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ARTICLE INFO ABSTRACT

Keywords: Background: In a previous study of photodynamic tumor diagnosis using 5-aminolevulinic acid (5-ALA), the
Neurosurgery authors proposed using fluorescence intensity and bright spot analyses under confocal microscopy for the precise
Photodynamic diagnosis discrimination of tumorous brain tissue (such as glioblastoma, GBM) from normal tissue. However, it remains
Brain tumor

unclear if bright spot analysis can discriminate infiltrating tumor in the boundary zone and whether this method
is suitable for GBM with no 5-ALA fluorescence or for other tumor types.

Methods: Brain tumor tissue resected from 5-ALA-treated patients was sectioned to evaluate bright spots under
confocal microscopy with a 544.5 — 619.5 nm band-pass filter, which eliminated the fluorescence induced by 5-
ALA. Border regions and adjacent normal tissues were observed for differences in bright spot distribution.
Histopathology was also conducted by hematoxylin and eosin (H&E) staining of serial slices from the same
samples to confirm the locations of tumorous, infiltrating, and normal regions. Bright spot areas were then
calculated for the same regions evaluated by histopathology. This method was applied for GBM with and without
5-ALA-induced fluorescence as well as for lower-grade gliomas and other brain tumor types.

Results: The bright spot area was substantially smaller in the GBM body than in normal brain tissues. Bright spot
area was also smaller in infiltrating tumors than in normal tissue at the margin. The same bright spot pattern was
observed in tumorous tissues with no 5-ALA-induced fluorescence and in non-GBM tumors. The bright spot
fluorescence is suggested to arise from lipofuscin based on emission spectra (mainly within 544.5 — 619.5 nm)
and optimum excitation wavelength (about 405 nm).

Conclusions: Bright spot analysis is useful for discriminating infiltrating tumor from bordering normal tissue as
an alternative or complement to photodynamic diagnosis with 5-ALA. This method is also potentially useful for
tumors with no 5-ALA-derived red fluorescence and other nervous system tumors.

Fluorescence intensity
Confocal microscope

1. Introduction

Precise resection of glioblastoma (GBM) is critical for prolonging
postoperative survival. On the other hand, excessive resection around
the tumor may cause loss of neural function. It is thus crucial to dif-
ferentiate between the tumor region to be removed and the normal
region to be spared. Photodynamic diagnosis (PDD) using 5-aminole-
vulinic acid (5-ALA), first described by Stummer et al., is now widely
used for the neurosurgical resection of brain tumors because it can
greatly increase the tumor to normal tissue resection ratio [1-3]. Dis-
tinguishing tumor from healthy tissue is based on greater 5-ALA-de-
rived protoporphyrin IX (PpIX) accumulation in glioma cells than non-
cancer cells, resulting in much greater red fluorescence (peak at
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635 nm) when excited at 405 nm [4].

There are many reports on the effectiveness of 5-ALA-derived
fluorescence for identifying the main tumor prior to resection and for
assessing the presence of residual tumor following resection [5-17].
However, it remains difficult to precisely distinguish the tumor margin
and infiltrating regions from non-tumor tissue because the fluorescent
boundary is usually vague. One potential solution proposed by Teng
et al. is silencing ferrochelatase to enhance 5-ALA-derived fluorescence
[18]. Another potential solution is the use of confocal microscopy due
to its microscale resolution. Indeed, there have been several attempts to
apply confocal microscopy for the resection of tumors [19-24]. Al-
though confocal microscopy allows for the viewing of tumors at the
microscale, it was not clear how infiltrating tumors appear in confocal
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Fig. 1. Observation process from the resected specimen.

images and whether confocal microscopy is useful for distinguishing
tumor tissue at the boundary with non-cancerous tissue.

We previously reported that fluorescence intensity analysis under
confocal microscopy was useful for the discrimination of infiltrating
tumor in the boundary area [25]. We also suggested that bright spot
analysis was useful for tumor discrimination in a vague boundary area,
but the source of bright spot fluorescence and the feasibility of bright
spot analysis for different tumor types remain unclear. In this study, we
examined resected brain specimens through a 544.5 — 619.5 nm band-
pass filter to remove the 5-ALA-derived red fluorescence without in-
terfering with the bright spot image. The bright spot area was then
compared among tumor, infiltrating tumor, and normal tissue regions
to investigate whether bright spot analysis can be used to distinguish
tumors in marginal areas, tumors without 5-ALA-derived red fluores-
cence, and other brain tumors, including lower-grade gliomas.

