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Purpose: GALAD is a statistical model for estimating the likelihood of having hepatocel-
lular carcinoma (HCC) based on gender, age, AFP, AFP-L3, and PIVKA-II. We aimed to
assess its performance and build new models in China, where hepatitis B virus (HBV) is the
leading etiology of HCC.

Patients and Methods: We built the GALAD-C model with the same five variables in
GALAD, and the GAAP model with gender, age, AFP, and PIVKA-II, using logistic
regression based on 242 patients with HCC and 283 patients with chronic liver disease
(CLD). We also collected 50 patients with other malignant liver tumors (OMTs) and 50
healthy controls (HCs). A test dataset (169 patients with HCC and 139 with CLD) was used
to test the performance of GAAP.

Results: The GALAD-C and GAAP models achieved comparable performance (area under
the receiver operating characteristic curve [AUC], 0.922 vs 0.914), and both were superior to
GALAD, PIVKA-II, AFP, and AFP-L3% (AUCs, 0.891, 0.869, 0.750, and 0.711) for
discrimination of HCC from CLD for the entire dataset. The AUCs of the GALAD,
GALAD-C and GAAP models were excellent for the hepatitis C virus (HCV) subgroup
(0.939, 0.958 and 0.954), and for discrimination HCC from HCs (0.988, 0.982, and 0.979),
but were relatively lower for the HBV subgroup (0.855, 0.904, and 0.894), and for HCC
within Milan Criteria (0.810, 0.841, and 0.840). They were not superior to AFP (0.873) for
discrimination of HCC from OMT (0.873, 0.809, and 0.823). GAAP achieved an AUC of
0.922 in the test dataset.

Conclusion: GALAD was excellent for discrimination of HCC from CLD in the HCV
subgroup of a cohort of Chinese patients. The GAAP and GALAD-C models achieved better
performance compared with GALAD. These three models exhibited better performance in
patients with an HCV etiology than those with HBV.
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Introduction
Liver cancer is predicted to be the sixth most commonly diagnosed cancer and the
fourth leading cause of cancer death worldwide in 2018, with about 841,000 new

cases and 782,000 deaths annually.'

The etiology of hepatocellular carcinoma
(HCC) varies in different regions worldwide. Non-viral hepatitis (alcoholic hepatitis
and non-alcoholic fatty liver disease) accounts for most cases of HCC in Western
countries. Most cases of HCC in Japan are associated with chronic hepatitis

C (CHC), while most cases of HCC in China are associated with chronic hepatitis
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B (CHB) and CHC. Cases in China accounted for about
50% of the new liver cancer cases and deaths that occurred
worldwide during 2012.% About 25% of cirrhosis patients
die of HCC because tumors are frequently detected at an
advanced symptomatic stage at which effective treatment
options are limited.” To achieve early detection of HCC in
asymptomatic patients, guidelines recommend monitoring
high-risk patients for HCC to improve outcomes.*
Abdominal ultrasound is usually recommended for HCC
surveillance, and serum alpha-fetoprotein (AFP) level is
included in some guidelines. However, the sensitivity and
specificity values of ultrasound for HCC detection range
from 40% to 80% and 80% to 100%, respectively,’ and the
sensitivity (55-74%) and specificity (84-91%) values of
AFP are moderate at best.® AFP-L3, Lens culinaris agglu-
tinin-reactive fraction of AFP, is one of the three glyco-
forms of AFP, and is the major glycoform elevated in the
serum of HCC patients.” The Japan Society of Hepatology
HCC guidelines for surveillance recommend the use of
AFP-L3%.°

Des-gamma-carboxy prothrombin (DCP) is also known
as a protein induced by vitamin K absence or antagonists II
(PIVKA-II). This abnormal prothrombin molecule is pro-
duced in malignant cells as the result of an acquired defect
in posttranslational carboxylation of the prothrombin
precursor.” PIVKA-II has higher sensitivity and specificity
values than AFP for HCC diagnosis; combining PIVKA-II
with AFP increases these values even more.'*!! PIVKA-II is
recommended as a tumor marker for HCC surveillance by the
American Association for the Study of Liver Diseases
(AASLD), the European Association for the Study of Liver
(EASL), and the Japan Society of Hepatology, and has been
widely used in those regions. AFP is not recommended by
AASLD and EASL because of its lower sensitivity and
specificity values. However, AFP has been widely used by
most physicians in China, while PIVKA-II has been unrec-
ognized and has had only limited use. There are limited data
about PIVKA-II use for HCC caused by the two different
chronic viral hepatitis diseases in China.

In 2013, Johnson P. J. et al developed a serum-based tool
(ie, the GALAD model and associated GALAD score) for
surveillance of HCC based on a UK cohort. The GALAD
score is based on gender, age, and the three serologic bio-
markers AFP, AFP-L3, and PIVKA-II. 12 performance of this
model has been validated in the UK, Germany, Japan,'® and
the USA (Mayo Clinic and the National Cancer Institute
Early Detection Research Network)."* The GALAD score
can detect HCC with high levels of accuracy in patients with

non-alcoholic steatohepatitis, with and without cirrhosis.'
The latest AASLD guidelines note the potential for use of the
GALAD score for HCC surveillance.'® However, the model
has not been validated in China, where hepatitis B virus
(HBV) infection is the most common etiology of HCC.

Our study aimed 1) to compare the levels of PIVKA-II,
AFP, and AFP-L3 in patients with different liver dis-
eases, 2) to evaluate the performance of the GALAD
model for HCC detection, and 3) to build new models in
Chinese patients.

