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INTRODUCTION
Liver resection is a first- line treatment for hepatocellular 
carcinoma (HCC),1 although the post- operative compli-
cations are serious problems. The previous studies report 
overall morbidity rate of open liver surgery range from 4.1 
to 47.7%.2,3

The complications after liver resection are closely associ-
ated with background liver condition (such as cirrhosis, 
steatosis and active hepatitis) and limited residual liver 
volume.4,5 The indocyanine green clearance rate (ICG- K) of 
liver remnant (ICG- Krem) sensitively predicts the subclin-
ical hepatic insufficiency.6 In addition, some biochemical 

markers, such as the Child‒Pugh score, platelet count, and 
the albumin‒bilirubin (ALBI) scores have been associated 
with post- operative complications.7–9

Magnetic resonance elastography (MRE) is among the most 
non- invasive and accurate tools for staging liver fibrosis,10 
and previous studies have reported the usefulness of the 
liver- stiffness measurement (LSM) by MRE for predicting 
serious post- operative complications.11–13

To the best of our knowledge, however, no study has 
reported a model for predicting serious complications in 
patients with HCC. We hypothesised that the prediction 

https:// doi. org/ 10. 1259/ bjro. 20210019

Objective: To develop a model for predicting post- 
operative major complications in patients with hepato-
cellular carcinoma (HCC).
Methods: In all, 186 consecutive patients with pre- 
operative MR elastography were included. Complications 
were categorised using Clavien‒Dindo classification, 
with major complications defined as  ≥Grade 3. Liver- 
stiffness measurement (LSM) values were measured on 
elastogram. The indocyanine green clearance rate of 
liver remnant (ICG- Krem) was based on the results of 
CT volumetry, intraoperative data, and ICG- K value. For 
an easy application to the prediction model, the contin-
uous variables were converted to categories. Moreover, 
logistic regression analysis and fivefold cross- validation 
were performed. The prediction model’s discriminative 
performance was evaluated using the area under the 
receiver operating characteristic curve (AUC), and the 
calibration of the model was assessed by the Hosmer‒
Lemeshow test.

Results: 43 of 186 patients (23.1%) had major complica-
tions. The multivariate analysis demonstrated that LSM, 
albumin–bilirubin (ALBI) score, intraoperative blood 
loss, and ICG- Krem were significantly associated with 
major complications. The median AUC of the five vali-
dation subsets was 0.878. The Hosmer- Lemeshow test 
confirmed no evidence of inadequate fit (p = 0.13, 0.19, 
0.59, 0.59, and 0.73) on the fivefold cross- validation. 
The prediction model for major complications was as 
follows: −2.876 + 2.912 [LSM (>5.3 kPa)]+1.538 [ALBI 
score (>−2.28)]+0.531 [Intraoperative blood loss 
(>860 ml)]+0.257 [ICG- Krem (<0.10)].
Conclusion: The proposed prediction model can be 
used to predict post- operative major complications in 
patients with HCC.
Advances in knowledge: The proposed prediction 
model can be used in routine clinical practice to identify 
post- operative major complications in patients with HCC 
and to strategise appropriate treatments of HCC.

https://creativecommons.org/licenses/by/4.0/
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model may improve diagnostic performance than the known 
methods, such as ICG- Krem, Child‒Pugh score, and ALBI score. 
This study aimed to create a novel prediction model, including 
MRE, to predict major complications after liver resection in 
patients with HCC.

METHODS AND MATERIALS
Patients’ characteristics and data collection
Our study was approved by the institutional review board of 
Nihon University School of Medicine Itabashi Hospital (Tokyo, 
Japan). This study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki. Each participant provided 
written informed consent for the study.

We included 196 consecutive patients, who underwent liver 
resection for HCC with pre- operative MRE between 2015 and 
2019 (Figure  1). Patients who met the following criteria were 
excluded from our study: (1) patients who underwent MRE >30 
days prior to liver resection; and (2) patient with inadequate 
MRE data because of the failure to generate satisfactory mechan-
ical waves through the abdomen (Figure 1).

Patients’ characteristics (including history of liver resection, 
background liver disease, hepatic biochemical data, Indocyanine 
green clearance rate at 15 min (ICGR15), Child‒Pugh score), 
operative data (operative procedures, intra operative blood loss, 
operation time, and complications), pathological data (patho-
logical fibrosis stage, and neuroinflammatory activity grade) 
were collected. The ALBI score was calculated as follows: score 
= (log10 total- bilirubin [mg/dL]×17.1×0.66) + (albumin [g/dL] 
× 10 ×−0.085).14

Indications for liver resection and surgical procedures were 
based on Makuuchi’s criteria.15 Briefly, liver resection is contra-
indicated in patients with refractory hepatic encephalopathy 
and/or ascites. The extent of liver resection is prescribed by 
the serum total bilirubin level and ICGR15. Major liver resec-
tion was defined as resection of three or more Couinaud’s 
segments. Complications were categorised using Clavien‒Dindo 

classification,16 with major complications defined as Grade 3 or 
greater. Post- operative liver failure was defined as the presence of 
50–50 criteria on post- operative day 5: INR >1.7 and total bili-
rubin >50 µmol l−1 (2.9 mg dl−1).17 Surgically resected specimens 
were histologically analysed. Pathological fibrosis stages (F0‒F4) 
and necroinflammatory activity grades (A0‒A3) were evaluated 
by two pathologists, based on the New Inuyama Classification.18

Imaging techniques
MRE data were obtained using a 3.0- Tesla MR scanner 
(Discovery 750W; GE Medical Systems, Waukesha, WI). The 
parameters of the MRE were as described previously13 (Table 1). 
Magnetisation encoding gradient was 80 Hz. For MRE acquisi-
tion, 60 Hz mechanical shear waves with wave amplitude of 70% 
were applied to the liver with a proprietary passive driver placed 
over the right upper quadrant of the abdominal wall.13 After 
MRE scanning, the axial elastogram map and wave images were 
generated automatically on the operating console to evaluate 
quantitative liver stiffness in kilopascals (kPa), using commer-
cially available software (MR Touch; GE Medical Systems). Iter-
ative decomposition of water and fat with echo asymmetry and 
least squares estimation quantitation (IDEAL- IQ; Table  1)19–21 

Figure 1. Flowchart of the study population. HCC, hepatocellular carcinoma; MRE, magnetic resonance elastography.

