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Abstract

Under constant light illumination, cortical neuronal activity slightly modulates intensity of the light reflected from cortical surface. Optical
imaging of the reflected light from the cortex has now become a popular method to obtain cortical functional maps. Since the modulation signal is
small, this method is very sensitive to other sources of the light intensity changes. A well-known artifact in this signal is the bias in the reflected
light intensity due to the curvature of the cortex. The curvature of the cortex creates inhomogeneity in reflected light intensity with characteristic
concentric-ring pattern in the functional maps (known as ring-shape artifact). It is particularly visible in single-condition maps if the number of
trials is small.

We demonstrate a method that can remove this and similar artifacts using an optical filter to equalize the reflected light intensity. Functional
images recorded with the application of our filter — inserted into the optics between the cortex and the camera — became more uniform and
distortion-free.

Our approach consisting of the equalization optical filter is appropriate for experiments where inhomogeneous light reflection, single-condition

maps, and a small number of trials exist, e.g. imaging studies of higher cortices in behaving monkeys.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Optical intrinsic signal imaging (OISI) is based on the
fact that changes in the activity of local population neurons
alter light absorption by the tissue (Blasdel and Salama, 1986;
Bonhoeffer and Grinvald, 1996). The data analysis is performed
once the digital images have been obtained from the camera.
The camera is an intermediate step that converts the analog
light signal (reflected light) into a digital image using an
analog-to-digital (A/D) converter. To prevent saturation, the
A/D converter must have a dynamic range greater than the
range of the analog signal. The range of the analog signal for
non-uniform light intensity is higher than that for uniform light.
Also, the grayscale-resolution is inversely related to the range
of the analog signal. The curvature of the cortex introduces

* Corresponding author at: Department of Psychology, McGill University,
1205 Dr. Penfield Avenue, Montreal, QC H3A 1B1, Canada.
Tel.: +1 514 398 6151; fax: +1 514 398 3255.
E-mail address: przy @ego.psych.mcgill.ca (A.W. Przybyszewski).

0165-0270/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2007.09.006

changes in the reflected light intensity and therefore makes it
non-uniform. As a result, the reflected light intensity suffers
from poor grayscale-resolution upon digitization. Furthermore,
the reflected light intensity is only modulated if the number of
trials is small or single-condition experimental design (i.e., test
images vs. control images) is used, ring-shaped artifact will
be present and distort activation patterns in the images. In the
present paper, we describe a novel method to remove static inho-
mogeneity in the reflected light intensity by means of an optical
filter. As an example, we employ the optical filter to remove
ring-shaped artifacts from the functional columnar maps.

2. Material and methods

2.1. Animal preparations

OISI was performed on three hemispheres in two Rhesus
monkeys (Macaca mulatta). These animals had been used pre-
viously for OISI from the inferotemporal cortex. The surgery and
recording procedures have been described in detail in a previous
study (Li et al., 2003). Briefly, paralyzed monkey (vecuronium
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bromide; 0.1 mg/(kgh), i.v.) was ventilated with isoflurane in a
mixture of 70% N>O and 30% O;. Craniotomy and duratomy
were carried out inside an implanted chamber to expose the
cortical surface. EEG was monitored to maintain a proper anes-
thetic level throughout the experiments. The temperature was
maintained 37.8 0.2 °C, and end-tidal CO, 4.5 +0.5%. All
experimental procedures were done in accordance with the
guidelines of the RIKEN Institute.

2.2. Visual stimuli

During the stimulus-on period, one of the four moving ori-
ented square-wave gratings (1-3 cycle/degree; 0.5° s~!; white:
8 cd/m?2, black: 0 cd/m?; 0°,45°,90°, or 135°) was presented for
2 sto one eye by using eye shutters. As a control (no stimulation)
OISI was recorded when both eye shutters were closed. Alto-
gether, there was one control stimulus trial as described above,
and eight test stimulus trials with four different orientations. We
will refer to a ‘trial’ as one stimulus epoch (i.e., 1 s pre-stimulus
period plus 3 s post-stimulus period).