2. Methods
2.1. Confocal microscopy-based bright spot analysis

For fluorescence analysis of specimens, we used a CSU22Z confocal
laser-scanning microscope (Yokogawa Electric Corporation) and
405 nm D405C-50 laser at 50 mW (Showa Optronics). We compared
images acquired using a 618.5-675.5 nm band-pass filter (usually used
to detect red fluorescence such as from 5-ALA staining) with images
acquired using a 544.5 — 619.5nm band-pass filter (excluding red
fluorescence) to examine the source of the bright spot. Fluorescence
emission was captured by an electron-multiplying charge-coupled de-
vice camera (ANDOR/LucaS658 M) through an PlanApo 40 x /NA 0.95
objective lens (OLYMPUS/UPLSAPO40 x 2). One confocal image con-
tains 658 X 496 pixels and can capture a tissue area of
164.5um X 125pum under this magnification. Therefore, the area of
one pixel was about 0.25pum x 0.25 pm in this study.
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Precise positioning of the XY stage was required to construct multi-
image maps. For this purpose, iQ software was used to move the stage
and capture each image. For example, to acquire a fluorescence emis-
sion map of 6.4 mm X 3.7 mm, an array of 40 x 30 single images must
be obtained. Using this system, a fluorescence map composed of de-
tailed images could be obtained at the normal surgical microscope
scale. Such a wide view was necessary to compare tissue fluorescence
with hematoxylin and eosin (H&E) staining and to find the same tissue
position for detailed comparisons at the microscale.

2.2. Specimens

Approximately 3 h before surgery, patients ingested a single dose of
20 mg kg body weight 5-ALA in 100 mL of juice. Resection was con-
ducted following a standard microsurgical technique. Typically, the
surgeon alternated between white and violet-blue light-emitting modes
to visualize fluorescence during the resection. Tumor specimens were
collected at various times during the procedure in both PpIX-positive
(red fluorescent) and -negative regions. For patients with deep-seated
GBMs underneath the cerebral cortex, tissue was resected from areas
with invasion into normal brain. Samples containing a red fluorescent
region, a surrounding non-fluorescent region, and a boundary were sent
separately for pathological and confocal microscope examinations.

Six GBM samples with red fluorescence from six patients, three GBM
samples with no red fluorescence from three patients, and several ad-
ditional specimens from patient with other tumor types were obtained
and analyzed. These additional specimens included two Grade III
gliomas with red fluorescence, one Grade II glioma with no red fluor-
escence, one recurrent GBM, one nerve sarcoma with red fluorescence,
and one normal tissue sample without 5-ALA staining.
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2.3. Observation procedures

The observation process is shown in Fig. 1. Three 10-um thick slices
from the tumor region, boundary region, and normal brain region were
cut from each tissue specimen in series. One slice was stained with H&E
for pathological inspection using a normal optical microscope, while
the second slice was examined by fluorescence confocal microscopy and
the third was stored.

The H&E images were inspected by a skilled neurosurgeon and a
pathologist to define tumor regions, infiltrating regions, and normal
brain regions. Then, 0.65mm X 0.48 mm areas were chosen to com-
pare H&E images with fluorescence confocal microscopy images.
Corresponding 0.65mm x 0.48 mm areas were chosen for bright spot
analysis. Each of these areas was captured by a 4 X 4 array of confocal
microscopy images. Although the images were of different 10-um thick
cross-sections, nearly the same fluorescent pattern was observed in the
slice before and following the slice used for H&E staining. Therefore,
the distributions of tumor and normal tissue were well matched among
10-um serial slices.

2.4. Bright spot analysis

Bright spot analysis included measurement of bright spot number,
average size, size distribution, and total bright spot area. Bright spot
analysis was performed on images filtered at 544.5 — 619.5 nm because
only bright spots remained in this frequency band. Binarization was
applied to confocal images according to a pixel intensity threshold
determined independently for each resected specimen. Adjacent bright
pixels were considered to be part of the same bright spot. The number
of pixels included in one bright spot is referred to as the spot size. The
number of bright spots larger than 40 pixels (2.5um?) per image is
defined as the bright spot number. Binarization for bright spot counting
and size determination according to the assigned pixel intensity
threshold was performed using an in-house computer algorithm. Bright
spot area was calculated by multiplying average bright spot size and
bright spot number. A raw image with bright spots and the same image
after binarization are shown in Fig. 2. Rectangular areas of
0.65mm X 0.48 mm (4 X 4 pictures) on the same area evaluated by
histopathology were chosen in each region of the specimen for bright
spot analysis.

