¢ Human Brain Mapping 7:29-37(1999)¢

Location of Human Face-Selective Cortex
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Abstract: Functional Magnetic Resonance Imaging (fMRI) was used to identify a small area in the human
posterior fusiform gyrus that responds selectively to faces (PF). In the same subjects, phase-encoded
rotating and expanding checkerboards were used with fMRI to identify the retinotopic visual areas V1, V2,
V3, V3A, VP and V4v. PF was found to lie anterior to area VV4v, with a small gap present between them.
Further recordings in some of the same subjects used moving low-contrast rings to identify the visual
motion area MT. PF was found to lie ventral to MT. In addition, preliminary evidence was found using
fMRI for a small area that responded to inanimate objects but not to faces in the collateral sulcus medial to
PF. The retinotopic visual areas and MT responded equally to faces, control randomized stimuli, and
objects. Weakly face-selective responses were also found in ventrolateral occipitotemporal cortex anterior
to V4v, as well as in the middle temporal gyrus anterior to MT. We conclude that the fusiform face area in
humans lies in non-retinotopic visual association cortex of the ventral form-processing stream, in an area
that may be roughly homologous in location to area TF or CITv in monkeys. Hum. Brain Mapping 7:29-37,
1999.  ©1999Wiley-Liss, Inc.
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INTRODUCTION

The first indication that cortical face-processing may
be localized was the description of discrete lesions that
selectively impair the recognition of familiar faces
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(prosopagnosia) [Meadows, 1974]. These lesions usu-
ally include the posterior fusiform gyrus (PF), which
lies at the base of the brain at the junction between the
occipital and temporal lobes [Damasio et al., 1990].
Recently, changes in blood perfusion and/or oxygen-
ation during face-processing in normal subjects have
been localized to the same area using positron emis-
sion tomography (PET) [Sergent, 1993; Haxby et al.,
1994] and fMRI [Puce et al., 1995; Clark et al., 1996;
Kanwisher et al., 1996]. Magnetic fields highly selec-
tive for faces and peaking about 165 ms after stimulus
onset have been estimated to arise from the same area
[Sams et al., 1997; Halgren et al., submitted]. This
inference has been confirmed by direct recordings of
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neuronal field potentials from the same area using
intracranial electrodes [Allison et al., 1994; Halgren et
al., 1991, 1994].

Functional interpretation of these findings, and in
particular the construction of a neural model of face-
processing, requires that PF be located relative to other
areas in the visual processing stream. The visual
processing stream has been extensively studied in
macaque monkeys, where about 30 visual association
areas have been distinguished on the basis of their
cellular architecture, connectivity, retinotopy and re-
sponse-properties [Felleman and VanEssen, 1991;
Sereno and Allman, 1991; Sereno et al., 1994]. In
general, the visual processing areas may be divided
into early areas which contain point-to-point map-
pings of the visual field (“retinotopic areas”) and later
areas lacking such mapping. The visual areas can also
been divided into a “dorsal stream” concerned with
location and motion, and a “ventral stream” more
concerned with form [Ungerleider and Mishkin, 1982].
Although the two streams are not completely segre-
gated, areas within each stream interact more closely
with each other than with areas within the other
stream [Felleman and VanEssen, 1991].

In macaques, the highest concentrations of face-
selective neurons have so far been found in the
anterior superior temporal polysensory (STPa) and
dorsal anterior infero-temporal (AlTd) areas [Perrett et
al., 1992]. Anatomically, macaque STPa and AITd lie in
the anterior part of the superior temporal sulcus (STS),
dorsal and anterior in the temporal lobe, adjacent to
auditory association cortex. In contrast, human PF lies
ventral and posterior in the temporal lobe, adjacent to
limbic cortex of the parahippocampal gyrus. Thus,
homology between primate STS and human PF would
require a phylogenetic stretching and rotation of the
cortex that seems unlikely [Gross, 1992; VanEssen and
Drury, 1997]. Furthermore, lesions of the primate STS
do not produce specific deficits in face discrimination
[Heywood and Cowey, 1993]. Consequently, other
authors have proposed that PF may be homologous to
macaque area V4v [Schneider et al., 1993; Haxby et al.,
1994; Halgren et al., 1994], an area that receives input
from early visual areas V1 and V2, and projects very
widely to the ventral visual stream [Felleman and
VanEssen, 1991]. However, no direct evidence for this
hypothesis has been advanced.

