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3D shape perception from combined depth cues in

human visual cortex
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Our perception of the world’s three-dimensional (3D) structure is critical for object recognition, navigation and planning actions.
To accomplish this, the brain combines different types of visual information about depth structure, but at present, the neural
architecture mediating this combination remains largely unknown. Here, we report neuroimaging correlates of human 3D shape
perception from the combination of two depth cues. We measured fMRI responses while observers judged the 3D structure of two
sequentially presented images of slanted planes defined by binocular disparity and perspective. We compared the behavioral and
fMRI responses evoked by changes in one or both of the depth cues. fMRI responses in extrastriate areas (hMT+/V5 and lateral
occipital complex), rather than responses in early retinotopic areas, reflected differences in perceived 3D shape, suggesting
‘combined-cue’ representations in higher visual areas. These findings provide insight into the neural circuits engaged when the
human brain combines different information sources for unified 3D visual perception.

Visual environments are defined by multiple cues to depth structure,
such as binocular disparity, perspective, texture, shading and motion.
The computations and neural mechanisms required to extract this
information from the retinal images are likely to be radically differ-
ent, but despite this, we perceive coherent 3D structures; somehow,
the information provided by different depth cues is combined by
the brain!. The stereogram in Figure 1a provides an illustration of
the combination process: in this 3D shape defined by two planes
slanted in depth, horizontal binocular disparity and perspective cues
provide different information as to the object’s 3D structure. However,

from each cue to perceive an intermediate 3D shape. This is not merely
a laboratory curiosity produced by inducing cue conflict; rather, the
brain routinely combines different depth cues to obtain different types
of information and reduce the effects of sensor and processing noise!>.

Recent studies have examined the neural mechanisms that mediate
processing of individual depth cues: namely, disparity*® and perspec-
tive”8, This work has considered relatively isolated depth cues or
multiple correlated cues, providing insights into sites where informa-
tion about individual depth cues may converge. However, the neural
substrates underlying the perception of shape based on the combi-
nation of cues to depth structure have not been investigated.
We addressed this question using concurrent psychophysical and
fMRI measurements.

We used a 3D shape stimulus depicting a hinged plane receding in
depth (Fig. 1) in which the angular slant specified by two cues,
horizontal binocular disparity and linear perspective, was different
(‘inconsistent-cue stimulus’). Observers judged the 3D shape of this
test stimulus through comparisons with reference stimuli in which the

l. o When observers view such stimuli, they combine the slant information

cues defining 3D structure were consistent (‘consistent-cue stimuli’). In
each trial, the test stimulus and a reference stimulus were presented
sequentially, and they differed in one or both of the depth cues.

The fMRI measurements employed an event-related adaptation
procedure®!. The technique capitalizes on neural adaptation and
repetition suppression effects whereby neural activity is lower for
stimuli that have been viewed recently than for stimuli that have not.
By comparing the adapted response evoked by the test stimulus shown
twice (‘test-test’) with responses evoked by the test stimulus paired with
a reference stimulus (‘test-reference’), we could deduce sensitivity in
the neural population to differences between the test and reference.
For example, a higher fMRI response (rebound effect) when the
test-reference pair differs only in disparity information from the
adapted test-test response would indicate sensitivity to changes in
the disparity cue.

By comparing psychophysical behavior and fMRI rebound effects,
we demonstrate that responses in extrastriate ventral and dorsal areas,
rather than in early retinotopic areas, correspond to changes in
perceived 3D shape based on cue combination. These findings
provide evidence that higher visual areas are involved in processing
perceived global shape that depends on the combination of individual
depth cues.

RESULTS

Experiment 1: cue-based and percept-based processing
Observers judged which of the two viewed stimuli in a trial had a larger
dihedral angle (o: openness; Fig. 1b). By presenting the inconsistent-
cue test stimulus (perspective angle, S,, = 136 disparity angle,
S4» = 116°) and a range of consistent-cue reference stimuli (S = S;,) we
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Figure 1 Stimulus and design. (a) Stereogram
of a stimulus similar to those used. Cross-eyed
fusion of the images yields the impression of a

hinged plane receding in depth. The perspective 0o
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disparity cue specifies a more acute angle as
distance increases, but the perspective-specified
angle remains constant. (b) Cartoon portraying
disparity-defined shape (Sy) as more acute than
perspective-defined shape (S,). Aerial view at
right: the observer fixates the vertex, obtaining
perspective (S,) and disparity (Sy) information.
Combining the cues results in perceived 3D
shape (S.) between Sy and S;,. (c) Psychometric
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Disparity Change (test and reference differ in disparity: ASq = 20°); BC, Balanced Change (perspective and disparity cues differ in opposite directions:

