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A B S T R A C T

The temporal monocular crescent (TMC) is the most peripheral portion of the visual field whose perception relies
solely on input from the ipsilateral eye. According to a handful of post-mortem histological studies in humans and
non-human primates, the TMC is represented visuotopically within the most anterior portion of the primary visual
cortical area (V1). However, functional evidence of the TMC visuotopic representation in human visual cortex is
rare, mostly due to the small size of the TMC representation (~6% of V1) and due to the technical challenges of
stimulating the most peripheral portion of the visual field inside the MRI scanner. In this study, by taking
advantage of custom-built MRI-compatible visual stimulation goggles with curved displays, we successfully
stimulated the TMC region of the visual field in eight human subjects, half of them right-eye dominant, inside a 3
T MRI scanner. This enabled us to localize the representation of TMC, along with the blind spot representation
(another visuotopic landmark in V1), in all volunteers, which match the expected spatial pattern based on prior
anatomical studies. In all hemispheres, the TMC visuotopic representation was localized along the peripheral
border of V1, within the most anterior portion of the calcarine sulcus, without any apparent extension into the
second visual area (V2). We further demonstrate the reliability of this localization within/across experimental
sessions, and consistency in the spatial location of TMC across individuals after accounting for inter-subject
structural differences.
1. Introduction

In humans, the visual field subtends approximately 200� of visual
angle laterally along the horizontal meridian (�100� horizontal eccen-
tricity). However, functional MRI (fMRI) studies typically focus on neural
mechanisms underlying responses to stimuli presented within the central
(<10�) of the visual field. This is in part due to greater interest in central
vision, perhaps due to the higher spatial encoding precision in central
compared to peripheral vision, but also because of technical challenges
faced with delivering stimuli to the visual field periphery during the fMRI
experiment, which are especially difficult to overcome when using
modern, conventional receive coil arrays. For these reasons, neural
mechanisms underlying stimulus encoding within more peripheral visual
fields have remained understudied (Pitzalis et al., 2006; Stenbacka and
Vanni, 2007; Wu et al., 2012).

Stimulus encoding in the peripheral visual fields is coarser compared
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to the central visual field (Wilson, 1990; Duncan and Boynton, 2003).
This is mainly due to the larger receptive fields of neurons within the
cortical representation of these regions compared to those representing
the central visual field (Daniel and Whitteridge, 1961; Gattass et al.,
1987; Smith et al., 2001; Dumoulin and Wandell, 2008). However, in-
formation received from peripheral visual fields improves visual object
processing (Pollatsek et al., 1990; Henderson and Anes, 1994), influences
the direction of eye movement during visual search (Rosenholtz et al.,
2012) and is crucial in navigation (Barton et al., 2014). The peripheral
visual field (defined as>10� eccentricity) can be divided into two regions
based on whether it can be seen by one or both eyes. One region extends
to approximately 60� of the visual field and is seen binocularly, with
exception of the blind spot (Young, 1801). The other region, known as
the temporal monocular crescent (TMC), extends from approximately
60�–100� eccentricity to the temporal border of the far-peripheral visual
field and is seen monocularly only by the ipsilateral eye.
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Although the TMC representation within the cortical topographic
map of the visual field (i.e., the visuotopic map) has been localized his-
tologically in human primary visual cortex (V1) (Adams et al., 2007), to
our knowledge, in vivo functional evidence of the visuotopic represen-
tation of this region within the human visual cortex is limited to one early
study by Toosy et al. in which authors reported greater contralateral fMRI
responses to monocular visual stimulation within the “presumed striate
cortex” (Toosy et al., 2001). However, the exact location and spatial
pattern of this activity relative to the borders of primary visual cortex, its
potential extension into the adjacent secondary visual area, and consis-
tency of the exact location of this small region across individuals remains
unknown.

This lack of knowledge about the TMC representation within the
human visual cortex is mainly due to: (i) technical difficulties in stimu-
lation of this far peripheral region of the visual field using the conven-
tional methods of stimulus presentation in the bore of an MRI scanner
(Greco et al., 2016), (ii) the requirement to measure the 2D layout of the
TMC representation along the cortex, within individual subjects, and (iii)
the requirement of relatively high spatial resolution in order to verify
that the geometry of the TMC representation matches with the spatial
pattern known from prior anatomical studies. Specifically, according to
histological studies in humans (Horton et al., 1990; Adams et al., 2007)
and non-human primates (Horton and Hocking, 1996), the TMC is rep-
resented visuotopically by neurons within the most anterior portion of
V1. Consistent with the well-known cortical magnification factor (Daniel
andWhitteridge, 1961; Van Essen et al., 1984; Engel et al., 1997; Slotnick
et al., 2001; Polimeni et al., 2006; Wandell et al., 2007), it has been
shown that this large portion of the visual field is represented in humans
by only ~6% of the total area of V1 (i.e., on average ~160 mm2) (Horton
et al., 1990; Adams et al., 2007). Mapping such a small brain region
reliably relative to the borders of striate visual cortex requires a
high-resolution neuroimaging technique with sufficient sensitivity to
detect this representation in individual subjects (i.e., without requiring
group averaging) in combination with accurate striate cortex
localization.

