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Purpose

Sarcopenia is associated with decreased survival and increased complications in patients with renal cell carcinoma. Readily identifying patients with low muscle composition that may experience worse outcomes or would benefit from preoperative intervention is of clinical interest. Traditional body composition analysis methods are resource intensive; therefore, linear segmentation with routine imaging has been proposed as a clinically practical alternative. This study assesses linear segmentation’s prognostic utility in nonmetastatic renal cell carcinoma.



Materials and Methods

A single institution retrospective analysis of patients that underwent nephrectomy for nonmetastatic renal cell carcinoma from 2005-2021 was conducted. Linear segmentation of the bilateral psoas/paraspinal muscles was completed on preoperative imaging. Total muscle area and total muscle index associations with overall survival were determined by multivariable analysis.



Results

532 (388 clear cell) patients were analyzed, with median (IQR) total muscle index of 28.6cm2/m2 (25.8-32.5) for women and 33.3cm2/m2 (29.1-36.9) for men. Low total muscle index was associated with decreased survival (HR=1.96, 95% CI 1.32-2.90, p<0.001). Graded increases in total muscle index were associated with better survival (HR=0.95, 95% CI 0.92-0.99, p=0.006).



Conclusions

Linear segmentation, a clinically feasible technique to assess muscle composition, has prognostic utility in patients with localized renal cell carcinoma, allowing for incorporation of muscle composition analysis into clinical decision-making. Muscle mass determined by linear segmentation was associated with overall survival in patients with nonmetastatic renal cell carcinoma.
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Introduction

In 2021, there were 79,000 newly diagnosed cases of kidney cancer with an estimated 14,920 attributed deaths (1). Nephrectomy with the goal of curative resection remains the gold standard in the management of localized renal cell carcinoma (RCC) (2). However, there are limited prognostic tools that allow clinicians to counsel patients on the perioperative mortality and morbidity risks associated with nephrectomy (3) Body composition analysis has the potential to risk stratify and prognosticate patients undergoing surgery for RCC.

Sarcopenia, defined as skeletal muscle mass paucity associated with reduced function (4), is associated with decreased survival, postoperative complications, and systemic therapy toxicity in nearly all solid organ malignancies (5–10). Routine imaging obtained during the preoperative workup of RCC, such as computed tomography (CT) or magnetic resonance imaging (MRI), can be utilized to accurately quantify body composition parameters (11–13). However, traditional body segmentation methods are time intensiv, require training, and involve the use of a specialized software which is expensive and not widely available, limiting the widespread adoption of integrating these measurements in clinical practice.

Linear segmentation, first proposed by Avrutin et al. (11), is less time intensive and would be well suited for clinical practice. It is accomplished by using a digital ruler to measure the length and width of the psoas and paraspinal muscle groups at the level of the third lumbar vertebra (L3) on axial imaging. This method was found to correlate well with traditional body segmentation methods among a patient cohort of intensive care unit patients (11, 14). Later, Feliciano et al. validated this method in a large study of 807 nonmetastatic colorectal cancer patients undergoing surgical resection, with results supporting the linear segmentation method in predicting total skeletal muscle mass. Importantly, this study also demonstrated utility in predicting survival outcomes (15).

The prognostic utility of linear segmentation has been demonstrated in colon cancer patients (15), but there remains a paucity of literature regarding its use in other cancer populations, including renal cell carcinoma. This study aims to examine the ability of preoperative linear segmentation to predict overall survival in patients undergoing nephrectomy for nonmetastatic RCC.



Methods


Patient demographics

The study received approval by the Institutional Review Board (IRB00055316). This is a retrospective cohort analysis of a prospectively maintained database examining patients with nonmetastatic RCC who underwent partial or radical nephrectomy between 2005-2021 at a single tertiary referral center. Patients with a histologically confirmed diagnosis of nonmetastatic RCC of any histology with a digital preoperative CT or MRI of the chest, abdomen, and pelvis within 60 days before surgery were included in the study. Preoperative patient-specific data including age, gender, race, body mass index (BMI; kg/m2), and Eastern Cooperative Oncology Group (ECOG) score were included as covariates. Postoperative tumor data including TNM staging, Fuhrman grade, and tumor size, as determined by the longest tumor diameter recorded in the pathology report, were included in the analysis. The 8th edition of AJCC staging system for renal tumor classification was used for pathologic staging (16).



