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Abstract 

Purpose. 

Superficial temporal artery (STA)-middle cerebral artery (MCA) bypass is an important 

technique for cerebrovascular reconstruction. Intraoperative hemodynamic imaging is 

needed to perform cerebrovascular reconstruction safely and effectively. Optical 

intrinsic signal (OIS) imaging is commonly used for assessing cerebral hemodynamics 

in experimental studies, because it can provide high resolution mapping images. 

However, OIS is not used clinically due to algorithm, instrumentation and spectral 

resolution limitations. We tested the feasibility of a hyperspectral camera (HSC) for 

assessment of cortical hemodynamics with spectral imaging of the cerebral cortex in 

rats and in vivo humans. 

Methods. 

A hyperspectral camera (HSC) was tested in a rat model of cerebral ischemia (middle 

cerebral artery occlusion) and during human revascularization surgery (STA-MCA 

anastomosis). Changes in cortical oxygen saturation were derived from spectral imaging 

data (400-800 nm) collected by exposing the cortex to Xenon light. Reflected light was 

sampled using the HSC. The system was then tested intraoperatively during superficial 

temporal artery to middle cerebral artery anastomosis procedures. Comparison with 

single photon emission computed tomography (SPECT) imaging data was done. 

Results. 

During middle cerebral artery occlusion in rats, the HSC technique showed a significant 

decrease in cortical oxygen saturation in the ischemic hemisphere. In clinical cases, the 

cortical oxygen saturation was increased after STA-MCA anastomosis, which agreed 

with the SPECT imaging data. 
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Conclusion. 

Continuous collection of imaging spectroscopic data is feasible and may provide 

reliable quantification of the hemodynamic responses in the brain. The HSC system 

may be useful for monitoring intraoperative changes in cortical surface hemodynamics 

during revascularization procedures in humans. 

 

Key words: optical intrinsic signal image; visible light spectroscopy; oxygen 

saturation; misery perfusion; hyperspectral camera; continuous spectral data,  
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Introduction 

Extracranial-intracranial (EC-IC) bypass, such as superficial temporal artery 

(STA)-middle cerebral artery (MCA) bypass, has been recognized as an important 

technique for cerebrovascular reconstruction, and the procedure has become a standard 

surgical therapeutic option for patients suffering from moyamoya disease with transient 

ischemic attack (TIA) to prevent stroke [1-3]. To ensure that cerebrovascular 

reconstruction can be performed safely and effectively, the cerebral ischemia induced 

by the temporary recipient artery and hyperperfusion state induced by the STA-MCA 

bypass should be considered. The intraoperative cerebral blood flow changes during 

STA-MCA bypass could be confirmed by a near-infrared analysis using indocyanine 

green (ICG) [4] or laser speckle imaging [5-7], but these methods could not evaluate the 

cerebral cortical metabolic changes. Postoperative radioisotope examinations with 

positron emission tomography (PET) are most commonly used to assess the metabolic 

changes in the brain, but this type of examination cannot be performed during surgery. 

Thus, there is a need for novel intraoperative imaging tools to detect the cortical 

neuronal metabolism during cerebrovascular reconstruction, and spectral analysis 

techniques have been studied as one such technique [8,9].  

The hyperspectral imaging remote sensing technology was initially developed 

by the U.S. National Aeronautics and Space Administration (NASA) for monitoring the 

earth’s resources. Hyperspectral image data are often compared with data from a 

spectral image cube, in which positional information exists in the xy plane, and 

wavelength information exists in the z direction [10-12]. The spectral image cube data 

can be recognized as an image at each wavelength, and with spectra at every pixel. This 

technology has been employed in various fields of research [13], and has more recently 
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been used in the neurological research field, such as using the Optical Intrinsic Signal 

(OIS) imaging technique. According to previous research, the intraoperative OIS 

imaging technique has the capacity to assess the cerebral hemodynamics during 

neurological surgery for cerebrovascular lesions (e.g., arteriovenous malformation, 

cavernous malformation, intracranial ischemic lesions, etc.) [8,9]. Having such 

hemodynamic information during surgery would help to improve the safety of the 

operation.  

