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1 Introduction

Abstract. The objective of this in vitro tissue study is to investigate the
feasibility of using optical spectroscopy to differentiate pediatric neo-
plastic and epileptogenic brain from normal brain. Specimens are col-
lected from 17 patients with brain tumors, and from 26 patients with
intractable epilepsy during surgical resection of epileptogenic cere-
bral cortex. Fluorescence spectra are measured at excitations of 337,
360, and 440 nm; diffuse reflectance spectra are measured between
400 and 900 nm from each specimen. Pathological analysis is per-
formed to classify abnormalities in brain specimens, and its findings
are correlated with spectral data. Statistically significant differences
(p<0.01) are found for both raw and normalized diffuse reflectance
and fluorescence spectra between 1. neoplastic brain and normal gray
matter, 2. epileptogenic brain and normal gray matter, and 3. neoplas-
tic brain and normal white matter. However, no distinct spectral fea-
tures are identified that effectively separate epileptogenic brain from
normal white matter. The outcomes of the study suggest that certain
unique compositional and structural characteristics of pediatric neo-
plastic and epileptogenic brain can be detected using optical spec-

troscopy in vitro. © 2009 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3080144]
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In current practice, localization of either a neoplastic or an
epileptogenic brain lesion is conducted during the preopera-

Brain tumors and intractable epilepsy are two severe brain
disorders in the pediatric population.l’4 Gross total surgical
resection of the abnormal brain area, when feasible, can be an
effective treatment option for both brain disorders.”” While
neoplastic brain lesions can occur in any part of the brain and
spinal cord, non-neoplastic, epileptogenic brain lesions usu-
ally are found in the cerebral cortex. The success of such a
surgery requires complete removal of any abnormal brain
while preserving normal surrounding tissue, thereby minimiz-
ing the potential loss of neurological function.”®"* To achieve
this goal, accurate localization and delineation of the abnor-
mal brain area is necessary.
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tive assessment phase using several neuroimaging modalities,
including computed tomography (CT), magnetic resonance
imaging (MRI), functional MRI (fMRI), single photon emis-
sion  CT (SPECT), and positron emission tomography
(PET).>"" For epileptogenic lesions, video electroencepha-
lography (EEG) also is employed during the presurgical plan-
ning phase.w’19 However, the information derived from pre-
operative imaging studies, like the margins of the lesion, often
loses its accuracy because the brain shifts and deforms during
a craniotomy.ls_19 Ultrasound may be used to detect brain
tumor margins intraoperatively, but its sensitivity remains
questionable.20~2l For epileptogenic lesions, intraoperative
electrocorticography (ECoG) does not distinguish between
1. a seizure focus originating from a lesion, and 2. normal
brain tissue that is adjacent to the epileptogenic lesion but
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demonstrating EEG abnormalities due to electrical
spreading.13’22’23 Therefore, removal of a neoplastic or epilep-
togenic brain lesion relies primarily on visual inspection dur-
ing surgery. Identifying the margins of a brain lesion based
solely on appearance and texture is a major, unresolved sur-
gical problem. This often leads to incomplete removal of the
offending brain lesion or, alternatively, excessive removal of
surrounding normal brain tissue.

Optical diagnosis is an emerging, nondestructive, in vivo,
real-time technique that uses light absorption and scattering to
quantify tissue biochemical composition and morphological
characteristics, thereby allowing clinicians to detect disease
and injury deve:lopment.z“’28 In recent years, the feasibility of
using such a technique to demarcate brain tumors intraopera-
tively has been investigated, and successful results have been
1rep0rted.29—38 Several groups also have reported unique hemo-
dynamic characteristics of epileptogenic brain, using a diffuse
reflectance imaging Inodality.39_44 The utility of an optical di-
agnosis technique in pediatric brain tumor and epilepsy sur-
gery has not yet been evaluated, however. With this in mind,
the primary objective of the current work was to determine
the feasibility of using optical spectroscopy to differentiate
normal brain from neoplastic and epileptogenic brain lesions,
within the context of an in vitro tissue study.

2 Materials and Methods

The in vitro brain tissue study described next was carried out
at Miami Children’s Hospital. The study protocol was ap-
proved by a local Institutional Review Board. Brain speci-
mens were collected both from brain tumor patients and epi-
lepsy patients undergoing a craniotomy. After removal from
the patient, specimens were transported and studied immedi-
ately at an adjoining research lab.

