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Abstract

Background: Certain patterns can induce perceptual
illusions/distortions and visual discomfort in most people, headaches in
patients with migraine, and seizures in patients with photosensitive
epilepsy. Visual stimuli are common triggers for migraine attacks, and
patients with migraine show hyperexcitability of the visual cortex.
Precision ophthalmic tints (POTs) are claimed to reduce perceptual
distortions and visual discomfort and to prevent migraine headaches in
some patients. We report an fMRI visual cortical activation study
designed to investigate neurological mechanisms for the beneficial
effects of POTs in migraine. Methods: Eleven migraineurs and 11 age-
and sex-matched non-headache controls participated in the study
using non-stressful and stressful striped patterns viewed through gray,
POT, and control colored lenses. Results: For all lenses, controls and
migraineurs did not differ in their response to the non-stressful
patterns. When the migraineurs wore gray lenses or control colored
lenses, the stressful pattern resulted in activation that was greater
than in the controls. There was also an absence of the characteristic
low-pass spatial frequency (SF) tuning in extrastriate visual areas.
When POTs were worn, however, both cortical activation and SF tuning
were normalized. Both when observing the stressful pattern and under
more typical viewing conditions, the POTs reduced visual discomfort
more than either of the other two lenses. Conclusion: The
normalization of cortical activation and SF tuning in the migraineurs by
POTs suggests a neurological basis for the therapeutic effect of these

lenses in reducing visual cortical hyperactivation in migraine.

Keywords: Migraine, visual cortical hyperactivation, precision ophthalmic
tints, fMRI
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Introduction

Certain patterns, particularly gratings, are uncomfortable to look at and can
induce headaches and seizures. The contrast threshold necessary for
perception of a grating pattern varies with the size of the stripes on the
retina (i.e. spatial frequency, SF of the grating), and it is easiest to see the
stripes at low contrast when they have a SF of about 3 cycles per degree
(cpd) (1). At high contrast gratings with this SF are aversive to look at (2)
and they induce illusions of color, shape and motion, to which some
individuals, notably those with migraine, are more susceptible than others.
Migraineurs show an abnormally large visual cortical activation in response to
striped patterns measured with blood oxygenation level dependent (BOLD)
functional magnetic resonance imaging (fMRI), and this pattern-induced
visual cortical hyperactivation has been found to be associated with the
pattern-provoked visual distortions and discomfort (3). A hyperexcitability of
the visual cortex, evident in photosensitive epilepsy (4) and also postulated
in migraine (5), may be responsible not only for the seizures, but the
perceptual illusions/distortions and visual discomfort, and perhaps also

visually triggered migraine headaches.

Colored filters have been reported to improve reading in dyslexia and to
reduce perceptual distortions, discomfort and headaches from striped
patterns (6-8). The use of individually prescribed precision ophthalmic tints
(POTs) to treat perceptual distortion of text has recently become common in
many schools in Britain, and this color treatment has been reported to
increase reading speed by more than 25% in at least 5% of children in
mainstream education (9), provided the color is selected by the individual to
reduce the perceptual distortions. The chromaticity optimum for such
reduction reportedly varies from individual to individual, and departures from
this optimal chromaticity of 0.06 units in the uniform chromaticity scale
(UCS) diagram of the Commission Internationale de I'Eclairage (CIE) (10)
are reportedly sufficient to remove any advantage that the optimum color
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conveys (11). The mechanisms for these beneficial effects from colored filters

and POTs remain obscure, contributing to controversy surrounding their use.

We report a BOLD-fMRI study that, for the first time, sheds light on the
neurological basis for the beneficial effect of POTs. We investigate the effect
of POTs on visual cortical hyperactivation induced by a stressful striped

pattern in migraineurs.

Materials and methods

Inclusion & exclusion criteria for selection of participants: The
inclusion criteria for migraine patients were: (1) diagnosed as having
migraine with visual aura (MwA) or without aura (MwoA) according to the
criteria of the International Headache Society; (2) age between 16 and 65
years; (3) recurrence of episodic migraine attacks no more than 10 times per
month on average and no less than 12 times in the past year; and (4) no
migraine headache at least 3 days prior to the fMRI scan. The inclusion
criteria for non-headache control subjects were either no history of headache
or tension-type recurring headaches no more than 3 times per year and
controlled by using over-the-counter medication. The exclusion criteria for
both groups included: (1) frequent tension headaches (one per week or
more); (2) ill-defined head pain; (3) history of seizures; (4) prior head injury
or brain surgery; (5) other diagnosed neurological and/or psychiatric
disorders; (6) other diagnosed cardiovascular disorders; (7) other illness
(e.g., cancer, diabetes, and anemia); (8) implanted cardiac pacemakers or
other electronic or metallic devices; (9) women who are pregnant or
lactating; (10) neurological symptoms associated with migraine suggestive of
prolonged or severe neurological deficit (e.g., aura lasts longer than one
hour) or risk of stroke; and (11) subjects who use drugs that have a side
effect of visual disturbance and/or light sensitivity. The University
Institutional Review Board at Michigan State University approved the study,
and written informed consent forms were obtained from all participants prior

