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The orientation of a large grating can be decoded from V1 functional magnetic
resonance imaging (fMRI) data, even at low resolution (3-mm isotropic voxels). This
finding has suggested that columnar-level neuronal information might be accessible
to fMRI at 3T. However, orientation decodability might alternatively arise from
global orientation-preference maps. Such global maps across V1 could result from
bottom-up processing, if the preferences of V1 neurons were biased toward particular
orientations (e.g., radial from fixation, or cardinal, i.e., vertical or horizontal). Global maps
could also arise from local recurrent or top-down processing, reflecting pre-attentive
perceptual grouping, attention spreading, or predictive coding of global form. Here
we investigate whether fMRI orientation decoding with 2-mm voxels requires (a)
globally coherent orientation stimuli and/or (b) global-scale patterns of V1 activity. We
used opposite-orientation gratings (balanced about the cardinal orientations) and spirals
(balanced about the radial orientation), along with novel patch-swapped variants of
these stimuli. The two stimuli of a patch-swapped pair have opposite orientations
everywhere (like their globally coherent parent stimuli). However, the two stimuli appear
globally similar, a patchwork of opposite orientations. We find that all stimulus pairs
are robustly decodable, demonstrating that fMRI orientation decoding does not require
globally coherent orientation stimuli. Furthermore, decoding remained robust after spatial
high-pass filtering for all stimuli, showing that fine-grained components of the fMRI
patterns reflect visual orientations. Consistent with previous studies, we found evidence
for global radial and vertical preference maps in V1. However, these were weak or absent
for patch-swapped stimuli, suggesting that global preference maps depend on globally
coherent orientations and might arise through recurrent or top-down processes related to
the perception of global form.
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INTRODUCTION
Visual orientation information is thought to be represented in
fine-scale columnar preference patterns in early visual cortex.
Despite the sub-millimeter grain of V1 orientation columns, it has
been shown that fMRI, at standard resolution (3 mm isotropic),
enables us to decode the orientation of a uniform visual grat-
ing from V1 (Kamitani and Tong, 2005). Orientation sensitivity
of 3-mm fMRI voxels could result from subtle biases in each
voxel’s sample of columnar selectivities (Haynes and Rees, 2005;
Kamitani and Tong, 2005). This idea had a big impact because
it suggests that standard-resolution fMRI in humans allows us to
decode columnar-scale neuronal representations.

But do fMRI patterns really reflect columnar-scale neuronal
representations? Alternatively, fMRI orientation decoding could
rely entirely on coarse-scale neuronal organizations, with no
contribution from the columnar scale at all (Op de Beeck,
2010a). This issue has sparked significant debate (Gardner, 2010;
Kamitani and Sawahata, 2010; Kriegeskorte et al., 2010; Op
de Beeck, 2010b; Shmuel et al., 2010; Swisher et al., 2010).
A particular coarse-scale organization that might account for V1

orientation decoding is a global radial-preference map (Sasaki
et al., 2006). If V1 has a radial-preference map, a grating will elicit
stronger feed-forward activation in V1 patches representing visual
field regions where the grating’s edges point toward fixation. Both
evidence for (Freeman et al., 2011) and against (Mannion et al.,
2009; Seymour et al., 2010) this account has been provided by
recent neuroimaging studies.

The discussion of these issues in the literature has tac-
itly assumed that it is feed-forward processing of visual ori-
entation that gives rise to the decoded signals (whether they
reflect fine-grained or global orientation-preference maps).
However, the cited studies used uniform gratings, where ori-
entations are globally coherent across space and different
orientations give rise to distinct global-form percepts. For
example, a left-tilted and a right-tilted grating are associ-
ated with very different global-form percepts. The possibility
that global-form-related effects, including pre-attentive group-
ing, attention spreading, and global-form representation, con-
tribute to fMRI orientation decodability has not been addressed.
Recurrent processing, through lateral connectivity within V1 or
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FIGURE 6 | Impact of head motion on orientation decodability. (A) The
correlation between a head motion index—reflecting the average translation
and rotation changes per volume/2 s—and average orientation classification
performance (averaged across all stimulus types) across participants. There
are 17 data points because we excluded one participant whose average head

motion was more than three standard deviations greater than the group
average. (B) Pearson correlation coefficients and (C) p-values for the
correlation between head motion and decoding performance based on
activity patterns that were band-pass filtered at spatial frequencies ranging
from 1 to 40 mm.

