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Abstract. Advances in image-guided therapy enable physicians to obtain real-time information on neurological
disorders such as brain tumors to improve resection accuracy. Image guidance data include the location, size,
shape, type, and extent of tumors. Recent technological advances in neurophotonic engineering have enabled
the development of techniques for minimally invasive neurosurgery. Incorporation of these methods in intrao-
perative imaging decreases surgical procedure time and allows neurosurgeons to find remaining or hidden tumor
or epileptic lesions. This facilitates more complete resection and improved topology information for postsurgical
therapy (i.e., radiation). We review the clinical application of recent advances in neurophotonic technologies
including Raman spectroscopy, thermal imaging, optical coherence tomography, and fluorescence spectros-
copy, highlighting the importance of these technologies in live intraoperative tissue mapping during neurosur-
gery. While these technologies need further validation in larger clinical trials, they show remarkable promise in
their ability to help surgeons to better visualize the areas of abnormality and enable safe and successful removal
of malignancies. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of

this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.NPh.4.1.011010]
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1 Introduction
Today, nearly 700,000 people in the United States are living with
a primary brain tumor, and ∼78;000 more will be diagnosed in
2016.1 Glioblastoma multiforme (GBM) is the most common
infiltrating primary brain tumor in adults and one of the most
aggressive cancers with sever negative effect on patient and health
system.2 Many other brain tumors (such as meningiomas) are
noninfiltrating and can be removed without damaging normal
brain tissue. GBMs represent 50% of gliomas and 16% of all pri-
mary brain tumors,3–5 but despite intense multipronged therapy
consisting of surgery, radiation, and chemotherapy, the outcome
of patients with GBM remains poor,6 with 5-year survival rates of
<10%.4,5 Resistance to these therapies is most likely caused by
several factors, including the blood–brain barrier (BBB) that
blocks therapeutic agents from the tumor site3,7–12 and the
chemo-resistant and radiation-resistant nature of glioma-initiating
cells. GBMs also create a hostile immunosuppressive tumor
microenvironment that prevents the inducement of anti-GBM-
specific immune responses.7–12 Overall, tumor delineation is an
extremely difficult and subjective process, requiring a skilled
neurosurgeon to interpret sometimes inaccurate preoperative im-
aging to achieve near-complete resection. Because of postimag-
ing changes that occur during procedures, there is an ongoing
need for real time, intraoperative detection.

When considering the resection of a tumor, one must be aware
of the plastic nature of the human brain. Brain tissue is extremely
flexible and deforms following dural opening.13 This phenome-
non, known as “brain shift,” is affected by many factors such
as mechanical tumor resection, evacuation of cystic components,
gravity, pharmacologic responses, osmotic shifts, drainage of cer-
ebrospinal fluid, and other surgical effects.14–17 Brain shift leads to
significant challenges in the use of conventional neuronavigational
systems, which use preoperatively acquired images and stereotaxy
to depict the anatomical location and estimate the three-dimen-
sional (3-D) extent of brain tumors.13,18 Currently, there are
two main nonoptical technologies that have been implemented
to overcome the problem of brain shift during neurosurgery: intra-
operative magnetic resonance imaging (MRI) (ioMRI)19,20 and
intraoperative Ultrasound (ioUS). However, many optical technol-
ogies are also beginning to be applied in this context, including
infrared (IR) thermal imaging, Raman spectroscopy, fluorescence
spectroscopy and imaging, fluorescence lifetime spectroscopy and
imaging, and optical coherence tomography (OCT). Here, we
present a summary of clinical implementations of these optical
technologies, as intraoperative guidance tools in human neurosur-
gery, with emphasis on their respective merits and challenges.

