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Abstract: Liver biopsy is the gold standard method for staging liver fibrosis, but it is an invasive
procedure that is associated with some complications. There are also non-invasive techniques for
assessing liver fibrosis, such as elastography and biological tests, but these techniques can fail in
detection or generate false measurements depending on the subject’s condition. This study aimed to
determine whether liver fibrosis can be evaluated using contrast-enhanced ultrasonography with
arrival time parametric imaging using the ultrasound machine’s parametric image software, the
method being called (CEUS-PAT). CEUS-PAT was performed on each subject using SonoVue as
a contrast agent, and images showing liver parenchyma and the right kidney on a single screen were
used for analysis in parametric imaging, which was performed using the proprietary software of the
ultrasound system. The ratio between the kidney and liver arrival times was calculated. The study
included 64 predominantly male (56.3%) subjects, 37 cirrhotic patients, and 27 healthy volunteers,
with a mean age of 58.98 & 8.90 years. Significant differences were found between the liver cirrhosis
and healthy groups regarding CEUS-PAT, 0.83 £ 0.09 vs. 0.49 + 0.11, p < 0.0001. The correlation
between CEUS-PAT and VCTE was r = 0.81. The optimal cut-off value for detecting liver cirrhosis
was >0.7, with an AUC of 0.98, p < 0.001, Se = 89.19%, Sp = 100%, PPV = 100%, and NPV = 87.1%. We
demonstrate that CEUS-PAT achieves excellent performance in diagnosing liver cirrhosis and is a fast
method for diagnosing liver cirrhosis that can even be applied in situations where the use of other
methods is excluded.

Keywords: liver cirrhosis; CEUS; AtPl/arrival time parametric imaging; VCTE

1. Introduction

Cirrhosis is a chronic, diffuse, and progressive disease characterised by the devel-
opment of fibrosis and the transformation of the standard liver structure into abnormal
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structural nodules [1]. In patients with chronic liver disease, cirrhosis and liver fibrosis
stages are essential because they help determine treatment options and guide patient
management, especially in the case of liver resection for primary liver malignant tumours.

Liver biopsy is the gold standard method for staging liver fibrosis, but it is an inva-
sive procedure that is associated with some complications. There are also non-invasive
techniques for evaluating liver fibrosis, such as elastography and biological tests, but these
techniques may fail in detection or produce false measurement results, depending on the
subject’s condition (food intake, ascites, obesity, etc.).

Although liver biopsy is considered the gold standard for assessing the severity of
fibrosis and the presence of cirrhosis, the fact that only part of the liver is displayed can
lead to false negative results in up to 30% of cases [2]. In addition, a biopsy is not without
inherent risks and should not be repeated during follow-up [1].

Over the years, many non-invasive techniques have been used in order to assess liver fi-
brosis, such as biological scores and liver elastography. Liver elastography is a non-invasive
technique with good accuracy in comparison with liver biopsy, the most commonly used
variant being virtual controlled transient elastography (VCTE) along with point shear waves
elastography (p-SWE) and two-dimensional shear waves elastography (2D-SWE). Other
common elastography techniques are strain elastography (SE) and magnetic resonance
elastography (MR elastography) [3]. These techniques have some limitations and confound-
ing factors, such as elevated transaminase, fasting, pregnancy, ascites, liver congestion,
obstructive jaundice, obesity, skin-to-liver distance, and the presence of pacemakers [4—6].

Therefore, a simple, reliable, non-invasive technique is required to evaluate liver
fibrosis and cirrhosis. Studies have shown that contrast-enhanced ultrasound (CEUS) has
high accuracy in diagnosing liver fibrosis [7,8]. On the other hand, in the CEUS evaluation
of focal liver lesions (FLL), liver fibrosis status is important for the differentiation of lesions
in normal liver and cirrhotic liver for diagnosis of hepatocarcinoma (HCC).

CEUS is a form of enhanced ultrasound imaging characterised by its safety, and it
reduces the need for higher-risk, higher-cost subsequent diagnostic tests. The contrast
agent does not contain dyes and does not expose patients to ionising radiation.

CEUS is based on injecting a special biocompatible ultrasound contrast agent, liquid
suspensions of biocompatible gas-filled microspheres.

When injected into a patient’s cubital vein during an ultrasound examination, these
microspheres flow unobstructed through the patient’s circulatory system, simulating the
flow pattern of red blood cells while producing improved ultrasonic reflectivity and even-
tually binding to their specific targets. It has been shown that the faster the tracer reaches
the liver, the more severe the fibrosis. The change in microcirculation can explain this fact.
Additionally, hemodynamics in a liver with severe fibrosis are critical. [9]. The kidney
was used for comparison with the liver for contrast arrival because the kidney is supplied
only by arteries, and the contrast agent will travel faster. A ratio of the arrival time of the
contrast agent between the right kidney and the liver was calculated. For each individual,
the kidneys’ arrival time can be used as his/her own reference. If the ratio is higher, the
contrast arrival time in the liver is closer to the kidney, meaning that the contrast agent came
to the liver parenchyma with the arterial route explaining an imbalance in arterial-portal
blood flow with arterial dominance.

This study aimed to determine whether liver fibrosis in liver cirrhosis patients can be
reliably evaluated using contrast-enhanced ultrasonography with arrival time parametric
imaging (CEUS-PAT).

2. Materials and Methods
2.1. Patients
We conducted a diagnostic study with a case-referent approach [10] in a tertiary

gastroenterology department. Patients were enrolled during the course of one year, from
January 2018 to December 2018. VCTE was the reference test.
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The inclusion criteria for liver cirrhosis subjects were being older than 18 years and
having a diagnosis of liver cirrhosis based on clinical, biological, endoscopic, ultrasonogra-
phy, and elastography assessment; for healthy volunteers, subjects had to be older than
18 years with no evidence of any other disease, which was determined by clinical and
biological parameters and by ultrasound.

Exclusion criteria were the presence of ascites, clinically significant portal hypertension,
pregnancy, cardiac pacemakers, malignancy, end-stage renal diseases, heart failure, renal
failure, unreliable or invalid VCTE and CAP measurements, and the elevation of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) more than five times the upper
limit of normal (ULN) values.

2.2. Ethical Consideration

All patients provided their informed consent for the procedures. The study protocol
was conducted according to the Helsinki Declaration after its approval by our institution’s
Ethical Committee (number 09/09.05.2016).