significantly decodable from V2 and V3. Global-form differ-
ences, thus, are not necessary for two orientation stimuli to
be discriminable from early visual fMRI patterns. However,
decoding accuracy estimates were lower for patch-swapped than
for globally coherent stimuli in V1, V2, and V3. This effect
was significant for gratings in V1 (p < 0.05). This suggests that
global-form differences contribute to orientation decodability.
The profile of decoding accuracies was not significantly dif-
ferent between early visual areas V1, V2, and V3 (p > 0.25,
repeated-measures ANOVA interaction between visual area and
stimulus-dependent effects).

FINE-SCALE PATTERN COMPONENTS ENABLE HIGH-ACCURACY
ORIENTATION DECODING FOR ALL STIMULUS TYPES
Decoding after subtracting V1-patch averages
In order to determine the spatial grain of the fMRI pattern com-
ponents that contribute to orientation decoding, we divided V1
into equally sized patches at different scales (Figure 2A). To test
if within-patch fine-scale V1 patterns are sufficient for decoding
orientation, we removed the coarse-scale pattern from each fMRI
pattern before decoding. For each fMRI pattern, we computed
the patch average activations (capturing the coarse-scale pattern
component) and subtracted that component from the V1 pat-
tern (Figure 2A), thus shifting the fine-scale pattern in each patch
to an average activation of 0. This had no significant effect on
decoding accuracy even at the finest scale (36 segments). Accuracy
remained significantly above chance (p < 0.01) for all stimu-
lus types and scales. This suggests that coarse-scale components
might not be necessary for orientation decoding.

Decoding after spatial high-pass filtering
To further explore the spatial grain necessary for orientation
decoding, we performed a continuous spatial high-pass filter-
ing analysis (Figure 3A). Gratings are highly decodable (decoding
accuracy = 60.0%, p < 0.0003) even after 1-mm-FWHM high-
pass filtering. The other stimulus types also all rapidly rise to
decodability around 2-mm-FWHM of the high-pass filter. Pattern
components at a fine scale, matching the voxel size (2 mm), thus,

appear to suffice for decoding orientation stimuli. This finding
provides further evidence that orientation decoding does not
require coarse-scale pattern components.

Decoding after spatial band-pass filtering
In order to determine the degree to which each spatial scale
contributes to the decoding of each stimulus type, we performed
decoding after spatial band-pass filtering (Figure 3C). Consistent
with the high-pass analysis, we found significant decodability
for all stimulus types at very fine spatial scales approximately
matching the voxel size (2 mm). All stimulus types were opti-
mally decodable at a spatial scale of about 5 mm. Interestingly,
the decoding accuracies achieved in this band (>80% for gratings,
around 70 % for the other stimulus types) matched or exceeded
those in all other analyses, including those of high-passed, low-
passed, and unfiltered data. This suggests that the signal-to-
noise ratio of the orientation information might be best in this
band. Patch-swapped stimuli became progressively less decod-
able at coarser scales, whereas globally coherent stimuli remained
robustly decodable at coarse scales (25–35 mm FWHM). This
is consistent with global radial (for gratings) and cardinal (for
spirals) preference maps, which predict that V1 should show
a checkerboard-like alternation between the response patterns
expected for the globally coherent parents of the patch-swapped
stimuli. However, the actual V1 activation patterns driving this
effect suggest that the global preference maps are also weaker or
absent for patch-swapped stimuli (Figures 4, 5, results described
below).