To overcome these technical difficulties, in this study, we have used
custom-built MRI-compatible goggles capable of independently stimu-
lating each eye to localize the visuotopic representation of the TMC in
humans in vivo. The curved displays within these goggles have enabled us
to stimulate the entire visual field during the fMRI acquisition. In com-
bination with high-resolution neuroimaging techniques and precise
mapping of striate cortex borders (Hinds et al., 2008), this method of
visual stimulation enabled us to localize the TMC representation in all
tested individuals (n ¼ 8) within the most anterior portion of V1. Besides
the TMC, we have also localized the visuotopic representation of the
blind spot (i.e., the gap in the perceived visual field caused by the optic
disc of the retina), which is smaller in area compared to the TMC rep-
resentation (Horton et al., 1990; Adams et al., 2007) and is expected to be
approximately 17.5 mm2 based on extrapolating the measurements of its
size from measurement in macaque monkeys (Horton and Hocking,
1996) assuming a 175% scaling of the area of V1 between macaques and
humans (Tootell and Taylor, 1995). The blind spot representation simi-
larly receives purely monocular input and is located outside of the region
of the visual field stimulated using conventional stimuli (Tootell et al.,
1998; Awater et al., 2005).

2. Methods

2.1. Participants

Eight human volunteers (4 female), aged 24–41 years old, partici-
pated in this study. Among them, four subjects (two female) were right-
eye dominant and the others were left-eye dominant, as assessed by hole-
in-card test (i.e., the Dolman method) (Rice et al., 2008; Li et al., 2010).
All subjects had normal or corrected-to-normal vision and no history of
neurological or psychiatric illness. All procedures were in compliance
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with the guidelines of the Institutional Review Board of the Massachu-
setts General Hospital. Procedures were fully explained to all subjects,
and informed written consent was obtained before scanning in accor-
dance with the Declaration of Helsinki.

2.2. Visual stimulus apparatus

To stimulate the entire visual field, including the far (>60�) periphery
necessary to localize the representation of the TMC, we used custom-built
MRI-compatible goggles (Fig. 1A). The goggles were approximately 190
mm wide in the left-right direction and 50 mm at their maximum extent
in the head-foot direction. Non-magnetic, MRI-compatible white light-
emitting diodes (LEDs) were mounted on two low-profile, flexible prin-
ted circuit boards, one for each eye, that were in turn fixed to a curved
plastic frame (similar to what is used for conventional safety glasses).
Foam padding was added to the frame to ensure subject comfort when
the goggles were placed against the face and to block light coming from
either the LEDs of the opposite eye or external light sources. The radial
build of the goggles was minimized (<15 mm) to ensure that they would
fit between the subject’s face and the inside of the helmet-shaped RF
receive coil array housing. A white translucent plastic layer was used to
insulate the LEDs and to diffuse the light into a nearly uniform illumi-
nation pattern across the entire visual field. Circuit board designs and
parts lists for building the goggles are available upon request.

Current was supplied to the LEDs using a power transistor connected
to a 24-V power supply. A microcontroller (Arduino Uno Rev3, Arduino,
Somerville, MA, USA) was used to gate the transistor to drive the LEDs
using short pulses of current. The duty cycle and width of these pulses in
turn determined the stimulus intensity. The microcontroller initiated the
visual stimulus paradigm, specified as an operator-supplied text file,
upon receiving a trigger pulse from the MRI scanner at the beginning of
the fMRI time-series acquisition. To ensure safety inside the MRI scan-
ner’s transmit RF coil, inductive chokes were used both on the LED circuit
board and at intervals of 20 cm along the cable used to supply power to
the goggles (~λ/10 at the 3T Larmor frequency of 123.25 MHz). To test
for potential heating of the goggle device caused by eddy currents or RF
power absorption, the goggles were safety checked by running the
scanner gradient coils and the RF transmit coil at a high duty cycle, and
the goggles and cabling surface temperatures were measured before and
after the test. In addition, to check for interactions with the scanner RF
transmit coil, the pre-scan transmit adjust reference voltage was recorded
for three configurations using a standard water phantom: (1) without the
goggles present in the bore, (2) with the goggles added to the bore, then
(3) with the goggle LEDs powered in the bore. The transmit adjust
voltage differed by less than �20% over the three conditions— which is
similar to the expected scan-rescan precision of this adjustment mea-
surement — and was assumed safe according to the safety test protocol.