2.3. Contrast-Enhanced Ultrasonography with Arrival Time Parametric Imaging

Ultrasonography was performed using the LOGIQ E9 (GE Healthcare, Chalfont St.
Giles-UK) system, probe C1-6. CEUS was performed on each subject using SonoVue (Bracco
SpA, Milan, Italy) as a contrast agent (1/2 of a vial). SonoVue is a second-generation
microbubble agent (sulphur hexafluoride stabilised by a phospholipid shell). The substance
was dissolved in a 5 mL saline solution. A 2.5 mL contrast substance followed by a 5 mL
normal saline solution was infused in the cubital vein. Subjects were in fasting conditions
for at least 12 h. Liver scanning information taken during the first 30 s following the
injection of the contrast agent through the cubital vein was saved as raw data on a hard
disk. The examination was performed with the patients in the left lateral position and their
right arm elevated above the head, and the patients were instructed to hold their breath,
especially in the first 15-20 s of the examination. Images showing liver parenchyma and the
right kidney on a single screen were used for analysis, as shown in Figure 1. The examiners
were blind to the patient’s medical data and elastography data.

Figure 1. Cont.
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Figure 1. Healthy volunteer (A) in the first 10 s and (B) at the end of CEUS examination. Liver
cirrhosis patient (C) in the first 10 s and (D) at the end of CEUS examination.
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Following ultrasound acquisition, parametric imaging was performed using the dedi-
cated image analysis software of the ultrasound system. The software “parametric image”
was used to generate parametric imaging arrival time from stored video clips. This was
used to visualise the contrast arrival time in colours using loops. The system would auto-
matically prepare a colour map on the CEUS image when clicking the parametric image
button (Figure 2). The colours indicate time in seconds based on a parametric colour scale
of red: first 10 s, yellow: 10-15 s, green: 15-20 s, blue: 20-25 s, and purple: 25-30 s. The
dedicated software provided the arrival time parametric imaging (AtPI) values of the
contrast agent, the method called CEUS-PAT. The ratio between the AtPI values for the
kidney and the liver was subsequently calculated. A ratio of the arrival time parametric
was calculated as the ratio between the arrival time of the contrast into the kidney and
the arrival time of the contrast into the liver. The software calculated the arrival time of
the contrast agent [11]. The software calculated both the liver arrival time and the kidney
arrival time of the contrast agent and then the ratio of these values in assessing liver fibrosis.

Reports

i e B
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Num Cycles

2 | O

Utility

o & O

Start Frame End Frame Frame By Frame

Figure 2. Parametric image button.

2.4. Vibration-Controlled Transient Elastography (VTCE) and Controlled Attenuation Parameter
(CAP) Measurements

VCTE was performed using a FibroScan® device (EchoSens, Paris, France) (Figure 3)
in the right liver lobe under conditions of patient fasting for more than 4-6 h and in
a supine position, with their right arm in maximum abduction, via the intercostal approach.
We aimed to collect 10 valid liver stiffness measurements (LSM) for each patient. The
examination was performed using the standard M probe (transducer frequency 3.5 MHz)
or the XL probe (transducer frequency 2.5 MHz). M and XL probes were used according
to the European recommendation for M and XL probe selection [11]. A median value of
10 valid LSM were calculated, and the results are expressed in kilopascals (kPa). Reliable
measurements were defined as the median value of 10 valid LSM with an interquartile range
interval /median ratio (IQR/M) < 30% [12,13]. To discriminate between the fibrosis stages,
we used the following VCTE cut-off values from a metanalysis: healthy volunteers (F0-1),
LS < 7 kPa, and liver cirrhosis (F = 4), LS > 12 kPa [14]. To discriminate between steatosis
stages, we used the following CAP cut-off values: S1 (mild) 274 dB/m, S2 (moderate)
290 dB/m, and S3 (severe) 302 dB/m [15].
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Figure 3. Vibration-controlled transient elastography with controlled attenuation parameter image
from the software, a patient acquisition.
2.5. Surrogate Serum Fibrosis Markers

For each patient, APRI [16] and FIB-4 scores [17] were determined using the follow-
ing formulas:

( AS"ll" Levelf )

AST (upper limit of norma

APRI = 100, 1
Platelet count (10°/L) 8 @)
FIB-A — Age (years) x AST (U/L) @

Platelet count (10°/L) x ALT(U/L)"

For liver cirrhosis, the cut-off values were APRI > 2 and FIB-4 > 2.6.

2.6. Clinical and Biological Assessment

Anthropometric, demographic, clinical, and biological data were collected on the same
day with the VCTE, CAP, and CEUS-PAT measurements. The biological data included
information on haemoglobin (HB), haematocrit (HT), leucocytes (LE), thrombocytes (TR),
cholesterol, triglycerides, aspartate aminotransferase (AST), alanine aminotransferase (ALT),
glutamyl aminotransferase (GGT), alkaline phosphatase (AF), albumin, sodium, potassium,
creatinine, urea, international normalised ratio (INR), and C-reactive protein (CRP).

2.7. Statistical Analysis
2.7.1. Sample Size Calculation

The required number of subjects was determined based on established results [14]
regarding the diagnostic accuracy of elastography for the diagnosis of cirrhosis (METAVIR
F = 4) and recommendations for sample size calculation in diagnostic test studies [18]. We
considered significance level alpha = 0.05, power = 0.8, sensitivity = 0.83, specificity = 0.89,
and delta = 0.2 and employed an asymptotic method for estimation. The computation
resulted in 31 cases and 27 controls required to guarantee design accuracy. All 64 cases
enrolled from January 2018 to December 2018 were included in the data set used for
assessing the accuracy of CEUS-PAT in this study.