The fluorescence and diffuse reflectance properties of the
collected specimens were characterized using a table-top fiber
optic optical spectroscopic system that had been built locally.
The system consisted of two light sources. A nitrogen-dye
laser (ORIEL-79111 Spectra-Physics, Irvine, California) was
employed for fluorescence spectroscopy; it produced excita-
tion light at three wavelengths: 337 nm (native), 360 nm (Ex-
alite 360), and 440 nm (Coumarin 440). A tungsten-halogen
light was used for diffuse reflectance spectroscopy, it provided
light emission between 360 and 2000 nm.

Spectral recording was achieved using a portable spec-
trometer with a 200- to 1100-nm detection range (USB 2000,
Ocean Optics, Dunedin, Florida). The spectrometer was
equipped with a 200-um entrance slit, which yielded a spec-
tral resolution of approximately 10 nm. The spectrometer pro-
vided an adequate spectral signal-to-noise ratio and enough
spectral resolution to depict the fluorescence and diffuse re-
flectance spectral features of interest. A filter wheel equipped
with one 380-nm and one 440-nm long-pass filters (Omega
Optical Inc, Brattleboro, Vermont) was mounted at the en-
trance port of the spectrometer, this was done so that the
excitation light in the fluorescence spectra could be removed.

A fiber optic probe was used to conduct both excitation
and emission light between the target tissue and the spectro-
scopic system. The probe contained three 200-um-core fibers
(excitation) and one 400-um-core fiber (emission). The ar-
rangement of fibers provided an investigation volume of less
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Table 1 Age distribution of the studied patients.

Epilepsy Tumor

Age patients patients
Oto10y/o 11 4
11t020y/0 13 10
>20y/o 2 3

than 1 mm?>, which was determined theoretically using a
Monte Carlo simulation model for photon migration. The
small-investigation-volume characteristic of the fiber optic
probe offered two advantages: 1. the influence of tissue non-
homogeneity to the recorded spectra was reduced; and 2.
more importantly, smaller specimens could be evaluated.

Prior to each experiment, the spectroscopy system was
evaluated using fluorescence and diffuse reflectance standards
to ensure the consistency of system performance. The brain
specimen was rinsed, using buffered saline, to remove any
residual blood on the tissue surface. The cleaned specimen
was mounted on a quartz microscope with a black back-
ground. The fiber optic probe was placed on top of the speci-
men, its tip lightly in contact with the tissue surface. From
each investigated site of a specimen, a baseline spectrum (i.e.,
no excitation), fluorescence spectra at all excitation wave-
lengths, and a diffuse reflectance spectrum were acquired se-
quentially. The spectral acquisition procedure was repeated
five times to ensure the reproducibility of spectral recoding. A
small sample was removed from the area of investigation and
preserved in Formalin for pathological analysis.

Recorded spectra were processed to eliminate any alter-
ations induced by the instrumentation. Specifically, back-
ground subtraction was performed on each spectrum, with its
corresponding baseline spectrum. Next, fluorescence and dif-
fuse reflectance spectra ~were corrected for all
instrumentation-induced artifacts, using a set of calibration
factors. The calibration factors for fluorescence spectra
F.u(\) compensated for the spectral alterations induced by
the transmissitivities of the collection fiber and the laser light
filter, as well as the responsivity of the spectrometer. Experi-
mentally, F,;(\) was obtained by comparing the true emis-
sion spectrum of a calibrated tungsten light (LS-1-CAL,
Ocean Optics, Dunedin, Florida) with the one measured by
means of the table-top spectroscopic system. The calibration
factors for diffuse reflectance spectra Rd.,(\) accounted for
all the instrumentation-induced spectral alterations stated be-
fore, as well as for those caused by the emissivity of the white
light source [ Eypie(N)]. Here, Egpie(N) was obtained by mea-
suring the emission spectrum of the white light source, using
a calibrated spectrometer. Because of concerns regarding the
signal-to-noise ratio, the spectral ranges for the fluorescence
and diffuse reflectance spectra were limited to 380 to 750 nm
and 400 to 850 nm, respectively.

Processed spectral data were categorized in accordance
with their corresponding pathological records. For study pur-
poses, the spectral data were divided into four primary cat-
egories: normal white matter, normal gray matter, neoplastic
brain, and epileptogenic brain. From each spectral data subset,
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Table 2 Number of investigated sites in each tissue category.