After passing the safety tests, in one subject, to test for potential image
artifacts caused by the goggles, wemeasured the impact of the goggles on
the magnetic field or B0 homogeneity by acquiring an axial set of B0 field
maps in the same three configurations listed above. Fig. 1B shows the
magnitude images corresponding to the B0 field map acquisitions, which
depict the anatomical locations of the maps, and Fig. 1C–E shows,
respectively, the B0 field map itself measured in the subject (1) without
wearing the goggles, (2) while wearing the goggles, then (3) while
wearing the goggles during stimulation by the LEDs. As demonstrated,
we did not find any apparent changes in the B0 field map between these
three configurations, indicating that the goggles did not introduce
magnetic field inhomogeneity. Therefore we do not expect any geometric
distortion of the fMRI data caused by the goggle materials, electronics, or
electrical currents when the LEDs are powered.

2.3. Visual stimuli and paradigm

Using these goggles, we stimulated each eye separately (i.e., we used
monocular stimulation only) by flashing the white-light LEDs (90 cd/m2)



Fig. 1. The impact of the goggles on the magnetic
field distribution assessed with conventional B0 field
maps acquired both with the goggles present but
powered off and during LED flashing. Panel A consists
of photographs of the goggles placed on a phantom
(used for safety testing (see Methods)), shown from
above and from the side, and on a volunteer within the
RF head coil array housing. The goggle curved lenses
enabled us to stimulate the whole visual field even
within the MRI scanner. Panel B shows the anatomical
locations of the B0 field maps in 6 different axial slices
(top-bottom: superior-inferior). To test whether the
goggle apparatus could introduce B0 inhomogeneity
that would cause geometric distortion in our EPI data,
we measured a conventional B0 field map in one
subject in three conditions: without the goggles, with
the goggles positioned on the subject but without
power, and with the goggles positioned on the subject
with LED flashing similar to that used during our vi-
sual stimulation. The resulting B0 field maps are pre-
sented in panels C–E respectively. Panels F and G
directly show the difference in the B0 fieldmap caused
by goggle presence (without power and powered,
respectively) relative to the B0 fieldmaps acquired
after the goggle apparatus was completely removed
from the scanner. As demonstrated in these figures, we
did not detect any apparent change in the B0 field
across these conditions, suggesting that our stimulus
apparatus did not induce any geometric distortion in
regions of interest (i.e., visual cortex in general and
calcarine sulcus in particular).
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flickering at a frequency of 8 Hz. The stimulated eye was alternated with
a block-design paradigm (24 s per block). During the scans, subjects were
asked to keep their eyes open throughout the stimulation and to blink
normally.

In a separate experimental session, we mapped the cortical visuotopic
representations of 1�, 4�, 7�, 10�, 13� and 16� visual field eccentricities
using ring-shaped stimuli filled with conventional flashing (2 Hz)
radially-scaled checkerboard patterns (Fig. 2A and B). The eccentricity
mapping enabled us to confirm the visual field location of blind spot
representation, which is expected to be around 12–15� (Adams et al.,
2007). During this test, subjects were instructed to focus on a disc-shaped
fixation target, presented at the left-most or right-most edge of the screen
3

to allow for the stimulation of eccentricities out to 16�, and report its
color change (from red to blue and vice versa) by pressing a key on an
MR-compatible key pad. The location of the fixation target remained
unchanged during a given run but changed randomly between runs, and
subjects were informed about its whereabouts in advance prior to each
scan.

In the same experimental session, we also mapped the cortical
visuotopic representation of the horizontal and vertical meridians
(Fig. 2C). During this test, subjects were instructed to carefully fixate a
centrally-presented disc-shaped fixation target and to report its color
change (from red to blue and vice versa) by pressing a key on a MR-
compatible key pad. This test enabled us to define the borders of V1
Fig. 2. Visual stimuli used for retinotopy mapping.
Panels A and B show the stimuli used for stimulating
visual cortex across 1�, 4�, 7�, 10�, 13�, 16�, 19�, 22�,
25� and 28� eccentricities within the left and right
visual fields, respectively. Notably, the most periph-
eral ring could only be presented partially due to the
limited size of screen. During the eccentricity map-
ping, subjects were asked to fixate a fixation target
presented either on the right (Panel A) or the left
(Panel B) side of screen to expand the stimulated re-
gion of their visual field laterally. Panel C shows the
masked checkerboard stimuli used to define V1 bor-
ders functionally. By contrasting the response evoked
by stimulation of horizontal vs. vertical meridians,
while subjects fixated at a centrally presented fixation
spot, borders of the primary visual area were defined
within the central portion of V1 (eccentricity <10�).
These borders were further compared (Fig. 3) relative
to their localization based on structural landmarks
(Hinds et al., 2008).
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functionally, and to compare this functional localization relative to the
prediction of the V1 boundaries based on structural landmarks derived
from the cortical folding pattern reconstructed from each subject’s
anatomical data (Hinds et al., 2008).

