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Colorectal cancer (CRC) is the third most common cancer worldwide (1). Mainly due to
the implementation of screening practices and improved treatment, CRC survival rates
have increased for several decades (2). For stage I-lll (non-metastatic) CRC patients,
5-year survival is currently >70% (2). Identifying modifiable factors associated with
worse prognosis could contribute to further improvement of cancer outcomes such as
mortality and recurrence in patients with localized CRC. One potential modifiable factor
might be body composition. Because overweight and obesity are major risk factors for
CRC development, many CRC patients are overweight or obese (3), which could lead to
worse prognosis. Furthermore, various, mostly small-scale, studies predating this PhD
project observed an association of low skeletal muscle mass with increased mortality risk
in various (mixed) cancer populations (4-10).

With survival rates increasing, the importance of improving quality of life (QolL) of CRC
survivors by reducing (long-term) side-effects of the cancer and the anticancer treatment
is being recognized. One of the most common adverse effects of cancer and cancer
treatment is fatigue (11). Up to 85% of the CRC patients experience fatigue during and
shortly after treatment (12, 13) and up to 40% of CRC patients experience fatigue in the
first 5 years after diagnosis (14). Fatigue has a negative impact on work, social relationships,
mood and overall QoL (15). The fatigue experienced during and post-treatment is thought
to have a multi-factorial etiology, with inflammation probably playing a key role in the
underlying mechanism (15). Contributing factors for fatigue that have been found so far
include: treatment (radio- and chemotherapy), stage of disease, presence of (multiple)
comorbidities, specific medications with sedating side-effects, psychological factors
(e.g. depression), decreased physical activity, and malnutrition (15-18). To improve non-
pharmacological (e.g. behavioral) treatment strategies for fatigue, identifying modifiable
contributing factors is key. Body composition may be one of such factors, since obesity
has been linked to fatigue in non-cancer populations (19) and Kilgour et al (20) observed
an association between low skeletal muscle mass and increased fatigue levels among
84 stage IllI-IV gastrointestinal or non-small cell lung cancer patients. Up till now, the
association between body composition and fatigue experienced by cancer patients,
including CRC, has hardly been studied.

Over the last decade, the relationship of skeletal muscle and adipose tissue mass,
estimated from computed tomography (CT) images (see Text Box 1) with cancer
outcomes has received much attention. Because many cancer patients have CT images
in their medical files from diagnostic workup, studies started using this technique to
investigate the association of skeletal muscle mass with various outcomes including
mortality, complications after surgery, length of hospital stay, QoL and fatigue (4,5, 7, 8,
10, 21-24).
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Additionally, various studies started investigating the association of the size of adipose
tissue depots and the distribution of adipose tissue into subcutaneous and visceral depots
with mortality using CT images (25-30). These measures have many advantages over body
mass index (BMI, weight divided by height squared), the most commonly used method to
assess body fatness. First, BMI does not differentiate between fat and muscle tissue, even
though two persons from the same sex have the same BMI, muscle and fat mass assessed
by CTimages can vary largely (see Figure 1). Second, BMI does not give information about
distribution of adipose tissue into different adipose tissue depots: the amount of visceral
adipose tissue (VAT, i.e. belly fat) and subcutaneous adipose tissue (SAT, i.e. fat stored just
beneath the skin), while CT images do. The distribution of VAT and SAT can be different
between two persons with a similar BMI and from the same sex, as illustrated in Figure
2. The distinction between VAT and SAT is relevant, because VAT and SAT have different
physiological roles in the body. VAT is more metabolically active than SAT and is a risk
factor for cardiovascular diseases and the development of insulin resistance (31), while
SAT is mainly considered to be a buffer for circulating fatty acids and triglycerides (32).
Because of this, VAT and SAT should be considered separately when studying the role of
adipose tissue.

Text Box 1: Assessing body composition with Computed Tomography (CT)

Together with magnetic resonance imaging (MRI), CT is considered the gold standard for
assessing body composition (33). With CT imaging, it is possible to identify the various tissues
using the radiodensity/attenuation properties of those tissues. These radiodensity properties
correspond to a specific level of grey values within the image and are measured as Hounsfield
Units (HU) (34). Air has a radiodensity of -1000 HU, water as 0 HU and bone tissue as +1000 HU.
Although different HU ranges have been used for skeletal muscle and adipose tissue, the most
common ranges used at the moment are: -29 to +150 HU for muscle; -150 to -30 HU for visceral
adipose tissue (VAT); -190 to -30 HU for subcutaneous adipose tissue (SAT) and intermuscular
adipose tissue (IMAT, accumulated fat between muscle groups) (33). Additionally, the skeletal
muscle radiodensity (SMR) can be measured by calculating the mean density (in HU) of the
total skeletal muscle cross-sectional area. In 2000, a study observed a high correlation between
the mean radiodensity of skeletal muscle and fat infiltration within the skeletal muscle, where
lower levels of radiodensity indicate more fat infiltration (35).

Because total body quantification of muscle and adipose tissue with CT and MRI is laborious,
earlier studies have investigated which single image is most representative for muscle and
adipose tissue content of the total body. Already in 1986, Kvist et al (36) found a high correlation
(r = 0.99) between adipose tissue from a single image at the level of the fourth-fifth lumbar
vertebrae (L4-L5) and 22-image-based adipose tissue volume. In 2004 Shen et al (37) found high
correlations (r=0.97) between skeletal muscle and adipose tissue surface from a single image
assessed 5 cm above L4-5 and total body skeletal muscle and adipose tissue volumes. In 2008
Mourtzakis et al (33) found high correlations (r = 0.83) between skeletal muscle and adipose
tissue surface from a single image assessed at L3 and total body skeletal muscle and adipose
tissue volumes. In the last decade the level of the third lumbar vertebrae (L3) has become the
most commonly used landmark in the abdomen to quantify skeletal muscle or adipose tissue
and skeletal muscle radiodensity (38, 39).
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25.8 kg/m?

32.8 cm%/m?2 49.0 cm?/m?2 58.6 cm%/m?2
Figure 1. Differences in skeletal muscle mass index (SMI, skeletal muscle cross-sectional surface area divided by
height squared in meters) at the level of third lumbar vertebrae among three male colorectal cancer patients

with a BMI of 25.8 kg/m?. (Pictures from own database)

Figure 2. Differences in distribution of visceral and subcutaneous adipose tissue at the level of third lumbar

vertebrae among two female colorectal cancer patients with an identical BMI of 28.7 kg/m?. Yellow is visceral
adipose tissue, blue subcutaneous adipose tissue. For patient A the visceral and subcutaneous adipose tissue
cross-sectional surface area are 215 cm? and 235 cm? respectively, for patient B 82 cm? and 299 cm?. (Pictures

from own database)

Low skeletal muscle index, mortality and fatigue in stage I-1ll
colorectal cancer

Low skeletal muscle mass, often assessed by means of the skeletal muscle index (SM,
skeletal muscle cross-sectional surface area divided by height squared in meters), can be
caused by various factors like: ageing, prolonged bed rest or a sedentary lifestyle, chronic
diseases and certain drug treatments (40). In 2015, when this PhD project started, several
papers had been published on the relationship between low SMI and mortality in cancer
patients. Several (4, 5,7, 8, 10, 21), but not all (6, 9) studies found a statistically significant
association of low SMI with increased mortality risk (range of hazard ratios [HRs]: 1.15-
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4.20). The focus of those studies was mainly metastatic cancer patients with low survival
rates (4-10). Severe weight loss and muscle wasting (cachexia) are highly prevalent
among stage IV CRC patients, due to metabolic alterations induced by the tumor (41). The
association between low muscle mass and increased mortality might therefore be more
likely the consequence of tumor progression than of the muscle mass loss itself. Among
patients with stage I-1ll CRC cancer, cachexia is less common; low skeletal muscle mass
is more likely to be related to other factors such as ageing and/or a sedentary lifestyle.
Because there is also a large difference in survival rates between stages I-lll and stage IV,
the association between low SMI and mortality might also be different between stage
I-lll and stage IV CRC. Of the previously mentioned studies, only one was performed
exclusively in stage I-lll CRC patients (21). That study observed an association between
low SMI and higher mortality risk in 220 stage I-1ll CRC patients (low vs normal SMI: HR
2.18;95% Cl, 1.20-3.94). However, larger studies among stage I-1ll CRC patients exclusively
are needed to confirm these results.

Measures of body composition may not only be associated with survival, but also with
fatigue. Already in 2010, an association between lower levels of SMI (measured by dual-
energy X-ray absorptiometry (DEXA)) and higher levels of fatigue was observed among 84
stage lll-IV gastrointestinal or non-small cell lung cancer patients (per 1 kg/m? increase,
-7.5;95% Cl-13.0 to -2.0) (20). Before the start of this PhD trajectory in 2015, no other study
had been performed to confirm this finding in a larger study.

Low skeletal muscle radiodensity, mortality and fatigue in
stage I-lll colorectal cancer

Besides skeletal muscle quantity, there has been an increasing interest in the relation
of skeletal muscle radiodensity (SMR, see Text box 1) with mortality. Martin et al (5)
published the first study investigating the association between low SMR and mortality
among cancer patients, and observed low SMR to be strongly associated with increased
mortality risk (low vs normal SMI: HR 1.36; 95% Cl, 1.19-1.55) in a mixed group of cancer
patients of various diagnoses, mostly with very poor prognosis. At the start of this PhD
project, however, no study had been performed exclusively among stage I-lll CRC patients.

The association between low SMR and fatigue had also not been investigated before the
start of this PhD project. Lower levels of SMR are usually seen in patients with an inferior
overall condition (i.e. multiple comorbidities, higher American Society of Anesthesiologists
(ASA) physical status score) (42, 43). Because of this, patients with low SMR may experience
more (long-term) side-effects from treatment, including fatigue.
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High adipose tissue, mortality and fatigue in stage I-lll
colorectal cancer

In 2015, when this PhD project started, only a few papers had been published on
associations of (CT-based) adipose tissue levels with mortality in CRC patients (25-30).
These studies focused only on VAT; study populations were relatively small (n between 66
and 273); and used different methods to quantify VAT (i.e. different HU ranges to identify
VAT, the use of a single or multiple CT images) and different cut-off values to identify
high VAT. Likely because of those inconsistencies between studies, results about the
associations of VAT and mortality were inconsistent. Larger studies, using a standardized
protocol to assess VAT and SAT with CT, were therefore needed to gain more knowledge
about the relationship of different adipose tissue depots with mortality.

Furthermore, the relationship of VAT and SAT with fatigue, needed to be investigated.
Earlier studies suggested a possible association between BMI and fatigue in cancer
patients, but results were inconclusive (44, 45). These inconclusive findings might (partly)
be explained because BMI cannot distinguish between VAT and SAT. With visceral obesity
being associated with low-grade inflammation (46) and the hypothesis that low-grade
inflammation is playing an important role in the underlying mechanism of fatigue (15),
VAT could be more strongly related to fatigue than SAT.

Lifestyle and fatigue in stage I-1ll colorectal cancer

In 2018, the World Cancer Research Fund / American Institute for Cancer Research (WCRF/
AICR) published their updated lifestyle recommendations for cancer prevention and
cancer survivors (47). The WCRF/AICR recommendations include guidelines on body
weight, physical activity, and a healthy diet. Two studies among stage I-lll CRC survivors
had observed an association between higher adherence to the 2007 WCRF/AICR lifestyle
recommendations for cancer survivors and less fatigue 5 and 8 years post-diagnosis
(48, 49). None of these studies investigated the association between adherence to the
WCRF/AICR recommendations and fatigue experienced during or shortly after treatment,
when fatigue prevalence is highest (12). As mentioned before, inflammation is thought
to play an important role in the underlying mechanism of fatigue in cancer patients (15).
Better adherence to the WCRF/AICR lifestyle recommendations for cancer prevention
on physical activity, body weight and healthy diet may potentially impact fatigue by
attenuating systemic inflammatory processes (50-52). However, the potential mediating
role of inflammation needs to be confirmed at present.
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Aims of the thesis

The overall objectives of this thesis are 1) to increase knowledge about the association

of body composition in stage I-Ill CRC patients with both mortality and fatigue by using

CT images to quantify skeletal muscle mass, skeletal muscle radiodensity and adipose
tissue, and 2) to increase knowledge about the association of adherence to the WCRF/
AICR lifestyle recommendations with fatigue among stage I-lll CRC and to elucidate the
underlying mechanism.

This resulted in the following aims for this thesis:

1.

To investigate the association of skeletal muscle mass, skeletal muscle radiodensity,
and adipose tissue with mortality among a large population of stage I-1ll CRC patients.

2. To investigate the association of skeletal muscle mass, skeletal muscle radiodensity
and adipose tissue with fatigue among stage I-1ll CRC patients.

3. To investigate the association between adherence to the WCRF/AICR lifestyle
recommendations and fatigue experienced during or shortly after treatment among
stage I-Ill CRC patients and to determine if inflammation is (partly) mediating this
association.

Thesis outline

In Chapter 2 the association between skeletal muscle radiodensity and overall
mortality, CRC-specific mortality and disease-free survival is investigated in stage I-lll
CRC patients. (aim 1)

Chapter 3 aims to investigate the associations of abdominal skeletal muscle index,
visceral adipose tissue, and subcutaneous adipose tissue with overall mortality
among men and women with stage I-Ill CRC. (aim 1)

In Chapter 4 it is described how skeletal muscle index, skeletal muscle radiodensity,
visceral adipose tissue, and subcutaneous adipose tissue at diagnosis are associated
with fatigue up to 24 months post-diagnosis in stage I-lll CRC patients. (aim 2)
Chapter 5 examines if inflammation mediates a potential association between
adherence to the WCRF/AICR lifestyle recommendations, and fatigue during and
shortly after cancer treatment. (aim 3)

Chapter 6 is the final chapter and includes the general discussion. The main findings
of the studies are summarized, methodological considerations are discussed, and
recommendations for clinical practice and future research opportunities are provided.
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Background: In cancer patients with a poor prognosis low skeletal muscle
radiographic density is associated with higher mortality. Whether this
association also holds for early-stage cancer is less clear. We aimed to study
the association between skeletal muscle density and overall mortality
among early-stage (stage I-ll) colorectal cancer (CRC) patients. Furthermore
we investigated the association between skeletal muscle density and both
CRC-specific mortality and disease-free survival in a subset of the study
population

Methods: Skeletal muscle density was assessed in 1,681 early-stage CRC
patients, diagnosed between 2006-2015, using pre-operative computed
tomography (CT) images. Adjusted Cox proportional hazard models were
used to evaluate the association between muscle density and overall
mortality, CRC-specific mortality and disease-free survival.

Results: The median follow-up time was 48 months (range, 0 - 119 months).
Low muscle density was detected in 39% of CRC patients. Low muscle
density was significantly associated with higher mortality (low vs normal:
adjusted HR 1.91, 95% CI 1.53 - 2.38). After stratification for comorbidities,
the association was highest in patients with = 2 comorbidities (HR 2.11, 95%
Cl 1.55 - 2.87). Furthermore, low skeletal muscle density was significantly
associated with poorer disease-free survival (HR 1.68, 95% Cl 1.14 - 2.47),
but not with CRC-specific mortality (HR 1.68, 95% Cl 0.89 - 3.17) in a subset
of the study population.

Conclusion: In early-stage CRC patients low muscle density was significantly
associated with higher overall mortality, and worse disease-free survival.
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Introduction

In recent years there has been a growing interest in the influence of skeletal muscle
(radio-) density on cancer prognosis. Skeletal muscle density, measured by computed
tomography (CT) and quantified in Hounsfield Units (HU), reflects the lipid content of
the muscle cells (1); higher muscle lipid content in the muscle cells presents as lower
skeletal muscle density (1). Lower skeletal muscle density has been found to be associated
with higher total adiposity (2), obesity (3) and increasing age (4). In a recent study an
association between low skeletal muscle density and pre-existing comorbidities was also
reported suggesting a potential shared mechanism between fat infiltration in the muscle
and comorbidities (5).

Various studies have reported an association between low skeletal muscle density and
higher mortality (6-12) in cancer patients. Until now the majority of the studies have
been performed in late-stage (stage IV) cancer patients (6, 8, 10) and/or in cancer types
with poor prognosis (7,9, 11). Three studies (13-15) investigated the association between
skeletal muscle density and mortality exclusively in early-stage (stage I-lll) colorectal
(CRQ) patients, who have a much better prognosis than stage V patients (i.e. five year
survival rate of >70% vs <15% in late-stage CRC (16)), and results were not consistent. The
first two studies were performed in European populations and did not show significant
associations between skeletal muscle density and overall mortality (13, 14), CRC-specific
mortality (14) or disease free survival (13) in early-stage CRC patients after adjusting for
confounding factors. A caveat is that both studies used cut-off points for low muscle
density, which were defined in a mixed group of cancer patients of various diagnosis,
mostly with very poor prognosis (17). Those cut-off points may not be appropriate in an
early-stage European CRC patient population. The third study, performed in the US (15)
reported that lower skeletal muscle density was associated with higher overall and CRC-
specific mortality. Given the inconsistency of findings so far and the challenges in the
interpretation in a European population, we decided to study the association between
skeletal muscle density and overall mortality in a large cohort of European early-stage CRC
patients. Furthermore we investigated the association between skeletal muscle density
and CRC-specific mortality and disease-free survival in a subset of the study population.

Materials and Methods

Subjects

Data from two ongoing prospective cohort studies (n=1,111) were combined with
registry-based data from three hospitals (n=1,537). The prospective cohort studies, i.e.,
the COLON (18) and EnCoRe (19) studies, started in 2010 and 2012, respectively. Both
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investigate the role of lifestyle in CRC patients; details have been described earlier (18, 19).
CRC patients included in the COLON study participants were diagnosed between August
2010 and November 2015; CRC patients included in the EnCoRe study were diagnosed
between April 2012 and November 2014. For the registry-based data the Netherlands
Cancer Registry was used to select all stage I-1ll CRC patients diagnosed between January
2007 and December 2010 in two hospitals and January 2007 and January 2013 in a third
hospital.

For all cohorts, exclusion criteria were: missing data on height, weight, stage of disease or
comorbidities; stage IV CRC; missing or unusable CT images (i.e. CT images of poor quality
or scans where muscle tissue was partly cut-off). Furthermore, only pre-operative CT
images assessed within 3 months of diagnosis were considered representative for skeletal
muscle status at diagnosis.

The COLON study was approved by the Committee on Research involving Human
Subjects, region Arnhem-Nijmegen, the Netherlands. The EnCoRe study was approved
by the Medical Ethics Committee of the University Hospital Maastricht and Maastricht
University, the Netherlands. All participants of the COLON and EnCoRe study provided
written informed consent. According to the Central Committee on Research involving
Human Subjects (CCMO), studies using the data of the Netherlands Cancer Registry do not
require approval from an ethics committee in the Netherlands. The study was approved
by the Privacy Review Board of the Netherlands Cancer Registry. In addition, the ethical
committees of the three participating hospitals gave permission to use additional data
from CT images.

Body composition and anthropometry

Skeletal muscle cross-sectional area was assessed using pre-operative CT images at the
level of the 3rd lumbar vertebrae. Skeletal muscle was quantified using Slice-O-Matic 5.0
(Tomovision, Montreal, Canada). Standard density thresholds were used to define skeletal
muscle:-29to +150 HU (20). Standardized procedures were followed by trained researchers
to correctly identify and quantify the psoas, erector spinae, quadratus lumborum,
transversus abdominus, external and internal obliques, and rectus abdominus. Skeletal
muscle density was measured as the mean density (in HU) of the total skeletal muscle
cross-sectional area. Furthermore, as potential confounders, visceral adipose tissue,
subcutaneous adipose tissue and intermuscular adipose tissue were quantified using the
following standard density thresholds: -150 and -50 HU for visceral adipose tissue; -190
and -30 HU for both subcutaneous and intermuscular adipose tissue. Total adipose tissue
was calculated as the sum of visceral-, subcutaneous- and intermuscular adipose tissue.
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The association between skeletal muscle density and overall mortality, CRC-specific
mortality and disease-free survival were assessed using continuous and dichotomized
(low vs normal skeletal muscle density) variables. For the identification of patients with
low skeletal muscle density gender- and body mass index (BMI)-specific cut-off values
were determined using optimal stratification (21), which is a statistical method previously
used in comparable studies (17, 22, 23) using a macro in SAS (version 9.3; SAS Institute,
Cary, NC). We decided to create specific cut-off values for our population, as established
cut-off values to identify and low skeletal muscle density had been determined within
cancer populations with a much higher mortality rate (17) or in other continents (North-
America) (15) which might not be representative for a European cohort. As acknowledged
by others (24, 25), reference cut-off values for an European population are important
because of possible differences in body composition and prevalence of obesity between
European, US and other populations. This optimal stratification procedure, resulted in the
following cut-off levels for skeletal muscle density: for men with a BMI < 25 kg/m? the cut-
off value for low skeletal muscle density was 36.4 HU, for men with a BMI > 25 kg/m?31.6
HU; for women with a BMI < 25 kg/m? 31.1 HU; for women with a BMI = 25 kg/m? 29.3 HU.

