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Abstract
Objectives Fluorodeoxyglucose (FDG) PET/CT is effective for predicting recurrence of hepatocellular carcinoma after liver
transplantation. This study aimed to design composite criteria for predicting post-transplantation recurrence using clinical and
FDG PET/CT factors.
Methods We retrospectively enrolled 239 patients who underwent living donor transplantation in two independent centers
between 2005 and 2013. On PET, maximum tumor-to-background ratio (TBRmax) was measured. Significant predictors for
recurrence were selected by logistic regression and survival analyses. With varying cutoff values for the selected factors,
composite criteria were designed to maximize the predictive performance for recurrence, and tenfold cross-validation was
performed. Predictive values were compared between the composite criteria and the conventional recipient selection criteria.
Results Tumor size, number, alpha-fetoprotein, and TBRmax were selected as significant predictors in both logistic regression and
multivariate survival analyses. In combination of these factors, the highest diagnostic performance was sensitivity of 75.7% and
specificity of 88.5%with cutoff values of tumor size < 6.0 cm, tumor number < 8, alpha-fetoprotein < 465 ng/mL, and TBRmax < 2.8.
The composite criteria exhibited the highest performance for predicting recurrence and recurrence-free survival among the tested
criteria including conventional ones.
Conclusions The composite criteria adding FDG PET findings to clinical factors are effective in selecting appropriate liver cancer
patients who are candidates for liver transplantation.
Key Points
• In patients with HCC, tumor uptake on FDG PET/CT, tumor size, number, and serum AFP level are recognized individual
predictors for tumor recurrence after LT.

• A composite criterion set, combining tumor size, number, serum AFP level, and maximum tumor-to-background ratio (TBRmax),
predicts post-LT recurrence most effectively when compared with conventional criteria sets in selecting candidates for living
donor LT.
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Introduction

In early but unresectable hepatocellular carcinoma (HCC),
liver transplantation (LT) is a radical potentially curative treat-
ment. Particularly in patients with unresectable HCC and un-
derlying cirrhosis, complete tumor removal and hepatic func-
tion recovery can be achieved by LT [1–3]. Due to limited
organ resources, appropriate candidate selection, including
prediction of post-LT tumor recurrence, is important as tumor
recurrence is a major cause of failure [4, 5].

Size and number of tumors are common selection criteria for
LT. According to the Milan criteria, a single tumor smaller than
5 cm or 2–3 tumors smaller than 3 cm each are eligible for LT
[6].More recent studies have reported that theMilan criteria may
be too strict [7–11] and proposed more expanded criteria such as
the University of California at San Francisco (UCSF) criteria
[11], the “Up-to-seven” criteria [12], and the Tokyo criteria
[13]. However, despite several previous studies, the candidate
selection criteria for LT in HCC remain controversial [8, 10, 12,
14, 15]. Additionally, with the increase of living donor LT that is
often performed in high-risk patients, revision of selection
criteria is requested. Pathologic characteristics such as T-stage,
histologic grade, and microvascular invasion are effective pre-
dictors [5, 16]; however, these can be fully evaluated only after
surgery. Serum alpha-fetoprotein (AFP) is another effective pre-
dictor [17, 18], and was included in the Samsung criteria [19].

In patients awaiting liver transplantation, fluorodeoxyglucose
(FDG) PET/CT is a valuable tool for detecting recurrence of
HCC [20]. FDG PET/CT is also effective for predicting tumor
recurrence in LT for HCC [17, 21–24]. Its predictive value was
not inferior to that of conventional predictive factors based on
tumor size and number. It is expected that a more effective pre-
diction of recurrence and patient selection can be achieved by
combining FDGPET factors and conventional predictive factors.

In this study, our aim was to design a composite criterion
set by including all effective clinicopathologic factors and
image findings on FDG PET, for predicting HCC recurrence
after LT. Data were analyzed from two independent transplan-
tation centers.