Table 1. Parameters of MRE and IDEAL IQ

SE- EPI of 
MRE

Fast- GRE of 
IDEAL IQ

Strength of static magnetic field 3.0 Tesla 3.0 Tesla

TR/TE (msec) 800/58.9 7.7/1–5.1

Slice thickness (mm) 7 7

Flip angle (degrees) 90 4

Field of view (cm) 42 38

Matrix 64 × 64 160 × 160

Fast- GRE, Fast gradient echo sequence; IDEAL IQ, Iterative 
decomposition of water and fat with echo asymmetry and least 
squares estimation quantitation; MRE, MR elastography; SE- EPI, 
Spin- echo echo- planar imaging; TR/TE, Repetition time/echo time.
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was obtained to estimate proton density fat fraction (PDFF) 
and the T2* component, using a modified Dixon method with 
advanced processing.

All of the pre- operative CT scan images were obtained with a 
reconstruction slice thickness of 1 mm following the multi-
phasic liver CT protocol, and the parameters of the CT were as 
described previously.13 For the portal dominant phases, 70 s fixed 
delays after the initiation of injection were adopted.

Image analysis
Imaging measurements were performed by a sixth- year radiol-
ogist who was aware that the patients underwent liver resec-
tion, but was blinded to the clinical, surgical and pathological 
outcomes, and were confirmed by a senior radiologist.

Before the MRE quantitative analysis, the radiologist placed the 
regions of interest (ROIs) to avoid large hepatic vessels in the 
right lobe. This can be attributed to the vulnerability of the left 
lobe to cardiac motion artefacts.22 ROIs (largest possible) were 
manually placed on the elastogram, referring to the magnitude 
images and wave images. Moreover, areas involved in artefacts 
from motion or pulsation, areas with poor signal- to- noise ratios, 
regions below the driver, apparent tumours, (such as HCC, liver 
hemangioma and liver cyst), the liver edge, areas with inadequate 
wave propagation, and cross- hatching marks (unmeasurable 

area considering signal- to- noise ratios and wave parallelism) 
were avoided (Figure 2).13,22–25

Four ROIs (350–450 mm2) in the anterior, posterior, medial, and 
lateral liver segments were drawn at the hilar level on PDFF and 
on the R2* maps derived from the IDEAL IQ images (Figure 3).26 
A commercially available picture archiving and communication 
system (SYNAPSE, Fujifilm Medical, Tokyo, Japan) was used to 
measure PDFF (%) and R2* (s−1). The averaged PDFF (%) and 
R2* (s−1) of the four ROIs were recorded.

The total liver volume was obtained by measuring the liver 
volume using CT volumetry (CTV), with a volume analyser 
system (Synapse Vincent, Fujifilm, Tokyo, Japan). CTV was 
reconstructed from 1 mm slice thickness CT images in the portal 
venous dominant phases.

Calculating the indocyanine green clearance rate of 
liver remnants (ICG-Krem)
ICG was administered intravenously at a dose of 0.5 mg/kg as 
a routine liver function test, within 3 weeks before the surgery. 
ICG- K were measured by sampling at the following three time 
points: 5 min,10 min, and 15 min after injection. The method for 
calculating ICG- K has been described previously.6

Figure 2. Measurements of liver stiffness measurement value by MR elastography. (a), Original echoplanar image of MR elastog-
raphy (magnitude image). (b), A region of interest was placed on this elastogram. (c), Wave image.
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Briefly, ICG- Krem consisted of the ICG- K, total liver volume 
(TLV) (mL), tumour volume (mL) and the weight of the resected 
specimen (g).6 The TLV was defined as the volume of the normal 
liver parenchyma after excluding tumorous tissues, and was 
calculated using the CTV. The tumour volume was based on the 
radius of the x, y and z axis, obtained from the cut surface of the 
specimen. The weight of the liver tissue was estimated at 1 g/1 ml 
of the parenchymal volume. The actual future liver remnant was 
eventually calculated using the following formula:

TLV (mL)−weight of the resected specimen (g) + tumour vol 
(mL)

Statistical analysis
Continuous variables were expressed as medians with ranges 
and were compared between the major complications and non- 
major complications groups by using t- tests or Mann‒Whitney 
U tests, as appropriate. Categorical variables were compared 
between groups by using Fisher’s exact test. The correlation coef-
ficient between LSM and fibrosis factors was calculated using 
Spearman’s correlation test. We analysed the receiver operating 
characteristic (ROC) curve for predicting major complications 
and calculated the area under the curve (AUC) among predictive 
factors in all patients.

For easier application to the prediction model, most contin-
uous variables were converted to categories while performing 
the multivariable logistic regression analysis: advanced age 
(≥65 years), body mass index (>30 kg/m2), platelet count 
(<150×109  l−1),8 PT- INR (>1.10), total bilirubin (>1.2 mg dl−1), 
AST (>39 U l−1), ALT (>45 U l−1), albumin (>3.8 mg l−1), ALBI 
score (>−2.28),9 hyaluronic acid (>200 ng ml−1),27 ICGR15 
(>15%), ICG- Krem (<0.10),6 tumour diameter (>50 mm), intra-
operative blood loss (>860 ml),28 LSM value (>5.3 kPa),11 PDFF 
value (>5%),29 R2* value (>60 s−1).

The prediction model for major complications was built and inter-
nally validated using fivefold cross- validation. While performing 
the fivefold cross- validation,30 we randomly divided all data into 
five equal- sized data sets. We intended to use four data sets for 

the development, remaining one data set for validation, over all 
possible permutations. For developing the prediction model, 
candidate predictors with p < 0.15 in univariate analyses among 
the four data sets were set for the stepwise multivariate logistic 
regression. To avoid multicollinearity, either was excluded from 
the input to the stepwise regression for a Kendall rank correlation 
coefficient >0.7. For validating the model, we analysed the ROC 
curve for the remaining data set, and calculated the AUC. The 
calibration was assessed by the Hosmer‒Lemeshow test, with p < 
0.10 indicating an inadequate fit.31 Through the cross- validation 
process, we repeated the analysis five times (folds), with each 
of the five data sets used exactly once as the validation subset. 
The AUC was calculated for each of the five analyses, using only 
the respective data set. The AUCs statistics of the five validation 
subsets were subsequently aggregated into median, minimum, 
and maximum. The prediction model was constructed by aver-
aging the significant regression coefficient values obtained from 
the five regression models.

