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Neuroimaging studies have revealed distinct patterns of response to different object categories in the ventral
visual pathway. These findings imply that object category is an important organizing principle in this region of
visual cortex. However, object categories also differ systematically in their image properties. So, it is possible
that these patterns of neural response could reflect differences in image properties rather than object category.
To differentiate between these alternative explanations, we used images of objects that had been phase-
scrambled at a local or global level. Both scrambling processes preserved many of the lower-level image proper-
ties, but rendered the images unrecognizable. We then measured the effect of image scrambling on the patterns
of neural response within the ventral pathway. We found that intact and scrambled images evoked distinct
category-selective patterns of activity in the ventral stream. Moreover, intact and scrambled images of the
same object category produced highly similar patterns of response. These results suggest that the neural repre-
sentation in the ventral visual pathway is tightly linked to the statistical properties of the image.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Visual areas involved in object perception form a ventral processing
pathway that projects from the occipital toward the temporal lobe
(Ungerleider and Mishkin, 1982; Milner and Goodale, 1995). Lesions
to these regions of the brain often result in difficulties in the perception
and recognition of different categories of objects (McNeil and
Warrington, 1993; Moscovitch et al., 1997). Consistent with these neu-
ropsychological reports, neuroimaging studies have shown that discrete
regions of the ventral visual pathway are specialized for different cate-
gories of objects. For example, while some regions of the ventral visual
pathway are more responsive to images of faces than to images of
non-face objects (Kanwisher et al., 1997; McCarthy et al., 1997), other
regions are selective for images of places (Epstein and Kanwisher,
1998), body parts (Downing et al., 2001) and visually presented
words (Cohen et al., 2000). This selectivity has been regarded as charac-
teristic of a modular organization in which distinct regions process
specific object categories (Kanwisher, 2010).

Despite the evidence for category-selectivity in the ventral visual
pathway, specialized regions have only been reported for a limited
number of object categories (Downing et al., 2006; Op de Beeck et al.,
2008). However, other studies using multivariate fMRI analysis
methods have demonstrated that the spatial pattern of response across
the entire ventral stream can distinguish a greater range of object cate-
gories (Ishai et al., 1999; Haxby et al., 2001; Kriegeskorte et al., 2008).
rews).
The distributed nature of the fMRI response to different categories of ob-
jectswithin the ventral visual pathway has been interpreted as showing
a topographic map of object form (Haxby et al., 2001).

The topographic organization of the ventral stream is thought to be
analogous with the topographic organization found in early visual
areas, in which responses are tightly linked to low-level properties of
the image, such as spatial frequency, orientation and spatial position
(Hubel and Wiesel, 1968; Bonhoeffer and Grinvald, 1991; Engel et al.,
1994; Wandell et al., 2007). In contrast to early visual areas, a variety
of evidence has suggested that patterns of response in the ventral visual
pathway are linked to the categorical or semantic information that the
images convey rather than to the image properties (Kriegeskorte et al.,
2008; Naselaris et al., 2009; Connolly et al., 2012). Evidence for other or-
ganizing principles can be found in the large-scale patterns of response
to animacy (Chao et al., 1999; Kriegeskorte et al., 2008) and the real-
world size of objects (Konkle and Oliva, 2012). However, it remains
unclear how the selectivity for high-level properties in ventral visual
pathway might arise from image-based representations found in early
visual regions (Op de Beeck et al., 2008). In recent studies, we showed
that low-level properties of objects could predict patterns of neural re-
sponse in the ventral visual pathway (Rice et al., 2014; Watson et al.,
2016). However, images drawn from the same object category are likely
to have similar low-level properties. So, the link between image proper-
ties and patterns of neural response is expected under both categorical
and image-based accounts.

The aim of the present study was to directly determine whether the
category-selective patterns of neural response across the ventral visual
pathway can be explained by selectivity to more basic properties of
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the stimulus. To address this question, we measured the neural re-
sponse across the ventral visual pathway to intact images of different
object categories, as well as versions of these images that had been
phase-scrambled on a global or local basis. Our rationale for using
scrambled images is that they have many of the image properties
found in intact images, but do not convey any categorical or semantic in-
formation, thus providing dissociation between higher-level and lower-
level information. Our hypothesis was that, if neurons in the ventral
stream are selective for the categorical or semantic properties conveyed
by the image, there should be no correspondence between patterns of
response evokedby intact and scrambled images. Conversely, if patterns
of response in the ventral stream reflect selectivity tomore basic dimen-
sions of the stimulus, we would predict a significant correlation be-
tween patterns of response to intact and scrambled images.

