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ABSTRACT
Background: Cachexia and sarcopenia are associated with poor survival after colorectal cancer (CRC)
diagnosis. Computed tomography (CT) can be used to measure aspects of cachexia including sarcope-
nia, myosteatosis and the amount of subcutaneous and visceral adipose tissue. The aim of this study
was to relate CT-based body composition variables with survival outcomes in CRC.
Material and methods: In this population-based, retrospective cohort study, CT scans of 974 patients
with pathological stages I–IV CRCs, collected at or very near diagnosis (years 2000–2016), were used to
measure cross-sectional fat and muscle tissue areas. Body composition variables based on these meas-
urements were assessed in relation to tumor stage and site and cancer-specific survival in stages I–III
CRC (n¼ 728) using Cox proportional hazards models and Kaplan–Meier estimators.
Results: Sarcopenia was associated with decreased cancer-specific survival, especially in patients with
stages I–II tumors. The hazard ratio (HR) for the lowest versus highest tertile of skeletal muscle index
(SMI) was 1.67; 95% confidence interval (CI), 1.08–2.58 for all stages, and HR 2.22; 95% CI 1.06–4.68,
for stages I–II. Myosteatosis was also associated with decreased cancer-specific survival [(HR 2.03; 95%
CI 1.20–3.34 for the lowest versus the highest tertile of skeletal muscle radiodensity (SMR)]. SMI and
SMR were lower in patients with right-sided CRC, independent of age and sex. No adipose tissue
measurement was significantly associated with cancer-specific survival.
Conclusion: In concordance with previous studies, sarcopenia and myosteatosis were associated with
decreased cancer-specific survival. The strong association between sarcopenia and poor cancer-specific
survival in early-stage disease could have clinical implications for personalizing therapy decisions,
including nutritional support.
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Introduction

Overweight and obesity increase the risk of cancer, including
some of the most common types, such as breast cancer and
colorectal cancer (CRC) [1]. Excess body fat is associated with
metabolic and inflammatory changes, which are related to
the development of cancer [2,3]. In contrast, a higher body
mass index (BMI > 25 kg/m2) is associated with reduced mor-
tality after CRC diagnosis. This apparent discrepancy in the
role of body fatness in cancer development and prognosis
has been dubbed the ‘obesity paradox’ [4]. Body mass index,
however, is not a precise measurement and does not take
body composition into account. A normal BMI may mask
potentially dangerous adiposity and low muscle mass, and
overweight or obese people may have a high amount of
muscle tissue.

Body composition is important after cancer diagnosis, not
only for prognosis but also for aspects related to prognosis
and patient well-being such as response to treatment and
toxicity, surgical complications, physical activity and fatigue
[4–7]. Cachexia, which is defined as the degradation of fat
and muscle tissue due to a disease, is associated with lower
survival [8–10]. Moreover, sarcopenia, or depletion of skeletal
muscle mass, is also associated with decreased survival after
colorectal, head and neck, ovarian and breast cancer diagno-
sis, regardless of BMI [8,11–15]. The degree of sarcopenia is
commonly quantified using the skeletal muscle index (SMI),
which is the muscle area in an anatomically predefined sin-
gle computed tomography (CT) section, normalized for
height.
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Myosteatosis, or the infiltration of fat within the muscle,
can be quantitatively assessed by the radiodensity of skeletal
muscle (SMR) measured in Hounsfield units (HU) on CT. Low
SMR has been associated with higher mortality in several
cancers [12,15–19], including CRC, independent of muscle
mass or adiposity [8,12,20]. Furthermore, visceral obesity
(VO), defined as elevated visceral adipose tissue (VAT), has
also been related to survival outcomes in CRC, although the
relationship is less clear [8,12,21–25].

