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Abstract
Purpose Microfocus computed tomography (micro-CT) has not been widely used at high radiation intensity (industrial 
micro-CT) in life science fields. In this preliminary study, we investigated its potential value in the detection of micro-hepatic 
tumors in a mouse model.
Methods The liver with micro-hepatic tumors was surgically resected en-bloc from mice, and examined with industrial 
micro-CT and lower intensity micro-CT (small animal micro-CT). The number of hepatic tumors was manually counted on 
serial images. Then, the accuracy of each technique was determined by preparing matching liver sections and comparing 
the number of tumors identified in a conventional pathological examination.
Results The number of hepatic tumors evaluated with industrial micro-CT showed high concordance with the results of the 
pathological examinations (intraclass correlation coefficient [ICC]: 0.984; 95% confidence interval [CI] 0.959–0.994). On 
the other hand, the number of hepatic tumors evaluated with the small animal micro-CT showed low concordance with the 
number identified in the pathological examinations (ICC: 0.533; 95% CI 0.181–0.815).
Conclusion Industrial micro-CT improved the detection of small structures in resected specimens, and might be a promising 
solution for life science research.
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Introduction

Microfocus computed tomography (micro-CT) is an emerg-
ing technique that can provide very high-resolution images 
of an object by applying a high level of radiation for a long 
exposure time [1]. This technique (industrial micro-CT) is 
traditionally used in the engineering industry as a method 
for testing components nondestructively. It can facilitate the 
structural analysis of precise machines or important cultural 

objects that cannot be damaged [2]. Industrial micro-CT 
requires long imaging times and the object must maintain 
its original shape during imaging. Consequently, industrial 
micro-CT is not currently used as a general technique in life 
science fields. However, recent studies have demonstrated 
the feasibility of micro-CT imaging in small animal experi-
ments. In those studies, tumor phenotypes were analyzed 
with micro-CT, but with restricted radiation levels (small 
animal micro-CT) [3–6]. In addition, several studies have 
reported the utility of micro-CT in evaluating ex vivo human 
tissues, such as lung tumors, breast tumors, and craniophar-
yngiomas [7–9]. However, few studies have investigated 
whether micro-CT without restricting the level of radiation 
is feasible for evaluating resected specimens from digestive 
organs.

The major goal of the present study was to investigate the 
utility of industrial micro-CT in a life science field, in par-
ticular, for the diagnosis of resected specimens in digestive 
cancers. However, several appropriate steps should be taken 
before applying this technique in clinical settings. Therefore, 
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in this preliminary study, we evaluated the ability of indus-
trial micro-CT to detect hepatic tumors in a mouse model.

Materials and methods

Cell lines and animals

Mouse colon adenocarcinoma cells (CT26) were obtained 
from the American Type Culture Collection (Rockville, MD, 
USA) and cultivated in RPMI-1640 medium (Life Technol-
ogies, Carlsbad, CA, USA) supplemented with 10% fetal 
bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and 
antibiotics. Cultures were maintained at 37 °C in a humidi-
fied atmosphere containing 5%  CO2. An 8-week-old male 
BALB/c mice were purchased from CLEA Japan (Tokyo, 
Japan). Mice were maintained in a temperature-controlled 
room (24 °C) and under specific pathogen-free conditions. 
All experiments were conducted according to the Institu-
tional Ethical Guidelines for Animal Experimentation of 
Osaka University (no. 30-028-004).

Experimental hepatic tumor model

To create the experimental hepatic tumor model, the spleen 
was exposed with a 5-mm incision in the left hypochon-
drium [10]. Next, an inoculation of 2.0 ×  106 CT26 cells in 
100 µL phosphate-buffered saline was injected into the infe-
rior pole of the spleen. One minute later, the splenic vessels 
were ligated, and the mouse was splenectomized. Fourteen 
days after the injection, 100 µL of a contrast agent for small 
animals (ExiTron nano 6000; Miltenyi Biotec, Bergisch-
Gladbach, Germany) was injected into the tail vein. At 24 h 
after injecting the contrast agent, the liver was harvested en 
bloc and fixed with 4% paraformaldehyde. All procedures 
were performed under anesthesia with isoflurane.

