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Abstract

Perception of the spatial structure of the environment results from visual system processes which integrate local information
to produce global percepts. Here, we investigated whether particular global spatial arrangements evoke greater responses in the
human visual system, and how such anisotropies relate to those evident in the responses to the local elements that comprise the
global form. We presented observers with Glass patterns; images composed of randomly positioned dot pairings (dipoles) spatially
arranged to produce a percept of translational or polar global form. We used functional magnetic resonance imaging (fMRI) to
infer the magnitude of neural activity within early retinotopic regions of visual cortex (V1, V2, V3, V3A/B, and hV4) while the
angular arrangement of the dipoles was modulated over time to sample the range of orientations. For both translational and polar
Glass patterns, V1 showed an increased response to vertical dipole orientations and all visual areas showed a bias towards dipole
orientations that were radial to the point of fixation. However, areas V1, V2, V3, and hV4 also demonstrated a bias, only present for
polar Glass patterns, towards dipole orientations that were tangential to the point of fixation. This enhanced response to tangential
orientations within polar form indicates sensitivity to curvature or more global form characteristics as early as primary visual cortex.
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The perception of complex spatial form arises from the global
integration of local orientation information. Glass patterns
(Glass, 1969; Glass and Perez, 1973) are particularly illustrative
of this process. Glass patterns are constructed by the placement
of numerous paired dots (dipoles) at random positions within
an image with the elements of each dipole at a relative orienta-
tion that is consistent with the desired global form. Despite the
ambiguous local orientation representation, due to the presence
of false dot pairings, the observation of Glass patterns evokes a
clear percept of oriented structure. To obtain this percept, the
visual system appears to spatially pool the noisy local orienta-
tion information to produce a coherent representation of global
form (Ostwald et al., 2008; Smith et al., 2002, 2007; Wilson
and Wilkinson, 1998).

The perceived Glass pattern form is dependent upon the lo-
cal spatial arrangement of the paired dots that comprise each
dipole. This local orientation structure can be considered within
separate coordinate systems, which we have termed
field-independent and meridian-relative. Field-independent ori-
entation refers to a coordinate convention which is invariant
across the visual field, while meridian-relative orientations are
specified relative to the local visual field meridian. As shown
in Figure 1, Glass patterns in which the dipoles are aligned
along a given field-independent orientation produce the per-
cept of translational structure, while a percept of polar structure
is evoked by dipoles that are aligned along a given meridian-
relative orientation.
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Functional magnetic resonance imaging (fMRI) of human
visual cortex has shown that the magnitude of the blood-oxygen
level dependent (BOLD) signal is modulated by the local ori-
entation structure; the responses are anisotropic (Clifford et al.,
2009; Furmanski and Engel, 2000; Sasaki et al., 2006; Swisher
et al., 2010). Here, we investigated whether anisotropies in the
response to local Glass pattern orientation structure are affected
by the presence of global form. We used fMRI to measure the
BOLD signal during the observation of translational and polar
Glass patterns which modulated in orientation. We also used a
rotating wedge stimulus to define the early retinotopic regions
V1, V2, V3, V3A/B, and hV4 and to subdivide each region
into a set of preferred visual field meridians. The combina-
tion of these measures allowed us to estimate the magnitude of
response to local field-independent and meridian-relative ori-
entation from both translational and polar Glass patterns, and
hence to infer the influence of global form on local orientation
anisotropies.

Materials and Methods

Subjects

Four experienced psychophysical observers participated in
the current study. Each subject had received a recent optomet-
ric examination and all subjects, including those with clinically
normal vision, wore customised corrective goggles during the
experiment. Subjects gave their informed consent and the pro-
tocol was approved by a local ethics committee.
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Figure 1: Illustration of translational and polar Glass patterns and their relationships to field-independent and meridian-relative orientation. Translational (upper
row) and polar (lower row) Glass patterns are created by transforming a random field of dots along a given field-independent (translational) or meridian-relative
(polar) orientation (45◦ in this example). The field-independent orientation coordinate system is invariant across the visual field, with 0◦ as horizontal, 45◦ as
right-tilted oblique, 90◦ as vertical, and 135◦ as left-tilted oblique. The dipoles in each of the example visual field locations have a common field-independent
orientation in translational Glass patterns and varying field-independent orientation in polar Glass patterns. The meridian-relative orientation coordinate system is
rotated to align with the local visual field meridian, with 0◦ as radial and 90◦ as tangential. The dipoles in each of the example visual field locations have varying
meridian-relative orientations in translational Glass patterns and a common meridian-relative orientation in polar Glass patterns.

