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PURPOSE
We aimed to develop models for predicting overall survival (OS) and progression-free survival
(PFS) of patients with primary hepatocellular carcinoma (HCC).

METHODS
Clinicopathological characteristics and laboratory information of patients were collected. We
retrospectively analyzed presurgical data of 216 patients with primary HCC. The random forest
and least absolute shrinkage and selection operator regression models were used to select
features. We established prognostic models for predicting OS and PFS of primary liver cancer
using ultrasonic imaging as well as clinical and pathological features. Accuracy of the models
was evaluated using area under the curve, C index, and calibration curves, whereas their clinical
application value was assessed using decision curve analysis.

RESULTS
Models for predicting OS and PFS were established based on ultrasonic imaging accessible
features. The models showed excellent accuracy and prognosis prediction of OS and PFS in
patients with primary HCC.

CONCLUSION
The established models based on factors such as aspartate aminotransferase platelet ratio
index, Child-Turcotte-Pugh grade, tumor grade, hepatitis B virus-DNA, the intensity of
ultrasound enhancement at the portal stage, lymphocyte/monocyte ratio, portal
hypertension, gender, stage, the beginning time of ultrasonic contrast, and the total grade of
ultrasonic enhancement can effectively predict OS and PFS of primary HCC.

P rimary liver cancer (PLC) is the fourth leading cause of cancer-related deaths
worldwide.1 Previous studies have shown that PLC results from abnormal prolifera-
tion of new blood vessels in cancer tissues, which promote proliferation of cancer

cells and tissue infiltration.2 Therefore, analysis of blood flow signals in a patient’s liver is
vital during analysis of tumor biology and prognostic evaluation.3 Advancements in
imaging technology and contrast-enhanced ultrasound have improved the clinical evalua-
tion of hemodynamics of PLC.3 Previous studies have mainly analyzed differences in
ultrasound imaging echoes of patients and quantitative analyses have not been
performed.4 Despite using computer image recognition technology to extract key features
in tumor images to achieve prognosis prediction, the technology is often difficult to apply
in the current clinical practice.5 Therefore, it is imperative to develop an easy-to-use visual
prediction model for accurate and effective prognosis of PLC.

Numerous studies have reported the important role of chronic inflammation on the
proliferation, angiogenesis, and immunosuppression of cancer cells.6 For example, cancer-
related inflammation (CRI) has been associated with poor cancer prognosis.7,8 In fact,
clinical features of CRI including lymphocyte/monocyte ratio (LMR), aspartate aminotrans-
ferase platelet ratio index (APRI), and neutrophil-to-lymphocyte ratio (NLR) have been
widely used for the treatment and prognosis of cancer. These noninvasive biomarkers can
be easily detected. Furthermore, new important features such as liver and spleen stiffness
have also been demonstrated to be reliable noninvasive tests for predicting primary
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hepatocellular carcinoma (HCC) occur-
rence, as can be observed in previous
research.9,10 These studies provide valuable
insights into the screening of predictors to
build a valid predictive model.

The present study used the prevailing
literature on liver ultrasound contrast char-
acteristics and related parameters to estab-
lish a model for predicting the overall
survival (OS) and progression-free survival
(PFS) of patients with primary HCC. The
factors included in the models were pa-
tient’s general condition, CRI-related char-
acteristics, and tumor biological
characteristics. We hypothesized that
based on these characteristic factors,
a nomogram for effective and early predic-
tion of OS and PFS in patients with primary
HCC can be established.

Methods
Study subjects, inclusion, and exclusion
criteria

This retrospective study was approved
by the ethics committee of (approval
no. 2018004), and was conducted in accor-
dance with the Helsinki Declaration. We
enrolled patients who were treated for pri-
mary HCC from July 2016 to July 2020. All
enrolled subjects lived in China and were
expected to provide informed consent
prior to inclusion in the study. All patients
underwent contrast-enhanced ultrasound
examination before surgery. The final diag-
nosis of all 216 patients was based on the
histopathological results of intraoperative
liver biopsy. The exclusion criteria were pa-
tients who lacked important pathological
results; poor imaging quality results; pa-
tients with systemic infections; those who
manifested severely inadequate heart,
liver, and kidney function; patients with
other major diseases; those with
a preoperative liver function of Child-
Pugh C; patients who had been treated
for other liver cancer before admission;
and those who were unwilling to partici-
pate in the study. A summary of the pa-
tients’ characteristics, including their
gender and age, is outlined in Table 1. OS
and PFS were defined as the points.

Parameters
Venous blood samples were collected on

the day of the biopsy and used for hema-
tological analysis, including blood cell
count and quantification of the following
factors: alpha-fetal protein (AFP), APRI; the
LMR, NLR, platelet-to-lymphocyte ratio

(PLR), and the presence of hepatitis B virus
(HBV)-DNA in liver biopsies of patients with
hepatitis B. All biochemical analyses were
performed using standard laboratory
methods, and the corresponding biologi-
cally effective dose (BED10) was calculated.

