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[bookmark: _Toc165812940][bookmark: _Toc165814330][bookmark: _Toc165822327]Abstract

[bookmark: _Hlk165836249][bookmark: _Hlk165642021]Objectives: To assess skeletal muscle mass in patients with neuroendocrine tumors (NETs) using CT and evaluate its association with overall survival.
Methods: A retrospective cohort study reviewed the medical records of 145 patients diagnosed with either intestinal or pancreatic NETs from 2005 to 2020. 
Abdominal CT scans at diagnosis were analyzed using Coreslicer software based on established cutoffs for sarcopenia. Survival analysis and Cox regression were used to assess the adjusted risk factors of sarcopenia prevalence on overall survival.
Results: 145 patients (median age 59.6 years, range 18-83 years) were included with intestinal (n=42) and pancreatic (n=103) NETs. Sarcopenia prevalence was in 41% of patients at diagnosis, with no significant association found with overall survival. Age and sarcopenia status were significantly associated (P=0.013); sarcopenic patients were older with a median age of 61.9 years (interquartile range (IQR) 53.0-72.4 years) versus 56.9 years (IQR: 51.8-65.0 years) in the non-sarcopenic group. 
Also, the prevalence of cardiovascular disease (CVD) was different between the sarcopenic and non-sarcopenic groups (19% in the sarcopenic group versus 5.8% in the non-sarcopenic group; P=0.014).  Furthermore, body mass index (BMI) differed significantly between the non-sarcopenic (median BMI 27.5 kg/m2, range 25.2-30 kg/m2) and sarcopenic groups (median BMI 25.3 kg/m2, range 23.1-29.1 kg/m2) (P=0.002). Median BMI was 26.9 kg/m2, indicating a predominance of overweight patients, with only a moderate correlation between BMI and SMI with an R² value of 0.44 (P<0.001). Weight loss was present in 17% of patients (median weight loss of 10.5 kg [IQR 6-17kg]), 60% of the patients who lost weight before diagnosis were also diagnosed with sarcopenia 
Conclusions: Sarcopenia is common in NETs and increases with age, regardless of body weight. Detection at diagnosis is essential, as BMI alone may be misleading. Sarcopenia was not significantly associated with overall survival in this heterogeneous NETs cohort.
Keywords: Computed tomography, Neuroendocrine tumor, Nutritional status, Sarcopenia, Skeletal muscle index



1. Introduction
Malnutrition represents a significant factor in patients with malignant disease, affecting 20-70% of cancer patients worldwide, as reported in multiple studies, including large-scale European data published in 2017[1,2]. Disease-related malnutrition, as defined by the European Society for Clinical Nutrition and  Metabolism(ESPEN) [3], is characterized by multiple etiological factors, including local tumor effects, gastrointestinal side effects of oncologic treatments, poor mental state, and metabolic changes due to tumor-secreted inflammatory mediators [4]. These nutritional alterations significantly impact treatment outcomes, leading to delayed therapies, prolonged recovery periods, and increased infection risks[1]. 
The Global Leadership Initiative on Malnutrition (GLIM) has established comprehensive diagnostic criteria combining phenotypic factors (significant weight loss, low BMI, reduced muscle mass) and etiologic criteria (reduced food intake or inflammatory conditions) [5]. While multiple methods exist for measuring muscle mass, including bioelectrical impedance analysis (BIA), dual-energy X-ray absorptiometry (DXA), and ultrasound, computed tomography (CT) remains the gold standard [6]. 

