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ABSTRACT

Fluorescence spectroscopy of the endogenous emission of brain
tumors has been researched as a potentially important method
for the intraoperative localization of brain tumor margins. We
investigated the use of time-resolved, laser-induced fluores-
cence spectroscopy for demarcation of primary brain tumors
by studying the time-resolved spectra of gliomas. The
fluorescence of human brain samples (glioblastoma multi-
forme, cortex and white matter: six patients, 23 sites) was
induced ex vivo with a pulsed nitrogen laser (337 nm, 3 ns). The
time-resolved spectra were detected in a 360–550 nm wave-
length range using a fast digitizer and gated detection.
Parameters derived from both the spectral- (intensities from
narrow spectral bands) and the time domain (average lifetime)
measured at 390 and 460 nm were used for tissue character-
ization. We determined that high-grade gliomas are charac-
terized by fluorescence lifetimes that varied with the emission
wavelength (>3 ns at 390 nm, <1 ns at 460 nm) and their
emission is overall longer than that of normal brain tissue. Our
study demonstrates that the use of fluorescence lifetime not
only improves the specificity of fluorescence measurements but
also allows a more robust evaluation of data collected from
brain tissue. Combined information from both the spectral-
and the time domain can enhance the ability of fluorescence-
based techniques to diagnose and detect brain tumor margins
intraoperatively.

INTRODUCTION

Despite aggressive treatment including surgical resection, irradia-

tion and chemotherapy, the median survival of patients diagnosed

with malignant gliomas is less than 1 year. The extent of surgical

resection is a primary determinant of the outcome in patients

diagnosed with malignant glioma. Gross total resection is associated

with longer survival and improved neurologic function (1). Patients

undergoing resection of malignant glioma using image-guided

navigation techniques, wherein computer tomography or magnetic

resonance imaging facilitates an ‘‘image complete’’ resection, have

a median survival of about 70 weeks (2,3). This is in stark contrast to

those patients who have a subtotal resection or biopsy, in whom

median survival is less than 19 weeks. Currently, the degree to

which a complete resection can be achieved in the brain is limited by

a number of factors unique to the central nervous system. The extent

of resection is limited primarily by the difficulty in visually detecting

differences between normal brain and malignant tissue during

surgery. Thus, patients with malignant gliomas often have a subtotal

resection. In addition, patients may experience neurological

morbidity if the resection is inadvertently carried into normal brain

tissue. Because outcome is closely related to the extent of surgical

resection, and the degree of resection is limited by difficulties in

visually differentiating tumor from normal brain, there is a pressing

need to develop new strategies to improve the intraoperative

imaging of malignant glioma.

Fluorescence spectroscopy of tissues offers a potential method

for intraoperative localization of tumor margins, diagnosis of

neoplasms and optimization of biopsy and therapeutic procedures

(4–6). It has been shown that intracranial tumors including primary

brain tumors can be distinguished from normal brain tissue on the

basis of their autofluorescence emission spectra (7–11). Studies

were performed on ex vivo brain specimens (8,9) as well as in vivo
in patients undergoing resection of brain tumors (7,11). However,

these studies have not fully explored or demonstrated the potential

use of fluorescence spectroscopy as a clinical tool for intraoperative

delineation of these tumors. The time dependence of emission and

the potential information contained therein can improve the

specificity of fluorescence measurement (12–16). What is lacking
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for the application of this time-resolved technique is the detailed

knowledge of the measurability of time-resolved spectra from brain

tumors and tissues in question.

The overall objective of this work is to assess the diagnostic value

of a fluorescence lifetime spectroscopy technique for intraoperative

brain tumor delineation. As part of this ongoing work, we measured

the time-resolved fluorescence emission of glioblastoma multiforme

(GBM, Grade IV) ex vivo and identified characteristics of time-

resolved fluorescence emission that distinguish the tumor from the

surrounding normal tissues including gray and white matter.

MATERIALS AND METHODS

Samples. Brain tumor specimens histopathologically diagnosed as GBM
Grade IV based on the World Health Organization classification and
adjacent normal gray matter (cerebral cortex) were obtained during
craniotomy from six patients. The study was carried out with the approval
of the Cedars-Sinai Institutional Review Board. Samples of normal white
matter were obtained from one trauma patient. The specimens were im-
mediately transported to the laboratory wrapped in cotton surgical gauze
moistened in saline and spectroscopically investigated within 1–3 h after
surgical removal. Spectroscopic data were collected from a total of 23 sites.

