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Abstract
BACKGROUND 
Liver stiffness (LS) measurement with two-dimensional shear wave elastography 
(2D-SWE) correlates with the degree of liver fibrosis and thus indirectly reflects 
liver function reserve. The size of the spleen increases due to tissue proliferation, 
fibrosis, and portal vein congestion, which can indirectly reflect the situation of 
liver fibrosis/cirrhosis. It was reported that the size of the spleen was related to 
posthepatectomy liver failure (PHLF). So far, there has been no study combining 
2D-SWE measurements of LS with spleen size to predict PHLF. This prospective 
study aimed to investigate the utility of 2D-SWE assessing LS and spleen area 
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(SPA) for the prediction of PHLF in hepatocellular carcinoma (HCC) patients and to develop a risk prediction 
model.

AIM 
To investigate the utility of 2D-SWE assessing LS and SPA for the prediction of PHLF in HCC patients and to 
develop a risk prediction model.

METHODS 
This was a multicenter observational study prospectively analyzing patients who underwent hepatectomy from 
October 2020 to March 2022. Within 1 wk before partial hepatectomy, ultrasound examination was performed to 
measure LS and SPA, and blood was drawn to evaluate the patient’s liver function and other conditions. Least 
absolute shrinkage and selection operator logistic regression and multivariate logistic regression analysis was 
applied to identify independent predictors of PHLF and develop a nomogram. Nomogram performance was 
validated further. The diagnostic performance of the nomogram was evaluated with receiver operating charac-
teristic curve compared with the conventional models, including the model for end-stage liver disease (MELD) 
score and the albumin-bilirubin (ALBI) score.

RESULTS 
A total of 562 HCC patients undergoing hepatectomy (500 in the training cohort and 62 in the validation cohort) 
were enrolled in this study. The independent predictors of PHLF were LS, SPA, range of resection, blood loss, 
international normalized ratio, and total bilirubin. Better diagnostic performance of the nomogram was obtained in 
the training [area under receiver operating characteristic curve (AUC): 0.833; 95% confidence interval (95%CI): 
0.792-0.873; sensitivity: 83.1%; specificity: 73.5%] and validation (AUC: 0.802; 95%CI: 0.684-0.920; sensitivity: 95.5%; 
specificity: 52.5%) cohorts compared with the MELD score and the ALBI score.

CONCLUSION 
This PHLF nomogram, mainly based on LS by 2D-SWE and SPA, was useful in predicting PHLF in HCC patients 
and presented better than MELD score and ALBI score.

Key Words: Shear-wave elastography; Spleen; Hepatectomy; Posthepatectomy liver failure; Hepatocellular carcinoma
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Core Tip: Posthepatectomy liver failure (PHLF) is a major complication after hepatectomy. Liver stiffness (LS) measured by 
ultrasound elastography can reflect liver reserve function, while splenic enlargement can also reflect liver reserve function. 
Ultrasound measurement of splenic size is simple, but there were few studies that used splenic size to predict PHLF. Our 
study used ultrasound elastography combined with spleen size and serological indicators to establish a predictive model for 
PHLF. It had the potential to predict PHLF, indicating that LS, and spleen size could be used for risk stratification in 
patients.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common malignant liver tumor and the third-leading cause of cancer deaths 
worldwide[1]. Currently, surgical resection remains the preferred effective treatment for HCC. However, posthep-
atectomy liver failure (PHLF) is a major complication after hepatectomy, with a reported incidence ranging from 0.7% to 
39.6%[2,3]. PHLF is a major cause of death in patients after hepatectomy with an approximate 50% mortality rate[4]. 
Therefore, an accurate risk prediction of PHLF is essential for improving clinical treatment strategies for HCC patients. 
The occurrence of PHLF is not only related to the scope of liver resection but also closely related to the liver reserve 
function of the residual liver. The presence of liver fibrosis or cirrhosis in over 70%-90% of HCC patients[5] has a signi-
ficant impact on liver reserve function. Therefore, a comprehensive and effective preoperative evaluation of liver reserve 
function is crucial for developing a reasonable surgical plan to reduce the occurrence of PHLF.