2 Nonoptical Technologies

2.1 Intraoperative MRI

ioMRI-guided intracranial surgery was first applied in late
1990s.21,22 High-field MRI with an integrated neuronavigation
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system is one of the most advanced nonoptical intraoperative
imaging methods.23 It allows for objective control of the extent
of resection and for immediate update of the neuronavigation
data.24,25 Anatomical and functional information enable the sur-
geon to decide whether it is necessary and safe to proceed with
tumor resection. IoMRI allows more precise delineation of the
tumor margin and detects hemorrhage.26,27 It also provides an
objective measure of the needed extent of surgery and allows
more radical, yet safe, tumor removal, regardless of tumor
type.28 Its advantages over ultrasound or CT-scan-guided resec-
tions include lack of ionizing radiation, superior multiplanar im-
aging, and user independence.29 IoMRI is rapidly becoming the
procedure of choice for many neurosurgeons because of advan-
tages of real-time high-quality images and ability to account for
brain shift. However, this technique contains many disadvan-
tages as well, including cost and time constraints. IoMRI
systems are usually too expensive for most neurosurgical depart-
ments, involve a time-consuming image acquisition process, and
require expensive nonmagnetic surgical tools.13 Furthermore,
using these techniques, it is not possible to track surgical instru-
ments as they pass through brain tissue to cysts or tumors.30

Finally, after resection of the tumor and the resulting brain
shift, the interpretation of the MRI data can still be difficult.
The use of ioMRI for neurosurgical procedures also involves
a gradual learning curve to acquire sufficient expertise,28 and
if intraoperative imaging suggests there is residual tumor
present, then surgeons must apply their own clinical experience
and expertise to each specific situation.

2.2 Intraoperative Ultrasound

ioUS technology is useful because it is a real-time imaging sys-
tem that remains mostly unaffected by brain shift. It is also very
easy to handle and inexpensive, two important advantages over
ioMRI.31–33 The two-dimensional (2-D) US image acquisition is
significantly faster than ioMRI and scans can be performed
multiple times during surgery, without major interruption of
the workflow.24 US imaging can be also integrated with neuro-
navigation systems.34 Today the technology and image quality
of ultrasound have been improved significantly, providing the
surgeon with a useful way to identify tumors and make a pre-
liminary classification of low-grade or high-grade glioma.35 Its
sensitivity and specificity in detecting larger or deeply located
tumor remnants are comparable to those of high-field ioMRI.36

Some studies have even reported the ability of ultrasound to dif-
ferentiate edema from solid tumor, a task that is difficult for both
CT and MR imaging.37 However, two shortcomings are that
ioUS provides lower sensitivity and specificity in the detection
of small or superficial tumor remnants.24 Furthermore, the
image acquisition and interpretation are subjective and require
adequate training and experience.24 Other confounding factors
that may affect the interpretation of the ioUS image are the pres-
ence of dropouts from blood, cottonoids, or proteinaceous fluid,
which can all reduce the ultrasound image quality, or the con-
trast of the disrupted BBB.31

3 Optical Measurements of Brain Tissue
When light impinges upon a tissue, it can be transmitted,
absorbed, reflected/scattered, and re-emitted as fluorescence,
or have its energy altered by Raman scattering. Spectroscopy
measures the wavelength dependency of these phenomena to
determine important properties of the tissue being probed.
Depending on the energy of the light and the nature of the target

tissue, some of these interactions, such as absorption by par-
ticular chemical bonds, can reflect the presence and quantity
of well-understood tissue constituents and aid in tissue
discrimination.38,39

Optical imaging and spectroscopy have evolved from ancil-
lary research tools to various diagnostic applications. Optical
imaging, by far the oldest of bioimaging methods, helps us
understand better by seeing better. Technologies have been
developed to build on the intrinsic capabilities of the human
eye and human cognition. The first multilens microscopes for
medical research were built about 400 years ago and have been
used to extend the spatial resolution limits of human vision.40