The univariate and multivariate logistic regression were 
performed by SPSS Statistics v. 27.0 (IBM Corporation, Armonk, 
NY), and the ROC analysis of cross- validation were performed 
using R v. 4.0.2 statistical software. Two- sided p values < 0.05 
were considered statistically significant.

RESULTS
Patient characteristics
In total, 186 patients with HCC who underwent liver resection 
and pre- operative MRE were identified. Patient characteris-
tics are summarised in Table 2. No patient was Child‒Pugh 
classification Grade C. ICGR15 and ALBI score was signifi-
cantly larger in the major complications group than in the 
non- major complications group (p = 0.013 and p = 0.027, 
respectively). ICG- Krem and platelet count was significantly 
smaller in the major complications group than in the non- 
major complications group (p = 0.010 and p = 0.014, respec-
tively). The median of the actual future liver remnant was 
1163 ml (range: 687–2007 ml).

Figure 3. Measurements of PDFF and R2* value on fat fraction map and R2* map by iterative decomposition of water and fat with 
echo asymmetry and least squares estimation quantitation (IDEAL- IQ) (a), PDFF maps (magnitude image). (b), R2* maps. PDFF, 
proton density fat fraction.
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Operative data and post-operative complications
Operative data were shown in Table 2. Limited resection (non- 
anatomic resection), segmentectomy (Couinaud’s segment), 
sectionectomy, and major liver resection were performed in 146 
(78.5%), 16 (8.6%), 13 (7.0%), and 11 (5.9%) of the 186 patients, 
respectively (Table 2).

Major complications occurred in 43 (23.1%) of the 186 patients 
(Table 3). Intraoperative blood loss was significantly larger in the 
major complications group than in the non- major complications 
group (p < 0.001). No patient had post- operative liver failure or 
mortality within 90 days.

Pathological fibrosis stages F0, F1, F2, F3, and F4 and necro-
inflammatory activity grades A0, A1, A2, and A3 of the 
background liver were observed in 9 (4.8%), 50 (26.9%), 42 
(22.6%), 40 (21.5%), and 45 (24.2%) patients and in 9 (4.8%), 
104 (55.9%), 71 (38.2%), and 2 (1.1%) patients, respectively.

Table 2. Patient characteristics

All patients (n = 186)
Age, years 68 (42–86)

Mele, n (%) 156 (83.9)

Female, n (%) 30 (16.1)

Body mass index, kg/m2 22.9 (15.5–37.3)

Background liver disease, n (%)

  Hepatitis B virus infection 58 (31.2)

  Hepatitis C virus infection 72 (38.7)

  The others 56 (30.1)

Haemoglobin, g/dL 13.8 (8.8–17.3)

Platelet count, 109  l−1 161 (47–409)

PT- INR 1.00 (0.83–1.34)

Total bilirubin, mg/dL 0.65 (0.20–1.38)

AST, U/L 33 (12–137)

ALT, U/L 30 (6–150)

Albumin, g/L 4.2 (2.8–5.4)

Hyaluronic acid, ng/mL 83 (9–649)

ICGR15, % 13.3 (1.9–33.0)

ICG- Krem 0.127 (0.056–0.269)

ALBI score −2.85 (- 3.86–-1.50)

Child‒Pugh score, n (%)

  5 (class A) 171 (91.9)

  6 (class A) 15 (8.1)

Type of liver resection, n (%)

  Limited resection 146 (78.5)

  Segmentectomy 16 (8.6)

  Sectionectomy 13 (7.0)

  Major resection 11 (5.9)

Operative data

  Solitary tumour, n (%) 150 (80.6)

  Tumour diameter, mm 28 (9–167)

  Operation time, min 286 (107–714)

  Transection time, min 58 (0–169)

  Blood loss, mL 215 (14–2494)

Fibrosis stage

  F4 45 (24.2)

  F3–4 85 (45.7)

Imaging data

  LSM value, kPa 4.21 (1.53–9.23)

  PDFF value, % 2.82 (0.86–12.2)

  R2* value, s−1 29.2 (9.8–59.5)

(Continued)

All patients (n = 186)
Major complications 43 (23.1)

ALBI, Albumin- bilirubin; ALT, Alanine aminotransferase; AST, 
Aspartate aminotransferase; ICG- Krem, The indocyanine green 
clearance rate of liver remnant; ICGR15, Indocyanine green retention 
rates at 15 min after injection; LSM, Liver stiffness measurement; 
PDFF, Proton density fat fraction; PT- INR, Prothrombin time- 
International normalised ratio.
Note: Continuous variables are expressed as median (range), if not 
specified. Categorical variables are expressed as number of patients.

Table 2. (Continued)

