ELSEVIER

Neurolmage

www.elsevier.com/locate/ynimg
Neurolmage xx (2005) xxx — XXX

Hemispheric specialization of human inferior temporal cortex during
coarse-to-fine and fine-to-coarse analysis of natural visual scenes
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Recent models of visual recognition have suggested that perceptual
analysis may start with a parallel extraction of different spatial
frequencies (SF), using a preferential coarse-to-fine (low-to-high SF)
sequence of processing. A rapid extraction of low spatial frequency (LSF)
information may thus provide an initial and crude parsing of the visual
scene, subsequently refined by slow but more detailed high spatial
frequency (HSF) information. However, the sequence of SF analysis
could be flexible, a high-to-low (HtL) being sometimes preferred to a low-
to-high (LtH) SF sequence depending on task demands. Furthermore, it
has also been suggested that the right vs. left hemisphere might be
differentially specialized in LSF vs. HSF analysis, respectively. By
manipulating the temporal succession of LSF and HSF stimuli, the
present fMRI study investigated whether such hemispheric specialization
may underlie the flexible use of different time-course in SF analysis.
Participants performed a matching task between two successive images
of natural scenes (LSF or HSF) that were displayed either in an LtH (LSF
scene presented first and HSF scene second) or in a reverse HtL sequence.
A direct inter-hemispheric comparison of the neural responses evoked by
each SF sequence revealed greater activations within the right occipito-
temporal cortex for the LtH sequence and within the left occipito-
temporal cortex for the HtL sequence. These fMRI results suggest that
the hemisphere preferentially engaged during the sequential processing
of different SF might be determined by the initial SF-band appearing in
this sequence, and that both a coarse-to-fine and fine-to-coarse analysis
might independently take place in the two hemispheres.
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Introduction

On the basis of convergent data from the functional neuro-
anatomy of magnocellular and parvocellular visual pathways (Van
Essen and DeYoe, 1995), neurophysiological recordings in
primates (Bullier, 2001), and psychophysical results in humans
(Ginsburg, 1986; Hughes et al., 1996), several recent models of
visual recognition (e.g., Bullier, 2001; Bar, 2003) have suggested
that the visual analysis of a scene may start with a parallel
extraction of different elementary attributes at different spatial
scales (or spatial frequencies, SF), but with a predominant coarse-
to-fine processing sequence. Accordingly, low spatial frequencies
(LSF) in a visual scene might be conveyed by the fast
magnocellular visual pathways and thus rapidly reach higher-order
areas in the visual system, not only in parietal and frontal cortices
(Bullier, 2001; Bar, 2003) but also in inferotemporal regions
(Sugase et al., 1999), allowing an initial perceptual parsing of the
visual scene. This first coarse analysis might then be refined by
higher spatial frequency information (HSF) that is conveyed more
slowly to the cerebral cortex by the parvocellular pathway.

