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ABSTRACT

The applicability of optical spectroscopy for intraopera-
tive detection of brain tumors/tumor margins was inves-
tigated in a pilot clinical trial consisting of 26 brain tu-
mor patients. The results of this clinical trial suggest that
brain tumors and infiltrating tumor margins (ITM) can
be effectively separated from normal brain tissues in vivo
using combined autofluorescence and diffuse-reflectance
spectroscopy. A two-step empirical discrimination algo-
rithm based on autofluorescence and diffuse reflectance
at 460 and 625 nm was developed. This algorithm yields
a sensitivity and specificity of 100 and 76%, respectively,
in differentiating ITM from normal brain tissues. Blood
contamination was found to be a major obstacle that at-
tenuates the accuracy of brain tumor demarcation using
optical spectroscopy. Overall, this study indicates that
optical spectroscopy has the potential to guide brain tu-
mor resection intraoperatively with high sensitivity.

INTRODUCTION

Surgical removal of brain tumors is the most common initial
treatment received by brain tumor patients (1,2). Surgical
resection can benefit the patients in several ways: for ex-
ample, it relieves the mass effect of tumor on neurological
tissue and allows histological diagnosis of the tumor, which
directly affects the direction of follow-up therapeutic strat-
egy (3). Many studies have demonstrated that aggressive sur-
gical resection enhances the survival length and quality of
life for brain tumor patients (4,5). Therefore, the goal of
brain tumor resection procedures is to maximize tumor re-
moval with minimal neurological damage. To achieve this
goal accurate intraoperative identification of brain tumor
margins during craniotomy is required.

Intraoperatively, brain tumor margins are currently deter-
mined by neurosurgeons by visual inspection and informa-
tion provided by surgical navigation systems that are based
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on computerized tomography (CT)†/magnetic resonance
(MR) images (6) and/or intraoperative ultrasound (IOUS)
(7). However, these techniques have several limitations that
prevent surgeons from achieving a complete tumor resection.
First, the true infiltrating margins of primary tumors may not
be visible on CT/MR images, even T2-weighted MR images,
unless the tumor cells are sufficiently dense. Secondly, reg-
istration errors and intraoperative brain shift can degrade the
spatial accuracy of the surgical navigation system by as
much as 1 cm (8,9). Thirdly, gliomas, unlike most metastatic
tumors, do not typically possess clear boundaries, i.e. the
margins appear blurred in the IOUS images. Fourthly, it is
often difficult, even for experienced neurosurgeons, to vi-
sually differentiate low-grade gliomas and associated tumor
margins from normal brain tissues. Although on-site pathol-
ogy provides accurate diagnosis, it is time-consuming and
expensive and as such is not used routinely for tumor-margin
detection. Hence, there is a clear need for the development
of a real-time, guidance tool that allows intraoperative de-
tection of brain tumor margins with high sensitivity to fa-
cilitate complete or high-degree brain tumor resection. Op-
tical spectroscopy has the potential to fulfill this need.

Tissue diagnosis using optical spectroscopy, also known
as optical biopsy, has been widely investigated by several
research groups in various organ systems in vivo (10,11).
However, very few studies have been reported on the fea-
sibility of optical spectroscopy for brain tumor differentia-
tion/demarcation. Bottiroli et al. (12) reported that in vivo
brain tissue differentiation may be achieved using the peak
location and line shape of fluorescence emission at 340 nm
excitation. As the number of patients presented in this study
was limited, the applicability of fluorescence spectroscopy
for in vivo brain tumor demarcation was not truly validated.
The feasibility of using 5-aminolevulinic acid (ALA)–in-
duced fluorescence to assist in brain tumor resection was
studied by Stummer et al. (13) in a human clinical trial.
Results from this study show that ALA fluorescence can
predict the presence of tumor tissue with a sensitivity of 85%
and a specificity of 100% with respect to histology. How-
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margin; MR, magnetic resonance; NIST, National Institute of
Standards and Technology; VUMC, Vanderbilt University Med-
ical Center.
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ever, low-grade tumors and tumor margins could not be
identified in this study, as ALA was not taken up by tumor
cells in areas with an intact blood–brain barrier. Moreover,
the effectiveness of ALA-induced fluorescence is limited by
photobleaching. Thus, these problems diminish the capabil-
ity of ALA-induced fluorescence for brain tumor demarca-
tion.