Ultrasound examination
Imaging examination was performed

using GE Logiq E9 (GE Healthcare) and
iU22 scanner (Philips Healthcare), with
a probe frequency set to 2-5 MHz. Briefly,
sulfur hexafluoride was first dissolved in
5 mL of 0.9% normal saline, and then
0.04mL/kg was injected through the cubital
vein. During the examination, liver and
tumor nodules were subjected to regular
2-dimensional grayscale and color Doppler
scans, followed by injection of the afore-
mentioned contrast agents. The collected
ultrasound features include the intensity of
ultrasound enhancement at arterial phase,
intensity of ultrasound enhancement at por-
tal stage, intensity of ultrasound enhance-
ment at delayed phase, the beginning time
of ultrasonic contrast, peak time of ultraso-
nic contrast, and attenuation time of ultra-
sonic contrast.

A timer was started during blousing of
the contrast agent while the ultrasonic me-
chanical index was constant during the in-
spection. The probe was fixed into position,
and the patient was asked to breathe calmly
to ensure the stability of the scanning plane.
Imaging diagnosis was exclusively per-
formed by the same 2 doctors, during
which the beginning, peak, and attenuation
times of ultrasonic contrast were recorded.
Utmost care was taken when using these
valuable pieces of equipment, and no
major modifications or re-settings were
made to the ultrasound machinery. After
injection of the contrast agent, 0-30, 30-
120, and 121-360 s periods representing
the arterial, portal, and delayed phases, re-
spectively, were allowed. It should be added
that the identification of these 3 periods
also refers to both the EFSUMB guidelines
and previous studies.11–13 HYPER-HYPO: Ar-
terial hyperenhancement and definite hy-
poenhancement compared to portal and/
or late peripheral parenchyma; ISO-ISO:
Same as surrounding parenchymal en-
hancement; HYPER-ISO: Arterial hyperen-
hancement, portal/late-stage identical to
peripheral parenchymal enhancement.

The region of interest was placed at the
HCC tissue and normal liver tissue adjacent
to the cancer, and the peak intensity (PI)

and basic intensity (BI) of the curves were
recorded. As for the enhanced intensity (EI),
EI (dB) = PI (dB) – BI (dB). The intensity of
ultrasound enhancement was divided into
low, medium, and high enhancement ac-
cording to the ratio of 3 : 2 : 5 in order to
make the study more widely applied.14

Thus, the ultrasound intensity in different
phases was defined as low, medium, and
high enhancement according to the EI. Low
enhancement was scored as 0, medium
enhancement as 1, and high enhancement
as 2. Then, the total grade of ultrasonic
enhancement was obtained by summing
the ultrasonic intensity of the arterial
phase, portal phase, and delayed phase of
the same patient.

Feature selection, establishment of
a prediction model, and statistical
analysis

A total of 25 feature factors were se-
lected, after which feature selection was
performed using the randomForestSRC
software package. The randomSurvival-
Forest algorithm was utilized to rank the
importance of prognostic-related genes.
Specifically, we used nrep = 100, which in-
dicates that the number of iterations in the
Monte Carlo simulation was 100, and nstep

= 5, which indicates that the number of
steps forward was 5. Based on this, 24
features were found to be OS-related sig-
natures in the liver. Next, we incorporated
the 24 factors into the least absolute
shrinkage and selection operator (LASSO)
analysis for reduction of data dimension-
ality and screened out suitable predictors
as previously described.15–19 The 5 cross-
validation method was chosen to obtain
the optimal parameters in the LASSO
model. We randomly sampled the training
and validation sets, at a ratio of 7 : 3. The
training queue was used to select features
and generate predictive models as pre-
viously described.20 Furthermore, multi-
variate Cox regression models were used
to build models for predicting the risk of
recurrence and death caused by primary
HCC21,22 and generated calibration curves
to evaluate model accuracy.23 To assess
the performance of the nomogram, we
used R software packages to measure the
C index and the area under the curve
(AUC), and this was conducted repeatedly
to verify the nomogram (10 000 repeated
samples).23,24 The Cox regression models
presented in Tables 2 and 3 are the para-
meters of the Cox regression models in
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Table 1. Basic characteristics of patients

Progression-free survival Overall survival

Variable
Total

(n = 216)
Recurrence
(n = 156)

No recurrence
(n = 60) P

Dead
(n = 114)

Alive
(n = 102) P

Survival (months), mean ± SD 44.8 ± 13.8 42.2 ± 13.3 51.7 ± 12.6 <0.001 40 ± 12.9 50.2 ± 12.7 <0.001

Age (years), mean ± SD 58.3 ± 11.8 57.4 ± 12.1 60.5 ± 10.8 0.0089 57.2 ± 12.7 59.5 ± 10.7 0.151

