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EXTURE SEGMENTATION IN HUMAN PERCEPTION: A COMBINED

ODELING AND fMRI STUDY
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bstract—The human visual system uses texture information
o segment visual scenes into figure and ground. We devel-
ped a computational model of human texture processing
Thielscher A, Neumann H (2003) Neural mechanisms of cor-
ico-cortical interaction in texture boundary detection: a mod-
ling approach. Neuroscience 122:921–939] which allows us
o examine the functional roles of early and intermediate
tages of the ventral visual pathway in figure– ground segmen-
ation. In particular, the model highlights the central role of cells
n mid-level areas (such as V4) with larger receptive fields in the
obust identification of texture boundaries and pop-out stimuli
ven under noisy conditions. A straightforward prediction of
he model is that the activity of cells in mid-level, but not early
isual areas directly co-varies with the saliency of the texture
orders in the visual scene. Consequently, their activity should
irectly correlate with the saliency of pop-out texture regions as
ccessed in psychophysical studies [Nothdurft HC (1991) Tex-
ure segmentation and pop-out from orientation contrast. Vision
es 31:1073–1078]. This prediction explicitly derived from the
odel w a s tested using functional magnetic resonance im-

ging. The saliency of texture bars composed of oriented line
tems was varied by parametrically changing the defining
rientation contrast between fore- and background lines.
onsistent with the model, increasing contrast at texture
oundaries resulted in a monotonic increase of blood oxygen

evel dependent responses in mid-level, but not early visual
reas. Our modeling and imaging results indicate that mid-
evel visual areas form a key stage in figure– ground segre-
ation by gradually signaling the salience of region bound-
ries defined by orientation contrast. © 2007 IBRO. Published
y Elsevier Ltd. All rights reserved.

ey words: texture, segmentation, ventral pathway, fMRI,
eural model.

he human visual system uses texture information to au-
omatically segment figural components from background.
exture is a complex feature which hardly ever stays con-
tant across natural surfaces and may contain substantial
mounts of noise. Consequently, the visual system has to

Correspondence to: G. Grön, Section for Neuropsychology and Func-
ional Imaging, University of Ulm, Leimgrubenweg 12-14, 89075 Ulm,
ermany. Tel: �49-0-731-500-61422; fax: �49-0-731-500-61402.
-mail address: georg.groen@uni-ulm.de (G. Grön).
bbreviations: BOLD, blood oxygen level dependent; EPI, echo-pla-
ar-imaging; fMRI, functional magnetic resonance imaging; ISI, inter-
(
timulus interval; LOC, lateral occipital complex; OC, orientation con-
rast; ROI, region-of-interest.

306-4522/08$32.00�0.00 © 2007 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2007.11.040
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mploy sophisticated mechanisms acting over extended
reas of the visual field in order to robustly determine
exture surfaces and boundaries (see also stimulus of Fig.
B). Using a computational model of early and mid-level
rocessing stages in the ventral visual pathway, we were
ble to investigate in detail the likely neural mechanisms
nd cortical processing stages involved in texture segmen-
ation (Fig. 1A and B; Thielscher and Neumann, 2003,
005, 2007). Importantly, the model integrates data on
oth the neural and the behavioral level into a coherent
heoretical framework. It explains how robust segmenta-
ion occurs even under noisy conditions by recurrent inter-
ctions between cells in early visual areas signaling local
eatures (such as orientation) and cells in mid-level areas
ensitive to texture borders.

