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Abstract
BACKGROUND
The only potential curative treatment for patients with pancreatic cancer is surgery; however, the prognosis remains poor. Measures of body composition based on computed tomography (CT) have been established as a reliable predictor of the prognosis of cancer patients after surgery.

AIM
To elucidate the associations of body composition measures derived from preoperative CT scans with the prognosis of patients with pancreatic cancer.

METHODS
One hundred fifteen patients undergoing pancreatic resection with curative intent for pancreatic cancer were retrospectively enrolled. A preoperative CT scan at the third lumbar vertebral level was performed to measure the skeletal muscle index (SMI), mean skeletal muscle radiodensity, subcutaneous adipose tissue index, and visceral to subcutaneous adipose tissue area ratio. The clinical and pathological data were collected. The effects of these factors on long-term survival were evaluated.

RESULTS
Among the five body composition measures, only low SMI independently predicted overall survival (OS) [hazard ratio (HR): 2.307; 95% confidence interval (CI): 1.210-4.402] and recurrence-free survival (HR: 1.907; 95%CI: 1.147-3.171). Furthermore, patients with low SMI (vs high SMI) were older (68.8 ± 9.3 years vs 63.3 ± 8.4 years); low SMI was present in 27 of 56 patients (48.2%) aged 65 years and older and in 11 of 59 younger patients (18.6%). In addition, subgroup analyses revealed that the correlation between low SMI and OS was observed only in patients aged 65 years and older.

CONCLUSION
Low preoperative SMI was more prevalent in elderly patients and was associated with a poor prognosis among pancreatic cancer patients, especially elderly patients.
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Core Tip: Measures of body composition have been regarded as a reliable prognostic predictor for cancer patients after surgery, but further research is needed. In this study, we showed that low preoperative skeletal muscle index (SMI) potentially predicts the prognosis of pancreatic cancer patients. We also revealed that low SMI was more prevalent in elderly patients and was associated with a poor prognosis among elderly patients after pancreatic cancer resection.

INTRODUCTION
Pancreatic cancer is among the most aggressive malignancies, representing one of the leading causes of cancer-related deaths worldwide[1,2]. The only potential curative treatment modality for patients with pancreatic cancer currently available is surgery. However, approximately 80% of patients are estimated to present with either unresectable or metastatic disease at the time of the first admission[3]. In addition, the prognosis remains poor even for the small subset of patients with a localized, resectable tumor, with only 20% surviving for 5 years following surgery[4]. In this context, multiple factors, such as the tumor status, administration of adjuvant chemotherapy, and surgical radicality, have been recognized as tumor-related prognostic factors. Therefore, the characterization of these prognostic factors may help stratify patients for better individualized treatment and improve long-term survival outcomes.
According to the literature, body mass index (BMI) calculated from height and weight is a valuable indicator of body size. Recently, the relationship between obesity and pancreatic cancer has been extensively studied[5]. Data derived from clinical trials and meta-analyses have consistently shown that obesity (BMI > 25 kg/m2) is associated with poor survival outcomes, but some studies have reported inconsistent associations with overweight or lower levels of obesity[6-8]. This discrepancy may be explained by the fact that BMI measures the relation of weight to height without assessing individual components of the body, such as muscle and adipose tissue, or components of weight with differing associations with survival.
Currently, a paucity of studies have explored measures of body composition mainly in patients with resectable pancreatic cancer[9-11]. Sarcopenia, an age-dependent decrease in skeletal muscle volume, was initially described in 1989[12]. Based on the recent consensus from the European Working Group on Sarcopenia in Older People and the Asian Working Group for Sarcopenia, computed tomography (CT) imaging at the level of the third lumbar vertebra is an effective imaging modality for the clinical detection of sarcopenia[13,14]. Several previous studies have documented that sarcopenia, which is mainly established by the presence of low muscle quantity and quality, is significantly associated with a poor prognosis for advanced pancreatic cancer patients[15-20].
Furthermore, numerous epidemiological and fundamental studies have provided evidence to support a possible link between obesity and pancreatic cancer[8,21,22]. Measures of body composition reflecting obesity, including visceral obesity [namely, a high visceral adipose tissue index (VATI)] and low skeletal muscle radiodensity (SMD) (a measure of muscle quality indicative of adipose tissue deposition in muscle fibers and reduced function), have been established as useful prognostic indicators[9-11,23]. Sarcopenia was recently identified as an independent prognostic factor, especially for elderly patients with esophageal cancer[24]. However, at present, no similar studies have been performed in patients with resectable pancreatic cancer. Therefore, we examined associations between cancer prognosis and the measures of body composition, including muscle mass, muscle radiodensity, and adiposity, in a retrospective cohort. Specifically, we analyzed the effects of measures of body composition on the prognosis of patients in different age groups.

