

[image: image1]
Associations of intermuscular adipose tissue and total muscle wasting score in PG-SGA with low muscle radiodensity and mass in nonmetastatic colorectal cancer: A two-center cohort study
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Backgrounds: The patient-generated subjective global assessment (PG-SGA) is one of the screening criteria for malnutrition, the skeletal muscle radiodensity (SMD) and skeletal muscle mass index (SMI) are associated with survival in colorectal cancer patients. Body composition parameters can be easily assessed; however, few studies have examined the association between total muscle wasting scores in PG-SGA and body composition parameters and two muscle abnormalities.

Methods: This cohort study included 1,637 stage I-III CRC patients from 2 clinical centers in China, who were enrolled in the training cohort (n = 1,005) and validation cohort (n = 632). Baseline data were collected prospectively from patients including age, BMI, staging, gait speed, hand grip strength (HGS), peak expiratory flow (PEF), neutrophil-lymphocyte ratio (NLR), intermuscular adipose tissue (IMAT), visceral fat area (VFA) and total muscle wasting score in PG-SGA. Relevant risk factors were subjected to logistic regression analysis and Cox regression analysis to identify characteristics associated with muscle abnormalities and survival. Based on the logistic model results, normograms were established to predict muscle abnormalities, and its discrimination and calibration were assessed using the receiver operating characteristic (ROC) curve and calibration curve. The Kaplan-Meier curves were used to assess the survival of colorectal cancer patients with malnutrition or sarcopenia in an inflammatory state (assessed by NLR).

Results: The mean age of all participants was 57.7 ± 10.6 years (56.9% males) and the prevalence of low SMD and low SMI was 32.2 and 39.5%, respectively. Low SMD rate was significantly associated with age, TNM stage, BMI, IMAT, walking speed, total muscle wasting score and NRS2002 score by logistic regression analysis (p < 0.05). Low SMI rate was significantly correlated with age, NLR, BMI, PEF, handgrip strength, calf circumference, walking speed, total muscle wasting score and NRS2002 score (p < 0.05). The AUCs of the diagnostic nomograms were 0.859 (95% CI, 0.831–0.886) for low SMD and 0.843 (95% CI, 0.813–0.871) for low SMI in the validation cohort. We also found that patients with colorectal cancer with malnutrition or sarcopenia had a worse prognosis when NLR ≥3.5.

Conclusion: Muscle abnormalities and malnutrition are strongly associated with mortality in patients with non-metastatic colorectal cancer. Early identification and intervention of the associated risk factors may offer new ways to improve patient prognosis.
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Introduction

Skeletal muscle is the organism's effector organ for various simple and complex movements, accounting for about 40% of body weight, and it also plays an important role in the metabolism of carbohydrate, fat and protein (1, 2). Studies have shown that most tumor patients can experience varying degrees of muscle hypofunction and muscle atrophy at different stages of disease development (3), resulting in tumor-associated sarcopenia, which affects the normal metabolism of body components, resulting in higher rates of clinical complications, longer hospital stays, and lower prognosis for survival (4–6).

Globally, colorectal cancer (CRC) accounts for approximately one tenth of diagnosed and fatal cases of malignancy (7). In China, the National Cancer Center has recently reported that colorectal cancer is the second most common malignancy and the fourth most common mortality, and has shown an increasing trend in incidence and mortality since 2000–2016 (8). Cohort studies have shown that the prevalence of sarcopenia in colorectal cancer ranges from ~12–71% (9, 10). The two key components of skeletal muscle loss are quality and quantity, expressed by skeletal muscle radiodensity (SMD) and skeletal muscle mass index (SMI), respectively (11). Computed tomography (CT), long used in cancer diagnosis, is emerging as a cutting-edge strategy for quantifying low SMD and low SMI, while extracting highly accurate body composition data. For example, intermuscular adipose tissue (IMAT) can be obtained by CT (12), but to our knowledge, few studies have explored the association between intermuscular infiltration of excess fat and low SMD and low SMI.

According to the expert consensus of the 2018 Annual Meeting, European Society of Parenteral and Enteral Nutrition (ESPEN) released the Global Leadership Initiative on Malnutrition (GLIM), guidelines stating that reduced muscle mass and low BMI are indicative of malnutrition (13). The PG-SGA also acts as a diagnostic tool for malnutrition and cancer cachexia (14), was developed according to ISPOR principles and is available for download (www.pt-global.org). In this work, we use the term total muscle wasting score to refer to the scored subjective rating of muscle mass in worksheet 4 of the PG-SGA (proposed by FD Ottery et al.), and the study demonstrated that it allows clinicians to make a more visual, graded and dynamic determination of patients' muscle status (15, 16). However, the PG-SGA total muscle wasting score is often overlooked in clinical practice and may be one of the most valid ways to determine low SMD and SMI.

