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ABSTRACT

Parkinson’s disease (PD) is a chronic, progressive disease involving the globus pallidus (GP), which is a gray
matter mass, surrounded by white matter deep within the brain. During a neurosurgery procedure, a thin
probe is inserted into the GP to create a lesion that often relieves the cardinal symptoms of PD. The goal of
this study is to develop an optical method to accurately locate the GP border. In theory, Monte Carlo simu-
lations were performed to predict the optical reflectance from brain tissue. In experiment, a portable, real-time
display spectrometer with a fiber optic reflectance probe was developed and used during human surgery.
Optical reflectance values were recorded at 1 mm intervals to obtain a spatial profile of the tissue as the probe
passed through regions of gray and white matter. The simulation and in vivo studies of the reflectance from
the brain are in good agreement with one another. The clinical data show that the reflectance from gray
matter is approximately 50% or less than that from white matter between 650 and 800 nm. A slope algorithm
is developed to distinguish gray and white matter in vivo. This study provides previously unknown optical
reflectance of the human brain. © 1998 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(98)00904-6]
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1 INTRODUCTION

Interests in using optical methods for physiological-
condition monitoring and cancer diagnostics have
increased in recent years due to their simplicity,
low cost, and low risk. Mourant et al." have used
elastic scattering spectroscopy with a portable,
fiber-optic spectrometer to diagnose cancerous tis-
sue in human gastrointestinal tracts. The principle
behind this method is that the scattering properties
of cancerous and healthy tissue are different. Simi-
larly, the absorption and scattering properties of
gray matter and white matter of the brain should
also be different. This difference can be used as a
diagnostic tool for mapping the boundary between
gray and white matter. The goal of this paper is to
demonstrate the feasibility of using optical reflec-
tance measured in vivo to identify gray matter,
white matter, and the boundary between the two
tissues for guiding brain surgery.

The basal ganglia, structures deep within the
brain composed mostly of gray matter, are sur-
rounded by laminae of white matter. Damage to the
basal ganglia is associated with involuntary move-
ments and widespread changes in muscle tone. An
important mass of gray matter that forms the major
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output structure of the basal ganglia is known as
the globus pallidus (GP), which lies deep within the
brain and is surrounded by white matter. Abnor-
malities of the GP are associated with tremors in
Parkinson’s disease (PD) patients.” Surgical treat-
ments, such as a pallidotomy, are an option for
some Parkinson’s patients; however, identification
of the GP boundary is difficult.

During a pallidotomy, a thin probe is inserted
into the GP to create a small lesion with radio fre-
quency current. The optimal lesion size is un-
known; lesions are generally placed in the posterior
ventral GP, near the optic nerve.>* These lesions
help relieve the difficult symptoms (specifically,
tremors) associated with PD. The difficulty of this
procedure involves precise mapping of the GP bor-
der. A lesion miscalculation (i.e., too deep or too
medial) could cause permanent damage, such as
blindness or paralysis, respectively. However, an
ongoing debate exists regarding alternate methods
to use for accurate localization of the GP.?

During the past two decades, limited articles
have been published that discuss the optical prop-
erties of human brain tissue, either in vitro or in
vivo. Sterenborg et al.’® measured the absorption
and scattering coefficients of gray and white matter
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slices from a post mortem human brain in the
wavelength range from 400 to 1100 nm. Similarly,
van der Zee et al.” measured the reflectance and
transmittance of gray and white matter in post mor-
tem neonatal and adult human brain tissue in the
wavelength range from 500 to 1000 nm. Since post
mortem tissues contain decreased blood volume
and show signs of necrosis, it is possible that post
mortem samples may provide variable results ver-
sus in vivo samples. In addition, Wilson et al.>°
have reported on the penetration depth of light in
normal and malignant human brain tissue in vivo.
Those studies were performed during photody-
namic therapy, so only selected wavelengths were
used.

Boyer et a and Mourant et al. have investi-
gated elastic scattering spectroscopy using scatter-
ing spheres in vitro and on human organs in vivo,
with an instrument consisting of a light source, op-
tic delivery and collection fibers, a spectrometer,
and a CCD detector array. The system wavelength
range was from 300 to 750 nm. Studies on human
brain tissue, either in vivo or ex vivo, have not been
reported using such an instrument. In this paper,
we first show our Monte Carlo calculations, simu-
lating the reflectance signal from the human brain.
Then we will describe the experimental setup,
which is similar to the system used by Boyer et al.,
followed by experimental results obtained during
neurosurgeries. Finally, we will discuss the consis-
tency between the simulations and experimental
data, develop a slope algorithm to differentiate
gray and white matter, and then draw conclusions.