Sarcopenia, defined as decreased muscle strength, mass, and function [7], affects 10-27% of older adults [8] and can be classified as primary (age-related) or secondary (disease-related) [9]. In patients with solid tumors, sarcopenia prevalence ranges from 11-74% [10] and significantly influences treatment outcomes and survival across various malignancies, including colorectal, gastric, esophageal, and hepatocellular carcinoma [11–14]. Notably, sarcopenia often goes unrecognized in patients without significant weight loss [15], though early intervention can help preserve muscle mass [16]. Studies have shown that commonly used nutritional tools significantly underestimate sarcopenia compared to CT analysis [16, 17].
The global prevalence of obesity has risen dramatically over recent decades, creating new challenges in nutritional assessment [18, 19]. The emergence of sarcopenic obesity has gained particular attention in cancer research [21], with studies showing adverse clinical implications [21, 22] including increased postoperative complications, chemotherapy toxicity, and mortality [23, 24]. CT-based skeletal muscle index (SMI) measurement at the L3 vertebra has become the gold standard  method for sarcopenia assessment by multiple international working groups [26–29], particularly in oncology patients where CT scans are routinely acquired as part of disease staging and monitoring, allowing simultaneous evaluation of muscle quality and myosteatosis, which is independently associated with survival in various cancers [30].
Neuroendocrine tumors (NETs) are rare, hormone-secreting neoplasms [31,32] with an increasing incidence of 5-7 cases per 100,000 annually and a prevalence of 35 per 100,000 as reported in studies referenced in Basuroy et al. based on epidemiological data from the early 2000s to the mid-2010s [33]. Diagnosis is often delayed by 2-5 years due to varied symptomatology, with 40% of patients presenting with metastatic disease [33,34]. Limited studies have shown that 25-40% of NET patients are malnourished, with particularly high risk in hospitalized, high-grade, and metastatic patients [35,36]. Recent research has revealed high sarcopenia prevalence (67-87%) in NET patients [37–39], though its impact on outcomes remains unclear due to methodological variations across studies. Studies have demonstrated varied results regarding sarcopenia's effect on survival, with some showing a significant impact on pancreatic NETs [38], while others found no effect on mortality [39].	Comment by אסף בוך/Assaf Buch: Again - mention year for the data presented
NET may cause sarcopenia through multiple pathways including chronic inflammation, altered metabolism from hormone production, malabsorption due to intestinal involvement. Functional NETs can release vasoactive substances, serotonin, and growth factors that potentially disrupt normal muscle metabolism and protein synthesis pathways [40,41].
Current ENETS (European Neuroendocrine Tumor Society) and NANETS (North American Neuroendocrine Tumor Society) guidelines acknowledge nutritional assessment as part of NET management [42,43] but lack specific recommendations for sarcopenia screening or intervention, highlighting the need for evidence-based approaches to address this aspect of care.
In this context, this study aims to evaluate muscle mass measures using CT-based L3 muscle area metrics in intestinal NET (iNET) and pancreatic NET (PNET) patients at diagnosis, examining the relationship between sarcopenia, patient characteristics, and mortality outcomes. Another aim was to characterize the prevalence of sarcopenia in NET patients and improve understanding of its prognostic implications, potentially enabling earlier nutritional interventions that could improve treatment outcomes, reduce complications, and improve survival in this patient population.
Materials and Methods
Study Population and Design
A retrospective cohort study analyzing data from 145 patients with histologically confirmed intestinal or pancreatic NETs treated at Tel Aviv Sourasky Medical Center between 2005 and 2020. The year 2005 was chosen as the starting point because it marked the implementation of the hospital’s electronic medical records system. The study was approved by the Institutional Review Board, which waived the need for informed consent (approval number: TLV-0004-020).
Eligible patients were adults (≥18 years) with available CT scans within three months of diagnosis and a minimum one-year follow-up data. Patients with incomplete baseline data or functional PNETs (insulinoma, gastrinoma) were excluded.  	Comment by אסף בוך/Assaf Buch: Most reviewers  will comment on the active style of “we did so and so”… I changed it to a more passive style
Muscle mass and sarcopenia 
Skeletal muscle area was measured using axial CT images at the third lumbar vertebra (L3) level (CT info). The SMI was calculated by normalizing skeletal muscle area (cm) to patient height squared (m²). Analysis was performed using Coreslicer software (version 1.0.0; Montreal, Quebec, Canada) [44] with muscle areas defined by Hounsfield unit thresholds (-29 to +150 HU) [36,45,46]. 	Comment by אסף בוך/Assaf Buch: Already abbreviated in the introduction
Sarcopenia was defined using established cut-off values (<55 cm²/m² for males, <39 cm²/m² for females), as proposed by Prado et al. in their study of patients with solid tumors [22]. A single trained radiologist (A.R), blinded to clinical outcomes, performed all measurements.
Figure 1: Measurement of muscle mass


Figure 3. Evaluation of body composition. An axial CT image segmented into the skeletal muscle area (SKM in red), visceral adipose tissue area (VAT in yellow) and subcutaneous adipose tissue area (SAT in green). Total adipose tissue area (TAT) is identified from VAT + SAT. (A) and (B) differ from body composition.
The obtained surfaces (SKM, VAT, and SAT) were then normalized for the square of the heights to obtain indexes (SMI, VATI, SATI) using the following formula:
SMI = SMA (cm2)/height (m)2

CT, Computed tomography; SMA, Skeletal muscle area; SMI, Skeletal mass index

Main outcome measures
Mortality data were synchronized with the Ministry of Interior database (LINK/ref??) through June 1, 2023. Other variables included demographic characteristics, tumor-related parameters (origin, stage, grade, Ki-67 index), treatment modalities, and comorbidities.
 