Secondary prevention (i.e., prevention of complications after diagnosis) is one of the key strategies to reduce the heavy burden of colorectal cancer. Low SMD and low SMI are an emerging prognostic factor in colorectal and other cancers (9, 17, 18). Little is known about the risk factors for low SMD and low SMI in CRC. Recognizing and modifying these risk factors may help predict and improve the overall prognosis of colorectal cancer patients. The aim of this study was to investigate the associations of IMAT and total muscle wasting scores in PG-SGA with low SMD and low SMI, and we also comprehensively collected patients' demographic characteristics, hematological parameters, anthropometric measurements, lung function, body composition parameters and nutritional status scores to explore other risk factors associated with low SMD, low SMI, and survival.

Subsequently, we constructed corresponding nomograms and assessed the survival of patients with non-metastatic colorectal cancer under different risk factors.



Materials and methods


Study population and setting

For our training dataset, we selected patients aged 18–85 years with stage I-III colorectal cancer who underwent radical surgery at the Fourth Hospital of Harbin Medical University from January 2014 to March 2017 for the prospective study. All pre-op patients undergone a standard nutritional status assessment (anthropometric measurements, hematology and nutritional status score, etc.), pulmonary function and abdominal CT scan. Inclusion criteria also included (1) patients with a histological diagnosis of colorectal adenocarcinoma; (2) patients who were conscious, without communication problems, and who agreed to participate in the study. Exclusion criteria include (1) local recurrence or ≥2 primary tumors; (2) no eligible preoperative CT scan available; (3) patients with acute medical conditions or a history of other tumors. For our validation dataset, we selected patients aged 18–85 years with stage I-III colorectal cancer undergoing radical surgery at the Second Hospital of Harbin Medical University from March 2020 to March 2022 with the same admission and exclusion criteria. The primary study outcome was the presence of low SMD and low SMI. The flowchart representing nonmetastatic colorectal cancer patient selection is shown in Figure 1. This study was approved by the ethics committee of the Second Hospital of Harbin Medical University and the Fourth Hospital of Harbin Medical University.


[image: Figure 1]
FIGURE 1
 Flowchart of selection of patients.




Data collection

Prospectively collect the following data from patients with non-metastatic colorectal cancer: (1) Demographic characteristics and tumor characteristics: sex, age, diabetes, smoking history (patient who had smoked more than 100 cigarette cumulatively in his or her lifetime) (19), alcohol consumption (patients who have previously drunk alcohol more than once per week), herbal teas with a putative biological effect consumption (patients who have previously drunk tea more than once per week), and weight loss (involuntary weight loss within 1 month), cancer stage; (2) Hematological Biomarkers: creatinine, hemoglobin, prealbumin, serum albumin, neutrophil to lymphocyte ratio (NLR), CRP: C-reactive Protein; (3) Anthropometric measures: body mass index (BMI), handgrip strength (HGS), mid-upper arm circumference (MUAC), triceps skinfold thickness (TSF), mid-arm muscle circumference (MAMC), calf circumference (CC), walking speed; (4) Pulmonary Function: peak expiratory flow (PEF), forced expiratory volume in 1s (FEV1) and vital capacity (VC); (5) Body composition: Intermuscular adipose tissue (IMAT), visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT); (6) Nutritional status scores: total muscle wasting score in PG-SGA (20), NRS-2002 score (21) and QLQ-C30 score (22). All of these variables (anthropometry and pulmonary function, etc.) were measured by clinicians who were uniformly trained to ensure reproducibility. Relevant data is recorded and stored in an electronic database within 1 week of admission.

Special parameters are measured as follows: (1) Handgrip strength (kg): the patient stands upright with the feet naturally apart and the non-dominant hand grip strength is measured using an electronic grip strength device (EH101; CAMRY). A total of 3 sets are tested, with a 1 min rest after each set, and values are taken to an accuracy of 0.1 kg; (2) MUAC (cm): the physician measures the distance between the surface of the scapula on the dorsal side of the non-dominant arm and the eminence of the elbow, marks the midpoint, asks the patient to drape the upper limb relaxed to the side of the body, wraps the tape measure around the midpoint of the upper arm and ties it tightly, and takes the value to 0.1 cm; (3) TSF (mm): the skin and subcutaneous tissue are pinched up with the thumb and index finger of the left hand at a point 1 cm above the midpoint of the dorsal aspect of the upper arm (from the crest of the shoulder to the midpoint of the ulnar eminence), with the skin fold parallel to the longitudinal axis of the upper arm; the thickness of the skin fold at the midpoint is determined within 3 seconds by the measuring physician with a skin-fold thickness gauge in the right hand, to an accuracy of 0.1 mm; (4) MAMC (cm) = MUAC (cm) −0.314 * TSF (mm); (5) CC (cm): the patient is seated with the calf at a 90 degree angle to the seat and the left leg is selected for measurement. After exposing the calf, the physician places a tape measure around the thickest part of the calf to measure the circumference and takes the value to 0.1 cm; (6) Walking speed (m/s): the patient walks at the start line at normal speed and the time recorded is from the first foot moving to the first foot over the 6 m finish line. All the above parameters are measured three times, the maximum value is recorded for the step speed and the average value for the other parameters. At the same time, Supplementary Table 1 shows how the total muscle wasting score in PG-SGA is assessed: the score with the highest number of occurrences of the “Muscle Loss Assessment” is counted as the total score for this item. For example, four of the seven muscle scores are 2 and three are 3, giving an overall score of “2.” In our study, the total muscle wasting score in PG-SGA included an assessment of muscle consumption in seven areas: temporalis in the temporal region, deltoid in the clavicular region, deltoid in the shoulder region, interosseous in the hand region, latissimus dorsi, rhomboid and deltoid in the scapular region, quadriceps in the thigh region and gastrocnemius in the calf region.



