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Abstract

Objective To compare the diagnostic performance of various guidelines for hepatocellular carcinoma (HCC) diagnosis using
computed tomography (CT) in patients undergoing liver transplantation (LT).

Methods In total, 216 patients who underwent preoperative CT and subsequent LT were included. Two radiologists retrospec-
tively evaluated focal hepatic lesions independently according to various guidelines and allocated patients according to the Milan
criteria. The diagnostic performance of the guidelines was compared using alternative free-response receiver-operating charac-
teristics (AFROC) analysis with bootstrapping. Comparisons of sensitivity, specificity, and accuracy of patient allocation based
on the Milan criteria between guidelines were performed using logistic regression with generalized estimating equations (GEE).
Results Fifty-two of 216 patients had 87 HCCs. The reader-averaged figure of merit obtained using AFROC analysis was 0.738 for
the AASLD/EASL or KLCSG-NCC guidelines and 0.728 for the LI-RADS v2014 or OPTN/UNOS (bootstrapping, p = 0.005). The
per-lesion sensitivity for HCCs (all and 1-2-cm lesions) was significantly higher with the AASLD/EASL (37.9-41.4% and 30.8—
41.0%) than with LI-RADS (28.7% and 15.4—18.0%) (logistic regression with GEE, p = 0.008 and 0.030 for reader 1 and p = 0.005
for reader 2). The per-patient specificity (98.8-99.4%) was the same for all guidelines. The accuracy of the Milan criteria was 81.5—
83.3% without significant differences among the four guidelines (logistic regression with GEE, p > 0.05).

Conclusion AASLD/EASL showed higher diagnostic performance and sensitivity, particularly for 1-2-cm HCCs, and the same
specificity with LI-RADS. All guidelines are comparable for patient allocation based on the Milan criteria for LT.

Key Points

* The overall diagnostic performance of CT for HCC diagnosis was highest with AASLD/EASL.

* AASLD/EASL showed higher sensitivity for diagnosis of 1-2-cm HCCs than LI-RADS.

o The accuracy of the Milan criteria using CT was comparable among the four guidelines.
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Abbreviations

AASLD American Association for the
Study of Liver Diseases
AFROC Alternative free-response receiver
operating characteristics
CT Computed tomography
EASL European Association for the
Study of the Liver
EORTC European Organization
for Research and Treatment of Cancer
FOM Figure of merit
GEE Generalized estimating equation
HCC Hepatocellular carcinoma
KLCSG-NCC Korean Liver Cancer Study
Group and the National Cancer Center
LI-RADS Liver Imaging Reporting and Data System
LT Liver transplantation
MC Milan criteria
MRI Magnetic resonance imaging
OPTN Organ Procurement and Transplant Network
UNOS United Network for Organ Sharing
Introduction

Liver transplantation (LT) is an ideal treatment option for suit-
able patients with hepatocellular carcinoma (HCC), because it
not only eliminates HCC but also cures the underlying liver
disease [1, 2]. Following the introduction of the Milan criteria
(one HCC <5 cm, up to three HCCs < 3 cm), the long-term
survival rate for patients with HCC who undergo LT has dra-
matically increased, with overall survival rates of up to 80%—
85%, which are not different from those for patients without
HCC [3, 4]. Because the Milan criteria are dependent on the
pretransplantation imaging diagnosis, an accurate diagnosis of
HCC using high-quality imaging is important.

HCC is the only malignancy that can be confirmed on the
sole basis of imaging findings. According to written commu-
nication at the 2012 United Network for Organ Sharing
(UNOS), more than 95% LT candidates with HCC are diag-
nosed on the basis of imaging alone, without any confirmatory
biopsy [5]. Considering this situation, standardized language
and reporting of findings are essentially required. Substantial
efforts have resulted in the formulation of several guidelines
for the noninvasive diagnosis of HCC on cross-sectional im-
aging. These include the American Association for the Study
of Liver Diseases (AASLD), European Association for the
Study of the Liver-European Organization for Research and
Treatment of Cancer (EASL-EORTC), Asian-Pacific
Association for the Study of the Liver (APASL), Organ
Procurement and Transplantation Network (OPTN) system,
Liver Imaging Reporting and Data System (LI-RADS),
Japan Society of Hepatology (JSH), and Korean Liver

Cancer Study Group-National Cancer Center (KLCSG-
NCC) guidelines [5—-14].

However, all these guidelines differ with regard to their
background and criteria, which can result in different staging
and treatment decisions. Furthermore, there is no evidence-
based agreement on the appropriate guidelines for different
conditions. From these perspectives, we designed the present
study to investigate and compare the diagnostic performance
of the AASLD/EASL, OPTN/UNOS, LI-RADS, and
KLCSG-NCC guidelines for the diagnosis of HCC using
computed tomography (CT) in at-risk patients requiring LT.