to the study.
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Visual test for prescribing precision ophthalmic tints (POTs) for
migraineurs & fMRI participants: Prior to the fMRI study each migraine
patient was assessed using the Intuitive Colorimeter (Cerium visual
Technologies, UK), an apparatus that illuminates text with colored light and
permits the separate manipulation of hue and saturation at constant
luminance. The apparatus was used to obtain an optimal hue and saturation
(chromaticity) of light that maximized visual comfort and reduced any
perceptual distortion (7, 12). The procedure involved: (1) a progressive
increase then decrease in saturation at each of 12 hues with hue angles (h,,)
approximately 30 degrees apart; (2) a comparison at optimal saturation of
any hues reported to be comfortable; and (3) successive adjustment of hue
and saturation to optimize the best of these settings. Finally, the text was
replaced with a stressful stripe pattern with a SF of ~3 cpd to confirm the

optimal setting.

After obtaining the optimal setting for a patient, a computer program was
used to prescribe a POT for the patient that would match the patient-selected
shade of color (chromaticity) under illumination with a correlated color
temperature of 4000K (12). Two additional lenses were chosen as control
lenses: both had a saturation similar to that of the prescribed POT. One was
gray (G), and another was colored (C) but differed in hue so that where
possible the chromaticities of the POT and C filters were separated by 0.07 in
the 1976 CIE UCS diagram (10). Based on the behavioral data, such chosen
C filters were unlikely to have beneficial effect (11). In addition, patients
were never permitted to see the combination of trial lenses that matched
their chosen setting and were often unaware of the chosen shade of color
because of adaptation. Then MRI-compatible tints were ordered and used in
the fMRI study.

Recruitment was directed mainly towards MwA patients. A total of 25

migraineurs (16 MwA and 9 MwoA) underwent assessment with the
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Colorimeter, and all patients except one identified an individually optimal
chromaticity of light. Of the 24 patients, three chose to not participate in the
MRI scan and a further four could not do so (three had metal implants and

one was pregnant). This left a total of 17 patients enrolled in the fMRI study.

Stimulus: Three black-and-white vertically striped patterns (square-wave
luminance profile) with a mean luminance of 121 cd/m? and a contrast of
98% were used; one with a low SF of 0.31 cpd (a non-stressful control
pattern that does not induce distortions and discomfort), one with a mid-
range SF of 2.5 cpd (a stressful pattern that maximally induces distortions
and discomfort), and one with a high SF of 7.9 cpd (Fig. 1). The stimuli
subtended a 10°x13° (heightxwidth) visual angle and had a fixation mark
inside a gray circle (diameter 0.5°) at the center of the visual field. The low
and high SF patterns were used as controls for examining the effect of POTs
on the cortical hyperactivation produced in the patients by the stressful

pattern.

Functional MRI protocols: Functional brain images covering the whole
occipital cortex were acquired on a GE 3.0 T clinical scanner using a gradient
echo Echo-Planar-Imaging pulse sequence (TE/TR = 45.3/2000 ms, flip angle
80°, FOV 22 cm, matrix 96x96, slice thickness 3.0 mm, number of slices
20). The three selected stimuli with SFs 0.31, 2.5, and 7.9 cpd were
presented via a 32-inch LCD monitor (Salvagione Design, Sausalito, CA)
placed at the back of the scanner. The stimulation presentation was
controlled by a PC equipped with E-Prime (Psychology Software Tools, Inc.,
Pittsburgh, PA) and synchronized with MRI acquisition. A 5-button MR-
compatible keypad was used to record participant responses. For the
participants who needed vision correction, MRI-compatible lenses were used.
The participants viewed the monitor through a mirror mounted on top of the
head coil. To hold the tinted lenses, a transparent plastic frame was placed
between the eyes and the mirror and mounted on the head coil, making it

convenient to switch the lenses between the scans with minimum

6

http://mc.manuscriptcentral.com/cephalalgia

Page 6 of 33



Page 7 of 33

©CoO~NOUTA,WNPE

Cephalalgia

interference with the participants. The stimulation sequence consisted of
twelve 10 s long stimulation blocks interleaved with twelve 24 s fixation
blocks, each SF presented four times in a pseudo-random order. Each
participant had three visual activation scans; the participant had G lenses for
the first scan and then had either POT or C lenses for the next two scans
(counter-balanced across the participants). For the two scans with colored
lenses, the participant was not informed which lenses (POT or C lenses) were
used for which scan. (The study was therefore single-masked.) Each paired
patient and control participant wore the lenses in the same order, and the
yoked control subject was tested with the same three lenses as the migraine
patient, having the chromaticities shown in Figure 2. Note that using the
same three lenses as the migraine patients enabled us to test whether the
POTs produced similar effects on cortical activation in the control subjects.
Each stimulation paradigm started with a blank screen lasting for 10 s and
the corresponding images were discarded, resulting in a total of 204 volume
images per anatomic location for each scan. During the scan, the fixation
mark at the center of the visual field randomly changed from square to cross
or vice versa at a mean rate of 3.6 s (a total of 114 fixation mark changes
occurred in each functional scan). The participant was instructed to respond
by pressing a button on the keypad when a change occurred, and the
response was recorded and instantly displayed to the investigator for
monitoring the participant’s attention during the whole scan. Both the
response time for each response and the total number of responses during

the whole scan were recorded for later analysis.

