Chapter 6

Using the Light Scattering Component of Optical Intrinsic
Signals to Visualize In Vivo Functional Structures of Neural

Tissues

Uma Maheswari Rajagopalan, Kazushige Tsunoda, and Manabu Tanifuji

Abstract

Visualization of changes in reflected light from 7 pivo brain tissues reveals spatial patterns of neural
sctivity. An important factor which influences the degree of light reflected includes the change in light
«cattering elicited by neural activation. Microstructures of neural tissues generally cause light scattering,
and neural activities are associated with some changes in the microstructures. Here, we show that the
optical properties unique to light scattering enable us to visualize spatial patterns of retinal activity non-
vasively (FRG: functional retinography), and resolve functional structures in depth (fOCT: functional
optical coherence tomography).
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1. Introduction

In 1986, Blasdel and Salame visualized orientation columns in
monkey visual cortex 7z vivo by staining the brain surface with a
voltage-sensitive dye and observed spatial patterns of absorption
changes elicited during visual stimuli (1). After this initial finding,
it has been shown that functional structures can also be visualized
intrinsically, by measuring changes in light reflection without the
need for dyes (2). This technique, the measurement of intrinsic
reflection changes elicited by neural activation, is called optical
intrinsic signal imaging (OISI), and is widely used to map corti-
cal functional structures in neural tissues of living animals (3-9).
Because the intrinsic signals were originally found as byproduct
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Fig. 6.1. Orientation columns visualized by OISI at different wavelengths. Typically in visual cortex, intrinsic signals
consist of stimulus-specific and -nonspecific components. Orientation columns are reflected in the stimulus-specific
component that is a local modulation of a stimulus-nonspecific component. In (A), we subtracted activation patterns
obtained by one stimulus (90 deg. orientation) from the other (O deg. orientation) to remove stimulus-nonspecific com-
ponents. Please note that, depending on the size of the functional structures of interest, stimulus specificity of synaptic
inputs, and spread of intrinsic signals, distinction between stimulus-specific and nonspecific components may not be
required (for example, see Figs. 6.3 and 6.4). Columnar patterns obtained at different wavelengths are nearly the same
as indicated by contours in red drawn for columnar patterns obtained at 620 nm. Although it is not shown here, similar
patterns of functional structures were also observed using infrared light. Bottom image shows vessel patterns of the
exposed cortical surface where the above recordings were made. (B) Time courses of stimulus-nonspecific (red and blue
lines) and stimulus-specific (green line) components obtained at 620 nm. Increase of AOD corresponds to increase of
deoxyhemoglobin. The visual stimulus was given from 0 to 2 s. (C) Time course of stimulus-nonspecific components
obtained at 570 nm (Green line). The black line indicates time course of blood volume changes estimated by subtraction
between time courses obtained before and after the extrinsic absorption dye infusion into the blood stream (see Fukuda
et al., 2005 for details). The visual stimulus was given from 0 to 2 s. (See Color Plate)

of dye-sensitive absorption changes, the sources of these signals
have since been debated.

One unique feature of OISI is that functional structures pro-
duce nearly identical spatial activation patterns at a wide range
of imaging wavelengths (Fig. 6.1A). The dominant sources of
intrinsic signals, however, differ from wavelength to wavelength.
At least three components are involved in intrinsic signals, and
all of them are secondarily elicited by neural activations. These
components are changes in the oxygenation levels of hemoglobin,
changes in blood volume within neural tissues, and changes in
microstructures of neural tissues.

Oxy- and deoxygenated hemoglobin in blood vessels are
the major light absorbing molecules in neural tissues at around
500-650 nm. Particularly, changes in the oxygenation level of
hemoglobin are considered the major source of intrinsic signals
around 610 nm because light absorption is dominated by deoxy-
hemoglobin at this wavelength. Vanzetta and Grinvald recorded
changes in tissue oxygen tension by measuring changes in phos-
phorescence of an oxygen-sensitive dye (10). They found that
oxygen tension initially decreases within 2 s after stimulus onset,
and then increases beyond the baseline oxygen tension during
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persistent stimulation. This time course of changes in oxygen
tension was quite consistent with the time course of intrinsic
signals (stimulus-nonspecific component) observed at 620 nm
(Fig. 6.1B). This result provides good evidence that the deoxy-
genation level of hemoglobin is one of the sources of intrinsic
signals.

A second source of intrinsic optical signals stems from
changes in blood volume within neural tissues. One of the isos-
bestic points of oxy- and deoxy-hemoglobin absorption is located
at 570 nm within the major absorption spectrum band. Thus,
the intrinsic signals at this wavelength should be dominated by
changes in blood volume in tissue blood vessels. Several stud-
ies provide supporting evidence for the involvement of blood
volume changes in intrinsic signals (11, 12). For example, infu-
sion of extrinsic absorption dye into the blood stream increases
absorption changes elicited by neural activation at the wave-
length specific for that dye, and the time course of the signal was
nearly identical to the time course of intrinsic signals recorded
at 570 nm, where blood volume changes seem to dominate
(Fig. 6.1C) (12).

Microstructures of neural tissue, such as intricate subcompo-
nents of neurons, multiple types of glial cells, and collection of
blood vessels of various sizes generally cause scattering of light
that penetrates the neural tissues. If neural activities are associ-
ated with changes in these microstructures, then light scattering
changes from intrinsic signals could be a component for neu-
roimaging.