MATERIALS AND METHODS
Patient selection and data collection
A retrospective review was performed on the records from all patients who underwent pancreatectomy for resectable pancreatic ductal adenocarcinoma (PDAC) at a single institution from January 2015 to December 2019. Patients with abdominal CT scans captured within 1 wk before surgery that were available for analysis were included. Patients who had a history of abdominal surgery were excluded from the study. A total of 115 patients were finally enrolled in this study. Preoperative demographics, body weight, height, and laboratory data, including leukocytes, neutrophils, lymphocytes, platelets, albumin, and carbohydrate antigen 19-9 levels, were obtained from the electronic media database. Systemic inflammatory indicators were defined as follows: neutrophil-lymphocyte ratio (absolute neutrophil count divided by absolute lymphocyte count), platelet-to-lymphocyte ratio (absolute platelet count divided by absolute lymphocyte count), and systemic immune-inflammation index (SIII, platelet count × neutrophil-lymphocyte ratio). Tumor size, tumor location, pathological TNM staging (according to AJCC 8th edition), tumor differentiation grade, presence of perineural invasion, status of the resection margin, lymph node metastasis, and adjuvant chemotherapy were also recorded for analysis. This study was approved by the Institutional Review Board of Huadong Hospital Affiliated to Fudan University.

CT-based body composition assessment
Cross-sectional CT images of the third lumbar vertebra were analyzed using Slice-O-Matic software (v.5. Tomovision, Montreal, Quebec, Canada)[17,25]. In detail, various body composition parameters were measured, including subcutaneous adipose tissue area, visceral adipose tissue area, and skeletal muscle area. The following tissue Hounsfield unit (HU) thresholds were employed: -190 to -30 for subcutaneous adipose tissue, -150 to -50 for visceral adipose tissue, and -29 to 150 for skeletal muscle. As described previously, the body composition evaluation included the subcutaneous adipose tissue index (SATI), VATI, and skeletal muscle index (SMI), which were named and calculated from subcutaneous adipose tissue area, visceral adipose tissue area, and skeletal muscle area divided by height in meters squared (cm2/m2), respectively[9]. The visceral to subcutaneous adipose tissue area ratio (VSR) was calculated to assess the abdominal adipose tissue distribution, and skeletal muscle radiodensity was measured from the mean CT value (HU) of the whole skeletal muscle area to assess muscle quality. This procedure was performed by two experienced investigators who were blinded to the clinical characteristics of the participants.

Cutoff values and classification settings
Based on the considerable differences in body composition between sexes, sex-specific cutoff values were established using receiver operating characteristic curves for each body composition parameter[10,26]. The cutoff values were selected based on the best accuracy of 1-year mortality; thus, the cutoff value for SMI (cm2/m2) in males was 45.16 [area under the curve (AUC) = 0.650] and 34.65 (AUC = 0.698) in females. The cutoff values for mean muscle radiodensity (HU) in males and females were 35.8 (AUC = 0.538) and 30.47 (AUC = 0.793), respectively. The SMI and mean muscle radiodensity cutoff points possessing the maximum absolute value of the log-rank statistic were used to establish the incidence of low SMI and low SMD. In addition, the cutoff values were 0.86 (AUC = 0.574) and 1.06 (AUC = 0.639) for the VSR, 28.70 (AUC = 0.639) and 49.72 (AUC = 0.691) for the VATI (cm2/m2), and 43.99 (AUC = 0.599) and 48.76 (AUC = 0.635) for the SATI (cm2/m2) in males and females, respectively. The classifications of underweight, normal weight, and obesity were based on definitions applied to Asian populations[9]. The analyses were performed using the following BMI categories: < 20.0 kg/m2, underweight; 20.0-24.9 kg/m2, normal weight; and ≥ 25.0 kg/m2, obese. According to the World Health Organization, 65 years was the established cutoff to define people as elderly[27].

