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Highlights:

• D-CEUS provides useful non-invasive diagnostic informa-
tion for malignant or potentially malignant liver nodules in
at-risk patients.

• The PERSoN4 model could improve the performance of
CEUS LI-RADS criteria for non-invasive diagnosis of HCC.

• PERSoN4 score >0.7729 showed 68.8% sensitivity and
100% specificity, with a PPV of 100.0% and moderate
diagnostic accuracy (AUC 0.84).

• This model may enable non-invasive HCC diagnosis in
�50% of patients currently considered for liver biopsy.

Impact and implications:

Accurate non-invasive diagnosis of HCC remains challenging
in patients with atypical vascular patterns on CEUS, providing
the scientific rationale for developing a multiparametric D-
CEUS-based risk model that integrates quantitative perfusion
analysis with clinical and imaging features. Our findings sug-
gest that the PERSoN4 model could meaningfully enhance the
diagnostic performance of CEUS LI-RADS, particularly by
identifying a subset of patients in whom HCC can be diag-
nosed with very high specificity and PPV, which is relevant for
hepatologists, radiologists, and multidisciplinary tumor boards
managing indeterminate nodules. This approach could reduce
the need for liver biopsy in nearly half of currently eligible pa-
tients, streamlining diagnostic pathways and potentially
lowering procedure-related risks and costs. However, given
the moderate sensitivity and the limited sample size, further
large-scale external validation is essential before widespread
clinical implementation.
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Background & Aims: Dynamic contrast-enhanced ultrasound (D-CEUS) could be a valuable tool for the non-invasive diagnosis 
of hepatocellular carcinoma (HCC) with atypical vascular imaging features.

Methods: Between January 2021 and November 2023, consecutive patients with chronic liver disease and liver nodules who 
were candidates for liver biopsy were enrolled in this cohort study. CEUS was performed in all patients before biopsy and 
categorized according to the CEUS Liver Imaging Reporting and Data System (LI-RADS). Clips were examined using VueBox® 

software. Clinical and ultrasound parameters were compared among the different histological entities, analyzed with univariable 
analysis, and incorporated into a logistic regression model for HCC diagnosis. The diagnostic accuracy of the identified model 
was evaluated by receiver operating characteristic (ROC) curve and relative AUC. The model was then tested on a validation 
cohort comprising consecutive patients from two centers.

Results: A total of 88 patients (57 with HCC, 17 with intrahepatic cholangiocarcinoma, 11 with liver metastases, and three with 
benign lesions) were enrolled. Statistically significant differences between patients with and without HCC in the training cohort 
were incorporated in an optimal logistic regression model that included the following predictive variables: sex, number of nodules 
>−4, peripheral rim-like hyperenhancement, and peak enhancement (PE) ratio (PE–rim-like enhancement–Sex–Nodules>−4; PER
SoN4). The model displayed high accuracy (AUC 0.91) for the diagnosis of HCC. In the validation cohort, the model showed a 
sensitivity of 48.8% and a specificity of 100.0%, with a positive predictive value (PPV) of 100.0%, maintaining good diagnostic 
accuracy (AUC of 0.74).

Conclusions: PERSoN4 could improve the performance of CEUS LI-RADS criteria, possibly leading to a non-invasive diagnosis 
of HCC in nearly 50% of patients currently referred for liver biopsy. However, this model requires further external validation 
before entering clinical practice.

© 2026 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article 
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Unlike cancers arising in most other organs, for which histo
logical confirmation is always required to plan treatment, im
aging has a major role in the diagnosis of hepatocellular 
carcinoma (HCC) in high-risk patients.1 Conventional ultrasound 
(US) is the preferred surveillance tool for focal liver lesions 
(FLLs) because of its safety, convenience, and simplicity.2,3

However, once a lesion is detected, further characterization with 
contrast imaging is required. Although HCC represents 60–75% 
of liver nodules >10 mm in patients at risk, regenerative nodules 
with various degrees of dysplasia also need to be considered 
and other malignancies can also occur, such as intrahepatic 
cholangiocellular carcinoma (ICC) or metastasis of extrahepatic 
cancers. With the ability to assess lesions perfusion in real time, 
contrast-enhanced ultrasound (CEUS) is among the accepted 

radiological methods used to characterize FLLs in patients at 
risk of HCC according to several international guidelines 
and recommendations.4–6

To standardize image interpretation and improve the diag
nostic accuracy of suspected HCC, the American College of 
Radiology (ACR) released the CEUS Liver Imaging Reporting 
and Data System (LI-RADS), which is now widely used as a 
diagnostic system for patients at risk of HCC and endorsed by 
the several international scientific societies.7–9

Based on primary features, such as the diameter of the FLL, 
arterial phase enhancement, and washout occurrence and 
pattern, the CEUS-LI RADS algorithm evaluates the increasing 
probability of HCC from LR-1 to LR-5 and provides a LR-M 
class that includes lesions probably or definitely malignant, 
but not specific for HCC and, thus, of undefined cellular origin. 
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Different studies demonstrated that category LR-5 has high 
specificity in predicting HCC, with a positive predictive value 
(PPV) of nearly 100%, and this is why a diagnosis of HCC can 
be confidently achieved with contrast imaging, whereas other 
patterns would require a histological confirmation, whenever a 
definitive diagnosis is needed.10,11

The working group that designed the criteria made choices 
that focused on specificity over sensitivity, struggling to achieve 
the highest PPV for HCC, to limit the risk of false diagnoses in 
patients with a categorization of LR-5. As a consequence, it is 
not surprising that validation studies that confirmed the 
extremely good PPV11,12 also reported a relatively low sensi
tivity (44.8–64.2%) and, therefore, a suboptimal global accuracy 
(60.4–70.8%), given that a significant proportion of HCC still fall 
within the LR-M, LR-3, and LR-4 categories.6,13

Although liver biopsy might appear to be a straightforward 
procedure and could theoretically clarify lesions not meeting 
LR-5 criteria, it is frequently technically unfeasible or associ
ated with an unacceptably high risk of complications. The 
target nodule might be difficult to access or located in high-risk 
areas (e.g. subcapsular or partially exophytic lesions), and 
patients can present with thrombocytopenia, impaired coag
ulation, or ascites along the anticipated needle track. 
Furthermore, some patients might be unable to cooperate or 
might refuse to undergo such an invasive procedure.

