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Abstract. Diffuse reflectance and fluorescence spectroscopy are used to detect histopathological abnormalities of
an epileptic brain in a human subject study. Static diffuse reflectance and fluorescence spectra are acquired from
normal and epileptic brain areas, defined by electrocorticography (ECoG), from pediatric patients undergoing epi-
lepsy surgery. Biopsy specimens are taken from the investigated sites within an abnormal brain. Spectral analysis
reveals significant differences in diffuse reflectance spectra and the ratio of fluorescence and diffuse reflectance
spectra from normal and epileptic brain areas defined by ECoG and histology. Using these spectral differences,
tissue classification models with accuracy above 80% are developed based on linear discriminant analysis.
The differences between the diffuse reflectance spectra from the normal and epileptic brain areas observed in
this study are attributed to alterations in the static hemodynamic characteristics of an epileptic brain, suggesting
a unique association between the histopathological and the hemodynamic abnormalities in an epileptic brain.
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1 Introduction

According to the Epilepsy Foundation, of the 200,000 new cases
of epilepsy diagnosed each year in the United States, 45,000
are in children under the age of 15." Epilepsy is considered a
severe neurological disorder in children, because its primary
symptom, seizure, can severely damage normal brain develop-
ment. When pharmaceutical and/or dietary therapies fail to
achieve seizure freedom, epilepsy is defined as refractory.>
For pediatric patients with refractive epilepsy, surgical interven-
tion, when applicable, becomes necessary. Since the success of
epilepsy surgery is determined by the amount of seizure-induc-
ing cortex (i.e., epileptic cortex) removed, there arises a need to
develop some systematic methodology that accurately detects
and demarcates the epileptic cortex pre- and intra-operatively.

Noninvasive diagnostic technologies commonly used in the
presurgical planning of epilepsy surgery include electro-
encephalography (EEG), video EEG, and several noninvasive
imaging modalities like computed tomography (CT), single-
photon emission computed tomography (SPECT), magnetic
resonance imaging, positron emission tomography, and diffu-
sion tensor imaging.*® Advancements in noninvasive imaging
modalities over the past two decades have greatly improved their
ability to identify epileptic cortex or lesions and hence improve
surgical outcomes.*”® However, the above mentioned diagnos-
tic technologies, when used individually, cannot provide defini-
tive information on which surgery can be based; at best, they
provide approximate locations of seizure origins, due to their
limited sensitivity and spatial resolution.*” In addition, these
technologies may be difficult to use on pediatric patients, who
may not be able to remain motionless for extended periods. '’
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Finally, spatial coordinates of the epileptic cortex defined in
these studies may lose their value because of brain shift/
deformation during the craniotomy procedure. '~

When EEG/imaging studies are inconclusive, electrocorti-
cography (ECoG) may be used to perform invasive mapping
of the ictal onset zone.”" In addition, ECoG is used in the oper-
ating room to detect interictal epileptiform discharges directly
from the abnormal brain region; these discharges are used to
define the resection margins for the surgeon. However, ECoG
may also detect interictal discharges in a normal brain, as a result
of electrical spreading, and epileptic focus localization using
interictal discharges is subject to a certain amount of uncertainty
in an anesthetized brain.'> Histological evaluation of the epilep-
tic cortex has uncovered many unique pathological features,
such as balloon cells and cortical dislamination.'® This infor-
mation usually is acquired through postoperational histopatho-
logical analysis of the resected brain specimens and is not
immediately available in the operating room. While histopatho-
logical features of the lesion may not correlate with surgical out-
comes,”!7 it is not yet clear if their presence can be used as an
objective indicator with which to demarcate the area of an epi-
leptic brain. The technological shortcomings and limitations
described above frequently lead to incomplete removal of epi-
leptic lesions, which adversely affects surgical outcomes. This is
especially true for cases of extra-temporal epilepsy, which is
common in children.**!%!7 For these reasons, new technologies
for intraoperative identification and demarcation of the epileptic
brain area are needed to enhance the prognosis of epilepsy sur-
gery for patients with intractable nonlesional extra-temporal epi-
lepsy. These new technologies, ideally, should be developed in
accordance with the intrinsic characteristics of an epileptic brain
during the interictal period.
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Because the intrinsic compositional and structural charac-
teristics of tissue strongly affect its absorption and scattering
properties, it is feasible to use the interaction between light
and biological tissue to estimate these qualities and hence detect
whatever alterations that result from disease development,'®28
Such an optic-based diagnostic technology often is termed
optical diagnosis; its advantages include its low cost, portability,
and real-time application. Many of the existing optical diag-
nostic methodologies are based on fluorescence and diffuse
reflectance spectroscopy. This is because several intrinsic bio-
logical chromophores (e.g., hemoglobin) and fluorophores
(e.g., NADH) can be used to assess critical intrinsic physiologi-
cal characteristics of biological tissue, including its hemo-
dynamics and metabolism.?*??%3! The feasibility of using
optical spectroscopy to guide cancer surgery intra-operatively
has been evaluated for various cancer types. Several studies
have shown that combined fluorescence and/or diffuse reflec-
tance spectroscopy can accurately detect brain tumors in vivo
and hence may be used to guide brain tumor resection.**?
However, applying optical spectroscopy to the detection of
the epileptic cortex has been explored in only a limited fashion
to date.**’