The sample size calculation was performed using the open-source software R version
4.0.5 (The Comprehensive R Archive Network; https:/ /cran.r-project.org/ (accessed on 2 August
2022)), package “MKpower” version 0.5.
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2.7.2. Analysis of Data

The Kolmogorov-Smirnov test was used to test the distribution of numerical variables.
Qualitative variables were presented as numbers and percentages. Parametric tests (t-test,
ANOVA) were used to assess differences between numerical variables with normal distribu-
tion; nonparametric tests (Mann-Whitney or Kruskal-Wallis tests) were used for variables
with non-normal distribution. The chi-square test with Yates’ correction for continuity was
used to assess the statistical significance of differences between proportions. Spearman
coefficient of correlation (R) was used to evaluate the association between numerical vari-
ables. A generalised linear model (GLM) was applied to analyse the significance of clinical
and paraclinical factors associated with the CEUS-PAT results; univariate and subsequent
multivariate analysis was also conducted. Receiver operating characteristic (ROC) analysis
was used to assess the method’s performance. Youden’s J statistic was further employed to
determine the optimal cut-off value of CEUS-PAT as a diagnostic test for liver cirrhosis.

In all statistical analyses, the confidence level was 95%, with a corresponding 5%
significance level. All p-values were two-tailed. The statistical analysis was performed
using MedCalc software (v. 19.3.1, Ostend, Belgium) and IBM SPSS Statistics v. 20.0.0
(New York, NY, USA).

2.7.3. Bootstrap Resampling, Sensitivity Analysis

Resampling has been acknowledged as a reliable method to determine confidence
intervals for estimates derived from non-normally distributed biomedical data [19]. Boot-
strapping, namely, resampling with replacement from the original sample, has been proven
to lead to credible estimates for the ROC curves of diagnostic tests, especially when the
sample size is small [20-22]. For the data set in this study, we applied the bootstrapping
method to conduct a sensitivity analysis of the characteristics determined by classical
asymptotic methods.

The analysis was conducted using IBM SPSS Statistics v. 20.0.0 (New York, NY, USA).

3. Results
3.1. Clinical and Biochemical Characteristics

The study included 64 subjects, 37 liver cirrhosis patients, and 27 healthy volunteers,
mean age of 58.98 & 8.90, who were predominantly of the male gender (56.3%). In the liver
cirrhosis group, the majority were alcoholic cirrhosis (35.1%), followed by NAFLD (27.0%),
HCV (21.6%), and HBV (16.2%) (Table 1).

Table 1. Clinical and biochemical characteristics of the study group.

Parameter Healthy Volunteers Liver Cirrhosis Patients p-Value
(n=27) (n=237)

Age (years) 58.00 + 8.94 59.70 + 8.93 0.45
Glf,l‘;':r 17 (62.9%) 20 (54.0%) 0.8
Female 10 (37.1%) 17 (46.0%)

BMI (kg/m?) 25.47 4 2.82 26.38 4 5.29 0.37

Haemoglobin (g/dL) 13.46 4+ 1.76 12.41 + 1.94 0.02
Haematocrit (%) 37.39 & 7.55 37.42 + 6.94 0.98
Leucocytes (*10°/L) 7.96 £ 1.50 7.91 +2.06 0.90
Thrombocytes (103/L) 208.77 + 55.72 177.75 + 97.92 0.11
Albumin (mg/dL) 4.05 + 0.60 291+ 091 <0.0001
Natrium (mmol/L) 138.40 =+ 3.80 135.24 + 5.16 0.006
Potassium (mmol/L) 4.40 + 0.53 452 +0.57 0.38
Urea (mg/dL) 29.33 4 7.08 37.43 4+ 18.22 0.01
Creatinine (mg/dL) 0.97 +0.19 0.99 + 0.28 0.80
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Table 1. Cont.

Parameter Healthy Volunteers Liver Cirrhosis Patients p-Value
(n=27) (n=37)
INR 1.05 (0.8-1.2) 1.10 (0.8-2.3) 0.12
AST (U/L) 29 (13-65) 43 (17-161) 0.03
ALT (U/L) 35 (18-98) 45 (18-150) 0.02
AP (U/L) 72 (42-121) 78 (37-286) 0.23
GGT (U/L) 70 (16-101) 64 (14-162) 0.61
CRP mg/L 2.9 (1.5-123) 6.4 (1.8-128) 0.0007
Cholesterol (mg/dL) 150 (97-294) 157 (84-272) 0.44
Triglycerides (mg/dL) 126 (67-298) 113 (43-211) 0.12

ALT = alanine aminotransferase; AP = alkaline phosphatase; AST = aspartate aminotransferase; BMI = body mass
index; GGT = gamma-glutamyl transferase; INR = international normalised ratio; CRP = C-reactive protein.

Significant differences between the healthy volunteer group with the liver cirrhosis
group were found upon comparison, whereby the liver cirrhosis group had lower albumin
values (p < 0.0001) and higher CRP values (0.0007).

3.2. VCTE and CEUS-PAT Evaluation

Liver cirrhosis patients had higher values of CAP, CEUS-PAT, and VCTE, as shown in
Table 2 and Figures 4 and 5.

Table 2. Comparison of the CEUS-PAT and elastography measurements between the two groups.

Liver Cirrhosis Patients Healthy Volunteers
Variable -
n Mean + SD n Mean + SD Difference p-Value
CAP (dB/m) 37 269.86 £ 63.46 27 223.74 £ 41.25 —46.12 (—74.07; —18.17) 0.0016
CEUS-PAT 37 0.83 & 0.09 27 049 +0.11 —0.33 (—0.38; 0.28) <0.0001
VCTE (kPa) 37 20.21 4 14.97 27 5.87 +2.87 —14.34 (—20.19; 8.50) <0.0001

CAP = controlled attenuated parameter; CEUS-PAT = contrast-enhanced ultrasonography with arrival time para-
metric imaging; CI = confident interval; n = total number of subjects; SD = standard deviation; VCTE = vibrating
controlled transient elastography.

0.9 —

0.8 —

0.7 — —_—

06 &

0.5

“I N

0.3 -

| |
CEUS-PAT CEUS-PAT
Healthy subjects Cirrhosis patients

Figure 4. Box and whisker plot. CEUS-PAT measurements in cirrhosis patients and healthy volunteers.
The boxes are proportional to the inter-quartile range (IQR) with medians marked in-between, and
the whiskers are proportional to 1.5 * IQR (or trimmed to the minimum or maximum values). The
bullet is an outlier.
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Figure 5. Box and whisker plot. VCTE measurements in cirrhosis patients and healthy volunteers.
The boxes are proportional to the inter-quartile range (IQR) with medians marked in-between, and

the whiskers are proportional to 1.5 * IQR (or trimmed to the minimum or maximum values). The
bullet and the squares are outliers.

