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Background: Normal hepatic functional reserve is the key to avoiding liver failure
after liver surgery. This study investigated the assessment of hepatic functional
reserve using liver shear wave velocity (LSWV) combined with biochemical
indicators, tumor volume, and portal vein diameter.

Methods: In this single-center prospective study, a total of 123 patients with
hepatocellular carcinoma (HCC) were divided into a test group (n=92) and a
validation group (n=31). All patients were Child-Pugh grade A. The
indocyanine green retention rate at 15 min (ICG-R15), liver shear wave
velocity (LSWV), portal vein diameter (D), alanine aminotransferase (ALT),
aspartate transaminase (AST), alkaline phosphatase (ALP), y-glutamyl
transpeptidase (y-GGT), albumin (ALB), prothrombin time (PT), and also liver
tumor volume (maximum diameter <5 cm) were measured. In the test group,
multiple parameters were used to evaluate hepatic functional reserve, and the
multiparametric model was established. Receiver operating characteristic
(ROC) curve analysis was conducted to assess the diagnostic performance
of the multiparametric model. In the validation group, the predictive
effectiveness of the multiparametric model was analyzed using
consistency tests.

Results: It was revealed that LSWV, ALB, and PT were statistically significant in
evaluation of the hepatic functional reserve (P<0.05). The multiparametric model
was formulated as follows: Y= -18.954 + 9.726*LSWV-0.397*ALB+2.063*PT. The
value of the area under the curve (AUC) for the multiparametric model was 0.913
(95% confidence interval (Cl): 0.835-0.962, P< 0.01), with a cutoff value of 16.656
(sensitivity, 0.763; specificity, 0.926). The Kappa value of consistency testing was
0.655 (P<0.01).
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Conclusion: LSWV combined with ALB and PT exhibited a high predictive
effectiveness for the assessment of hepatic functional reserve, assisting the
clinical diagnosis and management of liver diseases.

KEYWORDS

hepatocellular carcinoma, hepatic functional reserve, ultrasound, elastography,
indocyanine green clearance test

1 Introduction

Currently, the hepatocellular carcinoma (HCC) cases in China
account for 55% of the world’s HCC cases (1), and the incidence is
the fourth highest among all malignant diseases in China (2). The
high incidence of HCC in China is closely associated with the high
incidence of hepatitis B virus (HBV) infection (3). Surgery is still the
main therapeutic strategy for HCC patients (4). A poor hepatic
functional reserve is prevalent among a number of HCC patients
with HBV infection, which is an important cause of postoperative
liver failure and perioperative death (5). Therefore, preoperative
evaluation of hepatic functional reserve and appropriate
management are critical for reducing perioperative mortality (6).

Hepatic functional reserve, which refers to the potential liver
function in response to increased physiological stress on the liver, is
the liver remnant functional capacity after liver injury. It mainly
depends on the number of functional hepatocytes and the integrity of
the structure of hepatic tissues (7). The quality of hepatic functional
reserve reflects the strength of the liver’s compensatory capacity. At
present, indocyanine green (ICG) clearance, score system, and liver
volume measurement are common methods to assess liver function.
Liver volume measurement is always more expensive than the other
two methods. Wang YY’s study shows that ICG-R15 is more accurate
than the Child-Pugh score and Model for End-Stage Liver Disease
(MELD) score in liver functional reserve assessment (8). The ICG
clearance test is a commonly used test in Asian countries (9, 10) and
ICG retention rate at 15 min (ICG-R15) is the most common
preoperative test for the evaluation of hepatic functional reserve
(11). However, ICG-R15 is susceptible to portal venous blood flow,
serum bilirubin levels, and other factors. The diagnostic accuracy of
ICG-R15 may be impacted by portal vein thrombosis, portal vein
cavernous degeneration, or abnormal bilirubin levels (12).