2.3. Imaging systems
2.3.1. Optics

Modified tandem-lens optics was used for this study (Fig. 1).
An optical filter was placed in the first imaging plane of the

lower tandem-lens (50 mm, f1.2, Nikon) and the charge coupled
device (CCD) camera was placed in the second imaging plane
of the upper tandem-lens (25 mm, f0.95, CCTV, Japan). Without
the filter, the modified system works similarly to the standard
tandem-lens optics. Optical filters were designed separately for
each region-of-interest (ROI) of the cortex (Fig. 2A). The filter
was made by inverting light intensity image of the cortex that
would equalize the reflected light intensity. The camera was
focused at the location below the cortical surface from where the
intrinsic signal was recorded. A single frame image at this depth
was taken (Fig. 2B), saved and processed by Photoshop (Adobe)
software, where its intensity was inverted. The inverted image
with adjusted mean light intensity on Photoshop was printed in
the scale 1:1 on a transparency. This transparency formed the
optical filter. An example of the optical filter image is shown in
Fig. 2C. In the next step, the filter was placed in the filter frame
and inserted into the filter positioner to move into an appropriate
x-, y-, and z-position, and another picture of the cortex through
the filter was taken (Fig. 2D). The filter must fit the image of the
cortex precisely to compensate for the static inhomogeneity in
the reflected light. This was achieved by moving the filter in the
x- and y-direction in such way that when pial vascular patterns
on the cortex matched those on the filter, the pial vasculatures
patterns become invisible in the acquired image. Moving the
filter in z-direction changes the position of the filter relative to

1cm

Fig. 1. Commonly used tandem-lens optics for OISI vs. modified optics with the photography of the modified system. (A) Schematics of tandem-lens between cortex
and camera in the standard recording system. (B) Schematics of lens and filters between cortex and camera in the modified recording system. The filter was placed
in the position of the camera in A, and another tandem-lens system was built between filter and the camera. Abbreviations: s, cortical surface; a and a’, objective
lenses; b and b’, projection lenses; ¢, CCD camera; f, optical filter. (C) The modified lens system with the CCD camera attached to the micromanipulator. In order
to decrease system size, in the set between filter and camera a smaller size lenses were used. (D) Frame with the window for the filter.



142 A.W. Przybyszewski et al. / Journal of Neuroscience Methods 168 (2008) 140-145

; 1000

u.)

800

I
600 {t
]

= «without filter

= with filter

Reflected light intensity (a

0 2 4 6
[mm]

O 1
Reflected light intensity (a.u.)

2mm

Fig. 2. The correction of inhomogeneity of reflected light intensity with the optical filter. (A) Cortical surface image (green, 540 nm wavelength light illumination).
(B) Image of the cortex at the depth of 700 wm below the surface (607 nm illumination); maximum changes in the light intensity are near the upper left corner of
the image. Along dotted line intensity profile was analyzed and presented on panel E. Colored dots representing the ring-shape artifacts were added to this image
in the same location as in Fig. 4A—C. When dots with the same color were connected, they determined equiluminance rings showed in the image. (C) Image of the
filter that was created by inversion of the cortical image (compare to B). (D) Image of the cortex with the filter (compare to B). Along dotted line intensity profile
was analyzed and presented in panel E, a.u.: arbitrary unit. (E) Comparisons of light intensity profiles with and without an optical filter (dotted line). A profile of the
cortical image taken without filter along the line shown in part B (solid line). A profile of the cortical image taken with filter along the line shown in panel D. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

the focal plane. It blurs the image or introduces a low-pass spatial
frequency filtering which is necessary to remove the texture of
the filter. The adjustments of the filter position are necessary
for the functioning of the system. The image intensity of the
cortex became more uniform as a result of the static artifacts
compensation (compare Fig. 2B and D).