Category Number of Sites
Normal Gray 62
Normal White 16

Tumor 31

Epilepsy 105

the mean fluorescence and diffuse reflectance spectra and
their standard deviations were calculated. In addition, raw
spectral intensities at all wavelengths from any two selected
groups were compared, using a two-tailed, unequal-variance
t-test with the significance level set at p<<0.01. p values from
the t-test were plotted in accordance with the wavelength in
each comparison to identify all spectral regions that differen-
tiated the two tissue categories (i.e., spectral features).

In addition to comparing the absolute intensities of the raw
calibrated spectra, normalized spectra were used during the
spectral analysis to enhance the detection of unique spectral
profile features representing a given tissue category. The nor-
malization method used here was peak-intensity normaliza-
tion; each spectrum was normalized to its maximum intensity.
It should be noted that the fluorescence spectra measured at
all three excitation wavelengths from a single investigated site
were treated as a single spectral set, and that they were nor-
malized to the maximum intensity among them.

Using the representative spectral features of fluorescence
F(\,,\,,), diffuse reflectance Rd(\,,), or both features com-
bined, tissue classification algorithms were established by
means of linear discriminant analysis. This analysis procedure
was conducted using the statistical program SPSS, with the
“leave-one-out” classification (cross-validation) option acti-
vated. For comparison of two given tissue categories, three
representative spectral features were selected as inputs. The
sensitivity and specificity of the classification algorithms, us-
ing either one versus multiple spectral features, were calcu-
lated and compared.

3 Results

During the study period, brain specimens were collected from
17 brain tumor patients and from 26 epilepsy patients. Pilo-
cytic astrocytoma was the most common tumor type among
the tumor specimens collected. Of the 26 epileptogenic speci-
mens collected, 13 possessed the histological characteristics
of cortical dysplasia. Since some specimens were large
enough for multiple investigations, the total number of inves-
tigated sites (ng,) in each category were greater than the
numbers of patients studied (Tables 1 and 2).

3.1 Normal White Matter Versus Normal Gray Matter

Three prominent differences were observed between the spec-
tra recorded from normal white matter and those observed
from normal gray matter. First, raw diffuse reflectance inten-
sities from white matter were significantly greater than those
from gray matter over the entire spectral region evaluated.
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Second, fluorescence emission from white matter at 440-nm
excitation was significantly stronger than that from gray mat-
ter. Third, the maximum in the average diffuse reflectance
spectrum for gray matter was identified at 475 nm, while the
maximum for white matter was at 615 nm.

3.2 White Matter Versus Neoplastic Brain

Without spectral normalization, it was noticed that the raw
diffuse reflectance and fluorescence signals from normal
white matter were significantly greater (p<<0.01) than those
from tumor over the entire spectral region evaluated. When
the spectral normalized method was employed, the spectral
regions effectively separating normal white matter from brain
tumor tissue were reduced to 530 to 800 nm in diffuse reflec-
tance spectra, and to 620 to 720 nm in fluorescence spectra at
440-nm excitation (Fig. 1). Because there was not a consis-
tent peak location in the diffuse reflectance spectra from tu-
mors, the maximum value of the average normalized diffuse
reflectance spectrum from neoplastic brain was found to be
less than one [Fig. 1(a)].

3.3 Normal Gray Matter Versus Neoplastic Brain

Both fluorescence and diffuse reflectance spectroscopy were
highly effective at differentiating normal gray matter from
neoplastic brain. The normalized diffuse reflectance spectra
between 400 and 600 nm, as shown in Fig. 2(a), effectively
separated normal gray matter from neoplastic brain [p
<0.01, Fig. 2(a)]. Significant differences also were apparent
in the normalized fluorescence spectra between normal gray
matter and neoplastic brain; the difference was especially

prominent in those at 360- and 440-nm excitation [Figs.
2(b)-2(d)].

3.4 Normal White Matter Versus Epileptogenic Brain

Neither raw nor normalized fluorescence spectroscopy pro-
vided effective separation between normal white matter and
epileptogenic brain lesions at any excitation wavelengths.
Raw diffuse reflectance signals from normal white matter
were stronger than those from epileptogenic brain, especially
between 450 and 650 nm (p<<0.01). However, this feature
disappeared at normalization.

