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Figure 4. The Results from Experiment 2, in which Expansion and
Contraction Were Superimposed

FOE was presented either in the fixation (red) or 4.5° away from the
fixation (blue). For purposes of simplicity, we will use the term FOE to
refer to the focus of expansion as well as the focus of contraction.
For the central FOE condition, radial motion produced significantly
stronger MR signals than random motion in the foilowing visual
areas: central V1 (p < 0.01), central V2 (p < 0.01), central V3 (p <
0.08), central and middle V3A (p < 0.01), V4d (p < 0.01), MT (p <
0.01) and MST (p < 0.01). For the shifted FOE condition, on the other
hand, radial motion produced significantly stronger MR signals than
random motion only in the middie V3A (p < 0.01), V4d (p < 0.01), MT
{p < 0.01), and MST (p < 0.01). Note that the strongest activity in V3A
was observed in the middle representation when the FOE was pre-
sented at 4.5° eccentricity.

V2, and V3 as compared with the random-motion dis-
play. In V3A, however, only the representation corre-
sponding to FOE (V3A middle) responded with a signifi-
cantly greater signal to radial motion than to random
motion (p < 0.001).

The results indicate that an excited location of V3A de-
pends on the location of the FOE in the visual field.
These results cannot be explained by the hypothesis
that in Experiment 1 the foveal representation of V3A
was excited because local units for multiple directions
at the fovea were excited when radial motion was pre-
sented in the center. The results are consistent with
the hypothesis that V3A responds most strongly to
FOE, irrespective of where in the FOE is presented in
the visual field.

Two other issues might account for the present re-
sults. First, in the speed-discrimination task, the spatial
distrihiitinn of attentinn mav vans as a finntinn of ratinal

perform the task with greater attention to FOE in the cen-
tral regions of the visual field for radial-motion display,
whereas they might have greater attention to more-
peripheral regions for global-flow motion display. A sec-
ond concern is that in the main experiment, the direction
of the translation motion switched among four alterna-
tives every 4 s, whereas for the radial-motion pattern,
the stimuli switched between two alternatives (expan-
sion and contraction). This concern raises the possibility
that adaptation effects had differential roles in the two
types of motion displays.

To examine these issues, we conducted a third exper-
iment with three conditions. in the first and second
conditions, radial motion was presented with FOE at the
fixation point and 4.5° shifted away from the fixation
point, respectively. in the third condition, transparent-
translation displays were used. For avoiding the possi~
bility that subjects directed attention differently to the
different types of motion, a control task was performed.
During presentation of a motion display, for the first
500 ms in every 1 s, subjects (who had not participated
in the previous experiments) were presented with a pale
red dot in a location that was randomly chosen in each
presentation or with nothing, and they were instructed
to press a button depending on whether a dot was pre-
sented or not within the remaining 500 ms interval {see
Experimental Procedures). This manipulation ensured
that attention was not directed to any particular place
[10, 30]. For avoiding adaptation effects, the direction
of the translation motion was switched between two
alternatives—similar to the radial-motion display. Thus,
in each display, two opposite ranges of directions cov-
ering 90° were presented in an alternating pattern.

The results indicated two important findings. First, the
location of V3A that corresponds to FOE was signifi-
cantly more activated with the radial-motion dispiay
than with random motion when the FOE was presented
in the center (p < 0.0001) and at the 4.5° eccentricity lo-
cation (p < 0.001). Second, the peripheral representation
of V3A was more significantly activated with the transia-
tion-motion display than random motion (p < 0.0001).
Thus these results rule out the aforementioned attention
and adaptation issues.

A weli-established view of motion processing in the
monkey brain is that motion signals processed at low-
level cortical areas, including V1, involve the recovery
of local-motion signals regardless of the type of global
motion; sensitivity to different motion patterns becomes
different at higher extrastriate areas such as MST [1, 31,
32]. However, our fMRI results with humans are in ac-
cord with the hypothesis that in the human brain, differ-
ential processing for radial motion and translation mo-
tion occurs at V3A, which is lower than MST.

In monkeys, it was well known that MST responds dif-
ferently to different types of giobal motion. It has been
pointed out that human V3A, which is lower than MST,
responds to global motion. However, it was not clear
whether V3A responds differently to different types of
global motion and how it responds to different motion
patterns. The present results indicate that V3A responds
differently to two different types of global motions—
translation motion and radial motion. V3A responds
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other hand, the peripheral representation in V3A re-
sponds best to translation motion.

Experimenta! Procedures

Subjects

The subjects ranged in age between 22 and 38 yr. All subjects (n=6
in each experiment) had normal or corrected-to-normal vision. One
of the subjects was an author, and the other subjects were naive with
regard to the purpose of the experiment. Informed consent was ob-
tained from all subjects. The experiment was performed in compli-
ance with relevant laws and the institutional guidetines of Massachu-
setts General Hospital (#2000P-001155).

Visuat Stimulus

Visual stimuli were generated in real time on a Macintosh G4 com-
puter outside the magnet bore. A color LCD projector (Sharp Note
Vision 6; 1024 x 768 pixels, 75 Hz) was used to project the image
onto a translucent projection screen located near the subject’s
head inside the bore. The subjects viewed the screen by looking
up onto an adjustable mirror that was angled at about 45° to each
subject’s normal line of sight. The screen size was 27 x 20 cm. A fix-
ation bull's-eye was presented at the center of the screen. The view-
ing distance (the distance between the display and the mirror and
the distance between the mirror and the observer) was 55 cm. There
were three types of motion: translation motion, radial, and random.
For all motion types, 200 moving dots were presented in a circular
aperture, 20.6° in diameter. In all three types of motion displays,
the luminance of the dots and the background was 59.8 cd/m? and
0 cd/m?, respectively. The dot density was roughly the same in
any region of the display.

In the first experiment, for translation motion, the direction of
motion of the dots was within two opponent ranges of 45°, i.e., £22.5°
from the mean direction. The mean direction pairs were (0° and
180°), (45° and 225°), (90° and 270°), and (135° and 315°). During
one epoch of 16 s, the mean directions of dots switched every 4 s,
so that 360° motion directions were covered in an epoch. For radial
motion, dots moved outward (expansion) or inward (contraction).
During one epoch of 16 s, the directions of dots {expansion or con-
traction) switched randomly every 4 s. The motion directions of the
dots covered 360°. For random motion, each dot moved in arandom
direction within a 360° range. In the three motion displays, the dots
traveled at two speeds (see Attentional-Control Task below). Dots
traveled 0.4° from one frame to another at the 37.5 Hz frame rate
(=15%/s) in the slower motion display; in the faster display, the speed
increased by 6%-20%, depending on the subject’s performance.
The lifetime of each dot was 6 frames (=160 ms),

In the second experiment, FOE was presented either at the fovea,
as in the previous experiment, or at 4.5° eccentricity. One hundred
expanding dots and 100 contracting dots were superimposed, so
that both motion-pattern directions were perceived at the same
time simuitaneously to equate with the global-motion display in
the first experiment.

In the third experiment, transparent-translation motion (identicai
to those used in Experiment 1} and radial motion disptays—one
with the focus at the fovea and the other with the focus at the 4.5°
eccentricity (identical to Experiment 2)—were used.

Experimental Design

One run consisted of four sets of three epochs in Experiments 1 and
2 and of four sets of four epochs in Experiment 3, and each epoch
consisted of four trials of 4 s. In each epoch, a different type of mo-
tion was presented. Therefore, the duration of one run was 4 s x 4
trials x 3 epochs X 4 sets = 192 s in Experiments 1and 2and 4 s
X 4 trials X 4 epochs X 4 sets = 256 s in Experiment 3. The order
of the presentation of the three types of motion displays was ran-
domized within a set, and the direction of translation motion and
radial motion was randomized within an epoch. Twelve runs were
conducted for each subject.