SMD, SMI and other body composition parameters

Body composition was measured by diagnostic non-enhanced CT scanning (Somtom Definition Flash, Siemens AG, Erlangen, Germany) prior to radical surgery. Body composition was measured by clinicians who were uniformly trained. Cross-sectional CT images of the third lumbar vertebra (L3) are closely correlated with whole-body adipose and muscle tissue in both cancer patients and healthy populations (23), and it is the de facto gold standard for measuring body composition (muscle and adipose compartments) in oncology (24). The muscles at the L3 level, including the rectus abdominis, internal oblique, external oblique, transverse abdominis, psoas major, psoas square and erector spinae muscles. We selected a single image of the third lumbar vertebra (L3) for body composition quantification, including all skeletal muscle mass, visceral adipose tissue (VAT), intermuscular adipose tissue (IMAT) and subcutaneous adipose tissue (SAT). For adipose tissue, standard CT values range from −190 to −30 Hounsfield Units for IMAT and SAT, and from −150 to −50 Hounsfield Units for VAT; for muscle tissue, the standard CT values range from −29 to 150 Hounsfield Units (HU) (23, 25). We used SliceOmatic Software version 5.0 (TomoVision) to measure tissue area, total abdominal muscle area (TAMA) measured at L3 divided by the square of height as SMI (cm2/m2), and the mean radiation attenuation value of the muscle group measured at L3 as SMD (HU).



Definitions of malnutrition and sarcopenia

Malnutrition is defined according to the GLIM criteria, which consists of two modules: phenotypic criteria and etiological criteria. There are 2 possible etiological criteria: (1) reduced food intake or digestive and absorptive function; (2) inflammation or disease burden; And 3 possible phenotypic criteria: (1) weight loss; (2) low BMI; and (3) reduced muscle mass. The NRS2002 was used as the initial screening step as part of GLIM and included into the all patients' routine preoperative assessment. Patients at risk of malnutrition (NRS2002 ≥ 3) were diagnosed as malnourished if they met at least one etiological criterion and one phenotypic criterion at the same time. With regard to the etiological criteria of inflammation, recruitment and activation of inflammatory cells can promote tumor progression, and tumor cells in turn can secrete chemokines, pro-inflammatory cytokines and inflammatory enzymes (26). Therefore, all colorectal cancer patients were considered to have met the etiological criteria by virtue of their diagnosis In our study, we defined low BMI (kg/m2) using Asian criteria, with BMI <20 for patients aged over 70 years and <18.5 for those aged <70 years (13). Also, we used the validated value of LSMI to define muscle mass loss.

The diagnosis of sarcopenia is made up of two components: low muscle mass or low muscle quality and low grip strength according to the EWGSOP-2 Asian consensus (11). A diagnosis of sarcopenia is made when 2 criterias are met simultaneously. The cutpoints for low SMD is 32.5 HU in women and 35.5 HU in men (27). Low SMI cutpoints were ≤36.2 and ≤29.6 cm2/m2 for men and women, respectively (28, 29). In addition, low grip strength is defined as <18 kg for women and <26 kg for men (30).



Follow-up assessments

We followed up patients at the Fourth Hospital of Harbin Medical University by telephone or in hospital according to National Comprehensive Cancer Network (NCCN) follow-up principles (31). The follow-up visits included physical examination, biochemistry, CA19-9, CEA, abdominal and pelvic ultrasound, thoracoabdominal and pelvic CT or MRI and colonoscopy. Follow-up is every 3 months for 2 years after surgery and every 6 months for 3–5 years after surgery. The last follow-up was in March 2022. Overall survival is calculated from the first day after surgery to the time of death due to any cause.



Statistical analysis

Statistical analyses of all data were performed using SPSS statistics version 25.0 (IBM, Armonk, NY), R version 4.1.2 (R Project for Statistical Computing, Vienna, Austria), X-tile plots (Yale University School of Medicine, New Haven, Connecticut, USA) and MedCalc software version 20.106 (MedCalc, Mariakerke, Belgium). Continuous data were expressed as means ± SDs and compared using Student's t-test. Categorical variables were expressed as frequencies (%) and compared using Pearson's chi-square test or Fisher's exact test. In the training cohort, logistic regression analysis was used to predict low SMD and low SMI, respectively. Significant preoperative factors from the univariate logistic regression analysis (p < 0.05) were included in the multivariate logistic regression analysis. Risk factors that proved to be significant in the training cohort were used to create nomograms and the validity of the associated predictive factors was evaluated in the validation cohort. The utility of the developed model was also assessed by calibration curves, decision curve analysis (DCA) and area under the curve (AUC). The calibration and discrimination of the nomogram were assessed using AUC and calibration curves. Also, the net clinical benefit of the nomogram at different threshold probabilities was quantified using DCA (32). In survival analysis, overall survival (OS) was analyzed using standard Cox regression analysis based on the proportional risk assumption. Univariate and multivariate Cox proportional regression was used to analyze preoperative continuous and categorical data, and Kaplan-Meier curves were used to represent survival in patients with low SMD, low SMI, malnutrition, or sarcopenia.




