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Abstract

We previously reported that near-infrared hyperspectral imaging enabled the localization of atheroscle-
rotic plaques from outside the vessels, but not the optical characteristics of each histological component. 
Therefore, the near-infrared spectrum of each component was collected from the sliced section of the 
human carotid plaque obtained with endarterectomy and the optical characteristics were confirmed in 
several wavelengths. Based on this information, we assessed the diagnostic accuracy for ex vivo chemo-
gram in each plaque component created with near-infrared spectroscopy (NIRS), using multiple wave-
lengths. The chemogram projected on the actual image of plaque was created based on light intensity and 
transmittance change at three wavelengths. The wavelengths that were mainly were 1440, 1620, 1730, and 
1930 nm. We evaluated the accuracy of histological diagnosis in chemogram compared with pathological 
findings, analyzing interobserver agreement with k-statistics. The chemograms that we created depicted 
the components of fibrous tissue, smooth muscle, lipid tissue, intraplaque hemorrhage, and calcification. 
Diagnostic odds ratio in each component was as follows: 259.6 in fibrous tissue, 144 in smooth muscle, 
1123.5 in lipid tissue, 29.3 in intraplaque hemorrhage, and 136.3 in calcification. The k-statistics revealed 
that four components, excluding intraplaque hemorrhage, had substantial or almost perfect agreement. 
Thus, this study demonstrated the feasibility of using chemogram focused on specific component during 
the histological assessment of atherosclerotic plaques, highlighting its potential diagnostic ability. Chemo-
grams of various target components can be created by combining multiple wavelengths. This technology 
may prove to be useful in improving the histological assessment of plaque using NIRS.
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Introduction

Carotid atherosclerotic disease, which is well known 
and common, causes transient ischemic attacks and 
strokes. Treatment strategy for carotid artery stenosis 
has been traditionally determined by assessing the 

degree of stenosis and the presence or absence of 
symptoms, according to the major criteria based on 
the results of North American Symptomatic Carotid 
Endarterectomy Trial.1) In recent years, however, 
vulnerabilities of atherosclerotic plaque such as 
thin fibrous cap and lipid rich necrotic core have 
been recognized as potential risk factors of ischemic 
stroke, regardless of the degree of stenosis.2–5) In 
coronary arteries, this vulnerability is reported to 
be related to plaque rupture and coronary events.6) 
Therefore, evaluation of plaque characteristics using 
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intravascular ultrasound (IVUS), near-infrared spec-
troscopy (NIRS), and optical coherence tomography 
(OCT) has been actively conducted in the coronary 
circulation, indicating its usefulness.7–13) These devices 
can evaluate the detail of plaque morphology and 
location of lipid rich tissue.

Optical coherence tomography is an imaging 
method that allows the qualitative and morpho-
logical diagnosis of plaques.9,14) The high use of this 
imaging modality has been highlighted in previous 
studies. High-resolution OCT images reveal the fine 
structure of the plaque and stent surface, which is 
important when determining intraoperative thera-
peutic procedures. Thus, IVUS and OCT currently 
remain the gold standard for diagnostic imaging 
equipment for arteriosclerotic diseases. However, 
in contrast to these imaging modalities, despite its 
low resolution, NIRS has an excellent ability to 
detect lipid components.10,15,16) Thus, NIRS is useful 
for identifying the lipid-rich/necrotic core. There-
fore, in this study, we also identified near-infrared 
spectral information of the aorta of WHHL rabbit 
using a diffuse-reflectance near-infrared hyperspectral 
imaging system. We then identified arteriosclerotic 
lesions from the extravascular, using a support 
vector machine that learned the near-infrared spec-
trum pattern.17) Given the instability of the plaque, 
the detection of lipid components is considered to 
be important. Acquisition of all the histological 
information constituting the plaque may therefore 
contribute to the prognostic prediction of plaque 
collapse by deepening pathological understanding.