1 11,12

2 COMPUTATIONAL SIMULATIONS

Since the separation of the source and detector is
about 300-500 um in our case, diffusion theory
would not be valid. We employ Monte Carlo simu-
lations to predict the optical reflectance from the
human brain. The simulation code was ]?rovided by
Wang and Jacques through the internet.”> Our input
parameters used for the simulations are as follows:
the average index of refraction (1) for tissues was
1.38,'* the mean cosine of the scattering angle (g) for
tissues was 0.9, and the tissue sample thickness (d)
was chosen as 10 cm. The simulations were per-
formed with a spatial step size of 0.05 mm (50 um)
and a maximum detection radius of 1.5 mm (1500
um). The input scattering and absorption coeffi-
cients (us and u,) were chosen based on the follow-
ing calculations.

Matcher et al."” presented a linear function to cal-
culate the reduced scattering coefficient (u.) for the
human head with u,(N)=ak+b, where a=—-6.5
X107* mm'nm™, b=145mm™!, and \ is wave-
length in nm. Using this equation, we obtain the
scattering coefficient as u;=pu./(1—g). Further-
more, Zijlstra et al.'® generated a table of extinction
coefficients of oxyhemoglobin and deoxyhemoglo-
bin for adult hemoglobin in the wavelength range
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Fig. 1 Monte Carlo simulations of optical reflectance spectra for
100% deoxygenated Hb. The unit of the ordinate axis is the num-
ber of photons per area, and the spectra were normalized to the
reflectance value at 500 nm. Open triangle represents 0.05 cm
source-detector separation. Open square represents 0.10 cm
source-detector separation. Open circle represents 0.14 cm source-
detector separation.

from 450 to 1000 nm. It is also known that an aver-
age value of the absorption coefficient measured
noninvasively on the human head is approximately
0.1 cm™ at 800 nm, which most likely includes all
effects of blood vessels, capillaries, and the tissue
background. To be consistent with this known
value in the simulation, we assumed the hemoglo-
bin concentration to be 8 mM with human tissue
containing 5.5% blood with 45% hematocrit. This
leads to an effective hemoglobin concentration of
[8 mMX0.055X0.45=] 2 mM in the detected vol-
ume. The absorption coefficient used in the simula-
tion is equal to the product of the 2 mM hemoglo-
bin concentration and the tabulated extinction
coefficients of pure hemoglobin given by Zijlstra
et al. (with a conversion factor of 2.3 to convert be-
tween log 10 base and In e base). This step ensures
that values of the absorption coefficient used in the
simulation are close to those for blood-containing
tissues. These w, and u, values were chosen to
simulate brain tissue in general, and gray and white
matter were simulated by having high and low ab-
sorption, respectively.

Figures 1 and 2 show simulated optical reflec-
tance (shown as photon output) for tissues contain-
ing 0% and 100% oxygenated hemoglobin, respec-
tively. They both display a noticeable decrease in
signal intensity at 550 nm. This corresponds to the
absorption peak of both deoxygenated and oxygen-
ated hemoglobin.'"* Oxyhemoglobin simulations
(Figure 2) do not show double peaks since the spec-
tral resolution of the simulations is not high enough
to observe the double-peak feature. However, the
purpose of these simulations was not to detect
small details within the spectra but to observe the
overall shape. The curves in both figures also show
a slow decay at longer wavelengths that mirror
scattering behavior.
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Fig. 2 Monte Carlo simulations of optical reflectance spectra for
100% oxygenated Hb (HbO,). The unit of the ordinate axis is the
number of photons per area, and the spectra were normalized to
the reflectance value at 500 nm. Open triangle represents 0.052
cm source-detector separation. Open square represents 0.10 cm
source-detector separation. Open circle represents 0.14 cm source-
detector separation.