Results


Patient characteristics

A total of 1,637 patients were enrolled in the two centers, with 1,005 patients included in the training cohort (the 4th Clinical Hospital) and 632 patients in the validation cohort (the 2nd Clinical Hospital). The baseline characteristics of the patients in terms of demographic, hematological indicators, anthropometric measurements, lung function, body composition parameters and nutritional status scores are shown in Table 1. Males had higher Grip strength, calf circumference, SMD and SMI than females. In the training cohort, the prevalence of low SMD and low SMI was 31.2 and 40.2% in females and 34.3 and 42.2% in males, respectively. In the validation cohort, the prevalence of low SMD and low SMI was 30.0 and 36.6% in females and 31.5 and 36.4% in males, respectively.


TABLE 1 Baseline characteristics of colorectal patients in the two centersa.
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Predictors associated with low SMD and low SMI

A total of 31 hypothesized risk factors were included in this study. In the training cohort, multivariable logistic regression analysis showed that age, tumor-node-metastasis (TNM) stage, BMI, IMAT, walking speed, total muscle wasting score in PG-SGA and NRS2002 score were significantly associated with low SMD (P < 0.05; Table 2); age, NLR, BMI, PEF, handgrip strength, Calf circumference, walking speed, total muscle wasting score in PG-SGA and NRS2002 score were significantly correlated with low SMI (P < 0.05; Table 3). We further found that patients with lower age, TNM stage, IMAT, total muscle wasting score in PG-SGA and NRS2002 score had a lower risk of LSMD, while patients with low BMI and low walking speed had a higher risk of LSMD. In addition, patients with lower BMI, PEF, handgrip strength, calf circumference, walking speed had a higher risk of LSMI. Notably, BMI was a strong predictor of low SMD and low SMI, with AUC values of 0.793 and 0.766 in the training cohort, respectively. The best cutpoint for BMI in stratifying LSMI was 18.5 kg/m2, similar to the phenotypic criteria for low BMI in the GLIM criteria. As the total muscle wasting score in PG-SGA progressively increases from 0 to 3, the risk of low SMD and low SMI also progressively increases. In terms of body composition parameters, patients with an IMAT >18.6 cm2 have a higher risk of low SMD.


TABLE 2 Univariate and multivariate logistic regression analyses of the risk factors associated with low SMD in the training cohorta.
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TABLE 3 Univariate and multivariate logistic regression analyses of the risk factors associated with low SMI in the training cohorta.
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Nomograms construction, validation and clinical performance

Based on the low SMD rate in the training cohort, we constructed a nomogram using seven independent predictors including age, TNM stage, BMI, IMAT, walking speed, total muscle wasting score in PG-SGA and NRS2002 score (Figure 2) after multivariate logistic regression analysis. Similarly, the predictive nomogram containing all the independent risk factors for low SMI in the training cohort is shown in Figure 3. In the validation cohort, we included the above risk factors associated with low SMD and low SMI to demonstrate the validity of the identified risk factors and nomogram. The calibration curve was close to 45 degrees, which indicated that the low SMD and low SMI probabilities predicted by the nomogram in both the training and validation cohorts were in good agreement with the actual probabilities (Figure 4). The DCA curves showed good clinical performance of the two models in diagnosing low SMD and low SMI in both clinical centers (Supplementary Figure 1). To compare the predictive performance of the nomogram with other risk factors, we calculated area under the curve (AUC) (Supplementary Table 2) and plotted the ROC curves for the associated risk factors and nomograms (Figure 5). The AUC values for low SMD and low SMI were 0.890 (95% CI, 0.875 to 0.908) and 0.916 (95% CI, 0.897 to 0.933) in the training cohort and 0.859 (95% CI, 0.831 to 0.886) and 0.843 (95% CI, 0.813 to 0.871) in the validation cohort, respectively.


[image: Figure 2]
FIGURE 2
 The nomogram for predicting low SMD based on the training cohort (n = 1,005).
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FIGURE 3
 The nomogram for predicting low SMI based on the training cohort (n = 1,005).
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FIGURE 4
 The calibration curves of nomogram for predicting low SMD and low SMI based on the training (n = 1,005) and validation (n = 632) cohorts. (A) The calibration curve for low SMD predictions in the training cohort. (B) The calibration curve for low SMD predictions in the validation cohort. (C) The calibration curve for low SMI predictions in the training cohort. (D) The calibration curve for low SMI predictions in the validation cohort.
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FIGURE 5
 The ROC curves of predictive factors and nomograms for predicting low SMD and low SMI based on the training (n = 1,005) and validation (n = 632) cohorts. The ROC curves of predictive factors and nomograms for predicting low SMD based on the training (A) and validation (B) cohorts. The ROC curves of predictive factors and nomograms for predicting low SMI based on the training (C) and validation (D) cohorts.