Attention-Control Task

Two well-established methods to control attention were used [22,
23]. On each trial of Experiments 1 and 2, the subject viewed the mo-
tion stimulus for 1980 ms. The speed of the dots changed in the

middle of the trial, by 6%~20% depending on the subject’s perfor-
mance. The subject judged whether the dots moved faster in the first
or second interval by responding with a key-press. The response
was made within 2020 ms following the stimuius display. We also
conducted a control experiment in which the duration of the first
and the second intervals varied randomly between 660 and
1320 ms while the other parameters remained the same. On each
trial of Experiment 3, for the first 500 ms in every 1 s, a red stationary
dot was presented or no such dot was presented. The subjects were
asked to push a button depending on whether the dot was pre-
sented or not during the remaining 500 ms. Subjects’ performance
was maintained between 65% and 85% accuracy by adjusting the
difference in dot speeds between the first and second intervals in
Experiments 1 and 2, and by adjusting saturation of the red dot in
Experiment 3, respectively.

Imaging Procedures

The subjects were scanned in a 3T scanner with EPI (Siemens 3T Al-
legra). MR images were acquired by using a custom-built, quadrature-
based, semi-cylindrical surface coil, with voxels of 3.125 mm in-
plane and 3 mm slice. Each slice was oriented perpendicular to the
calcarine sulcus, covering ali visual areas in the occipital lobe as well
as parietal and temporal regions.

Data Analysis

The boundaries of each visual area for each subject were defined in
a separate experiment with the standardized retinotopic-stimulus
method based on the phase maps for eccentricity and polar angle
[24, 25]. These objectively defined borders were available for visual
areas V1 (superior and inferior), V2 (superior and inferior), V3/VP,
V3A, V4d, and V4v. The locations of MT and MST were defined by
the method developed by Huk et al. [26]. In the main experiment,
the images from each subject were motion corrected and smoothed
with a Gaussian filter of 6 mm FWHM, by using FreeSurfer (http://
surfer.nmr.mgh.harvard.edu/). Time-course data for all voxels within
a functionally defined ROI (regions of interest), such as V1-center,
were averaged for each hemisphere for each subject. These data
were normalized for each subject as percent signal change from
the mean activation of all the voxels in the ROl. Normalized time-
course data were averaged across subjects. Finally, normalized
ROI data were selectively averaged by epochs for each subject
and condition.
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Abstract

The superior temporal sulcus (STS) region is well recognized as being heavily involved in detecting and discriminating gaze. Lesions
confined to this area are quite rare in humans, and so the research has mainly depended on animal studies and functional neuroimaging in
normal human subjects. We report one such rare case, a 54-year-old Japanese female with a possible congenital s anomaly who, after a cerebral
hemorrhage, demonstrated a lesion almost completely confined to the entire right superior temporal gyrus (STG). In the subacute phase, the
patient showed evidence of left hemispatial neglect, from which she gradually recovered. Tn the chronic phase, she showed a puzzling difficulty
in obtaining eye-contact. We have conducted, in conjunction with conventional neuropsychological evaluations, experimental assessment of
her ability in gaze cognition. Her performance on neuropsychological testing demonstrated no compromise in intellect, memory, or language
skills, and a close-to-full recovery from neglect. On gaze cognition experiments, she was repeatedly shown to perceive left gaze as straight,
and to a lesser degree, straight gaze as right. We suggest that the function of the STG in detecting gaze, together with the directional
information it receives from earlier visual areas, may be associated, when damaged, with this deficit in detecting contra-directional gaze.
We have demonstrated for the first time that a single circumscribed lesion to the STG results in both gaze processing deficit and concurrent
aberrant gaze behavior of the victim herself, implicating a mechanism within the STG as an interface between gaze of others and gaze of self.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Superior temporal sulcus; Superior temporal gyrus; Gaze; Biological motion; Hemianopia

1. Introduction

The superior temporal sulcus (STS) has attracted much
interest due to its intriguing function as a detector of
biological motion. Since the 1980s, single-cell studics in
monkey brains have shown that a number of neurons in the
STS region show preference in the direction of head and
gaze when viewing faces of conspecifics and humans, so
that some neurons respond maximally to straight gaze while
others respond more to averted gaze (Perrett, Hietanen,
Oram, & Benson, 1992). Investigations of STS-lesioned
monkeys showed disrupted gaze discrimination after
lesioning (Campbell, Heywood, Cowey, Regard, & Landis,

* Corresponding author. Tel.: +81 426 63 2222; fax: +81 426 63 3286.
E-mail address: tee<i@mxv.mesh.ne jp (T. Akiyama).
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1990; Eacott, Heywood, Gross, & Cowey, 1993), more
or less supporting the findings from single-cell studies.
Research of the STS in humans has found a homologous
function; gaze as well as head direction, movement of mouth
and hands, body gestures, geometric figures simulating
biological motion have all been shown to activate the STS in
functional imaging studies and electrophysiological studies
(see Allison, Puce, & McCartly, 2000, Puce & Perrett, 2003
for review). Thus, the function of the STS in humans can
be summarized as the detection of biological motion, which
composes a major contribution to social perception.

Gaze, in particular, is undoubtedly special, perhaps with-
out a match in its significance as a biological signal. There
are suggestions for the innateness of gaze cognition, in that
newborns show a preference for faces with eyes open versus
eyes closed (Batki, Baron-Cohen, Wheelwright, Connellan,
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& Ahluwalia, 2000), and that infants as early as 10 weeks of
age follow the gaze of others (Hood, Willen, & Driver, 1998).
Moreover, children as young as 4-5 years of age show much
more organized ERPs (N190) to eyes compared to full faces
(Taylor, Edmonds, McCarthy, & Allison, 2001a), implicat-
ing a system within the human brain which is dedicated,
at least in part, to gaze cognition. Such a system has been
suggested to be localized in the posterior region of the STS
in question, particularly in the right hemisphere: In a PET
study, faces with visible gaze compared with obscured gaze,
was shown to differentially activate the STS (Wicker, Michel,
Henaff, & Decety, 1998). Gaze processing, such as percep-
tion of apparent eye motion (Puce, Allison, Bentin, Gore, &
McCarthy, 1998) and detection of gaze direction (Hoffman &
Haxby, 2000), has also been demonstrated to elicit significant
STS activation in fMRI studies. ERP studies have shown that
N170 from the posterior temporal region is also sensitive to
gaze (Puce, Smith, & Allison, 2000; Taylor, Itier, Allison, &
Edmonds, 2001b).

Intriguing as it may be, however, the function of the STS
in humans remains tentative in that most studies are based
on functional findings of the intact brain. Neuropsychologi-
cal studies of human cases with circumscribed STS lesions
might be more conclusive, and would afford a wealth of
insight into these issues. Since left STS damage would leave
most humans aphasic with little understanding of any verbal
input, study of a patient with right STS damage is likely to
be more informative. To date, and to our knowledge, such
a neuropsychological case has never been reported. In this
paper, we report one such case, who, after a cerebrovas-
cular accident, presented a very rare circumscribed lesion
almost confined to the entire right superior temporal gyrus
(STG), which constitutes the upper bank of the STS. The
rarity of this lesion might have partly been due to a co-
existing cerebrovascular anomaly in this patient. One of the
most striking features of the sequelae in this patient was the
inability to engage in mutual eye-contact. Given the func-
tional data suggesting STS involvement in gaze cognition,
a quantitative evaluation of the patient’s gaze processing
would offer the first neuropsychological data for the STS
and its suggested role in gaze cognition. We have there-
fore conducted, in addition to conventional neuropsycho-
logical assessments, some behavioral experiments in gaze
processing which revealed a unique impairment in gaze
cognition.