Visual discomfort rating test: After the fMRI session, the stressful pattern
was viewed out of doors in direct sunlight with each of the lenses and
without. The viewing conditions were therefore realistic and extreme, and
although luminance was uncontrolled, it was similar for all test conditions.
The degree of visual discomfort was self-scored using a 0 to 10 scale with 0
representing no visual discomfort and 10 representing severe visual

discomfort.
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Visual area delineation: Each participant had a retinotopic mapping
protocol for delineating visual areas (V1, V2, V3, V3A, and V4) using phase-
encoded polar and eccentricity coordinate stimuli (13). The stimuli consisted
of a 30° ray-shaped black-white checker wedge and a black-white checker
ring with an approximate ring width of 0.54° (14). The black and white
checkers alternated every 200 ms. The wedge started from the lower vertical
meridian in the visual field, rotated around the center, and completed one
full cycle every 24 s. It first rotated clockwise for 4 cycles, followed by a
black screen for 24 s, and then rotated counter-clockwise for 4 cycles. The
ring first dilated for 4 cycles, followed by a black screen for 24 s, and then
contracted for 4 cycles. It completed one cycle in 24 s, same as the wedge
rotation. To maintain fixation and attention, the color of fixation mark at the
center randomly changed among red, green, or blue at a rate of 2.5 s, and
the participant was instructed to respond to the three colors by pressing

three different buttons.

In addition, T1-weighted whole-brain MR images were also collected using a

3D IR-fspgr pulse sequence with a voxel resolution of 0.90x0.90x2.0 mm?.

Image Processing and Data Analysis: Image preprocessing of the
functional images was performed using AFNI (http://afni.nimh.nih.gov/afni),
including (1) slice-timing correction of the image acquisition time difference
from slice to slice; (2) motion correction of the images for alignment volume
by volume; (3) normalization of a signal intensity time course by dividing it
with its mean signal intensity value voxel-by-voxel for each scan; and (4)
temporal drift correction to remove slow linear and parabolic baseline shift in
the signal intensity time course voxel by voxel. After the preprocessing steps,
further image analysis was carried out using in-house developed Matlab-

based software algorithms.
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Retinotopic Mapping: The polar and eccentricity phases of the periodic
activation corresponding to the spatial location of the rotating wedge and the
dilating/contracting ring were obtained by discrete Fourier analysis of the
signal intensity time courses for the two stimuli, yielding the polar and
eccentricity retinotopic maps. These maps were visualized using SUMA
(http://afni.nimh.nih.gov/afni/suma) on the cortical surface that was
reconstructed from the T1-weighted high-resolution whole brain images
using FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/). The
borders of visual areas were manually drawn, based on phase reversals in
the polar map, and the visual areas (V1, V2, V3, V3A, and V4) were
identified for each hemisphere. Then, these visual areas on the cortical
surface were used for constructing the 3D volume masks corresponding to
the visual areas. For each surface node in a visual area, a 3 mm line segment
perpendicular outward to the surface of the white/gray matter boundary was
generated in the 3D image space and used to examine voxels for
constructing a 3D volume mask. For a given voxel, the intersections of the
voxel with all segments from the visual areas were first examined and then
the voxel was assigned to the visual area with the most segments intersected
by the voxel. Voxels not intersected with any segment were excluded from

the 3D volume masks.

Activation in Visual Areas: This study aimed to investigate the effect of the
POTs on the cortical activation induced by the stressful pattern in each of the
visual areas. For each stimulus pattern, functional images from the three
scans with the three different lenses were first sorted and then concatenated
to form a time course from all trials across the three lenses. The cross-
correlation coefficient (ccc) of the concatenated time course with a reference
response function was computed voxel-by-voxel. The reference response
function was obtained with the convolution of the stimulus presentation

pattern with a gamma density function f(¢)=t"exp(-t/r) with &=8.6,

7 =0.547, and ¢ in unit of second (15). Activated voxels were chosen with

the threshold level of ccc > 0.24 (estimated p<0.0006, uncorrected for
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multiple comparisons), yielding activated voxels unbiased to the three
lenses. For each visual area, a region of interest (ROI) was defined as those
activated voxels within the 3D volume mask of the visual area. For each lens
condition, signal intensity time courses for the trials with the same stimulus
pattern were first averaged, then averaged over the voxels within the ROI of
a visual area combining both the dorsal and ventral pathways in one
hemisphere, and further averaged over the same visual area for the left and
right hemispheres to yield a mean cortical area response curve for the
stimulus pattern. To improve accuracy, the baseline value for each response
curve was computed as the mean of the last four time point values of the
curve. The height of the response peak relative to the baseline was further
calculated as the mean value over the two time points with the maximum
values at the peak in the response curve. This height was used as the metric
for quantifying cortical area response to each stimulus pattern under

different lens conditions.

