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Introduction

Hepatocellular carcinoma (HCC) is one of the most 
prevalent malignancies in the world (1-3). The majority of 

HCCs develops in cirrhotic livers and has been proven to 

develop by multi-step carcinogenesis from hepatocellular 

nodules. According to the classification system proposed by 
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Background: To prospectively evaluate the stepwise changes that occur in intra-nodular microvessels and 
microcirculation during the carcinogenesis process of hepatocellular nodules by using in vivo fluorescent 
microscopy, and to compare these with pathological changes.
Methods: Forty-five 10-week-old male Wistar rats received drinking water containing N-nitrosomorpholine 
at 10 mg/100 mL for 18weeks to develop multiple hepatocellular carcinomas (HCC) and dysplastic nodules 
(DN) in the liver; meanwhile, the non-lesion liver tissues become fibrotic. The microvascular morphological 
change and hemodynamic change of two lesion areas (HCC or DN) and one non-lesion area in each rat were 
observed with in vivo fluorescent microscope. After in vivo microscopy, 90 nodules and 45 non-lesion liver 
tissues that were observed were removed for pathological study. The microvessel density (MVD), branch 
density (BD), and cell density (CD) of these lesions were compared with the Kruskal-Wallis test and Mann-
Whitney test, with an overall statistical significance of 0.05.
Results: The intra-nodular microvessels appeared tortuous, with irregular branching and abrupt 
diameter changes to form irregular convoluted networks in the HCC. This was distinctly different from 
the appearance of DN and non-lesion liver parenchyma. The MVD and BD of HCC were less than that of 
the DN and non-lesion liver parenchyma (P<0.01), and the BD of DN was also less than that of the non-
lesion liver parenchyma (P<0.05). However, the MVD of the DN was similar to that of the non-lesion liver 
parenchyma (P>0.05). The CD of HCC was more than that of the DN and non-lesion liver parenchyma 
(P<0.05), and the CD of DN was also more than that of the non-lesion liver parenchyma (P<0.05).
Conclusions: Concurrent with the carcinogenesis process of the hepatocellular nodule, both the intra-
nodular microvascular morphology and hemodynamics were stepwise changed, and the number of the 
intravascular lumen of intranodular microvessels decreased due to the infiltration and compression of intra-
nodular parenchymal cells.
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the International Working Party of the World Congress of 
Gastroenterology and the International Consensus Group 
for Hepatocellular Neoplasia (4,5), hepatocellular nodules 
can be divided into four main categories: large regenerative 
nodules (LRN), low-grade dysplastic nodules (DN), high-
grade DN, and HCC. In daily clinical practice, the dual 
blood supply of the liver has aided diagnosis of these 
hepatocellular nodules with dynamic enhanced computed 
tomography (CT) and magnetic resonance (MR) images 
by providing an opportunity to image tumors during their 
preferential enhancement while the contrast medium 
is passing through the hepatic circulation system (6-8). 
However, the stepwise changes of CT and MR images of 
these hepatocellular nodules are heterogeneous, which make 
it very difficult to distinguish these lesions accurately; thus, 
it is very important to clearly understand the reason for these 
stepwise changes in imaging for clinical diagnosis. In the 
past two decades, some researchers have demonstrated the 
value of in vivo microscopy when it is applied to the study 
of intratumoral microvessel construction of hepatic lesions, 
showing that it allows for the intravital observation of 
microvessels without affecting natural hemodynamics (9-13).  
For this reason, this method should be mostly similar to 
contrast enhanced CT or MRI in clinical practice for the 
evaluation of liver parenchyma micro-circulation.

The present study was undertaken by using in vivo 
fluorescent microscopyto investigate the microcirculation 
and morphological changes of intranodular microvessels 
of rat hepatocellular nodules induced with 18 weeks of 
chemical intoxication.

Methods 

This study was approved by the Ethics Review Board 
of the First Hospital of China Medical University and 
was performed in accordance with its guidelines. All 
experimental rats were obtained from the laboratory animal 
division of China Medical University.

Animal and tumor model

Forty-five 10-week-old male Wistar rats weighing 
260 to 300 g received drinking water containing 
N-nitrosomorpholine at 10 mg/100 mL for 18 weeks. It 
is known that animals induced by this method develop 
multiple HCC and DN in the liver and that their non-
lesion tissues become fibrotic (14,15).