In order to clarify the pure scattering feature, ad-
ditional Monte Carlo simulations were performed
and compared under two conditions. The first set of
the simulations considers only scattering effects
with the absorption coefficient chosen to be zero.
The second set of the simulations uses both scatter-
ing and absorption coefficients as input parameters.
The simulated results are given in Figure 3. This
shows that in the case of pure scattering (u,=0),
the simulated reflectance signal has a slow decay
feature, which is similar to that of the input scatter-
ing parameters. On the other hand, with both scat-
tering and absorption, the simulated reflectance
displays a significant decrease in output signal at
550 nm, ie., at the hemoglobin absorption peak,
and also displays slow decay characteristics from
700 to 1000 nm.
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Fig. 3 Monte Carlo simulation results showing effects of scattering
and absorption (represented by filled circle) and effects of scatter-
ing only (represented by open square). The unit of the ordinate axis
is the number of photons per area, and the spectra were normal-
ized to the reflectance value with both effects of absorption and
scattering at 500 nm.
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COMPUTER
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Fig. 4 Experimental setup. Refer to text for detailed explanation.

3 MATERIALS AND METHODS
3.1 EXPERIMENTAL SETUP

Prior to surgery, the stereotactic frame was secured
to the patient’s head. This device provides stable
fixation to allow accurate placement of the surgical
radio frequency probe as well as our fiber optic
probe. Our probe has similar dimensions to those of
the surgical probe and can therefore be used with
the existing surgical equipment.

As shown in Figure 4, the experimental studies
used a custom designed, portable, real-time display
spectrometer (SD2000, Ocean Optics, Inc.) with a
fiber optic probe of 1.5 mm in diameter to obtain
the reflected signals from the human brain during
surgery. The spectrometer was grated for use in the
wavelength range from 500 to 1000 nm. The fiber
optic probe measured two meters in total length.
The first 20 cm was made of hypoallergenic stain-
less steel, and the remaining length of the fiber bi-
furcated into two 1 m segments. One side con-
nected to the tungsten halogen light source (LS-1,
Ocean Optics, Inc.) and the other to the spectrom-
eter. The probe used during the clinical measure-
ments had one light fiber in the center surrounded
by six collection fibers. All fibers were 200 um in
diameter with a core-to-core separation of approxi-
mately 200 um. This configuration was chosen to
prevent the detector from being saturated based on
results obtained from laboratory model studies. Six
collection fibers are bundled together into a single
fiber format and then coupled into the spectrometer
through a SMA connector. With 200 um core-to-
core separation, we detect the volume of brain ma-
terial approximately 100-200 um below the probe
with a diameter of 400 um centered at the location
of the source fiber tip. The brain volume contrib-
uted to the backscattered detection has a doughnut
shape with a small hollow near the source fiber tip.
The accurate detection depth and the backscattered
intensity depend on both the absorption and scat-
tering features of the detected brain volume.
Higher absorption causes a shallower detection
depth and a decrease in backscattered intensity,
while higher scattering leads to a deeper detection
depth and an increase in backscattered intensity.

JOURNAL OF BIOMEDICAL OPTICS * OCTOBER 1998 * VoL. 3 No. 4 439



JOHNS, GILLER, AND Liu

Table 1 Patient statistical information for in vivo experiments.

Experiment No. Surgical procedure Age Sex
1 Lt. temporal lobectomy 40 F
2 Lt. stereotactic pallidotomy w/ CT 56 M
guidance

3 Lt. stereotactic thalamotomy w/ CT 34  F
guidance

4 Lt. stereotactic pallidotomy w/ CT 70  F
guidance

5 Lt. temporal lobectomy 22 F

6 Lt. stereotactic pallidotomy w/ CT 46 M
guidance

7 Lt. stereotactic pallidotomy w/ CT 67 M
guidance

3.2 CALIBRATION

In principle, a reflected signal can be calculated as
R=(signal-dark)/(reference-dark), where “dark”
results from all ambient light, and “reference” in-
cludes all effects of light source, fiber optics, and
any other background excluded from the tissue
studied. We assumed that the reference signal
would affect all of our clinical curves equally; there-
fore, we conducted our studies in two ways: (1) all
graphs obtained from clinical data were calculated
using only (signal-dark) by neglecting the reference
signal and, (2) to be accurate, the clinical data
curves were reanalyzed by including the reference
signal in the denominator. The dark values for the
reference were very small compared to the refer-
ence values and, therefore, neglected.