2. Materials and methods

2.1. Stimuli

180 images of five object categories (bottles, chairs, faces, houses,
shoes) were taken from an object image stimulus set (Rice et al.,
2014). All images were grey-scale, superimposed on a mid-grey back-
ground, and had a resolution of 400 × 400 pixels. Images were viewed
at a distance of 57 cmand subtended 8° of visual angle. For each original
image, two different phase-scrambled versions were generated. A
global-scrambling method involved a typical Fourier-scramble, i.e.
keeping the global power of each two-dimensional frequency compo-
nent constant while randomizing the phase of the components. A
local-scrambling method involved windowing the original image into
an8×8 grid in image space and applying a phase-scramble to eachwin-
dow independently. Examples of the images are shown in Fig. 1.

2.2. Behavioural study

In order tomeasure the effect of scrambling on the categorical infor-
mation conveyed by an image, a behavioural study (approved by the
Ethics Committee of the Psychology Department, University of York) in-
volving an object naming task was conducted. Twenty-one participants
took part (8 male, mean age = 28.4, SD = 14.5 years), none of whom
participated in the fMRI study. All observers had normal or corrected-
to-normal vision and gave written, informed consent. Stimuli were pre-
sented in 3 blocks. The first block contained globally scrambled images,
the second block contained locally scrambled images and the third
Fig. 1. Exemplars of intact, locally scrambled and globally s
block contained intact images. Therefore, participants were unaware
of the object categories in our stimulus set prior to viewing the scram-
bled images. Each block contained 25 trials. On each trial, participants
fixated a cross in the centre of the screen for 200ms before the stimulus
was presented for 800 ms. If the participant failed to perceive an object
in the image, they were instructed to move on to the next trial with a
key-press. If the participant perceived an object in the image, they
were instructed to write down the name of the object on an answer
sheet and state their confidence in the accuracy of their answer. The
confidencemeasure involved a 5-point scale ranging from 0 (extremely
unsure) to 4 (certain). Correct responseswere given to any answers that
indicated that the observer had abstracted any accurate semantic or cat-
egorical information associated with the object. This ensured that accu-
racy scores represented an upper estimate of their ability to recognize
the images. Analyses on accuracy and confidence data involved compar-
ison of 95% confidence intervals (CI) using bootstrapping.

2.3. fMRI study

Twenty-two participants took part in the fMRI experiment (7 male,
mean age= 23.0, SD=1.4 years). Sample sizewas based on a previous
study using a similar design (Rice et al., 2014). Datawere collected from
all participants prior to analysis. All participants were right handed, had
normal or corrected-to-normal vision and no history of mental illness.
Each gave their informed, written consent and the study was approved
by the York Neuroimaging Centre (YNiC) Ethics Committee. Images
were viewed on a screen at the rear of the scanner via a mirror placed
immediately above the participant's head.

The fMRI experiment consisted of three scans, each lasting 7.5 min.
The first scan contained globally scrambled images, the second scan
contained locally scrambled images and the third scan contained intact
images. In all scans, object categories were presented in blocks. There
were 6 repetitions of each category in each scan. In each block, 6 images
from a category were presented individually for 800 ms, with a 200 ms
inter-stimulus-interval. This was followed by a fixation cross lasting 9 s.
Participants performed a task while viewing images, designed to main-
tain attention for the duration of the scan, and be of equivalent difficulty
across category and image type. The task consisted of pressing a button
on a response boxwhenever a red dot appeared on an image, which oc-
curred on either the 3rd, 4th, 5th or 6th image in each block.