Changes in tissue light scattering is indeed considered a
source of intrinsic signals since intrinsic signals are also observed
at the wavelengths outside of the major band of the hemoglobin
absorption spectrum. The light scattering component of the
intrinsic signal has unique properties that do not exist in the
absorption of oxy- and deoxy-hemoglobin. First, we can detect
light scattering changes at a wide range of wavelengths, includ-
ing infrared light, where hemoglobin absorption is minimal.
Using light scattering in the infrared offers several advantages.
Infrared light permits visualization of functional signals from tis-
sues sensitive to visible light, such as the retina, as well as detec-
tion of signals from deeper structures because of the increased
light penetration in the infrared light range compared to the
visible range. Second, we can detect light scattering changes
not only through changes in light reflection but also through
phase-sensitive detection such as optical coherence tomography
(OCT), which enables us to resolve functional structures in
greater depth. Finally, light scattering changes may have faster
time courses than the other intrinsic signals, allowing us to
resolve neural events with higher temporal resolution than sig-
nals originating from hemodynamics. Nevertheless, firm evidence
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for the contribution of the light scattering changes has not been
demonstrated until recently. Here, we will focus on the light
scattering component of intrinsic signals. In particular, we will
show evidence for the involvement of light scattering changes in
intrinsic signals, applications of OISI to functional imaging of the
retina using the light scattering component, and depth-resolved
functional imaging with OCT.

2. OISl for
Functional
Imaging from
Retina (Functional
Retinography)

With the increasing number of people suffering from vision-
threatening retinal diseases, such as age-related macular degen-
eration, there is an urgent need for the development of objective
methods to measure retinal function, by which functional disor-
der can be detected before symptomatic or structural changes
occur. The distribution of retinal responsiveness could not be
adequately mapped by conventional techniques, such as elec-
troretinogram (ERG). Therefore, we have developed a record-
ing system for measuring flash-evoked intrinsic signals from the
macaque retina (13, 14).

We have applied OISI to macaque retina, and successfully
demonstrated the topography of cone- and rod-induced neu-
ral function by measuring the light reflectance changes follow-
ing flash stimulus. Because of the differences in anatomical struc-
tures, the properties of intrinsic signals in retina are quite differ-
ent from those in the cerebral cortex. Here, we will focus on the
light reflectance changes in two discrete regions in the posterior
retina: fovea and posterior retina apart from the fovea (perifoveal
regions).

The ocular fundus of Rhesus monkey under anesthesia was
monitored via a modified fundus camera equipped with a CCD
camera (Fig. 6.2). The intrinsic signals evoked by white dif-
fuse flash stimuli were calculated by dividing the averaged images
obtained after the flash by those obtained before the flash (13, 14)
(see details in Appendix 1). With an observation light wave-
length of 630 nm, the light reflectance from the fovea increased
(retinal image became brighter), whereas, the light reflectance
from the perifoveal regions decreased (retinal image became
darker) following a flash stimulus (Fig. 6.3A). The increase
in light reflectance following a flash in the foveal region was
attributed to the bleaching of photopigments by visible light
(15-18). On the other hand, the decrease in light reflectance in
the perifoveal region was attributed to the hemoglobin-related
reflectance changes or tissue light scattering changes, which can
be observed in the cerebral cortex (13). The pseudocolor map
(Fig. 6.3A) shows that the signals in the foveal and perifoveal
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Fig. 6.2. Overall view of the intrinsic signals imaging system for retina (left) and schematic drawing of the experimental
setup (right). Throughout the recording trial, the fundus was continuously illuminated with observation light through one
of the bandpass filters. (See Color Plate)
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Fig. 6.3. Time courses of two-dimensional images of retina showing light reflectance
changes following a flash stimulus observed with 630 nm (A) and infrared (B) light, mea-
sured in the posterior pole region of normal retina. The averaged reflectance changes
during the first second after the flash are shown in pseudocolor maps on the right. Color
indicates relative light reflectance changes from pre-stimulus level. Fundus photograph
of a normal macaque retina is shown in the right. (See Color Plate)

regions have different polarities. In the foveal region, the
contribution of brightening by photopigment bleaching is greater
than that of darkening by light scattering changes.

In retinal optical imaging, we need to take into account
two points when visible light is used for OISI: (1) Visible light
for observation evokes neural activity and the reflectance can
be changed without giving flash stimuli. The baseline retinal
reflectance is thus unstable during recording.(2) Following
bleaching of photopigments under visible light, the foveal
reflectance is dramatically increased (retinal image becomes
brighter) and this bleaching-related reflectance change has an
opposite polarity to conventional intrinsic signals, which are
commonly observed as decreases in light reflectance (retinal
image becomes darker).
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However, with infrared observation light (840-900 nm), the
results differ. The whole posterior region of the retina became
darker after the stimulus and the pseudocolor map shows that the
most prominent decrease in light reflectance was at the center
(Fig. 6.3B). The response topography under the light-adapted
condition demonstrated a steep peak of darkening at the fovea,
together with a gradual decrease of signal intensity away from
the fovea toward the periphery (Fig. 6.4A). This is consistent
with the topography of psychophysical cone sensitivity in normal
human subjects measured with bright background (19-21). If the
optical signal reflects the central accumulation of cone photore-
ceptors under the light-adapted condition, the local retinal region
with high rod density, called the ‘rod ring’, should also be acti-
vated under the dark-adapted condition. Following forty minutes
of dark adaptation, the intrinsic signal showed additional peaks
along the circular region surrounding the macula at the eccentric-
ity of the optic disk, together with the central peak at the fovea
(Fig. 6.4B) (22-24).

