(‘\

The association of medical and demographic characteristics with
sarcopenia and low muscle radiodensity in patients with nonmetastatic

colorectal cancer

Jingjie Xiao,” Bette J Caan,’ Elizabeth M Cespedes Feliciano,’ Jeffrey A Meyerhardt,> Candyce H Kroenke,? Vickie
E Baracos,? Erin Weltzien,? Marilyn L Kwan,? Stacey EAlexeeﬁ‘,2 Adrienne L Castillo,? and Carla M Prado’

"Human Nutrition Research Unit, Department of Agricultural, Food and Nutritional Science and 2Division of Research, Kaiser Permanente Northern California,
Oakland, CA; 3Depa.rtrnent of Medical Oncology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA; and 4Division of Palliative Care
Medicine, Department of Oncology, University of Alberta, Edmonton, Alberta, Canada

ABSTRACT

Background: Sarcopenia and low skeletal muscle radiodensity
(SMD) have been associated with adverse outcomes in patients with
colorectal cancer (CRC); however, factors contributing to these 2
muscle abnormalities are unclear.

Objectives: The aim of this study was to investigate the association
of medical and demographic characteristics with muscle abnormali-
ties among patients with nonmetastatic CRC.

Methods: Patients with stage I-III invasive CRC (2006—11) who had
diagnostic computed tomography (CT) available from Kaiser Perma-
nente Northern California electronic medical records were included.
CT-assessed sarcopenia and low SMD were defined according to
optimal stratification. Logistic regressions including age, stage, site,
total adipose tissue (TAT), race/ethnicity, neutrophil-lymphocyte
ratio, smoking history, alcohol use, and Charlson Comorbidity Score
were performed to identify characteristics associated with muscle
abnormalities.

Results: The study included 3262 patients (49.9% females) with
a mean £ SD age of 62.6 £ 11.4 y. Sarcopenia and low SMD
were highly prevalent (42.4% and 29.6%, respectively). Age and
sex interactions were noted for muscle mass, but not SMD. Age
was associated with higher odds of muscle abnormalities in a dose-
response manner. Compared with those aged <50 y, patients aged
70-80 y had considerably higher odds (OR: 6.19; 95% CI: 4.72,
8.11) of sarcopenia, and low SMD (OR: 17.81; 95% CI: 11.73,
27.03). High TAT was related to a higher odds of low SMD (OR:
9.62; 95% CI: 7.37, 12.56), but lower odds of sarcopenia (OR: 0.59;
95% CI: 0.48, 0.71). Compared with Caucasians, African Americans
had lower odds of sarcopenia and low SMD. Patients with a higher
neutrophil-lymphocyte ratio had higher odds of having both muscle
abnormalities. Patients who were smokers or had any comorbidity
had higher odds of low SMD, but not sarcopenia.

Conclusions: Muscle abnormalities were common in patients with
nonmetastatic CRC, with great variability in muscle mass and SMD
across age, TAT, and race/ethnicity. Factors associated with muscle
abnormalities may be used to facilitate risk stratification and the
guidance of targeted strategies to counteract these abnormalities.
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Introduction

Skeletal muscle constitutes the largest fraction of the lean
soft tissue compartment and is the primary site of body protein
storage (1). In addition, ~80% of glucose disposal in the human
body occurs in skeletal muscle (2). Therefore, skeletal muscle
is crucial for maintaining glucose homeostasis and represents
a patient’s physiologic reserve and overall health status. The
term "sarcopenia" was originally used to describe age-associated
decline in muscle mass (primary sarcopenia) (3). Secondary sar-
copenia, however, is the loss of muscle mass observed in multiple
pathologic and physiologic disorders, such as illnesses requiring
critical care, end-stage renal disease, and malignant disease (3).

Colorectal cancer (CRC) is the third leading cause of cancer-
related death in women and second in men in the United
States (4). It has been reported that, depending on study cohort
characteristics, 12-60% of patients with CRC are affected by
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sarcopenia (5-8). CRC patients with sarcopenia have poor
functional capacity, increased postoperative morbidity, greater
chemotherapy toxicity, shorter time to cancer progression, and
decreased life expectancy (9). Moreover, sarcopenia has been
associated with a higher rate of major complications after
CRC resection, longer recovery time, and greater need for
rehabilitation care (10).

Computed tomography (CT) allows precise quantification of
muscle mass, and hence, sarcopenia. Additionally, this technique
allows the assessment of low skeletal muscle radiodensity
(SMD), reflective of a higher degree of fat infiltration (i.e.,
myosteatosis) in muscle (11, 12). Low SMD is an emerging
prognostic factor in CRC and in other cancers (13). Little
is known about risk factors for sarcopenia and low SMD in
cancer. Recognizing these factors may aid in the prediction of
overall patient prognosis. Additionally, attempts could be made
to improve modifiable risk factors related to these conditions, thus
improving short- and long-term prognosis. The aim of this study
was to assess the prevalence and major factors associated with
sarcopenia and low SMD in a large cohort of 3262 nonmetastatic
CRC patients.