Instrumentation. The tissue specimens were spectroscopically investi-
gated with a prototype time-resolved laser-induced fluorescence spectros-
copy (TR-LIFS) apparatus. The experimental setup used a fast digitizer and
gated detection and was similar to that described previously (16). The light
from a pulsed nitrogen laser (wavelength: 337.1 nm, repetition rate: 10 Hz)
was focused onto a custom-designed (17) fiber-optic probe (Polymicro
Technologies LLC, Phoenix, AZ) and directed onto the sample from above.
The probe consisted of a central illumination fiber (600 lm) tapered to
a distal core (nominal numerical aperture determined by the taper ratio
;1:1.7). The pulse width measured at the tip of the fiber was 3 ns full width
at half maximum. The resulting fluorescence emission was collected by
a fiber optic bundle (ring of 18 collection fibers of 200 lm core size) and
focused into a scanning monochromator. The distance between the
illumination fiber and each collection fiber (center-to-center) was 0.64
mm. The fluorescence emission was detected with a gated multichannel
plate photomultiplier tube (rise time: 0.3 ns, bandwidth: 1 GHz) placed at
the monochromator exit slit. The photomultiplier output was amplified (rise
time: 0.35 ns, bandwidth: 1 GHz) and the entire fluorescent pulse from
a single excitation laser pulse recorded with a digital oscilloscope
(bandwidth: 1 GHz, sampling frequency: 5 Gsamples/s). A long pass filter
(WG345, Schott Glass, Mainz, Germany; transmittance at 337 nm ,20%,
at 360 nm 5 90%) was placed at the exit of the monochromator to prevent
most of the laser light reflected by the sample from reaching the detector.

Spectroscopic analysis. The fluorescence emission of each sample was
scanned in the 360–510 nm range at 5 nm intervals. To assess the lifetime
reproducibility, five consecutive measurements were acquired at 390 and 460
nm. The energy output of the laser was adjusted to 3 lJ/pulse (i.e. total
energy delivered,2.2 mJ/mm2 per 250 s measurement). The time-integrated
fluorescence (spectral emission) was computed from the measured fluo-
rescence response pulses by integrating each pulse as a function of time for
each wavelength. The constructed fluorescence spectra were corrected for
background noise and normalized by dividing the fluorescence intensity at
each emission wavelength by the peak fluorescence intensity.

Histopathologic analysis. After spectroscopic investigation, areas where
fluorescence was recorded were marked with ink. Each sample was then
fixed in 10% buffered formalin, and transversely oriented sections (4 mm
thick) were cut from the marked areas. The sections were embedded in
paraffin and stained with hematoxylin and eosin (HE). The histological
sections were evaluated by light microscopy. The morphologic and
pathologic features within the volume probed by the excitation light beam,
as defined by the light beam spot size and penetration depth, were primarily
used for sample classification. On the basis of previous reports (7), the 1/e
optical penetration depth for 337 nm excitation wavelength is estimated to
be 200–250 lm. After histological assessment, eight samples that showed
morphological characteristics different from those investigated in this study,
such as low-grade gliomas, were excluded.

Data analysis. The TR-LIFS data recorded from malignant brain tissue
and normal tissue for this study were analyzed using the Laguerre decon-
volution method (18). Using the fluorescence impulse response function
(FIRF) estimated at each emission wavelength in each of the TR-LIFS

data sets, a time-resolved spectrum was constructed. The time-resolved
spectrum represents the intrinsic fluorescence decay as a function of time
for the different emission wavelengths. To characterize the dynamics of
fluorescence decay, the average lifetime (s) estimated as the interpolated
time at which the FIRF decays to 1/e of its maximum value was used. The
time-integrated spectrum (conventional or steady-state spectrum) was also
recovered by integrating each estimated FIRF as a function of time. The
spectrum is characterized by discrete fluorescence intensities that showed
the variation of fluorescence as a function of emission wavelength. To
compare the different brain tissue types on the basis of their fluorescence
emission characteristics, the ratio (I390:I460) between the fluorescence
intensity from narrow spectral bands centered around 390 nm (380–400 nm)
and 460 nm (450–470 nm) was computed, and the average lifetimes around
390 nm (s390) and 460 nm (s460) were also extracted. For statistical purposes,
one-way analysis of variance applied to the spectroscopic parameters
(I390:I460, s390, s460) was used to evaluate differences between brain tissue
types on the basis of the fluorescence emission characteristics. The level
of significance used was P , 0.05.