In order to ensure that the intrinsic signals reflect the neu-
ronal activities in retina, the local optical signal values under
light-adapted condition were compared with the local neuronal
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Fig. 6.4. Response topography of normal retina under light-adapted (A) and dark-
adapted (B) conditions. The foveal center is indicated by a white dot and the optic disk
is indicated by an asterisk. Regions with 60%, 50%, 40% and 30% of the peak signal
intensity value at the fovea were outlined by different colors. Pseudocolor topographic
maps of light reflectance changes in the inferior retina, profiled along the horizontal
meridian, are shown on the right. The location of the fovea is indicated by F, and the
crest of ‘rod ring’ is indicated by R. (See Color Plate)
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activities, measured electrophysiologically by multifocal ERG
(13). Multifocal ERG (VERIS, EDI, San Mateo, California) mea-
sures the local neuronal activity in multiple small regions in the
posterior retina, when presented (on a TV monitor) with achro-
matic flicker which alternates independently between black and
white in individual hexagonal segments (25). The correlation was
evaluated between the amplitudes of the focal ERG responses and
optical signals at the corresponding locations; from the same eye.
In order to artificially reduce the function of the photoreceptor
layer of the retina, the upper half of the left fundus of a mon-
key was locally coagulated with Argon Laser photocoagulation
(Fig. 6.5A). The electrophysiological responses in the damaged
region were reduced accordingly (Fig. 6.5B). In intrinsic signal
imaging, the damaged region also showed smaller amount of light
reflectance decrease (Fig. 6.5C). The light reflectance decrease
and the multifocal ERG signal showed statistically significant pos-
itive correlation (r?= 0.79, p< 0.001, n= 45) (Fig. 6.5D). The
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Fig. 6.5. (A) Photograph of the monkey’s retina artificially damaged by Argon Laser
Photocoagulation. The upper half of posterior retina was densely coagulated, sparing the
macular area. (B) Array of 37 local responses of multifocal ERG, taken from the fundus
in (A). ERGs with s« and { indicate the location of macula and optic disk, respectively.
Note that the responses of the intact retina in the lower half region are inversely shown
in the upper half of the arrays. (C) pseudocolor map of flash-evoked intrinsic signals
measured with infrared light. Red color indicates light reflectance decrease (darkening)
from pre-stimulus level. Flash-evoked darkening could not be observed in the damaged
region (upper half). (D) Correlation between the change in light reflectance decrease
and the focal responses in ERG at the corresponding retinal location under infrared light.
Correlation coefficient: 2= 0.79 (p < 0.001, n=45). (See Color Plate)
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results of optical imaging and electrophysiological measurement
were well correlated not only in their response amplitudes but also
in the spatial location of reduced responses: the border between
normal and reduced response regions in both measurements cor-
responded to the border between normal site and photocoagula-
tion site.

Interestingly, with infrared observation, the time course of
the intrinsic signals evoked by a brief flash stimulus was differ-
ent for different regions of the ocular fundus. Representative
time courses of flash-evoked response at the foveal and peri-
foveal regions under the dark-adapted condition are shown in
Fig. 6.6. The reflectance changes at the fovea were rapid and
reached a negative peak (darkening) within 100 to 200 ms fol-
lowing the flash. The darkening then gradually returned toward
the pre-stimulus baseline. The signals in the perifoveal regions
(3°-12°) were composed of both fast and slow components. The
time courses of the intrinsic signals of the perifoveal regions were
approximately the same and distinct from the foveal response:
the light reflectance decreased rapidly within 100 ms (flexural
point), and then gradually decreased to reach a trough. The light
reflectance at the fovea did not decrease following the initial neg-
ative peak.

The fovea is a central region (300 pm in diameter) in the
posterior retina that is composed of cone photoreceptors and is
free of capillaries and middle or inner layer structures (26). The
perifoveal region has both cone and rod photoreceptors, and its
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Fig. 6.6. Time courses of light reflectance changes in a single trial following a diffuse flash, measured at the fovea and
different regions within twelve degrees superior or inferior to the fovea. Amplitudes are indicated as values relative to
the light reflectance changes at the end of each trial (1.0). The four regions tested in each quadrant are indicated as
distances from the fovea (3,6,9 and 12°). (See Color Plate)
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inner and middle layers are nourished by retinal vessels and cap-
illaries. We believe that the light scattering changes following
activation of the cone photoreceptors are probably the source
of the fast intrinsic signals observed at the fovea because the
foveal avascular region is not subject to changes in hemoglobin
concentration or blood volume following neural activation (14).
The rapid darkening observed at the perifoveal regions may also
be derived from light scattering changes because, under infrared
light, the change in the optical signal due to deoxygenated
hemoglobin concentration is thought to be much smaller than
that from tissue light scattering (27). The light scattering changes
following a flash are thought to be derived from microstruc-
tural changes in the outer segment disks, membrane hyperpo-
larization, cell swelling, and changes in the composition of the
inter-photoreceptor matrix. Recent functional OCT studies using
blood-free slice preparations (28,29) or in vivo retina (30) showed
that the reflectance in the photoreceptor layer is strongly modu-
lated by neural activation followed by microscopic morphological
changes.

As for the sources of the slow signals in the perifoveal regions,
our recent studies have suggested that the light scattering changes
due to blood flow changes in capillaries are the main contribu-
tors to changes in reflectance (42). Direct measurement of blood
flow with laser Doppler flowmetry has shown that a flash stimulus
evokes a slow increase in blood flow only in the perifoveal regions
and its time course exactly matched that of the slow component
of the intrinsic signals we described above. A fast increase in blood
flow, however, has not been observed either in foveal or perifoveal
regions.