Table 3. Post- operative major complications

Grade n Details
Grade Ⅲa 41 Bile leakage 13

Ascites 12

Pleural effusion 7

Wound infection 5

Intra - abdominal 
infection

2

Pneumothorax 1

Angina 1

Grade Ⅲb 2 Post- operative bleeding 1

Bile leakage 1

Grade Ⅳa 0

Grade Ⅳb 0

Grade Ⅴ 0

Total 43

Note: Post- operative complications are categorised according to the 
Clavien- Dindo classification.
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Quantitative MRE and IDEAL IQ data
The median LSM value was 4.21 kPa (range: 1.53–9.23 kPa) 
(Table  2). LSM in each fibrosis grade group was 2.10 kPa 
(range: 1.53–3.64 kPa), 3.29 kPa (range: 1.93–6.74 kPa), 
3.86 kPa (range: 2.88–7.28 kPa), 4.16 kPa (range: 3.19–
7.54 kPa), and 5.96 kPa (range: 3.49–9.23 kPa) for F0, F1, 
F2, F3, and F4 stages, respectively. The LSM was signifi-
cantly higher in the major than in the non- major complica-
tions group in the development cohort (p < 0.001). The LSM 
correlated significantly with the liver fibrosis pathological 
stage (r = 0.614, p < 0.001). The median PDFF and R2* values 
were 2.82% and 29.2 s−1 (range: 0.86–12.2% and 9.8–59.5 s−1, 
respectively). These values did not differ significantly 
between the major and non- major complications groups (p 
= 0.19, p = 0.21, respectively) in the development cohort. 
No significant difference in LSM was seen between groups 
with necroinflammatory activity grades A2–3 and with 
A0–1 (p = 0.53), between groups with grades A1–3 or A0 (p 
= 0.34), between groups with PDFF ≥2.82% (median value) 
or  <2.82% (p = 0.19), or between those with R2*≥29.2 s−1 
(median value) or <29.2 s−1 (p = 0.41).

Predictive factors for major complications in all 186 
patients
Based on the ROC curve analysis in 186 patients, the AUCs 
(95% confidence interval) of LSM, intraoperative blood 
loss, ICG- Krem, fibrosis grade, and ALBI score were 0.802 
(0.734–0.870), 0.741 (0.653–0.830), 0.628 (0.526–0.729), 
0.597 (0.501–0.694), and 0.580 (0.487–0.673), respectively 
(Figure 4).

Cross-validation for development of a prediction 
model for major complications
Table 4 summarises the univariable analysis of predictive factors 
of major complications in each data set. The stepwise multivar-
iate logistic regression analysis revealed LSM (>5.3 kPa), ALBI 
score (>−2.28), intraoperative blood loss (>860 ml) and ICG- 
Krem (<0.10) as independent factors for major complications 
(Table  5). Table  5 outlines the constant, explanatory variables, 
and regression coefficient values in each prediction models, built 
from the development data sets.

Table  6 summarises the diagnostic performance of predic-
tion models in five- fold cross- validation. Figure  5 depicts the 
ROC curves of the prediction models for major complications 

Figure 4. ROC curve for LSM value, Intraoperative blood loss, ICG- Krem, ALBI score, and fibrosis grade in all 186 patients. ALBI, 
albumin–bilirubin; ICG- Krem, indocyanine green clearance rate of liver remnant; LSM, liver stiffness measurement; ROC, receiver 
operating characteristic.
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in fivefold cross- validation. The median AUC of the five vali-
dation subsets was 0.878 (minimum 0.708; maximum 0.911) 
(Table 6 and Figure 5). The Hosmer- Lemeshow test confirmed 
no evidence of inadequate fit (p = 0.13, 0.19, 0.59, 0.59, and 0.73) 
on the fivefold cross- validation (Table 6).

The prediction model for major complications
Based on the five prediction models from the development data 
sets (Table 5), the constant and the regression coefficient values 
of five regression models were averaged.

The prediction model for major complications was as follows:

Log (P/1- P)=−2.876+2.912 [LSM (>5.3 kPa)]+1.538[ALBI 
score (>−2.28)]+0.531[Intraoperative blood loss 
(>860 ml)]+0.257[ICG- Krem  <0.10]. P was predicted as the 
probability of major complications following liver resection in 
patients with HCC.

DISCUSSION
In this study, we established the prediction model using LSM by 
MRE (>5.3 kPa), ALBI score (>−2.28), intraoperative blood loss 
(>860 ml), and ICG- Krem (<0.10) for estimating the risk of post- 
operative major complications in patients with HCC. Comparing 
each parameter (e.g. LSM, ICG- Krem) in all 186 patients, the 
mean AUC and 95% CI of LSM [0.802 (0.734–0.870)] was higher 
than conventional prediction factors including ICG- Krem [0.628 
(0.526–0.729)] without overlapping in 95% CIs. The reproduc-
ibility of the proposed model was validated by cross- validation 
method because the median AUC of the five validation subsets 

(AUC: 0.878) was higher than AUCs of any parameter alone in 
all 186 patients. To our knowledge, this is the first report indi-
cating that the prediction model may be useful for predicting 
major complications after liver resection in patients with HCC. 
Despite the need for an external validation, the prediction model 
can be used in routine clinical practice to identify high risk for 
post- operative complications in patients with HCC, and to select 
appropriate treatment strategies.

MRE has been accepted as one of the most non- invasive accurate 
tools for liver fibrosis staging.10,32 In this study, LSM correlated 
significantly with the pathological stage of liver fibrosis. Several 
studies have shown that LSM by MRE is an independent pre- 
operative risk factor for major complications after liver resec-
tion.11–13 The previous studies show that increased liver stiffness 
can make hepatic resection more difficult.33,34 The severity of 
liver fibrosis directly correlates with the amount of intraoper-
ative blood loss.11 In our study, intraoperative blood loss was 
significantly larger in the major complications group than in the 
non- major complications group (p < 0.001). Our study results 
are in agreement with previous study that demonstrated the rela-
tionship between intraoperative blood loss and post- operative 
major complications.28 The higher rate of major complications 
in patients with higher LSM using MRE could also be explained 
by the presence of portal hypertension in some patients. Ronot 
et al35 demonstrated that LSM using MRE could predict the pres-
ence of severe portal hypertension. Bruix et al36 demonstrated 
a correlation between portal hypertension and post- operative 
complications following liver resection. Therefore, the degree of 
portal hypertension may explain our results.

Table 5. Prediction models of major complications from development data sets

Constant

Regression coefficient values

LSM ALBI score Blood loss ICG- Krem

>5.3 kPa p >−2.28 p >860 ml p <0.10 p
Data sets 2,3,4, and 5 −4.249 4.086 <0.001 1.899 0.030 2.655 0.011

Data sets 1,3,4, and 5 −2.668 2.483 <0.001 2.204 0.003

Data sets 1,2,4, and 5 −2.459 2.350 <0.001 1.284 0.020

Data sets 1,2,3, and 5 −2.458 2.720 <0.001 1.484 0.030

Data sets 1,2,3, and 4 −2.545 2.921 <0.001 2.105 0.002

ALBI, albumin- bilirubin; ICG- Krem, The indocyanine green clearance rate of liver remnant; LSM, liver stiffness measurement.