Apparatus

A Philips 3T scanner with a whole-head coil was used to
conduct the MRI. Scanning was conducted at two locations—
St. Vincent’s Hospital (StV) and the Prince of Wales Medi-
cal Research Institute (POWMRI). Functional images were col-
lected using a T∗2 sensitive, boustrophedon, field-echo echo-
planar imaging pulse sequence (TR = 3s, TE = 32ms, flip an-
gle = 90◦, FOV = 69 × 192 × 192mm, matrix = 128 × 128,
voxel size = 1.5mm isotropic). Images were acquired in 46
ascending interleaved slices in a tilted coronal plane covering
the occipital lobes. Anatomical images were collected using a
turbo field-echo protocol and consisted of whole-head scans in
the axial and sagittal planes (voxel size = 1mm isotropic) and a
high resolution partial-head coronal scan (voxel size = 0.75mm
isotropic) to recover maximum detail in the occipital lobes.

Stimuli were displayed either by projection onto a screen
(StV; 5100MP, Dell Inc., Round Rock, TX) or via a LCD mon-
itor (POWMRI; Philips Healthcare, Best, The Netherlands) po-
sitioned behind the bore, each with a spatial resolution of 1024×
768 pixels and temporal resolution of 60Hz. The display lumi-
nance was linearised via spline interpolation (StV) or gamma
correction (POWMRI) of values measured with a SpectraScan
PR-655 spectrophotometer (Photo Research Inc., Chatsworth,

CA), and had a mean luminance of 275 cd/m2 (StV) or 37 cd/m2

(POWMRI). Subjects viewed the screen from a distance of 167cm
(StV) or 158cm (POWMRI) via a mirror mounted on the head
coil, giving a viewing angle of 19.0◦ × 14.3◦ (StV) or 12.6◦ ×
9.5◦ (POWMRI). Stimuli were presented using PsychToolbox
3.0.8 (Brainard, 1997; Pelli, 1997). Behavioural responses were
indicated via a LU400-PAIR response pad (Cedrus Corpora-
tion, San Pedro, CA). Analyses were performed using SPM5
(http://www.fil.ion.ucl.ac.uk/spm), mrVista
(http://white.stanford.edu/software), and custom routines on Mat-
lab 7.8 (The Mathworks, Natick, MA).

Stimuli

The construction of each Glass pattern began by assigning a
random position in the image as the base for each dipole, based
on a uniform allocation over area. Dot pairs were then placed
equidistant from each base with an inter-dot distance of 0.3◦

(StV) or 0.2◦ (POWMRI). The rule governing the dot pair ar-
rangement was dependent upon the pattern type and angle; as
shown in Figure 1, translational patterns were formed by align-
ing the dot pairs along the desired field-independent orientation
axis while polar patterns were formed by aligning the dot pairs
along the desired meridian-relative orientation axis. Each dot
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had a Gaussian profile (σ: 0.03◦ [StV], 0.02◦ [POWMRI]) and
each dot pair was randomly assigned to be either a full contrast
(> 95%) increment or decrement from the background, with
the paired dots always having the same polarity. The stimuli
were presented within an annulus (inner radius: 0.75◦ [StV],
0.49◦ [POWMRI]; outer radius: 7.2◦ [StV], 4.75◦ [POWMRI];
raised cosine window at inner and outer edges: 0.35◦ [StV],
0.24◦ [POWMRI]) on a background equal to the mean display
luminance. Sample Glass pattern stimuli are shown in Supple-
mentary Movies 1 (translational) and 2 (polar).