All these considerations suggested the need to improve the 
diagnostic efficiency of standard CEUS criteria. Some re
searchers proposed a redefinition of the classification condi
tions by adjusting the criteria for LR-M and LR-5.14–16 Ding 
et al. reported that reducing early washout time from 60 to 45 s 
for LR-M could increase the specificity for differentiating HCC 
from non-HCC malignancies.15 Zeng et al. found that the 
sensitivity for HCC was increased by regrouping LR-M cate
gories without marked washout in 3 min to LR-5 lesions.16

However, the modification of criteria for the differential 
diagnosis between HCC and non-HCC malignancies remains 
problematic, given that any increase in HCC detection sensi
tivity that associates with a decrease in diagnostic specificity for 
HCC could be detrimental for the clinical practice. Therefore, 
attempts have been made to improve the non-invasive diag
nostic algorithms and objectivity in the assessment of contrast 
enhancement behavior. Of note, dynamic CEUS (D-CEUS), an 
imaging method that allows quantitative evaluation of lesions 
microvasculature, has been introduced.17 Several studies have 
shown good diagnostic accuracy, sensitivity, and specificity of 
D-CEUS in the characterization of FLLs.18,19

To our knowledge, few studies have focused on the role of 
D-CEUS in the classification of malignant liver lesions in pa
tients with liver disease at risk for HCC,20,21 in particular 
addressing the issue of the LI-RADS classes, which are now 
the categorization tools recommended by both AASLD and 
EASL guidelines.22,23

We hypothesized that D-CEUS could provide useful infor
mation for a non-invasive diagnosis of malignant and probably 
malignant liver nodules not definitively classified according to 
standard CEUS LI-RADS criteria, which at present would 
mandatorily require biopsy. Therefore, we evaluated the use
fulness of incorporating D-CEUS into the diagnostic algorithm 
for HCC. The primary objective of the study was the identifi
cation of a risk prediction model (RPM) for HCC diagnosis in 
patients with chronic liver diseases and FLLs considered for 

liver biopsy as a result of inconclusive radiological findings. Our 
secondary objective was the identification of D-CEUS param
eters associated with HCC diagnosis in the same population.

Patients and methods
Between January 2021 and November 2023, all consecutive 
patients with FLLs at risk for HCC referred to the digestive dis
ease center of the University Hospital ‘Agostino Gemelli’ (Rome) 
for biopsy of the liver lesion were evaluated for enrollment.

Inclusion criteria were as follows: age older than 18 years, 
high-risk factors for HCC according to the ACR CEUS LI-RADS 
criteria v20177 (i.e. liver cirrhosis and chronic HBV infection); 
computed tomography (CT) and magnetic resonance imaging 
(MRI) inconclusive for diagnosis; FLL visible on conventional 
US; inconclusive CEUS LI-RADS class (i.e. LI-RADS LR3, LR4, 
and LR-M) and histological diagnosis provided by liver biopsy. 
Therefore, we included only patients at high risk of HCC but 
requiring biopsy for definitive diagnosis.

Exclusion criteria were as follows: a history of previous 
treatment of the target nodule or a history of HCC and a CEUS 
LI-RADS or CT or MRI LR5 pattern. In fact, in case of LR-5, 
pattern nodules would be directly considered conclusive for 
HCC without further investigation. Other exclusion criteria 
were cirrhosis caused by vascular disorders, hypersensitivity 
to the US contrast agent (sulfur hexafluoride, Sonovue®), 
incomplete D-CEUS data, and poor US image quality.

As a validation cohort, we enrolled a group of patients, with 
similar characteristics and with a histological diagnosis, 
collected from archives of the IRCCS Policlinico Universitario 
Agostino Gemelli (Rome) and IRCCS Azienda Ospedaliera- 
Universitaria di Bologna.

Study protocol

This was a cohort study including patients with chronic liver 
disease and FLLs conducted in two Italian university hospitals 
serving as tertiary referral centres for the diagnosis and treat
ment of liver diseases. The study protocol was approved by 
the University Hospital ‘Agostino Gemelli’ IRCCS Institutional 
Review Board (identification number: 2824) and registered at 
clinicaltrials.gov (NCT05977764). All the patients enrolled in the 
training cohort provided written informed consent.

Histopathological analysis served as the reference standard 
for the final diagnosis, given that it represents the gold standard 
for the diagnosis of HCC, particularly when imaging findings are 
inconclusive. Histological examination was carried out on 
samples obtained by US-guided biopsy performed within 30 
days and usually on the same day of CEUS examination.

Baseline demographic, clinical, and laboratory data were 
recorded. Laboratory tests included confirmation of chronic 
liver diseases etiologies, alpha-fetoprotein (AFP) levels, and 
carcinoembryonic antigen (CA) 19-9 levels, whenever avail
able. Liver cirrhosis was diagnosed by histopathological 
analysis or imaging methods.24

Multiparametric US examination

US studies were performed by two experienced physicians 
(MEA, with 13 years of experience in liver imaging and FP with 
30 years of experience in liver imaging) with Aixplorer Mach 30 
(SuperSonic Imagine, Aix-en-Provence, France) equipped with 
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a wideband C6-1 convex probe (frequency range, 
1.0–6.0 MHz) and Esaote MyLab X9 equipped with a wideband 
C8-1 convex probe (frequency range, 1.0–8.0 MHz).

After a fasting status of at least 6 h, US examination was 
performed in three phases. The liver was first scanned with 
conventional US to identify lesions and evaluate basal US 
features. In cases of multiple lesions in the same patient, only 
the lesion scheduled for biopsy was considered eligible.

Subsequently, 2D shear wave elastography (2D-SWE) was 
performed with the same equipment. Measurements were 
obtained with the patient in a supine position and suspended 
normal breathing with the right arm raised over the head. The 
shear-wave measurement box was positioned on the liver 
lesion to obtain an appropriate SWE map. In the case of very 
large lesions, we placed the region of interest (ROI) in the most 
representative part of the FLL. Margins and central necrosis in 
larger lesions were spared. Elasticity values were displayed in 
a color-coded 2D image of tissue stiffness in box form over a 
conventional B-mode image. We considered reliable only 
those cases with a stability index (SI) of at least 90% when 
using the Aixplorer Mach 30. The median value of at least three 
successful measurements was considered for analysis and 
was expressed in kPa. An IQR to the median ratio (IQR/M) 
<30% was used as a reliability criterion.