We have shown that the light scattering change, which is inde-
pendent of blood oxygenation level, also correlates well with neu-
ronal activity and can be used for mapping neural function. We
believe that this fast scattering signal is of great value for mapping
neuronal activity because it may have better spatial and tempo-
ral resolutions than the blood-flow- or blood oxygenation related
signals.

3. Optical
Coherence
Tomography (0CT)
for Functional
Imaging Resolved
in Depth
(Functional OCT)

In conventional OISI with CCD cameras, the measured reflected
light is actually the integrated signals over depths determined
by the collection optics. Hence potential variations in functional
organization across depth may go undetected. Optical coher-
ence tomography (OCT) is an optical imaging technique that has
the potential to show reflectivity at specific depths because the
method is a sensitive measure of refractive index variations across
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depth (31,32). In this technique, light from a low-coherence light
source is focused onto the tissue and reflectivity of the internal
microstructures at different depths is measured by an interferom-
eter, thus providing a map of the structural profile of the tissue.
As described in the previous section on conventional OISI, in
addition to the oxy- and deoxy-hemoglobin related absorption
changes, scattering changes also contribute to the intrinsic sig-
nal measured with OCT. Scattering changes could result from
changes in the size of the scatterer or the density of the scatterer,
or both. During neural activation, secondary physiological struc-
tural changes such as those in photoreceptors described above
(13), capillary dilation (12,33), change in the density of red blood
cells (34) and swelling of glial cells (35) can occur (36). We expect
that the changes in scattering characteristics would result in an
activity-dependent reflectivity change, and that the sensitivity of
OCT to refractive index changes would make it theoretically sen-
sitive to the scattering changes such as those happening during
neural activation. We refer to this technique as functional OCT
(fOCT) and its signal as fOCT signal.

To demonstrate the potential of OCT in functional studies,
we used primary visual cortex (V1) of cats to confirm that detec-
tion of a stimulus-specific reflectivity change is feasible (36, 37).
The reliability of the technique was demonstrated by compar-
ison with results of conventional OSIS and multi-unit activity
recorded electrophysiologically. Recently, supporting evidence for
the potential of OCT in functional studies has been reported in
squid (38) and in retina (28-30).

4. Brief
Introduction for
Optical Coherence
Tomography (0CT)

Figure 6.7A shows a simple schematic of the principles of an
interferometer: a broad-spectrum light source is divided by a half
mirror into two beams, one illuminating the reference mirror and
the other illuminating a turbid medium such as the cortex. The
light reflected back from the reference mirror and the cortex are
recombined at the half mirror to reach the detector. The reflected
light beams would interfere only if their total light path length
difference (Lr-Ls) is within the coherence length of the source,
or, in other words, if the light reaching the detector has temporal
correlation. The extent of temporal correlation is determined by
autocorrelation of the source, and can be described in terms of
the spectral width (Proportional to )% /AL) of the source, where
Ao is the central mean wavelength and AA the spectral width. For
the case of the light source used in OCT, the coherence length is
on the order of a few um to a few tens of pm. So, by having a
mechanism to move the reference mirror, it is possible to dissect
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Fig. 6.7. Aschematic of the basic principle of OCT (A) and the experimental system used (B) along with a picture of the
probe unit (C) and a schematic of the scanning paradigm (D). In the figure (B), the abbreviations denote: BBS - Broad
Band Source, AOM- Acousto-Optic Modulator, PC - Polarization Controller, M — Mirror and O — Objective lens. (See Color
Plate)

the cortex optically and obtain depth-resolved reflectivity maps.
The experimental system used in our studies and other details are
described in Appendix 2.

5. Functional
Imaging with OCT
(fOCT)

Prior to doing functional imaging with OCT, we performed in
vivo optical intrinsic signal imaging with the exposed cortical sur-
face of cat visual cortex (Fig. 6.8A) at a wavelength of 607 nm.
The stimulus set was identical to the one used in fOCT. It con-
sisted of four differently oriented gratings and a blank screen used
as a control (see detailed protocol in Appendix 2). Figure 6.8B
shows the thresholded difference maps obtained when horizontal
and vertical grating visual stimuli were presented to the cat. Dark
and bright regions indicate the activated regions for horizontal
and vertical gratings, respectively.
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Fig. 6.8. (A) Exposed cortical surface of cat visual cortex with (B) a thresholded activa-
tion map overlay . Dark and light patches represent the activated regions for horizontal
and vertical gratings, respectively, and green lines indicate the region of OCT scans. (See
Color Plate)

An OCT x-z scan was then conducted across the green line
indicated in Figure 6.8. Figure 6.9A shows the results of the
OCT structural x-z image obtained. The cortical surface border
has been drawn manually and the warm-colored regions indicate
the scattering centers within the cortex. Here, the light beam was
adjusted to be incident normal to the cortical surface and at a
position of interest in relation to the cortical surface. The depth
profile showing the intensity variation as a function of depth is
shown in Fig. 6.9B. Figure 6.9C shows the calculated fOCT
map obtained as a difference of the fOCT maps collected for
horizontal and vertical grating stimuli obtained across the green
line of Fig. 6.8 (see Appendix 2 for calculation used to extract

B
i |
=
T \
€3 | !
g W/ i
®
g* W\x\
L
%
e 0 A0 600 B0
Cortical depth (Jm)
D
S 0o 40003
e Depift irtegratad QCT
3 —
B chi % /\
=] b\ Vo oy
@ 5 i \\ 00000 =
o0l Y N L
3 p g @
] ( (o]
2 / 00003
© s
8 oo
SR 035 19 15 20