3.5 Normal Gray Matter Versus Epileptogenic Brain

In contrast, fluorescence and diffuse reflectance spectroscopy
were found to be effective at separating gray matter from
epileptogenic brain. Differences with statistical significance
were identified in all normalized fluorescence and diffuse re-
flectance spectra (Fig. 3). While not shown, raw diffuse re-
flectance signals from epileptogenic brain were significantly
higher than those from normal gray matter. Within the nor-
malized diffuse reflectance spectra, the spectral maximum for
normal gray matter was identified at ~480 nm, and the maxi-
mum for epileptogenic brain was close to 630 nm. Raw fluo-
rescence signals from epileptogenic brain specimens were no-
ticeably weaker at 360-nm excitation than those from gray
matter. An opposite trend, however, was observed in the fluo-
rescence spectra at 440-nm excitation. At 440-nm excitation,
normalized fluorescence signals from epileptogenic lesions
were significantly stronger than those from gray matter [Fig.

3(d)].
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Fig. 1 Comparisons of (a) normalized diffuse reflectance spectra, (b) normalized fluorescence emission spectra at 337-nm excitation, (c) normal-
ized fluorescence emission spectra at 360-nm excitation, and (d) normalized fluorescence emission spectra at 440-nm excitation between normal
white matter (ng,=16) and neoplastic brain (ng.=31). Means=one standard deviation spectra are plotted.

3.6 Classification Algorithms and Their Performance

Tissue classification algorithms developed using the represen-
tative spectral features described before (Table 3) generally
performed very well (Table 4). The algorithms that incorpo-
rated both fluorescence and diffuse reflectance spectral fea-
tures produced the best combination of sensitivity and speci-
ficity; more than 80% of the samples were classified correctly.

4 Discussion

The results of this in vitro tissue study demonstrate that both
fluorescence and diffuse reflectance spectroscopy are effective
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at differentiating neoplastic brain from normal brain in the
pediatric population. These findings are similar to those that
have been reported for the adult brain tumor
population.zg"m"%‘g’35 All in vitro diffuse reflectance spectra
measured from pediatric brain specimens possess the spectral
profile characteristics induced by hemoglobin absorption, as
hemoglobin is the dominant chromophore in brain tissue
within the visible spectral region. For example, the double-
valley feature seen in the diffuse reflectance spectra between
500 and 600 nm, especially from neoplastic brain, is a direct
result of the twin absorption peaks (540 and 580 nm) of oxy-
hemoglobin. However, the average diffuse reflectance spectra
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Fig. 2 Comparisons of (a) normalized diffuse reflectance spectra, (b) normalized fluorescence emission spectra at 337-nm excitation, (c) normal-
ized fluorescence emission spectra at 360-nm excitation, and (d) normalized fluorescence emission spectra at 440-nm excitation between normal
gray matter (ng,.=62) and neoplastic brain (ng.=31). Means+one standard deviation spectra are plotted.

from normal gray matter, normal white matter, and epilepto-
genic brain exhibit a single valley profile in the same wave-
length region. This profile discrepancy may be attributed to a
certain level of hemoglobin deoxygenation in the normal and
epileptogenic brain samples, because deoxyhemoglobin has a
monopeak feature between 500 and 600 nm. Since normal
brain, and presumably, epileptogenic brain, use the aerobic
metabolic pathway to produce ATP, they continuously con-
sume all oxygen available and eventually create a condition of
hypoxia (i.e., producing deoxyhemoglobin) in an in vifro con-
dition. Conversely, neoplastic tissue often utilizes the anaero-
bic metabolic pathway to produce ATP and hence the hemo-
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globin oxygenation is maintained in neoplastic brain in vitro.