Visual field polar angles were defined using a wedge that
opened 45◦, composed of three 15◦ full contrast radial checker-
board strips, and extended to 7.2◦ eccentricity (Larsson and
Heeger, 2006). The phase of each strip was incremented or
decremented by 10◦ each frame, with the central strip moving
in the opposite direction to its flankers. The wedge was pre-
sented on a background of mean luminance that was overlaid
with a grid of several isopolar and isoeccentric lines to promote
stable fixation (Hansen et al., 2007; Schira et al., 2007).

A coordinate convention was adopted for the polar wedge
stimuli in which 0◦ was located at the right horizontal sec-
tion of the visual field and increasing angles advanced anti-
clockwise. An analogous convention was applied for transla-
tional (0◦ = horizontal, 45◦ = right-tilted oblique, 90◦ = verti-
cal, 135◦ = left-tilted oblique) and polar (0◦ = radial, 45◦ = anti-
clockwise spiral, 90◦ = concentric, 135◦ = clockwise spiral)
Glass pattern orientation

A small fixation marker was displayed at the centre of the
screen throughout stimulus presentation, composed of an outer
black circle and an inner circle that was either grey or white.

Design
We used continuous presentation paradigms to measure the

BOLD response to modulations in Glass pattern orientation (Ya-
coub et al., 2008) and visual field polar angle (DeYoe et al.,
1996; Engel et al., 1997; Sereno et al., 1995).

Each subject completed at least six runs each of transla-
tional and polar Glass pattern presentations. The runs were
spread over two scanning sessions, one at POWMRI and one
at StV, with each session lasting approximately 70 minutes and
consisting of both translational and polar Glass pattern runs.

During each run, the pattern orientation changed with each
volume acquisition (3s) in stepwise 11.25◦ shifts (see Supple-
mentary Movies 1 and 2). The direction of change alternated
over runs, with each subject completing an equal number of
translational and polar Glass pattern runs in which the direc-
tion of change was anti-clockwise and clockwise. The stimulus
was absent in the first and last 500ms of each volume to pre-
vent transients induced by abrupt changes in orientation, and a
new Glass pattern instance was presented at 1Hz. A full ori-
entation cycle was presented in 48 seconds (16 volumes), and
eight complete cycles were completed in each run.

Each subject completed four visual field polar angle runs, in
a separate scanning session to the pattern orientation scanning
sessions, during which the polar angle of the wedge changed
every 1.5s in stepwise 15◦ shifts. The direction of change al-
ternated between clockwise and anti-clockwise over runs. The

direction of motion in the wedge strips were assigned randomly
at the beginning of each volume. A full polar wedge cycle was
presented in 36 seconds (12 volumes), and 10 complete cycles
were completed in each run.

To control fixation and attention, subjects performed a be-
havioural task throughout all runs in which they responded to
increments and decrements in the luminance of the central fix-
ation dot.

Data pre-processing

Using SPM5, functional images were: corrected for differ-
ences in slice acquisition time with the middle slice as refer-
ence; corrected for between and within run subject movement;
and resliced using 4th degree B-spline interpolation. After dis-
carding the first half-cycle of each run, a correction of +2 vol-
umes (6s) was applied to compensate for the lag in the haemo-
dynamic response. Timecourses from runs in which the stim-
ulus advanced clockwise were temporally reversed, and were
then combined with anti-clockwise runs to produce mean time-
courses for translational Glass pattern orientation, polar Glass
pattern orientation, and visual field polar angle.

A mean anatomical image was formed for each subject by
combining the axial and sagittal whole-head scans and the coro-
nal partial head scan. Before averaging, each anatomical image
was inhomogeneity corrected (Manjòn et al., 2007), coregis-
tered, and resampled to a voxel resolution of 0.75mm (isotropic)
where necessary. Each subject’s mean anatomical was then
segmented using the automatic routines of mrGray (Teo et al.,
1997) and ITKGray (Yushkevich et al., 2006,
http://white.stanford.edu/software) followed by careful hand edit-
ing.