It has been confirmed that liver shear wave velocity (LSWV) and
multiple clinical factors can assess preoperative hepatic functional
reserve. While recent studies have concentrated on LSWV as a single
index to assess hepatic functional reserve, other factors have been
neglected (11, 13-15). The present study aimed to investigate the use
of liver shear wave velocity (LSWV) combined with multiple factors
to assess the hepatic functional reserve. Although ICG-R15 has some
shortcomings, due to its widespread clinical application and its
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advantage over the other two methods, we chose it as the gold
standard for hepatic reserve function in this study.

2 Materials and methods

2.1 Patients

This single-center prospective study was approved by our
Institutional Review Board (IRB) (IRB No. 58). From June 2018 to
December 2021, 162 patients with HCC-complicated HBV infection
admitted to Henan Provincial People’s Hospital met the inclusion
criteria. All patients with hepatocellular carcinoma were diagnosed by
biopsy pathology, surgery pathology, or imaging examination.
Inclusion criteria: 1. Biopsy or surgery pathology confirmed
hepatocellular carcinoma; 2. Imaging diagnosis of hepatocellular
carcinoma; 3. Hepatitis B virus infection; 4. Patient has single or
multiple hepatic nodules. The upper limit diameter of a single tumor
was < 5 cm, or the sum of the maximum diameter of multiple tumors
was < 5 cm; 5. Patient has Child-Pugh grade A; 6. Patient has a normal
range of direct bilirubin, indirect bilirubin, and total bilirubin (12); 7.
Patient’s liver enzymes (AST and/or ALT) are within five times of the
upper normal limits (16); and 8. Patients are able to complete LSWV
measurement and other related examinations. Exclusion criteria: 1.
Hepatic surgical history; 2. Biliary tract diseases or surgical history; 3.
Portal vein thrombosis or tumor thrombus; 4. Cavernous degeneration
of portal vein; and 5. Liver congestion, acute hepatitis, and infiltrative
liver disease (16). In total, 123 patients (male (99) vs. female (24), with
an age range of 31-81 years old) were enrolled. By using the random
number table method, patients were randomly divided into a test group
(n=92) and a validation group (n=31) in a ratio of 3:1. The test group
was used to build the model, and the validation group was used to
assess the predictive effectiveness of the model (Figure 1).

2.2 LSWV examination

LSWV was measured using the Siemens Acuson S2000 system
(Siemens Healthcare, Erlangen, Germany) equipped with a 1~4 MHz
transducer (4Cl1). During the examination, the patient was placed in the
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FIGURE 1
Flowchart of the study

supine position. The region of interest (ROI) was selected in the right
lobe and the intrahepatic Glisson system was avoided (17). The ROI was
set about 4 cm below the transducer (16). The angle between the
sampling line and the liver capsule was adjusted to 90°. If the tumor
lay in the right lobe, the ROI was set to at least 1 cm away from the tumor
edge. The patient was asked to hold his breath, and the operator pressed
the update button and captured the images of LSWV (Figures 2, 3). Only
patients who could hold their breath and tolerate LSWV measurement
were enrolled in the study. For each patient, the measurement was
repeated 11 times. A ratio of the interquartile range to the median (IQR/
M) less than 30% was considered as a successful measurement. The
median was recorded as the value of the LSWV examination (16). LSWV
examination was performed by two independent radiologists with at least
3 years elastography experience. If the LSWV examination followed the
ICG clearance test, it was at least 24 hours apart.

2.3 ICG clearance test

A DDG-3300K Hepatic Functional Reserve Analyzer (Nihon
Kohden, Tokyo, Japan) and ICG (25 mg/piece; Dandong Yichuang
Pharmaceutical Co., Ltd, Dandong, China) were used for ICG-R15.
ICG was dissolved in normal saline to the final concentration of 5 mg/
mL. The patient fasted for 8 hours prior to the test and was kept in the
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supine position during the test. The photosensitive probe was
connected to the patient’s cleaned ala nasi, ICG was immediately
injected at a dose of 0.5 mg/kg via the median cubital vein, and the
ICG-R15 was recorded subsequently. In this study, we chose ICG-R15
as golden standard for hepatic reserve function.

2.4 Portal vein diameter

The maximum internal diameter of the portal vein was
measured in front of the inferior vena cava in the hilar of the
liver at 8 hours of fasting (18).

