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Abstract
Background: Pre-operative non-invasive histological evaluation of hepatocellular carcinoma (HCC) remains a challenge. Tumor
perfusion is significantly associated with the development and aggressiveness of HCC. The purpose of the study was to evaluate the
clinical value of quantitative liver perfusion parameters and corresponding histogram parameters derived from traditional triphasic
enhanced computed tomography (CT) scans in predicting histological grade of HCC.
Methods: Totally, 52 patients with HCCwere enrolled in this retrospective study and underwent triple-phase enhanced CT imaging.
The blood perfusion parameters were derived from triple-phase CT scans. The relationship of liver perfusion parameters and
corresponding histogram parameters with the histological grade of HCC was analyzed. Receiver operating characteristic (ROC)
curve analysis was used to determine the optimal ability of the parameters to predict the tumor histological grade.
Results: The variance of arterial enhancement fraction (AEF) was significantly higher in HCCs without poorly differentiated
components (NP-HCCs) than in HCCs with poorly differentiated components (P-HCCs). The difference in hepatic blood flow (HF)
between total tumor and total liver flow (DHF=HFtumor�HFliver) and relative flow (rHF=DHF/HFliver) were significantly higher in
NP-HCCs than in P-HCCs. The difference in portal vein blood supply perfusion (PVP) between tumor and liver tissue (DPVP) and
the DPVP/liver PVP ratio (rPVP) were significantly higher in patients with NP-HCCs than in patients with P-HCCs. The area under
ROC (AUC) of DPVP and rPVP were both 0.697 with a high sensitivity of 84.2% and specificity of only 56.2%. The DHF and rHF
had a higher specificity of 87.5% with an AUC of 0.681 and 0.673, respectively. The combination of rHF and rPVP showed the
highest AUC of 0.732 with a sensitivity of 57.9% and specificity of 93.8%. The combined parameter of DHF and rPVP, rHF and
rPVP had the highest positive predictive value of 0.903, and that of rPVP and DPVP had the highest negative predictive value of
0.781.
Conclusion: Liver perfusion parameters and corresponding histogram parameters (including DHF, rHF, DPVP, rPVP, and
AEFvariance) in patients with HCC derived from traditional triphasic CT scans may be helpful to non-invasively and pre-operatively
predict the degree of the differentiation of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
cancer and the third leading cause of cancer-related death
worldwide.[1,2] Treatment methods include liver transplan-
tation, surgical resection, radiofrequency ablation, trans-
catheter hepatic arterial chemoembolization, and targeted
therapies.[3] Surgical resection is considered one of the most
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effective treatments for HCC. Even after undergoing
curative resection, high recurrence rates in HCC (50%–
60% at 3 years and 70%–100% at 5 years) have been
documented in patients with evidence of the significantly
negative outcome of HCC.[4] It has been shown that the
histological grade of HCC could be used to predict long-
term survival before liver transplantation or local treatment
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and is an independent predictor of post-operative recur-
rence.[5] Therefore, accurate prediction of histological grade
is critical for clinical decision-making and prognosis. HCCs
with poorly differentiated components (P-HCCs) have
higher tumor recurrence rate, poorer prognosis, and lower
survival rate, compared with moderately and well-differen-
tiated HCC.[5,6] It has been shown that poor HCC
histological grade is significantly correlated with unfavor-
able survival outcomes following liver transplantation,
curative resection, and local therapies.[7,8] However, tumor
histological evaluation is mostly feasible after the surgery
and pathological exams. Therefore, pre-treatment non-
invasive tumor histological evaluation is necessary for
prognosis estimation. Studies have evaluated the correlation
between blood supply and the histological grade for
HCCs.[9,10] The development of HCC is associated with a
progressively increasing arterial blood supply through
angiogenesis.[11] Therefore, quantitative evaluation of the
perfusion status of the tumormay be useful for assessing the
aggressiveness and progression of HCC (from a high-grade
dysplastic nodule to advanced HCC).

In recent years, several reports[12-15] on the histological
classification of HCC have been published. Due to the
heterogeneity or overlap of different histological classifi-
cation methods, there may be some controversies.[16]

Magnetic resonance imaging (MRI) has been used for the
grading of HCC in the last 20 years, in which the most
important and widely used is diffusion-weighted imaging
(DWI). Several studies[13,14] showed that apparent diffu-
sion coefficient (ADC) values from DWI can improve the
value of MRI in the grading of HCC, but it does not reflect
the changes in the tumor parenchyma. In addition, the
accuracy of the ADC values from DWI in grading HCC is
limited due to the discrepancy of b values. In recent years,
amide proton transfer-weighted (APTw) imaging has been
introduced to predict grading.[17] APTw MRI can
indirectly detect cellular mobile proteins, without any
exogenous contrast agent injection through the exchange
between amide protons and bulk water protons. However,
APTw may be affected by some tissue parameters.
Recently, Wang et al[18] attempted to establish an
ultrasound imaging-diagnostic system for histopatholog-
ical grades of differentiation of HCC and provides
encouraging data on Sonazoid contrast-enhanced ultra-
sound in the histological differential diagnosis of HCC,
especially in early HCC. However, the diagnosis of the
histological differentiation grade of HCCwas based on the
prerequisite of a definitive diagnosis of HCC.