2.3.2. Optical intrinsic signal imaging

The exposed cortical surface was illuminated using light
of wavelength of either 540+ 10nm (pial vessel image) or
607 £ 10 nm (OISI). Images were obtained using a CCD cam-
era (640 x 480 pixels; CS8310, Teli, Japan) and digitized with
a 10-bit video A/D converter board (Pulsar, Matrox Graph-
ics Inc., Canada) connected to the PCI bus of IBM PC. The
area imaged was 6.4 mmx 4.8 mm and after spatial averaging
of the pixels (2 x 2 binning), it contained 320 x 240 pixels.
For the OISI recording, the focusing depth was adjusted to
700 wm below the cortical surface rather than 300 wm com-
monly used for optical imaging of intrinsic signal. The purpose
of imaging the cortical surface out-of-focus is to mitigate the
artifact from pial vessels in the generated maps (Bonhoeffer and
Grinvald, 1993). Empirically, we have learned that the 300 pm
in contrast to 700 pm out-of-focus is frequently not sufficient
to avoid pial vessel artifact in differential maps. The differential
maps obtained at 0—1000 wm are essentially the same except
for the vessel artifacts. We did not systematically study rela-
tionships between appearance of ring-shaped artifacts and focal
plane. As long as the global inhomogeneity of the reflected

light intensity is present, the ring-shape artifacts will also be
observed.

The data acquisition started at a certain phase of respiration in
synchrony with heartbeat and continued for 4 s for each stimulus
(one trial). Eachimage was acquired at the rate of 0.5 s per image.
Stimulus-on period started 1 s after the onset of data acquisition
and continued for 2 s. Inter-stimulus intervals (stimulus offset to
onset) were set to 8 s. The period of illumination was restricted
to 8 s by a mechanical shutter that opened 2 s before the data
acquisition. For each oriented grating, stimulus was presented
20 times to each eye; thus altogether each eye was stimulated
80 times.

2.4. Data analysis

A pre-stimulus baseline image was obtained by averaging
images taken during 1-s period just before the stimulus started.
The percent signal change (first frame analysis) was done by
dividing the difference images (stimulus images minus the pre-
stimulus baseline image) by the pre-stimulus baseline image
(Bonhoeffer and Grinvald, 1996). The resulting percentage sig-
nal change for each image (during 2.5s including 0.5s delay
after the stimulus onset) was then averaged to obtain a single-
condition activity map for each stimulus (i.e., four orientations
and one blank for each eye).

Below, we will define: single-condition ocular dominance
map and differential ocular dominance map, which were used
in our analysis. Single-condition ocular dominance map was
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Fig. 3. Comparisons between single-condition ocular dominance map and differential ocular dominance map without optical filter. (A) Averaged single-condition
ocular dominance map of the first eight trials during left eye stimulation. Notice ring-shaped artifacts around maximum intensity of illumination. (B) Averaged
single-condition ocular dominance map of 80 trials during left eye stimulation. (C) Averaged differential ocular dominance map of the first eight trials obtained by
subtracting the responses to left eye stimulation from those to the right eye stimulation. (D) Averaged differential ocular dominance map of 80 trials.

calculated for each eye by subtracting the single-condition activ-
ity map for blank stimulus from the averaged single-condition
activity map for four-orientation stimulation. Differential ocular
dominance map was calculated by subtracting the single-
condition ocular dominance map of one eye from that of the
other eye.

A Gaussian band-pass spatial filter (cutoff frequencies were
20.4mm™! for the high and 0.3mm™! for the low range) was
used to enhance the contrast of ocular dominance columns of the
single-condition ocular dominance map, the differential ocular
dominance map and a single-condition activity map for one ori-
entation shown in Fig. 4C. Notice that the ring-shaped artifacts
are in the narrow frequency range between 5 and 10 cycle/mm
and therefore, they are not affected by the Gaussian band-pass
spatial filter (Malonek and Grinvald, 1996). Pixels with the same
luminance intensity were extracted with help of the IDL software
and used to draw the contours (see Fig. 2B).