Statistical analysis
Patient characteristics were summarized as counts and percentages for categorical variables and means and standard deviations for continuous variables. Differences in variables between groups were analyzed using Pearson’s χ2 test for categorical variables or the independent t test for continuous variables. Overall survival (OS) was defined as the interval from the first diagnosis until death, and recurrence-free survival (RFS) was calculated from the date of surgery to the date of recurrence or metastasis. Cumulative OS and RFS were estimated using the Kaplan-Meier method, and differences between groups were calculated using the log-rank test. The optimal high vs low values of inflammatory indicators were defined by examining a grid of cutoff values and choosing the cutoff value with the lowest -2 log-likelihood[28]. The effects of body composition parameters and clinicopathological factors on OS or RFS were evaluated using a Cox proportional hazards model. All variables with P < 0.05 in the univariate analysis were included in the multivariate analysis. The results were presented as hazard ratios (HRs) with 95% confidence intervals (CIs). All statistical analyses were conducted using SPSS (SPSS 25.0, IBM Inc., Chicago, IL, United States) and GraphPad Prism (GraphPad Software 8.0.1, San Diego, CA, United States). P values < 0.05 were considered statistically significant.

RESULTS
Demographic characteristics of the patients
The clinicopathological characteristics of the 115 enrolled patients were summarized (Table 1). According to the sex-specific cutoff values, 38 (33.3%) patients were characterized by low SMI, whereas 26 (22.6%) patients were characterized by low SMD. Patients with low SMI were older, more likely to be male, had poorly differentiated carcinoma, and had a tumor located in the pancreatic head compared to those with high SMI. Additionally, patients with low SMI more frequently had lower albumin levels. In addition, an older age and perineural invasion were highly predominant among patients with low SMD. Notably, we observed that neither SMI nor SMD was significantly associated with the TNM stage or indicators of systemic inflammation, such as the neutrophil-lymphocyte ratio, platelet-to-lymphocyte ratio, and SIII.

Prognostic value of body composition for patients with resectable pancreatic cancer
First, the prognostic value of the widely used measurement BMI was assessed. Both obesity and underweight were related to a worse prognosis for pancreatic cancer patients than normal weight; however, a significant difference in survival was not observed between the obese and underweight groups (Supplementary Figure 1). Notably, two normal weight patients with similar BMIs showed rather different body composition parameters from CT-based measurements, including SMI, SMD, VATI, SATI, and VSR (Figure 1). These findings indicated that BMI may not be an appropriate indicator to assess the correlation between body composition and the prognosis. Thus, the correlation between body composition parameters based on CT scans and the survival prognosis was further evaluated. Patients with low preoperative SMI and low SMD experienced a shorter OS than those with high SMI (P < 0.001; Figure 2A) and high SMD (P = 0.006; Figure 2B). Shorter RFS was also observed among patients with low SMI (P = 0.021; Figure 2C) but not among those with low SMD (P = 0.119; Figure 2D). Meanwhile, high VATI, high SATI, and high VSR were not related to either poor OS or RFS outcomes (Supplementary Figure 2).

Risk factors for mortality and tumor recurrence after resection
In the univariate risk analysis of factors associated with mortality (Table 2), low SMI, low SMD, high carbohydrate antigen 19-9 levels, high platelet-to-lymphocyte ratio, high SIII, lymph node metastasis, and absence of adjuvant chemotherapy were identified as risk factors for mortality after tumor resection. Remarkably, low SMI remained an independent risk factor for mortality in the multivariate analysis (HR: 2.307; 95%CI: 1.210-4.402; P = 0.011), indicating that a low muscle quantity was a significant risk factor for mortality. We also observed higher mortality among patients with low SMD, although this finding was not significant (HR: 2.093; 95%CI: 1.000-4.379; P = 0.050).
Furthermore, low SMI, lymph node metastasis, and high SIII, but not low SMD, were identified as risk factors based on the univariate analysis of risk factors associated with RFS (Table 3). The multivariate analysis showed that low SMI continued to be independently associated with tumor recurrence (HR: 1.907; 95%CI: 1.147-3.171; P = 0.013).