Although OIS imaging can provide high resolution mapping images, the 

accuracy has not yet reached a level high enough for clinical application. This 

inaccuracy is thought to be based on the limitations associated with the algorithms, 

instrumentation and spectral resolution. For example, OIS requires the use of band-pass 

filters to extract specific wavebands of interest of the cortical surface, which results in 

other wavelengths being ignored (e.g., other chromophores, scattering and so on) 

[14-17]. To overcome this obstacle associated with the past OIS techniques, some 

papers have studied the spectral analysis [18,19]. We used a hyperspectral camera 

(HSC) to capture the continuous spectral data (hyperspectral image data) of the cortical 

surface over the visible light band (400-800 nm) and adopted the modified Lambert–

Beer algorithm to convert the changes of the OIS to changes in the concentrations of 

oxy-hemoglobin and deoxy-hemoglobin while analyzing the collected spectral data. 

The aim of this study was to determine whether we could perform spectral 

mapping imaging of the cerebral cortical surface hemodynamics using two-dimensional 

spectral data (termed ‘hyperspectral data’), and whether such data would be suitable for 

clinical use. We first performed in vitro studies to confirm the correlation between the 
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hyperspectral data for hemoglobin (Hb) and the other popular spectroscopic techniques. 

Next, we evaluated the rat brain hemodynamics during normal perfusion and cerebral 

ischemia to assess the validity of the hyperspectral measurement of the cortical surface 

Hb (captured using a HSC). Finally, we confirmed that this technique was practical for 

measuring the cortical surface hemodynamic changes during revascularization 

procedures in human patients.  

 

Methods 

HSC capture system 

A F1.4 50 mm lens was attached to the HSC (HSC1700; Eba Japan, Tokyo, Japan) 

using a mount adapter, and the capture procedure was controlled by a connected 

computer. Xenon (XEF-152S Kenko, Tokyo, Japan) was employed as a light source. 

All the spectra were calibrated using reference data, which were collected as the 

reflected light of a BaSO4 standard (white) (Eq. 1): 
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The HSC1700 (Fig. 1) was developed as a spin-off product of an Earth 

observation microsatellite technology demonstration mission under development at the 

Hokkaido Institute of Technology, Sapporo, Hokkaido, Japan 

(https://directory.eoportal.org/web/eoportal/satellite-missions/t/taiki)[20]. It takes about 

five to 16 seconds to capture the entire spectral imaging cube, depending on the capture 

size. In case coarse displacement errors occurred when capturing the spectral imaging 

cube data, we re-collected the data to ensure that it was acceptable for the analysis.    

 

Normalization of spectral data 

Before the data were processed, a three-point moving average was applied to each 

spectrum for smoothing. Thus, all reflectance spectral data points were reconstructed in 

5-nm steps, and we selected the data for the wavelengths from 405 to 750 nm for the 

analysis. As the surface of human tissues exhibits unexpected undulations, the measured 

spectral data are affected by the distance and angle of each point. Thus, normalization 

procedures are required for the recognition of spectral data (Eq. 2):  
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The equation “ΣO(λi)” represents the integration of the spectral intensity of the 

observed wavelength area (405-795 nm). Consequently, “ΣO(λi)” is proportional to the 

reflection intensity, which is attenuated by the surface conditions. To ensure the 
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concentration linearity of the components, the data were transformed from reflection 

(%) to absorption (-log (I/I0)) according to the modified Beer-Lambert’s law. The 

calculations of the hemoglobin saturation and scatter effect have already been 

demonstrated in several previous studies [21-25]. 

 

Oxygen saturation data processing 

Typical oxy-hemoglobin (HbO) and deoxy-Hb (HbR) features are observed between 

522 to 588 nm. The processing procedures used for this spectral feature were reported 

previously [26]. The multiple regression analysis methods comprise a group of 

statistical, mathematical or graphical techniques that analyze multiple variables 

simultaneously [27].   