Methods

Study population and setting

We included patients aged 18-80 y at Kaiser Permanente
Northern California (KPNC) diagnosed with stage I-III invasive
CRC between 2006 and 2011. Patients who had abdominal CT
scans around diagnosis with sufficient image quality for body
composition assessment were included (Supplemental Figure
1). The primary study outcome was the presence of sarcopenia
or low SMD (as binary variables) (14). This study was approved
by the KPNC Institutional Review Board and the University of
Alberta Health Research Ethics Board.

Body mass index and body composition variables

We selected patients’ height and weight closest to cancer
diagnosis measured by KPNC medical assistants and computed
“at-diagnosis” BMI and classified patients according to WHO
guidelines: underweight (<18.5 kg/m?), normal weight (18.5 —
< 25 kg/m?), overweight (25 —< 30 kg/m?), Class I obesity (30
—< 35kg/m?), and Class II/III obesity (>35 kg/m?).

Body composition was measured from diagnostic CT scans
taken before any chemotherapy or radiation treatment (83%
presurgical). The median time between diagnosis and scan was
0.2 mo (range: —2.0 to 3.8 mo). A single image at the third lumbar
vertebra (L3) was selected for body composition quantification,
including skeletal muscle mass, intermuscular adipose tissue
(IMAT), visceral adipose tissue (VAT), and subcutaneous adipose
tissue (SAT) cross-sectional areas (cm?). A single L3 image
strongly correlates with whole-body muscle and total adipose
tissue (TAT) in healthy individuals and patients with cancer
(15, 16). Tissue areas were measured according to the standard
Hounsfield unit (HU) range of —29 to 150 for muscle (17), —150
to —50 for VAT (18), and —190 to —30 for IMAT and SAT (16)
with the use of SliceOmatic Software version 5.0 (TomoVision).
SMD in HU was generated by the software as the mean radiation
attenuation value of the measured muscle groups at L3. The
interobserver coefficients of variation were 1.2% for skeletal
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muscle, 0.7% for SMD, and 1% for TAT. The skeletal muscle
index (SMI) was calculated from skeletal muscle cross-sectional
area divided by height squared (cm?/m?). TAT was calculated as
the sum of VAT, IMAT, and SAT.

Definitions of sarcopenia and low SMD

Threshold values of muscle abnormalities (i.e., sarcopenia
or low SMD, or a combination) were developed through the
use of the optimal stratification approach (13, 19). This method
identifies cutpoints that best separate patients’ risk with respect to
time to death, which has been increasingly accepted as a clinically
relevant approach for patient risk stratification. Accordingly, we
adopted cutpoints of sarcopenia and low SMD derived from
this study cohort, as previously described (14, 20). We further
classified patients into 4 phenotype groups: nonsarcopenic,
normal SMD; nonsarcopenic, low SMD; sarcopenic, normal
SMD; and sarcopenic, low SMD.

Demographic and clinical variables

We reviewed all patients’ electronic medical records and
the KPNC Cancer Registry for information on demographics,
lifestyle, and medical history. Age at diagnosis, sex, disease
stage, race/ethnicity, comorbidities (1 y before cancer diagnosis),
prediagnostic weight change (i.e., the subtraction of diagnosis
weight from the weight taken 18 mo prior to diagnosis), smoking
history, and alcohol use (any time prior to and closest to cancer
diagnosis) were obtained. Laboratory values of albumin and
neutrophil-lymphocyte ratio (NLR) were obtained as part of
routine blood tests; all measurements were taken within 1 y
(albumin, median —0.26 mo; range: —11.94 to 1.48 mo) or 2 y
(NLR, median —0.36 mo; range: —17.99 to 1.55 mo) of CRC
diagnosis, and prior to the diagnostic scan, surgery, or other
treatment. Standard cutoffs were used to categorize NLR into
normal (<3), moderate (3 —< 5), and high (>5) (21), and albumin
into low (<3.5 g/dL) and normal (>3.5 g/dL) groups (22).

Statistical analysis

Differences in descriptive statistics by muscle abnormalities
and differences in body composition variables by patient
subgroups defined by age, BMI, and sex were analyzed by 1-
way analysis of variance or Pearson’s chi-square tests, where
appropriate. Mean difference and marginal means of body
composition components by race/ethnicity were estimated from
generalized linear models. Simple linear regression models
were used to examine the impact of age and sex on SMI,
SMD, and other body composition components as continuous
variables. Logistic regression models were applied to determine
clinical and demographic predictors of outcome variables (i.e.,
sarcopenia and low SMD as binary variables) in univariate and
multivariable analysis. All statistical analyses were performed
with STATA version 14.2 (StataCorp LP), with statistical
significance established with 2-sided tests with P < 0.05.