Ring-shaped artifacts were observed in all three hemispheres
that were studied. In the following section we will present exper-
imental results obtained from one hemisphere, in which the
ring-shaped artifacts were most clearly visible.

3. Results

To examine the ring-shaped artifacts, we performed OISI
using the conventional tandem of the optical lens (see Fig. 1A).
A curved surface of the cortex introduced inhomogeneity in
the reflected light from the ROI (see Fig. 2B). In the single-
condition ocular dominance map, obtained by averaging the
responses from eight trials (Fig. 3A), ring-shaped artifacts are

clearly visible. These artifacts distort the ocular-dominance-
columns pattern and are still noticeable even after averaging
the responses from 80 trials (Fig. 3B). However, in the differen-
tial ocular dominance map, obtained by averaging the responses
from eight trials, the ring-shaped artifacts were not clearly
noticeable (Fig. 3C). After averaging the responses from 80 tri-
als, the artifact was completely eliminated (Fig. 3D). It should be
noted that ring-shaped artifacts appear to be similarly observed
in the control image (not shown). Nevertheless, we have also
observed this artifact in the single-condition ocular dominance
map.

A more detailed analysis of the images containing the ring-
shaped artifacts was performed (Figs. 2 and 4). Red and green
markers were placed on the same ring-shaped artifacts in the
single-condition ocular dominance map averaged from the eight
trials (Fig. 4A). The markers were also placed in the same posi-
tion in another averaged single-condition ocular dominance map
shown in Fig. 4B (eight trials containing clear visible ring-
shaped artifacts), and in a single-condition activity map for one
orientation (Fig. 4C). The rings seemed to stay nearly at the
same positions relative to the markers across different trials.
Thus, neither simple averaging of responses nor comparisons of
test-stimulus-response and control-stimulus-response seemed to
diminish the ring-shaped artifact in functional maps. Dots with
the same color turned out to have an identical light level intensity
(Fig. 2B). Therefore, we assumed that the ring-shaped artifacts
are linked to the inhomogeneity in the light reflected from the
cortex.

In order to remove this inhomogeneity we used an opti-
cal filter mounted between lenses. Two light intensity profiles
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Fig. 4. Consistent appearance of the ring-shaped artifacts removed by introduction of the optical filter. (A) The single-condition ocular dominance map from Fig. 3A
with red and green dots placed on two different ring-shaped artifacts. (B) This image is also averaged of the single-condition ocular dominance map, but eight trials
with prominent ring-shaped artifacts were selected. Notice that in both images (A and B) ring-shaped artifacts are similar. (C) A single-condition activity map of
one-trial recording. This image represents the response to vertical grating. (D) Averaged single-condition ocular dominance map of the first eight trials during left
eye stimulation registered in the exactly same conditions as in Fig. 3A but with the optical filter. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

of the cortical images are shown in Fig. 2E. The first profile
(dotted line) was obtained from a control image recorded with-
out the filter along the dotted line in Fig. 2B. It shows large
spatial variability of the intensity. The intensity appears to grad-
ually increase from the peripheral towards the central portion of
the image. The second intensity profile (solid line in Fig. 2E)
was obtained from the filtered image and along the same line
(Fig. 2D). The light intensity profile of the central portion of
the filtered image is nearly uniform. Although a considerable
decrease in the light intensity is present at the image edge, this
affects a relatively small portion of the image area and lies out-
side the ROI. These differences in intensity profiles strongly
influence OISI. The single-condition ocular dominance map
obtained by averaging of eight trials (Fig. 3A) was computed
in the same experimental conditions but with the optical fil-
ter (Fig. 4D). In the last experiment, the ring-shaped artifacts
were removed because of the optical filter. We have obtained
similar improvements in all three hemispheres in the two
monkeys.