Cortical lateral position (mm)

Cortical lateral position x(mm)

Fig. 6.9. (A) OCT scan obtained across the line indicated in Fig. 6.8 with (B) a typical depth reflectivity profile from (A)
and the corresponding (C) Functional OCT map and (D) Consistency of OISI result with the integrated result of fOCT. In
(C), 7ed and &lue patches represent the activated regions for horizontal and vertical gratings, respectively. In (D) green
line indicates the variation of OISI across the line indicated in Fig. 6.8B. while the 7ed line obtained by calculating the
functional signal from integrating the OCT scans across the full scanned depth range of Fig. 6.9A. (see Color Plate)
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functional signals). Here, red and blue patches indicate the acti-
vation for horizontal and vertical grating stimuli, respectively. In
order to clarify the reliability of maps, a pixel-by-pixel comparative
t-test was done for the horizontal against the vertical grating stim-
uli. The tests revealed that the results obtained were statistically
significant to within a 5% tolerance limit. Further, a blank minus
blank map did reveal a flat distribution without any patches.
From the fOCT map, we can make the following inferences:

1. There is a discrete distribution of activation patches across
depth, which is stimulus specific.

2. In a very superficial region (100-200 pwm under cortical sur-
face), there are no activation patches indicating layer 1 where
neurons are scarce.

3. In the region deeper than 100-200 wm, there exist several
localized patches across depth showing no regular structure.

4. The localized patches extend up to the measured depth of
approximately 1 mm. The presence of orientation columns in
primary visual cortex is well known (39). This indicates that,
across depth, there might exist a continuous cylindrical organi-
zation more complex than the commonly understood colum-
nar organization.

As the maps revealed by fOCT suggest a surprisingly discrete dis-

tributed columnar organization, it becomes necessary to validate

the technique. In the present measurements, there are two poten-
tial issues that need to be considered:

1. Although we could observe a functional signal that arises as a
result of scattering change due to neural activation, it is still
not possible to specify the origin regarding the exact nature of
the scattering changes such as glial swelling or capillary dila-
tion. One way to resolve this issue may be to increase the
spatial resolution of the technique, a possibility that is tech-
nically feasible. But even with increased resolution, allowing
us to visualize the details of the structural organization, it is
still not clear whether the reflectivity changes could provide
enough contrast to resolve finer details such as neuronal cells,
glial cells and blood vessels etc. To resolve such structural dif-
ferences, one way is by specifically attaching contrast agents
such as gold particles to specific structures such as neurons. We
previously proposed a method of increasing the reflectivity in
OCT (40) by introducing properly sized gold particles. With
such specific labeling, we may be able to increase the reflectiv-
ity from specific structures, which would, in turn, enable us to
specify the origin of scattering change.

2. Another issue is that the site of localized scattering change
may not correspond to the site of neural activity. To address
this problem, we conducted electrophysiology recordings to
measure the neuronal activity at the sites revealed by fOCT
discussed in the following section.
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6. Reliability of
the Signal as a
Measure of

Localization of
Neural Activity

As the correlation of OISI maps with neural activity is already
well established (3,4, 41), a comparison of fOCT with OISI is
a reasonable validation approach. We compared the intensity
variation of an OISI map across the scanned line (Fig. 6.8) with
the integrated profile of fOCT. In order to calculate the inte-
grated profile, all the pixels across the z-direction were summed
to obtain a profile that varies only across &; then the differential
OCT at each x was calculated. Figure 6.9D shows the result
of such a comparison with the red line indicating the integrated
result and green line indicating the OIS intensity variation. A
clear and remarkable agreement between the profiles can be
seen. This indicates that fOCT signal is indeed correlated with
OISI and thus correlated with the neural activity. Experiments
were done in 5 cats and showed a good correlation between
the integrated fOCT signal and the intensity profiles obtained
from intrinsic maps. Correlation coefficients vary in the range of
0.3-0.9. Table 6.1 gives the results of correlation coefficients
obtained from a cat from different scan positions. However, a
general caveat is that there are many differences between OISI
and fOCT, including illumination and detection geometries,
wavelengths used and the origin of the signals. In fOCT, as
near-infrared wavelength is used, oxy- and deoxy-hemoglobin
have almost the same absorption coefficients and hence the
absorption changes are minimal. The main source of the signal is
thought to be scattering changes. Nevertheless, the OISI results
corresponded very well with the integrated profiles of fOCT.

Table 6.1

The correlation coefficients between the profiles obtained
by the 0ISI intensity profile and the corresponding
depth-integrated fOCT intensity profile obtained from 6
different scan positions of a single cat

Scan position index  Correlation for 0-90° Correlation for 45-135°

o

Po,mtick)nAZ i 052 029

Positton6 @ 0.566 ‘ ~ 0.559
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Next, to investigate what the patches in fOCT maps repre-
sent (i.e., whether they represent a localization in the distribution
of neurons themselves or a localization of the secondary mech-
anisms that are behind the origin of the functional signals), we
recorded multi-unit activities (MUA) in the scanned region to
determine the correlation with the distribution of strength of
neuronal activity. MUA recordings were done with glass-coated
tungsten electrodes. Figure 6.10A shows a representative exam-
ple of the variation of MUA with respect to the cortical depth for
four different grating orientations. As seen from the figure, the
stimulus selectivity across a single track is retained. However, the
evoked response at different depths is not of the same magnitude
and it varies across depth with the response being the largest for
a depth of 100400 pum. This implies that, across the depth, all
neurons do not behave in the same way and they have individual
characteristics as would be expected from an ensemble of neurons.
We would like to emphasize this variation in the evoked response
and we expect this variation could be detected by the proposed
fOCT measurement.