2.5 Biochemical tests

Biochemical tests were obtained to evaluate liver function,
including alanine aminotransferase (ALT), aspartate transaminase
(AST), alkaline phosphatase (ALP),

v-glutamyl transpeptidase (y-GGT), albumin (ALB), and
prothrombin time (PT).

2.6 Tumor volume

The tumor nodule was assumed to be an ellipsoid. Three
diameters of the nodule (anteroposterior, transverse, and axial)
were measured. Ellipsoid volume was calculated as follows: V=
4m*a*b*c/3, where a, b, and ¢ were the half-length of each diameter.
The volume of multiple tumors was the sum of all the nodules.

2.7 Statistical analysis

Statistical analysis was performed using SPSS 23.0 (IBM, Armonk,
NY, USA) and MedCalc 15.2.2 (MedCalc Software Inc., Ostend,
Belgium) software. Normally distributed data were expressed as
mean * standard deviation (X * s), and abnormally distributed data
were expressed as median (interquartile range (IQR)). Data were
analyzed using the t-test (normal distribution) or the rank-sum test
(abnormal distribution). The relationship between multiple clinical
factors and hepatic functional reserve were analyzed using multivariate
linear stepwise regression, and a multiparametric model was
constructed. To compare the diagnostic performance and calculate
the diagnostic cutoff values, receiver operating characteristic (ROC)
curve analysis was performed. Consistency tests were used to evaluate
the predictive effectiveness of the multiparametric model. P< 0.05
indicated significant difference.

3 Results
3.1 Patients’ characteristics

All patients were diagnosed using pathology or imaging
examination. Eighty-one patients were confirmed using biopsy
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FIGURE 2

The LSWV of a 35-year-old male patient with one liver nodule, the
size of which was 2.4*3.8*3.4cm?, caused by HBV. LSWV was 2.50
m/s; ICG-R15 was 43.2% (>10%); and Y-value (multiparametric
model) was 28.119 (>16.656)

pathology or surgical pathology, and forty-two were diagnosed
using CEUS, CECT, or MRI A total of 123 patients (male (99)
vs. female (24)) were divided into the study group (male (74) vs.
female (18)) and validation group (male (25) vs. female (6)). In the
study group, 84 patients had one tumor nodule, seven patients had
two, and one patient had three nodules. In the validation group, 27
patients had one tumor nodule and four patients had two tumor
nodules. There was no significant difference in patient
characteristics between the study group and validation
group (Table 1).

3.2 Analysis of factors related to hepatic
functional reserve and establishment of the
multiparametric model

Multivariate linear stepwise regression was used to analyze the
clinical parameters. The results showed that LSWV, ALB, and PT
were statistically significant in predicting hepatic functional reserve

FIGURE 3
The LSWV of a 61-year-old male shows a LSWV of 1.09 m/s, and

ultrasound displays one liver nodule, with a size of 2.8*%2.9*3.0 cm”.
ICG-R15 was 6.0% (<10%); Y-value (multiparametric model) was
4.212 (<16.656)
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(P<0.05). The multivariate regression model was statistically
significant (F=45.219, P=0.00, adjusted R?: 0.593), and the
standardized coefficients of LSWV, ALB, and PT were 0.490,
-0.199, and 0.313, respectively (Table 2). Collinearity analysis
showed that the Variance Inflation Factor (VIF) values of LSWV,
ALB, and PT were all less than 10, indicating that there was no
severe collinearity between the variables. The multiparametric
model was formulated as follows: Y= -18.954 + 9.726*LSWV-
0.397*ALB+2.063*PT.

3.3 Diagnostic performance of
multiparametric model

ICG-R15<10% was set as the gold standard, which meant
normal hepatic functional reserve. The results of ROC curve
analysis showed a high diagnostic performance of the
multiparametric model. The values of the AUC for the
multiparametric model were 0.913 (95% confidence interval (CI):
0.835-0.962, P< 0.01). The cutoff values for the multiparametric
model were 16.656 (sensitivity, 0.763; specificity, 0.926) (Figure 4).

