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Abstract
Background & Aims: We are developing a computer-aided diagnosis (CAD) system for estimating the malignancy grade of

hepatocellular carcinoma (HCC) using contrast-enhanced ultrasound (CEUS). In this study, observers estimated the malig-

nancy grade of HCC with and without the cues provided by CAD. Materials and Methods: Institutional review board

approval was obtained and informed consent was waived. A total of 232 histologically confirmed HCCs were studied: 76

well-differentiated HCC (w-HCC), 133 moderately differentiated HCC (m-HCC), and 23 poorly differentiated HCC (p-HCC).

In this observer study, CEUS vascular images acquired using the maximum intensity projection technique were displayed

together with static B-mode and Kupffer-phase (defined as 10 min after injection) images. Five hepatologists independently

assigned confidence ratings for the malignancy grade of each HCC. Each hepatologist first read each case without CAD and

then immediately afterwards with CAD. The observers’ rating data were evaluated by multireader multicase receiver operat-

ing characteristic (ROC) analysis. Results: The overall sensitivity of our CAD system for discrimination between three histo-

logical differentiation grades of HCC was 87.5% (203/232). For discrimination between w-HCC and m/p-HCC, the mean

area under the ROC curve (AUC) for the five observers was significantly improved from 0.779 ± 0.074 to 0.872 ± 0.090

with CAD (P = 0.0069). For discrimination between m-HCC and p-HCC, the mean AUC was also significantly improved from

0.713 ± 0.107 to 0.863 ± 0.101 with CAD (P = 0.0321). Conclusion: The use of our CAD system can significantly improve

the diagnostic performance of hepatologists in discriminating between three histological differentiation grades of HCC using

CEUS.
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Hepatocellular carcinoma (HCC) is the fifth most com-
mon malignancy and the third most common cause of
cancer-related death (1). The radiological diagnosis of
HCC can be made by computed tomography (CT) or
magnetic resonance (MR) imaging, provided that a
multiphasic contrast-enhanced study is performed (2).
HCC characteristically shows arterial hypervascularity
and subsequent portal venous washout (2). Once the
diagnosis of HCC has been established, clinical staging
should be performed to assess the prognosis and to
guide therapeutic decision-making (3). Knowledge of
the histological grade of differentiation (i.e. biological
malignancy) may also be useful in formulating the treat-
ment plan and in predicting the therapeutic outcome,
prognosis (4) and risk of recurrence (5).

CT and MR imaging are superior to ultrasound (US)
in HCC staging because they can provide an overview of
the entire liver. However, predicting the histological dif-
ferentiation of HCC based only on CT and MR is of
limited effectiveness because most HCCs are hypervas-
cular in the arterial phase and show washout in the por-
tal venous phase, making it difficult to evaluate
histological differentiation using this information.

The second-generation US contrast agent Sonazoid
(Daiichi Sankyo Co., Ltd., Tokyo, Japan) is currently
available in Japan. This contrast agent has two outstand-
ing features. First, real-time observation of detailed per-
fusion information is possible during imaging in the
vascular phase. Second, Kupffer-phase imaging in the
post-vascular phase (i.e. 10 min after injection of the
contrast agent) is possible because the Sonazoid
microbubbles are phagocytosed by liver Kupffer cells
(6). Malignant liver tumours (including HCC) contain
few or no Kupffer cells, resulting in a clear contrast
defect in Kupffer-phase imaging (6). Some studies have
reported that the clearer the contrast defect, the more
dedifferentiated the HCC nodule is likely to be (7, 8). In

other words, the degree of the contrast defect seen on
Kupffer-phase imaging and the degree of histological
malignancy of the HCC are correlated (7, 8).

Moreover, Microflow (MF) imaging based on the
maximum intensity projection (MIP) technique with
microbubbles can depict the vascular architecture in
tumours, which has also been correlated with the
histological differentiation of HCC (9, 10). Thus, the
combination of Kupffer-phase and MF imaging
would be expected to provide more precise informa-
tion for estimating the malignancy grade of HCC.
However, determination based on Kupffer-phase and
MF images depends on the clinicians’ subjective
judgement, and in particular, inter-reader agreement
regarding vascular architecture patterns on MF
images is poor (11).