In this paper, combined fluorescence and diffuse reflectance
spectroscopy is used to detect unique pathophysiological and
morphological characteristics of the epileptic cortex in an in
vivo human study. Static diffuse reflectance and fluorescence
spectra are acquired from in vivo epileptic and normal cortex
of pediatric patients undergoing epilepsy surgery. Spectral
data are analyzed using various statistical tools, and unique
spectral features associated with epileptic brain tissue defined
by histology and ECoG are identified. The physiological under-
lying mechanisms responsible for these spectral alterations are
extrapolated.

2 Materials and Methods

2.1 Instrumentation

For this study, a portable spectroscopy system was used to
acquire fluorescence and diffuse reflectance spectra from the
brain. The system consists of two light sources: a pulsed nitro-
gen laser (VSL-337; Spectra Physics) for fluorescence spectros-
copy and a portable halogen lamp (LS-1; Ocean Optics) for
diffuse reflectance spectroscopy. Since data collection was per-
formed in a sterile field, a sterilizable fiberoptic probe was used
in conjunction with the spectroscopy system. The probe con-
sisted of seven 300-micron core optical fibers, which were
arranged in the typical six-around-one fashion. The center-to-
center distance between two adjacent fibers was about
750 pym. Two of the surrounding optical fibers, one at 12 o’clock
and the other at 6 o’clock, were used to conduct excitation light,
and the remaining fibers were used for reflected light collection.
Based on the arrangement of the optical fibers in the probe, its
volume of investigation was estimated at roughly 1 mm?®. The
collection fibers of the optical probe were connected to a spec-
trometer (USB 2000-FL Spectrometer; Ocean Optics) with a
spectral range of approximately 300 to 900 nm. The spectrom-
eter was connected to a computer via a universal serial interface.
A computer program was developed using LabView from
National Instruments to control the entire spectral acquisition
procedure.
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2.2 Study Procedure

Static fluorescence and diffuse reflectance spectra were acquired
from normal and epileptic brain areas, as defined via preopera-
tive imaging and ECoG studies, in pediatric patients undergoing
epilepsy surgery. Five or more measurement sites were selected
for each patient at the exposed brain surface by the surgeon.
These sites usually were equally distributed within and outside
the resection zone. Prior to the spectral acquisition procedure,
the investigated site was cleansed using saline to remove
residual blood on the surface. The optical probe was placed
in direct contact with the cortical surface without deforming
the brain surface, and three spectra (i.e., baseline, fluorescence,
and diffuse reflectance spectra) were acquired sequentially.
Spectral acquisition was repeated three times. This procedure
took less than 15 s to complete. The locations of the optically
investigated sites and their spatial correlation with the ECoG
electrode grids were documented using a digital camera.
Biopsies were taken from the investigated sites within the
zone of resection and stored in a 10% buffered formalin solution
for subsequent histological analysis.