3.3. Performance of CEUS-PAT in Detecting Liver Cirrhosis

Based on Youden’s index, the optimal cut-off value for detecting liver cirrhosis was
a ratio of AtPI between the kidney and liver of >0.7, with an AUC of 0.98, p < 0.001,
Se = 89.19%, Sp = 100%, PPV = 100%, and NPV = 87.1%. (Figure 6)

CEUS-PAT
80 H
g o
=z
Z _
@
40H
s AUC =0.98
- P <0.001
20H
0 [ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 L I 1 | 1 I
0 20 40 60 80 100

100-Specificity

Figure 6. ROC analysis of CEUS-PAT in diagnosing liver cirrhosis.
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3.4. Comparison between VCTE, CEUS-PAT, FIB-4 Score, and APRI Score in Diagnosing
Liver Cirrhosis

The correlation between CEUS-PAT and VCTE was strong and highly significant, with
a Spearman coefficient r = 0.81 (p < 0.0001). Table 3 presents the two-by-two coefficients of
correlation between all four indicators of cirrhosis.

Table 3. Spearman correlation coefficients between the four methods.

CEUS-PAT VCTE APRI Score FIB-4 Score

correlation coefficient 1.00 0.81 0.41 0.33
CEUS-PAT p-value 0.0001 0.001 0.007
VCTE correlation coefficient 0.81 1.0 0.38 0.21
p-value 0.0001 0.001 0.08
APRI score correlation coefficient 041 0.38 1.0 0.53
p-value 0.001 0.001 0.0001
FIB4 score correlation coefficient 0.33 0.21 0.53 1.0
p-value 0.007 0.08 0.0001

When comparing the AUC values of the CEUS-PAT, FIB-4 score, VCTE, and APRI
score in detecting liver cirrhosis, CEUS-PAT and VCTE demonstrated the best performance,
with AUC = 0.98 and 0.97, followed by APRI and FIB-4 with AUC = 0.67 for both (Figure 7).

100 /_/
80
= 60 [
z i
= -
5 B
40
20H L == CEUS-PAT
B === VCTE
- === APRI score
- == FIB-4 score
OFF
0 20 40 60 80 100

100-Specificity
Figure 7. ROC curve analysis comparing the four methods.

3.5. Univariate and Multivariate Analysis of CEUS-PAT

To explore the significance of clinical and paraclinical factors associated with the CEUS-
PAT measurements, the generalised linear model (GLM) was applied in univariate and
multivariate options. In the first analysis, haemoglobin (p = 0.04), sodium (p = 0.003), AST
(p =0.01), ALT (p = 0.02), albumin (p < 0.0001), and severe steatosis at CAP (p = 0.03) were
significantly associated with CEUS-PAT values. They were included in the subsequent
multivariate analysis; in this latter examination, albumin was the only factor that resulted in
being significantly associated with CEUS-PAT measurements. Table 4 synthesises the results.
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Table 4. The results of the generalised linear model (GLM) analysis applied to the clinical and
paraclinical factors associated with the CEUS-PAT measurements. Significant factors in univariate
analysis were included in the multivariate model.

Parameter Univariate Analysis Multivariate Analysis
Coefficient Std. err p-Value Coefficient Std. err p-Value
Age (years) 0.004 0.002 0.13
Gender (male) 0.0005 0.04 0.99
BMI (kg/m?) 0.001 0.005 0.72
Haemoglobin (g/dL) —0.02 0.01 0.04 —0.02 0.04 0.67
Haematocrit (%) 0.001 0.003 0.68
Leucocytes (*109/L) 0.000007 0.01 0.99
Thrombocytes (*103/L) —0.0003 0.0002 0.19
Albumin (mg/dL) —0.11 0.02 <0.0001 —0.06 0.02 0.02
Sodium (mmol/L) -0.1 0.004 0.003 —0.009 0.005 0.12
Potassium (mmol/L) 0.08 0.4 0.06
Urea (mg/dL) 0.002 0.001 0.18
Creatinine (mg/dL) —0.03 0.09 0.72
INR —0.01 0.02 0.53
AST (U/L) 0.001 0.006 0.01 0.0003 0.001 0.82
ALT (U/L) 0.001 0.006 0.02 0.0003 0.001 0.75
AP (U/L) 0.0009 0.0004 0.06
GGT (U/L) 0.0005 0.0007 0.50
CRP (mg/L) 0.0009 0.001 0.36
Cholesterol (mg/dL) —0.0002 0.0006 0.65
Triglycerides (mg/dL) —0.0005 0.0002 0.06
Severe steatosis at CAP 0.007 0.001 0.03 0.002 0.001 0.23

3.6. Bootstrapping for Sensitivity Analysis

The bootstrap method was applied to determine the confidence interval of the differ-
ences in CEUS-PAT between the cases and controls. The confidence interval for the ROC
curve of CEUS-PAT was also re-estimated. Both re-estimations led to numerical results
similar to those obtained with the asymptotic methods.

4. Discussion

While liver elastography has gained popularity, and Fibroscan (VCTE) is considered
the reference standard, certain situations do not allow us to use this approach. These
situations are perihepatic ascites, obesity, pregnancy, and the presence of cardiac peacemak-
ers. [3] Other elastography techniques have been demonstrated to perform almost as well
as VCTE. However, due to the variability of external factors that could influence the results,
a correlation coefficient of 1 between the methods has never been achieved, and we cannot
have 100% confidence in the methods. Therefore, an alternative method, such as CEUS-PAT,
is welcomed in these crucial situations. In clinical practice, while performing an abdominal
ultrasound examination, we discovered liver nodules and ascites in many cases; therefore,
VCTE often turns out to be inconclusive. In this setting, CEUS-PAT becomes an attractive
alternative for liver stiffness measurement. On the one hand, it can confirm or rule out
the diagnosis of liver cirrhosis; on the other hand, it allows for the dynamic analysis of
vascularisation patterns in unclear hepatic lesions [23].
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Over time, different study groups have investigated how CEUS can be applied in
diagnosing liver fibrosis. This begins with the determination of the ratio of red, performed
through external software. It was subsequently developed by analysing the CEUS compo-
nents through the time-intensity curve (TIC) and the arrival time in the hepatic vein, artery,
and portal vein [7,24].