Materials and methods
Study population

This study was approved by our institutional review
board, which waived the requirement for informed con-
sent because of the retrospective design. Between January
2007 and December 2014, 493 adult patients who
underwent LT were identified from the prospective data-
base at the Department of Surgery in our institution. The
inclusion criteria were as follows: performance of dynam-
ic contrast-enhanced liver CT within 3 months before LT
and no history of any treatment for HCC before LT. From
a total of 493 patients, 277 were excluded for the follow-
ing reasons: lack of preoperative CT data (n = 22), lack of
four-phase dynamic liver CT data (n = 19), time interval
of > 3 months between CT and LT (n = 25), presence of
intrahepatic cholangiocarcinoma on the explanted liver (n
= 1), and history of treatment for HCC before LT (n =
210). Finally, 216 patients were included in our study
(Fig. 1).

CT image acquisition

CT was performed using 16-, 64-, or 128-channel multidetec-
tor CT scanners (Siemens Healthineers and GE Healthcare).
The routine four-phase dynamic liver CT protocol at our in-
stitution includes nonenhanced, late arterial, portal venous,
and delayed phases. After precontrast scanning, patients re-
ceived an intravenous injection of 2.0 ml/kg of iodinated con-
trast medium, followed by a 20-ml saline bolus at a fixed
injection duration of 30 s. Using the bolus-tracking method,
late arterial phase images were acquired 18 s after the attenu-
ation value reached 100 HU in the abdominal aorta. The portal
venous and delayed phases began with a delay time of 30 s
and 150 s after the late arterial and portal venous phases,
respectively. The scanning parameters were as follows: 120
kV; 240 mAs; rotation time, 0.5 s; beam pitch, 2; and slice
thickness, 3—5 mm.
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Fig. 1 Flow diagram showing the
selection of study participants. LT,
liver transplantation; HBV,

Adult patients who underwent LT between January 2007 and
December 2014 (n = 493)

hepatitis B virus; HCV, hepatitis

C virus
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277 patients were excluded

(a) No preoperative CT (n = 22)

(b) No four-phase dynamic liver CT (n = 19)

(c) Time interval between CT and LT > 3 months (n = 25)

(d) Intrahepatic cholangiocarcinoma on the explanted liver (n = 1)
(e) History of treatment for HCC prior to LT (n = 210)

v

Our study population (n = 216)
- Patients who underwent four-phase liver dynamic CT within 3
months prior to LT, and those without treatment for HCC before LT.

Patients with HCC

Patients without HCC
(n=164)

(n =52)
Clinical profiles
(a) HBV cirrhosis (n = 36)
(b) HCV cirrhosis (n =7)
(c) Alcoholic cirrhosis (n = 6)

(d) Cryptogenic cirrhosis (n = 3)

I
Clinical profiles
(a) HBV cirrhosis (n = 80)
(b) Alcoholic cirrhosis (n = 38)
(c) Acute liver failure (n = 14)
(d) HCV cirrhosis (n = 13)

Guidelines for HCC diagnosis

In the present study, the diagnostic performances of various
guidelines for noninvasive HCC diagnosis were compared.
According to the AASLD/EASL-EORTC guidelines, HCC is
diagnosed when the lesion (> 1 cm) shows arterial
hyperenhancement with washout in the venous or delayed phase
[8, 9]. The KLCSG-NCC guidelines have set similar criteria for
HCC diagnosis. Notably, subcentimeter-sized HCCs can be di-
agnosed using the KLCSG-NCC guidelines when the lesions
fulfill all of the following criteria: typical features of HCC ob-
served with two or more imaging modalities [dynamic CT, mag-
netic resonance imaging (MRI), and/or gadoxetic acid-enhanced
MRI] and a serial increase in serum alpha-fetoprotein (AFP)
levels with suppressed hepatitis activity [10, 11]. The LI-
RADS and OPTN/UNOS guidelines additionally include cap-
sule appearance and threshold growth as major criteria and sub-
divide arterial phase-enhancing nodules according to the size,
ie., < 1 cm, 1-2 cm, and > 2 cm. For the diagnosis of HCCs
measuring 1-2 cm, at least two of the following three findings
should be observed in addition to arterial phase enhancement:
washout, capsule/pseudocapsule, and threshold growth. The LI-
RADS and OPTN/UNOS guidelines are almost the same, ex-
cept the fine definition of threshold growth and the exclusion of
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(e) Cryptogenic cirrhosis (n = 6)
(f) Autoimmune cirrhosis (n = 5)
(g9) Primary biliary cirrhosis (n = 3)
(h) Toxic hepatitis (n = 2)

(i) Metabolic liver disease (n = 2)
(i) Budd-Chiari Syndrome (n =1)

LR-5us from HCC in the OPTN/UNOS guidelines [5-7, 15]. In
LI-RADS v2014, threshold growth is defined by a diameter
increase of > 50% in < 6 months, a diameter increase of >
100% in > 6 months, or a newly observed lesion measuring >
1 cm, regardless of the time interval. In contrast, the OPTN/
UNOS guidelines solely recognize threshold growth as a diam-
eter increase of > 50% in < 6 months [5-7].