Height (m) and weight (kg) at diagnosis were self-reported within the COLON study;
measured by trained research assistants within the EnCoRe study; and collected from
medical records by the Netherlands Cancer Registry for the registry-based data.-

Medical history and mortality

Data on age, gender, type of cancer, stage of disease, comorbidities, and date of surgery
were collected from medical records for the prospective cohort studies and from the
Netherlands Cancer Registry for the registry-based data. Mortality data were retrieved
from the Municipal Personal Records Database. Overall mortality was measured as
number of months alive after the assessment date of the CT image until time of death
or January 31, 2017. Patients who were alive on this date were censored. For participants
of the COLON study (n= 715) recurrence data was retrieved in collaboration with the
Netherlands Cancer Registry and cause of death was obtained by linkage with Statistics
Netherlands (CBS). The International Classification of Diseases 10th Revision (ICD-10) was
used to identify CRC specific mortality (ICD-10 codes C18 - C20). DFS was calculated as
number of months between the assessment date of the CT image and either a recurrence,
metastasis of disease, or death from any cause.

Statistical analyses

Hazard ratios (HR) and corresponding 95% confidence intervals (Cl) for overall mortality,
CRC-specific mortality and disease-free survival were obtained using Cox proportional
hazard analyses. Proportional hazard assumptions were tested by log-log curves, with no
violations noted.
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The model for overall mortality was tested for effect modification by gender, age and
number of comorbidities (0, 1, = 2), by calculating the p for interaction. Of these variables,
number of comorbidities was the only variable that was identified as an effect modifier for
skeletal muscle density. Thus the models for skeletal muscle density and overall mortality
were stratified for number of comorbidities. Since no difference was found between zero
and one comorbidity, these two categories were combined into one category: the final
model was stratified into two groups (i.e. 0-1 comorbidity vs = 2 comorbidities). Data
on cause of death, recurrence and metastasis, were only available for the COLON study.
Due to the limited sample size of the COLON study population (n=715), statistical power
precluded the possibility to assess effect modification in the analyses for CRC-specific
mortality and disease-free survival.

Based on existing literature, age, stage of disease and gender were selected as potential
confoundingvariablesand were includedin the final multivariable Cox proportional hazard
models. Other variables, i.e., BMI (continuous and categorical), study type (prospective
or registry-based), tumor location (colon or rectal), treatment (chemotherapy yes or no;
radiotherapy yes or no), number of comorbidities (0-1 or > 2), skeletal muscle index (i.e.
skeletal muscle mass corrected for height in meters squared), visceral adipose tissue,
subcutaneous adipose tissue and total adipose tissue were included in the final model if
they changed the HR for mortality with 10% or more when the variable was individually
added to the model. Based on these criteria, only age, gender and stage were included in
the final adjusted models.

As a sensitivity analyses, we repeated all analyses, excluding patients who died or had a
recurrence or death within one year of follow-up.

Level of significance was set at 0.05. Analyses were performed using IBM SPSS 23.0 (SPSS
Inc., Chicago, IL, USA).

Results

Out of 2,648 eligible patients, data from 580 patients had to be excluded because either
no CT images were available, no pre-surgical CT image within 3 months of diagnosis was
available, or the CT image was unusable due to low quality. An additional 68 patients were
excluded because the stage of disease was unknown, for 282 patients data on height and/
or weight were missing and for 37 patients comorbidity data were missing (Figure 1). The
final dataset consisted of 1681 patients. The average age of the 967 excluded patients was
68.5 + 12.4 years; 43 % were women; 61 % had a tumor located in the colon; and of the
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excluded patients with stage of disease data available (79%), 26% had stage | disease, 38%
stage Il and 36% stage Il CRC.

The average age of the study population was 67.7 + 10.3 years and 41% were women; 67%
of the patients had a tumor located in the colon (Table 1). The majority of these patients
had a BMI between 25 - 29.9 kg/m? (43%) or 20 - 24.9 kg/m? (36%), while 17% had a BMI
> 30 kg/m? and 4% a BMI < 20 kg/m?. In total, 414 patients (25%) died before January 31,
2017 and the median follow-up time was 48 months (range, 0 - 119 months).

Total CRC patients in the
different cohorts
N=2,648

!

No CT scan available, or
scan of low quality
N=580

Patients with CT scan
N=2,068

v

Unknown cancer stage
Patients with known N=68
cancer stage
N=2,000

'

Unknown height and/or
weight
N=282

Patients with height and
weight data
N=1,718

}

Unknown comorbidities
N=37

Patients in final dataset
N=1,681

Figure 1: Flowchart of the study

Thirty-nine percent of the patients had low skeletal muscle density (Table 1). Mean age
and the percentage of women were higher in the low skeletal density group compared to
the normal skeletal density group (73.2 £ 8.8 vs 64.3 £ 9.7 years; 43% vs 39%, respectively).
Furthermore, the percentage of patients with a BMI = 30 kg/m? was higher in the low
skeletal density group compared to the normal skeletal density group (24% vs 13%,
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respectively), while the percentage of patients with a BMI 25 - 29.9 kg/m? was lower in
the low skeletal muscle density group vs the normal skeletal density group (37% vs 47%).

Table 1: Baseline characteristics in early-stage CRC patients with or without low skeletal muscle density

Total population Skeletal muscle density
Low Normal
(n=1681) (n=648) (n=1033)
(39%) (61%)
Demographic factors
Age [yrs, mean (SD)]
67.7 (10.3) 73.2(8.8) 64.3 (9.7)
Gender [n (%)]
Men 999 (59) 372 (57) 627 (61)
Women 682 (41) 276 (43) 406 (39)
BMI [kg/m?, mean (SD)]
BMI [kg/m?, n (%)]
<20 65 (4) 17 (3) 48 (5)
20-24.9 609 (36) 238 (37) 371 (36)
25-29.9 718 (43) 238(37) 480 (47)
230 289 (17) 155 (24) 134 (13)
Clinical factors
Cancer stage [n (%)]
| 393 (23) 127 (20) 266 (26)
Il 547 (33) 251(39) 296 (29)
1l 741 (44) 270 (42) 471 (46)
Tumor location [n (%)]*
Colon 1123 (67) 465 (72) 658 (64)
Rectal 552 (33) 180 (28) 372 (36)
Number of comorbidities [n (%)]
0-1 966 (58) 283 (44) 683 (66)
>2 715 (43) 365 (56) 350 (34)
Treatment
Radiotherapy [n (%)]°
No 1136 (73) 462 (77) 674 (71)
Yes 419 (27) 140 (23) 279 (29)

Chemotherapy [n (%)]°
No 1117 (72) 471 (78) 646 (68)
Yes 440 (28) 130(22) 310(32)
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CT image analysis

Skeletal muscle index [cm?/m? mean (SD)]

Men 51(8) 48 (8) 53(7)
Women 40 (6) 39 (6) 41 (6)
Muscle attenuation [HU, mean (SD)]
Men 36 (8) 27 (5) 41 (5)
Women 32(10) 23 (5) 39(7)
Visceral adipose tissue [cm?, median (range)] 147 (0-535) 168 (1-535) 133 (0-495)
Subcutaneous adipose tissue [cm? median 159 (0-713) 166 (0-713) 154 (1-596)
(range)]
Total adipose tissue [cm?, median (range)] 341 (5-1070) 383 (35-1070) 316 (5-924)
Study [n (%)]
Prospective 852 (51) 242 (37) 610 (59)
Registry-based 829 (49) 406 (63) 423 (41)
Follow-up time 48 (0-119) 48 (0-119) 48 (0-119)
[months, median (range)]
Deceased patients [n (%)] 414 (25) 261 (40) 153 (15)

2= Data of 6 patients were missing. *>=Data of 126 patients were missing. =Data of 124 patients were missing.

Abbreviations: BMI, body mass index; SD, standard deviation; HU, Hounsfield unit.

Data for CRC-specific mortality and disease-free survival were only available for participants
of the COLON study. The average age of these patients was slightly lower than in the total
study population: 65.6 + 9.1 years vs 67.7 + 10.3 years (Table 2). Furthermore, the follow-up
time was shorter (i.e. 37 months vs 48 months) and the percentage of deceased patients
was lower (i.e. 11% vs 25%). Other variables were comparable with the total population.
Twenty-seven percent of the patients had low skeletal muscle density.

Low skeletal muscle density was significantly associated with higher mortality (low vs
normal skeletal muscle density: adjusted HR 1.91, 95% Cl 1.53 - 2.38), Table 3. Number of
comorbidities was identified as an effect modifier (p for interaction = 0.02). In the stratified
analysis low skeletal muscle density was significantly associated with higher mortality in
patients with zero or one comorbidities (low vs normal skeletal muscle density: adjusted
HR 1.67,95% Cl 1.20 - 2.31), yet this association was even stronger in the group of patients
with two or more comorbidities (low vs normal skeletal muscle density: adjusted HR 2.11,
95% Cl 1.55 - 2.87).

Within the sub-population of the COLON study (n=715) low skeletal muscle density was
associated with higher overall mortality (low vs normal skeletal muscle density: adjusted
HR 2.15,95% Cl 1.32 - 3.50) and worse disease-free survival (low vs normal skeletal muscle
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density: adjusted HR 1.68, 95% Cl 1.14 - 2.47), but not significantly with colorectal cancer-
specific disease (low vs normal: adjusted HR 1.68, 95% Cl 0.89 - 3.17) (Table 4).

Table 2: Baseline characteristics of the participants from the COLON study

COLON study Skeletal muscle density
Low Normal
(n=715) (n=196) (n=519)
(27%) (73%)
Demographic factors
Age [yrs, mean (SD)] 65.6 (9.1) 70.8 (7.8) 63.8(8.9)
Gender [n (%)]
Men 440 (62) 122 (62) 318 (61)
Women 275 (39) 71 (38) 201 (39)
BMI [kg/m2, n (%)]
<20 25 (4) 6(3) 194
20-24.9 255 (36) 75 (38) 180 (35)
25-29.9 316 (44) 64 (33) 252 (49)
=30 119(17) 51 (26) 68 (13)
Clinical factors
Cancer stage [n (%)]
| 210(29) 56 (29) 154 (30)
Il 204 (29) 63 (32) 141 (27)
1] 301 (42) 77 (39) 224 (43)
Tumor location [n (%)]
Colon 483 (68) 136 (69) 247 (67)
Rectal 232(32) 60 (31) 172 (33)
Number of comorbidities [n (%)]
0-1 444 (62) 103 (53) 341 (66)
=2 271 (38) 93 (47) 178 (34)
Follow-up time [months, median (range)] 37 (1-77) 38 (3-77) 36 (1-77)
Deceased patients [n (%)] 76 (11) 40 (24) 36 (7)

= data of 6 patients missing. °= data of 4 patients missing
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Table 3: Association between skeletal muscle density and overall mortality.

No. of deaths

No. of patients n (%) HR (95% CI)*

Skeletal muscle density, total population

Normal 1033 153 (15) REF

Low 648 261 (40) 1.91(1.53-2.38)
Skeletal muscle density, 0-1 comorbidities

Normal 683 93 (14) REF

Low 283 88 (31) 1.67 (1.20-2.31)
Skeletal muscle density, > 2 comorbidities

Normal 350 60 (17) REF

Low 365 173 (47) 2.11(1.55-2.87)
Skeletal muscle density, HU (continuous) 1681 414 (25) 0.98 (0.96-0.99)

"=adjusted for age, stage of disease, gender. Abbreviations: HR, hazard ratio; 95% Cl, 95% confidence interval;

REF, reference value; HU, Hounsfield unit.

Table 4: Association between skeletal muscle density and overall mortality, CRC-specific mortality and disease-

free survival in a subpopulation (n = 715).

No. of desths HR (95% CI)’
patients n (%)
Skeletal muscle density
Overall mortality Normal 519 36 (7) REF
Low 196 40 (20) 2.15(1.32-3.50)
Skeletal muscle density
CRC-specific mortality Normal 519 26 (5) REF
Low 196 19(10) 1.68 (0.89-3.17)
Skeletal muscle density
Disease-free survival Normal 519 72 (14) REF
Low 196 52(27) 1.68 (1.14-2.47)

"=adjusted for age, stage of disease, gender. Abbreviations: HR, hazard ratio; 95% Cl, 95% confidence interval;

REF, reference value.

Discussion

In our cohort of early-stage CRC patients, low skeletal muscle density was significantly

associated with higher mortality. This association was strongest in patients with > 2

comorbidities. Within a subset of the total study population were data on disease-free
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survival and cause of death were available, low skeletal muscle density was associated with
worse disease-free survival, but not statistically significantly with CRC-specific survival.

Our findings support the findings from Kroenke et al (15), who also found that low skeletal
muscle density was associated with worse survival. Although speculative, our findings
also underline the importance of using cut-off points for low skeletal muscle density that
are defined in an appropriate population, as two other studies did not find associations
between muscle density and survival (13, 14). The cut-off points we defined in our study
population, are very comparable to the cut-offs defined in the study by Kroenke et al (15).
The two studies that did not find associations, used cut-off levels for low skeletal muscle
density that were defined in mixed group of cancer patients of various diagnoses, mostly
with very poor prognosis (17).

In the present study, we did not find a statistically significant association between low
skeletal muscle density and CRC-specific mortality. This might just be a matter of limited
statistical power, as data on CRC-specific mortality were only available for the sub-
population of participants enrolled in the COLON study. In the large study by Kroenke et
al (15), an association was found with higher CRC-specific mortality. Further studies are
needed to understand the mechanisms behind the association of skeletal muscle density
and survival.

In the present study, the associations between low muscle density and both higher
overall mortality and lower disease-free survival were independent of age, adipose tissue
and BMI, suggesting that the patients with higher risk of dying were not just the older,
obese CRC patients. It could be possible that patients with a high skeletal muscle density
were more physically active in daily life. Studies investigating the effect of training and
detraining (i.e. the effect of reduced physical training after a training program), and of
strength and endurance training showed that those training programs increased skeletal
muscle density (3, 26, 27), whereas detraining reduced skeletal muscle density (26). Very
limited data are available on other determinants of skeletal muscle density, thus, whether
other lifestyle factors like smoking and drinking are associated with decreased skeletal
muscle density is still unknown.

We showed that the association of low muscle density and higher mortality was strongest
among patients with multiple comorbidities. In a recent study (5) an association between
low skeletal muscle density and comorbidities was reported. Yet, our results suggests that
lower skeletal muscle density is not simple a measure of worse health status, as among
those patients with more co-morbidities (thus with worst health status), the association
was strongest. Potentially, the health status of those patients makes them extra vulnerable
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for the detrimental effects of fat infiltration in the muscle, but mechanistic studies are
needed to explore this further.

This study has some limitations. First, data from patients without a CT image within 3
months of diagnosis had to be excluded. Since CT-diagnostic imaging was not common
practice in clinical care of CRC in the Netherlands until 2008, a lot of scans were missing
for patients diagnosed before 2008. Mean age, percentage of women, stage of disease
and percentage of colon tumors were comparable between the included and excluded
patient group. Therefore, we do not expect that excluding these patients affected our
results. Second, due to the availability of cause of death and recurrence data, we could
only perform the analyses for CRC-specific mortality and disease-free survival in the
participants of the COLON study (n=715).

This is the first large scale European cohort that assessed the association between skeletal
muscle density and survival with cut-off points relevant for/defined in our cohort of early-
stage CRC patients. Other strengths are the large sample size, the long follow-up time and
the inclusion of exclusively early-stage CRC patients.

In conclusion, low skeletal muscle density was significantly associated with higher overall
mortality and lower disease-free survival in early-stage CRC patients. Future observational
studies are needed to study which factors determine low skeletal muscle density.
Thereafter, intervention studies should be performed to study whether intervening on
skeletal muscle density could improve prognosis of cancer patients e.g. with nutritional
interventions and/or exercise training.

Acknowledgments

The authors would like to thank all patients and participating hospitals. Furthermore the
authors would like to thank L. Posthuma, P. Goldsteen, M. Verhoeven, A. Pakkert, C. Aller,
A. Adriaans, |. Akkerman for all their help during this study.

Funding

This work was supported by Wereld Kanker Onderzoek Fonds (WCRF-NL) & World
Cancer Research Fund International (WCRF International) including grant number:
2014/1179; Alpe d'Huzes/Dutch Cancer Society (UM 2012-5653, UW 2013-5927); and
‘Kankeronderzoekfonds Limburg’ as part of Health Foundation Limburg (grant no.
00005739). Sponsors were not involved in the study design nor will they be in the
collection, analysis, and interpretation of data, or in the publications that will result from
this study.




32 | Chapter2

References

Goodpaster BH, Kelley DE, Thaete FL, He J, Ross R. Skeletal muscle attenuation determined by
computed tomography is associated with skeletal muscle lipid content. Journal of Applied
Physiology. 2000;89(1):104-10.

Goodpaster BH, Carlson CL, Visser M, Kelley DE, Scherzinger A, Harris TB, et al. Attenuation of
skeletal muscle and strength in the elderly: The Health ABC Study. Journal of Applied Physiology.
2001;90(6):2157-65.

Lee S, Kuk JL, Davidson LE, Hudson R, Kilpatrick K, Graham TE, et al. Exercise without weight
loss is an effective strategy for obesity reduction in obese individuals with and without type 2
diabetes. Journal of Applied Physiology. 2005;99(3):1220-5.

Anderson DE, D'Agostino JM, Bruno AG, Demissie S, Kiel DP, Bouxsein ML. Variations of CT-based
trunk muscle attenuation by age, sex, and specific muscle. The Journals of Gerontology Series A:
Biological Sciences and Medical Sciences. 2013;68(3):317-23.

Xiao J, Caan BJ, Weltzien E, Cespedes Feliciano EM, Kroenke CH, Meyerhardt JA, et al. Associations
of pre-existing co-morbidities with skeletal muscle mass and radiodensity in patients with non-
metastatic colorectal cancer. Journal of cachexia, sarcopenia and muscle. 2018.

Sjeblom B, Grenberg BH, Wentzel-Larsen T, Baracos VE, Hjermstad MJ, Aass N, et al. Skeletal
muscle radiodensity is prognostic for survival in patients with advanced non-small cell lung
cancer. Clinical Nutrition. 2016.

Fujiwara N, Nakagawa H, Kudo Y, Tateishi R, Taguri M, WatadaniT, et al. Sarcopenia, intramuscular
fat deposition, and visceral adiposity independently predict the outcomes of hepatocellular
carcinoma. Journal of hepatology. 2015;63(1):131-40.

Rier HN, Jager A, Sleijfer S, van Rosmalen J, Kock MC, Levin M-D. Low muscle attenuation is a
prognostic factor for survival in metastatic breast cancer patients treated with first line palliative
chemotherapy. The Breast. 2017;31:9-15.

Dijk DP, Bakens MJ, Coolsen MM, Rensen SS, Dam RM, Bours MJ, et al. Low skeletal muscle
radiation attenuation and visceral adiposity are associated with overall survival and surgical
site infections in patients with pancreatic cancer. Journal of Cachexia, Sarcopenia and Muscle.
2016.

Blauwhoff-Buskermolen S, Versteeg KS, de van der Schueren MA, Den Braver NR, Berkhof J,
Langius JA, et al. Loss of Muscle Mass During Chemotherapy Is Predictive for Poor Survival of
Patients With Metastatic Colorectal Cancer. Journal of Clinical Oncology. 2016;34(12):1339-44.

. Ebadi M, Martin L, Ghosh S, Field CJ, Lehner R, Baracos VE, et al. Subcutaneous adiposity is an

independent predictor of mortality in cancer patients. British Journal of Cancer.2017;117(1):148.
Antoun S, Lanoy E, lacovelli R, Albiges-Sauvin L, Loriot Y, Merad-Taoufik M, et al. Skeletal muscle
density predicts prognosis in patients with metastatic renal cell carcinoma treated with targeted
therapies. Cancer. 2013;119(18):3377-84.



20.

21.

22,

23.

24,

25.

26.

Low radiographic muscle density is associated with lower overall | 33

. van Vugt JL, van den Braak RRC, Lalmahomed ZS, Vrijland WW, Dekker JW, Zimmerman DD, et

al. Impact of Low Skeletal Muscle Mass and Density on Short and Long-Term Outcome after
Resection of Stage I-1ll Colorectal Cancer. European Journal of Surgical Oncology. 2018.
McSorley ST, Black DH, Horgan PG, McMillan DC. The relationship between tumour stage,
systemic inflammation, body composition and survival in patients with colorectal cancer.
Clinical Nutrition. 2017.