Optical filters and wavelength selection technologies have
extended the wavelength resolution of human vision.41 With
the advent of digital imaging, scientists have been able to har-
ness the full power of these technologies by using computational
tools for image processing and analysis. Modern optical imag-
ing is special in several ways: (a) it is intuitive and noninvasive;
(b) it covers many orders of magnitude; in time from femtosec-
onds to seconds, in energetic intensity from tens of watts/joules
to a few pico-watts/joules, and in space from meters down to
fractions of a micrometer, while having very high resolution
in each of these domains. Most importantly, given the diversity
of biology, optical imaging is ideally suited to look, quantita-
tively, at the basic unit of life (the cell), while alive, in realistic
environments (either in vivo or in laboratory conditions approxi-
mating this).42 When light interacts with tissue, its bulk proper-
ties can be modified. These include changes in: (1) optical
intensity due to absorption, (2) polarization, timing, and coher-
ence due to multiple scattering, (3) wavelength distribution due
to chromophore absorption or fluorescence, and (4) interference
due to parallel microstructures and optical index mismatches.
These changes can be specific to different tissue types and
can provide measurable image contrast that provides informa-
tion that can be complementary and even synergetic.43

3.1 Thermal Imaging

Intraoperative thermal imaging (ioTI) is a neuroimaging tech-
nique that has the potential for locating the margins of brain
tumors. The real-time anatomical and pathophysiological infor-
mation provided by ioTI may contribute to safely improving the
extent of tumor resection.44 The presence of a tumor often alters
the homeostasis of the surrounding tissue and ioTI measure-
ments are sensitive to this change. Changes in homeostasis
that affect temperature can be due to low density in tumor micro-
vessels,45,46 edema in the surrounding tissues due to increases in
the volume of white matter caused by tumor growth,45,46 lower
metabolism in the cortex overlying intracranial tumors, due to
the “disconnection effect” caused by edema,45,46 or tumor
necrosis, typically caused by reduction of tumor vasculature
and metabolic activity.

Although not as common as ioMRI, ioTI has been used in
several experimental models and case reports for brain tumor
detection. In both animal and human models, glial-derived
brain tumors display a consistently lower temperature than the
surrounding normal tissue.45,46 In patients, Gorbach et al.46

showed that these tumors generally have a decrease of 0.5 to
2.0°C compared to normal surrounding tissue. Kateb et al.
showed a case study of a 76-year-old female patient with meta-
static intracortical melanoma. The data revealed a clear demar-
cation of tumor with significant temperature differences, up to
3.3°C, between the tumor core (36.4°C) and the surrounding
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normal tissue (33.1°C) when intraoperatively measured by a
ThermaCAM P60 FLIR system (wavelength sensitivity: 7.5
to 13 μm).44

Thermal imaging provides a surface recording of a tissue’s
heat profile with low penetration, so the use of ioTI requires
clear exposure of the lesion. Neural activity, local metabolism,
blood flow, and thermal conductivity are all factors that contrib-
ute to the thermal profile of a tissue. ioTI is a versatile and useful
intraoperative tool that is cost-efficient and noninvasive.
Limitations of this technology include a lack of software that
can autodelineate the tumor margin, a need for cameras with
higher spatial resolution, and limited tissue penetration depth
(<0.5 mm).44 Ultimately, infrared thermography could become
a vital addition to high-resolution neurosurgical microscopes
that can accurately distinguish between normal and cancerous
tissue using diverse multimode technologies.

3.2 Raman Spectroscopy

Raman spectroscopy is a nondestructive spectroscopic tech-
nique, based on the vibrational properties of the constituent mol-
ecules, that provides molecular information about the tissue
under examination.47 The Raman signal results from tissue mol-
ecules being excited by a small amount of incident light at a
specific wavelength. The remitted light has some of its photons
shifted to different wavelengths as by the addition or subtraction
of vibrational energy from some of the tissue intramolecular

bonds.48 Contrast is achieved when the tissue molecular con-
stituents differ enough that the Raman signals from two tissues
have different wavelength distributions. Raman spectroscopy
may be an ideal tool to intraoperatively delineate gray matter
from white matter because it is minimally influenced by water
content and can be performed in near-real time with sterile opti-
cal probes that a surgeon can apply to tissue in the operative
field.47

Raman spectroscopy imaging techniques have been used to
identify histologic features in brain tissue frozen sections of rat
glioma. The rat glioma model has similar morphology to glio-
blastoma multiforme.49 This study showed that Raman spectral
features could be used to differentiate tumor, edema, necrotic,
and healthy brain tissue. Specific spectral bands associated with
proteins and lipids are the main Raman spectral features used for
differentiation.