Computer-aided diagnosis (CAD) is one possible
solution for improving the performance of clinicians
(12). CAD is a diagnostic method in which clinicians
use the results analysed by a computer as a ‘second
opinion’. We have therefore developed a CAD system
for evaluating the histological differentiation of HCCs
based on Kupffer-phase and MF images (13). This CAD
system can determine the probability that an HCC nod-
ule is well differentiated, moderately differentiated, or
poorly differentiated. In this study, the clinical useful-
ness of presenting the probable differentiation grade of
HCCs as estimated by the CAD system was evaluated in
terms of discrimination between the above three histo-
logical differentiation grades of HCC on Kupffer-phase
and MF images by performing an observer performance
study.

Materials and methods

Four centres in Japan participated in this retrospective
study. The institutional review board at each centre
(Tokyo Medical University, Hyogo College of Medicine,
Asahikawa Medical University, and Musashino Red
Cross Hospital) approved the use of their contrast-
enhanced US (CEUS) database, and informed consent
was waived. In the observer performance study,
informed consent was obtained from all observers.

Patient population

Between January 2008 and October 2010, 232 patients
with 232 histologically confirmed HCC nodules were
studied. Of these patients, 145 were male and 87 were
female. Their mean age was 67.7 years (range 40–
84 years). Most of the patients had a history of chronic
liver disease, including hepatitis C virus (HCV) infec-
tion in 150 patients (64.7%), hepatitis B virus (HBV)
infection in 20 patients (8.6%), alcoholic liver disease in
23 patients (9.9%), autoimmune hepatitis (AIH) in 4
patients (1.7%), non-alcoholic steatohepatitis (NASH)
in 11 patients (4.7%), and cryptogenic hepatitis in 14
patients (6.0%).

Key points

● The CAD system we have developed showed high
performance for the classification of three differentia-
tion grades of HCC.
● For discrimination between well-differentiated
HCC and moderately/poorly differentiated HCC, the
mean area under the ROC curve (AUC) for the five
observers was significantly improved from
0.779 ± 0.074 to 0.872 ± 0.090 with CAD
(P = 0.0069).
● For discrimination between moderately differenti-
ated HCC and poorly differentiated HCC, the mean
AUC was also significantly improved from
0.713 ± 0.107 to 0.863 ± 0.101 with CAD
(P = 0.0321).
● CAD should be useful for non-invasively assessing
malignancy grade of HCCs in personalized medicine.
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Among the 232 patients with 232 HCC nodules, the
diagnosis was confirmed by pathological examination of
specimens obtained by US-guided percutaneous biopsy
(n = 126) or surgical resection (n = 106). The degree of
differentiation was determined according to the Interna-
tional Working Party classification (14). The differentia-
tion grades included well-differentiated (n = 76,
32.8%), moderately differentiated (n = 133, 57.3%) and
poorly differentiated HCC (n = 23, 9.9%). The mean
diameter of the HCC nodules was 22.7 ± 14.4 mm
(well-differentiated: 16.0 ± 7.2 mm, moderately differ-
entiated: 24.3 ± 13.7 mm, poorly differentiated:
35.7 ± 22.8 mm).

US imaging

All US scans were performed by four hepatologists with
more than 10 years of experience in standard liver US
and CEUS. The diagnostic US system (SSA-790A, Aplio
XG; Toshiba Medical Systems Corp., Otawara, Japan)
was used with a 3.75-MHz convex transducer (PVT-
375BT; Toshiba). The imaging mode was wideband har-
monic imaging (commercially called Pulse subtraction)
with transmission and reception frequencies of 3.75 and
7.5 MHz respectively.