. Kroenke CH, Prado CM, Meyerhardt JA, Weltzien EK, Xiao J, Cespedes Feliciano EM, et al. Muscle

radiodensity and mortality in patients with colorectal cancer. Cancer. 2018.

Siegel RL, Miller KD, Fedewa SA, Ahnen DJ, Meester RG, Barzi A, et al. Colorectal cancer statistics,
2017. CA: a cancer journal for clinicians. 2017;67(3):177-93.

Martin L, Birdsell L, MacDonald N, Reiman T, Clandinin MT, McCargar LJ, et al. Cancer cachexia
in the age of obesity: skeletal muscle depletion is a powerful prognostic factor, independent of
body mass index. Journal of Clinical Oncology. 2013:JCO. 2012.45. 722.

Winkels R, Heine-Broring R, Van Zutphen M, van Harten-Gerritsen S, Kok D, Van Duijnhoven F, et
al. The COLON study: Colorectal cancer: Longitudinal, Observational study on Nutritional and
lifestyle factors that may influence colorectal tumour recurrence, survival and quality of life.
BMC Cancer. 2014;14(1):374.

van Roekel EH, Bours MJL, de Brouwer CPM, Ten Napel H, Sanduleanu S, Beets GL, et al. The
Applicability of the International Classification of Functioning, Disability, and Health to Study
Lifestyle and Quality of Life of Colorectal Cancer Survivors. Cancer Epidemiology Biomarkers &
Prevention. 2014;23(7):1394-405.

Mitsiopoulos N, Baumgartner R, Heymsfield S, Lyons W, Gallagher D, Ross R. Cadaver validation of
skeletal muscle measurement by magnetic resonance imaging and computerized tomography.
Journal of applied physiology. 1998;85(1):115-22.

Williams BA. Finding optimal cutpoints for continuous covariates with binary and time-to-event
outcomes. 2006.

Prado CM, Lieffers JR, McCargar LJ, Reiman T, Sawyer MB, Martin L, et al. Prevalence and
clinical implications of sarcopenic obesity in patients with solid tumours of the respiratory and
gastrointestinal tracts: a population-based study. Lancet Oncol. 2008;9(7):629-35.

Caan BJ, Meyerhardt JA, Kroenke CH, Alexeeff S, Xiao J, Weltzien E, et al. Explaining the Obesity
Paradox: The Association between Body Composition and Colorectal Cancer Survival (C-SCANS
Study). Cancer Epidemiology and Prevention Biomarkers. 2017;26(7):1008-15.

Daly LE, Ryan AM, Power DG. Response to “Loss of Muscle Mass During Chemotherapy Is
Predictive for Poor Survival of Patients With Metastatic Colorectal Cancer”. Journal of Clinical
Oncology. 2016;34(31):3816-7.

Blauwhoff-Buskermolen S, Schueren MAEdvd, Langius JAE, Verheul HMW. Reply to L.E. Daly et
al. Journal of Clinical Oncology. 2016;34(31):3817.

Taaffe DR, Henwood TR, Nalls MA, Walker DG, Lang TF, Harris TB. Alterations in muscle
attenuation following detraining and retrainingin resistance trained older adults. Gerontology.
2009;55(2):217.




34 | Chapter2

27. Poehlman ET, Dvorak RV, DeNino WF, Brochu M, Ades PA. Effects of Resistance Training and
EnduranceTraining on Insulin Sensitivity in Nonobese, Young Women: A Controlled Randomized
Trial 1. The Journal of Clinical Endocrinology & Metabolism. 2000;85(7):2463-8.



Low radiographic muscle density is associated with lower overall | 35







Associations of abdominal
skeletal muscle mass,
fat mass, and mortality
among men and women with
stage I-lll colorectal cancer

Harm van Baar, Renate M. Winkels, Jesca G.M. Brouwer, Liesbeth Posthuma, Martijn J. L.
Bours, Matty P. Weijenberg, Hendriek C. Boshuizen, Moniek van Zutphen, Franzel J. B. van
Duijnhoven, Dieuwertje E. Kok, Evertine Wesselink, Gerrit D. Slooter, Ernst J. Spillenaar
Bilgen, Birgitta M. E. Hansson, Johannes H. W. de Wilt, Ellen Kampman, Sandra Beijer

Published in Epidemiology and Prevention Biomarkers. 2020;29(5):956-65

https://doi.org/10.1158/1055-9965.EPI-19-1134



Background: The associations of abdominal skeletal muscle mass index
(SMI), visceral and subcutaneous adipose tissue (VAT and SAT respectively)
and mortality among stage I-lll colorectal cancer (CRC) patients may differ
for men and women, but only few studies stratified their data into men and
women. We investigated associations of abdominal SMI, VAT and SAT with
overall mortality among men and among women with stage I-Ill CRC.

Methods: SMI, VAT and SAT were assessed from abdominal computed
tomography (CT) images for 1,998 stage I-lll CRC patients diagnosed
between 2006-2015. Restricted cubic splines (RCS) were used to investigate
associations of SMI, VAT and SAT with overall mortality.

Results: Average age of the participants was 67.9 + 10.6 years and 58% were
men. During a median follow-up of 4.3 years, 546 (27%) patients died. Among
men, the association of SMI and mortality was statistically significantly in a
non-linear way in the RCS analyses, with lower SMI levels associated with
higher mortality. SMI was not associated with mortality among women. SAT
was associated with mortality in a non-linear way for men and for women,
with lower SAT levels being associated with higher mortality. VAT was not
significantly associated with mortality in men nor women.

Conclusion: Associations of abdominal skeletal muscle mass with mortality
among CRC patients were not the same for men than for women.

Impact: This study stresses the importance for more attention for sex-
related differences in body composition and cancer outcomes.
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Introduction

Colorectal cancer (CRC) is one of the most common malignancies worldwide, with
over 1.8 million new cases in 2018 (1). Various studies have investigated associations of
abdominal skeletal muscle mass, amount of visceral adipose tissue (VAT) or subcutaneous
adipose tissue (SAT) and mortality among CRC patients (2-18), but up till now the results
are inconsistent. This inconsistency has several reasons. First, studies included a mix of
stage I-lll and stage IV CRC patients. Five year survival rate of patients with stage I-1ll CRC is
generally above 70%, whereas in stage IV CRC patients this is generally less than 15% (19).
Severe weight loss, and muscle wasting (cachexia) are highly prevalent among patients
with stage IV cancer, due to metabolic alterations induced by the tumour (20). Among
stage I-lll cancer patients, cachexia is less common; thus, low skeletal muscle mass is more
likely to be related with aging and/or a sedentary lifestyle. Analyses on body composition
and mortality should therefore not include combined populations of stage I-lll and stage
IV patients.

A second possible explanation for the inconsistent results is the use of inappropriate cut-
off values to identify patients with a low or high abdominal muscle or fat mass. When it
comes to stage I-lll colorectal cancer patients, five studies investigated the association
of low abdominal skeletal muscle mass and mortality all using different cut-off values
for low skeletal muscle mass: the used cut-offs ranged from <31.6 to <46.6 cm?/m?for
women and <43 to <54.3 cm?/m?for men (9-12, 17). An Asian (n=220), a Canadian (n=968)
and a large US study (n=3,262) (10, 12, 17) reported a significant association between
low abdominal skeletal muscle mass and higher mortality, while in two European studies
(n=816 & n=339) (9, 11), low abdominal skeletal muscle mass was not associated with
higher mortality. Both European studies used cut-off levels for low skeletal muscle as
defined by US or Canadian cohorts (12, 14). As noted by others (21, 22), the cut-off levels
for low abdominal skeletal muscle as defined in US/Canadian populations, might not be
appropriate for European populations.

VAT is known to be associated with chronic, low-grade inflammation, and a higher risk of
worse cardiovascular outcomes (23, 24). So far there is no convincing evidence that VAT
is also associated with mortality among stage I-Ill CRC patients (11, 12, 15-18). A relatively
small study (n=62) (15) reported a statistically significant association of high VAT with
increased overall mortality among patients receiving adjuvant chemotherapy. Four other
studies observed no clear associations between low or high VAT and mortality (11, 12, 16,
17). One study determined a cut-off value for high VAT using optimal stratification (17),
two other studies used tertiles (11, 12) and one other study applied a median split (16) to
categorize VAT. All these categorizations are relatively crude, and these four studies may
have failed to detect an association as a result of these crude categorizations. A sixth study
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used cubic splines to investigate the association of VAT and mortality (18) and observed a
non-linear association between VAT and mortality.

Compared to VAT, SAT contains a lower number of inflammatory and immune cells and is
considered to be a less active fat tissue then VAT (25). Three studies (11, 12, 18) reported on
the association of abdominal SAT and mortality among exclusively stage I-lll CRC patients.
Two studies did not observe significant associations while using tertiles to categorize SAT.
Again Brown et al (18) observed a non-linear association between SAT and mortality using
restricted cubic splines. This shows that dose-response analyses using restricted cubic
spline (RCS) functions (26) could help identify possible linear or non-linear associations
of VAT and SAT with mortality that might be missed when categorizing muscle or adipose
tissue variables.

Another possible explanation for inconsistent results on associations of body composition
and survival could be that not all studies stratified their data into men and women. Body
composition differs between men and women, with men generally having more VAT and
higher muscle mass, and women generally having more SAT and lower muscle mass (27).
Age-related changes in skeletal muscle structure, function and metabolism differ between
men and women, possibly mediated by sex hormones (28). Sex difference in body fat
distribution might account for differences in inflammatory markers between men and
women (29). Currently there is a gap in literature on whether these sex-based differences
in body composition have an impact on the association between body composition and
mortality in cancer patients. Of the previous studies among stage I-Ill CRC patients (9-12,
15-18) only two studies (both in the same dataset: men n=1,634, women n=1,628) (12, 18),
stratified their data by sex. The stratified analyses suggest that associations of abdominal
skeletal muscle mass, VAT and SAT with mortality differ between men and women.

The aim of the present study was to investigate the associations of abdominal skeletal
muscle mass, VAT, and SAT with overall mortality among men and among women with
stage I-lll colorectal cancer.

Materials and Methods

Population

For this study, data of two ongoing prospective cohort studies among CRC patients, the
COLON (30) and EnCoRe (31) study, were combined with registry-based data, as described
previously (32). Briefly, for the COLON study, participants were recruited between August
2010 and January 2016; for the EnCoRe study participants were recruited between April
2012 and September 2015; and for the registry-based data the Netherlands Cancer Registry
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was used to select all stage I-Ill CRC patients diagnosed between 2007-2010 in three
hospitals. Patients had to be diagnosed with stage I-lll CRC to be eligible for the current
analysis. Additional exclusion criteria for the present analyses were missing computed
tomography (CT) image, CT images of poor quality or missing data on stage of disease,
see Figure 1. Only pre-treatment CT images assessed within 3 months of diagnosis were
considered representative for body composition at diagnosis. Patients with a CT image
assessed after treatment or outside this time period were excluded from analyses.

The study was performed in accordance with the Declaration of Helsinki. The COLON study
(ClinicalTrials.gov Identifier: NCT03191110) was approved by the Committee on Research
involving Human Subjects, region Arnhem-Nijmegen, the Netherlands. The EnCoRe study
(Netherlands Trialregister number 7099) was approved by the Medical Ethics Committee
of the University Hospital Maastricht and Maastricht University, the Netherlands. All
participants of the COLON and EnCoRe study provided written informed consent.
According to the Central Committee on Research involving Human Subjects (CCMO),
studies using the data of the Netherlands Cancer Registry do not require approval from
an ethics committee in the Netherlands. The study was approved by the Privacy Review
Board of the Netherlands Cancer Registry. In addition, the ethical committees of the three
participating hospitals gave permission to use additional data from CT images.

Body composition

Skeletal muscle, VAT and SAT cross-sectional areas were quantified on CT images at
the level of the 3rd lumbar vertebrae with the use of Slice-O-Matic software version
5.0 (Tomovision, Montreal, Canada). Standard radiodensity thresholds, measured in
Hounsfield units (HU), were used to quantify the cross-sectional areas of VAT, SAT, and
skeletal muscle. For VAT the threshold values were between -150 and -50 HU, for SAT
between -190 and -30 HU, and for skeletal muscle between -29 and +150 HU (33, 34). The
skeletal muscle cross-sectional area (cm?) was adjusted for height (cm?/m?) to calculate
the skeletal muscle index (SMI). Skeletal muscle radiodensity (32) was assessed as the
mean radiographic density of the total skeletal muscle cross-sectional area. Total adipose
tissue (TAT) was calculated as the sum of VAT and SAT.

Medical history and mortality

For both the COLON and EnCoRe study, data on age, sex, type of cancer, stage of disease,
comorbidities and date of surgery were collected from medical records. For the registry-
based dataset, these data were retrieved from the Netherlands Cancer Registry. Mortality
data (i.e. vital status and date of death) were retrieved from the Municipal Personal Records
Database.




42 | Chapter3

Statistical analyses

Demographic and clinical characteristics are presented as median and interquartile range
(IQR) for continuous variables that were not normally distributed (SMI, VAT, SAT and follow-
up time); mean and standard deviation (SD) are presented for continuous variables that
followed a normal distribution; frequency and percentages are presented for categorical
variables.

RCS analyses (26) were used to investigate associations of SMI, VAT and SAT with mortality,
and to assess whether associations were non-linear. Knots were places at the 5th, 50th
and 95th percentiles of SMI, VAT or SAT. Hazard Ratios (HR) for the RCS analyses were
calculated using the median as the reference. All analyses were stratified into men and
women. Based on literature, the RCS analyses for abdominal SMI, VAT and SAT were
adjusted for age and stage of the disease. Other variables, i.e., tumor location (colon or
rectum), number of comorbidities (0, 1 or = 2), neo-adjuvant and/or adjuvant treatment
(chemotherapy yes or no; radiotherapy yes or no), cohort (COLON or EnCoRe or Registry-
based), height (continuous, in the VAT and SAT analyses), skeletal muscle radiodensity
(continuous), SMI (continuous, in the VAT and SAT analyses), VAT (continuous, in the SMI
and SAT analyses), SAT (continuous, in the SMI and VAT analyses) and TAT (continuous, in
the SMI analyses) were included in the final models if they changed the HR for mortality in
any of the models with at least 10% when the potential confounder was individually added
to the model. Based on these analyses skeletal muscle radiodensity, SMI, chemotherapy
and radiotherapy were identified as confounding variables. Additional to the RCS plots,
HRs with 95% confidence intervals for specific SMI, VAT and SAT values were calculated
using the RCS analyses.

A sensitivity analyses was performed excluding all patients who deceased within 30 days
of surgery, as those patients most likely died due to post-operative complications.

Overall mortality was defined as number of days between date of the CT image and time
of death or January 31, 2017. Patients still alive on this date were censored in the survival
analyses.

Level of significance was set at 0.05. Analyses were performed using IBM SPSS Statistics
software (version 23.0, SPSS Inc., Chicago, IL, USA) and SAS software (version 9.4, SAS
Institute Inc, Cary, North Carolina, USA).
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Results

In total, 2,618 eligible CRC patients were identified; 552 of them were excluded because
no suitable CT image was available and 68 were excluded due to missing stage of disease
data (Figure 1). The final dataset consisted of 1,998 patients; 703 of them were participants
from the COLON study, 154 were participants from the EnCoRe study and 1,141 came from
the registry-based dataset (supplementary Table 2 describes baseline characteristics of
the separate cohorts).

COLON study EnCoRe study Registry based
N=914 N=168 N=1,536
Total CRC patients
in the different
cohorts
N=2,618
v v
. . No CT scan
Patients with CT available, or scan of
Niga& 6 low quality
i N=552
\ 4
A 4 Unknown cancer
Patients with known stige
cancer stage N=68
N=1,998
\ 4 Y \ 4
COLON study EnCoRe study Registry based
N=703 N=154 N=1,141

Figure 1: Flowchart for inclusion of stage I-lll colorectal cancer patients in an observational study on body

composition and mortality.

Table 1 shows the demographic and clinical characteristics for the total study population.
The average age of the included patients was 67.9 + 10.6 years and 58% were men, 33% of
the patients was diagnosed with rectal cancer. The majority of the patients was diagnosed
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with stage Ill of the disease (42%). Forty-two percent of the population was overweight
(BMI 25-30 kg/m?), and 17% was obese (BMI > 30 kg/m?). On average, men had more VAT
and SMI and less SAT than women. The median follow-up time was 51 months and during
this period 546 (27%) patients died.

Baseline characteristics were similar for included and excluded patients. Of the excluded
patients, 59% were men, mean age was 70.6 years, 36% had rectal cancer and of the
excluded patients with stage of disease data available (68%), 26% had stage | disease,
35% stage Il and 40% stage Ill CRC.

Distribution of abdominal skeletal muscle, VAT and SAT by BMI categories among men
and women are shown in Figure 2. These figures illustrate that among men, VAT tended
to increase with increasing BMI, while for women, SAT tended to increase with increasing
BMI. Moreover, the figure shows that with increasing BMI, absolute skeletal muscle index
increased, but more so among men than among women.

In the RCS analyses, SMI was associated with mortality in a non-linear way among men
(p=0.04), but no significant association between SMI and mortality was observed for
women (p=0.21) (Figure 3a&b). Table 2 shows estimated HR’s for specific SMI values and
illustrates that among men lower levels of SMI were significantly associated with higher
mortality but that among women, no statistically significant associations are apparent.

For VAT, the RCS analyses showed that VAT was not significantly associated with mortality
neither in men (p=0.21), nor in women (p=0.79) (Figure 4a&b).

The RCS analyses for SAT showed that among men and among women SAT was associated
in a non-linear way with mortality (p<0.01 and p=0.02 respectively) (Figure 5a&b). Table
2 shows that SAT levels below the median were associated with higher mortality in both
men and women.

Sensitivity analyses excluding all patients who deceased within 30 days post-surgery
(n=41) did not substantially alter the shape of any of the splines (Supplementary Figure
1-3, Supplementary Table 1). However, the results for the analyses for SMl among men
no longer reached statistical significance (p=0.10).
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Table 1: Baseline characteristics of stage I-lll CRC patients in an observational study on body composition and

mortality
Total population Women Men
wrson g e
Demographic characteristics
Age [yrs, mean (SD)] 67.9 (10.6) 67.8(11.6) 68.0 (9.8)
Follow-up time [months, median (IQR range)] 51(28,79) 54 (29, 82) 49 (27,77)
Deceased patients [n (%)] 546 (27) 223 (27) 323 (28)
Study [n (%)]
Prospective 857 (43) 323(39) 534 (46)
Registry-based 1141 (57) 509 (61) 632 (54)
Clinical characteristics
Cancer stage [n (%)]
| 478 (24) 203 (24) 275 (23)
Il 691 (35) 281 (34) 410 (35)
1] 829 (42) 348 (42) 481 (41)
Tumor location [n (%)]*
Colon 1303 (67) 595 (74) 708 (62)
Rectal 648 (33) 214 (27) 434 (38)
Number of comorbidities [n (%)]**
0 622 (33) 288 (37) 334 (30)
1 474 (25) 209 (27) 265 (24)
>2 796 (42) 2921(37) 505 (43)
Neo-adjuvant or adjuvant treatment
Radiotherapy [No. (%)]**
No 1395 (74) 616 (74) 779 (71)
Yes 488 (26) 173 (21) 315(29)
Chemotherapy [No. (%)]*
No 1401 (73) 581(72) 820 (74)
Yes 510 (27) 221(28) 289 (26)
Body composition
BMI [kg/m?, n (%)]*
<20 67 (4) 44 (6) 23(2)
20-24.9 629 (37) 278 (40) 351(30)
25-29.9 728 (42) 254 (31) 474 (47)
=30 295 (17) 124 (15) 171(17)
Visceral adipose tissue [cm?, median (IQR range)] 145 (76, 219) 93 (47, 150) 186 (117, 260)

Subcutaneous adipose tissue [cm? median (IQR 156 (112, 215) 189 (137, 256) 136 (105, 183)

range)]
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Skeletal muscle index [cm?/m?, mean (SD)] 46.8 (8.8) 40.4 (5.9) 51.3(7.7)
Skeletal muscle radiodensity [HU, mean (SD)] 34.2 (9.3) 32.0(10.0) 35.7 (8.5)

*=Tumor location data of 47 patients missing; ** = Comorbidity data of 106 patients missing; ***=Radiotherapy

data of 115 patients missing; *=Chemotherapy data of 87 patients missing; *= BMI data of 279 patients missing.