Results

Patient characteristics

A total of 3262 patients were included. Patient demographic,
clinical, and body composition characteristics are given in
Table 1. Males presented with higher SMI and SMD than
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TABLE 1 Characteristics of patients with nonmetastatic CRC'
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Overall Females
(n=3262) Males (n = 1634) (n=1628) P value?
Demographics
Age,y 62.6 + 11.4 62.0 &+ 11.3 63.2 + 11.5 0.002
BMI, kg/m? 28.1 + 6.0 283 £ 5.2 279 + 6.7 0.088
BMI categories, n (%)
Underweight 61(1.9) 14.(0.9) 47 (2.9) <0.001
Normal weight 1007 (30.9) 416 (25.5) 591 (36.3)
Overweight 1164 (35.7) 687 (42.0) 477 (29.3)
Class I obesity 645 (19.8) 360 (22.0) 285 (17.5)
Class II/III obesity 385 (11.8) 157 (9.6) 228 (14.0)
Weight change history,? n (%)
Stable, <5% change 1150 (35.3) 545 (33.4) 605 (37.2) 0.001
>5% loss 548 (16.8) 255 (15.6) 293 (18.0)
>5% gain 137 (4.2) 62 (3.8) 75 (4.6)
Race/ethnicity, n (%)
Caucasian 2118 (65.0) 1063 (65.1) 1055 (64.9) 0.442
African American 234 (7.2) 105 (6.4) 129 (7.9)
Hispanic or Latino 365 (11.2) 193 (11.8) 172 (10.6)
Asian/Pacific Islander 520 (16.0) 261 (16.0) 259 (15.9)
Other 21(0.6) 10 (0.6) 11 (0.7)
Clinical variables
Site of cancer, n (%)
Proximal 1436 (44.0) 644 (39.4) 792 (48.7) <0.001
Distal 879 (27.0) 438 (26.8) 441 (27.1)
Rectal 947 (29.0) 552 (33.8) 395 (24.3)
Cancer stage, n (%)
1 979 (30.0) 501 (30.7) 478 (29.4) 0.179
I 1030 (31.6) 531 (32.5) 499 (30.7)
11 1253 (38.4) 602 (36.8) 651 (40.0)
Neutrophil lymphocyte ratio* 3.94 £ 4.13 4.10 £ 4.51 3.79 &£ 3.72 0.066
Albumin’ 3.90 + 0.63 3.96 + 0.61 3.85 + 0.63 0.019
Smoking history, n (%)
Never 1516 (46.5) 634 (38.9) 882 (54.2) <0.001
Former 1347 (41.3) 771 (47.3) 576 (35.4)
Current 396 (12.2) 226 (13.9) 170 (10.4)
Alcohol, n (%)
Never 797 (24.4) 276 (16.9) 521 (32.0) <0.001
Former 38 (1.2) 16 (1.0) 22 (1.4)
Current 928 (28.5) 509 (31.2) 419 (25.7)
Charlson Comorbidity Score, n (%)
0 1770 (54.3) 867 (53.1) 903 (55.5) 0.479
1-2 946 (29.0) 482 (29.5) 464 (28.5)
>3 321 (9.8) 171 (10.5) 150 (9.2)
Missing 225 (6.9) 114 (7.0) 111 (6.8)
Body composition
SMI, cm?/m? 48.6 + 10.1 542 + 9.2 43.1 £ 75 <0.001
SMD, HU 39.0 £ 9.9 40.6 + 9.6 37.5 + 10.0 <0.001
VAT, cm? 155.7 + 109.9 201.2 + 116.2 109.9 + 80.6 <0.001
SAT, cm? 212.5 £ 120.3 187.4 + 105.3 237.8 £ 129.0 <0.001
TAT, cm? 381.4 4+ 196.0 401.9 £ 195.6 360.8 + 194.3 <0.001
Sarcopenia, n (%) 1383 (42.4) 740 (45.3) 643 (39.5) 0.001
Low SMD, n (%) 967 (29.6) 464 (28.4) 503 (30.9) 0.118

'Values are means & SDs or n (%). For BMI <30 kg/m?, sarcopenia cutpoints were <52.3 cm?/m? and <38.6 cm?/m? for men and women,

respectively; for BMI >30 kg/m?, sarcopenia cutpoints were <54.3 cm?/m? and <46.6 cm?/m? for men and women, respectively (14). Low SMD cutpoints
were 35.5 HU for men and 32.5 for women (20). CRC, colorectal cancer; HU, Hounsfield unit; SAT, subcutaneous adipose tissue; SMD, skeletal muscle

radiodensity; SMI, skeletal muscle index; VAT, visceral adipose tissue; TAT, total adipose tissue.
20One-way ANOVA or Pearson’s chi-square tests.