In vivo study

In vivo microscopy was performed on exteriorized livers. 
In each rat, two lesion areas and one non-lesion area were 
observed. The morphologic and hemodynamic changes 
of intranodular microvessels were observed according 
to previously reported techniques. After injection of 
fluorescein sodium, the rats were transferred to the 
objective stage of an OlympusBH-2 microscope (Olympus, 
Optical Co., Tokyo, Japan) which was equipped with a 
mercury lamp (100 W) and a filter cube which selected blue 
light (450–490 nm) for epi-illumination interposed into 
the light path. Microscopic images were recorded in real-
time with a digital video camera (DXC-108, Sony, Tokyo, 
Japan) and transferred to a DV video system (NV-DM1, 
Panasonic, Tokyo, Japan) for offline analysis (16). All rats 
underwent a single session of in vivo microscopy and then 
were sacrificed with an overdose of anesthetic. Microscopic 
images were recorded at a rate of 30 images per second with 
a digital video camera and were transferred to a computer 
for off-line analysis.

Image analysis

In vivo images of 90 nodules and 45 non-lesion areas were 
downloaded onto a computer equipped with software 
(Windows 2000) from videotapes by using a real-time digital 
video image capture card, and were analyzed with imaging 
software (Osiris; Digital Imaging Unit, University Hospital 
of Geneva, Geneva, Switzerland) and the software for 
quantitative analysis of angiogenesis network (Angiogenesis 
Image Analyzer; Kurabo Industries, Osaka, Japan). On 
in vivo images, the following data were collected: (I) 
intratumoral microvessel density (MVD), which was defined 
as a ratio of the areas between the intratumoral microvessels 
and tumor on the liver surface, and was calculated as the 
total area of observed intratumoral microvessels in one 
tumor divided by the extent of this tumor on the liver 
surface; and (II) intratumoral branch density (BD), which 
was evaluated to compare the morphological abnormality 
of intratumoral microvessels, and defined as the number 
of branches per square millimeter on the liver surface, and 
calculated as the number of branches in one tumor divided 
by the extent of this tumor on the liver surface.

Histological staining and analysis

The 90 nodules and 45 non-lesion liver tissues that were 
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observed were removed after in vivo microscopy, the 
maximal diameter of each nodule was measured, and the 
specimen was then fixed in 10% formalin. They were 
embedded in paraffin, and 5 μm serial sections were cut for 
hematoxylin-eosin (HE) staining and histological analysis.

Histological examination was conducted by two 
hepatopathologists with at least 10 years of experience in 
liver pathology, and a consensus was achieved. According 
to the diagnostic criteria proposed by the International 
Working Party of the World Congress of Gastroenterology 
and the International Consensus Group for Hepatocellular 

Neoplasia (3,4), nodules were classified as (I) LRN, (II) 
low-grade DN, (III) high-grade DN, and (IV) HCC. LRN 
is a multiacinar nodule, and distinctly larger than most 
cirrhotic nodules found in the same liver, being generally 
≥0.5 cm in greatest dimension (Figure 1). A DN is a nodular 
region of hepatocytes with dysplasia but without definite 
histologic criteria of malignancy; low-grade DN shows 
mild atypia and is differentiated from LRN by features of 
large liver cell change, minimal nuclear abnormalities, and 
clone-like changes that are not detected in LRN (Figure 2).  
High-grade DN shows at least moderate atypia, and it is 
characterized by (I) increased cellularity with a nucleus/
cytoplasmic ratio 1.5 to 2 times more than that of adjacent 
cirrhotic nodules, (II) focal acinar arrangement, and (III) 
nodule-in-nodule lesions (Figure 3). Well-differentiated 
HCC shows increased cellularity and a nucleus/cytoplasmic 
ratio more than twice that of adjacent cirrhotic nodules 
and frequent acinar arrangement (Figure 4). In our study, 
the LRN was classified into background cirrhotic liver, and 
the DN category included both low- and high-grade DNs 
because they were occasionally confused on CT and MR 
images (1,2,6,7,17,18).

The HE-stained sections were used to determine cell 
density (CD). Five high power fields (×400) were selected 
within different parts of these nodules on each section. Cell 
nuclei were identified based on a blue color and a spherical 
shape. All nuclei within the fields were counted; the mean 

Figure 1 The histological image of regenerative nodules (HE 
staining, ×100). There was one terminal portal tract in the 
regenerative nodules, the hepatocyte plates were one-cell wide, the 
cells were histologically the same as those in adjacent parenchyma, 
and the sinusoids varied mildly in diameter.