2.4. Imaging

MRI data were collected with a 3T TimTrio whole-body human MRI
scanner (Siemens Heathineers, Erlangen, Germany), with the standard
vendor-supplied 32-channel head coil array. FMRI data were acquired
using standard 2D gradient-echo BOLD-weighted EPI (TR ¼ 3000 ms, TE
¼ 32 ms, flip angle ¼ 90�, in-plane acceleration factor R ¼ 3, nominal
echo spacing ¼ 0.9 ms, no partial Fourier, voxel size ¼ 1.2 � 1.2 � 1.2
mm3, 41 slices, and FOV ¼ 192 � 192 � 49.2 mm3). The slices were
positioned in an oblique-axial orientation centered on and parallel to the
long axis of the calcarine sulcus, such that V1 and a portion of V2 was
included in the fMRI acquisition. Each subject participated in 10 runs (12
blocks per run, 24 s per block, with each block starting and ending with a
12-s period of no stimulation). To test the reproducibility of our findings,
the right-eye-dominant subjects (n ¼ 4) participated in an extra session
(on a separate day) during which we repeated the experiment with
identical acquisition and stimulation parameters.

For all subjects we also collected anatomical reference data using a
standard 3D T1-weighted multi-echo MPRAGE pulse sequence with
protocol parameter values: TR ¼ 2530 ms, four echoes with TE1 ¼ 1.64
ms, TE2¼ 3.5 ms, TE3¼ 5.36 ms, TE4¼ 7.22 ms, TI¼ 1200ms, flip angle
¼ 7�, echo spacing ¼ 10.3 ms, acceleration factor¼ 2, no partial Fourier,
bandwidth ¼ 651 Hz/pix, voxel size ¼ 1.0 � 1.0 � 1.0 mm3, FOV ¼ 256
� 256 � 176 mm3.

2.5. Data analysis

Functional and anatomical MRI data were pre-processed and
analyzed using FreeSurfer and FS-FAST (version 6.0; http://surfer.nmr.
mgh.harvard.edu) (Fischl, 2012). For each subject, cortical surfaces
were reconstructed based on the T1-weighted anatomical data after
which both inflated and flattened representations were generated (Dale
et al., 1999; Fischl et al., 1999, 2002). The complete border of V1,
including the V1/V2 border, was defined anatomically using a
surface-based atlas derived from microanatomical features (Hinds et al.,
2008), and was generated automatically in FreeSurfer as part of the
automatic cortical surface reconstruction and anatomical parcellation.

All functional images were rigidly aligned (6 DOF) to the subject’s
own anatomical reference scan using rigid Boundary-Based Registration
(Greve and Fischl, 2009) and then corrected for motion. The
motion-corrected functional data were then projected onto the cortical
surface representation (corresponding to the mid-cortical depth) and
spatially smoothed (2D Gaussian filtered with a 1.5 mm FWHM). A
standard hemodynamic response model based on a gamma function was
convolved with the stimulus timing to generate a task regressor for the
fMRI signal which was used in a standard univariate General Linear
Model framework to estimate the amplitude of the BOLD response in
each voxel. For each individual subject, the average BOLD response maps
were calculated for each condition (Friston et al., 1999). Finally,
voxel-wise statistical tests were conducted and the resultant significance
maps were projected into the subject’s anatomical volumes and onto the
corresponding reconstructed cortical surfaces.

Group-averaging was performed after resampling the activity maps
onto a common surface-based brain template, fsaverage (Fischl, 2012). To
test the consistency of the TMC representation location across in-
dividuals, group-averaged maps were generated using a random-effects
model and corrected for multiple comparisons. A similar test was also
applied to the blind spot representation to assess its localization consis-
tency in the cortical hemisphere contralateral to the dominant eye for
left- and right-eye-dominant subjects separately. Notably, activation
within the blind spot representation in the ipsilateral hemisphere is
4

expected to be weaker due to the lower response to stimulation of the
non-dominant compared to dominant eye (Rombouts et al., 1996).
However, due to the smaller number of subjects in the blind spot rep-
resentation localization test compared to the TMC representation local-
ization test mentioned above (i.e., n ¼ 4 rather than n ¼ 8),
group-averaged activity maps were generated for the blind spot repre-
sentation localization based on a fixed-effects model rather than a
random-effects model (Fig. 5B). Due to the small size of the blind spot
representation, correction for multiple comparisons was omitted.

2.6. Region of interest (ROI) analysis

To examine the activity within the TMC representation (i.e., our re-
gion of interest) across individual subjects, we used the results of group-
averaged activity maps generated based on the random-effects analysis.
In these activity maps we localized the TMC representations bilaterally,
and defined the ROI based on the statistical map thresholded at p< 10�2.
The TMC representation ROIs were then transformed from the surface-
based template (fsaverage) back into native space (i.e., each subject’s
own cortical surface reconstructed).

2.7. Data availability

Data are available on request from the authors.

