textures (Fig. 1.1b).
Within each region, functional responses to face exemplars are higher than exemplars
of other categories [26, 66, 98, 113] (Fig. 1.1c).

This characteristic response is maintained across sessions [13, 106, 165], tasks
[15, 165], and stimulus formats (Fig. 1.1d), including photographs [65, 72], line
drawings [65, 72], two-tone stimuli [24, 151], texture [36], and spatial frequency
[160].

While the preferential response to faces over other stimuli is maintained across
image transformations and face information can be read out from distributed

1See Appendix for abbreviations and definitions.
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(a) (c)

(b) (d) (e)

Fig. 1.1 Face-selective regions in human ventral occipito-temporal cortex. a Face-selective
regions are identified based on higher responses to faces compared to a variety of other stimuli
(faces > bodies, objects, places, and characters, t > 3, voxel level). The figure shows an inflated
cortical surface of an individual subject depicting the three typical clusters of face-selective regions
in ventral occipito-temporal cortex. One cluster is on the inferior occipital gyrus referred to as IOG-
faces (also as occipital face area, OFA); a second cluster is on the posterior aspect of the fusiform
gyrus, extending to the occipito-temporal sulcus, referred to as pFus-faces (also fusiform face area
one, FFA-1); a third cluster is located about 1–1.5cm more anterior on the lateral aspect of the
fusiform gyrus overlapping the anterior tip of the mid-fusiform sulcus (MFS) and is referred to as
mFus-faces (also FFA-2). White lines boundaries of retinotopic areas. b Independent analysis of
response amplitudes of mFus-faces showing the typical higher responses to faces compared to other
stimuli. Adapted from Stigliani et al. 2015. c Responses to single images in pFus- and mFus-faces.
Each cell shows the normalized electrocorticography responses to single images averaged over 5
presentations and a 100–350ms time window. The first column shows responses in an intracranially
implanted electrode over pFus-faces/FFA-1 and the second shows responses from an electrode
over mFus-faces/FFA-2. Responses to face images are consistently higher than responses to any
of the nonface images. Adapted from [66]. d Responses in ventral face-selective regions to face
silhouettes are significantly higher than two-tone shapes and scrambled images. Adapted from [24].
e Responses in ventral face-selective regions are highest when faces are identified, intermediate
when they are detected but not identified, and lowest when they are missed. Adapted from [50]
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responses patterns [5, 9, 19, 79, 102, 132], functional responses of the ventral face
network are modulated by stimulus position [89, 183], size [183], illumination [49],
contrast [126, 183], and viewpoint [49, 79, 102, 159]. For example, responses in
ventral face-selective regions are higher for upright than upside down faces [24, 73,
182] and are higher for centrally presented than peripheral faces [57, 89]. Addition-
ally, responses in face-selective regions aremodulated by top-down effects, including
attention [23, 25, 104], expectation [32, 143], and familiarity [6, 34, 56, 101, 164].

Critically, fMRI-adaptation [47, 49, 51] experiments have been pivotal in showing
that responses in ventral face-selective regions are sensitive to face identity. For exam-
ple, repeating the same face produces reduced responses due to neural adaptation [47,
49, 51, 124] and parametrically increasing the dissimilarity among face identities
systematically increases the responses in face-selective regions due to release from
adaptation [24, 43, 67, 90, 100]. Additionally, and consistent with behavioral aspects
of face perception, (a) neural sensitivity to face identity is higher for upright than
upside down faces [44] and (b) both changes in facial features and in the metric rela-
tion among features [129, 181] cause a recovery from adaptation which is associated
with the perceived change in identity [26, 126, 129, 130]. Finally, neural responses
to faces in ventral face-selective regions are correlated with the perception of indi-
vidual participants [35, 50, 97, 150] and also causally involved in the perception of
faces [68, 69, 95, 105, 111, 112, 119, 123]. For example, neural responses within
mFus- and pFus-faces are low when faces are present but not detected, intermediate
when faces are detected but not identified, and highest when they are identified ([50];
see Fig. 1.1e).

Altogether, these foundational studies reveal that the amplitudes of neural
responses in the ventral face network are both higher for faces than nonfaces across
formats and correlate with the perception of faces.

1.2 The Neural Architecture and Connections
of the Ventral Face Network

1.2.1 The Functional Organization of the Face Network
Is Consistent Across Participants

A striking characteristic feature of the functional architecture of the ventral face
network is that the cortical location of functional regions is highly consistent across
people. At the centimeter scale, face-selective regions are identifiable on specific
gyri: occipital face-selective regions are located on the inferior occipital gyrus (IOG,
Fig. 1.1a), while face-selective regions in ventral temporal cortex (VTC) are located
on the lateral aspect of the fusiform gyrus (FG).

