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Abstract

Energy expenditure forms the basis of all dietary recommendations. In patients with
cancer, resting energy expenditure (REE) can be impacted by tumor burden, high systemic
inflammation, and/or altered body composition. Total energy expenditure (TEE) and physical
activity levels (PAL) have been characterized primarily in patients with advanced disease or
severe weight loss, which may not represent many individuals with cancer.

The overall aims of this research were to investigate the determinants of REE and to
characterize TEE in relation to body weight, body composition, PAL, and current energy
recommendations in patients with colorectal cancer (CRC). Additionally, this research aimed to
examine the validity of REE predictive equations and a portable indirect calorimeter in patients
with solid tumors. REE was measured by indirect calorimetry and TEE was ascertained using
doubly labeled water. Body composition was determined using dual X-ray absorptiometry or
computerized tomography image analysis.

This research showed that REE was not accurately estimated by predictive equations;
even the most accurate equation (Mifflin St.-Jeor) still under-predicted REE by up to 32.4 %
(-440 kcal/day) and over-predicted REE by up to 18.1% (261 kcal/day). Error was influenced by
age and fat mass. A portable indirect calorimeter also did not accurately measure REE (average
error + two standard deviations: -467 to 363 kcal/day). In newly diagnosed patients with CRC,
body weight, body composition, age, and sex predicted approximately 80% of REE variability.
However, inflammation change and stage IV cancer predicted the REE change over time in
patients with stage III or IV CRC. In individuals with mostly earlier stage CRC, TEE was 2473 +
499 kcal/day (range: 1562 to 3622 kcal/day), or 29.7 + 6.3 kcal/kg body weight (range: 20.4 to

48.5 kcal/kg body weight/day). Average PAL was 1.43 £ 0.27, which was higher than previously



reported in cancer, despite a high prevalence of elevated REE. Energy estimation using 25
kcal/kg underestimated TEE (-12.6 + 16.5%, p=0.002) and individual agreement with all other
energy recommendations was poor.

The major finding of this research was that REE and TEE (and consequently PAL) were
highly variable in patients with cancer, which is not captured by current predictive equations,
portable tools, or energy recommendations. Furthermore, body composition is a major
determinant of REE at one timepoint and factors such as inflammation and cancer stage impact
REE change across time. This research highlights the heterogeneity in energy metabolism in
patients with cancer and will contribute to the formation of evidence-based dietary
recommendations, considering disease stage, cancer type, body weight, body composition,

and/or physical activity, with the ultimate goal of improving cancer care.



Preface

This preface is an overview of the work completed in partial fulfillment of the
requirements of a Ph.D.; it is complemented by more detailed and extensive prefaces before each
chapter. Some of the research conducted for this thesis uses data that was previously collected by
individuals other than me. Data from an investigation of nutritional and metabolic characteristics
of patients with advanced non-small cell lung or colorectal cancer at the Cross Cancer Institute
(Edmonton, Alberta, Canada) and led by Dr. Vickie Baracos was used in several chapters
(‘Study 1’ in Chapters 3 and 5; ‘Study 2’ in Chapter 6). Research from that study was approved
by the Alberta Cancer Board Research Ethics Board (“A Comprehensive Nutritional Evaluation
for Advanced Lung and Colorectal Cancer Patients Who are at Risk for Involuntary Weight
Loss”, ID:ETH21612). Data from Study 1 in Chapter 6 was also collected as part of several
investigations lead by Professor Kent Lundholm and approved by the Committee for Ethics at
the Department of Surgery at Sahlgrenska University Hospital (Gothenburg, Sweden) (“Effects
of Indomethacin or Prednisolone on Disease Progression in Patients with Solid Cancer”, ID: 1-
90; “Study of the Effects on Body Composition and Quality of Life in Patients with Solid Cancer
of Treatment with Indomethacin, Inderal, Erythropoietin and Home Parenteral Nutrition™, ID:
288-93; “Insulin Treatment in Progressive Cancer Cachexia”, ID: S141-02; “The Effect of an
Appetite-Stimulating Hormone Ghrelin on Appetite, Actual Dietary Intake and Nutritional Status
in Cancer Patients with Anorexia and Progressive Cancer Cachexia Development”, ID: S543-
03). Data on resting energy expenditure, anthropometrics, and patient-reported characteristics in
several chapters were conducted by me as part of an investigation I designed in consultation with
my supervisor, Dr. Carla Prado, and supervisory committee members, Dr. Vickie Baracos and
Dr. Quincy Chu (approved by the Health Research Ethics Board of Alberta: “Resting Energy
Expenditure in Cancer: Associations with Body Composition, Dietary Intake, and Exercise
Habits”, ID:CC-15-0204). Research from this study was used in Chapters 3 and 5 (‘Study 2’)
combined with research collected by individuals other than me. In Chapters 4 and 7, I used data
only from this study. For data collection in Chapter 7, I administered the doubly labeled water
and collected and processed the biological samples, but isotope enrichments were assessed using
mass spectrometry by Dr. Peter J. Walter and Dr. Hongyi Cai at the National Institutes of Health.

The discussion in Chapter 8 is original work. All work presented in this thesis was critically



assessed for intellectual content by my supervisor, Dr. Carla Prado, supervisory committee
members, Dr. Vickie Baracos and Dr. Quincy Chu, and external committee members, Dr. Diana
Mager and Dr. Eric Doucet. Versions of some chapters have led to accepted or published journal
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RQ: respiratory quotient

TEE: total energy expenditure

TEF: thermic effect of food

WBCU: whole-body calorimetry unit
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Glossary of Terms
Bias: In the context of validation studies, bias is the difference between the criterion method and

the method being validated.

Body composition: General term used to describe the different components that make up

total body weight.

Cachexia: A severe wasting syndrome that cannot be fully reversed by conventional nutritional
support.

Doubly labeled water: A mixture of the isotopes oxygen 18 (1%0) and deuterium (*H) that can
measure total energy expenditure.

Dietary Reference Intakes: A general term for reference values used to plan and assess nutrient
intakes.

Limits of agreement: Bias (error between methods) plus or minus 1.96 standard deviations.
Non-exercise activity thermogenesis: Energy needed for any movement outside of structured
exercise.

