Critical role of PomB-F22 in the flagellar stator

On the basis of our results, combined with previous
studies, we propose a model for the ion flux pathway
through MotA/B and PomA/B ion channels (Fig. 8). First,
the ion passes through the periplasmic side of a channel
pore, a part of which is formed by Leul83 of PomA and
Cys31 of PomB, or Met206 of MotA and Ala39 of MotB
(Sudo et al,, 2009b). Next, the ion binds to the pocket that
is formed mainly by Asn194 of PomA and Asp24 of PomB,
or by Tyr217 of MotA and Asp32 of MotB (Sudo et al,
2009b; Terashima et al., 2010). Finally, an event to generate
torque starts, and the ion is released from the ion binding
pocket to the cytoplasm, and at this stage, Phe22 of PomB
or Tyr30 of MotB might be important. In this study, we
introduced mutations into TM4 of PomA or into the TM
of PomB. To convert from the Na™ to the H" type,
mutations need to be introduced in residues of PomA
TM1, 2 or 3, and the mutations need to be combined.
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Abstract Complete removal of malignant gliomas is
important for the prognosis in neurosurgery treatment.
Currently, the challenge is how to detect any remaining
tumors and resect them during the operation. We have
developed a laser ablation system with accurate tumor
analysis and fluorescence guidance for high-precision
brain tumor resection during neurosurgery. A 5-
aminolevulinic acid-induced fluorescent protoporphyrins
IX (PpIX)-based intra-operative fluorescence measure-
ment and corresponding spectra analysis technique is
used to identify the position of tumors. A galvano
mirror scanning mechanism is integrated into the fluo-
rescence measurement and the laser ablation devices for
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automatic tumor area scanning and corresponding laser
ablation. A set of phantom experiments was performed
to evaluate the proposed system. Results showed that
the galvano scanning mechanism enabled both PpIX
fluorescence detection and laser ablation in the same
optical axis. In vitro experiments using porcine brain
were performed to evaluate the effectiveness of the
automatic laser scanning, fluorescence detection, and
laser ablation system. The proposed fluorescence-
guided laser ablation system can provide accurate anal-
ysis and high-precision treatment for tumor resection in
neurosurgery. With further improvement, the system can
be used in neurosurgical implementation to provide
accurate, safe, and simple surgical diagnosis and
therapy.

Keywords Laser ablation - Neurosurgery -
S-aminolevulinic-acid - Fluorescence - Spectra analysis

Introduction

Malignant gliomas are the most common type of prima-
ry brain tumor. While primary malignant brain tumors
account for just 2 % of all adult cancers, these tumors
cause a huge burden in long-term of disability and
death [1]. The symptoms, prognosis, and treatment for
malignant gliomas depend on the cell type, grade of
malignancy, and location of tumor within the brain.
Determining how to completely remove malignant glio-
mas during neurosurgery is crucial because it affects the
overall prognosis of the treatment. Surgeons can resect

@ Springer

— 226 -



892

Lasers Med Sci (2013) 28:891-900

Fig. 1 System configuration
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most tumors with an accuracy of millimeters by using a
combination of conventional surgical instruments and
diagnostic images [2, 3]. Although magnetic resonance
(MR) and computed tomography (CT) images can pro-
vide surgeons with pre-/intra-operative diagnosis infor-
mation, some tumor cells remain in the areas adjacent to
the tumor removal area and can negatively affect both
the diagnosis outcome and the precision of the treat-
ment. It is not enough for surgeons to distinguish the
edges of the tumor only using conventional surgical
techniques because of the uncertainty involved in iden-
tifying viable tumor margins during surgery. In order to
perform a complete tumor resection, the accuracy of
intra-operative tumor detection and diagnosis needs to
be improved.

In a previous study, a 5-aminolevulinic acid (5-
ALA)-induced protoporphyrins IX (PpIX) fluorescence
was used for intra-operative visualization of malignant
glioma tissue [4]. Using the 5-ALA leads to intracellular
accumulation of fluorescent PpIX in malignant gliomas
and enables intra-operative visualization of malignant
gliomas tissue. Other studies have shown that fluores-
cence can be used to identify residual malignant glioma
intra-operatively, thus improving the accuracy of surgi-
cal treatment [5-8]. With the guidance of 5-ALA-
induced fluorescence in neurosurgery, surgeons can
resect a tumor more accurately and intuitively [9, 10].

To achieve a complete resection of tumor tissue,
tumor ablation accuracy during treatment is required.
The use of laser ablation enables a smooth, precise
treatment for small and/or remaining tumors [/ 1]. Laser
photocoagulation provides a noncontact therapeutic
method with a sub-millimeter accuracy [12, 13]; more-
over, the power and the photocoagulation time of the
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laser is easy to control, thus enabling a more complete
tumor removal.

An integrated diagnosis and therapeutic system has
been developed for high-precision malignant glioma re-
section using a 5-ALA-induced fluorescence PpIX-based
intra-operative tumor diagnosis technique combined with
a laser ablation technique that features an autofocus
(AF) mechanism [14, [5]. The boundary between tu-
morous and nontumorous tissue is identified using 5-
ALA-induced PpIX fluorescence and the tumor is then
accurately ablated with the micro laser. Combining the
5-ALA fluorescence guidance with high-precision spec-
tral analysis results in higher tumor identification accu-
racy than with a system that uses only pre-/intra-
operative MR imaging [16]. However, the fluorescence
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Fig. 2 Design of laser scanning unit
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can be mounted to a robotic arm during neurosurgery

measurement device and the laser ablation device were
separated. The entire tumor was first scanned and the
tumor area was indentified. Laser ablation was per-
formed after fluorescence spectral analysis. Although
experiments have demonstrated that it is possible to
use an AF device mounted on a robotic manipulator,
the spectral analysis and laser ablation could not be
performed simultaneously. Because deformation and
movement of the brain tissue occurs during the surgical
procedure, the nonsimultaneous preformation of diagno-
sis and therapy affects the accuracy of tumor resection.