Recently, an intraoperative Raman-based spectroscopy tech-
nique detected invasive brain cancer in <1 s during surgery
and detected grade 2 to grade 4 gliomas in vivo.50,51 It distin-
guished brain tissue invaded by cancer from normal brain tissue
with a sensitivity of 93% and specificity of 91% (17 patients).
The point spectroscopy method used a handheld fiber probe
illuminating a 0.5-mm-diameter tissue area. The probe sampled
depth up to ∼1 mm with acquisition time for each measure-
ment requiring about 0.2 s. These Raman signatures are
based on lipid bands (700 to 1142 cm−1), nucleic acid bands
(1540 to 1645 cm−1), and the phenylalanine band in proteins

Fig. 1 Handheld contact fiber optic probe for Raman spectroscopy. (a) Experimental setup diagram.
(b) A simple molecular vibrational mode is conceptually depicted (individual atoms in blue and
green) interacting with the laser light (in red) to produce Raman scattering (in purple).
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(1005 cm−1). Machine learning algorithms created a classifier to
differentiate between normal and tumor tissue types.

As shown in Fig. 1(a), the probe contained optical fibers con-
nected to a NIR spectrum-stabilized laser (λ ¼ 785 nm) for
inject energy and a fast CCD spectrometer for detection of
the returning Raman signal. During each resection, the Raman
signal was measured at several points in the surgical cavity
[Fig. 1(b)].

Figure 2(a) shows a 3-D preoperative MRI of a patient with a
grade 2 glioma, with dots identifying the Raman measurement
locations (blue for normal and yellow for tumor). For three of
the locations, the 2-D MRI slices are provided with correspond-
ing pathology images, as well as the Raman spectra [Fig. 2(b)]
for dense cancer, invasive cancer, and normal brain. Sample
Raman spectra, preoperative MRI, and pathology images are
also provided for a patient with a grade 3 glioma [Figs. 2(a)
and 2(b)] and a patient with a grade 4 glioma [Fig. 2(C)].

Cancer cells showed some differences in various bands
including (1) the lipid bands at 700 and 1142 cm−1 correspond-
ing to cholesterol and phospholipids (26), (2) an increase from
1540 to 1645 cm−1, corresponding to a higher nucleic acid con-
tent, and (3) an increase at the 1005 cm−1 band, corresponding
to phenylalanine breathing mode (26).

The new field of Raman-based optical biopsy for surgical
guidance provides minimal disruption to workflow. Current
development of more sensitive detectors and fast electronics
shows the promise to overcome the low signal-to-noise ratio
of the Raman signal, leading to Raman-based imaging. Future
work will continue to explore Raman signal uses for brain tissue
discrimination and surgical guidance in larger clinical trials.

3.3 Optical Coherence Tomography

OCT is a noninvasive, label-free, and cost-effective technique
capable of imaging tissues in 3-D in near real time.52 OCT
has spatial resolution in the micrometer range for depths up
to a few millimeters. Clinical applications of OCT have been
mainly in ophthalmology, however, over the last 20 years it
has been extended to cancer detection in a variety of
tissues.53,54 One of the first studies on ex vivo brain tissue by
Bizheva et al.55 was reported in which the OCT signal was
used to distinguish between healthy brain and multiple types
of brain tumors. This study claims the source of OCT signal
contrast comes from differences in cell nuclei, cysts, microvas-
culature, and microcalcifications in brain tissue.