3. Results

Histological studies in humans have shown that the visuotopic rep-
resentation of the TMC is located within the most anterior portion of V1
and that in this region neurons respond only to stimulation of the
contralateral eye (Adams et al., 2007). Here, we tested the activity
evoked by left-vs. right-eye stimulation to test whether we could detect
the TMC representation as a response preference for contralateral
compared to ipsilateral eye stimulation in the anterior portion of V1.
Fig. 3A and B shows the mapping of activity evoked by this contrast in
one right-eye-dominant and one left-eye-dominant subject, respectively.
As demonstrated in these data, we found a significantly (p < 0.05)
stronger response to stimulation of contralateral compared to ipsilateral
eye stimulation in the expected location of the TMC representation
within the most anterior portion of V1. Interestingly this contralateral
preference remained mostly within the borders of V1, as estimated
structurally based on the cortical folding pattern (see Methods) (Hinds
et al., 2008), with limited extension into neighboring V2 or the
prostriata.

To further confirm our ability to detect monocular responses within
V1, we tested whether we could localize the blind spot representation
posterior to the TMC representation (Adams et al., 2007). Using more
spatially-confined visual stimulation configurations, previous neuro-
imaging studies have successfully localized the blind spot representation
in human subjects in vivo (Tootell et al., 1998; Tong and Engel, 2001;
Awater et al., 2005). In these studies, the blind spot representation was
localized close to the cortical representation of 15� eccentricity and
roughly along (although slightly inferior to) the horizontal meridian
representation. In agreement with these previous studies, we detected a
region of monocular activation consistent with the location of the blind
spot representation in all hemispheres contralateral to the dominant eye
as an activity patch with higher response to ipsilateral compared to
contralateral eye stimulation. This representation was located posteriorly
relative to the TMC representation and near to albeit somewhat anterior
to the cortical representation of 13� eccentricity (Fig. 3). In the ipsilateral
hemispheres (relative to the dominant eye), we were only able to localize
the blind spot representation in 50% of individuals (two of which were
right-eye dominant), likely due to the lower or weaker evoked response
to stimulation of the non-dominant eye (Rombouts et al., 1996).

We further tested the reliability of these V1 activity maps in two
different ways. First, for all subjects, we measured the percent BOLD
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Fig. 3. Activity maps evoked by contrasting the
response to stimulation of left vs. right eyes in two
individual subjects. Panels A and B demonstrate the
activity maps in a right-eye- and a left-eye-dominant
individual, respectively. In each panel, the top and
bottom rows show the activity maps collected within
the left and right cortical hemispheres, respectively.
For each subject, visuotopic representation of hori-
zontal and vertical meridians were localized using
independent sets of stimuli (see Methods) and overlaid
in the reconstructed cortical surfaces shown in the left
columns (black dotted lines). In the central visual field
representations, these maps overlap with V1 borders
estimated from the geometry of the folding pattern
(white dotted lines (Hinds et al., 2008);). Represen-
tations of different eccentricities are demonstrated in
the middle column (black dashed lines). Due to the
known cortical magnification factor (Daniel and
Whitteridge, 1961; Van Essen et al., 1984; Engel et al.,
1997; Slotnick et al., 2001; Polimeni et al., 2006;
Wandell et al., 2007), the extent of the cortex repre-
senting the ring patterns is expected to get smaller
with increasing eccentricity, and therefore at this
spatial resolution we could not resolve the cortical
representation of eccentricities beyond 16�. The right
column shows the location of TMC and blind spot
representations, indicated by black arrows, relative to
the borders of V1, defined both from anatomical esti-
mates (white dotted lines) and from functional data
derived from eccentricity mapping data (black dashed
lines).
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signal change for each vertex of the cortical surface reconstruction within
V1, evoked by contrasting the response to right-vs. left-eye stimulation,
and quantified this measure of activation amplitude independently for
one half of the runs acquired in one experimental session, i.e., within all
odd-numbered runs and also within all even-numbered runs. We then
quantified the reproducibility of these contrast amplitudes by computing
the Pearson test of correlation between responses evoked across odd-
numbered and even-numbered runs in each subject and found a signifi-
cant (r > 0.57, p < 0.01) correlation (Fig. 4A), indicating a high level of
reproducibility across runs. Second, for right-eye-dominant subjects (n ¼
4), we measured the BOLD responses collected across two separate
experimental sessions with more than a day gap between them (see
Methods). Here again, quantification of the Pearson test of correlation
showed a significant (r > 0.65, p< 0.01) reproducibility of the measured
activations between activity evoked across the two scan sessions
(Fig. 4B). Since it could be argued that the potential correlation within/
between sessions is complicated by non-independence of activity in
adjacent vertices due, for example, to spatial smoothness in the data, we
also applied a stricter test based on non-parametric resampling statistics:
for each within- or between-session correlation test, instead of testing all
V1 vertices, we randomly selected 10% of the vertices within V1 and
measured the level of correlation between their activities either across
5

odd-numbered and even-numbered runs (in all subjects) for the within-
session test or across the two sessions (of the right-eye-dominant sub-
jects) for the across-session test. These correlation coefficients were
compared relative to the chance level, defined as the level of correlation
after randomly misaligning (i.e., spatially ‘shuffling’) the V1 vertices. We
repeated this test 10,000 times for each subject. In all subjects, we found
the probability of finding a correlation coefficient that was less than the
correlation coefficient of randomly misaligned vertices (i.e., the null
hypothesis) was less than 0.01. These results support the reliability/
reproducibility of these activity maps both within and between scan
sessions.