In patients with liver diseases including hepatic tumors and
liver parenchymal diseases, accurate assessment of the
alternation of hepatic blood flow (HF), that is, changes in
hepatic perfusion, can provide vital information for the
appropriate management and prognosis prediction. Evalu-
ation of these changes in hepatic perfusion can now be
performed using perfusion computed tomography (PCT),
dynamic contrast-enhanced MRI, or contrast-enhanced
ultrasound.[17,18] CT perfusion is highly promising as a
functional vascular imaging technique for tumor hemody-
namics monitoring, which has been applied in the
quantitative evaluation of perfusion status of HCC.[19-23]

Liver PCT imaging can be used to obtain accurate blood
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flow values of HCC and normal liver parenchyma, and can
quantitatively measure perfusion parameters. It has also
helped to expand the role of CT from a purely anatomic
imaging tool to a combined morphologic and functional
technique. However, traditional CT perfusion of the liver is
largely unfulfilled clinically due to concerns over high
radiation dose or poor imaging quality (owing to the use of
low-tube voltages to decrease the radiation dose). The dual
maximum slope model, which was first proposed by
Blomley et al,[24] is widely used. Using this model, standard
triphasic CT, as a novel method, could estimate the blood
supply status of the liver[25] and could acquire a series of
perfusion parameters. We suppose those perfusion param-
eters, which were usually expressed as mean values, may be
efficient in predicting the histological grade of HCC.
Moreover, assessment of tumor heterogeneity with histo-
gram analysis in acquired CT imaging data is superior for
tumor grading, tumor recurrence, and predicting overall
survival of brain glioma, cervical, and colorectal can-
cer.[9,10,26] To our knowledge, few studies have been
reported to evaluate the clinical potential of CT perfusion
quantitative measurement and histogram analysis in
predicting the histological grade of HCC.

In the present study, we evaluated the significance of liver
perfusion parameters and corresponding histogram pa-
rameters from traditional triphasic CT scans for the non-
invasive prediction of the histological grade of HCC. The
optimal parameters to identify different grades of HCC
were also determined.

Methods

Ethical approval

This studywas approved by the Institutional Review Board
of the Second Hospital of Shandong University (KYLL-
2015[LW]-0004) and was also conducted according to the
principles of the Declaration of Helsinki and correspond-
ing guidelines. All subjects gave written informed consent
before inclusion in the study.

Patient selection

A total of 119 consecutive patients suspected of malignant
hepatic lesions who underwent hepatic resection between
January 2017 and May 2019 were enrolled. All enrolled
patients received tri-phase enhanced CT scan (n= 105),
and then underwent partial hepatectomy (n= 81) or
anatomic hemihepatectomy (n= 24) within 30 days.
Fifty-three patients were excluded for the following
reasons: the arterially enhancing portion of the tumor
was too small to characterize (�5 mm) (n= 10); previous
anti-tumor treatments (n= 16); interval >1 month be-
tween triphasic CT scans and surgery (n= 16); patients
with any kind of portal thrombosis (either in the main
portal vein or in the segmental vessels) (n= 7), or more
than three concurrent lesions (n= 4). Finally, 52 patients
with pathologically confirmed HCCs were included for
analysis. The study flowchart is shown in Figure 1.

Pathological evaluation of HCC specimens was performed
by two experienced pathologists blinded to the radiologic
findings. The degree of tumor cell differentiation was
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Figure 1: Flow diagram of patient inclusion and exclusion. CT: Computed tomography; TACE: transcatheter arterial chemoembolization; HCC: hepatocellular carcinoma.
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classified by tumor grade as grades I–IV according to
Edmondson-Steiner grading.[27]

Multi-detector CT protocols

All patients underwent non-contrast and triphasic con-
trast-enhanced CT scans on a Discovery 750HD CT
scanner (GE Healthcare, Waukesha, WI, USA). Patients
were fasted for 4 h and drank 500 to 800 mL warm water
orally 5 to 10 min before the scanning. For each patient,
100 mL of iodinated contrast (Omnipaque 370 mg iodine/
mL, GE) followed by a 30 mL saline chaser was injected
intravenously at a rate of 3.0 to 4.0 mL/s. After an
unenhancedCT scanwas obtained, arterial phase (30–35 s),
portal venous phase (60–70 s), and delayed phase (180 s)
were performed after contrast injection. The scanning
parameters were as follows: 128 � 0.625 mm collimation,
80 to 120 kV tube voltage, 200 mA effective tube current-
timeproduct, and1.375pitch, 0.5 s/rotationgantry rotation
speed, 5 mm slice thickness. The volumetric CT dose index
(CTDIvol) was 24.8± 3.2 mGy. Patients were instructed to
hold their breath during the scanning.
Perfusion parameters measurements