Recently in 2015, structural and functional information pro-
vided by OCT has been explored to study brain diseases and
tumors in vivo.56 In a study by Kut et al., OCT was used on
ex vivo human tissue samples of 32 patients with grade 2 to
4 gliomas. They used attenuation-based thresholding to distin-
guish between normal and tumor tissue types. The threshold val-
ues were obtained by a researcher blinded to tissue type and
grade. Specificities and sensitivities of 100% and 92% (for
high-grade glioma) and 80% and 100% (for low-grade glioma)
were reported.

In the same article, they have showed the extension of this
work to an in vivo study with a cohort of nine subjects. They
observed distortions in tissue microstructure and light attenua-
tion profiles in the tumor region that were confirmed by biopsy
and histopathological examination. The OCT system can mea-
sure an 8- to 16-mm3 tissue block in 1.2 to 2.4 s, making it a
useful tool with minimal disruption during neurosurgery.

Fig. 2 Raman spectroscopy measurements colocated on preopera-
tive MRI-grade 2 and 4 gliomas. (a) 3-D rendering of a preoperative
T2-weighted MRI overlaid with the segmentation of a grade 2 astro-
cytoma in red. Samples for each tissue type are indicated by P1, P2,
and P3. (b) Pathology images for regions P1 to P3 in (a). P1, P2, and
P3 are dense cancer, invasive cancer, and normal brain, respectively.
The acquired Raman spectra are shown below. (c) In a different
patient with grade 4 GBM, locations for dense cancer, invasive
cancer, and normal brain are shown on a T1-weighted MRI with cor-
responding histopathology.
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Figure 3(a) shows the swept-source OCT (SS-OCT) system
and the handheld imaging probe that were used in the study. The
OCT probe design offers a working distance of 25 mm and a
confocal parameter of 0.3 mm [see Fig. 3(b)]. To remove the
influence of depth-dependent effects on the beam profiles, they
normalized the OCT signal from the tissue with the OCT signal
from a phantom with known attenuation properties. The aver-
aged OCT signal values of the biological tissue and phantom
at different depths are used to calculate optical attenuation
that provided the threshold parameter to differentiate between
normal and cancerous tissues. An optimal attenuation threshold
was established for identification of high-grade and low-grade
human brain cancer. Finally, to facilitate potential intraoperative
use of this technology, OCT images were displayed in 3-D and
color-coded optical property maps showing tissue attenuation
properties [Fig. 3(c)].

3.4 Fluorescence-Based Technologies

3.4.1 Endogenous fluorescence in tissue

There are several endogenous fluorophores that exhibit potential
for analyzing tumor environments. These include amino acids
such as tyrosine and tryptophan, structural proteins such as
elastin and collagen, and enzyme cofactors [e.g., reduced nico-
tinamide adenine dinucleotide (NADH) and flavin-adenine
dinucleotide (FAD)]. The altered metabolic state seen in brain
tumors causes changes in these molecules’ fluorescence signa-
tures, which can be utilized for tissue characterization. By exam-
ple, NADH concentration increases in tissues with higher
metabolic activity. NADH displays fluorescence emission in
the spectral range of 400 to 700 nm when exposed to UV radi-
ation, whereas its oxidized form (NAD+) is nonfluorescent. In

addition, the lifetime of NADH is either short or long, depend-
ing on the state of its protein binding sites. Changes in the ratio
of free-to-bound NADH in tumor tissue results in fluctuations of
the average lifetime of NADH.57 Thus, both the intensity and
lifetime of NADH fluorescence are considered to be potential
indicators for monitoring the tumor microenvironment. Most
endogenous fluorophores are excited by UV-VIS light (280
to 450 nm) and emit fluorescence in the range of 370 to
700 nm, as shown in Fig. 4.58,59 In general, tumor necrotic
regions have lower fluorescence emission compared to normal
tissue, under UVexcitation at 355 nm, likely due to lower tissue
metabolism. One experimental approach demonstrated that the
ratio of NADH:FAD fluorescence emission may play a signifi-
cant factor in identifying brain tumors.60