Normalization of Filter-Induced Activation Variations: A color change to a
stimulus redistributes the three cone excitations at the level of the retina and
consequently affects the visual cortical response to the stimulus. In addition,
there were small and unavoidable differences in transmission of the three
lenses that may have provoked variations in the cortical response over and
above those variations due to the differences in color. These color- and
transmission-induced cortical response variations vary from filter-to-filter.
For a given filter, however, they are expected to remain the same from
stimulus to stimulus. For the non-stressful control stimulus condition (SF
0.31 cpd) the three colored lenses were not expected to have any significant
differential effect on the cortical activation. Accordingly, for each lens, to
remove the color- and transmission-induced cortical response variations, the
height of the cortical area response curve to the control stimulus was used to
normalize the height of the corresponding cortical area response curve of
each of the other two stimuli by computing the ratio of the latter to the

former, respectively. Then the relative heights for the three lenses were
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compared to evaluate the effect of the POTs on visual cortical hyperactivation

produced by the stressful stimulus in the patients.

RESULTS

The chromaticities of POT and paired C lenses, and visual discomfort
test: Of the 17 migraine patients enrolled in the fMRI study, two could not
complete their MRI scans due to claustrophobia. Four patients’ fMRI data
were excluded from further analysis; one patient suffered bipolar disorder,
one patient’s frequency of migraine attacks was ~15 times per month and
had a migraine headache within 2 days prior to her fMRI session, one patient
had only one functional eye, and one failed to respond to fixation mark
changes as instructed during the fMRI scan. This resulted in a total of 11
patients satisfying all the criteria for the fMRI study (7 MwA and 4 MwOA,
aged from 29 to 49 years old with mean £ SD = 40.3 £ 6.3). Eleven age-
and sex-matched non-headache control subjects (aged from 30 to 49 years
old with mean £ SD = 39.3 £ 5.9) were also enrolled in the fMRI study. The

control subjects were not photophobic and satisfied the criteria above.

Figure 2(A) shows the color appearance of POT and C lenses expressed in
terms of the lens chromaticities, joined by separate lines for each of the 11
migraine patients included in the fMRI study. The mean and standard
deviation of photopic transmission are 25.6x5.7 (%) for the G lenses,
25.6%+5.2 (%) for the POT lenses, and 25.4x7.2 (%) for the C lenses,
respectively. Ten out of the 17 migraine patients who participated in the fMRI
session were able to take the visual discomfort rating after the fMRI session.
The group mean and standard deviation of visual discomfort were 8.0+2.1
without lenses, 5.6+2.0 with the G lenses, 4.7+1.8 with the C lenses, and
2.4x1.7 with the POT lenses, respectively (Fig. 2(B)). The G lenses
significantly reduced the degree of visual discomfort by 30% compared to
that without lenses (t-test, p=0.027). The C lenses also significantly reduced
the degree of visual discomfort by 41% but showed no difference compared
with the G lenses (p=0.253). The POT lenses, however, had the most
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significant reduction of 70% and this reduction was significant in comparison
to that of the C lenses (p=0.005).

All the eleven migraine patients who participated in the fMRI study reported
photophobia during their migraine attacks (Table 1). Ten of them indicated
that they were sensitive to light or certain visual patterns between
headaches. Nine of them reported that some of their migraine attacks were
triggered by visual stimuli. Stress was a triggering factor for eight patients.
The seven MwA patients reported that their migraine headaches were often
preceded by still or moving visual aura of scotoma or scintillating
spots/lines/colored lights. When viewing the stressful striped pattern all
patients reported illusions and distortions, and claimed that viewing the

pattern for some time would trigger a migraine attack.

Participants’ responses during the fMRI scans: The group mean and
standard deviation of response time and response rate for the control
subjects were 64549 (ms) and 94.3+2.8 (%) for the G lenses, 695+56
(ms) and 93.2+£2.7 (%) for the POTs, and 699+54 (ms) and 92.9+2.3 (%)
for the C lenses, respectively. The corresponding values for the migraine
patients were 67646 (ms) and 94.3+3.1 (%) for the G lenses, 658+54
(ms) and 90.5+6.4 (%) for the POTs, and 680+55 (ms) and 93.0+3.8 (%)
for the C lenses, respectively. These responses showed no statistical
difference between the control subjects and the migraine patients. They also
showed no statistical difference among the three lenses within each

participant group.

Cortical activation in response to the non-stressful control stimulus:
Left columns in Fig. 3(A) and (B) show the visual cortical area activation
curves resulting from the non-stressful control striped pattern with SF 0.31
cpd for the control subjects and the migraine patients, respectively. The right
columns compare the peak heights of these cortical area activation curves.

For both the control and patient groups, cortical activation in response to the
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control pattern showed no difference between the neutral gray lens, the
control colored lens, and the POT in V1, V2, V3, V3A, and V4, demonstrating
that these three types of lenses had no differential effect on the cortical
activation. These cortical activations also showed no difference between the

migraine patients and the control subjects.