ASy=10° AS, = -10°); PC, Perspective Change (test and reference differ in

perspective: AS, = -20°); AC, All Change (both cues differ: ASy = -10°,

AS, = -30°). Open squares: consistent-cue reference stimuli used in psychophysical tests (but not in fMRI experiments).

obtained a psychometric function (Fig. 1c¢). Fitting these data yielded
the point of subjective equality (PSE; 50% point on the curve), to
provide a measure of perceived angle in the inconsistent-cue test
stimulus (S.). Observers combined the cues, perceiving an angle
between that specified by each cue. However, the PSE (130.8 + 0.4°)
was closer to S, (136°) than Sy (116°), indicating that perception was
determined more by perspective than by disparity!! (cue weights:
wp = 0.73; wqg = 0.27). As expectedl, there was some between-subjects
variability in cue weights. However, all observers showed evidence of

The fMRI analysis considered responses in independently defined
regions of interest (ROIs; Fig. 2) within the visual cortex. We studied
early retinotopic areas (V1, V2, V3, V3a, Vp, V4) involved in processing
visual features. We also investigated two higher visual areas implicated
in analyzing 3D information: the lateral occipital complex (LOC),
which is involved in processing object shape!? and hMT+/V5, which is
implicated in the analysis of motion'>4, structure from motion
and depth!>16,

l, .I cue combination (Supplementary Table 1).

Right hemisphere

Left hemisphere P P

To assess sensitivity to both individual cue changes and changes in
perceived 3D shape, we used five experimental conditions (Fig. 1d): (i)
the Identical Condition, in which the inconsistent-cue test stimulus was
shown twice; (ii) the Disparity Change condition, in which the test-
reference pair specified the same perspective information but different
disparities; (iii) the Perspective Change condition, in which the
perspective cue differed between test and reference; (iv) the Balanced
Change condition, in which the cues changed in opposite directions
and (v) the All Change condition, in which the cues changed in the
same direction. For each individual subject, we computed the fMRI
time course from each condition and ROI and normalized it to the
response from the fixation baseline (Fig. 3a). We compared averaged
fMRI responses at the peak of the fMRI time course in each ROTI across
conditions and subjects (Fig. 3b). The Identical Condition evoked
significantly lower fMRI responses than the other conditions across
visual areas (Fpg,50 = 3.16, P < 0.05), providing evidence for fMRI
adaptation®!?. Furthermore, we observed a significant interaction
(F280 = 2.29, P < 0.05) for condition and ROL

Figure 2 Regions of interest within the visual cortex. Functional activation
maps for one subject showing the early retinotopic regions, hMT+/V5 and the
LOC (comprising the regions labeled pFs and LO). The functional regions are
superimposed on flattened cortical surfaces of the right and left hemispheres.
Dark gray, sulci; light gray, gyri. A, anterior; P, posterior. STS: superior
temporal sulcus, ITS: inferior temporal sulcus, OTS: occipitotemporal
sulcus, CoS: collateral sulcus. The LOC was defined as the voxels in ventral
occipitotemporal cortex showing significantly stronger activation (P < 1074,
corrected) to intact images than to scrambled images of objects. hMT+/V5
was defined as the contiguous voxels in the ascending limb of the inferior
temporal sulcus showing significantly stronger activation (P < 1074,
corrected) to moving than to static low-contrast concentric rings. The borders
of early retinotopic regions (V1, V2, V3, V3a, Vp, V4) were localized using
rotating wedge stimuli, and eccentricity mapping was achieved using
concentric rings.
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To determine whether cortical areas process cue-based information,
we compared Table 1a fMRI responses in the Identical Condition with
those evoked when the presented stimuli differed in one cue (Disparity
Change and Perspective Change conditions). The Disparity Change
condition evoked significantly higher fMRI responses than the Identical
Condition in V1, V2, V3, V3a, Vp and V4. The Perspective Change
condition evoked significantly higher fMRI responses than
the Identical Condition in V1, V2 and dorsal (V3, V3a) extrastriate
areas; higher mean responses in ventral areas (Vp, V4) were not
statistically significant.