CT-based measures of body composition, including sar-
copenia, myosteatosis and VO, have been studied previ-
ously in CRC. However, the knowledge base is still limited
for aspects such as clinically relevant subgroups of patients
(e.g. based on disease site and stage). Furthermore, previ-
ous studies examining associations between CT-based
measures of body composition and tumor site or survival
estimates have only studied the colon as a whole, not
left- and right colon separately [9,12,21,26–32]. Tumor gen-
etic and anthropomorphic features, as well as survival esti-
mates, varies depending on right- or left-sided tumor
localization. Compared to left-sided colon cancer, right-
sided colon cancer is associated with female sex, older age
and a higher proportion of mutations in the KRAS and
BRAF oncogenes, and left-sided colon cancer generally has
worse prognosis [33,34]. Furthermore, in some cohorts, e.g.
metastatic CRC or studies not using cohort-specific optimal
stratification to determine cutoffs for CT variables
[21,26,29,35], no association has been seen between CT
measured body composition measurements and survival.
Moreover, in some European populations significance has
been lost after adjusting for confounders [26,29], thus it is
important to investigate additional populations. In the pre-
sent large, population-based study, we assessed several CT-
based measures of body composition in relation to survival
in CRC patients. We also investigated survival estimates in
subgroups of CRC according to tumor- or anthropometric
characteristics and the association between body compos-
ition and tumor site and stage. We hypothesized that our
results would be congruent with previous studies, i.e. both
SMI and SMR, but not other body composition measures,
would be associated with survival outcomes.

Material and methods

Study population

This population-based retrospective cohort study is nested
within the Northern Sweden Health and Disease Study
(NSHDS) consisting of participants in three cohorts: The
V€asterbotten Intervention Program (VIP), the Mammography
Screening Program (MSP) and the northern Swedish
MONitoring of Trends and Determinants in CArdiovascular
Disease (MONICA) project. All three cohorts have been
described in detail elsewhere [36,37]. In short, the VIP, initiated
in 1986 and ongoing, is a health screening intervention in
which all residents of V€asterbotten County are invited to a

general health exam at 10-year intervals starting mainly at the
age of 40years. In the MSP, established in 1995 and con-
cluded in 2006, women in V€asterbotten County aged
50–70 years were invited to complete a lifestyle questionnaire,
as well as provide blood samples, while attending mammog-
raphy screening. MONICA consists of randomly selected
25–74-year-olds living in northern Sweden (V€asterbotten and
Norrbotten County) invited to participate in six cross-sectional
health surveys between 1986–2014 (average participation rate
of 74%). At the final date of entry to this study (January 19,
2016), the NSHDS included 119,738 participants. Patients diag-
nosed with colorectal adenocarcinoma between 17 October
1986 and 19 January 2016 were identified by linkage with the
Cancer Registry of Northern Sweden, using ICD-10 C18.0 and
C18.2–18.9 for colon, and C19.9 and C20.9 for rectum. There
were a total of 1542 patients with CRC in the registries. All
cases and tumor data were verified by a pathologist (RP) spe-
cialized in gastrointestinal pathology and 68 non-adenoma
CRC cases were excluded (mainly colon carcinoid cancers).
The date of surgery was also extracted from the registry and
verified from patient charts. Exclusion criteria were previous
cancer diagnosis except for non-melanoma skin cancer or no
available data from NSHDS health surveys, resulting in missing
data on body height. After initial exclusions, the study cohort
consisted of 1358 CRC patients. The study protocol was
approved by the Regional Ethical Review Board in Umeå,
Sweden (dnr: 2016-221-31 and dnr: 2019-00157). All partici-
pants in the NSHDS cohorts gave written informed consent
for data collection for research purposes.

The inclusion criteria for this study were: CT scans within
4months before and 3months after diagnosis and over half
were from within 1 week of diagnosis. We performed sensi-
tivity analyses excluding post-surgical CT scans, or limiting
the analyses to CT scans performed within 4weeks of diag-
nosis. Exclusion criteria were: CT scans not including the
third lumbar vertebrae (L3, n¼ 16), CT performed after neo-
adjuvant therapy or having no CT scan at all (n¼ 90), only
thoracic CT scan and abdominal MRI available (n¼ 13),
unable to locate patient medical records (n¼ 22) or CT scans
with insufficient image quality, artifacts or failed downloads
(n¼ 17). Storage of CT images in digital form began grad-
ually in 2000, and 226 patients diagnosed in 2000–2002 had
no digital CT images available. A sensitivity analysis was per-
formed by censoring patients diagnosed before 2003.
The total number of patients included after all exclusion
was 974 (Figure 1). Of these, 65 CT scans were performed
after surgery (7%), but before any neoadjuvant chemo- or
radiotherapy.