Tumor regions of interest (ROIs) were drawn around the
entire section of the tumor on three or four representative
slices to eliminate bias. Tumor-free ROIs were drawn in
the same lobe as the tumor and were of the same size as the
tumor, excluding large intrahepatic vessels. CT hemody-
namic kinetics software (CT Kinetics, GE Healthcare) was
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used to calculate hepatic arterial supply perfusion (HAP),
portal vein blood supply perfusion (PVP), and arterial
enhancement fraction (AEF) based on the model-free
maximum method. The HAP, PVP, and AEF were
measured in the tumor and normal liver tissue (tumor-
free area) in each patient by two radiologists. AEF was
defined as the ratio of the absolute increment of
attenuation during the arterial phase to the absolute
increment of attenuation during the portal venous phase.
The perfusion parameters were calculated, including total
HFtumor (HFtumor=HAPtumor + PVPtumor), total HFliver
(HFliver=HAPliver + PVPliver), difference in flow between
tumor and liver (DHF = HFtumor � HFliver), relative flow
(rHF = DHF/HFliver), difference in HAP (DHAP =
HAPtumor � HAPliver), relative HAP (rHAP = DHAP/
HAPliver), difference in PVP (DPVP = PVPtumor � PVPliver),
relative PVP (rPVP = DPVP/PVPliver), difference in AEF
(DAEF = AEFtumor � AEFliver), and relative AEF (rAEF =
DAEF/AEFliver). From these voxel-by-voxel HAP, PVP, and
AEF values, a histogram for each lesion was generated
using statistical analysis software (JMP Pro, version 9.0,
SAS Institute Inc., Cary, NC, USA), including median,
mean, standard deviation (SD), 10th to 90th percentile,
variance, skewness, and kurtosis.[28-30]
Estimation of sample size and outcome evaluation

To estimate the sample size required to demonstrate the
difference between different HCC grading phases, a prior
sample size calculation was conducted by using G∗Power
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3.1.9.4 software (Program written by Franz Faul,
University Kiel, Germany). Under the condition of alpha
at 0.05, power at 0.8, and allocation ratio P-HCC/NP-
HCC at 1:3, a total of 18 lesions (14 NP-HCC lesions and
four P-HCC lesions) would be sufficient to achieve an
effect size of 1.6, corresponding to a difference of about
10 unit of attenuation values while a total of 52 lesions
(36NP-HCC lesions and 16 P-HCC lesions) would achieve
an effect size of 1.0, corresponding to a difference of about
6 unit of attenuation values.

Clinicopathological information of all patients was
collected from the medical records, including sex, age,
tumor size, etiology, and Child-Pugh stage. All patients
were divided into two groups: HCCs without poorly
differentiated components (NP-HCCs) (Edmondson grade
I or II) and P-HCCs (Edmondson III or IV). The association
between histopathological grade and perfusion parameters
and histogram values was evaluated.
Statistical analyses

All statistical analyses were performed in R version 3.6.1
(the R core team, the Statistics Department of the University
of Auckland, New Zealand). Inter-observer agreement
between the two radiologists was assessed by weighted k
statistics. Degrees of agreementwere categorized as follows:
0.00 to 0.20, poor agreement; 0.20 to 0.39, fair agreement;
0.40 to 0.59, moderate agreement; 0.60 to 0.79 substantial
agreement, and 0.80 to 1.00, excellent agreement. If there
was disagreement between observers, an agreement was
achieved by discussion. Kolmogorov-Smirnov test was
performed to analyze the normality of data. Data of normal
distribution were expressed as mean ± SD and analyzed
Table 1: Baseline characteristics of patients with P-HCCs or NP-HCCs.