In higher areas (LOC and hMT+/V5), the Perspective Change, but
not the Disparity Change, condition evoked significantly higher activity
than the Identical Condition. The small numerical trend for higher
responses in the Disparity Change compared with the Identical con-
dition (Fig. 3b) appears consistent with previous neurophysiological'”
and fMRI adaptation!® studies showing sensitivity to disparity in
higher visual areas. An interesting possibility is that the lack of strong
sensitivity to disparity changes in our study is consistent with the
psychophysical data, where perception was determined more by
perspective than by disparity information.

To examine the relationship between perception and fMRI
responses, we made comparisons based on psychophysical perfor-
mance (Fig. 3c, inset). First, we compared fMRI responses in
‘high-discriminability’ (Perspective Change and All Change)
and ‘low-discriminability’ (Balanced Change and Disparity Change)

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

conditions. We reasoned that areas whose activity reflects perceived 3D
shape based on cue combination should show stronger fMRI responses
in high-discriminability conditions than in low-discriminability
conditions. This activation pattern was evident in areas LOC and
hMT+/V5 but not in the retinotopic visual areas, with the exception
of area V3a (Fig. 3¢, Table 1a).

Second, we compared fMRI responses in conditions that had similar
perceptual discriminability. We reasoned that when differences in
perceived shape were similar, there should be no differences in fMRI
response in areas that represent 3D shape based on the combination of
cues. Based on psychophysics, the Balanced Change and Disparity
Change conditions were not differentially discriminable (repeated
measures ANOVA: Fj 39 < 0.01, P = 0.99). Accordingly, fMRI responses
in the Balanced Change and Disparity Change conditions were not
significantly different in the higher visual areas (LOC, hMT+/V5) and in
area V3a. In contrast, the Disparity Change condition evoked signifi-
cantly higher fMRI responses than the Balanced Change condition in
the other retinotopic visual areas (V1, V2, V3, Vp, V4). Taken together,
these dissociable results suggest sensitivity to cue changes in the
retinotopic visual areas, excepting V3a, whereas responses in extrastriate
ventral (LOC) and dorsal (hMT+/V5) visual areas reflect differences in
perceived 3D shape that are dependent on cue combination.

To quantify the relationship between psychophysical and fMRI
responses, we conducted regression analyses (Fig. 4), which provided
evidence for a significant relationship between psychophysical and
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Figure 3 fMRI results from Experiment 1. (a) Representative average time course (n = 11) of the fMRI response (areas V1, LOC, hMT+/V5). Error bars,

+ s.e.m. (b) Averaged fMRI response from the peak time points of the fMRI time course in LOC, hMT+/V5 and retinotopic areas (hemispheres combined).
Error bars, + s.e.m. No differences were found between sub-regions of the LOC12 or hMT+/V5. (c) fMRI responses expressed as a rebound index across
ROIs. Rebound index equals peak fMRI response in a condition (fMRI,) divided by the response to the Identical Condition (fMRIp); 1 indicates an adapted
response, and values >1 indicate sensitivity to changes in the stimulus. Error bars (normalized s.e.m.) incorporate the error estimates of both numerator and
denominator. Inset: between-subjects mean psychophysical data (n = 11) for each experimental condition expressed as a psychophysical response index: O
represents random behavior, and 0.5 represents perfect discrimination. Error bars, + s.e.m.
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fMRI responses in areas LOC and hMT+/V5, but not in the early visual
areas (Table 1b). Furthermore, to ensure that this effect was not specific
to the chosen inconsistent-cue test stimulus, we repeated the experi-
ment with a different test stimulus in which the dihedral angles
specified by the disparity and perspective cues were swapped
(Sq = 136°, S, = 116°). We observed the same relationships under
these conditions (Fig. 4), providing complementary evidence that
responses in higher, rather than early, visual areas reflect perceived
shape based on cue combination.

Experiment 2: examining variations in cue weights

An interesting aspect of previous studies examining cue combination is
the inter-subject variability in cue weights. This suggests that observers
differ in the reliability with which they encode cues, leading to
differences in perception'>1°. Consistent with previous psychophysical
reports, we observed differences in fMRI response in areas LOC and
hMT+/V5 that corresponded to between-subjects differences in per-
ceived 3D shape (Supplementary Table 1, Supplementary Fig. 1).