Image analysis

Two board-certified abdominal radiologists (J.Y.C. and C.A.)
with 15 and 4 years of experience in liver imaging, respectively,
independently reviewed the CT images using a picture archiv-
ing and communication system (PACS). Both reviewers were
aware that the patients had undergone LT, although they were
blinded to other clinical findings and the final histopathologic
results for the explanted livers. The radiologists first detected all
hepatic focal lesions, except definitely or probably benign le-
sions such as cysts or typical hemangiomas, and recorded the
liver segment, with the image number on PACS for exact
matching of the locations. Then, they measured the longest
diameter of the focal lesion in the phase in which the lesion
was best demarcated [6, 7]. For every focal lesion, the following
parameters were assessed for HCC diagnosis according to each



Eur Radiol (2019) 29:1022-1031

1025

guideline: attenuation (hypo-/iso-/hyperattenuation) in the late
arterial, portal venous, and delayed phases; presence of a cap-
sule; ancillary features of LI-RADS (mosaic appearance,
intralesional fat, and blood products); and threshold growth as
defined by the LI-RADS and OPTN/UNOS guidelines [5-7].
Threshold growth was evaluated as a trichotomous variable
(present, absent, and no applicable prior examination).
Applicable prior examinations were defined as liver dynamic
CT or MRI examinations that were obtained at least 3 months
prior to the primary CT scans. To diagnose a subcentimeter-
sized HCC using the KLCSG-NCC guidelines, the
abovementioned parameters were also evaluated on preopera-
tive dynamic liver MRI images, if available. Subsequently, the
reviewers rated the possibility of HCC according to each guide-
line. When the LI-RADS was used, LR-5/LR-5g/LR-5us was
considered to represent HCC. Finally, the patients were allocat-
ed into one of four groups: no HCC, within the Milan criteria
without additional priority, within the Milan criteria with addi-
tional priority (single 2—5-cm HCC OR two or three 1-3-cm
HCCs), and beyond the Milan criteria according to the OPTN/
UNOS guidelines [5, 16].

Pathologic reference standard

Histopathologic evaluation of explanted livers was performed
by a senior hepatic pathologist with 25 years of experience in
liver pathology. The explanted livers were routinely sectioned
into 5-9-mm-thick slices in the axial plane. During macro-
scopic evaluation, HCCs were suspected when lesions were
distinct from the surrounding liver or regenerative nodules in
size, color, and texture or exhibited a bulging contour beyond
the surface of the liver. If the tumors were small, thinner slices
were obtained for exact analysis. All suspected macroscopic
nodules identified during gross examination were histopatho-
logically evaluated and matched with preoperative images
using a lesion-by-lesion analysis. If a focal hepatic lesion not-
ed on preoperative CT was not detected in the explanted liver,
areas that best corresponded with CT findings were cut from
the explanted liver and carefully examined. The pathologist
examined each lesion on slides stained with hematoxylin and
eosin at the level of the largest tumor diameter. After thorough
examination, the pathologist reported the tumor location and
size, presence of microvascular invasion, and grade of tumor
differentiation according to the Edmondson-Steiner grading
system [17]. A study coordinator (N.S., 4 years of
experience in liver imaging) who did not participate in the
image analysis correlated CT findings with pathologic find-
ings based on the size and segment location of lesions on
explant. If the difference between radiologically measured
size and pathologically measured size of the lesion is < 5
mm, without another similar-sized lesion in the same segment,
it was considered to be matched.

Statistical analysis

To evaluate the diagnostic performance of each guideline for
the diagnosis of HCC, alternative free-response receiver-oper-
ating characteristic (AFROC) analysis was performed using
the “RJafroc” package of R version 3.3.3 (R Foundation for
Statistical Computing) [18, 19]. The AFROC curve is a plot of
the per-lesion sensitivity against the false-positive fraction per
patient for each reader and each guideline. It allows the anal-
ysis of the multiple lesions per patient unlike the conventional
ROC curve. The diagnostic performance assessed using
AFROC analysis was represented by the figure of merit
(FOM), which is defined as the probability that a lesion is
rated higher than the highest rated nonlesion seen on normal
CT images. FOM is analogous to the area under the standard
ROC curve, which is estimated by calculating the area under
the AFROC curve using the trapezoidal rule. Bootstrapping
on 1,000 resampling with replacement was used to estimate
the 95% confidence interval (CI) for each FOM and to com-
pare FOMs among the four guidelines. The per-lesion and per-
patient sensitivity and the per-patient specificity for HCC de-
tection were calculated. The per-lesion sensitivity was also
evaluated according to the pathologically measured size (< 1
cm, 1-2 cm, and > 2 cm). Sensitivity and specificity values for
the four guidelines were compared using logistic regression
with the generalized estimating equation (GEE). The accuracy
of the guidelines with regard to patient allocation based on the
Milan criteria was also analyzed and was compared using
logistic regression with GEE. To adjust the effect by multiple
comparisons, Bonferroni correction was applied. The
corrected p values were calculated by multiplying the original
p values by the number of comparisons. The interobserver
agreement for patient allocation based on the Milan criteria
using the four guidelines was assessed using k statistics as
follows: k value < 0.20, poor; 0.21-0.40, fair; 0.41-0.60,
moderate; 0.61-0.80, good; and 0.81-1.00, excellent. For
pathologically proven HCCs, the presence of each CT finding
was compared according to the size (< 1 cm, 1-2 cm, and > 2
cm) and histologic grade (grade I vs. grades II-III) of the
lesion using chi-square or Fisher’s exact tests.

