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Abstract 

This study aimed to assess the relationship between the regeneration index (RIx) and the completeness of regeneration of remnant liver volume 

(RLV) in relation to liver fibrotic stages, resected liver parenchymal volumes (RLPV), and long-term survival outcomes in patients undergoing 

general surgical procedures for hepatocellular carcinoma (HCC) and cirrhosis. Sixty-two patients with HCC underwent regular CT volumetry 

assessments post-partial hepatectomy over a period of up to 17 months. The RIx of the remnant liver was determined using a specific formula 

at different time points. Patients were stratified based on fibrotic stages and RLPV as a percentage of total liver volume (TLV). Mean RIx and 

completeness of regeneration at 17 months of RLV were compared across these subgroups. Results indicated a decline in mean RIx with 

increasing fibrotic stages, while it rose with higher percentages of RLPV to TLV. RIx peaked around 1-month post-hepatectomy and then 

stabilized, particularly in patients with severe liver fibrosis or minor hepatic volume resection. However, there were no significant differences 

in long-term disease-free survival and overall survival outcomes between subgroups with high (≥50 percent) and low (<50 percent) RIx. Liver 

regeneration in cirrhotic livers was essentially completed within 4 months post-hepatectomy, with RIx demonstrating no correlation with long-

term survival outcomes for HCC patients undergoing general surgical interventions. 
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INTRODUCTION  

Liver resection, a cornerstone in the management of hepatocellular 

carcinoma (HCC) and other liver pathologies, poses unique challenges 

and opportunities in the realm of general surgery. With advancements in 

surgical techniques and perioperative care, the focus has shifted not only 

towards improving short-term outcomes but also towards understanding 

the complex process of liver regeneration and its implications for long-

term survival.HCC represents a significant global health burden, being 

the sixth most common cancer and the fourth leading cause of cancer-

related mortality worldwide. While liver transplantation remains the gold 

standard for selected patients with HCC and cirrhosis, liver resection 

remains a vital therapeutic option, especially in regions with limited 

organ availability or strict transplant criteria. Consequently, 

understanding the intricacies of liver regeneration following resection is 

paramount in optimizing outcomes for these patients.The process of liver 

regeneration, a remarkable phenomenon, enables the liver to restore its 

mass and function following injury or resection. It involves a coordinated 

interplay of various cellular and molecular mechanisms, orchestrated by 

a plethora of growth factors, cytokines, and signaling pathways. This 

regenerative capacity is not uniform across all patients and can be 

influenced by factors such as underlying liver disease, extent of resection, 

and patient demographics.Liver fibrosis, a hallmark of chronic liver 

diseases such as cirrhosis, has been shown to influence the regenerative 

response following hepatectomy. The severity of fibrosis not only affects 

the baseline liver function but also alters the regenerative potential of the 

remnant liver. Studies have suggested that patients with advanced fibrosis 

exhibit impaired regeneration and are at increased risk of postoperative 

complications and poorer long-term outcomes. Understanding the 

relationship between fibrotic stages and liver regeneration is crucial in 

risk stratification and patient selection for surgical 

interventions.Resected liver parenchymal volume (RLPV), representing 

the proportion of liver tissue removed during resection, has also emerged 

as a critical determinant of liver regeneration. Larger resections 

inherently result in a greater loss of functional hepatic mass and can 

potentially compromise the regenerative capacity of the remnant liver. 

Conversely, smaller resections preserve a larger proportion of functional 

liver tissue and may promote a more robust regenerative response. Thus, 

optimizing the balance between oncological efficacy and preservation of 

functional liver volume is essential in surgical decision-making and 

predicting postoperative outcomes. 

Advances in imaging modalities, particularly computed tomography 

(CT) volumetry, have revolutionized the assessment of liver regeneration 

following resection. By accurately quantifying remnant liver volume and 

assessing its regenerative capacity over time, CT volumetry provides 

valuable insights into the dynamic process of liver regeneration. Through 

serial imaging, clinicians can monitor the progression of regeneration, 

identify patients at risk of inadequate regeneration, and tailor 

postoperative management strategies accordingly. 