In simulation studies, we characterized the model be-
avior using systematic variations of several basic texture
roperties such as element density, background noise

evel, element contrast (i.e. local differences) at the region
order and border width (Thielscher and Neumann, 2005,
007). Our findings were twofold: First, both higher and

ower model areas critically contribute to texture segmen-
ation. This is highlighted by the fact that robust model
erformance depends on intact feedback connections en-
bling a recurrent flow of activity between model areas.
econd, variations of texture properties are accurately
ignaled by activity changes localized to the cells in the
ighest model area V4. Importantly, these activity changes
xactly replicate the performance patterns of human sub-

ects, as previously observed in psychophysical experi-
ents. This led us to conclude that, while several areas

ontribute to texture border processing, the outcome is
ainly represented by cells in mid-level visual areas such
s V4v which directly signal the saliency of texture borders

n a graded fashion.
Here, we tested this hypothesis using functional MRI.

e focused on one particular texture property, namely the
rientation contrast (OC) between line elements situated at
egion boundaries (Figs. 1C, 2). We systematically varied
he contrast at the border of a texture bar embedded in a
omogeneous background, and assessed both, the detec-
ion performance and the pre-attentive blood oxygen level
ependent (BOLD) activity in visual areas in separate runs.
s performance saturates for contrast values exceeding 30°

Nothdurft, 1991; see also Fig. 1D), we used the dynamic
ange from 0° (no pop-out) to 30° (reliable pop-out) to allow
or a direct comparison of psychophysical results with brain
ctivation levels. This parametric approach is in marked con-

rast to previous functional magnetic resonance imaging

fMRI) studies on human texture processing which assessed
ved.

mailto:georg.groen@uni-ulm.de
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OLD responses to texture boundaries having one fixed OC
lose to or equal to the maximal value of 90° (Kastner et al.,
000; Schira et al., 2004; Larsson et al., 2006).

EXPERIMENTAL PROCEDURES

eneral procedures

even young healthy male volunteers (mean age: 26.0 years;

ig. 1. (A) Outline of the model architecture (see Thielscher and Neum
sychophysical and physiological studies: (i) texture processing starts
ii) texture boundaries are detected mainly on the basis of a large sce
l., 2000). Based on these hypotheses, we employ a hierarchy of b
rganized maps of model cells to mimic the processing along the first s
1 and V2 signal the position and orientation of luminance discontinu
his pre-processed information constitutes the input to the model
rientation-selective V1 and V2 cell responses. As a consequence

nsensitive to homogeneous regions of same oriented items. Feedback
ontaining salient discontinuities, thereby gaining noise robustness. (
reas V1 and V2 do not succeed in signaling a smooth continuous outl
ecover large parts of the border of the dog as well as the border of
quilibrium activation). (C) Model V4 responses to texture bars embed
ctivity in the model V4 region corresponding to the texture bar (inside
ar. In the upper part, exemplary model V4 activity maps for three su
op-out bar; 30°: clearly visible bar). (D) Behavioral results of the pres

n which the presence of a bar was reported (mean�S.D.) is plotted f
.D.: 2.9) gave written informed consent to participate in the fMRI d
tudy. All subjects were right-handed, and had normal visual
unction. The study was approved by the local Ethical Committee
nd is in accordance with the Declaration of Helsinki. MR scan-
ing was performed on a 3T Siemens Allegra (Siemens AG,
rlangen, Germany). The overall fMRI session consisted of the

exture segmentation experiment, accompanied by the mapping of
arly visual areas and a run to localize the lateral occipital com-
lex (LOC). Echo-planar-imaging (EPI) T2*-sensitive sequences
ere used to acquire the images of the functional runs (sequence

3 for details). The model is based on two key hypotheses derived from
ing salient discontinuities at texture boundaries (Nothdurft, 1991), and
xt that is analyzed by mid-level visual areas, such as V4 (Kastner et
nally linked areas V1, V2 and V4, each containing topographically
the ventral visual pathway. Within this hierarchy, cells in model areas
e input image, corresponding to the outlines of the texture elements.
which respond to activity gradients in the topographical maps of
react to orientation discontinuities at texture borders while being

er to lower areas enables the overall model to focus on image regions
le of texture based figure–ground segmentation. The cells of model
dog, whereas model V4 cells clearly detect the change in texture and
e image (shown is summed response over all orientation channels;
homogenous background texture, as shown in Fig. 2. The mean cell