It is important to emphasize that gyri are not small—they are typically several
centimeters long and wide and thus, have a rather large surface area. Thus, limit-
ing a functional region to anywhere on these macroanatomical structures results in
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extensive across-subject variability with low predictability for identifying these
regions from cortical folding alone [40]. However, in the last 5 years, we have
gained new insights regarding the structural-functional coupling of face-selective
regions at the millimeter scale. These advancements have been possible due to rig-
orous measurements of the variability of the cortical folding patterns of the FG and
neighboring sulci [168, 170] as well as precise measurements of the relationship
between functional regions and macroanatomical landmarks [99, 165, 170].

One such macroanatomical landmark to note is the mid-fusiform sulcus (MFS),
which is a shallow longitudinal sulcus that bisects the fusiform gyrus (FG) into a
lateral and medial portion (Fig. 1.2a). While there is anatomical variability across
individuals in the length and fractionation of the MFS [170], it serves as a con-
sistent landmark identifying functional representations. For example, irrespective
of inter-individual variability in MFS morphology, the anterior tip of the MFS pre-
dicts the location of the mid-fusiform face-selective region, identifying about 80% of
voxels within mFus-faces/FFA-2 (Fig. 1.2a-left [165, 170]). By comparison, the pos-
terior tip of the MFS predicts about 50% of pFus-faces/FFA-1 (Fig. 1.2a-left). This
lower functional-macroanatomical coupling is due to higher anatomical variability
of the posterior compared to anterior end of the MFS. Interestingly, the structural-
functional coupling extends to large-scalemaps spanning several centimeters inVTC.
For example, the MFS also identifies a transition within a large-scale animacy map
spanning VTC [48] in which voxels that prefer animate stimuli are located lateral
to the MFS and voxels that prefer inanimate stimuli are located medial to the MFS
(Fig. 1.2a-center). Consequently, this consistent functional-macroanatomical cou-
pling generates a consistent spatial relationship between multiple representations in
VTC. That is, face-selective regions are consistently embedded within a larger scale
representation of animate stimuli [22, 48, 93].

Given that it is more neurobiologically costly for the brain to spend the energy
to generate orderly compared to disorderly representations (and not all visual repre-
sentations align with anatomical axes on the cortical sheet as described above), these
findings raise the following questions: (1) Are there anatomical constraints that con-
tribute to the consistency of this functional architecture? (2) Is there a computational
benefit to the regular spatial topography of functional representations in VTC?

1.2.2 The Cytoarchitecture of Face-Selective Regions

What might explain the predictable spatial arrangement of both fine-scale clusters
and large-scale functional representations relative to macroanatomical landmarks?
Recent evidence indicates that anatomical constraints may underlie the predictable
topologies in the VTC.
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(a)

(b)

Fig. 1.2 Regular spatial structure of functional and anatomical parcellations of ventral tem-
poral cortex. a Multiple representations are aligned to the mid-fusiform sulcus (MFS). Data are
shown on an inflated cortical surface zoomed on ventral temporal cortex (VTC) of the right hemi-
sphere of a representative brain. MFS is indicated by the white outline. Left Face-selective regions
(faces> other categories; t> 3, voxel level, red) mFus-face/FFA-2 and pFus-faces/FFA-1 are pre-
dicted by the anterior and posterior tips of the MFS, respectively. CenterMFS serves as a boundary
betweendistributed representations of animate and inanimate representations.RightTheMFS serves
as a boundary separating lateral cytoarchitectonic regions FG4 and FG2 from medial cytoarchitec-
tonic regions FG3 and FG1, respectively. Cytoarchitectonic areas are indicated with separate colors
(see legend). FG: fusiform gyrus. b Histological slice showing the cell body staining and the gray
level index (GLI, line) across cortical layers from a representative 20-micron slice through FG4
(left) and FG2 (right). There are different cell distributions and cell sizes across cortical layers
between the two example slices
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1.2.2.1 The Cytoarchitecture of the FG

The size, shape, and organization of cells across the six-layered cortical ribbon (the
combination ofwhich is referred to as cytoarchitecture) is awell-established criterion
to parcellate the brain into areas because differences in cellular structure across
cortical layers are believed to be indicative of specialized neural hardware that is
utilized for particular brain functions.

In the last 4 years, four cytoarchitectonic areas have been discovered inVTCusing
data-driven, observer-independent techniques, which are blind to cortical folding. In
the posterior aspect of the fusiform gyrus (FG) and neighboring sulci, there are two
cytoarchitectonic areas referred to as FG1 and FG2 [20]. FG1 is located on themedial
aspect of the FG and is characterized by a columnar structure, while FG2 is situated
on the lateral aspect of the FG and has a higher cell density than FG1. Anteriorly,
there are two additional cytoarchitectonic areas referred to as FG3 and FG4 ([92];
Fig. 1.2a-right). Many architectural features differentiate FG3 from FG4. For exam-
ple, FG3 is characterized by a compact and dense layer II, while FG4 is characterized
by a less dense layer II compared to FG3, as well as large layers III and V. Inter-
estingly, the MFS not only serves as a landmark identifying face-selective regions
and functional transitions in large-scale maps, but also serves as a landmark iden-
tifying microarchitectural boundaries separating medial fusiform cytoarchitectonic
areas (FG1/FG3) from lateral fusiform cytoarchitectonic areas (FG2/FG4, Fig. 1.2a-
right). Specifically, the cytoarchitectonic transition between FG1, medially, to FG2,
laterally, occurs 5.41 ± 1.6mm from the posterior MFS, while the cytoarchitectonic
transition between FG3, medially, and FG4, laterally, occurs 1.42± .54mm from the
anterior MFS (Fig. 1.2a-right). Since the MFS predicts both functional and anatom-
ical transitions in the human brain, it is natural to ask: Is there relationship between
functional regions and cytoarchitectonic areas in the fusiform gyrus?