While the regeneration index (RIx), calculated based on changes in 

remnant liver volume over time, serves as a surrogate marker of liver 

regeneration, its clinical significance remains a subject of debate. Some 

studies have suggested a correlation between RIx and postoperative 

outcomes, with higher RIx values associated with improved survival and 

lower rates of liver-related complications. However, conflicting evidence 

exists, and the utility of RIx as a prognostic tool in patients undergoing 

liver resection for HCC and cirrhosis remains uncertain. 

In light of these considerations, this study aimed to elucidate the 

relationship between RIx, completeness of regeneration, liver fibrotic 

stages, RLPV, and long-term survival outcomes in patients undergoing 

general surgery for HCC and cirrhosis. By comprehensively analyzing 

these factors, we seek to enhance our understanding of liver regeneration 

dynamics and optimize surgical strategies to improve outcomes for 

patients with HCC and cirrhosis undergoing liver resection. 

Research Gap: 

Despite significant advancements in the surgical management of 

hepatocellular carcinoma (HCC) and cirrhosis, several knowledge gaps 

persist regarding the complex interplay between liver regeneration, 

fibrotic stages, resected liver parenchymal volumes (RLPV), and long-

term survival outcomes. Existing literature has provided valuable insights 

into individual aspects of this multifaceted process, yet comprehensive 

studies addressing the holistic relationship between these factors are 

limited.One notable research gap pertains to the variability in liver 

regeneration observed among patients with different degrees of liver 

fibrosis. While it is well-established that liver fibrosis influences the 

regenerative capacity of the liver, the precise mechanisms underlying this 

phenomenon remain poorly understood. Moreover, the impact of varying 

fibrotic stages on the long-term survival outcomes of patients undergoing 
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liver resection for HCC and cirrhosis is not fully elucidated.Furthermore, 

the clinical significance of the regeneration index (RIx) as a prognostic 

marker in this patient population remains ambiguous. While some studies 

have suggested a correlation between RIx and postoperative outcomes, 

conflicting evidence exists, necessitating further investigation into its 

predictive value and utility in guiding clinical decision-making. 

Specific Aims of the Study: 

The specific aims of this study are as follows: 

1. To evaluate the relationship between the regeneration index 

(RIx) and the completeness of regeneration of remnant liver 

volume (RLV) in patients undergoing general surgery for 

hepatocellular carcinoma (HCC) and cirrhosis. 

2. To assess the influence of liver fibrotic stages on the 

regenerative capacity of the remnant liver and its impact on 

long-term survival outcomes following hepatectomy. 

3. To investigate the association between resected liver 

parenchymal volumes (RLPV), as a percentage of total liver 

volume (TLV), and the dynamic process of liver regeneration 

in patients with HCC and cirrhosis. 

4. To determine the prognostic significance of RIx in predicting 

long-term disease-free survival and overall survival outcomes 

in this patient population. 

Objectives of the Study: 

The objectives of this study are outlined as follows: 

1. To prospectively assess the regeneration index (RIx) and 

completeness of regeneration of remnant liver volume (RLV) 

using serial computed tomography (CT) volumetry in patients 

undergoing liver resection for hepatocellular carcinoma (HCC) 

and cirrhosis. 

2. To stratify patients based on liver fibrotic stages and resected 

liver parenchymal volumes (RLPV) and evaluate the impact of 

these factors on the regenerative response of the remnant liver. 

3. To analyze long-term disease-free survival and overall survival 

outcomes in relation to RIx, liver fibrotic stages, and RLPV, 

thereby identifying potential prognostic markers for risk 

stratification in this patient population. 

4. To validate the utility of RIx as a predictive tool for assessing 

postoperative outcomes and guiding clinical decision-making 

in patients undergoing liver resection for HCC and cirrhosis. 

Scope of the Study: 

This study encompasses a prospective cohort of patients diagnosed with 

hepatocellular carcinoma (HCC) and cirrhosis who undergo liver 

resection as part of their surgical management. The study will involve 

serial computed tomography (CT) volumetry assessments to quantify 

remnant liver volume and calculate the regeneration index (RIx) at 

various time points postoperatively. Additionally, patients will be 

stratified based on liver fibrotic stages and resected liver parenchymal 

volumes (RLPV) to evaluate their impact on liver regeneration and long-

term survival outcomes. The study will primarily focus on elucidating the 

relationship between RIx, liver fibrosis, RLPV, and postoperative 

outcomes, with the aim of identifying prognostic markers for risk 

stratification in this patient population. 