Experimental evidence in support of a low-to-high SF processing
hierarchy in human vision comes from psychophysical studies using
global forms composed of several local elements (see Navon, 1977).
Typically, the global information is identified faster than the local
elements (global precedence effect), and global processing interferes
with local processing (global interference effect). Together, these
two behavioral effects suggest that global information is processed
before local information. Based on the assumption that global
information is preferentially conveyed by LSF whereas local
information is conveyed by HSF (see Badcock et al., 1990; Hughes
et al., 1996; Lamb and Yund, 1993; Schulman et al., 1986), the
global-to-local processing sequence has been interpreted as reflect-
ing a fundamental principle of low-to-high SF analysis. Additional
evidence was provided by psychophysical studies of Schyns and
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Oliva (1994) who used “hybrid” stimuli made of two superimposed
images from natural scenes, belonging to different semantic
categories and containing different SF-bands (e.g., a highway scene
in LSF superimposed on a city scene in HSF). The perception of
these hybrid scenes was dominated by LSF information when their
presentation time was very brief (30 ms), but by HSF information
when their presentation time was longer (150 ms), suggesting a
precedence of LSF on HSF in the visual processing time-course.
Furthermore, when two successive hybrids displayed a coarse-to-
fine sequence for a given scene and simultaneously a fine-to-coarse
sequence for another scene, scene perception was more frequently
based on the coarse-to-fine than the fine-to-coarse sequence.
However, the fact that LSF information can be perceptually
available before HSF does not necessarily imply that it is always
used first to support visual recognition in all tasks. Indeed, the global
precedence effect can be turned into a local precedence eftect with
simple experimental manipulations, e.g., by changing the visual
angle (Kinchla and Wolfe, 1979; Lamb and Robertson, 1990) or the
number of local elements (Martin, 1979). Furthermore, in a Schyns
and Oliva (1994) study, a substantial proportion (29%) of hybrid
sequences were in fact categorized according to a fine-to-coarse
rather than a coarse-to-fine time-course, and subsequent studies
(Oliva and Schyns, 1997) demonstrated that the spatial scale
preferentially processed in hybrid scenes can be constrained by a
previous sensitization phase implicitly “priming” the visual
processing in favor of a particular spatial scale. Thus, after initial
exposure to LSF information, the subsequent categorization of
hybrid images was preferentially made on LSF cues, whereas it was
biased toward HSF information after priming by HSF. When using
hybrid faces instead of scenes, Schyns and Oliva (1999) also showed
that HSF information was preferentially used to judge whether a face
is expressive or not, whereas LSF information was preferentially
used to classify expression in discrete categories. These findings
suggest that the demands of a categorization task might determine
which range of SF is extracted and perceived from hybrid visual
stimuli (even when using brief presentation times, i.e., 45 ms). Taken
together, these results suggest, first, that the low-to-high time-course
of SF analysis may constitute a general default strategy, rather than a
unique fixed process; and second, that the selection of SF during the
recognition of natural scenes may depend on dynamic interactions
between the information needs for a given recognition task and the
perceptually available information. Whereas a low-to-high sequence
of SF processing may preferentially arise for normal visual inputs
containing both LSF and HSF information (see Bar, 2003), our
visual system should nonetheless be able to prioritize the processing
of HSF in certain situations, for instance, during search for a target
known to be defined by specific local features rather than global
visual properties (e.g., find something with a striped texture).
Importantly, in the framework of visual SF analysis, it has often
been proposed that the right vs. left hemisphere might be
predominantly involved in LSF vs. HSF processing, respectively.
This hemispheric specialization has been supported by numerous
behavioral studies in healthy subjects using lateralized presentation
of visual stimuli (e.g., Blanca et al., 1994; Chokron et al., 2000;
Christman et al., 1991; Kitterle and Selig, 1991; Kitterle et al.,
1990, 1992; Martin, 1979; Peyrin et al., 2003; Sergent, 1982; Van
Kleeck, 1989; Yovel et al., 2001), by functional neuroimaging
studies in healthy subjects (e.g., Evans et al., 2000; Fink et al.,
1996, 1997, 1999; Han et al., 2002; Heinze et al., 1998; Lux et al.,
2004; Martinez et al., 1997; Proverbio et al., 1998; Yamaguchi et
al., 2000), and by neuropsychological observations in brain-

damaged patients (e.g., Delis et al., 1986; Doyon and Milner,
1991; Lamb et al., 1990; Rafal and Robertson, 1995; Robertson
and Lamb, 1991; Robertson et al., 1988). In a recent event-related
fMRI study, we also found evidence for such hemispheric
specialization during a visual recognition task using filtered natural
scenes, presented either in LSF or HSF alone (Peyrin et al., 2004).
In this previous study, hemispheric specialization was assessed by
a method of direct inter-hemispheric comparison (see Baciu et al.,
in press; lidaka et al., 2004; Lux et al., 2004), allowing us to
examine contrasts between “unflipped” and “left—right flipped”
functional images from the same experimental condition, in order
to compare activity in one hemisphere with activity in homologous
regions of the other hemisphere. Using this approach, we were able
to demonstrate a greater activation in the right than the left
occipito-temporal areas for LSF scenes, but greater activation in
the left than the right middle occipital gyrus for HSF scenes.

In the present event-related fMRI experiment, we asked
whether the hemispheric specialization for SF processing might
underlie the flexibility of the temporal sequence used for SF
analysis during visual recognition. To constrain the SF processing
according to different time-courses, we presented healthy observers
with two successive images of natural scenes (each filtered in
either LSF or HSF) appearing in either a low-to-high (LtH, i.e.,
LSF scenes first and HSF scenes second) or a reverse high-to-low
(HtL) sequence. Observers had to decide whether the two
successive scenes belonged to the same category. This task ensured
that participants attended to the whole SF sequence, and did not
concentrate on one SF-filtered image only. In addition, the first
image in each sequence was displayed either in the central visual
field (CVF) or lateralized in either the left visual field (LVF) or the
right visual field (RVF). This manipulation of the side of
presentation allowed us to test whether the SF analysis in either
type of sequence might be determined, or modulated, by the
hemisphere to which the visual information was projected first; and
also to include trials in which the two scenes within a sequence
were not overlapped at the same location, thus preventing the use
of simple retinotopic cues in the image for the matching task.

Our critical question was whether each type of stimulus
sequence would engage one hemisphere more than the other,
depending on the SF-band presented first and/or the visual
hemifield stimulated first. When visual recognition is performed
according to an LtH time-course, the initial LSF information might
preferentially activate the right hemisphere (specialized for LSF
analysis), such that this hemisphere might subsequently dominate
during the processing of the whole visual sequence. Conversely,
during HtL processing, the initial HSF information may first
activate the left hemisphere (specialized for HSF analysis) and thus
predominantly recruit this hemisphere in the processing of the
whole stimulus sequence. Therefore, our main hypothesis was that
right-hemisphere visual areas might show greater involvement
during the LtH analysis, whereas left-hemisphere visual areas
should preferentially contribute to the HtL analysis instead.