To address these issues, we developed a new mechanism
with the same optical path for the excitation laser used in
fluorescence measurement and the ablation laser used for
tumor laser photocoagulation. Our coaxial system includes

Laser scanning unit

Fluorescence
measurement unit

Ablation laser device

Fig. 4 Prototype of the fluorescence measurement and laser ablation
device

an automatic laser scanning mechanism for automatic fluo-
rescence measurement and laser ablation when the direction
of the lasers is needed to be changed. The rest of this paper
is organized as follows. In the “Methods and system con-
figuration” section, we describe the requirements of
fluorescence-guided laser ablation for neurosurgery, the sys-
tem configuration, and the details of each unit. In the
“Experiments and results” section, we present our auto-
matic laser scanning ablation device and a set of experi-
ments we performed to assess the laser photocoagulation
as well as our analysis of the fluorescence spectra. An
in vitro experiment using porcine brain tissue is also
described in this section. We discuss possible extensions
to the method and conclude with a brief summary in
“Discussion and conclusion” section.

Methods and system configuration

We develop a coaxial fluorescence measurement with and
laser ablation system for accurate analysis of tumor and
high-precision brain tumor resection during neurosurgery.
In this section, we describe the system requirements related
to fluorescence-guided laser ablation for neurosurgery, the
system configuration, the fluorescence measurement and
analysis, the laser scanning mechanism, and the laser abla-
tion device.

Requirements of fluorescence-guided laser ablation
for neurosurgery

Although combining diagnosis imaging techniques (such
as MRI and CT) can improve tumor acquisition,
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Table 1 Laser power transmission efficiency (n=10)

Positions of Er: 20 Hz— 20 Hz— 20 Hz— 10 Hz—
YAG laser 50 mJ 75 mJ 100 mJ 100 mJ
Tip of hand piece  99.6+0.5 97.2+04 982+0.3 98.2+0.4
Sapphire lens 85.8+0.5 85.3+0.4 85.8+0.5 86.4+0.6
Objective lens 66.9+0.5 65.4+03 66.6+04 67.2+0.6

performance, accurate, real-time tumor identification is
still required. Using 5-ALA-induced PpIX fluorescence
enables high-precision identification of the tumor sur-
face, which is then used to precisely identify small
tumors or residual tumor tissue during an operation,
thereby providing guidance for laser ablation. With the
integration of a laser ablation device, the system can be
used for precision intra-operative treatment for blurry
boundaries between healthy brain tissue and brain tumor
that may contain a tumor. There are four main require-
ments for using fluorescence-guided laser ablation in
neurosurgery: (1) the working distance from the scan-
ning plane should be about 20 mm, (2) the laser scan-
ning unit should be mounted on a neurosurgery robotic
arm in the operation room, (3) the laser scanning range
for small tumors should be about 10 mmx10 mm, (4)
the diameter of the laser spot ablated on the tumor
should be less than 2 mm, and (5) laser photocoagula-
tion should only be performed on a tumor with the
guidance of fluorescence.

System configuration
The proposed fluorescence-guided automatic laser abla-

tion system includes a fluorescence measurement unit, a
laser scanning unit, and a PC for fluorescence spectra

analysis and ablation laser control (Fig. 1). The PC is
used to control the fluorescence measurement and laser
scanning units. Data received from a spectrometer is
also analyzed by the PC. These analyzed results are
then used to determine whether or not the scanned area
is tumor tissue. The laser scanning unit has two func-
tions: one for fluorescence measurement scanning and
the other for laser ablation scanning. The laser scanning
and tumor ablation procedure consists of four parts: (1)
an excitation light (blue—violet light, A=405 nm) is
used to excite the PpIX so that a brain tumor is easy
to spot by the red fluorescence it emits, (2) a spectro-
scope is used to collect excited fluorescence, which is
then analyzed by PC, (3) if the area is identified as
containing tumor tissues, a hot mirror is angled down-
ward so that the Er:YAG laser can be trained on the
target area, and (4) the fluorescence analysis and laser
ablation procedure with the galvano mirror scanning
mechanism are repeated so that all the required area
can be scanned.

Fluorescence measurement unit

As a metabolic precursor in the heme biosynthesis path-
way, 5-ALA elicits and induces the synthesis of PplX,
which tends to accumulate in pathological lesions.
When it is excited by blue-violet light (wavelength of
about 405 nm), brain tumors are easy to spot due to the
PpIX emitting a red fluorescence (wavelength of about
635 nm). In this system, we selected a laser diode with
a wavelength of 406 nm (GH04125A2AE, SHARP Co.,
Maximum output: 150 mW) connected by a fiber as a
light source. A spectrometer (WTC-111E; B&W TEK
Inc.; wavelength measurement range, 300-850 nm) was
used to measure the spectrum. The exposure time of the
spectrometer can be controlled by PC. We use a

Fig. 5 Laser photocoagulation 600
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Fig. 6 Laser photocoagulation 600
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dichroic mirror (cutoff wavelength, 550 nm) to combine
the optical path for optical fiber (core diameter,
365 pum) so that the excitation light and the fluores-
cence can be guided by a single fiber.

As shown in the fluorescence measurement unit in
Fig. 1, the laser scanning unit is connected with the
spectrometer and the excitation light source with a fiber.
Since the excitation light and the fluorescence are trans-
mitted by the same fiber, the fluorescence is only
obtained from the excited area of PpIX. In order to
decrease the strong reflected excitation light that cannot
be avoided by dichroic mirror, we inserted a long pass
filter with a cutoff wavelength of 550 nm between the
mirror and the spectrometer.

Laser scanning unit

Figure 2 shows the design of the laser scanning unit.
An Er:YAG laser device (ER-M1TH; HOYA Photonics

Fig. 7 Fluorescence measure-
ment for different points; a
experimental device; b
measurement points

o) E—
10 Hz-100 mJ/pulse

Field lens unit
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Inc.) was used for tumor laser photocoagulation. This
device enables a laser output of oscillator pulse repeti-
tion frequency (selectable from 3, 10, 20, 25, or 30 Hz)
and pulse energy (30-350 mJ/pulse). A galvano mirror
scanner (6220 H, Cambridge Technology Inc.) was in-
tegrated into the laser scanning mechanism. The direc-
tion of the excitation light and the Er:YAG laser can be
changed by the controlling the angle of the galvanom-
eter mirror so that the tumor area can be scanned
automatically without changing the position and orien-
tation of the entire device.

A hot mirror (gold mirror) is placed in front of the
galvanometer scanner to switch the optical path. Dur-
ing the fluorescence measurement, the mirror is angled
upward so that the fluorescence can pass through the
fluorescence measurement unit to the galvano scanning
device directly. In the laser photocoagulation proce-
dure, the mirror is angled downward so that the abla-
tion laser can be reflected to the galvano scanning

Laser scan unit

PpiX phantom
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Fig. 8 Results of fluorescence spectrum

device. When the light from the galvano mirror passes
through the objective lens and is irradiated to the target
surface, although the two lights have the same angle during
both the fluorescence measurement and the laser ablation,
they have different focus points due to the chromatic disper-
sion caused by the large difference in wavelength. We should
be able to correct the irradiation angle of the Er:YAG laser by
enlarging the irradiation slightly. The optimum correction
angle can be determined by ray tracking simulation.