Clinical features P-HCCs (n=16) NP

Age (years) 53.0± 12.8 5
Sex
Male 11 (69)
Female 5 (31)

Etiology
Hepatitis B 8 (50)
Hepatitis C 6 (38)
Alcoholism 2 (12)

Child-Pugh classification
A 10 (78)
B/C 6 (22)

Tumor size (mm) 21.3± 9.4
Hepatic background
Fibrosis 3 (19)
Cirrhosis 13 (81)

AFP level
�10 ng/mL 0
10–400 ng/mL 7 (44)
≥400 ng/mL 9 (56)

Data were shown as mean± standard deviation, or n (%). AFP: Alpha-fetopro
differentiated components; P-HCCs: HCCs with poorly differentiated comp
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with the independent samples t-test. Data of non-normal
distribution were expressed as median (P25, P75) and
analyzed with a non-parametric rank-sum test (Mann-
WhitneyU test). Fisher discrimination criterion, also known
as the canonical criterion, applied to two categories (P-
HCCs and NP-HCCs) of this study. Receiver operating
characteristic (ROC) curve analysis was performed to
determine the optimal cutoff value of each parameter for
predicting the histopathological grade of HCC, and the
corresponding sensitivity and specificity. A P value < 0.05
was considered to be significant.
Results

Clinical and pathological characteristics of the patients

Table 1 showed the baseline clinical characteristics of the
52 patients with HCCs in this study, including 36 males
and 16 females, with a mean age of 52.8 years (range, 30–
85 years). According to their liver function by Child-Pugh
classification, there were 38 (77%) patients in the Child-
Pugh class A group and 14 (23%) patients in the Child-
Pugh class B/C group. Hepatitis virus markers were
positive in 45 (87%) of 52 patients, including 30 (58%)
cases with positive hepatitis B surface antigen and 15
(29%) cases with positive hepatitis C. Only seven (13%)
patients had a significant alcohol history. The mean
diameter of the tumor was 11.4± 7.8 mm (range, 4–67
mm). The number of cases with poor, moderate, and well-
differentiated HCCwas 16, 25, and 11, respectively. There
were no significant differences in the following clinical
characteristics between the two groups: age, history of
hepatitis virus, sex, liver function, and etiology of the liver
disease (all P> 0.05).
-HCCs (n=36) Statistics P

0.7± 13.5 t= 1.349 0.641
x2= 0.000 1.000

25 (69)
11 (31)

x2= 0.853 0.653
22 (61)
9 (25)
5 (14)

x2= 0.652 0.419
28 (68)
8 (32)

13.1± 7.6 t= 1.537 0.144
x2= 4.115� 10�31 0.978

6 (17)
30 (83)

x2= 1.428 0.490
3 (8)

15 (42)
18 (50)

tein; HCCs: Hepatocellular carcinomas; NP-HCCs: HCCswithout poorly
onents.
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Correlation of perfusion parameters and corresponding
histogram parameters with the histopathological grade of HCC
The data of perfusion parameters and histogram param-
eters were of non-normal distribution. Therefore, the
Mann-Whitney U test was performed for data analysis.
Figure 2: Traditional enhancement image and pharmacokinetic images of the P-HCCs and NP
heterogeneous (P-HCC and M-HCC) and homogeneous (W-HCC) high perfusion in the lesions; a
perfusion in the lesions. AEF: Arterial enhancement fraction; HAP: Hepatic arterial supply perfus
differentiated HCC; PVP: Portal venous supply perfusion.

Table 2: Liver perfusion parameters in patients with P-HCCs or NP-HCC

P-HCCs (n= 16)

Parameters Median P25 P75 Med

HF 0.250 0.212 0.294 0.
DHF �0.101 �0.151 �0.070 �0.
rHF �0.305 �0.397 �0.186 �0.
DHAP �0.047 �0.067 �0.015 �0.
rHAP �0.601 �3.261 0.520 �0.
DPVP �0.152 �0.161 �0.118 �0.
rPVP �0.387 �0.401 �0.330 �0.
DAEF 0.044 0.030 0.074 0.
rAEF 0.089 0.059 0.158 0.

HF, DHF, DHAP, and DPVP values are expressed as mL/100 mL/min. rHF, r
∗
Statistically significant difference between the two groups (P< 0.05). DAEF:
Difference of hepatic arterial perfusion (HAPtumor�HAPliver);DHF:Differenc
portal vein perfusion (PVPtumor � PVPliver); HCCs: Hepatocellular carcinoma
(DAEF/AEFliver); rHAP: Relative hepatic arterial perfusion (DHAP/HAPliver);
perfusion (DPVP/PVPliver).
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The perfusion parameters of P-HCC and NP-HCC were
presented in Table 2. The typical CT images with perfusion
parameters and corresponding histogram parameters were
shown in Figure 2. The difference in flow between total
tumor and total liver flow (DHF = HFtumor � HFliver) and
-HCCs. For the patients with different histological grades, all AEF and HAP images showed
ll PVP images showed heterogeneous (P-HCC and M-HCC) and homogeneous (W-HCC) low
ion; HCC: Hepatocellular carcinoma; NP-HCC: Non-poorly differentiated HCC; P-HCC: Poorly

s.