1.2.2.2 The Relationship Between FG Cytoarchitectonic Areas
and the Ventral Face Network

Quantifying the relationship between cytoarchitectonic areas and face-selective
regions is challenging because cytoarchitectonic areas are delineated in postmortem
brains, while face-selective regions are defined in living brains. Presently, it is impos-
sible to relate these cortical divisions within the same individual. Nevertheless, it is
possible to quantitatively relate these structures by aligning them to a common cor-
tical reference frame. This is done using cortex-based alignment, which leverages
cortical folding patterns to align one brain to another, irrespective if the brains are
from living or postmortem individuals [38, 122]. Implementing this novel approach
revealed that functionally defined face-selective regions within the FG are cytoarchi-
tectonically dissociable. That is, different face-selective regions are located within
different cytoarchitectonic areas: mFus-faces/FFA2 is largely within FG4 (81% ±
24%, mean ± standard deviation), while pFus-faces/FFA1 is largely within FG2
(49.5% ± 24%) and not in other cytoarchitectonic areas of the FG [173]. These
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results suggest that microanatomical properties contribute to the macroanatomical
positioning of mFus-faces/FFA-2 and pFus-faces/FFA-1 (even though they are both
located on the fusiform gyrus). For example, pFus-faces/FFA-1 displays features of
FG2 (Fig. 1.2b), which has a conspicuous layer III with larger pyramidal cells than
those of mFus-faces/FFA-2, as well as a prominent and dense layer IV compared to
mFus-faces/FFA-2, which has a thin and moderately dense layer IV.

These results have three important theoretical ramifications. First, distinct cytoar-
chitecture is evidence for differential neural hardware optimized for specialized
computations. Thus, it is likely that the cytoarchitectonic differences between
mFus-faces/FFA-2 and pFus-faces/FFA-1 are reflective of different computations
implemented by these regions. Second, as cytoarchitectonic differences are used to
parcellate brain areas, our data suggest that distinct functional regions correspond-
ing to pFus- and mFus-faces, respectively, have distinct cytoarchitectonic structure.
Third, since IOG-faces is located outside the FG, it does not overlap with any of the
FG cytoarchitectonic areas. This suggests that IOG-faces/OFA is also cytoarchitec-
tonically distinct from pFus-faces/FFA-1 and mFus-faces/FFA-2.

Together these findings suggest that the brain may have different neural hardware
for specific computations implemented in each of the three faces-selective regions of
the ventral face network. Nevertheless, future research is necessary to elucidate the
computations that are produced by this elaborate microcircuitry as well as detailed
properties of this circuitry including the precise cell types, their connections, and
their 3D structure.

1.2.3 White Matter Connections of the Ventral Face Network

In addition to local cytoarchitecture, there is consensus that white matter connec-
tions also constrain the function of the brain [147, 158, 184]. Recent evidence has
begun to elucidate the nature of white matter connections of the face network with
four main findings. First, ventral face-selective regions IOG-, pFus-, and mFus-faces
are highly interconnected with direct white matter connections [54, 117, 171]. Sec-
ond, longitudinal white matter tracts connect early visual retinotopic areas located
outside the face network to ventral face-selective regions [54, 80, 171]. Third, ver-
tical white matter tracts connect dorsal stream visual regions located outside the
face network to ventral face-selective regions. For example, portions of the verti-
cal occipital fasciculus (VOF; [146, 172, 179]) connect a retinotopic region in the
posterior intraparietal sulcus (IPS-0) and pFus-faces [171]. Fourth, there are distinct
white matter tracts associated with the ventral face network compared to networks
associated with processing other domains. For example, long-range white matter
connections of pFus- and mFus-faces are distinct from white matter connections of a
place-selective region in the collateral sulcus (CoS-places/PPA; [45, 117, 128, 149]).

A schematic summarizing these white matter connections is shown in Fig. 1.3.
We note that this diagram is incomplete because it does not provide information
regarding (1) the entire connectivity of the ventral face network, (2) the direction of
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Fig. 1.3 Schematic diagram of white matter tracts of the ventral face network. Black ovals
indicate core face-selective regions and gray ovals indicate regions that are considered external to
the core face network. The schematic is arranged such that the hierarchical axis is from left to right.
Acronyms: face-selective regions: IOG: inferior occipital gyrus; pFus: posterior fusiform; mFus:
mid-fusiform: AT: anterior temporal; IPS0: a region in the intraparietal sulcus that is part of the
attention network

connections (though research in animals suggests that they are bidirectional [37]),
or (3) the functionality of these white matter tracts.