All fMRI datawere acquiredwith a General Electric 3THDExciteMRI
scanner at YNiC at the University of York, fitted with an eight-channel,
phased-array, head-dedicated gradient insert coil tuned to 127.4 MHz.
crambled images from the different object categories.
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A gradient-echo echo-planar imaging (EPI) sequence was used to
collect data from 38 contiguous axial slices (TR = 3000 ms, TE =
32.7 ms, FOV = 288 × 288 mm, matrix size = 128 × 128, slice thick-
ness = 3 mm). The fMRI data were initially analysed with FEAT v5.98
(http://www.fmrib.ox.ac.uk/fsl). In all scans the initial 9 s of data was
removed to reduce the effects ofmagnetic saturation.Motion correction
(MCFLIRT, FSL) and slice-timing correction were applied followed by
temporal high-pass filtering (Gaussian-weighted least-squares straight
line fitting, sigma = 50 s). Gaussian spatial smoothing was applied at
6 mm FWHM. Parameter estimates were generated for each condition
by regressing the hemodynamic response of each voxel against a box-
car function convolved with a single-gamma HRF. Next, individual par-
ticipant data were entered into higher-level group analyses using a
mixed-effects design (FLAME, FSL). Functional datawere first registered
to a high-resolution T1-anatomical image and then onto the standard
MNI brain (ICBM152).

To construct a mask of the ventral visual pathway, we selected a se-
ries of anatomical regions of interest (ROIs) from the Harvard-Oxford
cortical atlas based on the physical limits of ventral temporal cortex de-
scribed by Grill-Spector and Weiner (2014). Specifically, these regions
were: inferior temporal gyrus (temporo-occipital portion), temporal–
occipital fusiform cortex, occipital fusiform gyrus, and lingual gyrus.
The overall ventral temporal mask was defined by a concatenation of
the individual anatomical masks (see Fig. 3 inset).

Next, we measured patterns of response to the different stimulus
conditions. For each participant, parameter estimates were generated
for each category in each scan. The reliability of response patterns was
tested using a leave-one-participant-out (LOPO) cross-validation para-
digm (Poldrack et al., 2009; Rice et al., 2014; Watson et al., 2014) in
which, for each individual parameter estimate, a corresponding group
parameter estimate was determined using a higher-level analysis of
the remaining participants. Parameter estimates were normalized by
subtracting the mean response per voxel across all categories. This
was performed separately for each scan. These data were then submit-
ted to a correlation-based multi-variate pattern analyses (MVPA,
Haxby et al., 2001, 2014) implemented using the PyMVPA toolbox
(http://www.pymvpa.org/; Hanke et al., 2009). For each iteration of
the LOPO cross-validation, the normalized patterns of response to
each stimulus condition were correlated between the left-out partici-
pant and the remaining group. This allowed us to determine whether
there were reliable patterns of response that were consistent across in-
dividual participants. A Fisher's Z-transformation was then applied to
the correlations prior to further statistical analyses, and a Holm–

Bonferroni correction was used to control the family-wise error rate
across post hoc pairwise comparisons.

3. Results

First, we conducted a behavioural experiment to determine how
image scrambling affected the categorical and semantic information
that the images conveyed (Fig. 2).Mean accuracy for globally scrambled
Fig. 2. Results of semantic naming task. (A)Mean accuracy scores for each image type. (B)Mean
for correct and incorrect responses to locally scrambled images. For all panels, error bars reflec
(mean = 0.8%, CI: 0.0–2.1%) and locally scrambled (mean = 6.9%, CI:
3.4–10.9%) images was significantly lower than for the intact
(mean= 98.4%, CI: 96.6–99.6%) images. Analysis of the confidence rat-
ings for correct answers showed that participants were significantly
more confident in their responses to intact images (mean = 3.93, CI:
3.83–3.99) compared to locally scrambled (mean = 0.98, CI: 0.59–
1.35) and globally scrambled (mean = 0.83, CI: 0.67–1.00) images.
There was no significant difference in confidence ratings between glob-
ally scrambled and locally scrambled images. Finally, we contrasted the
confidence ratings for correct and incorrect responses to locally scram-
bled images. There was no significant difference in confidence between
correct (mean = 0.97, CI: 0.57–1.35) and incorrect (mean = 0.97, CI:
0.57–1.42) responses. This shows that both scrambling processes sub-
stantially reduce the categorical information conveyed by an image. It
also suggests that, for correct responses to locally scrambled images,
participants showed no more confidence than when they were incor-
rect or when they were viewing globally scrambled images.