Method
Subjects
Fourteen healthy male volunteers (age range 20—38, mean age

27.7 £ SD 5.7) were examined. All were right-handed as assessed
by the Edinburgh inventory (Oldfield, 1971). All subjects had
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normal or corrected-to-normal vision and no history of neuro-
logical disorders. They gave their informed consent for the study
according to the ethical regulation of the Geneva University
Hospital. Our study was restricted to male participants in order to
avoid sex differences in functional hemispheric asymmetries that
could interfere with hemispheric specialization in SF processing
(for a meta-analysis on gender differences in hemispheric
lateralization, see Voyer, 1996).

Stimuli and procedure

Stimuli were 54 black-and-white photographs (256 x 256
pixels, 256 gray scales) of natural scene images classified in three
distinct categories (18 cities, 18 beaches, and 18 indoors). Stimuli
were displayed using E-prime software (E-prime Psychology
Software Tools Inc., Pittsburgh, USA) and projected onto a mirror
mounted on the MRI head coil (~15.2 x 11.4 degrees of visual
angle). For each scene, an LSF and an HSF stimulus were created
(Fig. 1). We removed the SF content of images above 4 cycles/
degree of visual angle for LSF stimuli, and below 6 cycles/degree
for HSF stimuli, by convolving gaussian filters to the Fourier
transform of the original images. The average energy level for LSF
and HSF stimuli was equalized for each scene, in order to avoid
some biases due to contrast and luminance which are known to
influence hemispheric differences in visual processing (e.g., Christ-
man, 1989), and to minimize intrinsic visual differences between
these two types of stimuli. Overall, averaged stimuli luminance did
not differ between LSF and HSF stimuli (118 and 120, respectively,
on a 256 gray-level scale, F'| 51 < 1), or between cities, beaches, and
indoors (116, 126, and 117, respectively, F» 51 = 1.76, P = 0.18).

One experimental trial consisted of an image sequence during
which two natural scenes (in either LSF or HSF) were displayed in
a rapid succession, following either an LtH or HtL sequence. In
half of the trials, the two successive scenes in the sequence were

the same exemplar from the same category, but with inverse SF
content, while in the other half of trials, the two successive scenes
belonged to different categories. Note that the same/different image
condition was orthogonal to our critical manipulation of SF
sequence and not further considered in our analyses. More
importantly, the first image in each sequence was displayed either
at the center of the screen (central visual field, CVF), in the left
visual field (LVF), or right visual field (RVF). This resulted in six
experimental conditions (containing 36 trials each) of particular
interest for the purposes of the current study: LtH-CVF (see Fig. 1,
left panel), LtH-LVF, LtH-RVF (see Fig. 1, right panel), HtL-CVF,
HtL-LVF (see Fig. 1, central panel), and HtL-RVF.

Each trial began with a central fixation point for 500 ms,
immediately followed by the first filtered scene for 100 ms, then a
new central fixation point reappeared for 400 ms, followed in turn
by the second filtered scene for 100 ms. Note that since the two
scene images appeared in brief succession over less than 600 ms,
the resulting hemodynamic responses measured by fMRI were
modeled as one single composite event in our analyses. The
average inter-trial interval was 2 s. Onset of trials was jittered with
respect to scan repetition (TR = 2.5 s) to allow for better sampling
of the hemodynamic response across the whole brain (Josephs and
Henson, 1999). Thirty-six null trials were also randomly inter-
mixed with image sequence in order to provide an appropriate
baseline measure (Friston et al., 1999).

Participants were asked to decide after the presentation of the
second scene whether or not the two scenes were from the same
category (city, beach, or indoor). They were instructed to fixate the
center of the screen during the whole image sequence, and to
respond as quickly and accurately as possible by pressing one of
two response buttons. Half of the participants responded with their
right index finger for ‘Same’ and right middle finger for
‘Different’, and vice versa for the other half. Reaction time (RT)
and response accuracy were recorded. Each participant performed

100 ms I
500 ms

LtH-CVF

HtL-LVF

LtH-RVF

Fig. 1. Examples of stimuli used in the matching experiment (N = 54). Each image of a natural scene (either a city, a beach, or an indoor) was filtered in (A) low
spatial frequencies (LSF, <4 cycles/degree) and (B) high spatial frequencies (HSF, >6 cycles/degree). (C) Each trial was composed of two successive filtered
scenes presented either a low-to-high (LtH) or a high-to-low (HtL) sequence. In one experimental session, the first scene in the sequence was always presented
in the central visual field (CVF); whereas it was pseudorandomly lateralized to either the left (LVF) or right visual field (RVF) in two other experimental

sessions.
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one session in which the first scene was always displayed in the
center of the screen, and two lateralized sessions in which the first
scene was randomly displayed either in the LVF or in the RVF.
When lateralized, the inner and the outer edges of scenes subtended
a visual angle of 2° and 6° off center, respectively. The order of the
experimental trials was pseudorandom (i.e., no more than three
consecutive trials of the same sequence type, or visual hemifield
for lateralized sessions) and the order of the experimental sessions
was counterbalanced across participants. Before the experiment,
subjects underwent a training session outside the scanner, with
different scene stimuli.