Male sex, n (%) 183 [84.7] 138 [63.9] 45 [75] 0.014 102 [89.5] 81 [79.4] 0.040

Tumor size (mm), mean ± SD 34 ± 13.6 32.7 ± 13.6 37.6 ± 12.8 0.018 32.8 ± 14 35.5 ± 13 0.144

Tumor grade, n (%) 0.002 <0.001

I 51 [23.6] 27 [12.5] 24 [40] 9 [7.9] 42 [41.2]

II 108 [50] 81 [37.5] 27 [45] 60 [52.6] 48 [47]

III 51 [23.6] 42 [19.4] 9 [15] 39 [34.2] 12 [11.8]

IV 6 [2.8] 6 [2.8] 0 [0] 6 [5.3] 0 [0]

Stage, n (%) <0.001 <0.001

I 128 [59.2] 68 [31.5] 60 [100] 30 [26.3] 98 [96.1]

II 36 [16.7] 36 [16.7] 0 [0] 33 [29] 3 [2.9]

III 52 [24.1] 52 [24.1] 0 [0] 51 [44.7] 1 [1]

T, n (%) <0.001 <0.001

T1 155 [71.8] 95 [44] 60 [100] 57 [50] 98 [96.1]

T2 61 [28.2] 61 [28.2] 0 [0] 57 [50] 4 [3.9]

M, n (%) 0.279 0.099

M0 213 [98.6] 153 [70.8] 60 [100] 111 [97.4] 102 [100]

M1 3 [1.4] 3 [1.4] 0 [0] 3 [2.6] 0 [0]

Scope regional lymph nodes removed in surgery,
n (%)

0.557 0.055

No regional lymph nodes removed 3 [1.4] 3 [1.4] 0 [0] 3 [2.6] 0 [0]

1 to 3 regional lymph nodes removed 192 [88.9] 138 [63.9] 54 [90] 96 [84.2] 96 [94.1]

4 or more regional lymph nodes removed 21 [9.7] 15 [6.9] 6 [10] 15 [13.] 6 [5.9]

Total number of tumors for patient, n (%) 0.001 <0.001

One 174 [80.6] 117 [54.2] 57 [95] 78 [68.4] 96 [94.1]

More than one 42 [19.4] 39 [18.1] 3 [5] 36 [31.6] 6 [5.9]

CTP grade, n (%) 0.491 0.005

CTPA 189 [87.5] 135 [62.5] 54 [90] 93 [81.6] 96 [94.1]

CTPB 27 [12.5] 21 [9.7] 6 [10] 21 [18.4] 6 [5.9]

HBV-DNA, n (%) 0.048 0.333

Negative 126 [58.3] 87 [40.3] 39 [65] 63 [55.3] 63 [61.8]

Positive 90 [41.7] 69 [31.9] 21 [35] 51 [44.7] 39 [38.2]

APRI, n (%) 0.001 0.001

<0.47 122 [56.5] 77 [35.6] 45 [75] 49 [43] 73 [71.6]

≥0.47 94 [43.5] 79 [36.6] 15 [25] 65 [57] 29 [28.4]

BED10 (Gy), n (%) 0.538 0.333

<100 90 [41.7%] 63 [29.2] 27 [45] 51 [44.7] 39 [38.2]

≥100 126 [58.3] 93 [43.1] 33 [55] 63 [55.3] 63 [61.8]

AFP (ng/mL), n (%) 0.009 0.026

<400 156 [72.2] 105 [48.6] 51 [85] 75 [65.8] 81 [79.4]

≥400 60 [27.8] 51 [23.6] 9 [15] 39 [34.2] 21 [20.6]
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Figures 3a, 4d, respectively. Therefore, the
proportional hazards, assumptions, and
the evaluation of the model fit for the
Cox regression models in Tables 2 and 3
were done by calculating the C index
(Figures 3c, 3d) and plotting the receiver
operating characteristic (ROC) curves
(Figures 4f, 4g) for the training and valida-
tion groups, respectively. The clinical uti-
lity of the nomogram was determined
using decision curve analysis (DCA) as pre-
viously described.25 In short, DCA is used

to quantify the net benefit of different
threshold probabilities in patient informa-
tion and thus assess the rate of treatment
benefit for patients. All statistical tests
were 2-sided; P < .05 was considered sta-
tistically significant. Descriptive statistics
are presented as mean ± standard devia-
tion (SD) of the mean. The study was con-
ducted in accordance with the guidelines
of the Transparent Reporting of
a Multivariate Prediction Model for Indivi-
dual Prediction or Diagnosis.26 All

statistical analyses were performed in
R software (version 3.5.4).

