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Objectives

To explore whether T1 mapping parameters and the functional liver imaging score (FLIS) based on Gd-EOB-DTPA MRI could evaluate liver regeneration after hepatectomy for HCC patient.





Methods

This retrospective study finally included 60 HCC patients (48 men and 12 women, with a median age of 53 years). T1 relaxation time of liver before gadoxetic acid injection (T1pre) and during the hepatobiliary phase (T1HBP), reduction rate (Δ%) and FLIS were calculated, their correlations with liver fibrosis stage, hepatic steatosis, and liver regeneration, quantified as regeneration index (RI), were assessed by Kendall’s tau-b correlation test or Spearman’s correlation test. Multivariate linear regression analyses were used to explore the indicator of RI.





Results

T1pre, T1HBP, Δ%, and FLIS manifested significant correlation with fibrosis stage (r = 0.434, P =0.001; r = 0.546, P < 0.001; r = -0.356, P =0.005; r = -0.653, P <0.001, respectively). T1pre showed significant correction with steatosis grade (r = 0.415, P =0.001). Fibrosis stage and steatosis grade were associated with RI (r = -0.436, P<0.001; r = -0.338, P =0.008). Accordingly, T1pre, T1HBP and FLIS were the significant predictors (P<0.05) of RI in multivariate analysis. Similarly, in the patients undergoing minor hepatectomy (n=35), T1HBP, Δ% and FLIS were related to RI (P<0.05) in multivariate analysis. Nevertheless, in the patients undergoing major hepatectomy (n=25), no T1 mapping parameter and FLIS was the independent predictor of RI.





Conclusions

T1 mapping parameters and FLIS were the potential noninvasive indicators of liver regeneration, except for HCC patients undergoing major hepatectomy.





Clinical relevance statement

The value of T1 mapping and FLIS with Gd-EOB-DTPA MRI for accurate preoperative evaluation of liver regeneration is critical to prevent liver failure and improve prognosis of HCC patients.
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Highlights

	Accurate preoperative evaluation of liver regeneration is critical to prevent liver failure.

	T1 mapping parameters and FLIS were associated with fibrosis stage and liver regeneration.

	T1 mapping parameters and FLIS were the potential noninvasive indicators of liver regeneration for HCC patients.







Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignant tumor and the third leading cause of cancer-related death worldwide (1). Although liver regeneration could occur after the first-line curative treatment for HCC, i.e., surgical resection, liver impairment or injury may exceed its hyperplastic ability, leading to post-operative liver failure (2, 3). Hence, accurate preoperative evaluation of liver regeneration (LR) is critical to the prognosis assessment and clinical management.

Advanced liver fibrosis and fatty liver are closely associated with the poor capacity of LR (4, 5). Currently, liver biopsy, magnetic resonance elastography (MRE), shear wave elastography (SWE), Intravoxel incoherent motion (IVIM) diffusion-weighted imaging and texture analysis have been used for preoperative evaluation of liver fibrosis and hepatic steatosis. However, invasiveness, sampling error, interobserver variability, low stability, the need of specific equipment and field strength dependency limit their clinical application (6–10). Evidence has proved that the change in the cell function and histological characteristics, concentration of extracellular matrix proteins, and activation of hepatic stellate cells, accompanied with the progression of liver fibrosis, would result in the changes in T1 relaxation time in fibrotic tissues (11, 12). Besides, hepatic steatosis induces a mixture of water and fat, and the fat is generally out-of-phase with water. In out-of-phase mixture of water and fat, the signal is subtracted by the fat component, resulting in slow T1 recovery and longer T1 relaxation time (13, 14). Liver fibrosis could also alter the expression levels of organic anion transporting polypeptides (Oatps) and multidrug resistance associated protein (Mrp), leading to an increased T1 relaxation time of the liver parenchyma in hepatobiliary phase with Gd-EOB-DTPA-enhanced MR (15). The T1 mapping sequence based on Gd-EOB-DTPA-enhanced MR do not depend on the device itself and directly reflect the true T1 value of tissues, thus providing more reliable and less subjective quantitative evaluation of liver function (15). Previous studies (16, 17) have proven that these metrics derived from T1mapping of pre-contrast (T1pre) and 20-min hepatobiliary phase (T1HBP and T1 reduction rate) were suitable for detecting liver fibrosis(≥ F2)(T1pre: AUC, 0.70-0.89; T1HBP: AUC,0.86; T1 reduction rate;AUC,0.89), and these metrics were also significantly correlated with hepatic steatosis(T1pre: r=-0.695, P<0.001; T1HBP: r=0.263, P<0.046 and T1 reduction rate: r=-0.310, P=0.018). Meanwhile, a functional liver imaging score (FLIS) that takes into account three features of gadoxetic acid–enhanced MRI of the liver: enhancement quality, rate of biliary contrast excretion, and persistence of signal intensity in the portal vein, was also associated with the severity of diffuse liver disease, FLIS ≤ 3 and FLIS≥ 5 were the optimal cutoff for distinguish ALBI grade 3 (AUC, 0.974-0.994) and Child-Pugh A or diffuse liver disease (AUC, 0.93),respectively (18, 19). Hence, T1 mapping of pre-contrast, 20-min hepatobiliary phase and FLIS are essential for preoperative assessment of LR capacity.