MR acquisition and data analysis

Whole-brain functional MR imaging was performed using echo
planar imaging (EPI) on a 1.5-T whole-body INTERA system
(Philips Medical Systems), equipped with a standard head coil
configuration. The imaging volume was oriented parallel to the bi-
commissural (AC—PC) plane. Functional volumes composed of
thirty 4-mm adjacent, axial slices were acquired using a gradient
echo-planar T2*-weighted sequence (TR = 2.5 s, TE = 40 ms, flip
angle = 80°, matrix size = 128 x 128, FOV = 250 mm, in-plane
voxel size=2 x 2 mm). After discarding the four initial scans, a total
of 180 scans were acquired for each participants in each
experimental session (7.5 min each). Subsequent to the functional
scans, a T1-weighted high-resolution three-dimensional volume
(130 adjacent, axial slices, 1.25 mm thickness; in-plane voxel size =
1 x 1 mm) was acquired.

Data analysis was performed using the general linear model
(Friston et al., 1995) for event-related designs in SPM2 (Wellcome
Department of Imaging Neuroscience, London, UK, www.fil.ion.
ucl.ac.uk/spm) implemented in MATLAB (Mathworks Inc., Sher-
born, MA, USA). Individual scans were realigned, time-corrected,
normalized to the MNI space and spatially smoothed by an 8-mm
FWHM (Full Width at Half Maximum) Gaussian kernel. Time-
series for each voxel were high-pass filtered (1/128 Hz cutoff) to
remove low-frequency noise and signal drift.

To evaluate hemispheric asymmetries during LtH and HtL
analyses, we used an approach allowing direct inter-hemispheric
comparisons according to the following procedure (Peyrin et al.,
2004; see also Baciu et al., in press; lidaka et al., 2004; Lux et al.,
2004). First, to avoid left—right morphological asymmetries that
could bias our comparisons, a symmetrical template was built by
averaging the standard EPI template provided by SPM and its
mirror about the midsagittal plane, which was then used during the
normalization of individual subject’s data. Then, two sets of
functional volumes were contrasted, one corresponding to the
functional volumes in neurological convention (left is left) and the
second set corresponding to the same functional volumes flipped
180° with respect to the midsagittal plane (left is right), such that
the second set represented “mirror” images of the first set. These
comparisons were performed both at the individual and group
level, as described in more details below.

Six conditions of interest (LtH-CVF, LtH-LVF, LtH-RVF, HtL-
CVF, HtL-LVF, and HtL-RVF) were modeled as 6 regressors
convolved with a canonical hemodynamic response function (HRF)
for both unflipped and flipped images normalized to the symmetric
template. Movement parameters derived from realignment correc-
tions (3 translations and 3 rotations) were also entered in the design
matrix as additional factors of no interest. Two-stage random-effect
analyses were performed. Individual contrasts were first created by

comparing unflipped and flipped images for each image-sequence
condition, irrespective of the visual field of presentation of the first
image: LtH_unflip > LtH_flip and HtL_unflip > HtL_flip contrasts.
Thus, these contrasts allowed us to identify any cerebral regions
more activated in one hemisphere than in the other during the
processing of a particular image sequence. At the second random-
effect level, linear contrasts from all individual subjects were
analyzed using one-sample ¢ tests. Clusters of activated voxels were
then identified using an empirically defined threshold (P < 0.005
uncorrected, 7 > 3.01, cluster size > 30 voxels), and all major
peaks were significant at P < 0.001 (see Table 1). To facilitate
comparisons with other studies, a transformation of MNI into
Talairach and Tournoux (1988) coordinates was performed using
the MNI2TAL function (created by Matthew Brett, available at
http://www.mrc-cbu.cam.ac.uk/Imaging).

During fMRI scanning, eye position was monitored on-line on
eight participants by an infrared eye-tracker (ASL Model 504,
Applied Science Group). A repeated-measure ANOVA on mean
eye position data recorded along the vertical axe during the first
image of sequence (~100 ms period) showed no significant
differences due to the visual field of the first image presentation
(CVF, LVF, and RVF [F, 4 < 1, P > 0.95]).