For the spectra of the human cerebral surface, spectral components are 

mathematically controlled by the main powers of HbO, HbR, scatter and offset. The 

spectral data for these four components were prepared separately. For the scattering 

model, we employed a mathematical equation as follows (Eq. 3):  

 

                        

                                         (Eq. 3)

 

The first term on the right-hand side of this expression is related to the Mie scatter, 

which is commonly used as scatter model for cells and tissues. The second term is 

related to the scattering from Rayleigh particles. The reflectance spectra were analyzed 
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using the diffusion approximation model [26]. The unmatched component in the 

spectrum is treated as a residual in this method (Eq. 4):  

                 

                                                       

                                                                        (Eq.4)                 

 

Consequently, a coefficient for each component is obtained, and those of HbR and HbO 

are shown in the Figures as coeffHbR and coeffHbO. The value of each coefficient 

corresponds to their component data. Value of B and C in scatter equation (Eq. 3) are 

optimized by nonlinear least-squares algorithm, we employed conjugated gradient 

method. The software program was prepared utilizing MATLAB/OCTAVE code. After 

B.C value was fixed, coefficients of HbR and HbO were calculated by least square 

method. These procedures were shown in Figure 2. Basically, the observed spectral data 

should be the sum of the multiplication of each component and co-efficient in this 

method. Therefore, from the value of the coefficients of HbR and HbO, it is possible to 

estimate the relative hemoglobin concentration (rHb-c) and oxygen saturation as 

follows (Eq. 5, 6):  
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                             (Eq. 6) 

 

In the calculation of the relative hemoglobin concentration and saturation of 

hemoglobin (Eq. 5, 6), a coefficient of scatter and offset was not used, but in the 

calculation process, the accuracy of the coefficient values are obviously affected by the 

component choice. The required component data should therefore not be reduced, even 

if they are not needed later. The appropriate coefficients for these linear combinations 

were then linearly correlated with the oxygen saturation (measured by a spectrometer) 

and the saturation value (calculated from HSC data) of the hemoglobin samples (diluted 

with normal saline and oxygenated blood). A comparison of the results obtained with 

the HSC and their respective calibrations is shown in Figure 3. The correlation 

coefficient was R
2
=0.998 for oxygen, thus corresponding to a standard error of 

prediction of 7.31%.  

 

Oxygen saturation mapping images 

A saturation value of 640×480 data points (pixels) was calculated for less than 10 

seconds, and a two-dimensional oxygen saturation figure was produced.  

The volume of rHb-c was expressed by consecutive colors in the Hb maps, 

where red indicated a high volume of rHb-c, yellow indicated a moderate volume of 

rHb-c and blue indicated a low volume of rHb-c. The value of oxygen saturation was 

also expressed by consecutive colors in the oxygen saturation maps. Deep red meant 

that the value of oxygen saturation was nearly100%, yellow meant that it was nearly 

50% and deep blue meant that it was nearly 0%.  

oxygen_ saturation = coeffHbO

coeffHbR+ coeffHbO



M. Mori, et al.    11 

 

Animal studies 

Animal preparation 

Male Wistar rats (n=7) weighing 300-450 g were studied in accordance with the 

Institution Animal Care and Use Committee of the Kyushu University Graduate School 

of Medical Sciences. Animals were anesthetized with 2.5-3.0% isoflurane, and 

anesthesia was maintained with 2.0% isoflurane in 75% N2O and 25% O2 using a 

face-mask. The room air conditioner was set as 25°C, and the body temperature was 

maintained at 37±0.5°C throughout the procedure using a heating mat.  

Under a stereomicroscope, a surgical skin incision was made on the rat’s head, 

and a 55 mm bone window was made in the exposed region (2.5 mm bilateral and 1 

mm anterior to the bregma, and 1 mm posterior to the lambda) with an electrical drill. 

To observe the cortical surfaces, we exposed the brain surface to a xenon light and 

observed the reflection using the HSC. We set three regions of interest (ROIs) on each 

cortical parenchymal area in the saturation map, which were downstream of the MCA. 

We avoided setting ROIs on structures such as blood vessels. The anatomical structures 

were used so that almost the same place (ROI) could be pinpointed in each animal. The 

size of the ROIs consisted of 20 x 20 pixels. We extracted oxygen saturation data for 20 

 20 pixels from each side of the cortical surfaces in both hemispheres that were in the 

MCA territory, and the mean values of ROIs were calculated. The average value of each 

ROI was treated as the value representative of the ROIs. 