According to the previous studies (7, 20, 21), the resected volume is of vital importance for LR, and the large resected volume with major hepatectomy may cause high regeneration indices, such as regeneration index (RI), and hide the importance of liver itself on liver regeneration. Thus, it is warrant to separate out the analysis for patients who had minor vs. major hepatectomies.

The aim of our study is to evaluate the capacity of LR by Gd-EOB-DTPA-enhanced T1 mapping and FLIS score in HCC patients, and go on subgroup analysis with the type of hepatectomy.





Materials and methods




Participants and data collection

This retrospective study was conducted in accordance with the ethical guidelines of the Declaration of Helsinki and was approved by the Institutional Review Board of Sichuan university, West China Hospital. Due to the retrospective nature, written informed consent was waived. A total of 224 pathological confirmed HCC patients, undergoing curative-intent hepatectomy and preoperative T1-mapping imaging examination derived from Gd-EOB-DTPA-enhanced magnetic resonance between September 2018 and May 2022, were consecutively recruited. The inclusion criteria were as follows: (1) patients were aged ≥18 years; (2) the time interval between preoperative T1-mapping imaging examination and hepatectomy was less than 4 weeks; (3) primary HCC without treatment; (4) have follow-up contrast-enhanced CT. Additionally, patients were excluded according to the following exclusion criteria (Figure 1): 1) received any anti-HCC treatments, such as hepatectomy, TACE, chemotherapy or radiofrequency ablation prior to hepatectomy, due to that anti-HCC treatment would cause uncertain impact on image quality, such as like signal interference and artifact, finally affecting the accuracy of imaging evaluation in liver parenchymal function. (n=10); 2) had diffuse recurrence or intrahepatic metastasis on follow-up computed tomography (CT) which would cause technical segmentation failure(n=18). The main reason was that the recurrent lesions and metastases spread throughout the liver parenchyma in patients with diffuse recurrence or intrahepatic metastasis, and it was difficult to segment hepatic parenchyma technically; 3) the time interval between hepatectomy and MR imaging was more than 4 weeks (n =11); 4) images with poor quality (e.g., severe artifact) that limited image evaluation (n=10); 5) no preoperative CT image from less than 4-weeks before hepatectomy (n=45); and 6) lacked follow-up contrast-enhanced CT in one year after hepatectomy (n=70). Finally, 60 patients with HCC were included in the final study cohort. Clinicopathologic variables, fibrosis stage confirmed by histological examination of a resected specimen (according to the METAVIR scoring system (22), F0-1 as no to mild fibrosis, F2 as significant fibrosis, F3 as advanced fibrosis, and F4 as cirrhosis), inflammation grade confirmed by histological examination of a resected specimen [according to the Scheuer scoring system (23)], steatosis grade confirmed by histological examination of a resected specimen [according to the amount of surface area of the parenchyma that was visually determined to be affected by steatosis (24), hepatic steatosis was divided into none (S0, < 5%), mild (S1, 5–33%), and moderate–severe (S2–3, > 33%)].




Figure 1 | Flow diagram of the study population. RI, regeneration index.







MR imaging

A 3.0-T MR system (Discovery MR 750w, GE Healthcare) with a 16-channel phased-array torso coil (GE Medical System) was used for MRI examinations. Every patient fast for 6-8 hours before MR imaging. Saturation method using adaptive recovery times for T1 mapping sequence (SMART1Map) was used for T1 mapping scan. The parameters were as follows: TE/TR/flip-angle: 1.64msec/3.3msec/50°, slice thickness 8.0 mm, slice gap 2 mm, FOV 40 × 36 cm2, matrix 192 × 128, NEX 1. T1 mapping was performed before and 20 min after injection of Gd-EOB-DTPA (0.025mmol/kg; Primovist; Bayer Pharma AG, Berlin, Germany), which was administered intravenously using a bolus injection at the injection rate of 1 mL/s and followed by a 20-mL saline flush. T1 mapping images were then transferred to a T1 mapping and quantitative dynamic contrast enhanced MRI software package (Omni-Kinetics, GE Healthcare). And Omni-Kinetics using the VFA method automatically generated T1 maps.





CT techniques

All patients underwent two multi-slice CT scan (preoperative CT and postoperative CT) by Revolution CT (GE Healthcare) or SOMATOM definition (Siemens). The scanning parameters were as follows: tube voltage: 100 kVp or 120 kVp, tube current: 200–450 mA, slice thickness: 1.5-5 mm, pitch: 0.992: 1, rotation speed: 0.5 s/rot, ASIR-V: 20%. All patients received an intravenous, nonionic contrast medium (iodine concentration, 300-370 mg/mL; volume, 1.5–2.0 ml/kg; contrast type, Iopromide Injection, Bayer Pharma AG) at a rate of 2-3 ml/s, and then a 20 mL saline was injected for the flush. The arterial phase and portal venous phases started at about 30-35 s and 60-75 s, respectively, after the contrast injection.