Abbreviations: BMI, body mass index; SD, standard deviation; HU, Hounsfield unit
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Figure 2: Top: Number of patients per BMI category. Middle: Mean absolute values of skeletal muscle index (SMI)
per BMI category among (a) men and (b) women. Bottom: Mean relative distribution of skeletal muscle, visceral

adipose tissue (VAT) and subcutaneous adipose tissue (SAT) by BMI categories among (a) men and (b) women.
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Figure 3: The association of skeletal muscle index and mortality among colorectal cancer patients stratified into
men (a) and women (b), adjusted for adjusted for age and stage of disease, radiotherapy, chemotherapy and

skeletal muscle density with three knots located at the 5%, 50*" (reference), and 95 percentiles of the distribution

of skeletal muscle index.
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Figure 4: The association of visceral adipose tissue and mortality among colorectal cancer patients stratified
into men (a) and women (b), adjusted for age and stage of disease, radiotherapy, chemotherapy, skeletal muscle

density and skeletal muscle index with three knots located at the 5%, 50*" (reference), and 95™ percentiles of the

distribution of visceral adipose tissue.
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Figure 5: The association of subcutaneous adipose tissue and mortality among colorectal cancer patients
stratified into men (a) and women (b), adjusted for age and stage of disease, radiotherapy, chemotherapy,

skeletal muscle density and skeletal muscle index with three knots located at the 5%, 50* (reference), and 95"

percentiles of the distribution of subcutaneous adipose tissue.
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Table 2: Estimated Hazard Ratios for specific skeletal muscle index, visceral adipose tissue and subcutaneous
adipose tissue values and mortality, with median values as the reference category (i.e. for skeletal muscle
index: men 50.8 cm?/m?, women 40.2 cm?/m?; for visceral adipose tissue: men 185.6 cm?, women 93.3 cm?; for

subcutaneous adipose tissue: men 136.4 cm?, women 188.3 cm?).

Men Women
HR 95% CI HR 95% Cl

SMI (cm?/m?)” SMI (cm?/m?)"

40 1.39 1.06-1.83 30 0.93 0.60-1.44

45 1.15 1.01-1.30 35 0.94 0.78-1.13

50 1.01 1.00-1.02 40 1.00 0.99-1.00

55 1.00 0.92-1.09 45 1.15 0.98-1.36

60 1.10 0.88-1.38 50 1.42 0.93-2.16
VAT (cm?)™ VAT (cm?)™

100 1.16 0.97-1.38 50 1.05 0.85-1.30

150 1.05 0.99-1.11 100 1.00 0.97-1.02

200 0.99 0.97-1.01 150 1.00 0.87-1.16

250 0.99 0.92-1.08 200 1.06 0.81-1.38

300 1.04 0.88-1.23 250 1.14 0.72-1.80
SAT (cm?)™ SAT (cm?) ™

50 212 1.49-3.01 100 1.44 1.09-1.90

100 1.31 1.16-1.48 150 1.14 1.03-1.26

150 0.94 0.91-0.97 200 0.98 0.95-1.00

200 0.85 0.74-0.97 250 0.94 0.84-1.04

250 0.89 0.63-1.17 300 0.98 0.81-1.18

"=adjusted for age and stage of disease, radiotherapy, chemotherapy and skeletal muscle density; "= adjusted
for age and stage of disease, radiotherapy, chemotherapy, skeletal muscle density and SMI. HR, hazard ratio; 95%
Cl, 95% confidence interval; SMI, skeletal muscle index; VAT, visceral adipose tissue SAT, subcutaneous adipose

tissue.
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Discussion

In the present study, lower abdominal SMI levels were associated with higher overall
mortality among men, but not among women. Lower abdominal SAT levels were
associated with higher overall mortality among men and among women. VAT was not
associated with overall mortality among men nor women.

Our findings that lower abdominal SMI levels were associated with higher mortality
among men, but not among women, are in agreement with findings in a US cohort of
stage I-lll CRC patients (12). The splines presented in that paper also show no association
between abdominal SMI and mortality among women (p for overall significance of
the spline=0.72), and a significant association among men (p for overall significance of
the spline =0.05). In both the current and the US study, the HR did not increase among
women with lower SMI level. Interestingly, in the current study higher levels of SMlamong
women were associated with increased risk of mortality, although this was not statistically
significant. Since higher SMI levels in general are correlated with higher levels of adipose
tissue, one could hypothesize that the higher HR is actually a result of having more
adipose tissue. However, adjustment for TAT (or VAT or SAT) did not change this HR and
for that reason TAT, VAT, or SAT were not included as possible confounding factors in those
analyses. Therefore, the potential higher risk of mortality among women with higher SMI
was not explained by having more adipose tissue.

Other studies may have decided not to stratify by sex, because they were too small (9-
11). Other cohorts of (healthy) elderly populations found differences between men
and women in associations of body composition and mortality although data were not
fully consistent (35). Sex-related differences in inflammation levels seen with muscle
wasting (36) may be part of the mechanism of why there are sex-related differences in
the association of skeletal muscle mass with mortality. Additionally, age-related changes
in muscle mass have been hypothesized to differ between men and women, (28) which
could shed further light on why associations with mortality could differ between men and
women, but the exact mechanisms remain to be fully elucidated. Our findings stress the
importance of the recent increase of attention for sex-related differences in biomedical
research (37).

We showed that lower abdominal SAT levels were associated with higher mortality among
men and among women with stage I-lll CRC. This is in agreement with a recent study
among stage I-lll CRC patients where splines were used to investigate the association
of abdominal SAT and mortality (18). Notably however, having higher levels of SAT was
associated with lower risk of mortality in that study, which is something that we did not
observe in our data. A possible explanation for this discrepancy can be that we chose to
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use the median as reference value in our splines, while the other study elected to use a
SAT level of 50 cm? as reference value (18). Moreover, the variation in SAT levels in our
study was lower in our cohort, than in the published study: in our study 95% of the men
had a SAT level below 272.1 cm? and, 95% of the women a SAT level below 398.4 cm? while
a substantial number of participants had SAT levels above 400 cm? in the other published
study. This lower range of SAT values in our study, is the result of a lower average BMI in
the population in the Netherlands, relative to the BMI distribution in the US (38). As a
result, we had less statistical power to detect associations especially for SAT values in the
upper/high range.

Our results for abdominal SAT are not in agreement with analyses in a cohort of CRC
patients from the US (12). In that analysis, no associations were observed for abdominal
SAT and mortality. We hypothesize that this inconsistency is the result of methodological
differences in the statistical analysis between those results and the results presented in the
current paper. The US study (12) only reported on risk associated with high SAT (highest
tertile) versus lower SAT (reference group consisting of participants in the lowest two
tertiles). This categorization may not have been optimal to detect a potential increased
risk of mortality with lower levels of SAT. This underlines the importance of using splines
to explore the potential associations of features of body composition and mortality (39).
Studies among other cancer populations have also reported a statistically significant
association between low abdominal SAT versus normal/high abdominal SAT and higher
mortality (13, 40, 41). The potential mechanism of why low SAT may be associated with
increased risk of mortality remains to be established, but low SAT areas may be a sign
of minimal metabolic reserves, which may explain why these patients have a higher
mortality (42).

VAT was not significantly associated with worse survival in our population, which is
consistent with three other studies (11, 12, 16), but not with two other studies (15, 18). As
mentioned before, one of those earlier studies used splines to investigate the association
of VAT and mortality. That study observed that among women higher levels of VAT were
associated with higher mortality relative to a reference value of 50 cm? and that among
men having VAT levels of ~100-300 cm? was associated with lower mortality compared
with the reference value of 50 cm?2. As also argued in the earlier paragraph on the SAT
findings, an important factor to consider is what was chosen as the reference group. In
our analyses, we chose the median value as reference value, while in the other study a
(very low) VAT level of 50 cm?was chosen as reference value. Moreover, the range of values
in VAT is smaller in our cohort than in the cohort from the US. From the splines reported
in that paper it is apparent that the increased risk of mortality with increasing VAT levels
reached statistical significance when levels of VAT were above ~200 cm?. In our dataset
only a limited number of women had VAT levels above that value, and thus our statistical
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power to observe associations was limited. In addition, contrary to the other study, we
adjusted our analyses for VAT for skeletal muscle radiodensity. This adjustment attenuated
our HR with more than 10%, while the other study chose not to adjust for it. Thus, this
discrepancy can partly explain the different findings. Although more research on this
topic is warranted, a conclusion could be that the increased risk of higher levels of VAT is
evident mostly among very high levels of VAT, and this is most relevant for populations
with extremely high BMI.

The current study has some limitations. Almost one quarter of the patients in the
original dataset had to be excluded, mostly due to unavailable or unusable CT images.
Nevertheless, sex, age and stage distribution were largely similar for in- and excluded
patients, so we are confident that excluding these patients did not affect our findings
substantially. This study consisted of data from three independent studies. The size of
the separate studies was too small to conduct separate analysis for the different studies.
However, Supplementary Table 2 shows that characteristics are generally similar across
cohorts, thus we are confident that results are similar across cohorts and across the total
cohort. As in any observational study, we might miss data of unknown confounders which
could influence the observed associations and have led to residual confounding.

Strengths of this study were the large study population and the use of CT images to assess
body composition. Furthermore, this is the largest European study with information on
body composition, clinical and personal factors thus far. Although earlier large-scale
studies in US/Canadian populations have been performed, the differences in body
composition (related to a generally lower BMI in Europe) (38) underline the necessity to
study these associations in European populations. Further studies, including even more
diverse populations, for example Asian or African cohorts, could shed further light on
associations between body composition and colorectal cancer prognosis.

In conclusion, in this large-scale study among stage I-lll CRC patients, lower abdominal
SMI levels were associated with higher mortality among men, but not among women.
Lower abdominal SAT levels were associated with higher overall mortality in both men
and women. An association between VAT and mortality was not observed. Our results
show the utility and importance of using splines to explore relationships of features of
body composition and mortality. Furthermore, our findings underline the importance for
more attention for sex-related differences in body composition and cancer outcomes.
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Supplementary Figure 1: Results for the sensitivity analysis in which patients who deceased within 30 days of
surgery were excluded (n=41 excluded). The association between skeletal muscle index and mortality among
men (a) and women (b), adjusted for adjusted for age and stage of disease, radiotherapy, chemotherapy and
skeletal muscle density with three knots located at the 5, 50*" (reference), and 95t percentiles of the distribution

of skeletal muscle index.
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Supplementary Figure 2: Results for the sensitivity analysis in which patients who deceased within 30 days
of surgery were excluded (n=41 excluded). The association between visceral adipose tissue and mortality in
men (a) and women (b), adjusted for age and stage of disease, radiotherapy, chemotherapy, skeletal muscle
density and skeletal muscle index with three knots located at the 5%, 50t (reference), and 95" percentiles of the

distribution of visceral adipose tissue.
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Supplementary Figure 3: Results for the sensitivity analysis in which patients who deceased within 30 days of
surgery were excluded (n=41 excluded). The association between subcutaneous adipose tissue and mortality
in men (a) and women (b), adjusted for age and stage of disease, radiotherapy, chemotherapy, skeletal muscle
density and skeletal muscle index with three knots located at the 5%, 50*" (reference), and 95™ percentiles of the

distribution of subcutaneous adipose tissue.
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Supplementary Table 1: Results for the sensitivity analysis in which patients who deceased within 30 days
of surgery were excluded (n=41 excluded). Estimated Hazard Ratios for specific skeletal muscle index, visceral
adipose tissue and subcutaneous adipose tissue values and mortality with median values as the reference
category (i.e. for skeletal muscle index: men 51.4 cm?/m?, women 40.5 cm?/m?; for visceral adipose tissue: men

186.5 cm?, women 92.9 cm? for subcutaneous adipose tissue: men 136.2 cm? women 189.8 cm?).

Men Women
HR 95% CI HR 95% CI
SMI (cm*m?)* SMI (cm?*/m?)"
40 1.36 1.02-1.81 30 0.93 0.60-1.44
45 1.14 1.00-1.30 35 0.94 0.78-1.13
50 1.01 0.99-1.03 40 1.00 0.99-1.00
55 1.00 0.92-1.08 45 1.15 0.98-1.36
60 1.07 0.85-1.35 50 1.42 0.93-2.16
VAT (cm?)™ VAT (cm?)™
100 1.15 0.96-1.38 50 1.02 0.82-1.27
150 1.04 0.98-1.11 100 1.00 0.97-1.03
200 0.99 0.98-1.01 150 1.01 0.87-1.18
250 1.01 0.93-1.10 200 1.05 0.78-1.40
300 1.08 0.91-1.28 250 1.15 0.672-1.80
SAT (cm?)™ SAT (cm?)™

50 2.04 1.43-2.93 100 1.44 1.08-1.92
100 1.29 1.14-1.46 150 1.14 1.02-1.27
150 0.94 0.91-0.97 200 0.98 0.96-1.00
200 0.86 0.76-0.99 250 0.92 0.83-1.03
250 0.92 0.70-1.21 300 0.95 0.78-1.15

"=adjusted for age and stage of disease, radiotherapy, chemotherapy and skeletal muscle density; "= adjusted
for age and stage of disease, radiotherapy, chemotherapy, skeletal muscle density and SMI. HR, hazard ratio; 95%
Cl, 95% confidence interval; SMI, skeletal muscle index; VAT, visceral adipose tissue SAT, subcutaneous adipose

tissue.
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Supplementary Table 2: Baseline characteristics of stage I-lll CRC patients stratified into the three contributing

studies.

COLON Study EnCoRe Study Registry-Based
(n=703) (n=154) (n=1141)
Demographic characteristics
Age [yrs, mean (SD)] 65.9 (9.0) 65.4 (10.1) 69.5(11.2)
Men [n (%)] 431 (61) 103 (67) 632 (55)
Follow-up time [months, median (IQR range)] 37 (26, 54) 28 (21, 39) 75 (41,91)
Clinical characteristics
Cancer stage [n (%)]
[ 209 (30) 38 (25) 231 (20)
1l 204 (29) 44 (29) 443 (39)
1l 290 (41) 72 (47) 467 (41)
Tumor location [n (%)]
Colon 483 (69) 92 (60) 154 (66)
Rectal 218 (31) 62 (40) 368 (34)
Body composition
BMI [kg/m2, n (%)]
<20 24 (3) 3(2) 40 (5)
20-24.9 253 (36) 38 (25) 338(39)
25-29.9 308 (44) 66 (43) 354 (41)
=30 118(17) 46 (30) 131(15)

Abbreviations: BMI, body mass index; SD, standard deviation.
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Purpose: Persistent fatigue among colorectal cancer (CRC) patients might
be associated with unfavorable body composition, but data are sparse and
inconsistent. We studied how skeletal muscle index (SMI), skeletal muscle
radiodensity (SMR), visceral adipose tissue (VAT), and subcutaneous adipose
tissue (SAT) at diagnosis are associated with fatigue up to 24 months post-
diagnosis in stage I-lll CRC patients.

Methods:SMI,SMR,VAT and SAT were assessed among 646 CRC patients using
pre-treatment computed tomography images. Fatigue at diagnosis, at 6 and
24 months post-diagnosis was assessed using the European Organization
for Research and Treatment of Cancer Quality of Life Questionnaire. The
association of SMI, SMR, VAT, and SAT with fatigue (yes/no) was assessed
using confounder-adjusted restricted cubic spline analyses.

Results: Prevalence of fatigue at diagnosis was 18%, at 6 months 25% and at
24 months 12%. At diagnosis, a significant (p=0.01) non-linear association of
higher levels of SAT with higher prevalence of fatigue was observed. Lower
levels of SMR were linearly associated with higher prevalence of fatigue at
6 months post-diagnosis (overall association p=0.02). None of the body
composition parameters were significantly associated with fatigue at 24
months.

Conclusion: Having more SAT was associated with more fatigue at diagnosis,
while low levels of SMR were associated with more fatigue at 6 months post-
diagnosis.

Implications for Cancer Survivors: Assessing SMR at diagnosis might help
identify patients with higher risk of fatigue at a later stage. However, more
knowledge is needed to understand the mechanisms behind the association
of SMR with fatigue.
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Introduction

Fatigue is highly prevalent among stage I-lll colorectal cancer (CRC) patients. Fatigue is
often already experienced before diagnosis (1) and can persist for years after treatment.
The highest prevalence (up to 85%) of fatigue is seen during and shortly after treatment
(2, 3), and although the prevalence decreases in the years after treatment, up to 40% of
CRC patients experience fatigue in the first 5 years after diagnosis (4). Fatigue is one of the
most debilitating side-effects of cancer and has a substantial negative impact on mood,
work, social relationships and overall quality of life (5).

Fatigue among cancer survivors is thought to have a multi-factorial etiology. Fatigue has
been associated with: treatment (radio- and chemotherapy), stage of disease, presence
of (multiple) comorbidities, specific medications with sedating side effects, psychological
factors (e.g. depression), decreased physical activity, and malnutrition (5-8). Associations
between body composition and fatigue in cancer survivors have been studied in only
a few studies, with mixed results. Two studies conducted among 734 stage llib/IV non-
small cell lung cancer patients (9) and 151 advanced colorectal, breast, or prostate
cancer patients (10), respectively, both observed that less skeletal mass at diagnosis was
associated with higher levels of pre-treatment fatigue among men. Both studies did not
observe significant associations among women. Another study conducted among 96
stage I-lll CRC survivors who were on average 5.2 years post-diagnosis, did not find an
association between skeletal muscle mass at diagnosis and levels of fatigue at that point
post-diagnosis (11). The latter study also investigated visceral adipose tissue (VAT), and
skeletal muscle radiodensity (SMR, an indicator of fat infiltration within the muscle) and
did not find an association between those body composition parameters and fatigue
(11). The association between SMR at diagnosis and pretreatment fatigue was also
investigated among the earlier quoted study among non-small cell lung cancer patients,
and no significant association was observed there either (9). To our knowledge, no study
has investigated the association between subcutaneous adipose tissue (SAT) and fatigue
among cancer patients.

The aim of the current study was to investigate the association of body composition
parameters (Skeletal Muscle Index (SMI), SMR, VAT and SAT) at diagnosis with fatigue at
diagnosis, and at 6 and 24 months post-diagnosis in stage |-l CRC patients.
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Methods

Study population

For this study, we used data of the ongoing COLON study: Colorectal cancer: Longitudinal,
Observational study on Nutritional and lifestyle factors that may influence colorectal
tumor recurrence, survival and quality of life (12). In eleven participating hospitals,
hospital staff invited eligible patients to participate in the COLON study shortly after
diagnosis and before scheduled surgery. Patients were not eligible if they had a history
of CRC, a previous (partial) bowel resection, known hereditary CRC, inflammatory bowel
disease, dementia or another mental condition limiting their ability to fill out surveys,
or were non-Dutch speaking. For the present study, participants diagnosed between
2010 and 2015, from seven of the eleven participating hospitals were included. For the
participants from the other hospitals and participants included after 2015, no CT images
had been retrieved from the medical records at time of the current analyses. Exclusion
criteria for the present analyses were: missing data on fatigue, height, stage of disease or
comorbidities; stage IV CRC; and missing or unusable CT images (i.e.,, CT images of poor
quality or scans where muscle tissue was partly cutoff). In addition, we only used data of
patients who had a pretreatment CT image performed no longer than 3 months before
diagnosis, as we considered that to be representative for body composition at diagnosis.
The study population consisted of 960 patients, of which we had to exclude: 192 patients
because no suitable CT image was available; 68 patients because of stage IV disease; 11
patients because of missing information on stage of disease; and 63 patients because no
fatigue data at diagnosis were available (Figure 1). This resulted in a final dataset of 646
patients with fatigue data at diagnosis, 581 patients with also fatigue data at 6 months,
and 496 patients with fatigue data at 24 months.

The COLON study was approved by the Committee on Research involving Human
Subjects, region Arnhem-Nijmegen, the Netherlands, and all study participants provided
written informed consent.

Fatigue

Fatigue was assessed using the European Organization for Research and Treatment of
Cancer Quality of Life Questionnaire C30 (EORTC QLQ-C30) version 3.0 (13) at three points
in time: at diagnosis, and 6 and 24 months after diagnosis. In the EORTC QLQ-C30, the
fatigue subscale is comprised of three items (During the past week: Did you need to rest?,
Have you felt weak?, Were you tired?), with four response options used to score the items:
“Not at all’; “A little", “Quite a bit’, and “Very much”. The raw score for fatigue was linearly
transformed into a score of 0-100 points as described earlier (13), with a higher score
indicating higher levels of fatigue. A score of >39 was defined as having clinically relevant
fatigue as recommended elsewhere (14, 15).
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Body composition

Cross-sectional areas (cm?) of skeletal muscle, VAT, and SAT were assessed using standard
radiodensity thresholds measured in Hounsfield Units (HU) in preoperative CT images
at the level of the 3rd lumbar vertebrae using Slice-O-Matic 5.0 (Tomovision, Montreal,
Canada). For skeletal muscle the threshold values were between -29 and +150 HU, for VAT
between -150

and -50 HU, and for SAT between -190 and -30 HU (16, 17). The skeletal muscle cross-
sectional area was adjusted for height squared (cm?/m?) to calculate Skeletal Muscle
Index (SMI). SMR was assessed as the mean radiodensity of the total skeletal muscle cross-
sectional area at the level of the 3" lumbar vertebrae.