For survival analysis, we excluded patients with stage IV
CRC (n¼ 210), patients who died within 30 days of surgery
(n¼ 9 with stages I–III) and patients with missing stage data
(n¼ 27). Eighty-seven patients, all with missing stage or
stage IV CRC, did not undergo primary surgery. Of the 974
patients included in the study, 728 were thus included in the
survival analysis (Figure 1). All patients were included in the
analyses of body composition variables in relation to tumor
stage and site.
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CT measurements

The most caudal single CT slice at the L3 level including
both transverse processes was used to measure the cross-
sectional area of fat and muscle in cm2 (median section
thickness 3mm, interquartile range 3–5mm). The use of L3
as a landmark for body composition analysis has previously
been validated against bioimpedance analysis and dual X-ray
absorptiometry in both healthy populations and patients
with advanced cancer [38–40]. Two physician scientists and
trained image analysts (BG, FA) under the supervision of a
senior consultant radiologist (KR) identified muscle area and
subcutaneous (SAT), visceral (VAT) and intramuscular (IMAT)
fat area (Supplemental Figure 1) using tissue-specific
Hounsfield Unit (HU) ranges using imlook4d software (Umeå,
Sweden) with manual corrections [41]. HU ranges were 150

to �30 for muscle tissue and �30 to �180 for fat tissue as
used previously in a pancreatic cancer cohort [42]. To ensure
consistency, 20 cases were assessed by both analysts (coeffi-
cient of variation of <1% for VAT, SAT and muscle areas),
and another 10 cases were reevaluated with the same
method and the outcomes were compared (test–retest coef-
ficient of variation of <1% for VAT, SAT and muscle areas).
The image analysts had no access to outcome data while
performing analyses.

Total adipose tissue (TAT) was calculated as
SATþVATþ IMAT. Skeletal muscle radiodensity (SMR) was
assessed as mean HU across the delineated muscle area.
Exclusions for SMR included 124 patients (n¼ 89 included in
the survival analysis) with significantly altered muscle radio-
density due to non-intravenously enhanced CT scans or CT
colonoscopy (CTC) [43]. Skeletal muscle index was calculated

Figure 1. Flow chart of the study design with inclusion and exclusion criteria. CRC: colorectal cancer, CT: computed tomography, L3: third lumbar vertebrae, MRI:
magnetic resonance imagining.
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as the muscle area in cm2 adjusted for height squared (m2),
and two cases were excluded due to missing data for height.
Eleven patients had a substantial amount of body tissue out-
side of the field-of-view of the CT scanner and therefore SAT
and TAT could not be quantified in these patients. Four of
these patients also had a substantial amount of abdominal
wall muscle outside of the field-of-view and were excluded
from SMI. Substantial amount of body tissue was defined as
any part of lateral abdominal muscle wall outside of the
field-of-view for SAT and TAT, and any part of lateral VAT
outside of the field-of-view for SMI.

Follow-up and survival data

Patients were followed from baseline, defined as the time of
diagnosis, until the time of death, censoring or the end of the
study (January 8, 2019). The median follow-up time for the
included patients in the survival analysis and alive at the end
of follow-up (n¼ 495 out of 728 patients) was 6.2 years (inter-
quartile range: 4.7� 10.9 years). We performed a sensitivity
analysis excluding all patients alive at the final date of entry
with less than 4 years of follow-up (n¼ 84). Cancer-specific
mortality was defined as death with known disseminated or
recurrent disease, and cases were censored at the end of fol-
low-up or at time of death by other causes, judged by a
senior consultant colorectal surgeon using data from the
Cancer Registry of Northern Sweden and medical records.

Statistical analysis

Our primary outcome is cancer-specific survival and overall
survival of the secondary outcome. In the primary analysis,
CT variables were analyzed in sex-specific tertile groups to
preserve statistical power for subgroup analysis. Survival esti-
mates per tertiles of CT variables were estimated using
Kaplan–Meier estimator. Differences in estimated survival
curves were tested using log-rank tests. Missing values in CT
variables were assumed to be missing completely at random,
and therefore complete-case analysis was conducted with
missing observations omitted.