First, each lesion was scanned in B-mode. Second, the
second-generation US contrast agent Sonazoid was
injected as a 0.5-ml bolus into an antecubital vein via a
21-gauge peripheral intravenous cannula, followed by a
10-ml saline flush. Third, dynamic scanning was per-
formed with the focus point set at the lower end of the
lesion at a rate of 15 frames per second and a dynamic
range of 45 dB. The mechanical index was between 0.2
and 0.3 to preserve the microbubbles throughout their
half-life in the microvessels and to allow real-time
examination of the liver vasculature and parenchymal
enhancement. The region of interest was observed con-
tinuously for about 1 min from the time of injection
(observation of the vascular phase). After 1 min, the
scan was frozen, and after a waiting period of approxi-
mately 10 min from the injection of contrast agent to
allow pooling of the agent in the liver parenchyma, the
lesion was observed for enhancement using a sweep scan
(observation of the Kupffer phase, also referred to as the
parenchyma-specific phase or post-vascular phase).

Fourth, after a second injection of contrast agent, MF
imaging (MFI in Toshiba scanners, also known as the
MIP technique) was performed during the vascular
phase. MIP processing was initiated after a sonographic
flash frame disrupted the bubbles in the field of view.
The real-time images obtained in this study were stored
on the hard disk of the US system. The images were also
retrieved from cine loop memory and stored on mag-
neto-optical disc. One hepatologist (K.S.) selected one
MF imaging cine loop, one static B-mode image and
one Kupffer-phase image per patient and recorded them
for off-site observer study. In our CAD system, we

employed static B-mode images, Kupffer-phase images
and MFI cine loops.

CAD system for discrimination between three
differentiation grades of HCC

The series of image-processing steps in the CAD system
(which basically consisted of three main steps) were as
follows: (a) image data input using B-mode, Kupffer-
phase and MF images; (b) extraction of image feature
values related to the greyscale of the US images and the
time–intensity curve (TIC) (MFI only); and (c) applica-
tion of artificial neural networks (ANNs) and output for
differential diagnosis. The details have been described
elsewhere (13).
a)Image data input using B-mode, Kupffer-phase and
MF images: After irrelevant information (such as patient
names, IDs and other symbols) were removed from all
images, the cine loops of MF imaging in Audio Video
Interleaved (AVI) format were divided into a series of
frame images. The locations and approximate contours
of the HCC nodules on MF imaging cine loops, static B-
mode images and Kupffer-phase images were deter-
mined manually by one hepatologist (K.S.). The abso-
lute pixel size of each image was calculated using an
image scale displayed on each US image and the number
of pixels within the image scale.
b)Extraction of image feature values: In this study,
three major image feature values for B-mode, Kupf-
fer-phase and MF images were used as the CAD
input data. The image feature values were as follows:
(1) size (mm), (2) greyscale features (mean and
standard deviation of pixel values) and (3) temporal
features obtained only from the series of MF imag-
ing frames. The details are shown in Table S1 in
Supplementary Materials. All greyscale features were
obtained from four regions of interest determined
automatically from the tumour contours as shown
in Figure S1. The temporal features obtained from
the TIC were the replenishment time, peak pixel
value, slope factor (b) and peak-time ratio of the
lesion and surrounding areas (13).

In order to select appropriate combinations of the
size, greyscale features, and temporal features, we
employed a stepwise method (15) to select 27 tempo-
ral and image features from among the 47 initially
extracted features and used them as the input data
for the ANNs.

c)Application of ANNs and output for differential diag-
nosis: In the CAD system, the temporal and image fea-
ture values extracted from the US images were used as
the input data for the ANNs. The ANNs were config-
ured as six different stratified ANNs in order to classify
‘unknown’ HCC inputs into one of the three differentia-
tion grades of HCC (i.e. well-differentiated, moderately
differentiated or poorly differentiated HCC).
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A set of image feature values was selected for each
ANN, and for the learning processes and testing tasks
with the ANNs, the leave-one-out test method was
employed in individual ANNs. The classification accura-
cies for each differentiation grade of HCC were deter-
mined as the percentage of correctly classified cases
among the total number of cases.