Results
In total, 216 patients with primary HCC,

with an average age of 61 ± 11.8 years,
were enrolled in the study. Among them,
183 were male patients and 33 female pa-
tients. During the follow-up period, 114
(52.8%) patients succumbed to liver cancer,
whereas 156 (72.2%) manifested tumor re-
currence. The overall characteristics of the

Table 1. Basic characteristics of patients (Continued)

Progression-free survival Overall survival

Variable
Total

(n = 216)
Recurrence
(n = 156)

No recurrence
(n = 60) P

Dead
(n = 114)

Alive
(n = 102) P

NLR, mean ± SD 2.1 ± 1 2.2 ± 1 2.1 ± 1 0.583 2.2 ± 1.1 2 ± 0.9 0.108

PLR, mean ± SD 108.2 ± 47.6 105.3 ± 45.2 115.8 ± 53 0.148 102.2 ± 44.3 115 ± 50.4 0.048

LMR, mean ± SD 3.6 ± 1.3 3.6 ± 1.2 3.5 ± 1.4 0.620 3.5 ± 1.2 3.7 ± 1.3 0.376

Portal hypertension, n (%) 0.015 0.036

Absent 171 [79.2] 117 [54.2] 54 [90] 84 [73.7] 87 [85.3]

Present 45 [20.8] 39 [18.1] 6 [10] 30 [26.3] 15 [14.7]

Intensity of ultrasound enhancement at arterial
phase

0.616 0.074

Low 191 [88.4] 139 [64.4] 52 [86.7] 105 [92.1] 86 [84.3]

Medium 25 [11.6] 17 [7.9] 8 [13.3% 9 [7.9] 16 [15.7]

Intensity of ultrasound enhancement at portal
phase, n (%

<0.001 <0.001

Low 11 [5.1] 5 [2.3] 6 [10] 0 [0] 11 [10.8]

Medium 70 [32.4] 37 [17.1] 33 [55] 13 [11.4] 57 [55.9]

High 135 [62.5] 114 [52.8] 21 [35] 101 [88.6] 34 [33.3]

Intensity of ultrasound enhancement at delayed
phase, n (%)

0.002 <0.001

Low 2 [0.9] 2 [0.9] 0 [0] 0 [0] 2 [2]

Medium 22 [10.2] 9 [4.2] 13 [21.7] 0 [0] 22 [21.6]

High 192 [88.9] 145 [67.1] 47 [78.3] 114 [100] 78 [76.4]

Total grade of ultrasonic enhancement, n (%) <0.001 <0.001

0 2 [0.9] 2 [0.9] 0 [0] 0 [0] 2 [2]

1 5 [2.3] 3 [1.4] 2 [3.3] 0 [0] 5 [4.9]

2 28 [13] 10 [4.6] 18 [30] 0 [0] 28 [27.4]

3 64 [29.6] 40 [18.5] 24 [40] 22 [19.3] 42 [41.2]

4 117 [54.2] 101 [46.8] 16 [26.7] 92 [80.7] 25 [24.5]

The beginning time of ultrasonic contrast
(seconds), mean ± SD

13 ± 3 12.9 ± 2.9 13.2 ± 3.3 0.455 12.6 ± 2.9 13.4 ± 3.1 0.037

Peak time of ultrasonic contrast (seconds) 44.7 ± 17.2 44.1 ± 17.1 46.5 ± 17.7 0.364 43.7 ± 18 45.9 ± 16.4 0.348

Attenuation time of ultrasonic contrast (seconds),
mean ± SD

92 ± 61.4 83 ± 53.7 115.2 ± 73.4 <0.001 71.9 ± 43.6 114.4 ± 70.2 <0.001

AFP, alpha-fetal protein; APRI, aspartate aminotransferase platelet ratio index; BED10, biologically effective dose; CTP, Child-Turcotte-Pugh; LMR, lymphocyte/monocyte ratio;
NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio.
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study population are summarized in Table 1.
In addition, we recommend that readers pay
due attention to thefigures and tables,which
are exhaustive and facilitate understanding
of the analyses conducted in the cohort
study.

Here, the randomForestSRC R software
package allowed successful feature selec-
tion. The relationship between the error
rate and some classification trees is de-
picted in Figure 1a, while the order of the
out-of-bag importance of those features is
shown in Figure 1b. To prevent the over-
fitting of the predictivemodel, wemodeled

the characteristic factors obtained in the
above process using the LASSO-penalized
multivariate Cox proportional hazards
model. In particular, we randomly per-
formed 1000 LASSO regressions and then
incorporated them into the Cox regression
model based on the number of occur-
rences of predictors, followed by the calcu-
lation of their AUC values in order to obtain
the best combination of predictors. Our
findings revealed that a total of 11 predic-
tive factors, namely, APRI, Child-Turcotte-
Pugh (CTP) grade, tumor grade, HBV-DNA,
the intensity of ultrasound enhancement at

the portal stage, LMR, portal hypertension,
gender, stage, the beginning time of ultra-
sonic contrast, and total grade of ultrasonic
enhancement were used in model con-
struction (Figure 1c, 1d). Finally, the Ka-
plan-Meier curves demonstrated that the
resulting prediction model was effective
in classifying the poor survival rates of the
patients (P < .001) (Figure 1e).