2. Case description

The patient, M.J. is a right-handed, Japanese female with
high school education who has been married for over 30 years
and has successfully reared two children. She has no prior
neurological or psychiatric history. At the time of onset, she
was 54 years old. She presented with headache, nausea, slight
left hemiparesis, and clouded conscicusness. She was trans-
ferred to a nearby hospital, where her cranial CT revealed a

high density area in the right temporal lobe with a midline
shift to the left, consistent with an acute cerebral hemorrhage.
Cranial angiography revealed absence of the right internal
carotid artery and depicted the left internal carotid artery
feeding into the right middle cerebral artery region, point-
ing out a possible anomaly of the cranial arteries. Surgery
was performed to remove the hematoma on the day of onset.
After surgery, she quickly regained consciousness and her
hemiparesis resolved within a course of a month. However,
shortly after regaining consciousness, she complained of left-
sided visual impairment. Upon visual ficld perimetry, a left
homonymous hemianopia became evident. She also initially
showed signs of left hemispatial neglect unexplainable with
mere hemianopia, from which she gradually recovered within
a course of a year. A puzzling behavior caught our attention
after several sessions. When seated face to face with M.J.,
she often revealed a difficulty in obtaining eye-contact, with
a tendency for M.J’s gaze to drift to her contralateral, left.
Her family confirmed that she has had no such difficulty prior
to her cerebrovascular accident. On the other hand, she had
no trouble fixating on objects when explicitly instructed to,
as in the case where she was asked to Took at the eyes of the
observer. Thus, the drift in her gaze to the left was seen at
rest, or during casual conversation, when M.J. was not keenly
attending to any object.

The MRT in the chronic, stable phase demonstrated a
rare, circumscribed lesion in the right STG, which slightly
extended into the white matter underlying the gyrus (Fig. 1).
The hemianopia can be explained by the lesion extension to
the posterior horn of the lateral ventricle, thereby affecting
the optic radiation. Also shown is a moderate atrophy of the
right medial temporal structures compared to the intact left
structures.

3. Neuropsychological assessment

Assessment was performed with conventional neuropsy-
chological tests on two occasions (Table 1). The first assess-
ment was administered 2—4 months after the onset of the
hemorrhage when M.J. still had dense hemispatial neglect.
The second assessment was delivered a year after the first,
when the neglect had remitted. Between these two assess-
ments, M.J. visited the outpatient department twice a month
for non-structured rehabilitation.

3.1. Results

In the first assessment, M.J. performed within the nor-
mal range for intelligence, but showed a large discrepancy
between verbal and visual material. Hemispatial neglect may
explain most of the problem M.J. had on visual material, as
can be seen in her performance for cancellation tests and line
bisections. Detailed results are shown in Table 1.

In the second assessment, M.J. showed much improve-
ment in many of the tests. The performance 1Q in the WAIS-R
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Fig. 1. MRI scan 2 years post onset. A rare lesion almost completely circumscribed to the entire STG, which is indicated by the arrows, is shown in the (a)
axial, (b) sagittal, and (c) coronal slices. A moderate awrophy of the right medial temporal lobe can also be observed in the coronal slice.

was much better although there still remained a fair discrep-
ancy between verbal 1Q. Visual memory in the WMS-R also
improved. On the cancellation test she omitted less. Her line
bisections no longer deviated to the right, but now showed
a minimal deviation to the left, which is not significantly
deviant from pseudoneglect often demonstrated in normal
subjects (Jewell & McCourt, 2000). Hemispatial neglect was
assessed using the behavioral inattention test (BIT), a battery
which has been validated and standardized in patients with
stroke (Wilsor, Cockburn, & Halligan, 1987a. 1987b). Her
BIT score was well within the normal range, further indi-
cating her recovery from the neglect syndrome. The perfor-
mances on the Rey auditory verbal learning test were superior.

Overall, M.J’s neuropsychological assessment showed
that aithough she initially demonstrated signs of left hemispa-

tial neglect, it had nearly diminished within a course of a year.
With this improvement, she presently shows no compromise
in intellect, memory, or language skills.

4. Experiment 1: gaze direction discrimination in
digitized photographs

This and the following experimental investigations were
carvied out from the time of the second neuropsychological
assessment, for a period of about a year. M.J. gave informed
consent to participation in all experimental investigations.
This study was approved by the ethical conumittee at our
institutions. Note that all indications of ‘right” and ‘lefi’ will
refer to the direction from M.J.’s viewpoint. Note also that all
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Table 1
Neuropsychological scores

Test First
assessment

Second assessment

Wechsler adult intelligence scale—revised

Verbal IQ 108 117

Performance 1Q 87 . 101

Full IQ 99 111
Raven’s coloured 32/36 34/36

progressive matrices
Wechsler memory scale—revised

Verbal memory 110 115
Visual memory 70 106
General memory 97 114
Delayed recall 93 107
Attention/concentration 98 101

Rey complex figure test

Copy 36/36 33/36
Recall 20.5/36 15/36
Rey auditory verbal learning test
Immediate recall -8 10, 12, 14, 14, 15/15
Post-interference recall - 15/15

Cancellation test

Numeral 3 108/114 (95%), 113/114 (99%), 104 s
133s

Japanese character ‘ka’ 99/114 (87%), 103/114 (90%), 130's
141s

Line bisection test (deviation as % total length)
Midsagittal presentation 20.5% to right
Right hemispace presentation  18.5% to right
Left hemispace presentation  25.0% to right

4.5% to left
5.0% to left
5.5% to left

Behavioral inattention test
Conventional subsets - 144/146
Behavioral subsets - 80/81

2 Not administered.

materials were presented in her midsagittal plane, and that
she was free to move her head and cyes during the tasks,
unless stated otherwise.

A T7-year-old female patient with left homonymous hemi-
anopia due to right thalamic hemorrhage (left hemianopic
control, LH), a 43-year-old male with right homonymous
hemianopia after left occipital lobe hemorrhage (right hemi-
anopic control A, RH-A), and a 5]-year-old male with right
homonymous hemianopia due to traumatic brain injury of the
optic radiation (right hemianopic control B, RH-B) served as
hemianopic controls in all the experiments, Ten healthy adults
(five males, five females, mean age 37.5) also participated in
Experiments 1 and 3, and five from this group in Experiment
2, as normal subjects.

4.1. Method

Three digitized photographs of a female looking straight
at the camera (S), 8° to the right (R) and to the left (L) of
the camera were taken. To control for any asymmetry of the
face or the eyes, cach picture was then reproduced with a

right/left inversion. A total of six photographs, i.e. S, R, L,
S-inv, R-inv, and L-inv were obtained. The photographs were
trimmed so that only the eye region, including the eyebrows,
was shown (70 mm x 32 mm, Fig. 2a). In each photograph,
the width of one eye measured approximately 16 mm, and
the diameter of the iris 6 mm, Fifteen copies of each six pho-
tographs were made and placed in a pseudorandom order to
make a set of 90 consecutive photographs of the eye region
with three different gaze directions, and were shown singly
ona 248 mm x 188 mm PC screen. The viewing distance was
approximately 400 mm. M.J. was asked to report the direction
of the gaze as right, left, or straight from her viewpoint. She
was given unlimited time to respond, but all her responses
were prompt, rarely taking more than 2 s,

4.2, Results

M.J. discriminated the gaze direction correctly in 68 out
of 90 photographs, giving her an error rate of 24.4%, which
is substantially higher than that of the hemianopic controls
(LH 14.4%, RH-A 1.1%, RH-B 7.8%), and normal controls
(3.3%). Of the three directions, left gaze had the highest error
rate for M.J., 40% of which were incorrectly perceived as
straight gaze (Fig. 2b). As a contrast, LH misperceived right
gaze as straight (76.9% of the errors were misperception of
right gaze as straight, the remaining 23.1% were mispercep-
tion of straight gaze as left), and RH-B made random errors
without any directionality.

A x* analysis was conducted to assess the differences
in the distribution of error responses. M.J.’s error ratio was
significantly higher than RH-A, RH-B and normal controls
(p <0.01). No significant difference was observed between
LH and normal controls (p=0.24). Although not reaching
significance, M.J. showed a tendency to have more errors than
LH (p=0.09) in addition to the opposite bias in the direction
of errors (M.I., rightward; LH, leftward).