Cortical activation in response to the stressful stimulus: The
normalized cortical area response curve to the stressful pattern with SF 2.5
cpd relative to that for the non-stressful control stimulus (0.31 cpd) was
plotted in each visual area for each lens (see Normalization of Filter-Induced
Activation Variations above). The left column in Fig. 4(A) shows the
normalized visual cortical area activation curves resulting from the stressful
pattern for the control subjects, and the right column compares the peak
heights of these cortical area activation curves. The cortical activation in any
visual area showed no differences between the neutral gray lens, the control
colored lens, and the POT. Furthermore, the POT showed no difference

compared to the colored lens.

The left column in Fig. 4(B) shows the normalized visual cortical area
activation curves resulting from the stressful pattern for the migraine
patients, and the right column compares the peak heights of these cortical
area activation curves. Comparing the three lenses, the peak heights of the
cortical activation were significantly different in visual areas V3 (F-test
(2,30), p=0.012) and V4 (p=0.014), but not significantly different in V1
(p=0.686), V2 (p=0.058), and V3A (p=0.062) (Fig. 4(B) right column).
Comparison between the gray lens and the control colored lens showed no
significant difference (t-test) in any of these visual areas; the p-values
ranged from 0.28 to 0.93. Accordingly, the mean value of the peak heights
for the gray and colored lenses was computed for each visual area to
represent the cortical activation in that visual area in response to the
stressful pattern, respectively. This cortical activation in the migraine

patients, however, was significantly suppressed by the POTs in the extra-
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striate visual areas: V2 (paired t-test, p<0.01), V3 (p<0.005), V3A
(p<0.01), and V4 (p<0.01), but not significantly suppressed in the primary
visual area V1 (p>0.28). Fig. 5 shows the POT-induced percentage reduction
to the cortical activation in each visual area. For the extra-striate areas from
V2 to V4, the POTs produced a 19% mean reduction to the cortical activation
in comparison with a 5% reduction in the primary visual area, V1. This
reduction effect was observed for every patient except one (data not

presented).

Characteristic SF tuning of cortical activation in V2: Fig. 6 shows the
comparison of cortical activation variation in each visual area as a function of
the SF of the pattern of stripes. For the control subjects, the normalized
cortical activation in any visual area showed no differences between the
neutral gray lens, the control colored lens, and the POT in response to the
stressful pattern (Fig. 4(A)) and the pattern with SF 7.9 cpd (data not
presented), respectively. Accordingly, the mean value of the peak heights for
these three lenses was computed for each visual area to represent the
cortical activation in that visual area in response to the stressful pattern and
the pattern with SF 7.9 cpd, respectively. The cortical activation in V1 peaked
at the SF of 2.5 cpd (Fig. 6, top left, dashed line), consistent with previous
fMRI findings in normal participants (3, 16). This characteristic SF tuning of
cortical activation was noticeably different in V1 and V2: in V2 the cortical
activation peak was shifted to the lower SF of 0.31 cpd (Fig. 6, top right,
dashed line).

For the migraine patients, the normalized cortical activation in any visual
area showed no differences between the neutral gray lens and the control
colored lens in response to the stressful pattern (Fig. 4(B)) and the pattern
with SF 7.9 cpd (data not presented), respectively. Accordingly, for the
control gray and colored lenses, the mean value of the peak heights for these
two lenses was computed for each visual area to represent the cortical

activation in that visual area in response to the stressful pattern and the
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pattern with SF 7.9 cpd, respectively. For the control lenses, unlike the
control subjects, the migraine patients showed a similar SF tuning in both V1
(Fig. 6, top left, red solid line) and V2 (Fig. 6, top right, red solid line). In
addition, in contrast to the control subjects, the cortical activation in
response to the stressful pattern was augmented in both areas, reflecting the
pattern-induced cortical hyperactivation in the migraine patients. When the
POTs were worn, however, the cortical activation in both areas showed a SF
tuning similar to that of the control subjects, and the augmented cortical
activations were also reduced giving activation levels similar to those of the

control subjects (Fig. 6, top left and right, blue solid lines).

In all participants and experimental conditions, cortical responses in V3
behaved similarly to those in V2 (Fig. 6, bottom left). For the control subjects
and the migraine patients wearing the POTs, similar low-pass SF tuning was
seen in both V2 and V3. The abnormal behavior of the cortical responses in
V2 in the migraine patients was also seen in V3 when the control gray and
colored lenses were worn (Fig. 6, bottom left, red solid line). In comparison
to V3, the cortical responses behaved similarly in V3A and V4 (Fig. 6, bottom
middle and right), though large response variations were present that could

be due to relatively small BOLD signal changes in these areas.

DISCUSSION

The stressful pattern is generally uncomfortable to look at (2). When viewing
the stressful pattern all the migraine patients reported illusions and
distortions, and claimed that viewing the pattern for some time would trigger
a migraine attack. They found that their POTs maximally suppressed the
illusions and distortions compared both with other colors and with white light,
and two of them reported that their POTs almost completely eliminated the
illusions and distortions. These claims were supported by the visual
discomfort rating (Fig. 2(B)). The reduced cortical activation in V2 by the
POTs may have been responsible for the POT-induced suppression of the
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illusions and distortions, considering that V2 neurons but not V1 neurons in

macaque monkey respond to illusory contour stimuli (17).