The chemogram created by NIRS represents the 
probability of target component at the given position 
on the color scale.10,12) The target tissue indicated in 
the chemogram is mainly lipid-rich tissue. Chemo-
grams that contain more histological information can 
provide better understanding of the characteristics 
of atherosclerotic plaques. Therefore, chemograms 
showing the distribution of various plaque compo-
nents were created using combinations of several 
characteristic wavelengths, which were specific 
for each plaque component. The purpose of this 
study was to evaluate the diagnostic accuracy of 
ex vivo chemogram displaying various histological 
components by NIRS with multiple wavelengths, 
and assess the usefulness of this technique.

Materials and Methods

Carotid plaque specimens
Carotid plaque specimens of 27 patients, who 

underwent carotid endarterectomy, were used in 
this study. The institutional ethical review board 
approved this study and all patients provided 

informed consent. All carotid plaque specimens 
were stored frozen immediately after removal. The 
specimens were sectioned at a thickness of 50 μm; 
adjacent sections were used for pathological staining.

Details of the device and chemogram  
software with near-infrared spectroscopy 
using multi-wavelengths

The actual image and near-infrared spectral data 
were simultaneously measured from thin slice sections 
using a near-infrared camera (Fig. 1A). The created 
chemogram was projected onto the actual image to 
display the histological distribution. Our device 
used a supercontinuum light source (Sumitomo 
Electric Industries Ltd., Osaka) that had an effec-
tive wavelength range of 1200–2300 nm, a power 
of 0.1 W, and emitted light at a pulse width of 100 
fs. Light that passed through the thin slice section 
was detected by a near-infrared camera (Xeva-2.5-
320; SInfraRed Pte Ltd., Singapore), which had an 
imaging range of 5 mm vertically and 6 mm hori-
zontally and an effective pixel number of 12,000, 
with 1 pixel corresponding to 50 × 50 μm2. The 
data acquired with this camera included an actual 
image at 100 × 120 pixels, with 12,000 values of 
optical information corresponding to each pixel. 
The imaging time was 1 min or less.

The acquired optical data was analyzed and 
processed using NIRexe image generation software 
(Sumitomo Electric Industries Ltd., Osaka). In this 
software, three wavelengths specific to the target 
organization were selected. The designated color 
was assigned to each wavelength. The transmittance 
of interest wavelength was automatically calculated 
based on the spectral information of each pixel. The 
designated color of the wavelength observing the 
largest change in transmittance was displayed on  
the pixel. The relative change in transmittance at the 
specified wavelength was displayed as color scale 
in each pixel. The light intensity of the wavelength 
was also displayed as color scale by adjusting the 
threshold value of the designated color. Chemograms 
showing the distribution of various target compo-
nents were created by combining wavelengths freely 
(Figs. 1B and 1C).

Wavelength setting for chemogram creation in 
each plaque component

Near-infrared spectrums classified by histological 
components of carotid plaque are illustrated in  
Fig. 2. In many of the spectrums, a remarkable 
reduction in the transmittance was observed at 
1440 and 1930 nm, which could be attributed to the 
chemical composition of the hydroxyl group. Spectral 
analysis demonstrated that the mean transmittance 
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Fig. 1 Principle for ex vivo chemogram creation. (A) A schematic diagram of our device is shown. The sample 
is irradiated with specific wavelength light from the supercontinuum light source, and the near-infrared light 
transmitted through the sample is photographed with an infrared camera. Information, including the actual 
images and transmitted light, are sent to the near-infrared image analysis workstation (NIRexe). (B) Example of a 
chemogram using saline and oleic acid. The probability of oleic acid (orange) and saline (green) were displayed 
in chemogram. Target components were illustrated with the distribution mapping (right) projecting the chemo-
gram on to the actual image (left). (C) The interest wavelengths were set to 1620, 1720, and 1910 nm. In the 
near-infrared spectrum of oleic acid (orange), there was a decrease in transmittance at 1720 nm. At 1910 nm, 
transmittance was greatly decreased in the saline spectrum (green). Chemogram was created by illustrating the 
relative difference compared with transmittance at 1620 nm to the color scale.