5. Experiment 2: mutual gaze detection

Given the suggestion that mutual gaze might be significant
in its own right (George, Driver, & Dolan, 2001; Kampe,
Frith, Dolan, & Frith, 2001; Kawashima et al., 1999), we
wanted to test whether M.J. had preserved cognition of this
fundamental aspect of gaze—he detection of mutual gaze.
We realized that neither photographs nor videotapes would
be a true equivalent of a real-life mutual gaze, so we designed
this experiment with real-life gaze in a more natural setting.

5.1. Method

An experimenter well acquainted with M.J. stood face to
face with her, one meter away, with M.J. standing against
a wall. On the wall behind M.J. and to both sides were 11
markers at the same height as M.J.’s eyes. The five mark-
ers closest to M.J. were 60 mm apart, and the remaining six
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Fig. 2. (a) Examples of photographs used in Experiment 1. (b) Results of M.J.'s performance in Experiment 1. Gaze direction was discriminated in 90 digitized
photographs (left gaze, 30; straight gaze, 30; right gaze, 30). M.J.’s performance is shown in relation to each gaze direction.

were 90 mm apart, comprising a gaze angle of approximately
36° for the farthest marker. The experimenter pursued each
marker from either the extreme right or the left, alternating
the starting point with each trial. Each target was viewed for
approximately 1s. When the experimenter’s gaze reached
the marker right next to M.J.’s face, the next marker was her
nasal bridge, followed by the markers on the other side. M.I.
was asked to look straight ahead at the experimenter’s eyes
during these trials, and to inform the experimenter when she
felt their eyes met. M.J.’s eye-position was monitored by the
observation of an independent experimenter to assure that
she maintained straight gaze. The experiment consisted of
12 trials, and the closest marker being looked at when M.J.
reported mutual gaze detection was recorded. The distance
of these markers from M.J.’s nasal bridge was determined,
then calculated into degrees of deviation from her nose.

5.2, Results

Throughout the expetiment, M.J. did not show any diffi-
culty following the instruction to look straight ahead. In the
six trials where the pursuit began at M.J.’s extreme left, she
was shown to perceive gaze looking slightly to the left of her
face as mutual gaze, with an average deviation of 11.1° to the
Teft. In another words, gaze slightly deviated to M.J’s left was
perceived as mutual, showing the same directionality in gaze
misperception as seen in Experiment 1. On the other hand,
M.J. was much more precise in detecting mutual gaze in the
six trials where the pursuit began at her extreme right, with an
average deviation of 0°. The average deviations for LH were
0° for trials beginning from the left, and 7.0° to the right for

trials beginning from the right. For RH-A and RH-B, and for
all five normal control subjects, the average deviations were
0° and 0°, respectively, for either direction.

6. Experiment 3: direction discrimination in
schematic eyes

To investigate whether the gaze discrimination impair-
ment seen in Experiments 1 and 2 were gaze-specific, and
not just a reflection of the residual spatial inattention per se,
two types of schematic eyes (rectangular and elliptical) were
designed and used as control tasks in direction discrimina-
tion.

6.1. Method

Rectangular schematic eyes consisted of rectangular dia-
grams in pairs. A black rectangle (6 mm x 10 mm) which was
made to resemble the iris, was placed within a white rectan-
gle (16 mm x 10 mm) resembling the sclera. The horizontal
side of the black rectangle had a length matching the diam-
eter of the iris in Experiment 1, and the white rectangle had
a horizontal side matching the width of the eyes in Experi-
ment 1. There were three orientations of the black rectangle
in relation to the white; in the center (C), or slightly deviated
to the right (R) or the left (L) of the center. The deviation was
approximately 6.5% off the center relative to the entire hori-
zontal length, which in effect was comparable to the right/left
deviation of the gaze in Experiment 1. Two such identical
diagrams were shown in paits In a horizontal array (Fig. 3a).
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Fig. 3. Examples of (a) rectangular and (b) elliptical schematic eyes used in Experiment 3. Results of M.J.’s performance in (c) rectangular and (d) elliptical
schematic eyes of Experiment 3. The direction of the schematic ‘iris’ was discriminated in 45 schematic eyes (left-oriented schema, 13; straight-oriented
schema, 15; right-oriented schema, 15) for both configurations. M.J.’s performance is shown in relation to each ‘gaze’ orientation.

Fifteen copies of each orientation were made and placed in
a pseudorandom order to make a set of 45 consecutive dia-
grams with three different orientations of the black ‘iris’, and
were shown on the same PC screen.

Elliptical schematic eyes consisted of diagrams in pairs
again, but this time with black circles (diameter: 6 mm) for the
iris and white ellipses (axes: 16 mm x 10 mm) for the sclera.
The size of the circles and ellipses were made to match the
size of the iris and the eye in Experiment 1. The schematic
iris was oriented either in the center (C) of the schematic
sclera, or slightly deviated to the right (R) or the left (1)
of the center, with comparable deviation as in Experiment
1 (approximately 6.5% off center), and were shown in pairs
(Fig. 3b). These were also made into a set of 45 diagrams,
and were shown on the PC screen. The viewing distance was
approximately 400 mm. M.J. was asked, first for the rect-
angles, then for the ellipses, to report the orientation of the
black figures in relation to the white, with right, left, or cen-
ter from her viewpoint. Again, she was given unlimited time,
but her responses were prompt. One thing of note is that the
resemblance of these diagrams to eyes was never explicitly
mentioned by the experimenter.

6.2. Results

For the rectangles, M.J. discriminated the orientation of
the black ‘iris’ correctly in 39 out of 45, giving her an error
rate of 13.3%, which was higher than that of the hemianopic
controls (LH 4.4%, RH-A 8.9%, RH-B 0%), and substan-
tially higher than that of normal controls (0.4%). In respect
to each orientation in M.J.’s performance, none of the right-
oriented rectangles were misjudged, but 33.3% and 6.7% of
the centrally oriented (C), and left-oriented (L) rectangles
were misjudged, respectively (Fig. 3c).

For the ellipses, M.J. discriminated the orientation cor-
rectly in 20 out of 45, giving her an error rate of 55.6%,

which contrasts sharply with the good performance for both
control groups (LH 0%, RH-A 8.9%, RH-B 0%, normal con-
trols 0.4%). A x2 analysis demonstrated that M.J.’s error ratio
was significantly higher than LH, RH-A, RH-B, and normal
controls (p<0.01). In respect to each orientation in M.I.’s
performance, R ellipses were never misjudged, compared to
the surprisingly high error rates of 66.7 and indeed, 100% for
the C and L ellipses, respectively (Fig. 3d).

Most strikingly, all the errors that M.J. made reflected a
directional bias to the right throughout both configurations; L
diagrams had a strong tendency to be erroneously perceived
as C, and C diagrams as R. RH-A also made systematic errors,
albeit slighter, in the opposite direction; R diagrams were
misjudged as C, and C diagrams as L. However, the error
rates were identical between the two configurations. On the
other hand, M.J. showed a much higher error rate for the
ellipses compared to the rectangles, demonstrating a relative
specificity of her impairment to stimuli which more closely
resemble the eyes. It is worth mentioning that it was after the
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Fig. 4. Summary of the results for all participants in Experiment 1 (dis-
criminating gaze direction from photographs of eyes) and Experiment 3
(discriminating ‘gaze’ direction from rectangular and elliptical schematic
eyes) is shown as ervor rates for each stimulus type. x-Axis, type of stimuli
tested; y-axis, error rate in percentage. LH, left hemianopia; RH-A and B,
right hemianopia, NC, normal control.
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trial with the rectangles, and at the very beginning of the trial
with the elliptical eyes that M.J. spontancously became aware
of the resemblance of the diagrams to eyes. Possibly with this
awareness, the error rate of L and C diagrams significantly
increased from 20.0% for the rectangles, to 83.3% for the
ellipses. A conceptual rephrasing of this finding might be that
when the diagrams were perceived, not as geometric diagrams
but as schematic eyes, more than 80% of the left ‘gaze’ and
straight ‘gaze’ were misjudged with a heavy directional bias
to the right.

A summary of the results for Experiments 1 and 3 is shown
in Fig. 4.