Next, we measured patterns of ventral response to intact, locally
scrambled and globally scrambled images from different object catego-
ries. Fig. 3 shows the normalized group responses to each condition
across the ventral visual pathway. Responses above the mean are
shown in red/yellow, and responses below the mean are shown in
blue/light-blue. This shows that there are clear differences in the pat-
terns of response to different categories of objects. However, the data
also appear to show that the patterns of response are more similar be-
tween intact and scrambled images from the same category.

To quantify the reliability of these patterns across participants, we
used correlation-based MVPA. Fig. 4A shows the group correlation ma-
trices for each image type. To determine the reliability of the patterns,
correlation values across all individual correlation matrices were en-
tered into a repeated-measures ANOVAwith Comparison (within-cate-
gory, between-category), Image Type (intact, locally scrambled, globally
scrambled) and Category (bottle, chair, face, house, shoe) as the main
factors. There was a main effect of Comparison (F(1, 21) = 354.50,
p b .0001). Thiswas due to higherwithin-category correlations (e.g. bot-
tle–bottle) compared to between-category correlations (e.g. bottle–
chair). There were also main effects of Image Type (F(2, 42) = 83.74,
p b .0001) and Category (F(4, 84) = 6.26, p = .0002), and a significant
interaction between Image Type, Comparison and Category (F(8,
168) = 6.12, p b .0001). This interaction suggests that the distinctive-
ness of response patterns differs across image types and categories. To
explore this, we analysed the data independently for each Image Type
(see Fig. 4B) using an ANOVA with Comparison (within-category,
between-category) and Category (bottle, chair, face, house, shoe) as
the main factors.

For intact images, therewas amain effect of Comparison (F(1, 21)=
259.91, p b .0001), due to higher within-category compared to
between-category correlations. There was also an interaction between
Comparison and Category (F(4, 84) = 14.08, p b .0001). Pairwise com-
parisons revealed significantly higher within-category compared to
between-category correlations for bottles (t(21) = 11.62, p b .0001),
confidence ratings for correct responses for each image type. (C)Mean confidence ratings
t bootstrapped 95% confidence intervals.



Fig. 3. Patterns of response to different object categories across the ventral visual pathwaywith intact, locally scrambled and globally scrambled conditions. Red/yellow and blue/light blue
colours represent positive and negative fMRI responses, respectively, relative to the mean response across all categories. The scale shows the normalized parameter estimates (beta
weights) from 0 to 40. Top-right inset shows the mask of the ventral visual pathway. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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chairs (t(21)=8.25, p b .0001), faces (t(21)= 10.82, p b .0001), houses
(t(21) = 14.85, p b .0001) and shoes (t(21) = 11.82, p b .0001).

For locally scrambled images, there was a main effect of Compar-
ison (F(1, 21) = 248.16, p b .0001), and an interaction between
Comparison and Category (F(4, 84) = 10.41, p b .0001). Pairwise
Fig. 4. Distinct patterns of response to different object categories with intact and scrambled ima
patterns of response to intact, locally scrambled and globally scrambled object categories. (B
represent ±1 standard error of the mean. * denotes p $_amp_$lt; .05.
comparisons revealed significantly higher within-category com-
pared to between-category correlations for bottles (t(21) = 8.68,
p b .0001), chairs (t(21) = 6.06, p = .0001), faces (t(21) = 6.72,
p b .0001), houses (t(21) = 9.63, p b .0001) and shoes (t(21) = 6.77,
p b .0001).
ges. (A) Similarity matrices showing within- and between-category correlations of neural
) Bar graphs showing within-category minus between-category correlations. Error bars



Fig. 6. Bar graph showing how variance in intact responses was accounted for by locally
and globally scrambled responses. Grey line represents noise ceiling, which estimates
the explainable variance in a dataset given the noise across participants. Responses to
intact images were significantly better predicted by responses to locally scrambled
images than globally scrambled images. However, neither scrambled condition was able
to account for all of the explainable variance. Error bars represent ±1 standard error of
the mean. *p b .0001.
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For globally scrambled images, there was a main effect of Compari-
son (F(1, 21) = 25.00, p b .0001), due to higher within-category
compared to between-category correlations. There was no significant
interaction between Comparison and Category (F(4, 84) = 2.09, p =
.089). Pairwise comparisons revealed significantly higher within-
category compared to between-category correlations for bottles
(t(21) = 4.57, p = .0071), but not for the other object types.