The manufactured laser scanning mechanism is
shown in Fig. 3a. The device is compact enough to
be mounted on a robotic arm during neurosurgery
(Fig. 3b).

Experiments and results

We manufactured the laser scanning device and combined it
with the fluorescence measurement device (Fig. 4). A set of
experiments were then performed to evaluate the system
using a biomedical stimulant phantom and a porcine brain.
During experimentation, the developed laser scanning unit
was fixed to an optical rail.
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Al Springer
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Evaluation of Er:YAG laser power transmission efficiency

First, we evaluated the stability of the Er:YAG laser
emitted from the objective lens of the laser scanning
unit. The transmission efficiency of the laser power was
also measured at three positions: tip of hand piece,
sapphire lens, and output position after passing the
objective lens. Four combinations of different repetition
frequencies and pulse energies (20 Hz—50 mJ, 20 Hz—
75 mJ, 20 Hz-100 mJ, 10 Hz-100 mJ) were carried out
to evaluate the laser power output. Each test of 5 s per
irradiation was performed for 10 measurements.

The results of the laser power measurements are
shown in Table. 1. About 65-67 % laser power was
transmitted to the target surface regardless of the pa-
rameter setting which indicates that the laser power
transmission efficiency was stable. In addition, the
theoretical value of the transmission efficiency of the
laser power was also about 69 %, which is almost
equal to the transmission efficiency we experimentally
obtained.

Evaluation of Er:YAG laser photocoagulation efficiency

To evaluate the Er:YAG laser photocoagulation effi-
ciency with different repetition frequencies and pulse
energies, we constructed a biomedical phantom that
could simulate the optical scattering properties of brain
tissue. The Er:YAG was applied to the phantom, and
we then measured the size and depth of the hole
created by the laser irradiation. Five sets of experi-
ments with different combinations of repetition fre-
quency and pulse energy (20 Hz-30 mlJ, 20 Hz-
50 mJ, 20 Hz-75 mJ, 10 Hz-100 mJ, 25 Hz—40 mJ) were
performed.

Figure 5 shows the results of the Er:YAG laser pho-
tocoagulation efficiency evaluation. In the case of repe-
tition frequency of 20 Hz, the depth and diameter of the
irradiation spot were increased by the increased pulse
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Fig. 10 Results of integrated
evaluation experiment with 25
measurement points. a
Measurement area that received
laser ablation from the right-
hand side; b Corresponding
measurement number

energy. We also evaluated a laser power output of 1 W
with different combinations (10 Hz-100 mJ, 20 Hz—
50 mJ, 25 Hz-40 mJ). The results showed that a
smaller repetition frequency enabled a deeper irradiation
depth (Fig. 6).

Evaluation of fluorescence spectra analysis

We performed spectral measurements at 12 points in the
phantom by changing the angle of the galvano mirrors.
The phantom was made of a solution of 1 ml PpIX
(concentration, 200 pg/ml). Exposure time of the spec-
trometer was 500 ms and output of the excitation light
was 7.5 mW. The experimental devices and measure-
ment points are shown in Fig. 7.

Figure 8 shows the result of spectral measurements
of fluorescence spectrum. The fluorescence peak wave-
length was 635 nm. The PpIX peak intensity for all 12
measurement points is shown in Fig. 9. The average
peak intensity was 27,200 a.u. with a standard devia-
tion of 980 a.u. These results show that the peak of
the PpIX fluorescence could be detected by controlling
the angle of the excitation laser using the galvano
scanner.

Fig. 11 Spectrum of measured 25000
five points selected from the 25
points in Fig. 10
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Evaluation of integration of fluorescence measurement
and laser ablation

We conducted a set of combined experiments to evalu-
ate the integrated system of fluorescence spectra analy-
sis and corresponding laser ablation. The objective of
this experiment was to determine whether the peak area
of 5-ALA-induced PpIX could be laser photocoagulated
automatically by the Er:YAG laser. We manufactured an
agar plate containing Intralipid-10 % as an optical sim-
ulant material for brain tissue. The concentration of
Intralipid-10 % was set so that the scattering coefficient
(us1) was 3 cm™! in the PpIX area and 30 cm™' in the
other area, which are values similar to those of glioma
and white matter.

The spot diameters of the excitation laser and the Er:
YAG laser were about 1.6 mm. We constructed two
phantoms with a laser scanning area of 8 mmx8 mm
covering 25 points and 10 mmx10 mm covering 36
points for the fluorescence measurements and the laser
ablations, respectively. The output of the excitation
laser was 7.5 mW and the exposure time of the spec-
trometer was 500 ms. The repetition frequency of the
Er:YAG laser was 20 Hz and the pulse energy was set
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Fig. 12 Results of integrated
evaluation experiment with 36
measurement points. a
Measurement area that with
received laser ablation from
left-hand side; b corresponding
measurement number

to 75 mlJ/pulse. The irradiation time for each ablation
was 1 s.

Figures 10 and 1! show the results of the first
experiment with 25 points. Only the area containing
PpIX (right-hand side of the black box) received laser
ablation (Fig. 10a). However, weak fluorescence (line
18 in Fig. 11) was detected in the boundary area, which
is nearest to the PpIX area. This is probably because
PpIX had been excited on the border with phantom-
scattered excitation light. Since the peak intensity was
approximately 35 % of the region containing the PpIX,
the boundary part (number 18 in Fig. 10) did not
receive laser irradiation as a preparatory setting in this
experiment.

Figures 12 and 13 show another set of experiment results
with 36 measurement points using a different phantom (the
left-hand side is filled with PpIX). The results were the same
in terms of the effectiveness of the fluorescence measure-
ment and corresponding laser ablation, even though the
PpIX phantom setting is reversed. These two sets of experi-
ments demonstrated that the system can automatically per-
form laser ablation by using the analyzed result of
fluorescence peak intensity.
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Laser ablation experiment using porcine brain tissue

We performed an in vitro experiment with a porcine
brain to evaluate the effectiveness of laser ablation with
angle control of the galvano mirror (Fig. 14). We as-
sumed that the targeted area in the porcine brain is
stained by PpIX. The basic principle of this laser pho-
tocoagulation for brain tissues is the use of a galvano
mirror to control the direction of the co-axial excitation
light and ablation laser without having to move the
entire laser ablation device. Here, we also evaluated
the ablation results using different laser parameters.
The outputs of the Er:YAG laser used in this experi-
ment were set to 20 Hz/75 mJ and 10 Hz/150 mJ. The
irradiation time for each ablation was 1 s.