Physical activity level: The ratio between total energy expenditure and resting energy
expenditure.

Resting energy expenditure: Energy needed to maintain basic bodily functions at rest plus the
energy cost of arousal.

Respiratory quotient: The ratio of carbon dioxide production to oxygen consumption, with
normal values laying between 0.7 (indicative of fat oxidation) to 1.0 (indicative of carbohydrate
oxidation).

Thermic effect of food: The energy expended in digestion, absorption, and storage of consumed
energy (food).

Total energy expenditure: The amount of energy used by the body on a daily basis; it is the

sum of resting energy expenditure, thermic effect of food, and activity energy expenditure.
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Chapter 1 Introduction
1.1 Thesis Organization

This thesis has been prepared as a paper format according to specifications provided by
the Faculty of Graduate Studies and Research at the University of Alberta. Following the
introduction, Chapter 2 is included as a literature review and Chapters 3, 4, 5, 6, and 7 are
included as individual manuscripts. A preface precedes Chapters 3, 4, 5, 6, and 7 with a brief

description of each study and collaborator contributions.

1.2 Rationale

Approximately 38% of individuals will be diagnosed with cancer at some point during
their lifetimes (1). In 2018, an estimated 1.7 million new diagnoses of cancer were made in the
United States alone (1). Even with improvements in cancer prevention, screening, and treatment,
an estimated 609,640 individuals die from cancer each year and there are an estimated 15.5
million cancer survivors in the United States. Similarly, 1 in 2 Canadians are expected to be
diagnosed with cancer at some point during their lifetime and 1 in 4 are expected to die from the
disease, despite steadily improving survival rates over the past three decades (2). Cancer also
causes a substantial economic impact, with an estimated $1.16 trillion United States dollars per
year spent on cancer care globally (3), $147.3 billion in cancer-related expenditures per year in
the United States (1), and $7.5 billion Canadian dollars spent within Canada annually (4).

Colorectal cancer (CRC) is among the most common sites of cancer, making up
approximately 10% of all new cancer diagnosis (5). Since obesity is a risk factor for this type of
cancer (6), many of these patients have excess fat mass (FM) at diagnosis. Conversely, low fat-
free mass (FFM) among individuals with newly-diagnosed cancer is common, independent of
body weight and cancer stage (7, 8). Importantly, the presence of both low FFM and high FM is
associated with worse prognosis compared to either condition alone (9, 10). Similarly, loss of
body weight (11) or FFM (12) is also associated with poorer outcomes during treatment.
Therefore, adequate nutritional status is necessary for preventing body weight and FFM loss and
improving cancer treatment and survivorship (2).

Energy requirements form the basis of all nutrition recommendations; insufficient energy
consumption over time leads to weight loss, i.e. a “negative” energy balance. In this state,

maintaining and synthesizing skeletal muscle (a large component of FFM, responsible for
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mobility, balance, and several metabolic processes) is difficult if not unattainable, even in highly
trained athletes (13). To determine energy intake required for weight maintenance, total energy
expenditure (TEE) must be characterized. While understanding TEE is undoubtedly necessary
for accurate nutrition recommendations, it is inherently costly to measure. Therefore, the basis of
current understanding of energy expenditure in cancer mainly originates from resting energy
expenditure (REE), the largest component of TEE. In patients with cancer, REE might be
impacted by tumor burden, systemic inflammation, brown adipose tissue activation, and changes
in body composition (14). However, the relative impact of such variables on REE at one
timepoint or its change over time is unclear and precludes complete understanding of altered
metabolism. Quantifying such alterations in clinical settings is challenging and the accuracy of
REE predictive equations has been questioned (15, 16) and has not been systematically
investigated in patients grouped by body weight, cancer type, or cancer stage. Furthermore,
individual-level accuracy of clinically practicable portable indirect calorimeters is poor in
patients with cancer (17), although the performance of newer models has not been investigated.

In addition to potential REE alterations, physical activity and dietary composition might
also affect TEE and consequential energy needs (14). Nonetheless, TEE has mostly been
characterized in advanced disease (18) or in those with cachexia (a severe wasting syndrome)
(18, 19), which might not be applicable to all individuals with cancer.

Due to the paucity of data on energy requirements in cancer, current energy
recommendations (14) are based on body weight alone and do not consider the dynamic nature
of REE or TEE across the disease continuum. Given the present state of the literature and gaps

that exist, investigating energy expenditure in cancer is a timely and essential endeavor.

1.3 Purpose

The overall purpose of this research was to investigate REE and the determinants of such
and to characterize TEE in patients with CRC. Additionally, this research aimed to examine the
validity of predictive equations and a portable indirect calorimeter in the assessment of REE in

patients with various types of cancer.

1.4 Research Questions
In patients with solid tumours:

1. Do commonly used prediction equations accurately predict REE?
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2. Can a portable indirect calorimeter accurately measure REE?
In patients with CRC:
1. What are the determinants of REE at diagnosis?
2. What are the predictors of REE change in patients undergoing treatment?
3. Are current energy recommendations (25-30 kcal/day or Dietary Reference Intakes)
accurate?

4. Do body weight, body composition, and physical activity associate with TEE?

1.5 Objectives and Hypotheses

1.5.1 Accuracy of Resting Energy Expenditure Predictive Equations in Patients with
Cancer (Chapter 3)

In patients with solid tumors:

Objectives:

la. To assess accuracy of commonly used REE prediction equations compared to measured
REE.

Ib. To assess differences in equation accuracy among sub-groups of body mass index (BMI)
classes, cancer stage (I-III or IV), and cancer type (lung, rectal or colon).

Ic. To determine whether age, weight, FM and FFM are associated with REE prediction
equation inaccuracy

Hypotheses:

la. Compared to measured REE, all REE prediction equations will have acceptable group-level
agreement (bias £ 5%), but poor individual-level agreement (absolute limits of agreement >
20%).

Ib. REE equation bias and limits of agreement will be poorer in patients with obesity.

Ic. REE equation bias will be lower in patients with stage IV disease compared to stages I-II1.