All statistical analyses except AFROC analysis were per-
formed using SAS (version 9.4, SAS Institute Inc.). P < 0.05
was considered statistically significant. All p values except those
described in the Supplementary table are adjusted p values.

Results

Clinical and pathologic characteristics of the study
population

The patient demographics and baseline factors are summa-
rized in Table 1. Of 216 patients, 148 were male, and mean

@ Springer



1026

Eur Radiol (2019) 29:1022-1031

Table 1 Patient demographics

Variable

Clinical factors (n = 216)
Age (years) 514 +8.7
Male gender 148 (67.9%)

Etiology of liver disease

HBV 116 (53.7%)
HCV 20 (9.3%)
Alcoholic 44 (20.4%)
Others 36 (16.7%)
Serum AFP (ng/ml) 87.8 +389.0
Child-Pugh class
A 47 (21.8%)
B 74 (34.3%)
C 95 (44.0%)

Type of liver transplantation

Living donor 127 (58.8%)

Deceased donor 89 (41.2%)
Pathologic factors (no. of HCC = 87)
Microvascular invasion 11 (12.6%)
Diameter of largest tumor (cm) 2.1+1.0
Tumor size (cm) 1.8+1.0

<1 24 (27.6%)

1<<2 39 (44.8%)

>2 24 (27.6%)
Number of HCCs per patient 1.7+1.1

(total number of patients with HCCs = 52)

1 33 (63.5%)

2 10 (19.2%)

3 3 (5.8%)

4 5(9.6%)

5 1 (1.9%)
Edmondson-Steiner grading

I 47 (54.0%)

I 37 (42.5%)

I 3 (3.4%)

Classification of explanted liver
based on Milan criteria (n = 216)

No HCC
Within Milan criteria without priority

164 (75.9%)
22(10.2%)
19 (8.8%)
11 (5.1%)

Within Milan criteria with priority
Beyond Milan criteria

Data are expressed as means + standard deviations

Data in parentheses are percentages. Percentages may not sum to 100%
because of rounding off

HBYV, hepatitis B virus; HCV, hepatitis C virus; AFP, alpha-fetoprotein

age of patients was 51.4 years. The most common cause of
chronic liver disease was hepatitis B virus (HBV) infection
(116/216, 53.7%). In total, 52 of 216 patients had 87 HCCs
with 33 exhibiting a single lesion and 19 exhibiting multiple
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lesions. From the 87 HCCs, 24 measured < 1 cm, 39 measured
1-2 c¢m, and 24 measured > 2 cm. The Edmondson-Steiner
grade was mostly I or II (84/87, 96.5%). When the Milan
criteria were applied to the explanted livers, 22 patients were
categorized in the within the Milan criteria without an addi-
tional priority group, 19 in the within the Milan criteria with
an additional priority group, and 11 in the beyond the Milan
criteria group. For 52 patients with HCCs, previous CT or MR
examinations to assess threshold growth were available in 48
patients; 34 of 52 patients had preoperative MRI within 3
months prior to LT for the evaluation using the KLCSG-
NCC guidelines. Additionally, serial AFP values were avail-
able for 39 of 52 patients with HCCs.

Diagnostic performance of the different guidelines
for HCC diagnosis

The reader-averaged FOM was 0.738 (95% CI, 0.670—
0.805) for the AASLD/EASL-EORTC guidelines, 0.738
(95% CI, 0.671-0.804) for the KLCSG-NCC guidelines,
0.728 (95% CI, 0.663—0.793) for the LI-RADS v2014
guidelines, and 0.728 (95% CI, 0.658-0.799) for the
OPTN/UNOS guidelines. There was a significant difference
between the AASLD/EASL-EORTC/KLCSG-NCC and the
LI-RADS/OPTN/UNOS guidelines (bootstrapping, p =
0.005). For both readers, there was no difference in the di-
agnostic performance between the AASLD/EASL-EORTC
and KLCSG-NCC guidelines and between the LI-RADS
and OPTN/UNOS guidelines. The per-lesion and per-
patient sensitivity and per-patient specificity values are
demonstrated in Table 2. For both readers, the per-lesion
sensitivity of the AASLD/EASL-EORTC and KLCSG-
NCC guidelines (37.9%—-41.4%) was significantly higher
than that of the LI-RADS and OPTN/UNOS guidelines
(28.7%; p = 0.008 for reader 1 and p = 0.005 for reader 2,
using logistic regression with GEE). The per-patient sensi-
tivity and specificity were comparable among guidelines
(logistic regression with GEE, p > 0.05).