2.3 Histological Evaluation

All specimens collected in this study were processed in a his-
tology lab. They were embedded in paraffin wax and then
sectioned. From each specimen, three or four sections with a
thickness of 4 ym were cut and stained using the conventional
hematoxylin and eosin staining method. The prepared sections
were evaluated by a neuropathologist at the University of
California, Los Angeles (Dr. Rupal Mehta). These tissue sec-
tions were assessed for architectural laminar disorder, cytome-
galy, dysmorphism, and balloon cell change. These findings
were graded from O to 3 (0 for none, 1 for mild, 2 for moderate,
and 3 for severe). The presence of binucleated cells and calci-
fication was noted separately. These morphological characteris-
tics were used to categorize spectral data as either normal or
histologically abnormal.

2.4 Data Processing

All spectral data acquired from the in vivo study were prepro-
cessed to remove any artifacts induced by instrumentation.
Mainly, baseline subtraction and calibration factor applications
were performed to all acquired fluorescence spectra F(1) and
diffuse reflectance spectra Rd(4). The calibration factors used
here were derived from the ratio of true and measured emission
spectra from a calibrated light source.’ Furthermore, to speed
up the data analysis procedure, spectral range and resolution
were further reduced. Specifically, diffuse reflectance data
between 400 and 850 nm and fluorescence data between 380
and 750 nm were preserved; spectral resolution was reduced
to 5 nm. In addition to the individual spectral types, a combined
spectrum was created for the data analysis process, specifically
the ratio of the fluorescence and diffuse reflectance spectra [i.e.,
F(A)/Rd(2)]. The wavelength range of the combined spectra
was 400 to 750 nm, and the resolution was 5 nm. Several nor-
malization techniques were applied to the preprocessed spectra,
including local maximum normalization, area-under-the-curve
normalization, global mean normalization, and arbitrary refer-
ence normalization (Fig. 1). For local maximum normalization,
each spectrum is normalized to its maximum value. That is,
Smax (4) = S(1)/MAX[S(4)], where S(4) represents either
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Fig. 1 The flow chart of the data processing procedure employed in
the study.

F(2), Rd(2), or F(A)/Rd(), and MAX is the maximum oper-
ation. For area-under-the-curve normalization, the new spectrum
Sarea(4) is calculated by Sagga(4) = S(1)//S(A)dA. For
global mean normalization, each spectrum is normalized to
the mean of the total spectral data set. That is, Sypan(4) =
S(2)/[>_,S8:(2)/n], where n represents the total number of spec-
tra in the dataset. Finally, arbitrary reference normalization pro-
duces a new spectrum using Spont(4) = S(1)/S(Aet), Where
At 1S an arbitrary reference wavelength.

2.5 Data Analysis and Classification Algorithm
Development

The main objective of this analysis was to determine if in vivo
fluorescence and diffuse reflectance spectroscopy can detect his-
topathological and/or pathophysiological characteristics that are
unique to epileptic brain tissue. To achieve this goal, the spectral
data collected were classified using the results of histological
analysis: the normal brain data containing spectral data mea-
sured from brain tissue outside the zone of resection, and the
epileptic brain data containing spectral data from epileptic
brain tissue confirmed by both histology and ECoG. To identify
spectral regions and unique spectral features distinguishing
epileptic brain tissue from the normal cortex, mean comparisons
of the processed spectra from the two types of brain tissue
(normal versus epileptic) were performed for all wavelengths.
Depending on the distribution and variance characteristics of
the data, either parametric (i.e., Student’s #-test) or nonparamet-
ric tests (Wilcoxon Rank Sum test) were employed for mean
comparisons. Next, tissue classification algorithms were devel-
oped based on linear discriminant analysis (LDA), for the pur-
pose of determining the accuracy of using optical spectroscopy
to differentiate between normal and epileptic brain tissue. LDA
inputs were the spectral data from the normal and epileptic
brain. Spectral data at all wavelengths were used in this process
to create a model of discrimination, and standardized canonical
coefficients were used to assess the importance of the spectral
data region in determining tissue type. It was important to ensure
that the discrimination model was statistically significant in
terms of distinguishing a normal brain from an epileptic brain;
therefore, only models associated with chi-square p values of
less than 0.05 were considered. Furthermore, only models
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with a sensitivity and specificity greater than 75% were con-
sidered successful and reported here. Finally, tissue type classi-
fication was validated using the leave-one-out method, and
cross-validated sensitivity and specificity were reported.