Patients and Methods

Design and Patients

All subjects were enrolled between 2012 and 2016 when they
were patients at the First Hospital of Jilin University.
A dataset (ie, training set) consisting of 242 patients with
HCC and 283 patients with chronic liver disease (CLD) was
used to test the GALAD model and build the GALAD-C and
GAAP models. The 283 patients with CLD consisted of 187
with cirrhosis and 96 with chronic hepatitis (CH). We also
collected data from 50 patients with other malignant liver
tumors (OMTs; 23 with intrahepatic cholangiocarcinoma
(ICC) and 27 with liver metastases) and 50 healthy controls
(HCs). Another dataset (ie, test set) consisting of 308 patients
(169 patients with HCC and 139 patients with CLD) was
used to test the new model.

Demographic data, clinical characteristics, diagnostic
and laboratory results (AFP values for the majority of
patients, liver function, and routine blood analysis) were
acquired from the clinical database.

Informed consent was obtained from all subjects. The
study protocol was approved by the Ethics Committee of
the First Hospital of Jilin University.

Inclusion Criteria

The diagnostic criteria for HCC were: (1) histopathologi-
cal diagnosis of HCC; or (2) results consistent with the
diagnostic criteria recommended by the Asian Pacific
Association for the Study of the Liver guidelines if no
pathological examination results were available: A) com-
puted tomography (CT), magnetic resonance imaging
(MRI), or contrast-enhanced ultrasound results revealing
typical imaging lesions of HCC, and the lesion site had
typical blood flow changes; or B) suspected small nodules
found using CT, MRI, or contrast-enhanced ultrasound
were confirmed by positron emission tomography exam-
ination. Early-stage HCC was defined according to the
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Milan Ceriteria (single lesion <5 cm or up to three separate
lesions, none larger than 3 cm).!”

The diagnosis of chronic hepatitis B (chronic hepatitis C)
and related cirrhosis was in accordance with the updated
guidelines for the prevention and treatment of CHB (hepatitis
C) infection from the Chinese Society of Hepatology.'®'"”
Briefly, the diagnostic criteria for chronic hepatitis patients
were: HBV infection (HBsAg-positive or HBV DNA posi-
tive) or hepatitis C virus (HCV) infection (HCV RNA+ and
HCV antibody+) for at least 6 months, alanine aminotrans-
ferase (ALT) is persistently or repeatedly elevated, or hepa-
titis lesions are identified by liver biopsy. The diagnostic
criteria for liver cirrhosis were: (1) histopathological diag-
nosis, or (2) if there was no histological diagnosis, ultra-
sound, CT, or MRI imaging results indicated splenomegaly
without liver space-occupying lesions. We graded the liver
cirrhosis according to the Child-Pugh classification system,
which is a scoring system to grade liver function and is
currently included in most of the available HCC treatment
guidelines. A score of 5-6 was defined as class A, 7-9 as
class B, and 10-15 as class C liver function.””

The criteria for the diagnosis of liver metastasis were:
A) a history of primary cancer and clinical manifestation
of liver tumors; B) imaging examination revealed substan-
tial hepatic space-occupying lesions that were mostly scat-
tered or multiple; C) liver metastases were found during
surgery for the primary disease and the diagnosis was
based on histopathology examination results.

The criteria for the diagnosis of ICC were: (1) histo-
pathological diagnosis of ICC; or (2) there were no pathol-
ogy results, but there were typical clinical manifestations,
biochemical changes, and elevated CA-199. Enhanced CT
and MRI results were consistent with ICC characteristics.

The criteria for inclusion in the Healthy control group
were: (1) no family history of cancer and no history of
diagnosis and treatment of liver-related disease; and (2)
serological markers indicated no HBV infection currently
or previously and anti-HCV antibody test was negative;
and (3) the results of liver function, kidney function, and
routine blood tests indicated no abnormalities; and (4)
ultrasound results indicated no abnormalities in liver or
gallbladder systems; and (5) no abnormalities indicated by
results of liver fibroscan.

Exclusion Criteria

The exclusion criteria were: (1) Current warfarin treat-
ment; or (2) HCC, liver metastasis, and ICC treatment
using surgery, ablation, radiotherapy, or chemotherapy; or

(3) no frozen serum available or serum volume insufficient
for biomarker assays; or (4) for patients with multiple
admissions, the later time points were excluded. Only the
first admission was included.

AFP, AFP-L3, and PIVKA-II Assays

We measured these biomarkers using different methods. This
was different from the GALAD model, where the three bio-
markers were assayed using the same method, the ytTASWako
130 immunoanalyzer. In this study, serum AFP was measured
using the Roche electrochemiluminescence immunoassay (ng/
mL units). PIVKA-II was measured using the ARCHITECT
immunoassay (mAU/MI units) and frozen-thawed serum.
AFP-L3 was measured using reagents from the Rejing
Biotech company and frozen-thawed serum. The minimum
quantitative limit of AFP-L3 was 1 ng/mL, and AFP-L3% was
judged as negative if AFP-L3 <1 ng/mL. In the logistic regres-
sion analysis, we used 1% to represent AFP-L3 negative.
AFP-L3 was not measured in the test dataset.

Statistical Methods

SPSS version 18.0 software (IBM/SPSS Inc., Chicago,
IL),
GraphPad Software, San Diego California, USA, www.