In an initial in vitro study we examined the feasibility of
using combined optical spectroscopy (i.e. fluorescence and
diffuse reflectance spectroscopy) to differentiate brain tu-
mors from normal brain tissues. A sensitivity and specificity
of 95 and 90%, respectively, were achieved (14). Despite its
success the ability of optical spectroscopy for brain tumor
margin detection was not fully investigated, as it was not
feasible to obtain suitable brain samples with infiltrating tu-
mor cells. In addition, the spectral properties of different
brain-tissue types need to be characterized in vivo. A pilot
clinical study was thus designed to address these issues.

In this paper, the clinical applicability of combined auto-
fluorescence and diffuse-reflectance spectroscopy for brain
tumor demarcation was investigated, and the results of this
study are presented here. In vivo fluorescence and diffuse-
reflectance spectra were acquired from areas of normal brain
tissues, brain tumors and tumor margins in 26 patients un-
dergoing brain tumor resection. Tissue spectra of different
brain-tissue types were characterized and compared to those
reported in vitro. Discrimination algorithms based on the ob-
served spectral features were developed to differentiate nor-
mal brain tissues from brain tumors. Moreover, the capabil-
ity of optical spectroscopy in detecting the infiltrating tumor
margins (ITM) was examined.

MATERIALS AND METHODS

The pilot clinical study described in this paper was conducted at the
Vanderbilt University Medical Center (VUMC) with prior approval
from the Vanderbilt University Institutional Review Board. All adult
brain tumor patients receiving craniotomies at VUMC were consid-
ered and recruited irrespective of gender or race. The final eligibility
of each patient was determined by the participating neurosurgeon
(S.A.T.) based on the tumor type, tumor location and medical con-
dition of the patient such that patient care was not compromised.
Written consent was obtained from each enrolled brain tumor patient
prior to the surgery.

In vivo optical spectra of brain tissues were acquired using a por-
table spectroscopic system. A high-pressure nitrogen laser at 337
nm (Nitrogen Laser 79070; Oriel Corporation, Stratford, CT) was
used as the excitation source for fluorescence spectroscopy, a 150
W halogen lamp (Fiber Lite 180; Edmund Scientific, Barrington,
NJ) for diffuse-reflectance spectroscopy. Light delivery and collec-
tion were achieved via a fiberoptic probe (custom-designed by Vi-
sionex, Inc., Atlanta, GA). This probe consists of seven 300 mm
core-diameter optical fibers: a central conventional fiber is surround-
ed by six beam-steered fibers which enhance the collection efficien-
cy of the probe (15). Two of the surrounding fibers at 6 and 12
o’clock in the probe were used to deliver the laser and white light,
respectively, to the tissue; the remaining fibers were used to collect
the fluorescence as well as the reflected light.

The light collected by the probe was dispersed by a spectrograph
(Triax 180; Instruments S.A., Inc., Edison, NJ) with a 300 gr/mm
grating and detected by a thermoelectrically cooled charge-coupled
device (CCD) camera (2000 3 800 pixels, Spectrum One; Instru-
ments S.A.). A 100 mm slit was used at the entrance of the spectro-
graph yielding a spectral resolution of 1.6 nm. Both the spectrograph
and the CCD camera were controlled by a laptop computer via an
IEEE-488 controller. Two 360 nm longpass filters (360LP; Omega
Optical, Brattleboro, VT) were placed in front of the entrance slit

of the spectrograph to reject the reflected laser light collected by the
probe. A medical-grade isolation transformer (IT1500-4; Dale Tech-
nology Corporation, New York) was used with the portable spectro-
scopic system to comply with the electrical safety standard of the
operating room.