3 Results

A total of 16 patients were enrolled in this study; their demo-
graphic information is summarized in Table 1. A total of 84 use-
ful investigated sites were obtained from these patients: 28
located outside the resection zone defined by ECoG (i.e., normal
brain) and 56 within the zone of resection. The 56 sites within
the zone of resection were divided into two subcategories in
accordance with the results of our histological evaluation; 30
sites exhibited histological features associated with epilepsy
(epileptic brain), while the other 26 sites did not. The distribu-
tion of sites is shown in Table 2.

Spectral data analysis revealed that only those spectral
differences identified within the original Rd(4), Rdygan(4),
Rdpoint(4), and F/Rdpoint(4) could produce discrimination

Table 1 Demographic information of the patients studied.

Patient number Patient age/gender

1 3/M
2 4/F

3 4/M
4 6/M
5 2/F

6 14/F
7 8/F

8 21/F
9 2/M
10 20/F
11 17/F
12 5/M
13 3/F

14 16/F
15 10/M
16 3/M

Table 2 Distribution of the investigated sites.

ECoG Pathology Site #
- NA 28
. - 26
+ + 30
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algorithms with a sensitivity and specificity greater than 75%.
Analytical results for each spectral type follow.

3.1 Original Rd(4)

Comparing the original Rd(4) from normal and epileptic brains
revealed significantly different mean Rd(4) intensities between
400 and 600 nm (p < 0.05, see Fig. 2). Inputting the Rd signals
from this spectral band, the best classification result based on
LDA was 82.1% sensitivity, 76.7% specificity, and 79.3%
total accuracy.

Similar to original Rd(A), Rdyg4n(1) between 400 and 600 nm
also was statistically different between normal and epileptic
brains (p < 0.05, see Fig. 3). Entering the signals from this spec-
tral band, the best classification result based on LDA was 75.0%
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Fig. 2 (a) The solid black line represents the mean original Rd(4) from
the normal brain group, and the solid pink line represents the mean
original Rd(4) from the epileptic brain group. The error bars represent
one standard deviation of the mean. (b) Statistical mean comparison
of original Rd(2) between normal and epileptic brains; p value is
below 0.05 between 400 and 600 nm. The optimal performance of
the classification based on LDA, using original Rd(1) as the inputs,
was sensitivity = 82.1%, specificity = 76.7%, and total correct
classification = 79.3%.
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sensitivity, 83.3% specificity, and 79.3% overall accuracy,
which is comparable to using the original Rd(4).

3.3 Rd(A)/Rd(Aef)

Analyzing Rd(1)/Rd(At), as shown in Fig. 4, revealed several
spectral features that could effectively differentiate a normal
brain from an epileptic brain. Most of these spectral features
were evident between A.; = 400 and A ; = 600 nm. Entering
these identified spectral features, classification results based on
LDA were ~75% sensitivity and ~80% specificity (Table 3).
Discrimination was optimized when A,; was 505 nm, where
the overall accuracy of the discrimination algorithm was 86.2%.

3.4 [F(A)/RAA)]/[F(Arer) /R (Aref)]

Analysis of [F(4)/Rd(A)]/[F(Aet)/Rd(Aet)], as shown in
Fig. 5, also revealed several spectral features from the combined
spectrum that could effectively distinguish a normal brain from
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0.9
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Fig. 3 (a) The solid black line represents the mean Rdygan(4) from the
normal brain group, and the solid pink line represents the mean
Rdyean(4) from the epileptic brain group. The error bars represent
one standard deviation of the mean. (b) Statistical mean comparison
of Rdyean(4) between normal and epileptic brains; p value is below
0.05 between 400 and 600 nm. The optimal performance of the
classification based on LDA, using Rdyean(4) as the inputs, was
sensitivity =75%, specificity =83.3%, and total correct classification =
79.3%.
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Fig. 4 (a) Surface plot of the p values from the mean comparison of
Rd(2)/Rd(4.f) between normal and epileptic brains. (b) Representative
test results with reference wavelength 4, = 505 nm. The solid green
line represents the mean Rd(4)/Rd(.s) of the normal brain group,
and the solid blue line represents the mean Rd(4)/Rd(A.) of the epi-
leptic brain group. Statistically significant differences (i.e., p < 0.05)
are found between 425 and 460 nm and between 535 and 575 nm
in this case.