GraphPad Prism version 5.0 (for Windows,
graphpad.com), or R language (version 3.4.4) were used
to perform the analyses or draw graphs, or both.
Categorical data were expressed as numbers (percentages),
and differences were tested using Chi-square tests. Skewed
distribution continuous variables were presented as median
and interquartile range values; differences were tested
using the Mann—Whitney U-test or Kruskal-Wallis
H-test. Post hoc Dunn’s Multiple Comparison tests were
used for pairwise comparisons. Spearman correlation ana-
lysis was used for correlation analyses.

Because the methods we used to measure the three serum
markers were different from those in the original GALAD
work, the units for PIVKA-II were mAU/mL, not ng/mL, and
these units could not be exchanged, we rebuilt the model,
called GALAD-C (C means China), using the same regres-
sion method (logistic regression) and the same five variables
as covariates (Gender [1 for male, O for female], Age, AFP-
L3%, loglO[AFP] and loglO[PIVKA-II]), with Gender as
categorical variable and the other four as continuous ones.
HCC is the dependent variable (1 for HCC, 0 for non-HCC).
The estimated constant and coefficients for the five variables
by logistic regression were used to construct the GALAD-C
score. We built another model, called GAAP, only using four
variables (Gender, Age, loglO[AFP] and logl O[PIVKA-II])
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by the same procedure. The GAAP model was assessed in
the test dataset.

Receiver operating characteristic (ROC) curve analysis
was performed. The best cutoff values to discriminate HCC
from CLD were determined based on the Youden index.>' The
subsequent analysis differentiating HCC from other conditions
shared the same cutoff values. The results for sensitivity,
specificity, positive predictive value, negative predictive
value, and percent correctly classified were calculated. When
ROC curves for models/markers/marker combinations were
performed on the same individuals, the between-AUC com-
parisons were performed using the method proposed by
Delong.** This nonparametric statistical test compared the
areas under two or more correlated receiver operating curves.
The roc.test function in pROC package in R language was used
to test the ROC curves with the parameter paired = TRUE and
method = “delong”. When ROC curves were compared
between HCV and HBV etiologies, the differences were tested
by using the same function but the parameter paired = FALSE.

All statistical tests were two-sided. A P value <0.05

was considered to be statistically significant.

Results
Demographic and Clinical Characteristics

of Enrolled Individuals
The results for demographic and clinical characteristics of
the individuals in the training set and test set are presented
in Tables 1 and 2, respectively.

Serum AFP, PIVKA-II, and AFP-L3% in

HCC, CLD, OMT, and HC
The median level of AFP in the HCC group was significantly

higher than that in the other groups (Table 1, Figure 1A).
There was no significant difference between the Cirrhosis
and Chronic Hepatitis groups, which were both significantly
higher than in the OMT and HC groups. No significant
difference was found between the OMT and HC groups.

The median level of PIVKA-II in the HCC group was
significantly higher than that in all the other groups (Table
1, Figure 1B). No significant differences were found
among Cirrhosis, Chronic Hepatitis, and HC groups. The
PIVKA-II level in the OMT group was significantly higher
than that in the Cirrhosis, Chronic Hepatitis, and HC
groups. The ICC patients had relatively higher PIVKA-II
values (median [interquartile range], 41.7 [29.1-80.2]
mAU/mL, Figure 1C).

The percentage of AFP-L3 >10% in the HCC group was
significantly higher than that in all other groups (Table 1,
Figure 1D).

There was a weak correlation between AFP and
PIVKA-II levels (Spearman r» =0.323, P < 0.001,
Supplementary Figure S1). These results suggested that

the accuracy of HCC diagnosis could be improved by
a combination of the two biomarkers.

Serum AFP and PIVKA-II in HCV-Related
Liver Disease and HBV-Related Liver
Disease

The results for serum AFP and PIVKA-II levels in the con-
text of HCV and HBV etiologies are presented in Figure 1E
and F; Supplementary Table S1. In the HCV subgroup,
consistent with the entire dataset, the AFP and PIVKA-II
levels in HCC group were significantly higher than those in

the Cirrhosis and Hepatitis groups. In the HBV subgroup, the
PIVKA-II results were consistent with the entire dataset,
while the difference of AFP between the HCC and
Hepatitis groups was not significant; the AFP level was
significantly higher in the Hepatitis group than in the
Cirrhosis group. We also compared the HCV and HBV
groups. There were no significant differences between the
HBV-related HCC and HCV-related HCC groups (25.28 vs
36.68 ng/mL, respectively, P > 0.05), or between the HBV-
related Cirrhosis and HCV-related Cirrhosis groups (3.62 vs
5.01 ng/mL, respectively, P > 0.05). The AFP level in the
CHB group was higher than that in the CHC group (12.0 vs
4.2 ng/mL, respectively, P < 0.05).

The higher AFP levels in the CHB group may be
associated with liver inflammation. In this study, the
ALT level in the CHB group was significantly higher
than that in the HCC, HBV-related Cirrhosis, and CHC
groups (median: 175 U/L, 42U/L, 35U/L, and 72 U/L,
respectively, all P values <0.05) (supplementary Figure

S2). There was also a weak correlation between ALT
and AFP levels (Spearman » = 0.2067, P < 0.0001).
However, no correlation was found between ALT and
PIVKA-II levels (Spearman » = 0.0229, P = 0.5906)
(supplementary Figure S3).