Finally, CEUS with SonoVue® (Bracco, Milan, Italy) was 
carried out according to European Federation for Ultrasound in 
Medicine and Biology (EFSUMB) guidelines,7 almost invariably 
using a 2.4-ml amount of agent. Signal enhancement of the 
target lesion and surrounding liver parenchyma were observed 
in real time and a dynamic sequence covering the first 3 min 
was recorded continuously on a hard disk for patients in the 
training group and exported as Digital Imaging and Commu
nications in Medicine (DICOM) for further analysis. In case of 
multiple FLLs, CEUS was performed on the largest lesion 
among those that were technically accessible for percuta
neous liver biopsy. This approach was adopted to ensure 
consistency between imaging assessment and histopatho
logical sampling, as well as to maximize diagnostic reliability.

Image analysis

B-mode US and CEUS images were reviewed by two opera
tors with more than 10 years of experience in liver US imaging 
(LG and MEA) to both clinical and pathological data. Images 
were interpreted independently and disagreements were 
resolved by discussion and consensus.

The following US characteristics were used to categorize 
each nodule: size; echogenicity; boundary; pattern of arterial 
phase enhancement; presence; timing; and degree of washout. 
The number of FLLs for each patient was also recorded.

The enhancement pattern of target lesions during the 
arterial phase were classified as follows: homogeneous 
hyperenhancement; heterogeneous hyperenhancement; pe
ripheral rim-like hyperenhancement; isoenhancement; and 
hypoenhancement.25 Washout time was calculated from the 
time of contrast agent injection to the time when the nodule 
began to show hypoenhancement compared with the sur
rounding hepatic parenchyma. Washout was classified as early 
when it occurred within 1 min from contrast injection. The 
washout, when occurring, was classified into mild and marked 
according to its degree by 2 min: a marked washout is defined 

as a punched-out appearance of the nodule. Based on quali
tative CEUS features, the nodules were classified according to 
CEUS LI-RADS classification.7

Finally, digitized quantification of contrast enhancement was 
performed on the recorded video clip using the quantitative 
analysis software package VueBox®, Version 7.4 (Bracco, Italy). 
The analysis can display the mean, median and SD of intensity 
pixels within the ROI drawn on the image for each frame of the 
acquired sequence. In our study, the time-intensity curves were 
generated from a manually defined ROI, placed over the lesion 
and large enough to encompass as much of the lesion area as 
possible. A second ROI, serving as a potential internal refer
ence, was drawn on the adjacent liver tissue at the same depth 
of the nodule, avoiding large blood vessels and cystic areas, for 
the necessary comparison upon which the enhancement pat
terns are defined. The analysis was carried out by the two same 
physicians with expertise in the use of VueBox®.

Respiratory movement artifacts were eliminated by auto
matic adjustments and, when necessary, by deleting selected 
frames in the post-processing analysis. Quantification was 
done on uncompressed linear data (raw data), which were 
linearly proportional to microbubble concentration. The results 
were expressed as intensity values after calculating the arith
metic mean of pixel intensities. A gamma variate fit was used 
as a statistical model to normalize the dispersion of gamma 
values in the perfusion analysis. Interobserver variability be
tween two physicians was analyzed on a sample of 20 in
dividuals from the derivation cohort. Further details regarding 
D-CEUS and quantification processes are reported in a posi
tion paper endorsed by the EFSUMB.17,26

Eight perfusion parameters were selected to characterize 
both blood volume and blood flow and were extracted from 
time-intensity curves: peak enhancement (PE, measured in 
arbitrary units [AU]); area under the wash-in curve (WiAUC, 
AU), wash-in rate (WiR, AU), rise time (RT, in s), time to peak 
(TTP, s), mean local transit time (MTT, s); area under the 
washout curve (WoAUC, AU), area under the wash-in and 
washout curve (WiWoAUC, AU).

To reduce intra- and interindividual perfusion variability, 
blood volume-related parameters (PE, WiR, WiAUC, WoAUC, 
and WiWoAUC) were expressed as a ratio between the lesion 
and surrounding liver parenchyma ([lesion parameter - sur
rounding parenchyma parameter]/surrounding parenchyma 
parameter). The entire quantification process, from drawing 
ROI to extrapolation of functional parameters, was performed 
by two authors (LG and MEA) and the mean values of the two 
measurements were considered for analysis.

All patients included in this study were divided into a pro
spective training cohort (n = 58), comprising patients from 
IRCCS Policlinico Universitario Agostino Gemelli (Rome), and a 
retrospective validation cohort (n = 30) comprising patients 
from both IRCCS Policlinico Universitario Agostino Gemelli 
(Rome) and IRCCS Azienda Ospedaliera - Universitaria di 
Bologna. The optimal logistic regression model was developed 
in the training cohort and confirmed in the validation cohort.

Statistical analyses

The demographic, clinical, US, and contrastographic variables 
of the enrolled patients were analyzed with univariable analysis 
using the following methods: t test, for continuous variables 
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(for equal or unequal variances, depending on whether the 
homoscedasticity assumption was met); τ2 test, for dichoto
mous nominal variables in the presence of cells in the con
tingency table with counts >5; and Fisher’s exact test, for 
dichotomous nominal variables in presence of at least one cell 
in the contingency table with a count <−5. Variables that pre
sented a probability below the Hosmer–Lemeshow cut-off (p 
<0.25) of verifying the null hypothesis of no association were 
considered for incorporation into the logistic regression model. 
The Wald test was used to determine the statistical signifi
cance of the predictive ability of adding a variable to the 
model. Given the number of expected outcome events (i.e. 
histopathological diagnosis of HCC), the derivation of a logistic 
regression model incorporating between three and five pre
dictive variables was hypothesized.

The diagnostic accuracy of logistic regression models was 
evaluated by receiver operating characteristic (ROC) curve and 
relative AUC. The predicted probability threshold of the model 
for HCC diagnosis was determined by setting the specificity at 
100% and maximizing the sensitivity. When evaluating per
formance at a given cut-off, sensitivity, specificity, PPV and 
negative predictive value (NPV) were computed.