We then tested the consistency of the TMC representation localization
between individual subjects. To reduce the impact of ‘structural’ differ-
ences across subjects, we re-mapped each subject’s activation pattern
from their native space into the fsaverage surface-based atlas space as a
common template of the cerebral cortical surface (Fischl, 2012).
Group-averaged (n ¼ 8) activity maps were generated through a
random-effects model (see Methods) and the resultant maps were cor-
rected for multiple comparisons. As demonstrated in Fig. 5A, in both
hemispheres a preference for contralateral eye stimulation was apparent
within the most anterior portion of V1. Consistent with the maps
observed in individual subjects (Fig. 3), we only found a comparably



Fig. 4. Quantification of the consistency of activation within and across scan sessions. Panel A shows fMRI activity in response to ‘left – right’ contrast, with each point
in the scatter plot representing activation from a single V1 vertex from the left (cyan) and right (yellow) cortical hemispheres, across odd-numbered and even-
numbered runs. Each graph shows data from one individual subject. In all individuals (n ¼ 8) we found a significant correlation between activity evoked across
odd-numbered and even-numbered runs (p < 0.01). Panel B the same analysis was performed for activation consistency across rather than within sessions, based on
the results from right-eye-dominant individuals (n ¼ 4) who were scanned twice in two separate days. Again we found a significant correlation between the level of
activity evoked within V1 vertices across the two scan session (p < 0.01).
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limited extension of the TMC representation into the adjacent visual
areas (i.e., V2) (see Discussion). These results demonstrate a consistency
in the location of the putative TMC representation across subjects.

We further tested the consistency of the blind spot representation
localization in contralateral hemispheres relative to the dominant eye.
Fig. 5B shows group-averaged activity maps (n ¼ 4), evoked by con-
trasting the response to left-eye vs. right-eye stimulation, within the left
and right hemispheres of right- and left-eye-dominant individuals,
respectively. Interestingly, despite the small size of the blind spot rep-
resentation, we were still able to detect this region bilaterally in the
expected visuotopic location based on the individual subject maps
(Fig. 5C). For this consistency test, activity maps from individual subjects
were transferred again from native space into fsaverage space to reduce
the impact of structural differences across subjects on the location of the
blind spot representation. This result demonstrates the consistency of the
blind spot representation in our small group of subjects, when between-
subject structural differences were addressed properly through the use of
surface-based spatial normalization.

Finally, we checked the consistency of the TMC representation
localization between activity maps in group-average vs. individual-
subject levels. In this test, we defined a region of interest (ROI) based
on the TMC representation derived from the group-averaged activity
maps and then measured the activity levels within this ROI projected
back into each individual subject’s native space (i.e., after transforming
6

the ROI from fsaverage space into each subject’s surface reconstruction in
native space). Fig. 6 shows the measured activity, evoked by contrasting
the response to stimulation of the left vs. right eye, for each individual
subject. Application of a two-factor repeated-measures ANOVA—stimu-
lated-eye (ipsilateral vs. contralateral) and hemisphere (left vs. right)—to
the measured activity showed a significantly stronger response to stim-
ulation of contra-compared to ipsilateral eye stimulation (F (1, 6) ¼
68.85, p < 10�3) and no significant effect of hemisphere (F (1, 6) ¼ 1.96,
p ¼ 0.21) and/or a significant interaction between the two effects (F (1,
6) ¼ 2.64, p ¼ 0.16). This result support the consistency of the locali-
zation of the TMC representation across subjects, despite its relatively
small size (Horton et al., 1990; Adams et al., 2007).

4. Discussion

In this study, we have presented in vivo functional evidence for the
cortical visuotopic representation of the TMC, a portion of the visual field
seen monocularly only by the contralateral eye. According to our find-
ings, the TMC representation was localized in multiple individual sub-
jects (n ¼ 8) and in group-averaged activation maps in the most anterior
portion of area V1 centered on the calcarine sulcus, consistent with
previous studies in which the TMC representation was localized histo-
logically (Horton et al., 1990; Adams et al., 2007). This was enabled by
our use of MRI-compatible goggles that are capable of both delivering