Sample size and statistical Analysis
Sample size was determined based on the assumption of a 70% survival rate in the non-sarcopenic group. With a type I error rate of 0.05, the study had 35% power to detect a 20% absolute reduction in survival in the sarcopenic group, and 80% power to detect a reduction to 65%. 
Statistical analyses were performed using SPSS software (IBM SPSS Statistics for Windows, Version 29.0; IBM Corp.). Categorical variables were compared using Chi-square or Fisher's exact tests, and continuous variables using Mann-Whitney U tests. Survival analyses employed Kaplan-Meier curves and log-rank tests. Cox regression models assessed associations between sarcopenia and mortality, adjusting for relevant covariates. Statistical significance was set at P < 0.05. 



Results
A. Patient Population 	Comment by אסף בוך/Assaf Buch: You did not number previous “chapter” so I changed the numbering to A,B , C….
The cohort included 145 NET patients (71% PNET, 29% iNET) with mean age 58.7±12.8 years and male predominance (58.6%). Most tumors were grade 1 (66%) with median size 2.2 cm (IQR, 1.2-3.6). Liver metastases were present in 26.9% of patients at diagnosis. Median follow-up was 8.4 years (IQR, 6.5-10.5). Baseline characteristics are summarized in Table 1.
B. Tumor-Specific Characteristics
iNETs were presented at more advanced stages compared to PNETs (42.9% vs 19.6% stage III, P=0.001). Treatment approaches differed significantly between groups, with iNET patients receiving more surgical interventions (88.1% vs 60.2%, P<0.001) and somatostatin analog therapy (66.7% vs 45.6%, P=0.021). In the subset of patients with documented weight changes (n=41), iNET patients experienced greater weight loss compared to pNET patients (median 17.5 kg vs. 10.0 kg, P=0.045).
Table 2
C. Anthropometrics, muscle mass and sarcopenia
Median BMI was 26.9 kg/m² (IQR 23.6-29.7), with 44.1% classified as overweight. SMI differed significantly between genders (females: 41.5±6.15, males: 53.4±8.50 cm²/m², P=0.037) and correlated with BMI (R=0.44, P<0.001). 
Sarcopenia was present in 41% of patients, with increased prevalence by age (P=0.023). As shown in Table 3 analysis of body composition patterns revealed diverse phenotypes, with 31% of patients classified as overweight without sarcopenia.  Table 4 ?? presents data on…….
D. Clinical Impact and Survival 
Sarcopenic patients were older (61.9 vs 56.9 years, P=0.013), had lower BMI (25.3 vs 27.5 kg/m², P=0.002), and higher CVD prevalence (19% vs 5.8%, P=0.014). During follow-up, 18 patients (12.4%) died, with a median survival of 8.47 years. No survival differences were observed between tumor types (P=0.701) or sarcopenia status (P=0.622).
4.5. Mortality Risk Factors
 Cox analysis identified elevated Ki-67% (HR=1.04, P=0.005), intestinal origin (HR=3.29, P=0.048), comorbidities (HR=2.58, P=0.006), and liver metastases (HR=11.9, P<0.001) as significant mortality predictors. Sarcopenia did not independently influence survival (Table 5 ).	Comment by אסף בוך/Assaf Buch: Since these are significant results with prognostic aspect  - elaborate more in the methods section on how they were measured and defined (e.g., liver metastases was verified by …. And defined as present/ absent….)
WHERE IS THE FIGURE WITH THE KAPLAN MAYER PLOTS ? INCLUDE THE FIGURE ALSO. 
Discussion
This retrospective cohort study investigated sarcopenia prevalence in NET patients at diagnosis and its relationship with survival outcomes, with specific attention to differences between PNETs and iNETs. The overall sarcopenia prevalence in our cohort was 41%, which falls within the reported range for solid tumors (27.2%-61.0%) [47], though lower than some NET-specific studies reporting rates up to 87% [37–39,48].
 This variability likely reflects differences in assessment methods, patient populations, and disease characteristics across studies. 
We observed similar sarcopenia prevalence between PNET (42.7%) and iNET (35.7%) patients. Furthermore, we found that sarcopenia was more common in older patients, with rates of 64.3% in patients over 70 and 66.7% in those over 80. Given our cohort's mean diagnosis age of 58.7 years, with 47% being above 60 years, these findings suggest the need for age considerations in NET patient assessment and management.
While previous research suggests sarcopenia as an independent prognostic factor in various cancers [14,49–52] ,our findings did not demonstrate a significant association between sarcopenia at diagnosis and mortality in NET patients. This aligns with several NET-specific studies [37,39,48,53,54] and may reflect the characteristics of NETs as slow-progressing tumors [31,33]. Instead, our Cox proportional hazards model identified elevated Ki-67% %, intestinal tumor origin, comorbidities, and liver metastases as significant mortality predictors, consistent with established prognostic factors in NET patients [55,56].	Comment by אסף בוך/Assaf Buch: If these variables are significantly associated with sarcopenia - it is worth mentioning in the results section
The analysis of body composition parameters revealed clinical insights. Despite 17% of patients experiencing pre-diagnosis weight loss, most were overweight, with 6.2% meeting the criteria for sarcopenic obesity. These findings suggest two main considerations: the limitations of relying solely on BMI for nutritional assessment in NET patients, and the risk of overlooking muscle depletion in overweight or obese patients. The weak correlation between SMI and BMI further suggests the value of comprehensive body composition evaluation beyond traditional anthropometric measures.
Our findings suggest several clinical applications. Body composition assessment using routine diagnostic imaging could help identify patients who might benefit from targeted interventions. This is relevant as CT imaging is commonly used in NET diagnosis, allowing muscle mass evaluation without additional testing. The higher prevalence of sarcopenia in older age groups indicates that age considerations may be relevant for patient assessment and care planning.
The study has several limitations that should be considered. Its retrospective nature limited functional status, and muscle strength assessment which would have provided additional information about muscle quality and functionality beyond quantity. The heterogeneous patient population introduced potential bias in our analysis. Additionally, hormonal secretion data was not consistently available at diagnosis, limiting our ability to explore potential relationships between hormonal activity and muscle mass. 
Despite these limitations, our study contributes to the understanding of body composition patterns in NET patients. While sarcopenia was not directly associated with mortality in our cohort, its prevalence suggests potential implications for patient care. The identification of sarcopenic obesity in our cohort, though in a small percentage of patients, reinforces the need for comprehensive body composition assessment in NET patients.
Further prospective research incorporating multiple methods for muscle mass assessment and functional testing could provide more comprehensive data. Investigation of treatment-related outcomes beyond mortality would be valuable, as would evaluation of nutritional intervention effects. 
Also, a better understanding of body composition changes during treatment could provide insights for clinical management strategies.
In conclusion, our findings suggest that sarcopenia is common in NET patients, particularly in older age groups, though not directly associated with mortality. The observed relationships between muscle mass, body weight, and clinical parameters support the inclusion of body composition assessment in NET patient evaluation. Future research may further clarify the role of body composition in treatment outcomes for NET patients.
Table 1:  Patients baseline characteristics