Materials and methods

Patients

Patients who underwent living donor LT for HCC in Seoul
National University Hospital between 2005 and 2013 or in
Samsung Medical Center between 2008 and 2013 were retro-
spectively enrolled in this study. The inclusion criteria were
(1) pathologically confirmed HCC, (2) time intervals between
FDG PET/CT and LT less than 4 months, and (3) post-LT
follow-up more than 2 years in case of no recurrence. The
study design and waive of informed consents were approved
by our Institutional Review Board (H-1603-154-751).

The Milan criteria and the UCSF criteria were considered as
the initial candidate selection for LT. However, living donor LT
was performed for patients beyond the criteria when a patient and
his/her directed donor strongly desired LT, and when there was
no radiological evidence of macrovascular invasion or extrahe-
patic metastasis. Routine post-LT surveillance was based on
contrast-enhanced CT, every 3months in the first year, and every
6 months from the second year. MRI was complementarily used
in some cases. Recurrence of a lesion was confirmed based on
the imaging studies, and recurrence-free survival (RFS) was de-
fined as the time interval between LT and confirmation of recur-
rence. Information on clinicopathologic factors was obtained
from medical record review: sex, age, pre-LT AFP, the largest
tumor diameter (cm), number of tumors, microvascular invasion,
T-stage, histologic grade, and necrotic portion (%) of tumors.
Size and number of tumors were measured on contrast-
enhanced CT and/or MRI.

FDG PET/CT and image analysis

Patients fasted at least 6 h, and PET/CTwas performed 60min
after intravenous injection of FDG (5.18 MBq/kg) using
Biograph mCT40 or mCT64 (Siemens Healthcare), Gemini
(Philips Healthcare), and Discovery LS or STE (GE
Healthcare). CT was performed without contrast enhance-
ment, and PET images were acquired from the skull base to
the upper thigh. PET/CT images were analyzed by using
vendor-supplied analysis software, and standardized uptake
value (SUV) was measured. For a patient, maximum SUV
(SUVmax) of tumor was measured by drawing a volume-of-
interest (VOI) for a tumor with reference to PET, contrast-
enhanced CT, and/or MRI images. In case of multiple lesions,
the highest SUVmax was used as a representative value.
Maximum tumor-to-blood pool ratio (TBRmax) was calculated
as the ratio between SUVmax of tumor and mean SUVof blood
pool, which was measured in three different levels of the in-
ferior vena cava using spherical VOIs (1-cm3 size).
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Designing composite criteria and statistical analysis

Logistic regression and survival analysis for recurrence were
performed to select effective predictors, which were deter-
mined by logistic regression in case of discrepancy between
the two tests. In these analyses, decile values for each factor
were used due to wide variations and non-normality that was
shown on the Lilliefors test. For survival analyses, the Kaplan-
Meier analysis and log-rank test were used for univariate anal-
ysis and the Cox proportional hazard analysis was performed
for multivariate analysis. The selected factors were included in
designing composite criteria. ROC graphs were drawn with
varying cutoff value for each selected factor, and the combi-
nation of cutoff values that produces the highest Youden index
was selected as the final composite criteria. For validation of
the criteria design, tenfold cross-validation was used; patients
were randomly assigned to ten groups and composite criteria
designed from data of nine groups were tested in the other
validation group.

All continuous values were expressed as mean ± SD or
median and interquartile range for those with non-normal dis-
tribution. In group comparison, the chi-square test was used for
categorical parameters and the Student t test or Mann-Whitney
test was used for continuous parameters. Diagnostic perfor-
mances were compared by McNemar’s test. All statistical anal-
yses were performed using MedCalc (Ver. 15.8, MedCalc
Software bvba) or Excel (Ver. 2013, Microsoft Corp.), and a p
value less than 0.05 was considered significant.

Results

Recurrence of HCC and predictive factors

Atotal of 239 patients (210men and29women; age 56 ± 8years,
range 22–78 years) were enrolled in the study. Clinicopathologic
characteristics are summarized in Table 1. FDG PET/CT was
performed 0.8 ± 0.8 months (range 0.0–3.7 months) before LT.
Patients were followed up for 53.0 ± 30.3 months (5.0–
130.8 months), and HCC recurred in 74 patients (31.0%) at
13.0 ± 10.7 months (0.9–42.0 months) after LT. There was no
significant difference in age, sex, and viral infection status be-
tween the recurrence and non-recurrence groups. Among the
tested clinicopathologic factors, AFP, tumor size, tumor number,
vascular invasion, T-stage, and histologic grade were significant-
ly different (Table 1). TBRmaxwas also significantly higher in the
recurrence group (p < 0.001, Table 1).