Imaging analysis

Two independent radiologists (LQ and YW), with 10 and 6 years of experience in abdominal imaging, blinded to the clinical data, laboratory tests, and histopathological results, reviewed all the T1 mapping images. T1 mapping was generated automatically inline based on a pixel-by-pixel fitting. The ROIs were kept in the same position before and after enhancement. According to the resection margin based on postoperative contrast-enhanced CT image, the section of largest future remnant liver parenchyma was selected to measure related relaxation values by referring to the HBP imaging, avoiding visible vessels and artifacts and maintaining a 0.5 cm distance to the surface of the liver. The mean T1 relaxation time for three ROIs was considered as the representative T1 relaxation time for the liver. Δ% refers to the reduction rate of T1 relaxation time, which was calculated as [(T1pre) – (T1HBP)]/(T1HBP) × 100%, where T1pre and T1HBP are the T1 relaxation time of the liver before and 20 min after gadoxetic acid injection. The mean value measured by the two radiologists was used for further statistical analysis. Additionally, the respective measures obtained by the two radiologists were used to determine inter-observer agreement expressed in terms of the intra-class correlation coefficient (ICC).

Two independent radiologists (SY and TZ), with 6 and 12 years of experience in abdominal imaging, blinded to the clinical data, laboratory tests, and histopathological results, reviewed all HBP–enhanced images. The radiologists assigned an FLIS to each patient independently. When the FLIS ranged from 0 to 6 points and was calculated by summing scores for liver parenchymal enhancement, biliary contrast excretion, and portal vein sign (18, 25):

	Enhancement quality score of 0, 1, or 2 compared the liver to right kidney uptake. A score of 0, 1, or 2 meant the liver was hypo-, iso-, or hyperintense, respectively, to the right kidney.

	Excretion quality score of 0, 1, or 2 was determined on the basis of the degree of contrast agent excretion into the biliary tract. A score of 0, 1, or 2 meant there was no biliary tract contrast excretion, excretion into peripheral intrahepatic bile ducts or the right and/or left hepatic duct(s), or excretion into the common hepatic duct, the common bile duct, or the duodenum, respectively.

	The portal vein sign quality score of 0, 1, or 2 was on the basis of the portal vein relative to liver parenchymal signal intensity. A score of 0, 1, or 2 meant the portal vein was hyper-, iso-, or hypointense to the liver parenchyma, respectively.







Preoperative CT liver volume

The liver evaluation software embedded on a post-processing workstation (uWs-CT, R005, United-Imaging Healthcare, Shanghai, China) was used for liver volume assessment based on preoperative contrast-enhanced CT. The entire liver parenchyma and vessels (mainly including the hepatic artery, portal vein, hepatic vein, and their main branches) were automatically extracted by this software. Manual corrections of liver contours were performed by an experienced radiologist (TZ) with 10 years of abdominal CT experience when necessary. Secondly, a straight line along the maximum diameter of the tumor was manually drawn by the above experienced radiologist, and the tumor was then semiautomatically segmented. The volume of the total functional liver (removing tumor volume and vessel volume) was automatically calculated and displayed. Besides, the above experienced radiologist drew a virtual curve along the surgical margin according to the postoperative CT image. Finally, the volume of the preoperative remnant liver (LVpre removing volume of vessels) was calculated automatically. The parenchymal hepatic resection rate (PHRR) (20) was calculated using the following equation:

	





Postoperative CT liver volume

Since the retrospective nature and there was no routine protocol for postoperative follow-up CT, the timing of follow-up CT was varied. The remnant liver volume often regenerates dramatically in the 6th month after hepatectomy. Accordingly, the follow-up portal phase CT images acquired closest to the 6th month after surgery were utilized to calculate the volume of the postoperative remnant liver (LVpost). As described previously, LVpost and major intrahepatic vessels were automatically extracted and manually corrected, and then the LVpost (after subtracting the volume of vessels) was automatically calculated. The regeneration index (RI) was calculated using the following equation:

	





Statistical analysis

Categorical variables were summarized as frequencies and proportions, while continuous variables were expressed as means with standard deviations or medians with interquartile ranges, depending on the distribution assessed by the Kolmogorov–Smirnov test. Independent sample t test or Mann–Whitney U test was used to assess the differences of baseline characteristics between patients undergoing minor or major hepatectomy for continuous variables, the chi-square test or Fisher’s exact test or Wilcoxon rank sum test was used for categorical variables. Correlations between baseline characteristics and RI were evaluated by Spearman’s correlation test. The relation between T1 mapping parameters and fibrosis stage, fibrosis stage and RI were assessed using Kendall’s tau-b correlation test. Multivariate linear regression analyses were used to find the factors related to RI, and only those parameters which had statistical significance (P<0.05) in Spearman’s correlation test were subsequently included in further multivariate regression analysis. VIF (Variance Inflation Factor) was used to evaluate multicollinearity between variables in multivariate analysis, and VIF >10 considered indicative of multicollinearity.

Intra-class correlation coefficient (ICC) with the two-way random method was used to check the interobserver agreement toward the diffusion parameters (values < 0.50 poor agreement, 0.51–0.75 moderate agreement, 0.76–0.90 good agreement, > 0.91 excellent agreement). PASS software was used to ensure robust sample size determination and power analysis in multiple linear regression. All statistical tests were performed using SPSS software (Version 26, IBM) and R software (Version 4.0.2). All P value less than 0.05 were considered significant.