Analysis

The responses to the polar wedge stimulus were used to de-
fine the visual areas in early retinotopic cortex. Using mrVista,
the preferred visual field polar angle of each voxel was esti-
mated as the phase of the best-fitting sinusoid at the cycle fre-
quency. The inplane voxels were then transformed onto a flat-
tened representation of the cortical surface and the map of an-
gular preferences was used to manually define areas V1, V2,
V3, V3A/B, and hV4 based on the nomenclature and criteria of
Larsson and Heeger (2006) and Wandell et al. (2007). To sup-
port appropriate area definition, eccentricity maps from previ-
ous studies with common subjects (Mannion et al., 2009) were
also consulted. To restrict visual area definitions to stimulated
portions of the visual field, voxels of low coherence (< 0.1) to
the polar wedge stimulus and those within the fovea were ex-
cluded from further analysis.

The response to the translational and polar Glass pattern ori-
entation stimulus cycles were calculated for each voxel within
the identified visual areas. The pattern orientation timecourses
were normalised by subtracting and then dividing by the mean
voxel response, high-pass filtered (128s cutoff), and averaged
over the eight cycles. For each Glass pattern type (transla-
tional and polar) and voxel, this produced a 16-item vector of
the evoked response to pattern orientation in 11.25◦ increments
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Figure 2: Modulation in V1 (left) and, for comparison, V2 (right) BOLD response to field-independent orientation (averaged over Glass pattern type and meridian-
relative orientation), where 0◦ = horizontal [H], 45◦ = rightwards tilt, 90◦ = vertical [V], and 135◦ = leftwards tilt. The profile is significantly anisotropic in V1 (**;
p < .01) while no significant anisotropy is present in the profile of V2 (n.s.; p > .05). The plot shows mean over subjects ± SEM (thick black line) and individual
subjects (thin grey lines) and has an extra quarter cycle wrapped at each end (dashed segments).

along the [0◦, 180◦) interval. Voxels with a maximum signal
change greater than 2 standard deviations above the mean max-
imum signal change for a given visual area were discarded from
further analysis.

The voxels within each visual area were then binned accord-
ing to their preferred spatial meridian (calculated by wrapping
the preferred visual field polar angle at 180◦), with bin centres
corresponding to the 16 pattern orientations. The Glass pattern
orientation response vectors were then averaged across those
voxels within a given visual area with a common spatial polar
meridian bin. The data for each subject, visual area, and Glass
pattern type thus formed a 16 × 16 matrix (Glass pattern orien-
tation × visual field polar meridian). Finally, the data matrices
were sheared to transform the dimension indexing the visual
field polar meridian to index the circular distance between the
Glass pattern orientation and the visual field polar meridian.
When applied to the translational Glass pattern matrix (shear
slope = +1), this operation transformed the dimension to index
meridian-relative orientation, whereas the application to polar
Glass pattern matrix (shear slope = −1) transformed the dimen-
sion to index field-independent orientation (see Supplementary
Figure 1).

A three-way repeated measures ANOVA was conducted for
each visual area with subjects as a random factor and Glass pat-
tern type (2 levels; translational, polar), field-independent ori-
entation (16 levels) and meridian-relative orientation (16 levels)
as fixed factors. Violations of the assumption of sphericity were
corrected by using Huynh-Feldt values in assessing statistical
significance.

Results

We presented observers with translational and polar Glass
pattern stimuli modulating in orientation while using fMRI to
measure the BOLD response from the early retinotopic areas
of visual cortex. We also measured the preferred angular posi-
tion in the visual field of each voxel, which allowed us to derive
profiles of response magnitude to both field-independent and
meridian-relative orientation from both translational and polar
Glass patterns. We investigated potential anisotropies by per-
forming a three-way repeated measures ANOVA (Glass pattern

type × field-independent orientation × meridian-relative ori-
entation) on the measured BOLD responses from each of the
retinotopic regions V1, V2, V3, V3A/B, and hV4.

There was a significant anisotropy in the measured response
profile to field-independent orientation in V1 (F12.6,37.8 = 3.14,
p = .003), while there were no significant field-independent
anisotropies in V2, V3, V3A/B, or hV4 nor were there sig-
nificant interactions between field-independent orientation and
Glass pattern type or meridian-relative orientation in any area
(all p > .05). As shown in Figure 2, the response to field-
independent orientation (averaged over Glass pattern type and
meridian-relative orientation) was maximal around vertical (90◦)
in V1.