To measure the reference signal, we placed two
fibers facing one another: one fiber was connected
to the spectrometer, the other fiber was connected
to the light source. As light traveled through the
incident fiber of one probe, the light immediately
entered the detection fiber of the second probe and
was recorded by the spectrometer. This reading
produced a reference curve that included the effects
of the light source and the fiber on the detected
reflectance signal.

3.3 PROCEDURES FOR CLINICAL
MEASUREMENTS

The clinical trials were performed on human sub-
jects that were admitted to the hospital specifically
for neurosurgery not related to this study. The pa-
tient statistics for the experiments are presented in
Table 1.

For all of the experiments, the measurement pro-
cedure involved placing the probe against the sur-
face of the brain during surgery, recording the in-
tensity of light reflected from the tissue in the
spectral range from 500 to 1000 nm, and lowering
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the probe deeper into the brain with 1 mm incre-
ments, until the probe reached 15 mm below the
surface. This technique allowed the optical reflec-
tance signals from both white and gray matter to be
obtained as the probe passed through these tissues.
Following data acquisition, the surgical probe was
inserted along the same tract created by the fiber
optic probe; therefore, the tissue did not suffer ad-
ditional injury. All measurements were recorded
with a 10 ms integration time.

During experiment Nos. 1 and 5, a section of
brain tissue was scheduled to be removed. In both
cases, measurements were performed on the tissue
both in vivo, prior to excision, and ex vivo, immedi-
ately following excision; therefore, no harm was
done to the patient’s remaining healthy brain tis-
sue. In addition, the excised tissue left behind a cav-
ity that contained both living gray and white mat-
ter, which were visually identified. In those cases,
the reflectance measurements were also taken from
both tissues as well as along the boundary to obtain
standard spectra of gray and white matter as refer-
ences to be used as a means for comparison.

4 EXPERIMENTAL RESULTS

As noted, the goal of this research was to obtain the
optical reflectance of human brain tissue with a fi-
ber optic probe in order to help identify gray and
white matter in vivo. The results presented in Secs.
4.1 and 4.2 are taken in vivo and ex vivo, respec-
tively, without calibration using a reference, show-
ing a significant difference in spectral intensities re-
flected from gray and white matter. Furthermore,
Sec. 4.3 gives an example of calibrated results,
showing good consistency between the simulations
and the experimental data.

4.1 IN VIVO MEASUREMENTS

Two different types of measurements were taken in
vivo. The first type involved visually identifying
gray and white matter and taking a measurement
after a section of brain tissue was removed. The
second type involved inserting the probe into the
brain, recording data, and then identifying gray
and white matter based on characteristics observed
in the data curves.

4.1.1 Gray and White Matter—Visually Identified

During experiment Nos. 1 and 5, a portion of brain
tissue was removed for therapeutic reasons unre-
lated to the experiments. The excised brain tissue
left behind a cavity that contained both gray and
white matter. They were visually identified and re-
flectance measurements were taken from both tis-
sues. The results provided a set of characteristic
curves showing the optical reflectance of gray and
white matter found in living, human brain tissue in
vivo. Figure 5 shows the characteristic differences
between gray and white matter obtained from ex-
periment No. 1. White matter reflectance occasion-
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Fig. 5 Reflectance measured from visually identified living gray
and white matter in vivo obtained during experiment No. 1. Open
square represents gray matter at one location. Filled square repre-
senfs gray matter at another location. Open circle represents white
matter at one location. Filled circle represents white matter at an-
other location.

ally shows a dip at 550 nm. The presence of this dip
depends upon the amount of blood present, which
influences absorption by hemoglobin. In general,
the reflected signal from white matter has a promi-
nent peak at approximately 650 nm. The reflectance
from gray matter has a similar peak at 650 nm;
however, the maximum value from gray matter is
approximately 50% or less than that of white mat-
ter.

4.1.2 Gray and White Matter—Experimentally
Identified

During all of the experiments, the probe was ster-
eotactically fixed above the surgical region. The
probe was inserted in 1 mm increments to a depth
of 15 mm below the surface of the brain. Optical
reflectance measurements were recorded at each 1
mm step to obtain a spatial profile of the tissue as
the probe passed through regions of gray and white
matter.