3. Results

3.1. Comparison of confocal images band-pass filtered at 618.5-675.5 nm
and 544.5-619.5 nm

Images of the same sample region obtained using a 618.5-675.5 nm
band-pass filter and a 544.5-619.5 nm band-pass filter are shown in
Fig. 3. This area contained tumor regions on both sides and an

” 0.65 mm -

(a) Captured picture
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infiltrating tumor region in the center according to pathological in-
spection of the adjacent section by H&E staining. The fluorescence
observed from the tumor region at 618.5-675.5 nm nearly disappeared
when the image was filtered at 544.5-619.5 nm, while the same bright
spots appeared in both images.

3.2. Bright spot analysis

(a) GBM with red fluorescence

Mean bright spot size, number, and total area are shown in the table
of Fig. 4 for each GBM specimen with red fluorescence (Nos. 1 to 6).
The appearance of the infiltrating region between normal and tumor
tissue differed markedly among slices from different patients. Average
bright spot areas in the tumor body, infiltrating tumor, and normal
region were obtained from the acquired images. The ratios of the bright
spot area in tumor and boundary areas to that in the normal tissue area
were obtained for each sample. Acquiring the ratios effectively nor-
malized for the high degree of variation in bright spot area among
specimens. The ratio of the bright spot area in the tumor region to the
normal region was quite small in all six specimens. The ratio of Bright
spot areas in the infiltrating region were about 0.5 in samples 1 and 2,
but were close to that of the normal region in samples 3 to 5 (i.e., a ratio
of 1). The average bright spot ratio of tumor area to normal region and
of infiltrating tumor to normal region for all GBM specimens with red
fluorescence are shown as a column chart in Fig. 4(b).

As an example, H&E images and binarized bright spot confocal
images are compared for specimen No. 1 (Fig. 4(c)). All three images
are of the same boundary specimen. There are many more bright spots
in the normal region and individual bright spot size is larger than in the
tumor region.

(b) GBM with no red fluorescence

Bright spot size, number, and total area of each GBM sample with no
red fluorescence (Nos. 7, 8, and 9) are shown in the table of Fig. 5. In
these specimens, tumor and normal tissue were clearly distinguished by
microscopic observation of H&E-stained sections. Average bright spot
area was smaller in the tumor than the normal region of specimens 7
and 8, while bright spot area in specimen 9 was near zero. Comparing
confocal images of specimen 8 to the corresponding H&E images con-
firmed greatly reduce bright spot number in the tumor compared to
adjacent normal tissue (Fig. 5(c)).

(c) Other tumors

Bright spot size, number, and area in other samples (Nos. 10-15) are
shown in the table of Fig. 6. Average bright spot area was smaller in the
tumor than the normal region of specimens 10 and 11, both of which
were Grade III glioblastomas. In the resected tumor region of specimen
12, a Grade II glioblastoma with no red fluorescence, bright spot area
was also smaller than in the normal tissue. In the recurrent GBM spe-
cimen (No. 13), bright spot area was small in both the tumor and
normal tissue, but was clearly larger in the normal tissue. In the nerve

Connected pixels
more than 40 —
Bright spot

|

Bright spot area
=Summarize of
bright spot pixels

(b) Picture after binarization

Fig. 2. Calculation method of bright spot area.
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Fig. 3. Comparison between fluorescence image using band pass filter from 618.5 to 675.5 nm wavelength and that from 544.5 to 619.5 nm wavelength.

sarcoma sample (No. 14), the bright spot area in the tumor was also
quite small compared to the normal region. In normal brain specimen
15 with no 5-ALA staining, the bright spot area was large. The small
average ratio of bright spot area in tumor to normal tissue indicates that
bright spot area was generally much higher in the normal tissue
(Fig. 6(b)). As an example, the confocal image of the tumor area in
specimen 12, a Grade II glioblastoma, was compared to that of the
normal tissue area as defined by H&E (Fig. 6(c)). Many fewer and
smaller bright spots were observed in the tumor region compared to the
adjacent normal region.