The per-lesion sensitivity for HCC detection according to
the pathologic size of HCCs is summarized in Table 3. The
pathologically measured size of the lesions was < 1 cm in 24,
1-2-cm in 39, and > 2 cm in 24 patients. Among the 24
subcentimeter-sized HCCs, 2 and 3 HCCs were measured as
> 10 mm on CT by reader 1 and reader 2, respectively, and
they were diagnosed as HCCs according to the AASLD/
EASL-EORTC and KLCSG-NCC guidelines. Using the
KLCSG-NCC guidelines, two- and one-subcentimeter-sized
nodules showed arterial enhancement and washout on both
CT and MRI by reader 1 and reader 2, respectively.
However, as all of these patients did not show a serial increase
of serum AFP, these subcentimeter-sized nodules were not
considered to be HCC according to the KLCSG-NCC guide-
lines. For both readers, there was no significant difference
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Table 2  Diagnostic performance of the AASLD/EASL, KLCSG-NCC, LI-RADS, and OPTN/UNOS guidelines for the detection of HCC
AASLD/EASL KLCSG-NCC LI-RADS OPTN/UNOS p value*
Estimate 95% CI1 Estimate 95% CI Estimate 95% CI Estimate 95% CI
Per-lesion sensitivity
Reader 1  37.9 (33/87) 29.3-474 379 (33/87) 29.3-474 28.7(25/87) 20.9-38.1 28.7 (25/87) 20.9-38.1 0.008
Reader2 41.4 (36/87) 32.1-51.4 414 (36/87) 32.1-51.4 28.7 (25/87) 20.5-38.6  28.7 (25/87) 20.5-38.6  0.005
Per-patient sensitivity
Reader I  50.0 (26/52) 36.7-63.3  50.0 (26/52) 36.7-63.3  40.4 (21/52) 28.0-54.1 40.4 (21/52) 28.0-54.1 0.116
Reader 2 48.1 (21/52) 35.0-61.5 48.1(21/52) 35.0-61.5 38.4(20/52) 26.3-52.2  38.4(20/52) 26.3-52.2 0312
Per-patient specificity
Reader I  99.4 (163/164) 95.8-99.9 99.4 (163/164) 95.8-99.9 99.4 (163/164) 95.8-99.9 99.4 (163/164) 95.8-99.9 NA
Reader 2 98.8 (162/164) 95.3-99.7 98.8 (162/164) 95.3-99.7 98.8 (162/164) 95.3-99.7 98.8 (162/164) 953-99.7 NA

*The p values are obtained by the comparison of parameters for either of AASLD/EASL or KLCSG-NCC AND either LI-RADS or OPTN/UNOS,
because there was no difference in the diagnostic performance between AASLD/EASL and KLCSG-NCC and between LI-RADS and OPTN/UNOS.
These p values are obtained by using logistic regression with generalized estimating equations.

AASLD, American Association for the Study of Liver Diseases; EASL, European Association for the Study of the Liver; KLCSG-NCC, Korean Liver
Cancer Study Group and the National Cancer Center; LI-RADS, Liver Imaging Reporting and Data System; OPTN, Organ Procurement and Transplant
Network; UNOS, United Network for Organ Sharing; CI, confidence interval; NA, not applicable

between guidelines for HCCs measuring < 1 cm (0%—12.5%)
and those measuring > 2 cm (70.8%—79.2%). In contrast, for
1-2-cm HCCs, the sensitivity of the AASLD/EASL-EORTC
and KLCSG-NCC guidelines (30.8%—41.0%) was signifi-
cantly higher than that of the LI-RADS and OPTN/UNOS
guidelines (15.4%—18.0%; p = 0.030 for reader 1 and p =
0.005 for reader 2 using logistic regression with GEE; Fig. 2).