All seven experiments produced curves showing
a consistent spectral shape from 600 to 1000 nm.
The experimental graphs plot wavelength in nm
along the x axis and reflected intensity in arbitrary
units along the y axis. Data obtained between 500
and 600 nm were variable. The amount of blood
present influenced the degree of signal absorption
at 550 nm and, therefore, influenced the spectral
shape between 500 and 600 nm. As mentioned ear-
lier, higher scattering in the brain leads to a deeper
detecting depth and to an increase in backscattered
intensity. As shown in Figure 6, the backscattered
intensity increases abruptly between probe posi-
tions of 5 and 6 mm. This indicates that scattering
property is increasing quite largely between these
two positions, although both of them are within the
white matter category. This suggests that scattering
properties within white matter are not necessarily
the same, increasing gradually from the boundary
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Fig. 6 Reflectance measurements taken in vivo consecutively dur-
ing experiment No. 6 from 1 to 15 mm deep within the brain.
Open circle represents 1 mm deep (W). Open square represents 2
mm deep (G). Open diamond represents 3 mm deep (B). Open
triangle represents 4 mm deep (W). Filled circle represents 5 mm
deep (W). Filled square represents 6 mm deep (W). Filled diamond
represents 7 mm deep (W). Filled triangle represents 8 mm deep
(W). Dash mark represents 15 mm deep (W). Curves taken from 9
to 14 mm deep are not shown on this graph to enhance clarity;
however, they fall between the 8 and 15 mm curves shown.

toward the deep region of white matter. Figure 6
shows an example (from experiment No. 6) of the
overall spectral shape and type of tissue deter-
mined for each incremental curve (G: for gray mat-
ter; B: for boundary region; W: for white matter).
The slope algorithm used to assign G, B, or W to
each curve will be discussed in Sec. 5.3.

The results shown here are obtained according to
the slope algorithm. However, the 1-mm-deep
curve identified as white matter is most likely un-
true. In general, the outer 2 to 3 mm of cortex is
gray matter, which contains cell bodies and pro-
duces decreased reflectance. White matter, which
begins approximately 3 mm deep, contains myelin
and yields increased reflectance. Although white
matter could, in some cases, be found at 1 mm
deep, the unusually high intensity curve may also
be due to excess fluid secreted from brain tissue
(such as from cerebrospinal fluid) at the measure-
ment location. This fluid has very little absorption
and may lead to ““a tunneling effect” for the light to
be detected, thereby causing a noticeably greater re-
flectance. Assuming the 1-mm-deep curve is actu-
ally from gray matter, these curves show a 2 mm
gray matter region, a thin 1 mm boundary region
followed by a large white matter region (>12 mm
thick). The curves from 2 to 5 mm deep have a
fairly low reflected intensity. However, these values
are consistent with those observed from visually
identified living gray matter in vivo (Figure 5).

4.2 EX VIVO MEASUREMENTS

As stated, during experiment Nos. 1 and 5, a tissue
section was removed from the brain. Similarly to in
vivo recognition, gray and white matter could be
visually identified within the excised tissue. Mea-
surements were taken on ex vivo gray and white
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Fig. 7 Reflectance measurements taken from ex vivo tissue during
experiment No. 1. Filled square represents gray matter at one lo-
cation. Open square represents gray matter at another location.
Filled circle represents white matter at one location. Open circle
represents white matter at another location.

matter. Figure 7 provides the corresponding curves,
which seem similar in spectral shape and intensity
to those obtained in vivo from visually identified
tissues shown in Figure 5.

During experiment No. 1 and 5, both sections of
ex vivo tissue were analyzed by pathology following
the optical measurements. Based on the pathology
results from experiment Nos. 1 and 5, cortical gray
matter thickness ranged from 2 to 5 mm. This re-
gion contained swirls of gray matter mixed with
superficial white matter within the superficial 1 to 2
cm. This may explain the variability of the surface
data. In one instance, the pathology results showed
that two gyri were back to back forming a total gray
matter depth of 9.1 mm. This also explains the vari-
ability observed during the optical experiments. In
general, the pathological results support the data
obtained from the reflectance measurements.