A standard protocol was designed for the spectral measurements
and maintained for all the patients in this study. Measurements were
performed intraoperatively by the participating neurosurgeon. The
fiberoptic probe was sterilized using either gas or a low-temperature
plasma-based method, causing no structural or functional damage to
the optical probe, prior to each patient study. Multiple sites with
tumors, tumor margins and normal brain tissues were studied during
the tumor-resection procedure. The total number of investigated sites
in each patient varied from five to ten, depending on the complexity
of tumor resection involved and the medical condition of the patient.
Prior to spectral acquisition each investigated site was rinsed with
saline to remove any blood accumulated at the tissue surface. The
optical probe was then placed lightly in direct contact with the target
tissue and three spectra: background B(l) (i.e. measured without
light source), fluorescence F(l) and diffuse-reflectance Rd(l) were
sequentially acquired. The output power of the white-light source
was maintained at 0.6 mW, and the nitrogen laser was operated at
20 Hz repetition rate, 5 ns pulse width and average pulse energy of
45 6 5 mJ. An integration time of 1 s was used for each spectral
measurement. Spectral acquisition at a given site took approximately
30 s to complete; this is mainly attributed to instrumentation delays
introduced in the spectroscopic system (e.g. refreshing the readout
buffer of the CCD camera) between consecutive spectral measure-
ments. The overhead room lights in the operating room were tem-
porarily turned off during spectral acquisition, while the surgical
lights were left on but pointed away from the operating field. This
minimizes the contribution of the ambient light in the acquired op-
tical spectra while maintaining a comfortable light level for the sur-
geons and staff in the operating room. Following spectral acquisition
the investigated site was typically registered on the preoperative CT
or MR images by the surgical navigation system (Viewpoint; Picker
International, Highland Heights, OH) to record its location. A biopsy
was then taken from the investigated site except when the site was
identified to be grossly normal or was in the functional area of the
brain. Biopsy samples from the initial 14 patients were stored in an
ultra–low-temperature freezer until histopathological examination.
However, histological identities of more than 30% of these samples
could not be determined by the neuropathologist due to excessive
freezing artifacts. Subsequently, biopsy samples were fixed in for-
malin upon excision.

At the end of each patient study the reference spectra, Fref(l) and
Rdref(l) were measured from a fluorescence and a reflectance stan-
dard to monitor interpatient variability in laser-pulse energy, white-
light power and other instrumental parameters. The fluorescence
standard is a low-concentration Rhodamine 6G solution (2 mg/L)
contained in a quartz cuvette. The reflectance standard is a 20%
reflectance plate (Labsphere, North Sutton, NH) placed in a black
box.

Before the spectral analyses all raw spectra were processed to
eliminate any instrument-introduced variations. Background subtrac-
tion was first performed on all fluorescence and diffuse-reflectance
spectra with the corresponding background spectra. A compensation
factor, Cf,i (or CRd,i), which accounts for the interpatient variations
in the instrument parameters was then multiplied to each back-
ground-subtracted spectrum. Cf,i (or CRd,i) is determined by taking
the ratio of the reference spectrum recorded for the i-th patient to
that of the first patient for a given wavelength. That is,

C 5 F (l )/F (l ) andf,i ref,i f ref,1 f

C 5 Rd (l )/Rd (l ),Rd,i ref,i Rd ref,1 Rd

where lf 5 560 nm and lRd 5 700 nm.
All fluorescence spectra were further corrected for the nonuniform

spectral response of the detection system using calibration factors
Df(l) generated using a National Institute of Standards and Tech-
nology (NIST) traceable calibrated tungsten-ribbon filament lamp.
Reflectance spectra, on the other hand, were calibrated using the
factors DRd(l) derived from the reflectance measurement of a mirror
(10R08ER.1; Newport Corporation, Irvine, CA) with a known wave-
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Table 1. Histopathological distribution of 120 investigated sam-
ples in the pilot clinical study

Category # of sites # of patients

Normal
Infiltrating tumor margins
Primary tumors
Secondary tumors

21
27
60
12





8*

19

7

*From both primary and secondary tumor patients.

Figure 1. Typical optical spectra obtained from a tumor patient
(secondary tumor): (a) fluorescence spectra, (b) diffuse-reflectance
spectra, and (c) spatial registrations of investigated sites on MR im-
age. Only three of seven investigated sites from this patient are
shown. The units c.u. refer to calibrated units (calibrated with re-
spect to an NIST calibrated tungsten lamp).

length-dependent reflectivity. It should be noted that DRd(l) account
for not only the nonuniform spectral response of the detection sys-
tem but also the nonuniform spectral emission of the halogen light
source.