Demographig, lifestyle and clinical data

Demographic information including age at diagnosis, sex, and weight and height were
collected using self-administered questionnaires. Physical activity was assessed using the
validated Short QUestionnaire to ASsess Health enhancing physical activity (SQUASH)
(18). Data on stage of disease, tumor site, treatment, comorbidities, complications after
surgery, and stoma placement after surgery were retrieved from the Dutch ColoRectal
Audit (19).

Data analyses

Demographic, clinical and lifestyle characteristics are presented as mean and standard
deviation (SD) for continuous variables with normal distribution, median and interquartile
range (IQR) for continuous variables without normal distribution, or frequency and
percentage for categorical variables.

Restricted cubic spline (RCS) analyses (20) were used to investigate associations of SMI,
SMR, VAT and SAT with fatigue at all time-points, and to assess whether associations were
non-linear. Knots were placed at the 5th, 50th and 95th percentiles of SMI, SMR, VAT or SAT.
Prevalence ratios (PR) and 95% confidence intervals (Cl) for the associations of SMI, SMR,
VAT and SAT with fatigue were estimated using RCS functions in Cox proportional hazard
regression models with a fixed time-point. PRs were chosen instead of odd ratios since
the latter tend to overestimate the size of the association when the outcome is common
(21). Median value for each body composition parameter was set as the reference in each
model. As complement to the graphic presentation of the RCS graphs, PRs with 95%
confidence intervals for specific SMI, SMR, VAT and SAT values were calculated using the
RCS analyses.

All analyses were tested for effect modification by gender, by calculating the p value for
interaction. In none of the analyses gender was identified as effect modifier. Potential
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Figure 1 Flowchart of the inclusion process of patients in this study
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confounders were included in the final model if they changed the PR for fatigue with 10%
or more when the variable was individually added to a crude model including SMI/SMR/
VAT/SAT, age, stage of disease and gender. For all analyses, potential confounders were:
SMI (continuous, in the model for SMR, VAT and SAT), SMR (continuous, in the model for
SMI, VAT and SAT), total adipose tissue (calculated as sum of VAT and SAT, continuous),
comorbidities (0, 1 and = 2), tumor site (colon/rectum), and physical activity (minutes per
week of moderate-to-vigorous physical activity). For the analyses at 6 and 24 months,
additional potential confounders were: chemotherapy (yes/no), radiotherapy (yes/no),
stoma placement after surgery (yes/no), complications post-surgery (yes/no).

The statistical significance level for the analyses was set at p < 0.05. Statistical analyses
were carried out using IBM SPSS v.23 (SPSS, Chicago, IL).

Results

Study population

Baseline characteristics of the total study population and of patients with and without
fatigue at the various time-points are presented in Table 1. The average age of the total
study population at diagnosis was 66.1 + 8.8 years, 63% of the patients were men, and in
66% of the patients the tumor was located in the colon. The majority of the patients had
stage lll disease (46%), while the percentages of patients with stage | or Il disease were
27% and 28%, respectively. At diagnosis, and at 6 and 24 months post-diagnosis, 18%,
25% and 12% of the patients, respectively, experienced fatigue.

Difference between patients with and without fatigue

At diagnosis, age was similar for patients with and without fatigue, women more often
reported fatigue, and patients with colon cancer more often experienced fatigue (Table
1).

Six months post-diagnosis, the patients who experienced fatigue were slightly younger,
more often women, and received more often chemotherapy and/or radiotherapy. At six
month post-diagnosis the percentage of patients with colon cancer was almost similar
between the group with and without fatigue.

At 24 months post-diagnosis, age was similar for patients with or without fatigue and the
percentage of men was higher among patients with fatigue. The percentage of patients
who received chemotherapy was almost similar between the group with and without
fatigue, while slightly more patients with fatigue 24 months post-diagnosis received
radiotherapy.
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At all three time-points, the number of hours of moderate-to-vigorous physical activity
was lower among the patients with fatigue, and the percentage of patients with two or
more comorbidities at diagnosis was higher among patients with fatigue.

Association between body composition and fatigue

No association was observed between SMI and fatigue at any of the three time-points
(test for overall association at diagnosis and at 6 and 24 months post-diagnosis: p=0.36,
p=0.80, and p=0.54, respectively), Figure 2a. PRs with 95% confidence intervals for
specific SMI values can be found in Table 2.

A significant linear association between SMR and fatigue was observed at 6 months post-
diagnosis (test for overall association p=0.02, test for non-linearity p=0.14), where lower
levels of SMR were associated with higher prevalence of fatigue, see Figure 2b. Table
2 shows that relative to the median, SMR levels below the median were significantly
associated with higher fatigue prevalence. No significant associations were observed
between SMR and fatigue at diagnosis (test for overall association p=0.74), and at 24
months post-diagnosis (test for overall association at diagnosis p=0.17).

For VAT, no significant association with fatigue was observed at any of the time-points
(test for overall association at diagnosis and at 6 and 24 months post-diagnosis: p=0.63,
p=0.56, and p=0.22, respectively), see Figure 3a.

Levels of SAT were non-linearly associated with fatigue at diagnosis, where higher levels
of SAT were significantly associated with higher prevalence of fatigue (test for overall
association p<0.01, test for non-linearity p=0.01), see Figure 3b. Table 2 also illustrates that
higher SAT levels relative to the median were associated with higher fatigue prevalence
at baseline. At both 6 and 24 months, SAT was not associated with fatigue (test for overall
association at 6 and 24 months post-diagnosis: p=0.63 and p=0.22, respectively).
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Figure 2 The association between skeletal muscle index (SMI)(a), skeletal muscle radiodensity (SMR)(b) and
fatigue at diagnosis, at 6 months and 24 months post-diagnosis, adjusted for age, gender and stage of disease
(SMI at all time-points; SMR at diagnosis) and age, gender, stage of disease and physical activity (minutes per

week of moderate-to-vigorous physical activity, for SMR at 6 and 24 months post-diagnosis) with three knots

located at the 5%, 50™ (reference), and 95™ percentiles of the distribution of SMI or SMR.
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Figure 3: The association between visceral adipose tissue (VAT)(a), subcutaneous adipose tissue (SAT)(b) and
fatigue at diagnosis, at 6 months and 24 months post-diagnosis, adjusted for age, gender and stage of disease
and skeletal muscle radiodensity at all time-points, with three knots located at the 5%, 50*" (reference), and 95t

percentiles of the distribution of VAT or SAT.
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Table 2: Estimated prevalence ratios for specific skeletal muscle index, skeletal muscle radiodensity, visceral
adipose tissue and subcutaneous adipose tissue values and fatigue, with median values as the reference category
(i.e. for skeletal muscle index: 47.5 cm?/m?; for skeletal muscle radiodensity: 37.2 HU; for visceral adipose tissue:

142.6 cm?; for subcutaneous adipose tissue: 162.9 cm?).

Diagnosis 6 months 24 months
PR 95% CI PR 95% CI PR 95% CI
SMI (cm?/m?)"
30 0.65 0.27-1.56 1.25 0.62-2.54 0.58 0.15-2.17
40 0.90 0.66-1.21 1.07 0.84-1.37 0.86 0.54-1.34
50 0.98 0.91-1.06 1.00 0.94-1.06 0.99 0.90-1.09
60 0.72 0.42-1.24 1.06 0.72-1.56 0.76 0.41-1.42
SMR (HU) *
20 1.22 0.65-2.30 2.04 1.22-3.40 1.67 0.71-3.90
30 1.08 0.88-1.32 1.27 1.08-1.49 1.25 0.96-1.64
40 0.98 0.90-1.06 0.96 0.89-1.02 0.91 0.81-1.02
50 0.92 0.53-1.60 0.95 0.61-1.49 0.63 0.28-1.40
VAT (cm?)™
50 0.90 0.61-1.32 1.14 0.82-1.60 0.60 0.34-1.07
150 1.00 0.98-1.02 1.00 0.98-1.01 1.03 1.00-1.06
250 0.92 0.71-1.19 1.04 0.86-1.25 1.13 0.82-1.55
350 0.75 0.40-1.43 1.20 0.77-187 0.95 0.44-2.02
SAT (cm?)™
50 1.41 0.82-2.41 0.87 0.52-1.47 0.55 0.23-1.31
150 1.02 0.97-1.06 0.99 0.94-1.03 0.95 0.89-1.02
250 1.12 0.94-1.34 1.10 0.93-1.31 1.14 0.85-1.53
350 1.70 1.20-2.42 1.22 0.87-1.72 1.04 0.51-2.11

*= adjusted for age, gender and stage of disease at all timepoints. **= at diagnosis adjusted for age, gender and
stage of disease; at 6 and 24 months additionally adjusted for physical activity (minutes per week of moderate-to-
vigorous physical activity). ***= adjusted for age, gender and stage of disease and skeletal muscle radiodensity
at all time-points. PR, prevalence ratio; 95% Cl, 95% confidence interval; SMI, skeletal muscle index; SMR, skeletal

muscle radiodensity; VAT, visceral adipose tissue SAT, subcutaneous adipose tissue.
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Discussion

The present study is the first study to investigate associations of body composition at
time of diagnosis with fatigue at diagnosis, and 6 and 24 months post-diagnosis in stage
I-IIl CRC patients. Having more SAT at diagnosis was associated with higher prevalence of
fatigue at diagnosis, while lower SMR levels at diagnosis were associated with fatigue at 6
months post-diagnosis.

We did not observe an association between low SMI and fatigue at diagnosis, while such
an association of low SMI and more fatigue at cancer diagnosis was observed among
men in two earlier studies among different cancer populations (9, 10). Those two studies
included mainly late-stage cancer patients, while the present study included stage I-lll
CRC patients. In late-stage cancer patients, low SMl is often the result of tumour-induced
muscle degradation, while low SMI among stage I-lll is most likely age and lifestyle related
since cachexia is not common within patient group among these earlier stages. Since
fatigue is more prevalent among late-stage cancer patients (6), the association between
low SMI and fatigue among late-stage patients might be driven by the progressive tumor
instead of low SMl itself. This might explain why no association was observed at diagnosis
in the present study. In the present study, we also did not observe an association between
SMI at diagnosis and fatigue two years after diagnosis. This is similar to what was observed
in a study of Van Roekel et al (11). In that study among stage I-1ll CRC patients, SMI was not
associated with fatigue 2-10 years post-diagnosis.

In the present study, we observed that lower SMR levels were associated with higher
prevalence of fatigue 6 months post-diagnosis, but not at diagnosis or 24 months post-
diagnosis. Nevertheless, at 24 months, the shape of the RCS appeared similar to the shape
of the association at 6 months, but did not reach statistical significance at 24 months. This
may be the result of lower statistical power at the 24 month timepoint: at 24 months, the
total number of participants in the dataset was lower than at the earlier timepoints, while
the prevalence of fatigue at this timepoint was also lower than at the earlier time-points.

Low SMR is associated with an increased pro-inflammatory cytokine production (22)
and this may potentially explain the association of low SMR with fatigue (5). Another
explanation might be that lower levels of SMR are usually seen in patients with an inferior
overall condition (i.e. multiple comorbidities, higher ASA score)(23, 24). Because of this,
patients with low SMR may experience more (long-term) side-effects from treatment.
Further studies are needed to understand the mechanisms behind the association of low
SMR with fatigue.

To the best of our knowledge, the present study was the first study to investigate the
association of SAT with fatigue among cancer patients. The results from our study suggest
that at time of diagnosis high levels of SAT are associated with higher prevalence of
fatigue. Interestingly, the association was found only for SAT and not for VAT. This was
somewhat unexpected, since VAT is known to be more metabolically active than SAT (25)
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and a higher inflammatory response seen with higher levels of VAT could have explained
a potential association with fatigue. Several authors have questioned the use of a single
slice CTimage to assess VAT because the natural movement of abdominal soft tissue might
influence the amount of VAT shown at the level of L3 (26, 27). This might have influenced
our findings for VAT.

A limitation of the study was that body composition data were only available at diagnosis,
as in the Netherlands CT images are only standard of care for diagnosis/staging, but not in
the period of follow-up (28). Therefore, we could not assess how SMI, SMR, VAT and/or SAT
change post-diagnosis and whether any changes impact the association with fatigue. A
second limitation was that statistical power was lower at 24 months post-diagnosis than
at the earlier time-points. Strengths of this study were the use of CT images to assess body
composition and the availability of fatigue data at multiple time-points.

In conclusion, having more SAT was associated with more fatigue at diagnosis, while low
levels of SMR were associated with more fatigue at 6 months post-diagnosis. Assessing
SMR at diagnosis might help identify patients with higher risk of fatigue at a later
stage. However, more knowledge is needed to understand the mechanisms behind the
association of SMR and fatigue.
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Fatigue is very common among colorectal cancer (CRC) patients. We
examined the association between adherence to the WCRF/AICR lifestyle
recommendations and fatigue among stage I-lll CRC patients, and whether
inflammation mediated this association. Data of two prospective cohort
studies were used. Adherence to the WCRF/AICR recommendations
was expressed as a score ranging from 0-7 and assessed shortly after
diagnosis. Six months post-diagnosis, fatigue was assessed with the
EORTC QLQ-C30 questionnaire and in a subpopulation plasma levels of
inflammation markers (IL6, IL8, TNFa and hsCRP), were assessed. Multiple
linear regression analyses were performed to investigate the association
between adherence to the WCRF/AICR recommendations and fatigue. To
test mediation by inflammation, the PROCESS analytic tool developed by
Hayes was used. A higher WCRF/AICR adherence score was associated with
less fatigue six months after diagnosis (n=1417, B -2.22, 95%Cl -3.65; -0.78).
In the population of analysis for the mediation analyses (n=551), the total
association between lifestyle and fatigue was (3 -2.17, 95% Cl -4.60; 0.25). A
statistically significant indirect association via inflammation was observed (3
-0.97, 95% Cl -1.92; -0.21), explaining 45% of the total association between
lifestyle and fatigue (-0.97/-2.17*100). Thus, inflammation is probably one of
the underlying mechanisms linking lifestyle to fatigue.
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Introduction

Fatigue is one of the most common adverse effects colorectal cancer (CRC) survivors
experience and can be present for years after treatment (1). During and shortly after
treatment, prevalence of fatigue is reported to range from 25% to 99%, depending on
cancer stage and/or type of treatment, patient population and method of assessment (1,
2).

Several factors have been identified which may contribute to fatigue among cancer
patients, including a more advanced stage of disease, type of treatment (radio- and
chemotherapy compared to only surgery), recurrences, more comorbidities and decreased
physical activity (1, 3-6). A healthier lifestyle has been associated with less fatigue among
breast and colorectal cancer survivors (7-9), where better lifestyle was operationalized
as better adherence to the World Cancer Research Fund/American Institute for Cancer
Research (WCRF/AICR) recommendations for cancer prevention, which include guidelines
on body weight, physical activity and a healthy diet (10).

Better adherence to the WCRF/AICR lifestyle recommendations for cancer prevention
on physical activity, body weight and healthy diet may potentially impact fatigue by
attenuating systemic inflammatory processes (11-13). Firstly, physical activity, obesity
and diet have been associated with fatigue. Being more physically active, is known to
lower fatigue in cancer patients (14). Underweight as well as excessive body weight
might be related to more fatigue (15-17) although this was not observed in all studies
(9, 18, 19). Limited data support a potential role for nutrition in managing fatigue after
cancer diagnosis (20). Secondly, physical activity, obesity and diet have been associated
with inflammatory markers such as interleukins (IL). A meta-analysis on physical activity
and fatigue among breast cancer survivors (12) showed that exercise decreased levels
of IL6, IL8 and tumour necrosis factor alfa (TNFa). Furthermore, exercise might lead to a
decrease in C-Reactive Protein (CRP) levels (21). A higher BMI has been associated with
higher circulating levels of IL6, IL8, TNF-a and CRP (22, 23). Furthermore, several studies
suggest that dietary intake is associated with inflammation (24, 25). Diets high in red and
processed meat and fast foods are associated with higher levels of systemic inflammation,
expressed by amongst others IL6, TNFa and CRP, while diets high in fruit, vegetables
and unsaturated fatty acids were associated with lower levels of inflammation (24, 25).
Thirdly, inflammatory markers such as IL6, IL8, CRP and TNFa are associated with fatigue
in cancer survivors (1, 21). Finally, an anti-inflammatory diet characterized by a high intake
of fruit, vegetables, whole grains, and omega-3 fatty acid-rich foods compared to non-
dietary related advice sessions reduced fatigue in an experimental study among 30 breast
cancer patients (26). Taken together, this could imply a possible role for inflammation as a
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mediating mechanism in the association between lifestyle and fatigue, although this has,
to the best of our knowledge, not been investigated to date.

The aim of the current study was, to examine whether adherence to the WCRF/AICR
recommendations for cancer prevention at diagnosis was associated with fatigue
experienced six months post-diagnosis among patients with stage I-1ll CRC. Furthermore,
the study aimed to determine whether inflammation (plasma levels of IL6, IL8, TNFa and
hsCRP) at six months post-diagnosis (partly) mediated this association.

Materials and Methods

Study population

For this study, we used data of two prospective cohort studies: the COLON study (27)
and the EnCoRe study (28). For the COLON study, hospital staff of eleven participating
hospitals invited eligible patients with stage I-IV of disease shortly after diagnosis and
before scheduled surgery to participate in the study. Patients were not eligible if they had
a history of CRC, a previous (partial) bowel resection, known hereditary CRC, inflammatory
bowel disease, dementia or another mental condition limiting their ability to fill out
surveys, or were non-Dutch speaking. For the EnCoRe study, patients with stage | to llI
CRC from three hospitals were enrolled at diagnosis. Exclusion criteria for the EnCoRe
study were diagnosis of stage IV disease; current home address not in the Netherlands;
inability to understand the Dutch language in speech as well as in writing; and presence
of comorbidities that may obstruct successful participation, including cognitive disorders
such as Alzheimer disease, and severe visibility or hearing disorders such as complete
blindness and/or deafness (28). In total 1417 CRC patients were included, 1156 from the
COLON study and 261 from the EnCoRe study, see Figure 1. Additional exclusion criteria
for the present analyses were: missing data on lifestyle (to build the WCRF/AICR score)
(n=272), fatigue six months after diagnosis (n=162), stage of disease (n=138), stage IV CRC
(n=107).

The study was performed in accordance with the Declaration of Helsinki. The COLON
study (ClinicalTrials.gov Identifier: NCT03191110) was approved by the Committee on
Research involving Human Subjects, region Arnhem-Nijmegen, the Netherlands. The
EnCoRe study (Netherlands Trialregister number NL6904) was approved by the Medical
Ethics Committee of the University Hospital Maastricht and Maastricht University, the
Netherlands. All participants of the COLON and EnCoRe study provided written informed
consent.
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WCRF/AICR score

We followed the approach as published previously (10) to score adherence to the 2018
WCRF/AICR lifestyle recommendations for cancer prevention (29). The score includes
seven lifestyle recommendations: ‘maintain a healthy weight’; ‘be physically active’;
‘eat a diet rich in wholegrains, vegetables, fruits and beans’; ‘limit consumption of “fast
foods” and other processed foods high in fat, starches or sugars’; ‘limit consumption
of red and processed meat’; ‘limit consumption of sugar-sweetened drinks’; and ‘limit
alcohol consumption. Two recommendations were excluded: the recommendation
‘for mothers: to breastfeed their baby, if they can’ was excluded as it is only specific to
mothers who are able to breastfeed; the recommendation about dietary supplement
use was not included, since it was not operationalized in the standard WCRF/AICR score
(10). For complete adherence to a recommendation 1 point was assigned, for moderate
adherence 0.5 point and 0 points otherwise. Total scores could range from 0 to 7. In
supplementary Table S1 the exact breakdown of the scoring system is depicted.

Data on body weight, height, and waist circumference were self-reported in the COLON
study. In the EnCoRe study, body weight, height and waist circumference were measured
by a research dietician during a home visit. An extended validated semi-quantitative food
frequency questionnaire (FFQ) of 204 items for the COLON study (30, 31) and 253 items
for the EnCoRe study (32) was used to assess habitual dietary intake and consumption of
alcoholic drinks in the preceding month (COLON) or year (EnCoRe). Intake of foods and
beverages in grams per day was calculated for all food groups (fruit and vegetables, red
and processed meat, fast food, alcohol, sugar-sweetened beverages). Energy and nutrient
intakes were calculated using the Dutch Food Composition Table 2011 (NEVO table) (33).
Physical activity was assessed using the self-reported Short QUestionnaire to ASsess
Health-enhancing physical activity (SQUASH) in both cohorts (34). Moderate-to-vigorous
physical activity in minutes per week was assessed from the data of that questionnaire in
order to score adherence to the physical activity guideline (see table 1).