The spatial band-pass analysis additionally indicated that glob-
ally coherent gratings were significantly more accurately decod-
able than all other stimulus types at the finest spatial scales from
1 to 6 mm (p < 0.05). This suggests that the decoding advan-
tage for gratings versus spirals described above results from a
greater amount of information in fine-scale patterns for grat-
ings. Gratings were more decodable than patch-swapped stimuli
across all frequency bands. Interestingly, the spirals’ decodabil-
ity grouped with patch-swapped stimuli in the high spatial-
frequency band and with the gratings in the low spatial-frequency
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band (see also Figures 2A,B and 3A,B). In the low band, spirals
might be similarly decodable as gratings, because each glob-
ally coherent stimulus type benefits from a global preference
map (cardinal for spirals, radial for gratings). That spirals (like
patch-swapped stimuli) are less decodable than gratings in the
high band is harder to explain. We will revisit this point in the
Discussion.

COARSE-SCALE PATTERN COMPONENTS ENABLE ORIENTATION
DECODING, BUT AT LOWER ACCURACIES, ESPECIALLY FOR
PATCH-SWAPPED STIMULI
Decoding based on V1-patch averages
To measure coarse-scale information, we decoded orientation
using the patch-average activations only, thus removing the fine-
scale component from each fMRI pattern (Figure 2B). This anal-
ysis started with 36 patch averages (corresponding to the V1
representations of the 36 stimulus patches) and progressed to
12 radial-wedge averages, 4 quarter-field averages, 2 hemifield
averages, and finally a single average activation for the entire rep-
resentation of the stimulated region in V1. Consistent with the
band-pass analysis, patch-swapped stimuli became progressively
less decodable at coarser scales and were no longer signifi-
cantly decodable at the quarter-field scale (p = 0.56, p = 0.78,
for patch-swapped gratings and spirals, respectively). Decoding
accuracy also declined for globally coherent stimuli, but remained
robustly significant at the quarter-field scale (p < 0.005, p <

0.05, for gratings and spirals, respectively). At this scale, decoding
accuracy was significantly greater for globally coherent than for
patch-swapped stimuli (p < 0.05). This is consistent with a con-
tribution from global preference maps to the decoding of globally
coherent stimuli as well as patch-swapped stimuli (where the
global-map hypothesis predicts contrast alternation from patch to
patch). Accuracy was not significant for any stimulus type when
only each hemifield’s average or the overall average of the V1
representation of the stimuli was used.

Decoding after spatial low-pass filtering
The spatial low-pass filtering analysis (Figure 3B) similarly shows
a decline of decodability of patch-swapped gratings and patch-
swapped spirals at coarse scales. Patch-swapped stimuli were no
longer significantly decodable when V1 response patterns were
smoothed with a Gaussian kernel of 12 mm FWHM or wider.
Globally coherent stimuli, by contrast, remained decodable after
smoothing the patterns with Gaussians of up to 24 mm FWHM.
As a reference, the size of the stimulated area of V1—defined
as the largest voxel-to-voxel distance within the region—was on
average 43.7 mm (SD = 5.9 mm).

GLOBALLY COHERENT STIMULI REVEAL SUBTLE BUT SIGNIFICANT
RADIAL AND VERTICAL BIASES, BUT THESE APPEAR WEAKER OR
ABSENT FOR PATCH-SWAPPED STIMULI
The decoding analyses just described indicated the presence of
coarse-scale information, but did not reveal whether the actual
coarse-scale patterns are consistent with biases in favor of radial
or cardinal orientations. We fitted a cosine tuning model (see
Methods) to the responses of the 36 V1 patches (i.e., the repre-
sentations of the 36 log-polar stimulus patches in V1) in order

to estimate the global radial and vertical preferences for each
stimulus type. The fitted models’ predicted global response pat-
terns are shown in Figure 4, for parameters averaged across our
18 subjects. Radial and vertical preference maps were evident
for globally coherent gratings and spirals respectively which is
in line with previous studies (Freeman et al., 2011; Merriam
et al., 2012). These preference maps, however, were very sub-
tle (approximately ± 0.02 % signal change) compared to the
overall response above fixation baseline of each V1 patch to any
orientation (>2% signal change). For patch-swapped stimuli,
radial and vertical preference modulations were about an order
of magnitude smaller than for globally coherent stimuli.