Based on the 11 characteristic factors
selected using LASSO analysis, a principal
component analysis (PCA) stratified the po-
pulation for prediction of the survival rate
of the patients (Figure 2a). The distribution
of the prognostic index in this cohort is
displayed in Figure 2b, while the OS prog-
nosis of patients in high/low-risk groups is
illustrated in Figure 2c. We observed that in
the high-risk group, the 5-year survival rate
of patients was only 10%, which was sig-
nificantly lower than the 82% observed in
the low-risk group. Furthermore, the 5-year
survival rate in the high-risk group in-
creased from 10% at 2 years to 20% and
40% in 3 and 4 years, respectively, after
surgery (Figure 2d). On the other hand,
the 5-year survival rate in the low-risk
group increased from 82% at 2 years to
84% and 88% in 3 and 4 years, respectively,
after surgery (Figure 2e). Taken together,
these outcomes imply that the prognostic
model, based on the 11 characteristics, can
effectively stratify patient prognosis.

To construct a nomogram for predicting
OS in primary HCC patients, we randomly
divided the study cohort into training and
validation sets (ratio of 7 : 3) for diagnosis
and prognosis analyses. We subsequently
used them to construct and validate the
model. In the training group, we employed
the Cox regression model to analyze the 11
predictors and eventually constructed a
nomogram prediction model (Figure 3a)
(Table 2). High APRI, poor classification of
CTP, bad tumor grade/stage, HBV-DNA,
portal hypertension, male, high total
grade of ultrasonic enhancement, and
high intensity of ultrasound enhancement
at portal stage were considered risk factors
associated with the risk of death. Earlier
beginning time of ultrasonic contrast and
high LMR were found to be protective fac-
tors in patients with HCC. We found that
the calibration curve was in good agree-
ment (Figure 3b), indicating that the
model can predict OS of primary HCC. We
also determined the time C index of each
period (Figure 3c) and noted that OS mod-
els that combined ultrasound and clinical

Table 2. Multivariable Cox model of overall survival for primary hepatic carcinomas using clinical
and ultrasonic features

Overall survival

Variables HR (95% CI) P

Female sex 0.289 (0.145-0.573) <0.001

Tumor grade 3.312 (2.479-4.425) <0.001

Stage 2.941 (2.352-3.676) <0.001

CTP grade 2.12 (1.313-3.424) 0.002

HBV-DNA 1.575 (1.078-2.299) 0.019

APRI ≥ 0.47 2.096 (1.435-3.061) <0.001

LMR 0.939 (0.819-1.077) 0.370

Portal hypertension 1.556 (1.016-2.382) 0.042

The beginning time of ultrasonic contrast 0.907 (0.852-0.966) 0.003

Intensity of ultrasound enhancement at portal stage 7.378 (4.154-13.104) <0.001

Total grade of ultrasonic enhancement 5.527 (3.529-8.656) <0.001

HR, hazard ratio; CI, confidence interval; CTP, Child-Turcotte-Pugh; HBV, hepatitis B virus; APRI, aspartate amino-
transferase platelet ratio index; LMR, lymphocyte/monocyte ratio.

Table 3.Multivariable Cox model of progression-free survival for primary hepatic carcinomas using
clinical and ultrasonic features

Progression-free survival

Variables HR (95% CI) P

Gender, female 0.402 (0.245-0.66) <0.001

Tumor grade 2.209 (1.738-2.806) <0.001

Stage 2.008 (1.675-2.408) <0.001

CTP grade 1.282 (0.802-2.048) 0.299

HBV-DNA 1.547 (1.119-2.138) 0.008

APRI ≥ 0.47 1.507 (1.1-2.066) 0.011

LMR 0.958 (0.873-1.045) 0.397

Portal hypertension 1.364 (0.942-1.974) 0.100

The beginning time of ultrasonic contrast 0.937 (0.889-0.988) 0.016

Intensity of ultrasound enhancement at portal stage 2.628 (1.892-3.649) <0.001

Total grade of ultrasonic enhancement 2.012 (1.585-2.554) <0.001

HR, hazard ratio; CI, confidence interval; CTP, Child-Turcotte-Pugh; HBV, hepatitis B virus; APRI, aspartate amino-
transferase platelet ratio index; LMR, lymphocyte/monocyte ratio.
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indicators exhibited better predictive cap-
abilities. Finally, the AUC values of training
and validation sets were 0.941 and 0.878,
respectively (Figure 3d), reflecting that the
built model showed excellent predicting
ability.