Fatigue

Fatigue was assessed using the fatigue domain of the validated European Organization
for Research and Treatment of Cancer Quality of Life Questionnaire C30 (EORTC QLQ-C30
version 3.0). Fatigue scores were based on three items in this questionnaire, namely: ‘Did
you need to rest?’; ‘Have you felt weak?’; and ‘Were you tired?". Participants could answer
on a 4-point Likert scale ranging from‘not at all’to ‘very much’; 1 to 4 points were assigned
accordingly. First, a‘'RawScore’ was calculated as the average of the three items. Next, this
score was linearly converted to the total fatigue score with a 0-100 scale, as recommended
for this questionnaire, where a higher score indicates more fatigue (35). Within the COLON
study fatigue was assessed six months after diagnosis, within the EnCoRe study fatigue
was assessed six weeks and six months after finalizing treatment. For EnCoRe, therefore,
fatigue data closest to six months after diagnosis was selected for the analyses (median
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6.8 months, IQR 6.4-8.3). To identify the number of patients with fatigue six months after
diagnosis, a fatigue score of >39 was defined as having fatigue (36).

Blood collection and Inflammatory markers

Non-fasting blood samples were drawn into EDTA tubes during a regular clinical visit in
the hospital (COLON study) or during a home visit (EnCoRe study) around six months after
diagnosis. All blood samples were centrifuged and plasma was aliquoted and stored in a
freezer at -80°C until further analysis.

Levels of IL6, IL8 and TNFa were quantified in plasma using a custom-made multiplex
assay using electrochemiluminescence detection (Meso Scale Diagnostics, Rockville,
Maryland, USA) in our lab at Wageningen University & Research as described previously
(37). Samples were analysed in duplicate according to instructions by the manufacturer on
a QuickPlex SQ 120 plate reader (Meso Scale Diagnostics). Each sample plate contained a
calibration curve and quality control samples provided by the manufacturer with different
levels of each inflammation marker. Target values for the quality control samples were
provided. Inter batch and intra-batch coefficients of variation were <8% and observed
values deviated less than 15% from target values. Analyses of inflammation markers were
done in a sub-population (Figure 1) as cytokines were previously shown to remain stable
in plasma for a period up to 2 years of storage at -80 °C (38). Therefore, samples stored > 2
years were not analysed within the COLON study.

High sensitive C-Reactive Protein (hsCRP) was measured using an immuno-MALDI mass
spectrometry method (39) (BEVITAL, Bergen, Norway). The inter-assay coefficient of
variation ranged between 3-6%.

Covariates

Demographic information (including age and sex) and smoking history were collected
with self-reported questionnaires. Clinical data, such as stage of disease, tumour location
(colon/rectum), type of treatment (surgery, neo-adjuvant/adjuvant chemotherapy
or radiotherapy) and presence of comorbidities (diabetes, endocrine disorders,
cardiovascular, infectious, gastro-intestinal, muscular and joint, neurologic, pulmonary
and urogenital diseases) were derived from the Dutch ColoRectal Audit (DCRA) (40).

Data analysis

Population characteristics are described as numbers with percentages and medians with
interquartile range (IQR) for the total population and stratified by tertiles of adherence to
the WCRF/AICR recommendations. Levels of inflammatory markers were log-transformed
to obtain normally distributed data.
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Descriptive statistics were used to describe demographic, lifestyle and clinical
characteristics of the total population and patients of whom data about inflammation
levels were available and those of whom not.

Multiple linear regression analyses were used to assess the association of adherence to the
WCRF/AICR recommendations at diagnosis (continuous, 1 point increment) and fatigue
(continuous, 1 point increment) six months after diagnosis. Betas () and 95% confidence
intervals (Cls) were reported to describe the associations. All analyses were tested for effect
modification by sex, stage of disease and cohort by calculating the p value for interaction.
None of these variables were identified as effect modifiers. Potential confounders were: age
(years), stage of disease (stage I/1I/1ll), sex (male/female), comorbidities (yes/no), smoking
(current/former/never), stoma at time of fatigue assessment (yes/no), chemotherapy (yes/
no), radiotherapy (yes/no), recurrence within one year after diagnosis and cohort (COLON/
EnCoRe). Variables were included in the final model if they changed the {3 for fatigue or
inflammation with 10% or more when the variable was individually added to a crude
model. Age, stage of disease, sex, chemotherapy (yes/no) and cohort (COLON/EnCoRe)
were identified as confounders and included in all models.

Mediation analyses

Mediation analyses were conducted to analyse whether inflammation six months
after diagnosis is a mediator in the association between adherence to the WCRF/AICR
recommendations at diagnosis and fatigue six months after diagnosis.

Before performing the mediation analyses, the associations between adherence to the
WCRF/AICR recommendations and inflammation markers (exposure-mediator) and
the association between inflammation markers and fatigue (mediator-outcome) were
assessed using multiple linear regression analyses. The same confounders as identified
above for the total associations were included in all models created for the mediation
analyses.

Two paths are important in mediation analyses. First, the path from lifestyle to fatigue
without passing through inflammation, which is referred to as the direct association
between lifestyle and fatigue. Second, the path between lifestyle and fatigue passing
through inflammation, which is referred to as the indirect association. The summed effect
of the direct and indirect paths is referred to as the total path. We used the PROCESS
analytic tool developed by Hayes to assess whether inflammation is a mediator in the
association between lifestyle and fatigue. This analyses is based on multiple linear
regression path analysis (41). Model 4 of the PROCESS macro version 3.5 for SAS was
used to assess indirect, direct and total effects of the association between lifestyle and
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fatigue. A 95% percentile bootstrap confidence interval for the indirect effect using 10.000
bootstrap samples was generated.

For the mediation analyses the following sensitivity analyses were done, excluding data
of plasma samples that had been stored in the -80 freezer for more than 2 years before
analysis and excluding extreme values (> 3SD above the mean). Cytokines were previously
shown to remain stable in plasma for a period up to 2 years of storage at -80 °C (38).
Therefore, samples stored > 2 years were excluded in a sensitivity analyses.

All data analyses were performed using the statistical software program SAS (version 9.4:
SAS Institute Inc.).

Results

For the analyses regarding the association between lifestyle and fatigue in total, 1417
CRC patients were included, 1156 from the COLON study and 261 from the EnCoRe study,
(Figure 1). Of these patients 514 (36%) were female (Table 1) and median age was 66.1
(IQR 61.2-71.5) years. Two thirds of all patients had colon cancer, 44% were diagnosed
with stage Ill disease, and 30% received chemotherapy of which 75% received adjuvant
chemotherapy. The median WCRF/AICR score at diagnosis was 3.5 (IQR 2.8-4.0) and 26%
experienced fatigue at six months post-diagnosis. Patients with the highest adherence
to the WCRF/AIRC recommendations compared to the lowest adherence were more
often female, were more often highly educated, experienced less often fatigue and had
slightly lower levels of inflammation markers. Baseline characteristics of patients with
inflammatory data available (n=607 for cytokines and n=1116 for hsCRP) were similar as
characteristics of patients with no inflammatory data available (Table S2).

In the total population (n=1417), higher adherence to the WCRF/AICR recommendations
was statistically significantly associated with less fatigue (3=-2.22, 95% ClI: -3.65; -0.78).

For the mediation analyses, we first investigated if a potential mediator was associated
with both WCRF/AICR score and fatigue. A healthier lifestyle (higher adherence to the
WCRF/AICR recommendations) at diagnosis was associated with lower levels of IL6, TNFa
and hsCRP six months post-diagnosis (§ -0.10, 95%Cl -0.17; -0.03, B -0.07, 95%CI -0.10;
-0.04, 3 -0.20, 95%CI -0.28; -0.12, respectively). For IL8 the association was not statistically
significant (Table 2). IL6 and hsCRP at six months post-diagnosis were statistically
significantly associated with higher fatigue levels six months after diagnosis (3 5.05, 95%
Cl2.54;7.57 and 3 3.57,95% Cl 2.37; 4.78, respectively), while IL8 and TNFa were not (Table
3).
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In the population of analysis for the mediation analyses (n=551), the total association
between lifestyle and fatigue was 3 -2.17, 95% Cl -4.60; 0.25. A statistically significant
indirect association (via inflammation) was observed ( -0.97, 95% Cl -1.92; -0.21),
indicating that a statistically significant part of the association between lifestyle and
fatigue goes through inflammation. Forty-five percent of the total association between
lifestyle and fatigue was mediated by inflammation (-0.97/-2.17%100). This mediation was
mainly driven by IL6 and hsCRP.The indirect association via IL6 was observed to be 3 -0.48,
95% Cl -1.05; -0.18, indicating a contribution of 22% of IL6 to the total association. The
indirect association via hsCRP was observed to be 3 -0.68 95% Cl -1.10; -0.34, 32% of the
total association was mediated by hsCRP (Table 4).

Sensitivity analyses excluding old samples (> 2 years stored before analyses) n=47 and
outliers (>3SD above the mean) n=10 showed similar results compared to the total
population for analyses (data not shown).
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Table 1: Baseline characteristics of colorectal cancer patients stratified for a low, medium and high WCRF/AICR-

score

Low High

WCRF/AICR- Medium WCRF/AICR-

Total population WCRF/AICR- score

score . score
(n=1417) <3 (tertile 1) >3- 3(.:f4(;e5r)tlle 2) > 3.75 (tertile 3)
(n=548) B (n=384)
Age (years) 66.1(61.2-71.5) 65.8 (60.4-71.2) 66.5 (61.8-71.5) 66.8 (61.4-72.0)
Sex (female) 514 (36) 175 (32) 170 (35) 169 (44)
Education level’
low 536 (38) 215 (39) 180 (37) 141 (37)
medium 412 (29) 168 (31) 147 (30) 97 (25)
high 467 (33) 164 (30) 157 (32) 146 (38)
Smoking”
current 155(11) 60(11) 58(12) 37(10)
former 811 (58) 322 (60) 280 (58) 209 (55)
never 436 (31) 155 (29) 144 (30) 137 (36)
BMI (kg/m?) 26.4 (24.2-29.4) 28.4(26.2-31.5) 26.0 (24.1-28.4) 24.3 (22.5-26.4)
Waist circumference (cm) 97 (90-105) 103 (96-110) 95 (89-103) 91 (83-97)
Total moderate-vigorous
physical activity (hours/week) 11.0 (5.5-19.0) 8.5(3.5-17.5) 12(7.0-20.3) 13 (6.5-21.0)
Dietary intake
Fruit and vegetable (g/day) 260 (160-366) 187 (121-298) 260 (179-348) 352 (244-447)
Total fibre (g/day) 21 (17-26) 19 (16-24) 21 (17-25) 23 (18-28)
Percentage of total kcal from
ultra-processed foods 28 (21-35) 33(26-39) 27 (21-33) 22 (18-28)
Processed meat (g/day) 29 (13-46) 37 (22-52) 28 (15-46) 14 (4-34)
Red meat (g/day) 38 (23-56) 44 (29-61) 39 (23-56) 31(17-49)
Sugary drinks (g/day) 72 (14-167) 108 (32-245) 67 (13-152) 42 (0-131)
Alcohol (g/day) 8(1-21) 12 (2-24) 8(1-19) 5(0-17)
Inflammation markers
IL6 (pg/ml) 1 .0 (0.7-1.6) 1.1(0.7-1.7) 0.9 (0.7-1.6) .9 (0.6-1.4)
IL8 (pg/ml) 6 (4.2-8.0) 5.6 (4.1-7.9) 5.8 (4.3-8.1) 5.6 (4.3-8.0)
TNFa (pg/ml) 2 0 (1.6-2.6) 2.1(1.7-2.6) 2.0(1.5-2.6) 9(1.5-2.4)
hsCRP (ug/ml) 2.7 (1.2-6.5) 3.1(1.5-7.4) 2.6 (1.2-5.9) 2(1.0-6.3)
Type of Cancer
colon 929 (66) 357 (65) 322 (67) 250 (65)
rectal 488 (34) 191 (35) 163 (33) 134 (35)
Type of treatment”
Surgery only 756 (54) 292 (55) 248 (52) 216 (57)
chemotherapy 301 (22) 117 (22) 109 (23) 75 (20)
radiotherapy 224 (16) 89(17) 72 (15) 63 (16)
chemoradiation 107 (8) 34 (6) 47 (10) 26 (7)
Tumour stage
| 385(27) 141 (26) 131(27) 113 (29)
I 403 (28) 149 (27) 143 (29) 111 (29)
11l 629 (44) 258 (47) 211 (44) 160 (42)
Comorbidities (yes)" 968 (69) 389 (71) 337 (70) 242 (63)
Fatigue (yes) 365 (26) 157 (29) 115 (24) 93 (24)
Recurrence within one year
(yes) 81 (6) 31(6) 25(5) 25(7)

Unknown 67 26 19 22
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Daily use of NSAIDs (yes) 110 (8) 45 (8) 37 (8) 28(7)
Cohort

COLON 1156 (82) 421 (77) 399 (82) 336 (88)
EnCoRe 261 (18) 127 (23) 86 (18) 48 (13)

Values presented are median (quartile 1 - quartile 3) or number (percentages). Abbreviations: IL, interleukin;
TNF, tumour necrosis factor; hsCRP, high sensitive c-reactive protein; NSAIDs, non-steroid anti-inflammatory
drugs. *=For 2 patients data about education levels was missing, for 15 patients data about smoking status was
missing and for 1 patients BMI was missing, for 29 patients treatment data was missing and for 6 patients data

about comorbidities was missing.

COLON@; %

Total patients Total patients
recruited between recruited between
August 2010 and August 2012 and
December 2016 November 2016
N=1804 N=300
Excluded Excluded
No lifestyle data available N=264 J Unknown stage N=4
Unknown stage N=138 : No lifestyle data available N=12
Stage IV N=107 Included in main analyses (Lifestyle & Fatigue) No data about fatigue N=23
No data about fatigue N=139 N=1417
COLON N=1156 / EnCoRe N=261
. Excluded
Excluded No CRP measured N=76
No CRP measured N=225 No IL6 measured N=42
No IL6 measured N=768 : No IL8 measured N=40
No IL8 measured N=768 H No TNFa measured N=39
No TNFa measured N=767 Included in mediation analyses

Mediator CRP N=1116 (COLON N=931 / EnCoRe N=185)
Mediator IL6 N=607 (COLON N=388 / EnCoRe N=219)
Mediator IL8 N=609 (COLON N=388 / EnCoRe N=221)

Mediator TNFa N=611 (COLON N=389 / EnCoRe N=222)

All inflammation markers N=551

Figure 1: Flow diagram of patients included in this study.
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Table 2: The association between lifestyle at diagnosis and inflammatory marker levels six months after

diagnosis in colorectal cancer patients

i %

Inflammation 6 months after diagnosis N Betcar:g:/oCI I?.Aectljau;;?’/‘:CI
IL6

WCRF/AICR-score 607 -0.11(-0.19; -0.04) -0.10 (-0.17;-0.03)
IL8

WCRF/AICR-score 609 -0.05 (-0.10; -0.00) -0.05 (-0.09; 0.00)
TNFa

WCRF/AICR-score 611 -0.08 (-0.11;-0.05) -0.07 (-0.10; -0.04)
hsCRP

WCRF/AICR-score 1116 -0.20 (-0.28;-0.13) -0.20 (-0.28;-0.12)

* adjusted for age, sex, stage of disease, chemotherapy (yes/no) and cohort. To interpret the beta coefficient of
the regression line, the exponential of the beta should be taken (EXPAB), since a natural log transformation was

done on the outcome variable.
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Table 3: The association between inflammation marker levels and fatigue six months after diagnosis

Fatigue after 6 months N Bet(z:: r::;, c BAe(ti;u;;;:zl

IL6 607 5.49 (3.03; 7.95) 5.05 (2.54;7.57)
IL8 609 1.41(-2.34;5.15) 1.62 (-2.07;5.31)
TNFa 611 1.01 (-4.50; 6.51) 3.03 (-2.84; 8.90)
hsCRP 1116 3.57 (2.30; 4.83) 3.57 (2.37;4.78)

* adjusted for age, sex, stage of disease, chemotherapy (yes/no) and cohort.

Table 4: The association between lifestyle and fatigue (total association) divided in an direct path independent

of inflammation (direct association) and an indirect path via inflammation (indirect association).

Fatigue 6 months after diagnosis N B (95%Cl)

IL6 Total association 607 -2.17 (-4.44;0.10)
Direct association 607 -1.69 (-3.95; 0.56)
Indirect association 607 -0.48 (-1.05;-0.10)

Proportion mediated*

22%

IL8 Total association 609 -2.19 (-4.45; 0.08)
Direct association 609 -2.12 (-4.39; 0.15)
Indirect association 609 -0.06 (-0.31;0.12)
Proportion mediated* 3%

TNFa Total association 611 -2.19 (-4.45; 0.07)
Direct association 611 -2.05 (-4.35; 0.24)
Indirect association 611 -0.14 (-0.69; 0.21)
Proportion mediated* 6%

hsCRP Total association 1116 -2.11 (-3.74;-0.48)
Direct association 1116 -1.42 (-3.05; 0.21)
Indirect association 1116 -0.68 (-1.10; -0.34)

Proportion mediated*

32%

Total inflammation

(IL6, IL8, TNFa and hsCRP) Total association 551 -2.17 (-4.60; 0.25)
Direct association 551 -1.21 (-3.64; 1.25)
Indirect association 551 -0.97 (-1.92;-0.21)

Proportion mediated*

45%

Assessed using the PROCESS method version 3.5 developed by Andrew F. Hayes [41].

Models were adjusted for age, sex, stage of disease, chemotherapy (yes/no) and cohort. In the model for total

inflammation all four inflammation markers were entered as potential mediators.

* Proportion mediation is calculated by dividing the indirect effect by the total effect e.g. beta indirect association

/ beta total association * 100.
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Discussion

In the present study we observed a statistically significant association between better
adherence to the WCRF/AICR lifestyle recommendations at diagnosis and lower fatigue
levels six months post-diagnosis among CRC patients. Furthermore, mediation analyses
showed that inflammation markers, most importantly, IL6, hsCRP were mediators in the
association between lifestyle and fatigue.

Our results for the association between adherence to the WCRF/AICR recommendations at
diagnosis and lower fatigue levels six months post-diagnosis are in line with the results of
two previous observational studies that investigated the association between adherence
to the WCRF/AICR recommendations and long-term fatigue in patients with stage I-1ll CRC
(8, 9). Consistently, our results and the results of those studies showed that a favourable
lifestyle at and after diagnosis is associated with less fatigue on the short and long term
in CRC patients.

Our study was the first to assess the mediating effect of inflammation on the association
between lifestyle and fatigue. Lifestyle was associated with levels of IL6 and hsCRP as well
as with fatigue. Previous studies showed that nutrition as well as physical activity (both
part of the WCRF/AICR score) are associated with inflammation (14, 24) and/or fatigue (1,
13, 21). Results of our mediation analysis, combining those three factors for the first time
(i.e. lifestyle, inflammation and fatigue), showed that 45% of the association observed
between lifestyle and fatigue could be attributed to inflammation (mainly driven by IL6
and hsCRP). In other words, a healthier lifestyle may lead to less fatigue in part by lowering
inflammation. Of note, we did measure the exposure variable (lifestyle at diagnoses) before
the outcome (fatigue six months after diagnosis), while, the mediator and outcome were
measured at the same time-point. Ideally, to investigate causality, inflammation should
be measured several times between exposure and outcome (42). Despite this limitation,
our results clearly indicate a role for inflammation in the association between lifestyle and
fatigue.

The exact biological pathways by which inflammation mediates the association between
lifestyle and fatigue in cancer patients are not completely understood. As described before,
a healthier lifestyle (e.g. healthy weight, exercise and a healthy diet) are associated with
lower circulating levels of inflammation markers. Inflammation, in turn, is hypothesized
to induce fatigue via two main pathways. The first suggested pathway is via neuronal
signalling (1). Pro-inflammatory cytokines, such as IL6, IL8, hsCRP or TNFa, can signal
the central nervous system to generate symptoms of fatigue via alterations in neural
processes (43-46). Another pathway could be an increased activity of nuclear factor kappa
beta (NFkB), which plays a key role in controlling expression of pro-inflammatory genes
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(47). On a mechanistic base, we cannot explain why IL6 and hsCRP were observed to be
mediators, while IL8 and TNFa were not, since all four are associated with a lifestyle and all
four could potentially activate both pathways described above. From a statistic point of
view, these non-findings can be explained by the fact that in our study population IL8 and
TNFa were not statistically significantly associated with fatigue, and could therefore not
be mediators. Despite the inconsistency between the specific markers of inflammation,
results of our study showed that systemic low grade inflammation is a mediator in the
association between lifestyle and fatigue.