Fig. 5. Group-averaged activity maps generated by
contrasting the response to stimulation of left vs. right
eyes, overlaid on a common surface-based template.
Panel A shows the activity maps generated based on a
random-effects model (n ¼ 8) after correction for
multiple-comparisons. In both hemispheres, the TMC
representations are localized significantly (p < 0.05)
and at the opposite end of V1 relative to the central-
field representation (indicated by asterisks), as ex-
pected from histological studies (Adams et al., 2007).
Panel B shows the activity maps, generated based on a
fixed-effects model (n ¼ 4), within the hemispheres
opposite to the dominant eye (i.e., right and left
hemispheres in left- and right-eye-dominant in-
dividuals respectively). Location of the blind spot
representation is indicated by a black arrow. In this
panel, group-level maps were not corrected for mul-
tiple comparisons to avoid the elimination of the blind
spot patch due to its small size and the small number
of subjects. Panel C shows the location of the blind
spot representation in individual subjects, each indi-
cated with a different color marker; for reference, the
location of the blind spot representation derived from
the group-averaged activity maps is indicated by the
black arrow as shown in Panel B. The consistency in
the location of the blind spot representation is
apparent across individuals when all activity maps are
overlaid on a common surface-based brain template to
account for structural variability of the cortex across
subjects. In all maps, the estimated V1 border and the
central-field representations are indicated by black
dotted lines and asterisks, respectively.
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monocular stimuli to each eye independently and stimulating the most
far-peripheral portion of the visual field which is typically inaccessible
when using conventional stimulus delivery approaches.
4.1. Anomalies in the spatial pattern of ocular dominance columns

Ocular dominance columns are considered a key feature of the
functional architecture of the primary visual cortical area, V1. Columns
with opposite ocular preference are typically organized within parallel
‘stripes’ distributed across V1. Histological studies have shown twomajor
anomalies in the distribution of ocular dominance column stripes due to
the blind spot and TMC representations. Specifically, in each hemisphere,
the ipsilateral blind spot representation is apparent mainly due to the
absence of ocular dominance columns that respond to stimulation of
contralateral eye, resulting in a region consisting only of columns with an
ipsilateral eye dominance. The portion of V1 that represents TMC is
populated by those ocular dominance columns that respond to the
stimulation of the contralateral eye. In this regard, both the blind spot
and the TMC representations can be viewed as aggregations of several
ocular dominance columns that interrupt the overall stripe pattern laid
out along the cortical surface within V1.

Here we demonstrated consistency in the localization of these two
anomalies in the distribution of ocular dominance columns using an
analysis that accounted for inter-subject variability in the geometric
properties (e.g., folding pattern and size) of V1. In all tested subjects, the
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TMC representation was detected bilaterally in the most anterior portion
of V1, while the blind spot representation was localized adjacent to the
representation of the ring stimulus presented at 15� visual field eccen-
tricity, and along the horizontal meridian representation, in the contra-
lateral hemisphere relative to the dominant eye. These findings suggest
that these anomalies can be used as landmarks in studies of V1 during
wide-field stimulus presentation.
4.2. Neuroimaging studies of ocular dominance columns

Neuroimaging studies of ocular dominance columns can be divided
into two groups. The first group of studies aimed at revealing the ocular
dominance columns, organized in stripe-like patterns within V1 (Menon
et al., 1997; Cheng et al., 2001; Yacoub et al., 2007; Nasr et al., 2016).
These studies typically took advantage of small voxels (�1 mm in-plane
resolution) achievable with ultra-high field MRI scanners (4T and 7T)
(Yacoub et al., 2008). The second group aimed at revealing the blind spot
representation (Tootell et al., 1998; Awater et al., 2005) which is an
anomaly in the ocular dominance column stripe pattern. With regard to
the larger size of the blind spot representation (>5 mm) compared to the
size of individual ocular dominance column stripes (~1.5 mm
center-to-center), this second group of studies used larger voxel size (>2
mm) to increase the field view necessary to sufficiently cover V1 and to
improve the signal-to-noise ratio.

In the present study, similar to the second group of studies mentioned



Fig. 6. Temporal pattern of activity evoked within the TMC representation ROI, defined based on group-averaged activity maps, in response to left-eye vs. right-eye
stimulation in all eight individual subjects. Panels A and B show BOLD time courses, in units of percent signal change, in response to visual stimulation evoked within
the TMC representation ROI in the right- and the left-eye dominant individuals, respectively. In both groups of individuals, stimulation of the contralateral eye triggers
an activity increase in the TMC representation ROI. In all panels, baseline activation level during the period prior to stimulation is indicated by dashed lines.

S. Nasr et al. NeuroImage 209 (2020) 116516
above, we focused on revealing the anomalies in the spatial pattern of
ocular dominance column organization. By taking advantage of MRI-
compatible goggles, we increased the extent of the stimulated visual
field beyond what was achieved in these previous studies (typically <

40�(Tootell et al., 1998; Awater et al., 2005)). This technical innovation
enabled us to reveal the functional evidence for the TMC representation
that is consistent with its known spatial layout based on histological data,
and to clarify its location relative to the borders of V1. However, due to
the relatively larger voxel size (1.2 mm isotropic) and lower fMRI
detection sensitivity at 3T, compared to our previous studies conducted
at 7T (e.g. see (Nasr et al., 2016)), the stripe-like pattern of ocular
dominance columns was not apparent in our maps (Fig. 3). Because of the
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size and configuration of the RF receive coil array housings available at
3T and 7T, there was additional space available in our 3T scanner to
comfortably accommodate the goggles. However, this goggle design is
compatible with 7T MRI scanning as well (and has passed safety tests at
7T).