4.3 CALIBRATED RESULTS

Since the results obtained in the above section were
not calibrated with a reference, they include effects
from the light source, fiber optic, and instrument. In
order to compare the experimental data with the
simulation results given in Sec. 2, we obtained cali-
brated reflectance by dividing the measured curve
by the reference curve. One example is shown in
Figure 8, where two calibrated curves measured 3
and 14 mm below the brain surface are plotted. It is
known that a 3 mm location below the brain surface
roughly correlates to the boundary region between
gray and white matter, and that a 14 mm location in
the brain roughly correlates to white matter (see
Sec. 5.3 for algorithm details). Figure 8 shows that
the spectral shape of the calibrated reflectance from
14 mm location exhibits a slow decay feature be-
tween 500 and 900 nm. This is characteristic of light
scattering by tissue (i.e., white matter), as predicted
by the Monte Carlo simulations in Figure 3. In ad-
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Fig. 8 Calibrated reflectance obtained by dividing in vivo curves
(from experiment No. 1) by reference light curve. Filled square
represents 3 mm deep curve after calibration. Open circle repre-
sents 14 mm deep curve after calibration.

dition, the calibrated reflectance from 3 mm loca-
tion in this figure has a similar feature from 650 to
900 nm and has a signal decrease at 550 nm. The
former aspect stems from light scattering by gray
matter, whereas the latter aspect is due to hemoglo-
bin absorption at 550 nm, as also demonstrated in
the Monte Carlo simulations in Figure 3. Changes
in magnitude of the drop at 550 nm have been ob-
served in different cases and can be attributed to
the local concentration of hemoglobin in the mea-
sured area. In comparison to the uncalibrated spec-
tra, the calibrated results allow us to study the scat-
tering and absorption properties of the human
brain more quantitatively and reveal good consis-
tency between the simulations and the calibrated
reflectance.

5. DISCUSSION

5.1 COMPARISON BETWEEN IN VIVO AND
EX VIVO RESULTS

Figure 9 shows two gray matter curves taken in vivo
and two curves ex vivo, all of the which are normal-
ized to their maximum values. This figure shows
that the reflectance measured from human gray
matter both living and 5-10 min after excision from
the brain have similar spectral properties in the
wavelength range of 650-1000 nm. However, the
spectral features between 500 and 600 nm vary, per-
haps due to the variation of blood contents in the
measured area. Similar behaviors were also ob-
served from white matter both in vivo and ex vivo
measurements. This observation suggests that
when a piece of brain tissue is removed from its
living condition, the scattering properties of the re-
moved brain do not change immediately, whereas
the absorption properties of the specimen depend
greatly on the local blood content left on the tissue.
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Fig. 9 In vivo and ex vivo gray matter curves from location No. 1,
experiment No. 1 normalized to their maximum values. Open
square represents one gray matter location taken in vivo. Filled
square represents another gray matter location taken in vivo. Open
circle represents one gray matter location taken ex vivo. Filled
circle represents another gray matter location taken ex vivo.

5.2 OPTICAL PROPERTIES OF LIVING BRAIN
TISSUE

In Sec. 4.3, we illustrate good consistency between
the Monte Carlo simulations and the calibrated
curves. This consistency indicates that the assign-
ment of input parameters in simulations for optical
properties of the brain is reasonable. The input scat-
tering coefficients were based on noninvasive mea-
surements performed on human heads, including
effects from the scalp and skull.”” By combining a
recently developed algorithm'” with the calibrated
experimental results, it is possible to extract the
scattering and absorption properties of living gray
and white matter of the human brain, which have
been unavailable prior to this study. In the near fu-
ture, one goal of this study is to quantitatively ob-
tain optical properties of living brain tissue based
on our mm scale, reflectance measurements.

Although the calibrated results are valuable in
studying optical properties, the spectral features be-
tween gray and white matter cannot be clearly dis-
tinguished, as shown in Figure 8. The curves from
both 3 and 14 mm deep locations have slow decay
features with just slightly different slopes between
650 and 900 nm. The signal drop at 550 nm can
appear in either curve with variable magnitudes,
depending on the local blood content. Therefore,
we need to develop a quick and efficient algorithm
to differentiate gray and white matter.