3*“*S*GMissing values for each variable respectively: 1427, 896, 2557, 1499.
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FIGURE 1 Percentage of patients with sarcopenia or low SMD across the spectrum of total adiposity (N = 3262). SMD, skeletal muscle radiodensity.

females, although low SMD prevalence did not differ between
sexes. The prevalence of sarcopenia and low SMD was 45.3% and
28.4% in males and 39.5% and 30.9% in females, respectively.
Although sarcopenia and low SMD were more common in older
patients, both conditions occurred across the age spectrum: for
example, 114 (6.7%) of patients <65 y at diagnosis had both
sarcopenia and low SMD (data not shown). Figure 1 shows the
percentage of patients who had sarcopenia, low SMD, or both
across the TAT distribution. Most patients who only had sarcope-
nia were in the lower end of the TAT distribution, whereas patients
with only low SMD tended to be at the high end of the distribution
(Figure 1).

Body composition features, medical and demographic
characteristics, and muscle abnormalities

Variations in body composition components by age and sex
are shown in Table 2. Significant age and sex interactions were
noted for all components except SMD. Mean SMI and SMD were

lower in the higher age categories for both sexes. In contrast,
VAT was higher with older age except in those 70-80 y of
age for both sexes. In multivariable logistic regression analysis,
older age was associated with higher odds of sarcopenia and
low SMD in a dose-response manner. Compared with patients
aged <50 y, the ORs for sarcopenia were higher in older age
groups (Table 3); patients aged 70-80 y had the highest odds of
sarcopenia (OR: 6.19; 95% CI: 4.72, 8.11). The dose-response
effect of age on SMD was more pronounced (Table 4). It is
noteworthy that patients who were >70 y had a substantially
higher odds of having low SMD compared with those who were
<50 y (OR: 17.81; 95% CI: 11.73, 27.03). In simple linear
regression analyses, SMI decreased 0.27 cm? and SMD decreased
0.44 HU for every 1-y increase in age; on average, females had
11.05 cm? lower SMI and 3.05 HU lower SMD than that of their
male counterparts (Tables 3 and 4).

Within each age group, there was a direct, dose-response
relationship between BMI and SMI in both sexes (Supplemental
Tables 1 and 2). In contrast, SMD was lower in those in the higher

TABLE 2 Variation of body composition by age and sex in patients with nonmetastatic CRC!

SMM, cm? SMI, cm?/m? SMD, HU VAT, cm? SAT, cm? TAT, cm?
Age,y
Males
<50 (n =273) 185.7 + 30.6 59.2 + 8.9 48.6 + 8.0 153.9 + 100.5 207.2 + 130.3 369.3 + 212.3
50-60 (n = 422) 176.1 + 28.4 56.6 + 8.6 43.0 + 8.1 188.2 + 104.8 199.4 + 117.3 399.0 + 198.8
60-70 (n = 498) 167.8 + 28.6 53.5 + 8.7 39.0 &+ 8.5 224.1 + 123.0 188.0 + 96.2 4264 + 195.3
70-80 (n = 441) 151.8 + 26.2 494 + 8.3 35.0 £ 9.0 2172 + 117.8 163.0 + 77.6 397.2 + 178.3
P value? <0.001 <0.001 <0.001 <0.001 <0.001 0.04
Females
<50 (n = 250) 121.1 + 20.7 456 + 7.5 46.2 + 8.6 72.9 + 63.2 244.4 + 136.6 324.5 + 187.6
50-60 (n = 388) 119.4 + 20.1 454 + 79 40.7 + 8.6 111.1 £+ 78.1 267.2 + 140.2 388.9 + 206.3
60-70 (n = 451) 111.4 + 19.8 425 +£ 6.9 36.2 + 8.8 121.9 + 83.9 2447 + 127.0 380.9 + 198.0
70-80 (n = 539) 105.0 + 17.5 40.8 + 6.7 32.3 £ 8.9 116.2 + 82.0 207.7 £ 111.5 340.6 + 1804
P value? <0.001 <0.001 <0.001 <0.001 <0.001 0.66
Age and sex interaction, P value? <0.001 <0.001 0.27 <0.001 <0.001 <0.001

1'Values are means + SDs. CRC, colorectal cancer; HU, Hounsfield unit; SAT, subcutaneous adipose tissue; SMD, skeletal muscle radiodensity; SMI,

2Simple linear regression tests with age group as the predictor.
3Likelihood ratio tests and multivariate linear regression models for interaction terms.

skeletal muscle index; SMM, skeletal muscle mass; VAT, visceral adipose tissue; TAT, total adipose tissue.
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TABLE 3 Medical and demographic characteristics associated with sarcopenia among nonmetastatic CRC patients'

619

Univariate

Characteristics OR (95% CI) P value OR (95% CI) P value
Age,perSy 1.06 (1.05,1.06) <0.001 1.06 (1.05,1.07) <0.001
Age,y