Calibration of the models was assessed using the Hosmer– 
Lemeshow’s good of fitness test. In accordance with Hosmer 
and Lemeshow simulations,27 the test was carried out using as 
the number of group g both 10 and g = no. predictor variables + 

1. Given the well-known limits of the good-of-fitness test (i.e. 
low power, and underestimation of overfitting), the model cali
bration was also evaluated using the calibration curve. The 
choice of the best model was carried out by comparison of full 
and reduced nested logistic regression models using the like
lihood ratio test. Moreover, the choice of the best model was 
guided by model calibration and sensitivity. Table S1 shows the 
statistical analysis carried out to choose the optimal logistic 
regression model, in accordance with the research question. 
Statistical analysis was conducted using the statistical software 
Stata®, version SE18. The calibration curve was obtained using 
the Stata’s calibration belt package.28

Results

Patient clinical data

According to the inclusion and exclusion criteria, 58 consec
utive patients with liver lesions at risk but inconclusive for HCC 
were prospectively enrolled in the training group for this study 
(36 men and 22 women; 67.3 ± 11.5 years) to build a diag
nostic model, whereas 30 patients were retrospectively 
enrolled for the validation of the model (25 men and 5 women; 
72 ± 9.6 years). The detailed baseline characteristics of the 
patients, including age, sex, etiology of liver disease, and 
serum markers, are shown in Tables 1 and 2. Based on the 
histological examination, the selected nodules comprised 32 

Table 1. Baseline characteristics of the study population.

Baseline characteristics Total (n = 58) HCC (n = 32) No HCC (n = 26) p value

Male, n (%) 36 (62.1) 23 (71.9) 13 (50.0) 0.09
Female, n (%) 22 (37.9) 9 (28.1) 13 (50.0)
Age (years), mean ± SD 67.3 ± 11.5 65.0 ± 11.8 69.2 ± 11.0 0.09
BMI (kg/m2), median (IQR) 25.3 (23.4–30.0) 26.0 (23.5–30.0) 24.6 (23.1–30.5) 0.33
Etiology

Alcohol use disorder 13 (22.4) 7 (21.9) 6 (23.1) 0.91
Autoimmune 1 (1.7) 0 (0.0) 1 (3.9) 0.45
HBV, n (%) 6 (10.3) 1 (3.1) 5 (19.2) 0.06
HCV, n (%) 15 (25.9) 13 (40.6) 2 (7.7) 0.004
Metabolic dysfunction-associated steatotic liver disease, n 
(%)

28 (48.3) 13 (40.6) 15 (57.7) 0.20

Laboratory
Alpha-fetoprotein (ng/ml), median (IQR) 4.6 (2.7–70.0) 4.6 (3.0–62.0) 5.5 (2.0–235.0) 0.06
Carcinoembryonic antigen 19-9 (IU/ml), median (IQR) 33.7 (9.4–131.0) 8.7 (5.0–35.7) 84.0 (30.2–436.0) 0.07

Data were analyzed using: t test, for continuous variables (for equal or unequal variances, depending on whether the homoscedasticity assumption was met); τ2 test, for nominal 
variables in presence of cells in the contingency table with counts >5; Fisher’s exact test, for nominal variables in presence of at least one cell in the contingency table with a count 
<−5. CEUS LI-RADS, contrast-enhanced ultrasound Liver Imaging Reporting and Data System; HCC, hepatocellular carcinoma.

Table 2. Baseline characteristics of the validation cohort.

Characteristics Total (n = 30) HCC (n = 25) No HCC (n = 5) p value

Male, n (%) 25 (83.3) 22 (88.0) 3 (60.0) 0.18
Female, n (%) 5 (16.7) 3 (12.0) 2 (40.0)
Age (years), mean ± SD 72.0 ± 9.6 71.6 ± 9.5 73.8 ± 11.1 0.33
CEUS LI-RADS classification

LI-RADS 3, n (%) 6 (20.0) 5 (20.0) 1 (20.0) 0.84
LI-RADS 4, n (%) 7 (23.3) 6 (24.0) 1 (20.0)
LI-RADS 5, n (%) 6 (20.0) 6 (24.0) 0 (0.0)
LI-RADS M, n (%) 11 (36.7) 8 (32.0) 3 (60.0)

Etiology
Alcohol use disorder 7 (23.3) 6 (24.0) 1 (20.0) 0.67
Autoimmune 0 (0.0) 0 (0.0) 0 (0.0)
HBV, n (%) 2 (6.7) 2 (8.0) 0 (0.0) 0.69
HCV, n (%) 9 (30.0) 7 (28.0) 2 (40.0) 0.48
Metabolic dysfunction-associated steatotic liver disease, n (%) 16 (53.3) 14 (56.0) 2 (40.0) 0.43

Data were analyzed using: t test, for continuous variables (for equal or unequal variances, depending on whether the homoscedasticity assumption was met); τ2 test, for nominal 
variables in presence of cells in the contingency table with counts >5; Fisher’s exact test, for nominal variables in presence of at least one cell in the contingency table with a count 
<−5. CEUS LI-RADS: contrast-enhanced ultrasound Liver Imaging Reporting and Data System.
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(55.2%) HCC, 15 (25.9%) ICC, and 11 (19.0%) liver metastasis 
in the training cohort and 25 (83.3%) HCC, 2 (6.7%) ICC, and 
three (10.0%) non-malignant lesions in the validation cohort.

There were no significant differences in clinical and patho
logical characteristics between HCC and non-HCC nodules 
except for the HCV etiology, which was more common in HCC 
group (p = 0.004).

US imaging characteristics

US features of both cohorts are shown in Tables 3 and 4. A 
statistically significant different distribution of basal US fea
tures between patients with and without HCC in the training 
cohort was present for number of nodules >−4 (15.6% vs. 
46.2%, p = 0.03) and irregular margins of the target lesion 
(15.6% vs. 46.2%, p = 0.01) (Table 3). A higher number of 
nodules was associated with a lower probability of HCC 
(adjusted odds ratio [aOR] 0.08; 95% CI 0.01–0.54).