Observer performance study

Five hepatologists (with 20, 20, 15, 15 and 10 years
of clinical experience) participated in the observer
study. Each observer completed a single interpreta-
tion session. Before the study, all observers (a) gave
written informed consent, (b) were told that the
purpose of the experiment was to evaluate the
potential benefits of using the CAD system to assist
in the diagnosis of three differentiation grades of
HCC on CEUS, (c) were given a brief description of
how to use the observer study interface (Fig. S2),
(d) were instructed regarding the specific diagnostic
criteria for the three differentiation grades of HCC
(10), (e) were not given any information concerning
the performance of the CAD and (f) were informed
that the experiment involved three differentiation
grades of HCC (i.e. well-differentiated, moderately
differentiated and poorly differentiated HCC).

During the observer study session, for each lesion,
each observer read the US images sequentially under
two different reading conditions: without CAD out-
put (unaided) and with CAD output (aided). Under
each reading condition, each hepatologist was first
asked to indicate his judgement on a horizontal bar
displayed on the screen, with ‘definitely well-differen-
tiated HCC’ and ‘definitely poorly differentiated
HCC’ marked at the right and left ends of the bar
respectively. After assessing the HCC nodule without
CAD output, the hepatologists were asked to con-
sider the CAD output and modify their confidence
ratings accordingly (16).

Before the observers were asked to evaluate the
232 HCC lesions from the testing database, as a
training session, they evaluated three HCC lesions
selected from the 232 HCC testing database, includ-
ing one well-differentiated HCC, one moderately dif-
ferentiated HCC and one poorly differentiated HCC.
For these three lesions only, the observers were
given feedback on the pathological diagnosis after
completing their evaluation of each lesion under
both the unaided and aided reading conditions.
Then, 229 HCC cases were used for testing. The dis-
play order of the images used as the ‘training
lesions’ was the same for all observers, while the dis-
play order of the images for the 229 observer study
lesions was randomized. During the observer study,
each observer was allowed to adjust the contrast and
brightness of the display according to personal pref-
erence. No time limit was imposed.

Statistical analysis

ROC analysis was used to compare the observers’ per-
formance without and with CAD output in discriminat-
ing between the three differentiation grades of HCC. A
binormal ROC curve was fitted to each observer’s confi-
dence rating data from reading conditions with quasi-
maximum likelihood estimation (17). A computer pro-
gram (DBM MRMC; University of Chicago, Chicago,
IL, USA) was used to obtain the binormal ROC curves
from the ordinal-scale rating data. The area under the
ROC curve (AUC) plotted in the unit square was calcu-
lated for each fitted curve. The statistical significance of
the differences between the ROC curves obtained with-
out and with CAD output was tested using the same
computer program, with the differences estimated by
analysis of variance for pseudovalues of the AUC calcu-
lated from the rating scores of all seven participating
observers. A P < 0.05 was considered to indicate a sta-
tistically significant difference.

The classification accuracies for the HCC nodules of
each differentiation grade and also for all 229 HCCs
were also determined as the percentages of correctly
classified cases among the total number of cases under
the two reading conditions (CAD unaided and aided).

Results

Table 1 shows the performance of the CAD system for
the classification of the three differentiation grades of
HCC. The classification accuracies for the 232 HCCs
were 82.9% for well-differentiated HCC, 88.0% for
moderately differentiated HCC and 100.0% for poorly
differentiated HCC. The overall classification accuracy
for the three differentiation grades of HCC was 87.5%.

For discrimination between well-differentiated HCC
and moderately/poorly differentiated HCC, the mean
AUC for the five observers was significantly improved
from 0.779 ± 0.074 to 0.872 ± 0.090 with CAD
(P = 0.0069). For discrimination between moderately

Table 1. Sensitivity and positive predictive value of the CAD
system for the classification of HCCs into three differentiation
grades

No.
of
cases

CAD output

SensitivityWell Moderately Poorly

Reference standard
Well 76 63 13 0 82.9%
Moderately 133 13 117 3 88.0%
Poorly 23 0 0 23 100.0%

Positive
predictive value

82.9% 90.0% 88.5% Overall
accuracy

87.5%

The overall diagnostic accuracy of the CAD systemwas 87.5% (203/232).