Design of composite criteria

Among the tested factors, AFP, tumor size, tumor number, and
TBRmax were selected for designing composite criteria, as
they were significant in both logistic regression analysis for

recurrence prediction and multivariate survival analysis for
recurrence-free time. T-stage was not selected due to its de-
pendency on tumor size and number. Youden’s indexes of
vascular invasion and histologic grade were 0.399 (sensitivity
59.5%, specificity 80.5%) and 0.185 (sensitivity 58.1%, spec-
ificity 60.4%), respectively. They were not selected because
they are pathologic factors that can be determined postopera-
tively or by invasive procedures. In logistic regression analy-
sis, all the four factors were independent and significant fac-
tors for predicting recurrence (Table 2). Particularly, TBRmax

exhibited the highest odds ratio and the lowest p value (odds
ratio = 1.45, p < 0.001). In univariate survival analysis, all the
four factors were significant for predicting RFS with high
significance (Table 2). Also in multivariate analysis, all the
four factors were selected as independent and significant pre-
dictors; among them, TBRmax exhibited the highest hazard
ratio (1.33, p < 0.001).

Based on the results, all the four factors were included in
designing composite criteria. With varying cutoff values of each
factor, an ROC graph was drawn (Fig. 1). The highest diagnostic
performance for predicting recurrence was sensitivity of 75.7%
and specificity of 88.5% (Youden’s index = 0.642), for which the
optimal cutoff values were AFP < 465 ng/mL, tumor size <
6.0 cm, tumor number < 8 (up to 7), and TBRmax < 2.8
(Supplemental Table). A patient who met all these conditions
was deemed to meet the composite criteria. In tenfold cross-
validation, average sensitivity, specificity, and Youden’s index
of the composite criteria were 73.9 ± 15.9% (range 50.0–
100.0), 84.6 ± 0.7% (range 62.5–100.0), and 0.585 ± 0.139
(range 0.375–0.842), respectively.

Diagnostic performance of composite criteria

The composite criteria exhibited the highest Youden index and
the highest sensitivity for predicting recurrence among the com-
pared criteria (Table 3). Also in tenfold cross-validation, the com-
posite criteria exhibited the highest mean Youden index com-
pared with other criteria (Table 4). When the composite criteria
were used in overall group, 164 patients were within and 75were
beyond the criteria. The composite criteria exhibited significantly
higher sensitivity or specificity than most of other criteria, with-
out significant loss of the other measure of diagnostic perfor-
mance. Although the Samsung criteria exhibited a significantly
higher specificity than the composite criteria (0.952 vs. 0.885,
p = 0.001), the sensitivity was much lower than that of the com-
posite criteria (0.500 vs. 0.757, p< 0.001). In survival analyses
using these criteria, the recurrence rate was only 11% in patients
within the composite criteria, whereas it was 75% in those be-
yond the criteria (Fig. 2). The composite criteria exhibited the
highest chi-square value and hazard ratio among the compared
criteria (Table 5).

Images of representative cases are shown in Fig. 3.
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Discussion

In this study, we evaluated various clinicopathologic factors to
design composite criteria for predicting recurrence after LT,
and four factors, i.e., AFP, tumor size, tumor number, and
TBRmax, were selected as significant. In the composite criteria,
a patient with AFP < 465 ng/mL, tumor size < 6.0 cm, tumor
number < 8, and TBRmax < 2.8 is classified as eligible for LT.
The composite criteria exhibited higher predictive values for
recurrence and recurrence-free survival than the conventional

criteria. A simple number of 500 ng/mL instead of 465 ng/mL
could be used as a practical cutoff value for AFP, as it also
exhibited a high predictive value (Supplemental Table,
Youden’s index 0.6342).