7. Discussion

M.J., who after a near-complete damage of the right STG
in her fifth, heretofore uneventful decade, became longstand-
ingly hemianopic, but recovered gradually from her initial left
hemispatial neglect with some subtle residual impairments
that were no longer detectable by conventional neuropsycho-
logical assessment. The most puzzling of these impairments
was a difficulty in obtaining eye contact. Taken together the
implication that the STS (the upper bank of which com-
prises the STG) is involved heavily in gaze detection, we
were prompted to evaluate M.J.’s gaze cognition in detail. As
has been shown, a unique directional impairment in gaze dis-
crimination was demonstrated; M.J. was repeatedly shown to
perceive left gaze as straight, and to a lesser degree, straight
gaze as right in photographs (Experiment 1), in real encoun-
ters (Experiment 2), and in schematic eyes (Experiment 3). To
the best of our knowledge, such impairment has never been
reported in association with ruman brain damage. For the first
time, then, has the repeated implication of STS involvement
in gaze processing been supported neuropsychologically in
humans.

7.1. The directional property of gaze

It actually does not come as too much of a surprise, given
animal lesioning data (Campbell et al., 1990) and human
functional data (Hoffman & Haxby, 2000; Pelphrey, Singer-
man, Allison, & McCarthy, 2003; Puce et al., 1998, 2000,
Taylor et al., 2001b; Wicker et al., 1998), that a human lesion
of the STS should also impair gaze cognition, as seen in
this case. What came across as surprising, however, was the
finding of a directionality (i.e., the consistent rightward bias)
in M.J.’s perception of gaze, specifically when she currently
demonstrates minimal if any signs of neglect in standard-
ized testing. The impairment could be termed as a deficit
in discriminating contralesional gaze direction. As such an
impairment is quite novel, we believe it deserves further dis-
cussion.

There is growing body of research which elegantly demon-
strates the automatic direction-cueing role of gaze. Friesen
and Kingstone (1998) showed, in normal subjects, that targets

shown with schematic faces gazing in their direction elicited
shorter detection time compared to targets with schema gaz-
ing in the opposite direction. Even more compelling are the
findings that suggest that gaze, when compared to other non-
biological directional cues, has a distinct directional valence
of its own. Gaze, but not arrows, has been demonstrated
to elicit gaze-following behavior in adults (Ricciardelli,
Bricolo, Aglioti, & Chelazzi, 2002). Zorzi, Mapelli,
Rusconi, and Umilta (2003) have found that gaze direction
has an effect independent from that cued by an egocentrically-
defined directional signal, in behavioral tasks discriminating
direction. In an fMRI study, Hooker et al. (2003) have demon-
strated that direction-informing gaze differentially activates
the STS, compared to arrows, non-directional eye motion, and
even arrows superimposed on a photograph with uninforma-
tive gaze. Additional support for the involvement of the STS
in detecting direction from gaze is offered by Pelphrey et al.
(2003) who demonstrated a difference in MR signal wave-
form in the STS, between conditions where the schematic
gaze oriented correctly or incorrectly in the direction of the
target. These findings suggest three important points. Firstly,
gaze has a definitive direction-cueing property. Secondly,
gaze, in contrast fo other directional cues, is in the position
to differentially attract the gaze and attention of the viewer.
Lastly, this directional information derived from gaze scems
to be processed, at least to some extent, within the STS as
shown in the last two fMRI studies.

How is the STS in the position to process such directional
information? Two lines of evidence might be relevant to this
question. A region termed the medial temporal/medial supe-
rior temporal cortex (MT/MST) in the monkey brain, which
lies posterior to, and subsequently earlier in the visual stream
than the STS, is recognized as a visual arca tuned selectively
to the direction of motion (see Wurtz, Yamasaki, Duffy, &
Roy, 1990 for review). In humans, a group of unilateral brain-
damaged subjects whose lesion overlapped in Brodmann
area 19/37 were demonstrated to have a directional deficit in
motion perception (Barton, Sharpe, & Raymond, 1995, 1996;
Vaina, Cowey, Eskew, LeMay, & Kemper, 2001a) and smooth
pursuit (Barton et al.. 1996). This area at the temporo-parieto-
occipital (TPO) junction, also activated in functional imag-
ing studies tapping motion perception processing (Tootell et
al., 1995; Watson et al., 1993), has since been considered
the human homologue of MT/MST. The direction-sensitive
information from the MT/MST is known to terminate at the
superior temporal polysensory area in the STS of the monkey
brain, which is precisely where the processing of biological
motion, gaze being one of them, is implicated in humans
(Bonda, Petrides, Ostry, & Evans, 1996; Vaina, Solomon,
Chowdhury, Sinha, & Belliveau, 2001b). The second line
of evidence comes from a report by Karnath, Ferber, and
Himmelbach (2001), studying 25 human patients with hemis-
patial neglect, which revealed that the center of maximal
lesion overlap among these patients was in the STG. This
finding might lend additional support that there is indeed
some directional processing in this gyrus. To summarize, the
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STS (or the STG) in question is well in the position to receive
directional information pertaining to the biological motion it
processes. Accordingly, we have found for the first time, in
a right STG-damaged case, a contra-directional impairment
in one of the most robust biological motions; gaze. It does
not go beyond speculation, but this finding might imply that
leftward gaze is represented in the right STS (and perhaps
rightward gaze in the left STS).

7.2, Influence of hemianopia

It has been shown, in hemianopics without neglect, that
horizontal lines in the compromised visual field have a ten-
dency to be overestimated, or perceived as longer than their
true length, while lines in the intact field are underesti-
mated, or perceived as shorter than their true length (Barton,
Behrmann, & Black, 1998; Doricchi, Onida, & Guariglia,
2002). A good illustration of this tendency is shown in line
bisections of such subjects, where the subjective midpoints
fall into the contralesional half of the line. Normal subjects
are also shown, when viewing lines only in their right visual
field, to have a tendency to bisect them centripetally, or to
the left, of the actual center (Nielsen, Intriligator, & Barton,
1999). These consistent findings may offer a completely dif-
ferent explanation for M.J.’s directional gaze impairment; as a
left hemianopic, she over-represents the left side of the sclera,
resulting in rightward misrepresentation of the iris. However,
we argue against this interpretation as the sole mechanism for
M.Js gaze processing deficit under the following grounds.

First of all, the left hemianopic control patient performed
better than MLJ. in all the experiments. More importantly, the
error pattern that this control patient demonstrated in Exper-
iments 1 and 2 was of a leftward bias, opposite to that of M.J.
Although this control patient does not presently demonstrate
robust left neglect, her performance on the BIT (Conven-
tional subsets 133/146, Behavioral Subsets 74/81), though
above the cutoff points, are worse than that of M.J. (144/146
and 80/81, respectively). This small difference might have
affected this control patient’s performance; the leftward bias
that she demonstrated might have perhaps been a reflection of
residual leftneglect, i.e., the left side of the scleraisneglected,
resulting in leftward misrepresentation of the iris. On the
other hand, this left hemianopia control showed little com-
promise in Experiment 3, demonstrating clearly that the poor
performance thereof on M.J.’s part cannot be explained by left
hemianopia, nor left neglect for that matter. It is indeed diffi-
cult to disentangle left hemianopia from left neglect in right
hemisphere damage (Daini, Angelelli, Antonucci, Cappa, &
Vallar, 2002; Walker, Findlay, Young, & Welch, 1991), and
in this sense, right hemianopia might control for a purer
hemianopic effect unaffected by right hemispheric spatial
impairment.

Turning, then, to the right hemianopic controls, both were
essentially unimpaired in Experiments 1 and 2. It is true
that in Experiment 3, one of the right hemianopic controls
(RH-A) made substantial directional errors which might be

accounted for by his hemianopia, but the error rates remained
constant between rectangular and elliptical configurations.
It is worth emphasizing that none of the hemianopic con-
trols, left or right, showed the quadruple increase in errors
that M.J. demonstrated for elliptical, compared to rectan-
gular eyes (Fig. 4). Thus, a mechanism independent from
hemianopia, and specific to gaze, is called for. We conclude
that, as much as a contribution of hemianopia might seem
likely, as seen in the comparable error rates of M.J. and RH-
A for the rectangular eyes, hemianopia also cannot explain
M.I’s core deficit in gaze processing. Instead, the involve-
ment of the STG seems to have been essential in causing her
impairment.