RESULTS

Histology

Of 23 sites that underwent spectroscopic examination, nine were

classified as GBM, nine as normal cortex and five as normal white

matter. GBM samples were characterized by robust infiltration of

darkly stained polymorphic nuclei with atypia. A few samples

showed the presence of subpial gliosis, mitosis, as well as endo-

thelial proliferation, signifying Grade-IV glioma. Normal white

matter was characterized by the presence of lightly stained axons

and normal glial cells. Normal gray matter was characterized by the

presence of pyramidal neurons with scattered small glial cells in

pink neurophil background.

Time-integrated fluorescence spectra

The time-integrated or steady-state spectra for each type of tissue

are shown in Fig. 1a. The spectra from the cortex samples were

characterized by a main peak between 460 and 480 nm and by

a secondary peak around 380 nm. The white matter spectra pre-

sented a main peak at 380 nm and a secondary peak between 460

and 480 nm. In contrast, the tumor spectra showed a single peak

around 380 nm. The ratio I390:I460 of the spectral intensity values is

shown in Fig. 1b. The ratios from the cortex sites were below unity,

indicating the predominance of the peak at 460 nm over the peak at

390 nm. The ratios from the tumor sites were larger than 2, thus

showing the predominance of the peak around 390 nm in the tumor

spectra. In the case of the white matter spectra, three samples

presented ratio values grouped between one and two, whereas the

other two samples presented much higher ratio values. A variance

test on the group samples showed that the I390:I460 values for cortex

were significantly lower relative to tumor (P , 0.001). No sig-

nificant differences were found, however, between the white matter

and tumor I390:I460 ratio.

Time-resolved fluorescence spectra and
fluorescence lifetimes

The time-resolved emission features of GBM were found to be

distinct from those of the normal brain tissues, white matter and

cortex. Typical FIRF of healthy and diseased brain tissue samples

are shown in Fig. 2. The fluorescence decay dynamic of GBM

and white matter was found to vary along the emission spectrum.

The fluorescence lifetimes for each tissue type are depicted in

Fig. 3. The lifetimes from the cortex (Fig. 3a) were generally

below 1.5 ns and did not present major changes along the
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entire wavelength range (e.g. s390 5 0.76 6 0.1; s460 5 0.68 6

0.1). The tumor samples presented long lifetimes (above 3 ns) at

the blueshifted wavelengths (s390 5 4.05 6 0.26), and as the

wavelengths increased, the lifetime values decreased significantly

(s460 5 1.03 6 0.1). For white matter samples the lifetime values

were centered at 2 ns (s390 5 2 6 0.8), presented high variability

(large SE) for wavelengths below 440 nm, whereas for longer

wavelengths the lifetimes became shorter, below 1 ns (s460 5 0.69

6 0.08), comparable with those measured in normal cortex.

The lifetimes for the two regions of interest (around 390 and 460

nm) are shown in Fig. 3b,c. All s390 values from cortex sites were

below 1.5 ns, whereas those from the tumor sites were above 2 ns.

In the case of the white matter spectra, three samples presented a

s390 grouped below 1.5 ns, whereas the other two samples presented

much higher s390 values. The variance test on the group samples

showed that the cortex s390 was significantly lower relative to the

tumor s390 (P, 0.001). The white matter s390 was also significantly

lower than the tumor s390 (P , 0.008). Except for one sample, all

s460 values from the cortex sites were below 0.8 ns, whereas for the

tumor sites the values were above 0.8 ns. In the case of the white

matter spectra, the s460 grouped below 1 ns. The variance test

demonstrated that the cortex s460 was significantly lower relative

to the tumor s460 (P , 0.03). The white matter s460 was also

significantly lower than the tumor s460 (P , 0.03). The lifetime

reproducibility for the five consecutive measurements acquired at

395 nm was within 0.3–15% of the mean value (median value 7%),

whereas that at 460 nm was within 3–15% (median of 7.5%).