The cortical activation in response to the stripe with SF 0.31 cpd showed no
difference between the migraine patients and the control subjects in each
visual area, independent of the type of lenses, demonstrating a normal
cortical activation of the patients in response to the non-stressful control
pattern (Fig. 3). For the control subjects, the cortical activation in response
to the stressful stripe with SF 2.5 cpd showed no differences between the
neutral gray lens, the control colored lens, and the POT, demonstrating that
both colored and POT lenses did not produce a reduction in the cortical
activation when compared with the neutral gray lens (Fig. 4(A)).
Furthermore, the POT showed no difference compared to the colored lens.
When the gray and control colored lenses were worn, the migraine patients
showed no difference in cortical activation in any visual area, demonstrating
that a randomly selected color does not have an effect of reducing the
cortical hyperactivation in migraine (Fig. 4(B)). This result is consistent with
the self-scored visual discomfort test in which the gray lens and the control
colored lens also showed no difference (Fig. 2(B)). However, the cortical
activations in the extra-striate areas were suppressed by the POT lenses (Fig.
4(B)). This suppressing effect of the POT to the cortical activation in the
migraine patients is consistent with the effect of the POT in suppressing the

visual discomfort (Fig. 2(B)).

The SF tuning characteristics of cortical activation observed in V1 and V2 in
the control subjects agree well with the SF selectivity of neurons in V1 and
V2 of the macaque monkey, respectively (18). The optimum 2.5 cpd SF
tuning in cortical activation in V1 in the humans matches with the optimum
2.2 cpd of SF selectivity of neurons in V1 in the macaque monkeys. The peak
of SF selectivity of macaque V2 neurons was shifted to 0.65 cpd, consistent
with the low-pass SF tuning of the cortical response in human V2. A previous

fMRI study of normal participants using sine-wave gratings also found a
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similar low-pass SF tuned cortical activation in V2 (16). This marked low-
pass SF tuning of the cortical response in V2 relative to V1 occurred despite
our use of square-wave gratings and the SF harmonics they introduce. It
signifies the importance of this low-pass SF tuning in normal visual cortical
function. V2 receives major excitatory inputs from V1 (19). The absence of
the low-pass SF tuning characteristic in V2 in the migraine patients is
indicative of an abnormal neural activity, consistent with an insufficient
inhibition of the output from V1 (Fig. 6, top right, red solid line). The POTs
were sufficient to normalize both the activation level and its SF tuning in V2
in the migraine patients (Fig. 6, top right, blue solid line). Since the cortical
responses in the other extra-striate areas (Fig. 6, bottom panel) behaved
similarly to those in V2 (Fig. 6, top right), processing in these areas may
have depended on that in V2. Overall, the POTs mainly affected cortical
activation in V2 though they appeared also to have a relatively small,

statistically non-significant suppressing effect on cortical activation in V1
(Fig. 5).

V2 neurons in macaque monkey show a color tuning characteristic and differ
from V1 neurons in the linearity with which they summate cone signals (20).
It was suggested that this difference between V2 and V1 may result from the
interaction of different channel inputs via the laterally spreading connections
within V2 (19, 21). In macaque, Xiao et al. (22) have observed a spatially
organized representation of color in V2 similar to that in the CIE UCS
diagram. A change in color may therefore cause a change in the cortical
topography of the response. Based on our experience, migraine patients who
identified some beneficial colors also identified some offensive colors in
general. Accordingly, we speculate that comfortable colors redistribute
excitation in such a way as to reduce cortical hyper-excitation in V2. It
remains to be explored whether this is responsible for the POT-induced

normalized cortical response in the migraine patients.
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The hypothesis that cortical spreading depression (CSD) underlies migraine
visual aura has been supported by cerebral blood flow measurements of
spreading hypoperfusion (23, 24). Visually triggered headache and visual
symptoms in patients with migraine have been found to be accompanied by
an initial increase in occipital cortex oxygenation followed by spreading
suppression of neuronal activation (25). This initial increase in occipital
cortex oxygenation prior to the spreading suppression of neuronal activation
was confirmed in an exercise-induced typical migraine visual aura (26),
signifying its importance as regards the onset of migraine visual aura and
migraine attacks. The study also demonstrated the source of aura-related
BOLD signal changes to be located in extra-striate visual cortex (V3A) rather
than in V1 in the patient, the location of the source consistent with the type
of patient’s typical aura (26). Another migraine patient studied using
magnetoencephalography also had an extra-striate location for the onset of
aura (27). The increased occipital cortex oxygenation prior to the onset of
CSD could be a result of cumulative cortical hyperactivation directly induced
by the visual stimulation or indirectly induced via the exercise. It is possible
that a hyper-excitability of the visual cortex may contribute to the induction
of spreading depression: in animals pre-treated with the pro-convulsant
drug, metrazol, visual stimulation can precipitate spreading depression (28).
The reduction in fMRI BOLD activation by POTs in extrastriate areas is
therefore consistent with indications for the therapeutic potential of POTs in
reducing migraine attacks. A re-analysis of a small-scale double-masked trial
of 17 patients (12 MwA and 5 migraine without aura; Ref. 8) has shown that
in 45% of the MwA patients, the frequency of migraine headaches was
reduced 50% or more during the days in which the POTs were worn
compared to the days in which the control colored lenses were worn. On the
basis of the current findings it is reasonable to suppose that a suppressed
cortical activation reduces the chance for cumulative cortical activation to
reach a level sufficient to initiate a CSD or migraine attack. We suppose that
discomfort from strong cortical excitation is a reflection of homeostasis

