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Abstract

We report the application of optical coherence tomography (OCT) for visualizing a 1D depth resolved functional
structure of cat brain in vivo. The OCT system is based on the known fact that neural activation induces structural
changes such as capillary dilation and cellular swelling. Detecting these changes as an amplitude change of the scattered
light, an OCT signal reflecting neural activity, i.e., functional OCT (fOCT) could be obtained. Experiments have been
done to obtain a depth resolved stimulus-specific profile of activation in cat visual cortex. © 2002 Published by Elsevier

Science B.V.

1. Introduction

The brain is the most complex organ, and un-
derstanding its functional organization in corre-
lation with its anatomical structures is of prime
importance from both the clinical aspect and the
fundamental aspect of how the brain orchestrates
the various tasks simultaneously. Techniques such
as functional magnetic resonance imaging (fMR1I),
positron emission tomography (PET) [1,2] provide
volumetric functional images at a resolution of
mm. However, the size of the functional unit
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consisting of neurons is a few tens of microns, thus
requiring higher resolution.

The other technique is optical intrinsic signal
imaging (OISI) [3-5] that visualizes neural activity
induced changes of the reflected light from the
cortical surface and could provide 2D functional
map at a micron level resolution. It has also pro-
vided some valuable insights in understanding the
function of the brain [4-8]. However in OISI, the
reflected light is integrated over the depth and so
the information about the organization with re-
spect to the depth is lost. For example, the visual
cortex consists of six layers as shown in Fig. 1 with
the cellular responses of each layer not necessarily
being the same: neurons in layers 2 and 3 selec-
tively respond to a particularly oriented grating
stimulus while layer 4 lacks such orientation
selectivity [9]. In OISI, however, neural activity
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Fig. 1. Anatomical section of cat visual cortex. Although at
first sight, it is difficult to detect the borders between the layers,
a careful observation reveals the presence of the six-layered
structure. Approximate values of the average thickness of the
individual layers are indicated within brackets.

influenced signals are averaged over these layers.
Further, as visible wavelengths are used, the pen-
etration depth is limited to a few hundreds of mi-
crons.

The main purpose of the current study is to
resolve the neural activity elicited signal along the
layered structure by introducing the optical co-
herence tomographic (OCT) technique. In OCT, a
low coherent light source in combination with an
interferometer paves a way for selecting reflected
light from a limited volume of specified depth [10].
OCT has been successfully employed in structural
imaging of eye [10-12], skin [13], gastrointestinal
tissues [14]. OCT has also been employed in
imaging flow velocity [15,16]. However, its poten-
tial in mapping functional signals in the brain re-
mains unexplored. Here, to our knowledge, for the
first time OCT has been implemented for func-
tional imaging of an intact brain.

Neural activation elicits secondary physiologi-
cal changes such as: (i) a change in the cerebral
blood volume which corresponds to a change in

the capillary diameter [17,18]; (ii) a change in the
density of red blood cells [19]; (iii) a decrease in
extracellular volume which corresponds to the
swelling of glial cells [20-22], that can give rise to
scattering changes. As the signal measured in OCT
is reflectivity, it varies with changes in the scat-
tering characteristics. Therefore, it is theoretically
possible to get a differential OCT signal reflecting
changes elicited by neural activation. Current ex-
periments have been done to test the feasibility of
this method in one dimension. They present pre-
liminary results with the main emphasis on veri-
fying the existing knowledge of visual cortex [9,23].

