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Longitudinal Imaging of Liver Cancer
Using MicroCT and Nanoparticle Contrast
Agents in CRISPR/Cas9-Induced
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Abstract
Introduction: Micro-computed tomography with nanoparticle contrast agents may be a suitable tool for monitoring the time
course of the development and progression of tumors. Here, we suggest a practical and convenient experimental method for
generating and longitudinally imaging murine liver cancer models. Methods: Liver cancer was induced in 6 experimental mice by
injecting clustered regularly interspaced short palindromic repeats/clustered regularly interspaced short palindromic repeats-
associated protein 9 plasmids causing mutations in genes expressed by hepatocytes. Nanoparticle agents are captured by Kupffer
cells and detected by micro-computed tomography, thereby enabling longitudinal imaging. A total of 9 mice were used for the
experiment. Six mice were injected with both plasmids and contrast, 2 injected with contrast alone, and one not injected with
either agent. Micro-computed tomography images were acquired every 2- up to 14-weeks after cancer induction. Results: Liver
cancer was first detected by micro-computed tomography at 8 weeks. The mean value of hepatic parenchymal attenuation
remained almost unchanged over time, although the standard deviation of attenuation, reflecting heterogeneous contrast
enhancement of the hepatic parenchyma, increased slowly over time in all mice. Histopathologically, heterogeneous distribution
and aggregation of Kupffer cells was more prominent in the experimental group than in the control group. Heterogeneous
enhancement of hepatic parenchyma, which could cause image quality deterioration and image misinterpretation, was observed
and could be due to variation in Kupffer cells distribution. Conclusion: Micro-computed tomography with nanoparticle contrast
is useful in evaluating the induction and characteristics of liver cancer, determining appropriate size of liver cancer for testing, and
confirming therapeutic response.
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Introduction

Animal models of cancer with characteristics similar to human

cancer patients enable precision individualized cancer treat-

ment. Various cancers, including liver cancer, have many

genetic variations that vary from patient to patient.1 Previously,

the animal used to model liver cancer had to be sacrificed to

gauge treatment response; however, imaging techniques have

now emerged that can confirm cancerous lesions without sacri-

ficing experimental animals.2-4 One such technique, micro-

computed tomography (microCT) with contrast agents, is

suitable for use in small animals, and allows rapid, real-time

evaluation in small animal models. However, no study to date

has used CT imaging to confirm changes in cancer lesions over

a long time period after inducing cancer, such as by injecting

specific gene variants.

In mice, the contrast agents utilized are excreted via the

kidneys in approximately 5 s, thereby allowing little contrast

enhancement effect. New contrast agents with long-term reten-

tion in blood vessels and soft tissues are needed.5-7 Previous

studies of small animal contrast agents have implemented

microCT and different types of nanoparticle contrast agents

to evaluate contrast intensity, duration, and toxicity over

time.2,8

Exitron nano (Viscover ExiTron nano 12000; Miltenyi Bio-

tec, Bergisch-Gladbach, Germany) is a type of nanoparticle

contrast agent which is captured and retained by the reticuloen-

dothelial system, including liver Kupffer cells, allowing con-

trast agents to remain in the parenchyma longer.2 Once

administered, this agent has a contrast enhancement effect

superior to that of other contrast agents that act on hepatocytes

and lasting for 6 months or more.2,9 These particles have an

average diameter of 110 nm and are stabilized with a polymer

coating and can be safely administered.2,10 The agent is made

of alkaline earth metal with an atomic number higher than

iodine, allowing use of a small amount of agent for strong

contrast enhancement.5

There are various methods of generating liver cancer in

animal models. In this study, we utilized the recently devel-

oped clustered regularly interspaced short palindromic

repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) tech-

nology and hydrodynamic injection to induce liver cancer in

mice rapidly, simply, and dependably.11-14 Hydrodynamic

injection has been used successfully to induce cancer both

in the liver and lungs in previous studies.12,15 Additionally,

successful induction of liver cancer with simultaneous inhi-

bition of phosphatase and tensin homolog (PTEN) and p53

genes using CRISPR/Cas9 injection has also been

reported.11,16

We used microCT and nanoparticle contrast agents for long-

itudinal imaging to evaluate the efficiency of the liver cancer

induction method, to assess characteristics of the induced liver

cancer, to select the appropriate size of liver cancer lesion, to

assess the effectiveness of treatment, and to confirm treatment

response.17

Materials and Methods

Induction of Liver Cancer (CRISPR/Cas9 Plasmids
Injection)