Serum AFP and PIVKA-Il in HCC Group,
with and without Cirrhosis and Different
Child-Pugh Scores

No statistically significant differences were found in med-
ian AFP or PIVKA-II levels between the HCC with
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Table | Characteristics of the Study Subjects Used to Evaluate the GALAD Model and Construct the GAAP Model
Variables HCC CLD Other Malignant HC
Liver Tumor
Total Cirrhosis | Hepatitis

N 242 283 187 96 50 50
Age, year 59 (54-65) 52 (44-60) | 54 (48-62) | 47(34-55) 60 (55-63) 49 (40-55)
Sex, male, n(%) 176 (72.7) 167 (59.0%) | 11 (59.4) | 56 (58.3) 32 (64.0) 7 (14.0)
Etiology, n (%)

HBV 135 (55.8) 149 (52.7) 102 (54.5) | 47 (49.0) NA 0

HCV 106 (43.8) 133 (47.0) 84 (44.9) 49 (51.0) NA 0

Alcohol | (0.4%) 1 (0.4) | (0.5%) N/A NA 0
ALT, U/L 42 (28-65) 51 (27-116) | 39 (24-63) | 121 (61-209) | 55 (25-140) 27 (20-30)
AST, UL 51 (34-76) 54 (34-96) | 48 (31-85) | 69 (42—-142) | 52 (28-124) 25 (20-28)
Total Bilirubin, pmol/L 21 (15-32) 22 (14-36) | 24 (15-40) | 18 (14-28) 22 (11-185) 13 (11-16)
Albumin, g/L 29 (34-38) 34 (28-39) | 31 (27-37) | 38 (35-4I) 34 (31-39) 45 (43-48)
AFP, ng/mL 33.11 48 4.05 6.73 2.76 2.67

(7.17-492.9) (2.7-17.1) (243-14.0) | (3.31-26.68) | (2.06-4.27) (1.53-3.87)
PIVKA-II, mAU/MI 171.1 214 18.4 23.8 37.4 24.6
(33.8-1312.2) (15.7-29.7) | (14.2-28.0) | (18.6-32.2) (27.9-67.5) (20.3-27.5)

AFP-L3, n(%)

<10%, 155 (64.0) 273 (96.5) 182 (97.3) | 91 (94.8) 49 (98.0) 50 (100)

[10-20) %, 29 (12.0) 6 (2.1) 3 (1.6) 3.1 | (2.0) 0(0)

[20-100)%, 58 (24.0) 4 (1.4) 2 (L.1) 22.10) 0 (0) 0(0)
Tumor characteristics
Early HCC (within Milan criteria), n(%) | 86 (35.5) N/A N/A N/A N/A N/A
Solitary, n(%) 118(50.6), N=233 | N/A N/A N/A N/A N/A
Maximum tumor size<5cm, n(%) 145(65.9), N=220 | N/A N/A N/A N/A N/A
Portal Vein Invasion, n(%) 41(17.5), N=234 | N/A N/A N/A N/A N/A
Metastasis, n(%) 10 (4.3), N=234 N/A N/A N/A N/A N/A

Note: All continuous variables are presented as median (interquartile range).
Abbreviations: HCC, hepatocellular carcinoma; CLD, chronic liver disease; HC, healthy controls; HBV, hepatitis B virus; HCV, hepatitis C virus; NA, not available; N/A, not

applicable.

Cirrhosis and HCC without Cirrhosis groups, or among
HCC groups with different Child-Pugh scores (supplemen

tary Figure S4).

GALAD, GALAD-C, and GAAP Models

for HCC Diagnosis
The GALAD-C model and the GAAP model were built
based on the 242 HCC patients and the 283 CLD
patients. The relevant parameters are presented in
Supplementary Table S2.

The original GALAD model, the GALAD-C model

and the GAAP model formulas were:

GALAD score = —10.08 + 1.67 x [Gender (1 for male,
0 for female)] + 0.09 x [Age] + 0.04 x [AFP-L3%] + 2.34
x logio [AFP] + 1.33 x log;o [PIVKA-II]."?

GALAD-C score = —11.501 + 0.733 x [Gender (1 for
male, 0 for female)] + 0.099 x [Age] + 0.073 x [AFP-L3
%] + 0.840 x log;o [AFP] + 2.364 x log;o [PIVKA-II].

GAAP score =—11.203 + 0.699 x [Gender (1 for male,
0 for female)] + 0.094 x [Age] + 1.076 x log;q [AFP] +
2.376 x log;o [PIVKA-II].

The probability of an individual being classified as
having HCC (range, 0 to 1) was calculated using:
P(HCC) = exp[score]/(1 + exp[score]).

Journal of Hepatocellular Carcinoma 2020:7
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Table 2 Characteristics of Patients Used to Test the GAAP Model

Variables HCC CLD/Other Malignant Liver Tumor
N 169 139
Age, year 54 (48-61) 52 (43-59)
Sex, male, n(%) 128 (76) 83 (60)
Etiology, n(%)
HBV 129 (76.3) 1 (0.7)
HCV 12 (7.1) 4(2.9)
Alcohol 17 (10.1) 41 [28 Cirrhosis: |3 hepatitis] (29.5)
PBC/PSC 0 26 (18.7)
NASH/NAFLD 0 16 (11.5)
Autoimmune 0 8 (5.8)
Parasite 0 9 (6.5)
DILI 0 24 (17.3)
ICC/MT 0 322
Unknown 11 (6.5) 7 (5.0
Liver function tests
ALT, U/L 40 (26-70) 38 (21-55)
AST, U/L 59 (40-105) 36 (29-65)
v-GT, U/L 110 (48-253) 105 (45-261)
HCC biomarkers
AFP, ng/mL 259 (7-2129) 3 (2-6)
PIVKA-II, mAU/mL 1158 (67-10,469) 25 (17-41)
Tumor characteristics
Early HCC (within Milan criteria), n(%) 35 (22.6), N=154 N/A
Solitary, n(%) 84 (50.3), N=167 N/A
Maximum tumor size<5cm, n(%) 64 (41.6), N=154 N/A
Portal Vein Invasion, n(%) 81 (48.5), N=167 N/A
Metastasis, n(%) 18 (10.8), N=167 N/A