Spectral data from investigated sites which did not have a con-
firmed histopathologic diagnosis were excluded from further analy-
ses. Furthermore, spectral sets showing excessive blood absorption,
determined by the criterion → Rd (550 nm) , 150 calibrated units
[c.u.], were also rejected. The remaining spectral data set was then
divided into four major categories: normal brain tissues, primary
tumors, secondary tumors and ITM, based on their histopathologic
identities. Analyses were performed to characterize the spectral dif-
ference between the various brain-tissue categories. A Student’s t-
test was performed on the spectral intensity, peak position and line
shape to see if any observed differences in these spectral parameters
between tissue categories were statistically significant. Statistically
significant differences in the in vivo fluorescence and reflectance
spectra between the different tissue categories were then used to
develop discrimination algorithms. It should be noted that the focus
of this analysis was to optimize the separation of tumor margins
from normal brain tissues. In addition, in vivo tissue optical spectra
were compared to those acquired in vitro.

RESULTS

Twenty-six brain tumor patients were enrolled in this pilot
clinical study over a period of 10 months. All the patients
in this study, though recruited irrespective of race, were Cau-
casians. The patient population consisted of 15 males and
11 females; the majority of these patients were between the
ages of 30 and 50. Of the 26 patients studied 19 had primary
tumors and seven, secondary tumors. A total of 120 mea-
surement sites were retained for the spectral analyses; the
histopathological distribution of these sites as determined by
the neuropathologist are shown in Table 1.

Figure 1 illustrates the in vivo spectra obtained from a
typical patient. In general, the lineshape of the in vivo fluo-
rescence and diffuse-reflectance spectra of brain tissues
strongly resembles that of the spectra acquired in vitro (14).
Peak fluorescence in the majority of in vivo brain tissues
occurred between 455 and 480 nm. The fluorescence inten-
sities at 460 nm (F460) of all the samples were compared
between different tissue categories, and the results are shown
in Table 2. The difference in F460 between normal brain tis-
sues and brain tumors was found to be statistically signifi-
cant only when comparing gray matter with tumor margins,
anaplastic gliomas and oligodendrogliomas. Although some
differences were observed, F460 alone could not accurately
differentiate between the various brain-tissue types in vivo.

The variations in the lineshape of in vivo fluorescence
spectra, with respect to the primary peak position and full
width half maximum (FWHM), were also compared among
the different brain tissue categories. The results from these
analyses are shown in Table 2. Statistically significant var-

iations in the primary peak location were only found be-
tween normal white matter and two of the primary tumors
(anaplastic glioma and oligodendroglioma). In addition, the
comparison showed no evidence of a red-shift in the fluo-
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Table 2. In vivo fluorescence spectral comparison

Tumor Normal

F460

intensity
p-value

Peak
position
p-value

FWHM
p-value

Infiltrating tumor margins White
Gray

0.9654
0.0745

0.4055
0.5135

0.0136
0.8277

Primary tumors
Astrocytoma White

Gray
0.1469
0.9648

0.9256
0.1051

0.0369
0.0003

Anaplastic glioma White
Gray

0.2634
0.0167

0.0230
0.4686

0.0101
0.8057

Glioblastoma multi-
forme White

Gray
0.8288
0.1261

0.9873
0.1069

0.0639
0.3680

Oligodendroglioma White
Gray

0.4714
0.0536

0.0305
0.8496

0.2068
0.0171

Secondary tumors
White
Gray

0.1455
0.8304

0.5266
0.1153

0.0016
0.1786

Figure 2. Scatter plots of F/Rd460 vs Rd625 in the single-step algo-
rithm for normal brain tissues and: (a) ITM, (b) primary tumors, and
(c) secondary tumors. The dash lines (F/Rd460 5 22 and Rd625 5
3000 c.u.) represent the discrimination lines used.

rescence spectra of glioblastoma multiforme (GBM) sites as
compared with normal tissues, as reported previously by
Bottiroli et al. (12). Hence, the position of the primary fluo-
rescence peak alone could not be used to differentiate con-
sistently between the different brain-tissue categories. The
average FWHM of the primary fluorescence peak of normal
white matter was found to be less than that of all tumors
except oligodendrogliomas. In addition, the average FWHM
of normal gray matter was statistically different only when
compared with that of anaplastic astrocytomas and oligo-
dendrogliomas.