Table 6. Diagnostic performance of prediction models in fivefold cross- validation

Validation data set Development data sets AUC (95% CI) Sensitivity (%) Specificity (%) pa
Data set 1 Data sets 2,3,4, and 5 0.708 (0.528–0.889) 64.3 73.9 0.73

Data set 2 Data sets 1,3,4, and 5 0.878 (0.746–1) 81.8 88.5 0.13

Data set 3 Data sets 1,2,4, and 5 0.911 (0.819–1) 100 75.0 0.19

Data set 4 Data sets 1,2,3, and 5 0.819 (0.589–1) 80.0 81.3 0.59

Data set 5 Data sets 1,2,3, and 4 0.897 (0.788–1) 100 76.5 0.59

AUC, Area under the curve; 95% CI, 95% confidence interval.
ap values were determined using the Hosmer- Lemeshow test.
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LSM can potentially be affected by parenchymal inflammation, 
steatosis, and cholestasis. Hence, the aforementioned factors may 
confound liver fibrosis evaluation by LSM.37–39 Therefore, we 
examined these confounding factors. PDFF is extremely sensi-
tive and specific for classifying the hepatic steatosis grade.40,41 
However, we found no significant difference in LSM between 
groups with PDFF value  ≥median value and  <median value. 
Similarly, no significant difference in LSM was shown between 
patients with a necroinflammatory activity grade A2–3 and those 
with grade A0–1, and between those with grade A1–3 and those 
with grade A0. There were no patients with cholestasis in this 
study.

In the present study, ALBI grade was an independent risk factor 
for major complications, which was consistent with previous 
reports that indicated that the ALBI grade used for assessing liver 
function capacity could predict short- term outcomes after liver 
resection.7,9 ALBI grade is useful in clinical practice, because it 
can be calculated based on only blood test results. Thus, adding 
the ALBI grade to LSM by non- invasive MRE has clinical value.

Herein, the AUC of ICG- Krem for major complications in all 
186 patients was 0.628, consistent with a previous study.6 While 
ICG- Krem was an independent risk factor for major complica-
tions, ICGR15 was not. This finding was consistent with previous 
reports that demonstrated ICG- Krem as a reliable predictor of the 
risk of post- operative subclinical hepatic insufficiency,6 and that 
ICGR15 was not a significant risk factor for short- term outcomes 
following liver resection.42,43 This finding can be explained by the 
fact that ICG- Krem not only consisted of ICG- K data but also 
that of the actual future liver remnant and total liver volume, 
and that the ICGR15 was not sensitive for the detection of early 
hepatic impairment.44,45

Our study had some limitations. First, selection bias could not 
be avoided because of the retrospective study design. Thus, a 
prospective study with a large number of patients is required to 
confirm our study results. Second, the number of patients in our 
study was relatively small and the prediction of post- operative 
major complications may not be clinically representative, because 
of single- centre cohorts. A multicentre study with an increased 
number of patients is desirable. Third, we did not evaluate the 
external validation of the prediction model, thus necessitating an 
external validation. Fourth, the prediction model requires LSM, 
and MRE needs additional equipment, such as a passive driver.

In conclusion, the prediction model, which included LSM by 
MRE, ALBI score, intraoperative blood loss, and ICG- Krem, 
can be useful in predicting the risk of post- operative complica-
tions before liver resection in patients with HCC. Despite the 
importance of an external validation, the prediction model may 
reduce the risk of surgery, and facilitate changes in the strategy 
for HCC treatment in patients at a higher risk of post- operative 
complications.

Figure 5. Receiver operating characteristic curves of the 
prediction models for major complications in fivefold cross- 
validation. Each line indicates the ROC curve of the validation 
data set. The median AUC of the five validation subsets was 
0.878 (data set 2, black line). AUC, Area under the receiver 
operating characteristic curve; ROC, receiver operating 
characteristic.

REFERENCES

 1. Marrero JA, Kulik LM, Sirlin CB, Zhu AX, 
Finn RS, Abecassis MM, et al. Diagnosis, 
staging, and management of hepatocellular 
carcinoma: 2018 practice guidance by the 
American association for the study of liver 
diseases. Hepatology 2018; 68: 723–50. doi: 
https:// doi. org/ 10. 1002/ hep. 29913

 2. Wu M, Zhang Z. Prevention and treatment of 
complications after hepatectomy. Zhonghua 
Wai Ke Za Zhi 2002; 40: 332–5.

 3. Benzoni E, Molaro R, Cedolini C, Favero A, 
Cojutti A, Lorenzin D, et al. Liver resection 
for HCC: analysis of causes and risk factors 

linked to postoperative complications. 
Hepatogastroenterology 2007; 54:  
186–9.

 4. Belghiti J, Hiramatsu K, Benoist S, Massault 
P, Sauvanet A, Farges O. Seven hundred 
Forty- seven hepatectomies in the 1990s: an 
update to evaluate the actual risk of liver 
resection. J Am Coll Surg 2000; 191: 38–46. 
doi: https:// doi. org/ 10. 1016/ S1072- 7515( 00) 
00261-1

 5. Hammond JS, Guha IN, Beckingham IJ, 
Lobo DN, Prediction LDN. Prediction, 
prevention and management of postresection 

liver failure. Br J Surg 2011; 98: 1188–200. 
doi: https:// doi. org/ 10. 1002/ bjs. 7630

 6. Kobayashi Y, Kiya Y, Nishioka Y, Hashimoto 
M, Shindoh J. Indocyanine green 
clearance of remnant liver (ICG- Krem) 
predicts postoperative subclinical hepatic 
insufficiency after resection of colorectal liver 
metastasis: theoretical validation for safe 
expansion of Makuuchi's criteria. HPB 2020; 
22: 258–64. doi: https:// doi. org/ 10. 1016/ j. 
hpb. 2019. 06. 013