For CRISPR/Cas9 constructs, we used the px459 V2.0

(Addgene #108292) vector transcribing sgRNA and transiently

expressing wild-type SpCas9. Three sgRNAs (sgPten and

sgRb1, and sgCtnnb) were sequentially inserted into a px459

V2.0 vector linearized by BbsI. The plasmid also contains

homologous recombination template containing 4 alanine point

mutations which abolish the phosphorylation of serine and

threonine sites of b-catenin.18 In brief, pX459 plasmid was

digested with BbsI and ligated with annealed oligonucleotides

for Ctnnb1 sgRNA. The homologous recombination template

for Ctnnb1 was PCR amplified and inserted into the NotI site of

px459 plasmids using In-Fusion HD cloning kit (TAKARA).

px459 plasmids expressing sgRNA for Pten and Rb1 were

generated separately. U6 promoter and sgRNA for Pten and

Rb1 were PCR amplified and sequentially inserted into the

plasmid containing sgRNA and homologous recombination

template for Ctnnb1 mutations. All primers used for cloning

are listed in Supplementary Table 1.

Six experimental mice (C57BL/6 8-week-old, T01-T06)

were injected with CRISPR/Cas9 plasmids causing mutations

in genes related to cancer and expressed in hepatocytes. After

preparing 60 mg of the plasmids and diluting it in 2 mL saline,

the solution was hydrodynamically injected through a lateral

tail vein using a 31-gauge syringe in 5-7 s. Two control mice

(C01 and C02) were not injected with CRISPR/Cas9 plasmids.

Additionally, one normal mouse (N01) did not receive

CRISPR/Cas9 plasmids or contrast agent and was used for

reference comparison with other animals. All C57BL/6 mice

were purchased from DooYeol Biotech. (Seoul, Korea) and

were randomly selected. Group allocation of the mice was

unblinded. Experiments using animals were approved by the

Dongnam Institute of Radiological & Medical Sciences Insti-

tutional Animal Care and Use Committee.

Contrast Agent Injection and MicroCT Scanning

Contrast agent was administered 2 weeks after cancer induc-

tion. Imaging began 4 h after contrast media administration,

given that enhancement is strongest 4-8 h after contrast admin-

istration.2 Six experimental and 2 control mice were injected

with 150 mL of the ExiTron nano 12000 contrast agent through

the lateral tail vein using 31-gauge syringes. MicroCT (NFR

Polaris-G90, NanoFocus Ray Co., Ltd., Jeonju, Korea) scans

were obtained on the day of contrast agent administration and

every 2 weeks up to 12-14 weeks after CRISPR/Cas9 plasmid

injection.

Before microCT, animals were anesthetized by intraperito-

neal injection of a 200-mL mixture of zolazepam, tiletamine

(Zoletil 50®, 10 mg/kg, Virbac, Carros, France) and xylazine

(Rompun®,10; Bayer, Leverkusen, Germany). MicroCT ima-

ging was performed without tracheal intubation, continuous
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inhalation anesthesia, or heart rate synchronization (Figure 1).

To obtain a good quality image, the averaging technique built

into microCT (a method of deriving an average image by

repeating a scan several times) was used. The scan parameters

were as follows: 80 kV, 75 mA; spot size, 8 mm; exposure time,

150 ms; scan angle, 360�; scan number, 420; image size, 512�
512 pixels; magnification,� 4; average, 3; reconstruction algo-

rithm: filtered Feldkamp back projection. A summary of the

experiments is presented in Figure 2.

Image Analysis

Because ExiTron nano is a negative contrast agent, liver cancer

appears as a hypoattenuated area. We evaluated the timing and

size of the first visible liver cancer nodule and change in size

and number of lesions during longitudinal imaging. We pre-

sented time-course imaging of one mouse (T03) as an example

of longitudinal imaging. The T03 mouse demonstrated liver

cancer at the earliest time point on microCT and was observed

for 14 weeks.