Given that about 40 million years have passed since
the evolutionary divergence of macaques and humans
[Northcutt and Kaas, 1995], it is likely that the homolo-
gies between cortical processing areas would be inex-
act, especially at the higher levels of visual association

cortex. For example, the motion sensitivity appears to
be much greater in V3A, and less in V3, in humans
compared to macaques [Tootell et al., 1997].

However, even if the homologies between the visual
cortices of humans and macaques are only approxi-
mate, the general location of PF relative to retinotopic
areas, and relative to the dorsal vs. ventral streams,
would still have important implications. Specifically, if
the human PF is homologous to the macaque STS, then
it should lie in a nonretinotopic area more associated
with the dorsal stream. Conversely, if PF is homolo-
gous to the macaque V4y, then it should lie in retino-
topic cortex of the ventral stream.

Locating PF in a retinotopic area (e.g., human V4v)
would imply that the calculations that it performs to
detect faces are relatively low-level, i.e., specific for the
location of the face in the visual field. In particular, the
identity of faces presented in different visual field
locations would depend on integration at higher lev-
els. Similarly, if PF were in non-retinotopic regions
farther in the ventral stream, then its input would
include color and form information, and it would
project to anteromedial temporal areas where memo-
ries and emotions associated with the face may be
elaborated. Conversely, if PF is in the dorsal stream,
then it would be expected to have less sensitivity to the
fine structure of the face and more to its location and
movement, or the location and movement of its parts.
Thus, these alternatives would seem to have strongly
divergent implications for the kinds of processing
performed within PF, for the nature of input that it
receives, and for the types of areas where the results of
its processing are projected.

Recently, methods have been developed that allow
the retinotopic and motion-sensitive areas in the hu-
man brain to be mapped with high accuracy using
fMRI [Sereno et al., 1995; Tootell et al., 1996, 1997]. The
goal of the current study is to map these (previously
described) areas together with the face-selective areas
in the same subjects.

MATERIALS AND METHODS

Grayscale full-face photographs of previously unfa-
miliar young caucasian adults, without facial hair,
glasses, or other verbalizeable distinguishing features,
were digitized and then processed so as to have the
same luminance and size. The stimuli were edited to
remove the photographed neck, clothing and back-
ground, and were placed uniformily within the frame
so that the fixation point fell on the bridge of the nose.
Control stimuli were the same faces which had been
distorted by repeatedly moving randomly shaped
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Figure 1.
Unfamiliar grayscale faces and control stimuli (above) were pre-
sented in eight cycles of 16 s blocks (24 different stimuli per block).
A typical sequence of hemodynamic activation over one runin PF is
shown below.

segments of the faces to new locations, while maintain-
ing the face outline constant. The boundaries between
the segments were then ‘“smeared” to remove the
edges which had been introduced, and would have
made the control images systematically different from
the controls. The resulting images were not recognize-
able as faces, or even as containing parts of faces (see
Fig. 1). The control stimuli closely matched the faces in
shape, retinal location, mean luminance, and contrast.
The same face stimuli had previously been used for
MEG [Halgren et al., submitted] and intracranial EEG
recordings [Halgren et al., 1994].

The stimuli, subtending a visual angle of 10 degree
vertical X 8 degree horizontal, were presented at 640 X
480 resolution with an LCD projector onto a translu-
cent rear-projection screen and adjustable 45 degree
mirror [see Tootell et al., 1997, for details]. Stimuli were
presented against a uniform gray background for 240
ms each, with an interstimulus interval (from stimulus
onset to onset) of 667 ms. Each cycle consisted of 24
different faces in 16 s, followed by 24 different controls
in 16 s. Each run consisted of eight cycles.