Micro‑CT imaging

Images of the paraformaldehyde-fixed mouse liver were 
acquired twice. The first acquisition was performed with 
an MCT225 micro-CT scanner (Nikon Instech Co., Ltd., 
Tokyo, Japan), which is commonly used for industrial appli-
cations (industrial micro-CT). The second acquisition was 
performed with an R_mCT2 micro-CT scanner (Rigaku 
Corporation, Tokyo, Japan), which is commonly used in 
small animal experiments with restricted levels of radiation 
(small animal micro-CT).

Imaging with the MCT225 micro-CT scanner (indus-
trial micro-CT) was performed at an X-ray setting of 
90 kV, 90 µA, and 8.1 W, with a 100-µm aluminum filter. 
The X-ray source detector pair was fixed, with a 3-μm 
focal spot size. The fixed liver, in a plastic container, was 

placed on a rotating table, at a distance of 1 cm from the 
X-ray source (Fig. 1A, B). The liver was rotated through 
360° and received a 1.415-s exposure at each 0.129° incre-
ment. In addition, at each angle, the image was acquired 
twice to reduce scanning noise. The total exposure time 
was 132 min. Image reconstruction was performed with 
VG Studio MAX (Volume Graphics GmbH, Heidelberg, 
Deutschland), with standard filtered back projection and 
a 14-μm square voxel size (i.e., slice thickness of coronal 
sectioned images). Three-dimensional images were con-
structed with a semi-automated image processing software 
program (IMARIS; Bitplane AG, Zurich, Switzerland).

Imaging with the R_mCT2 micro-CT scanner (small 
animal micro-CT) was performed at 90 kV, 160 µA, and 
14.4 W, with a 30-µm square voxel size. This CT scanner 
was a cone-beam type with a 5-µm X-ray focal spot size. 
The X-ray source-detector pair rotated around the fixed 
liver, which was placed on a central platform, and the liver 
received 0.352 s of exposure at each 0.703° increment. The 
total exposure time was 3 min (Fig. 1C).

The detection of tumors was defined as lesions that 
were not contrasted by the agent and which had clear bor-
ders. In addition, among those that were not contrasted, 
the lesions that could be traced on consecutive slices were 
considered as vessels in the liver. The detection of the 
tumors was evaluated by an investigator (T.H.).
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Fig. 1  Structural designs of micro-CT scanners. A A schematic illus-
tration and B the inside of an industrial micro-CT scanner. The object 
on the platform rotates 360° for imaging. The distance between the 
X-ray source and the object is adjustable, and it regulates the resolu-
tion of the image. In our study, the liver was placed 1 cm from the 
X-ray source. B A schematic illustration of a small animal micro-CT 
scanner. The design of the small animal micro-CT is similar to that of 
a medical CT scanner



717Surgery Today (2022) 52:715–720 

1 3

Pathological examination

After the completion of the micro-CT imaging procedures, 
the specimen was embedded in paraffin. Then, the specimen 
was cut into 4-µm thick sections, parallel to the coronal axis. 
We prepared pathological sections of the liver that matched 
the two types of micro-CT images, at every 1 mm. Sections 
were stained with hematoxylin and eosin for microscopic 
examination. The number of tumors in the liver with a diam-
eter of 100-µm or more was counted on every 1-mm sec-
tion by an investigator (T.H.), with a BZ-X710 microscope 
equipped with the Hybrid Cell Count software program 
(KEYENCE, Itasca, IL, USA).

Statistical analysis

A number of tumors counted with each micro-CT device 
were compared with the numbers counted in pathological 
examinations of 20 sections. Agreement was evaluated with 
the intraclass correlation coefficient (ICC) and 95% confi-
dence interval (95% CI). All statistical analyses were per-
formed with the SPSS software program (version 22.0; IBM 
Corp., Armonk, NY, USA).