4. Discussion
4.1. Source of the bright spot emission

The autofluorescence in the 544.5 — 619.5 nm range from 405 nm
excitation may arise from lipofuscin, an aging-associated pigment
produced in lysosomes and accumulated in granules within brain cells,
cardiac muscle cells, and skin cells [26]. If lipofuscin is irradiated at
410 or 470 nm, it emits a fluorescence spectrum from 500 — 700 nm
with a peak at 550 nm [27]. Previous reports indicated that the in-
tracellular rate of lipofuscin formation increases in aging cells com-
pared to younger or dividing cells [28]. In addition, the amount of li-
pofuscin was lower in intraepithelial neoplasia and malignant
adenocarcinoma tissues than in benign hyperplasia tissue [29]. A pre-
vious in vitro study also found that normal glial cells contained larger
amounts of lipofuscin than glioma cells [30]. In accord with these re-
ports, our findings suggest that highly proliferating glioblastoma cells
form little lipofuscin, resulting in fewer and smaller bright spots com-
pared to normal brain tissue. While we cannot exclude other sources of
bright spot emission, we are aware of no endogenous compounds with a
similar fluorescence spectrum and tissue distribution. Further, these
bright spots appeared independent of protoporphyrin IX fluorescence
induced by 5-ALA staining.

4.2. Utility of bright spot analysis for distinguishing GBM with 5-ALA-
derived fluorescence

Our main purpose was to investigate the utility of bright spot ana-
lysis for the precise discrimination of GBM at the boundary zone with
normal tissue (the infiltrative zone) where fluorescence induced by 5-
ALA is often poorly localized, at least with current microscopic tech-
niques. The difference in bright spot area between tumor and normal
region was very clear (Fig. 4). In GBM specimens containing the
boundary region (specimens 1, 2, and 6), the bright spot area in
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infiltrating tumor was low. Therefore, bright spot analysis is helpful for
the precise discrimination of brain tumor from healthy brain tissue at
the microscale. Alternatively, in GBM specimens 3 and 5, the bright
spot area of infiltrating tumor was close to that of normal tissues.
However, the tumor with vague red fluorescence (specimen No. 3) was
distinguished by the low bright spot area in the tumor sample. Thus,
bright spot analysis may still be helpful for distinguishing tumors with
poor 5-ALA staining at the microscale. In specimen No. 4, the bright
spot area of the infiltrating region was much lower than in the normal
region. Therefore, in the boundary samples, infiltrating tumor can also
be distinguished by the difference in bright spot area.

Pathological grade determination is based on cell density and nu-
clear shape, and these features differed markedly among our samples.
The relationship between bright spot area and cell density or nuclear
shape in the tumor warrants further investigation to determine if bright
spot analysis is also useful for tumor grading.

4.3. Utility of bright spot analysis for distinguishing GBM with no 5-ALA-
derived fluorescence

We also assessed whether this method is useful for the discrimina-
tion of normal tissue from GBM with no 5-ALA-derived fluorescence.
The boundary between tumor and normal tissue was clear in the his-
topathology samples. Further, the bright spot area was lower in the
tumor than the normal tissue. Therefore, discrimination of tumor from
normal tissue by bright spot analysis also appears possible for GBM with
poor 5-ALA staining. However, this must be confirmed by observing
many additional samples.

4.4. Utility of bright spot analysis for low-grade glioma and other tumors

Our third aim was to determine whether this method is useful for
distinguishing low-grade glioma or other neural tumor types from
surrounding healthy tissue. The bright spot area in Grade III glioma was
clearly lower than in the surrounding normal tissue. Moreover, lower
bright spot area was also observed in a Grade II glioma with no 5-ALA-
derived red fluorescence. Therefore, discrimination of low-grade glioma
at the microscale by bright spot analysis appears feasible. For the re-
current GBM (specimen No. 13), the bright spot area was small in both
the tumor region and normal region but was clearly lower in the tumor
region. Therefore, discrimination of the boundary zone was also pos-
sible. The bright spot area was also quite low in the nerve sarcoma
specimen compared to surrounding normal tissue. Thus, discrimination
by bright spot analysis may be possible for other nervous system tu-
mors. The large bright spot area in normal tissue with no 5-ALA
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Fig. 4. Ratio of the bright spot area in tumor to that in normal in GBM with red fluorescence.