3.4 Consistency test of validation group

In the validation group, ICG R15 less than 10% was used as
the gold standard for normal liver functional reserve. Patient’s
liver functional reserve was diagnosed as normal or abnormal
based on the standard. Then, each patient’s Y value was
calculated using the multiparametric model. When the Y value
was less than 16.656, it was defined as normal liver functional
reserve, and when the Y value was greater than 16.656, it was
defined as abnormal. The consistency test was used to analyze
the agreement of the two diagnostic methods. The Kappa value
was 0.655 (P<0.01), indicating good diagnostic consistency
between the two methods.

4 Discussion

Hepatic functional reserve is essential for patients undergoing
hepatic surgery. A poor hepatic functional reserve is likely to predict
postoperative liver failure and even perioperative death. To date,
ICG-RI15 has been widely used in the clinical evaluation of hepatic
functional reserve; however, it has a number of limitations. For
instance, it is not very accurate among patients with portal vein
thrombosis or with abnormal bilirubin levels. Hepatic ultrasound
elastography has been used to evaluate liver fibrosis for about ten
years (19-21). Multiple studies have confirmed that LSWV could be
utilized to assess hepatic functional reserve (11, 13, 14). The
consensus is that there are several clinical parameters related to
hepatic function reserve, including LSWV and liver function test
(ALT, ALP, ALB, PT, and so on). Unfortunately, previous studies
have always focused on LSWV as a single indicator for the
assessment of hepatic functional reserve (22). To compensate for
the deficiency, in the present study, the results of liver function tests,
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TABLE 1 Patients’ characteristics.
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Test group Validation group t/x%/Z

(n=92) (n=31)
Age (years) 59.34 £ 10.00 56.97 + 9.05 -0.31 0.76
Gender 0.001 0.98
Male 74 25
Female 18 6
Tumor nodule 101 35
BCLC staging
0 7 2
A 28 12
B 55 17
C 2 0
ICG R15 (%) 7.80 (5.65,25.45) 7.48 (6.10,25.60) -0.17 0.87
LSWV (m/s) 1.93 £ 0.63 1.94 + 0.52 -.012 0.90
Dpy (mm) 12.04 £ 1.58 11.81 + 1.47 0.72 0.48
Tumor volume (cm?®) 14.99 (9.44,21.57) 12.63 (8.82,17.01) -1.49 0.14
ALT 35.05 (24.00,50.13) 38.20 (23.00,51.20) -0.26 0.78
AST 38.00 (29.57,51.78) 39.00 (29.70,53.20) 0.00 1.00
ALP 96.15 (77.25,123.75) 95.90 (79.00,115.00) -0.43 0.66
¥-GGT 57.00 (41.00,86.23) 59.80 (46.20,84.20) 2034 0.74
ALB 39.08 + 6.31 38.57 +7.17 0.38 0.71
PT 14.60 (12.80,16.08) 13.60 (11.50,15.40) -1.29 0.20

LSWYV, liver shear wave velocity; Dpy, hepatic portal vein diameter; ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; y-GGT, y-glutamyl transpeptidase;

ALB, albumin; PT, prothrombin time.

tumor volume, portal vein diameter, and LSWV were used together
to evaluate hepatic functional reserve.

ICG-RI15 is the retention rate of indocyanine green in the
body at 15 minutes after injection. The smaller the ICG-R15
value, the better the liver reserve function. It is generally believed
that when ICG-R15 is less than 10%, the patient can tolerate
extensive hepatectomy of four liver segments (7). At present, the
ICG clearance test is a commonly used test in clinical practice.
Therefore, we chose ICG-R15 as golden standard of hepatic

TABLE 2 The result of multivariate linear stepwise regression analysis.

LSWV 9.726 0.490 6.723 <0.01 1.190
ALB -0.397 ‘ -0.199 -2.621 <0.05 1.293
PT 2.063 ‘ 0.313 4.050 <0.01 1.339
F 45219 <0.01

Adjusted 0.593
R2

LSWYV, liver shear wave velocity; ALB, albumin; PT, prothrombin time.