However, there is a debate about extending the criteria
beyond Milan or UCSF, particularly in living donor LT [8].
Although some other clinicopathologic factors such as AFP,
vascular invasion, and poor differentiation have been sug-
gested as predictive factors [17, 18, 25], they have not been
included in the candidate selection criteria. One limitation is

Table 2 Logistic regression and survival analysis for recurrence-free survival

Predictive factor Logistic regression Univariate survival analysis Multivariate survival analysis

Odds ratio (95% CI) p Hazard ratio (95% CI) p Hazard ratio (95% CI) p

AFP 1.20 (1.06–1.36) 0.005 4.2 (2.6–6.7) < 0.001 1.18 (1.07–1.29) < 0.001

Tumor size 1.17 (1.03–1.34) 0.018 6.4 (4.0–10.2) < 0.001 1.16 (1.05–1.28) 0.003

Tumor number 1.12 (1.00–1.24) 0.049 5.3 (3.0–9.28) < 0.001 1.07 (1.00–1.15) 0.046

TBRmax 1.45 (1.24–1.68) < 0.001 6.4 (3.9–10.5) < 0.001 1.33 (1.19–1.48) < 0.001

AFP, alpha-fetoprotein; TBR, tumor-to-background ratio

Table 1 Clinicopathologic
characteristics and predictive
factors for recurrence

Characteristics Total Recurrence Non-recurrence pa

N 239 74 (31%) 165 (69%)

Ageb, years

(range)

56 ± 8 (22–78) 55 ± 10 (22–75) 56 ± 7 (33–78) 0.977

Sex, M:F 210:29 67:7 143:22 0.526

Viral status 0.079

HBV 209 (87.4%) 64 (86.5%) 145 (87.9%)

HCV 20 (8.4%) 4 (5.4%) 16 (9.7%)

NBNC 10 (4.2%) 6 (8.1%) 4 (2.4%)

AFPc, ng/mL 18.6 (6.0–131.6) 124.0 (14.0–810.0) 12.7 (5.4–55.4) < 0.001

Tumor sizec, cm 2.5 (1.8–4.0) 4.1 (2.5–6.5) 2.2 (1.7–3.4) < 0.001

Tumor numberc 2 (1–4) 3 (2–6) 2 (1–3) < 0.001

Vascular invasion 76 (31.8%) 44 (59.5%) 32 (19.4%) < 0.001

Necrosisc 15% (0–80) 23% (1–80) 10% (0–86) 0.217

T-stage < 0.001

T1/T2 205 (85.8%) 50 (67.6%) 155 (93.9%) < 0.001

T3/T4 34 (14.2%) 24 (32.4%) 10 (6.1%)

Histologic grade, n < 0.001

1/2 131 (54.8%) 31 (41.9%) 100 (76.3%)

3/4 108 (45.2%) 43 (58.1%) 65 (39.4%)

TBRmax
c 2.08 (1.85–2.61) 2.81 (2.18–3.53) 1.99 (1.80–2.17) < 0.001

AFP, alpha-fetoprotein; HBV, hepatitis B virus; HCV, hepatitis C virus; NBNC, neither HBV nor HCV; TBR,
tumor-to-background ratio
a Tested by t test for age, chi-square test for categorical data, andMann-Whitney test for other continuous variables
bMean value ± SD
c Expressed in median value and interquartile range
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that pathological features can be accurately evaluated only
from the explanted liver or by invasive procedures. In HCC,
high FDG uptake is also related to poor prognosis [26, 27]. As
recurrence after LT is caused by micrometastasis that has not
been detected on preoperative imaging [28, 29], HCC with
high FDG uptake might be more prone to metastasis because
of high aggressiveness. FDG uptake is also inversely related
to tumor differentiation and high uptake is shown in poorly
differentiated cancer cells [30]. FDG uptake is a significant
predictive factor for recurrence of HCC after LT [21–24, 27]
and an effective factor for selecting candidates for LT [31].