Construction and verification of
a nomogram for predicting PFS in
primary hepatocellular carcinoma
patients

To construct a nomogram for predicting
PFS in primary HCC patients, we used
LASSO-penalized multivariate Cox propor-
tional hazards models to evaluate the
characteristic factors. To obtain the best
combination of predictors, we randomly
executed 1000 LASSO regressions, then
integrated them into the Cox regression
model according to the number of occur-
rences of predictors, and eventually calcu-
lated their AUC values. Results indicated
that incorporating the 11 predictive fac-
tors was effective in establishing the
most effective prediction model
(Figure 4a, 4b). Likewise, Kaplan-Meier
curves revealed that the prediction
model based on these 11 characteristic
factors allowed accurate characterization
of the poor survival rate of patients
(P < .001) (Figure 4c). In the training set,
the Cox model allowed analysis of these
11 predictors, hence, the construction of
a nomogram prediction model (Figure 4d)
(Table 3). High APRI, poor classification of
CTP, bad tumor grade/stage, HBV-DNA,
portal hypertension, male sex, high total
grade of ultrasonic enhancement, and
high intensity of ultrasound enhancement
at portal stage were considered risk fac-
tors associated with the risk of recurrence.
Earlier beginning time of ultrasonic con-
trast and high LMR were found to be pro-
tective factors in patients with HCC.
Notably, the calibration curves of the pre-
diction model showed a good agreement
(Figure 4e), suggesting that the model can
effectively predict the PFS of patients with
primary HCC. Besides, we further per-
formed a C index analysis in each period
and found that PFS models that combined
ultrasound and clinical indicators exhib-
ited superior predictive capabilities
(Figure 4f). Finally, the AUC values of train-
ing and validation sets in the prediction
model were 0.795 and 0.719, respectively
(Figure 4g), signifying that the PFS model
possessed excellent predictive power.

a

c d

e

b

Figure 1. a-d.Feature extraction. Panel (a) shows the error rate for the data as a function of the
classification tree. Panel (b) shows out-of-bag importance values for the predictors. Panel (c)
shows random least absolute shrinkage and selection operator (LASSO) regressions and their
incorporation into the Cox regression model according to the number of occurrences of
predictors, followed by calculation of their area under the curve (AUC) values. This was
performed to obtain the best combination of predictors. The receiver operating characteristic
(ROC) curve (d) shows the accuracy of the prediction model based on 11 features
(AUC = 0.921). In panel (e), the Kaplan-Meier curves of factors selected using LASSO methods
suggest the prediction model for the classification of poor survival rate patients based on the
11 characteristic factors (P < .001).
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Figure 5 presents the results of the DCA
of the models for predicting OS and PFS in
patients with primary HCC. In general, we
identified that the clinical decision-making
of primary HCC based on the OS prediction
and PFS prediction models could generate
better benefits. This finding implies that
thesemodels are valuable in clinical practice
and are therefore expected to ensure early
prediction of OS and PFS in patients with
primary HCC, thereby improving prognosis.

Discussion
To the best of our knowledge, this is the

first study using easily available contrast-
enhanced ultrasound indicators and clinical
features to predict OS and PFS in HCC pa-
tients. In this work, we successfully built
a prediction model and then verified its

performance, including prediction accuracy,
calibration, and clinical application, using an
independent validation cohort. Overall, we
found that a predictive model that combines
contrast-enhanced ultrasound and clinical in-
dicators exhibited superior predictive ability
compared to the ones based on clinical in-
dicators alone. APRI, CTP grade, tumor grade,
HBV-DNA, the intensity of ultrasound en-
hancement at the portal stage, LMR, portal
hypertension, sex, stage, the beginning time
of ultrasonic contrast, and the total grade of
ultrasonic enhancement were the major fac-
tors for the prognosis of liver cancer.

As the rapid development of artificial in-
telligence continues, the creation of diag-
nostic models for the disease may change
the current paradigm of diagnosis and
treatment, with many advances in this

area already emerging.27,28 Contrast-en-
hanced ultrasound examination is a newly
developed technique that involves ultra-
sound examination-based technology.
Functionally, it analyzes the blood flow
of a patient by contrasting local lesions
in the blood vessels,29 thereby unraveling
the pathological state and biological
characteristics of tumor tissues. Previous
studies have established that the analysis
of blood flow in the tumor tissue is crucial
to the evaluation of a patient’s
prognosis.30–32 For PLC patients, an ab-
normal proliferation of blood vessels has
been identified to cause a significant in-
crease in the rate of local vascular malfo
rmations.33 Therefore, in the ultrasound
examination, the smoothness of the
blood flow and the blood perfusion vo-
lume of the patient’s lesion is significantly
increased, which has significant predic-
tive value during the prognosis of the
disease. The use of predictive models
has been beneficial in more accurately
driving diagnostic treatment choices for
patients with HCC, particularly by simpli-
fying the staging of the disease.34,35

Hence, we believe that the development
of a multimodal imaging histology pre-
diction model could be a breakthrough
in improving the diagnosis of HCC.