To evaluate the change in overall contrast enhancement

intensity and degree of heterogeneous contrast enhancement

of the hepatic parenchyma, the mean value and standard devia-

tion (SD) of CT attenuation were measured by applying the

maximum region of interest (ROI) to the right liver lobe. The

mean value is an indicator of contrast enhancement intensity,

and the SD reflects the degree of heterogeneous contrast

enhancement of the liver parenchyma. Considering the shape

of the right lobe, the ROI was set as an ellipsoid with a min-

imum area of 30.00 mm2 and was chosen to avoid errors in

measurement of hepatic parenchymal attenuation, given the

reduced overlap of blood vessels (portal and hepatic veins)

among the various lobes of the liver. The cross-sections used

for measurements were selected as sections where the branch-

ing vessels of the right portal and right hepatic veins were

absent or minimally visible. Measurements were performed

on 2 experimental mice (T02 and T03), which reflected the

latest and earliest development of liver cancer, respectively,

and that survived up to 14 weeks as both mice (C01 and

C02) in the control group.

Comparison of Pathological and Image Results

Four mice were sacrificed at 12 weeks and another 4 at 14

weeks; their livers were harvested and subjected to pathologi-

cal examination using hematoxylin and eosin staining. Hepatic

cancer lesions were identified on histopathology and correlated

with microCT imaging.

Results

Induction of Liver Cancer (CRISPR/Cas9 Plasmids
Injection) and Contrast Agent Injection

To develop a mouse live cancer model, we chose 3 genes, Pten,

Rb1, and Ctnnb1 that are known to be frequently mutated in

liver cancer.19 To generate somatic mutations for these genes,

we delivered a plasmid DNA expressing Cas9 and single guide

Figure 1. Anesthetized mouse lying on the scanning table before

micro-computed tomography (microCT): good quality images could

be obtained without any additional respiratory or cardiac gating

device. The mouse did not present activity during scanning. After 6

microCT scans, loss and whitening of hair in the scanning target area

on the mouse abdomen was observed.

Figure 2. Experimental overview.
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RNAs (sgRNAs) for Pten, Rb1, and Ctnnb1 into the mouse

liver through hydrodynamic injection.11

Infusion of CRISPR/Cas9 plasmids by hydrodynamic injec-

tion was successful in all 6 experimental mice. Two weeks

post-injection, the appearance and activity of the mice were

good until contrast agent injection. Contrast agent injection

was attempted in all experimental and control mice. In all

except for one experimental mouse (T01), the contrast agent

was properly injected and the hepatic parenchyma was success-

fully enhanced. One experimental mouse (T04) died 8 weeks

after liver cancer induction. The remaining mice survived with-

out noticeable activity problems till experiment completion

(weeks 12-14).

MicroCT Scanning

Mice were anesthetized before microCT imaging, and it was

easy to maintain anesthesia with additional anesthetic agent

(50% of the initial dose), even if this implied a longer waiting

time before scanning. MicroCT images were taken every 2

weeks for each mouse, totaling 6 to 7 scans. Of note, varying

degrees of hair loss and whitening of the abdominal imaging

area were grossly observed in 5 surviving experimental mice

and 2 control mice by experiment conclusion.

Summary of the Experiment Results

Liver cancer was first detected on microCT imaging 8

weeks after cancer induction. In the T03 mouse, the single

nodule cancer that was initially identified, later developed

into multiple nodules. The T04 mouse died at 8 weeks, and

autopsy showed hepatocellular carcinoma; however, liver

cancer had not been confirmed by microCT imaging up to

this point. Consequently, the first time-point at which liver

cancer was detected by microCT and tissue pathology was 8

weeks. In one mouse (T01), in which contrast agent injec-

tion failed, cancer nodules were not confirmed by microCT

till 12 weeks; however, liver cancer was confirmed at 12

weeks on pathology. Thus, in the remaining experimental

mice (T02, T03, T05, T06) in which liver cancer induction

and contrast agent injection were both successful, nodular

liver cancer was first identified on microCT images at 8-12

weeks.

Growth of liver cancer and formation of new nodules were

identified by microCT imaging, and cancer was confirmed in

all animals on histopathology. One and 2 nodules developed

in T05 and T06 mice at 10 weeks, respectively, and 7 nodules

developed in T02 at 12 weeks. Images of the liver parench-

yma in the experimental mice group became quite heteroge-

neous during the period of 6-8 weeks when compared with

images of control group mice at the same time points and

previous images of the same mice. At 12 weeks, autopsy was

performed on 2 mice (T05 and T06) with confirmed liver

cancer by microCT scan, one mouse (T01) in which contrast

agent injection failed, and one control group mouse (C02). At

14 weeks, autopsy was performed on the T03 mouse that had

developed earliest liver cancer, the T02 mouse that devel-

oped latest liver cancer, one control group mouse (C01), and

one normal mouse (N01). A summary of the results is pro-

vided in Table 1.