The profile of response magnitude to meridian-relative ori-
entation was significantly anisotropic in all areas (V1: F4.9,14.7 =

5.05, p = .007; V2: F7.1,21.4 = 7.96, p < .001; V3: F7.8,23.5 =

6.36, p < .001; V3A/B: F15.0,45.0 = 3.10, p = .002; hV4: F8.3,25.0 =

6.73, p < .001). There was also a significant interaction be-
tween meridian-relative orientation and Glass pattern type (trans-
lational or polar) in areas V1 (F15.0,45.0 = 3.98, p < .001),
V2 (F6.4,19.1 = 4.71, p = .004), V3 (F8.4,25.1 = 3.93, p = .004),
and hV4 (F15.0,45.0 = 6.27, p < .001), which was not evident in
V3A/B (F15.0,45.0 = 0.87, p = .605). As shown in Figure 3, the
response to meridian-relative orientation defined within a trans-
lational Glass pattern showed a unimodal profile of anisotropy
in all areas, with a peaked response to radial orientations. How-
ever, when defined within a polar Glass pattern, the profile of
anisotropy was bimodal in V1, V2, V3, and hV4, with peaks at
both radial and tangential orientations.

Discussion

We investigated the representation of the orientation struc-
ture of complex spatial form within human visual cortex. Using
fMRI, we measured the BOLD response from the early retino-
topic regions V1, V2, V3, V3A/B and hV4 during the observa-
tion of translational and polar Glass patterns which modulated
in orientation. By interpreting the measured responses with re-
gards to the preferred visual field location of each voxel, derived
from rotating wedge retinotopic mapping procedures, we ob-
tained distributions of response magnitude to field-independent
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Figure 3: Modulation in BOLD response across each of the early visual areas to meridian-relative orientations defined within translational (left) and polar (right)
Glass patterns, where 0◦ = radial [R] and 90◦ = tangential [T]. All plots show mean over subjects ± SEM (thick black line) and individual subjects (thin grey lines),
have an extra quarter cycle wrapped at each end (dashed segments), and are presented on ordinate scales that are unstandardised across plots.

and meridian-relative orientation from both translational and
polar Glass patterns. We examined how anisotropies in the
magnitude of response to field-independent and meridian-relative
orientation are affected by the presence of global spatial struc-
ture.

An anisotropy in the measured BOLD response to field-
independent orientation was only present in V1, where a greater
response to field-independent orientations near vertical was ob-
served. Jenkins (1985) reported that the perception of spatial
form can be obtained with greater dot pair separation in vertical
translational Glass patterns than those at horizontal or oblique
orientations, and suggested that vertical receptive fields at the
level of local orientation extraction may be elongated relative
to those at horizontal and obliques. Our observed pattern of
anisotropy is broadly consistent with this notion, and suggests
that the source of the behavioural anisotropy may be located
within, and perhaps not propagated beyond, primary visual cor-
tex. However, we did not observe any evidence of a correlate of
the enhanced psychophysical sensitivity to oblique translational
Glass patterns reported by Wilson et al. (2001).

We report a striking difference in the profile of responses to

meridian-relative orientations defined within polar Glass pat-
terns relative to those within translational Glass patterns. The
anisotropic response to meridian-relative orientation within trans-
lational patterns is characterised by a preference for radial ori-
entations, with decreased levels of activity with increasing an-
gular distance from the radial meridian-relative orientation ev-
ident in all areas (V1, V3, V3, V3A/B, and hV4). This pref-
erence for radial meridian-relative orientations is also evident
when defined within polar Glass pattern form, and is consis-
tent with previous reports of a radial bias (Clifford et al., 2009;
Sasaki et al., 2006). However, it is accompanied for polar Glass
patterns by an additional response peak to tangential meridian-
relative orientations in areas V1, V2, V3, and hV4 such that
the meridian-relative orientation which evoked the lowest re-
sponse when defined within translational Glass patterns evoked
the highest response when defined within polar Glass patterns.