Figure 6.10B shows an example of the result of a compar-
ison of the fOCT depth profile with the MUA profile. Variation
of the fOCT profile generally agrees with the non-uniformity of
evoked response across different depths. This suggests that the
functional signal measured by fOCT may be correlated with the
spiking activity of neurons. A calculation of the correlation coef-
ficient revealed that the profiles are well interrelated. Results of
correlation obtained from six different scan positions and three
different cats are presented in Table 6.2A and B, respectively.
Except for two cases, the correlation coefficient was fairly high,
indicating that fOCT could indeed measure functional maps.

- i Oty s 1OCT EXTY

Normalized fOCT signal

Normalized sevoked response

g

¥ 8§ 8 8

&

e

200 400 800 m 1000 0 20& id;e 6;)9 06& 1000
Cortical depth {jum)
Fig. 6.10. An example of (A) MUA-evoked responses as a function of depth obtained from a single track for different

orientation stimuli and (B) a comparison of difference of the evoked MUA response (shown in red) with the fOCT profile
(shown in green) as a function of depth for the difference of 0° minus 90° orientation stimulus. (See Color Plate)
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Table 6.2

Cross-correlation coefficients obtained from (A) different
tracks of a single averaged x—z scan and (B) population
result from three different cats

Correlation between fOCT and unit profiles (A)
Site#  Correlation coeff. for 0-90 deg  Correlation coeff. for 45-135

7. fOCT - Future
Prospects

It should be mentioned that in the comparison study discussed in
the previous section, different methods of OISI, fOCT and MUA
were conducted independently to be compared later. However,
there could be some spatial ambiguity of 100 pm or more in
such comparisons. For more reliable comparisons, it may be nec-
essary to conduct simultaneous measurements of OISI, fOCT and
MUA. In addition, recently, we have started the implementation
of a high speed Fourier domain OCT system that would largely
improve the sensitivity of OCT signal enabling a clearer picture
of the columnar organization of orientation columns in cat visual
cortex.

Recently, we have also started applying fOCT to the study
of the rat olfactory system and our preliminary results show
clear odor-dependent responses. We therefore expect this method
to provide novel insights regarding the response distribution in
granule cell layers that receive input from olfactory glomeruli and
lie deeper from superficial regions of the bulb.

- O d W
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Appendix 1:
Technical Details
of Functional
Retinography

The monkeys were anesthetized by a mixture of 70% N,O, 30%
O; supplemented with 1.0-1.5% of isoflurane and were paralyzed
with vecuronium bromide (0.1-0.2 mg/ kg/ hour). Before the
recordings, the pupils were fully dilated with topical tropicamide
(0.5%) and phenylephrine hydrochloride (0.5%). A modified dig-
ital fundus camera system (NM-1000, Nidek, Aichi, Japan) was
used to observe and measure the light reflectance changes from
the ocular fundus. The fundus images were recorded with a CCD
camera (PX-30BC, Primetech Engineering, Tokyo, Japan), and
the images were digitized with an IBM /PC-compatible computer
equipped with a video frame grabber board (Corona II, Matrox,
Quebec, Canada: gray level resolution, 10 bits; spatial resolution,
640 x 480; temporal resolution, 1,/30 s). The camera was focused
on the macular vessels, and the area recorded covered 45 degrees,
which included the macula, superior and inferior vascular arcades,
and the optic disk.

The fundus was continuously monitored with light from a
halogen lamp filtered through a red (610-650 nm) or infrared
(840-900 nm) interference filter. Each recording trial consisted
of three hundred video frames collected at 30 frames/sec for a
total recording time of 10 s. A Xenon flash (duration: 1 msec)
was given to the whole posterior pole of the ocular fundus, 500
msec after the initiation of data acquisition. The flash intensity
measured at the cornea was 1.54 x 10? cdvs/m?. The timing of
the data acquisition and stimulus delivery was under computer
control. Changes in light reflectance from the ocular fundus
following the stimulus, such as a darkening (a decrease in light
reflectance) or a brightening (an increase in light reflectance),
were measured. The optical signal was calculated as follows: (1)
The gray-scale values of the image obtained after the stimulus
were divided, pixel by pixel, by those obtained during a 0.5-s
period before the stimulus, and (2) This ratio was rescaled to
256 levels of gray-scale resolution to show the stimulus-induced
reflectance changes.

8. Appendix 2:
Technical Details
of fOCT

System

We used a fiber-based OCT imaging system (Fig. 6.7B). It
consists of a Mach-Zehnder-type heterodyne interferometer
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constructed from single-mode fibers for flexibility. Light from a
broadband source (AFC Technologies, Canada) operating at an
output power of 30 mW and having a central mean wavelength
(Xo) of 1.31 pm and a spectral width (AA) of 50 nm is split into
sample and reference beams in the respective ratio of 19:1 by cou-
pler 1. Optical frequencies of the sample and reference beams are
shifted by acousto-optic modulators (AOM, Asahi glass, Japan).
We use AOMs to introduce a constant and stable phase delay
between the interfering beams. Both the reference and sample
beams, after passing through the circulators, illuminate the ref-
erence mirror and cortex, respectively. The reflected lights were
recombined at coupler 2. An interference beat signal that has a
beat frequency of 250 kHz is detected only when the path lengths
of the interferometer arms are matched to within the coherence
length of the source that is calculated to be 34 um in free space.
Heterodyne detection was done with a lock-in amplifier (EG&G,
USA) and the amplitude of the demodulated components was fed
into a computer via a 16-bit A/D converter. The reference mirror
M was mounted on a motorized stage and scanned at a speed of
2 mm/sec.