Figure 3 The histological image of high-grade dysplastic nodules 
(HE staining, ×200). There were usually multiple subpopulations 
of different cellular appearances in a high-grade dysplastic nodule; 
they differed from those of the adjacent hepatocytes with respect 
to cell and nuclear size, cytoplasmic staining, and degree of nucleus 
atypia. The intranodule cell plates were one or several cells wide, 
and partial intranodule sinusoids were compressed, while others 
were dilated.

Figure 2 The histological image of low-grade dysplastic nodules 
(HE staining, ×200). The cells of low-grade dysplastic nodules 
were usually large and uniform, and differed from those of adjacent 
hepatocytes with minimal nucleus abnormalities and clone-like 
changes. The intra-nodular sinusoids were compressed by the large 
hepatocytes.
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of five data sets was used as the CD (19).

Statistical analysis

Data were initially assessed for normality with use of 
normal probability plots and were presented as the mean 
± standard deviation. Given the independent and unpaired 
nature of these data, the Kruskal-Wallis test was initially 

used to test the overall equality of medians in each data 
group. When a statistically significant difference was 
observed, single posttest comparisons of independent 
samples were performed by using the Mann-Whitney test. 
An overall difference of P<0.05 was considered significant. 
All statistical analyses were performed with software (SPSS, 
version 10.0, 1999; SPSS, Chicago, IL, USA).

Results

All rats survived the tumor induction and the in vivo 
microscopy. Ninety hepatic nodules (7 LRNs, 47 DNs, and 
36 HCCs) and 45 non-lesion areas (cirrhotic liver) were 
subjected to in vivo microscopy and pathological study.

Morphological and hemodynamic changes of intranodular 
microvessels evaluated by in vivo fluorescent microscopy

For the background cirrhotic liver and LRN, the sinusoids 
appeared mildly tortuous and irregular, while they were 
distributed in a spatially homogeneous fashion. Because the 
terminal hepatic venules were distributed on the surface of 
rat liver, the origin of blood flow in sinusoids could not be 
observed; however, it was observed that the blood flow in 
sinusoids converged to terminal hepatic venules (Figure 5).  
The size of LRN was 0.87±0.33 cm, and the MVD and 
BD of regenerative nodules and background cirrhotic liver 
tissue were 6.38%±1.17% and 35.97±9.41 branches/mm2 
respectively.

For the DN, the intra-nodular microvessels were similar 
to the sinusoids of background cirrhotic liver tissue, but the 
diameter and spatial distribution of these microvessels were 
mildly heterogeneous. The intranodular blood flow passed 
through the sinusoid-like intra-nodular microvessels and 
then converged to terminal hepatic venules (Figure 6). The 
nodular size, MVD, and BD of DN were 0.72±0.42 cm, 
5.83%±1.83%, and 31.78±13.02 branches/mm2, respectively.

For the HCC, the intranodular microvessels appeared 
tortuous, with irregular branching and abrupt diameter 
changes forming irregularly dilated blood spaces; these 
convoluted microvessels formed irregular networks in the 
tumor. The blood flow of the convoluted intra-nodular 
microvessels drained to the surrounding hepatic sinusoids 
through the abundant connections between the intratumoral 
microvessels and the surrounding hepatic sinusoids  
(Figure 7). The nodular size, MVD, BD of HCC were 
1.49±0.77 cm, 3.69%±1.51%, and 24.51±7.50 branches/mm2, 

Figure 4 The histological image of hepatocellular carcinoma (HE 
staining, ×200). The cell size of the hepatocellular carcinomas 
decreased, the nuclear-cytoplasmic ratio was usually more than 
twice that of adjacent cirrhotic nodules, and the nuclei had definite 
atypia. The intra-nodular cell plates or trabeculae were irregular 
and two or more cells wide, the intra-nodular microvessels were 
compressed and infiltrated, and there were simultaneously also 
some dilated blood spaces.