<50 Reference Reference

50-60 1.72 (1.33,2.22) <0.001 1.90 (1.45,2.48) <0.001

60-70 3.21(2.51,4.10) <0.001 3.71 (2.85,4.81) <0.001

70-80 5.29 (4.14,6.76) <0.001 6.19 (4.72,8.11) <0.001
Sex

Males Reference Reference

Females 0.79 (0.69,0.91) 0.001 0.71 (0.61,0.83) <0.001
TAT tertiles

Tertile 1 Reference Reference

Tertile 2 0.56 (0.47,0.67) <0.001 0.52 (0.43,0.62) <0.001

Tertile 3 0.59 (0.50,0.70) <0.001 0.59 (0.48,0.71) <0.001
Race/ethnicity

Caucasian Reference Reference

African American 0.47 (0.35,0.64) <0.001 0.53 (0.38,0.72) <0.001

Hispanic or Latino 0.53 (0.42,0.68) <0.001 0.67 (0.52,0.86) 0.002

Asian 1.03 (0.85,1.24) 0.79 1.09 (0.87,1.35) 0.45
Weight change history?

Stable, <5% change Reference Reference

>5% loss 1.20 (0.98,1.47) 0.08 1.04 (0.83,1.29) 0.76

>5% gain 1.07 (0.75,1.53) 0.70 1.10 (0.75,1.61) 0.64
Stage

Stage [ Reference Reference

Stage 11 1.42(1.19,1.69) <0.001 1.30 (1.07,1.57) 0.008

Stage IIT 1.14 (0.96,1.35) 0.13 1.21 (1.01,1.46) 0.04
Site

Colon Reference Reference

Rectal 0.74 (0.63,0.87) <0.001 0.89 (0.75,1.06) 0.20
Charlson Comorbidity Score

0 Reference Reference

lor2 1.08 (0.92,1.27) 0.33 0.86 (0.72,1.03) 0.10

>3 1.12(0.88,1.43) 0.35 0.65 (0.49,0.86) 0.003
Neutrophil-lymphocyte ratio®

<3 Reference Reference

3-5 1.38 (1.13,1.68) 0.002 1.26 (1.02,1.57) 0.03

>5 1.82(1.48,2.26) <0.001 1.65 (1.31,2.08) <0.001
Albumin*

>3.5 g/dL. Reference Reference

<3.5g/dL 1.35(0.93,1.96) 0.11 0.96 (0.64,1.44) 0.85
Smoking history

Never smoker Reference Reference

Former smoker 1.25(1.08,1.45) 0.003 1.02 (0.86,1.20) 0.84

Current smoker 1.18 (0.94,1.47) 0.15 1.14 (0.90,1.46) 0.28
Alcohol®

Never Reference Reference

Former 1.15 (0.60,2.20) 0.68 0.98 (0.48,1.99) 0.96

Current 1.03 (0.85,1.25) 0.73 1.04 (0.84,1.29) 0.72
Simple linear regression

Coefficient Standard error P value 95% CI

Age, per year —-0.27 0.01 <0.001 (—=0.29,-0.24)
Sex (male as reference) —11.05 0.29 <0.001 (—11.63,—10.48)

'Multivariable models were adjusted for age at diagnosis (either categoric or continuous), sex, race/ethnicity, cancer stage, cancer site, prediagnostic
weight change history, Charlson Comorbidity Score, smoking history, alcohol use, neutrophil lymphocyte ratio, albumin, and TAT tertiles at diagnosis. For
BMI <30 kg/m?, sarcopenia cutpoints were <52.3 and <38.6 cm?*/m? for men and women, respectively; for BMI >30 kg/m?, sarcopenia cutpoints were
<54.3 and <46.6 cm?/m? for men and women, respectively (14). Low SMD cutpoints were 35.5 HU for men and 32.5 HU for women (20). CRC, colorectal

cancer; SMD, skeletal muscle radiodensity; TAT, total adipose tissue.

2*3’4*5Missing values for each variable respectively:1427, 896, 2557, 1499.
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TABLE 4 Medical and demographic characteristics associated with low SMD among nonmetastatic CRC patients’

Univariate Multivariate

Characteristics OR (95% CI) P value OR (95% CI) P value
Age, per 5y 1.09 (1.08,1.10) <0.001 1.10 (1.09,1.11) <0.001
Age,y

<50 Reference Reference

50-60 2.83(1.90,4.19) <0.001 2.51(1.64,3.83) <0.001

60-70 6.20 (4.27,9.02) <0.001 5.26 (3.50,7.90) <0.001

70-80 15.86 (10.96,22.96) <0.001 17.81 (11.73,27.03) <0.001
Sex

Males Reference Reference

Females 1.13(0.97,1.31) 0.12 1.16 (0.96,1.41) 0.12
TAT tertiles

Tertile 1 Reference Reference

Tertile 2 2.58 (2.06,3.23) <0.001 2.75 (2.13,3.56) <0.001

Tertile 3 6.87 (5.54,8.52) <0.001 9.62 (7.37,12.56) <0.001
Race/ethnicity

Caucasian Reference Reference

African American 0.38 (0.27,0.54) <0.001 0.37 (0.24,0.55) <0.001

Hispanic or Latino 0.88 (0.70,1.12) 0.30 1.19 (0.89,1.59) 0.24

Asian 0.24 (0.18,0.31) <0.001 0.38 (0.27,0.53) <0.001
Weight change history?