Many previous studies have shown that CEUS can diagnose liver cirrhosis by looking
at the arrival time of the contrast agent in the hepatic vein, hepatic artery, portal vein, and
liver parenchyma while measuring the respective ratios of red colour [16,25].

If a patient has advanced fibrosis, their circulation will be perturbed, which is why
the arrival time of the contrast agent is shortened. Another explanation could be that
the contrast agent remains in the sinusoid space. Ying et al. [9] aimed to investigate the
diagnosis value of CEUS for early stage liver cirrhosis in 30 patients using the same contrast
agent (SonoVue) as in our study. They investigated the arrival and peak times in the hepatic
artery, hepatic vein, portal vein, and liver parenchyma. The arrival time in the hepatic
vein was shorter in liver cirrhosis patients, and the peak time was more prolonged than in
controls. This is due to the dysfunction of Kupffer cells in liver cirrhosis. The enhancement
of liver parenchyma in the late phase was darker than normal. Kim et al. [17] conducted
a systematic review with a meta-analysis using CEUS to evaluate liver fibrosis, and they
concluded that further studies are required.

Ridolfi et al. [26] investigated the severity of HCV, and the conclusion was that the
hepatic vein arrival time decreases with fibrosis severity, a fact that is well established
and in line with our study. Another study was conducted by Fujita et al. [27] on alcoholic
patients, investigating the arrival time in the liver parenchyma. They compared the arrival
time in the liver with that in the kidney, similar to our study, but the study was only
observational. Their methods were not diagnostic; they were only comparing the arrival
time of the kidney with the arrival time of the liver to see the differences. Wakui et al. [28]
aimed to investigate the degree of liver progression in HCV patients using Sonazoid;
cut-off values were provided for every fibrosis stage, expressed in percentages of the
ratio of red and calculated using external image analysing software. Cocciolillo et al. [29]
investigated CEUS performance in the diagnosis of NAFLD, measuring the blood flow
of arrival time compared to transient elastography. They concluded that flow alteration
precedes the development of liver fibrosis. Nasr et al. [30] conducted a study on 23 patients
with NAFLD, comparing the use of biopsy to evaluate liver fibrosis. They calculated the
differences in arrival time between the hepatic vein, hepatic artery, and liver parenchyma,
and their results are similar to ours, finding that CEUS can be used to exclude severe cases
of fibrosis.

Over the years, CEUS has also been used to investigate the presence of oesophageal
varices (EV) based on time-intensity curves [31,32], and the results show that CEUS can
predict EV. CEUS has also been used in animal models to investigate liver fibrosis [33,34],
and it was concluded that this method has diagnostic performance for liver fibrosis, similar
to our study.

Kayali et al. [35] investigated the effect of SonoVue on liver stiffness measurements.
They studied 96 patients; with VCTE and SWE, measurements were taken before and after
the evaluation of CEUS to see if the contrast agent affects liver stiffness, and the authors
concluded that it does not. Our elastography measurements were taken before CEUS evalu-
ation, but even when taken after, the results did not change. Recently, Yoshimine et al. [36]
conducted a study on 48 patients with biliary cholangitis based on the performance of
CEUS with AtPI in diagnosing liver fibrosis. They calculated the arrival time via the ratio
of red with external software. The AUC values of CEUS with AiPl in diagnosing F2 and F3
were 0.77 and 0.92, similar to our AUC from CEUS-PAT of 0.98, with good performance for
diagnosing liver fibrosis.

The new elastography methods that have followed VCTE demonstrate similar or even
lower performance than the CEUS-PAT method in diagnosing liver cirrhosis [4]. Our study
findings suggest that CEUS-PAT is an extremely accurate method for diagnosing liver
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cirrhosis of different aetiologies using the cut-off value of >0.7 with an AUROC value of
0.98 and very high sensibility, specificity, PPV, and NPV. On the other hand, different liver
elastography methods have also proven to have good performances in predicting liver
cirrhosis [37-39]. Still, in general, their performances are lower than CEUS-PAT.

In addition to the discriminative properties of the CEUS-PAT measurements for liver
cirrhosis, we exploratorily investigated the association of the clinical and paraclinical
factors with the CEUS-PAT values. Although this analysis was not intended as a regression
model to identify predictors for the CEUS-PAT results, we found associations worth further
exploration, such as haemoglobin, sodium, AST, ALT, albumin, and severe steatosis at CAP.

CEUS-PAT had higher values in the liver cirrhosis group compared with the healthy
volunteer group, similar to VCTE values. Still, in CEUS-PAT, there was a small level of
overlapping between the groups, but without any clinical revelation.

Although CEUS-PAT has been demonstrated to be a good diagnostic tool for liver
fibrosis assessment over the years, the novelty of our study is that we demonstrated CEUS-
PAT using a much faster method with better performance in diagnosing liver cirrhosis.
The fact that we can measure the arrival time with the same ultrasound machine is an
advantage, saving time for clinicians. Even if the method has a higher cost than the usual
elastography methods, it saves time and money for subjects because the focal liver lesion
diagnostic algorithm induces costs much lower than computer tomography and magnetic
resonance imaging.

Study Limitations

A limitation of the study is the small number of patients, calculated to assure the
accuracy of this study as a proof of concept [40]. At this stage, only healthy subjects
and liver cirrhosis patients were compared to validate CEUS-PAT as a reliable diagnostic
method. We applied bootstrap resampling as a supplemental validation approach, and the
results proved robust.

An important caveat is related to employing VCTE as a reference test in this study,
which inherently limits the predicted accuracy of CEUS-PAT to the very reference we used.
To compensate for this shortcoming, we analysed the correlation between the two; this
analysis acted as a quantitative estimator that is symmetrical regarding the two variables
and independent of the ROC area.

5. Conclusions

CEUS-PAT performs excellently in diagnosing liver cirrhosis and is a fast method
for diagnosis of liver cirrhosis that can be applied even in situations in which the use of
other methods is excluded. Future research should continue to study the different stages
of liver fibrosis and strengthen the ultrasound diagnostic algorithm for focal liver lesions,
particularly such that it can confirm or rule out hepatocarcinoma.