Subjects (n =7) were scanned in a 1.5T GE MR
scanner using echo-planar imaging (Advanced NMR)
and a custom coil. The coil was a bilateral, receive-only
quadrature surface coil, molded for relatively uniform
sensitivity throughout the occipital cortex including
posterior temporal and occipital cortices. Sixteen slices
(4 mm thick) were oriented perpendicular to the
calcarine fissure. In-plane resolution was 3.1 X 3.1 mm.
Head motion was greatly minimized by the use of an
individually molded bite bar. Any scans in which head
motion exceeded 2 mm were discarded. An asym-
metric spin-echo sequence (TR = 2000ms; TE = 70ms;
offset = —25ms) was used to measure ‘activation’
(local increases in blood flow and oxygenation).

Fourier analysis was used to detect voxels whose
dominant fMRI activation had the same frequency as
the stimulus blocks [as described in Tootell et al., 1997].
Statistical significance was computed from the ratio of
the power at the frequency of the stimulus blocks to
that at other frequencies (except harmonics and very
low frequencies). The cortical surface was recon-
structed from the subject’s structural MRI, as described
elsewhere [Dale and Sereno, 1993; Sereno et al., 1995;
Tootell et al., 1995]. Following surface reconstruction,
the brain was “inflated” so as to allow sulcal as well as
gyral cortex to be viewed. A flattened view of the entire
hemisphere was also made by cutting around the
corpus callosum and thalamus. The fMRI activations
were visualized on the subjects’ unfolded cortical
surfaces. Visual area terminology follows that of Felle-
man and VanEssen [1991]; see, e.g., Zilles [1990] for
alternative terminologies.

Retinotopic visual areas were mapped in the same
subjects using fMRI to measure the polar angle and
eccentricity of each location in the visually responsive
areas [Sereno et al., 1995]. Polar angle was measured
using a rotating wedge of flickering black-and-white
checks; eccentricity was measured using an expanding
ring of flickering checks. Since adjacent visual areas
tend to map the retina in either a direct or a mirror
image, boundaries between areas are clearly delin-
eated by reversals of the visual field sign [Sereno et al.,
1994]. For example, when viewed from above the
cortical surface, the visual field is mapped in V1 as a
mirror image, whereas the visual field is mapped in V2
as a non-mirror image (mirror image retinotopic areas
are colored yellow in Figures 2 and 3, whereas non-
mirror image retinotopic areas are colored blue). The
visual motion area MT was identified in all subjects
with fMRI using 16 s blocks of moving vs. stationary
low contrast rings [Tootell et al., 1995]. The moving

¢ 31 e



¢ Halgren et al. ¢

Vi +-

face area

B sulcal cortex
B gyral cortex

face area

visual field sign

/
posterior fusiform
face-selective area

non-mirror image

B mirror image

. \Wai+
face area

Figure 2.

Within-subject co-localization of the fusiform face area (PF) vs.
retinotopic visual areas. Hemodynamic activations (voxels at
P < 0.00005 for faces) are painted onto a ventromedial view of the
subjects’ inflated cortical surfaces. Sulcal cortex is coded as a
darker gray than gyral cortex. The right and left hemispheres of
two typical subjects are shown. In all subjects, the highest level of

rings alternated every second between expansion and
contraction.

Some of the same subjects were examined with a
further set of stimuli, consisting of blocks of grayscale
face photographs, black-and-white face sketches, gray-
scale drawings of a variety of inanimate objects, or
grayscale photographs of the fronts of cars (Fig. 3). The
entire 256 s run consisted of 16 periods alternating
between visual stimuli and resting fixation. Twenty-
four different stimuli of a given category were shown
in each active block.

RESULTS AND DISCUSSION

Figure 1A shows a typical sequence of activation in
PF. This activation was bilateral in all except one
subject, i.e., it was observed in 13 of the 14 hemispheres
examined. The right and left hemispheres of two
typical subjects are shown in Figure 2. In all subjects,

face-selective activation was in the base of the posterior fusiform g.
or in the occipitotemporal sulcus separating it from the inferior
temporal gyrus. This activation was bilateral in all except one
subject. PF was always clearly anterior to V4v, and a small gap was
typically present between the anterior boundary of V4v and PF.