although the mechanisms are unclear. These mechanisms, however, may
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differ from those that underlie the photophobia that accompanies migraine
headache for which image formation may not be required (29). The
characteristic low-pass SF tuning of cortical activation in the extra-striate
visual areas provides a potential biomarker for identifying those migraine
patients suffering cortical hyperactivation, and this biomarker also has a
potential to be used for evaluating therapeutic effects of POTs or drugs in

reducing the cortical hyperactivation and preventing migraine in the patients.
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Figure Legends

Figure 1. Illustration of three black-and-white stripes with a low spatial
frequency (SF) (top), a medium SF (middle), and a high SF (bottom). When
the width of the whole pattern is about 8 cm and the viewing distance is
about 36 cm, the corresponding SF values for the three stripes are
approximately 0.31, 2.5, and 7.9 cpd, respectively. The experimental
patterns were larger than those shown, subtending 10°x13° (heightxwidth)

at the eye.

Figure 2. (A): CIE 1976 UCS diagram (Hunt, 2001) showing the color
appearance (chromaticities) of the POTs and the C lenses used by the eleven
migraine patients and their control subjects in the fMRI study. The
chromaticity of each POT is marked by a solid circular point, and a line
connects the point to the chromaticity of its paired C lens (cross). (B): The
effects of the gray (G), the POT and the C lenses in reducing visual
discomfort relative to that without lenses when viewing the stressful pattern
out of doors in direct sunlight. The degree of visual discomfort was self-
scored using a 0 to 10 scale with 0 representing no visual discomfort and 10
representing severe visual discomfort. Overall, the POT lenses had the most
significant reduction in visual discomfort followed by the C lenses and then
the G lenses. The reduction with the POT lenses was significantly larger than
that with the C lenses (t-test, p=0.005). The reduction with the C lenses
showed no difference compared to that of the G lenses (p=0.253). Although
the effect was the smallest among the three lens types, the reduction with

the G lenses was significant (p=0.027) compared to that without lenses.

Figure 3. Activation in visual areas V1, V2, V3, V3A, and V4 from the non-
stressful striped pattern (SF 0.31 cpd) for the control subjects (A) and the
migraine patients (B). Left columns in (A) and (B): averaged -cortical
activation curves for the three lenses; right columns in (A) and (B):

Comparison of the peak heights of the cortical activation curves in the left
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columns, respectively. No significant difference in activation was observed in
any area. CGL: control gray lens; POT: precision ophthalmic tint; and CCL:

control colored lens.

Figure 4. Normalized activation in visual areas V1, V2, V3, V3A, and V4 from
the stressful striped pattern (SF 2.5 cpd) for the control subjects (A) and the
migraine patients (B). Left columns in (A) and (B): normalized cortical area
activation curves; right columns in (A) and (B): comparison of the peak
heights of the normalized cortical area activation curves in the left columns,
respectively. (Note that, to reduce the filter-induced activation variations, the
cortical area response curve to the stressful pattern was normalized by
dividing the height of the corresponding cortical area response curve to the
non-stressful pattern for each lens, respectively.) For the control subjects,
cortical area activation showed no difference in any visual area among the
three lenses. For the migraine patients, however, the POTs produced
significant reductions to cortical activation in V3 and V4. The POTs also
reduced the cortical activation in V2 and V3A, though the differences were
not statistically significant. The error bar indicates the standard error of the

mean.

Figure 5. POT-induced cortical activation reduction in the migraine patients
relative to the mean cortical activation for the control gray and colored

lenses. The error bar indicates the standard error of the mean.

Figure 6. Comparison of cortical area activation between the control subjects
and the migraine patients wearing the control lenses and the POTs, shown as
a function of the spatial frequency (SF) of the pattern of stripes. The dashed-
lines represent the mean peak heights of cortical area activation with the
three lenses for the control subjects. The red solid lines represent the mean
peak heights of cortical area activation of the control gray (G) and colored

(C) lenses for the migraine patients. The blue solid lines represent the peak
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heights of cortical area activation of the POTs for the migraine patients. The

error bar indicates the standard error of the mean.
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1

2

2 Table 1. Characteristics of the migraineurs participating in the fMRI study. LoVP

5 denotes light or visual pattern; MPD, migraine prophylactic drug; LVHF, left visual

6 hemifield; RVHF, right visual hemifield; B, bilateral; L, left; R, right.

7

8 # | Sex | Age | Visual Aura, Affected Headache | Photo- | Sensitive | Triggering Factors | MPD
9 (y) | Visual Field Location phobia | to LoVP

10 1 M 41 Scotoma, RVHF, moves | R, front Yes Yes Stress, light, visual | No
11 from periphery to visual pattern, etc.