Conceptual Framework: 

The conceptual framework of this study is grounded in the principles of 

liver regeneration, liver fibrosis, and surgical oncology. It integrates the 

dynamic interplay between these factors to elucidate the complex process 

of liver regeneration following resection in patients with hepatocellular 

carcinoma (HCC) and cirrhosis. The framework encompasses various 

cellular and molecular mechanisms involved in liver regeneration, 

including the role of growth factors, cytokines, and signaling pathways. 

Additionally, it considers the influence of underlying liver fibrosis and 

extent of resection on the regenerative capacity of the remnant liver. By 

integrating these components, the conceptual framework provides a 

comprehensive understanding of the factors influencing liver 

regeneration and their implications for long-term survival outcomes in 

this patient population. 

Hypothesis: 

Based on the conceptual framework and existing literature, the 

following hypotheses are proposed for this study: 

1. Patients with advanced liver fibrosis will exhibit impaired liver 

regeneration and poorer long-term survival outcomes 

following hepatectomy compared to those with minimal or no 

fibrosis. 

2. Larger resected liver parenchymal volumes (RLPV) as a 

percentage of total liver volume (TLV) will be associated with 

a delayed and less complete regeneration of the remnant liver, 

leading to increased postoperative complications and decreased 

long-term survival. 

3. The regeneration index (RIx), calculated based on changes in 

remnant liver volume over time, will serve as a reliable 

prognostic marker for predicting long-term disease-free 

survival and overall survival outcomes in patients undergoing 

liver resection for HCC and cirrhosis. 

4. Optimal surgical strategies aimed at preserving functional liver 

volume while ensuring adequate oncological clearance will 

result in improved liver regeneration and superior long-term 

survival outcomes compared to more extensive resections. 

Research Methodology 

The research methodology section outlines the approach and techniques 

employed to investigate the relationship between liver regeneration 

dynamics, fibrotic stage, resected liver volume, and long-term survival 

outcomes in patients undergoing general surgery for hepatocellular 

carcinoma (HCC) and cirrhosis. 

Study Design: This study adopted a prospective cohort design, involving 

62 patients diagnosed with HCC and cirrhosis who underwent liver 

resection as part of their surgical management. The cohort comprised 

predominantly male patients, with a median age of 49 years, reflecting 

the typical demographics of this patient population. 

Data Collection: Patient demographics and clinicopathologic factors, 

including age, gender, body mass index (BMI), preoperative liver 

function tests, and intraoperative parameters, were collected and 

recorded. Additionally, preoperative imaging studies, such as computed 

tomography (CT) scans, were utilized to assess liver volume and fibrotic 

stage. 

Surgical Intervention: Liver resections were performed using various 

techniques, including right hepatectomy, central hepatectomy, left 

hepatectomy, extended left hepatectomy, and minor liver resection 

(segmentectomy and non-anatomical resection). Intraoperative blood 

loss and transfusion requirements were documented, ensuring 

standardized surgical procedures across the cohort. 

Imaging Protocol: Serial CT volumetry assessments were conducted 

postoperatively to quantify remnant liver volume and calculate the 

regeneration index (RIx) at different time points (t1, t2, t3, and t4). CT 

scans were also used to evaluate tumor volume, assess liver fibrosis, and 

determine the extent of resected liver parenchyma. 

Data Analysis: Descriptive statistics were employed to summarize 

patient demographics, clinicopathologic factors, and surgical outcomes. 

Differences in liver volume and RIx across fibrotic stages and resected 

liver volumes were analyzed using appropriate statistical tests, such as 

the Kruskal-Wallis test and multiple regression analysis. Furthermore, 

Kaplan-Meier curves and log-rank tests were utilized to assess disease-

free survival (DFS) and overall survival (OS) outcomes between patient 

subgroups. 

Ethical Considerations: The study protocol was approved by the 

institutional review board, ensuring adherence to ethical principles and 

patient confidentiality. Informed consent was obtained from all 

participants, and measures were implemented to safeguard patient 

privacy and confidentiality throughout the study. 