We performed statistical inference to test for radial/tangential
and vertical/horizontal preference maps and to compare the
strength of these global preference maps between stimulus types
(Figure 5). We used the radial and vertical preference hypothe-
ses to predict the rank order of responses across all patches (see
Methods). Negative effects would have indicated tangential or
horizontal preferences, respectively, but were not observed at the
level of group averages. Response modulation consistent with
radial and vertical biases was significant for globally coherent
gratings and spirals (p = 0.001, p = 0.003, respectively, two-
sided Wilcoxon signed-rank test across single-subject effects). For
patch-swapped stimuli, the radial and vertical preference effects
were significantly weaker (p < 0.03 for both comparisons). The
radial preference effect was still significant for patch-swapped
gratings (p < 0.05), but the vertical preference effect was not sig-
nificant for patch-swapped spirals. We found no significant pref-
erence effect differences between gratings and spirals, or between
their patch-swapped variants.

These results suggest that the strength of radial and verti-
cal preferences depends to some degree on the spatial coherence
of the orientation stimuli. This would be consistent with extra-
receptive field effects related to preattentive grouping, atten-
tion spreading, or global-form perception. Such effects could
arise through recurrent processing via long-range intrinsic con-
nections or via feedback from higher stages of representation.
However, we were concerned that inaccuracies of the definition
of the V1 patches might have artifactually reduced the apparent
strength of the global-preference maps when analysing responses
to patch-swapped stimuli. If a V1 patch were incorrectly defined,
so as to straddle the boundary between two patches, the signals
from the two sampled patches would mix and opposite responses
would cancel out to some degree, lowering the contrast between
the exemplars. This effect would be less of a problem for glob-
ally coherent stimuli, where adjacent patches are stimulated with
similar orientations and we thus expect a smooth variation of
the response across patches. In order to reduce the influence of
V1-patch-definition inaccuracies and test for global-preference
maps with maximum sensitivity, we performed a control analysis,
excluding low-contrast patches. For each stimulus type, we ini-
tially considered all patch responses, as before. For each patch in
each subject, we computed the patch-response contrast between
the two exemplars (positive for exemplar 2 > exemplar 1, negative
for exemplar 1 > exemplar 2). We then correlated the actual patch
contrasts with the predicted patch contrasts based on the prefer-
ence map hypothesis using Spearman’s r, as before. We repeated
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this procedure excluding the patches with the lowest contrast
between the two exemplars. For globally coherent stimuli, prefer-
ence maps always provided significant patch-contrast predictions
when the lowest-contrast 0–85% of the patches was excluded.
For patch-swapped gratings and spirals, however, there was never
any significant patch-contrast prediction—even without correc-
tion for multiple testing. This suggests that the weak evidence of
preference maps for patch-swapped stimuli is not an artifact of
inaccurate V1-patch definitions.

HEAD MOTION APPEARS TO STRONGLY REDUCE ORIENTATION
DECODABILITY
Head motion is expected to reduce the reliability of response-
pattern estimates. Even after rigid-body head-motion correction,
residual head-motion-related artifacts remain. It has been sug-
gested that these might selectively reduce pattern information in
the high spatial frequency band (Kriegeskorte et al., 2010; Swisher
et al., 2010). To assess the effect of head motion, we determined
the correlation between a head-motion index computed for each
subject (an average of translations and rotations between suc-
cessive fMRI volumes, see Methods) and V1-based orientation
decoding performance (averaged across the four stimulus types).
We excluded one participant whose average head motion was
more than three standard deviations greater than the group aver-
age. Our data show a significant negative relationship between
head motion and orientation decodability (r = −0.7, p = 0.0015,
Figure 6A). Orientation decoding accuracy ranged from 76 to
88% for the five participants with the lowest head motion indices
while accuracies ranged from 56 to 61% for the five participants
with the highest head motion indices. This suggests that head
motion strongly reduces pattern decodability. Alternatively, or
in addition, subjects who moved more may also have been less
attentive to the task and/or less reliable in fixating the central dot
throughout the experiment.