Evaluation of Liver Cancer Formation and Longitudinal
Imaging of Cancer Nodules

For the T03 mouse, the cancerous lesion was identified and

changes in its size as well as the development of additional

nodules were observed until the 14th or last experimental week,

demonstrating longitudinal imaging of cancer nodules. In this

mouse, a nodule of 0.60 � 0.73 mm had developed at 8 weeks,

and it became 1.13 � 1.26 mm by 10 weeks, 1.26 � 1.46 mm

by 12 weeks, and 1.59 � 1.66 mm by 14 weeks (Figure 3).

There was one nodule at 8 weeks, 5 at 10 weeks, and multiple

nodules at 12 weeks. The results of longitudinal imaging in T03

are summarized in Table 2.

Mean and SD of Hepatic Parenchymal Attenuation of the
Right Hepatic Lobe ROI in the Normal Mouse (N01)

MicroCT images were taken from a normal mouse (N01) at 14

weeks, to obtain a reference value (Hounsfield Unit; HU) for

comparing the mean and SD of hepatic parenchymal attenua-

tion after contrast agent injection. N01 was subsequently sacri-

ficed and autopsied. The mean value and SD of hepatic

parenchymal attenuation in the right hepatic lobe ROI of this

normal mouse were measured 5 times and averaged to calculate

the reference value. The mean (SD) liver parenchymal attenua-

tion values of 5 scans from the N01 mouse were 246 (27.23),

247 (26.81), 249 (27.63), 247 (27.24), and 246 (27.51), respec-

tively. The average mean (SD) liver parenchymal attenuation

value was 247 (27.28) HU.

Table 1. Summary of Experimental Results.

Time after cancer induction (weeks)

Subjects 2 4 6 8 10 12 14

T03 - - - T(1) T(5) T(m) T(m), A(þ)

T05 - - - - T(1) T(m), A(þ)

T06 - - - - T(2) T(5), A(þ)

T02 - - - - - T(7) T(m), A(þ)

T04 - - - -, A(þ)

T01 - - - - - -, A(þ)

C02 - - - - - -, A(-)

C01 - - - - - - -, A(-)

N011 -, A(-)

-, Liver cancer(-) on microCT images. A(þ): Liver cancer (þ) at autopsy, A(-):

liver cancer (-) at autopsy. T(number): Number of cancer nodules observed on

microCT image. T(m): Multiple (�10) cancer nodules observed on the

microCT images. Injection of contrast media failed in mouse T01, which was

scanned for up to 12 weeks and then autopsied. Mouse T04 died at 8 weeks.
1For N01, microCT was not performed at 2-12 weeks.
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Mean and Standard Deviation of Hepatic Parenchymal
Attenuation in the Right Hepatic Lobe ROIs of
Experimental and Control Mice After Contrast
Enhancement

The mean value of hepatic parenchymal attenuation in the

control and experimental mice remained fairly constant over

time. The SD of the degree of attenuation, which reflects the

heterogeneous contrast enhancement of the hepatic parench-

yma, rose slowly in all mice. The ratio and extent of elevation

were greater in the experimental group than in the control

group, In the experimental group, the increase was the greatest

in the mouse in which liver cancer was induced the earliest

(T03). The results are summarized in Table 3 and Figure 4.

Histopathological Results

The histopathological results are shown in Figure 5. In all 6

experimental mice, liver cancer cells were confirmed. A com-

mon finding was that nodular hepatic cancer cells of various

sizes were distributed throughout the parenchyma, and diffuse

hepatocellular carcinoma cells were located between these

nodules. In the control group, Kupffer cells were evenly distrib-

uted in the parenchyma, and occasional clustering of Kupffer

cells (each containing approximately 2 Kupffer cells) were

observed. On the other hand, mice in the experimental group

had a relatively uneven distribution of Kupffer cells, and the size

of individual Kupffer cells was also larger. Additionally, clus-

tered Kupffer cells (each containing 3 to 4 Kupffer cells) were

frequently observed around the vessels. Kupffer cells were

observed more frequently when the size of liver cancer nodules

was small, and more sparsely when nodules were large.