NP-HCCs (n= 36)

ian P25 P75 W-value P

260 0.224 0.294 277 0.619
038 �0.110 0.012 194 0.037

∗

124 �0.328 0.034 199 0.046
∗

052 �0.084 �0.008 339 0.517
678 �2.547 0.285 291 0.815
096 �0.135 �0.047 184 0.022

∗

284 �0.359 �0.165 184 0.022
∗

049 0.026 0.078 281 0.673
010 0.051 0.167 281 0.673

HAP, rPVP, rAEF, and DAEF values are expressed as fractions (no units).
Difference of arterial enhancement fraction (AEFtumor � AEFliver); DHAP:
e in blow between tumor and liver (HFtumor�HFliver);DPVP: Difference of
s; HF: Hepatic blood flow; rAEF: Relative arterial enhancement fraction
rHF: Relative total tumor flow (DHF/HFliver); rPVP: Relative portal vein
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Table 3: Histogram parameters of patients with P-HCCs or NP-HCCs.

P-HCCs (n= 16) NP-HCCs (n= 36)

Parameters Median P25 P75 Median P25 P75 W-value P

HAP_Median 0.001 �0.018 0.012 0.019 �0.010 0.031 236 0.203
HAP_Mean 0.001 �0.017 0.012 0.020 �0.013 0.031 240 0.232
HAP_Std 0.011 0.008 0.014 0.011 0.008 0.015 298 0.918
HAP_Variance 0.0001 5.888 0.0002 0.0001 5.662 0.0002 307 0.963
HAP_Skewness 0.190 �0.110 0.381 0.004 �0.180 0.253 347 0.425
HAP_Kurtosis 2.961 2.782 3.359 3.014 2.788 4.089 279 0.646
HAP_10 �0.006 �0.033 0.003 0.004 �0.031 0.021 241 0.239
HAP_25 �0.003 �0.027 0.007 0.012 �0.021 0.026 236 0.203
HAP_50 0.0004 �0.018 0.012 0.020 �0.011 0.031 237 0.210
HAP_75 0.006 �0.007 0.017 0.024 �0.004 0.038 246 0.279
HAP_90 0.012 0.003 0.020 0.030 0.003 0.044 248 0.296
PVP_Median 0.257 0.217 0.292 0.261 0.223 0.306 298 0.918
PVP_Mean 0.259 0.216 0.296 0.258 0.216 0.306 298 0.918
PVP_Std 0.058 0.050 0.076 0.054 0.042 0.061 380 0.154
PVP_Variance 0.003 0.002 0.006 0.003 0.002 0.004 381 0.149
PVP_Skewness 0.154 �0.066 0.313 0.043 �0.401 0.319 347 0.425
PVP_Kurtosis 3.373 2.824 3.956 3.143 2.762 4.289 289 0.786
PVP_10 0.181 0.124 0.231 0.191 0.153 0.244 272 0.554
PVP_25 0.221 0.168 0.257 0.225 0.182 0.274 280 0.659
PVP_50 0.258 0.217 0.292 0.261 0.222 0.306 300 0.948
PVP_75 0.305 0.257 0.329 0.293 0.258 0.346 317 0.815
PVP_90 0.338 0.296 0.379 0.324 0.289 0.387 320 0.771
AEF_Median 0.550 0.533 0.594 0.573 0.540 0.621 245.5 0.271
AEF_Mean 0.554 0.532 0.596 0.577 0.543 0.624 246 0.279
AEF_Std 0.068 0.048 0.083 0.057 0.043 0.074 352 0.372
AEF_Variance 0.005 0.002 0.007 0.003 0.002 0.006 336 0.047

∗

AEF_Skewness 0.108 �0.458 1.079 0.213 �0.192 0.835 270 0.530
AEF_Kurtosis 7.619 4.382 17.129 3.488 3.011 10.459 403 0.062
AEF_10 0.480 0.460 0.524 0.521 0.470 0.556 222 0.123
AEF_25 0.512 0.499 0.565 0.540 0.502 0.582 240 0.232
AEF_50 0.550 0.532 0.594 0.572 0.542 0.622 246 0.279
AEF_75 0.602 0.558 0.629 0.610 0.569 0.659 258 0.393
AEF_90 0.640 0.583 0.690 0.657 0.595 0.703 272 0.554
∗
Statistically significant difference between the two groups (P< 0.05). AEF: Arterial enhancement fraction (%); HAP: Hepatic artery perfusion

(mL/100mL/min); HCCs: Hepatocellular carcinomas; PVP: Portal vein perfusion (mL/100mL/min).
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relative flow (rHF = DHF/HFliver) were significantly higher
in NP-HCCs than in P-HCCs (P = 0.037 and P = 0.046,
respectively). The difference in PVP between tumor and
liver tissue (DPVP) and the DPVP/liver PVP ratio (rPVP)
were significantly higher in patients with NP-HCCs than in
patients with P-HCCs (P= 0.022 and P= 0.022, respec-
tively). There were no significant differences in the other
perfusion parameters tested between the two groups.