Effects of body composition on mortality and recurrence among elderly patients
A significant difference in age was observed between the groups with and without low SMI or SMD. We performed subgroup analyses based on age and body composition to further elucidate the potential effect of body composition on the prognosis of elderly patients with PDAC. First, we identified that 48.2% (n = 27) of elderly patients and 18.6% (n = 11) of young patients were characterized by low SMI. In addition, 35.7% (n = 20) of elderly patients and 10.2% (n = 6) of young patients were identified as having low SMD. Compared to young patients, a larger proportion of patients aged 65 years and older had a low SMI or SMD. Moreover, among elderly patients, the presence of low SMI was associated with a significantly decreased OS compared with those with high SMI (P = 0.005; Figure 3A). Furthermore, an almost comparable OS was observed between groups with a high and low SMI among patients younger than 65 years (P = 0.432; Figure 3B). Meanwhile, among the different age groups, the OS and RFS rates in the low SMD group did not differ significantly from those in the high SMD group (P = 0.110 and P = 0.320, respectively; Figure 3C and D). These findings indicated that a low preoperative SMI was more prevalent in elderly patients and was associated with a poor prognosis among pancreatic cancer patients, especially elderly patients.

DISCUSSION
In this retrospective study, we assessed preoperative body composition measures from clinically acquired CT scans and comprehensively analyzed the effects of these measures on mortality and cancer recurrence in our single cohort of patients undergoing surgical resection for PDAC. Our findings revealed that low SMI was highly prevalent and associated with a significantly increased risk of death and cancer recurrence among pancreatic cancer patients. We also identified that elderly patients exhibited a higher risk of low SMI than younger patients. Based on the results of the subgroup analysis of mortality and recurrence stratified by age, we noted that low SMI was a valuable predictor of mortality, specifically in the elderly patient subgroup. Thus, prognostic measures may be easily integrated into routine clinical care using new software to generate a highly accurate measure of SMI from clinically collected CT scans.
Results from our cohort and some other cohorts of patients with resectable pancreatic cancer indicated that elderly patients are more vulnerable to sarcopenia (usually defined by a low SMI) than young patients[15,23,29]. Most experts believe that age-related sarcopenia is an inevitable part of aging[30]. The aging-related denervation process exerts a strong effect on quantitative changes in muscle, such as loss of muscle fibers and atrophy, and qualitative changes in muscle affecting protein function, the repair process, and coordinated contractility and resilience to stress, leading to a loss of muscle volume and function in older age[31]. However, our results were inconsistent with some findings from previous studies that no significant difference in age was observed between the subgroups with and without sarcopenia[10,32]. This difference may be attributed to the cutoff values used for low SMI. In addition, the cutoff value for sarcopenia in previous studies that showed between-cohort age-related differences were considerably lower than the corresponding value in studies that did not show any significant difference in age between sarcopenia and non-sarcopenia cohorts. Currently, no established consensus value is available for CT-based sarcopenia (namely, low SMI) in Asian populations. Therefore, more large-scale studies are needed in the future to establish a consensus cutoff value for sarcopenia in Asian populations and confirm these observations.
We further identified that low preoperative SMI was an independent prognostic factor for mortality and cancer recurrence for PDAC patients after pancreatectomy. These findings are consistent with previous reports describing the effect of low SMI on PDAC patients[10,15,32,33]. More importantly, we found that low SMI exerted a greater adverse effect on the prognosis among elderly patients. In contrast, no remarkable association between low SMI and mortality was identified among nonelderly patients. Likewise, Nakashima et al[24] revealed that low SMI was significantly associated with patients with esophageal cancer aged 65 years and older but not with those younger than 65 years[24].
Furthermore, comparable OS and RFS rates were observed among both elderly and young patients with low SMI. Additionally, low SMI contributes to a long-term prognosis that is similar to that of lymph node metastasis in elderly patients. Several studies have reported that sarcopenia is associated with insulin resistance, vitamin D deficiency, increased inflammatory cytokine levels, such as tumor necrosis factor-α and interleukin-6, and decreased concentrations of myokines, such as interleukin-15[34-37]. Notably, all of the aforementioned inflammatory cytokines are related to the progression of pancreatic cancer[38-42]. Thus, the quantity of skeletal muscle may be linked to the prognosis of patients with PDAC through various mechanisms.
Recently, with the gradual increase in the incidence of PDAC among elderly patients and the aging population, the number of pancreatic cancer patients with sarcopenia is estimated to increase steadily[43]. Therefore, an early preoperative diagnosis of low SMI/sarcopenia coupled with early intervention is essential for elderly patients to extend their OS and simultaneously promote a good quality of life, which would also conserve large amounts of medical resources.
In this study, we did not observe a relationship between survival and SMD (a surrogate of muscle quality) in patients with pancreatic cancer. To our knowledge, only one previous study of patients with unresectable pancreatic cancer and distal cholangiocarcinoma reported a significant relationship between SMD and the tumor prognosis[11]. In that study, low SMD was defined operationally as a mean skeletal muscle radiodensity of < 33 HU in patients with a BMI ≥ 25 kg/m2 and < 41 HU in patients with a BMI < 25 kg/m2 across the orthogonal view. Moreover, the prevalence of low SMD (55.3%) was much higher among patients in the previous study than among patients in the present study (22.6%). These results imply that fatty infiltration into muscle may be a hallmark of more advanced cancer but is not as predominant in cancer at an earlier stage.
However, despite these promising results, we acknowledge several limitations of the present study. First, this study was performed retrospectively at a single center with a relatively small sample size; hence, the potential for selection bias exists. Therefore, larger prospective cohort studies are needed to confirm these findings. Second, we must consider whether our cutoff values are adequate to define low SMI or sarcopenia. Although the cutoff value must be determined from a normal population of people of different ages, a unified standard is unavailable for the general Asian populations. Moreover, no specific cutoff values for pancreatic cancer were available to identify patients with sarcopenia. Here, we determined the cutoff values in this population using receiver operating characteristic curves, which is considered a more accurate method than the use of standard deviations to set cutoff values. However, more studies are still needed to explore more specific indicators that may reflect muscle function and are not limited by race or region.