Results




The baseline characteristics of the included patients

Finally, a total of 60 HCC patients (48 men and 12 women, with a median age of 53 years) were included in this study, and the sample size was in the adequate range for the study. The follow-up period from surgery to postoperative CT scans ranged from 1.5–11.5 months. LVpre, LVpost, PHRR and RI of all the patients were 729.18 ± 32.25, mL; 1022.29 ± 28.83, mL; 38.61 ± 2.40, %;50.84 ± 6.08, %, respectively. There were 25 patients receiving major hepatectomy, and the remaining patients (n=35) underwent minor hepatectomy. Compared with the patients undergoing major hepatectomy, these undergoing minor hepatectomy had higher LVpre (867.50 ± 201.31, mL VS. 535.54 ± 170.40.52, mL, P<0.001) and LVpost (1081.58 ± 197.61, mL VS. 939.28 ± 234.42, mL, P=0.014), lower PHRR (26.57 ± 12.35, % VS. 55.47 ± 11.22, %, P<0.001) and RI (27.91 ± 24.82, % VS. 82.94 ± 52.39, %, P<0.001). However, the other clinical characteristics were not significant different (all P>0.05)between the two subgroups. Detailed information about the baseline characteristics were summarized in Table 1.


Table 1 | Baseline characteristics of the included patients.



When considering T1 mapping parameters and FLIS, detailed values of T1pre (ms), T1HBP (ms), Δ% and FLIS of all the 60 patients included in the study was listed in Supplementary Table S1. The ICC value of the two radiologists for T1pre, T1HBP, Δ% and FLIS were 0.881 (95% CI, 0.808-0.927), 0.920 (95% CI, 0.895-0.936), 0.903 (95% CI, 0.889-0.918) and 0.933 (95% CI, 0.921-0.946) respectively. No significant difference of T1 mapping parameters and FLIS (all P>0.05) manifested between patients receiving minor and major hepatectomy (Table 2). Due to the excellent agreement in ICCs of FLIS, for simplicity, only the FLIS assessed by the more experienced radiologist 2 were used in the analyses.


Table 2 | Results of the univariate analysis of correlations between the regeneration index and preoperative variables.







The relations between T1 mapping parameters, FLIS and liver fibrosis

In all the patients, T1pre and T1HBP manifested a significant tendency of positive correlation with fibrosis stage (r = 0.434, P =0.001 and r = 0.546, P < 0.001, respectively, Figure 2A), and a significant tendency of negative correlation also showed between Δ% and fibrosis stage (r = -0.356, P =0.005, Figure 2A). FLIS also showed significant correlation with fibrosis stage (r = -0.653, P <0.001, Figure 2B). Meanwhile, T1pre, T1HBP, Δ% and FLIS also showed significant correlations with fibrosis stage (T1pre: r =0.442, P=0.008; T1HBP: r =0.600, P<0.001; Δ%: r =-0.433, P=0.009; FLIS, r =-0.579, P=0.001, Figures 3A, B) in the patients undergoing minor hepatectomy. While in the patients undergoing major hepatectomy, moderate correlation showed between T1pre and fibrosis stage (r = 0.408, P=0.043, Figure 4A), T1HBP and fibrosis stage (r = 0.440, P=0.028, Figure 4A), FLIS and fibrosis stage (r =-0.435, P=0.001, Figure 4B).




Figure 2 | The relation between T1 mapping parameters and fibrosis stage (A), FLIS and fibrosis stage (B), fibrosis stage and RI (C) in total patients. RI, regeneration index; T1pre, T1 relaxation time of the liver before gadoxetic acid injection; T1HBP, T1 relaxation time of the liver 20 min after gadoxetic acid injection; Δ%, the reduction rate of T1 relaxation time; FLIS a functional liver imaging score.






Figure 3 | The relation between T1 mapping parameters and fibrosis stage (A), FLIS and fibrosis stage (B), fibrosis stage and RI (C) in patients undergoing minor hepatectomy. RI, regeneration index; T1pre, T1 relaxation time of the liver before gadoxetic acid injection; T1HBP, T1 relaxation time of the liver 20 min after gadoxetic acid injection; Δ%, the reduction rate of T1 relaxation time; FLIS, a functional liver imaging score.







The relations between liver fibrosis and RI

In the total patients, fibrosis stage and RI manifested a statistically significant negative correlation (r = -0.436, P<0.001, Figure 2C). Besides, a significant correlation occurred between fibrosis stage and RI (r = -0.590, P<0.001, Figure 3C) in the patients undergoing minor hepatectomy. However, fibrosis stage did not show a significant negative correlation with RI (r =-0.368, P= 0.071, Figure 4C) in the patients undergoing major hepatectomy.




Figure 4 | The relation between T1 mapping parameters and fibrosis stage (A), FLIS and fibrosis stage (B), fibrosis stage and RI (C) in patients undergoing major hepatectomy. RI, regeneration index; T1pre, T1 relaxation time of the liver before gadoxetic acid injection; T1HBP, T1 relaxation time of the liver 20 min after gadoxetic acid injection; Δ%, the reduction rate of T1 relaxation time; FLIS, a functional liver imaging score.