Multivariable hazard ratios (HRs) and 95% confidence inter-
vals (CI) for the risk of cancer-specific and overall death by
sex-specific tertiles of CT variables were estimated using Cox
proportional hazards models adjusted for traditional prognos-
tic factors (age at diagnosis (linear), sex, tumor stage and
tumor site). The proportional hazards assumption was checked
by visually examining time-dependent log (HRs) versus time
and in Schoenfeld residual-based tests. No violations were
observed for HRs within subgroups. Consistency of association
across subgroups was evaluated by including interaction
terms between CT variables and subgroup variables (TAT ter-
tiles, sex, tumor stage, tumor site and age at diagnosis). To
evaluate dose–response, we also modeled the CT variables as
continuous variables using restricted cubic splines (with knots
at the 5th, 50th and 95th percentiles). Nonlinearity in the
spline models was tested with a likelihood ratio test compar-
ing the spline model to a linear model.

Given previous evidence of a threshold effect [9,20], as an
exploratory analysis, we created dichotomous low/high varia-
bles using optimal stratification [44]. Sex-specific cutoffs for
these variables were defined as the cutoffs which resulted in
the largest difference in cancer-specific survival between the
low/high groups (defined as having the lowest p-value in
log-rank tests). All calculations were conducted in R v.3.5.0 (R
Foundation for Statistical Computing, Vienna, Austria). All
tests were two-sided when applicable.

Results

Baseline characteristics

Body composition variables were analyzed in 974 patients
and Table 1 describes the baseline characteristics of these
patients. The median values for the body composition varia-
bles were, for SMI: 39.4 cm2/m2, for SMR: 41.0 HU, for VAT:
125.1 cm2, and for SAT: 162.4 cm2. There were 462 male
patients (47.4%) and 512 female patients (52.6%).

SMI (but no other variable) was weakly associated with
stage (p < .05), independently of age or sex. Associations were
also tested with respect to tumor site and both SMI and SMR
were associated with right-sided colon cancers (p < .0001 and
p < .0001, respectively), independently of age or sex.

Table 1. Baseline characteristics of all 974 patients.

Variable SMI (cm2/m2) SMR (HU) VAT (cm2) SAT (cm2)

Median (range) 39.4 (18.0–75.7) 41.0 (10.8–64.8) 125.1 (0.6–614.3) 162.4 (1.7–655.3)
Missing, n (%) 10 (1.0%) 130 (13.3%) 0 (0.0%) 11 (1.1%)
Sex, n (%)
Men (n¼ 462) 456 (47.3%) 405 (48.0%) 462 (47.4%) 455 (47.2%)
Women (N¼ 512) 508 (52.7%) 439 (52.0%) 512 (52.6%) 508 (52.8%)

Age at diagnosis, years 67.1 (37.8–89.6) 67.7 (37.8–86.3) 67.7 (37.8–89.6) 67.9 (37.8-89.6)
Tumor site, meana

Right colon (n¼ 338) 38.5�� 39.4�� 136.7 178.8
Left colon (n¼ 276) 41.1�� 41.2�� 148.3 172.8
Rectum (n¼ 360) 41.7�� 42.5�� 150.0 181.7

Tumor stage, meana

I (n¼ 191) 41.6� 41.8 151.0 187.2
II (n¼ 275) 39.7� 40.2 147.8 173.5
III (n¼ 271) 40.9� 41.7 137.4 179.2
IV (n¼ 210) 39.4� 40.4 138.5 175.4

aTest of equal means using ANOVA. HU: Hounsfield unit; SMI: skeletal muscle index; SMR: skeletal muscle radiodensity; VAT: visceral adipose tis-
sue; SAT: subcutaneous adipose tissue.�p< .05, ��p< .0001.
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Association of sarcopenia and myosteatosis with
survival outcomes

Both sarcopenia, defined as the lowest tertile of SMI, and
myosteatosis, defined as the lowest tertile of SMR, were asso-
ciated with decreased cancer-specific survival (log-rank p-
value ¼ .056 and .0041, respectively, Figure 2) and overall
survival (log-rank p-value ¼ .00062 and .0023, respectively,
Figure 2), with the exception of the border-line significant
result for cancer-specific survival for SMI. However, after
adjusting for established prognostic factors, SMI was associ-
ated with both cancer-specific survival (lowest versus highest
tertile HR: 1.67 [95% CI: 1.08–2.58], Table 2) and overall sur-
vival (lowest versus highest tertile HR: 1.54 [95% CI:
1.10–2.15], Table 2). SMR was associated with cancer-specific

survival (lowest versus highest tertile HR: 2.03 [95% CI:
1.20–3.44], Table 2) and not significantly with overall survival
(lowest versus highest tertile HR: 1.36 [95% CI: 0.92–1.99],
Table 2). Using optimal stratification, both sarcopenia and
myosteatosis were associated with decreased cancer-specific
and overall survival (Table 2). No adipose tissue measure-
ments were associated with any survival outcome. Sensitive
analyses limited to the time period after full implementation
of digital radiology (from 2003), excluding CT colonoscopy,
excluding post-surgery CT scans, limiting the time from diag-
nosis to CT scan to within 4weeks, or alive patients with less
than 4 years of follow-up from diagnosis to the final date of
entry did not materially change the results. Restricted cubic
spline analyses revealed no evident non-linear relationship