hed white squares) increases with increasing OC at the border of the
values of OC are shown (0°: homogeneous texture field; 15°: weak
. Averaged across subjects (n�7), the percentage of correct of trials
rientation ranging from 0 to 30°.
ann, 200
by detect
nic conte
i-directio
tages of

ities in th
V4 cells
, V4 cells
from high

B) Examp
ine of the
the entir
ded in a
the das

ccessive
etails are given below). For anatomical reference a T1-weighted
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D-MDEFT sequence (TR/TE/FA: 7.92/2.4/15) was used to gen-
rate images with a resolution of 1 mm3. Two hundred eight
agittal planes were acquired with an in-plane matrix size of
56�256.

isual area mapping

Stimuli. For visual mapping, phase-encoded black and
hite checkerboard stimuli (thin rays and expanding ring, respec-

ively) were presented using Cogent 2000 (http://www.vislab.ucl.
c.uk/Cogent/index.html). They were shown at maximum contrast
nd a flicker rate of 4 Hz. Extension was from 0.5° to 8.8° visual
ngle. Check size and ring width were scaled so that they retained
near constant polar angle with variations in eccentricity. The ray
nd ring stimuli passed through a full display cycle in 30 s, and 16
ycles were shown in each run.

Analysis concentrated on the sub-regions of the visual areas
hich specifically correspond to the central pop-out bars in the

exture region. The sub-regions were determined using a localizer
un in which cross-shaped textures combining the location of the
ertical and the horizontal bars were shown on a black back-
round. The textures consisted of oblique lines (orientations �45°
ff the vertical) and line orientation was continuously altered at
Hz. The localizer run was an on-off block-design with 6�30 s

timulation and 6�30 s baseline. During the visual mapping runs
nd the localizer experiment a small fixation spot was present all
he time. Subjects had to respond to color changes of the spot by
utton press.

The cortical position of the LOC was determined using non-
crambled and scrambled grayscale pictures and line drawings of
veryday objects, thereby closely following the experimental par-
digm described by Kourtzi and Kanwisher (2000). Images were
riefly presented for 200 ms and separated by a blank screen of
00 ms. For each of the four stimulus types four short blocks of
6 s were used. Sixteen blocks appeared in a pseudo-randomized
rder.

Image acquisition and statistical analysis. EPI volumes
onsisting of 20 coronal slices (in-plane resolution 3�3 mm2,
hickness 2.5 mm, gap 0.5 mm, TR 1500 ms, TE 39 ms, flip angle
1°) were used during the mapping and the localizer experiments.
apping sessions comprised 320 volumes, localizer sessions

onsisted of 248 volumes. The first eight volumes of each session
ere discarded to allow for T1 equilibration.

The visual mapping data were analyzed by means of Brain-
oyager 2000 (Brain Innovation, Maastricht, The Netherlands)
sing standard techniques (Sereno et al., 1995; DeYoe et al.,
996; Engel et al., 1997; Tootell et al., 1997; Hadjikhani et al.,
998). Shortly, the borders between visual areas were identified
y manually tracing reversals in response phase to the rotating ray
timulus on the reconstructed and inflated hemispheres (Fig. 3B
nd C). The extension of the areas in parafoveal–peripheral di-
ection was determined based on the response phase to the
xpanding ring stimulus. The sub-regions of the visual areas
orresponding to the central pop-out bars were identified by
hresholding the BOLD activities determined in the localizer run at
�10�6 (uncorrected) and superposing it onto the visual areas.
ubsequently, the borders of the sub-regions were defined man-

ig. 2. Example stimuli of texture bars embedded in a homogeneous b
clearly visible).
ally (Fig. 3D). d
The LOC was determined as the cortical region in which the
on-scrambled pictures and line drawings evoked a significantly
tronger BOLD response than the scrambled versions (threshold:
�5�10�5 uncorrected; Fig. 3D).