Nevertheless, the schematic diagram provides four important insights regarding
the connectivity features of the ventral face network. First, these findings illustrate
hierarchical connections from IOG- to pFus-faces and from pFus- to mFus-faces,
which may provide the connectivity scaffolding for hierarchical features of the ven-
tral face network described in the following section. Second, the network contains
redundant connections: there are multiple white matter tracts reaching each region.
Third, there are bypass connections that do not follow a strict hierarchical organiza-
tion. For example, mFus-faces, which is considered a later stage of the processing
hierarchy following pFus-faces, is connected not only to the preceding stage (pFus-
faces), but also to IOG-faces and early visual cortex. Finally, there are vertical white
matter tracts connecting IPS-0, which is thought to be part of the attention network
[64, 137, 138, 144], to pFus-faces. These vertical tracts may facilitate top-down
processing [74].

One important functional feature of redundant and bypass connections is that they
may provide network resiliency in the face of injury or disease. For example, recently
we had the unique opportunity to measure the face network before (1 month and
4 days) and after (1 and 8 months) a surgical resection of the IOG in a patient (SP)
who underwent surgery to treat intractable epilepsy [171]. Surprisingly, downstream
regions remained functionally intact despite the resection of the IOG, which would
not have been predicted by a strict hierarchical organization [58]. Interestingly, this
resiliency of FG face-selective regions is also reported in patients with long-term
(>10 years) damage to the inferior occipital cortex [129, 140, 142]. By measuring
white matter connections in SP, we identified the longitudinal and vertical tracts
discussed above suggesting that these tracts may contribute to the resiliency of the
face network after resection by enabling signals to reach these downstream regions
using alternate routes from early visual cortex and/or parietal cortex [171].
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While identifying white matter tracts of the ventral face network is a major
stepping-stone, we recognize that future work is necessary to uncover many remain-
ing unknowns regarding the connectivity of the ventral face network including:
(1) What is the functional utility of white matter connections both within the face
network as well as to regions outside the network? (2) What is the contribution of
white matter connection to the spatial segregation of face-selective regions of the
ventral face network? (3) What is the contribution of white matter connections to
behavior?

1.3 Computations by Population Receptive Fields
in the Ventral Face Network

As described in Sect. 1.2 above, the field has accrued a considerable body of knowl-
edge regarding the functional characteristics of ventral face-selective regions, the
anatomical composition and connectivity of regions within the ventral face network,
and their role in perception. However, how underlying features contribute to the
computations of each region and the network as a whole remains elusive. In this
section, we describe progress in understanding basic computations performed across
the ventral stream by population receptive fields (pRFs).

A logical starting point for developing computational models of the ventral face
network is to determine receptive field properties (the region of the visual field
within which a stimulus elicits a response from a neuron) for neurons in ventral
face-selective regions for three reasons. First, receptive fields are a fundamental
aspect of the processing performed by neurons in the visual system [53, 63]. Since
neurons with similar RFs are spatially clustered and fMRI measures the population
response of all neurons within each brain voxel (volume pixel), we can measure
the population receptive field (pRF)—the region of the visual field that drives the
population of neurons within a voxel [31, 76, 77, 162]. Second, face recognition
is thought to require spatial integration across facial features rather than processing
isolated facial features [148, 155, 156]. Thus, determining the location and size of
pRFs in the ventral face network may inform our understanding of which parts of the
face are processed in different stages of the face network. Third, understanding pRFs
may shed light on fixation/viewing behavior. For example, when asked to recognize
a face, participants typically fixate on the center of the face and the eyes, but when
asked to judge the emotion of the face, people also fixate on the mouth [107]. These
fixation behaviors suggest that the spatial capacity of face processing is not only
limited, but may also be task dependent.
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1.3.1 pRF Measurements Reveal a Hierarchical
Organization of the Face Network

Recently, we performed a series of experiments in which we built encoding models
(computational models that explicitly identify a set of features and computations that
predict evoked brain responses) that characterize pRFs in the ventral face network.
Subjects were scanned while viewing faces at different positions and sizes that sys-
tematically tiled the central visual field (12.5◦). From these data, we obtained the
amplitude of fMRI response of each voxel as a function of face position and size.
Then, for each voxel we fit a model that predicts the response by computing the
overlap of the stimulus with a 2D Gaussian, followed by a compressive nonlinearity
[76, 77]. This model-based analysis (1) provides estimates of pRF properties such
as size and eccentricity (distance from fixation), (2) allows comparison of pRF prop-
erties across the ventral stream hierarchy, and (3) provides insight into how space is
represented in the ventral face network.