Figure 2. Kaplan–Meier curves for cancer-specific and overall survival by skeletal muscle index (SMI) and skeletal muscle radiodensity (SMR) tertiles. Differences in
estimated survival curves were tested using log-rank tests.
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for any of the body composition measurements or survival
outcomes (Supplementary Figure 2).

Survival estimates for SMI and SMR were similar for
cancer-specific (Figure 3) and total survival (Supplemental
Figure 3) across subgroups based on sex, age, tumor site,
tumor stage and amount of TAT. For cancer-specific survival,
the strongest associations were observed for SMI in tumor
stages I–II (HR 2.22, 95% CI: 1.06–4.68), and for SMR; in right-
sided colon cancer (HR 3.51, 95% CI: 1.22–10.08) and TAT ter-
tile 1–2 (HR 3.34, 95% CI: 1.74–6.44), but tests for heterogen-
eity of survival estimates were not statistically significant.

Discussion

The results of this study were congruent with our hypothesis
and with previous research—sarcopenia and myosteatosis,
but not measures of visceral, subcutaneous or TAT, were
associated with decreased prognosis in non-metastatic CRC
(Table 2) [8,12]. For SMI, the association with cancer-specific
survival was particularly strong in patients with stages I–II
tumors (Figure 3). Both SMI and SMR were increased along
the colorectal continuum, from the right-sided colon to the
rectum, and SMI was weakly, but significantly, inversely asso-
ciated with higher stage (Table 1).

Table 2. Hazard ratios by SMI, SMR, VAT and SAT tertiles, as well as optimal stratification groups (sarcopenia or myosteatosis yes/no).

Cancer-specific survival Overall survival

EXPOSURE Effect N events HR (95% CI)a p Value events HR (95% CI)a p Value

SMI Tertile 3 (Highest) 241 36 1.0 (reference) — 62 1.0 (reference) —
Tertile 2 240 43 1.27 (0.81–1.98) .30 73 1.13 (0.80–1.60) .48
Tertile 1 241 54 1.67 (1.08–2.58) .02 96 1.54 (1.10–2.15) .01

Sarcopenia No 491 75 1.0 (reference) — 129 1.0 (reference) —
Yes 231 58 1.82 (1.24–2.66) .002 102 1.77 (1.33–2.36) <.001

SMR Tertile 3 (Highest) 212 23 1.0 (reference) — 45 1.0 (reference) —
Tertile 2 210 45 1.78 (1.06–3.00) .03 71 1.15 (0.78–1.70) .48
Tertile 1 212 48 2.03 (1.20–3.44) .008 85 1.36 (0.92–1.99) .12

Myosteatosis No 252 28 1.0 (reference) — 53 1.0 (reference) —
Yes 382 88 2.09 (1.32–3.31) .002 148 1.48 (1.05–2.07) .03

VAT Tertile 3 (Highest) 244 39 1.0 (reference) — 73 1.0 (reference) —
Tertile 2 242 52 1.39 (0.92–2.11) .12 81 1.19 (0.86–1.63) .29
Tertile 1 242 43 1.21 (0.78–1.87) .39 79 1.21 (0.88–1.67) .24

SAT Tertile 3 (Highest) 241 38 1.0 (reference) — 66 1.0 (reference) —
Tertile 2 239 42 1.00 (0.64–1.55) .98 72 0.89 (0.63–1.24) .49
Tertile 1 240 53 1.29 (0.84–1.97) .24 93 1.10 (0.79–1.51) .58

aAdjusted for sex, age at diagnosis, tumor stage and tumor site. Missing values in exposures were omitted. Tertile cutoffs were for men: SMI: 43.1 and 49.2,
SMR: 38.5 and 46.1, VAT: 133.4 and 233, SAT: 117.7 and 166.6, and for women: SMI: 32.9 and 38.1, SMR: 36.1 and 43.6, VAT: 63.2 and 120.0; and SAT: 155.2 and
232.8. Optimal stratification cutoffs were for SMI: 46.0 and 30.8, and for SMR: 47.3 and 40.9, for men and women, respectively. SAT: subcutaneous adipose tis-
sue; SMI: skeletal muscle index; SMR: skeletal muscle radiodensity; VAT: visceral adipose tissue.