In this study, AFP, tumor size, tumor number, and
TBRmax were significant individual predictive factors in
univariate survival analysis, in accordance with previous
studies [18, 23–25, 27]. All these four factors remained
significant in logistic regression and multivariate survival

analyses. The combination appears to be reasonable be-
cause each of them represents different aspects of disease
status; tumor size and number are markers for physical
tumor burden, AFP is a marker for biochemical tumor
burden, and FDG uptake is a marker for the degree of
malignancy of tumor cells. In a previous study, AFP and
FDG uptake were significant factors, whereas tumor size
did not remain significant in multivariate analysis [27].
The difference might be the different cutoff values for
each factor. In the present study, the optimal cutoff value
of each factor was determined to maximize diagnostic
performance by using multifactor ROC graph analysis.
This analysis is similar to conventional ROC curve anal-
ysis, which is used for determining cutoff value of a sin-
gle factor. Because we attempted to combine multiple fac-
tors, diagnostic value of all possible combinations was
tested and displayed in the ROC graph.

The main purpose of the present study was to design com-
posite criteria that can overcome the limitations of convention-
al criteria for patient selection. One of the major criticisms for
theMilan and the UCSF criteria is that they are relatively strict
for living donor LT [8, 11]. The Up-to-seven criteria and the
Tokyo criteria are expanded criteria, and they showed higher
specificity than the Milan and the UCSF criteria in the present
study. However, their sensitivity for recurrence prediction was
only 51.4–54.1%. Although the Samsung criteria that include
serum AFP level as well as tumor size and number exhibited
the highest specificity of 95.2%, the sensitivity was only 50%.
It means that 50% of the recipients who are within the criteria
will experience recurrence of HCC. In contrast, the composite
criteria exhibited the highest sensitivity (75.7%), a very high
specificity (88.5%), and the highest predictive value in surviv-
al analyses for RFS.

In the present study, TBRmax, the SUV ratio between the
tumor and the blood pool, was used as a metabolic activity
index on FDG PET. Although SUVmax is a widely used index
in PET of many cancers, it is vulnerable to measurement er-
rors, individual conditions, and scanner characteristics. In con-
trast, ratios of SUV between a tumor lesion and reference
tissues are robust and often used in the analysis of FDG

Table 3 Sensitivity and
specificity of each criterion for
predicting recurrence after LT

Criteria Within/beyond (n) Youden’s index Sensitivity p* Specificity p*

Composite 164 / 75 0.642 0.757 – 0.885 –

Milan 127 / 112 0.319 0.689 0.302 0.630 < 0.001

UCSF 142 / 97 0.352 0.649 0.096 0.703 < 0.001

Up-to-seven 172 / 67 0.377 0.541 < 0.001 0.836 0.216

Tokyo 186 / 53 0.423 0.514 < 0.001 0.909 0.503

Samsung 194 / 45 0.452 0.500 < 0.001 0.952 0.001

*In comparison with the composite criteria, by the McNemar test

0.0 0.2 0.4 0.6 0.8 1.0

1 – Specificity

0.0

0.2

0.4

0.6

0.8

1.0
S

en
si

ti
vi

ty

Fig. 1 Receiver-operating characteristic graph with varying cutoff values
of each factor. The combination of cutoff values resulting in the highest
diagnostic performance is marked by an arrow (sensitivity of 75.7% and
specificity of 88.5%)
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PET. In HCC, TBRmax is usually calculated as the SUV ratio
between tumor and the normal liver or blood pool [21, 26, 27].
Because the liver is the diseased organ in HCC, blood pool
was selected as the reference tissue in this study.