Results

Behavioral results

Reaction times (RTs) for correct responses from eleven
participants (data from 3 subjects were lost due to technical

Table 1
Hemispheric asymmetries during visual processing of low-to-high and
high-to-low spatial frequency sequences

Area Side BA & X y z T

Low-to-high analysis

Primary motor cortex L 4 401 —48 —-20 59 6.85*%

Opercular precentral gyrus L 6 44 —48 0 6 6.25%

Inferior temporal gyrus R 37 32 53 —-53 -2 6.13*

Lingual gyrus R 19/37 71 21 —-56 —12 6.02*

Occipito-parietal junction R 19/39 54 30 —68 34 5.22%
[Middle occipital gyrus] 21 —66 23 5.17*
[Inferior parietal lobule] 36 =71 39 344

High-to-low analysis

Primary motor cortex L 4 397 —48 —15 48 7.26*
Posterior cingular gyrus R 30/23 35 6 —57 22 6.61*
Occipito-temporal junction L 37/19 43 -39 —-56 -5 6.25*%
[Inferior temporal gyrus] 37 —45 —-70 1 391*
[Middle occipital gyrus] 19 —48 —64 —4 384
Lingual and fusiform gyrus R 19/37 121 24 —-57 —15 5.62*
[Parahippocampal gyrus] 27 —42 —18 3.36
Occipito-parietal junction R 19/39 50 33 —68 34 5.49*
[Middle occipital gyrus] 24 —66 25 4.21*
[Inferior parietal lobule] 36 —71 42 3.27
Pulvinar L - 36 =27 -6 -7 5.09*

For each cluster, the region showing the maximum 7 value is listed first,
followed by the other sub-regions belonging to the same cluster [between
brackets].

Abbreviations: R = right hemisphere; L = left hemisphere; BA = Brodmann
area; k = number of voxels in the cluster.

* P <0.001.
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problems) were collapsed over the 3 experimental sessions and
submitted to a repeated-measure analysis of variance (ANOVA)
with Sequence (LtH vs. HtL), Visual Field of the first image in the
sequence (LVF vs. CVF vs. RVF), and the Matching response
(Same vs. Different) as within-subject factors. This ANOVA
revealed only a significant main effect of the Matching response:
RTs were faster for same than different images (same: 619 ms + 68;
and different: 672 ms = 75, F'y 1o = 6.08, P < 0.04). There was no
main effect of the critical factors of Sequence (LtH: 650 ms + 73;
and HtL: 640 ms + 72, F; ;o = 1.79, P = 0.21) or Visual Field,
despite responses being slightly faster when the first scene was
displayed centrally than lateralized (LVF: 659 ms + 75, CVF: 624
ms * 59 and RVF: 654 ms + 82, F,,0 < 1, P > 0.44). No other
interaction was significant. The mean error rate was generally low
(<10%), without any main effect or interaction due to Sequence,
Visual Field, or Matching [all /5, = 2.56, P > 0.10].

fMRI results

A direct inter-hemispheric comparison for the LtH and HtL
sequences was done by contrasting LtH unflip > LtH_flip and

A. LtH sequences

HtL_unflip > HtL_flip, respectively. Such comparisons should
identify any areas that were more activated in one hemisphere
relative to the other during the same experimental conditions (high-
to-low or low-to-high). Activated regions identified by these two
contrasts between flip and unflip images are listed in Table 1 (the
same results were obtained when including all 14 participants or
after excluding the three subjects without behavioral data).

First, this direct comparison of the two hemispheres revealed
significant asymmetries in the activation of several areas that arose
irrespective of the type of visual sequence (LtH and HtL). Such
asymmetries therefore probably reflect common processes engaged
by the visual stimuli and the task demands in all conditions (see
Fig. 2A). These common regions included the left primary motor
cortex (BA 4), the right anterior lingual and fusiform gyrus (BA
19/37) extending into the posterior part of the right parahippo-
campal gyrus, as well as the right occipito-parietal junction (BA
19/39). These activations indicate functional hemispheric asym-
metries during the task that were independent of the sequence of
SF-filtered images.

More critically, additional hemispheric asymmetries that
depended on the type of SF sequence arose selectively within

B. HtL sequences

C. fMRI response - LtH
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Fig. 2. Hemispheric asymmetries within the occipito-temporal cortex. During (A) the low-to-high (LtH) sequence of spatial-frequency analysis, left motor
cortex, right occipito-parietal, and inferior temporal regions were more activated than homologous regions in the opposite hemisphere. (B) Similarly, during
high-to-low (HtL) sequences, left motor cortex and right occipito-parietal regions also showed increased activity relative to homologous regions in the opposite
hemisphere, while left occipito-temporal regions were selectively more activated in this condition. Therefore, some regions were more activated in the left or
right hemisphere irrespective of the spatial-frequency sequence, while other regions were differentially activated in the left or right hemisphere as a function of
the sequence type. (C and D) Difference (XSE) between the average parameter estimates of the fMRI responses calculated from unflipped and flipped functional
images are shown for the occipito-temporal cortex activity in the right (C) and left (D) hemisphere. There was greater occipito-temporal activity in the right
hemisphere during the LtH analysis (C), particularly when the first SF-filtered image was lateralized (but irrespective of visual hemifields); and greater activity
in the left hemisphere during the HtL analysis (D), again irrespective of the visual hemifield of the first image.
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occipito-temporal cortical areas (see Table 1). The right inferior
temporal gyrus (BA 37, peak coordinates, x, y, z: 53, =53, =2, T'=
6.13) was significantly more activated than its left homologue
during the LtH sequence of processing (Fig. 2A). By contrast, left
occipito-temporal regions (BA 37/19, x, y, z: =39, =56, =5, T =
6.25), including the inferior temporal gyrus and the middle
occipital gyrus, were significantly more activated than their right
homologue during the HtL analysis (Fig. 2B).