To examine further the relationship in individual observers between
fMRI response and the ‘combined-cue’ shape percept, we studied fMRI
responses to stimuli that were chosen based on an individual’s cue
weights. Rather than ensuring that observers viewed identical stimuli
(Experiment 1), we generated stimuli for individuals after psychophy-
sical tests that measured disparity and perspective cue weights. This
allowed us to test for fMRI adaptation to perceived shape using stimuli
that differed in their component cues but were reported to have similar
3D shape.

Specifically, before collecting fMRI data, we measured each obser-
ver’s cue weights (wg, w},) inside the magnet. Observers (n = 3) made
judgments about the dihedral angle of an
inconsistent-cue test stimulus (Sq = 146°;
Sp = 126°) by comparisons with consistent-

ARTICLES

Perspective Change) through further psychophysical testing, by com-
parison with consistent-cue stimuli, as above.

For the fMRI experiment, these tailored test stimuli were used in an
event-related adaptation procedure similar to Experiment 1. Four
experimental conditions were tested. The Identical Condition, which
consisted of a consistent-cue reference stimulus (S, = Sq = 126°)
shown twice, provided a baseline measure. The Balanced Change,
Disparity Change and Perspective Change conditions consisted of the
reference stimuli (Sq = S, = 126°) paired with each of the tailored
inconsistent-cue test stimuli (Fig. 5a).

We reasoned that areas engaged in 3D shape perception on the basis
of combined cues should show fMRI responses in the Balanced Change
condition similar to those in the Identical condition, owing to the
perceptual similarity of the test and reference 3D shapes. However,
these areas should show increased responses when the cue changes
required for the Balanced Change stimulus are made in isolation
(Disparity and Perspective Change conditions) because of differences
in perceived 3D shape. Furthermore, because the Disparity and
Perspective Change conditions had similar perceptual discriminability,
similar fMRI responses should be observed in these conditions. fMRI
responses in the higher, but not early, visual areas were consistent with
these predictions (Fig. 5b—d). Specifically, fMRI responses in LOC and
hMT+/V5 for the Balanced Change condition were similar to those for
the Identical Condition (Table 2a). In contrast, isolated cue changes
(Disparity and Perspective Change conditions) resulted in similar fMRI
responses that were significantly higher than responses for the Balanced
Change condition, in which the same cue changes were made
concurrently. However, fMRI responses in the early visual areas for
the Balanced Change and the individual cue change conditions were

Table 1 Statistical analyses for Experiment 1

cue reference stimuli. Fitting these psychophy-
sical data provided a measure of perceived

(a) Statistical analyses (repeated measures ANOVA with Greenhouse-Geisser contrasts) for Experiment 1

angle for the test stimulus (S.) that was used

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

to estimate the disparity and perspective cue IC: DC IC. PC BC+DC: AC+PC DC: BC
weights. With this knowledge, we created

a Balanced Change (BC) test stimulus in ROI F1,280 P F1,280 P F3.280 P F1,280 P
which the disparity (Sq = §°) and perspective 939 0014 490  0.030 040 0388 553  0.027
(Sp = 7°) cues changed in opposite directions 885 0015 617 0024 077 0382 893 0015
so that when combined, perceived 3D shape 3 1378 0007 442  0.033 115 0160 1486  0.008
(Sc = wqd + wpm) was very similar to that ofa 34 496  0.030 7.21 0.020 491  0.049 093  0.176
consistent-cue reference stimulus (S4 = S, = vp 429 0034 231 0.110 371 0078 297  0.047
126°). Two additional inconsistent-cue test V4 3.42 0.042 1.91 0.124 2.12 0.116 2.62 0.049
stimuli were created (Fig. 5a) that corre- LOC 1.49 0.141 6.63 0.022 14.70 0.013 0.89 0.180
sponded to individual cue differences between = hMT+/V5 2.21 0.137 7.34 0.019 14.45 0.013 0.17 0.298

the Balanced Change test stimulus and the
consistent-cue reference: the Disparity Change

stimulus (S = 3, S, = 126°) and Perspective ~ Experiment 1

(b) Correlation coefficient and associated ANOVAs for regressions on behavioral and fMRI data for each ROl in

Change stimulus (Sq = 126°, S, = m). The

magnitude of angular slant change between RO R fee i

the Disparity and Perspective Change test 0.01 0.02 0.90
stimuli and the consistent-cue reference was o 0.06 0.16 0.68
different (that is, Ad > Ap). However, psy- v3 0.01 0.01 0.98
chophysical performance was predicted to be  v3a 0.12 1.04 0.31
similar in these conditions, as the magnitude vp 0.14 0.89 0.35
of cue change reflected each observer’s cue V4 0.09 0.36 0.54
weights (wq < w,). Before collecting the LOC 0.44 15.87 0.001
fMRI data, we validated these predictions hMT+/V5 0.40 12.82 0.001

about the perceived shape of the three test

stimuli (Balanced Changed, Disparity Change,  AC, All Change.