PRFmapping shows that voxels in the ventral face network are substantially mod-
ulated by the location and spatial extent of faces in the visual field, and our simple
pRF model explains these modulations well. PRFs in the ventral face network illus-
trate several characteristics. First, pRF centers are located in the contralateral visual
field [60, 77]—a finding that is consistent with retinotopic organization of visual
cortex more generally [62]. That is, pRF centers of voxels in the right hemisphere
are centered in the left visual field and vice versa. Second, pRFs in the ventral face
network tend to be located close to the center of gaze [77, 176] rather than distrib-
uted across the visual field as in early and intermediate retinotopic areas (V1-hV4,
Fig. 1.4b). Third, the average pRF size progressively increases fromV1 to subsequent
retinotopic areas (V2-hV4) and into the face network (IOG-, pFus- and mFus-faces;
[77, 176], Fig. 1.4a). This progressive increase of average pRF size is consistent with
a hierarchical organization [157]. Fourth, pRF size linearly increases with eccentric-
ity in the face network (Fig. 1.4c; [77, 176] as in earlier regions [162]). Additionally,
the slope of this relationship increases across the visual hierarchy. Consequently, the
size of pRFs in the ventral face network is larger than their eccentricity. Thus, pRFs
in the ventral face network always cover the center of gaze (fovea) and extend into
the ipsilateral visual field, processing information from both right and left visual
fields.

An intuitive illustration of the visual information processed by pRFs across the
ventral processing stream is shown in Fig. 1.4d. Here, we show example pRFs at
1◦ eccentricity across several regions spanning the ventral stream; these pRFs are
superimposed on a face sized to approximate typical conversational distance [91, 96].
The figure illustrates that a V1 pRF processes local information, such as the corner
of the eye, while a pRF within hV4 may process an entire facial feature, such as an
eye. However, the large and foveal pRFs in the face network process information
across multiple facial features from both sides of the face. These data suggest a
potential explanation for fixation behavior: when people fixate faces, they attempt to
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Fig. 1.4 pRFs reveal a hierarchical organization of the ventral face network. a Median pRF
size for each area from V1 to mFus-faces (error bars indicate 68% confidence intervals, CIs).
pRF size is defined as the standard deviation of a 2D Gaussian that characterizes the response of the
pRF to point stimuli.bMedian eccentricity of pRF centers for each area. cRelationship between pRF
size and eccentricity (shaded area indicates a 68% CI on a line fitted to the data). d Facial features
processed across the hierarchy. Circles indicate pRFs at 1◦ eccentricity (as derived from panel c).
Each circle is drawn at +/− 2 pRF sizes. The depicted face is sized to simulate a conversational
distance of 1m (approximately 6.5◦ based on average male head sizes [91, 96]). Ascending the
hierarchy, spatial information is integrated across increasingly large regions of the face, until the
latest stages where entire faces are processed by neural populations within a voxel. Adapted from
[77, 167]

position pRFs in face-selective regions in order to optimally integrate information
across facial features.

Data comparing pRFs in the ventral face network between developmental
prosopagnosics (DPs) and typical participants support the idea that spatial integra-
tion across facial features obtained by large and central pRFs is necessary for face
perception [176]. DPs are individuals without brain damage, but who are impaired
at face recognition without showing other visual or cognitive deficits [8, 11, 28,
30, 88]. PRF measurements reveal that pRFs in the face network (and hV4) of
DPs are smaller, and rarely extend to the peripheral or ipsilateral visual field com-
pared to typical controls. Notably, across both typicals and DPs, face recognition
ability is positively correlated with pRF size in the ventral face network: partici-
pants with larger pRFs perform better than those with smaller pRFs (r(15) = 0.63,
p<0.007). In contrast, face recognition ability does not correlate with pRF size in
early retinotopic areas. These data provide empirical evidence suggesting that smaller
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pRF sizes in DPs may reflect a deficit in spatial integration, consequently affecting
face recognition.

1.3.2 Attention Modulates pRF Properties, Enhancing
Peripheral Representations Where Visual Acuity
Is the Worst

Responses in the ventral face network are not just driven by the stimulus, but are also
modulated by internal top-down goals [7, 104, 143, 180].We characterized how top-
down factors modulate pRF properties and spatial information by measuring pRFs
under different attentional states [77]. PRFs were estimated separately for different
tasks using identical visual stimulation, including a digit task during which attention

Fig. 1.5 Attention modulates pRF properties in the ventral face network, enhancing spatial
representations. PRFs were measured under different tasks using the same stimulus. For the data
in this panel, subjects either performed a one-back task on centrally presented digits (digit task) or
a one-back task on the presented face (face task) while fixating centrally. a Task-induced changes
in pRF properties (bars indicate median across voxels; error bars indicate 68% CIs). pRFs in IOG-,
pFus-, and mFus-faces, and hV4 are larger (left), more eccentric (middle) and have increased gain
(right) during the face task (gray) compared to the digit task (black). b Tiling of visual field by
100 randomly selected pRFs from left pFus-faces (dots indicate pRF centers; circles indicate pRFs
drawn at+/− 2 pRF sizes). An example face is shown at 5-deg eccentricity. c Spatial uncertainty in
discrimination of stimulus positions. Bars indicate amount of uncertainty for reference positions at
5-deg eccentricity (median across angular positions+/− 68%CI). During the digit task, uncertainty
in IOG-, pFus-, and mFus-faces is large. However, during the face task, uncertainty is substantially
reduced and is commensurate with spatial uncertainty in V1. Adapted from [77, 167]
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was directed toward digits presented centrally, at fixation, and a face task, during
which attention was directed toward faces, which appeared at various locations tiling
the visual field (while fixating, subjects performed a one-back judgment on digits
and faces, respectively).