Findings from this study indicated that
the intensity of the beginning time of ultra-
sonic contrast, ultrasound enhancement at
the portal stage, and the total grade of
ultrasonic enhancement were dominant
risk factors for patient prognosis. First, the
beginning time for ultrasonic contrast re-
fers to the time when the contrast agent
begins to diffuse into the patient’s blood
vessel. This primarily reflects the patency of
the blood vessel in the patient’s lesion and
the pressure of the local blood vessel.36 In
general, the worse the condition of the
liver, the later the ultrasound contrast
agent would be started. This study found
that the later the beginning of ultrasound
contrast agent, the higher the risk of recur-
rence and the worse the prognosis of the
patients. Second, the total grade of ultra-
sonic enhancement and the intensity of
ultrasound enhancement at the portal
stage also reflect the patency of the pa-
tient’s blood vessels and the ability of col-
lateral circulation. Specifically, it has been
reported that a high total grade of ultraso-
nic enhancement and the intensity of ultra-
sound enhancement at the portal stage
indicates that the patient has stronger
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Figure 2. a-e. Characteristics of the 11 predictor factors and conditional survival. (a), A principal
component analysis (PCA) used to stratify the population and predict the survival rate of patients. Blue
and red indicate dead and surviving subjects, respectively. Distribution of the risk score is based on 11
factors. Panel (b) shows classification of patients into different groups based on the risk score. (c),
Distribution of patient’s prognosis and OS time. (b-e), Kaplan-Meier estimates used to analyze
conditional survival up to 5 years in 216 patients, given 0-5 years of survival in high/low-risk groups.
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collateral circulation ability.37 In general,
well-differentiated tumors often take
longer to enhance and subside to low en-
hancement becausemost of them still have
a portal blood supply, while some lesions
can show a certain degree of enhancement
during the portal or delayed phases.38

Some studies have reported that para-
meters of contrast-enhanced tumors are
significantly associated with patient
prognosis,39 which was consistent with
our findings. Therefore, a high total grade
of ultrasonic enhancement and high inten-
sity of ultrasound enhancement at portal

phases were considered as risk factors as-
sociated with death and tumor recurrence.

In a Chinese study, patients with PLC
were mostly infected with hepatitis, and
their inflammatory state was implicated in
promoting PLC development. NLR and
APRI were found to effectively predict the
prognosis of liver cancer.40 Numerous re-
ports have confirmed the involvement of
inflammation in cancer pathogenesis and
progression.41 The occurrence of inflamma-
tion has been associated with the poor
prognosis of multiple types of tumors.42

Additionally, studies have highlighted that
both NLR and APRI are sensitive indicators
of the body’s inflammatory system. These
factors have been shown to reflect the in-
flammatory state and predict the prognosis
of tumors, which agrees with our results.43

Because of objective constraints, our study
did not consider the possibility of patients
being treated with direct-acting antiviral
agents (DAA) during follow-up. Existing
studies have not been able to determine
the impact of DAA therapy on the inci-
dence/recurrence of HCC in patients with
viral hepatitis, and the debate on the im-
pact of DAAs on the development of HCC is
ongoing.44 Thus, further cohort studies are
required to verify the impact of DAA ther-
apy on the prognosis of patients with HCC.

Previous studies have found that HBV-
DNA is a risk marker for recurrence and
death in HCC, while amplification of HBV-
DNA affects the survival prognosis of pa-
tients with HCC. These findings are consis-
tent with those of our study.45 In addition,
pathological/histological features are often
a macroscopic composite of the tumor mi-
croenvironment, which is closely related to
gene mutations.46 Recent studies have also
found that genemutations can be identified
by radiomics in some tumors.47 For the
aforementioned reasons, we formulated
a hypothesis that diagnostic ultrasonogra-
phy may also be able to identify mutational
features of some genes, such as OATP1 or
other mutations, as suggested by previous
studies.48 However, these conjectures are
subject to further research in the future.

Of note, the innovation aspect of this
work was in the ability to construct
a model that effectively predicted OS and
PFS of patients with primary HCC by com-
bining easily available ultrasound indicators
and clinical case characteristics. When com-
pared to traditional models, our model does
not require a computer for feature extrac-
tion. It is clinically applicable, with a strong
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Figure 3. a-d. Construction of a personalized OS predictive model for patients with primary HCC. Panel
(a) shows amodel for predicting OS in patients with primary HCC. Themodel included APRI, CTP grade,
tumor grade, HBV DNA, the intensity of ultrasound enhancement at the portal stage, LMR, portal
hypertension, gender, stage, the beginning time of ultrasonic contrast, and total grade of ultrasonic
enhancement. The nomogram for predicting OS in patients with HCC is shown in the figure. The first
row in this panel is called points, which is the score reference for each variable. In the clinical treatment
of a patient, we can calculate the scores of all predictor variables. Then, the total score can be mapped
to the linear score linear predictor by total points to obtain the probability of OS for that patient. Panel
(b) shows the nomogram calibration based on the primary HCC OS nomogram prediction model. Time
C index (c) shows ameasure of concordance of the predictor with OS in HCC patients. The ROC analysis
(d) shows the predictive ability of the nomogram for predicting OS of primary HCC patients.
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ability to better predict prognosis. Notably,
early prediction of poor prognosis in pa-
tients will enable doctors and high-risk pa-
tients to better realize the importance of
prognostic follow-up, hence improving this
process. Thus, this prediction tool, devel-
oped herein, can further provide theoretical
guidance for the clinical treatment and re-
search of PLC patients.