1d. REE equation bias will be negatively correlated to FFM and positively correlated with age,
body weight, and FM in the majority (>50%) of equations.

1.5.2 Accuracy of a Portable Indirect Calorimeter for Measuring Resting Energy

Expenditure in Individuals with Cancer (Chapter 4)

In patients with solid tumors:

Objective:



2a. To determine the accuracy of a portable indirect calorimeter (FitMate GS) in measuring
REE compared to a metabolic cart.

Hypotheses:

2a. Average measured REE between the FitMate GS and metabolic cart will not be different.

2b. Limits of agreement of measured REE from the FitMate GS will be wider than common

REE prediction equations.

1.5.3 Predictors of Resting Energy Expenditure in Colorectal Cancer (Chapter 5)
In patients with stage II-1V CRC:
Objectives:

3a. To characterize the determinants of REE.

Hypotheses:

3a. Body weight, height, age, sex, cancer stage, lean soft tissue, and FM will independently
predict REE, after controlling for confounding covariates.

1.5.4 Determinants of Change in Resting Energy Expenditure in Patients with Stage 111/1V

Colorectal Cancer (Chapter 6)

In patients with stage 11l or IV CRC:

Objectives:

4a. To characterize REE change during treatment.

4b. To describe predictors of REE change during treatment.

Hypotheses:

4a. Average REE at follow-up will not be different than REE at baseline.

4b. FFM change, inflammation (C-reactive protein, CRP) change, and stage (III or IV) will
independently predict REE change, after controlling for confounding variables.

1.5.5 Total Energy Expenditure in Relation to Body Composition, Physical Activity, and

Current Energy Recommendations in Patients with Colorectal Cancer (Chapter 7)

In patients with stage II-1V CRC:

Objectives:

5a. To compare TEE to current energy recommendations according to body weight (25-30
kcal/kg/day) and Dietary Reference Intakes (DRIs).

5b. To characterize TEE in relation to body weight, body composition and physical activity.



Hypotheses:

5a. Average energy recommendations will not be different than measured TEE, but will have
wide variation in individual-level agreement.

5b. Patients with higher TEE per kilogram of body weight will have lower BMI and FM:FFM
and higher PAL.
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Chapter 2 Literature Review
2.1 Preface

Sections of this chapter that describe energy expenditure and energy balance in cancer
have been adapted from a published article in the European Journal of Clinical Nutrition (Purcell
SA, Elliott SA, Baracos VE, Chu QSC, Prado CM. 2016;70[11]:1230-8) or Current Colorectal
Cancer Reports (Purcell SA, Xiao J, Ford KL, Prado CM. 2018;14[6]:266-73). Within these
articles, I was responsible for the review of the literature, critical analysis, and preparing the
initial manuscript draft. All authors contributed to the interpretation of the literature and revised

the manuscript for intellectual content.



2.2 Energy Expenditure

In the most simplistic terms, energy balance is the equality of total energy expenditure
(TEE) and energy intake over time, assuming body weight and body composition are stable (1).
Given that energy intake forms the basis of all individual dietary requirements and
recommendations, understanding TEE and its components is essential for accurate energy
recommendations for long-term weight maintenance. TEE consists of three components: resting
energy expenditure (REE), thermic effect of food (TEF), and activity energy expenditure (AEE)
(1). Cumulative perturbations in any component of TEE might substantially impact energy
requirements. Given the importance of TEE in body habitus, the basic principles of each TEE

component and measurement technique are herein discussed.

2.2.1 Resting Energy Expenditure

REE represents the energy cost of the body at rest under steady state conditions. REE
differs from basal metabolic rate or sleeping metabolic rate in that REE includes the additional
cost of arousal. It is the largest component of TEE, making up approximately 50 - 70% of TEE
(2).

Since REE is the largest component of TEE, quantifying factors that can impact REE is
essential for understanding energy metabolism, and has been extensively described in the past
several decades. Body size and composition are the strongest predictors of REE. In particular,
fat-free mass (FFM) alone accounts for 50 - 70% of the variability in REE (3) and is a
heterogeneous component of body composition. For example, although high-metabolic rate
organs such as the heart, liver, kidney, and brain make up approximately 5 - 6% of body weight,
these organs account for approximately 60% of the variability in REE in healthy adults (4).
Resting skeletal muscle has a relatively lower metabolic rate (13 kcal/kg/day [4]), but because it
is present in large quantities (i.e. 31.9 kg in the reference male and 21.2 kg in the reference
female, [5]) it is also a considerable predictor of REE (6). Adipose tissue is relatively
energetically inactive compared to other body composition components (4 kcal/kg/day [4]);
however, it may also impact REE, especially in individuals with excess body weight (7). Skeletal
muscle, adipose tissue, and bone together contribute about 30% to REE variability (6, 8).

REE also decreases with advancing age (9), primarily driven by declining FFM (10). Age

also influences REE in ways independent of body composition alterations. Gallagher et al. (11)
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observed that organ- and tissue-specific metabolic rate values developed in young adults are
different than those in elderly individuals. This phenomenon is likely explained by reductions in
the cellular fraction of organs and tissues with age (12), driven by decreased sodium-potassium
adenosine triphosphatase activity, declines in norepinephrine from diminished exercise and food
intake, and reduced protein synthesis rates (13).

In addition, REE might be modified in disease states with high systemic inflammation. In
chronic inflammatory conditions, fuel metabolism and allocation are altered because of the large
energy requirements of an activated immune system. In the basal state without immune
activation, leukocytes need ~380 kcal/day (14). High local inflammation results in spillover of
cytokines (i.e. interleukins 1p and 6, tumor necrosis factor-a), leading to increased circulating
activated immune cells. Stimulation of local sensory nerves also further perpetuate systemic
inflammation (14). This activated immune system might increase REE up to ~40 to 120 kcal/day,
through the activation of leukocytes (14). One acute phase protein that is often used as an
indicator of systemic inflammation is C-reactive protein (CRP), which triggers the complement
pathway of innate immunity (15). CRP is a positive predictor of REE (along with lean soft tissue
and age [negative predictor]) in patients with chronic kidney disease (p 27.1 kcal/day per 1 unit
increase in CRP in mg/dL; 95% confidence interval [CI]: 5.71, 48.5, p=0.01) (16). Similar
findings were reported in a separate sample of patients undergoing hemodialysis (B 23.6; 95%
CI: 6.4, 39.7, p<0.01) (17). Variables such as body temperature, minute ventilation, and heart
rate are used to identify systemic inflammatory response syndrome in trauma (18). Because of
the close relationship between inflammation and REE, these indices have been incorporated into
several REE equations for trauma patients (19). In sum, inflammation might contribute to REE
variability in some clinical conditions; a brief description of inflammation and REE in cancer is

provided in Section 2.4.4.1.