	Characteristic
	Category
	Total
n=145

	Age at diagnosis (years)
	
	59.6 (52.2-67.2)

	Sex

	
Male, n (%)
Female, n (%)
	
85 (58.6)
60 (41.4)

	Origin of NET
	
Pancreas, n (%)
Intestine, n (%)
	
103 (71.0)
42 (29.0)

	Liver metastases
	
No, n (%)
Yes, n (%)
	
61 (73.1)
39 (26.9)

	Grade
	
G1, n (%)
G2, n (%)
G3, n (%)
	
96 (66.2)
21 (14.5)
5 (3.4)

	Stage (ENETS)
	
I, n (%)
II, n (%)
III n (%)
IV, n (%)

	
51 (35.2)
21 (14.5)
38 (26.2)
34 (23.4)

	Ki-67(%)



	
	2.0 (1.0 -4.0)

	Comorbidity	Comment by אסף בוך/Assaf Buch: Are these the only comorbidities assessed in the study? 

Also add an explanation how number of comorbidities was defined - sum of these comorbidities or sum of any comorbidity ?
	
Hyperlipidemia, n (%)
Diabetes mellitus, n (%)
CKD, n (%)
CVD, n (%)
Other malignancies, n (%)

	
60 (41.7)
53 (36.6)
5 (3.4)
16 (11.1)
16(11.0)

	No. Comorbidities*

	
	1.0 (0.0-2.0) 

	Surgery
	
No, n(%)
Yes, n(%)
	
46 (31.7)
99 (68.3)

	BMI, (kg/m²)




	

	26.9 (23.6 -29.7)

	BMI categories
	
Underweight (BMI< XXX), n (%)
Normal weight (BMI ….), n (%)
Overweight, n (%)
Obese, n (%)
	
1 (0.7)
47 (32.4)
64 (44.1)
31 (21.4)



Values are presented as n (%) for categorical variables and median (IQR) for continuous variables.
*Sum of comorbidities documented in the study
BMI, body mass index; CKD, chronic kidney disease; CVD: cardiovascular disease;
ENETS, European Neuroendocrine Tumor Society; G1, grade 1; G2, grade 2; G3, grade 3; 