Frontiers in Oncology

functional reserve in this study. However, ICG-R15 also has its
own limitations, as it cannot accurately assess liver functional
reserve when portal vein thrombus formation, portal vein
cavernous degeneration, and bilirubin elevation occur. This
study found that LSWV combined with multiple clinical
indicators can better evaluate liver functional reserve, but
hyperbilirubinemia can also affect the application of liver shear
wave elastography (16). Therefore, for patients with portal vein
thrombosis and portal vein cavernous degeneration, we can
choose LSWV combined with multiple clinical indicators for
liver functional reserve evaluation.

In this study, clinical parameters included LSWV, Dypy, ALT,
AST, ALP, y-GGT, ALB, PT, and tumor volume. LSWV is used to
assess the degree of liver fibrosis and hepatic functional reserve (11,
23); Dpy is used to assess the portal hypertension which affects the
portal venous blood flow. Portal venous blood flow is related to liver
functional reserve; ALT and AST are important indexes for liver cell
injury, and increased ALT and AST levels indicate damage to
hepatic parenchymal cells; ALP and y-GGT levels indicate biliary
obstruction and cholestasis at any level from the capillary bile duct
to the common bile duct; ALB and PT levels reveal the synthetic
function of liver (24-26). The above-mentioned parameters are all
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FIGURE 4

Receiver operating characteristic (ROC) curve analysis of the
multiparametric model for the evaluation of hepatic functional
reserve. Using 16.656 as the cutoff value for liver functional reserve,
the sensitivity and specificity were 0.763 and 0.926, respectively.
The value of area under the curve (AUC) was 0.913.

associated with hepatic functional reserve, and they were
accordingly involved in the present study. In addition, the volume
of liver tumors was also included as a related factor. As a known
fact, the total number of hepatocytes in adult liver tissues is stable.
In the case of liver tumors, the hepatocytes surrounding the tumor
are squeezed and destroyed. If the tumor size is large enough, then a
large number of hepatocytes would be affected and the hepatic
functional reserve would be influenced. Therefore, LSWV, portal
vein diameter, biochemical indexes, and liver tumor volume were
chosen to be used in this study simultaneously.

Multivariate linear stepwise regression was used to analyze the
clinical parameters. The results showed that LSWV, ALB, and PT
were statistically significant in the evaluation of the hepatic
functional reserve (P<0.05). The multiparametric model was
formulated as follows: Y= -18.954 + 9.726*LSWV-0.397*ALB
+2.063*PT. The standardized coefficient of LSWV was 0.490,
which was higher than ALB (-0.199) and PT (0.313), indicating
that among these factors, the influence of LSWV on hepatic
functional reserve was more noticeable than ALB and PT. This is
generally consistent with the reports of previous studies, which have
demonstrated that LSWV has a high diagnostic performance for
hepatic functional reserve (13, 15). The consistency test showed the
multiparametric model had a good predictive value and the Kappa
value was 0.655.

The study showed that tumor volume was not statistically
significant in the evaluation of hepatic functional reserve. This
result was different from the presumption. It was presumed that
hepatic tumors might influence the hepatic functional reserve.
However, the tumor volume apparently didn’t play a significant
role in this study. The reason of contradiction might be that the
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tumor volume was much smaller than liver volume. In the present
study, the shape of the tumor nodules were thought to be ellipsoid,
the largest diameter of a single tumor was < 5cm, or the sum of the
largest diameter of multiple tumors was < 5cm. The maximum
tumor volume in this study clearly did not exceed 65cm”. The liver
volume of healthy Chinese individuals is about (1,050.7 + 214.3)
cm® (27). So, the tumor volume in our study was only<6% of the
total liver size. The liver is well known to have strong compensatory
capacity. These results indicated that tumor volume (< 5 cm) was
not statistically significant in the evaluation of hepatic functional
reserve. If the liver tumor was large enough to squeeze and destroy a
greater number of liver cells, the remaining liver cells might not be
sufficient to compensate for liver function. We suspect the hepatic
functional reserve would be affected at that point, even if LSWV of
the liver parenchyma was normal.