2.2.2 Thermic Effect of Food

TEF is the energy expended to digest, absorb, and store food as well as associated
increased sympathetic nervous system activity and accounts for approximately 10% of TEE in
energy balance. However, TEF is highly variable, with reported within-subject CV over 20%
(20). The magnitude of TEF is positively proportional to the energy and macronutrient content of

food in a meal, with protein and alcohol eliciting a greater energetic response than fat or
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carbohydrate (21). Besides macronutrients, several factors might impact TEF. Weight loss,
weight gain, obesity, insulin resistance, advanced age, physical fitness, genetic factors (i.e. B3-
adrenoceptor or intestinal fatty acid binding proteins variations) might all contribute to TEF
variability (22). Notably, TEF measurement requires six or more hours of continued rest after
meal consumption (23). These procedures are burdensome and TEF is therefore assumed to be

10% of TEE in most research studies.

2.2.3 Activity Energy Expenditure

AEE is defined as all energy expended beyond REE and TEF (i.e. AEE = TEE — REE —
TEF). It is the most variable element of TEE and is determined by body size and body
movement. AEE can be further divided into structured exercise and non-exercise activity
thermogenesis (NEAT) which includes energy expenditure of all occupation, sitting, standing,
and ambulation activities (24).

The most common way to describe energy expended in activity is though physical
activity level (PAL), which is the ratio of TEE to REE and therefore does not consider TEF. The
definition of PAL also means that values <I are not physiologically possible as it would imply
the REE is greater than TEE. There is a wide variability in PAL in free living conditions. For
example, mean PAL is 1.2 in non-ambulating chair-bound individuals or non-exercising
individuals confined to a whole-body calorimetry unit (WBCU) (25). On the other end of the
spectrum, PAL values >4 have been recorded, but are not sustainable (i.e. Tour de France
cyclists, sled hauling across the Arctic, or Nordic skiers) (25). The highest sustainable PAL
values around 2.8 - 3.0 occur in elite athletes during rigorous training but likely do not represent
year-round averages (25). Therefore, PAL values in the general population are expected to lie
between 1.2 - 2.5.

PAL heterogeneity is influenced by several factors. Firstly, PAL peaks around middle age
and begins to decline around age 50 (26). Furthermore, structured exercise elicits increased
overall physical activity in younger subjects, but this is not the case in older individuals (27),
explained by a greater reduction in spontaneous physical activity with aging (28). Age also
interacts with sex to impact AEE. One study reported that before age 52, females have lower

PAL and REE, which explains approximately 60% of the overall difference in TEE observed
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between sexes (26). However, after around 50 years of age, sex differences were no longer
apparent (26).

Body weight is a primary determinant of AEE in absolute terms (kcal/day) since more
energy is required to move a larger body. Individuals with obesity have higher absolute AEE
compared to individuals without obesity, but these differences are not apparent after adjusting for
body size or FFM (29, 30). In fact, AEE measured by accelerometry might be lower in
individuals with obesity (29, 30). In terms of body composition, although FFM is the major
determinant of REE, it is not associated with more physical activity at any age, although targeted
resistance training can increase the proportion of FFM that is skeletal muscle (26).

Energy intake and AEE — NEAT in particular — are also closely related, which is an
important consideration in modern obesogenic environments. There is high heterogeneity in the
response to long-term overfeeding. For example, Levine et al. attributed 8-week fat gain from
overfeeding that ranged from 0.36 to 4.23 kg to changes in NEAT, ranging from -98 to 692
kcal/day (31). Underfeeding, however, generally reduces NEAT (24). The pioneering Minnesota
Starvation Experiment showed marked reduction in physical activity and REE in acute and
severe starvation (32, 33). Even less extreme, prolonged energy restriction might impact AEE. In
the Biosphere 2 experiment, TEE and spontaneous physical activity six months after study
completion (with weight regain) were reduced compared to that of healthy control subjects (34).
Such reductions in NEAT are hypothesized to be part of a mechanistic perseveration of body
energy stores and a biological method to return individuals back to their initial body weight (24).

Factors such as genetics and environment might also impact AEE. An estimated 29 - 78%
of variance in physical activity and sedentary behavior is explained by genetics (35, 36).
Furthermore, physical activity patterns are also affected by season, with lower amounts of both
light activities and moderate/vigorous activities in winter months (37).

Because of high within-subject and between-subject variation, AEE is challenging to
accurately capture in free-living conditions. Methods to quantify AEE include direct observation,
direct calorimetry, indirect calorimetry (i.e. WBCU), and non-calorimetric techniques such as

physical activity logs, kinemetric measures, heart rate monitoring (2).
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2.3 Energy Expenditure Measurement Techniques

Energy expenditure can be measured using tools from three general categories: 1) direct
calorimetry, which measures the rate of bodily heat loss, 2) indirect calorimetry which measures
oxygen consumption and/or carbon dioxide production that is converted to energy using a
formula, or 3) non-calorimetric techniques which use extrapolated physiological measurements
and observations (23). Only techniques relevant to this thesis will be discussed here.