CAD, computer-aided diagnosis; Moderately, moderately differentiated

hepatocellular carcinoma; Poorly, poorly differentiated hepatocellular

carcinoma; Well, well-differentiated hepatocellular carcinoma.
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differentiated HCC and poorly differentiated HCC, the
mean AUC was also significantly improved from
0.713 ± 0.107 to 0.863 ± 0.101 with CAD (P = 0.0321)
(Table 2).

Discussion

The CAD system we have developed showed high
performance for the classification of three differentia-
tion grades of HCC. It is particularly noteworthy that
the classification accuracy of the CAD system for
poorly differentiated HCC was 100.0%. The CAD sys-
tem would therefore be expected to be useful in clin-
ical practice because poor differentiation is a risk
factor for tumour seeding or intrahepatic metastases
after radiofrequency ablation (RFA) for HCC (18),
and furthermore, the prognosis of patients with
poorly differentiated HCC is worse even with radical
therapy (19). The prediction of poorly differentiated
HCC before therapy is therefore crucial for determin-
ing the optimal therapeutic strategy.

Conversely, even if the classification accuracy is high,
a CAD system is not clinically useful if physicians do not
have confidence in the results even when they are correct
(20). To address this concern, after a CAD algorithm
has been developed, it must be objectively evaluated.
Conducting an observer performance study is a widely
accepted evaluation method (20). According to the
results of our observer study, the use of our CAD system
based on CEUS significantly improved the diagnostic
performance of all of the hepatologists in discriminating
between well-differentiated HCC and moderately/poorly
differentiated HCC and between moderately differenti-
ated HCC and poorly differentiated HCC. The CAD sys-
tem is therefore judged to be useful in clinical practice.

Figure 1 shows a case of poorly differentiated HCC in
which the average confidence level was improved most

markedly. The average confidence level in this case chan-
ged from 0.420 without CAD to 0.700 with CAD. The
nodule is relatively small (11 mm in diameter) and
shows a hyperechoic appearance on B-mode US, suggest-
ing to almost all observers that the nodule is a well-differ-
entiated HCC or a moderately differentiated HCC at
most. However, when observed closely, the nodule shows
a clear contrast defect on Kupffer-phase images and
heterogeneous enhancement on MF images, suggesting
that the nodule is a poorly differentiated HCC. The CAD
displayed the probability of the differentiation grade of
the HCC as well-differentiated HCC: 0.7%, moderately
differentiated HCC: 0.2% and poorly differentiated
HCC: 99.8%, causing four of the five observers to change
their confidence ratings to poorly differentiated HCC.

Figure 2 shows a case of well-differentiated HCC in
which the average confidence level was improved sub-
stantially. The average confidence level for this case of
well-differentiated HCC changed from 0.460 without
CAD to 0.318 with CAD. The nodule shows a hypoe-
choic appearance with well-defined margins on B-mode
US, a slightly hypoechoic appearance on Kupffer-phase
images, and homogeneous enhancement on MF images,
suggesting that the nodule is well-differentiated or mod-
erately differentiated HCC, although it is difficult to
decide. The CAD displayed the probability of the differ-
entiation grade of the HCC as well-differentiated HCC:
98.5%, moderately differentiated HCC: 1.4% and poorly
differentiated HCC: 1.6%, causing four of the five obser-
vers to change their confidence ratings to well-differen-
tiated HCC.

Figure 3 shows a case of moderately differentiated
HCC in which the average confidence level was
degraded with CAD. The average confidence level for
this case changed from 0.564 without CAD to 0.442 with
CAD. The nodule shows a clear contrast defect on Kupf-
fer-phase images and homogeneous enhancement on
MF images, suggesting that it is a moderately differenti-
ated HCC. However, the CAD displayed the probability
of the differentiation grade of the HCC as well-differen-
tiated HCC: 76.5%, moderately differentiated HCC:
12.9% and poorly differentiated HCC: 7.0%, causing
two of the five observers to change their confidence rat-
ings to well-differentiated HCC. As we have found that
the classification accuracy of the CAD system is worse
for well-differentiated HCCs than for other HCCs, the
CAD system may need to be improved in this regard.