The regions-of-interest (ROIs) corresponding to the sub-re-
ions of the visual areas and the bilateral LOC, respectively, were
onverted from the surface-based format given by BrainVoyager
nto voxel masks for usage in SPM5. Using custom-written Matlab
The MathWorks, Natick, MA, USA) routines, the ROIs were pro-
ected back from the inflated to the original folded hemispheres
Fig. 3E), subsequently transferred into high resolution anatomical
olumes having the same dimensions and orientation as the orig-
nal structural image of the subject and saved in ANALYZETM 7.5
le format.

exture segmentation experiments

Stimuli. Texture stimuli consisting of a matrix of 12�12
hite line elements on a black background were used similar to

hose originally published by Nothdurft (1991). The saliency of a
op-out bar in the central region of the texture is controlled by
otation of the 2�6 lines composing the bar relative to background
Fig. 2A). According to the psychophysical results (Nothdurft
991), rotational shifts of 0° (no pop-out), 7°, 10°, 15° and 30° (full
op-out) were used, resulting in five different conditions of OC.
he length and width of the line elements were 0.56° and 0.08°,
espectively. Mean center-to-center distance of line elements was
.78°. The full matrix size comprised 4.75° eccentricity in both,
orizontal and vertical direction. The positions of line elements
lightly varied to avoid alignment effects. There were 36 trials for
ach of the five conditions and orientation of the background line
lements was pseudorandomized for each condition within a
ange from 12° to 167° with a step size of 5° (orientations of 92°
nd 187° were excluded to avoid alignment effects). Vertical and
orizontal pop-out bars occurred in the same frequency within
ach condition.

fMRI task. The fMRI experiment was designed to minimize
utative attentional effects on BOLD activation upon processing of
he texture images (in the remainder of the text we will refer to this
ask as pre-attentive to indicate that the subjects’ attention was
rawn off from the texture stimulus by means of a demanding
anker task outlined below. We fully acknowledge that visual
egmentation is not necessarily pre-attentive per se and can be
nfluenced by attentional effects, depending on the behavioral task
e.g. Joseph et al., 1997). Therefore, subjects were kept unin-
ormed about the hypothesis of the experiment and a letter match-
ng task was inserted to flanker each presentation of the texture
isplays (Fig. 2). Letters were presented to the left and to the right
f the texture stimuli, and subjects were asked to indicate whether
he two letters on each display were identical or not. The font used
o present letters was Kirsten ITC. Height and width of the letters
ere 0.12° each. Letters on the left and right side were positioned
lose to the border of the matrix with varying positioning of the
etters in vertical direction such that the left and right letters were
ever in the same vertical position. Upper and lower vertical
ositions on each side were defined as 17% and 34% vertical

d, shown at different levels of OC ranging from 0° (no pop-out) to 30°
ackgroun
eviation from a virtual horizontal midline of the texture image.

http://www.vislab.ucl.ac.uk/Cogent/index.html
http://www.vislab.ucl.ac.uk/Cogent/index.html
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qual numbers of match and no-match conditions were used for
ach of the five texture OC-conditions.

Each trial of the texture segmentation experiment started with
he presentation of a fixation cross for 500 ms, followed by simul-
aneous appearance of the texture stimulus and the flankers for
00 ms, followed by a fixation cross again. Using an event-related
esign, appearance of a combined stimulus was triggered by a
TL scanner impulse prior to each volume acquisition. With re-
pect to this impulse stimulus onset asynchrony randomly varied