REE is most often measured with open-circuit indirect calorimeters such as metabolic
carts (usually with canopy hoods) or WBCU. Within-subject coefficient of variation (CV) with
such metabolic carts in healthy adults is around 3.3 — 5.0% (38). In addition, several portable
indirect calorimeters are available for gas collection; most of these machines measure Oz
consumption alone with an assumed respiratory quotient (RQ, CO2:02), which could introduce
error (39). Despite lower cost and ease of use of these portable units, the accuracy of these units
might be negatively influenced by lower actual RQ since COz2 production is assumed rather than
measured (39). Furthermore, many of these tools use a small facemask with nose clip or mouth
piece, which could leak air and/or induce participant discomfort, impacting breathing patterns
(39). Many of these units report average REE similar to criterion methods, but with high
individual error (39). However, newer models of these portable units use a canopy hood, which
could, in theory, mitigate some error produced from facemasks or mouthpieces. One such tool —
the FitMate GS™ (COSMED, Chicago, IL, USA) — produces repeatable (same-day intraclass
correlation coefficient = 0.999, p=0.0001) and accurate (REE=1779 £ 480 vs. 1785 £+ 409
kcal/day from metabolic cart) values of REE on a group level in healthy individuals (40).
However, the accuracy of this device in determining REE on an individual level in clinical
settings has not been determined.

There are hundreds of equations designed to estimate REE, when measurements are
unfeasible to attain. One of the largest assessments of equation accuracy in clinical settings
(n=1,726) compared 28 equations to measured REE in outpatients with malnutrition, eating
disorders, or obesity (41). Calculated REE from the Harris-Benedict equation provided the
largest proportion of predictions within 10% of measured (72.9% of patients) and inaccuracies

were higher in underweight patients and individuals with obesity. Indeed, factors such as obesity
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and older age are associated with greater error in predictive REE, as extensively reviewed
elsewhere (42). REE equation accuracy should therefore be assessed in relation to these factors.

Because of the variability in AEE, TEE is difficult to accurately measure. Whole-body
calorimetry units (usually indirect calorimetry) can assess distinct parts of energy expenditure
such as TEF, structured exercise metabolism, and sleep energy expenditure. However, subjects
are in a confined space in these units and often on restricted, specific time schedules. Therefore,
free-living PAL and TEE are not captured.

A calorimetric alternative to these units is doubly labeled water (DLW), first used in
humans by Schoeller and van Santen in 1982 (43). This method works by dosing a subject with
non-radioactive amounts of hydrogen (*H, deuterium) and oxygen ('30) isotopes; *H exits the
body as water and '30 exits the body through both water and carbon dioxide (COz). The
enrichment elimination rates of these isotopes excreted in bodily fluids are measured using mass
spectrometry. The difference in disappearance of these isotopes is indicative of COz, collected
over a span of 4 - 21 days (44).

DLW is the most accurate way to measure free-living TEE, with estimated error around 1
- 3% in a variety of clinical and healthy populations (45). There are four primary assumptions of
DLW, which are all robust in human subjects (44). These include: 1) body water behaves as a
steady, single compartment with rapid equilibration (i.e. approximately three to six hours) within
the total body water pool; 2) the isotopes leave the body water only as water or carbon dioxide;
3) isotopes exit the body only in isotopic equilibrium with body water; 4) none of the isotope
tracers re-enter the body after excretion.

Although DLW is highly accurate for assessing TEE and AEE, it cannot provide details
about the nature or intensity of physical activity patterns. Activity monitors are better suited for
such objectives, with a variety of different tools available. These can be broadly categorized into
pedometers, which detect vertical acceleration only (i.e. step counts), and accelerometers which
can detect movement in one axis (uniaxial) or three axes (triaxial) (2). For example, the Actical
monitor (Respironics, Bend, OR, USA) accurately assesses step counts at self-selected,
moderate, and fast walking paces, but underpredicts steps taken at lower speeds (46). However,
the efficacy of accelerometers to estimate TEE is questionable. A recent systematic review of 60

studies noted that even the most accurate accelerometer (SenseWear Armband Mini) had error
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ranging from -21.3 to 14.8% in the assessment of energy expenditure (47). These devices do not
provide accurate assessment of individual PAL or TEE, but rather different entities of PAL such

as step count and time spent in sedentary, light, or moderate-to-vigorous physical activity.

2.4 Energy Balance in Cancer

Approximately 38% of individuals will be diagnosed with cancer during their lifetimes
and the disease is a significant public health burden (48). Improving prognosis and survival are
therefore valuable clinical targets. Energy balance in cancer is a particularly important concept
since low BMI is associated with shorter survival (49) and weight loss after diagnosis is
predictive of poor survival, independent of body weight (50-53).

Although body weight is an accessible and potentially useful tool for prognostication,
body composition (e.g. skeletal muscle and adipose tissue) is also a valuable aspect of energy
balance and whole-body substrate metabolism. Low skeletal muscle among individuals with
cancer is common, independent of body weight and cancer stage (54, 55) and is associated with
worse physical function, greater risk of chemotherapy toxicity, shorter time to tumor
progression, and shorter survival (56). Importantly, the presence of both low muscle and high
adiposity is associated with poorer outcomes compared to either condition alone (57, 58).
Therefore, understanding the impact of energy balance and subsequent causes of poorer
prognosis are important for improving patient risk stratification and selection for targeted
nutrition and exercise interventions. Given the importance of understanding energy balance in
cancer, dietary intake, TEE, physical activity, and REE (including the determinants of REE, REE

change, and REE in colorectal cancer) will be herein discussed.

2.4.1 Dietary Intake

Most research to date has investigated dietary intake only in patients with advanced
cancer (i.e. stage IV). Many of these individuals will experience decreased appetite, driven by
symptoms such as taste and smell alterations, constipation, abdominal pain, dysphagia, and
epigastric pain, abdominal bloating, constipation, or diarrhea (59). Reduced food intake assessed
by tools such as the patient-generated subjective global assessment (PG-SGA) or low energy
intake from tools such as 24-hour recalls are independently associated with weight loss in some
studies (60). Energy intake is also highly variable. In patients with advanced colorectal or non-

small cell lung cancer, energy intake collected from 3-day food records ranged from 13.7 to 55.4
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g/kg body weight (or 1100 to 3900 kcal/day) (61). In 297 patients with advanced cancer of
several tumor types, energy intake (4-day food records) ranged from 248 to 4,650 kcal/day (1716
+ 627), with no differences across tumor types, weight losing patients, or underweight patients
(62).