Linear segmentation

Linear segmentation was performed on preoperative axial imaging studies segmented at the mid-level of the third lumbar vertebrae, as successfully conducted in previous studies (14, 15, 17, 18). CT or MRI images were used due to reported agreement with both traditional skeletal muscle mapping and linear measures (18, 19). The skeletal muscle at the L3 vertebral level is examined due to its correlation with total skeletal muscle composition and its functional roles (11, 14, 20). Linear segmentation was completed by trained personnel following training requiring <5% interobserver variability and high intraobserver reliability as measured by intraclassical correlation, consistent with previous studies (19). Training is minimal, necessitating only location of the L3 level, recognition of psoas and paraspinal muscle boundaries, and comfortability with traditional radiology measuring tools. Each researcher was blinded to patient history and outcomes. Using Horos, a free, open-source medical image viewer (www.horosproject.org), the length and width of the individual psoas and paraspinal muscles at their longest and widest points were bilaterally measured. This was performed by orienting the vertical and horizontal digital ruler tool at an intersecting angle of approximately 90°, or by using the rectangular tool function (box method), which measures the same dimensions and ensures the 90° angle is met (Figure 1). In this study, the box method was primarily used. To account for potential inaccuracies in linear segmentation measurements in patients not perfectly oriented during their imaging study, psoas and paraspinal measurement were obtained at their longest and widest points in their vertical and horizontal orientation (Figure 2). Individual psoas and paraspinal muscle areas were calculated in cm2 by multiplying the length and width; total muscle area was calculated by aggregating the area of all four muscle groups. The total muscle index was calculated by dividing the total muscle area by height in m2.




Figure 1 | Linear measurements of the Lumbar Psoas and Paraspinal Musculature Using the Digital Ruler Tool (A) and the Box Measurement Tool (B) https://onlinelibrary.wiley.com/doi/full/10.1002/rco2.66.






Figure 2 | Incorrect (A) versus correct (B) orientation for obtaining linear measurements in patients mispositioned during their imaging scans https://onlinelibrary.wiley.com/doi/full/10.1002/rco2.66.



A brief, real-time example of the linear measurements with the box method as described can be viewed in Supplemental Video 1, demonstrating the ability to complete these measurements in around one minute or less. For a more thorough explanation and demonstration of both total muscle area mapping and linear measurements, please refer to the video publication by Steele et al. (14)



Statistical analysis

The primary exposure was total muscle index defined as both a binary and a continuous variable. The median value of the total muscle index stratified by sex was used as a cutoff value to delineate high or low skeletal muscle mass in respective sex. Our primary outcome was overall survival (OS) defined as the time from surgery to death from any cause or day of last follow-up recorded in patient charts.

Patient and clinical characteristics were described with a generalized chi-square test or Fisher’s exact test for categorical variables and a Wilcoxon rank-sum test for continuous variables. The prognostic value of the total muscle index stratified by sex above or below the median level was analyzed using the Kaplan-Meier method. Multivariable Cox proportional hazards regression models were fit using total muscle index, age at time of surgery, sex, race, BMI, and ECOG status as a priori selected variables. After collinearity and interaction assessment T-stage, N-stage, Furhman grade, clear cell histology, and necrosis were included in the model. Harrell’s concordance statistic estimate (c-index) was calculated for each model. Analyses were conducted on the full and clear cell RCC (ccRCC) cohort separately. A non-clear cell RCC cohort was not analyzed due to a varying number of many histological subtypes. All statistical tests were two-sided with type I error set at 0.05. All analyses were performed using SAS version 9.4 (Cary, NC, USA).