In terms of CEUS, arterial phase enhancement was signifi
cantly different in the two groups of patients. Homogeneous 
hyperenhancement was more frequent in HCC (62.5% vs. 
46.6%, p = 0.007), whereas peripheral rim-like hyper
enhancement was more represented in non-HCC lesions 
(17.2% vs. 3.1%, p = 0.002).

In total, 46 of 58 (79%) nodules showed washout in the 
portal or late phase. The median washout time was 48.5 s in 

HCC (IQR 42.0–50.0 s) compared with 45.0 s in non-HCC le
sions (IQR 37.0–50.0 s) (p = 0.10). Marked washout was found 
in 18.8% (6/32) of HCC lesions, in contrast to 26.9% (7/26) of 
non-HCC lesions (p = 0.68).

In the entire cohort, 45 patients (77.6%) were classified as 
LI-RADS M, five (8.6%) as LI-RADS 3, and eight (13.8%) as LI- 
RADS 4. Although almost all non-HCC malignancies were 
assigned to the LR-M category, 21 HCC (65.6%) were also 
classified as LR-M.

In terms of D-CEUS, two quantitative parameters related to 
lesion enhancement, PE and WiR, were significantly higher in 
patients with HCC (median PE ratio, 0.69 vs. 0.22 AU, p = 
0.006; WiR ratio, median 2.66 vs. 1.18 AU, p = 0.002), whereas 
no significant differences were observed for time-related pa
rameters reflecting both tumor wash-in (RT and TTP) and 
washout (MTT) (Table 3 and Fig. 1).

Finally, liver parenchyma stiffness values were high in both 
groups, consistent with fully developed cirrhosis, but were 
lower in patients with HCC compared with those without HCC; 
however, the difference did not reach statistical significance 
(35.4 vs. 49.6 kPa; p = 0.13) (Table 3).

Risk prediction model for HCC diagnosis

The optimal logistic regression model was identified incorpo
rating the following predictive variables: sex (aOR 5.56; 95% 

Table 3. Ultrasound imaging characteristic of the target focal liver lesions.

Characteristics Total (n = 58) HCC (n = 32) No HCC (n = 26) p value

Basal US characteristics
Number of nodules, n (%)

1 27 (46.6) 19 (59.4) 8 (30.8) 0.03
2 9 (15.5) 4 (12.5) 5 (19.2)
3 5 (8.6) 4 (12.5) 1 (3.9)
>−4 17 (29.3) 5 (15.6) 12 (46.2)

Diameter (mm), median (IQR) 36.0 (24.0–56.0) 35.0 (20.5–45.0) 39.0 (25.0–60.0) 0.08
Irregular margins, n (%) 41 (70.7) 27 (84.4) 14 (53.9) 0.01

CEUS characteristics
Enhancement, n (%) in the arterial phase

Hypoenhancement 2 (3.5) 1 (3.1) 1 (3.9) 0.70
Isoenhancement 4 (6.9) 3 (9.4) 1 (3.9) 0.39
Homogeneous hyperenhancement 27 (46.6) 20 (62.5) 7 (26.9) 0.007
Heterogenous hyperenhancement 15 (25.9) 7 (21.9) 8 (30.8) 0.44
Rim-like hyperenhancement 10 (17.2) 1 (3.1) 9 (34.6) 0.002

Presence of washout 46 (79.3) 24 (75.0) 22 (84.6) 0.37
Marked washout 13 (22.4) 6 (18.8) 7 (26.9) 0.68
Washout time (s), median (IQR) 47.0 (40.0–50.0) 48.5 (42.0–50.0) 45.0 (37.0–-50.0) 0.10

CEUS LI-RADS classification
LI-RADS 3, n (%) 5 (8.6) 3 (9.4) 2 (7.7) 0.01
LI-RADS 4, n (%) 8 (13.8) 8 (25.0) 0 (0.0)
LI-RADS M, n (%) 45 (77.6) 21 (65.6) 24 (92.3)

D-CEUS characteristics, median (IQR)
Peak enhancement ratio (AU) 0.4 (-0.2 to 1.6) 0.7 (0.0 to 1.9) 0.2 (-0.5 to 0.6) 0.006
WiAUC ratio (AU) -0.3 (-0.5 to 9.2) -0.2 (-0.5 to 0.5) -0.3(-0.6 to 2.0) 0.33
WoAUC ratio (AU) -0.2 (-0.5 to 0.6) -0.1(-0.4 to 0.7) -0.4(-0.6 to 0.2) 0.08
WiWoAUC ratio (AU) -0.2 (-0.5 to 0.4) -0.1 (-0.4 to 0.6) -0.3 (-0.5 to 0.2) 0.12
WiR ratio (AU) 1.6 (0.4–4.3) 2.7 (1.3–7.9) 1.2 (0.2–1.6) 0.002
Rise time (s) 10.9 (8.0–14.5) 11.2 (8.7–13.4) 9.5 (7.3–15.5) 0.30
Time to peak (s) 12.8 (9.2–16.5) 12.8 (10.5–15.6) 13.1 (8.7–19.1) 0.15
Mean local transit time (s) 81.8 (47.3–134.7) 70.6 (49.3–117.7) 93.9 (46.6–321.8) 0.10

2D SWE
Median (IQR) (kPa) 37.6 (24.1–51.8) 35.4 (23.6–48.1) 49.6 (24.6–58.2) 0.13

Data were analyzed using: t test, for continuous variables (for equal or unequal variances, depending on whether the homoscedasticity assumption was met); τ2 test, for nominal 
variables in presence of cells in the contingency table with counts >5; Fisher’s exact test, for nominal variables in presence of at least one cell in the contingency table with a count 
<−5. 2D SWE, 2D shear-wave elastography; AU, arbitrary unit; CEUS, contrast-enhanced ultrasound; D-CEUS, dynamic contrast-enhanced ultrasound; HCC, hepatocellular 
carcinoma; LI RADS: Liver Imaging Reporting and Data System; WiAUC, area under the wash-in curve; WiR, wash-in rate; WiWoAUC, area under the wash-in and washout curve; 
WoAUC: area under the washout curve.
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Table 4. Ultrasound imaging characteristic of the target focal liver lesions in the validation cohort.