ROI, region of interest. IC, Identical Condition. DC, Disparity Change. PC, Perspective Change. BC, Balanced Change.
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not significantly different (Fig. 5d, Table 2a). Consistent with Experi-
ment 1, these data suggest that fMRI responses in the higher, but not
early, visual areas relate to the perception of 3D shape on the basis of
cue combination.

Controls for possible confounds
To ensure that our experimental results could not be confounded
by differences in eye movement or attentional demands across

Figure 5 Design and results from Experiment 2.
(a) Design of Experiment 2, in which inconsistent-
cue test stimuli (filled circles) reflected each
subject’s cue weights (wg, wp). The inconsistent-
cue stimulus for the Balanced Change (BC)
condition was constructed so that perceived shape
was very similar to the consistent-cue reference
(filled square, Sq = Sp = 126°). Values for the BC
test stimulus for each subject: S1, Sq = 96°,

S, = 134°, measured S = 124.4 + 2.5°% S2,
Sq=96°, S, = 148°, measured S, = 127.3 +
2.2°; 83, §4 = 98°, S, = 1367, measured

S. = 128.5 + 1.9°. The inconsistent-cue

stimuli for the Disparity Change (DC) and
Perspective Change (PC) conditions consisted

of the individual cue changes required for the
Balanced Change inconsistent-cue stimulus.

(b) Representative average time course (n = 3)

of the fMRI response (areas V1, LOC, hMT+/V5).
Error bars, + s.e.m. (c) Averaged peak fMRI
response for each of the three observers in LOC
and hMT+/V5. Error bars, + s.e.m. (d) Averaged
peak fMRI responses in LOC, hMT+/V5 and d
retinotopic visual areas. Between-subjects data

presented for illustration (n = 3). The same

pattern was observed in each observer’s data.

Error bars, + s.e.m.
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Figure 4 Regressions of fMRI responses on psychophysical responses: fMRI
data from Experiment 1 (asterisks, dashed lines) against corresponding
psychophysical response index. fMRI data were normalized across subjects
(n=11) and areas. Filled circles and solid lines indicate regressions on
data obtained from an additional experiment in which a different test
stimulus was used (six subjects). We did not observe a difference between
the B (slope) coefficient of the regressions for each data set based on the
95% confidence intervals.

conditions, we conducted control experiments and additional analyses.
First, eye position measurements indicated that eye movements were
very small and were not systematically different across experi-
mental conditions (Supplementary Fig. 2). Second, to help maintain
correct eye vergence, we used nonius fixation targets for the first
(Supplementary Fig. 2) and second experiments. Furthermore, in
our setup, changes in horizontal disparity would be the main stimulus
that could drive vergence eye movements, as perspective cue signals are
counteracted by conflicting disparities?’. We observed large changes
in the fMRI response that were associated with no change in the
horizontal disparity signal (Perspective Change conditions), making it
unlikely that vergence changes confounded our results. However, to
rule out a contribution of eye vergence, we investigated fMRI responses
when observers were required to fixate targets across the range of
disparities used in our experiments. Using the fMRI design employed
in the main experiments, we did not observe significant sensitivity to
the small changes in vergence that would be evoked by these disparity
changes in any of the measured ROIs (Fig. 6a; Table 2b). Therefore, it is
unlikely that our results were confounded by vergence differences
across conditions.

It is also unlikely that differences in allocation of attention could
account for the observed pattern of fMRI responses. In contrast to our
fMRI results, an attentional load explanation would predict higher
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DISCUSSION

Our study provides neuroimaging evidence for depth cue combination
in the human visual cortex and demonstrates the following main
findings. First, higher visual areas in both the ventral (LOC) and the
dorsal (hMT+/V5) pathways appear to represent the perceived global
3D shape based on a combination of cues to slant. Second, fMRI

Table 2 Statistical analyses for Experiment 2 and vergence control
experiment

(a) Statistical analyses (repeated measures ANOVA with Greenhouse-Geisser
contrasts) for Experiment 2.