The histogram parameters for each group are shown in
Table 3. The variance of AEF was higher in patients with
NP-HCCs than with P-HCCs (P= 0.047). For the other
histogram parameters, there were no statistically signifi-
cant differences between P-HCCs and NP-HCCs.

Predictive ability of perfusion parameters and corresponding
histogram parameters for the histopathological grade of HCC

ROC analysis was used to assess the discriminant ability of
the statistically significant variables in all liver perfusion
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parameters and histogram parameters to differentiate
between the P-HCC group and NP-HCC group. As shown
in Figure 3 and Table 4, the AUC for DHF was 0.681, and
the sensitivity and specificity were 57.5% and 87.5%,
respectively (P< 0.05) with a cutoff value of �0.056. The
positive predictive value (PPV) andnegative predictive value
(NPV) were 0.822 and 0.675, respectively. The AUC for
rHF was 0.673. The sensitivity, specificity, and cutoff value
of rHF were 52.6%, 87.5%, and�0.142, respectively. The
PPV was 0.808, and the NPV was 0.649. For DPVP and
rPVP, both of the AUC were 0.697, with sensitivity and
specificity of 84.2% and 56.2%, respectively. The cutoff
value of DPVP was �0.147 and that of rPVP was �0.379.
The PPV and NPV were 0.658 and 0.781, respectively,
which were the same between rPVP and DPVP. The
parameter of rPVP and DPVP had the highest NPV value of
0.781. The AUC of the variance of AEF was 0.579, and the
sensitivity and specificity were 60.5% and 62.5%, respec-
tively, with a cutoff value of 0.004, and the PPV and NPV
were 0.647 and 0.663, respectively.

http://www.cmj.org


Figure 3: The ROC analysis of DHF, rHF, DPVP, rPVP, and AEFvariance for P-HCCs and NP-HCCs. DHF: Difference in blow between tumor and liver (HFtumor � HFliver); DPVP: Difference of
portal vein perfusion (PVPtumor � PVPliver); AEFvariance: The variance value of arterial enhancement fraction; AUC: Area under the curve; HCCs: Hepatocellular carcinomas; HF: Hepatic blood
flow; rHF: Relative total tumor flow (DHF/HFliver); ROC: Receiver operating characteristic; rPVP: Relative portal vein perfusion (DPVP/PVPliver).

Table 4: ROC analysis of DHF, rHF, DPVP, rPVP, and AEFvariance in the differentiation of pathological grades of HCCs.

Variables AUC Sensitivity, % Specificity, % Cutoff value NPV PPV

DHF 0.681 57.9 87.5 �0.056 0.675 0.822
rHF 0.673 52.6 87.5 �0.142 0.649 0.808
DPVP 0.697 84.2 56.2 �0.147 0.781 0.658
rPVP 0.697 84.2 56.2 �0.379 0.781 0.658
AEFvariance 0.579 60.5 62.5 0.004 0.663 0.647

DHF and DPVP values are expressed as mL/100 mL/min. rHF and rPVP values are expressed as fractions (no units). DHAP: Difference of hepatic arterial
perfusion (HAPtumor � HAPliver); DHF: Difference in blow between tumor and liver (HFtumor � HFliver); DPVP: Difference of portal vein perfusion
(PVPtumor � PVPliver); AEFvariance: The variance value of arterial enhancement fraction; AUC: Area under the curve; HCCs: Hepatocellular carcinomas;
HF: Total tumor flow; NPV: Negative predictive value; PPV: Positive predictive value; rHAP: Relative hepatic arterial perfusion (DHAP/HAPliver); rHF:
Relative total tumor flow (DHF/HFliver); ROC: Receiver operating characteristic; rPVP: Relative portal vein perfusion (DPVP/PVPliver).
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The parameters with the highest sensitivity and specificity
were combined in pairs to predict the histological grades of
HCCs. As shown in Table 5, the combined parameter
of rHF and rPVP, DHF and DPVP yielded the highest AUC
of 0.732 with integrated discrimination improvement and
net reclassification improvement of 0.599 and 0.349,
respectively. For the combined parameter of rHF and
rPVP, the sensitivity and specificity were 57.9% and
93.8%, respectively. For the combined parameter of DHF
and DPVP, the sensitivity and specificity were 63.2% and
87.5%, respectively. The combined parameter of rHF and
rPVP also showed the highest specificity [Figure 4]. The
combined parameter of DHF and rPVP, rHF and rPVP had
thehighest PPVvalueof 0.903, and the combinedparameter
of DPVP and rHF, and DPVP and DHF had the NPV value
of 0.704.