This study investigated hepatic functional reserve using a
combination of clinical parameters simultaneously, including
LSWV, Dpy, ALT, AST, ALP, y-GGT, ALB, PT, and tumor
volume. The limitations of the study are as the following: (1) The
enrolled patients all had small liver tumors with a tumor size less
than 5cm; (2) To avoid inaccurate ICG measurement and LSWV
measurement, patients with abnormal bilirubin levels were not
included in this study; (3) Patients with liver congestion, acute
hepatitis, and infiltrative liver disease were not included; (4) This
study only investigated the diagnostic performance of the
multiparametric model when ICG-R15 was > 10%. However,
ICG-R15>20%, ICG-R15>30%, and ICG-R15>40% appear in
clinical practice. (5) The sample size was relatively small, limiting
the generalization of our findings.

In conclusion, for patients with Child-Pugh grade A and normal
bilirubin, when the maximum diameter of their liver tumor was < 5
cm, LSWV combined with ALB and PT tests could be used to
evaluate hepatic functional reserve, which showed a high diagnostic
performance. A poor hepatic functional reserve should be noted
when the value of Y parameter in the multiparametric model was
greater than 16.656, which is important in assisting the clinical
diagnosis and management of liver diseases.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Medical Ethics
Committee of Henan Provincial People’s Hospital. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation was not
required from the participants or the participants’ legal guardians/
next of kin because elastography has become routine in China. All

frontiersin.org


https://doi.org/10.3389/fonc.2024.1301052
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yang et al.

patients in this study had hepatitis B, and each required
elastography to evaluate his liver.

Author contributions

LY: Software, Methodology, Formal Analysis, Conceptualization,
Writing - original draft. HZ: Writing - review & editing. XijZ:
Writing - review & editing, Investigation, Formal Analysis. XF:
Writing - original draft, Investigation, Data curation. XiaZ: Writing
- original draft, Software, Formal Analysis. XW: Writing - original
draft, Software, Investigation, Data curation. XR: Writing — original
draft, Investigation, Data curation. HY: Validation, Resources,
Writing — review & editing. JY: Writing - review & editing, Project
administration, Funding acquisition.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the National Natural Science Funds (Grant No:
82171963) and Union item of Henan medical science and technical
program (Grant No: LHGJ20210032).

References

1. Zhu RX, Seto WK, Lai CL, Yuen MF. Epidemiology of hepatocellular carcinoma
in the asia-pacific region. Gut Liver.(2016) 10:332-9. doi: 10.5009/gnl15257

2. National Health and Family Planning Commission of the People’s Republic of
China. Diagnosis, management, and treatment of hepatocellular carcinoma (V2017).
J Clin Hepatol. (2017) 33:1419-31. doi: 10.3969/j.issn.1001-5256.2017.08.003

3. Tanaka M, Katayama F, Kato H, Tanaka H, Wang J, Qiao YL, et al. Hepatitis B
and C virus infection and hepatocellular carcinoma in China: a review of epidemiology
and control measures. J Epidemiol. (2011) 21:401-16. doi: 10.2188/jea.je20100190

4. Johnston MP, Khakoo SI. Immunotherapy for hepatocellular carcinoma: Current
and future. World ] Gastroenterol. (2019) 25:2977-89. doi: 10.3748/wjg.v25.i24.2977

5. Anger F, Klein I, L6b S, Wiegering A, Singh G, Sperl D, et al. Preoperative liver
function guiding HCC resection in normal and cirrhotic liver. Visceral Med. (2021)
37:94-101. doi: 10.1159/000508172

6. Mizutani Y, Hirai T, Nagamachi S, Nanashima A, Yano K, Kondo K, et al.
Prediction of posthepatectomy liver failure proposed by the international study group
of liver surgery: residual liver function estimation with 99mTc-galactosyl human serum
albumin scintigraphy. Clin Nucl Med. (2018) 43:77-81. doi: 10.1097/
rlu.0000000000001913

7. DongJH, Zheng SS, Chen XP, Dou KF, Fan ], Bie P, et al. Consensus on evaluation
of hepatic functional reserve before hepatectomy (2011). Chin J Dig Surg. (2011) 10:20-
5. doi: 10.3760/cma.j.issn.1673-9752.2011.01.006