DC+PC: B ID: B . . T e
C+PC: BC ¢ responses in most of the early visual areas indicate sensitivity to changes
in the depth cues that define 3D structure rather than to changes in the
ROI F1,45 P Fias P . . R . ..
combined-cue’ shape percept. That is, we observed significant fMRI
vl 1.09 0.302 3.37 0.039 responses to disparity changes across early visual areas and to perspec-
V2 1.42 0.240 2.22 0.074 tive changes in V1, V2 and dorsal (V3, V3a) extrastriate areas. This
v3 1.51 0.226 1.91 0.085 observed sensitivity to changes in disparity in early retinotopic cortex is
V3a 1.69 0.201 4.95 0.017 consistent with previous physiological?’~>* and imaging>!® studies.
Vp 0.72 0.359 2.10 0.079 Our experiments were not designed to delineate the precise nature of
va 1.10 0.300 3.09 0.045 this sensitivity. However, it is likely that the responses we have
Loc 10.88 0.006 0.18 0.577 measured reflect a functional hierarchy of disparity processing, ranging
hMT+/V5 6.69 0.013 0.50 0.404

from the processing of local disparities at early stages?> to surface-based
slant processing at later stages. Previous work investigating the proces-
sing of perspective information has focused on parietal areas”?*?”. Our
findings raise the possibility that perspective cue processing involves
a dorsal network ascending into parietal cortex. Finally, previous
studies>®1%1828 have implicated V3a in processing 3D information.

(b) Statistical analyses (repeated measures ANOVA) on data obtained from the
vergence control experiment.

All conditions

http://www.nature.com/natureneuroscience

ROI F312 P Our findings suggest a possible role of area V3a in the combination
of cues for global 3D shape (Fig. 3). However, the activity in area V3a

Vi 0.035 0.991 did not seem to be as tightly coupled to perception as in higher areas

V2 0.098 0.959 (Figs. 4 and 5).

V3 0.138 0.935

X3a g'?éé g'ggj Cue combination: the problem and the process

VZ 0'055 0'982 To date, almost all that we know about the mechanisms of visual cue

Loc O. 360 0'7 83 combination comes from theoretical considerations and psychophysi-

ATV 0211 0.886 cal data. Recent studies have suggested that under many circumstances,

the brain combines cues using weighted linear combination!. Under
this scheme, individual cues are initially processed largely indepen-

© 2005 Nature Publishing Group
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fMRI responses when the discrimination task was hardest, as difficult
conditions require prolonged, focused attention, resulting in higher
fMRI responses?!. We observed the opposite effect: fMRI responses
were highest in the All Change condition, in which the discrimination

responded fastest (Fig. 6b: shortest response times). Further, it is
unlikely that observers chose to attend selectively to particular condi-
tions, as trials were presented in quick succession and were randomly
interleaved. Finally, it could be argued that perceived change is more
interesting than perceived lack of change and, as a result, responses in
the high-discriminability conditions were increased. However, such
increases in general alertness or arousal would result in increases in
fMRI response across the visual areas?. This is not consistent with the
different patterns of fMRI responses that we observed in the early and
higher visual areas.

l .I was easiest (Fig. 3c: highest mean response index) and subjects
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dently to yield an estimate of an environmental property. Estimates
from different depth cues are then combined by weighting each source
of information in proportion to its statistical reliability!®.

The neural mechanisms that mediate depth cue processing have been
studied extensively. In particular, several studies provide evidence for
retinotopic visual areas involved in processing disparity??, stereoscopic
edges”, 3D orientation3? and surfaces™®283!, Furthermore, monkey IT
cortex!”¥2-3 and human LOC!>* have been implicated in processing
cues for 3D structure. Finally, MT has been shown to respond to
disparity-defined surfaces®® even in the absence of motion!'>%’, to carry
information about 3D surface orientation* and to mediate perception
of structure from motion3®3%,

Previous work has often considered sensitivity to single depth cues.
For instance, disparity information is often ‘isolated” using random dot
stereograms. However, such viewing conditions often create large cue

Figure 6 Vergence control experiment and
response time data. (a) Vergence control: fMRI
responses when observers (n = 4) viewed two
sequentially presented fixation stimuli at different
depth planes representing the range of disparities
presented in Experiment 1 (5.5-9.6"). Observers
were required to determine whether the first or
second viewed stimulus was closer. Error bars,