Next, we asked whether the patterns of neural response from intact
images were similar to the patterns of response from scrambled images
at the group level.We tested this by correlating the groupmean similar-
itymatrices for intact versus locally scrambled and intact versus globally
scrambled (see Fig. 4A). Scatter plots for each comparison are shown in
Fig. 5. The matrix for the intact condition positively correlated with the
matrices for both the locally scrambled condition (r(13) = .88,
p b .0001) and the globally scrambled condition (r(13) = .53, p =
.043). This suggests a strong link between responses to intact and
scrambled object categories — in particular, the locally scrambled
objects.

To determine whether the patterns of neural response from intact
images were similar to the patterns of response from scrambled images
at the individual level, each participants' locally scrambled or globally-
scrambled matrix was correlated with the group mean intact matrix.
Both distributions were then contrasted against zero in a one-sample
t-test to see if responses to either scrambled image type significantly
predicted responses to intact images. Correlations between the group
intact matrix and the individual locally-scrambled matrices (mean =
.70, SD = .18) were significantly above zero (t(21) = 18.16,
p b .0001). Similarly, correlations between the group intact matrix and
the individual globally-scrambled matrices (mean = .23, SD = .27)
were significantly above zero (t(21) = 4.00, p = .0007). Correlations
were significantly higher between intact and locally-scrambled matri-
ces than between intact and globally-scrambled matrices (t(21) =
6.88, p b .0001). This suggests that responses to intact images were
better predicted by responses to locally scrambled images than by
responses to globally scrambled images.

We then askedwhether the explainable variance in intact responses
was fully accounted for by the responses to scrambled images, given the
level of noise in the data. Thiswas achieved by calculating a noise ceiling
(Nili et al., 2014) by taking the mean correlation between each
participant's intact similarity matrix and the groupmean intact similar-
ity matrix (z= .92). This reflects themaximum similarity that could be
expected for any correlation between the intact and locally scrambled
conditions. A two-sample, repeated measures t-test revealed that
responses to intact images were predicted significantly better by
responses to locally scrambled, than globally scrambled images
(t(21) = 6.88, p b .0001). One-sample t-tests revealed that both locally
scrambled (t(21) = 5.71, p b .0001) and globally scrambled (t(21) =
12.01, p b .0001) correlations with the intact matrix were significantly
Fig. 5. Similar patterns of response to intact and scrambled images. Scatter plots show the
correlation between the similarity matrices in Fig. 4A. Significant positive correlations
were found between matrices for intact and each of the scrambled image types,
particularly the locally scrambled condition. Shaded regions indicate 95% confidence
intervals for the best-fit regression lines.
lower than the noise ceiling (Fig. 6). This analysis suggest that differ-
ences between responses to intact and scrambled images could not be
entirely accounted for by noise and that other sources of variance are
necessary to fully explain the patterns of response to intact images.

To determine how the patterns of response might change along the
posterior–anterior axis of the ventral pathway, the main anatomical
maskwas split into 4 subdivisions spanning the posterior to anterior ex-
tent of the mask (Supplementary Fig. 2). The MVPA and RSA analyses
were then repeated for each slice independently. Again, we found sig-
nificant correlations between the intact and scrambled matrices. Intact
and locally scrambled matrices were significantly correlated in all sub-
divisions (subdivision 1: r(13) = .86, p b .0005; subdivision 2:
r(13)= .83, p b .0005; subdivision 3: r(13)= .92, p b .0005; subdivision
4: r(13) = .62, p b .05). We also found significant correlations between
the intact and globally scrambledmatrices in some subdivisions (subdi-
vision 1: r(13)= .55, p b .05; subdivision 2: r(13)= .34, ns; subdivision
3: r(13) = .54, p b .05; subdivision 4: r(13) = .44, ns). We found that
category-selective patterns of neural response to all three image types
were evident in all subdivisions (Supplementary Table 1), as indicated
by a significant effect of Comparison (within-category b between-
category correlations).