4.3. The TMC representation in V1 vs. V2

Our results, especially in group-averaged activity maps, suggest either
a comparably smaller TMC representation in the second visual area, V2.
At the first glance, this phenomenon may appear unexpected due to
typical repetition of visual field representations across visual areas



S. Nasr et al. NeuroImage 209 (2020) 116516
(Sereno et al., 1995; Engel et al., 1997). However, it is widely known that
neurons within higher tiers of the visual cortex have (on average) larger
receptive fields compared to neurons within the lower tiers (Smith et al.,
2001; Dumoulin and Wandell, 2008), and diminished ocular dominance
(Horton et al., 1990; Adams et al., 2007). Considering this phenomenon,
smaller TMC representation in V2 (compared to V1) is perhaps partly due
to a decrease in the number of V2 neurons that receive input ‘solely’ from
V1 neurons within the TMC representation. Although this finding does
not rule out the existence of an ocular dominance response in V2 in a
smaller scale compared to V1, it appears consistent with histological
studies showing no apparent cluster of neurons with detectable
eye-dominant responses within the anterior portion of V2 (Adams et al.,
2007).

This abrupt change in the representation of features of the visual field,
between V1 and V2, is not limited to the TMC representation. Rather,
histological and neuroimaging studies have shown that ocular domi-
nance columns in general, and the blind spot representation in particular,
are also not found beyond V1 (Tootell et al., 1998; Awater et al., 2005;
Adams et al., 2007).

4.4. Previous neuroimaging studies of peripheral vision

As mentioned above, Toosy and colleagues showed a stronger
response to contralateral (compared to ipsilateral) visual stimulation in
anterior portions of visual cortex following monocular stimulation.
However, the exact location of this response relative to the borders of V1,
the agreement of the spatial pattern of this representation with the
known pattern from anatomical studies (Adams et al., 2007), and also its
consistency across individuals remained mostly unknown (Toosy et al.,
2001). In addition to this prior study, multiple other previous fMRI
studies have also succeeded in stimulating the peripheral visual field. For
instance, Tootell et al. (1998) instructed their subjects to gaze at a
peripherally (rather than centrally) presented fixation target to extend
the lateral extension of the stimulated visual field to almost 20� (see also
(Nasr et al., 2011)). Although this method enabled them to successfully
localize the blind spot representation in their subjects, it limited the
stimulated visual field to only one hemifield (either left or right) at a
time.

Other studies have achieved larger extents of the stimulated visual
fields (up to �60�) by reducing the distance between the screen and the
subjects’ eyes and using curved screens and/or contact lenses (Cheng
et al., 1995; Pitzalis et al., 2006; Arnoldussen et al., 2011;Wu et al., 2012,
2013). Despite this improvement, these methods require a relatively
short distance between the projector and subject which may necessitate
specialized non-magnetic projector hardware. Notably, the stimulated
visual field achieved by this approach is still not sufficient to drive
activation within the TMC representation, which requires visual stimu-
lation up to 100� eccentricity. Consequently, previous visuotopic map-
ping studies based on this approach (e.g., see (Wu et al., 2012)) usually
failed to extend their mapping to the most anterior parts of the calcarine
sulcus in which the far visual representation is expected (Hinds et al.,
2008).

Another approach to enlarge the stimulated visual field relies on
using MRI-compatible goggles. MRI-compatible liquid crystal displays
(LCDs) and/or fiber optics have been used successfully in studies of
virtual reality and 3D perception (e.g. (Cornelissen et al., 1997; Hoffman
et al., 2003; Mraz et al., 2003; Henning et al., 2005; Huang and Sereno,
2008),). Although using these goggles can enlarge the stimulated visual
field compared to the conventional methods of stimulus presentation,
they cannot stimulate the visual field beyond 50� eccentricity (Stenbacka
and Vanni, 2007). This is mainly due to the flat (rather than curved)
screens implemented in these devices.

5. Conclusions

In this study we have used a custom stimulus delivery apparatus to
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stimulate the full visual field in each eye independently within the MRI
scanner, and used this to map the visuotopic representations of both the
blind spot and TMC regions of the visual field. These regions are chal-
lenging to image because (i) they are relatively small compared to the
size of voxels that is used in conventional fMRI studies in humans, (ii)
conventional visual stimulation is presented to both eyes simultaneously,
and (iii) visual stimulation usually extends to about 10�

–15� eccentricity.
We reliably detected eye-dominant responses within V1 that were
consistent with the expected location of both the blind spot and TMC
representations.
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