Diffuse reflectance (Rd) of brain tissues decreased grad-
ually from 650 to 800 nm, similar to that observed in vitro,
when the signatures of blood absorption in Rd were not pro-
nounced. Signatures of either oxyhemoglobin or deoxyhem-
oglobin absorption (i.e. blood absorption) were frequently
observed in the in vivo diffuse-reflectance spectra (see Fig.
1b). In addition, the degree of blood absorption, as evi-
denced by the slope of Rd(l) between 580 and 600 nm, was
found to be more pronounced in vivo than in vitro. Normal
white matter and tumor margins involving white matter dem-
onstrate strong diffuse reflectance between 600 and 800 nm.
Some primary tumors involving oligodendrocytes also show
strong reflectance between 600 and 800 nm.

Various empirical discrimination algorithms, utilizing the
statistically significant spectral variations observed, were de-
veloped and tested to determine their performance in sepa-
rating normal brain tissues from each of the remaining tissue
categories. Successful empirical algorithms previously de-
veloped in vitro (14) were first applied to test their validity
in vivo. It was observed that the in vitro discrimination al-
gorithm based on fluorescence intensity alone (i.e. F460)
could not be used to differentiate between normal and tumor
brain tissues in vivo (Table 2). However, the in vitro dis-
crimination algorithm based on the ratio of the fluorescence
and diffuse reflectance intensity at 460 nm (F/Rd460) and the
diffuse reflectance intensity at 625 nm (Rd625) could be used
to differentiate normal brain tissues from brain tumors, es-
pecially ITM, in vivo with good accuracy. A sensitivity of
81% and a specificity of 76% were achieved in separating
normal brain tissues from ITM (see Fig. 2a). Five ITM sam-

ples were misclassified along the Rd625 axis, three of which
were from patients with tumors involving oligodendrocytes
and two from patients with GBM. All five misclassified nor-
mal brain samples were cortical tissues. The same discrim-
ination algorithm could also be used to separate normal tis-
sues from primary tumors with a sensitivity of 75% (see Fig.
2b). Of the 15 misclassified primary tumor samples, there
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Figure 3. Scatter plots of F/Rd460 vs Rd625 representing step 2 in
the two-step algorithm for: (a) samples with low reflectance (Rd625

# 3000 c.u.), and (b) samples with high reflectance (Rd625 . 3000
c.u.) within normal brain tissues and ITM.

were eight oligodendrogliomas, five glioblastomas, one an-
aplastic astrocytoma and one embryonal neoplasm. More-
over, four of the 15 misclassified tumor samples were from
a single patient. A sensitivity of 83% was obtained in sep-
arating secondary tumors from normal brain tissues using
the same method, as shown in Fig. 2c. Two tumor samples
misclassified along the F/Rd460 axis were from a patient with
metastatic colon cancer. Thus, using this algorithm an over-
all sensitivity of 78% and specificity of 76% were achieved.

Based on the results of the spectral-data analyses de-
scribed earlier and the single-step discrimination algorithm
a two-step discrimination algorithm was developed using F/
Rd460 and Rd625. In this method the entire in vivo spectra
were first divided into two subgroups based on Rd625. Those
samples with low Rd625 (i.e. Rd625 # 3000 c.u.) were then
discriminated using an F/Rd460 of 22 as the cutoff (Figs. 3a
and 4a); samples above the cutoff were classified as normal
and those under as tumorous. The samples with high Rd625

(i.e. Rd625 . 3000 c.u.) were then screened using a linear
cutoff that intersects the F/Rd460 axis at 22 and Rd625 at 4400
c.u. (Figs. 3b and 4b); samples located above the discrimi-
nation line were classified as tumorous and those located
below as normal. Overall, this two-step discrimination meth-
od performed better than the single-step discrimination
method, which was mainly attributed to the reduction in mis-
classifications along the Rd625 axis. The most significant im-
provement using this new algorithm was found in separating
normal brain samples from ITM, where a sensitivity of
100% was achieved. Sensitivity improved from 75 to 84%
in separating normal brain tissues from primary tumors using
the new algorithm. However, no improvement was obtained
in separating normal brain tissues from secondary tumors
using the two-step algorithm. An overall sensitivity of 89%
and specificity of 76% was achieved using the two-step al-
gorithm.