Note: All continuous variables are presented as median (interquartile range).
Abbreviations: HCC, hepatocellular carcinoma; CLD, chronic liver disease; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; NASH,
non-alcoholic steatohepatitis; NAFLD, non-alcoholic fatty liver disease; DILI, drug-induced liver injury; ICC, intrahepatic cholangiocarcinoma; MT, liver

metastases; NA, not available.

Performance of GALAD, GALAD-C, and
GAAP for Discrimination of HCC and
CLD

The GALAD model provided an area under the receiver
operating characteristic curve (AUC) value of 0.891 (95%
confidence interval (CI), 0.864—-0.918) (Figure 2A, Table 3),
which was much lower than the figure for the original UK
cohort (AUC 0.97).'* The GALAD-C model provided an
AUC value of 0.922 (95% CI, 0.900-0.945). This result
was significantly higher than that for the GALAD model
(P = 0.0005) and was comparable with the GAAP model
result (AUC = 0.914[0.889-0.938], P = 0.0561).

These three models found higher AUC values than
the individual biomarkers, and their simple combina-
tions, PIVKA-II (0.869), AFP (0.750), AFP-L3%

(0.711), AFP+PIVKA-II (0.719), AFP+AFP+AFP-L3
(0.698), and AFP+PIVKA-II+AFP-L3 (0.722). Here we
used “+” as “OR”. In the simple “OR” model, we first
determined the optimal cutoffs of AFP at 12.62 ng/mL,
PIVKA-II at 28.23 mAU/mL, and AFP-L3% at 1.744 by
maximizing the Youden’s index for detection of HCC
compared with CLD. Second, the levels of these three
markers were dichotomized into 1 (= cutoff) or 0 (<
cutoff). Finally, the simple “OR” models were con-
structed. As these three serum biomarkers combined
with the simple “OR” models had relatively low perfor-
mance, they were not analyzed in the subsequent sub-

group analysis.

In subgroup analyses, HCC vs cirrhosis and HCC vs
hepatitis, the GALAD-C, and GAAP models achieved
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Figure | Serum AFP, PIVKA-II, and AFP-L3% in HCC and non-HCC groups. Comparison of AFP (A), PIVKA-II (B), and AFP-L3% (D) among HCC, Cirrhosis, Hepatitis,
OMT, and HC groups. Comparison of PIVKA-II (C) among ICC, HCC, liver metastasis, and HCs. Comparison of AFP (E) and PIVKA-II (F) among HBV-related liver disease
and HCV-related liver disease groups. The three horizontal bars in A, B, D, E, and F represent median with interquartile range values. For AFP and PIVKA-II, Kruskal-wallis
H-tests were used for comparisons among groups; post hoc Dunn’s Multiple Comparison tests were performed for pairwise comparisons. For AFP-L3%, Chi-square tests

were performed. ***P <0.001, **P <0.01, *P <0.05, ns P>0.05.

Abbreviations: HCC, hepatocellular carcinoma; HC, healthy controls; CLD, chronic liver disease; OMT, other malignant liver tumors; HBYV, hepatitis B virus; HCV, hepatitis

C virus; CHB, chronic hepatitis B; CHC, chronic hepatitis C.

AUC values >0.90. These values were higher than those
for the original GALAD model, PIVKA-II, AFP, and
AFP-L3% results (Figure 2B and C, supplementary
Table S3-4).

Discrimination of HCC Subgroups and
CLD

The analyses of the HCC within Milan Criteria group vs the
CLD group found that the GALAD-C and GAAP models had
comparable AUC values (0.841 vs 0.840, respectively, P =
0.921). Both models had higher AUC values than the
GALAD model and the individual biomarkers PIVKA-II,
AFP, and AFP-L3 (0.810, 0.801, 0.679, and 0.602, respec-
tively) (Figure 2D, supplementary Table S5).

The analyses of the HCC (maximum tumor diameter
<5 cm) group vs the CLD group found that the GALAD-C
and GAAP models had comparable AUC values (0.889 vs

0.882, respectively, P = 0.363). Both models had higher
AUCs than the GALAD model and the individual biomarkers
PIVKA-II, AFP, and AFP-L3% (Figure 2E, supplementary
Table S6).

The analyses of the HCC (maximum tumor diameter
>5 c¢m) vs the CLD groups revealed that the GALAD-C
and GAAP models had comparable AUC values (0.983 vs
0.982, respectively, P= 0.1298). Both models had higher
AUC values than the GALAD model and the individual
biomarkers PIVKA-II, AFP, and AFP-L3% (Figure 2F,
supplementary Table S7).