8. Wang YY, Zhao XH, Ma L, Ye JZ, Wu EX, Tang J, et al. Comparison of the ability
of Child-Pugh score, MELD score, and ICG-R15 to assess preoperative hepatic
functional reserve in patients with hepatocellular carcinoma. J Surg Oncol. (2018)
118:440-5. doi: 10.1002/js0.25184

9. Moody FG, Rikkers LF, Aldrete JS. Estimation of the functional reserve of human
liver. Ann surgery.(1974) 180:592-8. doi: 10.1097/00000658-197410000-00024

10. Rassam F, Olthof PB, Bennink RJ, van Gulik TM. Current modalities for the
assessment of future remnant liver function. Visceral Med. (2017) 33:442-8.
doi: 10.1159/000480385

11. Sugiura R, Kuwatani M, Nishida M, Hirata K, Sano I, Kato S, et al. Correlation
between liver elasticity by ultrasound elastography and liver functional reserve.
Ultrasound Med Biol. (2019) 45:2704-12. doi: 10.1016/j.ultrasmedbio.2019.06.407

12. Imamura H, Sano K, Sugawara Y, Kokudo N, Makuuchi M. Assessment of
hepatic reserve for indication of hepatic resection: decision tree incorporating

Frontiers in Oncology

10.3389/fonc.2024.1301052

Acknowledgments

We thank Mrs. Xuehong Chu and Mrs. Sha Kong for their
significant advice on the ICG clearance test. We are also
appreciative to Mrs. Jingge Zhao and Mr. Lianyuan Tao for their
help in statistical analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

indocyanine green test. ] hepato-biliary-pancreatic surgery.(2005) 12:16-22.
doi: 10.1007/500534-004-0965-9

13. Qiu T, Wang H, Song J, Guo G, Shi Y, Luo Y, et al. Could ultrasound
elastography reflect liver function? Ultrasound Med Biol. (2018) 44:779-85.
doi: 10.1016/j.ultrasmedbio.2017.12.015

14. Sun XL, Liang LW, Cao H, Men Q, Hou KZ, Chen Z, et al. Liver reserve function
assessment by acoustic radiation force impulse imaging. World J Gastroenterol. (2015)
21:9648-55. doi: 10.3748/wjg.v21.i32.9648

15. Feng YH, Hu XD, Zhai L, Liu JB, Qiu LY, Zu Y, et al. Shear wave elastography
results correlate with liver fibrosis histology and liver function reserve. World |
Gastroenterol. (2016) 22:4338-44. doi: 10.3748/wjg.v22.i17.4338

16. Barr RG, Wilson SR, Rubens D, Garcia-Tsao G, Ferraioli G. Update to the society
of radiologists in ultrasound liver elastography consensus statement. Radiology.(2020)
296:263-74. doi: 10.1148/radiol.2020192437

17. YangL, Yuan JJ, Wang Q, Wu G, Guo WQ, Wang WW, et al. Factors influencing
shear wave velocity by using elasiticity imaging technique. Chin ] Med Imaging. (2014)
22:697-700. doi: 10.3969/j.issn.1005-5185.2014.09.19

18. Soyupak S, Gunesli A, Seydaoglu G, Binokay F, Celiktas M, Inal M. Portal venous
diameter in children: normal limits according to age, weight and height. Eur J Radiol.
(2010) 75:245-7. doi: 10.1016/j.ejrad.2009.03.052

19. Sporea I, Sirli RL, Deleanu A, Popescu A, Focsa M, Danila M, et al. Acoustic
radiation force impulse elastography as compared to transient elastography and liver
biopsy in patients with chronic hepatopathies. Ultraschall Med. (2011) 32 Suppl 1:546—
52. doi: 10.1055/5-0029-1245360

20. Kiani A, Brun V, Laine F, Turlin B, Morcet J, Michalak S, et al. Acoustic radiation
force impulse imaging for assessing liver fibrosis in alcoholic liver disease. World ]
Gastroenterol. (2016) 22:4926-35. doi: 10.3748/wjg.v22.i20.4926