Accuracy of the different guidelines for patient
allocation based on the Milan criteria

The accuracies of the different guidelines for patient allocation
based on the pretransplantation Milan criteria are demonstrat-
ed in Table 4. The accuracy of classifying patients into the
beyond Milan criteria (36.4%) and within Milan criteria with

Table3  Per-lesion sensitivity of the AASLD/EASL, KLCSG-NCC, LI-RADS, and OPTN/UNOS guidelines according to the pathologic size of HCCs
Pathologic size (em)’  AASLD/EASL KLCSG-NCC LI-RADS OPTN/UNOS p value*
Estimate 95% C1 Estimate 95% CI1 Estimate 95% CI Estimate 95% CI
<1
Reader 1 834} 25247 83 (224) 2.5-24.7 0 (0/24) 0-0 0 (0/24) 0-0 0.577
Reader 2 125 324 46298 12.5(3/24) 4.6-29.8 0 (0/24) 0-0 0 (0/24) 0-0 0.238
1<<2
Reader 1 30.8 (12/39) 19.7-44.5 30.8(12/39) 19.7-44.5 154 (6/39) 7.8-28.1 154 (6/39) 7.8-28.1 0.030
Reader 2 41.0 (16/39) 29.7-53.4 41.0 (16/39) 29.7-53.4 18.0 (7/39) 9.3-31.8  18.0 (7/39) 9.3-31.8  0.005
>2
Reader 1 79.2 (19/24) 59.4-90.8 79.2(19/24) 59.4-90.8 79.2(19/24) 59.4-90.8 79.2(19/24) 59.4-90.8 NA
Reader 2 70.8 (17/24)  50.7-85.1  70.8 (17/24) 50.7-85.1  75.0 (18/24) 55.0-88.0 75.0 (18/24) 55.0-88.0 >0.999

*The p values are obtained by the comparison of parameters for either of AASLD/EASL or KLCSG-NCC AND either LI-RADS or OPTN/UNOS,
because there was no difference in the diagnostic performance between AASLD/EASL and KLCSG-NCC and between LI-RADS and OPTN/UNOS.
These p-values are obtained by using logistic regression with generalized estimating equations.

T This was the pathologically determined size of HCC, which could be different from the size of HCC that was measured on CT images. Radiologically
measured sizes were used for evaluation of the guidelines.

¥ The pathologic size of all of these nodules was all 9 mm; however readers measured them on CT images as >10 mm. Therefore, they could be evaluated
using AASLD/EASL guidelines.

AASLD, American Association for the Study of Liver Diseases; EASL, European Association for the Study of the Liver; KLCSG-NCC, Korean Liver
Cancer Study Group and the National Cancer Center; LI-RADS, Liver Imaging Reporting and Data System; OPTN, Organ Procurement and Transplant
Network; UNOS, United Network for Organ Sharing; CI, confidence interval; NA, not applicable
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Fig.2 A 1.3-cm pathologically proven HCC lesion in a 61-year-old
male. (a) An axial computed tomography (CT) image obtained in
the late arterial phase shows a 1.3-cm enhancing nodule in segment
VI of the liver (arrow). (b) CT image obtained in the portal venous
phase shows washout of the arterial phase-enhancing nodule
(arrow). On the basis of preoperative CT, this nodule was

diagnosed as HCC using the AASLD/EASL and KLCSG-NCC
guidelines. However, it was graded as LR-4 using LI-RADS
v2014, and the OPTN/UNOS guidelines indicated that it was not
HCC. (¢) Histopathologic analysis of the explanted liver specimen
confirms a 1.3-cm grade II (Edmondson-Steiner) HCC in segment
VI (arrow)

Table 4  Accuracy of the AASLD/EASL, KLCSG-NCC, LI-RADS, and OPTN/UNOS guidelines for patient allocation based on the Milan criteria

AASLD/EASL KLCSG-NCC LI-RADS OPTN/UNOS p value*
Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI
Beyond MC
Reader 1 36.4 (4/11) 14.3-66.1 36.4 (4/11) 143-66.1 36.4 (4/11) 143-66.1 36.4 (4/11) 143-66.1 NA
Reader 2 36.4 (4/11) 14.3-66.1 36.4 (4/11) 143-66.1 36.4 (4/11) 143-66.1 36.4 (4/11) 14.3-66.1 NA
MC with priority
Reader 1 52.6 (10/19) 31.1-73.2  52.6 (10/19) 31.1-73.2  52.6 (10/19) 31.1-73.2  52.6 (10/19) 31.1-732 NA
Reader 2 52.6 (10/19) 31.1-73.2  52.6 (10/19) 31.1-73.2  52.6 (10/19) 31.1-73.2  52.6 (10/19) 31.1-732 NA
MC without priority
Reader 1 13.6 (322) 0-28.0 13.6 (3/22) 0-28.0 0 (0/22) 0-0 0 (0/22) 0-0 0.372
Reader 2 9.1 (2/22) 0-21.1 9.1 (2/22) 0-21.1 0 (0/22) 0-0 0 (0/22) 0-0 0.828
No HCC
Reader 1 99.4 (163/164) 95.8-99.9 99.4 (163/164) 95.8-99.9 99.4 (163/164) 95.8-99.9 99.4 (163/164) 95.8-99.9 NA
Reader2  98.2 (161/164) 94.5-99.4 98.2 (161/164) 94.5-99.4 98.8 (162/164) 95.3-99.7 98.8 (162/164) 95.3-99.7 >0.999
Overall accuracy
Reader 1  83.3 (180/216) 77.8-87.7 83.3 (180/216) 77.8-87.7 81.9(177/216) 76.2-86.5 81.9(177/216) 76.2-86.5 0.487
Reader2 81.9 (177/216) 76.2-86.5 81.9 (177/216) 76.2-86.5 81.5(176/216) 75.7-86.1 81.5(176/216) 75.7-86.1 > 0.999