Author Contributions: Data curation, R.L.,, D.L.,,RM., AL, TVM,, EB. and A.-M.G.; Formal analysis,
R.L.and D.L.; Investigation, R.L., LR., EB. and R.S.; Methodology, RL., 1.S., AP, M.D.,, RM., A-M.G.
and R.S.; Project administration, A.P., M.D. and R.S.; Software, R.L., D.L. and A.L.; Supervision, L.S.;
Validation, LR., L.M., T.VM. and EB.; Visualization, M.D. and L.M.; Writing—original draft, R.L., L.R.
and D.L.; Writing—review and editing, R.L., LS., LR, D.L.,, AP, RM,, LM.,, AL, TVM,, FB., A-M.G.
and R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Victor Babes University of Medicine and Pharmacy Ethical
Committee (number 09/09.05.2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.



Diagnostics 2022, 12, 3013 14 of 15

References

1. Khalifa, A.; Rockey, D.C. The utility of liver biopsy in 2020. Curr. Opin. Gastroenterol. 2020, 36, 184-191. [CrossRef] [PubMed]

2. Poynard, T. Faut-il encore faire des biopsies du foie? [Is liver biopsy still useful?]. Rev. Med. Interne 2007, 28, 67-70. [CrossRef]

3.  Shiina, T.; Nightingale, K.R.; Palmeri, M.L.; Hall, T.]J.; Bamber, J.C.; Barr, R.G.; Castera, L.; Choi, B.I,; Chou, Y.H.; Cosgrove,
D.; et al. WFUMB guidelines and recommendations for clinical use of ultrasound elastography: Part 1: Basic principles and
terminology. Ultrasound Med. Biol. 2015, 41, 1126-1147. [CrossRef] [PubMed]

4. Dietrich, C.E; Bamber, J.; Berzigotti, A.; Bota, S.; Cantisani, V.; Castera, L.; Cosgrove, D.; Ferraioli, G.; Friedrich-Rust, M.; Gilja,
O.H,; et al. EFSUMB Guidelines and Recommendations on the Clinical Use of Liver Ultrasound Elastography, Update 2017 (Long
Version). Ultraschall. Med. 2017, 38, e16-e47, Erratum in Ultraschall Med. 2017, 38, e48.

5. Giuffre, M.; Fouraki, S.; Comar, M.; Masutti, F; Croce, L.S. The Importance of Transaminases Flare in Liver Elastography:
Characterization of the Probability of Liver Fibrosis Overestimation by Hepatitis C Virus-Induced Cytolysis. Microorganisms 2020,
8, 348. [CrossRef]

6. Giuffre, M.; Giuricin, M.; Bonazza, D.; Rosso, N.; Giraudi, PJ.; Masutti, F.; Palmucci, S.; Basile, A.; Zanconati, F.; de Manzini,
N.; et al. Optimization of Point-Shear Wave Elastography by Skin-to-Liver Distance to Assess Liver Fibrosis in Patients Undergoing
Bariatric Surgery. Diagnostics 2020, 10, 795. [CrossRef]

7. Wai, C.T; Greenson, ].K,; Fontana, R.J.; Kalbfleisch, ].D.; Marrero, J.A.; Conjeevaram, H.S.; Lok, A.S. A simple non-invasive index
can predict both significant fibrosis and cirrhosis in patients with chronic hepatitis C. Hepatology 2003, 38, 518-526. [CrossRef]
[PubMed]

8. McPherson, S.; Stewart, S.F.; Henderson, E.; Burt, A.D.; Day, C.P. Simple non-invasive fibrosis scoring systems can reliably exclude
advanced fibrosis in patients with non-alcoholic fatty liver disease. Gut 2010, 59, 1265-1269. [CrossRef]

9.  Shi, Y;; Wang, X.H.; Xia, G.C.; Lei, C.G. Quantitative diagnosis of early-stage liver cirrhosis with contrast-enhanced ultrasound-a
clinical study. Adv. Clin. Exp. Med. 2012, 21, 385-390. [PubMed]

10. Knottnerus, J.A.; Muris, ]. W. Assessment of the accuracy of diagnostic tests: The cross-sectional study. J. Clin. Epidemiol. 2003, 56,
1118-1128. [CrossRef]

11.  European Association for Study of Liver; Asociacion Latinoamericana para el Estudio del Higado. EASL-ALEH Med Ultrason
2020; 22, 13-19 19 Clinical Practice Guidelines: Non-invasive tests for evaluation of liver disease severity and prognosis. |. Hepatol.
2015, 63, 237-264.

12.  Sandrin, L.; Fourquet, B.; Hasquenoph, ].M.; Yon, S.; Fournier, C.; Mal, F,; Christidis, C.; Ziol, M.; Poulet, B.; Kazemi, F; et al.
Transient elastography: A new non-invasive method for assessment of hepatic fibrosis. Ultrasound Med. Biol. 2003, 29, 1705-1713.
[CrossRef] [PubMed]

13. Castera, L.; Foucher, J.; Bernard, PH.; Carvalho, F; Allaix, D.; Merrouche, W.; Couzigou, P.; de Lédinghen, V. Pitfalls of liver
stiffness measurement: A 5-year prospective study of 13,369 examinations. Hepatology 2010, 51, 828-835. [CrossRef] [PubMed]

14. Tsochatzis, E.A.; Gurusamy, K.S.; Ntaoula, S.; Cholongitas, E.; Davidson, B.R.; Burroughs, A K. Elastography for the diagnosis
of severity of fibrosis in chronic liver disease: A meta-analysis of diagnostic accuracy. J. Hepatol. 2011, 54, 650-659. [CrossRef]
[PubMed]

15. Eddowes, P,; Sasso, M.; Allison, M.; Tsochatzis, E.; Anstee, Q.M.; Sheridan, D.; Guha, I.N.; Cobbold, J.E.; Deeks, ].J.; Paradis, V.
Accuracy of FibroScan controlled attenuation parameter and liver stiffness measurement in assessing steatosis and fibrosis in
patients with non-alcoholic fatty liver disease. Gastroenterology 2019, 156, 1717-1730. [CrossRef] [PubMed]

16. Strobel, D.; Krodel, U.; Martus, P.; Hahn, E.G.; Becker, D. Clinical evaluation of contrast-enhanced color Doppler sonography in
the differential diagnosis of liver tumors. J. Clin. Ultrasound 2000, 28, 1-13. [CrossRef]