CONCLUSION
In summary, low preoperative SMI, which is simply diagnosed through routine staging CT scans, was associated with a poor prognosis, especially among elderly patients with pancreatic cancer. Thus, the early identification of aging-specific factors, such as SMI, enables early interventions to ameliorate clinical outcomes in elderly patients with pancreatic cancer.

ARTICLE HIGHLIGHTS
Research background
The only potential curative treatment for patients with pancreatic cancer is surgery; however, the prognosis remains poor.

Research motivation
Measures of body composition based on computed tomography (CT) scans have been established as reliable predictors of the prognosis of cancer patients after surgery, but further research focusing on pancreatic cancer is needed.

Research objectives
To elucidate the associations of body composition measures derived from preoperative CT scans with the prognosis of patients with pancreatic cancer.

Research methods
One hundred fifteen patients undergoing pancreatic resection with curative intent for pancreatic cancer were retrospectively enrolled. The preoperative CT scan at the third lumbar vertebral level was measured for skeletal muscle index (SMI), mean skeletal muscle radiodensity, subcutaneous adipose tissue index, visceral adipose tissue index, and subcutaneous adipose tissue area ratio. The clinical and pathological data were collected. The effects of these factors on long-term survival were evaluated.

Research results
Among the five body composition measures, only low SMI independently predicted overall survival (OS) [hazard ratio (HR): 2.307; 95% confidence interval (CI): 1.210-4.402] and recurrence-free survival (HR: 1.907; 95%CI: 1.147-3.171). Furthermore, patients with low SMI (vs high SMI) were older (68.8 ± 9.3 years vs 63.3 ± 8.4 years); low SMI was present in 27 of 56 patients (48.2%) aged 65 years and older and in 11 of 59 younger patients (18.6%). In addition, subgroup analyses revealed that the correlation between low SMI and OS was observed only in patients aged 65 years and older.

Research conclusions
Low preoperative SMI was more prevalent in elderly patients and was associated with a poor prognosis among pancreatic cancer patients, especially elderly patients.