3.4.2 Steady-state fluorescence spectroscopy

An autofluorescence study in a rat glioma model was presented
by Chung et al.61 and it showed that there are relationships
between brain tissue autofluorescence intensity and metabolic
activity. For instance, fluorescence signals were lower in glio-
mas than in normal brain tissue, and flavin and porphyrin fluo-
rescence in neoplastic tissues was different from that of normal
tissue. Bottiroli et al.62 first reported an in vivo study on a limited
number of patients that showed that brain tissue can be differ-
entiated by its autofluorescence properties, including the emis-
sion peak and shape of fluorescence spectra, when excited at
366 nm. Lin et al. reported a discrimination algorithm based
on the ratio of the fluorescence emission and reflectance inten-
sity at 625 nm.58 Croce et al.63 reported more comprehensive
ex vivo (N ¼ 20) and in vivo (N ¼ 12) spectrofluorometric
analysis of brain tissue. They reported a fluorescence intensity

Fig. 3 (a) A SS-OCT system for intraoperative neurosurgery procedure. (b) A 2-D scanning handheld
imaging probe. (c) Characteristic curves were determined using brain tissues in the training data set.
A 3-D volumetric reconstruction map from the OCT images with an overlaid color-coded attenuation
map distinguishing cancer and noncancer regions.

Fig. 4 Natural fluorophores of biological tissue.
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decrease and a broadening of the fluorescence emission band
along with a redshift of the peak position in tumor compared
to normal tissue, although some variability among the patients
was observed.

The main advantage of steady-state fluorescence spectros-
copy compared to time-domain fluorescence measurement is
its simple, low-cost instrumentation that provides higher sig-
nal-to-noise ratios. The steady-state systems typically include
one or more narrow band light sources and a grating-based spec-
trometer for collecting fluorescence emission. However, fluores-
cence spectroscopy is based on intensity measurements that can
be affected by other factors such as tissue motion, high blood
absorption, and photo-bleaching. These can add extra variability
to the signal during surgery and decrease the classification
specificity for tissue abnormalities.64 One of the approaches
to overcome the limitations of steady-state fluorescence meas-
urement is employing time-resolved fluorescence emission mea-
surements (lifetime) as a main tissue differentiation factor.65

3.4.3 Time-domain fluorescence measurement methods

Time-resolved fluorescence determines the dynamics and inten-
sity of fluorescence decay (lifetime). Fluorescence lifetime is
the average time when a fluorophore remains in the excited
state after being excited by the light source. It could be a
more effective tool for optical biopsy because not only does
the contrast from different fluorescence lifetimes result from
changes of cellular or tissue environment, but also these changes
are independent of fluorescent signal intensity, irregular brain
surfaces, tissue illumination, blood, and fluorophore quantum
yield.61,66 Time-resolved fluorescence measurement can also
differentiate the fluorescence components of overlapping emis-
sion spectra, providing the ability to detect variations in pH and
temperature.59,67 However, time-resolved fluorescence measure-
ments (either spectroscopic or imaging) require more complex
equipment, including more sophisticated lasers, high-speed
detectors, and electronics that function in the picosecond range.
A short-pulsed laser is widely used as the excitation light source
for time-domain measurement, whereas a modulated light
source is used for frequency-domain measurement. Single-
point spectroscopy68–70 and multispectral/hyperspectral imaging
systems71–73 have both been investigated for their potential use
in tissue diagnosis. In the single-point method, a fiber optic
probe delivers laser light and collects fluorescence signal, mak-
ing time-resolved fluorescence spectroscopy (TRFS) much
more compatible with the clinical setting. In imaging tech-
niques, a single fiber or fiber bundles are used to collect the
image in wide-field-based fluorescence-lifetime imaging
microscopy (FLIM),74,75 whereas high-speed scanning modules
(e.g., galvanometer mirrors) are used in scanning-based FLIM.72