Discrimination of HCC from CLD,
Stratified by Etiology

In those patients with an HCV etiology, all three models
achieved high performances, with AUCs of 0.930, 0.958,
and 0.954 for the GALAD, GALAD-C, and GAAP models,
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Figure 2 ROC curves comparing performance between GALAD, GALAD-C, GAAP, individual biomarkers, and combinations for discriminating HCC from CLD (A), HCC
from Cirrhosis (B), HCC from Hepatitis (C), HCC within Milan Criteria from CLD (D), HCC (maximum diameter < 5 cm) from CLD (E), HCC (maximum diameter = 5cm)
from CLD (F), HCC from CLD, HCYV etiology (G), HCC from CLD, HBV etiology (H), and comparisons between HCV and HBYV etiology for the three models (I). HCC,
hepatocellular carcinoma; CLD, chronic liver disease. In the marker combinations, “+” means “OR”, and the cutoffs were 28.23 mAU/mL, 12.62 ng/mL, and 1.744% for

PIVKA-II, AFP, and AFP-L3%, respectively.

respectively (Figure 2G). In patients with an HBV etiology,
the corresponding AUC values were 0.855, 0.904, and 0.894,
respectively, for the three models (Figure 2H) and the AUCs
of the GALAD-C and GAAP models were significantly

higher than that of the GALAD model. These three models
had a significantly higher performance for HCV etiology
compared with HBV etiology (Figure 2I). For the single-
marker models, in both the HCV and HBV etiology subsets
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Table 3 ROC Curve Analysis of Serum Biomarkers Alone and Combination, GALAD-C and GAAP for Discriminating HCC (n=242)

and CLD (n=283)

Model/ AUC (95% P value (GALAD-C Cut-Off Sensitivity | Specificity | PPV | NPV | Correctly

Biomarker Cl) vs Others) Value % % % % Classified %

N=575

GALAD 0.891 (0.864, | 0.0005 0.946 81.8 799 77.6 83.7 | 808
0.918)

GALAD-C 0.922 (0.900, | / —0.374 82.6 85.9 83.3 853 | 844
0.945)

GAAP 0.914 (0.889, | 0.0561 —0.650 872 792 78.1 878 | 829
0.938)

PIVKA-Il mAU/mL | 0.869 (0.839, | <0.0001 2823 82.6 742 733 833 | 78.1
0.900)

AFP ng/mL 0.750 (0.709, | <0.0001 12.62 64.5 72.1 66.4 703 | 68.6
0.792)

AFP-L3% 0.711 (0.666, | <0.0001 1.744 54.1 84.5 749 683 | 70.5
0.757)

AFP+PIVKA-II 0.719 (0.675, | <0.0001 Same as 90.5 534 62.4 868 | 70.5
0.763) above

AFP+AFP-L3% 0.698 (0.652, | <0.0001 Same as 68.2 71.4 67.1 724 | 69.9
0.743) above

AFP+PIVKA-II 0.722 (0.678, | <0.0001 Same as 91.7 527 62.4 882 | 707

+AFP-L3% 0.766) above

Notes: “+” means “OR”. GALAD-C vs GAAP, the P value is 0.0561. The construction of GALAD-C and GAAP models, and all the results obtained are based on all HCC

patients (n=242) and all CLD patients (n=283) present in Table .

Abbreviations: AUC, area under receiver operating characteristic curve; HCC, hepatocellular carcinoma; CLD, chronic liver disease; PPV, positive predictive value; NPV,

negative predictive value.

PIVKA-II achieved the highest AUC values (0.909 for HCV
and 0.839 for HBV), followed by AFP (0.797 and 0.719) and
AFP-L3% (0.777 and 0.658). All three single markers had
higher AUC values for the HCV subset compared with the
HBYV subset. The results for sensitivity, specificity, positive
predictive value, negative predictive value, and percent cor-
rectly classified are presented in supplementary Table S8.

Discrimination of HCC from CLD with
Negative AFP

AFP-negative was defined as <20 ng/mL in this study, which is
a commonly used cutoff value in studies and clinical practice.
The GALAD, GALAD-C and GAAP models achieved similar
performance in each of the three datasets, the entire subset (all
HCC and CLD patients with negative AFP), the HCV subset,
and the HBV subset; the range in AUC values was 0.882 to
0.924 (supplementary Figure S5). The results for sensitivity,

specificity, positive predictive value, negative predictive value,

and percent correctly classified, using different cutoff points,
are also presented in supplementary Figure S5. For example,
the GAAP model had AUC values of 0.888 (0.851-0.924),
0.924 (0.883-0.965), and 0.892 (0.844-0.940) for the entire
subset, the HCV subset, and the HBV subset, respectively. The
corresponding values for sensitivity for HCC diagnosis were

79.4%, 88.1%, and 87.5%, respectively, when keeping speci-
ficity at 80%. As expected, lower values for sensitivity (64.5%,
60.3%, and 70.3%, respectively) were obtained when keeping
specificity at 90%. Using the cutoff point maximizing the sum
of sensitivity and specificity, the GAAP model achieved sensi-
tivity values of 92.5%, 88.1%, and 87.5%, respectively, and
corresponding specificity values of 70.9%, 83.8%, and 81.1%,
respectively. Performance of each of the three models was
higher than that of the individual markers. PIVKA-II had the
best performance among the single-marker models; the values
for sensitivity were 67.3%, 69%, and 65.6%, respectively, at
a specificity of 80%, and were 50.5%, 59.5%, and 45.3% at
a specificity of 90%.
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Discrimination Between HCC and Other
Malignant Liver Tumor

The GALAD-C and GAAP models had comparable AUC
values (0.823 vs 0.809, respectively, P = 0.067). These
AUCs were higher than for the PIVKA-II (0.704) and AFP-
L3% (0.747) results, but lower than the original GALAD
(0.873) and AFP (0.873) results (supplementary Figure S6A).
We performed separate subgroup analyses of ICC and liver

metastases (supplementary Figure S6B, S6C). For differentiat-
ing HCC from ICC, AFP had the highest and most acceptable
performance (AUC=0.899), with a high specificity of 91.3%
and a moderate sensitivity of 64.5% at a cutoff value of 12.62

ng/mL. For differentiating HCC from liver metastases, the
original GALAD model had the highest AUC value (0.876),
but it was only slightly higher than the AFP result
(AUC=0.850). The use of AFP resulted in a high specificity
0f 92.6% and a moderate sensitivity of 64.5% at a cutoff value
of 12.62 ng/mL. This result indicated these models were not
suitable for use, while the use of the single marker AFP > 12.62
had a high specificity to exclude the possibility of ICC or liver

metastases.