Results

Evaluation of hepatic tumors with industrial 
micro‑CT

The resected mouse liver was 26 × 23 × 20 mm (Fig. 2A). 
We created a three-dimensional reconstruction of the surface 
of the liver, using industrial micro-CT data (Fig. 2B and 
Additional file 1: Video 1). In addition, we created a three-
dimensional reconstruction that focused on the tumors and 
vessels of the liver, using industrial micro-CT data (Fig. 2C), 
to examine the detailed structures of the tumors and vessels 
in the liver. The isotropic voxel size was 14 μm.

Comparison between two micro‑CT approaches 
and the pathological examination

Figure 3 shows micro-CT images of the resected liver sec-
tions, acquired by the two types of micro-CT devices. These 
sections were matched to pathological sections stained with 
hematoxylin and eosin.

Figure 4 shows the analysis of the number of hepatic 
tumors detected with each micro-CT device, which was 
compared with the number identified in the pathological 
examination. The number of hepatic tumors evaluated with 
industrial micro-CT was highly concordant with the number 
identified in the pathological examination (ICC: 0.984; 95% 
CI 0.959–0.994). On the other hand, the number of hepatic 

Fig. 2  Images of the resected 
mouse liver acquired by indus-
trial micro-CT. A Macroscopic 
examination of the resected 
mouse liver. Tumors were 
identified at the surface of the 
liver. B, C Three-dimensional 
reconstruction images of B the 
surface and C the inside the 
liver, based on the industrial 
micro-CT data. Blue indicates 
the border of the tumors and the 
vessels of the liver. Brown indi-
cates the surface of the liver



718 Surgery Today (2022) 52:715–720

1 3

tumors evaluated with the small animal micro-CT showed 
low concordance with the number identified in the patho-
logical examination (ICC: 0.533; 95% CI 0.181–0.815).

Discussion

The micro-CT technique has been used extensively in small 
animal experiments; however, the level of radiation applied 
was restricted. In human samples, such as surgically resected 
tissues, only a few studies have used micro-CT without 
restricting the level of radiation applied; those studies were 
mostly focused on breast tissues [9, 11]. Tang et al. reported 

the utility of micro-CT in assessing a shaved cavity margin 
and in determining the accurate size of a tumor in resected 
breast cancer specimens [12, 13]. McClatchy et al. rapidly 
assessed surgical margins with micro-CT during breast-
conserving surgery. They also investigated the correlation 
between micro-CT findings and the final histopathological 
findings [11].

In this study, we investigated the utility of industrial 
micro-CT in detecting micro-tumors in a mouse model. 
Micro-tumors are difficult to identify macroscopically in the 
mouse liver. We found that the number of hepatic tumors 
evaluated with industrial micro-CT was highly concordant 
with the number identified in the pathological examination, 

Fig. 3  Comparison of different micro-CT imaging techniques for 
evaluating a section of resected mouse liver. Images of a single 
mouse liver section acquired by A industrial micro-CT or B small 
animal micro-CT were compared with C a micrograph of the same 

section from a pathological examination. Insets at the bottom of each 
image show the area within the small rectangle at higher magnifica-
tion. Scale bars at lower magnification indicate 5000 µm; scale bars at 
higher magnification indicate 500 µm
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Fig. 4  Analysis of the number of hepatic tumors identified with 
micro-CT. The number of tumors identified with A industrial micro-
CT and B small animal micro-CT is compared with the number iden-
tified in the pathological examination. The number of hepatic tumors 
evaluated by industrial micro-CT was highly concordant with the 

number identified in the pathological examination, while small ani-
mal micro-CT showed low concordance. Black dotted lines are refer-
ence lines, which indicate where the vertical value = horizontal value. 
Blue lines indicate approximate lines. ICC intraclass correlation coef-
ficient
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while small animal micro-CT showed low concordance. 
Although some issues remain to be resolved, this technique 
may improve the detection of small structures in resected 
specimens.