Given the supposed role of inflammation in fatigue, preventing or reversing low
grade inflammation is of importance. However, before interventions aimed to reduce
inflammation can be conducted the role of inflammation in fatigue should be further
investigated. It should be investigated in an intervention study whether adopting a
healthier lifestyle during and after cancer treatment results in lower levels of inflammation
markers (IL6, TNFa) and ultimately less fatigue. If so, person-made lifestyle advices can be
given to patients with higher levels of pro-inflammatory cytokines.

This study has several limitations and strengths. First, inflammation data were only
available for a subset of our original population which lowered our statistical power in the
mediation analyses. Nevertheless, both IL6 and hsCRP were identified to have a mediating
role in the association between adherence to the WCRF/AICR recommendations and
fatigue. Furthermore, we used the existing WCRF/AICR recommendation score, in which all
recommendations weigh equally (10). Although the used WCRF/AICR scoring is simple and
relatively easy to apply, one could debate whether all components of the score contribute
equally to fatigue and inflammation. Future studies should assess whether assigning
different weighing factors for each recommendation is more appropriate. Strengths of the
study are that we had extensive information about lifestyle, clinical variables, circulating
levels of inflammation markers, and patient-reported outcomes (such as fatigue) which
allowed us to study for the first time the mediating effect of inflammation in the association
between lifestyle and fatigue. Our data complement existing evidence regarding lifestyle
and fatigue and the role of inflammation as a mediating factor.

Conclusions

The present study showed that a higher adherence to the WCRF/AICR recommendations
at diagnosis was associated with less fatigue among CRC survivors six months after
diagnosis, and that inflammation partly mediated this association. Future intervention
studies should investigate if improving lifestyle directly after diagnosis, for example by
improving adherence to WCRF/AICR recommendations, can reduce fatigue during and
after treatment.
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The overall objectives of this thesis were 1) to improve knowledge about the association
of body composition in stage I-Ill CRC patients with both mortality and fatigue by using
computed tomography (CT) images to quantify skeletal muscle mass, skeletal muscle
radiodensity and adipose tissue, and 2) to improve knowledge about the association of
adherence to the WCRF/AICR lifestyle recommendations with fatigue among stage Il
CRC and to elucidate the underlying mechanism. Specific aims were:

1. To investigate the association of skeletal muscle mass, skeletal muscle radiodensity
and adipose tissue with mortality among a large population of stage I-lll CRC patients.

2. To investigate the association of skeletal muscle mass, skeletal muscle radiodensity
and adipose tissue with fatigue among stage I-lll CRC patients.

3. To investigate the association between adherence to the WCRF/AICR lifestyle
recommendations and fatigue experienced during or shortly after treatment among
stage I-Ill CRC patients and to determine if inflammation is (partly) mediating this
association.

This general discussion will first give an overview of the main findings of this thesis. After
this, these findings will be discussed in light of existing literature. This will be done for
each body composition component separately, followed by the findings for aim 3. Next,
the methodological considerations will be discussed, followed by the implications for
clinical practice and suggestions for future research. Finally, this general discussion ends
with an overall conclusion.

Main Findings
Table 1 provides an overview of the main findings of this thesis per chapter.

First, the association between body composition components assessed at diagnosis and
mortality was investigated (Chapter 2 and 3). Low skeletal muscle radiodensity (SMR) was
significantly associated with higher mortality among stage I-lll CRC patients. Furthermore,
low SMR was significantly associated with poorer disease-free survival, but not with CRC-
specific mortality (Chapter 2). Skeletal muscle index (SMI) was associated with mortality
in a non-linear way among men, with lower SMI levels associated with higher mortality.
SMI was not associated with mortality among women. Subcutaneous adipose tissue (SAT)
was associated with mortality in a non-linear way for men and for women, with less SAT
being associated with higher mortality. Visceral adipose tissue (VAT) was not associated
with mortality in men and women (Chapter 3).



Table 1: Overview of the main findings of this thesis
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Exposure measurement

Mortality
(Chapter 2, 3)

Fatigue
(Chapter 4, 5)

Body composition

SMR . Low SMR was significantly Lower SMR was associated with
associated with higher overall more fatigue at 6 months post-
mortality and worse disease- diagnosis.
free survival.

. Low SMR was not significantly
associated with CRC-specific
mortality.

SMI . Among men, lower SMI SMI was not associated with
was associated with higher fatigue.
mortality.

. Among women, lower SMI
was not associated with
mortality.

VAT . VAT was not significantly VAT was not associated with
associated with mortality in fatigue.
men and women.

SAT . Less SAT was associated with Having more SAT was associated
higher mortality in men and with more fatigue at diagnosis.
women.

Lifestyle

WCRF/AICR Not investigated in this thesis. . A higher WCRF/AICR adherence

score was associated with less
fatigue six months after diagnosis.

. A statistically significant indirect
association via inflammation was
observed, explaining 45% of the
total association between lifestyle
and fatigue.

Abbreviations: SMR, skeletal muscle radiodensity; SMI, skeletal muscle index; VAT, visceral adipose tissue; SAT,
subcutaneous adipose tissue; CRC, colorectal cancer; WCRF/AICR, World Cancer Research Fund / American

Institute for Cancer Research

Second, the association of SMI, VAT, SAT and SMR at diagnosis with fatigue at time of
diagnosis, and at 6 and 24 months post-diagnosis was investigated (Chapter 4). More
SAT was associated with higher fatigue prevalence at time of diagnosis. Lower SMR was
associated with higher fatigue prevalence 6 months post-diagnosis. SMI nor VAT were
associated with fatigue at time of diagnosis, and at 6 and 24 months post-diagnosis.

Lastly, it was investigated 1) whether a better adherence to the WCRF/AICR lifestyle
recommendations was associated with less fatigue among CRC patients, and 2) whether
inflammation was mediating this association (Chapter 5). A higher WCRF/AICR adherence
score was associated with less fatigue six months after diagnosis. An association via
inflammation was observed explaining 45% of the total association between lifestyle
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and fatigue, indicating that inflammation is probably one of the underlying mechanisms
linking lifestyle to fatigue.

Comparison with other studies

In this section our findings will be compared with the findings from similar studies in the
literature.

Skeletal muscle radiodensity

In Chapter 2, we observed an association of low SMR with increased mortality risk, and in
Chapter 4 we observed an association between lower SMR and more fatigue six months
post-diagnosis.

At present, seven other studies have investigated the association between SMR and
overall mortality among stage I-lll CRC patients (1-7). Four of these studies observed a
statistically significant association between low SMR and increased mortality risk, while in
three studies no statistically significant association was observed. The average follow-up
time of these studies varied between 3.6-6.9 years, and almost all studies used different
cut-off values to determine low SMR. Kroenke et al (h=3262, low vs normal SMR: HR 1.61;
95% Cl 1.36-1.90) (3), Hopkins et al (n=968, low vs normal SMR: HR 1.53; 95% Cl, 1.19-1.97)
(4), Xiao et al (n=1630, low vs normal SMR: HR 1.44; 95% Cl, 1.12-1.85) (5), and Sueda et a/
(n=211, lowvs normal SMR:HR 2.94;95% Cl, 1.32-7.17) (6) observed an association between
low SMR and increased mortality risk. No statistically significant associations between low
SMR and mortality were observed in the studies of Van Vugt et al (n=815, low vs normal
SMR: HR 0.91, 95% Cl 0.65-1.29) (1), McSorley et al (n=322, low vs normal SMR: adjusted HR
not presented in paper, unadjusted HR 2.47; 95% Cl, 1.49-4.10) (7), and Dolan et al (=650,
low vs normal SMR: HR 1.42, 95% Cl 0.98-2.05) (2). Although the association between low
SMR and increased mortality did not reach statistical significance in the study of Dolan
et al, the point estimate is similar to the point estimates from the studies of Hopkins et
al and Xiao et al. It is unclear why the results of Van Vugt et al and McSorley et al deviate
from the other studies since the study set up was comparable to the rest of the studies
and the percentage of patients that died was comparable among studies. One possible
explanation could be the cut-off values that were used in these studies. Both Van Vugt et
al and McSorley et al used the cut-off values from Martin et al (8) that were determined
in a mixed cancer population, while the majority of the other studies determined their
own cut-off values using their own study population. It is possible that the cut-off values
of Martin et al were not optimal for the study populations of both Van Vugt et al and
McSorley. The possibilities and challenges of categorizing a study population based
on body composition will be discussed in the “Methodological considerations” section.
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The results of the studies discussed above and our own results indicate that low SMR at
diagnosis is associated with higher overall mortality risk among stage I-1ll CRC patients.
The association between SMR and fatigue among stage I-lll CRC patients has only been
studied in one study (n=96) (9). In this study by Van Roekel et al no association between
low SMR and fatigue was observed (per SD increase, = -0.06; 95% Cl —7.6 to 6.4). In
our study fatigue was assessed at 6 and 24 months post-diagnosis, while in the study of
Van Roekel et al fatigue was assessed on average 5.2 years post-diagnosis. Because of the
retrospective collection of CT scans from 2-10 year CRC survivors in the study of Van Roekel
et al, survival bias might have occurred in the study. People that passed away before they
could participate in the study might have suffered from more fatigue than those who did
participate. Because of this, the observed association may have been underestimated in
the study of Van Roekel. Lack of studies makes it difficult to draw firm conclusions about
the association between low SMR and fatigue post-diagnosis. However, the findings from
our study suggest that low SMR at diagnosis is associated with fatigue experienced during
or shortly after cancer treatment.

Skeletal muscle index

In Chapter 3 the association of SMI and mortality was statistically significant in a non-
linear way among men, with lower SMI levels associated with higher mortality. SMI was
not associated with mortality among women. In Chapter 4 no association of SMI with
fatigue at time of diagnosis, and at 6 and 24 months post-diagnosis was observed.

At present eight other relatively large studies investigated the association between low
SMI and overall mortality among stage I-lll CRC patients (1, 2, 4-6, 10-12). In six of these
studies an association between low SMR and increased mortality risk was observed, while
in one study no association was observed. The average follow-up time of these studies
varied between 3.5-6.4 years, and almost all studies used different cut-off values to
determine low SMI. An association between low SMI and increased overall mortality risk
was observed in the studies of Caan etal (n = 3,262, low vs normal + high SMI: HR 1.27, 95%
Cl 1.09-1.48) (10); Dolan et al (n=650, low vs normal + high SMI: HR 1.50, 95% Cl 1.04-2.18)
(2); Hopkins et al (=968, low vs normal + high SMI: HR 1.45; 95% Cl, 1.16-1.84) (4); Xiao et al
(n=1630, low vs normal + high SMI: HR 1.40; 95% Cl 1.13-1.74) (5); Sueda et al (=211, low
vs normal SMI: HR 2.29; 95% Cl, 1.04-5.41) (13) and Miyamoto et al (n=220, low vs normal
SMI: HR 2.18; 95% Cl, 1.20-3.94) (11). Van Vugt et al (n=816, low vs normal + high SMI: HR
1.06, 95% Cl 0.80-1.42) (1) and Black et al (n=339, low vs normal + high SMI: HR 1.21, 95%
Cl1 0.81-1.79) (12) did not find a significant association between low SMI and mortality. It
is unclear why the results in the study of Van Vugt et al and Black et al deviate since the
study set up was comparable to the rest of the studies and the percentage of patients who
died was comparable among studies. As with SMR, one possible explanation could be the
cut-off values that were used in these studies. As described above, both van Vugt et al and
Black et al used the cut-off values from Martin et al (8) that were determined in a mixed




112 | Chapter6

cancer population, while the majority of the other studies determined their own cut-off
values using their own study population. See the “Methodological considerations” section
for a discussion about the possibilities and challenges of categorizing a study population
based on body composition. The results from the studies discussed above in combination
with our study suggest that low SMI at diagnosis is associated with higher overall mortality
risk. Our results suggest that this association might be strongest or only present in men.
The difference in findings between men and women was also observed in restricted cubic
spline plots that were presented in the publication of Caan et al (10). Unfortunately, none
of the other studies investigated gender differences in the association between SMI and
overall mortality.

The association of low SMI and fatigue among stage I-lll CRC has only been studied in
one other study (9). In this study conducted among 96 stage |-l CRC survivors, who were
on average 5.2 years post-diagnosis, no association was observed between low SMI at
diagnosis and levels of fatigue 2-10 years post-diagnosis (per SD increase, 3 = -4.4; 95% Cl
—12.1 to 3.4). Another study in a mixed cancer population did investigate the association
between SMI and fatigue at time of diagnosis or during treatment (14). In this study lower
SMI was not associated with higher fatigue levels (per 1 cm?/m? increase, 3 -0.01; 95% Cl
-0.22 to 0.20). Only in the study of Kilgour et al (15) a significant association between low
SMI and increased fatigue levels was observed among 84 stage llI-IV gastrointestinal or
non-small cell lung cancer patients (per 1 kg/m? increase, 3 —4.8; 95% Cl —8.4 to —1.3).
However, in this study SMI was assessed using dual-energy X-ray absorptiometry (DEXA)
instead of CT.

Although the evidence for a possible association between low SMI and fatigue is currently
not convincing, it has been suggested in the literature that there is a strong relationship
between skeletal muscle mass and fatigue experienced by cancer patients (16, 17). In one
review it is suggested that fatigue in cancer patients is a result from progressive reduction
of physical activity, reducing skeletal muscle mass and skeletal muscle strength which
gradually affects the ability to carry out simple activities of daily living (17). However,
there is not enough evidence to support this hypothesis. In another review, fatigue is
suggested to be a symptom of cachexia-related muscle loss, possible due to mitochondrial
dysfunction in the skeletal muscle cells (16). These suggestions and the results from the
study of Kilgour et al (15) indicate that it would be useful to perform more studies on the
association between low SMI and fatigue in stage I-lll CRC patients. Whether an association
between low SMI and fatigue is causal, as is suggested in the two reviews (16, 17), should
be tested with randomized controlled trials. In these studies it should be investigated
whether improving SMI leads to lower fatigue levels among cancer survivors.

Visceral adipose tissue
In this thesis it was observed that VAT was not significantly associated with mortality
(Chapter 4) nor with fatigue at time of diagnosis, and at 6 and 24 months post-diagnosis.
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At present only four other studies have investigated the association of VAT with mortality
in stage I-lll CRC patients (4, 10, 12, 18). One study observed a statistically significant
association between VAT and mortality risk, with higher VAT levels being associated
with increased mortality risk (18); in one study the association did not reach statistical
significance (10); and in two studies no association was observed (4, 12). The average
follow-up time of these studies varied between 5.2-6.9 years and three of those studies
used cut-off values to determine high VAT (4, 10, 12), while one study used restricted cubic
splines to investigate the association (18). Two of these studies were performed using the
same study population (10, 18).

No clear association of high VAT with increased mortality was observed in the studies of
Hopkins et al (n=968, high vs medium + low VAT: unadjusted HR 0.98; 95% Cl 0.80-1.21)
(4); Black et al (=339, high vs medium + low VAT: HR 1.00, 95% C1 0.80-1.26) (12); and Caan
et al (n=3262, high vs normal + low VAT: HR 1.22; 95 CI 0.99 - 1.49) (10). Restricted cubic
spline analyses of the latter study, showed that a non-linear association was observed
between VAT and mortality, where high to extremely high levels of VAT were associated
with increased mortality risk relative to having lower levels of VAT (18). It is possible that
the association of VAT and mortality was not observed in our study because people with
extreme VAT levels were not present in our study, most likely because the number of
people with an extremely high BMl is still low in The Netherlands. The study of Brown et al
(18) was performed in the US. In the Netherlands 15% of the adults is obese (19), while in
the US more than 40% is obese and 9% of the adults is severely obese (20).

Our results and the results from the studies mentioned above, suggest that only extremely
high levels of VAT may be associated with increased mortality risk among stage I-lll CRC
patients.

Currently, only one study (n=92) (9) has investigated the association between VAT
and fatigue among stage I-lll CRC patients. In this study high VAT at diagnosis was not
associated with higher levels of fatigue 2-10 years after diagnosis (per SD increase, =
-0.5; 95% Cl —7.2 to 8.2). Lack of studies makes it hard to draw a conclusion. However, our
results also suggest that high VAT is not associated with fatigue at time of diagnosis and
beyond.

Subcutaneous adipose tissue

In Chapter 3 SAT was associated with mortality in a non-linear way for men and for women,
with lower SAT levels being associated with higher mortality. In Chapter 4 higher levels
of SAT at time of diagnosis were observed to be associated with higher fatigue prevalence
at time of diagnosis.

Three other papers reported on the association of SAT with mortality (10, 12, 18) and only
one study observed an association between SAT and mortality, with lower levels of SAT
being associated with increased mortality risk. Two studies were conducted with the same
study population. No association between high SAT and mortality was observed in the
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study of Caan et al (n=3262, high vs normal + low SAT: HR 0.94; 95 Cl 0.77 - 1.15) (10).
However, when Brown et al investigated the association within the same study population
using restricted cubic splines instead of cut-off points, lower levels of SAT were observed
to be significantly associated with higher mortality risk. No association between high
SAT and mortality was also observed in the study of Black et al (n=339, high vs medium
+ low SAT: HR 0.85, 95% Cl 0.66-1.08) (12). The low number of studies investigating the
association between SAT and mortality makes it hard to draw conclusions. Yet, both our
study (Chapter 3) and the study of Brown et al (18) showed that low levels of SAT were
associated with a higher mortality risk compared to medium SAT levels. An explanation
why patients with low SAT, but not low VAT, have a higher mortality risk is that low SAT
may be a sign of minimal metabolic reserves (13).

No other study investigated the association between SAT and fatigue among stage I-lll
CRC patients. Lack of studies makes it hard to draw a conclusion. However, our results
suggest that high SAT is associated with fatigue at time of diagnosis, but possibly not with
fatigue during treatment and beyond.

The findings for SAT discussed above suggest that there might be an optimal range for
SAT as too low SAT is associated with increased mortality and too high SAT is associated
with more fatigue. More research is needed to determine the optimal range for SAT for
men and women.

Adherence to the WCRF/AICR lifestyle recommendations

In Chapter 5 a higher WCRF/AICR adherence score was associated with less fatigue
six months after diagnosis among 1,417 stage I-lll CRC patients. An association via
inflammation was observed, explaining 45% of the total association between lifestyle and
fatigue. This indicates that inflammation is probably one of the underlying mechanisms
linking lifestyle to fatigue.

Two other studies (n=1096 and 155) have investigated the association between adherence
to the WCRF/AICR recommendations and fatigue among CRC patients (21, 22). In both
studies an association between better adherence to the WCRF/AICR recommendations
and less fatigue was observed. The results from these studies and our study suggest that
better adherence to the WCRF/AICR recommendations is indeed associated with lower
fatigue.

Currently, itis unknown if increasing adherence to the WCRF/AICR recommendations leads
to less fatigue. However, the WCRF/AICR recommendations have been developed to lower
cancer risk and not specifically to lower fatigue risk. Currently, it is unclear if the WCRF/
AICR recommendations are effective lifestyle recommendations to prevent or alleviate
fatigue complaints. Of all of the seven WCRF/AICR recommendations studied in our and
the previously mentioned studies, only being more physically active is known to lower
fatigue in cancer patients (23). Therefore, one could argue whether this recommendation
should contribute equally to the total WCRF/AICR score when investigating the association
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with fatigue. Another recommendation is “be a healthy weight”. In the study of Chapter 4
only SMR was associated with fatigue post-diagnosis. Therefore, the “be a healthy weight”
recommendation might not be specific enough, since low SMR is seen in overweight,
obese and people with a healthy weight. Five of the recommendations are about nutrition.
Currently, only limited data support a potential role for nutrition in managing fatigue after
cancer diagnosis (24). Therefore, it is unclear to what extent a healthy diet can decrease
fatigue, and if certain components of a healthy diet are more effective for decreasing
fatigue than other.

With the current knowledge it would be better to use adjusted WCRF/AICR lifestyle
recommendations when investigating if improving lifestyle can decrease fatigue. In
these recommendations, physical activity should contribute equally to diet and instead
of focussing on BMI, the focus should be on improving SMR and SMI. Lastly, since it is
unknown which components of a diet can have an influence on fatigue, a total diet score
should be determined based on the five WCRF/AICR recommendations on diet.