Discrimination Between HCC and

Healthy Control Group

The GALAD, GALAD-C, and GAAP models had com-
parable AUC values (0.988 vs 0.982 vs 0.979, respec-
tively, pairwise P values <0.05). They all had AUC
values greater than the values for the individual biomar-
kers PIVKA-II, AFP, and AFP-L3% (supplementary

Figure S6D).

AFP, PIVKA-Il, GALAD-C, and GAAP
with Maximum Tumor Diameter and

Portal Vein Invasion
PIVKA-II level, the GALAD-C score, and the GAAP
score were significantly positively correlated with the
maximum diameters of HCC tumors (r=0.6453,
r=0.6133, r=0.6332, respectively), while the AFP level
was weakly correlated with that (r=0.1815) (supplemen
tary Figure S7).

The median values of AFP, PIVKA-II, GALAD-C
score and GAAP score in the HCC group with portal
vein invasion were significantly higher than those in the
HCC group without vein

portal invasion  (all

P values<0.001) (supplementary Figure S8).

Diagnostic Effectiveness of GAAP Model

in Test Dataset

The GAAP model achieved an AUC of 0.924 (95% CI,
0.895-0.952), and the values for sensitivity, specificity,
and percent correctly classified were 88%, 80%, and
84%, respectively, at a cutoff of > —0.650 (determined in
the training dataset), when discriminating of HCC from
CLD in the test dataset (supplementary Table S9).

Discussion
We validated the use of the GALAD model for discriminating
HCC from chronic hepatitis liver disease with the HCV etiol-
ogy in China, although the performance in the entire dataset
and the subgroup with the HBV etiology was significantly
lower than for previous studies. By using the original
GALAD formula to discriminate HCC from chronic liver
disease, we obtained a significantly lower AUC (0.891) than
that in the initial study based on a UK cohort (0.97),'* and in
other studies (AUC values up to 0.93 to 0.98).">'>* The
methods we used to test the three markers were different.
The units for PIVKA-II were also different, and the two units
could not be interchanged. We refitted the model using the
same five variables and the same regression method (logistic
regression) based on our dataset. As expected, we obtained
different coefficients and named it GALAD-C. The coeffi-
cients changed substantially, especially the coefficient for
AFP. It was approximately two-fold of that for PIVKA-II
(2.34 vs 1.33) in the original GALAD model, while it became
about one-third of the coefficient for PIVKA-II (0.840 vs
2.364) in our dataset. This change indicated that the relative
contributions of the two markers changed. Although it did not
result in a value as high as in the original study, the GALAD-C
model obtained an excellent, and higher, AUC value (0.922)
compared with the GALAD model (0.891). This may be
related to the ethnic factor and characteristics of population.
A previous study showed that the GALAD model achieved the
highest AUC values in the UK (AUC=0.97), followed by
Germany (0.94) and Japan (0.93) using the same test
method."® Our result based on the GALAD-C model was
most similar to that of Japan. We constructed the GAAP
model by excluding AFP-L3, because measurement of this
marker is complex, time-consuming, expensive, and requires
up to a 400-uL serum sample, and the contribution of AFP-L3
was low in our study. The GAAP model performed compar-
ably to the GALAD-C model.

In our study, the performance of the GALAD model for an
HCV etiology (AUC, 0.939) was high and was similar to that
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of previous studies with AUC values ranging from 0.92 to
0.98."*!'* Higher AUCs were obtained using the GALAD-C
(0.958) and GAAP (0.954) models. However, the performance
of these three models for the HBV subset (AUC, 0.855-0.904)
was significantly lower than the performance for the HCV
subset (AUC, 0.939-0.958). It was also lower than in previous
studies (AUCs ranging from 0.93 to 0.99," even to 1.00 in
a study using small sample sizes (11 HCC vs 27 CLD))."* That
55.8% of HCC patients were with an HBV etiology results in
the lower performances of these three models in the entire
dataset of our study. One possible reason the models had a low
performance for the HBV subgroup was that AFP was ele-
vated in the patients with chronic HBV, and AFP elevation can
be associated with ALT elevation. There was a weak correla-
tion between AFP and ALT values in our study and a moderate
correlation in a previous study.>* A previous study found that
the GALAD model exhibited very similar performance for
HCV vs HBV subgroups, with AUC values of 0.98 vs 0.99,
respectively, in the UK, 0.93 vs 0.94, respectively, in
Germany, and 0.92 vs 0.93, respectively, in Japan.'> But,
because ALT values were not available, we did not determine
whether the values for this group of patients with HBV were
relatively low. Another possible reason for the low model
performance was that the patients with HBV HCC had higher
percentages of unifocal small tumors, compared with the
patients with HCV HCC (supplementary Table S10). The
performance of these models and individual markers appar-

ently decreased with the decrease of tumor size, independent
of whether the entire dataset or the HBV or HCV subsets were
analyzed (supplementary Table S11). This result was not con-

sistent with the results of Sarah Berhane’s study, which found
that the performance of the GALAD model was almost con-
sistent, from a unifocal tumor size <5 ¢cm down to <2 cm,
although there are differences among different countries (0.93
to 0.92 for UK, 091 to 0.89 for Japan, 0.85 to 0.87 for
Germany [only to 3 cm, since only seven HCC < 2 cm and
its AUC value increases to 0.93])."