Figure 3. Hazard ratios (HR, 95% CI) for cancer-specific survival by skeletal muscle index (SMI) and skeletal muscle radiodensity (SMR) tertiles in selected sub-
groups. All estimates are adjusted for sex, age at diagnosis, tumor stage and tumor site (when applicable). T1: tertile 1; T3: tertile 3; TAT: total adipose tissue; TAT:
total adipose tissue.
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Many previous studies that report significant associations
for SMI and SMR in relation to CRC prognosis have used
cohort-specific optimal stratification to define cutoffs for sar-
copenia and myosteatosis. Cohorts and techniques used to
study body composition differ in many respects (e.g. types of
cancer, software used, stage, and patient ethnicity) [9,12,20],
and using optimal stratification may alleviate some of these
differences [8]. However, the risk of attaining spurious corre-
lations could increase when using optimal stratification, and
generalization of results can be limited. [45] We, therefore,
used both sex-specific tertiles and optimal stratification to
define cutoffs for sarcopenia and myosteatosis, and the
results were similar but predictably stronger for optimal
stratification. Our results regarding both SMI and SMR were
comparable to the large C-SCANS cohort, in which the low-
est tertile of muscle area and sarcopenia defined by optimal
stratification and the lowest quartile of SMR were signifi-
cantly associated with poor cancer-specific survival [9,20].

In this study, low SMI was associated with decreased can-
cer-specific survival in patients with stages I–II tumors
(Figure 3). To the best of our knowledge, this is the first such
analysis for CRC, and it is consistent with the results of a
recent meta-analysis of sarcopenia in solid tumors [19].
Cachexia can also be measured by changes in BMI, and a
previous study on weight-loss after CRC diagnosis did not
observe an increased cancer-specific mortality in stages I or II
CRC for a modest weight loss (5–9.9% of BMI), while a
weight loss of >10% was associated with increased mortality
in stages I or II CRC [46]. Thus, radiological methods could
potentially identify many patients with early-stage disease at
risk of increased cancer-specific mortality that repeated BMI
measurements after diagnosis cannot.

Identifying prognostic factors in early-stage disease is a
pertinent clinical question. Whereas the survival benefit of
adjuvant chemotherapy in stage III CRC is well established,
survival rates in stage II CRC vary widely, and even high-risk
stage II patients are less likely to receive chemotherapy
[7,47]. On the other hand, patients with sarcopenia may be
less likely to benefit from adjuvant chemotherapy due to
continued muscle-wasting and increased treatment-related
toxicity [5]. Thus, in parallel with efforts to translate tumor
prognostic biomarkers to the clinical selection of stage II
patients for chemotherapy, sarcopenia might be used to
identify patients in need of early nutritional support, and to
select patients for potential anti-sarcopenic drugs. Currently,
several strategies to alleviate cancer cachexia are being
investigated, with ghrelin receptor agonists showing promis-
ing results [48]. However, no single treatment may be able
to prevent or reverse cancer cachexia, as the mechanisms
behind it appears to be complex and multifactorial. Instead a
combination of nutritional support, pharmacological inter-
ventions and physical exercise, which has been observed to
be associated with positive effects on muscle function, may
be needed for treating cancer cachexia [49–51].

SMI and SMR were both found to be strongly associated
with right-sided tumors as compared to left-sided and rectal
cancers (Table 1), independently of patient age and sex. The
proportion of tumors with mutations in the KRAS or BRAF

oncogenes, both important for prognosis and treatment in
CRC, is higher in right-sided colon cancer [34]. KRAS mutation
is found in almost all cases of pancreatic ductal adenocarcin-
oma, a highly aggressive and lethal form of adenocarcinoma
that is strongly associated with cachexia [52,53]. In lung can-
cer patients, KRAS mutation is associated with cachexia, and
cachexia and tumor growth are dependent on pro-cachectic
IL-6 signaling in a KRAS-mutated lung cancer mouse model
[54,55]. Therefore, relating tumor characteristics in biopsies
or surgical specimens to CT-based measures of body com-
position could help elucidate mechanisms behind cancer
cachexia and sarcopenia, with the potential for drug devel-
opment [56,57].