17.  Kim, G.; Shim, K.Y;; Baik, S.K. Diagnostic Accuracy of Hepatic Vein Arrival Time Performed with Contrast-Enhanced Ultrasonog-
raphy for Cirrhosis: A Systematic Review and Meta-Analysis. Gut Liver 2017, 11, 93-101. [CrossRef] [PubMed]

18.  Flahault, A.; Cadilhac, M.; Thomas, G. Sample size calculation should be performed for design accuracy in diagnostic test studies.
J. Clin. Epidemiol. 2005, 58, 859-862. [CrossRef]

19. Fieberg, J.R.; Vitense, K.; Johnson, D.H. Resampling-based methods for biologists. Peer] 2020, 8, €9089. [CrossRef]

20. Rutter, C.M. Bootstrap estimation of diagnostic accuracy with patient-clustered data. Acad. Radiol. 2000, 7, 413—419. [CrossRef]

21. Obuchowski, N.A.; Lieber, M.L. Confidence intervals for the receiver operating characteristic area in studies with small samples.
Acad. Radiol. 1998, 5, 561-571. [CrossRef] [PubMed]

22. Feng, D.; Cortese, G.; Baumgartner, R. A comparison of confidence/credible interval methods for the area under the ROC curve
for continuous diagnostic tests with small sample size. Stat. Methods Med. Res. 2017, 26, 2603-2621. [CrossRef] [PubMed]

23. Moga, T.V,; David, C.; Popescu, A.; Lupusoru, R.; Heredea, D.; Ghiuchici, A.M.; Foncea, C.; Burdan, A ; Sirli, R.; Danild, M.; et al.
Multiparametric Ultrasound Approach Using a Tree-Based Decision Classifier for Inconclusive Focal Liver Lesions Evaluated by
Contrast Enhanced Ultrasound. J. Pers. Med. 2021, 11, 1388. [CrossRef] [PubMed]

24. Vallet-Pichard, A.; Mallet, V.; Nalpas, B.; Verkarre, V.; Nalpas, A.; Dhalluin-Venier, V.; Fontaine, H.; Pol, S. FIB-4: An inexpensive
and accurate marker of fibrosis in HCV infection. comparison with liver biopsy and fibrotest. Hepatology 2007, 46, 32-36.
[CrossRef]

25.  Albrecht, T.,; Blomley, M.].; Cosgrove, D.O.; Taylor-Robinson, S.D.; Jayaram, V.; Eckersley, R.; Urbank, A.; Butler-Barnes, J.;

Patel, N. Non-invasive diagnosis of hepatic cirrhosis by transit-time analysis of an ultrasound contrast agent. Lancet 1999, 353,
1579-1583. [CrossRef]


http://doi.org/10.1097/MOG.0000000000000621
http://www.ncbi.nlm.nih.gov/pubmed/32097176
http://doi.org/10.1016/j.revmed.2006.09.003
http://doi.org/10.1016/j.ultrasmedbio.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25805059
http://doi.org/10.3390/microorganisms8030348
http://doi.org/10.3390/diagnostics10100795
http://doi.org/10.1053/jhep.2003.50346
http://www.ncbi.nlm.nih.gov/pubmed/12883497
http://doi.org/10.1136/gut.2010.216077
http://www.ncbi.nlm.nih.gov/pubmed/23214202
http://doi.org/10.1016/S0895-4356(03)00206-3
http://doi.org/10.1016/j.ultrasmedbio.2003.07.001
http://www.ncbi.nlm.nih.gov/pubmed/14698338
http://doi.org/10.1002/hep.23425
http://www.ncbi.nlm.nih.gov/pubmed/20063276
http://doi.org/10.1016/j.jhep.2010.07.033
http://www.ncbi.nlm.nih.gov/pubmed/21146892
http://doi.org/10.1053/j.gastro.2019.01.042
http://www.ncbi.nlm.nih.gov/pubmed/30689971
http://doi.org/10.1002/(SICI)1097-0096(200001)28:1&lt;1::AID-JCU1&gt;3.0.CO;2-J
http://doi.org/10.5009/gnl16031
http://www.ncbi.nlm.nih.gov/pubmed/27538445
http://doi.org/10.1016/j.jclinepi.2004.12.009
http://doi.org/10.7717/peerj.9089
http://doi.org/10.1016/S1076-6332(00)80381-5
http://doi.org/10.1016/S1076-6332(98)80208-0
http://www.ncbi.nlm.nih.gov/pubmed/9702267
http://doi.org/10.1177/0962280215602040
http://www.ncbi.nlm.nih.gov/pubmed/26323286
http://doi.org/10.3390/jpm11121388
http://www.ncbi.nlm.nih.gov/pubmed/34945860
http://doi.org/10.1002/hep.21669
http://doi.org/10.1016/S0140-6736(98)06373-9

Diagnostics 2022, 12, 3013 15 of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ridolfi, F.; Abbattista, T.; Marini, F.; Vedovelli, A.; Quagliarini, P.; Busilacchi, P.; Brunelli, E. Contrast-enhanced ultrasound to
evaluate the severity of chronic hepatitis C. Dig. Liver Dis. 2007, 39, 929-935. [CrossRef]

Fujita, Y.; Watanabe, M.; Sasao, K.; Wakui, N.; Shinohara, M.; Ishii, K.; Sumino, Y. Investigation of liver parenchymal flow using
contrast-enhanced ultrasound in patients with alcoholic liver disease. Alcohol. Clin. Exp. Res. 2004, 28 (Suppl. S8), 169S-173S.
[CrossRef]

Wakui, N.; Takayama, R.; Kanekawa, T.; Ichimori, M.; Otsuka, T.; Shinohara, M.; Ishii, K.; Kamiyama, N.; Sumino, Y. Usefulness of
arrival time parametric imaging in evaluating the degree of liver disease progression in chronic hepatitis C infection. J. Ultrasound
Med. 2012, 31, 373-382. [CrossRef]

Cocciolillo, S.; Parruti, G.; Marzio, L. CEUS and Fibroscan in non-alcoholic fatty liver disease and non-alcoholic steatohepatitis.
World ]. Hepatol. 2014, 6, 496-503. [CrossRef]

Nasr, P; Hilliges, A.; Thorelius, L.; Kechagias, S.; Ekstedt, M. Contrast-enhanced ultrasonography could be a non-invasive method
for differentiating none or mild from severe fibrosis in patients with biopsy proven non-alcoholic fatty liver disease. Scand. ].
Gastroenterol. 2016, 51, 1126-1132. [CrossRef]