of fibrous tissue at 1930 nm was 7.9% lower than in 
smooth muscle; thus, a difference in transmittance 
was observed between histological component. The 
transmittance reduction was also confirmed at 1730 
and 2190 nm in the spectrum of lipid tissue and 
intraplaque hemorrhage (IPH). The specific attenua-
tion of near-infrared light was due to the chemical 
composition of the methyl group. At 1730 nm, the 
mean transmittance reduction in lipid tissue was 
6.1%. The 2190 nm wavelength was not used in 
this study due to a poor signal-to-noise (S/N) ratio. 
No specific change was observed in any component 
at 1620 nm. Thus, this wavelength was suitable 
for calculating the relative change in transmitted 

light. The notable attenuation of transmittance at all 
wavelengths was the only characteristics recognized 
in the spectrum of calcification.

Thus, these wavelengths could be used to create 
chemograms that distinguished the histological 
components in carotid plaques. Chemograms to 
distinguish between fibrous tissue and smooth muscle 
were created by setting the interest wavelengths at 
1440, 1620, and 1930 nm. The transmittance differ-
ence at 1930 nm was particularly emphasized to 
represent the distribution of the two components. 
In lipid tissue, wavelengths at 1440, 1620, and 1730 
nm were selected, and chemograms emphasizing the 
change in transmittance at 1730 nm, which mainly 

A B
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reflecting the lipid component, were created. The 
creation of chemograms of IPH was also focused 
on a transmittance at 1730 nm. The decrease in 
transmittance at 1930 nm was smaller than in lipid 
tissue. Thus, wavelengths at 1620 and 1930 nm were 
selected to examine the distinction between lipid 
tissue and IPH. During the preparation of calcifica-
tion chemograms, the interest wavelength was set to 
1440 nm alone. Further, the threshold of assigned 
color was adjusted to highlight the region with 
less intensity of near infrared light. In addition to 
the three selected wavelengths, near infrared light 
at 1260 nm was used to acquire the actual image 
projecting chemogram.

Evaluation of the diagnostic accuracy of chemograms
The distribution of the target component indicated 

in the chemogram was compared with the patholog-
ical findings adjacent to the sample, to evaluate the 
accuracy of the histological assessment obtained with 
NIRS using multi-wavelengths. Oil Red O, Masson 
trichrome, and Kossa staining were performed for 
pathological diagnosis of fibrous tissue, lipid tissue, 
IPH and calcification, respectively. The smooth muscle 
layer was identified by immunostaining of smooth 
muscle actin. In addition, histological diagnosis 
was conducted by 131 chemograms of designated 
lesions (i.e., fibrous tissue: 39, smooth muscle: 22, 
lipid tissue: 26, IPH: 27, and calcification: 17); the 
sensitivity, specificity, positive predictive value 
(PPV), and diagnostic odds ratio (DOR) were calcu-
lated. The consistency of histological diagnosis was 
evaluated using the k-coefficient. Statistical analysis 
was performed with JMP ver.13.1.0 software (SAS 
Institute, Cary, NC, USA).