Stable, <5% change Reference Reference

>5% loss 1.02 (0.82,1.27) 0.84 1.00 (0.77,1.30) 1.00

>5% gain 1.33(0.92,1.92) 0.13 1.24 (0.79,1.93) 0.35
Stage

Stage [ Reference Reference

Stage 11 1.16 (0.96,1.41) 0.12 1.10 (0.87,1.39) 0.42

Stage IIT 1.02 (0.85,1.23) 0.84 1.17 (0.93,1.47) 0.18
Site

Colon Reference Reference

Rectal 0.52 (0.44,0.63) <0.001 0.77 (0.62,0.96) 0.02
Charlson Comorbidity Score

0 Reference Reference

lor2 2.18 (1.83,2.59) <0.001 1.40 (1.14,1.73) 0.002

>3 4.83 (3.77,6.20) <0.001 2.00 (1.46,2.74) <0.001
Neutrophil-lymphocyte ratio®

<3 Reference Reference

3t05 1.56 (1.26,1.92) <0.001 1.48 (1.15,1.92) 0.003

>5 1.91 (1.53,2.38) <0.001 2.07 (1.57,2.74) <0.001
Albumin*

>3.5 g/dL. Reference Reference

<3.5g/dL 2.09 (1.44,3.04) <0.001 1.80(1.14,2.84) 0.01
Smoking history

Never smoker Reference Reference

Former smoker 1.98 (1.68,2.33) <0.001 1.45(1.19,1.78) <0.001

Current smoker 1.63 (1.28,2.07) <0.001 2.07 (1.54,2.79) <0.001
Alcohol®

Never Reference Reference

Former 1.43 (0.73,2.78) 0.30 1.06 (0.47,2.39) 0.88

Current 0.91(0.74,1.12) 0.38 1.11 (0.85,1.45) 0.43
Simple linear regression

Coefficient Standard error P value 95% CI

Age, per year —0.44 0.01 <0.001 (—0.46,—0.41)
Sex (male as reference) —3.05 0.34 <0.001 (—3.72,-2.38)

'Multivariable models were adjusted for age at diagnosis (either categoric or continuous), sex, race/ethnicity, cancer stage, cancer site, prediagnostic
weight change history, Charlson Comorbidity Score, smoking history, alcohol use, neutrophil lymphocyte ratio, albumin, and TAT tertiles at diagnosis. For
BMI <30 kg/m?, sarcopenia cutpoints were <52.3 and <38.6 cm?/m? for men and women, respectively; for BMI >30 kg/m?, sarcopenia cutpoints were
<54.3 and <46.6 cm?/m? for men and women, respectively (14). Low SMD cutpoints were 35.5 HU for men and 32.5 HU for women (20). CRC, colorectal

cancer; SMD, skeletal muscle radiodensity; TAT, total adipose tissue.

2*3*4‘5Missing values for each variable respectively: 1427, 896, 2557, 1499.
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FIGURE 2 Mean SMI and SMD by BMI and sex at diagnosis among
patients with nonmetastatic CRC (males = 1634; females = 1628). CRC,
colorectal cancer; HU, Hounsfield unit; SMI, skeletal muscle index; SMD,
skeletal muscle radiodensity.

BMI categories, consistent with the overall linear trend shown
in Figure 2. Patients with higher BMI had more of each type
of adipose tissue (Supplemental Tables 1 and 2). Multivariable
regression analysis showed that associations varied in direction
between the degree of adiposity and sarcopenia or low SMD.
Similar to the distribution shown in Figure 1, those in the highest
TAT tertile had a lower risk of sarcopenia but higher risk of low
SMD, after adjusting for confounding factors (Tables 3 and 4).

Race/ethnicity difference in muscle abnormalities (Figures 3
and 4) and adipose tissue components (Supplemental Figures
2 and 3) were observed. In males, Caucasians had the lowest
SMI among all race/ethnicity, whereas in females, Caucasians
had lower SMI than African Americans and Hispanics or Latinos.
In both sexes, African Americans and Asians had higher SMD
compared with Caucasians. Additionally, VAT was lower in
African Americans than that of Caucasians. TAT was lower in
African Americans and Asians compared to Caucasians.

In multivariable logistic regression analysis, race/ethnicity
predicted muscle abnormalities. Compared with Caucasians as
a reference group, African Americans had 47% lower odds of
sarcopenia and 63% lower odds of low SMD. Hispanics or
Latinos were 33% less likely to have sarcopenia, whereas Asians
were 62% less likely to have low SMD (Tables 3 and 4).