7.3. Your gaze, my gaze

One final observation will be discussed here; M.J.’s dif-
ficulty in engaging in mutual eye-contact, with a tendency
of her gaze to drift to her contralesional left. Patients with
injuries to the unilateral TPO junction are known to be
impaired in pursuing targets with their eyes (Morrow &
Sharpe, 1990, 1993; Thurston, Leigh, Crawford, Thompson,
& Kennard, 1988). It 1s quite ecological that this smooth
pursuit center should lie so closely together with the gaze
processing region; it is advantageous for the gaze-following
behavior so automatic (Ricciardelli et al., 2002), so essential
(Baron-Cohen, 1995), and perhaps innate (Hood et al., 1998)
to humans. It might well be said that intact gaze cognition is
essential in developing normal gaze behavior like eye-contact
and gaze-following. For example, autistic children, whose
lack of reciprocal gaze exchange is one of the most strik-
ing manifestations, have been shown to demonstrate aberrant
gaze processing (Senju, Tojo, Dairoku, & Hasegawa, 2004;
Senju, Yaguchi, Tojo, & Hasegawa, 2003). Likewise, gaze
processing impairment due to STG damage, as seen in this
case, could also be speculated to hamper the gaze behavior
of the victim herself.

Another potential interpretation might be that the left-
ward deviation in M.J.’s eye-position is in itself sufficient in
explaining her rightward bias in gaze perception. We would
like to point out, however, that M.J. was not observed to show
any trouble fixating on the stimuli presented to her in Exper-
iments 1 and 3, and was also able to maintain straight gaze
when instructed to, in Experiment 2, as has been monitored by
an independent observer. Additionally, had there been a mass
effect of eye-position that the experimenters overlooked, the
results for the rectangular and elliptical eyes in Experiment 3
should have been quite similar. Instead, a clear discrepancy
is evident, favoring our hypothesis that the results seen in our
experiments are a reflection of a deficit in gaze cognition, and
not eye-position.

Most importantly, that the gaze processing of others should
be impaired confluent with the gaze behavior of self, as
an aftermath of a single circumscribed brain lesion is quite
intriguing. One interpretation would be that these two phe-
nomena are independent from each other and thus unrelated;
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the leftward drift in her eye-position might be accounted for,
not by her gaze processing deficit, but for example, by com-
pensation for her left hemianopia. However, we have noted
no difficulty in eye-contact, nor robust drift in eye-position
in the three hemianopic control subjects. A larger control
group might clarify the relationship between hemianopia and
poor eye-contact. The second, and perhaps the more attractive
interpretation might be that the two phenomena are indeed
associated. If we were to imagine a window-like grid between
two people facing each other, mutual gaze would be aligned
with the midsagittal window. In the case of M.I., on the other
hand, gaze looking through a window to M.J’s left would
be misperceived as mutual, and in an attempt to engage in
mutual eye-contact herself, she might also direct her gaze
in the direction of that left window. If we were to assume
this position that the two phenomena are associated, it would
be implicative of a mechanism in the STG which serves as
an interface between the gaze of others and the gaze of self
in its response. This neuropsychological case might be the
first to demonstrate a neural ground for the intuition (and
the substantial behavioral data), that your gaze is intimately
associated with mine.

7.4. Limitations

The limitations in this study leave some questions unan-
swered. Among them are: (1) Why does M.J. perform better
for photographic eyes than schematic elliptical eyes, and why
are the hemianopic control subjects inconsistent as to the
stimuli he/she performs better, photographic or schematic?
Normal control data suggest that the photographs are the
more difficult stimuli (Fig. 4). For M.J., however, the pho-
tographs were worse than rectangular eyes, but better than
elliptical eyes. The performances for RH-A also discord
from normal data. A larger study with more control subjects
and diverse stimuli might offer the answers. (2) Would M.J.
show preserved or impaired attention-cueing effect of gaze
(for example, Friesen & Kingstone, 1998; Kingstone, Tipper,
Ristic, & Ngan, 2004), and what would her eye-movement
pattern be like in such a paradigm? Basing on the data we
have demonstrated in this study, we speculate that left gaze
would be less effective than right gaze in orienting M.J’s
attention. We are hoping to explore into these issues in the
future.

8. Conclusions

This study has demonstrated, in a case with a rare right
STG damage, a novel deficit in discriminating contralesional
gaze direction. We have suggested that the function of the
STG in processing gaze, together with the directional infor-
mation it derives from earlier visual areas like the MT/MST,
may be associated, when damaged, with such a deficit. Con-
current with this deficit was an impaired ability to obtain
eye-contact, implicating that the STG might also serve as an

interface between the gaze of others, and gaze of self. As
Ieft hemispheric damage to the same region would obviously
leave patients heavily aphasic, this rare case might serve as a
prototype of human STG damage.
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Abstract

A woman complained of feeling a “metal-like thing” in her oral cavity 4 years after a stroke. She was convinced of the physical
nature of her complaint despite intact dental and neurological findings. Somatosensory evolked magnetic fields suggested that her
decreased right STI function was compensated for by the right SI region, probably conwributing to the delusional symptom.

© 2005 Elsevier Ireland Lid. All rights reserved.

Reywords: Magnetoencephalography (MEG); Somatosensory cortex; Psychopathology

1. Intreduction

Behavioural syndromes similar to idiopathic psychi-
atric syndromes may occur after a brain insult such as a
stroke. From a neuropsychological perspective, the le-
sion site should determine many characteristics of the
behavioral alterations, and the lesion-deficit model has
been used to attribute various cognitive functions fo
specific cortical regions. Aphasias as deficit symptoms
of Broca’s or Wernicke’s arcas represent classic exam-
ples. Other models involve the disconnection syndrome
(Geschwind, 1965).

* Corresponding author. Department of Neuropsychiatry, Keio Uni-
versity School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo
160-8582, Japan. Tel.: +81 3 3353 1211x62454; fax: +81 3 5379
0187.

E-mail address: yutaka-k@db3.so-net.ne.jp (Y. Kato).

In the last decade evidence has emerged that the
injured brain often undergoes significant ‘remodeling’
(Rauschecker, 1995). However, studies examining
complex behavioral alterations following stroke have
not been reported.

Herein we present a magnetoencephalographic
(MEG) study of a woman who complained of “a
metal-like thing” in her oral cavity 4 years after brain
infarction. Somatosensory evoked magnetic fields
(SEFs) suggested the contribution of post-stroke func-
tional reorganization to the psychopathology.

2. Method
2.1. Case report

U.0. was a 64-year-old woman who had no history
of psychiatric illness. She suffered a right caudate

0925-4927/% - see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.

doi: 10.1016/j.pscychresns.2005.10.003
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stroke in 1994, but no neurological signs were noted. In
1998, she underwent surgery for periodontal disease,
immediately after which she began complaining of “a
metal-like thing” in her oral cavity, which was located
near the left mandibular premolars. Repeated dental
examinations revealed no abnormalities, but she was
convinced of the physical nature of her complaint. She
was referred to the psychiatric division in 2001, and
prescribed medications, including neuroleptics, had no
effect on her preoccupation.

2.2. MEG procedures

SEFs were examined for U.O. and for a confrol
patient—H.J., who had suffered a bilateral caudate
infarction but had no psychiatric symptoms. Both
patients were right-handed and showed no neurological
signs. They provided written informed consent, and the
protocol was approved by the local ethics committee.
Cortical magnetic signals were recorded with a 306-
channel neuromagnetometer (Elekta Neuromag Oy,
Helsinki, Finland) with a helmet-shaped array. The
recording bandpass was 0.3-200 Hz, and the sampling
rate was 600 Hz. Epochs with signals exceeding 1500
fT/em were excluded from averaging. A total of 200
stimulations to each site were collected with an analysis
period of 350 ms, including a pre-stimulus DC baseline
of 50 ms. The exact position of the head was deter-
mined by coils with cranial landmarks using an Isotrak
3D digitizer (Pothemus, Colchester, VT).