Results

Comparison between chemograms and  
pathological findings

Four chemograms representing histological compo-
nents of carotid plaque created by our imaging 
device are shown in Figs. 3 and 4. Chemograms 
distinguishing fibrous tissue and smooth muscle 
highlighted the difference in transmittance at 1930 
nm, and indicated the smooth muscle layer in 
green. The smooth muscle layer (in green) coincided 
with smooth muscle actin immunostaining (Figs. 
3A–3C). In addition, some of the smooth muscle 
cells that migrated in the thickened intima were 
also depicted in green. Figures 3D and 3E show an 
image emphasizing the lipid component. The change 
in transmittance at 1730 nm, which was considered 
specific for the lipid component, is shown in red, 
while the one showing remarkable change at 1440 
nm is displayed in yellow. The red area in the 
chemogram was consistent with lipid rich tissue 
indicated by Oil Red O staining. In the IPH image, 
the hemorrhagic lesion is set as red, while the 
region of fibrous tissue is depicted in yellow (Figs. 4A  
and 4B). Since the S/N ratio was poor in the IPH 
lesion, the contrast between red and yellow could 
not be clearly expressed. In addition, part of the 
IPH lesion, which is drawn in black, is the no-signal 
area due to a reduction in transmitted light. Masson 
trichrome staining showed an increase in cellular 
components due to bleeding in the no-signal area. 
In the calcification chemogram, we intentionally 
visualized the region where the transmittance was 
extremely low as an area in black (Figs. 4C and 4D). 

Fig. 2 Near-infrared spectrums of each plaque compo-
nent in carotid plaques. The near-infrared spectrums 
of five plaque components obtained by continuously 
plotting the mean transmittance were illustrated. 
Spectrometric measurements were performed by using 
VIR-9650 Fourier-transformed infrared spectrometer 
(Nihon Kohden Corp., Tokyo). Thin sliced sections of 
carotid plaques were measured in an isothermic envi-
ronment at 36°C. The measured wavelengths ranged 
from 1200 to 2300 nm. Each measurement was made 
at 256 times of integration to minimize error. Based on 
the pathological findings, the region for measurement 
in each component was determined. The measurement 
range was set at 300 × 300 μm2.



Assessment of Carotid Plaque with Near-infrared Spectroscopy 167

Neurol Med Chir (Tokyo) 59, May, 2019

Fig. 4 Chemogram and pathological 
images. (A) and (B) are images distin-
guishing between lipid tissue and intra-
plaque hemorrhage. (A) Chemogram 
(red: intraplaque hemorrhage, yellow: 
lipid tissue). (B) Masson trichrome 
stain. (C) and (D) are images focused 
on calcification. (A) Chemogram (black: 
calcification). (B) Kossa stain.

Fig. 3 Chemogram and pathological 
images. (A)–(C) are images distin-
guishing between fibrous tissue and 
smooth muscle. (A) Actual image 
acquired at 1620 nm. (B) Chemogram 
(green: smooth muscle, white: fibrous 
tissue). (C) Immunostaining of `-smooth 
muscle actin. (D) and (E) are images 
distinguishing between lipid tissue and 
fibrous tissue. (D) Chemogram (red: 
lipid tissue, yellow: fibrous tissue). 
(E) Oil Red O stain.
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The calcified lesions indicated by Kossa staining 
were completely consistent with the no-signal area.

Diagnostic accuracy of chemograms
Table 1 outlines the details of the diagnostic 

accuracy of each histological component, based on 
the diagnostic analysis of the chemograms by two 
physicians. Although high specificity was obtained 
in all tissue types, IPH showed low sensitivity. The 
PPV was high (80% or more) for fibrous tissue, 
smooth muscle, lipid tissue, and calcification (i.e., 
the PPVs were 92.1%, 84.2%, 91.3%, and 83.3%, 
respectively). Conversely, the PPV and accuracy value 
for IPH were 55.6% and 6.9%, respectively, which 
were overwhelmingly inferior to other components. 
The DOR of lipid tissue was extremely higher than 
in other tissues. In addition, the positive and nega-
tive likelihood ratios for the lipid tissue were 52.0 
and 0.05, respectively, indicating that the lipid 
structure of the near-infrared image can be detected 
with high accuracy. In the consistency of histological 
diagnosis, fibrous tissue and lipid tissue acquired 
the evaluation for almost perfect agreement (k = 
0.87, 0.92). Substantial agreements were observed 
in smooth muscle tissue and calcification (k = 0.79, 
0.78). Only the IPH chemogram showed moderate 
agreement (k = 0.49). The tendency of misdiagnosis 
was most often diagnosed as IPH by calcification. 
Further, there were several cases where it was 
difficult to distinguish between fibrous tissue and 
smooth muscle.