Time-resolved fluorescence imaging. In this method, the
fluorophore is excited by a short-pulse laser, whereas emission
is detected at different times along the decay curve by a fixed-
gating time imaging detector (e.g., 200 ps), which is then used to
reconstruct the decay curve in the time domain. With the use of a
time-gated intensified charge-coupled device (ICCD), this
method is suitable for obtaining an image over a large spatial
area. Sun et al. reported the application of fluorescence lifetime
imaging to glioblastoma detection during surgery. They reported
weaker fluorescence emission intensity and longer lifetime
at 460 nm for GBM compared to normal cortex for a limited
number of patients (N ¼ 3).75 They evaluated the FLIM

measurements with MRI imaging as well as pathology assess-
ment. However, both the temporal resolution and the sensitivity
were relatively low.

Time-resolved fluorescence spectroscopy. Time-resolved
fluorescence spectroscopy (TR-FS) is a technique that uses
ultrashort laser pulses to excite a tissue sample and record
the corresponding fluorescence intensity decay in multiple spec-
tral bands.76 The fluorescence decay is a robust measure of tis-
sue characteristics and is not affected by the fluorescence
intensity fluctuations commonly found in intraoperative data.
This gives TR-FS an advantage over other optical techniques
that can be susceptible to blood absorption, measurement dis-
tance from probes, and surgical microscope background light.

Butte et al.77 reported using TR-FS to detect fluorescence
lifetime differences between normal brain tissue and meningi-
oma in 22 patients with a sensitivity/specificity ratio of 89/
100. Their statistical analysis was based on one-way analysis
of variance (ANOVA) applied to spectroscopic parameters,
such as the ratio between the various fluorescence intensities,
and time-dependent parameters observed near the peak at
390 nm. In 2011, they reported on the potential of applying
TR-LIFS for intraoperative diagnosis of gliomas.78 Normal cor-
tex (N ¼ 35) and white matter measurements (N ¼ 12) showed
longer-lasting fluorescence emission at 390 nm compared with
460 nm, whereas the 390-nm emission peak was absent in low-
grade gliomas and reduced in high-grade gliomas. The system
required a relatively long data acquisition time (∼30 s) to cap-
ture each tissue measurement, which would need to be shortened
substantially for effective integration in clinical workflows.79

Vasefi et al.80 recently reported on an improved TR-FS sys-
tem with near real-time data acquisition and classification.
In this study, tissue differentiation on larger tissue samples mea-
sured in vivo NC (n ¼ 10), WM (n ¼ 12), and GBM (n ¼ 13)
with nine patients is described. The TR-FS system (shown in
Fig. 5) used a 355-nm laser pulse (pulse width: 350 ps, pulse
rate: 1 kHz) to excite tissue fluorescence and an optical demul-
tiplexer to separate the emission photons into six wavelength
bands from 360 to 700 nm. Since multiple detectors would
be costly and require individual calibration, each individual
color band is passed through a fiber delay unit. The fiber delay
units have fiber optic coils of varying lengths. The longer the
fiber, the more delay occurs before the signal reaches the single
system detector. This produces a train of signals containing

Fig. 5 TRFS system diagram.
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different color band information reaching the detector at differ-
ent times.

The fluorescence decay function was calculated by decon-
volving the fluorescence measurement by instrument response
function. For each TR-FS measurement, six decay curves were
measured corresponding to each color band. Since the fluores-
cence decay may contain multiple intrinsic fluorophores in tis-
sue, the decay function cannot be presented by only average
lifetime scale. An intrinsic fluorophore may have a mono-
exponential, biexponential, or multiexponential decay function.

Furthermore, there may be >1 intrinsic fluorophore that can fur-
ther complicate the decay function analysis.