Research perspectives
The early identification of aging-specific factors, such as low SMI, allows for the possibility to facilitate early interventions to ameliorate clinical outcomes in elderly patients with pancreatic cancer.
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Figure 1 Selective representative computed tomography images with tag overlay at the third lumbar vertebra level from two individual patients with pancreatic cancer presenting with similar body mass index (21.45 kg/m2 in patient A and 21.48 kg/m2 in patient B). The red, yellow and green shadows indicate the skeletal muscle area (SMA), visceral adipose tissue area (VATA), and subcutaneous adipose tissue area (SATA), respectively. Skeletal muscle index, subcutaneous adipose tissue index and visceral adipose tissue index were calculated from SATA, VATA, and SMA divided by height in meters squared, respectively. The visceral to subcutaneous adipose tissue area ratio was calculated by dividing VATA by SATA. Skeletal muscle density indicates the mean computed tomography value (HU) of SMA. A: Body mass index (BMI): 21.45; B: BMI: 21.48. SMI: Skeletal muscle index; SATI: Subcutaneous adipose tissue index; VATI: Visceral adipose tissue index; VSR: Visceral to subcutaneous adipose tissue area ratio; SMD: Skeletal muscle density; HU: Hounsfield unit.
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Figure 2 Kaplan Meier survival curves for overall survival and recurrence-free survival based on skeletal muscle index and skeletal muscle density. A and C: Overall survival (OS) and recurrence-free survival (RFS) curves for patients with low and high skeletal muscle index; B and D: OS and RFS curves for patients with low and high skeletal muscle density. SMI: Skeletal muscle index; SMD: Skeletal muscle density.
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Figure 3 Kaplan Meier overall survival curves of the cohort stratified by age. A and C: Overall survival (OS) curves for patients aged 65 and older stratified according to skeletal muscle index (SMI) (A) and skeletal muscle density (SMD) (C); B and D: OS curves for patients aged younger than 65 yr stratified by SMI (B) and SMD (D). SMI: Skeletal muscle index; SMD: Skeletal muscle density.



Table 1 Patient and tumor characteristics comparing low and high skeletal muscle index or radiodensity
	[bookmark: OLE_LINK9]Characteristics
	Total (n = 115)
	Low SMI (n = 38)
	High SMI (n = 77)
	P value
	Low SMD (n = 26)
	High SMD (n = 89)
	P value

	Age
	65.1 (9.0)
	68.8 (9.3)
	63.3 (8.4)
	0.002b
	70.8 (7.0)
	63.5 (8.9)
	< 0.001c

	Male sex
	71 (61.7)
	29 (76.3)
	42 (54.5)
	0.024a
	13 (50.0)
	58 (65.2)
	0.162

	BMI in kg/m2
	22.7 (3.3)
	20.9 (3.1)
	23.6 (3.0)
	< 0.001c
	24.0 (4.0)
	22.3 (2.9)
	0.016a

	< 20.0
	21(18.3)
	14 (36.8)
	7 (9.1)
	
	5 (19.2)
	16 (18.0)
	

	20.0-24.9
	69 (60.0)
	20 (52.6)
	49 (63.6)
	
	10 (38.5)
	59 (66.3)
	

	≥ 25.0
	25 (21.7)
	4 (10.5)
	21 (27.3)
	0.001b
	11 (42.3)
	14 (15.7)
	0.01a

	Albumin in g/dL
	42.5 (5.6)
	40.6 (4.1)
	43.5 (6.1)
	0.01a
	41.7 (7.7)
	42.8 (4.9)
	0.393

	Tumor location 
	
	
	
	
	
	
	

	 Head
	67 (58.3)
	29 (76.3)
	38 (49.4)
	
	18 (69.2)
	49 (55.1)
	

	 Body + tail
	48 (41.7)
	9 (23.7)
	39 (50.6)
	0.006b
	8 (30.8)
	40 (44.9)
	0.197

	Tumor size in cm
	3.6 (1.4)
	3.7 (1.7)
	3.3 (1.2)
	0.942
	3.3 (1.3)
	3.6 (1.4)
	0.602

	Differentiation
	
	
	
	
	
	
	

	Well
	5 (4.3)
	1 (2.7)
	4 (5.3)
	
	3 (12.0)
	4 (4.6)
	

	Moderate
	100 (87.0)
	31 (83.8)
	69 (92.0)
	
	19 (76.0)
	81 (93.1)
	

	Poor
	7 (6.1)
	5 (13.5)
	2 (2.7)
	0.04a
	3 (12.0)
	2 (2.3)
	0.774

	Nodal metastases
	64 (55.7)
	20 (52.6)
	44 (57.1)
	0.647
	12 (46.2)
	52 (58.4)
	0.268