Discussion

The purpose of intravascular imaging methods for 
atherosclerotic disease is the morphological and 
histological evaluation of atherosclerotic plaque and 
assessment for endovascular treatment. IVUS is a 
useful method for detecting vulnerable plaques, with 
published evidence from prospective studies.18,19) 
OCT is a novel imaging device with a resolution 
that is 10 times higher than that of IVUS. Many 
studies, which also obtained histological information 
about the plaques, reported that the clarification 

of the microstructure of plaque by OCT enabled 
the evaluation of detailed morphology.20–22) Gener-
ally, IVUS and OCT are excellent methods for 
the morphological evaluation of arteriosclerotic 
plaque. Conversely, morphological evaluation with 
NIRS is difficult because of its inferior resolution. 
However, NIRS is excellent for clinically detecting 
lipid cores that area associated with vulnerable 
plaques.12,15,16,23–26) In recent years, a novel catheter 
system combining the advantage of NIRS, with IVUS 
or OCT, has been tested in the coronary arteries of 
human cadavers.7,14) Treatment strategies based on 
histological risk assessment, rather than the rate of 
stenosis, aims to differentiate the risk stratification 
of patients who prefer endovascular treatment. This 
leads to a lower risk of intraoperative complica-
tions, such as distal embolism and improvement 
of the endovascular procedure. As a result of our 
study, it may be possible to add more detailed 
organization information to chemograms of NIRS. 
By showing fibrous tissue and the calcified compo-
nent in addition to conventional lipid components, 
an improvement of the tissue diagnostic ability by 
NIRS can be expected. Moreover, by referring to 
tissue diagnosis by NIRS, we believe that it will 
be able to support the diagnosis given by OCT or 
IVUS and contribute to a major advancement of 
intravascular tissue imaging.

The evaluation of arteriosclerotic vessels by NIRS 
during direct vascular surgery has several uses. As 
shown in our previous studies, we have established 
a technique to identify plaques using reflected light 
from outside vessels.17) In this method, only lipids 
are targeted, but by complementing the missing 
tissue information in this study, more detailed 
vascular information can be provided to the surgeon. 
Although information on vascular lesions has been 
sufficiently obtained by preoperative image examina-
tions, it is thought that obtaining vascular informa-
tion in the range that was eroded during surgery 
in real-time leads to a safe judgment and treatment 
by the surgeon. Confirmation of the intravascular 
information exposed during carotid endarterectomy 
may be useful for determining the incision area of 

Table 1 Evaluation for accuracy of ex vivo chemograms displaying each plaque component

Histological classification Sensitivity/Specificity 
(%)

Positive predictive 
value (%)

Diagnostic odds  
ratio (%) k-coefficient

Fibrous tissue 94.7/89.7 92.1 259.6 0.87

Smooth muscle tissue 80/97.3 84.2 144 0.79

Lipid tissue 95.5/98.2 91.3 1123.5 0.92

Intraplaque hemorrhage 50/96.7 55.6 29.3 0.49

Calcification 78.9/97.3 83.3 136.3 0.78
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the vessel and the site of clip placement. Moreover, 
when clipping an intracranial aneurysm, if we can 
observe the arteriosclerotic plaque around the neck 
of the aneurysm, we think that it can be used to 
determine the placement position of the clip. We 
also believe that visualization of an atherosclerotic 
plaque around the neck of an aneurysm when clip-
ping an intracranial aneurysm can be the basis for 
determining the position of the clip.