Characteristics Total (n = 30) HCC (n = 25) No HCC (n = 5) p value

Basal ultrasound characteristics
Number of nodules, n (%)

1 24 (80.0) 19 (76.0) 5 (100.0) 0.75
2 4 (13.3) 4 (16.0) 0 (0.0)
3 2 (6.7) 2 (8.0) 0 (0.0)
>−4 0 (0.0) 0 (0.0) 0 (0.0)

Diameter (mm), median (IQR) 21.0 (19.0–40.0) 21.0 (18.0–42.5) 21.0 (20.0–29.0) 0.31

CEUS characteristics
Enhancement, n (%)

Hypoenhancement 2 (6.7) 2 (8.0) 0 (0.0) 0.69
Isoenhancement 10 (33.3) 7 (28.0) 3 (60.0) 0.19
Homogeneous hyperenhancement 15 (50.0) 13 (52.0) 2 (40.0) 0.50
Heterogenous hyperenhancement 3 (10.0) 3 (12.0) 0 (0.0) 0.57
Rim-like hyperenhancement 0 (0.0) 0 (0.0) 0 (0.0)

Washout 23 (76.7) 19 (76.0) 4 (80.0) 0.67

D-CEUS characteristics, median (IQR)
Peak enhancement ratio (AU) 0.0 (-0.3 to 0.7) 0.1 (-0.3 to 0.7) -0.1 (-0.3 to -0.1) 0.13
Wash-in rate ratio (AU) 0.3 (-0.1 to 1.1) 0.5 (-0.1 to 1.1) -0.1 (-0.2 to 0.0) 0.28

CEUS and D-CEUS was performed on target lesions, defined as the lesions with the best ultrasound visualization. Data were analyzed using: t test, for continuous variables (for 
equal or unequal variances, depending on whether the homoscedasticity assumption was met); τ2 test, for nominal variables in presence of cells in the contingency table with 
counts >5; Fisher’s exact test, for nominal variables in presence of at least one cell in the contingency table with a count <−5. AU, arbitrary unit; CEUS, contrast-enhanced ul
trasound; D-CEUS, dynamic contrast-enhanced ultrasound; HCC, hepatocellular carcinoma.

CD

A B

Fig. 1. US findings of a liver nodule diagnosed as HCC histopathologically. On CEUS examination, the nodule displayed heterogenous arterial phase hyper-
enhancement and portal venous phase early washout (time of washout was 42 s). According to CEUS LI-RADS, it was diagnosed as LR-M, whereas it was diagnosed 
as HCC by the PERSoN4 model (probability 79.8%). (A) B-mode showing a 23.5 mm hypo-echoic mass of the right liver lobe. (B) Arterial and (C) portal-venous phase 
CEUS images with corresponding time-intensity curve analysis (D) showing high PE and WiR. CEUS, contrast-enhanced ultrasound; HCC, hepatocellular carcinoma; 
LI-RADS, Liver Imaging Reporting and Data System; PERSoN4, Peak enhancement–Rim-like enhancement–Sex–Nodules>−4; PE, peak enhancement; US, ultrasound; 
WiR, wash-in rate.
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CI: 1.19–25.94; p = 0.03), presence of four or more nodules 
(OR 0.08; 95% CI: 0.01–0.54; p = 0.01), presence of peripheral 
rim-like hyperenhancement (OR 0.08; 95% CI: 0.01-0.83; p = 
0.03) and PE ratio (OR 2.51; 95% CI: 1.12–5.61; p = 0.03). β
coefficients of the logistic regression model are reported in 
Table 5. According to the logistic regression model equation 
(Equation 1), the probability of HCC diagnosis [p(HCC)] was 
calculated using Equation 2 (probability of HCC diagnosis; 
p[HCC]). 

Ln(Odds) = Ln[p(HCC)/1-p(HCC)] = -0.479 + 1.715a – 
2.484b – 2.491c + 0.919×d [1]

where a represents if male sex; b represents if >−4 nodules; c 
represents if peripheral rim-like hyperenhancement present; and 
d represents the PE ratio. 

p(HCC) = eLnp(HCC)/1-p(HCC)/[1+ eLnp(HCC)/1-p(HCC)] [2]

Based on the ROC analysis, the PE–rim-like enhancement– 
sex–nodules>−4 (PERSoN4) logistic regression model showed high 
accuracy, with an AUC of 0.91 (95% CI: 0.83-0.98) (Fig. 2).

The predicted probability threshold of the model for HCC 
diagnosis was determined by setting the specificity at 100% 
and maximizing the sensitivity. The optimal cutoff value ob
tained by this approach was 0.7729 (Fig. 2). Hence, HCC 
diagnosis was defined as a score >0.7729 predicted by the 
PERSoN4 model. Applying this probability threshold, the 
model showed a sensitivity of 68.8% (95% CI: 50.0–83.9%) 
and a specificity of 100.0% (95% CI: 86.8–100.0%), with a PPV 
for HCC of 100.0% (95% CI: 83.2–100.0%) and moderate 
diagnostic accuracy (AUC 0.84, 95% CI: 0.76–0.93) (Fig. S1).

Moreover, the PERSoN4 logistic regression model demon
strated adequate calibration in both the Hosmer–Lemeshow’s 
good of fitness test and calibration curve evaluation. In fact, 
according to the Hosmer–Lemeshow’s good of fitness test, no 
evidence of lack of fitness was detected (p = 0.28, g = 5; p = 
0.22, g = 10, respectively). According to the calibration curve, 
the PERSoN4 model was adequately fitted (p = 0.12), without 
significant evidence of underestimation or overestimation of 
HCC diagnosis in any segment of the expected/observed 
number of events function (Fig. S2).

An excellent level of interobserver agreement was observed. 
Using a two-way mixed-effects model for absolute agreement, 
estimated on a sample of 20 individuals from the derivation 
cohort, the intraclass correlation coefficient for single measures 
was 0.997 (95% CI: 0.991–0.999), showing minimal variability 
between readers. For the average of the two readers, the intra
class correlation coefficient was 0.998 (95% CI: 0.996–0.999). 
Both estimates were significantly greater than zero (p <0.001), 
confirming a very high degree of agreement between observers.