It is possible, however, that this result could be driven by early visual
regions that overlap our ventral streammask. The retinotopic organiza-
tion of these regions would likely give rise to similar responses across
intact and locally scrambled versions of the same object, as the two im-
ages would share a similar spatial envelope. To exclude the possibility
that early visual areaswere driving our results, we repeated the analysis
removing any voxels in our ventral mask that overlapped with early vi-
sual areas (V1–V4). To do this, we used the probabilistic maps defined
byWang et al. (2015). Again, we found significant correlations between
the intact and scrambledmatrices. Intact and locally scrambledmatrices
were significantly correlated (r(13)= .85, p b .0001), as were the intact
and globally scrambled matrices (r(13) = .55, p b .05). This suggests
that the similarity between responses to intact and locally scrambled
images is not dependent on the inclusion of voxels from early visual
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regions.We also found category-selective patterns of neural response to
all three image types (see Supplementary Table 1).

Recent studies have shown retinotopic organization in more anteri-
or regions of the ventral visual pathway (Wandell et al., 2007; Arcaro
et al., 2009; Wang et al., 2015). To investigate the possibility that any
regions with retinotopic organization were driving our results, we
repeated our analysis removing any voxels in our ventral mask that
overlapped with retinotopic regions (V1–V4, V01/2, PHC1/2). Again,
we found significant correlations between the intact and scrambledma-
trices. Intact and locally scrambledmatrices were significantly correlat-
ed (r(13) = .86, p b .0005), as were the intact and globally scrambled
matrices (r(13) = .58, p b .05). This shows that the similarity between
responses to intact and locally scrambled images is not dependent on
the inclusion of voxels with retinotopic visual field maps. We also
found category-selective patterns of neural response to all three image
types (see Supplementary Table 1).

Although the correlation between matrices from different image
types strongly suggests that intact and scrambled images elicit similar
patterns of response in the ventral stream, it is possible that strongly re-
lated correlationmatrices could arise from consistent, but different neu-
ral patterns of response to different object categories. To address this
issue, we directly compared patterns of response from intact and each
scrambled image type in the MVPA. Our rationale was that if the pat-
terns of response in different image types are similar, interchanging
them in the analysis should have little effect on the resulting similarity
matrix. We found that the mean similarity matrix generated by the
cross-correlation of patterns from intact and locally scrambled images
was highly correlated with the original intact (r(13) = 0.93,
p b .0001) and locally scrambled (r(13) = .96, p b .0001) matrices. Ad-
ditionally, the mean similarity matrix generated by cross-correlation of
patterns from intact and globally scrambled images was significantly
correlated with the original intact (r(13) = 0.68, p = .0053) and glob-
ally scrambled (r(13)= .81, p b .0005)matrices. This shows that scram-
bled images generated similar patterns of response to those evoked by
intact images.

We then performed a complementary analysis to estimate the noise
ceiling by directly comparing neural patterns of response. The noise
ceiling was calculated by measuring the correlation between each
participant's response and the remaining group mean response (z =
.48). The correlation between each participant's responses to locally-
scrambled or globally-scrambled images was then compared to the re-
maining groupmean response to intact images. A two-sample, repeated
measures t-test revealed that responses to intact imageswere predicted
significantly better by responses to locally scrambled, than globally
scrambled images (t(21) = 6.06, p b .0001). One-sample t-tests re-
vealed that the noise ceiling was significantly higher than the variance
explained by both locally scrambled (t(21) = 13.86, p b .0001) and
globally scrambled (t(21) = 19.92, p b .0001) images. One-sample t-
tests also revealed that the variance explained by both locally scrambled
Fig. 7. Average signal change across the ventral stream to each category in each image type. Glo
Error bars represent ±1 standard error of the mean.
(t(21) = 14.45, p b .0001) and globally scrambled (t(21) = 4.26, p =
.0003) images was significantly above zero.