Parameter estimates of event-related responses were then
extracted from the clusters activated during the LtH_unflip >
LtH_flip contrast, as well as from those activated during the
HtL_unflip > HtL_{lip contrast, and these values were submitted to
separate repeated-measure ANOVAs with Hemispheric Flip
(unflipped vs. flipped side) and Visual Field of the first image in
the sequence (LVF, RVF, or CVF) as within-subject factors.

First, we examined the parameter estimates from the (right)
occipito-temporal cluster differentially activated during the LtH
analysis. The ANOVA confirmed a main effect of Hemispheric
Flip, indicating significantly greater activation of this occipito-
temporal region on the right (unflipped) than on the left (flipped)
side of the brain (F ;3 = 48.22, P < 0.001). There was no main
effect of Visual Field (£ 6 = 1.25, P > 0.30). However, the Visual
Field interacted with Hemispheric Flip (F; .6 = 14.16, P < 0.001).
Planned comparisons between the flip and unflip brain sides for
each visual field condition revealed a significant dominance of the
right over the left side when the first scene was lateralized,
irrespective of whether it projected to the LVF (£, ;53 = 53.36, P <
0.0001) or to the RVF (F ;3 = 28.86, P < 0.0002), whereas this
difference did not reach significance when images were presented
centrally (F; 3 = 1.86, P > 0.2) (Fig. 2C). Despite the right
hemisphere dominance being slightly stronger when the first scene
was presented in the LVF than in the RVF (Fig. 2C), this difference
did not reach significance (Hemispheric Flip x LVF/RVF: F; 15 =
2.73, P > 0.12).

Second, we considered the (left) occipito-temporal activation
found during the HtL analysis. The ANOVA confirmed a main
effect of Hemispheric Flip, indicating a greater increases in this
region within the left (unflipped) than within the right (flipped)
brain side (F; 13 = 8.04, P < 0.001). There was also a main effect
of Visual Field (F 56 = 8.04, P < 0.001) due to the fact that the left
occipito-temporal cortex was generally more activated when the
first scene was lateralized rather than presented at the center of the
screen (F; 3 = 14.88, P < 0.0001). Furthermore, Visual Field
interacted with Hemispheric Flip (F,.6 = 8.04, P < 0.002).
Planned comparisons showed that the left occipito-temporal cortex
(unflipped brain images) was generally more activated when the
first scene was lateralized than presented centrally (F'; 15 = 34.82,
P < 0.001), although overall the left side dominance was
significant irrespective of the location of the first image in the
sequence (LVF: F' 13 =10.22, P <0.008, CVF: F; ;3=19.92, P <
0.001, RVF: F ;3 = 37.03, P < 0.001). Once again, even though
the left hemisphere dominance appeared stronger when the first
scene was presented in the contralateral RVF than in the ipsilateral
LVF (Fig. 2D), this difference did not reach significance (Hemi-
spheric Flip x RVF/LVF: F'y ;5 = 8.84, P > 0.07). Taken together,
these results clearly indicate that a differential activation arose in
temporo-occipital region of the right or left hemisphere as a
function of the SF sequence in visual stimuli, regardless of which
visual field was initially stimulated at the time of the first image.

Finally, we also performed an ANOVA on parameters of
activity from the (right) occipito-parietal junction activated in both

the LtH and HtL image sequence. This analysis showed a
significant Hemispheric Flip x Visual Field interaction (LtH:
Fs56=8.07, P <0.002; HtL: F, 56 = 9.18, P < 0.001), reflecting
that activation of this region was higher in the right hemisphere
when the first scene was lateralized rather than when it was
presented centrally (LtH: Fy ;5 = 6.46, P <0.03; HtL: F', 13 = 8.04,
P < 0.02), but this effect was independent of the Visual field side
(Hemispheric Flip x RVF/LVF, all F < 1).

Discussion

Several models of visual recognition have proposed that a
global analysis of visual stimuli may first take place based on
coarse/LSF information in the image, preceding a more detailed
local analysis based on fine/HSF processing (Bar, 2003; Bullier,
2001). This general framework is supported by psychophysical
(Ginsburg, 1986; Hughes et al., 1996; Navon, 1977) and electro-
physiological results (Livingstone and Hubel, 1988; Munk et al.,
1995; Nowak et al., 1995), showing that LSF information can be
processed faster and become perceptually available in the visual
system before HSF information. We have also recently found both
fMRI and EEG evidence suggesting greater activation of early
visual areas and frontoparietal attentional networks when LSF
visual inputs precede HSF inputs, relative to the reverse sequence
(Peyrin et al., 2005). Importantly, because of this temporal
precedence of LSF on HSF processing in the visual system,
coarse-to-fine or low-to-high SF sequence might constitute the
more efficient, and therefore the predominant sequence for
processing visual inputs, particularly during very rapid recognition
of visual stimuli (e.g., with natural scenes; Parker et al., 1992;
Schyns and Oliva, 1994). Nevertheless, some psychophysical
studies in humans have clearly shown that visual recognition is
not always strictly constrained by these basic functional properties
(for review, see Schyns and Oliva, 1997). The perceptual
precedence of LSF on HSF information may not necessarily
ensure that LSF information is used before HSF in order to
perform a visual recognition or categorization task. Indeed, the
sequence of spatial scale information processing has been found to
be relatively flexible, depending on the demands of the current
task.