the highest level of face-selective activation was in the
base of the posterior fusiform gyrus or in the occipito-
temporal sulcus separating it from the inferior tempo-
ral gyrus. The area of the region of the face response
(significantly different from the controls at an uncor-
rected P < 0.00005) was 185 *= 109 mm in the right
hemisphere and 173 = 111 mm in the left. The Talairach
[Talairach and Tournoux, 1988] coordinates of the
centers of these areas were: 37, —52, —17 in the right
hemisphere; and —42, —58, —18 in the left. These
coordinates are similar to those that have been re-
ported for face-selective responses in PF by other
studies using PET [Sergent, 1993; Haxby et al., 1994],
fMRI [Puce et al., 1995; Clark et al., 1996; Kanwisher et
al., 1996], MEG [Halgren et al., submitted], and intracra-
nial EEG [Halgren et al., 1994]. Thus, the location of
this area relative to other visual areas should have a
general validity for PF as identified in these other
studies.
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After identification of PF, phase encoding in the
same normal subjects was used to identify the retino-
topic visual areas areas V1, V2, V3, V3A, VP, and V4v
(Figs. 2, 3). In all 13 hemispheres, PF was located
anterior to the ventral part of visual area V4v. It is
possible that PF may have shown retinotopy if we had
used faces in different parts of the visual field as the
test stimuli, rather than flickering checkerboards. How-
ever, the current data clearly indicate that PF is not in
retinotopic cortex, as typically defined.

Moving low-contrast concentric rings were used in
the same subjects to activate the visual motion area MT
and the adjacent area MSTd (“MT+": Tootell et al.
[1996]). PF was found to lie substantially more ventral
than these areas (Fig. 3). Since MT+ is the most ventral
outpost in the dorsal stream, this supports the idea that
PF is in the ventral visual stream.

A 1-2 cm gap was typically present between the
anterior limit of V4v and PF. Weak retinotopy opposite
in visual field sign to V4v was often observed in these
gaps, suggesting at least one interposed visual area.
McKeefry and Zeki [1997] have reported a weakly
retinotopic color-sensitive area in the same general
region. The color area has been found with PET/fMRI
[for review see VanEssen and Drury, 1997], and with
intracranial recordings [Allison et al., 1994], to be
adjacent to but posterior to the face area. The location
of this interposed area anterior to V4v and its weak
retinotopy suggests that it may be homologous to PITy,
which lies just anterior to V4v in macaques [Bouss-
aoud et al., 1991; Felleman and VanEssen, 1991]. If this
is true, then PF would be homologous to the area just
anterior to PITv. Two candidate areas satisfy this
constraint: CITv ventrolaterally and TF ventromedi-
ally [Felleman and VanEssen, 1991]. Of these areas, TF
seems the more likely candidate given the location of
PF with respect to MT: whereas in macaques the dorsal
boundary of area CIT lies close to MT/MSTd, PF was
found to lie substantially more ventrally (Fig. 3). That
is, in macaques, TF lies substantially ventral to MT, as
does PF in humans according to our data.

Additional support for a possible homology be-
tween PF in humans and TF in macaques is found in
their gross anatomical location and cytoarchitectonics.
The fusiform g. in humans and area TF in macaques
both lie immediately lateral to the collateral sulcus,
and the face-selective part of the fusiform g. in humans
and area TF in macaques both lie at about the level of
the posterior limit of the corpus callosum. Further-
more, the cellular architecture of the fusiform gyrus at
this level in humans is distinctive, and is similar to that
of TF in macaques [von Economo and Koskinas, 1925;
Braak, 1978; von Bonin and Bailey, 1947; Eslinger et al.,

1996]. Thus, the location of PF relative to the retinotopic
and motion-sensitive visual areas, its gross anatomical
location, and its cellular architecture all suggest that it lies
in an area corresponding to the macaque area TF.