Next, we askedwhether the greater similarity between responses to
intact and locally scrambled images, compared to intact and globally
scrambled images, could be explained by globally scrambled images
evoking less neural activity across the ventral stream. To address this
issue, we measured the overall signal change across the ventral stream
to each category across the different image conditions (see Fig. 7). A
repeated-measures ANOVA was conducted with Image Type and Cate-
gory as the main factors. There was a main effect of Image Type (F(2,
42) = 11.03, p b .0005), a marginal effect of Category (F(4, 84) =
2.51, p = .081) and no interaction between Image Type and Category.
Post hoc pairwise comparisons across Image Type revealed that the
overall response of the ventral stream was greater for globally scram-
bled images than for both locally scrambled (t(21) = 5.25, p b .0001)
and intact (t(21)=6.00, p b .0001) images. Therewas no significant dif-
ference between the response to locally scrambled and intact images
(t(21) = .043, ns). This suggests that the greater similarity between in-
tact and locally scrambled images, compared to intact and globally
scrambled images, cannot be explained through lower activation of
the ventral stream to globally scrambled images.

Finally, we tested the extent to which the temporal position of the
red dot within the block affected activity in the ventral visual pathway.
It is possible that participantswere able to learn that a red dot appeared
only once per block, and disengaged with the stimuli after this time. To
address this issue, wemeasured the percent signal change in the ventral
stream as a function of the trial number in which the red dot appeared
(Supplementary Fig. 1). This was performed separately for each image
type. Results were entered into a two-way ANOVA with Image Type
and Position (3,4,5,6) as repeated measures. Consistent with the previ-
ous analysis, therewas a significantmain effect of Image Type. However,
there was no main effect of Position (F(3, 63) = 0.52, ns) and no inter-
action between Image Type and Position (F(6, 126) = 2.02, p = .067).
This demonstrates that neural activity in the ventral stream did not
change based on the temporal position of the red dot trial in a block.

4. Discussion

The aim of the present study was to directly determine whether
category-selective patterns of response in the ventral stream were bet-
ter explained by object category or more basic dimensions of the stim-
ulus. To address this issue, we compared patterns of response to intact
and scrambled images. Our hypothesis was that, if category-selective
patterns of response reflect the categorical or semantic content of the
images, there should be little similarity between the patterns of re-
sponse elicited by intact and scrambled images. On the other hand, if
category-selective patterns are based on more basic image properties,
similar patterns should be elicited by both intact and scrambled images.
We found distinct and reliable category-selective patterns of response
bally scrambled images evokedmore activity than the locally scrambled and intact images.
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for both the intact and scrambled image conditions. The patterns of re-
sponse to intact images were most strongly correlated with the locally
scrambled images implying the importance of spatial properties.

Our results show that categorical patterns of response in the ventral
visual pathway are evident to images that lack any semantic categorical
information. This suggests that the organization of this region is based
on more basic properties of the image. These findings are consistent
with recent studies inwhichwe have shown that basic image properties
of different object categories can predict patterns of response in high-
level visual areas (Rice et al., 2014; Watson et al., 2014; Andrews
et al., 2015). However, because images drawn from the same category
are likely to have similar lower-level properties, it was unclear from
previous work whether patterns are determined primarily bymember-
ship of a common category or by the shared lower-level image statistics
characteristic of that category. The results from the current study direct-
ly demonstrate that lower-level properties of the image can predict
patterns of response in high-level visual cortex.

Although lower-level image properties account for the majority of
the variance in responses to intact images, there remains a significant
amount of variance to be explained. According to our noise ceiling esti-
mate, noise only accounts for a portion of this unexplained variance. The
remaining variance in the responses to intact images could reflect
higher-level or categorical factors as has been proposed in previous
studies (Kriegeskorte et al., 2008; Naselaris et al., 2009; Connolly et al.,
2012). However, it is also possible that it reflects sensitivity to image
properties that are disrupted by either scrambling process. An impor-
tant property of natural images is that they contain strong statistical
dependencies, such as location-specific combinations of orientation
and spatial frequency corresponding to image features such as edges.
Indeed, the character and extent of these statistical dependencies are
likely to be diagnostic for different classes of images. The scrambling
procedure disrupts many of the statistical relationships between the el-
ements. So, it is possible that image manipulations that can preserve
these mid-level properties of objects (cf. Freeman and Simoncelli,
2011) might generate patterns of response that are even more similar
to those found for intact objects.