Myosteatosis was observed to be strongly associated with
poorer prognosis in patients with right-sided tumors, and for
those in the lowest and middle tertile of TAT. Taken together
this indicates that the archetypal patient with myosteatosis
in our cohort would have a right-sided tumor, and be of a
higher risk of CRC mortality, especially if not overweight.
However, Hopkins et al. [12] recently investigated the associ-
ations between SMR and cancer-specific survival in the rec-
tum and colon, respectively, and found that myosteatosis
defined by optimal stratification was associated with
decreased cancer-specific survival in rectal cancer, and not
colon cancer. The reason for these divergent results is
unclear and could be explained by differences in cohort
characteristics. In comparison, this study included a higher
proportion of women and patients with stages I–II tumors,
while a lower proportion had rectal cancers.

SMI was weakly but significantly inversely associated with
higher stage (p< .05; Table 1). Similar findings were
observed in a cohort with a smaller proportion of stage IV
CRC patients (74 out of 856 patients) than in this study
(p¼ .056) [30], whereas a null association was reported from
a cohort of 322 stages I–III CRC patients [21]. In a post hoc
analysis including only stages I–III patients, we found no stat-
istically significant association between stage and SMI
(p¼ .078). Thus, any association between prediagnostic SMI
and stage of CRC at diagnosis may depend primarily on
more advanced (stage IV) disease. To further examine this,
we performed a survival analysis including stage IV and miss-
ing stage, and found a similar but stronger association to
cancer-specific survival than when using only stages I–III CRC
(Supplementary Figure 3). However, the difference was not
statistically significant.

Limitations of this study include the retrospective design,
and the high proportion of patients with missing CT scans in
the early stages of digital storage of radiological images and
patient records. However, the proportion of patients with
missing or unusable CT scans were similar to other cohorts
[9,21], and, moreover, the NSHDS is population-based and
has a very high participant rate [36]. Furthermore, the sensi-
tivity analyses excluding the years prior to full implementa-
tion of digital radiology in 2003 yielded similar results to the
full analysis. In some cases, marginal amounts of subcutane-
ous adipose tissue were outside of the field-of-view and
therefore SAT should be interpreted with caution. Previous
studies have not observed an association between SAT and
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survival estimates in multivariable analyses, and our results
are in concordance with this essentially null [26]. A potential
weakness is that we lacked data on co-morbidity at diagno-
sis. In a previous study, co-morbidities defined by the
Charlson co-morbidity index score were not associated with
SMI, while low SMR was associated with an increased score
[58]. Thus, co-morbidities could potentially be related to SMR
in this study. However, we excluded all stage IV tumors from
survival analysis, many of which were not eligible for surgery
due to frailty, and also all patients who died within 30 days
of surgery. Moreover, our primary outcome is not overall sur-
vival, but cancer-specific survival and survival data were col-
lected by an experienced colorectal surgeon using medical
records, and not exclusively from registries, which can be
misleading [59]. This is particularly important when studying
sarcopenia since it is a risk factor for all-cause mortality
[60,61], postoperative complications [62,63], and CRC patients
with sarcopenia are at a higher risk of cardiovascular events
[64]. Furthermore, clinical data for all patients were verified
by a gastrointestinal pathologist specialized in CRC, regard-
ing tumor stage and site, and date of surgery and diagnosis.
Another major strength of our study is the population-based
nature of the NSHDS cohorts, reducing the risk of selection
bias [65,66].

In summary, we found that sarcopenia and myosteatosis,
but not adiposity measures, were associated with decreased
cancer-specific survival in non-metastatic, also early-stage,
CRC. Sarcopenia measured by CT may thus have potential
clinical utility, for prognostication, therapeutic decision mak-
ing and the identification of patients in need of early nutri-
tional or pharmacological anti-sarcopenic intervention. Our
finding of lower SMI and SMR in right-sided CRC, independ-
ent of clinical stage at diagnosis, hints toward molecular
pathological traits, such as KRAS mutations, of potential inter-
est with respect to mechanisms of cancer cachexia.
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