+ s.e.m. (b) Between-subjects mean response
time in each condition (Experiment 1). Error bars,
+ s.e.m. The shortest mean response times were
observed in the All Change condition.
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conflicts: random dot patterns specify a flat surface (that is, no texture
gradient), in contrast to the disparity information. The perturbation
approach! we have adopted is a useful technique for studying the
neural basis of depth cue processing, as it reduces such conflicts.
However, to ensure our results were not limited to experimentally
induced cue-conflict stimuli (which might exceed natural bounds), we
examined the relationship between perceptual discriminability and
fMRI responses using consistent-cue stimuli. Consistent with Experi-
ments 1 and 2, we observed stronger fMRI responses for high-
discriminability conditions than for low-discriminability conditions
in the higher visual areas (Supplementary Fig. 3).

Cue combination: neural selectivity and invariance
Our fMRI findings provide insights into the neural correlates of cue
combination at the scale of large neural populations and suggest
cortical regions in which responses are consistent with the ‘com-
bined-cue’ percept. Further physiological studies (J.D. Nguyenkim &
G.C. DeAngelis, Soc. Neurosci. Abstr. 368.12, 2004) in these regions,
with higher spatiotemporal resolution, are necessary to determine
whether the neural responses underlying weighted-cue combination
are carried by single neuron responses, population codes or both. These
studies could determine whether individual neurons within an area
respond on the basis of cue combination, or whether subpopulations
within an area carry information about the two cues independently.
Our findings provide evidence that even if disparity and perspective
information is encoded by separate subpopulations, the response
magnitude of these subpopulations in higher areas seems to vary in
accordance with ‘combined-cue’ 3D shape perception.
Complementary to feature selectivity, invariance to image changes is
a neuronal property important for visual perception and recognition.
Recent studies provide evidence for representations independent of the
cues that define an object’s shape in monkey IT®*23° and human
LOC!%40, Similarly, neurons in MT have been suggested to compute 3D
surfaces from multiple cues?!42, Finally, recent human?7434> and
monkey”-102646 fMRI studies suggest a network of occipitotemporal
and parietal regions involved in processing 3D objects that are defined
by different cues. These studies propose that regions involved in

2Ye), processing different depth cues could also mediate cue combination.

However, information about the behaviorally relevant cue weights is
necessary to infer cue combination. The perturbation technique we
adopted breaks the correlation between cue and percept changes,
allowing us to directly test areas involved in cue combination. Our
data suggest that occipitotemporal areas previously discussed with
reference to cue invariance are implicated in processing combinations
of cues. Future studies will address the role of parietal regions, as
the high spatiotemporal resolution required for the acquisition of the
fMRI adaptation data has not allowed us to measure fMRI responses in
these regions.

In conclusion, an exciting challenge in neuroscience is to understand
how the same sensory cues can result in different percepts?” and how
different cues can result in the same percept*®. Our study provides a
first step in understanding neural circuits in human visual cortex that
are fundamental for resolving the perceptual ambiguities inherent in
combining multiple information sources. Further studies on the neural
processing of complex 3D objects*” defined by multiple cues within and
across modalities'® will provide important insights into the networks
mediating our unified perception of the 3D world.

METHODS
Observers. Observers gave informed written consent. All had normal or
corrected-to-normal visual acuity without stereoscopic or color deficits.

Stimuli and psychophysical methods. Stimuli were receding hinged planes
(5 x 6.6°) defined by perspective and horizontal disparity (range: 4.3-13.3)
cues to 3D structure. They had the same projection-screen width irrespective of
the slant (range: 17-47°) and were surrounded by an irregular background
(peripheral extent: 9.8° horizontal, 7.7° vertical) of squares (0.5°) in the plane
of the screen, which enhanced relative disparities and was designed to promote
accurate eye vergence®’. Stimuli were rear projected and viewed through a
mirror 10 cm above the eyes (viewing distance, 78 cm). Red-green anaglyphs
were used (crosstalk was only 0.6%). Photometric measures of the red and
green signals from the NECGT950 video projector were used for gamma
correction and to equate image luminance for each eye. Stimuli for Experi-
ments 1 (replication; Supplementary Fig. 2) and 2 included a pair of nonius
lines on each side of the fixation circle to promote stable eye vergence.