2.3. Stimuli and device

SEFs were recorded from the patients by stimulating
the following four sites: median nerves (right, left) and
mental nerves (right, left). Electrical stimuli were de-
livered using an SEM-4201 electrical stimulator (Nihon
Kohden Inc., Tokyo, Japan) with a 0.3-ms duration and
an inter-stimulus interval of 3 s. The current intensity
was twice the sensory threshold level and was below
the individually determined pain threshold.

2.4. Data analysis

Cerebral sources of responses were modeled as
equivalent current dipoles (ECDs), which were estimat-
ed uvsing a spherical head model (Hamalainen et al.,
1993). The ECDs that best described the predominant
source were first determined by a least-squares search at
response peaks. They were then extended to the entire
time period and all channels. All ECDs were included
simultaneously in the time-varying multi-dipole model

(Uusitalo and Ilmoniemi, 1997). The validity of the
multi-dipole model was evaluated by comparing mea-
sured signals with responses predicted by the model,
and good agreement was required for the model to be
accepted.

3. Results

After somatosensory stimulation at the four sites,
U.O. showed abnormalities at longer latencies. Con-
versely, the control patient (H.J.) displayed a normal
SEF pattern, which was adequately explained by the
three-dipole model.

3.1. Responses to vight median nerve stimuli

ECDs of early (23.4 ms) and late (82.3 ms) compo-
nents were clearly identified on the left hemisphere in
U.O. Both ECDs were integrated to the postcentral wall
of the central fissure (early) and the upper bank of the
Sylvian fissure in the left parietal operculum (late),
locations that were consistent with area 3b of SI and
SIT (Hari et al., 1983; Kakigi, 1994). However, the late
component on the right hemisphere was completely
sitent in U.O., while the right late component was
observed in the control patient H.J. (Fig. 1).

3.2. Responses to left median nerve stimuli

At latencies around 25 ms, ECDs were estimated
on the right SI cortex in both subjects. For the late
component, bilateral ECDs were also estimated at a
latency of around 90 ms in both subjects. In U.O., no
responses were observed from the right SII, and the
right late component was identified near the right SI.
This magnetic response was different from the late
component observed in the posterior parietal cortex
(PPC) and the medial frontal cortex (M source) in the
latencies and distributions (Forss et al., 1996). The
right late component in H.J. was localized to SII. The
left SII showed normal activation in both patients.
Source strengths suggested that these are activated
independently (Fig. 2).

3.3. Responses to right foramen mentale stimuli

In U.0., both early and late components on the
left hemisphere were represented by ECDs estimated
in SI and SII. But the right SII did not properly
activate compared with the response from control
H.J., indicating functional disruption of the right
S in U.O.
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Fig. 1. Source strengths and MEG-MRI integrations of ECDs estimated by right median nerve stimuli. Patient U.O. (feft panels), who suffered from
a somatic delusion, displayed two components in the contralateral hemisphere, whereas control patient H.J. (right panels) exhibited three
components in both hemispheres. Source strengths of contralateral early components are shown as a green line, contralateral late components
(left hemisphere) as blue, and ipsilateral late components (right hemisphere) as red (in patient U.O., the ipsilateral late component was silent). Right
contour maps were drawn over the lefi-side scalp surface (contralateral early and late components) and over the right-side scalp surface (ipsilateral
late component) at peak latencies in each subject (82.3 ms in patient U.O., 91.2 ms in control H.J.). The lower panels show T1-weighted MRI for
subjects displaying a small infarction in the right caudate nucleus (orange arrow). This panel also indicates MEG-MRI integrations of late
components as a blue score for contralateral late components (left) and a red score for ipsilateral late components (right). The ipsilateral SII region
was functionally disrupted in patient U.O. by stimulation to the right side of the body.

3.4. Responses to left foramen mentale stimuli

Through stimulation of the left mental nerve, where
the subject actually experienced the “metal-like thing,”
three ECDs were estimated corresponding to one early
and two Dbilateral components in both subjects. All
ECDs in control (H.J) and two ECDs in U.O. were
present in the proper regions. However, the contralat-
eral late component was observed from the right ST in
U.0., which might have resulted in confusion between
early and late somatosensory processing. Since we
could not observe any response from the right SII at
longer latencies, the right ST might have compensated
for right SIT functionally.

4, Discussion

In neuromagnetic recordings, electric stimulation
of peripheral nerves activates an extended cortical
network, with the first responses in the contralateral
SI. Later activity is seen bilaterally, usually more
strongly on the left than the right in normal controls
(Wegner et al., 2000), in the upper bank of the
Sylvian fissure corresponding to the SII region
(Hari et al., 1983). Because SII is activated by both
ipsilateral and contralateral stimuli, it might be n-
volved in bilateral somatosensory integration (Simoes
et al., 2002) and thus considered to be involved in
the integration of tactile stimuli by comparing actual
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Fig. 2. Source strengths and MEG-MRI integrations of ECDs in patient U.O. estimated by left median nerve stimuli. Three components
(contralateral early and late, ipsilateral late components) were independently estimated with adequate strengths. Source strengths for the
contralateral early component are shown in the center as an orange line, contralateral late component as red, and ipsilateral late component as
blue. Left panels show MEG-MRI integration of ECDs representing the contralateral early component shown by an orange score. Right panels show
a contralateral late component illustrated by a red score. Both early and late components on the contralateral hemisphere were estimated around 81

cortices at different latencies (orange and red arrows, respectively).

sensation and retrieved memory traces of somatosen-
sory perception.

In the control patient H.J, stimulation of the median
nerve elicited long-latency SII activation in both hemi-
spheres after short-latency responses in the contralateral
SI, in agreement with findings in normal controls from
previous studies (Hari et al., 1984, 1993).

In contrast, in U.O., left somatosensory stimulation
activated the right SI instead of the SII at a latency of
80—100 ms. Perhaps, this compensatory neural activity
may give rise to confusion or misinterpretation between
the actual somatic input and the appropriate represen-
tation of these sensations, leading to the patient’s delu-
sional symptom. A reasonable assumption is that the
right caudate infarction 4 years earlier resulted in cor-
tical reorganization, causing changes in the somatosen-
sory cortex.

Substantial evidence of cortical reorganization after
brain damage has been reported (Pons et al.. 1988;
Forss et al., 1999; Braun et al., 2003). A recent MEG/
MRI integrative study demonstrated that chronic to-
pographical modifications occurred on primary senso-
ry cortical hand areas following stroke within the
territory of the middle cerebral artery (Rossini et al.,
2001). Such results suggest that the affected brain
often undergoes significant remodeling of sensory
somatotopy.

The psychopathology of our patient is analogous to
monosymptomatic hypochondriacal psychosis, which
can be characterized as an encapsulated, monodelu-
sional disorder, the etiologies of which are controver-
sial (Munro, 1988). Empirical evidence from single
case should be treated with caution, but our results
suggest that the cortical reorganization of somatosen-
sory areas after a brain insult may contribute to the
development of a delusional symptom. Over this pre-
paratory state, a trigger event, such as periodontal
surgery in our case, may generate the psychopathology.
Awareness that functional reorganization after brain
insults could lead to the development of psychopathol-
ogies may contribute to our understanding of the cere-
bral basis of psychiatric disorders.
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Abstract

Superior temporal sulcus (STS) activation has consistently been demonstrated in the normal brain when viewing eyes, and thus this area is
implicated as a gaze processing region in humans. In a recent report, we have presented a case, M.J., with a well-circumscribed lesion to the right
superior temporal gyrus (STG), who demonstrated impaired discrimination of gaze direction. In the aim to make distinct whether this impairment
is unique to gaze, we have applied a spatial cueing paradigm established by Kingstone and colleagues. In our experiment, pictorial gaze and
symmetrical arrows were centrally presented as non-predictive, spatial cues in detecting peripheral targets. Fifteen normal subjects and M.J.
participated in the experiment. In concordance with previous reports, controls demonstrated a significant facilitation of reaction times in detecting
targets cued by congruent gaze/arrows, compared with incongruent cues. In striking contrast, M.J. showed no such congruency advantage for gaze,
in the face of a normal congruency advantage for arrows. We have demonstrated that a circumscribed lesion to the right STG impairs the ability
to utilize biological directional information such as gaze, but leaves the non-biological counterpart (arrows) intact. This dissociation implies that

indeed, the STS specializes in processing gaze.
© 2006 Published by Elsevier Ltd.