Inter-observer agreement

To evaluate inter-observer agreement in terms of liver
perfusion parameters and HCC histogram parameters
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analysis, the quadratic weighted k statistics were per-
formed. The quantitative analyses of liver perfusion
parameters and corresponding histogram parameters of
HCC exhibited excellent inter-observer agreement
(k= 0.85). Therefore, the quantitative analysis of perfu-
sion and histogram parameters were used for further
analysis.
Discussion

PCT of the liver is regarded as a valuable tool that can
provide liver perfusion parameters, which reflect the
hemodynamic changes and expand the role of CT as a
morphologic-functional technique. However, the applica-
tion of PCT in clinical practice is limited owing to large
radiation exposure or poor imaging quality. Presently, the
dual maximum slope model, which was first described by
Blomley et al,[24] is widely used. Based on this model, HAP
and PVP can be calculated by dividing the peak gradient of
the liver time-attenuation curve before peak splenic
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Table 5: ROC analysis of the combined parameters in the differentiation of pathological grades of HCCs.

Variables AUC Sensitivity, % Specificity, % Cutoff value NPV PPV

DHF + DPVP 0.732 63.2 87.5 �0.169 0.704 0.835
rHF + DPVP 0.709 63.2 87.5 �0.220 0.704 0.835
DHF + rPVP 0.715 57.9 93.8 0.000 0.690 0.903
rHF + rPVP 0.732 57.9 93.8 �0.201 0.690 0.903

DHF and DPVP values are expressed as mL/100 mL/min. rHF and rPVP values are expressed as fractions (no units). DHAP: Difference of hepatic arterial
perfusion (HAPtumor � HAPliver); DHF: Difference in blow between tumor and liver (HFtumor � HFliver); DPVP: Difference of portal vein perfusion
(PVPtumor � PVPliver); AEFvariance: The variance value of arterial enhancement fraction; AUC: Area under the curve; HCCs: Hepatocellular carcinomas;
HF: Total tumor flow; NPV: Negative predictive value; PPV: Positive predictive value; rHAP: Relative hepatic arterial perfusion (DHAP/HAPliver); rHF:
Relative total tumor flow (DHF/HFliver); ROC: Receiver operating characteristic; rPVP: Relative portal vein perfusion (DPVP/PVPliver).

Figure 4: The ROC analysis of the combined parameters in the differentiation of pathological grades of HCCs including the parameters of rHF + rPVP, rHF + DPVP, rPVP + DHF, DHF +
DPVP. DHF: Difference in blow between tumor and liver (HFtumor � HFliver); DPVP: Difference of portal vein perfusion (PVPtumor � PVPliver); AEFvariance: The variance value of arterial
enhancement fraction; AUC: Area under the curve; HCCs: Hepatocellular carcinomas; HF: Hepatic blood flow; rHF: Relative total tumor flow (DHF/HFliver); ROC: Receiver operating
characteristic; rPVP: Relative portal vein perfusion (DPVP/PVPliver).
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enhancement by the peak aortic enhancement. Lee et al[31]

reported that liver perfusion parameters could be obtained
from traditional dynamic CT scans using the dual
maximum slope model and that no significant differences
were observed between perfusion parameters derived from
traditional dynamic CT scans and from real PCT in liver
parenchyma and HCCs. Recently, a traditional triphasic
scan with a simplified model of tumor blood supply has
been developed and validated. The linear combination of
the enhancement curves of the aorta and portal vein could
be used to calculate the hepatic artery and portal vein
blood supply coefficients of the tumor.[28] The pre-
treatment non-invasive detection and assessment of
histological differentiation remains a challenge.[13,14,32]

For the majority of patients, histological evaluation mainly
depends on specimens from surgery or biopsy. PCT is a
highly promising vascular imaging technique, which has
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been applied in HCC. In the present study, we developed a
simplified model of tumor blood supply that can be applied
to standard triphasic CT scans. Analysis using CT
hemodynamic kinetics software was performed to calcu-
late various parameters obtained from the standard
triphasic CT. Thus, the radiation dose by volume
(CTDIvol) of triphasic CT scan was considerably lower
than that of traditional perfusion imaging. On the other
hand, this model based on a routine triphasic scan could
calculate various parameters, which provide functional
information about the microcirculation of normal paren-
chyma and focal liver lesions. By contrast, a triphasic
enhancement CT scan can only provide morphologic
imaging, which may not fully assess the tumor.