The indocyanine green clearance test is widely used in Asia to evaluate liver reserve function. However, the accuracy 
of the results of this method may be influenced by multiple factors, so its effectiveness in predicting PHLF has been 
unsatisfactory in multiple studies[6-8]. In addition, some clinical models for assessing liver function reserve, such as the 
laboratory index-based model for end-stage liver disease (MELD) score and albumin-bilirubin (ALBI) score, have proven 
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to be of certain value in predicting the PHLF risk, but the predictive accuracy of these models remains inadequate with a 
ceiling effect[9,10]. Therefore, these methods have not been included in the current international HCC management 
guidelines and are not routinely used worldwide.

Computed tomography has been used to measure residual liver volume to predict PHLF in patients scheduled for 
major liver resection. However, residual liver volume cannot fully represent liver reserve function, especially for patients 
with liver cirrhosis[6]. Gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid directly measures liver reserve 
function. However, this method is expensive and time-consuming, and previous reports have shown that its application 
requires complex calculations[11,12].

Liver stiffness (LS) measurement with two-dimensional shear wave elastography (2D-SWE) correlates with the degree 
of liver fibrosis and thus indirectly reflects liver function reserve[13-15]. Several previous studies showed a good 
predictive value of 2D-SWE for PHLF[6,16-18]. However, these studies investigated a small number of cases and lacked 
external validation. In addition, there was a deviation in LS measurements by ultrasound elastography during liver 
inflammation[19]. Splenomegaly is common in patients with liver fibrosis, especially cirrhosis. Due to the close 
correlation between liver fibrosis/cirrhosis and portal hypertension, as portal hypertension progresses, spleen size 
increases due to tissue proliferation, fibrosis, and portal vein congestion, which can indirectly reflect the situation of liver 
fibrosis/cirrhosis. Spleen size has been reported to be associated with PHLF[20,21]. So far, there have been no studies to 
predict PHLF by combining 2D-SWE measurement of LS with spleen size.

Therefore, the aim of the present study was to develop and validate a comprehensive PHLF prediction model based on 
LS measurement by 2D-SWE, spleen size, surgical factors, and laboratory indexes for providing better risk stratification of 
HCC patients before hepatectomy.

MATERIALS AND METHODS
Study design and population
This was a multicenter observational study consisting of two cohorts, a training cohort and a validation cohort. Between 
October 2019 and March 2022, consecutive patients undergoing hepatectomy were prospectively enrolled from centers A 
(Huashan Hospital), B (Eastern Hepatobiliary Surgical Hospital), and C (Shanghai Cancer Center) as the training cohort. 
Patients from centers D (Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine) and E 
(Sun Yat-sen University First Affiliated Hospital) were enrolled as the validation cohort. The inclusion criteria were as 
follows: (1) Age between 18 years and 85 years; (2) Patients with liver tumors prepared for partial hepatectomy; (3) Liver 
function classification of Child-Pugh A, B, or C; (4) Eastern Cooperative Oncology Group performance score 0-2[22]; and 
(5) LS measurement by 2D-SWE and spleen examination by ultrasound within 1 wk prior to surgery. The exclusion 
criteria were as follows: (1) Postoperative pathology indicating non-HCC; (2) Patients receiving preoperative anticancer 
treatment such as transhepatic arterial chemotherapy and embolization; (3) Patients receiving intraoperative ablation; (4) 
History of previous liver resection; (5) Failure in LS; and (6) Missing data. The detailed flowchart of patient selection is 
shown in Figure 1.

Data collection
The following patient data were collected: Demographic data (age and sex); preoperative laboratory data, including total 
bilirubin (TB), albumin, alanine transaminase, prothrombin time, international normalized ratio (INR), platelet (PLT) 
count, γ-glutamyl transpeptidase, white blood cell count, hemoglobin, alpha-fetoprotein, hepatitis B virus (HBV) status, 
and HBV-DNA level; tumor-related data (tumor size and number); surgical data [hepatic portal clamping time, blood loss 
(BL)]; liver resection range (RR) (major hepatectomy defined as liver resection of ≥ 3 Couinaud segments, minor 
hepatectomy defined as liver resection of < 3 Couinaud segments)[23]; and information about ultrasound imaging 
examination (LS measurement and spleen measurement).