The sample arm viewing the animal side consisted of an objec-
tive lens of numerical aperture 0.08 and was also fitted with a
CCD camera. This allowed simultaneous viewing of the cortical
surface with the introduction of visible light from an auxiliary
laser source (wavelength 680 nm). The whole unit was mounted
on a manipulator unit (Fig. 6.7C) that has five degrees of free-
dom of translation along three axes and rotation and tilt (the -
flexibility is needed for making the probing light beam normal {
to the cortical surface). Galvano scanners were installed so as to :
perform surface scans. The animal-related fluctuation in the sig-
nal was reduced by conducting measurements in synchronization
with heartbeat and respiration and by keeping the brain surface
immobile using agarose.

Animals and Surgery

Each cat was anesthetized with a mixture of 70% N, O and 30%
O, supplemented with 1-2% isoflurane, paralyzed with Pancuro-
nium bromide (0.1 mg/Kg/hr), and artificially ventilated by a
respirator unit. Contact lenses were fitted to the eyes to pro-
tect the cornea from drying. The pupils of the eyes were dilated
with 0.5% tropicamide and 0.5% phenylephrine hydrochloride.
The head of the animal was held tightly by attaching it to a
metal rod. A stainless steel chamber (18 mm inner diameter) was
fixed onto the skull with dental acrylic cement by aseptic surgery
and was placed above area 18 (coordinates A10P5 of Horsheley).
After removal of the dura mater, the inside of the chamber was
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filled with 1.2% agarose (Agarose-HGS, Nacalai tesque, Japan,
gel strength 1.5%) containing dexamethasone and antibiotics and
was sealed with a round glass cover slip and a silicon gasket. Rec-
tal temperature, ECG and expired CO; were continuously moni-
tored during both OCT experiments and surgery.

OCT Scan

The stimuli were the same as that used for OISI and consisted
of square-wave gratings (white = 8 cd/m2, black=0 ¢d/m2) hav-
ing a spatial frequency and moving at a velocity of 4 degrees/sec.
The stimulus set consisted of five patterns with control or blank
(mean luminance 4 c¢d/m?), horizontal (0°), vertical (90°) and
oblique gratings (45°, 135°) and were presented in a random
order. All stimuli were generated with a VSG2 /3 graphics video
board (Cambridge Research Systems, UK). The center of the
visual field was roughly estimated by projecting images of optic
discs onto a screen in front of the animal. The distance of the CRT
screen (200-300 mm) was adjusted to have the best focus of optic
discs and surrounding vessel patterns. A total of 40 trials were
obtained for each stimulus. In a single trial, data acquisition was
done for 8 s, during which time 16 x-z frames (128 x100 pixels
corresponding to 1 x 1 mm) were obtained. The inter-stimulus
interval (ISI) was 5 s. A schematic is shown in Fig. 6.7D. Stim-
uli appeared with a delay of 2 s after the acquisition onset and
persisted for 2 s.

OCT Data Correction
and Analysis

First, the scans were corrected for any misalignment of the surface
position by a correlation-based procedure. For a single stimulus,
we obtained a total of 640 scans. To compensate for the small
variations in the surface position over different scans, we used
correlation analysis. Out of these 640 scans, we selected an arbi-
trary scan (z) with the reflectivity detected as a function of depth
being R,(x,2,) at a lateral position x for a stimulus s. Next, we cal-
culated the correlation between the sth scan and rest of the scans
(7) using the following equation:

EMBED Equation. DSMT4

ffooo Rs(xa 2, z)}{5(%7 z+ Az7j)dz

QAz4,5) =
\/f—oooo R;(x, 2y 1)dz foC;O Rs(x’ z+ AZ,])dz

(6.1a)

This operation gives the position of the correlation peak that
corresponds to the amount of shift necessary for the sth profile to
be in alignment with the sth profile.
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Pixel noise was removed with a smoothing filter of window
Qe 7> N Tnats
Next, the ratio of the post-stimulus over pre-stimulus scans

was calculated for all the grating stimuli and the control condition
as follows:

RI™ (%3, 1)
ZPresmmR})”(xa z, t)

(ol s )= (6.2)

Here R, is the reflectivity at position (x, z) at time ¢ “post”
and “pre” indicate post-stimulus and pre-stimulus scans. The
division operation removes the unchanging common variation
and extracts only changes due to visual stimulation. Next, the
ratio was averaged for all the scans obtained for each stimulus
< ¥s(x,2) >. Finally, the differential OCT signal < yyg(x,2) >
was calculated as,

< Yaifr(%, 2) >=< Vyrasing(%,2) > — < Yconsrol(%,2) >.(6.3)

With the above equation, by subtracting the differential OCT
signal of the control, we could remove noise fluctuations such as
respiration artifacts that were locked to the recording but not to
the grating stimulus . We have restricted this discussion mainly
to the results obtained by calculating the difference between <y;
(x,z)> that were obtained for two orthogonal gratings. The spa-
tial map has been smoothed with a moving average filter roughly