Figure 5 The image of regenerative nodules in cirrhotic liver 
tissue from an in vivo fluorescent microscope. The regenerative 
nodule (arrow head) is surrounded by cirrhotic liver. The sinusoids 
appear mildly tortuous and irregular, while they are distributed in a 
spatially homogeneous fashion (Bar =400 μm).
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respectively.
The MVD and BD of HCCs were less than those of DN 

and background cirrhotic liver tissue (P<0.05); meanwhile, 
the BD of DN was also less than that of non-lesion liver 
parenchyma (P<0.05); however, the MVD of DN was 
similar to that of non-lesion liver parenchyma (P>0.05) 
(Figures 8,9). The nodular size of HCCs was larger than 
that of DN and LRNs (P<0.05), but the nodular size of DN 
was similar to that of LRNs (P>0.05) (Figure 10).

Histological examination

The CD of HCCs (211.7±17.7 cells per high-power field)
was more than that of DN and background cirrhotic liver 
tissue (130.1±31.1 and 106.3±11.4 cells per high-power 
field, P<0.05), and the CD of DN was also more than that 
of background cirrhotic liver tissue (P<0.05) (Figure 11).

Discussion

It is widely accepted that accurately distinguishing 
hepatic nodules with dynamic enhanced CT and MR is 
very difficult. To resolve this problem, it is important to 
understand the sequential changes of the intranodular 
microvessels of these hepatic nodules. 

In this study, we analyzed a rat model of chemical 
hepatocarcinogenesis, which included three consecutive 
stages: a regenerative nodule, a DN, and HCC. The 
morphological character of intranodular microvessels was 
investigated and correlated with histological examination. In 
concurrence with the progress of hepatocarcinogenesis, the 
intranodular CD increased, and the intranodular hepatocyte 
architecture was more irregular; thus, the intranodular 
MVD decreased, and the irregular convoluted intra-nodular 
angio-architecture was formed. 

For the LRN, there were one or several terminal portal 

Figure 6 The image of a dysplastic nodule in cirrhotic liver from 
an in vivo fluorescent microscope. The microvessels of dysplastic 
nodules (the dark area of the image) were similar to the sinusoids 
of background cirrhotic liver (bottom left corner of the image), 
but the diameter and spatially distribution of intra-nodular 
microvessels were heterogeneous compared to the sinusoids of 
background cirrhotic liver tissue (Bar =400 μm). 

Figure 7 The image of HCC from an in vivo fluorescent 
microscope. The microvessels of HCC appeared tortuous, irregular 
branching, and abrupt diameter changes to form irregularly dilated 
blood spaces, these convoluted microvessels constructed irregular 
networks in the tumor (Bar =1 mm).

Figure 8 The microvessel density (MVD) of hepatocellular 
nodules (%). CL, cirrhotic liver; DN, dysplastic nodules; HCC, 
hepatocellular carcinoma. #P>0.05, *P<0.05.
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tracts, the hepatocyte plates were one or two cells wide, and 
the sinusoids were mildly various in diameter. Thus, the 
intranodular microvessels and blood supply were almost 
the same as the sinusoids of the background cirrhotic 

liver tissue, and the LRN could not be distinguished from 
background cirrhotic liver tissue with enhanced CT and 
MR (4-7,17,18).

For the DN, the cells of low-grade DNs were usually 
large and uniform, but there were usually multiple 
subpopulations of different cellular appearances with 
various cellular sizes in high-grade DNs. The intra-nodule 
cell plates were one or several cells wide, and partial intra-
nodule sinusoids were compressed, while others were 
dilated. Thus, the intranodular BD of DN was less than 
that of non-lesion background cirrhotic liver tissue due 
to the compression, while the MVD of DN was similar to 
that of non-lesion background cirrhotic liver tissue due to 
the dilated intranodule sinusoids. Meanwhile, although the 
CD of the DNs was a little more than that of background 
cirrhotic liver tissue, due to the various cell sizes of low- 
and high-grade DNs, the total volume of the intranodular 
cell component was similar to that of background cirrhotic 
liver tissue; that is, the intranodular blood space (MVD) was 
similar to that of background cirrhotic liver tissue. Because 
of various blood supplies, the DN could have different 
enhancement patterns compared to the background 
cirrhotic liver tissue in the arterial or portal phase of the 
dynamic enhancement CT and MR images. However, it was 
isodense or isosignal to the background cirrhotic liver tissue 

Figure 9 The branch density (BD) of hepatocellular nodules 
(branches/mm2). CL, cirrhotic live; DN, dysplastic nodules; HCC, 
hepatocellular carcinoma. *P<0.05.

Figure 11 The cell density (CD) of hepatocellular nodules (cells 
per high-power field). CL, cirrhotic liver; DN, dysplastic nodules; 
HCC, hepatocellular carcinoma. *P<0.05.