This method transforms the decay functions at different wave-
lengths into a 2-D spectro-lifetime matrix (SLM) with m × n
dimensions, where m is the number of spectral bands used in
the measurements and n is the number of decay points used.
Figure 6 shows the three lifetime functions in six color bands
corresponding to slow (τ½0.2�), middle (τ½0.4�), and fast (τ½0.6�)
decay components of fluorescence decay measured in human
brain tissue. The lifetime values are separated by crossing

Fig. 6 (a) Spectral signatures of fast, (b) normal, and (c) slow lifetime for brain tissue measured by TRFS
system.

Fig. 7 TRFS classification output for differentiating normal cortex, white matter, and GBM tissue types.

Neurophotonics 011010-7 Jan–Mar 2017 • Vol. 4(1)

Vasefi et al.: Review of the potential of optical technologies for cancer diagnosis in neurosurgery: a step toward. . .



normalized fluorescence impulse response function at 0.2, 0.4,
and 0.6 intensity levels.

Figure 7 shows classification results distinguishing NC,
WM, and GBMmeasurements acquired in vivo. Linear discrimi-
nant analysis with a three-group subclassifier was implemented.
The first subclassifier identified whether the TR-FS measure-
ment is NC or “not NC.” The second or third subclassifiers iden-
tified whether the measurement is WM or “not WM,” or GBM
or “not GBM.” Figure 7 shows the ability of each subclassifier to
discriminate, for a training group, between NC (N ¼ 10, blue),
WM (N ¼ 12, green), and GBM (N ¼ 13, red) tissue measure-
ments in nine patients. This shows that SLM data can be used to
effectively discriminate all three tissue types, provided the clas-
sifier is not over trained. The classifier algorithm was tested on
eight NC measurements from a different patient with meningi-
oma (Fig. 8).

The near real-time speed of the system makes it much more
usable during a clinical trial, with minimal interruption during a
surgical procedure. Validation of the TR-FS system in larger tri-
als is still required before technology adoption.

4 Conclusion
The field of brain mapping has moved far from just being
defined as brain imaging into a field that now includes func-
tional map, brain connectomics, cellular/molecular and metab-
olomics imaging. This is due to recent advancements in the field
of optics and imaging in general, which include molecular and
metabolomics imaging/biophotonic/spectroscopy. Biophotonics
is being applied more and more to resolve neurological prob-
lems, creating the burgeoning new field of neurophotonics.
Today the entire field of intraoperative brain mapping is moving
toward real time, biomarker-based, meta-data analytics-
based assessment of tissues because the field of neurosurgery
in general is moving away from use of major devices and inva-
sive approach to personalized nanoscale diagnostics and thera-
peutics. Therefore, such advancements in the field of drug
discovery/nanoneuroscience, neurophotonics, genomics, and
metabolomics are providing enormous opportunities for intro-
duction of intraoperative tools thar are extraordinarily high-res-
olution capable of visualizing cell(s), real time (up to few
nanosecond), and biomarker based. This has revolutionized
the field of microscopy and enabled neurosurgeons and physi-
cians to better map the human brain in real time.

Moreover, Raman, fluorescence, and absorption spectros-
copy are sensitive to different aspects of molecular and atomic

structure and can provide complementary information about tis-
sue characteristics. Multimode systems that combine these tech-
niques may provide even greater sensitivity and specificity for
brain tumor demarcation and intraoperative surgical guidance.
Every technology has its own limitations but these technologies
“together” have great potential to unlock the mysteries of human
brain function and disorders. Understanding of basic principles
of these technologies is absolutely critical for clinical neuro-
scientists because knowing the basics will help the scientist
to design a personalized therapeutic approach(es) for each
patient. The authors of this review strongly believe that integra-
tion of neurophotonics with traditional imaging such as ultra-
sound, CT, MRI, FMRI, device, nanotechnology, cellular
therapeutics, supercomputing, artificial intelligence, which is
called “nano-bio-electronic” approach will revolutionize the
way neurosurgical cases are managed and treated in the future.
This team is already moving toward that direction to introduce
smart microscopes.
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