Discussion

The microCT scan images with the normal parenchyma alone

enhanced well with contrast agent and were obtained in all 43

scans. Liver cancer induction was successful in all 6 experi-

mental mice. Our results indicate that the approach using the

CRISPR/Cas9 technique, nanoparticle contrast agent, hydrody-

namic injection, and microCT imaging is an efficient method

for generation and long-term imaging of liver cancer in animal

models. The mice underwent several stressful events, such as

hydrodynamic injections that temporarily but markedly

Figure 3. Longitudinal imaging of hepatic nodules in T03 mouse: at 8 weeks, a single nodule developed in mouse T03, and growth of this nodule

was monitored over time. Multiple nodules were observed from 12 weeks.

Table 2. The Results for Longitudinal Imaging in T03 Mouse.a

Time after cancer

induction (weeks) Number of nodules Size of target lesion

2

4

6

8 1 0.60 � 0.73 mm

10 5 1.13 � 1.26 mm

12 Multiple 1.26 � 1.46 mm

14 Multiple 1.59 � 1.66 mm

aThe target lesion was set as the earliest detected liver cancer nodule, and the

size of the target lesion was measured over time.
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increased blood volumes, CRISPR/Cas9 plasmids that alter the

DNA composition of a large number of hepatocytes, injection

of nanoparticle contrast agents, and high doses of radiation due

to microCT. Nevertheless, the fact that 88% of mice survived

without noticeable activity loss suggests that this combined

approach is a safe and stable method for producing and study-

ing animal models of liver cancer.

MicroCT using nanoparticle contrast agents has many meth-

odological advantages. With a simple and single administration

of contrast agent, a high-resolution image can be obtained

quickly, and imaging can be repeated for a long period of time.

Anesthesia can be shortened due to the short scan time, thus

reducing anesthesia-related risks, such as hypothermia. The

microCT device used in this study has an in-built averaging

technique, allowing a good quality image to be obtained without

complicated procedures, such as tracheal intubation, continuous

inhalation anesthesia, or cardiac gating. Fifty microCT scans

were successfully performed using the averaging technique and

intraperitoneal anesthesia, and none of the images were poor

enough to require retake. Even considering the additional time

required for moving the mouse between the cage and CT table

and the machine operation time, images could be acquired

within a maximum of 5 min per mouse.

The earliest detection of liver cancer using microCT ima-

ging was performed at 8 weeks. The first single nodule was

found in mouse T03, and the growth of this nodule was mon-

itored over time. Four weeks after the discovery of the first

nodule, nodular liver cancers were clearly distinguished on the

images, although diffuse liver cancer could not be clearly

observed. On the other hand, histopathological examination

revealed a mixture of nodular and diffuse liver cancers. Previ-

ous studies that used hydrodynamic injection of liver cancer-

inducing agents also found a mixture of nodular and diffuse

liver cancer on histopathology; thus, the pattern of formation of

hepatocellular carcinoma may be related to the mechanism of

the hydrodynamic injection method in which genes flow back

to hepatocytes through the hepatic vein.14,20 With microCT,

nodular liver cancer was easy to identify, although the

Table 3. Mean and Standard Deviation of Hepatic Parenchymal Attenuation (HU) and Ratio With Normal Mouse After Contrast Enhancement.a

Mean (SD)

Time after cancer

induction (weeks)

C01 C02 T02 T03

HU Ratio HU Ratio HU Ratio HU Ratio

2 377 (26.18) 1.53 (0.96) 358 (25.18) 1.45 (0.92) 375 (26.21) 1.51 (0.96) 389 (26.95) 1.57 (0.99)

4 402 (31.35) 1.63 (1.15) 359 (29.44) 1.45 (1.08) 391 (34.78) 1.58 (1.27) 412 (39.99) 1.67 (1.47)

6 410 (41.22) 1.66 (1.51) 372 (30.54) 1.51 (1.12) 407 (43.28) 1.65 (1.59) 400 (51.92) 1.62 (1.90)

8 392 (40.92) 1.59 (1.50) 359 (36.99) 1.45 (1.36) 357 (36.91) 1.45 (1.35) 408 (49.05) 1.65 (1.80)

10 409 (41.65) 1.66 (1.53) 343 (36.53) 1.39 (1.34) 367 (43.49) 1.49 (1.59) 390 (55.97) 1.58 (2.05)

12 399 (46.24) 1.62 (1.70) 365 (40.25) 1.48 (1.48) 381 (46.40) 1.54 (1.70) 398 (71.77) 1.61 (2.63)

14 402 (48.08) 1.63 (1.76) NA NA 355 (50.55) 1.44 (1.85) 376 (65.10) 1.52 (2.39)

Abbreviations: SD, standard deviation; NA, non-applicable.
aC02 mouse was autopsied at 12 weeks.