To evaluate the perceived shape of the test stimuli observers made compar-
isons with a range (86-146°) of consistent-cue reference stimuli (method of
constant stimuli). Observers fixated a circle (diameter = 0.4°) at the stimulus’
center and judged which of two sequentially presented stimuli (test and
reference order randomized) had a larger dihedral angle. Responses were
collected using optical response buttons. The PSE was calculated by fitting
(Probit analysis) the proportion of ‘larger dihedral angle’ responses to the test
stimulus at each consistent-cue reference angle. Before collecting fMRI data we
obtained a full psychometric function inside the magnet (e.g. Fig. 1d). For
Experiment 1, psychophysical measurements made concurrently with fMRI
acquisition provided data for four points on the function (filled squares
Fig. 1d). PSEs obtained with and without the scanner running did not differ
(tjp = 2.23, P = 0.52). We calculated a psychophysical response index to
describe the data. This is the absolute difference between the ‘larger dihedral
angle’ response proportion in a condition and 0.5: 0 represents random
behavior and 0.5 perfect discrimination. A criterion of 0.25 was used to
distinguish high- and low-discriminability conditions.

Cue weights were calculated by assuming weighted linear combination
where weights sum to 1 (ref. 1): S¢ = wqSq + wpSp, wa + wp = 1. When
tailoring stimuli to observers’ cue weights (Experiment 2), we calculated
stimulus values using these formulas so that perceived 3D shape in the Balanced
Change condition would be very similar to the consistent-cue reference (126°).
To ensure these calculations were correct, we evaluated each observer’s percep-
tion of the inconsistent-cue test stimuli (BC, DC, PC) prior to collecting fMRI
data (as above).

Imaging. Data were collected using a 3-T Siemens scanner with gradient echo
pulse sequence (TR = 2 s, TE = 40 ms, localizers; TR = 1 s, TE = 40 ms, event-
related scans) and a head coil. The high resolution of the event-related scans
limited us to 11 axial slices (5 mm thick; 3 x 3 mm in-plane resolution)
covering occipitotemporal regions. Subjects ran one session of nine scans: five
localizers (LOC, twice; hMT+/V5, once; retinotopic, twice) and four (Experi-
ment 1) or six (Experiment 2) event-related scans (order counterbalanced
across subjects). For event-related experiments, each scan consisted of one
experimental trial epoch and two 8-s fixation epochs (one at the start and one
at the end). For Experiment 1, each scan had 24 experimental trials per
condition (n = 5) and 24 fixation trials (providing a measure of baseline
activity). For Experiment 2, each scan had 25 experimental trials per condition
(n = 4) and 25 fixation trials. Presentation order was counterbalanced so that
trials from each condition (including fixation) were preceded equally often
by trials from other conditions. A new trial began every 3 s and consisted of
two stimuli, each presented for 400 ms (ISI = 150 ms), followed by a blank
(2,050 ms). Subjects did not perceive apparent motion between the stimuli.
Note that changes in disparity and perspective cues result in changes in spatial
position. The magnitude of these low-level stimulus changes was deliberately
kept very small (largest difference in position of corners was 6).

Data analysis. fMRI data were processed using BrainVoyager (Brain Innova-
tion). For each individual subject, regions of interest (ROIs: V1, V2, V3, V3a,
VP, V4, hMT+/V5, LOC) were defined using standard techniques'®1® (Fig. 2
and Supplementary Fig. 4). We averaged the signal intensity across trials in
each condition at each time point and converted these to percentage signal
change relative to fixation for each ROI and subject!. Sample between-subject
mean fMRI time courses in areas V1, LOC and hMT+/V5 are provided
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(Figs. 3a and 5b); time courses in other areas were similar. Fitting the time
courses with the hemodynamic response function indicated that peak fMRI
responses occurred between 4 and 5 s after trial onset (time-to-peak parameter
for every ROI shown in Supplementary Fig. 5). Statistical analyses were
performed on the average fMRI response at these time points (repeated-
measures ANOVAs, Greenhouse-Geisser contrasts).

Finally, we controlled for the possibility that differences between experi-
mental conditions were due to different fMRI responses evoked by the
consistent-cue reference stimuli themselves (Experiment 1). We tested fMRI
responses when each consistent-cue reference stimulus was presented alone in a
trial. There were no significant differences between fMRI responses for the
different stimuli in any ROI (Supplementary Fig. 6), ensuring that fMRI
responses in the adaptation experiments were due to differences between the
test and reference stimuli.

Note: Supplementary information is available on the Nature Neuroscience website.
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