Results

The characteristics of the cohort are summarized in Table 1. The full cohort consisted of 532 patients. Most patients were male (n=351 [66.0%]). Median (IQR) age and BMI at time of surgery was 61 years (19.5-91) and 29 kg/m2 (12.5-75), respectively. In total, 42.1%, 15.6%, 38.5%, and 3.8% of patients had T1, T2, T3, & T4 disease, respectively. The median number of days from preoperative scan to surgery day was 27 (0-60). The median (IQR) total muscle area was 77.9 (69.8-88.7) for women and 107.9 (93.2-118.3) for men. The median (IQR) total muscle index was 28.6 (25.8-32.5) for women and 33.3 (29.1-36.9) for men. To assess for potential bias introduced by varying histologies, a sensitivity analysis was performed evaluating muscle measures and associations with survival in patients with ccRCC (n=388) only, which had similar overall characteristics.


Table 1 | Patient demographics for Localized RCC cohort.



The Kaplan-Meier curves delineating the association between binary total muscle index and median overall survival times for the full cohort and ccRCC only cohort are illustrated in Figures 3 and Figure 4, respectively. In the full cohort, median OS times were significantly decreased in patients with muscle index below the median level (p<0.0001; Figure 3). Similarly, in the ccRCC only cohort, preoperative muscle index above the median was associated with significantly improved overall survival (p=0.0006; Figure 4).




Figure 3 | Kaplan-Meier curves evaluating median overall survival times in patients above or below median preoperative total muscle index for all RCC patients of any histology.






Figure 4 | Kaplan-Meier curves evaluating median overall survival times in patients above or below median preoperative total muscle index for patients with clear cell renal cell carcinoma.



The median (IQR) postoperative follow-up time in months was 48.6 (IQR=20.5-82.4) for the full cohort and 46.4 (17.5-80.6) for the ccRCC cohort. The total number of deaths for the full and ccRCC cohorts were 147 and 105, respectively. Univariate Cox regression analyses were completed on both full and ccRCC only cohorts. In the full cohort, low total muscle index (binary variable), decreasing total muscle index (continuous variable), decreasing muscle area; age ≥60 years old; ECOG ≥1; Fuhrman grade; and T3,T4,and N1 disease were significantly associated with decreased OS. In the ccRCC cohort alone, below median total muscle index (binary variable), decreasing total muscle index (continuous variable), decreasing muscle area, age ≥60 years old, Fuhrman grade; and T3,T4,and N1 disease were significantly associated with decreased OS. No significant differences in OS on univariable analysis were observed between men and women in either cohort.

Results from multivariate Cox proportional hazards regression analysis with total muscle index as a binary variable (below or above median) are displayed in Table 2. Notably, low total muscle index was significantly associated with decreased overall survival in the full cohort (HR=1.96, 95% CI 1.32-2.90, p<0.001) and in the ccRCC cohort (HR=1.78, 95% CI 1.08-2.75, p=0.022). In addition to decreased total muscle index, age ≥60 years old was significantly associated with decreased OS in both the full and ccRCC only cohort. T3 disease was significantly associated with decreased OS in the full cohort only.


Table 2 | Multivariable model summary of COX hazard overall survival for binary preoperative linear muscle index.



The association of muscle index as a continuous variable with OS was examined as well, with Table 3 displaying the results from multivariable Cox proportional hazards regression analysis. A graded increase in total muscle index was significantly associated with better OS for the full cohort (HR=0.95, 95% CI 0.92-0.99, p=0.006) and ccRCC cohort (HR=0.95, 95% CI 0.91-0.99, p=0.016). T3 disease and age ≥60 years old were significantly associated with decreased overall survival in both the full cohorts as well.


Table 3 | Multivariable model summary of COX hazard overall survival for continuous preoperative linear muscle index.