The role of inflammation in a possible association between improved lifestyle and lower
fatigue among CRC patients is currently unknown. It has been observed that exercise
improved inflammation markers in breast cancer survivors (25), but it is unknown if these
improvements led to less fatigue. No changes in inflammation markers were seen among
breast cancer survivors after a 12-month commercially available web-based lifestyle
program (26). However, healthy lifestyle changes were associated with a decrease in
systemic inflammation in 1,794 patients with stable cardiovascular disease (27). Although
this study was performed in a non-cancer population, it suggests that improving lifestyle
can improve inflammation markers. Therefore, it may be possible that improving lifestyle
has a similar effect on inflammation markers among CRC patients, which may have an
effect on fatigue.

Methodological considerations

The strengths and limitations of the various studies described in this thesis have already
been discussed in each chapter. In this section additional methodological considerations
will be discussed in more detail, i.e.:
1. The possibilities and challenges of categorizing study populations based on body
composition
Excluding stage IV CRC patients from the analyses
Overall limitations of our studies
Generalizability of our findings
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The possibilities and challenges of categorizing study populations
based on body composition

Currently, there is no consensus on cut-off points to determine unfavorable body
composition related to mortality, fatigue or other cancer-related health outcomes using
CT. Therefore, different studies used different categorizations for body composition
measures: 1) median splits or tertiles to compare groups; 2) cut-off points determined
within their own study population using the optimal stratification technique (28); or 3)
existing cut-off points from literature. These different cut-off points makes it difficult to
compare results between studies. In the study described in Chapter 2, we decided to
determine cut-off points for low SMR. The main reason for defining our own cut-off points
was that the published cut-off points were determined in study populations that were not
comparable to our population, because they were determined either in a mixed group
of cancer patients of various diagnosis, mostly with very poor prognosis (8), or in a US
cancer population. Possible differences in body composition and prevalence of (extreme)
obesity between European and US cancer patients might make the US cut-off points not
representative for a European cohort (29, 30).

Table 2 shows the various cut-off points for SMR to categorize study populations that were
published, showing large differences across studies. The use of the published cut-off values
would most likely have influenced our findings, because a different number of people
would have been identified with low SMR. To check this, | repeated the adjusted mortality
analyses within the study population described in Chapter 2 (n=1,681) using not only our
own cut-off values, but also those published by Martin et al (8) and Kroenke et al (3). The
analyses were adjusted for the same confounders that were used in the study of Chapter
2. By using our cut-off values only 38% of patients were classified as having low SMR while
for Martin this was 57% and for Kroenke 49%. The use of the other cut-off points resulted
in substantially different HRs, as can be seen in Table 3. The highest HR is observed when
using our own cut-off values and the HR observed when using cut-off values from the
literature are much lower. Even though the association between low SMR and mortality
remains statistically significant when the cut-off values of Martin et al or Kroenke et al
are used within our study population, this might not be the case when they are used in
other (smaller) study populations. This does not mean, however, that every study should
determine their own cut-off values. What might be a better alternative, is to use restricted
cubic splines instead of cut-points. With restricted cubic splines it is possible to investigate
the shape of the curve describing the associations between body composition (i.e. SMI,
VAT and SAT) and for instance mortality or fatigue. This visually shows how for instance
mortality risk changes with decreasing SMI levels, and shows if an association is linear or
non-linear. We started using restricted cubic splines instead of cut-off values in the studies
of Chapter 3-4. Simultaneously to our study in Chapter 3, other studies started using
restricted cubic splines as well to explore the association between body composition and
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mortality (3, 10, 18). These studies found similar relations, i.e. an association of low SMR,
low SMI and low SAT with increased mortality risk.

What can be observed from our results and from the other studies using restricted cubic
splines (3, 10, 18), and what is missed in studies using cut-off values, is that for neither SMI,
nor SMR nor VAT nor SAT there is a point where mortality risk suddenly rises. This suggests
that it is not possible to define a specific point where mortality risk starts to increase,
which means that is not possible to categorize a study population into low or high risk
groups based on their body composition.

Table 2. Cut-off points for low skeletal muscle radiodensity measured in Hounsfield Units (HU) determined in

various populations of cancer patients and in stage I-lll colorectal cancer patients

Van Baar Martin (8) Kroenke (3)
Chapter 2
BMI category, kg/m? Men Women Men Women Men Women
(HU) (HU) (HU) (HU) (HU) (HU)
<25 36.4 311 41 41 355 325
>25 31.6 29.3 33 33 35.5 325

Abbreviations: HU, Hounsfield Units; BMI, body mass index.

Table 3. Association between skeletal muscle density and overall mortality using various published cut-off

points within the study population of Chapter 2

No. of patients No. of deaths

o .
(%) n (%) HR (95% CI)

SMR (cut-off value van Baar, Chapter 2)

Normal 1033 (62) 153 (15) REF

Low 648 (38) 261 (40) 1.91(1.53-2.38)

SMR (cut-off value Martin et al) (8)

Normal 727 (43) 106 (15) REF

Low 954 (57) 308 (32) 1.38(1.08-1.75)

SMR (cut-off value Kroenke et al) (3)

Normal 852 (51) 132 (16) REF

Low 829 (49) 282 (34) 1.40 (1.12-1.75)

HR, hazard ratio; 95% Cl, 95% confidence interval; SMR, skeletal muscle radiodensity; REF, reference value,

“Adjusted for age, stage of disease, gender

The exclusion of stage IV CRC

For the studies described in Chapter 2-4 only patients diagnosed with stage I-lIl CRC were
included, excluding all patients diagnosed with stage IV. This was done because in the
majority of stage I-lll CRC patients, body composition is mostly determined by lifestyle
and age, while in many patients with stage IV CRC, low SMI and low SMR will often be
caused by metabolic alterations induced by advanced cancer. The association between
low SMI and/or SMR might therefore be more the consequence of tumor progression than
of the muscle mass/quality loss itself. Furthermore, there is a large difference in survival
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rate between stage I-lll and stage IV. We argued that analyses on body composition and
mortality should therefore not include combined populations of stage I-lll and stage IV
patients. Various systematic reviews have been published on the association between low
SMI (31) and mortality or low SMR and mortality (32, 33) among CRC patients. Studies
including stage I-1ll, stage |-V and exclusively stage IV CRC patients were included in these
systematic reviews. The majority of these studies did find an association between low SMI
and increased mortality risk and/or low SMR and increased mortality risk. When looking at
the HRs between studies among stage I-lll, stage I-IV or exclusively stage IV CRC patients,
no clear difference in HRs can be observed between these studies (31-33). Because we
already excluded all stage IV CRC patients before collecting the CT images, it was not
possible to perform sensitivity analyses, to investigate if our findings are generalizable to
a stage I-IV or exclusively stage IV CRC population.

Overall limitations of our studies

First, although we were able to test various variables for possible confounding (e.g.
tumor location, treatment, body composition), there is still the possibility of residual
confounding by unmeasured variables. A potential unmeasured variable is muscle
strength. Muscle strength is related to both SMI (34) and SMR (35) and it might also be
associated with fatigue (15) and mortality (36) in cancer patients. If muscle strength is
indeed a confounder, the observed associations of low SMR and mortality and fatigue
might be overestimated. Currently, it is not common practice to measure muscle strength
at time of diagnosis, therefore it was not available in the medical records

Second, in all our studies data from observational studies were used. One limitation of
observational studies is that these studies identify associations between independent
variables and the outcome interest, but causality cannot be established even when
adjusting for potential confounders. Therefore it is unknown if an unfavorable body
composition causes higher mortality risk or more fatigue. Randomized controlled studies
among cancer patients are needed to investigate the causal relationship between low SMR
and fatigue. Ideally, these studies should include participants who suffer from fatigue and
have low SMR. The study population should be divided in two groups: one intervention
group and one control group. Since it has been observed that SMR can be improved with
strength and endurance training (37-39), the intervention group should follow an exercise
program aimed at improving SMR and the control group should not follow an exercise
program. Both SMR and fatigue should be assessed at baseline and post-intervention to
determine changes in SMR and changes in levels of fatigue. If there is a causal relationship,
it is expected that fatigue improves in the participants with increased SMR levels. The
same applies for the association of higher adherence to the WCRF/AICR recommendations
with less fatigue six months post-diagnosis. Instead of one group following an exercise
program, the intervention group follows a healthy lifestyle program aimed at improving
both physical activity and overall diet.
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Third, about one fifth of the patients in our studies had to be excluded because no CT-
image was available or the CT-image was of low quality. As was mentioned in Chapter 2,
the mean age, percentage of women, stage of disease and percentage of colon tumors
were comparable between the included and excluded patient group. Therefore, we do
not expect that excluding these patients affected our results.

Fourth, body composition was only measured at time of diagnosis. It has been observed
that body composition, including SMR, can change post-diagnosis (40, 41). Possible causes
of this are cancer progression, cancer therapy, physical inactivity, nutritional deficiency
and deteriorating health.

Fifth, because the CT images used in our studies were retrieved from the medical records
and not assessed for the study, the CT scans were not performed using a standardized
protocol. Because of this, different CT scanners were used and the use of contrast fluid
and radiation dose differed between scans. Both contrast fluid (42-44) and radiation dose
(45) have been observed to influence the measurement of SMR and SMI. For the majority
of the our patients it was unknown whether contrast fluid was used, and what the
exact radiation dose was. However, based on the data we do have, it appears that there
was no specific group that received no contrast fluid and/or a different radiation dose.
Therefore, it is expected that the differences in contrast fluid and differences in radiation
dose were equally distributed in our study population, reducing the chance of differential
misclassification.

Generalizability of the findings

All studies described in this thesis consisted of one or more study populations from the
Netherlands. The possibilities and challenges of combining the various studies have
already been described in each individual chapter. Based on the stage of disease -, tumor
site -, and gender distribution, the study populations used in this thesis are comparable
with the general stage I-lll CRC patients diagnosed in the Netherlands (46).

One topic that still needs to be discussed in more detail though, is the difference in body
composition between countries/continents and how this might affect the generalizability
of our findings. For instance, in the Netherlands, 15% of the adults is currently obese (19),
while in the US more than 40% is obese and 9% of the adults has severe obesity (20). Based
on the results from our studies and the results from similar studies, it appears that the
results for SMR, SMI and SAT are similar to what was seen in studies from Europe, US and
Canada, indicating that our results for SMR, SMI and SAT are generalizable to populations
from Europe, US and Canada. Only our results for VAT deviated with the results from the
US, where extreme high VAT levels were observed to be associated with higher mortality
risk (18). Our results for VAT might therefore not be generalizable to CRC patients with
extreme obesity.

It should be noted that our study was performed in a predominately white study
population. There are known differences in body composition between ethnicities (47),
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which could indicate that the association of body composition with mortality and fatigue
could differ between patients with a different ethnical background. Meta-analyses are
needed to investigate possible ethnic differences in the association of body composition
with mortality.

Implications for clinical practice

The studies in this thesis show that unfavorable body composition is associated with
both increased mortality and increased prevalence of fatigue in stage I-1ll CRC patients.
In other studies low SMR has been observed to be associated with higher odds of having
major complications after surgery (5) and prolonged hospital stay (5) among stage
I-lll CRC patients. Associations of low SMI with longer hospital stay, higher incidence
of total postoperative morbidity and infection (31) have also been observed among
stage I-1ll CRC patients. To identify patients who have an increased mortality risk, risk of
developing fatigue and higher risk of having post-surgery complications, it is valuable to
quantify and monitor body composition in clinical practice. These patients might need to
receive prehabilitation prior to surgery or receive more personalized cancer treatment.
Unfortunately, for clinical practice the currently used method of finding the CT image at
the level of the third lumbar vertebrae and quantifying body composition by hand is very
time-consuming. Automated CT segmentation might solve this problem. With automated
segmentation the CT images at the level of the third lumbar vertebrae is identified by the
computer software and quantifying SMI, SMR, VAT and SAT is also done automatically by
the software (48). The accuracy of automated CT segmentation is improving and hopefully
quantifying body composition by hand, as was done for this study, will no longer be
needed in the near future.

The study from Chapter 5 showed that an unhealthy lifestyle is associated with more
fatigue duringand/or shortly after treatment.Being more physically activeis already known
to lower fatigue in cancer patients (23) and exercise programs, if possible, should be used
as therapy against fatigue. Not much is known about the effect of increasing adherence to
the WCRF/AICR lifestyle recommendations or other lifestyle recommendations on fatigue
among cancer patients. However, it has been shown that healthy lifestyle changes can
have a positive effect on QOL in CRC patients (49). Furthermore, cardiovascular disease
is a major cause of death after CRC diagnosis (50). Healthy lifestyle changes can play an
important role in lowering the risk of death from cardiovascular disease. Therefore, it is
valuable to already implement programs to improve lifestyle in clinical practice.
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Future research

An important question that needs to be resolved is: what can we do with the knowledge
that low SMR and low SMI are associated with increased mortality risk and that especially
low SMR s associated with more fatigue? Future studies should investigate what the effect
is of improving SMR and SMI in stage I-Ill CRC patients. These studies should focus on the
effect of improving SMR and SMI pre-treatment (e.g. with prehabilitation) and the effect of
improving SMR and SMI post-treatment (e.g. with healthy lifestyle changes).

Currently, there is an increasing interest in the effect of prehabilitation on surgical
outcomes (51). With prehabilitation, patients follow a short exercise program combined
with nutritional and psychological support (52) to improve physical fitness in patients prior
to surgery. Changes in SMR and SMI should be measured in future studies. Because follow-
up CT scans are needed to assess SMR, it might be difficult to implement this in these
studies. An alternative that could be used is echo intensity measured by ultrasonography,
a promising, affordable and non-invasive alternative for SMR (53, 54). Compared to SMR
assessed by CT, it is more difficult to obtain consistent echo intensity measurements
using ultrasonography because consistency relies on probe placement, pressure, and
angle of incidence (55). However, with trained personnel it is possible to take reliable
measurements.

Besides investigating the effect of pre-treatment changes in SMR and SMI, the effect of
improving SMR and SMI post-treatment on fatigue and other QOL components should be
investigated. Studies have shown that SMR and SMI can be improved by exercising (37-
39, 56). Unfortunately, the exercise programs used in these intervention studies are often
hard to replicate in a non-research setting as people do not have the right equipment
to perform the exercises. Furthermore, these programs are often aimed at getting high
improvements in a short time period of only a few weeks. In a non-research setting (i.e.
real life) you should not only aim at improving SMR and SMI, but also aim at maintaining
higher SMR and SMl levels over time. Therefore, the focus should be on improving SMland
SMR by adopting a healthy lifestyle that has a positive influence on SMR and SMI.

In the proposed studies above, the differences in effect between men and women should
be taken into account as we observed a different association of low SMI with mortality
between men and women. The effect of low SMI appears to be less among women and
the impact of improving SMI might therefore also be different.

In this thesis an association between low adherence to the WCRF/AICR lifestyle
recommendations and more fatigue was observed. To be able to give lifestyle advice
to combat fatigue, more knowledge is needed on the association between diet and
fatigue. Furthermore, the role of inflammation in the association between lifestyle and
fatigue should be further investigated. Changes in inflammation markers should be
measured in intervention studies investigating if fatigue can be improved with healthy
lifestyle changes. Since body composition is highly related to lifestyle and also related to
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inflammation markers (57), changes in the SMR, SMI, VAT and SAT should be taken into
account in these studies

Overall conclusion

In conclusion, results presented in this thesis show that low SMR, low SAT and among
men, low SMI are associated with higher mortality risk among stage I-lll CRC patients.
For both men and women with low VAT and among women with low SMI, no statistically
significant association with mortality risk was observed. High levels of SAT were associated
with more fatigue at diagnosis and low levels of SMR were associated with more fatigue
at six months post-diagnosis. Furthermore, a higher WCRF/AICR adherence score was
associated with less fatigue six months after diagnosis among stage I-1ll CRC patients.
This association was observed to be partly mediated by inflammation. The next step will
be investigating the effect of improving pre-treatment body composition in a controlled
setting (i.e. prehabilitation) on fatigue, QOL and surgical outcomes; and investigating the
effect of improving body composition post-treatment by healthy lifestyle changes on
fatigue and other QOL components.
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Colorectal cancer (CRC) is the third most common cancer worldwide. Mainly due to the
implementation of screening practices and improved treatment, survival rates for stage I-ll|
CRC patients have increased for several decades. Identifying modifiable factors associated
with better prognosis could contribute to further improvement of cancer outcomes such
as better survival, good quality of life (QoL) and less recurrence in patients with stage I-lIl
CRC. One potential modifiable factor might be body composition.

Over the last decade, the relationship between skeletal muscle mass index (SMI, skeletal
muscle cross-sectional surface area divided by height squared in meters), skeletal muscle
radiodensity (SMR, which reflects the lipid content of the muscle cells), visceral adipose
tissue (VAT) and subcutaneous adipose tissue (SAT) at time of diagnosis, and outcomes
including mortality, complications after surgery, length of hospital stay, QoL and fatigue
has received much attention. At the start of this PhD project, no studies had reported on
these associations in exclusively stage I-lll CRC patients.

Furthermore, an association between higher adherence to the World Cancer Research
Fund / American Institute for Cancer Research (WCRF/AICR) lifestyle recommendations
and less fatigue had been observed among stage I-lll CRC patients who had been
diagnosed with CRC more than 5 years ago. If better adherence to the recommendations
is also associated with less fatigue experienced during or shortly after treatment, was still
unknown. Additionally, the potential mediating role of inflammation in this association
needed to be confirmed.

The overall objectives of this thesis were 1) to increase knowledge about the association
of body composition in stage I-Ill CRC patients with both mortality and fatigue by using
CT images to quantify skeletal muscle mass, skeletal muscle radiodensity and adipose
tissue, and 2) to increase knowledge about the association of adherence to the WCRF/
AICR lifestyle recommendations with fatigue among stage I-lll CRC and to elucidate the
underlying mechanism.

Body composition and mortality

In Chapter 2 the association between low SMR and mortality was investigated among
1,681

stage I-lll CRC patients. The average age of the study population was 67.7 = 10.3 years,
41% were women and 414 patients (25%) died. Thirty-nine percent of the patients had
low SMR. Low SMR was significantly associated with higher overall mortality (low vs.
normal: adjusted HR 1.91, 95% Cl 1.53-2.38).
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The association of SMI, VAT and SAT with mortality among 2,016 men and among women
with stage I-lll CRC was investigated in Chapter 3, using restricted cubic splines analyses.
The average age of the patients was 67.9 £ 10.6 years, 42% were women and 558 (28%)
patients died. Among men, the association of SMl and mortality was statistically significant
in a non-linear way, with lower SMI levels associated with higher mortality, but there was
no association among women. SAT was non-linearly associated with mortality for both
men and women, with lower SAT levels being associated with higher mortality. VAT was
not significantly associated with mortality.

Body composition and fatigue

In Chapter 4 we studied how SMR, SMI, VAT and SAT at diagnosis are associated with
fatigue at diagnosis, at 6 and 24 months post-diagnosis in 646 stage I-1ll CRC patients. The
association of SMI, SMR, VAT, and SAT with fatigue (yes/no) was assessed using confounder-
adjusted restricted cubic spline analyses. At diagnosis, a significant non-linear association
of higher levels of SAT with higher prevalence of fatigue was observed. Lower SMR was
linearly associated with higher prevalence of fatigue at 6 months post-diagnosis. None of
the body composition parameters were significantly associated with fatigue at 24 months.

Adherence to the WCRF/AICR lifestyle recommendations and
fatigue

We examined the association between adherence to the WCRF/AICR lifestyle
recommendations and fatigue among 1,417 stage I-1ll CRC patients in Chapter 5. Within
a subpopulation we investigated whether inflammation mediated this association.
Adherence to the WCRF/AICR recommendations was assessed shortly after diagnosis. Six
months post-diagnosis fatigue and plasma levels of inflammation markers (L6, IL8, TNFa,
and hsCRP) in non-fasting blood samples were assessed.

A higher WCRF/AICR adherence score at diagnosis was associated with less fatigue six
months after diagnosis. A statistically significant indirect association via inflammation was
explaining 45% of the total association between lifestyle and fatigue. Thus, inflammation
is probably one of the underlying mechanisms linking lifestyle to fatigue.

General conclusion and recommendations

The results presented in this thesis show that low SMR, low SAT and, among men, low SMI
are associated with higher mortality risk among stage I-lll CRC patients. SMlin women and
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VAT in men and women were not statistically significantly associated with mortality risk.
Low SMR was associated with more fatigue at six months post-diagnosis and high levels
of SAT were associated with more fatigue at diagnosis. Furthermore, a higher WCRF/AICR
adherence score at diagnosis was associated with less fatigue six months after diagnosis
among stage I-Ill CRC patients. This association was observed to be partly mediated by
inflammation. The next step will be investigating the effect of improving pre-treatment
body composition in a controlled setting (i.e. prehabilitation) on fatigue, QoL and surgical
outcomes; and investigating the effect of improving body composition by healthy lifestyle
changes on fatigue and other QoL components after treatment.
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