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Abstract. This paper presents two features to make neurosurgery with 5-ALA-
induced fluorescent imaging more convenient and more reliable. The first one is 
the concept for a system that switches between white light and excitation light 
rapidly and allows surgeons to easily locate the tumor region on the normal col-
or image. The second one is the way for color signal processing that yields a 
stable fluorescent signal without depending on the lighting condition. We de-
veloped a prototype system and confirmed that the color image display with the 
fluorescent region worked well for both the brain of a dead swine and the re-
sected tumor of a human brain. We also performed an experiment with physical 
phantoms of fluorescent objects and confirmed that the calculated flurophore 
density-related values were stably obtained for several lighting conditions. 
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1 Introduction 

In neurosurgery, fluorescence-based tumor region identification using 5-aminolevulinic 
acid (5-ALA) is being performed nowadays [1-5]. Within several hours after oral admin-
istration of 5-ALA prior to surgery, protoporphyrin IX (PpIX) is induced and it stays 
predominantly in malignant glioma cells. PpIX is a fluorophore which emits reddish 
fluorescence with the peak wavelength at 635 nm when it is excited by blue light. While 
the color of such malignant glioma cells looks similar to that of normal brain tissues 
under a white light, it is markedly different from the normal tissues under the excitation 
light.  

So lately two kinds of light sources, a normal white light source and an excitation 
light source, are embedded in commercial operation microscopes (OMs) so that sur-
geons can change the light according to the operative procedure. Namely, surgeons 
confirm the fluorescent region in the brain under the excitation light, then they switch 
to the normal white light and resect the glioma.  
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While this 5-ALA-based neurosurgery results in better identification of glioma in the 
operating room (OR), there are still two major issues. The first one is that the switching 
operation between the types of illumination is troublesome. Moreover, the surgeons 
must memorize where the fluorescent region appears under the excitation light or they 
must record the image prior to the resection of the glioma under the white light.  

The second issue is the lack of quantitativity in the fluorescent images. Ideally, the 
glioma cell density should be known from the fluorescent image. In fact, currently it 
is hard to relate the image intensity of the fluorescent image to the glioma cell densi-
ty. Ando et al. conducted a quantitative evaluation study and reported the relationship 
between the fluorescent intensities of tumor tissue and its pathological images [6]. 
Although the report is very informative, further investigation is still needed for practi-
cal use. At least, the intensity distribution of fluorescence should be independent of 
the lighting and imaging geometry. This is the first step to realize the estimation of 
the glioma cell density. 

In this paper, we first propose a system overcoming the first issue. We then formu-
late the fluorescence imaging and present a processing way to avoid the geometrical 
effect for quantitative imaging. We then show some experimental results to confirm 
the performance of the proposed imaging system and the effectiveness of the color 
signal processing.  

2 Concept of the Image Acquisition System 

We assume that the OM has two kinds of light sources embedded, excitation light and 
normal white light, and also a color camera, an image processing unit (IPU) and a dis-
play device. Since the fluorescence takes place in the visible range, a conventional color 
camera can be used. The surgeon does not see the eye lens of the OM, but directly see 
the display attached on it. There is rapid switching between the two kinds of light 
sources. The frequency of the switching is typically 30 Hz. The color camera captures 
the image of the brain under each illumination synchronously. Roughly speaking, each 
image is captured in 1/60s. Although the surgical field has some flicker due to switching 
the light sources, it does not cause significant discomfort. Furthermore, by reducing the 
rate of the excitation light, it may be possible to make this less perceivable. 

Obtained images are processed by IPU and displayed in real time. A pair of con-
secutive two frame images under different lights are processed and the resultant im-
ages are displayed. There are some ways to show the images. The simplest way is just 
to show the two images side by side on a display. In this paper, we implemented an-
other display approach. After capturing the fluorescent image, the fluorescent region 
is segmented in 1/60s. Such segmented fluorescent regions are overlaid on the normal 
color image and displayed next to the normal color image. The real time image pro-
cessing such as the segmentation and image display is computationally possible. Such 
a system makes the surgical workflow smoother.  

As mentioned earlier, a stable processing for the fluorescent images is required for 
reliable use in OR. In this paper, color image processing to avoid the dependency on 
the lighting condition is mainly discussed as the first step of quantification. 
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3 Imaging Formula 

Here we formulate the imaging of the object under the excitation light and show how 
to extract the contribution of the fluorescence. In this formulation, we introduced two 
assumptions. The first is that the bandwidth of spectral intensity of the excitation light 
is narrow enough so that the reflectance of the object can be approximated by a cer-
tain constant over the bandwidth. The second is that the spectral characteristics of the 
fluorescence do not change during the experiment. The second assumption should be 
checked carefully [7]. But to the extent of our experiment, the characteristics stay the 
same during at least one hour. 