2. Experiments
2.1. Experimental system

Fig. 2 shows the experimental system. It con-
sists of a Mach—Zhender type interferometer con-
structed from single-mode fibers for flexibility [24].
Light from a broad-band light source (AFC
Technologies, Canada) having a central mean
wavelength of 1310 nm and a coherence length in
free space of 30 um is split into sample and ref-
erence beams in the respective ratio of 19:1 by
coupler 1. The optical frequency of the reference
signal is shifted to a 119.75 MHz by an acousto-
optic modulator (AOM 1) while the frequency of
the sample beam is shifted to a frequency 120 MHz
by a second acousto-optic modulator (AOM 2).
Interference of these signals results in a detected
signal having a beat frequency of 250 kHz. Both
the light beams with their frequencies shifted pass
through the circulators to illuminate, respectively,
the reference mirror and the cat cortex. The ob-
jective lens has a NA of 0.1 which will give a depth
of focus 130 um and a spot diameter of 16 um. The
reflected light from the cortex and the reference
mirror are recombined at the coupler 2 in the re-
spective ratio of 19:1. The polarization controllers
(PC1-PC4) were used to maximize the output in-
terference beat signal at the detector. Heterodyne
detection was done with a lock-in amplifier locked
to the beat frequency 250 kHz, and the amplitude
of the beat signal is fed into the computer via a 16
bit A/D converter. The reference mirror M is
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Fig. 2. Experimental system used to obtain a differential OCT signal from cat primary visual cortex.

mounted on a motorized stage moving at a speed
of 2 mm/s corresponding to a frequency of 3 kHz
well within the bandwidth of the lock-in amplifier.

To obtain the 1D depth resolved signal of the
cortex, the reference mirror is scanned, and the
reflectivity variations from different depths is re-
corded. Further, the probe unit consisting of fiber
and objective lens is also attached with a CCD.
The CCD is used to view the cortical surface in
relation to the illuminating spot and is positioned
to be at a plane conjugate to that of the fiber and
the sample planes.

2.2. Experimental details

Experiments were performed on the exposed
visual cortex of an anaesthetized cat. Anesthesia
was maintained with a mixture of 70% N,O and
30% O, supplemented with 1-2% isoflurane. The
head of the animal was held tightly by attaching 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 the skull. After careful removal of
the skull and the dura matter which is the pro-
tective layer covering the cortex, the chamber was

filled with 1.2% agarose (Agarose-HGS, Nacalai
tesque, Japan Gel strength 1.5%) containing dex-
amethazone (0.1 mg/ml saline) and antibiotics
(gentamicin, 0.25 mg/ml saline) and was sealed
with a round glass cover slip and a silicon gasket.
The exposed surface is shown in Fig. 3. After the
procedure of chamber fixation and removal of
dura matter, the animal was returned to the cage
and a gap of around a week was given before OCT
experiments for the cortex to recover from the
metabolic changes due to exposure.

Fig. 3. Exposed cortical surface of a cat’s visual cortex.
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OCT experiments were carried out under the
same anesthetic condition as that used during the
surgery. Contact lenses were fitted to eyes to pro-
tect cornea from drying. The pupils of the eyes
were dilated with 0.5% tropicamide and 0.5%
phenylephrine hydrochroride. The center of the
visual field was roughly estimated by projecting
images of optic disks onto a screen in front of the
animal. The distance of the CRT screen was ad-
justed to have the best focus of optic disks and
surrounding vessel patterns and was around 20-30
cm from the animal’s eyes. An image of the stim-
ulus that has to be presented to the cat was shown
on the CRT screen.

2.3. Stimulus and scan details

All visual stimuli were generated with a VSG2/3
graphics video board (Cambridge Research Sys-
tems, UK). The stimuli were square-wave gratings
(white = 8 c¢d/m?, black = 0 cd/m?) having a
spatial frequency 0.5 cycle/° and were moving at a
velocity of 4 °/s. The grating stimuli were presented
binocularly and shown in a sequential order. The
presented grating stimulus activates neurons at the
measuring site of the visual cortex when the ori-
entation of the grating coincides with the optimal
orientation of those neurons [9]. The stimulus set
consists of four grating patterns namely, horizon-
tal, vertical, diagonal left and diagonal right
gratings. A blank screen corresponding to no
stimulus case was used as control. The animal was
artificially ventilated by a respirator unit. Its rectal
temperature, ECG and expired CO, were contin-
uously monitored during both OCT experiments
and surgery.