The results of porcine brain tissue irradiation are
shown in Fig. 15. The diameter of each irradiation point
was about 1.5 mm, and we were able to confirm that
heat damage occurred around these points. The repeti-
tion frequency and pulse energy setting of 10 Hz/
150 mJ showed deep irradiation and less heat damage
around the irradiation hole compared with that of the
20 Hz/75 m] setting, although the total laser power
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Porcine brain

\

Fig. 14 In vitro experiment using porcine brain tissue

output was the same (1.5 W). The shape of the brain
surface also affected the efficiency of irradiation due to
corresponding changes of the laser focus point. An
autofocus mechanism should be installed to achieve
more precise tumor removal.

Discussion and conclusion

Overall, the experimental results showed that the pro-
posed laser ablation system with a coaxial optical mech-
anism for 5-ALA fluorescence measurements and Er:
YAG laser ablation could stably measure fluorescence
spectra when used with a galvano scanner. The laser
output was sufficient for use with brain tissue irradia-
tion. Combination evaluations of the fluorescence mea-
surement and laser ablation were performed on
biomedical stimulant phantoms and an in vitro porcine
brain.

The laser photocoagulation efficiency evaluation
showed that the repetition frequency and pulse energy
setting of 10 Hz/150 mJ exhibited deeper irradiation and

Fig. 15 Laser ablation results
using porcine brain with
different repetition frequency
and pulse energy a using

20 Hz/75 mJ and b

using 10 Hz/150 mJ

less heat damage around the irradiation hole. Although
the in vitro and biomedical stimulant phantom experi-
ments had the same results, the optimum parameter of
repetition frequency and pulse energy for laser irradia-
tion needs to be investigated further, particularly in an
in vivo environment.

In clinical cases, the boundaries between tumors and
normal tissue are often unclear. A simple fluorescence
peak intensity thresholding method is not well suited to
treatment around the boundaries, or areas that connect
with other tissues such as blood flow, or areas contain-
ing gray matter. In such areas, it is quite challenging to
analyze the fluorescence data and identify the tumors. A
multiple classification analysis based on other spectral
features as well as the peak intensity of the fluorescence
should be investigated. A fluorescence analysis system
with improved measurement accuracy and a corresponding
pathological comparative experiment that can better
handle complicated tumor tissue structures should be
included [17].

Another clinical issue that should be addressed is
how to measure and perform laser ablation on the
tumors located deeper and to the side. An objective
lens for the laser scanning unit should be installed in
the front of the unit with a set of relay lenses, designed
as a rigid endoscope. We can install a mirror in the tip
of such a device to reflect the laser to the side.

Our future work includes in vivo animal testing using
5-ALA-induced fluorescence measurements for the brain
tissue in metabolic activity and an investigation of the
laser ablation of brain tissue under the condition of
blood flow and other clinical environments. Other fluo-
rescence materials will be investigated for low-grade
glioma detection to enable a wide implementation of
fluorescence-guided surgery. The mechanism of the laser
irradiation will be also investigated to improve the qual-
ity of tumor resection.
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We have developed an integrated diagnosis and therapeutic system for precision malignant gliomas
resection during neurosurgery. A combination of three-dimensional (3-D) magnetic resonance imaging
(MRI) navigation and 5-aminolevulinic acid (5-ALA)-induced fluorescence based intra-operative tumor
diagnosis technique has been incorporated into a robotic laser ablation neurosurgery system with an
automatic focusing and robotic scanning mechanism. 5-ALA is a non-fluorescent prodrug that leads to
intracellular accumulation of fluorescent protoporphyrins IX (PpIX) in malignant glioma. The PpiX tends
to accumulate in pathological lesions, and emits red fluorescence when excited by blue light. This fluo-
rescence is illuminated with laser excitation, enables intra-operative identification of the position of a
tumor and provides guidance for resection with laser photocoagulation. The information provided by
the MRI is enhanced by the intra-operative 5-ALA fluorescence data, and this enhanced information is
integrated into a robotic laser ablation system. The accuracy of the fluorescent measurement of the tumor
is improved using high-precision spectral analysis. The fluorescence assists in the detection of malignant

brain tumors intra-operatively and improves their removal rate.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Malignant gliomas are the most common primary brain tumor,
and victims have poor prognosis even after treatment with a com-
bination of surgery, chemotherapy, and radiotherapy. Among the
factors determining the prognosis in malignant gliomas treatment,
the extent of the resection remains controversial because malig-
nant gliomas cannot be completely resected using conventional
surgical techniques. During tumor ablation surgery, the surgeon
needs to identify the edges of the tumor in order to perform a com-
plete tumor resection. Surgeons can resect most tumors with an
accuracy of millimeters using a combination of conventional surgi-
cal instruments and a computer-aided navigation system with
diagnostic images, such as magnetic resonance (MR) and com-
puted tomography (CT) images. However, regardless of the extent
of the surgery, some tumor cells remain in the areas adjacent to the
tumor removal area because of the uncertainty involved in

* Corresponding author at: Hongen Liao, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8656, Japan. Tel.: +81 3 5841 6461; fax: +81 3 5841 7915.
E-mail address: liao@bmpe.t.u-tokyo.ac.jp (H. Liao).

1361-8415/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.media.2010.11.004

indentifying viable tumor margins during surgery. These residual
cells, especially those of malignant tumors like glioma, impair
the prognosis of the patient. It is necessary to resect the tumor
completely while preserving as much normal tissue as possible.