Notably, long-term dietary intake is notoriously difficult to describe and current
assessment tools (i.e. questionnaires, food diaries or records, appetite assessments) are not
accurate for long-term dietary patterns (63). While methods such as food photography or tools
that count bites or measure chewing and swallowing might improve the accuracy of capturing
dietary intake, these can be burdensome. Furthermore, characterizing long-term energy intake is
not possible at this time (63). Further elucidation of energy intake and dietary patterns in cancer
may yield a deeper understanding of this component of energy balance, although further research
with accurate tools is needed. For example, repeated assessments of TEE and body composition

(coupled with energy equivalents of tissues) would provide objective energy intake data.

2.4.2 Total Energy Expenditure and Physical Activity

To date, few studies (aggregate number of patients = 42) have characterized TEE using
objective methods in cancer (64-67). Because of the paucity of available research, current
internationally-accepted cancer nutrition guidelines from the European Society for Clinical
Nutrition and Metabolism are 25-30 kcal/kg body weight/day (68). These recommendations are
designed as “one size fits all” and do not consider disease type, stage, body composition, age, or
physical activity, which might all impact energy requirements. Notably, the guidelines indicate a
low evidence level for energy requirements with a call to ‘improve prediction of energy
requirements in the individual patient’ (68).

Within the limited studies that have investigated TEE in cancer, most of those studied
presented with advanced cancer (66) and/or severe weight loss (64). The largest study to date
that measured TEE (64) included 24 patients pancreatic cancer and cachexia, which is a severe
wasting syndrome that cannot be fully reversed by conventional nutritional support (69).
Average previous weight loss was 19% of their pre-illness stable weight and average BMI was
20 kg/m? (standard error of the mean: 1 kg/m?). Average REE was higher than predicted and
TEE measured by DLW was lower than predicted. Consumption of a nutritional supplement

enriched with n-3 fatty acids increased TEE, although these changes were not different than
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subjects in the control arm (64). In six patients with advanced cancer of varying tumor types,
TEE and PAL measured with DLW were lower than healthy controls (66). Notably, a high
variability in TEE (range: 2478 - 5309 kcal/day) and PAL (1.33 - 2.82) was observed in the nine
healthy subjects reported in this study, with less heterogeneity in patients with cancer (TEE
range: 2017 - 2795 kcal/day; PAL: 1.21 - 1.84). In another study, eight patients with small cell
lung cancer with previous chemotherapy or radiotherapy had TEE measured via 24-hour stay in
WBCU (n=5) and bicarbonate-urea method (n=8, 5 of whom also stayed in WBCU) as part of a
validation study (65). Free-living TEE was 2085 + 564 kcal/day and PAL was 1.36 + 0.22, with
most (7/8, 87.5%) PAL values < 1.4 in free-living conditions (65). In four patients post-
peripheral blood stem cell transplantation due to various types of cancer, participation in a three-
month aerobic- and resistance-based exercise program increased TEE/FFM kcal/kg®> (TEE
measured by DLW) (67). Collectively, these studies suggest TEE and PAL are lower than what
would be expected in healthy adults and might be improved with nutritional supplements and
exercise. Importantly, results to date suggest that although REE might be elevated, TEE and PAL
may be lower than controls or expected values. Decreased PAL associated with increased REE
might reflect an adaptive response to reduced activity in response to decreased dietary intake or
could represent reduced physical activity secondary to cancer and its associated side effects.

In addition to TEE and PAL values outlined above, physical activity in different cancer
types have also been described using tools such as accelerometers and questionnaires. For
example, one study reported that estimated TEE from accelerometers (which might have limited
accuracy for determining individual energy expenditure [70]) did not change during
chemotherapy in patients with gastrointestinal cancer, although large interindividual variations
were reported (71). In patients undergoing chemotherapy for lymphoma, physical activity and
step count non-significantly decreased during treatment with a concomitant increase after
treatment, with large interindividual differences (72). It is unclear what proportion of this
reduced activity is from NEAT in patients with cancer, though evidence suggests that NEAT
decreases during underfeeding in healthy individuals (24).

Physical activity is feasible in patients with cancer and positively impacts several patient-
centered and treatment-related outcomes (73). It can also be used as a primary outcome in

clinical trials, especially those focused on quality of life and physical function as both
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dimensions are captured in physical activity (74). Physical activity is therefore an important
clinical target, although objective data regarding its impact on energy requirements for these

patients is lacking.

2.4.3 Thermic Effect of Food in Cancer

In cancer, side effects such as anorexia, taste alterations, mucositis, nausea, and vomiting
may decrease dietary intake and thus decrease the TEF in these patients (67). Furthermore, taste
alterations are a significant problem in many cancer patients and can cause food aversions, which
may change the composition of the diet (75) and consequently, TEF. One study quantified the
TEF as the average difference, expressed as kcal/kg/day, between postprandial REE and baseline
REE during a 2.5-hour measurement period in groups of weight-stable and weight losing patients
with gastrointestinal adenocarcinoma. Interestingly, the TEF was lower in weight losing cancer
patients in response to an identical meal (2.9 + 1.7 vs 7.6 + 1.5 kcal/kg/day, p<0.05; exact p-
value not indicated) (76), which was a similar result reported in a separate sample of weight-
losing patients with pancreatic cancer (77). Individuals with advanced cancer might also have
autonomic nervous system insufficiency (78), contributing to the lower thermogenic response to
a meal. In a study of 18 individuals undergoing adjuvant chemotherapy for breast cancer, TEF
was measured as increase in energy expenditure above REE after administration of a nutritional
supplement at 5 mL/kg body weight (79). TEF trended towards a decrease during chemotherapy
that rebounded to pre-therapy levels at the commencement of therapy; however, these
differences in TEF among these timepoints did not reach significance (79). While TEF might be
lower than expected, the specific interactions between nutrient digestion, absorption and
metabolism and its impact on the TEF (and, consequently, TEE) in cancer has been scarcely

investigated.