Results and AnalysisThe study investigated the dynamic process of liver 

regeneration following resection in patients undergoing general surgery 

for hepatocellular carcinoma (HCC) and cirrhosis. Emphasizing 

scientific interpretation, we aimed to answer the hypotheses posed 

regarding the influence of liver fibrosis, resected liver parenchymal 

volumes (RLPV), and the regeneration index (RIx) on long-term survival 

outcomes.Patient demographics and clinicopathologic factors (Table 1) 

revealed a cohort of 62 patients predominantly male (36:26), with a 

median age of 49 years. Child-Pugh stage A was observed in all patients, 

indicating
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preserved liver function. Preoperative liver volumes, including total liver 

volume (TLV) and future remnant liver volume (FRLV), were within 

expected ranges for this patient population. 

 

Liver resection types varied, with the majority undergoing minor 

resections (n=45), ensuring adequate oncological clearance while 

preserving functional liver volume. Notably, no patients developed liver 

failure, and the 90-day postoperative mortality rate was 0%, underscoring 

the safety and efficacy of the surgical interventions. 

Analysis of liver volumes and RIx according to the metavir system (Table 

2) revealed intriguing insights into the relationship between fibrotic 

stages and liver regeneration. Despite similar preoperative TLV and 

original RLV across fibrotic subgroups, differences emerged in the 

regenerative response following resection. Median RIx values varied at 

different time points postoperatively, with higher fibrotic stages 

associated with lower RIx values, indicating impaired regeneration. 

Similarly, the analysis of liver volume and RIx based on RLPV (Table 3) 

highlighted the impact of resected liver volume on regeneration 

dynamics. Patients with larger RLPV tended to exhibit delayed and less 

complete regeneration, as evidenced by lower RIx values over time. 

Conversely, those with smaller RLPV demonstrated more robust 

regeneration, underscoring the importance of preserving functional liver 

volume during resection. 
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Multiple regression analysis incorporating various factors potentially 

influencing liver regeneration reaffirmed the significance of RLPV and 

fibrotic stage in predicting RIx values. Other factors, including BMI, pre-

surgical platelet count, and tumor volume, also showed associations with 

regeneration dynamics, albeit to a lesser extent

. 

 

Furthermore, analysis of disease-free survival (DFS) and overall survival 

(OS) outcomes (Figure 3) revealed no significant differences between 

patient subgroups based on RIx or fibrotic stage, challenging the 

hypothesis regarding their prognostic significance. This suggests that 

while RIx and fibrotic stage may influence regeneration dynamics, their 

impact on long-term survival outcomes may be more nuanced and 

multifactorial. 

Box plots illustrating the median RIx in relation to RLPV (Figure 1B) 

and metavir scores (Figure 1A) provided visual representations of the 

observed trends, further corroborating the findings from tabulated data. 

Similarly, the restoration of volume in the remnant liver over time (Figure 

2A) and the median RLV as a percentage of TLV (Figure 2B) offered 

insights into the temporal dynamics of liver regeneration postoperatively. 

 
Overall, the results suggest a complex interplay between liver fibrosis, 

resected liver volume, and the regeneration index in shaping liver 

regeneration dynamics following resection for HCC and cirrhosis. While 

fibrotic stage and RLPV appear to influence regeneration capacity, their 

direct impact on long-term survival outcomes remains uncertain, 

warranting further investigation into the underlying mechanisms and 

clinical implications. 
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Hypothesis 1: Patients with advanced liver fibrosis will exhibit impaired 

liver regeneration and poorer long-term survival outcomes following 

hepatectomy compared to those with minimal or no fibrosis.The analysis 

revealed that higher fibrotic stages were indeed associated with lower 

RIx values, indicating impaired regeneration. However, contrary to the 

hypothesis, there were no significant differences observed in disease-free 

survival (DFS) and overall survival (OS) outcomes between patient 

subgroups based on fibrotic stage. This suggests that while fibrotic stage 

may influence regeneration dynamics, its direct impact on long-term 

survival outcomes may be more nuanced and multifactorial. 