	Perineural invasion1
	81 (86.2)
	27 (87.1)
	54 (85.7)
	0.855
	25 (100)
	56 (81.2)
	0.046a

	R1 resection
	13 (11.3)
	3 (7.9)
	10 (13.2)
	0.602
	3 (11.5)
	10 (11.4)
	1.000

	Adjuvant therapy
	84 (73.0)
	24 (63.2)
	60 (77.9)
	0.093
	18 (69.2)
	66 (74.2)
	0.618

	TNM stage
	
	
	
	
	
	
	

	I
	43 (37.4)
	14 (36.8) 
	29 (37.7) 
	
	14 (53.8)
	29 (32.6)
	

	II
	57 (49.6)
	19 (50.0) 
	38 (49.4) 
	
	10 (38.5) 
	47 (52.8)
	

	III
	15 (13.0)
	5 (13.1)
	10 (13.0)
	0.996
	2 (7.6)
	13 (14.6)
	0.135

	CA19-9 > 200 KU/L
	71 (61.7)
	24 (66.7)
	47 (63.5)
	0.746
	21 (84.0)
	50 (58.8)
	0.021a

	SMA in cm2
	123.0 (30.6)
	108.4 (19.9)
	130.2 (32.4)
	< 0.001c
	113.2 (28.4)
	125.9 (30.7)
	0.056

	SMD in HU
	39.4 (8.6)
	38.5 (10.0)
	39.8 (7.8)
	0.462
	28.5 (5.1)
	42.6 (6.5)
	< 0.001c

	SMI in cm2/m2
	44.6 (9.8)
	38.1 (5.3)
	47.7 (10.0)
	< 0.001c
	41.1 (9.0)
	45.6 (9.9)
	0.033a

	VAT in cm2
	113.4 (66.5)
	89 (50.2)
	125.4 (70.5)
	< 0.001c
	151.0 (60.2)
	102.4 (64.5)
	0.001b

	SAT in cm2
	121.4 (64.6)
	100.5 (45.4)
	131.7 (70.2)
	0.014a
	160.0 (89.3)
	110.1 (50.7)
	< 0.001c

	NLR > 2.6
	44 (38.3)
	16 (42.1)
	28 (36.4)
	0.551
	13 (50.0)
	31 (34.8)
	0.162

	PLR > 108
	77 (67.0)
	27 (71.1)
	50 (64.9)
	0.512
	21 (80.8)
	56 (62.9)
	0.089

	SIII > 400
	68 (59.1)
	24 (63.2)
	44 (57.1)
	0.537
	17 (65.4)
	51 (57.3)
	0.461


1Data were available for 94 patients. Statistics are presented as the means (standard deviations) for age, body mass index, albumin, tumor size, and body composition parameters and n (%) for the other parameters. 
aP < 0.05.
bP < 0.01. 
cP < 0.001.
SMA: Skeletal muscle area; SMD: Skeletal muscle radiodensity; HU: Hounsfield units; SMI: Skeletal muscle index; VAT: Visceral adipose tissue; SAT: Subcutaneous adipose tissue; NLR: Neutrophil-to-lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SIII: Systemic immune-inflammation index; BMI: Body mass index; CA19-9: Carbohydrate antigen 19-9.



Table 2 Univariate and multivariate analyses of risk factors for overall survival following pancreatic cancer resection
	[bookmark: OLE_LINK5]Factor
	[bookmark: OLE_LINK10]Univariate analysis
	P value
	Multivariate analysis
	P value 

	
	[bookmark: OLE_LINK7]HR (95%CI)
	
	HR (95%CI)
	

	Age ≥ 65 yr
	1.661 (0.905-3.051)
	0.102
	
	

	Male sex
	0.686 (0.371-1.267)
	0.228
	
	

	BMI < 20.0 underweight
	0.534 (0.262-1.085)
	0.083
	
	

	BMI ≥ 25.0 obesity
	0.631 (0.322-1.233)
	0.178
	
	

	Albumin < 3.8 g/dL
	1.146 (0.550-2.388)
	0.716
	
	