DISCUSSION

The pilot clinical study described here demonstrates the po-
tential of optical spectroscopy for brain tumor demarcation
in vivo. The results of this study validate the results of our
previous in vitro study (14), where normal brain tissues
could be separated from tumor tissues accurately using com-
bined fluorescence and diffuse-reflectance spectroscopy.
Normal and tumor-bearing brain tissues can be differentiated
in vivo using optical spectroscopy with an average sensitivity
of 89% and specificity of 76% using a two-step empirical
discrimination algorithm. More importantly, this study
proves the effectiveness of optical spectroscopy in differ-
entiating normal brain tissues from ITM with 100% sensi-
tivity. Although not specifically addressed in this paper, op-
tical spectroscopy was also found to be more sensitive in
detecting ITM as compared with existing techniques used in
current practice. On several occasions, investigated brain tis-
sues, identified as tumor or margin based on their optical
spectra but not in CT/MR and ultrasound images and/or on
visual inspection, were later histologically determined to be
either solid tumors or ITM. Overall, the results of this study
strongly support the hypothesis that optical spectroscopy is
capable of providing accurate brain tumor demarcation and
can be used as an effective intraoperative tool for the guid-
ance of tumor resection.

In vivo fluorescence spectra from those brain tissues with
little or no influence from blood absorption showed only one
emission peak (between 455 and 480 nm) over the entire
measured spectral region (i.e. 360–800 nm). However, many
investigated sites had medium to high blood content, as in-
dicated by the blood-absorption signatures in their diffuse-
reflectance spectra; hence, their fluorescence spectra have
two emission peaks (see Fig. 1a). The red-shift in the posi-
tion of the primary fluorescence maxima in GBM tissues as
compared to normal tissues (12) was not observed in this
study. In addition, the broadening of fluorescence spectra
observed in GBM as compared to normal brain tissues (12)
was not confirmed in this in vivo study. According to the
analysis performed on the FWHM of the primary fluores-
cence peak, the spectra of several tumor types, including
tumor margins, were found to be broader as compared with
those of white matter (indicated in Table 2). However, the
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Figure 4. Scatter plots of F/Rd460 vs Rd625 representing step 2 in
the two-step algorithm for: (a) samples with low reflectance (Rd625

# 3000 c.u.), and (b) samples with high reflectance (Rd625 . 3000
c.u.) within normal brain tissues and primary tumors.

variations in the primary peak position or FWHM were not
consistent for the four brain-tissue categories defined in this
study and hence could not be used as reliable discrimination
criteria.

F460 alone was insufficient as a discrimination criterion in
vivo despite its success in vitro. This variability is mainly
attributed to the inherently bloody nature (i.e. strong blood
absorption) of the operating field under which the current
study was conducted. It is well known that the intensity of
tissue fluorescence is modulated by the presence of blood
absorption. More specifically, a superficial layer of blood
present at the surface of the investigated site may cause sig-
nificant attenuation of both the excitation and the emission
light, leading to a drastic attenuation of the tissue fluores-
cence. This phenomenon manifests itself as valleys at 420,
540 and 580 nm in the diffuse-reflectance spectra as well as
in the fluorescence spectra. Thus, strong blood contamina-
tion modulates the shape of the tissue fluorescence spectra
(see Fig. 1a), which may explain why consistent variations

in terms of the peak position and FWHM of fluorescence
spectra could not be observed between normal brain tissues
and brain tumors.