Table 3: Sarcopenia prevalence per age group	Comment by אסף בוך/Assaf Buch: Consider stratifying its prevalence by disease origin and by sex 	Comment by Aviad Rabinowich: As you don’t report the mean SMI I think this title better reflects the table info
	Age group (years)
	Sarcopenia (n, %)
	P – value for sarcopenia by age group1

	<60 (n=76)
	23 (30.3%)
	0.023

	60-79 (n=66)
	34 (51.5%)
	

	≥80 (n=3)
	2 (66.7%)
	



1 Pearson Chi-square test –presented as frequency and percentage






Table 4:  Study population body phenotypes
	Body Phenotype*	Comment by אסף בוך/Assaf Buch: Better presenting it as bar chart ...where you can also add on the X axis the mean/median SMI and BMI levels within each phenotype and the % of disease origin and % male/female	Comment by אסף בוך/Assaf Buch: Add to the overall rates of each phenotypes also the rates in the different NET origin
	n (%)	

	[bookmark: _heading=h.30j0zll]Normal Weight –  - Non-sarcopenic	Comment by אסף בוך/Assaf Buch: Add BMI levels in each category 	Comment by אסף בוך/Assaf Buch: I noticed it under the table - so forget it
	20 (13.8)

	Normal Weight –Sarcopenic 
	28 (19.3)

	Overweight – Non-sarcopenic 
	45 (31)

	Overweight – Sarcopenic 
	19 (13.1)

	Obese –  - Non- sarcopenic 
	22 (15.2)

	Obese – Sarcopenic 
	9 (6.2)


* Sarcopenia was defined  according to Prado cut-offs [22]: Skeletal muscle index (SMI): ≤ 38.5 cm2/m2 for females and SMI: ≤ 52.4 cm2/m2 for males.
*weight groups according to the following BMI (kg/m²) categorizations: Normal weight: BMI 18.5–24.9, Overweight: BMI 25.0–29.9 and Obese: BMI ≥ 30.0.

An analysis by age group revealed a progressive increase in sarcopenia prevalence with each decade after 50 years old (P=0.023) (Table ). This trend was statistically significant, with a marked difference in prevalence observed between those below and 	Comment by אסף בוך/Assaf Buch: Reference is not active ...check	Comment by אסף בוך/Assaf Buch: Consider adding a figure of CT scans of different patients representing the different phenotypes - matched for age and sex (within a certain age range). In these scans - highlight the muscle area + values (around L3) and highlight the fat layer. I strongly recommend to do so as it is very attractive in papers in this subject and can increase the chances of accepting the paper. I believe a figure divided to a-f is ideal   
above 60 years old (P = 0.007).




                    Table 5: A Cox Model Analysis for Predictors of Survival in NET Patients
	Characteristic

	Category
	P-value1
	HR
	95% CI HR

	
	
	
	
	Lower
	Upper

	Sex
	Male vs. Female
	0.857
	1.12	Comment by Aviad Rabinowich: For this entire table - 1 or 2 significant figures are enough
	0.331
	3.786

	Age
	Years
	0.680
	1.01
	0.958
	1.068

	Ki-67%
	
	0.005
	1.04
	1.013
	1.076

	Origin of Net

	PNETs vs. iNETs
	0.045
	0.293
	0.088
	0.973

	Comorbidity 
	Number of comorbidities
	0.004
	2.663
	1.363
	5.200

	Liver metastases
	Yes vs. No
	<0.001
	11.935
	3.145
	45.290

	CGA 
	
	0.771
	1.00
	1.00
	1.00

	Sarcopenia2	Comment by אסף בוך/Assaf Buch: Consider adding BMI and SMI 

Also I previously suggest to examine the role of obesity/overweight sarcopenia vs other reference phenotypes 

Consider adding them even if they are not significant since they represent the main metrics in the study
	Yes vs. No
	0.604
	0.753
	0.258
	2.198


1Cox regressions, including baseline covariates, were conducted to assess for the adjusted association between sarcopenia with death. Covariates included sex, age, Ki-67, origin of NET, number of comorbidities, and, CGA levels, liver metastases. 
2 Sarcopenia was defined according to Prado cut-offs: Skeletal muscle index (SMI) ≤ 38.5 cm2/m2 for females and SMI: ≤ 52.4 cm2/m2 for males[22].
CGA, chromogranin-A, CI, confidence interval; HR, hazard ratio; iNET, intestinal neuroendocrine tumor; NET, neuroendocrine tumor; PNET, pancreatic neuroendocrine tumor. 
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