 7. Andreatos N, Amini N, Gani F, Margonis 
GA, Sasaki K, Thompson VM, et al. 

https://doi.org/10.1002/hep.29913
https://doi.org/10.1016/S1072-7515(00)00261-1
https://doi.org/10.1016/S1072-7515(00)00261-1
https://doi.org/10.1002/bjs.7630
https://doi.org/10.1016/j.hpb.2019.06.013
https://doi.org/10.1016/j.hpb.2019.06.013


10 of 11 birpublications.org/bjro BJR Open;3:20210019

BJR|Open  Shibutani et al

Albumin- Bilirubin score: predicting short- 
term outcomes including bile leak and post- 
hepatectomy liver failure following hepatic 
resection. J Gastrointest Surg 2017; 21: 
238–48. doi: https:// doi. org/ 10. 1007/ s11605- 
016- 3246-4

 8. Au K- P, Chan S- C, Chok KS- H, Chan AC- Y, 
Cheung T- T, Ng KK- C, KP A, KK N, et al. 
Child- Pugh parameters and platelet count as 
an alternative to ICG test for assessing liver 
function for major hepatectomy. HPB Surg 
2017; 2017: 2948030. doi: https:// doi. org/ 10. 
1155/ 2017/ 2948030

 9. Zou H, Wen Y, Yuan K, Miao X- Y, Xiong L, 
Liu K- J. Combining albumin- bilirubin score 
with future liver remnant predicts post- 
hepatectomy liver failure in HBV- associated 
HCC patients. Liver Int 2018; 38: 494–502. 
doi: https:// doi. org/ 10. 1111/ liv. 13514

 10. Wang Q- B, Zhu H, Liu H- L, Zhang B. 
Performance of magnetic resonance 
elastography and diffusion- weighted imaging 
for the staging of hepatic fibrosis: a meta- 
analysis. Hepatology 2012; 56: 239–47. doi: 
https:// doi. org/ 10. 1002/ hep. 25610

 11. Abe H, Midorikawa Y, Mitsuka Y, Aramaki 
O, Higaki T, Matsumoto N, et al. Predicting 
postoperative outcomes of liver resection by 
magnetic resonance elastography. Surgery 
2017; 162: 248–55. doi: https:// doi. org/ 10. 
1016/ j. surg. 2017. 02. 014

 12. Sato N, Kenjo A, Kimura T, Okada R, 
Ishigame T, Kofunato Y, et al. Prediction of 
major complications after hepatectomy using 
liver stiffness values determined by magnetic 
resonance elastography. Br J Surg 2018; 105: 
1192–9. doi: https:// doi. org/ 10. 1002/ bjs. 
10831

 13. Shibutani K, Okada M, Tsukada J, Ibukuro 
K, Abe H, Matsumoto N, et al. Predictive 
value of combined computed tomography 
volumetry and magnetic resonance 
elastography for major complications after 
liver resection. Abdom Radiol 2021; 46: 
3193–204. doi: https:// doi. org/ 10. 1007/ 
s00261- 021- 02991-3

 14. Johnson PJ, Berhane S, Kagebayashi C, 
Satomura S, Teng M, Reeves HL, et al. 
Assessment of liver function in patients with 
hepatocellular carcinoma: a new evidence- 
based approach- the ALBI grade. J Clin Oncol 
2015; 33: 550–8. doi: https:// doi. org/ 10. 1200/ 
JCO. 2014. 57. 9151

 15. Makuuchi M, Kosuge T, Takayama T, 
Yamazaki S, Kakazu T, Miyagawa S, et al. 
Surgery for small liver cancers. Semin Surg 
Oncol 1993; 9: 298–304. doi: https:// doi. org/ 
10. 1002/ ssu. 2980090404

 16. Dindo D, Demartines N, Clavien P- A. 
Classification of surgical complications: a 
new proposal with evaluation in a cohort of 

6336 patients and results of a survey. Ann 
Surg 2004; 240: 205–13. doi: https:// doi. org/ 
10. 1097/ 01. sla. 0000133083. 54934. ae

 17. Balzan S, Belghiti J, Farges O, Ogata S, 
Sauvanet A, Delefosse D, et al. The "50- 50 
criteria" on postoperative day 5: an accurate 
predictor of liver failure and death after 
hepatectomy. Ann Surg 2005; 242: 824–8. doi: 
https:// doi. org/ 10. 1097/ 01. sla. 0000189131. 
90876. 9e

 18. Ichida F, TSUJI T, Omata M, ICHIDA T, 
INOUE K, KAMIMURA T, et al. New 
Inuyama classification; new criteria for 
histological assessment of chronic hepatitis. 
International Hepatology Communications 
1996; 6: 112–9. doi: https:// doi. org/ 10. 1016/ 
S0928- 4346( 96) 00325-8

 19. Levenson H, Greensite F, Hoefs J, Friloux L, 
Applegate G, Silva E, et al. Fatty infiltration 
of the liver: quantification with phase- 
contrast MR imaging at 1.5 T vs biopsy. AJR 
Am J Roentgenol 1991; 156: 307–12. doi: 
https:// doi. org/ 10. 2214/ ajr. 156. 2. 1898804

 20. Glover GH. Handbook of MRI pulse 
sequences, M. A. Bernstein, K. f. King and 
X. J. Zhou. Elsevier academic press, 2004, 
ISBN: 0- 12- 092861- 2. NMR Biomed 2005; 18: 
202–3. doi: https:// doi. org/ 10. 1002/ nbm. 947

 21. Hussain HK, Chenevert TL, Londy FJ, Gulani 
V, Swanson SD, McKenna BJ, et al. Hepatic 
fat fraction: MR imaging for quantitative 
measurement and display--early experience. 
Radiology 2005; 237: 1048–55. doi: https:// 
doi. org/ 10. 1148/ radiol. 2373041639

 22. Venkatesh SK, Yin M, Ehman RL. Magnetic 
resonance elastography of liver: technique, 
analysis, and clinical applications. J Magn 
Reson Imaging 2013; 37: 544–55. doi: https:// 
doi. org/ 10. 1002/ jmri. 23731

 23. Wang Y, Ganger DR, Levitsky J, Sternick LA, 
McCarthy RJ, Chen ZE, et al. Assessment of 
chronic hepatitis and fibrosis: comparison 
of MR elastography and diffusion- weighted 
imaging. AJR Am J Roentgenol 2011; 196: 
553–61. doi: https:// doi. org/ 10. 2214/ AJR. 10. 
4580