Qiu, L.; Zhang, X.; Liu, D.; Qian, L.; Hu, X. Contrast-Enhanced Ultrasonography Diagnostic Evaluation of Esophageal Varices in
Patients With Cirrhosis. Ultrasound Q. 2016, 32, 136-143. [CrossRef]

Li, J.; Feng, ].C.; Peng, X.Y.; Wu, X.W,; Du, T.T.; Wang, ].].; Tian, S.X.; Lu, G.L. Usefulness of Contrast-Enhanced Ultrasonography
for Predicting Esophageal Varices in Patients with Hepatitis B Virus (HBV)-Related Cirrhosis. Med. Sci. Monit. 2017, 23, 2241-2249.
[CrossRef] [PubMed]

Qiu, T.; Wang, H.; Song, J.; Ling, W.; Shi, Y.; Guo, G.; Luo, Y. Assessment of liver fibrosis by ultrasound elastography and
contrast-enhanced ultrasound: A randomised prospective animal study. Exp. Anim. 2018, 67, 117-126. [CrossRef] [PubMed]
Ying, M.; Leung, G.; Lau, T.Y; Tipoe, G.L.; Lee, E.S.; Yuen, Q.W.; Huang, Y.P.; Zheng, Y.P. Evaluation of liver fibrosis by
investigation of hepatic parenchymal perfusion using contrast-enhanced ultrasound: An animal study. J. Clin. Ultrasound 2012,
40, 462-470. [CrossRef]

Kayali, S.; Pasta, A.; Pellicano, R.; Fagoonee, S.; Giuliana, E.; Facchini, C.; Pili, S.; Buccilli, S.; Labanca, S.; Borro, P. Effect
of contrast-enhanced ultrasound (CEUS) on liver stiffness measurements obtained by transient and shear-wave elastography.
Panminerva Med. 2022. [CrossRef] [PubMed]

Yoshimine, N.; Wakui, N.; Nagai, H.; Igarashi, Y. Arrival-Time Parametric Imaging in Contrast-Enhanced Ultrasound for
Diagnosing Fibrosis in Primary Biliary Cholangitis. Ultrasound Q. 2022, 38, 191-199. [CrossRef] [PubMed]

Béaldea, V.; Sporea, I.; Lupusoru, R.; Bende, E; Mare, R.; Popescu, A.; Sirli, R. Comparative Study Between the Diagnostic
Performance of Point and 2-D Shear-Wave Elastography for the Non-invasive Assessment of Liver Fibrosis in Patients with
Chronic Hepatitis C Using Transient Elastography as Reference. Ultrasound Med. Biol. 2020, 46, 2979-2988. [CrossRef] [PubMed]
Popa, A.; Sirli, R.; Popescu, A.; Baldea, V.; Lupusoru, R.; Bende, F,; Cotrau, R.; Sporea, I. Ultrasound-Based Quantification of
Fibrosis and Steatosis with a New Software Considering Transient Elastography as Reference in Patients with Chronic Liver
Diseases. Ultrasound Med. Biol. 2021, 47, 1692-1703. [CrossRef] [PubMed]

Bende, F; Sporea, L; Sirli, R.; Nistorescu, S.; Fofiu, R.; Baldea, V.; Popescu, A. The Performance of a 2-Dimensional Shear-Wave
Elastography Technique for Predicting Different Stages of Liver Fibrosis Using Transient Elastography as the Control Method.
Ultrasound Q. 2020, 37, 97-104. [CrossRef]

Sporea, I.; Badea, R.; Brisc, C.; Ioanitescu, S.; Moga, T.; Popescu, A.; Saftoiu, A.; Sandulescu, L.; Sparchez, Z.; Sirli, R. Romanian
National Guidelines on Contrast Enhanced Ultrasound in clinical practice. Med. Ultrason. 2017, 19, 401-415. [CrossRef]


http://doi.org/10.1016/j.dld.2007.06.006
http://doi.org/10.1111/j.1530-0277.2004.tb03238.x
http://doi.org/10.7863/jum.2012.31.3.373
http://doi.org/10.4254/wjh.v6.i7.496
http://doi.org/10.3109/00365521.2016.1172336
http://doi.org/10.1097/RUQ.0000000000000173
http://doi.org/10.12659/MSM.904227
http://www.ncbi.nlm.nih.gov/pubmed/28496092
http://doi.org/10.1538/expanim.17-0098
http://www.ncbi.nlm.nih.gov/pubmed/29081454
http://doi.org/10.1002/jcu.21969
http://doi.org/10.23736/S0031-0808.22.04719-X
http://www.ncbi.nlm.nih.gov/pubmed/35388660
http://doi.org/10.1097/RUQ.0000000000000591
http://www.ncbi.nlm.nih.gov/pubmed/35034074
http://doi.org/10.1016/j.ultrasmedbio.2020.07.015
http://www.ncbi.nlm.nih.gov/pubmed/32807571
http://doi.org/10.1016/j.ultrasmedbio.2021.02.029
http://www.ncbi.nlm.nih.gov/pubmed/33832824
http://doi.org/10.1097/RUQ.0000000000000527
http://doi.org/10.11152/mu-1349

	Introduction 
	Materials and Methods 
	Patients 
	Ethical Consideration 
	Contrast-Enhanced Ultrasonography with Arrival Time Parametric Imaging 
	Vibration-Controlled Transient Elastography (VTCE) and Controlled Attenuation Parameter (CAP) Measurements 
	Surrogate Serum Fibrosis Markers 
	Clinical and Biological Assessment 
	Statistical Analysis 
	Sample Size Calculation 
	Analysis of Data 
	Bootstrap Resampling, Sensitivity Analysis 


	Results 
	Clinical and Biochemical Characteristics 
	VCTE and CEUS-PAT Evaluation 
	Performance of CEUS-PAT in Detecting Liver Cirrhosis 
	Comparison between VCTE, CEUS-PAT, FIB-4 Score, and APRI Score in Diagnosing Liver Cirrhosis 
	Univariate and Multivariate Analysis of CEUS-PAT 
	Bootstrapping for Sensitivity Analysis 

	Discussion 
	Conclusions 
	References