During neurosurgery, cerebrospinal fluid leakage and surgical
interventions deform the brain tissue. This so-called “brain shift”
can be as much as several tens of millimeters and continues to in-
crease during the surgical procedure (Clatz et al., 2005). There is
thus a strong need for accurate and precise image-guided surgical
navigation based on intra-operative imaging. However, image-
guided navigation can be off by as much as a few millimeters
due to inaccurate registration of the pre-operative diagnostic
images and intra-operative images (Gholipour et al., 2007; Liao
et al., 2006). Although intra-operative imaging is only rarely avail-
able, the use of intra-operative imaging such as ultrasound enables
more accurate diagnosis for treatment. In neurosurgery treatment,
ultrasound images can also assist in the identification of the target
and critic areas in real time during neurosurgical treatment
(Unsgaard et al., 2006; Sosna et al., 2005). Furthermore, there is a
tradeoff between more frequent image acquisition for more accu-
rate navigation and less frequent acquisition for computer resource
conservation.
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Several advanced surgical tools and imaging techniques have
been developed and are becoming widely used to guide surgeons
in tumor resection. The use of open magnetic resonance imaging
(MRI) devices enables the intra-operative identification of remain-
ing tumor tissue during the operation (Hirai et al., 2005). However,
due to the difficulty in delineating the boundary between tumor
tissue and nontumorous tissue, it is not easy to resect the entire
tumor with MRI guidance, especially for tissue near functional
areas of the brain. In neurosurgery, since distinguishing tumor
tissue from normal brain tissue under white light during neurosur-
gery is difficult, finding a way to provide intra-operative imaging
for small tumors or residual tumor tissue is a major challenge.

Electrocortical and subcortical stimulation, for example, can aid
in identification of functional regions in real time during interven-
tion (Suess et al., 2006; Pouratian et al., 2004; Keles et al,, 2004).
Intra-operative electrocortical and subcortical stimulation map-
ping are regarded as a useful standard of intra-operative mapping
for predicting functional outcomes although they have several dis-
advantages and are quite demanding techniques. Functional MRI
(Ogawa et al., 1990) and magnetoencephalography (MEG) (Cohen,
1968), two of the most recently developed forms of neuro-imaging,
are helpful in delineating the eloquent areas of the brain by means
of functional brain mapping (Muragaki et al., 2001; Fukaya et al.,
2002; Hashizume et al.,, 2007). Although a combination of such
techniques can provide high spatial and temporal resolution,
real-time information acquisition is still a challenge.

One technique is to illuminate the brain tumor tissue with 5~
aminolevulinic acid (5-ALA)-induced protoporphyrin IX (PpIX)
fluorescence (Regula et al., 1995). The use of 5-ALA for intra-oper-
ative visualization of malignant glioma tissue enables greater com-
pleteness of tumor removal (Ciburis et al., 2003). This acid is a
natural biochemical precursor of hemoglobin that elicits synthesis
and accumulation of fluorescent porphyrins in various epithelia
and cancerous tissue. In neurosurgery, surgeons wear a modified
neurosurgical microscope and use blue-violet light to see the fluo-
rescent tissue. The fluorescence is used to identify residual malig-
nant glioma intra-operatively so that the surgeon can improve the
accuracy of surgical treatment (Rossi et al., 1996; Stummer et al.,
1998b; Stummer et al., 2000). Previous reports on 5-ALA guided
neurosurgery focused on the necessary modifications to compo-
nents of the neurosurgical microscope for fluorescence-guided mi-
cro-surgical resection of malignant gliomas (Maruyama et al.,
2001; Stummer et al., 1998a). With the illumination of 5-ALA-in-
duced fluorescence in microscopic surgery, a surgeon can resect
the tumor more accurately (Leblond et al., 2009; Valdes et al.,
2009). However, to achieve 100% resection of tumor tissue safely
and precisely, both positioning accuracy in diagnosis and tumor
ablation accuracy in treatment are required.

Treatment for malignant gliomas depends on the location, cell
type and grade of the malignancy. Usually, the treatment is a com-
bined approach using surgery, radiation therapy, and chemother-
apy. Although microscope-based surgery provides an accuracy of
several mm to several sub mm, the level achieved depends on
the skill of the surgeon. A non-contact therapeutic approach is a
good way to improve ablation accuracy because conventional sur-
gery tends to deform the brain. An example of such an approach is
laser photocoagulation under the guidance of an MRI navigation
system (Omori et al.,, 2004).

The aim of our research project is to develop a system that inte-
grates automatic tumor identification using intra-operative fluo-
rescence with accurate tumor treatment using precise robotic
laser ablation. To improve treatment accuracy, we developed a
diagnosis and therapeutic system that combines 5-ALA fluores-
cence-enhanced intra-operative navigation with a micro-laser
ablation device (Liao et al., 2008; Noguchi et al., 2006). The bound-
ary between tumorous and nontumorous tissue is identified using

5-ALA-induced PplIX fluorescence, and the tumor is accurately ab-
lated with the micro-laser. The combination of 5-ALA fluorescence
guidance and high-precision spectral analysis enables higher tu-
mor identification accuracy than with a system that uses only
pre-/intra-operative MR imaging. A laser manipulation system
based on robotic technology guides the laser beam onto the lesion,
resulting in tumor ablation with sub mm accuracy. The perfor-
mance of the laser and positioning system was evaluated using a
set of phantom experiments and a dissected porcine brain.

2. Materials and methods
2.1. Intra-operative identification of brain tumors using 5-ALA

5-AlA is the first compound in the porphyrin synthesis path-
way, which leads to hemoglobin in mammals and chlorophyll in
plants. As a metabolic precursor in the haem biosynthesis pathway,
5-ALA elicits synthesis and induces the synthesis of PpIX and other
porphyrins with fluorescing and photosensitizing properties not
only in malignant gliomas but also in malignancies of other organ
systems. Since 5-ALA leads to accumulation of fluorescent porphy-
rins in malignant glioma tissue, the gliomas can be detected using
5-ALA-induced porphyrin fluorescence. The fluorescence enables
better detection of tumorous tissue and improved tumor resection
during neurosurgical procedures. Studies have shown that the in-
tra-operative use of this guiding method may also reduce the resid-
ual tumor volume and prolong progression-free survival in
patients suffering malignant glioma (Stummer et al., 2000).

Before fluorescence-guided surgery, the patient drinks a glass of
water in which 5-ALA has been dissolved. The 5-ALA turns into
PpIX when it is ingested by a living organism. The PpIX tends to
accumulate in pathological lesions, so when it is excited by blue-
violet light, any brain tumors are easy to spot due to the PpIX emit-
ting red fluorescence (Fig. 1b). Compared with the image of the tu-
mor captured under white light (Fig. 1a), the tumor regions can be
easily recognized by the surgeon. They can thus be identified and
then resected with a microscope equipped for fluorescence-guided
surgery.