The relations between T1 mapping parameters, FLIS and hepatic steatosis

Whether in the total patients or subgroups undergoing minor or major hepatectomy, T1pre manifested significant correlation with steatosis grade (total patients: r = 0.415, P =0.001, Supplementary Figure S1A; patients undergoing minor hepatectomy: r = 0.470, P =0.004, Supplementary Figure S2A; patients undergoing major hepatectomy: r = 0.413, P =0.040, Supplementary Figure S3A), however, T1HBP, Δ% and FLIS did not show significant correlation with steatosis grade (all P>0.05, Supplementary Figures S1–S3A, S1–S3B).





The relations between hepatic steatosis and RI

Whether in the total patients or subgroups undergoing minor hepatectomy, significant correlation was observed between steatosis grade and RI (total patients: r = -0.338, P =0.008, Supplementary Figure S1C; patients undergoing minor hepatectomy: r = -0.403, P =0.004, Supplementary Figure S2C). However, no statistically significant correlation was observed between steatosis grade and RI in the patients undergoing major hepatectomy (r = -0.188, P =0.369, Supplementary Figure S3C).





The relations between T1 mapping parameters and RI




Total patients

In the total patients, in addition to PHRR (r = 0.770, P<0.001), ALB (r = 0.316, P=0.014), type of partial hepatectomy (r = 0.671, P<0.001) and LVpre(r = -0.817, P<0.001), T1pre(r = -0.467, P<0.001), T1HBP(r = -0.592, P <0.026) and Δ% (r = 0.395, P = 0.002), FLIS (r = 0.300, P=0.020) were also identified as significant predictors of RI in spearman relation analysis (Table 2, Figure 5).




Figure 5 | Example of a 52-years old female patients with HCC. (A) The ROI placement of live parenchyma based on HBP, (B) the T1pre was 921.79 ms, (C) the T1HBP was 371.71 ms, and Δ% was 59.73%; (D)The signal intensity of liver parenchyma was isointense to the right kidney (triangle, score 1); (E) biliary contrast excreted into the common bile duct (dovetail arrow, score 2); (F) the portal vein (arrow) demonstrated hypointensity relative to thehepatic parenchyma (score 2), hence, the functional liver imaging score (FLIS) was 5; (G)The axial cross section image of the preoperative simulated surgical tangent; (H)The axial image of the actual remnant liver on the sixth month after surgery, and RI was 78.94%; (I) The fibrosis stage of lesion-free area was histopathologically proven to be F1 (original magnification, ×20); RI, regeneration index; T1pre, T1 relaxation time of the liver before gadoxetic acid injection; T1HBP, T1 relaxation time of the liver 20 min after gadoxetic acid injection; Δ%, The reduction rate of T1 relaxation time, FLIS, a functional liver imaging score.



Multicollinearity occurs If two variables with the strong intercorrelation were simultaneously included in multivariate analysis; hence, only one variable was included to avoid the occurrence of multicollinearity. Considering the strong intercorrelation between PHRR and LVpre (r= -0.785, P<0.001, Supplementary Figure S4A), PHRR and type of partial hepatectomy (r= 0.794, P<0.001, Supplementary Figure S4B), LVpre and type of partial hepatectomy (r= -0.785, P<0.001, Supplementary Figure S4C), T1pre and T1HBP(r= 0.485, P<0.001, Supplementary Figure S5A), T1HBP and Δ% (r= -0.834, P<0.001, Supplementary Figure S5C), FLIS and T1pre(r= -0.213, P=0.029, Supplementary Figure S5D), FLIS and T1HBP(r= -0.398, P<0.001, Supplementary Figure S5E), FLIS and Δ% (r=0.286, P=0.003, Supplementary Figure S5F). Accordingly, 9 independent models in multivariate analysis were tested (Model 1 included ALB, PHRR,T1pre and Δ%; Model 2 included ALB, PHRR and T1HBP; Model 3 included ALB, Type of partial hepatectomy, T1pre and Δ%; Model 4 included ALB, Type of partial hepatectomy and T1HBP; Model 5 included ALB, LVpre, T1pre and Δ%; Model 6 included ALB, LVpre and T1HBP; Model 7 included ALB, LVpre and FLIS; Model 8 included ALB, Type of partial hepatectomy and FLIS; Model 9 included ALB, PHRR and FLIS), Model 1 achieved the highest adjusted R2 of 0.594. T1pre, T1HBP and FLIS showed significantly negative or positive linear associations with RI in all the models (T1pre:Model 1, Standardized β = -0.346, P< 0.001; Model 3, Standardized β = -0.386, P<0.001; Model 5: Standardized β = -0.305, P=0.003; T1HBP: Model 2, Standardized β = -0.272, P=0.006; Model 4, Standardized β = -0.362, P<0.001; Model 6: Standardized β = -0.183, P= 0.005; FLIS: Model 7, Standardized β = 0.233, P=0.037; Model 8, Standardized β = 0.256, P=0.040; Model 9, Standardized β = 0.231, P=0.033, Table 3). The whole VIFs were under 10, and it meant that no multicollinearity occurred between variables in all the multivariate model.