 

Ischemic model 



M. Mori, et al.    12 

We utilized the middle cerebral artery occlusion (MCAO) technique [28] to develop our 

cerebral ischemia model. In this study, we performed right hemisphere MCAO. A 

silicon-coated nylon suture (SSK-R1 Doccol Co., Sharon, MA, USA) was used to 

perform the right MCAO. The brains were removed 12 h after the MCAO technique, 

and the infarction was identified with 2,3,4-triphenyltetrazolium chloride (TTC) [29]. 

Using a rat brain slicer (Rodent brain matrix, Adult Rat, Coronal Sections; ASI 

Instruments, Warren, MI, USA), 3 mm coronal sections were dissected at a distance of 

2, 5, 8 and 11 mm from the frontal pole. After sectioning, the slices were immediately 

immersed in 2% TTC in 0.9% NaCl at 37°C for 10 min. 

 

In vivo data collection and analysis 

The collection of the spectral image data of the cerebral surface was performed with the 

HSC capture system just after the craniotomy and again 20 min after the right MCAO 

(the cerebral blood flow was previously reported to be stable 20 min after MCAO [27]). 

The statistical significance of differences in the mean HSC data (oxygen saturation 

data) between the pre- and post-MCAO periods were evaluated by a two-sided t-test 

with Welch’s correction. The blood flow velocities (BFV) of each middle cerebral 

artery were measured at the half point of the MCA by ultrasonography (EUB-5500, 

HITACHI-Medico, Tokyo, Japan). The flow velocity measurement was performed 

almost simultaneously with the HSC capture．The statistical significance of differences 

in the BFV between the pre- and post-MCAO data were evaluated by the two-sided 

t-test. The statistical analysis was performed using the GraphPad Prism v.6 software 

program for Mac (GraphPad, San Diego, CA, USA).  
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Clinical study 

This study was approved by the Kyushu University Ethical Review Board, and included 

the collection of scan data from clinical cases. Informed consent was obtained from all 

patients prior to both surgery and intraoperative intrinsic optical imaging. 

 

Patient characteristics 

We investigated four patients undergoing STA-MCA anastomoses during the period 

from November 2011 to December 2012 at Kyushu University Hospital. The subjects 

included two patients with moyamoya disease and two with occlusion of the ICA. All 

individual patient profiles are shown in Table 1.  

Single photon emission computed tomography (SPECT) was performed for three 

of the patients, excluding an IC occlusion patient in the subacute phase of cerebral 

infarction. SPECT revealed a reduced regional CBF (rCBF) at rest (≤ 30 ml per 100 

g/min) and vasoreactivity to acetazolamide (≤10%) in all three patients.  

 

HSC in clinical cases 

To observe the cortical surfaces, we exposed the brain surface to a xenon light and 

observed the reflection using the HSC. The HSC captures were performed twice per 

case. The first scan was performed when the cerebral surface was exposed, and the 

second was performed just after the STA-MCA anastomosis. We set six regions of 

interest (ROIs) on the cortical surface, which were in the territory downstream of the 

STA-MCA anastomosis, in consideration of the relevance of the ischemic region after 

surgery. We avoided structures such as blood vessels when setting the ROIs. The 

anatomical structures were used so that the almost same location (ROIs) could be 
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pinpointed for the different scans. We extracted ROI data from regions of 20 × 20 pixels 

in the oxygen saturation maps, and the mean HSC data were calculated. The average 

value of each ROI was treated as the value representative of the ROIs. The statistical 

significance of differences in the mean HSC data (oxygen saturation) between the pre- 

and post-STA-MCA anastomosis periods were evaluated by a two-sided t-test with 

Welch’s correction.  