5.3 DEVELOPMENT OF SLOPE ALGORITHM

Concerns prior to experimentation include: (1)
whether gray and white matter can be properly
identified in vivo, and (2) whether it is possible to
replicate the data from one experiment to the next.
Based on Figure 6, as well as similar curves ob-
tained from other experiments, the most noticeable
difference in reflectance between gray and white
matter was the variation in slope between 700 and
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850 nm. In order to create an effective algorithm
using the slope of each curve, the solution must be
one that can be applied quickly and accurately
while in the operating room to identify the tissues
as the probe passes through.

Since the intensities of measured signals may
vary from case to case, the absolute slopes of such
reflectance are difficult to compare from case to
case or from person to person. A slope algorithm is
developed as follows: after choosing a fixed reflec-
tance curve as a reference, we calculate the slopes
of all measured reflectance spectra and then divide
those slopes by the slope of the chosen reference.
The ratios of the slopes between the measured sig-
nals and reference are characteristic of gray and
white matter, enabling us to differentiate gray mat-
ter, white matter, and their boundary. In order to
test this slope algorithm, calculations are first per-
formed on data obtained in vivo and ex vivo from
visually identified gray and white matter during
experiment Nos. 1 and 5. The slopes of all curves
are calculated between 700 and 850 nm since within
this wavelength range there are no absorption
bands, and the curves are fairly linear. The slope
value from the first set of gray matter taken in vivo
is chosen as the fixed reference. This value
is selected simply because the first data point might
also be chosen as the reference during a surgical
procedure. There is no significant difference
between slope values («¢=0.05, p<<0.001) among
the gray matter (and white matter) curves mea-
sured in vivo and ex vivo; therefore, all gray matter
curves (and all white matter curves) were pooled,
respectively. The complete table of slope results is
presented in Table 2. It shows that the standardized
values, i.e., ratios of the slopes, calculated for gray
and white matter are statistically different
(a=0.05, p<0.001).

Based on these data, the means (u) and standard
deviations (o) of the standardized values from gray
and white matter are summarized in Table 3. This
table shows that the standardized values of gray
matter obtained in both in vivo and ex vivo measure-
ments range from 0.585 to 1.051, and those in white
matter measurements range from 2.189 to 2.921.
Based on these calculated values, the following
numerical limits of the standardized slopes are de-
termined to help identify gray matter and white
matter  tissues:  0.0<gray matter<1.10, 2.00
<white matter.

5.4 BRAIN TISSUE IDENTIFICATION USING
SLOPES

Similar calculations were performed to experimen-
tally identified brain tissue by applying the slope
algorithm presented in Sec. 5.3. In general, 2 mm
deep within the brain is gray matter and does not
contain fluid from the surface that could interfere
with the measurement. Therefore, the 2 mm curve
is chosen as the reference curve. This is the method
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Table 2 The top box shows slope values from data curves ob-
tained from visually identified gray and white matter, both in vivo
and ex vivo. The bottom box shows the slope values divided by the
reference value (gray 1, in vivo). Note: Gray1 ex vivo and Gray|
in vivo, for example, were not taken at the same location on the
brain tissue. Numbers 1 and 2 are used only to designate the first
and second recorded data points taken from each tissue type.

Slope values

EXP No. 1 EXP No. 5
Grayl, ex vivo -2.590 -3.145
Gray2, ex vivo -3.219 -1.349
Grayl, in vivo -3.471 -2.832
Gray2, in vivo -2.665 -1.455
White1, ex vivo -8.167 -8.280
White2, ex vivo -9.634 -8.476
Whitel, in vivo -8.413 -5.837
White2, in vivo -9.717 -5.973

Slope/slope@reference

EXP No. 1 EXP No. 5
Gray]1, ex vivo 0.746 1.110
Gray?2, ex vivo 0.927 0.476
Gray1, in vivo 1.000 1.000
Gray2, in vivo 0.768 0.514
White1, ex vivo 2.353 2.924
White2, ex vivo 2.776 2.993
Whitel, in vivo 2.424 2.061
White2, in vivo 2.800 2.109

that was used to assign tissue types for Figure 6
and all other measurements. Tissue identification in
this manner has been supported by the pathology
results. Since the reference curve plays an impor-
tant role in the algorithm, it is important to choose
the reference carefully. Small amounts of surface
fluid can cause significant errors; therefore, in order
to obtain a more reliable reference value, it is rec-
ommended that multiple readings at a 2 mm depth
be recorded, and that the average slope of these
multiple curves be used as the reference slope. The
burr hole that had been drilled through the skull is
~1.5 cm in diameter, large enough to obtain reflec-
tance measurements at several different tissue loca-
tions. In addition, it is suggested that a second al-
gorithm be implemented in conjunction with the
slope algorithm to obtain more accurate/reliable re-
sults. The area under the spectral curves may prove
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Table 3 This statistical table shows the mean and standard devia-
tion values of the standardized slopes for gray and white matter
data curves obtained both in vivo and ex vivo.