Table 3 Classification results of the discriminations based on LDA,
using Rd(4)/Rd(A.f) as the inputs.

Total correct

ref Sensitivity Specificity classification
(nm) (%) (%) (%)
445 75 86.7 81

455 75 80 77.6
460 75 83.3 79.3
500 78.6 90 84.5
505 82.2 90 86.2
535 78.6 86.7 82.8
550 78.6 86.7 82.8
605 78.6 86.7 82.8

The bold values represent the best results.
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Fig. 5 (a) Surface plot of p values from the mean comparison of
[F(A)/RA(A)]/[F(Aef)/Rd(Aef)] between normal and epileptic brains.
(b) Representative test results with reference wavelength 4,; = 485 nm.
The solid green line represents the mean [F(4)/Rd(4)]/[F(Aref) /R (Aref)]
of the normal brain group, and the solid blue line represents the
mean [F(4)/Rd(2)]/[F(Aes)/Rd(Aef)] of the epileptic brain group. The
statistically significant differences (i.e., p < 0.05) are found between
430 and 450 nm and between 625 and 660 nm in this case.

an epileptic brain. Again, the majority of these spectral features
were located between A = 400 and A, = 600 nm. Entering
the identified spectral features, the classification results based on
LDA yielded a sensitivity above 75% and a specificity above
80% (Table 4). Discrimination was optimized when A.; was
485 nm, where the overall accuracy of the discrimination
algorithm was 96.6%.

4 Discussion

The in vivo study results demonstrate that in vivo static diffuse
reflectance spectroscopy, as well as its combination with static
fluorescence spectroscopy, can be used effectively to differen-
tiate an epileptic brain (as defined by ECoG and histology) from
a normal brain with a high degree of accuracy. The most effec-
tive discrimination algorithm is derived using the spectral
features from [F(A)/Rd(1)]/[F(485 nm/Rd(485 nm)|, where
discrimination accuracy reaches 96.6%. This supports the con-
cept of developing a new intraoperative guidance system, based
on optical spectroscopy, to detect histopathological abnormal-
ities associated with an epileptic brain in the operating room
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Table 4 Classification results of the discriminations based on LDA,
using [F(4)/Rd(A)]/[F(Aef)/Rd(Aef)] as the inputs.

Total correct

Ao Sensitivity Specificity classification
(nm) (%) (%) (%)
400 75.0 83.3 79.3
420 75.0 86.7 81.0
455 89.3 86.7 87.9
485 92.9 100.0 96.6
500 85.7 90.0 87.9
505 89.3 90.0 89.7
510 89.3 90.0 89.7
520 92.9 90.0 91.4

The bold values represent the best results.

and thereby provide additional information to aid in the demar-
cation of epileptic foci.