In one trial, the reference mirror has been
scanned back and forth over a period of 8 s with
data acquisition starting 2 s prior to the onset of
stimulus presentation. The duration of stimulus
presentation is 2 s. A total of 16 scans, with four
pre-stimulus scans and 12 post-stimulus scans had
been done. An inter-stimulus interval of 5 s was
given in between stimuli. A total of 40 such trials
have been done for each stimulus and the average
over those trials was calculated. The total number
of averaging used was 240 and it corresponds to 40
trials times 6 scans. All data acquisition had been

synchronized to the heartbeat and respiration of
the cat.

The experimental protocol was approved by the
Experimental Animal Committee of the RIKEN
Institute. All experimental procedures were done
in accordance with the guidelines of the RIKEN
Institute and the National Institute of Health.

3. Results and discussion
3.1. OCT signal from cortex

Fig. 4 shows the averaged OCT reflectivity
signals obtained when the focus was adjusted to a
depth of around 300 pum below the surface as a
function of the cortical depth d. Here the direction
of the light beam was incident normal to the cor-
tical surface. We can see two kinds of variation.
The first one close to the surface displaying a sharp
decay due to the difference in indices at the aga-
rose—cortex interface. The peak position corre-
sponding to surface of the cortex is fixed as the
reference to be zero. The second one showing
modulated variation is broad having many peaks

OCT reflectivity (a.u.)

01 0.0 l 0.1 ' 0.2 ' 0.3 ' 0.4 ' 05 ' 0.6
Cortical depth d(mm)

Fig. 4. Variation of the OCT signal as a function of cortical
depth d (mm) when the light was focused to a point 300 pm
below. The solid line shows the sum of the Gaussian profiles
fitted to the sharp and broad variations. Sharp Gaussian has a
width of 0.045 mm while the broad one has a width of 0.29 mm.
The straight line drawn across the first peak is taken as the
cortical surface and fixed as zero. Here error bars denote
standard error of mean (SEM).
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with the envelope of the peaks lying along the
fitted Gaussian envelope. Now to interpret this
component, we have to consider the effect of
speckles that arise from multiple scattering within
the illuminated volume of the tissue [25].

The single scans contain both the structural
variations and the statistically independent dy-
namic speckles. However, due to temporal aver-
aging by repeated scanning of the reference mirror
as described in Section 2.3, the statistically inde-
pendent speckles are averaged out. This was ex-
perimentally confirmed by comparing the averaged
scan profile with that from a slightly shifted
(around the average speckle diameter of 15 pum)
lateral position and those two scan profiles
were found to be almost identical. Therefore we can
safely interpret the many peaked variations as the
structural variations within the cortical tissue.

Comparing with Fig. 1, the measured averaged
reflectivity variations are from layers 1 and 2/3.
These averaged variations in the amplitude among
the various peaks indicate the large differences
existing within a layer and this could approxi-
mately correspond to both size of scattering cen-
ters that include neuron and glial cells, capillaries
etc. within the measuring volume and local index
variations.

When considering functional imaging, the fol-
lowing things become critical: (i) the height or the
amplitude of the peaked variations has to be large
enough over the noise level and (i) the detectable
change in the amplitude of these variations has to
be larger than the noise level. In Fig. 4, error bars
denote standard error of mean (SEM) obtained
and it varies across the scanned depth. The change
in the amplitude of the reflectivity variations from
a certain depth has to be larger than SEM for that
depth in order to contribute to the functional
signal.

Here to calculate the cortical depth, a refractive
index of 1.4 had been used. This value was calcu-
lated by moving the focus of the objective lens to
deeper away from the surface as this would result
in relative shift of the surface position in the OCT
signal. From the physically moved distance in the
sample arm and the actual shift in the OCT signal,
refractive index of the tissue can be estimated [26].
This was estimated to be around 1.4 which agrees

with the commonly assumed values of index for
the brain [27].