4. Discussion

We have showed using a simple example that the optical fil-
ter completely removed ring-shaped artifacts caused by global
illumination inhomogeneity. This inhomogeneity can be cor-
rected by the division of pre-stimulus image (i.e., first frame
analysis, Bonhoeffer and Grinvald, 1996). However, this cor-
rection does not diminish ring-shape artifacts as seen in our
single-condition maps. Introduction of the optical filter makes

the reflected light intensity profile flat for locations within the
boundary of the cortex (central portions of the image). The val-
ues of the intensity (central portions of the image) have similar
magnitude when compared to the maximum light intensity in the
non-filter case (Fig. 2E). For this reason and by direct compar-
ison of the images with and without the filter (data not shown)
we think that the intrinsic signal is at least as strong with filter as
without. Furthermore, the intrinsic signal is no longer affected
by the ring-shape artifact; therefore the ocular dominance map is
clearer and more uniform with the filter than without it (Fig. 4).
We increased the incident illumination when using the filter so
that the CCD camera receives the same reflected light intensity
with and without the filter. However, we do not think that an
increase in illumination alone could account for the improve-
ment or for the cortex damage because the amplitude of the
intrinsic signal is similar with and without the filter (compare
Fig. 3A and Fig. 4D).

When observing the ring-shaped artifacts in Fig. 2B and com-
paring them with the intensity profile (Fig. 2E), we found that
these artifacts were observed in the areas with a large gradi-
ent of the light intensity. One hypothesis, which could explain
the source of the ring-shaped artifacts, is related to the digitiza-
tion levels of the A/D converter. We used 10-bits A/D converter
with 1024 digitization levels. In consequence our converter
has precision about 0.1% of the signal amplitude, which is in
the same range as our intrinsic signal. Therefore, changes in
reflected light intensity due to movements of the cortical sur-
face could introduce abrupt changes in the output signal and in
consequence in the optical image. These changes will be more
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pronounced in the area with large gradients of the light inten-
sity and they may produce the ring-shaped artifacts. Also the
reflected light intensity is influenced by brain movements possi-
bly related to brain volume alterations due to stimulus-induced
changes in cerebral blood volume and cellular swelling. In con-
sequence, ring-shaped artifacts are reduced in the differential
images but not in the single-condition images. Another possi-
bility is interference of waves reflecting from two non-parallel
surfaces. This effect is called Newton’s Rings. In this case it
is monochromatic light waves that are being reflected at corti-
cal surface and silicon oil. Differences in the refractive index
between two different materials (cerebral fluid vs. silicon oil)
cause the light wave phase shift. They interact according to
the distance between cortical surface and silicon oil. This dis-
tance is constantly changing because the convex surface of the
cortex.

We have already tested our method in optical imaging from
the inferotemporal cortex (see work from our lab: Sato et al.,
2004; Uchida et al., 2002). The inferotemporal cortex presents
several technical difficulties in the acquisition of intrinsic sig-
nals. First, due to the highly skewed shape of the inferotemporal
cortex, the reflected light intensity is more inhomogeneous than
in the other visual areas. Second, the magnitude of the intrinsic
signals is generally smaller in inferotemporal cortex than in V1
cortical region (Tsunoda et al., 2001; Wang et al., 1996; Yamane
et al., 2006). Third, in experiments involving the inferotemporal
cortex, the patterns of stimulation are more complex (Fujita et
al., 1992; Tanakaet al., 1991; Tsunoda et al., 2001) than gratings
and “orthogonal” stimulation patterns are not known. Thus, in
most cases, test conditions have to be compared with the con-
trol (i.e., blank screen); the conditions are similar to Fig. 3A
than to Fig. 4C. Also our filter is more effective when applied
to the optical imaging where only a small number of trials are
possible. For example, when OISI is performed on behaving
monkeys (Grinvald et al., 1991; Shtoyerman et al., 2000; Siegel
et al., 2003; Vnek et al., 1999), the practical number of trials
is significantly less than when anaesthetized animals are used.
Furthermore, the intensity profile of the filtered optical image is
essentially flat, and therefore, implies that the dynamic range of
the analog signal is small. As a result, if the filter is used, the
images can be digitized at a high resolution.
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