Fitting the pRFmodel separately to brain responses observed under different tasks,
we found that pRFs in the ventral face network and hV4 are dependent on the task. In
these regions, pRFs are larger (Fig. 1.5a-left), located more peripherally (Fig. 1.5a-
center), and have a higher gain (Fig. 1.5a-right) when participants attended to the
faces compared to when they attended to digits presented at fixation. In contrast,
pRFs in early visual areas V1–V3 were relatively stable and did not substantially
change across tasks (Fig. 1.5a).

To obtain an intuitive understanding of the effect of attentional modulation of
pRFs in the ventral face network, we visualize the collection of pRFs from left pFus-
faces measured in the digit task (Fig. 1.5b-left) and in the face task (Fig. 1.5b-right).
As pRFs are larger and more eccentric in the face than digit task, there is extended
coverage of the peripheral visual field during the face task compared to the digit task.
For example, while a face presented at 5◦ eccentricity from fixation is processed by
only a handful of pRFs during the digit task, it is processed by many pRFs during
the face task.

To interpret the change in spatial representations across tasks, we used a model-
based decoding approach (inferring information from distributed patterns of brain
activity across a collection of pRFs) and quantified the spatial uncertainty of the
location of a face presented at 5◦ eccentricity from responses of a collection of pRFs
spanning each visual area. Results show that the spatial uncertainly in decoding
the location of the face from the collection of pRFs in the face network substantially
decreases from the digit to face task (Fig. 1.5c). Surprisingly, the spatial uncertainty in
the face network during the face task is similar to that obtained byV1 pRFs which are
considerably smaller. These results illuminate another aspect of spatial coding: what
determines the spatial resolution of processing by a collection of pRFs is not only
their size, but also their scatter. In other words, large and partially overlapping pRFs
may provide similar spatial precision as small and nonoverlapping pRFs, consistent
with the notion of coarse coding [139, 174].

Our research of pRF properties is only a first stepping-stone of building accurate
encoding models of the face network, as we have implemented a rudimentary spatial
filter that performs only spatial summation, and the same type of spatial filtering
throughout the ventral stream. Thus, important future elaborations of the pRF model
would be to (1) include additional dimensions to themodel that explain computations
related to other aspects of the stimulus (e.g., its shape and/or features), and (2) deter-
mine whether and how additional pRF properties vary within each cortical region
and across regions. For example, implementing an array of orientation selective fil-
ters for each V1 voxel, rather than just Gaussian filters, provides better predictive
power in explaining V1 responses to natural images [75]. In the domain of face
processing, elaborating pRFs is necessary for explaining basic response properties
of face-selective regions not explained by the present pRFmodel, such as preferential
responses and tuning to individual faces [46, 84, 103] and face parts [27, 61].
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1.4 Eyes to the Future: Computational Insights
from Anatomical and Functional Features
of the Face Network

1.4.1 What Is the Computational Utility of the Organized
Structure of the Cortical Face Network?

The empirical findings reviewed here reveal an organized and reproducible imple-
mentation of a neural processing system for face perception in the human brain. Since
generating an organized structure is more effortful than a disorganized structure, it
is possible that certain principles reflecting optimized computational strategies are
produced from this functional architecture over the course of evolution or develop-
ment. Therefore, computational insights can be gleaned from the specific features
of the physical implementation of the ventral face network in the brain. Here, we
highlight some of the architectural and functional features that have not yet been
implemented in computational models and consider putative computational aspects
of these features that can be tested in future research.

For example, an important aspect of computational models that can be further
developed is explicitly modeling how anatomical features may contribute to the
formation of dynamic, task-dependent pRFs. The present pRF approach simply treats
each task as a distinct entity and estimates a model of the stimulus representation
separately for each task. This provides useful insight, but further research is necessary
to identify the neural mechanisms that underlie the source of the task modulations
originating from other brain areas. To better understand how attention may modulate
pRFs, one could consider the characteristics of white matter connections of the face
network. For example, top-down connections from cortical regions outside the face
network (such as the connection from IPS-0 to pFus-faces) may provide a route for
top-down information to flow from parietal regions involved in attentional gating to
face-selective regions. Thus, dynamic pRFs may be an outcome of an interaction
between a static pRF generated by bottom-up connections and an attention field
[81, 120, 141] mediated by top-down connections from IPS-0. Developing new
encoding models that incorporate these anatomical features may reveal insight into
the interplay between top-down and bottom-up processing in the face network—a
topic that has been elusive thus far.