A sensitivity analysis conducted on patients classified as 
LR-M with the CEUS LI-RADS algorithm (n = 45) showed 
similar accuracy and calibration. In this subgroup of patients, 
the PERSoN4 model had a sensitivity of 66.7% (95% CI: 
43.0–85.4%) and a specificity of 100.0% (95 CI%: 
85.8–100.0%), with an AUC of 0.83 (95% CI: 0.73–0.93) 
(Fig. S3). Furthermore, the Hosmer–Lemeshow’s test (p = 0.18, 
g = 5; p = 0.11, g = 10) and the calibration curve (p = 0.12) 
showed no evidence of lack of fitness (Fig. S4).

On ROC analysis in the validation cohort, the PERSoN4 
logistic regression model showed fair accuracy, with an AUC 
of 0.74 (95% CI: 0.53–0.96) (Fig. 2).

Applying the identified probability cutoff (score >0.7729), 
the model showed a sensitivity of 48.8% and a specificity of 
100%, with a PPV for HCC of 100%. With this probability 
threshold, the model maintained a fair diagnostic accuracy, 
with an AUC of 0.74 (95% CI: 0.64–0.84) (Fig. S5).

The PERSoN4 logistic regression model also demonstrated 
adequate calibration in the validation cohort. According to the 
calibration curve, the model was adequately fitted (p = 0.40), 
without significant evidence of underestimation or over
estimation of HCC diagnosis in any segment of the expected/ 
observed number of events function (Fig. S6). Indeed, in this 
statistical test, a p value >0.05 supported the null hypothesis 
that the model was well calibrated, indicating that the pre
dicted probabilities were consistent with the observed fre
quencies of HCC.

In Fig. 3, we provide a schematic illustrating the intended 
use of the PERSoN4 model.

Discussion
In the present study, we demonstrated that a multiparametric 
diagnostic model integrating clinical data with CEUS quanti
tative analysis achieved a level of diagnostic accuracy suffi
cient to allow a conclusive diagnosis of HCC in more than half 
of nodules classified as inconclusive by conventional CEUS LI- 
RADS criteria and otherwise referred for liver biopsy (i.e. LR3, 
LR4 and LR-M).

The improvement of non-invasive criteria for accurate 
diagnosis of FLLs is of widespread clinical interest especially in 
patients with chronic liver diasease.29 Although LI-RADS 
emerges as a valuable diagnostic algorithm to support the 
management of liver tumors, many improvements are still 
needed to overcome current limitations. In fact, different 
studies and meta-analyses have shown that these criteria have 
only a moderate level of sensitivity in differentiating HCC from 
non-HCC malignanices.30,31 In particular, the LR-M category 
provided a high NPV but low PPV for non-HCC malignancy 
diagnosis because of a high proportion of HCC misclassifica
tion.14,15 Another proportion of HCC nodules are included in 
LR-3 and LR-4 categories, requiring the need of liver biopsies 
to correctly classify the lesions.

To increase the sensitivity of HCC detection and to reduce 
missed diagnoses, attempts have been made to improve the 
diagnostic accuracy of standard LI-RADS criteria. Previous 
studies focused mainly on the modification of imaging char
acteristics, such as adjusting the time to define early 
washout15,32,33 or combining the time and degree of early 
washout,16,34 but existing imaging techniques and tumor 

Table 5. Logistic regression model coefficients of the PERSoN4 model to 
predict HCC.

Predictive variable β (95% CI) p value

Male sex 1.715 (0.175–3.256) 0.03
Nodules >−4 -2.484 (-4.346 to -0.623) 0.01
Peripheral rim-like hyperenhancement -2.491 (-4.792 to -0.191) 0.03
Peak enhancement percentage change 0.919 (0.114–1.725) 0.03
Constant -0.479 (-1.781 to 0.822) N/A

HCC, hepatocellular carcinoma; PERSoN4, Peak enhancement–Rim-like enhance
ment–Sex–Nodules>−4.
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Fig. 2. Sensitivity and Specificity of the PERSoN4 model. (A) ROC analysis of the PERSoN4 logistic regression model. (B) Sensitivity and specificity of the 
PERSoN4 model with respect to the predicted probability of HCC. (A) Youden’s Index = 0.7192. (B) PERSoN4 model threshold = 0.7729. (C) ROC analysis of the 
PERSoN4 logistic regression model in the validation cohort. HCC, hepatocellular carcinoma; PE: Peak Enhancement; PERSoN4: Peak enhancement–Rim-like 
enhancement–-Sex-Nodules>−4; ROC, receiver operating characteristics.
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biomarkers remain insufficient to correctly differentiate HCC 
from other liver malignancies.

The role of imaging in the multidisciplinary approach of 
patients with HCC is constantly evolving and expanding 
because of the application of newer quantitative techniques 
that evaluate blood perfusion. In particular, the quantification 
of CEUS signals has been used to complement the qualitative 
assessment of FLLs, showing significant differences not only 
between benign and malignant lesions,35 but also in predicting 
tumor biological behavior. This type of analysis, also termed D- 
CEUS, can detect more marked washout in chol
angiocarcinoma than in HCC36 and microvascular invasion of 
HCC, based on parameters such as wash-in rate and washout 
rate.37 Therefore, we used D-CEUS features to improve the 
diagnostic accuracy of standard LI-RADS criteria.

In this cohort study, we developed and evaluated the diag
nostic performance of a new multiparametric score based on D- 
CEUS parameters for the non-invasive diagnosis of HCC in high- 
risk patients with inconclusive previous imaging (CT/MRI and 
CEUS). Our results demonstrated that, by adding quantitative 
and clinical parameters to CEUS observations, the PERSoN4 
logistic regression model could be a useful tool for HCC diagnosis 
(AUC 0.91; 95% CI: 0.83–0.98). Given that the primary purpose of 
our study was to provide high specificity for the diagnosis of HCC, 
the predicted probability threshold of the model was determined 
by setting the specificity at 100% and maximizing the sensitivity. 
The derived probability threshold (0.7729) allowed a non-invasive 
diagnosis of HCC in 68.8% of patients eligible for liver biopsy, 
with good accuracy (AUC 0.83; 95% CI: 0.76–0.93).