We found that model performance for patients with early-
stage HCC (Milan Criteria) was only moderate (AUC value of
0.84 for GALAD-C and GAAP models), which was lower
than for Japan and UK early-stage HCC (Milan Criteria) (0.91
and 0.93, respectively, GALAD model),13 and for a cohort in
Germany (0.92) and a Mayo Clinic cohort with early-stage
defined as Barcelona clinic liver cancer 0/A stage (0.92).!+
The analysis by etiology found that performance was better for
an HCV etiology than for an HBV etiology (AUC, 0.895
vs.0.832 for both GALAD and GAAP models, supplementary
Table S10).

In our study, among the individual markers, PIVKA-II
achieved the best performance for discrimination of HCC
from CLD. Study results are inconsistent in terms of which
marker is better; some findings support the PIVKA-IL,*** and
some support the AFP.**? But one thing was unanimous that
the combination of two biomarkers is superior to the use of
a single biomarker.****3 Our study found there was a weak
correlation between the two markers. Among HCC patients
with negative AFP (defined as <20 ng/mL, 44.2% (107/242)),
57.9% were PIVKA-II positive (defined as >40 mAU/mL);
among PIVKA-II-negative HCC patients (30.2% (73/242)),
38.4% were AFP positive.

That combination of AFP and PIVKA-II increased perfor-
mance was supported by the results of the analysis of models/
individual markers in patients with negative AFP. Three mod-
els achieved similar and acceptable performances in patients
with negative AFP; AUCs ranged from 0.882 to 0.924. The
GAAP model achieved sensitivities of 79.4% and 64.5% at
a specificity of 80% and 90%, respectively. The GALAD-C
and GAAP models achieved sensitivities of 67.3% and 75.7%
at cutoffs of —0.374 and —0.65, respectively (supplementary
Figure S5). This result was similar to a previous study obtain-
ing a sensitivity of 67.3% at a GALAD score cutoff of —0.65.%
Performance of these three models was significantly higher
than that of individual markers. Among single markers,
PIVKA-II had the best performance (AUC, 0.834), achieving
sensitivities of 67.3% and 50.5% at specificity values of 80%
and 90%, respectively. This sensitivity of PIVKA-II was con-
sistent with previous study findings of sensitivities of 51.02—
56.5% at specificities of 84%-90%.¢’

This study found that PIVKA-II was elevated in patients
with ICC. The GALAD, GALAD-C, and GAAP models
including PIVKA-II as a component achieved relatively
lower AUC values (0.87, 0.791, and 0.78, respectively) for
discrimination of patients with HCC from those with ICC.
These values were significantly lower than those found in
a previous study (AUC, 0.95)"? that included 13 ICC patients.
That study and our study enrolled in very small numbers of
patients. No other studies comparing PIVKA-II/DCP levels
between patients with HCC and ICC were found. Another
study showed that DCP had no efficiency (AUC, 0.512) for
differentiation of patients with ICC from those without cancer;
it had moderate performance (AUC, 0.846) for differentiation
of patients with HCC from patients without cancer.>® This
result indirectly suggests that DCP has diagnostic value for
differential diagnosis of HCC and ICC. However, this study
did not give the number of patients included in the study
population. More studies with greater sample size numbers
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are needed to validate the performance of PIVKA-II for differ-
entiation of HCC from ICC. We found the median level of
conjugated bilirubin was significantly higher in the ICC (74.65
umol/L) than the HCC (7.20 pmol/L, P<0.05), and other
groups (supplementary Figure S9). The possible mechanism
of PIVKA-II elevation in patients with ICC could be similar to
obstructive jaundice. Studies found that PIVKA-II increases in
non-HCC patients with obstructive jaundice, alcoholic liver

disease, warfarin use, and antibiotic use.>*** Elevation of
PIVKA-II in patients with obstructive jaundice is associated
with vitamin K deficiency.*® Obstructive jaundice can affect
bile excretion, which decreases the absorption of fat-soluble
vitamin K. The resulting vitamin K deficiency leads to
PIVKA-II elevation. Theoretically, obstructive jaundice and
cholestasis were present in the patients with ICC, which led to
PIVKA-II elevation.

This study had some limitations. It was based on
a retrospective design and the data were obtained from
a single medical center.

Conclusions

In conclusion, GALAD was excellent for discrimination of
HCC from CLD in the HCV subgroup of a cohort of Chinese
patients. The GAAP model we constructed used only four
variables had performance comparable to the GALAD-C
model we constructed by optimizing the parameters of the
GALAD. The GAAP and GALAD-C models achieved better
performance compared with GALAD. These three models
exhibited better performance in patients with an HCV etiology
than those with HBV. AFP alone was the best marker for
differentiating HCC from a group of other tumors consisting
of ICC and liver metastases. The GALAD, GALAD-C, and
GAAP models had excellent performance for differentiation of
the HCC from the healthy controls. More studies are needed to
further confirm the effectiveness of the GALAD and GAAP
models for use in populations in China.
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