21. Petzold G, Porsche M, Ellenrieder V, Kunsch S, Neesse A. Impact of food intake
on liver stiffness determined by 2-D shear wave elastography: prospective
interventional study in 100 healthy patients. Ultrasound Med Biol. (2019) 45:402-10.
doi: 10.1016/j.ultrasmedbio.2018.09.021

22. Sakka SG. Assessing liver function. Curr Opin Crit Care. (2007) 13:207-14.
doi: 10.1097/MCC.0b013¢328012b268

23. Dhyani M, Anvari A, Samir AE. Ultrasound elastography: liver. Abdom
Imaging.(2015) 40:698-708. doi: 10.1097/MCC.0b013e328012b268

frontiersin.org


https://doi.org/10.5009/gnl15257
https://doi.org/10.3969/j.issn.1001-5256.2017.08.003
https://doi.org/10.2188/jea.je20100190
https://doi.org/10.3748/wjg.v25.i24.2977
https://doi.org/10.1159/000508172
https://doi.org/10.1097/rlu.0000000000001913
https://doi.org/10.1097/rlu.0000000000001913
https://doi.org/10.3760/cma.j.issn.1673-9752.2011.01.006
https://doi.org/10.1002/jso.25184
https://doi.org/10.1097/00000658-197410000-00024
https://doi.org/10.1159/000480385
https://doi.org/10.1016/j.ultrasmedbio.2019.06.407
https://doi.org/10.1007/s00534-004-0965-9
https://doi.org/10.1016/j.ultrasmedbio.2017.12.015
https://doi.org/10.3748/wjg.v21.i32.9648
https://doi.org/10.3748/wjg.v22.i17.4338
https://doi.org/10.1148/radiol.2020192437
https://doi.org/10.3969/j.issn.1005-5185.2014.09.19
https://doi.org/10.1016/j.ejrad.2009.03.052
https://doi.org/10.1055/s-0029-1245360
https://doi.org/10.3748/wjg.v22.i20.4926
https://doi.org/10.1016/j.ultrasmedbio.2018.09.021
https://doi.org/10.1097/MCC.0b013e328012b268
https://doi.org/10.1097/MCC.0b013e328012b268
https://doi.org/10.3389/fonc.2024.1301052
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yang et al.

24. Woreta TA, Alqahtani SA. Evaluation of abnormal liver tests. Med Clinics North
America.(2014) 98:1-16. doi: 10.1016/j.mcna.2013.09.005

25. Kim HR, Han MA. Association between serum liver enzymes and metabolic
syndrome in korean adults. Int J Environ Res Public Health. (2018) 15:1658-66.
doi: 10.3390/ijerph15081658

Frontiers in Oncology 08

10.3389/fonc.2024.1301052

26. Fernandez NJ, Kidney BA. Alkaline phosphatase: beyond the liver. Veterinary
Clin pathology.(2007) 36:223-33. doi: 10.1111/j.1939-165X.2007.tb00216.x

27. Kuang SC, Shen M, Kang Z, Hu B. 320-row CT examination and the
application of easy estimate formula in the liver volume measurement. Anat
Res. (2013) 35:380-82.

frontiersin.org


https://doi.org/10.1016/j.mcna.2013.09.005
https://doi.org/10.3390/ijerph15081658
https://doi.org/10.1111/j.1939-165X.2007.tb00216.x
https://doi.org/10.3389/fonc.2024.1301052
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Evaluation of hepatic functional reserve of hepatocellular carcinoma (&le; 5 cm) by liver shear wave velocity combined with multiple parameters
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 LSWV examination
	2.3 ICG clearance test
	2.4 Portal vein diameter
	2.5 Biochemical tests
	2.6 Tumor volume
	2.7 Statistical analysis

	3 Results
	3.1 Patients’ characteristics
	3.2 Analysis of factors related to hepatic functional reserve and establishment of the multiparametric model
	3.3 Diagnostic performance of multiparametric model
	3.4 Consistency test of validation group

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