Figure 4. (A) The mean value and (B) the standard deviation of hepatic parenchymal attenuation according to individuals and time-course. A,

The mean value of hepatic parenchymal attenuation does not differ significantly according to individuals and time-course. The administered

contrast agents are rarely drained out of the liver. B, Standard deviation of attenuation, which reflects heterogeneous contrast enhancement of

hepatic parenchyma, increased slowly over time in all mice. The increase was greater in the experimental group than in the control group,

particularly in mouse T03, in which liver cancer was detected earliest.
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approach was limited in identifying diffuse liver cancer. There-

fore, it is necessary to develop an imaging technique which can

accurately reflect the occurrence of diffuse liver cancer.

Contrast agent injection in mouse T01 failed; nevertheless,

we continued imaging this mouse for up to 12 weeks; we

observed no suspected mass, subtle attenuation differences,

or abnormal liver surface nodularity on the microCT image.

However, histopathological investigation revealed a large

number of liver nodules, illustrating the difficulty of detecting

liver cancer without contrast enhancement. On the other hand,

in mouse T04, which died at 8 weeks, we were unable to con-

firm liver cancer by microCT up to the point of death, despite

successful contrast enhancement. Multiple liver nodules were

detected on histopathology of this mouse, indicating that

microCT with contrast agents detect liver cancer later than

actual pathological cancerous change.

Heterogeneous enhancement of hepatic parenchyma after

contrast agent administration observed in our study has not

been reported in previous studies. Although a previous study

using the same contrast agent demonstrated that the intensity of

contrast enhancement was well maintained for up to 6 months,

it did not mention the phenomenon of increasingly heteroge-

neous enhancement of the liver parenchyma over time.2 This

phenomenon began to appear in the experimental mouse group

at around 6 weeks; however, when first discovered, it was not

recognized as a time-dependent change in the distribution of

Kupffer cells containing nanoparticle contrast agents. Instead,

because these changes were initially only apparent in the

experimental mouse group, they were accepted as precursors

to liver cancer development. However, we confirmed that the

same phenomenon occurred in control mice at 12-14 weeks.

Because the phenomenon became more prominent with time, it

could be hypothesized that these changes may be the result of

changes in the distribution of Kupffer cells in response to

nanoparticle contrast agents, and not entirely due to liver can-

cer. Pathologic examination of experimental and control mice

at 12 and 14 weeks revealed Kupffer cells clustering around

blood vessels, which was more prominent in experimental mice

than in control mice. Moreover, the distribution of Kupffer

cells was relatively uneven in the experimental group. Obser-

vation of changes in Kupffer cells is necessary for longer peri-

ods of time as the findings on histopathological examination at

12 and 14 weeks may change with time and effect the detection

of liver cancer. A previous study reported the distribution of

Kupffer cells in the liver of 7- to 9-weeks-old rats.21 Kupffer

cells constitute 43% of cells in the periportal area, 28% in the

midzonal area, and 29% in the central area, under normal con-

ditions, with the ratio 3:2:2, showing a relatively uniform dis-

tribution across the liver. When a foreign material such as latex

particle was administered, uptake of the material was observed

Figure 5. Histopathological results. A, Nodular liver cancer can be identified in the pathological tissues of mouse T06 autopsied at 12 weeks. B,

Diffuse liver cancer can be identified in the pathological tissues of mouse T03 autopsied at 14 weeks. C, Kupffer cells have an even distribution,

and sometimes 2 Kupffer cells are clustered around blood vessels, in control mouse C02 autopsied at 12 weeks. D, Kupffer cells are unevenly

distributed, with individual Kupffer cells increased in size. In addition, Kupffer cells clustered in groups of 3 to 4 around BLOOD vessels, are

often observed in the pathologic tissue of experimental mouse T02 autopsied at 14 weeks.
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in 68% of periportal Kupffer cells and 32% of central Kupffer

cells; however, 3 months later, the percentage of periportal

Kupffer cells containing foreign materials increased to 75%.