Examination and interpretation of LS measurement by 2D-SWE
Liver 2D-SWE examination was performed on all patients using the Aixplorer ultrasound imaging system (Supersonic 
Imagine, Aix-en-Provence, France) equipped with a convex array probe SC6-1. In accordance with the European 
Federation of Societies for Ultrasound in Medicine and Biology guidelines, the procedures for liver 2D-SWE examination 
were as follows. The patient was asked to lie in a supine position with the right arm above the head after at least 4 h of 
fasting. An appropriate right intercostal or subcostal space was located for observing the right liver parenchyma using 
gray-scale ultrasound imaging; subsequently, the SWE model was switched on for elastography. The patient was then 
instructed to hold breath for at least 5 s to obtain a stabilized SWE image, and meanwhile the sampling frame (approx-
imately 4 cm × 3 cm) was placed vertically on the liver parenchyma 1-2 cm below the liver capsule and at least 2 cm from 
the margins of liver masses, avoiding the intrahepatic vessels and bile duct. The color-coded elasticity map was required 
more than 80% filled. A region of interest (2 cm in diameter) was placed at the sampling frame for stiffness measurement 
in kPa. Five independent measurements were performed, and the measurements were considered successful when the 
interquartile range/median value was below 30%. Ultimately, the median of the five measurements was used as LS 
measurement.

Examination and interpretation of spleen area by ultrasound.
The longitudinal view of the spleen with the hilus was observed through the intercostal space near the tenth rib from the 



Cheng GW et al. Nomogram of PHLF by LS and spleen

WJG https://www.wjgnet.com 3317 July 21, 2024 Volume 30 Issue 27

Figure 1 Flow chart of the cohorts in the study. BL: Blood loss; HCC: Hepatocellular carcinoma; INR: International normalized ratio; LASSO: Least absolute 
shrinkage and selection operator; LS: Liver stiffness RR: Resection range; SPA: Spleen area; TB: Total bilirubin.

posterior axillary line when the patient was placed in the right lateral position. In this location, the length and width of 
the spleen were measured. The spleen area (SPA, cm2) was defined as the length (cm) × width (cm).

Diagnosis and definition
PHLF was diagnosed according to the criteria of the International Study Group on Liver Surgery[24]: According to the 
upper limit of normal values of the local laboratory on postoperative day 5, an increase in the INR (> 1.2) and hyperbiliru-
binemia (> 22 μmol/L or above preoperative value). The severity of PHLF was divided into three categories based on 
clinical management: Grade A, which does not require further clinical management; grade B, which requires active 
therapeutic intervention without invasive approaches; and grade C, which requires an invasive approach. We defined 
grade B and C PHLF as symptomatic PHLF (SPHLF), grade A or no PHLF were defined as non-SPHLF[25].

Statistical analysis
According to the sample size estimation of the area under receiver operating characteristic curve (AUC) of the diagnostic 
test and the incidence of PHLF in the literature, when the sensitivity = 0.90, the sample size was calculated for the 
diagnostic efficiency. AUC = 0.95, significance level = 0.05, power = 0.90, and the required sample size was calculated as 
167 cases. A total sample size of 334 cases was required for the two subgroups.

Continuous variables in normal distribution were displayed as mean ± SD and analyzed by Student’s t test, while 
continuous variables in non-normal distribution were presented as median (interquartile range) and analyzed by Mann-
Whitney U test. In addition, categorical variables expressed as frequency (percentage) were compared by Pearson’s χ2 test 
or Fisher’s exact test.

In the training cohort, the least absolute shrinkage and selection operator regression method was used to reduce the 
candidate predictor variables. We used logistic regression to further screen independent predictors and establish a 
multivariate prediction model. In this process, we used the stepwise forward method in SPSS to screen variables in the 
logistic regression model and used the default P = 0.1 in SPSS to determine the independent variables included in the 
model. A nomogram based on the predictive model was constructed and further validated in the validation cohort.