The fMRI response to grayscale face photographs
was also compared in four subjects to that evoked by
grayscale images of objects and of cars, and black-on-
white sketches of faces (Fig. 3). The time-courses of
fMRI activation were calculated for the various func-
tional regions described above. All of the retinotopic
visual areas were strongly activated by all four stimu-
lus categories, to an approximately equal extent. In
particular, no difference was found in the response of
V4v to the faces as compared to objects, providing
further evidence that the face-selective area does not
correspond to V4v. Conversely, the equivalent re-
sponses of the retinotopic cortices to all categories
suggest that they were roughly equivalent on sensory
grounds. MT appeared to respond weakly to the
stimuli, again with no differentiation between the
stimulus categories. In contrast, the fMRI response in
PF (in a region defined from the fMRI response to
alternating blocks of faces and randomized controls)
was much greater to faces as compared to objects or
cars. The selectivity of PF for faces in this task is
striking given that the sensory characteristics of the
face photographs are clearly more similar to those of
the car photographs than to those of the face sketches,
whereas the face-selective responses are to faces regard-
less of whether they are photographs or sketches.
These results confirm the high degree of face-selectiv-
ity that others have reported for PF in fMRI [Puce et al.,
1995; Clark et al., 1996; Kanwisher et al., 1996], PET
[Sergent, 1993; Haxby et al., 1994] and MEG [Halgren
et al., submitted] studies.

An area similar in shape and size to PF but more
responsive to nonface objects and cars was identified
medial to PF, in the collateral sulcus between the
fusiform and parahippocampal gyri (Fig. 3). We term
this area PC (posterior collateral). This finding is
consistent with other recent reports of preferential
responses to nonface objects in this general region
[Kanwisher et al., 1996; Ishai et al., 1997]. In these
reports, the gap between the face-responsive and the
object-responsive areas seen in our study is filled-in.
These studies used different stimuli, suggesting that
the entire medio-lateral width of the fusiform gyrus at
this antero-posterior level may be occupied by cortical
strips that are differentially responsive to several
different categories of visual objects. This in turn
would imply that PF and PC are parts of the same
cortical area, involved in the categorical encoding of
complex visual stimuli. This inference is supported by
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Figure 3.

fMRI responses of different visual areas to faces vs objects in a
single subject. Face-selective areas (in orange-red) were identified
as in Figure 1. These areas are labelled PF (posterior fusiform), LO
(lateral occipito-temporal), and PST (in the posterior superior
temporal sulcus). Retinotopic areas mapping the inferior (V1—,
V2—,V3, V3A) and superior (V1+, V2+, VP, V4v) visual fields are
shown with the visual field sign indicated in yellow (mirror-image)
and blue (non-mirror image). The visual motion area MT (in hot
pink) was identified using low contrast moving versus stationary
rings. These areas are painted onto that subject’s left hemisphere,
in normal lateral (A) and ventral (E) views, in inflated lateral (B) and
ventral (D) views, and in a flattened view (C). The time-course of
fMRI activations are shown for the entire 256 s run consisting of 16
periods alternating between visual stimuli (green or orange bars)

and resting fixation (gray bars). Stimulus categories were grayscale
face photographs, black-and-white face sketches, grayscale draw-
ings of a variety of inanimate objects, or grayscale photographs of
the fronts of cars (see examples of stimuli at the bottom of the
figure). All retinotopic visual areas responded approximately
equally to the different stimulus categories (see the right-hand
column of time-courses), with the strongest activation noted in
primary visual cortex (V1). Area MT did not respond differentially
to any stimulus category. Activation was also seen in non-
retinotopic areas of the ventral visual stream. Large and highly
face-selective responses are seen in PF, and to a much smaller
degree in LO. The opposite profile is seen in PC, which responded
much more to objects and cars than to faces.
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the cytoarchitectonic studies indicating that the poste-
rior fusiform region encompassing PC, PF and the
intervening cortex on the crown of the gyrus has a
distinct and uniform cellular architecture [von Economo
and Koskinas, 1925; Braak, 1978].

Like the medial part of TF in macaques, PC lies just
anterior to the part of V4v that maps the most dorsal
part of the visual field [Felleman and VanEssen, 1991].
Also like medial TF in macaques, PC is just lateral to
the subicular complex in the posterior parahippocam-
pal gyrus, a limbic area with very distinctive cellular
architecture in the medial part of the parahippocampal
g. There is a small gap between PC and the subicular
complex, and this can be inferred to correspond to area
TH, which is in the corresponding position in ma-
caques. TH does not receive visual input, but rather
input from auditory association cortex [Suzuki, 1996].
Thus, human PC could not be homologous to macaque
area TH. All of the above considerations support a
clear homology between human PC and macaque
medial TF. If, as suggested above, PC and PF are
medial and lateral subfields within the same high-
order visual association area, then the apparent homol-
ogy of PC with medial TF provides further support for
the suggested homology of PF with lateral TF. If PC
and PF mark the medial and lateral boundaries of TF,
respectively, then human TF would have an area of
about 10 cm?, about as big as upper field V2. This
suggests that some higher visual areas concerned with
object processing may be expanded relative to retino-
topic areas in the human.