*The p values are obtained by the comparison of parameters for either of AASLD/EASL or KLCSG-NCC AND either LI-RADS or OPTN/UNOS,
because there was no difference in the diagnostic performance between AASLD/EASL and KLCSG-NCC and between LI-RADS and OPTN/UNOS.
These p values are obtained by using logistic regression with generalized estimating equations. Data in parentheses indicate the number of radiologic

allocations divided by the number of pathologic allocations

MC, Milan criteria; AASLD, American Association for the Study of Liver Diseases; EASL, European Association for the Study of the Liver; KLCSG-
NCC, Korean Liver Cancer Study Group and the National Cancer Center; LI-RADS, Liver Imaging Reporting and Data System; OPTN, Organ
Procurement and Transplant Network; UNOS, United Network for Organ Sharing; CI, confidence interval; NA, not applicable
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additional priority (52.6%) groups was not different among
the four guidelines according to both readers. However, the
accuracy of classifying patients in the within Milan criteria
without priority group was higher with the AASLD/EASL-
EORTC and KLCSG-NCC (9.1% and 13.6% for readers 1
and 2, respectively) guidelines than with the LI-RADS and
OPTN/UNOS (0% for both readers) guidelines, without sig-
nificant difference. The overall accuracy for patient allocation
based on the Milan criteria was 81.5%—83.3%, with no sig-
nificant differences among the four guidelines according to
both readers (logistic regression with GEE, p > 0.05). The
interobserver agreement for patient allocation was excellent
for all guidelines, with the following k values: AASLD/
EASL-EORTC, 0.858; KLCSG-NCC, 0.874; LI-RADS,
0.907; and OPTN/UNOS, 0.907.

CT findings according to the pathologic size
and histologic grade of HCCs

CT findings according to the pathologic size and histologic
grade of HCCs were analyzed and are summarized in
Supplementary Tables 1 and 2, respectively. For both readers,
there was no significant difference regarding all CT findings
according to the pathologic size (chi-square test or Fisher’s
exact test, p > 0.05). Capsule appearance was seldom ob-
served in 1-2-cm HCCs on CT (0/39 for reader 1 and 1/39
for reader 2), while it was present in a small number of HCCs
> 2 cm (16.7%, 4/24 for both readers). Ancillary features of
LI-RADS evaluated in this study were rarely present on the
CT images. Regarding the histologic grade, arterial
hyperenhancement was more frequently observed for grade
[I-IIT HCCs than for grade I HCCs according to both readers
(Fisher’s exact test, p < 0.001 for reader 1 and p = 0.006 for
reader 2). There were no significant differences in other CT
findings according to the histologic grade of HCCs.

Discussion

In the present study, we assessed and compared the diagnostic
performance of the AASLD/EASL-EORTC, KLCSG-NCC,
LI-RADS v2014, and OPTN/UNOS guidelines for the diagno-
sis of HCC and evaluation of the eligibility for LT using
MDCT. The overall diagnostic performance and per-lesion sen-
sitivity for HCC diagnosis was significantly higher for the
AASLD/EASL-EORTC and KLCSG-NCC guidelines than
for the LI-RADS and OPTN/UNOS guidelines. Our results
correspond well with the results from a recent prospective
study, which showed that LI-RADS v2014 was not superior
to the AASLD guidelines for the diagnosis of small (1-3 cm)
HCC:s in high-risk patients [20]. In particular, for the detection
of 1-2-cm HCCs, which accounted for the largest proportion of
HCCs in the present study (44.8%), the AASLD/EASL-

EORTC and KLCSG-NCC guidelines showed a significantly
higher sensitivity (30.8%—41.0%) compared with the LI-RADS
and OPTN/UNOS guidelines (15.4%—18.0%), with no differ-
ences in the specificity. The overall diagnostic accuracy of pa-
tient allocation based on the Milan criteria was comparable
among all guidelines and ranged from 81.5% to 83.3%.