There are some limitations in this study. Firstly, it was
retrospectively designed and there was some heterogeneity
in patient management protocols, particularly the time inter-
vals between LTand FDGPET. Local treatment before LTwas

also not controlled. Additionally, there were no independent
criteria for decision of LT, and the decision was affected by
conventional criteria. It may have caused a bias in comparing
diagnostic performance. Secondly, multicenter data were not
obtained, although a large cohort of 239 patients from two
independent centers was used. Third, there may have been a
variation of SUV according to different PET/CT scanners,
although TBRmax was used instead of SUV in this study to
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Fig. 2 Kaplan-Meier survival curves according to each patient selection criteria. In comparison with other criteria (a–e), the composite criteria exhibited
the highest predictive value for recurrence-free survival (f)

Table 4 Tenfold cross-validation
results for diagnostic performance
of composite criteria in
comparison with other criteria

Criteria Sensitivity, % (range) Specificity, % (range) Youden’s index (range)

Composite 73.9 ± 15.9

(50.0–100.0)

84.6 ± 11.7

(62.5–100.0)

0.585 ± 0.170

(0.375–0.842)

Milan 65.5 ± 21.1

(33.3–100.0)

62.5 ± 11.0

(47.1–85.7)

0.280 ± 0.270

(−0.111–0.579)
UCSF 59.1 ± 18.4

(33.3–100.0)

68.4 ± 10.8

(47.1–85.7)

0.275 ± 0.236

(−0.101–0.632)
Up-to-seven 52.8 ± 19.0

(16.7–80.0)

83.6 ± 10.3

(68.4–100.0)

0.364 ± 0.183

(0.000–0.655)

Tokyo 51.4 ± 22.1

(16.7–100.0)

90.5 ± 9.6

(68.8–100.0)

0.419 ± 0.228

(0.111–0.895)

Samsung 49.5 ± 19.1

(16.7–80.0)

94.9 ± 5.1

(85.7–100.0)

0.444 ± 0.206

(0.111–0.800)

*Values are expressed as mean ± SD
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compensate such variation. Finally, recurred lesions were not
pathologically confirmed, which may have caused a little di-
agnostic error.

In conclusion, AFP, tumor size, tumor number, and
TBRmax on FDG PET/CT are independent factors for
predicting recurrence of HCC after living donor LT.
Composite criteria for candidate selection could be

suggested by simple numbers: AFP < 500 ng/mL, tumor
size < 6.0 cm, tumor number < 8, and TBRmax < 2.8. The
composite criteria using these factors exhibited excellent
predictive values for predicting recurrence compared with
conventional criteria. The composite criteria are expected
to be effective in selecting appropriate patients who can
benefit from LT.

a b

Fig. 3 The representative cases. a A 65-year-old man with HCC whose
tumor number was 3, the largest tumor size was 2.5 cm (arrow), AFP was
86.1 ng/mL, and TBRmax was 5.18. He was within the Milan criteria, but
above the composite criteria. He experienced recurrence 16.0 months
after LT. b A 43-year-old woman with HCC whose tumor number was

5, the largest tumor size was 2.9 cm (arrow), AFP was 59.4 ng/mL, and
TBRmax was 1.72. Although she was above the Milan criteria, she was
within the composite criteria. She survived for 73.3 months without
recurrence

Table 5 Prediction of recurrence-free survival by prediction models

Prediction model N Mean RFS (mo) Recurrence rate (%) Hazard ratio (95% CI) χ2 p

Milan criteria 3.10 (1.95–4.92) 22.68 < 0.001

Within 127 109.4 ± 4.1 18.1

Beyond 112 72.5 ± 5.5 45.5

UCSF criteria 3.39 (2.11–5.47) 28.67 < 0.001

Within 142 109.0 ± 3.9 18.3

Beyond 97 67.9 ± 5.9 49.5

Up-to-seven criteria 4.09 (2.37–7.06) 43.24 < 0.001

Within 172 107.0 ± 3.7 19.8

Beyond 67 53.2 ± 6.4 59.7

Tokyo criteria 5.76 (3.07–10.82) 73.86 < 0.001

Within 186 107.6 ± 3.5 19.3

Beyond 53 34.6 ± 5.4 71.7

Samsung criteria 7.84 (3.82–16.10) 112.45 < 0.001

Within 194 108.0 ± 3.4 19.1

Beyond 45 23.6 ± 4.6 82.2

Composite criteria 11.40 (6.54–19.85) 132.44 < 0.001

Within 164 117.8 ± 2.9 11.0

Beyond 75 33.2 ± 4.7 74.7

RFS, recurrence-free survival
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