As shown in Tables 3 and 4, female patients were less likely
to be sarcopenic than their male counterparts. Patients with stage
IT and IIT CRC had a higher likelihood of sarcopenia than those
who had stage I cancer. In addition, compared to patients with
colon cancer, those with rectal cancer were less likely to have low
SMD. A higher NLR was associated with higher odds of both
sarcopenia and low SMD in a dose-response manner. Patients
with a low albumin concentration had a higher risk of having
a low SMD than patients with a normal albumin concentration.
Results were not different for NLR or albumin measurements
restricted to values within 1 mo of CRC diagnosis.

Regarding lifestyle and clinical factors, alcohol use was not
associated with either muscle abnormality. Current and former
smokers were more likely to have low SMD, but not sarcopenia,
compared with nonsmokers. Likewise, patients with a Charlson
Comorbidity Score >1 were more likely to have a low SMD, and

patients with a comorbidity score of >3 had a lower risk of having
sarcopenia than patients without any comorbidity.

Results did not differ in sensitivity analyses adjusting for
chemotherapy/radiation treatment; therefore, treatment was ex-
cluded from the models. Additionally, restricting the analyses to
patients with presurgical CT scans (n = 2701) did not affect the
ORs, except that cancer site was not associated with low SMD.

Discussion

To our knowledge, this is the largest and first study to
examine medical and demographic characteristics associated
with sarcopenia and low SMD in patients with CRC. Sarcopenia
was found in 42% and low SMD in 30% of patients, despite
the wide BMI range. Older age was strongly correlated with
both muscle abnormalities with a more pronounced effect on low
SMD. Higher TAT was associated with a lower risk of sarcopenia
but a higher risk of low SMD. Compared with Caucasians,
African American and Hispanic or Latino patients had lower risks
of sarcopenia, whereas African American and Asian patients had
lower risk of low SMD.

Aging is characterized by an accelerated muscle loss (23,
24) and higher adipose tissue accumulation within or between
skeletal muscle (11, 25). The mean age in our cohort was 62.6 y;
as expected, the likelihood of each muscle abnormality increased
with age. The associations between muscle abnormalities and
advanced age have been reported in other cancer cohorts
(26-28), nonmalignant diseases (29), and normal aging (30).
With the rapidly aging population, and the surging number
of older adults with cancer, understanding the interactions
between age and lifestyle factors and the connections of these
with body composition abnormalities is essential for targeted
preventive/interventional strategies. The lower likelihood of
sarcopenia in females is consistent with previous studies (8,
13). Sexual dimorphism in skeletal muscle mass, such as
fiber type, fiber size, and response to tumors, could possibly
explain the greater susceptibility to sarcopenia observed in
males (31).

We found that BMI and TAT were positively related to SMI,
which is consistent with previous studies across cancer types
(8, 13). The prevalence of overweight/obesity was 67.3% in
the current cohort, and muscle mass may increase concurrent
with the increase in adipose tissue for most patients (32), which
may partially explain the lower risk of sarcopenia in patients
with higher TAT. Despite this lower risk, the prevalence of
sarcopenia was 31.6% in patients who were overweight or
obese, and sarcopenic obesity (concurrence of sarcopenia and
obesity) was prevalent at 10.7%. Furthermore, our previous report
demonstrated that sarcopenia was predictive of a higher risk
of mortality, independent of the amount of adipose tissue (14).
Because BMI cannot distinguish muscle from fat, patients with
sarcopenic obesity or other body composition phenotypes that
increase risk of poor oncologic outcomes often go undetected.
The negative relationship between high TAT/BMI and low SMD
has been previously shown in patients with metastatic lung or
gastrointestinal cancer and patients with diabetes or obesity
(28, 33). The precise mechanism leading to SMD decline in
cancer has not been determined. Nevertheless, it is reasonable to
speculate that the ectopic fat infiltrates into surrounding organs



622 Xiao et al.

58 - I
56 -

54 - I

52

46 -
44 -
42 -

Skeletal muscle index (cm?/m?)

40 T

Caucasian (n =1063) African American (n =105) Hispanic/Latino (n=193)

)] (9] W (91 N
N bk O 0 O
1 1 1 1 )

SN
[oe}
1

i
)
1
—

Skeletal muscle index (cm2/m?)
i W
I S
*

I

N
S}
1

N
(e}

T

Asian (n=261)

Caucasian (n=1055) African American (n=129) Hispanic/Latino (n=172)

Asian (n =259)

FIGURE 3 Mean SMI by race/ethnicity and sex for patients with nonmetastatic CRC: (A) male; (B) female. The estimated marginal means and conference
intervals are from generalized linear models adjusted for age and BMI (*P value of mean difference <0.05 using Caucasians as the reference group). The
interaction term between sex and race/ethnicity was tested using the likelihood ratio test and multivariate linear regression model (P < 0.001). CRC, colorectal
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with advanced age, in this case skeletal muscle, resulting in the
radiologic manifestation of low SMD (11). Additionally, high
circulating free fatty acid concentrations or disuse of muscle have
also been suggested to impair mitochondria oxidation and lipid
metabolism within muscle, both leading to fat accumulation into
muscle (11, 34). Future studies are warranted to investigate the
precise relationship between these metabolic disturbances and
SMD decline in cancer patients.