The current study showed that the quantitative perfusion
parameters in patients with HCC changed significantly
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among different histological grades. This study demon-
strated the values of DHF, rHF, DPVP, rPVP, and
AEFvariance for predicting HCC histological grade and
for discriminating P-HCCs from NP-HCCs. All the
parameters mentioned above were significantly higher
for P-HCCs than for NP-HCCs. The parameter of DPVP
and rPVP both showed a higher AUC of 0.697 than other
parameters, which were considered effective for estimating
the HCC histological grade. In addition, we evaluated the
role of combined parameters in the prediction of
histological grades. The combined parameter of rHF
and rPVP, and DHF and DPVP showed the highest AUC of
0.732, which showed the best predictive power for
discriminating P-HCCs from NP-HCCs. However, the
AUC value of the combined parameters was still relatively
low. This may be because of the small sample size or some
measurement error. Studies have shown that perfusion
parameters derived from triphasic CT scans can provide
functional information regarding the microcirculation of
the normal parenchyma and focal liver lesions, and can
assess the efficacy of various anti-cancer treatments.[33,34]

In addition, in the study by Hsu et al,[35] perfusion
parameters were shown to correlate well with tumor
survival and treatment response in patients with HCCwho
received anti-angiogenic drugs. Therefore, we believe that
this modality can also provide important information for
the management of patients with chronic liver disease and
liver malignancies while reducing the radiation dose,
rather than just providing morphologic information. Next,
we will continue further research to improve its predictive
value by increasing the sample size and reducing the error.

The present study involved the retrospective analysis of the
efficacy of PCT derived from traditional triphasic CT scans
in differentiating the histological grade in patients with
HCC. Our results indicate that DHF and rHF were
significantly higher in NP-HCCs than in P-HCCs. This
may be caused by the reason that, patients with NP-HCCs
(well and moderately) frequently have an increased arterial
blood supply, whereas those with p-HCCs have a decreased
arterial blood supply.[36] The portal blood supply also
decreases with the advancement of the tumor, and
eventually, the tumor is fed mainly by the arterial flow.[25]

So, in theory, the values of HFtumor (HFtumor=HAPtumor +
PVPtumor) of NP-HCCs are higher than the values of P-
HCCs. It is reported that[30] the values of HFtumor may be
influenced by the injection protocol and scanning equip-
ment. This could limit the utility of HFtumor as parameters
for assessing thehistological grade.However, in our study, a
major advantage of DHF and rHF is that it is a self-
normalizing quantity that has the potential to overcome all
of these effects. Hence, the standardization of parameters
such as DHF and rHF would be expected to reduce the
differences caused by different equipment or PCT protocol
or individual differences of liver blood circulation of
different Child-Pugh classification.[37] In this study, the
difference inPVPbetween tumorand liver tissue (DPVP) and
the DPVP/liver PVP ratio (rPVP) were also significantly
higher in patients with NP-HCCs than in patients with P-
HCCs. The reason is the same as the data above (DHF and
rHF). These findings could provide a basis for a more
accurate clinical diagnosis of the histological grade, thus
improving clinical decision-making in patients with HCCs.
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Tumor PCT typically is reported as a mean perfusion
value. However, mean values do not account for the
heterogeneity of tumors and thus may not be optimal for
tumor evaluation. Description of heterogeneity of CT
tumor perfusion with histogram analysis has shown to be
superior to median values for tumor grading.[9,10] The
results of our study showed that the variance of AEF based
on the entire tumor volume could be used to differentiate P-
HCCs from NP-HCCs. These values of AEF were
significantly higher in patients with NP-HCCs than with
P-HCCs. The results may reflect the more prominent
arterial supply of NP-HCCs compared with P-HCCs.

For the discriminant ability of the statistically significant
variables in all liver perfusion parameters and histogram
parameters to differentiate between the two groups, the
AUC of DPVP and rPVP was slightly higher than those of
DHF, rHF, and AEFvariance. This result reflected that the
differentiation ability of DPVP and rPVP was superior to
the ability of the other single parameter. For DPVP and
rPVP, they both had a sensitivity of 84.2% and specificity
of only 56.2%, and the DHF and rHF both had a higher
specificity of 87.5% in the differentiation of pathological
grades. By contrast, the combined parameter of rHF and
rPVP, and DHF and DPVP yielded the highest AUC of
0.732. It indicated that the prediction ability of the
combined parameters was superior to all the single
parameters. The combined parameter of rHF and rPVP
showed the highest specificity of 93.8%. The combined
parameter of DHF and rPVP, rHF and rPVP had the
highest PPV value of 0.903, and the parameter of rPVP and
DPVP had the highest NPV value of 0.781. The reason
may be that portal venous blood flow and total blood
flow change greatly as the tumor histological grade
increases.

Several limitations of this study should bementioned. First,
the study sample was relatively small. Further investigation
that includes a larger population is warranted to
strengthen the statistical power. Second, this study was
performed retrospectively in our single department of
radiology. There might have been a selection bias. Third,
our software only permitted the application of ROIs drawn
in a single plane. It was not possible to use volumes of
interest for the analysis of liver perfusion parameters,
which could potentially lead to false-negative results.[38]

To conclude that liver perfusion parameters and corre-
sponding histogram parameters of the tumor area derived
from triphasic CT scans provide a quantitative, non-
invasive method for predicting the histopathological grade
of HCC.
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