Survival analyses

The Kaplan-Meier analysis showed that the 3- and 5-year overall survival rates were 83.2 and 62.8% in the training cohort. A total of 31 preoperative factors were included in the univariate and the multivariate Cox regression analyses. Multivariate Cox proportional risk analysis showed that TNM stage, low SMD and low SMI were significantly associated with OS (P < 0.05; Supplementary Table 3). Low SMD [hazard ratio (HR) 2.11, p < 0.0001] indicates that patients with LSMD have a 1.11-fold increased risk of death compared to those without LSMD. Low SMI [hazard ratio (HR) 2.31, p < 0.0001] indicates that patients with LSMI have a 1.31-fold increased risk of death compared to those without LSMI. Relevant patients were screened according to the criteria of malnutrition and sarcopenia. We found that the prevalence of malnutrition was 33.8% (n = 340) and sarcopenia was 34.0% (n = 342).

As observed in the Kaplan-Meier curve, patients with low SMD (Figure 6A), low SMI (Figure 6B), malnutrition (Figure 6C), or sarcopenia (Figure 6D) had worse survival rates compared to normal patients. We used X-tile to determine that the cut-off value of NLR is 3.5. When only NLR was considered, the KM curve and log-rank test results indicated a significant difference in the distribution of overall survival (OS) between nonmetastatic CRC patients with high NLR (≥3.5) and low NLR (<3.5). Neutrophil-lymphocyte ratio (NLR) is a measure of systemic inflammation, and NLR ≥ 3.5 meets the criteria of moderate to high inflammation. Our study found that patients with NLR ≥ 3.5 and malnutrition had a nearly 1-fold increased risk of death compared to patients with NLR < 3.5 and malnutrition (log-rank P < 0.001) (Figure 6E). In addition, a similar presentation was found in patients with sarcopenia (log-rank P < 0.001) (Figure 6F). The study suggests that moderate-to-severe inflammatory status may influence survival in nonmetastatic CRC patients with malnutrition or sarcopenia.
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FIGURE 6
 Kaplan-Meier curves for overall survival, stratified by (A) low SMD, (B) low SMI, (C) malnutrition, (D) sarcopenia, (E) malnutrition and NLR, and (F) sarcopenia and NLR in the training cohorts (n = 1,005).





Discussion

To our knowledge, this is the first study to assess the predictive ability of total muscle wasting score in PG-SGA and intermuscular adipose tissue (IMAT) for CT-derived muscle radiodensity and muscle mass, and the largest study to explore demographic and medical characteristics associated with low SMD and low SMI in colorectal cancer patients based on a Chinese population. We found that as the total muscle wasting risk score in PG-SGA increased from 0 to 3, the risk of low SMD and low SMI also increased, which may be the most direct indicator for clinical assessment of muscle abnormalities. Intermuscular adipose tissue (IMAT), a body composition parameter, better predicted low SMD, but did not correlate clearly with low SMI. When IMAT >18.6 cm2, the patient's low SMD rate increased considerably.

To ensure a more comprehensive determination of risk factors for low SMD and low SMI, we collected a total of 31 preoperative risk factors based on six aspects: demographic characteristics, hematological parameters, anthropometry, lung function, body composition parameters and nutritional status score. Our study showed that age, TNM stage, BMI, IMAT, walking speed, total muscle wasting score in PG-SGA and NRS 2002 score were independent factors for low SMD; age, NLR, BMI, PEF, handgrip strength, calf circumference, walking speed, total muscle wasting score in PG-SGA and NRS 2002 score were independent factors for low SMI. The diagnostic nomogram consisting of these preoperative factors successfully predicted low SMD and low SMI in the training cohort and validation cohort with good discrimination and accuracy. It has the potential to help us to identify patients with muscle abnormalities early and to intervene in the early treatment of these patients.

In survival analyses, we found that patients with low SMD, low SMI, malnutrition or sarcopenia had a poorer prognosis. Furthermore, the co-occurrence of malnutrition or sarcopenia and inflammation were associated with a high risk of death, which is consistent with previous results on exploring the coexistence of NLR and sarcopenia in small cell lung cancer (33). One possible explanation is that high NLR is due to a relatively increased neutrophil count, suggesting that the inflammatory state alters the tumor micro-environment, impairing the patient's immune response to malignancy and thereby promoting tumor progression and metastasis (34); it could also be due to a relatively depleted lymphocyte count, which can act as tumor-promoting leucocytes by producing IL-10 and TGF-β, thereby inducing matrix metalloproteinases and regulatory T-cell pathways in the tumor micro-environment (35). NLR, as a marker of systemic inflammation, is not only associated with elevated concentrations of various cytokines in the colorectal cancer circulation (36), but also an enhancer of muscle destruction. For example, a state of systemic inflammation can increase tumor necrosis factor production by tumor or surrounding cells, thereby inhibiting skeletal muscle cell differentiation and promoting muscle atrophy (37, 38).