We also observed race/ethnicity differences in body com-
position. African Americans presented the highest mean SMI
(age and BMI adjusted) among all race/ethnicities for both
sexes, which is consistent with previous multiethnic studies in
individuals with or without cancer (35-37). Race difference
in SMD is less understood. We found African Americans and
Asians had higher mean SMD and were less likely to have low
SMD compared with Caucasians. Nevertheless, earlier studies
in noncancer individuals suggested greater amounts of intra-
muscular fat among individuals with African heritage compared
with Caucasians (38—40). More research is needed to elucidate
differences in muscle fat infiltration across race/ethnicities and

the determining factors/underlying mechanism of this variability
(41). As for lifestyle risk factors, those who smoke or had
smoking history also had higher amounts of TAT (P < 0.001,
data not shown); it is possible that smoking affected the risk
of SMD through high TAT. Other studies have suggested that
smoking induces insulin resistance and oxidative stress in skeletal
muscle (42, 43). These alterations could lead to impaired lipid
metabolism and therefore the accumulation of intramuscular
adipose tissue. Likewise, the Charlson Comorbidity Score
was associated with low SMD, echoing our previous report
in this cohort that 6 (out of 11) Charlson comorbidities
were associated with a higher likelihood of low SMD at
diagnosis, whereas most of them were not associated with
sarcopenia (44).

Systematic inflammation stimulates a number of mediators
that directly accelerate muscle catabolism and is a hallmark
of cancer cachexia (45). Our dose-response findings between
a higher NLR and higher risks of both muscle abnormalities
in a large cohort of nonmetastatic CRC patients are novel. We
previously reported, based on the use of various inflammatory
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cancer; HU, Hounsfield unit; SMD, skeletal muscle radiodensity.

biomarkers, that prediagnostic systemic inflammation was in-
dependently associated with the presence of sarcopenia (46).
The findings from our cohort are supported by a recent study
of 763 patients with stages [-IV CRC where high NLR (>3)
was an independent predictor of sarcopenia (OR: 1.78; 95% CI:
1.29, 2.45) and low SMD (OR: 1.60; 95% CI: 1.03, 2.49) (47).
Systemic inflammation has also been reported as higher among
patients with pancreatic cancer who had low SMD (48). Despite
these and our findings, we cannot conclude whether sarcopenia
and low SMD were consequences of an inflammatory milieu
occurring at an earlier time point or concurrent with the onset of
systemic inflammation due to our retrospective design. Similarly,
it is unknown whether smoking and comorbidities lead to muscle
abnormalities or vice versa. Future prospective studies are needed
to explore the relationships between cancer metabolism, lifestyle
factors, and muscle abnormalities in patients with early-stage
cancer.

Similar to the aging literature, characteristics associated with
muscle abnormalities in patients with cancer included age, sex,
adiposity, albumin concentrations, inflammation, and smoking

(49, 50). It is possible that other factors reported in healthy aging,
such as physical activity, dietary intake, and socioeconomic status
(49), may be relevant to these patients. Further studies are also
needed to evaluate whether a single CT image represents SMD at
the whole-body level, as well as longitudinal changes in muscle
mass and SMD during cancer trajectory. In addition, whether the
rate and magnitude of muscle mass and SMD decline in CRC are
the same as those occurring in the normal aging process remains
to be investigated. Although anthropometric and clinical risk
factors (i.e., age, race/ethnicity, stage, cancer site) associated with
muscle abnormalities cannot be changed, other risk factors (i.e.,
smoking, TAT, and comorbidities) are modifiable. These factors
should be explored in pretreatment rehabilitation programs
(51). Resistance exercise or its prescription with nutritional
supplementation has shown efficacy for preserving or increasing
muscle mass in adults (52, 53); nevertheless, its effects in patients
with early-stage CRC have not yet been established.

This is the largest study to demonstrate medical and
demographic characteristics associated with sarcopenia and
low SMD among nonmetastatic CRC patients. The association
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of these two abnormalities with different characteristics suggests
diverse pathophysiologic mechanisms between muscle depletion
and fat infiltration, which may explain why sarcopenia and
low SMD uniquely affect short- and long-term prognosis (54).
Future studies are needed to explore the overlapping and distinct
mechanistic pathways through which identified factors in this
study lead to sarcopenia and low SMD. Additionally, the
feasibility and efficacy of modifying muscle abnormalities in
patients with cancer warrant investigation.
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