Discussion

In this study, we evaluated the prognostic utility of preoperative linear segmentation for determining survival outcomes in patients with localized RCC undergoing nephrectomy. L3 paraspinal and psoas muscle index muscle index, as measured via linear segmentation, was significantly associated with decreased OS as a binary value with the threshold being the median level (Full cohort HR=1.96, 95% CI 1.32-2.90; ccRCC specific HR=1.78, 95% CI 1.08-2.75). Notably, every unit increase in total muscle index is associated with decreased overall mortality (Full cohort HR=0.95, 95% CI 0.92-0.99; ccRCC HR=0.95, 95% CI 0.91-0.99). Importantly, these relationships persisted after controlling for other well-established predictive factors in RCC, such as T-stage, N-stage, and Furhman grade. To our knowledge, this analysis represents the largest study to date evaluating linear segmentation for muscle mass quantification and its prognostic ability in surgical RCC populations. Having a tool present on traditional medical image viewers that can easily and efficiently identify low muscle composition in patients during the preoperative visit has important implications in the management and treatment of RCC patients.

Preoperative sarcopenia has been established as a prognostic factor associated with increased perioperative mortality in surgical patients (5–7), including RCC patients following nephrectomy (8, 10). Skeletal muscle composition can be estimated by mapping the total cross sectional area of skeletal muscle at the level of L3 (12–14); however, the labor, time, and cost extensive nature of this technique limits its clinical use (11). Initial efforts at estimating skeletal muscle mass in various surgical cancer populations by mapping total bilateral psoas or paraspinal muscle groups alone, while more efficient, has provided inconsistent muscle mass quantification and has limited ability to predict outcomes (16, 21–25). Similarly, attempts to simplify body composition via digital ruler measurements of the psoas muscles alone have had varying success in different oncologic populations (17, 26).

The linear segmentation technique described in this study and introduced by Avrutin et al. utilizes both the psoas and paraspinal muscle groups, which appear to maintain a stronger correlation with traditional cross sectional area mapping (11). This method utilizes commonly obtained preoperative imaging, can be done quickly during clinic in under a minute, and provides critical information in the assessment of a patient’s perioperative risk. As one of the largest linear segmentation studies, and the largest for RCC, our results provide further support for the implementation of linear segmentation as an inexpensive, expeditious, and clinic friendly alternative for assessing skeletal muscle composition in patients (11, 13, 14). Much like the promising results by Feliciano et al. in a large cohort of colorectal cancer subjects (15), linear segmentation of the bilateral psoas and paraspinal muscle groups measured on axial CT images at the mid L3 vertebra in this large cohort of RCC patients demonstrates prognostic utility and is independently associated with overall survival in patients undergoing surgery for localized disease.

The rationale for why patients with sarcopenia experience shorter overall survival is likely multifactorial. In addition to being associated with traditional aging processes, sarcopenia also results from other factors such as malignancy, comorbidities, therapy regimens, inflammation, and malnutrition (4, 10). Therefore, severity of disease and associated inflammation and malnutrition are likely contributing to the degree of skeletal muscle catabolism (3, 27). Previous studies have examined the influence of malnutrition (i.e. hypoalbuminemia) or inflammation (i.e. C-reactive protein) within nonmetastatic RCC patients, identifying both independent prognostic ability as well as synergism with measured sarcopenia (8, 28).

Thus, quickly identifying patients with low muscle composition can facilitate identification of patients who may benefit from perioperative interventions aimed at building muscle, maximizing nutritional status, and minimizing inflammation. Exercise (i.e. aerobics and resistance) and nutritional supplementation (i.e. anti-inflammatories, amino acids) have exhibited success in reducing perioperative outcomes, cancer mortality, sarcopenia, and frailty due to their propensity to stimulate myoprotein synthesis and anti-inflammatory pathways (3, 15, 29–32). However, a frequent concern regarding these interventions is insufficient time from identification of sarcopenia to treatment or surgical intervention. With nutritional optimization, clinical trials have observed improvements in frailty measures or sarcopenia in as little as 2-8 weeks (33, 34), though sample sizes are limited. Alternatively, in a clinical trial involving frail colorectal cancer patients being assigned multimodal prehabilitation with exercise, nutrition, and psychological intervention, found 4-5 weeks of prehabilitation as insufficient in terms of complications (35). Investigations into prehabilitation programs, their components, and their feasibility are ongoing. Nevertheless, the ability to readily identify patients with a modifiable risk factor such as low muscle mass and encourage prehabilitation is a low risk opportunity to improve patient survival and outcomes (3).