ig. 3. Results of the fMRI experiments shown for one representative
ubject. (A) General task activation averaged across all levels of OC at
�0.001 (uncorr.). The color-bar on the right side represents t-values.
he stimuli robustly activated the bilateral ventral visual areas.
B) Retinotopic representation of the polar angle of the ray stimulus
hown on the inflated left hemisphere. The horizontal meridian is
epresented in yellow, and the upper and lower halves of the vertical
eridian are coded in green and red, respectively. (C) The borders
etween the visual areas were defined based on reversals in response
hase. (D) An intersection of the areas shown in (C) with the BOLD
ctivity in response to stimuli showing the texture bars on a blank
ackground was used to define the subparts of the visual areas which
orrespond to the topographical position of the texture bars. These
ubparts were used as ROIs for the ensuing analysis of the fMRI data
f the texture segmentation experiment. In addition, the LOC as de-
ived from a separate localizer run is depicted in orange. (E) The ROIs
hown in (D) were projected back onto the folded hemispheres and
ubsequently transferred to high-resolution voxel masks for usage in
he analysis of fMRI data of the texture segmentation experiment.
ithin 112 and 2016 ms (ms). Between conditions mean inter- j
timulus interval (ISI) was 5.31 s (about 2.5 TR) with a standard
eviation of 2.12 s (1 TR). Within each condition of the same type
f OC the mean ISI was about 25 s (12 TR). When no stimulus
as displayed subjects were asked to fixate the cross on the
enter of the screen. Otherwise, subjects had to respond with their
ight index finger whenever both letters on each side were iden-
ical (match condition). The middle finger of the right hand indexed
hen flanking letters were different (no-match condition). Prior to

he experiment subjects were trained inside the scanner to re-
pond to the letter matching task. Task instruction emphasized
peed and accuracy on this task. No information was given about
he texture images. In the scanner stimuli were presented by LCD
ideo-goggles (Resonance Technology, Northridge, CA, USA).

Behavioral data. To obtain behavioral data from the texture
egmentation experiment, the same set of subjects performed an
ttentive version of the very same experiment with altered instruc-
ions in a separate session which always followed the pre-atten-
ive fMRI task. Segmentation stimuli (including flanking letters),
resentation order and presentation timing were completely iden-
ical to the fMRI-task. However, subjects were instructed to indi-
ate by button presses (index and middle finger of the right hand)
hether they detected a bar (either horizontal or vertical) in the
enter of the display, or not. Percentage of correct responses for
ach of the five different OC was the dependent variable.

Image acquisition and statistical analysis. An experimental
ession consisted of 465 volumes covering 30 coronal slices
in-plane resolution 3.5�3.5 mm2, thickness 3 mm, gap 0.5 mm,
R 2115 ms, TE 39 ms, flip angle 78°). The first nine volumes of
ach session were discarded to allow for T1 equilibration effects.

Image pre-processing and statistical analyses were carried
ut using Statistical Parametric Mapping (SPM5, Wellcome
epartment of Cognitive Neurology, London, UK; www.fil.ion.
cl.ac.uk). Images were spatially and temporally realigned and
esliced using a sinc interpolation. Finally, data were spatially
moothed with a 4-mm full width at half maximal (FWHM) isotropic
aussian kernel.

To determine individual signal changes, a general linear
odel for each subject was formulated. Event types were mod-
led for each of the five different conditions of OC (36 trials each)
s trains of delta functions at each stimulus onset convolved with
canonical hemodynamic response function (HRF). A second set
f regressors was added to the design matrix using the six motion
arameters acquired during the realignment procedures. During
alculation of parameter estimates for each regressor, time series
ere scaled to a grand mean of 100 over all voxels and volumes
ithin a session, and low frequency drifts were removed via a high
ass filter using low-frequency cosine functions with a cutoff of
28 s. Contrasts for each OC-condition were formulated and the
OI specific signal changes were computed as the mean effect of
ll voxels within a single ROI as defined by visual area mapping
see above) for each of the five OC conditions. Mean effects of
ach OC were subsequently averaged across left and right hemi-
pheres for each specific visual ROI, and transformed to units of
ercent signal change. For each ROI and subject, individual linear
egression functions of mean percent signal changes were fitted
bove increasing OC. Slopes of the regression functions were
veraged over subjects, and one-sample t-tests were computed to
tatistically test whether the slopes were significantly different
rom zero for each and every ROI. As nominal-level of signifi-
ance a level of P�0.05 was defined, and adjusted for multiple
omparisons by means of a rough false discovery correction
Benjamini and Yekutieli, 2001) according to the eight different
isual ROIs for which the t-tests were computed (P-level ad-

usted to 0.029).