Figure 1. (a) Normalized fluorescence emission spectra of GBM, cortex
and white matter. Results are depicted as mean 6 standard error of the data
from each independent measurement. (b) The I390:I460 ratio of each tissue
type. Results are shown as mean 6 standard error of the data from each
independent measurement.

Figure 2. Representative time-resolved fluorescence spectra of: (a) GBM,
(b) normal cortex, and (c) normal white matter.
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DISCUSSION

The time-resolved fluorescence spectroscopy studies in this small

group of patients have demonstrated that lifetime fluorescence data

provide a means of discrimination between neoplastic and normal

brain tissue. The fluorescence lifetime information complements

the conventional time-integrated (steady-state) techniques and

enables a better understanding of the kinetics of the biochemical

and physiological processes occurring in brain tissue across their

emission spectra.

A very limited number of studies have reported the time-resolved

spectra of brain tumors (19,20). Our findings suggest that the

fluorescence lifetime of brain tissue is both tissue type dependent

and wavelength dependent. Overall, the radiative lifetime of brain

tumor tissue (GBM) is longer when compared with normal white

matter and cortex and varies significantly with the emission

wavelength. The fluorescence is long lived at wavelengths below

390 nm (lasting for more than 30 ns) and short lived at wavelengths

around 460 nm (lasting for less than 15 ns), suggesting that two

distinct fluorophores are likely to contribute to GBM emission.

We considered the possible contribution of increased scatter-

ing events as an explanation for the long fluorescence lifetime in

GBM. Consequently, we investigated how optical properties of

distinct types of brain tissue affect the propagation of the laser ex-

citation pulse (21). We reported that the long-lived fluorescence

at blueshifted wavelengths in tumor tissue may be due to the

presence of a fluorophore with intrinsically long radiative lifetime

and cannot be completely explained by an eventual distortion of

the pulse width due to high scattering in the tissue. Within the

temporal resolution of our instrumental apparatus, brain tissue

scattering does not appear to affect the temporal profile of the

measured time-resolved reflected laser pulse. The origin of this

long-lived fluorescence emission, however, needs to be further

investigated and is the subject of ongoing studies in our laboratory.

The short-lived fluorescence (;1 ns lifetime) at 460 nm

corresponds to reduced nicotinamide adenine dinucleotide (phos-

phate) (NAD(P)H) emission and is in agreement with the steady-

state studies. An interesting finding is the higher lifetime values of

GBM (s460 ; 1.1 ns lifetime) when compared with normal cortex

and white matter (s460 ; 0.7 ns lifetime). These lifetime values at

460 nm suggest that GBM fluorescence is likely dominated by the

bound form of NAD(P)H fluorescence (sNAD(P)H: 1–5 ns) (12),

whereas the normal tissue emission is related to the free form of

NAD(P)H (sNAD(P)H: 0.35–5 ns) (12) emission. However, these

results seem to be in opposition to results recently reported by Croce

et al. (7), who suggested that free NAD(P)H is favored in tumors and

compared their findings with a previously reported bound–free

NAD(P)H ratio found in various cell lines (22). For a complete

understanding and more extended comparison with these early

findings, fluorescence lifetime measurements in vivo are needed.

The in vivo studies will account for the metabolic function of

mitochondrial enzymes that affects the NAD(P)H binding sites (23).

Spectral emission of human brain tumors, white matter and

cortex, measured both ex vivo and in vivo, has been reported by a few

research groups (7–9,11). Excitation wavelengths include 337 nm

(9), 366 and 405 nm (7), and 360, 440 and 490 nm (8). The time-

integrated spectra of white matter and cortex described by our study

are in agreement with the emission spectra reported by the research

groups that used 337 nm for excitation (9). They report emission

characterized by a broad spectrum (360–550 nm range), modulated

by a valley at 415 nm corresponding to hemoglobin absorption. For

Figure 3. (a) Average lifetime of GBM, cortex and white matter. Results
are depicted as mean 6 standard error of the data from each independent
measurement. (b) The average lifetime values at 390 nm (s390) for each
tissue type (five consecutive measurements). (c) The average lifetime values
at 390 nm (s460) for each tissue type (five consecutive measurements).
For (b) and (c) results are shown as mean of the five consecutive measure-
ments 6 standard error of the mean.
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460 nm emission, the fluorescence intensity at 460 nm of normal