This study has a number of limitations. First, in
about half of the cases, the specimens for histopatholog-
ical diagnosis of the degree of differentiation of HCC
were obtained not only by resection but also by fine-
needle biopsy. Specimens obtained by fine-needle
biopsy allow us to evaluate only a small part of an HCC
lesion, which may exhibit internal histopathological
heterogeneity. Thus, if we had performed ROC analysis
for only the surgical cases, the results would be more
persuasive. Accordingly, we also performed ROC analy-
sis for only the cases not diagnosed by biopsy. The

Table 2. AUCs for observers in discriminating between the three
differentiation grades of HCCs with and without CAD

Well vs. Moderately &
Poorly Moderately vs. Poorly

AUC value
(without
CAD)

AUC value
(with CAD)

AUC value
(without
CAD)

AUC value
(with CAD)

R1 0.760 0.886 0.593 0.851
R2 0.843 0.904 0.634 0.742
R3 0.796 0.861 0.726 0.798
R4 0.836 0.979 0.746 0.994
R5 0.662 0.732 0.868 0.929
Average 0.779 0.872 0.713 0.863
SD 0.0736 0.0900 0.1071 0.1007
P-value 0.0069 0.0321

Well, well-differentiated hepatocellular carcinoma; Moderately, moder-

ately differentiated hepatocellular carcinoma; Poorly, poorly differenti-

ated hepatocellular carcinoma; R, reader; AUC, area under the ROC

curve; CAD, computer-aided diagnosis; SD, standard deviation.
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(A) (B) (C)

Fig. 1. Images of poorly differentiated hepatocellular carcinoma (HCC) in a 79-year-old woman show a relatively small (11 mm in diameter)
lesion with a hyperechoic appearance on B-mode US (A: arrows). The nodule also shows a clear contrast defect on a Kupffer-phase image
(B: arrows) and heterogeneous enhancement on a Microflow (MF) image (C: arrows).

(A) (B) (C)

Fig. 2. Images of well-differentiated hepatocellular carcinoma (HCC) in a 66-year-old man show a hypoechoic appearance with well-defined
margins on B-mode US (A: arrows), a slightly hypoechoic appearance on a Kupffer-phase image (B: arrows), and homogeneous enhance-
ment on a Microflow (MF) image (C: arrows).

(A) (B) (C)

Fig. 3. Images of moderately differentiated hepatocellular carcinoma (HCC) in a 50-year-old man show a hypoechoic appearance with well-
defined margins on B-mode US (A: arrows), a clear contrast defect on a Kupffer-phase image (B: arrows), and homogeneous enhancement
on a Microflow (MF) image (C: arrows).
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results were as follows: for discrimination between well-
differentiated and moderately/poorly differentiated
HCC, although the mean AUC for the five observers
was improved from 0.767 ± 0.072 to 0.857 ± 0.117 with
CAD, we unfortunately did not find a statistically signif-
icant difference (P = 0.1091). As for discrimination
between moderately differentiated and poorly differenti-
ated HCC, the ROC software (DBM MRMC) was not
even able to calculate the results. These findings are
thought to be mainly attributable to the marked reduc-
tion in the number of cases, especially those with poorly
differentiated HCC. We were not able to examine more
surgical cases, which is another limitation of this study.
However, surgical verification is obtained infrequently,
especially in patients with HCC, because HCC lesions
are often treated by transcatheter arterial chemoem-
bolization or percutaneous ablation, particularly in cir-
rhotic patients whose functional reserve is severely
impaired. Second, the US images used in this study were
two-dimensional images, which cannot show the overall
characteristics of HCC nodules. As a result, the cases
might be classified as higher or lower histological differ-
entiation. To overcome this limitation, four-dimen-
sional US would be required.

In conclusion, the CAD system presented here may
be useful for identifying more dedifferentiated HCCs
such as poorly differentiated HCCs. In addition, the use
of our CAD system can be expected to significantly
improve the diagnostic performance of hepatologists in
discriminating between three histological differentiation
grades of HCC using CEUS and should be useful for
non-invasively assessing the malignancy grade of HCCs
in personalized medicine.
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