IMAT is one of the reported measures of myosteatosis (39). Myosteatosis can be understood as a pathological accumulation of fat in muscle, associated with reduced mitochondrial lipid oxidation, insulin resistance and reduced muscle activity (23). Our study showed a direct correlation between IMAT and low SMD, which can be interpreted as an indication that excessive intermuscular infiltration of fat leads to reduced skeletal muscle function as well as reduced CT values of skeletal muscle over a cross-sectional area. We hypothesize that SMD is more influenced by metabolic factors and that high circulating free fatty acid concentrations are thought to impair intermuscular fat metabolism and mitochondrial oxidation, thus leading to fat accumulation into muscle (40). Future studies will be necessary to investigate the exact association between decreased SMD and metabolic disturbances in patients with colorectal cancer.

Muscle atrophy and senescence are important signs of body aging. Increasing age is often accompanied by accelerated muscle loss (41) and redistribution of adipose tissue between or within skeletal muscles (42). The association between old age and muscle abnormalities has also been observed in nonmalignant diseases (43) and other cancers (44). In our training cohort of patients aged ≥60, 62.6% had low SMI and 44.1% had low SMD. Studies have shown that decreases in age-related hormones (e.g., insulin, growth hormone, insulin-like growth factor, testosterone) are strongly associated with the development of sarcopenia (45). As the rapid increase in the world's aging population and elderly cancer patients, the mechanisms of interaction between aging and intramuscular (distributed within muscle tissue) and intermuscular (localized between muscle groups) fat penetration must be explored, and the prevention and treatment of muscle abnormalities has profound implications for improving the quality of life of older people and reducing the burden of diseases such as sarcopenia on society.

Anthropometric (AM) measures such as BMI, walking speed, grip strength (HGS) and calf circumference (CC), MUAC, mid-upper arm circumference (MUAC), triceps fold thickness (TSF), mid-arm muscle circumference (MAMC) may be inexpensive, non-invasive, reproducible, extensive, rapid and simple alternatives to assess sarcopenia, malnutrition, low SMD or low SMI in cancer patients (46). Our findings regarding the association of grip strength (47), calf circumference (48), BMI (49), and walking speed (50) with low muscle mass are consistent with previous studies. After middle age, HGS declines with age at a rate of approximately 1% per year (51). The European guidelines for sarcopenia (11) suggest that grip strength, a supportive measure of sarcopenia, has a significant impact on clinical prognosis in cancer patients. Interestingly, we found that HGS was associated with low SMI but not low SMD, and it is possible that there is no linear association between muscle radiodensity and muscle strength. TSF, one of the components of malnutrition screening, is often used to assess free fat mass. However, we did not find a direct association between TSF and low SMD or low SMI. The study highlights the importance of considering anthropometric parameters simultaneously to provide additional information when assessing risk or planning intervention strategies for these patients.

Sarcopenia not only affects the extremities, but also causes a loss of strength and mass in a wider range of skeletal muscles, including respiratory muscles (e.g., the diaphragm) (52). The decline in respiratory strength associated with aging can also be termed “respiratory sarcopenia” (53). In clinical work, patients often routinely undergo preoperative pulmonary function tests as an important tool to determine the risk of anesthesia. However, few have explored the correlation between pulmonary function indicators and muscle radiodensity and muscle mass. Our study included pulmonary function parameters such as PEF and FEV1, and the results showed a clear association between PEF and low SMI in patients with non-metastatic colorectal cancer compared to FEV1. The reason for this may be that FEV1 is largely confounded by airway obstruction. In contrast, PEF, determined by the strength of the respiratory muscles, is obtained during early expiration prior to airway obstruction (54). Thus, PEF is unaffected by airway obstruction.

Overall, the nomogram allows us to assess the probability of patients developing LSMI and LSMD based on the scores of each relevant factor, so that we can carry out nutritional interventions for such risk groups, which is of great importance for clinical work. However, the current study has some limitations worth noting. First, the mean BMI in our study was low and may be more representative of the Chinese population than other populations. Further studies are needed to validate our findings in overweight or class I-III obese populations. Secondly, selection bias may affect the generalisability of the results as this study only included patients with curable colorectal cancer. Therefore, the lack of data on patients with metastatic colorectal cancer may limit the scope of its application. Third, even with relatively large cohorts, more data is needed to determine cut-off values for these predictors so that clinicians could be given definitive guidance in determining low SMD and low SMI. Finally, because it is a cross-sectional study and it could not determine the causality between low SMI/SMD and enrolled factors, which should be deemed as one of the limitations in the present research.