brain tissue was reported to be greater than that of the primary brain

tumors (7–9). As reported earlier (7,8), the most likely fluorophore

representing the 460 nm emission is the (NAD(P)H) in both free and

bound form. The concentration of NAD(P)H was shown to vary

between normal and malignant tissue. Our results confirm the

early findings by displaying a significant decrease in the intensity at

about 460 nm in tumor relative to normal tissue. However, in the

current studies, the GBM fluorescence emission was found to

be significantly reduced at longer wavelengths when compared

with the blueshifted emission wavelengths, and virtually no peak

emission was observed around 460 nm. Overall, our results showed

that GBM is characterized by an intense fluorescence emission

below 390 nm. These findings are different from those reported by

Lin et al. (9), who described a main peak emission at 460 nm in

glioblastoma and only a very weak fluorescence emission below 390

nm. The different sets of long pass filters placed in front of the

spectrograph (two 360 nm filters in the previous study and 345 nm

in our study) to eliminate the reflected laser could explain this

discrepancy. The 345 nm allows the transmission of wavelengths

above 360 nm more efficiently. Moreover, the fluorescence spectral

shape was shown to vary with the storage method (8). The tumor

specimens in the early studies were snap frozen and stored at�708C,

whereas here they were investigated immediately after excision.

Although ex vivo measurements can demonstrate the potential for

distinguishing tissues with distinct pathologies, care needs to be

taken when interpreting such results. Both biochemical and

metabolic properties of tissues may be considerably different ex
vivo and in vivo. Because blood content and oxidation state are

different, the NAD(P):NAD(P)H ratio is likely different in vivowhen

compared with ex vivo conditions. Differences between the emission

spectra measured in vivo and ex vivo in healthy and diseased brain

tissues have been reported (8). The tissue preservation and storage,

moreover, may significantly affect the fluorescence properties of the

ex vivo samples (8). To address this, we have recently developed

a clinically compatible fluorescence lifetime spectroscopy system,

instrumentation (24) and analytical methods (18). Clinical studies

are currently being conducted at the Cedars-Sinai Medical Center

using this system to measure the fluorescence lifetime of brain tissue

intraoperatively. Very recent experiments (L. Marcu, unpublished

data) performed intraoperatively in humans showed that the

fluorescence lifetime of a brain tumor measured in vivo is shorter

when compared with that measured in the same sample ex vivo
postexcision. This suggests that metabolic or biochemical trans-

formation (or both) after tumor removal may influence the

fluorescence lifetime of brain tissue. This could explain the long-

lived fluorescence observed in the GBM sample. Further in vivo
studies will allow a direct comparison between ex vivo and in vivo
investigations and complement the existing steady-state fluores-

cence spectroscopy studies on brain tissue by enabling analysis of

the time-dependence of fluorescence emission.

This study is limited to the variability observed in brain speci-

mens from seven patients. Only highly malignant brain tumors,

glioblastomas, were considered. Additional studies are required to

increase the knowledge of the spectroscopic features likely to

be detected in lower-grade gliomas as well as within a single

GBM specimen. It is well documented that gliomas display a broad

range of histopathologic features including mitotically active

cells, vascular proliferation, nuclear atypia and areas of necrosis.

Indeed, increasingly, it is clear that the variability in phenotype

and biological behavior of gliomas is a function of genomic and

proteomic variability (25). Fluorescence signals, which are de-

termined by biochemical content and metabolic status, would be

expected to vary in histologically heterogeneous tumors such as

GBM. Nevertheless, the development of spectroscopic techniques

capable of differentiating infiltrating tumors from adjacent normal

surrounding tissue would be a considerable advance in diagnosing

and detecting gliomas in an intraoperative setting.

In summary, these studies demonstrate that the use of fluo-

rescence lifetime not only improves the specificity of fluorescence

measurements but also allows a more robust evaluation of data

collected from brain tissue. Combined information from both

spectral- and time-domain can improve the diagnostic value of

fluorescence measurements. Although further measurements in vivo
are necessary to confirm and to provide a more detailed knowledge

of the optimal fluorescence-derived parameters for distinguishing

tumor from normal brain tissue, this study establishes the foundation

for such intraoperative investigations.
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