The AUC was used to assess the diagnostic performance of the predictive model compared with other traditional 
models (MELD score and ALBI score), and the AUC values were compared by DeLong’s tests. Bootstrap with 2000 
resampling was generated for the calibration curve in the training and validation cohorts as internal and external 
validation. The decision curve analysis (DCA) was used to evaluate the clinical effectiveness of the prediction model. P < 
0.05 indicated a statistically significant difference. All the above statistical analyses were performed in R software (v.4.1.0; 
http: //www.r-project.org/) and SPSS (version 20.0; IBM Corp., Armonk, NY, United States).
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RESULTS
Clinical features
The study included 500 eligible participants in the training cohort and 62 in the validation cohort. There were 142 cases 
and 22 cases of PHLF in the training cohort and the validation cohort, respectively. Among them, the number of PHLF A, 
PHLF B and PHLF C cases were 106, 32, and 4 cases in the training cohort, and 15, 6, and 1 cases in the validation cohort, 
respectively. One patient in the training cohort died within 90 d after surgery, with a mortality rate of 0.2%. The baseline 
characteristics of the patients are listed in Table 1. The baseline clinicopathologic data, including sex, age, laboratory 
indexes such as TB, INR, PLT, alpha-fetoprotein, HBV status, and HBV-DNA, tumor-related data, and surgical data such 
as BL, RR, LS, and SPA did not show significant differences between the training and validation cohorts (P > 0.05).

Selection of predictors and construction of nomogram model
Least absolute shrinkage and selection operator regression of the training cohort showed the right clinical and ultrasound 
features with non-zero coefficients with a minimum lambda value of 0.06. These features included the following eight 
variables: LS; SPA; RR; BL; alanine transaminase; prothrombin time; INR; and TB. Based on the above-screened variables, 
logistic regression was used to construct a multivariate prediction PHLF model (PM), which ultimately included six 
variables shown in Figure 2. Based on the multivariate prediction model, we developed a PM nomogram (Figure 3) to 
predict the risk of PHLF to provide a quantitative method for the clinicians. The score and predicted probability of PHLF 
can be calculated using the following formulas: PM = -8.343 + 0.176 × LS + 0.082 × SPA + 0.001 × BL - 1.086 × RR (major = 
1; minor = 0) + 0.049TB + 0.148 × INR (multiplied by 10). The predicted probability of PHLF = 1/[1 + exp (-PM + 8.298)].

Diagnostic performance of the PM compared with previously reported models
In order to confirm the clinical utility of PM, we analyzed the correlation between the PM model and the previous 
commonly used ALBI and MELD models, and the spearman correlation coefficients between PM and ALBI and MELD 
were 0.62 and 0.59, respectively (both P < 0.05). The receiver operating characteristic curve and AUC values of the PM 
and the previously reported models (ALBI score and MELD score) for estimating PHLF risk were calculated and 
compared in the training and validation cohorts (Figure 4, Table 2). In both the training and validation cohorts, the 
predictive performance of PM on PHLF were significantly higher than those of ALBI and MELD (P < 0.05).

Calibration and DCA
The calibration curves (2000 bootstrap resamples) are graphically shown for the validation of the PM in both cohorts 
(Figure 5). The Hosmer-Lemeshow tests exhibited P = 0.752 in the validation cohort, which suggested that the predicted 
probability of the PM was well consistent with the actual outcome. The DCA curve also indicated that the PM had good 
clinical utility.

Subgroup analysis of SPHLF and non-SPHLF
The median LS of the SPHLF group was significantly higher than that of the non-SPHLF group (14.50 kPa vs 13.34 kPa, P 
= 0.048). Multivariate logistic regression analysis showed that LS (P < 0.05) and major liver resection (P < 0.001) were the 
independent predictors of SPHLF. Namely, patients with LS ≥ 12.52 kPa have an increased risk of SPHLF (odds ratio: 
1.28), at which point the AUC of LS diagnosis of SPHLF is 0.80. Among all patients with PHLF, the incidence of SPHLF 
was significantly higher in patients with major liver resection than in those with minor liver resection (51.2% vs 14.1%, P < 
0.001).