Standard
Tissue type n  Mean (u) deviation (o)  p-o, puto
Gray matter, 4 0.815 0.270 0.545, 1.085
ex vivo
Gray matter, 4 0.820 0.232 0.589, 1.052
in vivo
Total gray 8 0.818 0.233 0.585, 1.051
(ex+in vivo)
White matter, 4 2.761 0.287 2.474, 3.048
ex vivo
White matter, 4 2.349 0.341 2.007, 2.690
in vivo
Total white 8 2.555 0.366 2.189, 2.921

(ex+in vivo)

to be a useful tool. Although this analysis has not
been performed, the area under any given curve
coupled with the standardized slope value for that
curve may provide a more complete analysis.

During experiment Nos. 1 and 5 the surgical pro-
cedure was a temporal lobectomy. During these ex-
periments a larger portion of skull was removed,
thereby exposing a greater portion of brain. In ad-
dition, the patient was under general anesthesia.
These two factors may influence the blood volume
within the brain tissue, which, in turn, could affect
the reflectance measurements. Further study is
needed for this regard.

5.5 USEFULNESS OF THIS STUDY

Various publications'*'® have reported measure-
ments for animal brains. Due to vascular differ-
ences between animal and human, it is difficult to
apply these reported animal studies to the human
brain. Therefore, this study provides valuable infor-
mation on the optical reflectance of living human
brain tissue.

Although the results obtained in this study are
from the surface of the brain to 15 mm deep within
the brain, the principle behind the slope algorithm
developed in this study can be applied to other
deep regions within the brain. As the instrumenta-
tion and analytic methods continue to improve, this
method for identifying gray and white matter in
vivo may prove to be a valuable tool for both palli-
dotomy and pallidal stimulation.

6 SUMMARY AND CONCLUSION

Monte Carlo simulations provide an estimate of the
expected results based on the approximate values
entered into the simulation code. Results obtained



from the simulations and experiments are qualita-
tively in good agreement; therefore, the input val-
ues (g, s+, and u,) obtained from literature are rea-
sonable to use for the living, human brain. The g
value was chosen as 0.9, the generally accepted
value for tissues. The scattering coefficients, ug, in
the spectral range of 500-1000 nm were determined
from noninvasive measurements of human heads.
The absorption coefficients, u,, were based on the
absorption spectrum of pure hemoglobin.

Larger reflected signals detected from white mat-
ter indicate stronger scattering features in white
matter than in gray matter. The presence of a signal
decrease at 550 nm in both gray and white matter
measurements suggests hemoglobin is a major ab-
sorbing species in the brain, particularly in gray
matter. However, other absorbers may be present,
but more advanced algorithms are needed to detect
their presence.

The data acquisition software code (OOIBASE) can
be correlated with other software to calculate the
slope of each curve during the surgical procedure.
Using the numerical cutoff values for gray and
white matter, a tissue profile can be determined as
the optical probe is in use.

In conclusion, the computational simulations and
in vivo studies of optical reflectance from the
human brain are in good agreement with one an-
other. The results obtained through seven in vivo
experiments support the hypothesis that optical re-
flectance can be used to assist identification of gray
and white matter in vivo. As of this writing, few
articles have been published which present in vivo
optical properties of human brain tissue. In addi-
tion to identifying gray and white matter in living
tissue, this study has taken one step closer toward
obtaining the optical properties of human brain tis-
sue in vivo.

Since the number of samples investigated is sta-
tistically small, it would be necessary to carry out
similar measurements on a large number of subjects
before the reliability of the method can be ascer-
tained and the validity of the proposed algorithm,
or some alternative, established. Further work ap-
plying the measurement technique to artificial
models with similar but known characteristics to
those of the human brain would help to validate the
technique.
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