Prior to the formulation, we first define some parameters and functions as showing 
a schematic illustration and some graphs of spectral characteristics in Fig. 1. 

p : Position vector of a pixel in an image 

op : Position vector of the point in the surgical field corresponding to p  

),( λor p : Spectral reflectance at op  

)()(),( λλ eGE oo pp = : Spectral intensity of excitation light at op  

)( oG p : Geometry factor affecting spectral intensity. It includes distance between 

the light source and the object, normal direction of the object surface, etc. 
)(λe : Relative spectral characteristics of the excitation light (see Fig. 1(b) left) 

)(λf : Relative spectral characteristics of the fluorescence (see Fig. 1(b) right) 

)( oh p : Fluorescence-related factor which implicitly includes density of the tumor 

cell, quantum efficiency, absorbance of the excitation light, etc. 
)(),(),( λλλ BGR SSS : Spectral sensitivities of red, green, blue channels of the color 

camera, respectively (see Fig. 1(c)) 

 

Fig. 1. Schematic illustration of lighting and imaging geometry (a), and relative spectral inten-
sity of the fluorescence of PpIX (b) and spectral sensitivities of RGB camera (c). 

 Pixel value of the red channel at p in the image is then approximately modeled by, 

λλλλλ dsfhGreGg RooooR )(])()()(),()()([)( ∫ += ppppp . (1)
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In this model we assumed the diffuse reflection called Lambertian model. If we take 
into account the reflection and fluorescent phenomena more exactly, the above equa-
tion must be revised. Details will be discussed in the later section.  

In Eq. (1), since we assume that the spectral band of the excitation light is narrow 
enough, the first integral of Eq. (1) is modified and Eq. (1) is expressed as 

∫∫ += λλλλλλλ dsfhGdserGg RooRooR )()()()()()(),()()( 0 ppppp . (2)

Here, 0λλ =  represents the central wavelength of the narrow spectral band. Pixel 

values of green and blue channels )(pGg  and )(pBg  are given similarly by replac-

ing the sensitivity function )(λRs  by )(λGs  and )(λBs , respectively. 

 These equations can be represented by a matrix form as 
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Here, 

BGRjdsfadsea jfjjej ,,    ,)()(   ,)()( === ∫∫ λλλλλλ  

The right hand side of equation (3) is a combination of two vectors. 
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Two vectors can be obtained as follows. The RGB vector of the excitation light  ea  

is obtained by capturing the excitation light directly or through the reflection from a 
perfect reflecting diffuser (no fluorescence). On the other hand, the fluorescent light 

fa can be obtained by capturing the PpIX solution illuminated by excitation light in a 

manner that the excitation light does not enter the camera. Then, from the RGB pixel 
values, two factors, ),()( 0λoo rG pp  and )()( oo hG pp , can be determined using a 

least square method. 
 Next, we calculate the ratio of these two factors and define it as 
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This value is now geometry-independent because the geometry factor )( oG p  is can-

celled. The more important value is )( oh p . From (5), this value is represented as 

),()()( 0λooo rvh ppp = . (6)
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This means that we need to know the reflectance distribution, ),( 0λor p . In fact, it is 

not easy to obtain ),( 0λor p . However, we suppose that the following procedure can 

provide a good estimation. A perfect reflecting diffuser is illuminated by the excita-
tion light of the OM and its reflected intensity is captured by the color camera of the 
OM. This is done for many possible distances between the OM and the surgical field 
prior to the surgery. Intraoperatively, the reflection from the surgical field under the 
excitation light is recorded by the color camera. The blue channel values are divided 
by that of the perfect reflecting diffuser obtained at the same distance. These values 
should give approximately the reflectance ),( 0λor p .  

4 Experiment 

4.1 Prototype System Building 

We built an experimental apparatus as shown in Fig. 2(a). It was composed of a white 
LED (IHRGB-120, IMAC co.), a high intensity blue LED with a peak at 405 nm 
(LEDH60-405, Hamamatsu Photonics), a CameraLink format color CCD camera 
(CLB-B1310C-SC, IMPERX), a frame grabber board (PIXCI-E4, EPIX), a hand-
made switching circuit and a personal computer for controlling the illumination and 
image capture. Illumination switching is controlled by the strobe signal from the cam-
era. The switching rate of the illumination was set to 30 Hz. The detailed timing chart 
of the operation is shown in Fig. 2(b).  
 

Switching 
circuit

Camera

Excitation 
light

White 
light

     
(a) Imaging system    (b) Timing chart 

Fig. 2. Lighting and imaging system (a) and the timing chart of operation (b). 

4.2 Real Time Image Processing and Display 

To confirm the performance of the system, a preliminary experiment with the brain of 
a dead swine was performed. PpIX solution was first made by dissolving PpIX  
powder (Sigma-Aldrich) with dimethyl sulfoxide. The density of the solution was 
25mg/L. A small piece resected from the brain was soaked in the PpIX solution and 
then put on a fissure of the brain. An operator removed the piece from the brain as its 
operation was being captured and monitored by the system. Figs. 3 (a) and (b) show 
the image under the white light and the excitation light, respectively. Here the piece 
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with PpIX was located in the rightmost region in the images. It appeared as slightly 
reddish in Fig. 3(b). 