During our analyses, all ultrasound ex-
aminations in patients were performed by

experienced doctors, which eliminated bias
caused by the differences in ultrasound
diagnosis capabilities of different physi-
cians. However, despite these promising
results, this study also had some short-
comings. First, all patients in this cohort
were from a single center. Therefore,
further studies at multiple centers are
needed to confirm our conclusions. Sec-
ond, although our nomogram prediction
model revealed good predictive stability

and the model incorporating these cur-
rent factors has the strongest predictive
power, more data are still needed to
validate the model. Clinical characteris-
tics of HCC patients have to be consid-
ered important for predicting OS and
PFS, such as sarcopenia.49,50 For this rea-
son, it may be necessary for us to incor-
porate sarcopenia or tumor size into our
predictive models in the future. Addi-
tionally, we were unable to obtain all
patient information because of permis-
sion restrictions. Thus, further research
is required to expand the clinical infor-
mation of patients. Third, we herein ob-
tained data based on years of clinical
history and past clinical work. Although
the accuracy of these datasets is en-
sured, there is still a possibility of miss-
ing or incorrect information. Moreover,
we recommended that a standardized
evaluation method for contrast-
enhanced ultrasound-related features is
required. Although this simple method
has been proven to achieve better pre-
dictive power, further research may be
needed in the real world due to the
difference in the equipments used. We
excluded “patients who manifested se-
verely inadequate heart, liver, and kid-
ney functions; patients with other major
diseases; and those with preoperative
liver function of Child-Pugh C.” The rea-
son for this is that in our clinical prac-
tice, we find that these patients are
more likely to die from noncancerous
factors, thereby causing significant bias
in the prediction model. Additionally, the
blood indicators of these patients fluctu-
ate considerably with the treatment
cycle, such that the prediction model
cannot be applied in these cases.

In conclusion, we have successfully built
a model for predicting OS and PFS in primary
HCC patients using easily available ultra-
sound indicators and clinical characteristics,
includingAPRI, CTP grade, tumor grade, HBV-
DNA, the intensity of ultrasound enhance-
ment at the portal stage, LMR, portal hyper-
tension, sex, stage, the beginning time of
ultrasonic contrast, and the total grade of
ultrasonic enhancement. The established
model displayed excellent performance in
terms of prediction accuracy, calibration,
and clinical application, based on the results
from the analysis of the validation cohort. We
anticipate that this model will help clinicians
to accurately predict poor prognosis in pa-
tients with HCC and ultimately improve the
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Figure 4. a-g. Construction of a personalized model for predicting PFS in primary HCC patients. Panel
(a): to obtain the best combination of predictors, we randomly performed 1000 LASSO regressions
and incorporated them into the Cox regression model based on the number of occurrences of
predictors. Their AUC values are also indicated.The ROC curve (b) shows the accuracy of the prediction
model based on 11 features (AUC = 0.828). In panel (c), Kaplan-Meier curves of factors selected using
LASSO methods imply that the prediction model based on these 11 characteristic factors can
accurately classify poor survival rates of patients (P < .001). Panel (d) shows amodel for predicting PFS
in patients with primary HCC. The model includes APRI, CTP grade, tumor grade, HBV DNA, the
intensity of ultrasound enhancement at the portal stage, LMR, portal hypertension, gender, stage, the
beginning time of ultrasonic contrast, and total grade of ultrasonic enhancement. The nomogram for
predicting PFS in patients with HCC is shown in the figure. The first row in this panel is called points,
which is the score reference for each variable. In the clinical treatment of a patient, we can calculate
the scores of all predictor variables. Then, the total score can be mapped to the linear score linear
predictor by total points to obtain the probability of PFS for that patient. Panel (e) shows nomogram
calibration based on PFS nomogram prediction model for primary HCC. Time C index (f) shows
a measure of concordance of the predictor with PFS in HCC patients. The ROC analysis (g) shows the
predictive ability of the model for predicting PFS in primary HCC patients.
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postoperative prognosis. We also revealed
that a predictive model that combines con-
trast-enhanced ultrasound and clinical indi-
cators exhibited superior predictive ability
compared to the one that uses clinical indi-
cators alone.
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