This project is not without its limitations. It is a retrospective, single institutional study, albeit including a large sample size. Reliance in clinical documentation for patient health records can be inconsistent and may have absent variables. Image quality is operator- and patient-dependent and can vary between institutions. Traditional skeletal muscle mapping was not completed on each patient to analyze its correlation with the linear measures, though we believe its correlation in previous studies negates its use in this study. Linear segmentation fails to capture detailed analysis of other muscle or body features such as muscle density, intramuscular fat, or visceral adiposity. This study focused only on patients with localized RCC which may limit the generalizability of the results to metastatic RCC patients. We also looked at non-clear cell RCC as a unit rather than substratifying based on various individual histological subtypes of RCC. However, we believe the principles can be extrapolated to other malignancies, encouraging examination in other populations. Finally, little information exists regarding appropriate muscle index cutoff points. Future research utilizing larger cohorts of various cancer types should focus on identifying TMI cutoffs for optimal risk stratification.



Conclusions

Linear segmentation of the L3 paraspinal and psoas muscle groups is a practical approach for estimating skeletal muscle composition. In this study, linear segmentation was completed on a large cohort of patients with RCC. As a binary value, lower TMI was associated with decreased overall survival. Similarly, as a continuous measure, increasing muscle index was significantly associated with increased overall survival. These findings support the implementation of linear segmentation into the clinical workflow and its prognostic utility in the preoperative evaluation of patients presenting with nonmetastatic RCC.
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Supplementary Video 1 | Real-time linear segmentation via the box method example. Measurements were taken of the bilateral psoas and paraspinal muscles at the level of the third lumbar vertebrae.
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Full Cohort ccRCC

Covariate Hazard Ratio (95% CI) HR P-value Hazard Ratio (95% CI) HR P-value

PreOp Total Muscle Index*

Below Median 1.96 (1.32-2.90) <0.001 1.72 (1.08-2.75) 0.022
Age 60+ 1.59 (1.09-2.30) 0.015 1.62 (1.04-2.53) 0.033
Gender

Male 1.13 (0.77-1.66) 0.54 1.19 (0.75-1.87) 0.459
Race

Black 1.53 (1.00-2.36) 0.052 1.52 (0.87-2.63) 0.139
Obesity (> 30 kg/m2) 1.31 (0.91-1.89) 0.149 1.09 (0.71-1.68) 0.691
ECOG

>1 1.40 (0.93-2.10) 0.111 141 (0.85-2.34) 0.180
Nephrectomy Type

Partial 0.65 (0.36-1.18) 0.155 0.56 (0.25-1.26) 0.159
pT-Stage

T1 Ref - Ref -

T2 0.92 (0.43-1.96) 0.824 0.78 (0.27-2.25) 0.650

T3 2.03 (1.07-3.86) 0.03 1.81 (0.85-3.86) 0.124

T4 271 (0.95-7.76) 0.063 291 (0.78-10.79) 0.110
Pathologic N-Stage

N1 1.76 (0.97-3.21) 0.064 1.55 (0.68-3.53) 0.298
Fuhrman Grade

G3-G4 1.14 (0.73-1.78) 0.554 0.90 (0.54-1.50) 0.675
«cRCC 0.98 (0.62-1.54) 0.928 - -

*[TMA]/height (m2). Clear Cell Renal Carcinoma (ccRCC), Stage, Size, Grade, Necrosis (SSIGN), Eastern Cooperative Oncology Group (ECOG). C-index=0.7333 (full), 0.7246 (ccRCC).
Bolded P-Value indicates clinical significance with p<0.05.
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Full Cohort ccRCC