In the image processing, the image under the excitation light was processed based 
on the formulas in section 3 to yield )(pv given by Eq. (5). In order to segment the 
fluorescent region, some pre-processing and a thresholding operation were needed. As 
pre-processing, the saturated region (halation region) and a very dark region were 
removed. Then the fluorescent region was extracted by thresholding the )(pv values. 
The parameters for those processings were determined empirically. Fig. 3(c) shows 
the segmented PpIX region overlaid on the image under the white light.  

We then applied the prototype system to a real human glioma as well. Image ac-
quisition was performed to a resected specimen from the glioma. A resected piece 
with about 2 cm length was put on a dish and the images were processed as before. 
Fig. 3 (d)-(f) show the results. We confirmed that the system worked for the resected 
specimen of a real human glioma as well. 

 

(a) Under white light.          (b) Under excitation light.            (c) Fused image. 

(d) Under white light.        (e) Under excitation light.           (f) Fused image. 
 

Fig. 3. Captured images in the experiment. (a)-(c): Swine brain. (d)-(f) Resected human glioma. 

4.3 Quantitative Imaging Technique 

We demonstrated the quantitative imaging technique shown in section 3. We showed 
that the intensity of the fluorescent image does not depend on the geometry. As shown 
in Eq. (6), the cell-related value )( oh p  does not depend on the geometry factor. We 

examined this formula using physical phantoms. First we measured the relationship 
between the PpIX density, d, and the h value at a certain lighting condition. That  
relationship was empirically modeled by an exponential function. Then the model was 
applied to the other measured images under the different lighting conditions. 

In the experiment, PpIX solutions of seven different densities were made and then 
fixed with agar. The densities of the seven PpIX phantoms were  

mol/L100.3  ,7,...,1      where, 6−×=== CkkCd . (7)
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Fig. 4(a) shows a photo of the PpIX phantoms. Images of each phantom were cap-
tured under three different intensities and four different angles of light. As seen in 
Fig. 4(a), as the density increased, the color became dark. In the images )(pv  of 

these spatially uniform phantoms, a 10x10 pixels area was selected and the mean 
pixel values of the area v  were calculated. On the other hand, the corresponding 
mean reflectance r  was measured by a spectrophotometer. Fig. 4(b) shows the rela-
tionship between the density of the PpIX phantoms and h value in the case that the 
excitation light intensity was the highest and the illumination angle was 0 deg. Then 
the density of the PpIX was modeled by the following formula. 

)exp()()()( ddrdvdh βα==  (8)

We determined two parameters α  and β  from the data under the highest intensity 

of the light. Then using the model, we estimated the densities of the phantoms from 
the images under the different lighting conditions. 
   Fig. 4(c) shows the results of the density estimation. Circles in the graph represent 
the mean values of estimated density among three different intensities of excitation 
light. The top and bottom of the error bars represent the maximum and minimum 
values of the estimated density, respectively.  

Next the lighting angle independency was tested. The phantom of 3C was used and 
the lighting angle was changed as 15, 30, 45 and 60 deg from the normal direction. 
The mean, maximum and minimum estimated densities were 2.66C, 2.83C and 2.40C, 
respectively. In both two examinations, we achieved stable density estimation. 

  

Fig. 4. Experiment for confirming the lighting condition-independent characteristics. (a) PpIX 
phantoms used. (b) Fitting curve. (c) Estimation result under different light intensities. 

5 Discussion and Conclusions 

With respect to real time image acquisition under two kinds of light sources, a similar 
approach was done by Sexton et al [8]. They used pulsed-light for excitation in addi-
tion to use of continuous white light. Their system requires an intensified CCD cam-
era to achieve a very short time image acquisition. They did not refer to quantitative 
analysis. There are respectable works to quantify the fluorescence using fiber optics 
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[9] or multispectral camera [10]. The former technique measured point-by-point ra-
ther than 2D image. Although the latter can get 2D images, the system is bulky and 
real time processing is not possible. Our approach is a challenge to realize a both 
convenient and reliable system. 

In section 2, we formulated both the value )( ov p  after cancellation of geometrical 

factor and the tumor cell density-related function )( oh p . In the first experiment, we 

focused on a real time processing and demonstrated the segmentation based on the value 
of )( ov p . On the other hand, in the second experiment, )( ov p  were related to )( oh p . 

In the next step, we must establish the real time estimation of ),( 0λor p  to get )( oh p .  

In the quantification, we used the Lambertian model for the reflection and assumed 
that the geometrical factors for the reflection and fluorescence were the same. To be 
exact, however, more realistic model such as Phong model [11] consisting of the sur-
face reflection and body reflection components. For example, direct reflection of the 
organ surface like mirror takes place in some parts. In such cases, a different image 
processing is required. 

In this study, we proposed a method for real time image display with tumor loca-
tion and built an experimental apparatus to confirm the performance. The apparatus 
was applied to a dead swine brain first then to a resected human brain tumor in OR. A 
neurosurgeon gave us a positive evaluation of this system.  As future works, we need 
to clarify what is the appropriate switching rate, what are appropriate ways to carry 
out image processing and displaying. In the quantification of fluorescence, real map-
ping of the image values to the density of glioma cells is also needed. 
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