Here, we hypothesized that this flexibility might be related to
the distinct sensitivities of the right and the left hemispheres for
processing different SF ranges. The present event-related fMRI
study directly tested for hemispheric asymmetries during the
analysis of different SF sequences involving images of natural
scenes, displayed in either an LtH succession (where an LSF
scene is presented first and an HSF scene second) or a reverse HtL
succession (LSF is presented first and HSF scene second). To
determine such hemispheric dominance during sequential SF
processing, we used a method allowing a direct comparison of
neural activity between homologous areas of the two hemispheres
(Baciu et al., in press; lidaka et al., 2004, Lux et al., 2004; Peyrin
et al., 2004). Unlike traditional imaging analyses examining each
hemisphere separately when contrasting two conditions of interest,
here we compared activity within homologous areas of the two
hemispheres on a voxel-by-voxel basis, by contrasting “unflip-
ped” to “flipped” functional images of the brain for each
experimental condition. Using this method, we observed a clear
hemispheric dominance for the primary motor cortex, which was
significantly more activated on the left than the right side/
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hemisphere regardless of the SF sequence (LtH and HtL) of the
visual stimuli. We expected such an asymmetry due to the motor
response given by participants who used their right (dominant)
hand across all stimulus conditions. This finding also demon-
strates the reliability of our direct inter-hemispheric comparison in
revealing asymmetric activations in homologous brain regions
during the same condition.

Similarly, we observed increased activation of lingual and
fusiform gyri in the right hemisphere (including the “lingual
landmark area”, Aguirre et al., 1998) extending anteriorly into
the adjacent right parahippocampal gyrus (including the “para-
hippocampal place area”, Epstein and Kanwisher, 1998),
independent of the SF sequence. These areas have previously
been reported to be involved in the recognition and categoriza-
tion of natural visual scenes, as shown by several imaging
studies (e.g., Aguirre et al., 1998; Epstein and Kanwisher, 1998;
Fize et al., 2000; Maguire et al., 1998; Nakamura et al., 2000;
Sato et al., 1999) and neuropsychological studies (Habib and
Sirigu, 1987; Landis et al., 1986). Such activation of the right
lingual and parahippocampal regions in the present study might
therefore reflect the stimulus category and the task used here.
More interestingly, these results provide new evidence for a
significant hemispheric asymmetry of the lingual and para-
hippocampal gyri during natural scene perception, with clear
dominance in the right hemisphere. Such asymmetry has
previously been suggested based on neuropsychological data
from brain-damaged patients (Habib and Sirigu, 1987; Landis et
al., 1986). In addition, the occipito-parietal junction was also
found to be more strongly activated in the right than the left
hemisphere, during both the LtH and HtL stimulus conditions.
This result might partly reflect some general demands of the
current task, requiring category matches that could potentially
bias subjects toward a global processing strategy (i.e., to extract
the global spatial configuration of scenes), for which the right
occipito-parietal junction might be specialized (Robertson et al.,
1988). In addition, however, this activation was more pro-
nounced when the first image was lateralized (irrespective of the
visual hemifield side) rather than centrally presented. A right-
dominant activation of the occipito-parietal junction might
therefore also be consistent with classical hemispheric asymme-
tries in the control of visual attention (Heilman et al., 1993;
Mesulam, 1985), and perhaps reflect the greater demands on
spatial attention shifts in the matching task when the first image
was lateralized.

Critically, using our direct inter-hemispheric comparison
method, we could establish that the visual analysis of different
image sequences was associated with differential hemispheric
activation in posterior brain regions in the occipito-temporal
cortex. These posterior inferior temporal regions are thought to
be essential for visual recognition in both humans and monkeys
(Grusser and Landis, 1991; Mishkin et al., 1983; Tanaka, 1996).
Here, we found a greater activation of inferior temporal cortex
in the right than left hemisphere during LtH visual analysis, but
greater activation in the left than right hemisphere during HtL
visual analysis. This double dissociation between the functional
properties of homologous regions in each hemisphere is unlikely
to reflect any primary structural asymmetries of the human
brain, since all functional and structural MRI scans, flip and
unflipped versions, were normalized to the same symmetrical
brain template. Importantly, these differences could not be due
to any differences in visual stimulation since our approach

involved a comparison of hemispheres during the same visual
events. Taken together, our results therefore reveal a striking
functional asymmetry in the human extrastriate cortex related to
the temporal sequence of SF analysis during visual scene
perception.