2.2. Spectra analysis of 5-ALA-induced fluorescence for malignant
glioma

During fluorescence detection, the tumor is illuminated by a
guide laser diode (405 5 nm; Digital Stream Co., Ltd., Kanagawa)
connected to an incoherent light system emitting blue-violet light.
The laser beam diameter is 1 mm; the output is set to 0.7 mW to
reduce photobleaching of surrounding areas. The fluorescence is
collected by a detection probe and guided into a spectrometer
through an optical multi-mode fiber and then into a PC for spectral
analysis (Fig. 2a). Spectra of brain tissues are acquired in-vivo and
optical filters are selected through simulation using these spectra.
In addition, a method is developed for detecting tumor regions
using a two-dimensional histogram acquired from two intensity
images. The system is evaluated through fluorescent measurement
of brain tissues in-vivo, and the measurement results are
compared with the simulation results. Furthermore, the regions
in which the fluorescent properties are uniform are identified by
analyzing the image intensity of the fluorescence. We divide the
observed tissues into “tumor”, “non-tumor” and “blended bound-
ary” using the spectral analysis results.

A detection probe is designed and used to assess the use of fluo-
rescence in identifying malignant glioma after administration of 5-
ALA for collecting PpIX fluorescence (Fig. 2b). The fluorescence is
transferred to a spectrophotometer through an optical single-mode
fiber (Fig. 2¢) for spectral analysis. We also develop a measurement
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Fig. 1. Detection of tumor using 5-ALA-induced fluorescence illumination: (a) Image captured under white light; (b) image captured under 5-ALA-induced fluorescence (red

areas in circle).

=

Detection probe |
F

Fig. 2. (a) Optics setting and 5-ALA-induced protoporphyrin IX (PpIX) fluorescence spectral analysis system. (b) Prototype for spectral analysis of 5-ALA-induced PplX
fluorescence. (c) Probe for spectral measurement. (d) Measurement device for pathological analysis of clinical samples.

device with dishes to hold tissue of clinical samples for pathologi-
cal analysis (Fig. 2d). The dish has a different diameter of 3, 5, or
7 mm, and aspheric lenses are used to correct for aberrations.
The detection resolution is set to 0.6 mm in consideration of the
tradeoff between the acquired light intensity (which is in propor-
tional to the square of the detection diameter) and measurement
accuracy. A band-pass filter (over 60% transmission at 635 nm
and up to 5% at 670 nm) is fixed to the tip of the detector. The filter
cut off the excitation light and the guide laser light (peak at
670 nm).

Fig. 3a shows the spectra for 5-ALA-induced PpIX fluorescence
with characteristic peaks at 635 and 704 nm in the tumor region,
and Fig. 3b shows the spectra for the non-tumor region. The spec-
tra of the tumor tissue and the non-tumor tissue are easy to be dis-
criminated, while the spectra discrimination of blended boundary
with both tumor and non-tumor tissues are difficult (Fig. 3c).

We also evaluated the characteristic spectra of tumors by com-
paring them with pathological analysis results (Ando et al., 2009).
A local spectrum measurement system for 5-ALA-induced PpIX
fluorescence was developed, and a set of clinical statistics data
was used to evaluate the system. The spectra for 754 points from
13 samples (including glioblastoma multiform, anaplastic oligo-
dendroglioma, anaplastic oligodendro-astrocytoma and oligoden-
droglioma) were acquired and analyzed. The analysis results
showed that both the PpIX fluorescence and the intensity were dis-
tributed, and the intensity distribution of PpIX fluorescence ac-
quired by the developed system was similar to that of the PpIX
intensity of a tumor. Experiments comparing the local spectrum

of protoporphyrin IX fluorescence with pathology showed a good
relationship between the spectra and the pathological results.
The accuracy of tumor identification could be improved by dedi-
cated analysis of tissue samples.

Holding the probe manually during microscopic surgery means
that the procedure must be interrupted to move the surgical
microscope out of the way in order to assess the tumor fluores-
cence, and then the microscope must be returned to its original po-
sition in order to continue the procedure. To overcome this
problem, we mount the probe on a robotic manipulator which
eliminates the need to interrupt the procedure to assess the fluo-
rescence as described in Section 2.4.

2.3. MR imaging navigation for rough identification of tumor areas

Removing malignant glioma completely in neurosurgery is a
complicated task. Obscure boundaries between normal and abnor-
mal tissues prevent the surgeon from identifying the edges of the
glioma accurately. MRI-based navigation helps surgeons to identify
the entire tumor in a clinical implementation. An open-MRI device
is used to obtain intra-operative information that can be used to
compensate for brain deformation that occurs during the proce-
dure. The intra-operative information acquired by various surgical
measurement systems must be integrated for effective surgical
navigation.

Pre- and intra-operative MR imaging are used to identify the
area of the tumor roughly. The MR imaging navigation system is
registered using a POLARIS optical tracking device (Northern Digital
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Fig. 3. Spectra analysis of 5-ALA-induced protoporphyrin IX (PpIX). Each line
represents a sample. (a) Spectra for tumor tissue with characteristic peaks at 635
and 704 nm. (b) Spectra for non-tumor tissue. (c) Spectra for blended boundary
with both tumor and non-tumor tissues.

Inc., Canada). During the operation, the distance between the abla-
tion laser and tumor can be adjusted using the automatic focusing
(AF) system, which is fixed to the fluorescence spectra acquirement
devices as described in the next section. These devices are attached
by anther optical tracking probe, which can be tracked by the same
optical tracking device. Patient-image registration can be based on
a set of distinct features such as geometrical landmarks or natural
anatomical landmarks that can be accurately identified in both
spaces. The fiducial markers used in image registration provide
pairs of corresponding 3-D points in the spaces to be registered.
Once the coordinates of the fiducials in the information space and

in the patient coordinate space have been determined, the geomet-
ric transformation that associates these two spaces can be derived.
In this study, a set of MR markers was attached the patient’s body,
enabling us to calculate the transformation matrix between the
original devices and then calculate the relationship between the
patient’s body and the navigation system.

Since brain shift leads to large errors with pre-operative or even
intra-operative MR imaging, high precision intra-operative infor-
mation must be integrated into the MRI navigation system after
finishing rough patient-image registration. The intra-operative
measurement with 5-ALA-induced fluorescence can be integrated
into the MR imaging navigation to obtain higher positioning preci-
sion of the entire or the residual tumor during the operation. The
boundary identified by the fluorescence can be used to correct
for errors between the MR imaging and the patient’s body. Thus,
the information provided by the MRI navigation system is en-
hanced by the addition of fluorescence data. The navigation system
is integrated with the robotic manipulation system for laser scan-
ning and laser ablation. This combined system can provide an
intra-operative overview of both the information about the tumor
surface obtained by fluorescence and the 3-D structure of the
tumor obtained by MRI. The 5-ALA-induced fluorescent-guided
system provides high-precision identification of the tumor surface
while MRI navigation provides information about the entire struc-
ture of the tumor, especially in the depth direction.