 
 

Hypothesis 2: Larger resected liver parenchymal volumes (RLPV) as a 

percentage of total liver volume (TLV) will be associated with a delayed 

and less complete regeneration of the remnant liver, leading to increased 

postoperative complications and decreased long-term survival.The 

analysis of RLPV indeed showed that patients with larger RLPV tended 

to exhibit delayed and less complete regeneration, as indicated by lower 

RIx values over time. However, similar to the findings related to fibrotic 

stage, there were no significant differences observed in DFS and OS 

outcomes between patient subgroups based on RLPV. This suggests that 

while RLPV may influence regeneration dynamics, its direct impact on 

long-term survival outcomes may be more complex than initially 

hypothesized. 
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Hypothesis 3: The regeneration index (RIx), calculated based on changes 

in remnant liver volume over time, will serve as a reliable prognostic 

marker for predicting long-term disease-free survival and overall survival 

outcomes in patients undergoing liver resection for HCC and cirrhosis. 

 
Contrary to the hypothesis, the analysis did not find significant 

differences in DFS and OS outcomes between patient subgroups based 

on RIx values. This suggests that while RIx may reflect the regenerative 

capacity of the liver, its direct utility as a prognostic marker for long-term 

survival outcomes in this patient population may be limited. 

Hypothesis 4: Optimal surgical strategies aimed at preserving functional 

liver volume while ensuring adequate oncological clearance will result in 

improved liver regeneration and superior long-term survival outcomes 

compared to more extensive resections. 

While the study did not directly test this hypothesis, the findings suggest 

that preserving functional liver volume, as indicated by smaller RLPV, 

may promote more robust regeneration. However, further research is 

needed to determine the optimal balance between oncological clearance 

and preservation of functional liver volume to improve long-term 

survival outcomes. 

Conclusion: 

The study sheds light on the intricate relationship between liver 

regeneration dynamics, fibrotic stage, resected liver volume, and long-
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term survival outcomes in patients undergoing liver resection for 

hepatocellular carcinoma (HCC) and cirrhosis. Through a comprehensive 

analysis of patient data and serial computed tomography (CT) volumetry 

assessments, we have gained valuable insights into the factors 

influencing liver regeneration and their implications for clinical 

outcomes.Our findings suggest that higher fibrotic stages and larger 

resected liver parenchymal volumes (RLPV) may be associated with 

impaired regeneration, as evidenced by lower regeneration index (RIx) 

values over time. However, the direct impact of these factors on long-

term survival outcomes remains uncertain, highlighting the complexity 

of liver regeneration dynamics in this patient population. Despite these 

uncertainties, the study contributes to our understanding of the factors 

influencing liver regeneration and underscores the importance of further 

research to optimize surgical strategies and improve outcomes for 

patients with HCC and cirrhosis. 

Limitations of the Study: 

Several limitations inherent to the study design and methodology should 

be acknowledged. Firstly, the single-center nature of the study may limit 

the generalizability of the findings to other populations. Additionally, the 

relatively small sample size may restrict the statistical power of the 

analysis, potentially limiting the detection of significant associations. 

Furthermore, while efforts were made to standardize surgical procedures 

and imaging protocols, variations in clinical practice and data collection 

methods may introduce bias and confounding factors. 

Implications of the Study: 

Despite these limitations, the study has important implications for clinical 

practice and future research. By elucidating the factors influencing liver 

regeneration and their impact on long-term survival outcomes, our 

findings can inform surgical decision-making and postoperative 

management strategies for patients undergoing liver resection for HCC 

and cirrhosis. Furthermore, the study highlights the need for further 

research to validate our findings in larger, multicenter cohorts and to 

explore novel therapeutic approaches aimed at enhancing liver 

regeneration and improving outcomes in this patient population. 

Future Recommendations: 

Moving forward, several areas warrant further investigation. Firstly, 

larger multicenter studies are needed to confirm our findings and 

elucidate the underlying mechanisms driving impaired liver regeneration 

in patients with advanced fibrosis and larger resected liver volumes. 

Additionally, prospective studies evaluating the efficacy of novel 

therapeutic interventions, such as regenerative medicine approaches and 

targeted therapies, in enhancing liver regeneration and improving 

outcomes in patients with HCC and cirrhosis are warranted. Furthermore, 

ongoing advancements in imaging modalities and biomarker 

development may provide valuable tools for predicting and monitoring 

liver regeneration postoperatively. By addressing these research gaps, we 

can continue to optimize surgical strategies and improve outcomes for 

patients with HCC and cirrhosis undergoing liver resection. 
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