3.2. Functional imaging

Now, the main interest lies in the second OCT
signal component showing the peaked variations as
they correspond to reflectivity variations from
scattering inhomogeneities within the cortical lay-
ers. On neural activation, the question is, whether
these reflectivity variations will show a definitive
change elicited by neural activation. Theoretically,
all the physiological structural changes such as
capillary dilation, change in the density of red blood
cells and swelling of glial cells taking place at a
certain depth on neural activation would produce a
finite change in the reflectivity of the OCT signal
obtained from that depth. As this is expected to be
small, careful measurement protocol would be
needed that is described in Section 2.3.

3.2.1. Results of functional imaging

In order to quantify the functional signal ob-
tained, we define the following:

Let the detected reflectivity at a cortical depth d
and at time ¢ for a stimulus s be R (d,¢) which
results from scattering inhomogeneities present in
the tissue. First, a ratio of the reflectivity at time ¢
to that averaged over a period of 2 s corresponding
to the initial four scans from the onset of data
acquisition,

R(d,1)
Zprescans R?re (d7 t)

was calculated for all the grating stimuli and the
control condition. The division operation in Eq. (1)
removes the time-independent common variation
and extracts only changes due to visual stimulation.
Next, averaging was done over the 40 data sets to
get (y,(d,t)) for each stimulus. From OISI studies,
it has been shown that maximum change in the
reflected light occurs during a period of approxi-
mately 1-3.5 s from the onset of stimulus [17].
Utilizing this fact, averaging the ratios obtained
over this duration was calculated to be (y,(d)).
Finally, the differential OCT signal (4 (d)) was
calculated as

75(d, 1) = (1)
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(Vair(d)) = <Vgnuing(d)> — (Vblank (4))- (2)

With the above equation, we estimated the change
in reflectivity of the OCT signal due to a grating
stimulus over the control condition. As this is a
function of depth, it is possible to detect changes in
depth direction with a resolution determined by
the coherence length of the source.

Two examples obtained from two different an-
imals shown in Figs. 5(a) and (b) demonstrate that
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Fig. 5. Variation of the differential OCT signal (y4q(d)) as a
function of the cortical depth ¢ (mm) for horizontal and vertical
grating stimuli from two different animals (a) and (b). The in-
sets in both (a) and (b) show (y4(d)) vs d for all the grating
stimlui. In the figure H, V, R and L indicate horizontal, vertical,
diagonal right and diagonal left grating stimuli. A moving av-
eraging with a filter size of 40 pm approximately corresponding
to the coherence length was done in all the curves shown here.
Here error bars denote SEM. For clarity the error bars in the
insets were removed.

a functional OCT or fOCT can indeed be realized
and show the differential OCT signals (yg(d))
obtained under two different stimuli namely hori-
zontal and vertical grating as a function of the
cortical depth d. The inset shows (y4(d)) for all
the grating stimuli in both (a) and (b). In both
cases, the signal was well above the noise level
determined by the error bars that correspond to

SEM. We can infer the following facts from these

figures:

1. In either case, across the whole scanned depth
from 0 to 0.6 mm, there is a stimulus evoked
change in the differential OCT signal (yg(d))
and this change can be either positive of
(0.25-0.55) mm for (a) and (0.2-0.45) mm for
(b) or negative (0.05-0.25) mm for (a) and (0—
0.19) mm for (b).

2. Over a depth range of (0.25-0.55) mm in case of
(a), and (0.2-0.45) mm in case of (b), there is a
orientation specific increase in (ygq(d)) with a
relatively large increase seen for a particular ori-
ented grating stimulus and here horizontal ori-
ented grating.

3. Comparing the amplitudes of (yy (<)) among
all the four grating stimuli presented (insets),
the amplitudes of (yy;(d)) for different stimuli
do not differ largely over the depth range from
0 to 0.2 mm. Taking (2) also into account, the
former region can be considered as relatively
stimulus-less specific while the latter region
can be considered as stimulus-specific.

4. Beyond 0.45 mm up to the measured depth of
0.6 mm, the difference in the amplitudes of
(y4ir(d)) among the stimuli is not large and
again we can consider this region to be stimu-
lus-less specific.