Table 3 | Results of the multivariate linear regressions with RI as the dependent variable in total patients, in patients undergoing minor hepatectomy, and in patients undergoing major hepatectomy.







Patients undergoing minor or major hepatectomy

Similarly, considering the strong intercorrelation between PHRR and LVpre (r= -0.495, P=0.003, Supplementary Figure S6A), T1HBP and Δ% (r= 0.879, P<0.001, Supplementary Figure S6D), T1HBP and FLIS (r= -0.478, P=0.001, Supplementary Figure S6F), Δ% and FLIS (r=0.386, P=0.003, Supplementary Figure S6G) in patients undergoing minor hepatectomy, accordingly, 6 independent models in multivariate analysis were tested (Model 1 included PHRR, T1pre and T1HBP; Model 2 included PHRR, T1pre and Δ%; Model 3 included LVpre, T1pre and T1HBP, T1pre and Δ%; Model 4 included LVpre, T1pre and Δ%; Model 5 included LVpre, T1pre and FLIS; Model included PHRR, T1pre and FLIS), T1HBP, Δ% and FLIS still showed significantly negative or positive linear associations with RI in all the models (T1HBP: Model 1, Standardized β = -0.549, P< 0.001; Model 3, Standardized β = -0.510, P<0.001; Δ%:Model 2: Standardized β = 0.532,P<0.003; Model 4, Standardized β = 0.497, P=0.001; FLIS: Model 5, Standardized β = 0.029, P=0.017; Model 6, Standardized β = 0.349, P=0.017, Table 3). And all the VIFs were under 10.

Meanwhile, in consideration of the strong intercorrelation between PHRR and LVpre (r= -0.579, P=0.002, Supplementary Figure S7A), T1pre and T1HBP (r= 0.532, P=0.006, Supplementary Figure S7B) and T1HBP and Δ% (r= -0.821, P<0.001, Supplementary Figure S7D), T1HBP and FLIS(r= -0.340, P=0.028, Supplementary Figure S7F) in patients undergoing major hepatectomy, accordingly, 4 independent models in multivariate analysis were tested(Model 1 included ALB, PHRR and T1HBP; Model 2 included ALB, LVpre and T1HBP; Model 3 included ALB, LVpre, T1pre, Δ% and FLIS; Model 4 included ALB, PHRR, T1pre, Δ% and FLIS), however, no T1 mapping parameters and FLIS (all P >0.05)showed a significantly linear association with RI.







Discussion

This present study explored the utility of T1-mapping parameters of pre-contrast, 20-min hepatobiliary phase (HBP), FLIS for liver regeneration assessment in HCC patients undergoing hepatectomy. The results demonstrated that T1pre, T1HBP, Δ% and FLIS score were the significant preoperative biomarkers of liver regeneration whether in univariate or multivariable analysis. They may help optimize patient selection for hepatectomy, promote individualized therapy, and reduce the occurrence of potential complications. Meanwhile, T1 mapping parameters and FLIS were closely associated with the severity of liver fibrosis, which are of vital importance for LR assessment. Besides, T1pre was also related to the severity of steatosis. However, for patients undergoing major hepatectomy, although T1 mapping parameters and FLIS were still related to liver fibrosis, they were not effective indicators of liver regeneration.