http://www.fil.ion.ucl.ac.uk
http://www.fil.ion.ucl.ac.uk


B

A
u
d
b
i
c
r
O
I
e
1
l
o

I

a
t
t
d
p
t
v
b
n
o
s

p
b
V
R
f
l
c
s
f
v

w
c
v
t
i

I
m
l
t
o
2
o
a
m
r

L
a
e
a

F
w
L
d
N

T
w

F

V
V
V
V
V
V
V
L

(
s
a
p
a
c

A. Thielscher et al. / Neuroscience 151 (2008) 730–736734
RESULTS

ehavioral results

n analysis of variance for repeated measures on individ-
al bar detection rates revealed a significant effect of the
ifferent OC (F(4,3)�24.35, P�0.0127). Averaged rates of
ar detection above increased rotation angle within the crit-

cal range of 0° to 30° OC are depicted in Fig. 3. Post hoc
omparisons (Newman-Keuls test, nominal level of P�0.05)
evealed significant increases in accuracy from the 7° to 10°
C (P�0.038), and from the 15° to 30° contrast (P�0.001).

ncreases in bar detection rates were not significantly differ-
nt between the 0° and 7° contrast, and between the 10° and
5° contrast. Relevant trend tests were significant only for the

inear trend (F(1,6)�34.01, P�0.001) explaining about 97%
f the variance by the linear term.

maging results

General task activation. For each subject, the aver-
ge activation level across all levels of OC was determined
o explore the general network of brain areas involved in
he processing of the texture stimuli. A representative in-
ividual activation pattern is shown in Fig. 3A. As ex-
ected, the texture stimuli robustly activated the areas of
he ventral visual stream, bilaterally. Activations in dorsal
isual and parietal areas were also consistently observed,
ut had markedly smaller spatial extents (no MNI coordi-
ates are reported here, as analysis focused on the ROIs
f the individual visual areas and no transformation into
tandard space was performed).

ROI-specific effects of the border OC. The mapping
rocedures gave eight visual ROIs per subject when com-
ined for the left and right hemisphere: V1d, V2d, V3, V1v,
2v, VP, V4v and LOC (see Fig. 3C and D). Within each
OI there were robust hemodynamic responses ranging

rom 0.20–0.39% signal change (Fig. 4). Results of the
inear regression analysis of increasing OC on mean per-
ent signal changes are summarized in Table 1. Linear
lopes that were significantly positive were observed only
or visual areas VP, V4v and LOC. For none of the other
isual ROIs were significant results obtained. Additionally,

ig. 4. Percent signal change depending on the five levels of OC ran
ere based on the average percent signal change for all voxels in a g
OC exhibit significant linear increases of BOLD activity with increasin

epicted in Fig. 1D. In contrast, the other visual areas do not show parametric or
umbers inserted into the bars over V1d refer to the different levels of OC from
e computed the relative increase of percent signal
hange between the 0° and 30° OC conditions within each
isual ROI. As can be seen from Table 1, signal modula-
ion was highest for LOC, V4v and VP, with corresponding
ncreases of 30%, 43% and 42%.