The scattering coefficient of white matter is typically
much greater than those of gray matter and brain tumors (16;
W.-C. Lin, unpublished). Hence, the diffuse reflectance (i.e.
Rd625) of white matter is expected to be higher than that of
tumor tissues. However, several brain tumor samples involv-
ing oligodendrocytes as well as some GBM samples showed
a similar level of reflectance in the red (i.e. 600–800 nm) as
compared to that of white matter in vivo, which contradicts
this expectation. Edema in white matter and calcification
and/or necrosis in brain tumors are suspected to be respon-
sible for this deviation. Measurement of the optical proper-
ties of brain tissues in vivo is currently in progress to identify
the cause(s) of high scattering in certain tumor samples.

Although it was confirmed in vitro as well as in vivo that
fluorescence alone was insufficient for brain-tissue discrim-
ination, empirical algorithms based on combined fluores-
cence and diffuse-reflectance spectroscopy were able to dif-
ferentiate normal brain tissues from tumor/tumor margin tis-
sues with high sensitivity. F/Rd460 and Rd625 were the in vivo
discrimination criteria used in this preliminary analysis. F/
Rd460 separates gray matter and tumor tissues, while Rd625

separates white matter and tumor tissues. The advantage of
using F/Rd460 as compared with F460 is that it reduces the
effect of blood contamination (17–20). However, this ap-
proach is successful only when the degree of blood contam-
ination is moderate. Therefore, it is extremely important that
spectral measurements are repeated after recleaning the in-
vestigated site and probe, when pronounced blood-absorp-
tion signatures are observed in the diffuse-reflectance spec-
trum.

A more effective discrimination (i.e. yielding a higher
sensitivity) could be achieved by using F/Rd460 and Rd625 in
a two-step algorithm. This was achieved by first separating
all the investigated samples according to their Rd625 and then
treating each subgroup with a second separate discrimination
criterion (see Figs. 3 and 4). This approach was especially
effective in differentiating ITM from normal brain tissues.
This enhancement is attributed to the fact that using Rd625

initially separates the samples with high reflectance thus im-
proving classification along the Rd625 axis. For the same rea-
son this discrimination method also yielded an improved
sensitivity in separating normal brain tissues from primary
tumors. However, the differentiation of secondary tumors
was not enhanced, as both misclassified secondary tumor
samples were along the F/Rd465 axis (see Fig. 3c).

One possible cause for tissue misclassification may be due
to an error in the site of biopsy as compared to the investi-
gation site. This problem is particularly significant in this
case as the investigation volume, determined by the sensing
area of the optical probe (i.e. approximately 600 3 670 mm2)
and the penetration depth of the excitation light (i.e. less than
500 mm), is very small. In addition to biopsy error, different
degrees of blood absorption in the fluorescence signal as
compared with the corresponding diffuse-reflectance signal
of the same site as a result of progressive blood contami-
nation may also cause tissue misclassification. However, the
most significant cause may be due to the limited information
that is used in the algorithms developed here. The empirical
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discrimination algorithms have two important limitations.
First, clinically useful diagnostic information is typically
contained in more than just the few wavelengths surrounding
the peaks or valleys of optical spectra observed in tissue; a
method of analysis and classification that includes all the
available spectral information from fluorescence and diffuse
reflectance can potentially improve the accuracy of detec-
tion. Second, empirical algorithms are optimized for the
spectra within the study. Hence, the estimates of algorithm
performances will be biased toward that patient population.
An unbiased estimate of the performance of the algorithms
is required for an accurate evaluation of the performance of
optical spectroscopy for tumor-margin detection. To address
these limitations, multivariate statistical techniques will be
used to develop and evaluate algorithms that differentiate
between normal, tumor margin and tumor tissues based on
fluorescence and diffuse-reflectance spectra. Such a method
will, however, require multiple samples within each tissue
category, and thus a larger number of patients need to be
studied before it can be implemented.

Thus, a new clinical study is currently in progress at
VUMC in order to validate those observations presented in
this paper in a larger patient population as well as to increase
the number of samples within each tissue category. The re-
sults from this study have been used to implement many
improvements into the new clinical study. For example, each
site is thoroughly flushed with saline to minimize the effect
of blood absorption; the surgeon uses sterile gauze to blot
the excess fluid and secure the investigated site, which min-
imizes progressive blood contamination. In addition, the
spectral acquisition time has also been shortened. Results
from this new clinical study will be published in the future.
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