In order to test if head motion selectively affected orientation
information in the high spatial-frequency band, we repeated this
analysis for V1 activation patterns that were spatially band-pass
filtered. As before, we used difference-of-Gaussians filters rang-
ing from 1 to 40 mm FWHM (with 1 mm difference in FWHM
between the two Gaussians). We plotted the correlation coeffi-
cients between the head-motion index and decoding accuracy
and the corresponding p-values as functions of spatial frequency
(Figures 6B,C). The head-motion index was significantly nega-
tively correlated with decoding accuracy in all but the very lowest
spatial frequency bands (> 36 mm FWHM), in which none of the
stimulus types could be reliably decoded. Our results, thus, do
not support the claim that residual head-motion artifacts (after
head-motion correction) affect pattern information selectively in
the high spatial-frequency band.

THE AVERAGE V1 RESPONSE DECLINES WITH ECCENTRICITY, BUT
APPEARS UNAFFECTED BY STIMULUS TYPE AND POLAR ANGLE
Univariate effect of stimulus type
It is possible that differences in orientation decodability resulted
from differences in the signal-to-noise ratio of V1 responses
across stimulus types (Tong et al., 2012). To test for this pos-
sibility, we compared the average % signal change in V1 across

all stimulus types. Mean percent signal change was 2.02 (SEM =
0.13) for grating stimuli, 2.12 (SEM = 0.15) for patch-swapped
grating stimuli, 2.16 (SEM = 0.12) for spiral stimuli and 2.11
(SEM = 0.13) for patch-swapped spiral stimuli (Figure 7A). We
observed no significant differences in mean percent signal change
in V1 between stimulus types.

Univariate effects of eccentricity and polar angle
We also tested if average V1 patch responses differed as a func-
tion of patch eccentricity and patch polar angle after averaging
patch responses across all stimulus types (Figures 7B,C). The only
effect we found in these analyses was that the average response for
patches in the inner and intermediate (2.0◦ and 3.4◦, respectively)
rings were greater than those for patches in the peripheral (5.6◦)
ring (p < 0.01).

ORIENTATION DECODING IS LESS ROBUST FOR PERIPHERAL THAN
CENTRAL PATCHES FOR GLOBALLY COHERENT GRATINGS
To test whether lower average responses in peripheral V1 patches
is associated with reduced orientation decodability, we assessed
decodability for all stimulus types using central (2◦ eccentricity),
intermediate (3.4◦) and peripheral (5.6◦) V1 patches (Figure 8).
For each ring of patches, we analyzed decodability as a function
of spatial frequency. The only significant effect was a reduction
of accuracy when decoding gratings from the peripheral patches
for intermediate spatial frequencies (Figure 8A, note overlap-
ping error margins in Figures 8A–D). Orientation decodability

FIGURE 7 | Effects of stimulus type, eccentricity, and polar angle on

average V1 responses. (A) Spatial-mean V1 activation for each stimulus
type and orientation. (B) V1 response for each of the three patch
eccentricities. (C) V1 responses for each of the 12 polar angles. Responses
are averaged across the remaining variables (stimulus type, V1 patches,
participants). Error bars indicate the SEM computed across participants.
Gray lines depict each individual participant’s responses.
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FIGURE 8 | Effects of V1 patch eccentricity on orientation decodability.

Same band-pass filtering approach as for Figure 3C, but plotted separately for
patterns in the central, intermediate, and peripheral ring of V1 patches. (A–D)

highlight differences in orientation decodability between rings, depicted for
each stimulus type separately. (E–G) highlight differences in orientation
decodability between stimulus types, depicted for each ring separately.
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