Subgroup analysis of the major liver resection group and the minor liver resection group using dual cutoff diagnosis 
based on LS and SPA
In patients with PHLF, the LS value and SPA in the major liver resection group were significantly lower than those in the 
minor liver resection group (LS: 13.00 kPa vs 14.24 kPa; P = 0.046; SPA: 45.3 cm2 vs 53.8 cm2; P = 0.0013). The diagnostic 
cutoff values of LS and SPA in 2D-SWE for diagnosing PHLF in the major liver resection and minor liver resection groups 
were evaluated using the dual cutoff diagnosis: For LS, 10.34 kPa in the major liver resection group (AUC = 0.74) and 
13.48 kPa in the minor liver resection group (AUC = 0.78); and for SPA: 33.7 cm2 in the major liver resection group (AUC 
= 0.78) and 43.2 cm2 in the minor liver resection group (AUC = 0.84).

DISCUSSION
It is clinically important to assess preoperative liver function reserve to predict the development of PHLF. Our model 
comprehensively considered the effects of preoperative liver status and intraoperative factors. Multiple variable screening 
methods were used, combined with ultrasound indicators, serological indicators, and surgical-related indicators, to 
comprehensively evaluate the impact of relevant factors on the occurrence of PHLF. Through the nomogram, the contri-
bution of various predictive indicators in the PM was visually displayed.

INR, TB, RR, and BL are all independent risk factors for PHLF. This is reasonable because INR and TB are the 
recognized indicators that reflect PHLF and are used to develop PHLF prediction models[9]. As for the RR, a high volume 
of hepatectomy is related to increased risks of PHLF[26]. BL is also an independent risk factor for PHLF, which is 
consistent with the study by Fang et al[27] Considering that the liver is a blood-rich organ, excessive bleeding may 
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Table 1 Descriptive characteristics of the study population, n (%)

Characteristics Training cohort Validation cohort P value

Patients 500 62

PHLF 142 (28.40) 22 (35.50) 0.250

Sex 0.080

Male 413 (89.01) 45 (72.58)

Female 87 (10.99) 17 (27.42)

Age in yr, mean ± SD 55.70 ± 10.70 53.05 ± 10.62 0.067

TB in mg/dL, median; IQR 12.8; 9.9-17.0 13.4; 9.2-17.2 0.740

ALB in g/L, median; IQR 43; 40.0-46.0 41; 38.8-45.0 0.130

ALT in U/L, median; IQR 27; 19.0-38.0 32; 21.0-39.0 0.250

PT in s, median; IQR 12.4; 11.7-13.2 12.0; 11.5-13.0 0.080

INR, median; IQR 10.5; 9.9-11.1 10.2; 9.7-10.9 0.110

PLT as × 109/L, median; IQR 148.5; 111.0-197.0 167.5; 139.8-192.0 0.060

GGT in U/L, median; IQR 43.0; 11.0-1019.0 44.5; 16.0-543.0 0.190

WBC as × 109, median; IQR 5.55; 1.84-14.07 5.88; 2.01-14.30 0.250

HB in g/L, median; IQR 142; 66-203 145; 105-267 0.200

AFP 0.680

≤ 20 239 (47.8) 27 (43.5)

> 20 261 (52.2) 35 (56.5)

LS in kPa, median; IQR 10.8; 7.9-14.0 9.6; 8.0-12.3 0.150

SPA in cm2, median; IQR 38.70; 38.50-41.10 39.16; 37.90-44.80 0.370

Tumor size in cm, median; IQR 3.1; 0.5-25.0 3.8; 0.7-13.0 0.230

Tumor number, median; IQR 1; 1.0-15.0 1; 1.0-2.0 0.090

RR 0.070

Minor 400 (80.0) 43 (69.4)

Major 100 (20.0) 19 (30.6)

BL in mL, median; IQR 100; 50-200 175; 50-300 0.390

Clamping time in min, median; IQR 15.0; 0-69 13.5; 0-60 0.150

HBV 0.570

Positive 468 (93.6) 60 (96.7)

Negative 32 (6.4) 2 (3.3)

HBV-DNA level 0.680

≥ 103 IU/mL 286 (57.2) 32 (51.6)

< 103 IU/mL 32 (42.8) 30 (48.4) 

PHLF 0.250

Absent 358 (71.6) 40 (64.5)

Present 142 (28.4) 22 (35.5)

PHLF ISGLS grade 0.310

0-A 464 (92.8) 55 (88.7)

B-C 36 (7.2) 7 (11.3)

Data in parentheses were used to calculate percentages. AFP: Alpha-fetoprotein; ALB: Albumin; ALT: Alanine transaminase; BL: Blood loss; GGT: γ-
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glutamyl transpeptidase; HB: Hemoglobin; HBV: Hepatitis B virus; INR: International normalized ratio, multiplied by 10; IQR: Interquartile range; ISGLS: 
International Study Group on Liver Surgery; LS: Liver stiffness; PHLF: Posthepatectomy liver failure; PLT: Platelet; PT: Prothrombin time; RR: Range of 
resection; SD: Standard deviation; SPA: Spleen area; TB: Total bilirubin; WBC: White blood cell.