DISCUSSION

n the present study we tested the hypothesis that cells in
id-level visual areas such as V4v directly signal the sa-

iency of texture borders in a graded fashion. This predic-
ion was derived from a previously formulated model
n human texture processing (Thielscher and Neumann,
003). We parametrically varied the contrast at the border
f a texture bar embedded in a homogeneous background,
nd assessed pre-attentive BOLD activity in individually
apped visual areas by means of functional magnetic

esonance imaging.
BOLD activities in mid-level visual areas VP, V4v and

OC increased monotonically with the strength of the OC
t the border of the texture bar. In sharp contrast, activity in
arly visual areas did not show such parametric ordering
nd was rather independent of the presence or absence of

0° to 30°, averaged across subjects (mean�S.E.). The calculations
as depicted in Fig. 3C, pooled over hemispheres. Areas VP, V4v and
dicated by the asterisk), thereby mirroring the psychophysical results

able 1. Summary of linear fits and percent signal increase computed
ithin each visual ROI

unctional areas t-value P % inc

1d 0.05 0.481 6.8
1v 1.86 0.056 14.0
2d 0.35 0.371 6.4
2v 1.70 0.070 24.6
3 1.48 0.095 7.0
4v 2.35 0.028 42.8
P 7.60 0.001 41.7
OC 2.80 0.016 30.0

S.D.: standard deviation; t-value: one-sample t-tests on linear fits
df�6); P: one-tailed significance of t; to control for multiple compari-
on, a rough false discovery rate adjustment was applied resulting in
corrected level of P�0.029; significant P-values are in bold; % inc:

ercent increase of mean signal change from the 0° OC to the 30° OC,
s defined by: (mPSC30°�mPSC0°)/mPSC0°, with mPSC�mean per-
ent signal change.
ging from
iven ROI
g OC (in
dering of activation depending on the level of OC in the texture stimuli.
0° to 30° representative for ordering of bars across all ROIs depicted.
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rientation discontinuities in the texture stimuli. Impor-
antly, the behavioral performance in detecting the texture
ars (Fig. 1D), assessed in a subsequent psychophysical

est, exactly followed the pattern of parametric modulation
bserved in the three mid-level areas (Fig. 4). The close
orrelation between BOLD activity and performance indi-
ates that perceptual decisions in the bar detection task
re likely to be governed by the automatic (or pre-attentive)
aliency signals in VP, V4v and LOC. The clear-cut corre-
ation between the two different response functions goes
eyond the results of previous fMRI studies that reported
odulated BOLD activity in mid-levels visual areas in re-

ponse to texture OC, but without demonstrating a clear
ink to behavioral performances as expressed by bar de-
ection rates (Kastner et al., 2000; Schira et al., 2004;
arsson et al., 2006). However, in our study both results
tem from two different experiments with and without at-
ention imposed on the texture stimuli. In an fMRI variant of
he present segmentation task with attentional demands
n texture images it is to be expected that modulated
OLD activities in all visual areas would be a combination
f attentive and pre-attentive signals. This renders a more
irect link between BOLD signals in visual areas and be-
avioral performance difficult. Decomposing those parts of
he combined signal that permits prediction of behavioral
erformances would be a very interesting, but also quite
emanding topic for future research.

In our experiment, BOLD activities in V1d and V1v did
ot exhibit a consistent, parametric modulation pattern
bove increasing levels of OC which is in good agreement
ith previous fMRI studies that reported rather weak or
ven no modulation of V1 activity by OC. In contrast, the
arametric modulation effect in mid-level visual areas is
uch more robust. Including our results, three of four

tudies found a significant modulation of area V4v activa-
ion (Fig. 4; Kastner et al., 2000; Schira et al., 2004). The
tudy by Larsson et al. (2006) reported significant effects in

region directly anterior to V4v with a clear tendency
oward higher effects in V4v compared with V1 (Fig. 11 of
arsson et al.).

With respect to other extrastriate areas and the LOC,
esults are less consistent. For example, our results and
he study of Larsson et al. (2006) demonstrated involve-
ent of the LOC, while the two other studies (Kastner et
l., 2000; Schira et al., 2004) did not. However, when
onsidering the differences in appearance, size and posi-
ion of the texture stimuli, the different experimental para-
igms (block vs. event-related design vs. BOLD adapta-
ion) and the differing strategies in localizing individual
isual areas, the overlap between the results is remark-
ble. It strongly suggests that texture borders based on OC
re detected by processing in mid-level visual areas, but
ot in the primary visual cortex.