Using parametric and nonparametric statistical comparison
methods, original Rd(1), Rdygpan(2), and Rd(1)/Rd(A.s)
between 400 and 600 nm were found to be significantly different
in epileptic brains versus normal brains. Since diffuse reflec-
tance spectra in this region are heavily influenced by hemo-
globin absorption, this finding implies that certain static
hemodynamic characteristics of the epileptic cortex, in particu-
lar hemoglobin concentration and hemoglobin oxygenation,
are very different from that of a normal cortex. Previous studies
have shown that hypometabolism and hypoperfusion are fre-
quently observed in the area of an epileptic focus and its
immediate surroundings in the brain of patients with partial
seizures.’*** In addition, Stefanovic et al. pointed out that nor-
mal interictal neurovascular coupling is progressively compro-
mised by sustained seizure attacks.** Schwartz suggested that
the epileptic cortex generally receives inadequate cerebral
blood flow.*> However, alterations in resting state hemodynam-
ics may not exist in all types of refractive epilepsy. It has been
shown that the average resting metabolism and blood flow of
the epileptic cortex are very similar to those of the normal cortex
in patients with idiopathic generalized epilepsy.**™*® Because of
significant differences in the discharge characteristics of ictal
versus interictal states, it has been suggested that the cerebral
blood flow and cerebral metabolic rate of oxygen changes
induced by interictal discharges may be far less noticeable
than their ictal counterparts.®**”*° This implies that the changes
in diffuse reflectance signals reported here are not necessarily
associated with the presence of interictal discharges. The results
of this study further suggest that histological abnormalities may
be linked to changes in regional resting state hemodynamics. It
is possible that histological abnormalities like cortical dysplasia
modify the characteristics of astrocytic Ca>* oscillations, which
in turn alter astrocytic function regulating cerebral blood vessel
diameters and hence regional hemodynamics.>>* More studies
must be conducted to verify such conjectures.

Several studies have shown that the metabolic activities of
any in vivo biological tissue, including the brain, may be
monitored through the redox state of NAD(P)H and hence its
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fluorescence.””?® Since the epileptic cortex is hypometa-
bolic,*** we hypothesized that fluorescence spectroscopy
alone may be used to detect this characteristic of an epileptic
brain. However, the results reported here do not support this
hypothesis; no statistically significant differences were found
between the fluorescence spectra from an epileptic brain and
those from a normal brain. One possible explanation for this
inefficiency is that NAD(P)H fluorescence signals measured
from an in vivo brain are heavily modulated by brain absorption
(i.e., hemoglobin concentration and hemoglobin oxygenation)
and scattering properties. Under this condition, complex spectral
processing techniques® would have to be used in conjunction
with fluorescence spectroscopy to recover intrinsic NAD(P)H
fluorescence quantity and hence detect the hypometabolic
characteristic of the epileptic cortex.

The results of this study are promising but preliminary in
nature. Several obstacles must be overcome before the clinical
value of optical spectroscopy, namely fluorescence and diffuse
reflectance spectroscopy, is clarified for demarcating epileptic
foci and hence aiding epilepsy surgery. The most important chal-
lenge is the lack of a gold standard for defining an epileptic brain.
While optical spectroscopy can indirectly detect histological
abnormalities of an epileptic brain, it is not yet proven that these
histological features provide better demarcation than ECoG.
Furthermore, this study also revealed considerable discrepancies
between the results of ECoG and those of histological study. On
many occasions, the brain area classified as abnormal by ECoG
was interpreted as histologically normal by our neuropathologist.
This may be attributed to the fact that only small biopsy samples
(i.e., less than 10 mm?) were taken from the investigated sites
within the resection zones for the purpose of accomondating the
limited depth of investigation of the optical probe. Therefore, his-
topathological abnormalities present in the deeper layers of the
cortex could be missed. Another possible explanation is that con-
ventional histological methods cannot detect molecular altera-
tions underlying the abnormal electrical activities of the
epileptic cortex. Also, it is possible that the origin of interictal
spikes may not be the same as that defined by ECoG due to
electrical spreading. Finally, it will be challenging to establish
a universal normal baseline for the diffuse reflectance and fluo-
rescence spectra of a normal pediatric cortex, because the brain
undergoes development and increases in size and weight signifi-
cantly throughout childhood. These issues will be addressed in
follow-up studies to be conducted by the current investigators,
and their results will be presented in future publications.

5 Conclusions

The feasibility of using diffuse reflectance and fluorescence
spectroscopy to aid epilepsy surgery in children was investi-
gated. Static diffuse reflectance and fluorescence data were col-
lected from the abnormal cortex, as defined by pathology and
ECoG. Tissue discrimination algorithms with high sensitivity
and specificity were produced using various spectral features.
The success of this study warrants a future large-scale study
to verify the potential role of optical spectroscopy in pediatric

epilepsy surgery.
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