2.4.4 Resting Energy Expenditure in Cancer

REE in individuals with cancer has been characterized for decades, with the first apparent
case study in 1869 (80) and increase in reports occurring in the latter half of the 20™ century. As
there are nearly 100 publications measuring or reviewing REE in cancer, the ensuing section is
focused only on publications that are relevant to this thesis based on cancer type, analysis, or

variables collected (i.e. body composition, inflammation).
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While most healthy adults have a measured REE that is within 10% of predicted (i.e.
“normal” REE [81]), a substantial proportion of patients with cancer may present with an REE
that falls outside of this range (9, 19). In other words, individuals with cancer often have high
REE (hypermetabolism) or low REE (hypometabolism). If TEE remains unchanged, PAL might
be impacted, since it is a ratio between TEE and REE. Studies investigating REE in individuals
with cancer are inconsistent, with some reporting elevated or lower than expected REE, and
others reporting no abnormal REE (5, 9). Primary factors that might impact REE in cancer
include tumor burden, systemic inflammation, and body composition alterations, which are

herein discussed.

2.4.4.1 Tumor Burden, Systemic Inflammation, and Brown Adipose Tissue

The presence of a tumor may induce aberrant REE, in part due to futile substrate cycles.
Despite their small size, tumors undergo high rates of glycolysis and lactate production
regardless of their oxygen supply (82). Surplus lactate is converted back to glucose in the liver
(Cori cycle), leading to a net consumption of adenosine triphosphate (14, 83). This increased
glucose turnover may contribute a great deal to high REE and muscle catabolism in patients with
cancer (84).

One study advanced our understanding of the energetic demand of a tumor in vivo using
by using a quantitative theoretical model (85). Mathematical models considering the level of
anaerobic glucose production and tumor burden up to 3kg were constructed using two available
datasets that measured REE, glucose turnover, glucose recycling, and oxygen consumption in
cancer. Estimations of additional energy expenditure associated with the tumor-bearing state
ranged from 100 - 1400 kcal/day based on tumor size and glycolytic activity (85).

Another factor that may contribute to higher REE is tumor metastases in the liver.
Although the liver makes up a relatively small amount of body weight, it may consume
approximately 15 - 20% of total REE (~200 kcals/day) in healthy individuals (86). A
retrospective review of computerized tomography (CT) images of patients with advanced
colorectal cancer revealed decreased skeletal muscle and adipose tissue over time with
simultaneous increases in liver mass, with the most dramatic changes closest to death (87).
Average liver mass of these patients (2.3 + 0.7 kg) was also larger than reported for healthy

adults (1.4 - 1.8 kg). The same study explored liver volume in a prospective cohort and found
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that liver mass was positively correlated to REE (1*= 0.35, p=0.010). For every 1 kg increase in
liver mass due to metastases, an estimated 343 additional kcal/kg/day were oxidized, which is
much higher than the 200 kcal/kg/day reported in healthy individuals (86). This study suggested
that the energetic demand of liver metastases is partly responsible for higher REE observed in
advanced cancer. Importantly, increased liver volume and changes in body composition occurred
most rapidly closest to death, resulting in a shift to a larger proportion of FFM occupied by
tissues with a high metabolic rate. Other findings indicate no relationship between liver
metastases and REE in newly detected cancer (88, 89). Thus, REE changes resultant of tumor
metastases may occur only in late stages of the disease, indicating that REE is highly dependent
on the disease trajectory and tumor energetic demand.

An array of metabolic derangements may also occur in the presence of a tumor, such as
upregulation of metabolic cycling and systemic inflammation (86, 90, 91). Proinflammatory
cytokines arise from crosstalk between the immune system and tumor and act directly on several
tissues throughout the body and the central nervous system (91). Inflammation as assessed by
members of the interleukin-6 family, tumor necrosis factor-a, interleukin-1, and interferon-y are
associated with changes in the hypothalamic-pituitary axis, oxidative stress, subdued muscle
protein synthesis, increased muscle proteolysis (through up-regulated ubiquitin-proteosome
pathway), and hypermetabolism (92). The link between inflammation and energy balance is
complex but may be due in part to melanocortins, which are a group of peptide hormones
derived from pro-opiomelanocortin (POMC) neurons in the pituitary gland. Proinflammatory
cytokines upregulate melanocortin signaling through the activation of POMC neurons and
inhibition of orexigenic neuropeptides such as agouti-related proteins. This collectively leads to
increased REE and/or diminished appetite by up-regulating the activation of melanocortin type 4
receptors, which are widely distributed throughout the brain (93, 94). As a consequence of
systemic inflammation concomitant with a tumor, many findings report an association between
inflammation and REE (95-98) and weight loss (98-102), though this is not always the case
(103). An activated immune system might increase REE ~ 40 to 120 kcal/day (14), as discussed
in Section 2.2.1. Higher CRP as an indicator of systemic inflammation has been associated with

higher REE in patients with pancreatic (104), lung (97), or mixed tumor types (101). Therefore,
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an activated immune system and associated increase in inflammation may relate to REE in much
the same way as other clinical conditions (discussed in Section 2.2.1).

Brown adipose tissue dissipates heat through the action of uncoupling protein-1 which
facilitates fuel oxidation without the generation of adenosine triphosphate (105). In rodent
models of cachexia, browning of white adipose tissue is apparent before the development of
cachexia (i.e. “pre-cachexia”) and is related to energy expenditure (106), likely through the
action of parathyroid hormone-related protein and several other tumor-derived mediators (107,
108). An analysis in a sample of patients with lung or colorectal cancer revealed that patients
who displayed detectable levels of serum parathyroid hormone-related protein had lower FFM
and higher REE/FFM (107), suggesting a key role of parathyroid hormone-related protein in
brown adipose tissue browning which could potentially impact REE. Though these results
suggest brown adipose tissue might be potential source of hypermetabolism, the extent to which
it contributes to REE and TEE in humans has not been delineated in cancer. Fully activated
brown adipose tissue through administration of f3-adrenergic receptor agonist in healthy males
elicited increased REE by an average of 203 + 40 kcals/day (109). Although this could
potentially contribute to TEE, this excess energy expenditure was with fully activated brown
adipose tissue, which is unlikely to occur in all patients with cancer. Furthermore, although cold
exposure might transiently increase energy expenditure in healthy individuals with active brown
adipose tissue, this does not translate to higher REE in kcal/day in short-term studies (110, 111),
or after a six-week intervention of daily, one-hour cold exposure (112). The prevalence of brown
adipose tissue activation among individuals with cancer and the degree to which it impacts REE
or TEE is unknown. Given the current understanding of the impact of brown adipose tissue on
REE in healthy individuals, it seems unlikely that this tissue substantially contributes to REE in

individuals with cancer.