While the orientation structure of translational and polar
Glass patterns is similar when considered over localised regions
of space (Smith et al., 2002; Wilson and Wilkinson, 1998),
spatially extended analysis yields differences between the two
pattern types. The common meridian-relative orientation of
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the dipoles in a given polar Glass pattern combines over space
to form higher-order structure—radial integrates to starbursts,
oblique to spirals, and tangential to concentric circles. Hence,
differences in the profile of meridian-relative anisotropy derived
from translational relative to those from polar Glass patterns are
likely due to the influence of mechanisms sensitive to aspects
of spatial form beyond the local orientation structure such as
curvature or global shape.

We find a clear difference between responses to tangential
meridian-relative orientations defined within translational and
polar Glass patterns. This may reflect either enhanced sensi-
tivity to the higher-order form present in tangential polar Glass
patterns (circles) or enhanced sensitivity to the mid-level spa-
tial structure of which such global shape is composed (curva-
ture). Smooth, closed contours such as circles are common in
the natural environment (Chow et al., 2002; Geisler et al., 2001;
Sigman et al., 2001) and may be of sufficient ecological impor-
tance to merit an enhanced neural response. Accordingly, hu-
mans show fine behavioural sensitivity (Achtman et al., 2003;
Kurki and Saarinen, 2004; Seu and Ferrera, 2001; Wilson et al.,
1997; Wilson and Wilkinson, 1998) and increased fMRI re-
sponse (Ban et al., 2006; Dumoulin and Hess, 2007; Wilkinson
et al., 2000) when the visual image contains circular orientation
structure.

We find that the meridian-relative anisotropy from both trans-
lational and polar Glass patterns shows a preference for radial
orientations. While comparisons of absolute response mag-
nitude between translational and polar Glass patterns are not
meaningful in the current study, it raises the possibility that the
visual system may not have a preferential response to global
starburst structure beyond a preference for its constituent radial
elements. Future neuroimaging and behavioural investigations
in which polar Glass patterns are centred away from fixation,
and thus more balanced in their meridian-relative orientation
composition, may clarify this relationship.

We observed a preference for tangential meridian-relative
orientations defined within polar Glass patterns in the fMRI
BOLD response as early as V1. While this is consistent with
previous fMRI reports of early cortical modulation by global
shape (Altmann et al., 2003; Ban et al., 2006; Kourtzi et al.,
2003), it is inconsistent with electrophysiological recordings
from macaque V2 that show comparable responses to transla-
tional, starburst, and circular Glass patterns (Smith et al., 2007).
We speculate that this inconsistency may be due to the influ-
ence of anaesthesia on the macaque neural responses, as noted
by Smith et al. (2007), or may reflect the imperfect correlation
between the fMRI BOLD response and spiking activity (Logo-
thetis, 2008). In particular, the BOLD response is especially
sensitive to feedback signals (Logothetis and Wandell, 2004),
which suggests that the observed modulation in early visual cor-
tex may reflect the influences of higher visual areas (Ban et al.,
2006).

Visual area hV4 has been accorded a primary role in the
perception of spatial form, and is a likely source of modulatory
feedback to earlier visual areas. Macaque V4 possesses neu-
rons selective for extended contours such as starbursts, spirals,
and concentric circles (David et al., 2006; Gallant et al., 1996),

and hV4 shows enhanced fMRI responses to starburst and cir-
cular gratings (Wilkinson et al., 2000) and to circular structure
beyond mid-level curvature (Dumoulin and Hess, 2007). Com-
putational models of Glass pattern perception have identified
hV4 as displaying global shape selectivity by pooling local ori-
entation signals extracted by earlier visual areas (Wilson et al.,
1997; Wilson and Wilkinson, 1998), and the perception of star-
burst and concentric structure in Glass patterns has been shown
to be impaired in a patient with a lesion in the vicinity of hV4
(Gallant et al., 2000). Furthermore, the finding in the current
study that the dorsal area V3A/B does not show enhanced sen-
sitivity for tangential meridian-relative orientations in the con-
text of polar Glass patterns is consistent with the identification
of hV4 and the ventral stream as the pathway mediating shape
perception.
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