 

Results 

Animal study 

The evaluation of the blood flow changes during the MCAO procedure by ultrasound 

showed an obvious decrease in the BFV of the rt. MCA after MCAO (Fig. 4). The peak 

flow velocity, mean flow velocity and diastolic flow velocity decreased 20 minutes after 

MCAO, and these results were similar to those in a previous study [30]. A brain 

infarction was confirmed by TTC staining 12 h after MCAO (Fig. 5). TTC reflects the 

metabolism of the mitochondria, so ischemic regions are not dyed. Therefore, the TTC 

staining showed that the area downstream of the MCA was obviously infarcted.   

The spectral data obtained with the HSC capture system could be converted to 

both Hb and oxygen saturation mapping figures (Fig. 6). The yellow-colored area 

decreased in the right hemisphere, which was the MCAO side, in the Hb maps, 

confirming that the volume of rHb-c was reduced after the MCAO procedure (Figs. 6B, 

6E). The blue-colored area for the saturation increased on the same side, thus showing 

that the saturation was also reduced after the MCAO procedure in the oxygen saturation 

maps (Figs. 6C, 6F). The locations of the ROIs are shown in figure 7. The saturation 

values of the ischemic hemisphere were clearly decreased compared with those of the 
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control hemisphere (Fig. 8). The oxygen saturation of the right post-procedure 

hemisphere was significantly lower than that of the left post-procedure hemisphere (p< 

0.01). The oxygen saturation of the right post-procedure hemisphere was also 

significantly lower than that of the right pre-procedure hemisphere (p< 0.01).  

 

Clinical study 

In the clinical cases, the HSC data could also be converted to Hb-related images (rHb-c 

mapping images and oxygen saturation images) (Fig. 9). Furthermore, we were able to 

display these images within several seconds to the surgeons during the operation. 

Although it was slightly demanding to intuitively understand a change of the blood 

volume based on the rHb-c mapping image (Figs. 9B, 9E), the visual evaluation of the 

changes in oxygen saturation (oxygen-saturation mapping image) was simple (Figs. 9C, 

9F). The red-colored area increased in the rHb-c map, therefore, the volume of rHb-c 

was increased after the STA-MCA anastomosis (Figs. 9B, 9E). The red-colored area 

also increased in the same area for the oxygen saturation map, thus confirming that the 

value of the saturation also increased after the STA-MCA anastomosis (Figs. 9C, 9F). 

The locations of the ROIs are shown in figure 10. 

As expected, the oxygen saturation determined from the mean HSC data increased 

after the STA-MCA anastomosis (Fig. 11). The oxygen saturation of the postoperative 

cortex was significantly higher than that of the preoperative cortex (p<0.001). At around 

two weeks after the operation, SPECT was also performed in three patients. 

Unfortunately, one case with bilateral IC occlusion died one day after the operation 

because of acute renal failure, and thus could not be analyzed. SPECT in the remaining 
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three cases revealed an improved regional CBF (rCBF) at rest (> 30 ml per 100 g/min) 

and vasoreactivity to acetazolamide (>10%). 

 

Discussion 

Cerebral cortical hemodynamic evaluation 

During cerebrovascular reconstruction surgery in patients with hemodynamic ischemia, 

the cerebral blood volume (CBV) has been reported to increase in order to compensate 

for the decreased cerebral blood flow (CBF), and that the oxygen extraction fraction 

(OEF) increases to maintain the neuronal metabolism [31], in a phenomenon termed 

“misery perfusion” [32]. In our clinical study using the HSC, we confirmed that the 

oxygen saturation of the cortical surface was decreased before the revascularization 

procedure, and that it increased after the revascularization procedure, thus suggesting 

that the cerebral blood flow and the OEF had improved and normalized, and that the 

oxygen saturation had also increased. Although there have been a number of studies 

using near-infrared spectroscopy to assess the cortical hemodynamics during EC-IC 

bypass surgery [33-35], there have been limited reports on the use of visible light 

spectroscopy, and those have only used a probe-type wavelength collection system [35]. 

As a result, to our knowledge, this is the first report of the use of visible light 

spectroscopy to determine the saturation changes of the cortical surface by 

oxygen-saturation mapping imaging of the misery perfusion state. However we could 

not show the correlation of the saturation changes and clinical outcome because of few 

numbers.  