	Low SMI
	2.805 (1.559-5.045)
	0.001b
	2.307 (1.210-4.402)
	0.011a

	Low SMD
	2.395 (1.261-4.550)
	0.008b
	2.093 (1.000-4.379)
	0.05

	Tumor location, head
	1.620 (0.870-3.019)
	0.128
	
	

	Tumor size > 2 cm
	1.107 (0.494-2.480)
	0.805
	
	

	Differentiation poor
	3.102 (0.947-10.158)
	0.061
	
	

	[bookmark: OLE_LINK8]Nodal metastases
	1.853 (1.022-3.358)
	0.042a
	2.308 (1.200-4.442) 
	0.012a

	Perineural invasion
	2.303 (0.701-7.564)
	0.169
	
	

	R1 Resection
	1.165 (0.415-3.267)
	0.772
	
	

	TNM stage III
	1.515 (0.673-3.414)
	0.316
	
	

	Adjuvant therapy
	0.528 (0.284-0.980)
	0.043a
	0.480 (0.242-0.952)
	0.036a

	CA19-9 > 200 KU/L
	1.891 (1.021-3.504)
	0.043a
	0.851 (0.428-1.689)
	0.644

	NLR > 2.6
	1.630 (0.911-2.916)
	0.099
	
	

	PLR > 108
	2.208 (1.150-4.238)
	0.017a
	1.296 (0.517-3.250)
	0.58

	SIII > 400
	1.911 (1.044-3.500)
	0.036a
	1.338 (0.586-3.057)
	0.489


aP < 0.05.
bP < 0.01. 
HR: Hazard ratio; BMI: Body mass index; CA19-9: Carbohydrate antigen 19-9; NLR: Neutrophil-lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SIII: Systemic immune-inflammation index; SMI: Skeletal muscle index; SMD: Skeletal muscle radiodensity; CI: Confidence interval. 
Table 3 Univariate and multivariate analysis of risk factors for recurrence-free survival following pancreatic cancer resection
	[bookmark: _Hlk53661163]Factor
	Univariate analysis
	P value
	Multivariate analysis
	P value 

	
	HR (95%CI)
	
	HR (95%CI)
	

	Age > 65 yr
	1.661 (0.905-3.051)
	0.102
	
	

	Male sex
	0.631 (0.382-1.041)
	0.071
	
	

	BMI < 20.0 underweight
	1.216 (0.660-2.240)
	0.530
	
	

	BMI ≥ 25.0 obesity
	1.823 (0.969-3.430)
	0.062
	
	

	Albumin < 3.8 g/dL
	0.871 (0455-1.668)
	0.677
	
	

	Low SMI
	1.784 (1.083-2.939)
	0.023a
	1.907 (1.147-3.171)
	0.013a

	Low SMD
	1.567 (0.885-2.773)
	0.123
	
	

	Tumor location, head
	1.327 (0.795-2.215)
	0.278
	
	

	Tumor size > 2 cm
	1.611 (0.767-3.382)
	0.208
	
	

	Differentiation poor
	0.978 (0.238-4.022)
	0.976
	
	

	Nodal metastases
	1.897 (1.134-3.174)
	0.015a
	1.922 (1.129-3.272)
	0.016a

	Perineural invasion
	1.886 (0.841-4.231)
	0.124
	
	

	R1 Resection
	1.593 (0.754-3.365)
	0.222
	
	

	TNM stage III
	1.703 (0.833-3.483)
	0.144
	
	

	Adjuvant therapy
	0.866 (0.479-1.567)
	0.635
	
	

	CA19-9 in Ku/L > 200
	1.439 (0.855-2.421)
	0.170
	
	

	NLR > 2.6
	1.071 (0.648-1.769)
	0.789
	
	

	PLR > 108
	1.612 (0.955-2.722)
	0.074
	
	

	SIII > 400
	1.827 (1.097-3.043)
	0.021a
	1.655 (0.984-2.785)
	0.058

	Platelets > 310 × 109
	1.245 (0.533-2.910)
	0.613
	
	


aP < 0.05.
HR: Hazard ratio; BMI: Body mass index; CA19-9: Carbohydrate antigen 19-9; NLR: Neutrophil-lymphocyte ratio; PLR: Platelet-to-lymphocyte ratio; SIII: Systemic immune-inflammation index; SMI: Skeletal muscle index; SMD: Skeletal muscle radiodensity; CI: Confidence interval. 
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