In addition to macroscopic anatomical features such as white matter connectiv-
ity, we believe there is also utility in incorporating microanatomical features into
computational models. For example, cytoarchitectonic differences between pFus-
and mFus-faces suggest that these regions have different neural hardware that may
be optimized to perform different types of computations. These data therefore sug-
gest that computational models should not necessarily implement a single generic
neural computation or filter type that is duplicated across processing stages. Instead,
there are likely different specialized computations occurring at different stages of
processing. Furthermore, an ambitious and interesting direction for future work is to
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forge explicit links between anatomical properties such as cytoarchitecture, receptor
architecture, myeloarchitecture, cell types, and microcircuit connections relative to
the computational properties of neurons in the ventral face network.

1.4.2 What Can Deep Convolutional Networks Inform About
Computational Strategies of the Brain?

Another promising avenue for future research will be to incorporate recent neuro-
science findings into computational models implementing deep convolutional neural
networks (CNNs; [41, 67, 85, 121, 136]),whichhave seen significant recent advance-
ment. In brief, deep CNNs are neural networks composed from a series of stacked
layers, in which the first layer performs operations on the input image and subsequent
layers perform operations on the output of the prior layer. As such, CNNs have a
feedforward architecture. Additionally, layers in a CNN typically alternate between
layers performing linear operations (e.g., convolution), layers performing nonlinear
operations (e.g., ReLU), and pooling layers. After several stacked layers of this sort,
there are often one or more fully connected layers. The layers that perform linear
operations typically contain multiple arrays of filters in which each filter performs
an operation on a local region in the visual input (akin to computations by RFs in the
human visual system), and the same filters are repeated across locations tiling the
entire visual field. Additionally, filters in subsequent layers pool information from a
local neighborhood from the prior layer, which yields an overall increase in pooling
moving up the CNN hierarchy. Once the architecture of the deep CNN is built, the
network is then trained to perform a task (e.g., face recognition). During training, the
weights of the connections between layers are altered typically using a backpropa-
gation algorithm [87, 127], which functions to reduce the error between the network
output and the desired answer. After training, the weights are no longer changed and
the processing in deep CNNs is strictly feedforward.

Deep CNN architectures are appealing because (1) they are inspired by architec-
tural features of the ventral visual stream [41, 121, 136], (2) their performance
reaches human-like performance in complex object recognition tasks [83, 177]
including face recognition [145], and (3) they can predict—to a noteworthy level
of accuracy—experimentally measured responses in the primate and human ventral
stream [16, 33, 55, 67, 78, 86, 178]. We suggest that CNNs can be used as a tool
(e.g., through simulations and analysis) to understand the computations being per-
formed within the face network. However, as a first step, it is important to consider
in what aspects the artificial architecture of deep CNNs is similar to or different than
the neurobiological architecture of the human ventral visual stream.

Several aspects of deep CNNs are similar to the architecture of the human ventral
visual stream (Table1.1). For example, both systems implement: (1) computations
by local filters, (2) hierarchical processing across a series of stages, (3) feedforward
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Table 1.1 Computational hypotheses generated from comparisons between deep convolutional
neural networks (CNNs) and neural architecture

computations, (4) linear–nonlinear operations, (5) redundant connections, and (6)
modification of weights during training.

While deep CNN architectures are broadly “neurally inspired” by neurobiological
architectural features of the ventral visual stream, they also differ from the neural
architecture in the humanbrain in several fundamentalways (Table1.1).As examples,
we note four differences between current deep CNNs such as AlexNet [85]) or
FaceNet [131] and what is known about the ventral visual stream. First, after the
training stage, filters in CNNs are fixed rather than dynamic, but in the brain, pRFs
are dynamic and can be modified by top-down attention. Second, filters in CNNs
are identical in size across the visual field, but in the brain, pRFs are larger in the
periphery than the center of gaze. Third, in a given layer of a CNN there is no
significance to the spatial arrangement of filters in a given layer, but the visual system
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exhibits a spatial topography of representations across spatial scales of the cortical
sheet that is reproducible across individuals. Fourth, in standard CNNs, beyond the
training stage, there is typically no influence of top-down connections or bypass
routes, but both types of connections are present and are used by the brain. By
modifying the CNN architecture in order to implement features that more accurately
reflect neurobiologically plausible brain architectures, it might be possible to explore
and better understand the computational benefits of specific neurobiological features
(Table1.1 – right column). Below, we give examples of three such tests.

First, the computational architecture of most current deep CNNs such as AlexNet
[85] or FaceNet [131] is strictly serial, which does not respect the biological reality
that the ventral face network contains bypass routes that skip stages of the processing
hierarchy. Therefore, incorporating recent empirical findings of bypass routes into the
architectures ofCNNsmay (1)makeCNNsmore accuratemodels of the humanvisual
system and (2) could advance our understanding regarding hypothesized benefits of
specific architecture features such as bypass routes. For example, the hypothesis
that bypass connections provide resiliency to cortical damage could be tested by
comparing the effect of a virtual lesion to an intermediate layer of a strictly serial
neural network versus a virtual lesion in a non-serial neural network containing
bypass connections.