The relative level of drop-off between 400 and 600 nm in
the normalized diffuse reflectance spectrum of brain tissue
also may be used as an indicator of its hemoglobin content. In
comparisons between the various normalized diffuse reflec-
tance spectra, it was noticed that the diffuse reflectance inten-
sities from neoplastic brain between 400 and 600 nm consis-
tently were lower than those from normal gray and white
matter, which suggests higher blood content in these samples.
This finding is in agreement with a common physiological
characteristic of tumors: increased vascularity. In addition to
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Fig. 3 Comparisons of (a) normalized diffuse reflectance spectra, (b) normalized fluorescence emission spectra at 337-nm excitation, (c) normal-
ized fluorescence emission spectra at 360-nm excitation, and (d) normalized fluorescence emission spectra at 440-nm excitation between normal
gray matter (ng,.=62) and epileptogenic brain (nge.=105). Means+one standard deviation spectra are plotted.

the intensity variations, several spectral profile variations
were revealed in the comparisons of average normalized dif-
fuse reflectance. One identified feature is particularly intrigu-
ing: the peak location of the normalized diffuse reflectance
spectra from in vitro normal cortex is located around
~470 nm, a significant red shift relative to those from in vivo
gray matter, as well as many other tissue types.45 46 This spec-
tral profile characteristic may be attributed to the low blood
volume in the gray matter specimens collected. It is not clear,
however, if this feature is unique to the pediatric population,
or if it could be reproduced in an in vivo setup, wherein blood
perfusion exists.
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While not shown in the Results in Sec. 3, the outcomes of
this study indicate that diffuse reflectance intensities between
650 and 900 nm usually are the highest in white matter and
the lowest in gray matter. Again, this observation is in agree-
ment with previous reports.”*"™*’ Since there are no strong
biological chromophores in this particular spectral region, the
differences in diffuse reflectance intensities among all four
tissue categories must reflect variations in their microscopic
structural characteristics. Tissue components, like nuclei, cre-
ate spatial variations in the dielectric constant (i.e., reflective
indices), and hence, cause light to scatter. To simplify the
description of the light propagation, biological tissue often is
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Table 3 Summary of the effectiveness of raw and normalized fluorescence and diffuse reflectance
spectroscopy at separating normal brain from diseased brain. XX indicates that the comparison produced
a statistically significant difference at a level of p<10~°. X indicates a statistically significant difference at

a level of p<0.01.