12 center

13 2 |F 49 | No R, front, Yes Yes Stress, visual No
14 lateral side pattern, etc.

15 3 |F [38 | Scotomas, LVHF and R, front Yes Yes Stress, light, visual | No
16 RVHF, move from pattern, etc.

17 peripheries to visual

18 center

19 4 | M |42 | Scotoma, visual center | B, front Yes No No Yes
20 5 |F 40 | Scotoma, visual B, front Yes Yes Stress, light, visual | No
21 periphery pattern

22 6 |F |29 |No B, front Yes Yes Stress, light, visual | Yes
23 pattern, etc.

24 7 |F |48 | Scintillating lines/spots, | B, front Yes Yes Stress, light No
25 RVHF, move from

26 periphery to visual

27 center

28 8 |F |30 | Scintillating blue/yellow | R, front Yes Yes Light, visual Yes
29 lights, LVHF, move from pattern, etc.

30 visual center to

31 periphery

32 9 |[F |40 |No B, back Yes Yes Menstrual cycles, No
33 seasonal effect

34 10 |[F [42 [ No L, back Yes Yes Stress, light, visual | No
35 pattern, etc.

36 11 | F | 44 | Scintillating colored B, back Yes Yes Stress, light, visual | Yes
g; lights, LVHF, periphery pattern, etc.

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
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Figure 1. Illustration of three black-and-white stripes with a low spatial frequency (SF) (top), a
medium SF (middle), and a high SF (bottom). When the width of the whole pattern is about 8 cm
and the viewing distance is about 36 cm, the corresponding SF values for the three stripes are
approximately 0.31, 2.5, and 7.9 cpd, respectively. The experimental patterns were larger than
those shown, subtending 10°x13° (heightxwidth) at the eye.
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Chromaticity of POT and C Lenses Comparison of Visual Discomfort
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23 Figure 2. (A): CIE 1976 UCS diagram (Hunt, 2001) showing the color appearance (chromaticities) of
the POTs and the C lenses used by the eleven migraine patients and their control subjects in the
fMRI study. The chromaticity of each POT is marked by a solid circular point, and a line connects the
25 point to the chromaticity of its paired C lens (cross). (B): The effects of the gray (G), the POT and
26 the C lenses in reducing visual discomfort relative to that without lenses when viewing the stressful
27 pattern out of doors in direct sunlight. The degree of visual discomfort was self-scored using a 0 to

28 10 scale with 0 representing no visual discomfort and 10 representing severe visual discomfort.

29 Overall, the POT lenses had the most significant reduction in visual discomfort followed by the C

30 lenses and then the G lenses. The reduction with the POT lenses was significantly larger than that

31 with the C lenses (t-test, p=0.005). The reduction with the C lenses showed no difference compared

to that of the G lenses (p=0.253). Although the effect was the smallest among the three lens types,
the reduction with the G lenses was significant (p=0.027) compared to that without lenses.
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Figure 3. Activation in visual areas V1, V2, V3, V3A, and V4 from the non-stressful striped pattern
(SF 0.31 cpd) for the control subjects (A) and the migraine patients (B). Left columns in (A) and
(B): averaged cortical activation curves for the three lenses; right columns in (A) and (B):
Comparison of the peak heights of the cortical activation curves in the left columns, respectively. No
significant difference in activation was observed in any area. CGL: control gray lens; POT: precision

ophthalmic tint; and CCL: control colored lens.
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Figure 4. Normalized activation in visual areas V1, V2, V3, V3A, and V4 from the stressful striped
pattern (SF 2.5 cpd) for the control subjects (A) and the migraine patients (B). Left columns in (A)
and (B): normalized cortical area activation curves; right columns in (A) and (B): comparison of the

peak heights of the normalized cortical area activation curves in the left columns, respectively.
(Note that, to reduce the filter-induced activation variations, the cortical area response curve to the
stressful pattern was normalized by dividing the height of the corresponding cortical area response
curve to the non-stressful pattern for each lens, respectively.) For the control subjects, cortical area
activation showed no difference in any visual area among the three lenses. For the migraine
patients, however, the POTs produced significant reductions to cortical activation in V3 and V4. The
POTs also reduced the cortical activation in V2 and V3A, though the differences were not statistically

significant. The error bar indicates the standard error of the mean.
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POT-Induced Cortical Activation Reduction
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Figure 5. POT-induced cortical activation reduction in the migraine patients relative to the mean
cortical activation for the control gray and colored lenses. The error bar indicates the standard error
of the mean.
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Spatial Frequency Tuning of Cortical Area Activation
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26 Figure 6. Comparison of cortical area activation between the control subjects and the migraine
27 patients wearing the control lenses and the POTs, shown as a function of the spatial frequency (SF)
of the pattern of stripes. The dashed-lines represent the mean peak heights of cortical area

activation with the three lenses for the control subjects. The red solid lines represent the mean peak
29 heights of cortical area activation of the control gray (G) and colored (C) lenses for the migraine
30 patients. The blue solid lines represent the peak heights of cortical area activation of the POTs for
31 the migraine patients. The error bar indicates the standard error of the mean.
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