These results go beyond a simple main effect of LSF or HSF
producing distinct hemispheric activations (e.g., Peyrin et al.,
2004), since here hemispheric asymmetries were contingent on
the SF content of the first image. This lateralization cannot be
explained by a general preference for LSF in the right
hemisphere, as opposed to a general preference for HSF in the
left hemisphere, because the same (bilateral) amount of
activation should then occur during all trials irrespective of the
HSF/LSF or LSF/HSF combination of stimuli in the sequence.
Rather, the hemispheric asymmetry probably resulted from
cortical processes that took place during the first picture and
then determined the subsequent dynamics of processing during
the second picture.

Importantly, we could also demonstrate that this hemispheric
specialization was not restricted to visual stimuli that were first
presented to the contralateral visual hemifield, although functional
asymmetries in temporal cortex were generally stronger when the
first scene in the sequence was lateralized rather than centrally
presented. This difference between central and peripheral presen-
tation may be due to the fact that, when the two scenes were
presented in the CVEF, the matching task could be performed not
only by explicit categorization of the scenes (i.e., as a distinct
beach, city, or indoor scene), but also to some extent by more
simple perceptual detection of overlapping features and contours in
LSF and HSF information. Using such a perceptual strategy on
some trials with CVF presentations could explain why the
hemispheric dominance was generally weaker in temporal cortical
areas involved in visual recognition.

Our fMRI results therefore indicate that the hemisphere
functionally specialized for processing a visual sequence of
different SF inputs is the same hemisphere that is specialized for
processing the first SF-band appearing in this sequence (i.e., right
hemispheric dominance for LtH, but also for LSF information
analysis when presented alone; and conversely, left hemispheric
dominance for HtL, but also for HSF information analysis alone).
This pattern suggests that the hemisphere mainly involved in the
analysis of a specific SF sequence might be selected, or pre-
activated, by the first SF-band extracted from this sequence.
Furthermore, even though there was a trend for these hemispheric
dominances to be strongest when the first image was presented in
the controlateral visual hemifield, specific ANOVAs conducted
on parameter estimates of activity in these regions showed that
the hemispheric dominance did not significantly differ between
trials where the first scene was presented to the LVF or RVF,
suggesting that these hemispheric asymmetries were not simply
produced by a pre-activation based on contralateral peripheral
inputs. These data converge with other recent evidence from
neuroimaging studies indicating that visual information may be
preferentially processed by specialized networks in one hemi-
sphere irrespective of the visual field of presentation. For
example, in an fMRI study using hierarchical shapes as stimuli,
Lux et al. (2004) showed stronger activation of the right occipital
cortex when global information was projected to the opposite left
hemisphere (in the RVF) and in the left occipital cortex when
local information was projected to the right hemisphere (in the
LVF). Similarly, in a recent ERPs study using LAURA for
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distributed linear source estimation of cerebral activations (see
Michel et al., 2004), Ortigue et al. (2004) showed a selective
right occipital cortex activation at early latencies when emotional
words were projected to the opposite left hemisphere (in the
RVF). Taken together, these data suggest that visual information
may be rapidly transferred across hemispheres for preferential
processing in specialized cortical areas. Some electrophysiolog-
ical data have already provided evidence for such fast transfer of
information to the specialized hemisphere when initially projected
to the non-specialized hemisphere (Nowicka et al., 1996). In
keeping with these data, our new findings suggest that SF
information might be rapidly transferred from the non-specialized
to the specialized hemisphere when the temporal sequence of
visual analysis begins with an SF-band initially presented to the
non-specialized hemisphere (i.e., from the left to the right
hemisphere when LSF information is presented in the RVF first,
and from the right to the left when HSF information is presented
in the LVF).

In conclusion, our study provides new insights into previous
controversies concerning which information in the visual field is
processed first—the whole (e.g., LSF information) or its parts
(e.g., HSF information). Our novel findings of hemispheric
specialization within the ventral extrastriate areas suggest that,
during a visual classification task, either type of SF information
might be processed prior to the other in different regions of the
human brain. We therefore conclude that both types of sequence
processing may coexist in the visual system, but each predomi-
nate in different hemispheres. The “whole” (i.e., LSF) seems
preferentially processed before the “parts” (i.e., HSF) in the right
hemisphere, whereas the parts seem preferentially processed
before the whole in the left hemisphere. It remains to be
determined whether these different sequences of visual analysis
can be performed in parallel, and how they may vary as a
function of the type of stimuli and for different task purposes.
Finally, this study has important implications for models of visual
recognition. Our findings indicate that the visual system might be
equipped with two cortical apparatus that can differentially and
flexibly support visual recognition according to task demands or
input sequence, one in the right occipito-temporal cortex prioritiz-
ing low SF analysis and the other in the left occipito-temporal
junction prioritizing high SF analysis.
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