 24. Kim BH, Lee JM, Lee YJ, Lee KB, Suh 
K- S, Han JK, et al. MR elastography for 
noninvasive assessment of hepatic fibrosis: 
experience from a tertiary center in Asia. J 
Magn Reson Imaging 2011; 34: 1110–6. doi: 
https:// doi. org/ 10. 1002/ jmri. 22723

 25. Yoshimitsu K, Mitsufuji T, Shinagawa Y, 
Fujimitsu R, Morita A, Urakawa H, et al. 
MR elastography of the liver at 3.0 T in 
diagnosing liver fibrosis grades; preliminary 
clinical experience. Eur Radiol 2016; 26: 
656–63. doi: https:// doi. org/ 10. 1007/ s00330- 
015- 3863-4

 26. Campo CA, Hernando D, Schubert T, 
Bookwalter CA, Pay AJV, Reeder SB. 

Standardized approach for ROI- Based 
measurements of proton density fat fraction 
and R2* in the liver. AJR Am J Roentgenol 
2017; 209: 592–603. doi: https:// doi. org/ 10. 
2214/ AJR. 17. 17812

 27. Shimizu T, Ishizuka M, Kato M, Aoki 
T, Kubota K. Hyaluronic acid predicts 
postoperative large amount of ascites 
after liver resection for patients with 
hepatocellular carcinoma. Dig Surg 2016; 
33: 520–8. doi: https:// doi. org/ 10. 1159/ 
000447131

 28. Aramaki O, Takayama T, Higaki T, 
Nakayama H, Ohkubo T, Midorikawa Y, et al. 
Decreased blood loss reduces postoperative 
complications in resection for hepatocellular 
carcinoma. J Hepatobiliary Pancreat Sci 2014; 
21: 585–91. doi: https:// doi. org/ 10. 1002/ jhbp. 
101

 29. Caussy C, Alquiraish MH, Nguyen P, 
Hernandez C, Cepin S, Fortney LE, et al. 
Optimal threshold of controlled attenuation 
parameter with MRI- PDFF as the gold 
standard for the detection of hepatic 
steatosis. Hepatology 2018; 67: 1348–59. doi: 
https:// doi. org/ 10. 1002/ hep. 29639

 30. LeDell E, Petersen M, van der Laan M. 
Computationally efficient confidence 
intervals for cross- validated area under the 
ROC curve estimates. Electron J Stat 2015; 9: 
1583–607. doi: https:// doi. org/ 10. 1214/ 15- 
EJS1035

 31. Lemeshow S, Hosmer DW. A review of 
goodness of fit statistics for use in the 
development of logistic regression models. 
Am J Epidemiol 1982; 115: 92–106. doi: 
https:// doi. org/ 10. 1093/ oxfordjournals. aje. 
a113284

 32. Motosugi U, Ichikawa T, Sou H, Sano K, 
Muhi A, Ehman RL, et al. Effects of gadoxetic 
acid on liver elasticity measurement by using 
magnetic resonance elastography. Magn 
Reson Imaging 2012; 30: 128–32. doi: https:// 
doi. org/ 10. 1016/ j. mri. 2011. 08. 005

 33. Fan ST, Lai EC, Lo CM, Ng IO, Wong J. 
Hospital mortality of major hepatectomy for 
hepatocellular carcinoma associated with 
cirrhosis. Arch Surg 1995; 130: 198–203. 
doi: https:// doi. org/ 10. 1001/ archsurg. 1995. 
01430020088017

 34. Poon RTP, Fan ST, Lo CM, Liu CL, Lam CM, 
Yuen WK, et al. Extended hepatic resection 
for hepatocellular carcinoma in patients 
with cirrhosis: is it justified? Ann Surg 2002; 
236: 602–11. doi: https:// doi. org/ 10. 1097/ 
00000658- 200211000- 00010

 35. Ronot M, Lambert S, Elkrief L, Doblas S, 
Rautou P- E, Castera L, et al. Assessment 
of portal hypertension and high- risk 
oesophageal varices with liver and spleen 
three- dimensional multifrequency Mr 

https://doi.org/10.1007/s11605-016-3246-4
https://doi.org/10.1007/s11605-016-3246-4
https://doi.org/10.1155/2017/2948030
https://doi.org/10.1155/2017/2948030
https://doi.org/10.1111/liv.13514
https://doi.org/10.1002/hep.25610
https://doi.org/10.1016/j.surg.2017.02.014
https://doi.org/10.1016/j.surg.2017.02.014
https://doi.org/10.1002/bjs.10831
https://doi.org/10.1002/bjs.10831
https://doi.org/10.1007/s00261-021-02991-3
https://doi.org/10.1007/s00261-021-02991-3
https://doi.org/10.1200/JCO.2014.57.9151
https://doi.org/10.1200/JCO.2014.57.9151
https://doi.org/10.1002/ssu.2980090404
https://doi.org/10.1002/ssu.2980090404
https://doi.org/10.1097/01.sla.0000133083.54934.ae
https://doi.org/10.1097/01.sla.0000133083.54934.ae
https://doi.org/10.1097/01.sla.0000189131.90876.9e
https://doi.org/10.1097/01.sla.0000189131.90876.9e
https://doi.org/10.1016/S0928-4346(96)00325-8
https://doi.org/10.1016/S0928-4346(96)00325-8
https://doi.org/10.2214/ajr.156.2.1898804
https://doi.org/10.1002/nbm.947
https://doi.org/10.1148/radiol.2373041639
https://doi.org/10.1148/radiol.2373041639
https://doi.org/10.1002/jmri.23731
https://doi.org/10.1002/jmri.23731
https://doi.org/10.2214/AJR.10.4580
https://doi.org/10.2214/AJR.10.4580
https://doi.org/10.1002/jmri.22723
https://doi.org/10.1007/s00330-015-3863-4
https://doi.org/10.1007/s00330-015-3863-4
https://doi.org/10.2214/AJR.17.17812
https://doi.org/10.2214/AJR.17.17812
https://doi.org/10.1159/000447131
https://doi.org/10.1159/000447131
https://doi.org/10.1002/jhbp.101
https://doi.org/10.1002/jhbp.101
https://doi.org/10.1002/hep.29639
https://doi.org/10.1214/15-EJS1035
https://doi.org/10.1214/15-EJS1035
https://doi.org/10.1093/oxfordjournals.aje.a113284
https://doi.org/10.1093/oxfordjournals.aje.a113284
https://doi.org/10.1016/j.mri.2011.08.005
https://doi.org/10.1016/j.mri.2011.08.005
https://doi.org/10.1001/archsurg.1995.01430020088017
https://doi.org/10.1001/archsurg.1995.01430020088017
https://doi.org/10.1097/00000658-200211000-00010
https://doi.org/10.1097/00000658-200211000-00010