Conclusion

In conclusion, our study is the first to demonstrate the predictive value of total muscle wasting score in PG-SGA and intermuscular adipose tissue (IMAT) for muscle abnormalities. The study also shows that demographic characteristics combined with nutrition-related medical parameters can provide a more comprehensive risk assessment of low SMD and low SMI in patients with non-metastatic colorectal cancer. These two distinct muscle abnormalities suggest different biological mechanisms of fat penetration and muscle failure, which may explain why low SMD and low SMI uniquely affect patient prognosis. Furthermore, we found that patients with malnutrition or sarcopenia in a systemic inflammatory state were at higher risk of death. Future exploration of the mechanisms of muscle abnormalities and inflammatory states may provide new directions for clinical intervention.
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Demographics
Sex 092(071,1.18) 0513
Age 109(1.08,1.11)  <0.001 1.07(1.05,1.10)  <0.001
Diabetes, 1 (%) 082(058,1.14) 0222
Alcohol, 1 (%) 0.93(0.66,1.31) 0691
Smoking history, n (%) 1.05(0.78,142) 0745
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Weight loss, 1 (%) <0.001 0.369
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Cancer stage, 1 (%) <0.001 0125
1 Reference Reference
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Hematological biomarkers
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Prealbumin, mg/L. 0.99(0.99,1.01)  0.679
Albumin, g/L 1.02(100,1.04) 0071
NLR 155(1.41,1.70) <0001 124(112,137) <0.001
CRP 0.99(0.99,1.00)  0.550
Anthropometric
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Handgrip strength, kg 0.91(0.89,093) <0.001 093(0.90,0.96) <0.001
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Total muscle wasting <0.001 <0.001
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NRS-2002 score, 1 (%) <0.001 <0001
<3 Reference Reference
>3 638(4.82,8.45) 2.56(1.56,4.22)
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*Data are analyzed by univariate and multivariate logistic regression analysis. Risk factors
with significance in univariate analysis were included in the multivariate analysis (p <
0.05)- NLR, neutrophil-ymphocyteraio; CRP,C- Protein; BMI, body mass index;
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Forced Expiratory Volume In 15; VC, Vital Capacity; IMAT, intermuscular adipose tissue;
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Training cohort, n = 1,005 External validation cohort, n = 632

Characteristics Overall Female Male Pvalue Overall Female Male Pvalue
(n=435) (n=570) (n=270) (n=362)

Demographics

Age 5974103 5774102 613101 <0.001 544101 5394102 548101 0.226

Diabetes, 1 (%) 17717.6) 80(18.3) 97(17.0) 0571 78(12.3) 35(12.9) 43(11.8) 0.682

Alcohol, 1 (%) 165(16.4) 52(11.9) 113(19.8) 0001 86(13.6) 8(29) 78(21.5) <0.001

Smoking history, (%) 222(22.0) 46(10.5) 176(30.8) <0.001 121(19.1) 18(6.6) 103(28.4) <0.001

Tea drinking, n (%) 98(9.7) 4100.4) 57(10.0) 0761 72(11.3) 30(11.1) 42(11.6) 0.848

Weight loss, 1 (%) 0.106 0.192

Stable 530(52.7) 240(55.2) 290(50.9) 492(77.8) 204(32.3) 288(79.6)

0-4.9% 354(35.2) 153(35.2) 201(35.3) 124(19.6) 6100.7) 63(17.4)

>5% 121012.1) 42(9.6) 79(13.9) 16(2.6) 5(0.8) 11(3.0)

Cancer stage, 1 (%) <0.001 0.965

1 154(15.3) 68(15.6) 86(15.1) 248(39.2) 106(16.8) 142(39.2)

1 292(29.1) 158(36. 134(23.5) 188(29.7) 79(12.5) 109(17.2)

il 559(55.6) 209(48.1) 350(61.4) 196(31.1) 85(13.4) 111(30.6)

Hematological biomarkers

Creatinine, mg/d] 651177 6LI£158 681185 <0.001 7624378 TLI£494 799254 0.004

Hemoglobin, g/L 13034192 1289%187  1314%195 0041 13074234 12494206 1351£244 <0001

Prealbumin, mg/L. 25824552 26024548 2567554 0318 26494515 2634£483 26604537 0.536

Albumin, g/L 446463 450462 43463 0157 433452 435453 431451 0.330

NLR 3121 3019 32422 0234 25%16 23%12 2618 0.031

CRP 0885 0492

<10 836(83.2) 475(83.3) 361(83.0) 519(82.1) 294(81.2) 225(83.3)

>10 169(16.8) 95(16.7) 74(17.0) 113(17.9) 68(18.8) 45(16.7)

Human body measurement

BMI, kg/m? 218440 212440 219441 0708 237436 235434 237437 0.959

Handgrip strength, kg 22%71 205459 44%78 <0.001 22490 204290 235%88 <0001

MUAC, cm 232436 230434 234438 0.097 254436 45435 261435 <0.001

TSE mm 206469 211468 189468 0042 209476 22%74 199476 <0.001

MAMC, cm 16739 18736 17.0£41 0.007 18842 175240 198 £4.11 <0001

CC,em 30947 302444 320448 <0.001 325444 319444 329443 0.013

Walking speed m/s L0£06 12406 11£06 0137 1L1£07 10406 1107 0570

Pulmonary function

PEF L/s 4513 42%14 47%12 <0.001 43%13 42%13 4413 0.044

FEVI,L 20405 1804 22405 <0.001 19404 18404 2004 <0001
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Body composition
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SMI, cm?/m? MAE1S 418£122 465111 <0.001 MIEIL4 4052109 472£110 <0001

LSMD, (%) 332(33.0) 136(31.2) 196(343) 0297 195(30.8) 81(30.0) 114(31.5) 0.688

LSMI (%) 416(41.3) 175(40.2) 241(422) 0513 231(36.5) 99(36.6) 132(36.4) 0958

Scores

Total muscle wasting score, 1 (%) 0091 0.824

0 337(33.5) 133(30.6) 204(35.8) 345(54.6) 150(55.6) 195(53.8)