Spectral types

Compared fissue F@337 F@360 F@440
categories Rd nm exc. nm exc. nm exc.
White matter versus Raw XX XX XX XX
neoplastic brain
Normalized XX X X X
Gray matter versus Raw XX XX XX X
neoplastic brain
Normalized XX XX XX XX
White matter versus Raw X
epileptogenic brain
Normalized
Gray matter versus Raw XX XX XX XX
epileptogenic brain
Normalized XX XX XX XX
treated as a conglomeration of various-sized scatterers. The previously.””%*** At 337- and 360-nm excitation, tissue
contribution of these scatterers to the overall scattering prop- fluorescence primarily originates from three biological fluoro-
erties, and hence the diffuse reflectance intensity, are deter- phores: NADH/NADPH, FAD, and collagen, with NADH/
mined by their scattering cross sections, as well as their vol- NADPH predominant.54 While 360-nm excitation equally
ume fractions. In liver tissue, mitochondria are considered to evokes fluorescence emission from both free and bound
be the primary contributor to tissue scattering, because of the NADH/NADPH, 337-nm excitation favors bound NADH/
high volume fraction of mitochondria.” This condition may NADPH over free NADH/NADPH. The low fluorescence
not be applicable here, because the volume fraction of mito- emission of neoplastic brain may be attributed to its low
chondria in brain is much lower.” ™ While not yet elucidated, NADH/NADPH quantity and/or a high free-to-bound NADH
the high scattering nature of white matter may be linked to its ratio.”>*® Since the intensity of fluorescence emission also is
structural characteristics, which include axonal myelination, governed by tissue optical properties, especially by absorp-
as well as the small radial dimension of the axons.****° The : : : :
- - oo tion, the high blood content of neoplastic brain also could
volume fractlons. of cells. and nuclei are h%gh In gray matter produce a negative impact to its fluorescence emission (i.e.,
bec.ause of the high density O_f neuron bf)dl%(s) ;;“d astrocytes, blood absorption of both excitation and emission light). To
which translate to low scattering properties.™" Furthermore, ly differentiate the contribution of these mechanisms, a so-
each pediatric brain tumor type has its own unique morpho- tru.y. . . . ’
logical characteristics. For example, pilocytic astrocytoma is phisticated analytical model woulq be required to interpret the
g . . pe, priocy . y . fluorescence spectral data.>>% This, however, was beyond the
characterized by low cellularity, small nuclear size, and mi- scope of the current study
crocystic stroma; meanwhile, both medulloblastoma and At 440-nm emission ;Vhite matter exhibited the greatest
ependymoma have high cellularity and cells containing mini- C &
mal cytoplasm. These significant variations in the microscopic degree of fluorescence emmsmn, whe.reas gray. matter wz}s
structural characteristics explain the large standard deviations IOW?St among the four tissue CaFegoneS examined. A,t t_hls
existing in the measurements of the diffuse reflectance signals pa.rtl.cular CXC}tatIOI‘l wavelength? t.1ssue fluorescence eglsslon
within the neoplastic brain group. The hallmark pathological orlgn.latfes typ.lcally from FAD, 11p1ds,- and.cl.lolesterol. Since
features of epileptogenic brain lesions observed in this study myelin 1Sr;_zgh1te matter possesses a }T‘gh lipid and choleste.rol
included balloon cells, increased cell density, a reduction of content,’ strong fluorescence emission at 440-nm excita-
pyramidal neurons and granule cells, clusters of misplaced, tion is expected from white matter. An increase in the quantity
immature, giant neurons, and disorganization of the cortical of lipidgland macromolecules also has been reported in brain
lamination. These features apparently enhanced the scattering tumors,” which may explain why fluorescence emission is
properties, which led to a statistically significant increase in elevated in tumors versus normal gray matter.
the average diffuse reflectance signals from epileptogenic Several distinctive fluorescence spectral features also can
brain lesions versus those from gray matter. be identified in epileptogenic brain when compared to normal
In this in vitro study, the raw fluorescence intensities ob- gray matter. For example, the average full width half maxi-
served at 337-nm excitation in normal brain tissue were sig- mum of the fluorescence spectrum at 337-nm excitation ap-
nificantly greater than those observed in neoplastic brain. This pears to be slightly greater in epileptogenic brain versus nor-
observation is in agreement with data published mal gray matter. At 360- and 440-nm excitation, the
Journal of Biomedical Optics 014028-7 January/February 2009 + Vol. 14(1)
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Table 4 Accuracy of the classification algorithms derived using the spectral features identified through t-tests. The discrimination algorithms were
developed using linear discriminant analysis in Statistical Package for the Social Sciences, with either fluorescence F(\,,\ ), diffuse reflectance
Rd(\,,), or both features combined as the inputs, indicated by the x symbols in the columns labeled Spectral Feature Used. The bold numbers in
the Sensitivity and Specificity columns indicate the best performance of all the discrimination algorithms produced. The Total Correct Classification
column provides the percentages of samples that were classified correctly by the corresponding algorithms.

Total correct

Sensitivity Specificity classification
Group| Group 2 Spectral feature used (%) (%) (%)
Gray Epileptic Rd(600) F(337,550) F(440,600)
matter brain
X X X 74 90 80
X 77 79 78
X 66 98 78
X 52 86 63
Gray Neoplastic Rd(470) F(360,550) F(440,520)
matter brain
X X X 68 98 88
X 42 98 82
X 42 81 68
X 48 100 83
White Neoplastic Rd(550) Rd(580) F(440,680)
matter brain
X X X 94 100 96
X 58 94 70
X 61 Q4 72
X 77 75 77

fluorescence spectra from epileptogenic lesions are signifi-
cantly different from those from cortex. This may be attrib-
uted to the unique metabolic characteristics of epileptogenic
brain lesions, which alter the balance of free and bounded
NADH, or possibly other protein components yet identified.
To correctly connect the fluorescence features of epileptoge-
nic brain lesions with their physiological features, further
studies examining the molecular and microscopic structural
characteristics of epileptogenic brain must be undertaken.
While neither fluorescence nor diffuse reflectance spectros-
copy is effective at separating white matter from epileptoge-
nic lesions, this poses less of a concern, because epileptogenic
lesions generally are found in gray matter.

5 Conclusions

An in vitro tissue study is conducted to explore the feasibility
of using diffuse reflectance and fluorescence spectroscopy to
differentiate normal brain from neoplastic and epileptogenic
brain within the pediatric population. Significant variations in
both absolute intensities and profiles are observed in both raw
and normalized diffuse reflectance and fluorescence spectra
from normal white and gray matter, neoplastic brain, and epi-
leptogenic brain. These variations are associated with the
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unique compositional and structural characteristics of each
brain tissue type.
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