In terms of per-lesion sensitivity, the AASLD/EASL-
EORTC and KLCSG-NCC guidelines were superior to the LI-
RADS and OPTN/UNOS guidelines. In general, the AASLD/
EASL-EORTC guidelines are simpler and easier to apply com-
pared with the other guidelines. The AASLD/EASL-EORTC
guidelines for HCC diagnosis have been validated in many
studies, although studies including LT recipients are rare
[21-24]. Our results showed that the AASLD/EASL-EORTC
guidelines can be implemented along with MDCT for HCC
diagnosis before LT, with good diagnostic performance. The
recently established KLCSG-NCC guidelines have not been
widely validated yet. Of note, the KLCSG-NCC guidelines
specify criteria for subcentimeter-sized HCCs [11, 12].
However, subcentimeter-sized nodules showing a typical en-
hancement pattern of HCC on both of CT and MRI could not
be diagnosed as HCC, because the serial increase in serum AFP
levels was not detected in these patients. Additionally, as the
detection of subcentimeter-sized nodules is difficult on CT, so-
phisticated criteria were not useful for the additional detection of
subcentimeter-sized HCC:s in the present study. Compared with
CT, the overall per-lesion sensitivity of MRI has been reported
to be higher, especially for the subcentimeter-sized HCCs [25].
From this perspective, the KLCSG-NCC guidelines could be
helpful to diagnose subcentimeter-sized HCCs on MRI, al-
though this factor was not evaluated in the present study.

In the LI-RADS v2014 and OPTN/UNOS guidelines,
criteria for the diagnosis of 1-2-cm HCCs are more stringent
than those in the AASLD/EASL-EORTC and KLCSG-NCC
guidelines. In the LI-RADS v2014, 1-2-cm arterial phase-
enhancing nodules can be considered as HCC when CT shows
at least two of the following three findings: washout, capsule,
and threshold growth [7]. In the present study, approximately
50% HCCs measuring 1-2 cm were missed when the LI-
RADS and OPTN/UNOS guidelines were used. Most of the
missed 1-2-cm HCCs, using LI-RADS, were categorized as
LR-4, because these nodules showed only arterial enhance-
ment and washout. The low sensitivity for the detection of 1—
2-cm HCCs can be a disadvantage of these guidelines, con-
sidering that 1-2-cm HCCs account for a considerable propor-
tion of HCCs in explanted livers [26, 27].

Our results revealed that a capsule appearance was seldom
observed in HCCs measuring < 2 cm on CT. Although a
capsule appearance was present in a small number of HCCs
measuring > 2 cm (16.7%), this feature was not additionally
beneficial for the diagnosis of HCC, because all these lesions
showed arterial hyperenhancement and venous-delayed phase
washout. One previous study using MRI showed results
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concordant with those of our study [28]. A capsule appearance
did not add sensitivity or specificity to the contrast enhance-
ment pattern for the diagnosis of small HCCs (<2 cm) on CT.
Threshold growth is another major finding adapted only in the
LI-RADS and OPTN/UNOS guidelines. Excluding the single
LR-5g observation, threshold growth did not additionally con-
tribute to the diagnosis of HCC in the present study.
Therefore, capsule appearance and threshold growth rarely
enhance the diagnostic performance of guidelines for HCC
detection in patients undergoing LT. Moreover, ancillary fea-
tures of LI-RADS were rarely detected on CT in LT candi-
dates, although these features did not affect the diagnosis of
HCC (LR-5). The per-patient specificity of the LI-RADS and
OPTN/UNOS guidelines was similar to that of the AASLD/
EASL-EORTC and KLCSG-NCC guidelines. Because the
specificity of the AASLD/EASL-EORTC guidelines is almost
100% [8, 9, 29], it seems that there are few additional benefits
in terms of the specificity of other guidelines.

Our study has several limitations. First, accurate lesion-by-
lesion matching in the explanted liver is known to be particu-
larly demanding. However, the routine plane of histologic
sections is the same as the CT imaging plane (axial) at our
institution, and our study coordinator correlated CT images
with explanted liver specimens, based on the size and the
segment of the lesions, following strict criteria. Second, target
lesions defined in the AASLD/EASL-EORTC guidelines
were not considered in the present study. These guidelines
define target lesions as nodules (> 1 cm) that are initially
detected by surveillance ultrasound. However, we could not
strictly adhere to this criterion because our study patients were
retrospectively recruited from the LT database and surveil-
lance ultrasound was not available for most patients. Finally,
we solely evaluated the diagnostic performance of CT accord-
ing to various guidelines. It has been proven that MRI has
higher sensitivity than CT for HCC diagnosis [25, 30-32].
However, the use of MRI is often limited for LT candidates,
because a poor general condition and large ascites volume
deteriorate the MR image quality [33, 34].

In conclusion, among the AASLD/EASL-EORTC,
KLCSG-NCC, LI-RADS v2014, and OPTN/UNOS guide-
lines, the AASLD/EASL-EORTC guidelines may be the most
useful for HCC diagnosis on CT in patients requiring LT be-
cause of the relatively simple diagnostic criteria and higher
sensitivity without any compromise in the specificity.
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