In line with our study, the increase of T1 relaxation times (T1pre) before contrast injection correspond with the stage of hepatic fibrosis, due to the fact that the progression of hepatic fibrosis is believed to be accompanied with to an increase in extracellular water and protein concentration, finally leading to the increase the T1 relaxation time of liver parenchyma (11, 26, 27). Moreover, along with the increasing degree of fibrosis, disrupted architecture, aberrant hepatocyte regeneration, increased extracellular constituents, and vascular changes of liver parenchyma would cause a decreased number of normally functioning hepatocytes, a decreasing trend in Oatps level and an increasing trend in Mrps level with disturbed transporting system (28–30). The uptake of Gd-EOB-DTPA in hepatocytes occurs via Oatps expressed at the sinusoidal membrane, and its biliary excretion occurs via Mrps at the canalicular membrane (31). Accordingly, with the progression of liver fibrosis, the uptake of Gd-EOB-DTPA in hepatocytes would be in decrease and the secretion would be in increase due to the decreasing Oatps expression and the increasing Mrps expression, finally resulting in the significant increase of T1 relaxation times (T1HBP) and the significant decrease of signal enhancement of parenchyma after Gd-EOB-DTPA injection. Hence, FLIS score, based on the signal enhancement of liver parenchyma after Gd-EOB-DTPA injection, was reasonable to be in decrease due to the decreasing Oatps expression, further negatively associated with the stage of liver fibrosis. Δ%, which was calculated as [(T1pre) – (T1HBP)]/(T1HBP) × 100%, showed significantly negative relation with the stage of liver fibrosis in this study. This may be explained that T1pre increased by a lower degree than T1HBP in the progression of liver fibrosis, which have been found in Sheng’s study [32]. In line with our study, previous studies (32, 33) has also found that T1HBP was in an increasing trend while Δ% gradually decreased with the progression of liver fibrosis. Meanwhile, consistent with our study, steatosis grade had strong correlation with T1pre (17). The potential reason was that hepatic steatosis would induce a mixture of water and fat, the fat would be generally out-of-phase with water, and the MR signal would be subtracted by the fat component, resulting in longer T1 relaxation time (T1pre) (13, 14). However, compared with that Oatps expression was in decrease and Mrps expression was in increase due to liver fibrosis, hepatic steatosis was often along with the descending expression of Oatps and unchanged or even decreasing expression of Mrps (34, 35). Accordingly, the uptake of Gd-EOB-DTPA in hepatocytes would be in decrease and the secretion decelerated. Thus, the clearance rate of Gd-EOB-DTPA in hepatocytes due to hepatic steatosis was slower than that due to liver fibrosis, finally leading to that the increase of T1 relaxation times (T1HBP) and the decrease of signal enhancement of parenchyma after Gd-EOB-DTPA injection due to hepatic steatosis was by a lower degree than that due to liver fibrosis. This was the potential reason why T1HBP, Δ% and FLIS showed significant correlation with fibrosis stage but no statistical correlation with steatosis grade. Similar to our study, Yang et al. found only T1pre was significantly associated with liver steatosis at multiple regression analysis while T1HBP and Δ% was not. Moreover, consistent with our study, the severity of liver fibrosis was associated with the capacity of liver regeneration (36, 37). Fibrosis overrides liver regeneration through differential recruitment of pro-regenerative CXCR7-Id1 versus pro-fibrotic FGFR1-CXCR4 angiocrine pathways in vascular niche (38). When overstimulated, selective CXCR4 activation in liver sinusoidal endothelial cells could abrogate regeneration. Meanwhile, evidence (39) has also proven that liver fibrosis would cause the shortening of hepatocyte telomeres, leading to a decrease in the number of cell divisions of primary human cells, finally restraining liver regeneration. Besides, hepatic steatosis would cause lipid overloading, which is associated with endoplasmic reticulum stress and oxidative stress, leading to delayed hepatocyte DNA replication, finally resulting in the impair of liver regeneration (40). Hence, it is reasonable that T1 mapping parameters and FLIS are closely associated with liver regeneration. Although T1 mapping and FLIS on Gd-EOB-DTPA-enhanced MRI require the injection of contrast agent, reduced or absent hepatocyte function is the major pathophysiologic impairment in severely fibrotic and cirrhotic patients with low capacity of liver regeneration. T1 mapping on Gd-EOB-DTPA-enhanced MRI could directly reflect hepatocyte function through effectively assessing the ability of hepatocytes to uptake Gd-EOB-DTPA, while IVIM-DWI and MRE can only indirectly assess hepatocyte function by reflecting liver stiffness, the diffusion of water molecules and the liver blood perfusion (41). Hence, it is of pivotal importance for the use of T1 mapping parameters and FLIS based on Gd-EOB-DTPA-enhanced MRI in liver regeneration assessment for that it could directly reflect hepatocyte function. However, there is lack of direct comparisons whether T1 mapping on Gd-EOB-DTPA-enhanced MRI is superior over IVIM-DWI and MRE in the liver regeneration estimation, and it is warranted to go on comparison in the further study.

However, in the patients undergoing major hepatectomy, not only hepatic steatosis, liver fibrosis was also not associated with liver regeneration, which was in line with finding from Jang’s study (7). We hypothesize that the factors affecting hepatic function are of secondary importance for liver regeneration after a large liver resection (where the liver remnant is relatively small). Compared with minor hepatectomy, major hepatectomy often means the increase in the ratio of blood flow to the remnant liver and relatively more remnant liver cells, which is in need to preserve appropriate liver function and support the metabolic needs. These changes may lead to a greater concentration of cytokines and the more effective hepatic proliferation, finally promoting liver regeneration (2, 42). Accordingly, it is conceivable that although T1pre, T1HBP and FLIS showed moderate correlation with liver fibrosis stage, significant correlation was observed between T1pre and hepatic steatosis, no T1 mapping parameters and FLIS were related to liver regeneration in patients undergoing major hepatectomy.

All of T1 mapping parameters in present study were not associated with grading inflammation (The details are shown in Supplementary Table S2), which was not in line with previous study (27). It may be explained by that all the patients in present study were confirmed as HCC, their inflammation grade was more serious and the majority (90%) was in inflammation grade 2-3.

Larger PHRR are often accompanied with larger resection volume and smaller LVpre (20). Thus, there is reasonable intercorrelation between PHRR, LVpre and type of hepatectomy. PHRR, LVpre and the type of hepatectomy were associated with LR in previous studies (43, 44). Compared with PHRR, the type of hepatectomy and LVpre overlooked the considerable interpatient variability in the size of the various liver segments. And it may be the possible cause that the model including PHRR achieved the better adjusted R2 whether in the total patient or patient undergoing major or minor hepatectomy. In the present study, ALB was a relevant factor affecting liver regeneration, which was consistent with previous studies (21, 45). It is likely that liver fibrosis, accompanied by the damage of liver regeneration, could cause a reduction in normal hepatocytes, finally resulting in lower ALB levels (46).