Covariate Hazard Ratio (95% Cl) HR P-value Hazard Ratio (95% Cl) HR P-value

PreOp Total Music Index*

Continuous 0.95 (0.92-0.99) 0.006 0.95 (0.91-0.99) 0.016
Age 60+ 1.56 (1.07-2.27) 0.021 1.56 (0.99-2.44) 0.053
Gender

Male 1.40 (0.93-2.11) 0.111 1.48 (0.91-2.40) 0.114
Race

Black 1.45 (0.95-2.22) 0.088 1.46 (0.85-2.51) 0.175
Obesity (> 30 kg/m2) 1.37 (0.93-2.00) 0.11 1.18 (0.75-1.85) 0.474
ECOG

>1 1.44 (0.95-2.16) 0.083 146 (0.88-2.42) 0.142
Type of Nephrectomy

Partial 0.65 (0.36-1.17) 0.149 0.56 (0.25-1.26) 0.161
pT-Stage

T1 Ref - Ref -

T2 091 (0.43-1.94) 0.816 0.74 (0.26-2.12) 0.581

T3 2.05 (1.09-3.87) 0.027 1.79 (0.85-3.80) 0.127

T4 2.54 (0.89-7.22) 0.08 2.68 (0.73-9.90) 0.138
Pathologic N-Stage

N1 1.60 (0.88-2.90) 0.122 1.40 (0.62-3.17) 0.424
Fuhrman Grade 3-4 Disease

G3-G4 1.21 (0.78-1.87) 0.401 0.93 (0.56-1.56) 0.788
«cRCC 1.02 (0.65-1.60) 0.926 - -

*[TMA]/height (m2). Clear Cell Renal Carcinoma (ccRCC), Stage, Size, Grade, Necrosis (SSIGN), Eastern Cooperative Oncology Group (ECOG). c-index=0.7302 (full), 0.7222 (ccRCC).
Bolded P-Value indicates clinical significance with p<0.05.
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Covariate

Age at surgery*
Sex
Male
Race
White
Black
Other
Unknown
ECOG Status
ECOG =1
BMI*
Obesity (= 30 kg/m2)
Type of Nephrectomy
Radical
Preoperative Muscle
Total muscle area (cm2)**
‘Women
Men
Total muscle index**
‘Women
Men
Above Total Muscle Index Median
Below Total Muscle Index Median
Days preoperative scan to surgery*
Fuhrman Grade
Grade 1-2
Grade 3-4
pT-Stage
il
T2
T3
T4
Pathological N-Stage
NO

Full Cohort
No. (%) (n=532)

60.5 (19.5-91)

351 (66.0)

357 (67.1)
143 (26.9)
19 (3.6)
13 (24)

84 (15.8)
29 (12.5-75)
233 (43.8)

374 (70.3)

77.9 (69.8-88.7)
107.9 (93.2-118.3)

28.6 (25.8-32.5)
33.3 (29.1-36.9)
265 (50.2)
267 (49.8)
27 (0-60)

190 (36.7)
328 (63.3)

224 (42.1)
83 (15.6)

205 (38.5)
20 (3.8)

501 (94.2)

ccRCC
No. (%) (n=388)

61.3 (19.5-89.9)

257 (66.2)

287 (74)
74 (19.1)
16 (4.1)
11 (2.8)

51 (13.1)
29.2 (15.7-75)
179 (46.1)

268 (69.4)

77.5 (66.0-89.3)
106.4 (91.9-117.7)

28.4 (254-33.2)
33.0 (29.0-36.7)
181 (46.6)
207 (53.4)
25 (0-60)

158 (41)
227 (59)

171 (44.1)
37 (9.5)
168 (43.3)
12 (3.1)

371 (95.6)

*median (min-max), **Median (IQR). Abbreviations: Total Muscle Area (TMA), Total Muscle Index (TMI)=[TMA]/height (m2), Eastern Cooperative Oncology Group (ECOG), Body
Mass Index (BMI), Total muscle Area (TMA), Clear Cell Renal Cell Carcinoma (ccRCC).