In another study of human hepatocellular carcinoma,22 fewer

Kupffer cells were observed in liver cancer tissue than in nor-

mal tissue. The larger the liver cancer and lower the grade of

cancer differentiation, the fewer Kupffer cells observed. There

are also reports of hypertrophy and aggregation of Kupffer cells

containing fat vacuoles in perivenular regions in steatohepati-

tis.23 From these studies, it can be inferred that the distribution

patterns of Kupffer cells in response to foreign materials may

have contributed to the distinctive appearance of heteroge-

neous hepatic parenchymal enhancement over time.

Establishing stable experimental methods which can objec-

tively detect liver cancer nodules and observe changes in their

size and number can serve as a powerful tool in many small

animal experiments, such as in determining efficiency of new

methods of inducing liver cancer. If a specific liver cancer

lesion is identified and treated, the change can be assessed over

time. In this study, the smallest liver cancer nodule that could

be identified on microCT imaging was 0.60 mm, as compared

with the minimum discernible size of 0.30 mm in a previous

study.2 Recently, there was a report of an injection of

hepatocellular-specific contrast agent (Fenestra LC, MediLu-

mine Inc., Montreal, Canada) into the abdominal cavity to

obtain a contrast-enhanced image of the hepatic parenchyma

without requiring initial injection through the lateral tail vein24;

however, serial imaging required multiple injections of contrast

media into the abdominal cavity. Furthermore, images need to

be obtained 16 h after contrast agent injection to obtain the best

image, and the contrast enhancement intensity was lower than

that obtained with the ExiTron nano 12000 used in our experi-

ment.9 In addition to the high success rate of injection through

the tail vein, the method introduced in our study is simpler and

provides better image quality. In another study using a mouse

liver cancer model,25 liver cancer was induced and nano-

emulsion contrast agents containing iodinated oil cores were

injected. However, long-term follow-up was not performed,

unlike in our study. Considering these previous successful

longitudinal imaging studies and the results of our own

study,2,24-26 longitudinal imaging using nanoparticle contrast

agents and microCT may offer an effective tool for the

follow-up of liver cancer mouse models.

In the mean and SD measurements of hepatic parenchymal

attenuation (HU) after contrast enhancement in the right hepa-

tic lobe ROI of control and experimental mice, the mean value

remained almost unchanged over time. This suggests that nano-

particle contrast agents captured in Kupffer cells are rarely

released from the liver for a long period of time. The slight

increase in the standard deviation of this attenuation value in all

mice suggests that change in the distribution of Kupffer cells

containing nanoparticles is a common phenomenon in both

experimental and control groups. In the future, additional

experiments will be needed to examine the relationship

between the distribution of Kupffer cells and microCT image

characteristics.

The significance of this study in terms of causing and iden-

tifying liver cancer was to verify the effectiveness of the liver

cancer induction method by imaging the liver cancer induced

by CRISPR/Cas9 and hydrodynamic injection method on

microCT for the first time. In addition, our experimental meth-

odology is expected to be useful as a tool for precise treatment,

as it allows for the evaluation of in vivo responses to treat-

ments. An advantage of the nanoparticle contrast agent, such

as the ExiTron nano used in this study, is that the contrast

enhancement remained stable for a long time, as we confirmed.

However, our finding of heterogeneous contrast enhancement

of hepatic parenchyma, which can lead to deterioration of

image quality and misinterpretation of results, has not been

reported previously. We predict that the mechanism may

involve changes in the distribution of Kupffer cells. Heteroge-

neous hepatic parenchymal enhancement may cause errors in

the interpretation of images based on nanoparticle contrast

agents that act on Kupffer cells; therefore, further studies are

needed to ensure accurate recognition and elucidation of the

underlying mechanism.

Conclusions

In summary, we present a practical and convenient experimen-

tal method for inducing liver cancer and monitoring its devel-

opment and changes over time. This method may be useful for

evaluating the efficiency of different liver cancer induction

methods, evaluating the characteristics of induced liver cancer,

selecting the appropriate size of liver cancer for assessing treat-

ment efficacy, and confirming the response to treatment.
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