Nevertheless, the micro-CT technique has not been used 
widely in life science fields, because it is very difficult to 
image soft tissues. First, micro-CT requires a long time to 
image an object. During that imaging time, soft tissues often 
undergo subtle changes in shape, due to the effects of gravity 
and respiration. These movements lead to a blurry image or 
artifacts. In previous studies, breast cancer specimens were 
compressed between two acrylic plates, which fixed the 
shape during imaging. In our study, the liver was fixed in a 
plastic container to avoid subtle changes in shape.

Second, tumor identification is difficult, because the con-
trast is poor between normal liver tissues and tumors and 
between the liver and other organs. Therefore, identifying a 
tumor or examining intrahepatic construction is troublesome 
without a contrast agent. In this study, we used a hepatocyte-
selective contrast agent for imaging. This contrast agent is an 
alkaline, earth-based nanoparticle, which is taken up by cells 
of the reticuloendothelial system, including Kupffer cells 
within the liver [14]. However, this contrast agent is only 
designed for preclinical CT imaging, and it cannot be admin-
istered to human subjects. To ensure micro-CT is relevant to 
clinical practice, it is necessary to consider either using other 
contrast agents, which are currently approved, or not admin-
istering a contrast agent. Alternatively, the specimens can be 
incubated with contrast agents after resection. For example, 
gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid 
is a hepatobiliary contrast agent that is widely used in mag-
netic resonance imaging (MRI) to diagnose hepatic tumors 
[15, 16]. Mi et al. reported a pH-activatable nanoparticle 
contrast agent that could identify small hepatic tumors in 
MRIs [17]. De Gooyer et al. recently reported that colorec-
tal cancer tumors could be detected in resected specimens 
placed in tissue culture medium containing a carcinoembry-
onic antigen-targeting tracer [18]. Combining these agents 
with micro-CT imaging might provide better detection of 
tumor tissues, and thereby, improve the diagnosis. In the 
future, the development of a new contrast agent is expected.

In the recent years, imaging devices and imaging analy-
sis software programs have been developing rapidly. In the 
field of CT imaging, nano-CT, which provides much higher 
resolution than current micro-CT, is now becoming widely 
adopted [19–21]. The advances in this field might reduce the 
cost of devices, which could lead to the widespread use of 
micro-CT. In turn, the widespread adoption of this technique 
might expand its use to diagnostic, treatment, and education 
settings. Taking full advantage of this new technique might 
revolutionize life science research.

The present study was associated with several limitations. 
First, industrial micro-CT imaging required a long exposure 

time, which is not ideal for evaluations during surgery. The 
long exposure times were necessary, because the micro-CT 
device we used was designed to target large samples, up 
to 450 mm in diameter. However, other micro-CT devices 
are designed to target smaller samples, which could shorten 
the imaging time. Future studies should be conducted with 
optimal devices. Second, our contrast agent only enhanced 
hepatocytes; therefore, hepatic tumors and vessels were dif-
ficult to distinguish from each other. Furthermore, we could 
not classify these structures with different colors in three-
dimensional reconstruction images (Fig. 2C). Therefore, 
we evaluated the number of hepatic tumors by confirming 
the identified tumors and vessels on consecutive images. 
Third, the individually matched liver section images may 
have been slightly misaligned by the modalities. Although 
we attempted to adjust the axis of each image to suit all 
modalities, subtle misalignments occurred, which may have 
affected the counts of hepatic tumors. These limitations 
should be considered in future studies.

In conclusion, this preliminary study demonstrated the 
potential utility of industrial micro-CT in the diagnostic 
evaluation of resected liver specimens. We showed that the 
high resolution of industrial micro-CT could facilitate the 
identification of hepatic micro-tumors in a mouse model. 
Although several problems must be resolved before indus-
trial micro-CT can be used in clinical applications, the pre-
sent study showed that this novel modality might be useful 
as a diagnostic aid in surgical treatment. In the future, a 
prospective clinical study should be undertaken to investi-
gate whether this technique can facilitate the quantification 
of liver tumors.
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