Second, deep CNNs contain fixed filters (beyond the training stage) and do
not incorporate top-down connections from other processing stages. Consequently,
processing in deep CNNs is purely stimulus-driven and therefore, does not account
for known empirical effects of task and attention on responses in the ventral face
network, such as attention-modulated pRFs. Thus, one could adapt a present deep
CNN like FaceNet [131] to include top-down connections in order to test whether
this addition explains task and attention effects on pRF properties and if so, if it
improves the efficiency and/or performance of the network.

Third, as described in Sect. 1.2.1, there is a regular spatial topography of functional
representations in the human brain. This topography is evident in all stages of the
visual processing hierarchy—from an orderly structure of pRF arrangement across
the cortex generating spatial maps of the visual field in early and intermediate visual
areas [133, 161, 163], to the object form topography [22, 59] and regularity of
face-selective regions relative to macroanatomical landmarks [165, 170] in ventral
temporal cortex. In contrast to the spatial regularity of fine-scale functional regions
and large-scale representations in the brain, there is (1) no spatial organization to
nodes in a particular layer of a CNN and (2) neurobiological costs (such as wiring
length) are not explicitly accounted for by CNNs, whereas biological systems are
affected by those costs. Thus, future research can examine (1) what architectonical
constraints need to be added to a deep CNN for it to develop a spatial structure
(perhaps guided by the cytoarchitectonic and connectivity structure of face-selective
regions summarized in Sect. 1.2 and (2) what computational benefit does cortical
organization provide? For example, does spatial topography enhance CNN speed or
efficiency?
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1.5 Conclusions

As described in this chapter, neuroimaging research has advanced our understanding
regarding the functional architecture of the human ventral face network. For example,
the scale of our understanding of the spatial arrangement of regions in the ventral
face network has improved from centimeters to millimeters. Recent research has
linked this consistent spatial arrangement of the ventral face network to underlying
microanatomical features such as cytoarchitecture, as well as whitematter connectiv-
ity. Mechanistically, the development of new methods deriving population receptive
fields has begun to elucidate computational principles of the ventral face network.
While there are key questions that remain unanswered, these new research direc-
tions have opened exciting new opportunities for understanding how the functional
neuroanatomical features of the face network contribute to computations underlying
human face perception. Importantly, incorporating these recent findings in up-to-date
computational models will further advance the field by providing enhanced under-
standing of the computational benefits of specific implementational features of the
human brain by integrating such features into state-of-the-art deep convolutional
neural network architectures.
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Appendix: Abbreviations and Definitions

Collateral sulcus (CoS): a primary sulcus in human ventral temporal cortex; the
medial boundary of the fusiform gyrus

Cytoarchitecture: cellular organization across the six-layered cortical ribbon; a
property used to parcellate brain areas from one another

Developmental prosopagnosia (DP): an impairment in recognizing faces despite
normal vision, intelligence, and socio-cognitive abilities and no history of brain
damage

Fusiform face area (FFA): once considered a homogenous face-selective area, it
contains (at least) two cytoarchitectonically and functionally distinct components

Fusiform gyrus (FG): a hominoid-specific macroanatomical structure in ventral
temporal cortex that contains (at least) four cytoarchitectonic areas and multiple
functional regions

FG1–4: Labels for four cytoarchitectonic areas in the fusiformgyrus and neighboring
sulci

http://www.annualreviews.org/doi/10.1146/annurev-vision-102016-061214
http://www.annualreviews.org/doi/10.1146/annurev-vision-102016-061214
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Inferior occipital gyrus (IOG): a gyrus that is posterior-lateral to the fusiformgyrus;
considered the first processing stage of the ventral face network

Mid-fusiform sulcus (MFS): a shallow, longitudinal sulcus bisecting the fusiform
gyrus; a landmark identifying cytoarchitectonic and functional boundaries

mFus-faces/FFA-2: a face-selective region overlapping the anterior-lateral tip of
the mid-fusiform sulcus, located within cytoarchitectonic area FG4, and 1–1.5cm
anterior to pFus-faces/FFA-1

Occipito-temporal sulcus (OTS): a primary sulcus in human ventral temporal cor-
tex; the lateral boundary of the fusiform gyrus

Parahippocampal place area (PPA): a place-selective region in the collateral sulcus
and parahippocampal cortex

pFus-faces/FFA-1: a face-selective region typically overlapping the posterior-lateral
tip of the mid-fusiform sulcus, located within cytoarchitectonic area FG2, and
1–1.5cm posterior to mFus-faces/FFA-2

Population receptive field (pRF): in fMRI, the region of visual space that stimulates
a voxel

Receptive field (RF): the region of the visual field which elicits a response from a
neuron

Ventral Temporal Cortex (VTC): a cortical expanse spanning the inferior aspect of
the temporal lobe containing high-level visual regions involved in “what” perception
and recognition.
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