Table 2 Comparison of model discrimination

Variables Training cohort, n = 500 Validation cohort, n = 62

Model PM ALBI MELD PM ALBI MELD

AUC (95%CI) 0.833 (0.792-0.873) 0.651 (0.598-0.703) 0.508 (0.436-0.548) 0.802 (0.684-0.920) 0.658 (0.536-0.774) 0.631 (0.499-0.750)

Sensitivity, % 83.100 (118/142) 43.700 (62/142) 62.000 (88/142) 95.500 (21/22) 72.300 (13/22) 59.100 (13/22)

Specificity, % 73.500 (263/358) 80.200 (287/358) 53.100 (190/358) 52.500 (21/40) 57.500 (29/40) 72.500 (29/40)

P value - < 0.0011 < 0.0012 - 0.0403 0.0484

1Area under receiver operating characteristic curve (AUC) values of the albumin-bilirubin (ALBI) score compared to that of the posthepatectomy liver 
failure model (PM) in the training cohort.
2AUC values of the model for end-stage liver disease (MELD) score compared to that of the PM in the training cohort.
3AUC values of the ALBI score compared to that of the PM in the validation cohort.
4AUC values of the model for end-stage liver disease score compared to that of the PM in the validation cohort.
CI: Confidence interval.

Figure 2 Forest plot of odds ratio for the multiple variables in logistic regression analysis. 95%CI: 95% confidence interval; BL: Blood loss; INR: 
International normalized ratio; LS: Liver stiffness OR: Odds ratio; RR: Resection range; SPA: Spleen area; TB: Total bilirubin.

inevitably lead to liver cell damage and decreased liver function. However, with the continuous refinement and standard-
ization of surgical procedures, effective control of BL is not a complex and difficult task. By contrast, only a more accurate 
assessment of liver fibrosis/cirrhosis can predict liver reserve function more accurately, thereby improving the accuracy 
of predicting the occurrence of PHLF.

Ultrasound SWE has been confirmed and recommended by multiple guidelines for measuring LS to evaluate the 
degree of liver fibrosis[28-30], providing a theoretical basis for predicting PHLF by SWE-based LS measurement. Spleno-
megaly is associated with portal hypertension caused by cirrhosis and with poor prognosis[31,32]. Ultrasound is a 
convenient and useful tool for measuring spleen size.

In the prediction model we established, we found that LS and SPA measured by ultrasound were the independent risk 
factors for PHLF. Although many studies have established predictive models for PHLF based on LS measured by SWE in 
the past, the LS measured by SWE can be affected by inflammation. Indeed, there is often inflammation in HCC patients 
with liver fibrosis or even cirrhosis[33,34]. Therefore, considering the insufficient use of SWE alone to evaluate liver 
reserve function, a comprehensive evaluation of spleen size reflecting liver conditions was added. Bae et al[20] used 
specific software to measure spleen volume in three-dimensional computed tomography, and the results showed that 
spleen volume was an independent risk factor for predicting PHLF. However, their study required the use of unique 
software (Liver analysis, IntelliSpace Portal, Philips Health Systems), and the operation was time-consuming, which is not 
conducive to routine clinical use. The ultrasound measurement of spleen size in our study was simple and convenient, 
especially for patients with an enlarged spleen, making it more practical.

Previous studies have shown that PLT count was one of the risk factors for predicting PHLF[33], but our study did not 
show that PLT count was useful for predicting PHLF, which might be related to the criteria used when we included 
patients. For these thrombocytopenic patients, they were considered not eligible for surgery at our center. Therefore, 
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Figure 3 Nomogram of posthepatectomy liver failure model. BL: Blood loss; INR: International normalized ratio; LS: Liver stiffness; PHLF: Post-
hepatectomy liver failure; RR: Resection range; SPA: Spleen area; TB: Total bilirubin.