Interestingly, AFP showed a nonsignificant association with 
HCC. However, given a p value of <0.25, we attempted to 
include AFP in the model, but it did not improve its discrimi
native performance. This might be explained by the exclusion 
of CEUS LI-RADS LR-5 lesions, which typically exhibit higher 
AFP levels, in contrast to atypical HCC cases.

Although our results were not perfect, the high AUC, 
sensitivity, and specificity of the PERSoN4 model indicated 
promising discrimination ability and accuracy. As a result, 
earlier and more confident diagnosis of HCC could be ach
ieved. This might be helpful in clinical practice to avoid the use 
of percutaneous biopsies, which can cause bleeding or im
plantation metastasis,38 at least in a subgroup of patients.

It is already known that CEUS enables the possibility of real- 
time assessment of arterial phase enhancement, which might 
be missed or misinterpreted in other imaging studies. The 
peculiarity of CEUS in intercepting arterial phase enhancement 
is reflected positively not only in the downgrade of LR-3 or LR- 
4 formations, but also in the definitive diagnosis of HCC.39

D-CEUS can improve the diagnostic accuracy of visual 
interpretation because it enables characterization of the nodule 
microperfusion relative to the adjacent liver tissue in a more 
comprehensive and reproducible manner.40,41

However, previous studies focused on using D-CEUS to 
evaluate the nodule washout time more objectively and accurately 
and to improve the diagnostic performance of LR-5 for HCC.20,42

By contrast, our study underlined the role of PE and combined 
clinical and multiparametric imaging data to explore and improve a 
non-invasive diagnostic algorithm for HCC in high-risk patients.

We previously demonstrated that CEUS parameters com
bined with stiffness values and liver background could be 
useful for the differential diagnosis between HCC and ICC in the 
general population.21 The present study extends the analysis of 
individual CEUS features to a predictive model-based differ
ential diagnostic approach combining imaging and clinical data 
in a different population. However, in this case, we focused on 
high-risk patients to optimize as much as possible the non- 
invasive diagnosis of HCC, with promising results. This 
approach would allow a non-invasive diagnosis of HCC in 
nearly 70% of nodules not classified with traditional imaging 
criteria. Furthermore the PERSoN4 model is not intended to 

Cirrhosis
Chronic HBV infection

Current or previous HCC

High risk
of HCC

Low risk
of HCC

BiopsyLI-RADS 5 HCC

CT/MRI/CEUS

LI-RADS 3-4-M

PERSoN4 >0.7729

PERSoN4 ≤0.7729

Yes No

New focal liver lesion

Fig. 3. Proposed algorithm for the use of the PERSoN4 model. HCC, hepatocellular carcinoma; PE, peak enhancement; PERSoN4, Peak enhancement–Rim-like 
enhancement–Sex–Nodules>−4.
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replace CEUS LI-RADS but to be applied sequentially in those 
cases classified as LR-3, LR-4, or LR-M, where the CEUS LI- 
RADS assessment remains inconclusive (Fig. 3).

These characteristics make it a promising model, which 
maintained expectations when validated on an external cohort. 
The PERSoN4 model presents considerable sensitivity and 
adequate calibration. In fact, the derivation cohort showed a 
sensitivity of 68.8%, whereas, in the validation cohort, a 
sensitivity of 48.8% was documented. This would enable non- 
invasive diagnosis of HCC in almost one out of two patients 
with cirrhosis currently referred for liver biopsy.

The model maintained good diagnostic accuracy despite the 
validation cohort presenting a low prevalence of ICC and liver 
metastasis. Indeed, in the validation cohort, there were no 
patients with rim enhancement or with four or more nodules. 
This makes the model even more promising when applied in the 
context of a more heterogeneous cohort. If these findings are 
confirmed in larger population and in different cohorts, our 
predictive model could become a useful tool in clinical practice.

The present study has some limitations. First, only a small 
number of patients were enrolled. However, the number of pa
tients referred for biopsy after inconclusive contrast imaging 
study is not high and this limited the collection of the training 
cohort, whereas the availability of a sufficiently long adequate 
CEUS video clip of patients with histological diagnosis limited 
the collection of the retrospective validation group. Thus, a 
multicenter cohort study with larger sample size is needed to 
validate this RPM. Second, according to the recommendations 
of the CEUS LI-RADS system,7 we enrolled only patients at high 
risk for HCC, and we did not evaluate the performance of the 
model in patients without cirrhotic background. However, in our 
cohort, and contrary to previous work,15 the incidence of HCC 
and non-HCC malignancies was comparable, with most falling in 
the LR-M class. This is an important strength that could influence 
the reliability of the results and the possibility to extend the model 

to other subgroups of patient after appropriate validation. Third, 
US is an operator-dependent technique with lower sensitivity in 
patients with obesity and patients with abdominal bloating; thus, 
not all potential nodules might be adequately evaluated with this 
non-invasive imaging modality. Moreover, there are technical 
limitations of D-CEUS. The decision to include as much of the 
tumor area as possible inside the ROI could lead to more het
erogeneity. Another issue is the individual situation of liver 
perfusion, which limits interindividual comparability of D-CEUS 
values. To achieve greater comparability, D-CEUS parameters of 
liver lesions were ‘normalized’ according to the enhancement of 
the nearby liver parenchyma. Finally, the acquisition of D-CEUS 
clips and time-intensity-curves as well as the whole analysis of 
parametric imaging are not easy to apply; thus, the feasibility and 
usefulness of the method in clinical practice remain challenging.

Despite these limitations, the PERSoN4 model appears to 
be a valuable tool for the non-invasive diagnosis of HCC in 
patients with cirrhosis currently referred for liver biopsy. The 
high diagnostic accuracy and good calibration of approach 
make it a promising model, which maintained expectations 
when validated on an external cohort.

Concluding remarks
The D-CEUS-based PERSoN4 risk assessment model appears 
to be a valuable tool for the dynamic assessment of nodule 
microvascularization and could enhance the performance of 
the standard CEUS LI-RADS algorithm for the non-invasive 
diagnosis of HCC in high-risk patients with inconclusive find
ings. In our cohort, this diagnostic model allowed for the non- 
invasive diagnosis of HCC at least in half of patients who are 
currently candidates to liver biopsy, with a PPV of 100%. 
However, multicenter cohorts with large study groups are 
required to evaluate the reproducibility and applicability of 
these findings in different populations and clinical settings.
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