In macaques, TF’s main inputs arise in V4v and PIT,
the major initial stages in the ventral object-processing
stream [Felleman and VanEssen, 1991]. Cells in these
areas usually have large receptive fields that often
include the fovea, and they respond to visual stimuli of
varying complexity [Gross, 1992]. TF projects heavily
to more anteromedial temporal areas including entorhi-
nal and perirhinal cortices, which in turn provide the
major inputs to the hippocampal formation, amygdala
and ventrolateral prefrontal cortex [Felleman and Van-
Essen, 1991; Suzuki, 1996]. In humans, the former areas
constitute the critical anatomical substrate for forming
new declarative memories of faces [Corkin, 1984;
Suzuki, 1996], and the later areas are crucial for the
emotional interpretation of faces [Adolphs et al., 1994,
Halgren and Marinkovic, 1995; Marinkovic et al.,
1997]. The ventral and anterior temporal areas are
implicated in naming familiar faces and recalling
information about the person portrayed [Eslinger et
al., 1996; Damasio et al., 1996]. Direct feedback connec-
tions also course from TF to V4v, PITv and even V1,
allowing top-down influences on basic perceptual

processes [Rockland and Van Hoesen, 1994; Felleman
and VanEssen, 1991].

A second face-selective fMRI response was noted
superior and anterior to the visual motion area MT, in
the middle temporal gyrus (Figure 3). These responses
were weaker than in PF, and occurred mainly in the
right hemisphere. This area could not be studied in all
subjects because it was not always sampled by our
slice selection, and it was located at the limits of
sensitivity of the surface coil. The location of these
responses relative to MT suggests that they are homolo-
gous to the responsive cells previously noted in the
macaque STS [Perrett et al., 1992], and to intracranially
recorded EEG responses to faces in this region [Hal-
gren et al., 1994].

A third face-responsive area was also noted, cen-
tered anterior to the more foveal part of V4v (Fig. 3).
This area was rather extensive, and in some subjects it
extended posteriorly into foveal VP and V3A. This
activation does not appear to correspond directly to
the area most often lesioned in prosopagnosia, nor to
that most often activated in other PET, fMRI or intracra-
nial EEG studies. This area can be distinguished from
PF through its weaker and less face-specific response,
in comparison to objects and cars (Fig. 3). Thus, this
area corresponds to that termed LO which has been
shown using fMRI to be activated by objects and
beings of all kinds, familiar and unfamiliar, without
any clear selectivity for the type of item [Tootell et al.,
1996; Malach et al., 1995]. If these putative homologies
are correct, then LO may provide substantial afferents
to PF, and face-selectivity in PF may result from
convergence of less-specific inputs from LO.

CONCLUSIONS

The current results identify three face-responsive
areas. The most responsive and selective area (PF) isin
the posterior fusform g., and may be homologous to
lateral TF, a gateway for high-level visual information
in the object-processing stream to reach multimodal
mnestic and emotional areas. Medial to PF in the
posterior parahippocampal gyrus is an area that selec-
tively responds to nonface objects, and may be homolo-
gous to medial TF. The second face-selective area is in
the middle temporal gyrus, and appears to correspond
to the face-responsiveness often noted in the macaque
superior temporal sulcus, implicated in attention. The
third face-selective area is selective for objects and
animals as well as faces, and lies in the cortex that
projects to PF. Overall, these results suggest that in the
evolution of the human brain from our common
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ancestor with the old world monkeys, the high order
visual processing areas have shifted postero-ventrally
and differentiated, while maintaining their topographi-
cal relations and general functional specializations.
Regardless of the validity or usefulness of these pos-
sible homologies, the current results clearly place the
fusiform face area in a nonretinotopic region of the
ventral visual processing stream.
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