Patterns of response to intact images were more strongly correlated
with responses to locally scrambled than globally scrambled images.
One key difference between these two conditions is that the spatial
properties, such as the shape (or spatial envelope) of the image, are
somewhat preserved in the locally scrambled images, but not in the
globally scrambled images. The greater similarity between responses
to intact locally scrambled images is consistent with previous studies
that have shown a modulatory effect of spatial properties on patterns
of response in the ventral visual pathway (Levy et al., 2001; Hasson
et al., 2002; Golomb and Kanwisher, 2012). Indeed, a number of studies
have investigated the sensitivity of the ventral stream to shape informa-
tion (Drucker and Aguirre, 2009; Haushofer et al., 2008; Kayaert et al.,
2003; Kourtzi and Kanwisher, 2001; Op de Beeck et al., 2001; Cant
and Xu, 2012;Watson et al., 2016; Bracci and Op de Beeck, 2016). How-
ever, it has not been clear whether spatial properties represent a funda-
mental organizing principle in the organization of the ventral visual
stream or whether they just reflect a modification of the underlying
category-selective representation due to the statistics of natural view-
ing (Kanwisher, 2001). The absence of categorical information in the lo-
cally scrambled images in this study clearly shows the fundamental
importance of spatial properties in the patterns of response.

To determine whether the influence of image properties varied
across the ventral stream, we repeated our analysis along different
axes of our mask. The patterns of response to locally-scrambled and in-
tact imageswere significant across all anterior–posterior subdivisions of
the ventral stream. We also asked whether the patterns of response to
locally-scrambled images could be explained by regions that contain vi-
sual field maps (Wandell et al., 2007; Arcaro et al., 2009; Silson et al.,
2015; Wang et al., 2015). To address this we removed all regions that
showed retinotopic regions from the analysis. Despite removing these
regions, we found very similar patterns of response between intact
and scrambled images.

The organization of the ventral visual pathway along lower-level di-
mensions of the stimulus raises the important question about which re-
gions of the brain underpin our ability tomake categorical judgments. It
is possible that these decisions are based on representations inmore an-
terior regions of the temporal lobe. Indeed, damage to these regions is
known to affect categorical perception (Warrington, 1975; Hodges
et al., 1992). However, it is not clear whether a representation based
onmore basic dimensions of the image precludes a causal role in object
categorization. Clearly, high-level visual object representations must be
constructed from lower-level representations. Indeed, images from the
same object category are likely to have similar low-level image proper-
ties. So, it is possible that categorical decisions could still involve ventral
visual pathway.

Another important feature of our results is that the patterns of fMRI
response generalize across participants. fMRI studies have shown that
the location of category-selective regions in the ventral visual pathway
is broadly consistent across individuals (Kanwisher, 2010). This implies
that common principles underpin the organization of this region. In our
analysis,we compared the pattern of response in individual participants
with the pattern from a group analysis inwhich that participantwas left
out (Poldrack et al., 2009; Rice et al., 2014;Watson et al., 2014). Our data
show that the patterns of response to different object categories were
consistent across individuals and thus reflect the operation of consistent
organizing principles.

In conclusion, the findings from these studies provide a new frame-
work in which to consider the organization of high-level visual cortex.
Previous attempts to characterize the organization of visual cortex be-
yond the early stages of visual processing have needed to include cate-
gorical or semantic information about the images. However it has never
been clearwhether this selectivity is driven solely by tunings to discrete
object categories or whether it reflects sensitivity to lower-level fea-
tures that are common to images from a particular category. Here, we
show that similar patterns of response are evident to intact objects
and scrambled objects that contain similar lower-level properties, but
convey negligible categorical information. This suggests that the organi-
zation of the ventral visual pathway reflects tuning for more basic prop-
erties of the stimulus. With this lower level framework of stimulus
representation, it is more straightforward to determine how a continu-
ous map that underpins the perception of objects could emerge
(Andrews et al., 2015).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2016.04.060.
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