Our study was motivated by computational modeling
xperiments (Thielscher and Neumann, 2003, 2005, 2007)
hich investigated texture border processing within a re-
urrent model architecture mimicking the early visual
tages V1, V2 and V4. A key finding was that the cells in

he highest model area V4 signal the saliency of texture a
orders in a graded fashion for a wide range of stimulus
ariations, thereby replicating human performance pat-
erns as observed in psychophysical studies. Here, we
oncentrated on variations of the OC at texture borders
nd found systematic modulations of BOLD activity in ar-
as VP, V4v and LOC, but not in earlier visual areas. The
xperimental results well support our general model archi-
ecture, but also indicate that area VP and the LOC con-
ribute to texture border processing in addition to V4v,
orresponding to the V4 stage of our model. Selection of
hat stage in the model was mainly based on the results of
esion studies in monkeys and humans demonstrating the
nvolvement of V4 and V4v, respectively, in texture seg-

entation (de Weerd et al., 1996; Merigan, 2000; Gallant
t al., 2000). One key feature of the model is utilization of
ells in model V4 having large receptive fields for the
eliable comparison of locally ambiguous texture informa-
ion over extended regions of the visual field. However, in
ight of the present experimental results this comparison
cross space might also be distributed between VP and
4v in humans, as receptive field sizes in human VP are
lready quite extended (Smith et al., 2001).

Considering the current knowledge on the LOC (e.g.
rill-Spector et al., 2001; Kourtzi and Kanwisher, 2001), it

s probably not directly involved in detecting the texture
orders but rather may represent a more intermediate
tage between boundary detection and object recognition.
he LOC likely adds to a cue-invariant representation of
-D and 3-D object shape and contributes to the invariance
o certain types of object transformations such as size or
osition (Grill-Spector et al., 1998, 1999). However, high-

evel object recognition seems to be related to more ante-
ior portions along the fusiform gyri (e.g. Bar et al., 2001).
ogether, this supports the idea that areas VP and V4v
ay provide input to the LOC for its multi-cue integration to
enerate complex representations of object shape. These
epresentations might in turn serve the processes of object
ecognition located in the more anterior fusiform regions.
herefore, the finding of parametric increases in LOC ac-

ivity depending on increasing OC does not affect the
alidity of our modeling approach on texture border pro-
essing, but rather reflects a subsequent processing stage
eyond the cortical hierarchy from V1 to V4.

Taken together, our combined fMRI and modeling ap-
roach suggests that mid-level visual areas such as V4v
nd VP are key stages involved in the neural representa-
ion of texture borders. The computational model contrib-
tes to that issue by advancing our understanding of how
he border signals are computed in a neural circuitry dis-
ributed across a hierarchy of early visual areas up to V4v.
t makes clear-cut and testable predictions on the depen-
ence of the neural activation strength in V4v on variations
f several basic texture properties such as element den-
ity, background noise level or border contrast. This fMRI
tudy concentrated on border contrast and demonstrated
hat pre-attentive activities in areas VP, V4v and the LOC
ignal the saliency of texture borders in a graded paramet-
ic ordering. In particular, the pre-attentive saliency signals

ccurately reflected the perceptual decisions in a subse-
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uent psychophysical test, thereby bridging the gap be-
ween BOLD activation patterns and behavior. Finally, in
ontrast to our model predictions the experimental fMRI
esults revealed an involvement of the LOC in human
exture segregation which may represent the next process-
ng stage beyond the cascade ranging from V1 to V4v. This
icely demonstrates how a combined approach of model-

ng and experimental work may interact to further advance
ur understanding of human texture processing.
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