Now let us consider the implications of these
above inferences in relation to the layered struc-
ture of the cortex shown in Fig. 1:

1. First of all we can see that the scanned depth of
0.6 mm covers most of layer 2/3 and possibly
layer 4.

2. In the depth range from nearly 0.25 mm for (a),
or 0.2 mm for (b) up to 0.45 mm where an in-
crease in (yg(d)) is observed overlaps with
the layer 2/3. It is well known from single cell
recording studies that cells in this layer respond
to specific oriented grating stimulus and cells of
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similar preference are clustered together [9,24].
For the case of both (a) and (b) in Fig. 5, there
is relatively a large increase in ()4 (d)) for the
case of horizontal grating stimulus. This indi-
cates that cells preferring horizontal grating
are clustered together. So, our results agree well
with the known fact.

3. From a depth of 0.075-0.25 mm for (a), and
0.05-0.2 mm for (b), falls into approximately
layer 1. In this layer, we can see there are lesser
number of scattering centers and hence in gen-
eral there is less scattering. Further, as sensitive
neurons are scarce in layer 1, there is only min-
imal activity resulting in decrease of () (d)).
One possible hypothesis to explain this feature
could be the relative decrease in activity (for ex-
ample in blood flow) in the upper layers to com-
pensate for the requirement in the deeper region
during activity.

4. The variation in the amplitude of (yg(d)) with
respect to orientation getting smaller beyond
0.45 mm indicates a partial loss in orientation
specificity. Actually, this region gets closer to
layer 4 where cells lack orientation specificity.
We know from OISI studies that the functional

organization of the orientation selective cells in the
direction parallel to the cortical surface consists of
patches (called columns) with each column struc-
ture having a size around 500 pm [4]. However, the
smallest size of the functional unit in the depth
direction remains unknown. Actually, till now no
organization across depth could be detected with
the commonly employed electrophysiological
studies mainly due to technical limitations. In Fig.
5, {yair(d)) shows oscillatory variation for the
horizontal grating stimulus. Here, the possibility
of dynamic speckles arising from multiple scat-
tering effects leading to such oscillatory variation
can be excluded as the effect of speckles were
greatly reduced by averaging and further the os-
cillatory variation is stimulus specific.

Therefore, we suggest this oscillatory variation
may reflect a modular organization in depth too.
The current system of fOCT is theoretically ca-
pable of resolving functional structures up to
30 um in the depth direction assuming the source
to be Gaussian. Approximating the oscillatory
variation as the smallest functional unit that can

be resolved by the proposed system, the width has
been estimated to be 40 um. This is one to two
orders of magnitude high in comparison to the
fMRI techniques.

The significant dependence of (ygx(d)) on
stimulus reflects the potential of OCT in detecting
neural activity-induced local scattering changes
happening within a very small volume
(= 6000 um?). These local scattering changes
could be the result of changes in the size of the cells
or of change in the index variations or of density
variations. In the examples shown, the cells along
the depth direction have preference to the hori-
zontal grating while being almost insensitive to
other three grating orientations. We also found
sites where amplitude of (yg(d)) is large for a
different orientation such as right diagonal grating
with other orientations showing a smaller (yg(d))
in the region supposed to be layer 2/3. These re-
sults demonstrate the reliability of stimulus specific
changes of (ygr(d)).

4. Summary

OCT technique has been successfully employed
to obtain a functionally dependent OCT signal
called fOCT from an intact brain. Till now, to our
knowledge, there has been no report about suc-
cessful functional imaging of brain with OCT. A
1D depth resolved stimulus-specific profile has
been obtained from cat visual cortex with an OCT
system having a depth resolution of 30 pm which
is much higher than that can be obtained by fMRI
techniques. Improvements and modifications of
the system have been going on to incorporate the
possibility of x-y and x—z scans so that a 3D
functional map at a lateral resolution of 50 pm
and a depth resolution of 30 um, much higher
than the currently obtained ones could be realized.
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