40

35

30

25

20

15

10

5

0
HCCCL DN

*

* *

Figure 10 The size of hepatocellular nodules (cm). LRN, large 
regenerative nodule; DN, dysplastic nodules; HCC, hepatocellular 
carcinoma. #P>0.05, *P<0.05.
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in the parenchyma phase due to the similar MVD of DN 
and background cirrhotic liver tissue (4-7,17,18).

For the HCCs, the cell size usually decreased, the intra-
nodular cell plates or trabeculae were irregular and two 
or more cells wide, and the pseudoglandular structure 
and nontriadal arteries could be found in nodules. The 
intranodular microvessels were compressed and infiltrated, 
and there were also some dilated blood spaces in the HCCs. 
Thus, because of the increased CD and total volume of 
intranodular cell components in HCCs, the intranodular 
blood space (MVD and BD) were decreased by the 
compressing and infiltration of tumor cells. Because of 
abundant of artery blood supply, HCCs usually appeared 
distinctly enhanced compared to the background cirrhotic 
liver tissue in the arterial phase of dynamic enhanced CT 
and MR images; however, it was hypodense or hyposignal 
compared to the background cirrhotic liver tissue in the 
parenchyma phase, which could not be explained simply by 
artery blood washout due to the homogenous concentration 
of contrast medium in blood at this time after several 
recirculations of the contrast medium. This could have 
resulted from the decreased intranodular MVD and BD 
of HCC compared to the background cirrhotic liver tissue  
(1-7,17,18).

In recent years, mounting evidence has suggested that 
quantitation of intratumor MVD by immunohistochemical 
staining for endothelial cell markers, such as CD34 and 
von Willebrand factor (vWF), may be a useful prognostic 
predictor in cancer patients (20-25), and it has become 
possible to estimate the histologic grade of malignancy of 
hepatic nodules through correlation with the imaging of 
the intranodular blood supply (25-27). However, results 
of studies on the correlation between the character of 
enhanced CT or MR imaging of hepatic nodules and 
immunohistochemical MVD were not homogeneous  
(20-29). In our opinion, these discrepancies were mainly 
caused by the complex component of intranodular 
microvessels, including single proliferated endothelia and 
newly formed microvessels without lumen, which were 
CD34 positive, but without blood flow, residual sinusoids, 
and vasculogenic mimicry, which was itself CD34 negative, 
but with blood flow (30-32). Meanwhile, the findings 
presented in this study support the notion that in vivo 
fluorescent microscopy is very similar to contrast enhanced 
CT or MRI in clinical practice for the evaluation of liver 
parenchyma micro-circulation. It can be used to explore 
changes in microcirculation and microvessel architecture in 
various liver lesions, and it is very important for the further 

understanding of the changes of the enhancement mode 
and perfusion parameters of liver lesions in the clinic.

There were several limitations to this study. First, it 
is well known that chemically induced hepatic nodules, 
particularly HCCs, vary from well- to poorly differentiated 
or even undifferentiated in their histologic features. 
However, our study only focused on well-differentiated 
HCCs in comparison with other benign hepatocytic 
nodules and was thus not representative of all possible 
lesions. Second, the immunohistochemical study should 
be performed and correlated with the intravital study. In 
our opinion, the CD34-positive MVD should be well in 
accordance with the arterial blood supply of hepatic nodules 
(33-35). However, for intravital observation, it was very 
difficult to distinguish whether the blood flow of hepatic 
nodules came from the hepatic artery or portal vein. Third, 
for the diagnosis and study of hepatic nodules in liver 
cirrhotic tissue, the four kinds of stepwise-changed hepatic 
nodules were determined arbitrarily based on the process of 
the continuous carcinogenesis of hepatic nodules, and this 
might have had some effect on the results. 

Conclusions

In conclusion, in concurrence with the carcinogenesis of 
the hepatic nodules, the hemodynamic and morphological 
characteristics of intranodular microvessels varied 
sequentially with the histological change; namely, the 
CD increased, and the hepatocyte architecture was more 
irregular. As a consequence, the intranodular microvessel 
were compressed and infiltrated, the intra-nodular MVD 
decreased, and the convoluted microvessels were more 
irregular. These findings are important for understanding 
the pathophysiologic and radiological features of hepatic 
nodules in cirrhotic liver tissue.
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