100x115 pm.
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Fig. 6.1. Orientation columns visualized by OISI at different wavelengths. Typically in visual cortex, intrinsic signals
consist of stimulus-specific and -nonspecific components. Orientation columns are reflected in the stimulus-specific
component that is a local modulation of a stimulus-nonspecific component. In (A), we subtracted activation patterns
obtained by one stimulus (90 deg. orientation) from the other (0 deg. orientation) to remove stimulus-nonspecific com-
ponents. Please note that, depending on the size of the functional structures of interest, stimulus specificity of synaptic
inputs, and spread of intrinsic signals, distinction between stimulus-specific and nonspecific components may not be
required (for example, see Figs. 6.3 and 6.4). Columnar patterns obtained at different wavelengths are nearly the same
as indicated by contours in red drawn for columnar patterns obtained at 620 nm. Although it is not shown here, similar
patterns of functional structures were also observed using infrared light. Bottom image shows vessel patterns of the
exposed cortical surface where the above recordings were made. (B) Time courses of stimulus-nonspecific (red and blue
lines) and stimulus-specific (green line) components obtained at 620 nm. The visual stimulus was given from 0 to 2
s. (C) Time course of stimulus-nonspecific components obtained at 570 nm (Green line). The black line indicates time
course estimated by subtraction between time courses obtained before and after the extrinsic absorption dye infusion
(see Fukuda et al., 2005 for details). The visual stimulus was given from 0 to 2 s.
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Fig. 6.2. Overall view of the intrinsic signals imaging system for retina (left) and schematic drawing of the experimental
setup (right). Throughout the recording trial, the fundus was continuously illuminated with observation light through one
of the bandpass filters.
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Fig. 6.3. Time courses of two-dimensional images of retina showing light reflectance changes following a flash stimulus
observed with 630 nm (A) and infrared (B) light, measured in the posterior pole region of normal retina. The averaged
reflectance changes during the first second after the flash are shown in pseudocolor maps on the right. Color indicates
relative light reflectance changes from pre-stimulus level. Fundus photograph of a normal macaque retina is shown in
the right.
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Fig. 6.4. Response topography of normal retina under light-adapted (A) and dark-adapted (B) conditions. The foveal
center is indicated by a white dot and the optic disk is indicated by an asterisk. Regions with 60%, 50%, 40% and 30%
of the peak signal intensity value at the fovea were outlined by different colors. Pseudocolor topographic maps of light
reflectance changes in the inferior retina, profiled along the horizontal meridian, are shown on the right. The location of
the fovea is indicated by F, and the crest of ‘rod ring’ is indicated by R.
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Fig. 6.5. (A) Photograph of the monkey’s retina artificially damaged by Argon Laser Photocoagulation. The upper half
of posterior retina was densely coagulated, sparing the macular area. (B) Array of 37 local responses of multifocal ERG,
taken from the fundus in (A). ERGs with x and 7 indicate the location of macula and optic disk, respectively. Note
that the responses of the intact retina in the lower half region are inversely shown in the upper half of the arrays. (C)
pseudocolor map of flash-evoked intrinsic signals measured with infrared light. Red color indicates light reflectance
decrease (darkening) from pre-stimulus level. Flash-evoked darkening could not be observed in the damaged region
(upper half). (D) Correlation between the change in light reflectance decrease and the focal responses in ERG at the
corresponding retinal location under infrared light. Correlation coefficient: r=0.79 (p < 0.001, n=45).
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Fig. 6.6. Time courses of light reflectance changes in a single trial following a diffuse flash, measured at the fovea and
different regions within twelve degrees superior or inferior to the fovea. Amplitudes are indicated as values relative to
the light reflectance changes at the end of each trial (1.0). The four regions tested in each quadrant are indicated as
distances from the fovea (3,6,9 and 12°).




(A) (©

Turbid
medium

(B) BBS
1310nm(30mW) g
19:1coupler, PC1 AOM1 M
P Circulator1
1
Computer
EG Aom2 controlled stage
Circulator2
19:1coupler
PC3|
i D) Stimulus and data acquisition cycle
1
Eg @ = i Galvano
! scanners  stmus oot i stmutss
Detector| 73
Relay lens 23ec

Data acquisiton 8 sec

( “' . Synchronized to heart beat
‘ Flip mirror and respiration
Pre-amplifier I e Main e
NA0.08 wigger _‘ﬁ#ilﬁ
y Stimulus.
L—x onset — p

Acquiston ___ A MLMLMLALALNLILALL

duration Sl

Stimulus set: ”m]]]]%

y

A
Lo

Amplitude

Computer Sychronization
unit

Respirator
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Fig. 6.8. Exposed cortical surface of cat visual cortex with (B) a thresholded activation map overlay . Dark and light
patches represent the activated regions for horizontal and vertical gratings, respectively, and green lines indicate the
region of OCT scans.
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Fig. 6.9. (A) OCT scan, (B) Functional OCT map and (C) Consistency of OISI result with the integrated result of fOCT
obtained across the line indicated in Fig. 6.2. In (B), red and blue patches represent the activated regions for horizontal
and vertical gratings, respectively. Green line indicates the variation of OISI across the line indicated in Fig. 6.2B. In the
graph (C), red line obtained by calculating the functional signal from integrating the OCT scans across the full scanned
depth range of Fig. 6.3B while green line indicates the intensity variation across the green line of Fig. 6.2B.
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Fig. 6.10. An example of (A) MUA-evoked responses as a function of depth obtained from a single track for different
orientation stimuli and (B) a comparison of difference of the evoked MUA response (shown in red) with the fOCT profile
(shown in green) as a function of depth for the difference of 0° minus 90° orientation stimulus.