For large area guidance, an intra-operative MR image can also
be used to identify the tumor in the rough, especially the 3D shape
of the tumor. The fluorescence is used to precisely indentify small
tumors or residual tumor tissue during an operation and provides
guidance for laser ablation. After the surface of the resected areas is
cleared, the fluorescence continues to provide information about
the tumor as long as there is any residual tumor tissue. Actually,
the fluorescence gives information about the surface layer of the
tumor. The fluorescence can be used to identify the boundary area
of gliomas and small tumors that are difficult to distinguish from
normal brain tissue under white light.

2.4. Fluorescence scanning and laser photocoagulation device with
automatic focusing mechanism

The laser scanning and tumor ablation procedure includes three
steps: (1) scan the tumor and measure the spectra of the fluores-
cence; (2) segment the analyzed fluorescence area and identify
the tumors; (3) perform laser ablation on the target. The configura-
tion of the laser photocoagulation and manipulation system is
shown in Fig. 4 and the prototype is shown in Fig. 5.

First, the operator defines the measurement area roughly in a
charge coupled device (CCD) camera view of the AF system with
guidance from MRI navigation, as described in Section 2.3. The area
is sectioned into a grid pattern with a grid interval of 0.2 mm. Mea-
surement is performed at the central point in each grid square
using step scanning. The test of each square, 0.2 mm on a side, is
regarded to have the same fluorescent properties as the measure-
ment point. As the measurement at each point requires more than
a few hundred milliseconds for integration of the spectral photom-
eter, the measurement takes 10s to cover a mm>.

Second, the system segments the fluorescent area and saves the
coordination data of the grid. The fluorescence intensity is calcu-
lated from the spectral data, and binarization is performed using
Otsu’s thresholding method (Otsu, 1979). After the system finishes
identifying the fluorescence area corresponding to the tumor, the
micro ablation laser uses automatic scanning to ablate the area.
The ablation speed is 1 mm/s, and the pitch is 0.1 mm.

The precision of the laser ablation is due to combining the posi-
tioning precision of the AF system with the precision of the laser
ablation. It is necessary to keep the distance between both the
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CCD camera and laser head and the ablation area at a given level.
Both the fluorescence detection probe and the micro-laser probe
have an appropriate working distance from the target surface, so
the AF mechanism must constantly maintain the appropriate dis-
tance. Before using these probes, we calibrated them to intersect
at the same focusing point. The auto-focus mechanism along with
reference laser measurement was used to track the distance be-
tween the target and ablation device. We used the scanning system
to scan the target to obtain the corresponding spatial position of
the target surface. The working distance could then be adjusted
automatically in accordance with the measurement results.

The AF system was designed on basis of a three-dimensional
position measurement system. Position measurement is performed
using a confocal optical mechanism that combines a guide laser
and a split photodiode, enabling focusing with an accuracy of
micrometers. This system is coupled with a two-axial (XY) auto-
matic stepping drive stage that can perform a robotic scanning
on the brain surface. The principle of this mechanism and the con-
trol for the AF measurement system are illustrated in Fig. 6. The
object lens is mounted on a linear scale, which can be moved
around the Z-axis. A guide laser is installed inside the AF mecha-
nism and carried out through an offset lens in the optic axis. The

AF sensor

?a]f mirror

__ {a—Focalpoint

Fig. 6. Non-contact surface profiling system with automatic focusing and scanning
mechanism.

reflected laser light is made to create an image on a two-divi-
sion-type photodiode (AF sensor). The laser beam is illuminated
with an offset to the optical axis of the objective lens. The laser
light reflecting on the target surface is collected with a co-axial
optical system and guided to photodiode (Fig. 7a). The light spot
is positioned to derive the displacement. The laser spot image hits
in the center of the AF sensor when it is adjusted to the focusing
point while the spot position is displaced right and left at the time
of defocusing (Fig. 7b), which requires feedback on the differential
output of the sensor to the AF drive mechanism. The AF system ad-
justs the distance between the lens and target accordingly. A CCD
camera optical system is included in the coaxial system, and the
object can be observed due to the co-focus.

The AF mechanism enables automatic adjustment of the dis-
tance between the camera and the brain surface to keep the focus
point of the fluorescence scanning and laser ablation devices at the
required position. The peak wavelength of the guide laser for the
AF system is 670 nm. The surgical field view can be observed
through a CCD camera coaxially incorporated in the AF system.
We used a laser displacement meter (LB-62/LB-02, Keyence Co.,
Ltd., Japan) to measure the movement of the AF mechanism. The
scanning and AF servo-mechanisms had a precision of 10 um.
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The focusing range of the AF system was evaluated by measuring
how much the defocusing of the system can be shifted from its fo-
cal position (Liao et al., 2010). A repetition test for evaluation of the
performance of the AF mechanism was also conducted. Focusing
accuracy is within 0.5 mm relative to the movement of the brain
surface caused by pulsation and respiration.

2.5. Micro ablation laser module

We use an infrared continuous-wave laser with a wavelength of
2.8 pm. The beam is output by a microchip solid-state laser on the
tip of the micro-laser probe. The pumping light source for the laser
is a near-infrared laser diode with a wavelength of 970 nm, and the
light is guided through a quartz optical fiber to the laser probe.
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Since light with a wavelength around 3 pm is strongly absorbed
by water, the laser is effective only on the surface of living tissue.
Furthermore, the laser can perform a precise ablation at low output
(0.5W or less). The laser beam is focused to a diameter of 0.1-
0.15 mm with a lens, and an ablation groove is formed equivalent
to the spot diameter in the soft tissue. The working distance of the
laser probe is 20 £ 1 mm.

2.6. System integration

As described above, our laser ablation system includes a 5-ALA-
induced PpIX fluorescence tumor detector, a micro-laser module,
an MR imaging navigation system, and an automatic focusing
and robotic scanning system. The fluorescence detection probe
and micro-laser probe are attached to the AF system. As shown
in Fig. 8, the data from the spectral photometer is analyzed using
a PC. The analyzed results are used for assisting intra-operative
detection of the brain tumor and its boundaries. Switching be-
tween micro-lasing and scanning with the step-driven stage is con-
trolled by the PC. The prototype is characterized by positioning of
the irradiation beam by observing the target using a CCD camera
and by ablation of the lesion surface by evaporation etching. An
automatic stage mechanism is positioned on a plane perpendicular
to the AF axis and used to determine the spatial position of the
brain surface. We perform laser scanning from one side to
the other. The AF guided fluorescence detection system records
the information for the scanned area, both the fluorescence spectra
and 3D position information.