Keywords: Biological motion; Joint attention; Social cognition; Spatial cueing; Superior temporal sulcus

1. Introduction

Gaze understanding and interaction are perhaps essential in
making humans the uniquely social beings that we are. Its cog-
nition is one of the most primitive of a variety of biological
motion, since the motor intention of others can be inferred from
their gaze. There are even suggestions for the innateness of gaze
cognition, in that newborns show a preference for faces witheyes
open versus eyes closed (Batki, Baron-Cohen, Wheelwright,
Connellan, & Ahluwalia, 2000), and that infants as early as 10
weeks of age follow the gaze of others (Hood, Willen, & Driver,
1998). The behavior of humans toward gaze has recently been
enthusiastically studied by applying a spatial cueing paradigm
first introduced by Posner (1980), and renewed by Kingstone

* Corresponding author. Tel.: +81:426 63 2222; fax: +81 426 63 3286.
E-mail address: tee-i@mxv.mesh.ne.jp (T. Akiyama).

0028-3932/$ — see front matter © 2006 Published by Elsevier Ltd.
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and colleagues (Friesen & Kingstone, 1998). In their elegant
experiments, central schematic gaze is used as a cue to orient
attention in that direction. Normally, subjects shift attention in
the direction indicated by the cue gaze, which is reflected as
faster reaction times (RTs) in detecting targets presented congru-
ently to the gaze direction, opposed to incongruently presented
targets (‘gaze effect’). The tremendousness of the impact that
gaze displays on attention is easily imagined when subjects
are explicitly instructed to attend opposite to gaze direction in
counter-predictive conditions, but simply just cannot, at shorter
(300 ms) cue-target intervals (Driver et al., 1999). It takes much
longer intervals, in this case 700 ms, to strategically inhibit this
automatic orientation triggered by gaze direction.

An interesting non-biological counterpart to gaze is an arrow
sign, which has a directional property just like gaze, but no bio-
logical significance. When arrows are used as cues in the same
experimental paradigm, normal subjects behave more or less
in the same manner as to gaze (Tipples, 2002); faster reaction
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when targets appear congruent to arrows, slower when incongru-
ent (‘arrow effect’). Subtle but profound differences lie between
gaze and arrows, however, with closer scrutiny, or when specific
patient groups are tested. Normal subjects have been demon-
strated to overcome cue-target conflicts for counter-predictive
arrows with more ease than for counter-predictive gaze (Friesen,
Ristic, & Kingstone, 2004). Autistic spectrum patients, whose
lack of reciprocal gaze interaction is one of the cardinal mani-
festations, have been reported to demonstrate a behavior pattern
different to that of normal controls; they have a harder time over-
coming cue-target conflicts for counter-predictive arrows than
for counter-predictive gaze (Senju, Tojo, Dairoku, & Hasegawa,
2004). A split-brain subject who demonstrated dissociative gaze
effect between hemispheres of target presentation (Kingstone,
Friesen, & Gazzaniga, 2000), showed no hemispheric dissocia-
tion for arrow effect (Ristic, Friesen, & Kingstone, 2002). These
findings implicate that although the behavior towards gaze and
arrows normally appear quite similar, the neural ground for pro-
cessing them might be different.

The brain region that is implicated in gaze processing,
the superior temporal sulcus (STS), has repeatedly been acti-
vated when viewing gaze in the normal brain (Hoffman &
Haxby, 2000; Hooker et al., 2003; Kingstone, Tipper, Ristic,
& Ngan, 2004; Pelphrey, Singerman, Allison, & McCarthy,
2003; Puce, Allison, Bentin, Gore, & McCarthy, 1998; Puce,
Smith, & Allison, 2000; Taylor, Itier, Allison, & Edmonds,
2001; Wicker, Michel, Henaff, & Decety, 1998). This same
region has recently been reported to be smaller in two patient
groups that are well-documented for the loss of, or for the
lack in acquirement of social abilities, namely schizophrenia
(Onitsuka et al., 2004; Rajarethinam, Sahni, Rosenberg, &
Keshavan, 2004; Rajarethinam, DeQuardo, Nalepa, & Tandor,
2000) and autism (Boddaert et al., 2004; Pelphrey, Morris,
& McCarthy, 2005), who are without exception impaired in
gaze interaction. We have also presented a case, M.J, in a
recent report, with a circamscribed lesion in the right supe-
rior temporal gyrus (STG) due to a cerebrovascular accident,
who manifested a puzzling difficulty in obtaining eye-contact
(Akiyama et al., 2006). As the STG comprises a part of the
STS, we investigated her ability in processing gaze in this pre-
vious report. Indeed, M.J. demonstrated a unique impairment in
discriminating gaze direction, which is the first neuropsycho-
logical evidence that establishes the right STS as a gaze pro-
cessor, so often implicated in animals and human neuroimaging
studies.

However, some issues remained to be clarified for M.J. The
true significance of gaze as a visual stimulus lies perhaps in
its irresistible pull to orient attention toward that same direction,
which is undoubtedly a precursor to functions of social cognition
such as joint attention. Although M.J. has been demonstrated to
show impairment in rote discrimination of gaze direction, it still
remains to be seen whether she is able to feel that ‘pull’. Given
the difficulty that has been observed for M.J. in understanding
the inner thoughts of characters depicted in a one-frame comic
situation where gaze direction is essential in reading the line,
we hypothesize that she might be hyposensitive to this ‘pull’.
The specificity of her impairment to gaze also remains some-

what inconclusive. The misfortune of her hemianopia remains
an obstacle, for the contribution of the visual field defect can-
not be completely ruled out from M.J.’s gaze discrimination
impairment. To address these issues, we have made further
investigations by using the spatial cueing paradigm for gaze
and arrows. This methodology of comparing behavior toward
gaze versus arrows would be an ideal tool for M.J.; it gives us
an opportunity to directly compare the impact of biological ver-
sus non-biological directional signals under practically the same
conditions, while eliminating the constraints of her hemianopia
by evaluating responses to targets presented in her intact visual
field only. If the STS specializes in processing gaze and its social
significance, and not in processing directional signals in general,
M.J. should show normal arrow effect, but impaired gaze effect
in such a paradigm. The observation that M.J. demonstrates in
this report, we will show that this is indeed the case.

2. Materials and methods
2.1. Subjects

* The case subject, M.1., is a 60 year-old dextral female with a circumscribed
lesion in the right STG due to a cerebral hemorrhage 5 years ago (Fig. 1). Present
neuropsychological status demonstrates no compromise in intellect, and a close-
to-full recovery from the neglect syndrome seen earlier. Neurologically, she
demonstrates left hemianopia. Her vision for the intact right field was corrected
to normal. She has previously been demonstrated to show a gaze processing
impairment, where left gaze was often misperceived as straight gaze, and straight
gaze as right. Her hemianopia might have contributed to this impairment, but
its relative specificity to gaze could not be accounted for by mere hemianopia.
We have thus concluded that the insult to the STG was essential in causing her
gaze processing impairment. A detailed description of M.J. appears elsewhere
(Akiyama et al., 2006).

Fifteen healthy volunteers (eight males, seven females; mean age 53.3 4 10.9
years) also participated in the experiment as normal controls. All subjects

Fig. 1. MRI scan of M.J.’s lesion. A rare lesion almost completely circumscribed
to the entire right STG, which is indicated by the arrow, is shown in a sagittal
slice.
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