To specify the optical characteristics of atheroscle-
rotic plaques, several studies performed spectroscopic 
analysis using the plaque section, which was similar 
to the methodology applied in this study.27,28) Using 
NIRS, Neumeister et al.29) demonstrated that the 
cholesterol content increased with an increase in 
fatty deposits, and showed the correlation between 
the thickness of fibrous caps and collagen content at 
the same sites. Furthermore, Wang et al.30) reported 
that irradiation of near infrared light at 2220–2330 
nm was useful for identifying unstable plaques. The 
component distribution of plaque sections could 
be determined based on optical changes at specific 
wavelengths, according to the tissue type. Many 
reports have indicated that lipids can be distin-
guished based on changes in the light absorbance; 
our results also showed demonstrated the high 
capacity for lipid tissue detection. However, this 
study focused on differences in light absorption 
according to the hydroxyl groups. The reduction 
in transmittance at 1440 and 1930 nm due to the 
influence of hydroxyl groups can be observed in all 
living tissues. However, this property is a barrier to 
the application of this technique to living tissues. 
Analysis of the optical characteristics collected for 
each plaque component showed a difference in the 
transmittance attenuation caused by the hydroxyl 
groups, creating a chemogram displaying various 
tissues by emphasizing transmittance differences. 
However, since this optical information was based 
on thin sliced sections of plaque, the strong influ-
ence of hydroxyl groups in larger target tissues may 
complicate the detection of transmittance differences.

IPH is a histological feature deeply involved in 
the onset of sudden stroke.5) The display of this 
organization information in chemograms improves 
the quality of plaque evaluation. In this study, the 
diagnostic accuracy of IPH by optical information 
was remarkably low, and most IPHs were misdiag-
nosed as lipid tissue or calcification. We postulated 
that the signal of lipid tissue mixed in IPH was 
strongly depicted as the cause of the misdiagnosis. 
In addition, an increase in blood cell component 
caused the attenuation of transmittance due to scat-
tering phenomenon, which caused many IPHs were 
misdiagnosed as calcification. This large attenuation 

of transmittance confounded the histological informa-
tion displayed in the chemogram. Since the selected 
wavelength bands were similar to the characteristics 
of lipid tissue, it was necessary to specify more 
characteristic wavelengths by spectral analysis. The 
concurrent use of short wavelength light with high 
permeability was also examined. The characteristic 
absorption of hemoglobin has been confirmed in 
the short wavelength region (700–900 nm) of near-
infrared light. Using this short wavelength band may 
improve the diagnostic capability of IPH.

Some limitations in our study must be noted. 
Manual operation was sometimes needed to correct 
the assigned color in chemogram creation. Thus, a 
standard algorithm for automatic color adjustment 
may need to be prepared. Further, currently only 
two kinds of tissue can be prepared with chemo-
gram creating application. However, plaques can 
coexist in various tissue types, misleading of histo-
logical diagnosis. Moreover, since this study was an 
experimental system for thin sliced samples, the 
amount of transmitted light in larger target tissues 
is insufficient to accurately interpret the wavelength 
in which transmitted light and scattered light mix. 
Finally, the evaluation of diagnostic accuracy was 
performed by two neurosurgeons with knowledge of 
pathology and NIRS. Therefore, there is a possibility 
that the evaluation may have been influenced by 
diagnosis review bias.

Conclusion

Chemograms created by NIRS are a useful optical 
imaging method that provide detailed component 
information on arteriosclerotic plaque. It helps with 
the understanding of atherosclerotic disease and 
determining therapeutic strategies. We demonstrated 
the feasibility of displaying various kinds of plaque 
components as chemograms using the change of 
transmittance with multiple wavelengths in near-
infrared light. This study was a fundamental assess-
ment targeting thin slice sections of carotid plaque; 
further devices will be needed for its application to 
larger vessels. However, we suggest that this tech-
nique, using multiple specific wavelengths, may be 
able to further increase the histological information 
content of NIRS, contributing to an understanding 
of the atherosclerotic plaque condition.
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