11 of 11 birpublications.org/bjro BJR Open;3:20210019

BJR|OpenOriginal research: Prediction model on MRE for post- operative complications of HCC

elastography in liver cirrhosis. Eur Radiol 
2014; 24: 1394–402. doi: https:// doi. org/ 10. 
1007/ s00330- 014- 3124-y

 36. Bruix J, Castells A, Bosch J, Feu F, Fuster J, 
Garcia- Pagan JC, et al. Surgical resection 
of hepatocellular carcinoma in cirrhotic 
patients: prognostic value of preoperative 
portal pressure. Gastroenterology 1996; 111: 
1018–22. doi: https:// doi. org/ 10. 1016/ S0016- 
5085( 96) 70070-7

 37. Shi Y, Guo Q, Xia F, Dzyubak B, Glaser KJ, Li 
Q, Li Q, Ehman RL, et al. MR elastography 
for the assessment of hepatic fibrosis in 
patients with chronic hepatitis B infection: 
does histologic necroinflammation influence 
the measurement of hepatic stiffness? 
Radiology 2014; 273: 88–98. doi: https:// doi. 
org/ 10. 1148/ radiol. 14132592

 38. Boursier J, de Ledinghen V, Sturm N, 
Amrani L, Bacq Y, Sandrini J, et al. Precise 
evaluation of liver histology by computerized 
morphometry shows that steatosis influences 
liver stiffness measured by transient 
elastography in chronic hepatitis C. J 

Gastroenterol 2014; 49: 527–37. doi: https:// 
doi. org/ 10. 1007/ s00535- 013- 0819-9

 39. Kim DK, Choi JY, Park M- S, Kim M- J, 
Chung YE. Clinical feasibility of MR 
elastography in patients with biliary 
obstruction. AJR Am J Roentgenol 2018; 210: 
1273–8. doi: https:// doi. org/ 10. 2214/ AJR. 17. 
19085

 40. Idilman IS, Aniktar H, Idilman R, Kabacam 
G, Savas B, Elhan A, et al. Hepatic steatosis: 
quantification by proton density fat fraction 
with MR imaging versus liver biopsy. 
Radiology 2013; 267: 767–75. doi: https:// doi. 
org/ 10. 1148/ radiol. 13121360

 41. Gu J, Liu S, Du S, Zhang Q, Xiao J, Dong 
Q, et al. Diagnostic value of MRI- PDFF 
for hepatic steatosis in patients with non- 
alcoholic fatty liver disease: a meta- analysis. 
Eur Radiol 2019; 29: 3564–73. doi: https:// 
doi. org/ 10. 1007/ s00330- 019- 06072-4

 42. Kim DK, Choi J- I, Choi MH, Park 
MY, Lee YJ, Rha SE, et al. Prediction of 
posthepatectomy liver failure: MRI with 
hepatocyte- specific contrast agent versus 

indocyanine green clearance test. AJR Am J 
Roentgenol 2018; 211: 580–7. doi: https:// doi. 
org/ 10. 2214/ AJR. 17. 19206

 43. Wong JS- W, Wong GL- H, Chan AW- H, 
Wong VW- S, Cheung Y- S, Chong C- N, 
et al. Liver stiffness measurement by 
transient elastography as a predictor on 
posthepatectomy outcomes. Ann Surg 2013; 
257: 922–8. doi: https:// doi. org/ 10. 1097/ SLA. 
0b013e318269d2ec

 44. Farges O, Malassagne B, Flejou JF, Balzan 
S, Sauvanet A, Belghiti J. Risk of major 
liver resection in patients with underlying 
chronic liver disease: a reappraisal. Ann 
Surg 1999; 229: 210–5. doi: https:// doi. org/ 
10. 1097/ 00000658- 199902000- 00008

 45. Kwon AH, Ha- Kawa SK, Uetsuji S, Inoue 
T, Matsui Y, Kamiyama Y. Preoperative 
determination of the surgical procedure 
for hepatectomy using technetium- 99m- 
galactosyl human serum albumin (99mTc- 
GSA) liver scintigraphy. Hepatology 1997; 
25: 426–9. doi: https:// doi. org/ 10. 1002/ hep. 
510250228

https://doi.org/10.1007/s00330-014-3124-y
https://doi.org/10.1007/s00330-014-3124-y
https://doi.org/10.1016/S0016-5085(96)70070-7
https://doi.org/10.1016/S0016-5085(96)70070-7
https://doi.org/10.1148/radiol.14132592
https://doi.org/10.1148/radiol.14132592
https://doi.org/10.1007/s00535-013-0819-9
https://doi.org/10.1007/s00535-013-0819-9
https://doi.org/10.2214/AJR.17.19085
https://doi.org/10.2214/AJR.17.19085
https://doi.org/10.1148/radiol.13121360
https://doi.org/10.1148/radiol.13121360
https://doi.org/10.1007/s00330-019-06072-4
https://doi.org/10.1007/s00330-019-06072-4
https://doi.org/10.2214/AJR.17.19206
https://doi.org/10.2214/AJR.17.19206
https://doi.org/10.1097/SLA.0b013e318269d2ec
https://doi.org/10.1097/SLA.0b013e318269d2ec
https://doi.org/10.1097/00000658-199902000-00008
https://doi.org/10.1097/00000658-199902000-00008
https://doi.org/10.1002/hep.510250228
https://doi.org/10.1002/hep.510250228