Figure 4 Receiver operating characteristic of models in training cohort and validation cohort. A: Training cohort; B: Validation cohort. ALBI: 
Albumin-bilirubin; MELD: Model of end-stage liver disease; PM: Posthepatectomy liver failure model.

many patients with severe thrombocytopenia were not included in this study.
We compared the established PM model with previous serological models ALBI and MELD in predicting liver failure, 

and the results showed that the PM model had a significantly higher AUC in predicting PHLF compared to ALBI and 
MELD. The sensitivity was always higher than the serological model, and the specificity was not always higher than the 
serological model. Since we hoped to effectively identify patients who might experience liver failure, we paid more 
attention to the sensitivity of the model in identifying liver failure. This model has achieved satisfactory sensitivity in 
both the training and validation cohort, and the AUC that reflected the diagnostic performance of the entire model was 
significantly better than the serological model.

We conducted a subgroup analysis of SPHLF and non-SPHLF. In the subgroup analysis, it was found that LS and RR 
were the independent risk factors of SPHLF, which seems understandable. Both RR and LS determine the number of 
effective liver cells in the residual liver after hepatectomy, thereby reflecting the liver reserve function of the residual liver 
after hepatectomy, which has been confirmed in previous studies[9,18,35]. We have determined that LS ≥ 12.52 kPa is the 
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Figure 5 Figure calibration curves in the training cohort and the validation cohort and decision curve analysis of the prediction model. A: 
Training cohort; B: Validation cohort; C: Decision curve analysis of the prediction model. PHLF: Posthepatectomy liver failure.

cutoff value for diagnosing SPHLF. This is similar to the 11.90 kPa result obtained by Shen et al[34]. However, in the 
study of Long et al[18], the cutoff value for diagnosing SPHLF was 9.50 kPa and was quite different from our study, 
which might be related to the different number of cases and incidence rate of SPHLF between these studies. Namely, in 
the study by Long et al[18], 38 of 119 patients had SPHLF (an incidence rate of 31.9%), while in our study, 36 out of 500 
patients had SPLF (an incidence rate of 7.2%). According to the new diagnostic criteria and literature, the incidence rate of 
PHLF is 9.0%-18.6%[36]. From the perspective of data, our incidence rate is closer to the literature reports, and our study 
was a multicenter study with a large sample size, better reflecting reality.

In addition, we conducted a subgroup analysis of the range of liver resection in the major liver resection group and the 
minor liver resection group. The results showed that the LS and SPA of PHLF patients in the major liver resection group 
were significantly lower than those in the minor liver resection group. In the case of a liver tumor with a large size that 
requires major liver resection, the LS greater than 10.34 kPa is recommended to prevent the occurrence of PHLF. 
However, when the tumor has a small range, the liver RR is also small, and the LS value reaches 13.48 kPa, we need to be 
alert to the occurrence of PHLF. Similarly, when the SPA is greater than 33.7 cm2 and large liver resection is required, 
there may be a risk of PHLF. If minor liver resection is performed and the SPA reaches 43.2 cm2 or more, there is a risk of 
PHLF.

The study had some limitations. First, almost the entire target population for this study included patients with HBV-
related HCC, so this predictive nomogram needs further validation in patients with HCC of other etiologies, such as 
hepatitis C virus and alcohol abuse. Second, LS measurement by 2D-SWE reflects the stiffness of the focal liver tissue 
rather than that of the whole liver, which is an inherent limitation of ultrasound elastography. Third, the sample size in 
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the external validation cohort was not very large, so it is indispensable to increase the sample size for further external 
validation of the predictive nomogram.

CONCLUSION
In summary, our study established a nomogram for predicting the risk of developing PHLF by using data of patients 
from different centers. The nomogram showed better predictive performance than traditional models in both training and 
validation cohorts. In addition, the corresponding subgroup analysis for different situations provided surgeons with 
diagnostic cutoff values in different clinical scenarios, which can more effectively guide preoperative assessment of PHLF 
risk and effectively screen patients suitable for surgery.
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