OIS imaging for multiple chemicals was recently reported [16,17,36,37]. In these 

studies, the scatter and the components of chromophores were important considerations 
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that were pointed out as areas that could be targeted to improve the accuracy of the 

evaluation of hemodynamic changes. Therefore, further studies are required to examine 

the metabolism of these different chemicals in the body and the specific wavelength(s) 

of light that should be used for their OIS imaging. In the present study, we adopted the 

HSC system to collect spectrally resolved data, and improved the analysis algorithm to 

supplement the weak points of the light reflectance. In this study, we used the 

components of the HbO, HbR, scatter, offset and residual. The inclusion of all 

wavelengths avoided the removal of any data. We therefore consider that this approach 

will more closely represent the data for the true neuronal metabolism. Using this 

technique, we confirmed that the Hb-related wavelength data in human subjects were 

similar to those obtained with SPECT, a spectroscopic technique commonly used in the 

clinical setting. Generally, SPECT was performed in the chronic phase and can not be 

performed intra-operatively, and the image resolution was not very high. However, 

SPECT can express the whole brain hemodynamics, and this information can be used 

for evaluating the patients’ state. In contrast, the present technique could express the 

partial cortical hemodynamics during an operation, and this information would be 

useful for evaluating the cortical state. These two techniques would be able to 

supplement each other, helping to obtain more accurate assessments of the 

hemodynamic states of patients. However, the collection time using this procedure takes 

several seconds. Therefore, future studies are required to improve the speed of this new 

technique. 

 

The potential of continuous spectral data analysis  
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Previous studies have performed an optical analysis of brain lesions and brain tissues 

[38-42], and the metabolism of lesions (e.g., brain tumors, epileptic foci, etc.) was 

found to be different from that of normal tissues [43,44]. Moreover, it was previously 

reported that the dynamic scattering properties were associated with the neuronal 

activity [45]. However, it is difficult to determine which components cause the 

differences in the light reflectance. As such, we typically use 5-aminolevulinic acid 

(5-ALA) fluorescence to detect brain tumors. The 5-ALA is converted to 

protoporphyrin IX (PpIX) in the body, and PpIX emits a red wavelength of light 

following excitation in the blue-violet spectrum [46]. Although this technique is 

commonly used during neurosurgery, PpIX is not specific for malignant tumors, since 

its formation depends on an abnormality in the porphyrin metabolism. Thus, to detect 

the lesion itself and to clearly define the edge of the lesion, more lesions-specific 

components and a more sensitive spectral analysis technique are needed. Some 

advanced studies have recently been reported that may lead to changes in this technique 

in the future [47,48].   

In the present study, to confirm the utility of our HSC capture system and the 

analysis algorithm, we selected four components (HbO, HbR, scatter and offset) and 

one treated component (residual) for the spectral data analysis. The “residual” had 

different meaning from the other components, as the spectra of the other chemical 

substances were gathered in the residual; i.e., the residual could be separated into 

various spectra data. If we could thus determine new components associated with 

lesion-specific wavelengths, it would be possible to alter our program and convert the 

data into a suitable image for a lesion analysis. Therefore, this spectral analysis would 

be able to be reliable for not only future cortical hemodynamic studies, but also for 
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studying other neurological diseases, such as tumors, epileptic lesions and so on. 

Moreover, it might be possible to specify the intrinsic components related to the lesion 

to analyze the collected continuous spectral wavelength data included in the residual. 

Although it is necessary to improve the sensitivity and specificity of HSC for detecting 

the lesion-intrinsic signal, this technique may be useful for aiding therapeutic decisions 

during neurosurgery. 

 

Conclusion 

In this study, we adopted an HSC system that does not require a band-pass filter to 

collect the visible light wavelength data continuously, and improved the analysis 

algorithm to supplement the weak points of light reflectance techniques. We found that 

this continuous spectral data analysis method might therefore be a useful tool for 

evaluating the real-time cortical metabolism. Furthermore, with additional 

improvements to enable higher sensitivity and specificity, this technique may have the 

potential to aid in the therapeutic decision-making process during neurosurgery. 
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Figure Legends 

Figure 1. HSC-1700 consists of a slit imaging spectrometer, the detector and an 

electrical assembly. The spectrometer is equipped with a direct vision prism and covers 

a wavelength range from 400-800 nm. The transmitting grating has a slit and relay lens 

unit. The transmitting grating has a slit and relay lens unit. The spectral specifications 

are customized by changing the scanning area. 