1 207(20.6) 100(23.0) 107(18.8) 98(15.5) 38(14.1) 60(16.5)

2 251(25.0) 102(23.4) 149(26.1) 100(15.8) 42(155) 58(16.0)

3 210(20.9) 100(23.0) 110(19.3) 89(14.1) 40(14.8) 4907.7)

NRS-2002 score, 1 (%) 0892 0475

<3 613(61.0) 264(60.7) 349(61.2) 538(85.1) 233(86.3) 305(84.3)

>3 392(39.0) 171(39.3) 221(388) 94(14.9) 37013.7) 57(15.7)

QLQ-C30 score 49.1 % 141 504152 480131 0192 506113 5074110 505%115 0779

*Values are 1 (%) or means & SDs. NLR, neutrophil to lymphocyte ratio; CR, C-reactive Protein; BMI, body mass index; MUAC, mid-upper arm circumference; TSE, triceps skin fold;
MAMC, mid-arm muscle circumference; CC, Calf circumference; PEF, Peak expiratory flow; FEV1, Forced Expiratory Volume In 1s; VC, Vital Capacity; IMAT, Intramuscular adipose

, visceral adipose tissues SAT, subcutancous adipose tissues HU, Hounsfield unit; SMD, skeletal muscle radiodensity; SMI, skeletal muscle i 1, low skeletal muscle mass
SMD, low skeletal muscle radiode RS, nutritional risk scre
‘groups and Student’s t-test or Mann-Whitney U-test was used for continuous variables

ssess differences betwe
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Univariate Multivariate

analysis analysis
Characteristics OR P value OR P value
(95% CI) (95% CI)
Demographics
Sex 087(0.67,1.13) 0297
Age 1.06(1.04,1.07) <0001 1.03(102,1.05) <0.001
Diabetes, 1 (%) 087(061,123)  0.431
Aleohol, n (%) 1.05(0.74,1.49)  0.787
Smoking history, 1 (%) 1.04(0.76,1.43)  0.788
‘Tea drinking, n (%) 152(100233) 0052
Weight loss, 1 (%) <0.001 0.363
Stable Reference Reference
0-49% 136(1.01,1.82) 1.31(0.87,197)
>5% 329(2.20,4.95) 0.94(0.53,1.69)
Cancer stage, 1 (%) <0.001 <0001
1 Reference Reference
1 2.68(1.56,4.62) 2.84(1.41,5.72)
m 5.08(3.05,8.45) 436(228,833)
Hematological biomarkers
Creatinine, mg/dl 101(100,1.01)  0.099
Hemoglobin, g/L 101(100,1.01)  0.082
Prealbumin, mg/L 1.00(099,1.00) 0541
Albumin, g/L 0.99(097,101) 0516
NLR 127(1.17,137) <0001 1.07(097,118) 0176
CRP 1.05(0.90,1.22)  0.080
Anthropometric measurements
BMI, kg/m? 0.74(0.71,078)  <0.001 0.92(0.87,0.97) 0002
Handgrip strength, kg 099(0.97,1.01) 0223
MUAC, cm 1.00(0.96,1.04) 0994
TSE mm 1.00(0.98,1.02)  0.800
MAMC, cm 1.00(096,1.03) 0893
CCem 101(098,1.04) 0428
Walking speed, m/s 0.30(024,039)  <0.001 0.40(0.29,0.54) <0.001
Pulmonary function
PEE L/s 1.04(094,1.15) 0459
FEVL,L 0.89(0.67,1.18) 0432
VG, L 083(0.68,1.02) 0071
Body composition
IMAT, cm® 1.06(1.04,1.09) <0001 1.10(107,1.14)  <0.001
VAT, cm? 1.00(099,1.01) 0676
SAT, cm? 0.99(0.99,1.00) 0268
VAT/SAT L11(091,135) 0299
Scores
Total muscle wasting score, 1 (%) <0.001 <0.001
0 Reference Reference
1 450(276,7.35) 3.77(2.10,6.76)
2 1076(6.81,17.06) 437(252,7.58)
3 14.71(9.16,23.63) 7.18(4.03,12.81)
NRS-2002 score, 1 (%) <0.001 <0001
<3 Reference Reference
>3 10.85(7.97,14.77) 5.43(3.43,8.60)
QLQ-C30score 102(1.01,1.03) 0002 1.01(0.99,102) 0313

*Data are analyzed by univariate and multivariate logistic regression analysis. Risk factors
with significance in univariate analysis were included in the multivariate anal

Forced Expiratory Volume In 15; VC, Vital Capacity; IMAT, intermuscular adipose tissue;
, subcutancous adipose
sitys SMI, skeletal muscle indexs
mass index; LSMD, low skeletal muscle rads 5 NRS, nutri
QLQ-C30, Quality of Life Questionnare-Core 30.

sue; HU, Hounsfield unit;

VAT, visceral adipose tissue;

SMD, skeletal muscle radiod
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