4.5. Comparison of bright spot areas among all observed samples

Our results suggest that bright spot analysis may be a useful alter-
native to 5-ALA fluorescence. First, the distinct emission spectra
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(c) Example of H&E image and confocal microscopy image (Specimen No.8)

Fig. 5. Ratio of the bright spot area in tumor to that in normal in GBM with no red fluorescence.

indicates that protoporphyrin IX fluorescence induced by 5-ALA is not
the source of these bright spots. Also, reduced bright spot area was
observed in most tumors, even those with poor 5-ALA fluorescence. To
test the general utility of bright spot analysis, we compared the average
ratios of tumor body to normal tissue bright spot area and infiltrating
tumor to normal tissue bright spot area for all 41 specimens (Fig. 7).
The bright spot area ratios of 21 main tumor samples and 12 infiltrating
tumors are plotted as columns in Fig. 7. Unpaired t-test indicated sig-
nificant differences between normal and infiltrating tumor (p < 0.05),
between main tumor and normal tissue (p < 0.01), and between main
tumor and infiltrating tumor (p < 0.01), indicating the feasibility of
bright spot analysis for the discrimination of many tumor types. Of
course, more detail investigations will be necessary to assess utility for
other tumors.

468

4.6. Microlocation of bright spots

In this paper, we compared the bright spot images from confocal
microscopy with H&E images at high magnification. However, as the
nuclear diameter is smaller than the slice thickness (10 um), the same
nuclei would not appear in H&E samples and confocal microscopy
images. Therefore, we could not directly compare bright spot location
with nuclear location. However, we have once compared the location of
bright spots to nuclear positions using the same slices, first processed
for confocal microscopy and then for H&E staining. The study indicated
the location of the bright spots were near the location of nucleus but the
bright spots were not in the nucleus and were not in blood cells. Further
investigation will be necessary to define the source of these bright spots
and their behavior during tumor progression.
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(c) Example of H&E image and confocal microscopy image (Specimen No.12)

Fig. 6. Ratio of the bright spot area in tumor to that in normal in other specimens.

4.7. Role of bright spot analysis in 5-ALA fluorescence diagnosis

As we investigated in the previous paper [25], fluorescence in-
tensity analysis is very useful for localization of brain tumors. In-
filtrating tumors emit more intense 5-ALA-derived red fluorescence
than normal brain tissue. However, many infiltrating tumors and tu-
mors in the boundary are low emitting. Bright spot analysis may thus be
a helpful alternative approach to distinguish tumor from normal tissue
at the boundary area or to locate infiltrating tumor areas. In our pre-
vious study, we did not notice that bright spot intensity is independent
of 5-ALA-induced fluorescence. Therefore, this previous bright spot
analysis was performed on images captured with a 618.5-675.5 nm
band-pass filter and thus including both 5-ALA-induced fluorescence
signals and bright spots. In the example bright spot analysis of that
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study, we compared tissues using average bright spot size and bright
spot number, but we have since noticed that the most reliable tumor
marker is reduced bright spot area compared to the adjacent normal
tissue. Therefore, we compared tissues using bright spot area in this
paper. By adding bright spot analysis as shown in this paper, even tu-
mors without clear 5-ALA-induced fluorescence can be reliability dis-
tinguished.

This technology will help neurosurgeons more accurately define the
border between normal brain and infiltrating tumor tissue before re-
section, thereby enhancing functional preservation of normal tissue and
reducing recurrence rates.
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Fig. 7. Comparison of bright spot area in all the specimen.

5. Conclusions

Brain tissue bright spots at 544.5 — 619.5nm from 405nm laser
excitation were examined for their utility to distinguish glioblastoma
multiforme (GBM) with red fluorescence from 5-ALA staining, GBM
with no red fluorescence from 5-ALA staining, and other tumor speci-
mens from the surrounding boundary and normal tissue regions. The
bright spot area was generally lower in the tumor than the normal re-
gion, suggesting possible utility for discrimination of tumor and in-
filtrating areas from normal brain tissue. Moreover, this method ap-
peared useful from GBM, lower-grade gliomas, and other nervous
system tumors. We speculate that bright spots are due to lipofuscin
fluorescence. The mechanism for bright spot fluorescence reduction in
tumors and the utility of this phenomenon for the precise discrimina-
tion of other brain tumors warrants further investigation.
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