The navigation system is used to control electric motors that
position the fluorescence measurement and laser ablation instru-
ments. Since the intra-operative information of the surgical area
is displayed in this system, the surgeon can treat the entire tumor.
The micro-laser is effective only on the surface of brain tissue, en-
abling precise ablation at the boundary between the tumor and
normal tissue.

3. Experiments and results

We combined MR imaging and 5-ALA-induced PpIX fluorescence
in the tumor detection system, and integrated the system with a

3-D position
tracking system

~:Spectra analysis of data

650
Wavaiongthinm]

100

ion system

Fig. 8. System configuration of laser ablation treatment with guidance of 5-ALA-enhanced intra-operative navigation.
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micro ablation laser module for treatment. We conducted a set of
combination experiments to evaluate the system using a biomedi-
cal stimulant material (phantoms) and a porcine brain. Our first
experiment was to discriminate the fluorescence intensity thresh-
old and fluorescent region. The subsequent set of experiments
was used to discriminate the PpIX regions and to determine the dis-
tribution of fluorescence intensity (Section 3.1). The method used
for threshold discrimination and the experimental results used for
in-vivo testing of the spectra measurement and analysis are de-
scribed in Section 3.2. After this fluorescence spectral analysis, the
system was evaluated to determine whether it can delineate the
spatial boundary between an area with fluorescence and one with-
out it with the guidance of MRI and fluorescence, as described in
Section 3.3. We also integrated MRI-guided tumor identification
with fluorescence to validate system implementation, as described
in Section 3.4. Finally, we conducted an animal experiment to eval-
uate the system for fluorescence identification and laser ablation.

3.1. Discrimination for fluorescence intensity threshold and fluorescent
region

The first experiment was to discriminate the fluorescence inten-
sity threshold and fluorescent region. We manufactured an agar
plate containing Intralipid-10% as an optical simulant material

Measurement poi

\

Without PplX

for brain tissue (Fig. 9a). The concentration of Intralipid-10% was
set so that the scattering coefficient (us1) was 3 cm™" in the PpIX
area and 30 cm™! in the other area, values similar to those of gli-
oma and white matter (Staveren et al., 1991; Sterenborg et al.,
1989). The phantom surface was inclined at an angle of 8° to the
x-axis of the system. The integration time for spectral measure-
ments was 300 ms.

Fig. 9 illustrates the fluorescence measurement procedure. First,
the measurement area is set in the CCD camera view (Fig. 9a). The
area is then sectioned into a grid pattern, and spectral measure-
ment is performed at the central point in each grid (Fig. 9b).
Fig. 9c shows the calculated fluorescence intensity and discrimi-
nated parts of the PpIX area. The fluorescence intensity was calcu-
lated from the spectral data, and an intensity level was determined
as a threshold for distinguishing the tumor areas. As shown in
Fig. 10, the two areas (fluorescent area from non-fluorescent) were
clearly distinguished. The extraction error for the true boundary
line was less than 0.1 mm (Fig. 10b).

We conducted another set of experiments to perform discrimi-
nation of PplX regions and distribution of the fluorescence intensity
(Fig. 11). The underlying clinical hypothesis of this experiment
was to identify the boundary area for separated tumors with
different sizes and to evaluate the accuracy of the fluorescence
identification. Three different patterns with PpIX in agar plates

(a) CCD camera view (b) measurement on each grid point (c) discrimination of the PpIX area

Fig. 9. Illustration of fluorescence measurement procedure of: (a) Measurement area is set in CCD camera view; (b) area is sectioned into grid pattern and spectral
measurement is performed at central point in each square; (c) fluorescence intensity is calculated, and PpIX area is discriminated using thresholding method. Red square

represents fixed reference point.
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Fig. 11. Three different patterns (upper, middle, and lower) with PpIX in agar plates for simulating optical property of brain tissue with different sizes: (a) Pattern with PpIX
in agar plate. (b) Discrimination for PpIX regions. (c) Distribution of fluorescence intensity.

were manufactured (Fig. 11a). Fluorescence intensity was achieved
only on the PpIX area and its neighborhood. Discrimination error at
boundary lines and accuracy rate of the extraction inside the fluo-
rescent region is in Table 1. Discrimination error was determined
from the distance between the discriminated area and the true
boundary line. Significant different was not observed in discrimina-
tion accuracy along three patterns. Distributions of the fluorescence
intensity and the results of segmentation are shown in Fig. 11c.
The phantoms used in the preliminary experiments included
only a single fluorescent species, PpIX. These experiments, based
on the threshold technique, were used to identify the feasibility
of discriminating fluorescent and non-fluorescent areas. Although
these experiments using phantoms enabled precise measurement

Table 1
Discrimination error at boundary line and accuracy of extraction inside fluorescent
region.

Pattern  Discrimination error at boundary lines Accuracy rate inside
Average (mm) Standard deviation fluorescent region (%)

A 0.02 0.13 99.8

B -0.01 0.15 98.5

C 0.03 0.10 97.7

and discrimination, only fluorescent and non-fluorescent areas
were simulated. Moreover, the optical parameters of the Intrali-
pid-10%, such as its absorption and scattering properties, affected
the simulation results. Due to the complex nature of biological
tissue, the effect of the environment surrounding a particular
fluorophore and its background information should also be con-
sidered. For example, there is a wide variety of endogenous fluo-
rophores, an autofluorescent species, in biological tissue. Some of
the intense endogenous fluorophores in human tissue are in-
volved in cellular metabolism (Vo-Dinh, 2003). In this case, the
concentration of fluorophores should be controlled so that the
optical phantoms have the same absorption and scattering coeffi-
cients- as brain tissue (Sterenborg et al.,, 1989). Furthermore, the
surface curvature and surrounding tissues and vessels should also
be considered. A phantom simulating the complex shape of the
brain surface with a tumor should be developed for precise
spectral analysis of the fluorescence. Alternatively, an animal in-
vivo experiment (i.e., validation study) with pathological analysis
of the tumor tissue would overcome the limitations of the
experiments using phantoms. The in-vivo testing of spectra
measurement and analysis described in the next section showed
the actual environment of the in-vivo implementation of the
system.
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