This present study is based on saturation method using adaptive recovery times for T1 mapping sequence (SMART1Map), rather than modifed lock-locker inversion recovery (MOLLI). Compared with MOLLI, SMART1Map is less sensitive to imaging parameters, such as T2 times and magnetization transfer, does not require correction (47, 48). Therefore, T1 mapping parameters based on SAMRT1Map for liver regeneration assessment are more stable and reliable. Gadoxetic acid disodium is a liver specific contrast agent which has reported to achieve comparable diagnostic performance with extra cellular contrast agent but provided additional hepatobiliary phase (HBP). For liver regeneration assessment, T1HBP could reflect both water molecules in liver parenchyma, which could also be evaluated by T1pre, and Oatp1a1 level with disturbed transporting system, and Δ% were calculated as (T1pre-T1HBP)/T1pre × 100%. FLIS takes into account three features of gadoxetic acid–enhanced MRI of the liver: enhancement quality, rate of biliary contrast excretion, and persistence of signal intensity in the portal vein. Thus, it is reasonable for the existence of intercorrelation between T1pre and T1HBP, T1HBP and Δ%, T1pre and FLIS, T1HBP and FLIS, Δ% and FLIS.

When considering the potential clinical complication of T1 mapping parameters and FLIS score, they may serve as useful tips tools to inform a potential paradigm shift in treating HCC patients. Specifically, for HCC patients exhibiting higher T1pre and T1HBP values, coupled with lower Δ% and FLIS values, there is a greater tendency for them to have a higher degree of liver fibrosis and hepatic steatosis, a reduced capacity for liver regeneration, thereby increasing the likelihood of developing postoperative liver failure. These patients may be considered as more suitable candidates for alternative treatment approaches rather than upfront surgery. For instance, along with the higher T1pre and T1HBP values, coupled with lower Δ% and FLIS values, the progression of liver fibrosis and the decline of liver regeneration capacity could alter hepatic immune microenvironment, leading to the presence of tumor-infiltrating lymphocytes such as CD8+and CD4+T cells, and the upregulation of exhaustion markers such as PD-L1, and CTLA-4 (49, 50). Immune checkpoint inhibition, such as anti-CTLA-4 therapy and anti-PD-L1 therapy, may be new treatment option. Due to the relatively small sample size and the nature of exploratory research without uniform threshold to distinguish low regeneration capacity from high regeneration capacity, no threshold of T1 mapping parameters and FLIS score were explored to distinguish regeneration capacity and guide clinical interventions, and it is warranted in the further study.





Limitation

Our study has several limitations. Firstly, the relatively small size of the retrospective study population based on a single research institution limit the quality of evidence that no T1 mapping parameters and FLIS score were associated with liver regeneration for patients undergoing major hepatectomy. In the subsequent research, prospective studies with a larger sample based on multi-institution are warranted to further verify this tendency and provide higher quality evidence. In order to address the variability and ensure the reliability of the research, the standardize scanning protocols and standardized training for participating researchers would be used to reduce systemic errors and variability between different institution, and the influence of different institution would be taken into account as a covariate in statistical analysis. Secondly, due to the retrospective study, the non-uniform interval between postoperative CT image and surgery in the range of 1.5–11.5 months. In fact, due to that it is still unclear when regeneration is complete, the postoperative course of liver regeneration assessment was an inconsistent time such as 1–6 months (51). Besides, it has proven that the first week after surgery is the period with high speed in liver regeneration, and then the speed of regeneration slows down (52, 53). In our study, for patients undergoing multiple postoperative CT scan, the difference of RIs based on the multiple CT images ranged of 0.49%-19.55% (mean: 8.78%). Thus, the non-uniform interval between postoperative CT image and surgery in this present study was within limits of acceptability. A prospective study with uniform time interval for postoperative follow-up CT is warranted in the future. Thirdly, it is better to measure the preoperative volume using the immediate postsurgical CT. However, due to the respective nature, the patient usually underwent an abdominal plain CT scan after immediate hepatectomy. It is difficult to remove the hepatic portal vein, hepatic vein, and their main branches. Similar to previous studies (7, 20, 54), the present study used the previous CT image to calculate the preoperative volume, In the subsequent research, it is better to go on an immediate postsurgical measurement based on prospective nature. Besides, it is better to assess the fibrosis stage based on the preoperative remnant liver. However, it is unreasonable to go on liver biopsy of preoperative remnant liver, according to the previous study (7), surgical specimen was used for fibrosis stage assessment. In the subsequent prospective research, additional evaluation using US shear-wave elastography or acoustic radiation force impulse imaging can be done for liver fibrosis assessment. Finally, due to the retrospective nature, no comparison went on between T1 mapping with the alternative noninvasive methods included indocyanine green (ICG) clearance (55), MRE (7) and IVIM (56) for liver regeneration evaluation. In the subsequent research, alternative noninvasive methods for comparison are in need.





Conclusion

In conclusion, T1pre, T1HBP, Δ% values and FLIS score of Gd-EOB-DTPA-enhanced MRI could be noninvasive imaging indicators for liver regeneration assessment, expect for patients undergoing major hepatectomy.
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