 

Figure 2. The flow chart expressed the analysis procedure.  

 

Figure 3. Calibration curves for the oxygen saturation of the “spectrometer” and the 

“HSC” were obtained using a spreadsheet for least squares. Each point was measured 

by the two instruments simultaneously. Twenty points of Hb spectra were measured and 

calculated, and a high correlation coefficient was observed for the curves. 

 

Figure 4. The blood flow velocities (BFVs) were measured in the bilateral middle 

cerebral artery (MCA) during the MCA occlusion (MCAO) procedure using 

ultrasonography (US). The statistical significance of the differences in the BFV before 

and after the MCAO, and between the left and right BFV post-MCAO were evaluated 

by a two-sided t-test. *P<0.03, **P<0.01. 

 

Figure 5. The middle cerebral artery occlusion (MCAO) model with the induction of 

cerebral infarcts in Wistar rats. The two slices of rat brains are different slices from one 

rat. Representative 2,3,4-triphenyltetrazolium chloride (TTC)-stained sections 12 hr 

after the MCAO procedure are shown. 
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Figure 6. Representative mapping images of the bilateral cerebral surfaces in response 

to the middle cerebral artery occlusion (MCAO) procedure. The areas other than the 

cortical surface are shown as a semitransparent gray color. HSC images could be 

converted to RGB images (A, D), relative Hb concentration (rHb-c) mapping images (B, 

E) and hemoglobin oxygen saturation mapping images (C, F). The RGB images of the 

animals after the MCAO procedure were similar to the pre-MCAO procedure images (A, 

D). In the rHb-c mapping images of the animals, the volume of hemoglobin in the 

bilateral hemisphere appeared to decrease after the MCAO procedure (B, E). However, 

in the hemoglobin oxygen saturation mapping images of the animals after the MCAO 

procedure, the saturation of the right hemisphere was lower than that of the left 

hemisphere (C, F).  Directions: P, posterior; R, right. 

 

Figure 7. The location of the ROIs was the bilateral cortical surface of the MCA 

territory. The anatomical structures were used so that almost the same place (ROIs) 

could be pinpointed each time. 

 

Figure 8. The values of saturation of the ROIs in the MCA territory were averaged, and 

the means were calculated. The statistical significance of the differences between the 

pre- and post-saturation values, and between the right and left saturation values, after 

MCAO were evaluated by a two-sided t-test. **P<0.01. 

 

Figure 9. A representative case of moyamoya disease. These images were captured at 

the superficial temporal artery, the middle cerebral artery (STA-MCA) anastomosis (A, 
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B, C) and the post STA-MCA anastomosis (D, E, F). The areas other than the cortical 

surface are shown in a semitransparent gray color. The HSC spectral data were 

converted to RGB images (A, D), relative Hb concentration (rHb-c) mapping images (B, 

E) and saturation mapping images (C, F). The cerebral surface at the pre STA-MCA 

anastomosis (A). The cerebral surface at the post-STA-MCA anastomosis (D). The 

anastomosed STA is indicated by arrows (D). In the rHb-c mapping images of the 

post-STA-MCA anastomosis procedure, the Hb volume was slightly higher than that 

before the STA-MCA anastomosis (B, E). In the saturation mapping images of the 

post-STA-MCA anastomosis procedure, the cortical saturation was obviously higher 

than that of the data before the STA-MCA anastomosis (C, F). Directions: P, posterior; 

L, lateral. 

 

Figure 10. The location of the ROIs was the cortical surface in the territory downstream 

of the STA-MCA anastomosis. The anatomical structures were used so that almost the 

same place (ROIs) could be pinpointed each time. Directions: P, posterior; L, lateral. 

 

Figure 11. The cortical surface saturation values were averaged, and the mean was 

determined. The statistical significance of differences between the pre- and 

post-STA-MCA anastomosis saturation values were evaluated by a two-sided t-test. 

***P<0.001. 
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