2.4.4.2 Body composition

As a catabolic condition, cancer leads to losses of skeletal muscle (69) and therefore, a
reduction in REE is expected as a result. However, some findings point to the presence of
elevated REE despite similar or lower than average measures of body weight or skeletal muscle
compared to control subjects (113, 114); conversely, others have found no difference in REE

between patients with cancer and control subjects (103, 115, 116).
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Both body composition and REE may be affected by the disease state and therapy
modalities (117), but do not always change in accordance with each other (118-124). Thus,
alterations in REE must be considered in the context of body weight and composition variations,
which occur throughout the disease trajectory.

When assessing the effect of body composition on REE, proper interpretation of many
studies has been limited since studies to date have expressed REE as a ratio to measures of
muscularity (REE/FFM) or body weight (REE/body weight). An increase in the proportion of
FFM as low-metabolic-rate tissues (bone, adipose tissue) and a decrease in the proportion as
high-metabolic rate tissues (such as heart, brain, liver, kidneys) with greater body weight has
been reported in the general population (8). This creates a bias wherein a lowering of REE/FFM
is observed with increasing body weight and FFM (8, 125). When comparing energy expenditure
between groups of individuals, adjustments such as log-log regression (126), multiple linear
regression (127)(i.e. group mean REE + individual measured REE — predicted REE from linear

regression), analysis of covariance, or generalized liner modeling (128) are preferred.

2.4.4.3 Knowledge Translation: Predicting and Measuring Resting Energy Expenditure
Because of metabolic alterations that might occur in cancer, equations to estimate energy
expenditure (mainly developed from healthy, young populations) might logically yield
inaccurate results. To date, no study has assessed the accuracy of TEE estimations, but some
have addressed REE accuracy in small sample sizes (largest to date: n=18, [101]). Other findings
have observed that adding an injury factor of 1.3 to the ubiquitous Harris-Benedict equation
(129, 130) vastly overestimates energy requirements by as much as 716 kcal/day in weight-
losing cancer patients (131) but forgoing an injury factor may underestimate true REE by an
average of 111 £ 234 kcal/day (132). Johnson et al. (101) showed wide ranges of limits of
agreement (difference + 2 standard deviations) between measured and predicted REE that ranged
from -37% to 17% in weight losing cancer patients (n=18) and -28% to 17% in those who were
weight stable (n=18). Predicted REE was within clinically acceptable limits (10%) for little more
than half of all patients. Other findings indicate that the limits of agreement between measured
and predicted REE in patients with cancer were as much as 40% below and up to 30% above
measured REE using a variety of prediction equations (133), which has been corroborated in

other studies (134-136).
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Since metabolic carts are not readily available or feasible to use in clinical settings,
portable indirect calorimeters have been used in some studies in oncology (137, 138). However,
such devices might introduce substantial error in REE estimates, similar to that produced in
healthy individuals, discussed in Section 2.3. In 18 individuals with mixed cancer types, the
MedGem™ (HealtheTech, USA) with a mouthpiece and nose clip was validated against a
metabolic cart (139). The MedGem underestimated REE (1351 + 282 vs. 1526 + 248 kcal/day),
with limits of agreement ranging from -42% to 21% of REE from the metabolic cart (139).
However, the accuracy of portable tools with a canopy hood rather than face mask has not been

assessed in individuals with cancer.

2.4.4.4 Resting Energy Expenditure Change

In addition to the variability in REE before beginning cancer therapy, some evidence
suggests that REE may decrease (29), increase (30), or stay the same (31) throughout disease
trajectory. While no studies have investigated the exact mechanisms driving these inconsistent
findings in REE change, there are plausible hypotheses. Firstly, if a patient is positively
responding to treatment (i.e. tumor mass is decreasing), then the consumption of energy by the
tumor and the associated metabolic derangements such as inflammation will subside. This has
been corroborated by publications that assess REE according to tumor response (31, 32).
Another possibility is that changes in body composition such as reduced skeletal muscle or
changes in organ sizes due to cancer therapy and the associated side effects drive altered REE.
Furthermore, some therapies might induce more direct changes in body composition or organ
composition. For example, many chemotherapy agents used to treat colorectal cancer have been
shown to induce steatosis (accumulation of lipids in hepatocytes) (33), although the exact
mechanism driving this phenomenon and its potential impact on energy expenditure is unknown.
Drawing definite conclusions on REE change is challenging, as the available evidence is varied
in terms of study design. For example, some studies choose an arbitrary number of weeks or
months to follow-up, regardless of treatment scheduling and without any mathematical
adjustment for aberrant follow-up times (30). Others report changes in heterogeneous samples
undergoing several different therapies (34). Nevertheless, REE might change throughout the

disease trajectory possibly influencing energy requirements.
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2.4.4.5 Resting Energy Expenditure in Colorectal Cancer

Most reports assess several different cancer types and stages together. While these shed
light on overall energy metabolism in cancer and the potential applicability of prediction
equations, REE might differ among cancer types (89). Since cancer type might influence REE,
assessing energy metabolism in homogenous samples of patients or comparing energy
metabolism between different cancer types might provide a better platform to understand
metabolic alterations associated with cancer. Colorectal cancer is of particular interest since it is
the second most common type of cancer in Canada (140) and third most common cancer
worldwide (141). Studies that report REE in patients with colorectal cancer are herein discussed
and presented in Table 2.1.

The first known study to report REE in these patients was published in 1986 in 51
patients with colorectal cancer (n=13, 25.5% with hepatic metastases) compared to 22 patients
with gastric cancer and 11 patients with non-small cell lung cancer (142). There were no
differences in REE/FFM among cancer groups or between patients with and without hepatic
metastases. Similar findings were echoed soon after, when 45 patients with colon cancer were
found to have similar REE (in kcal/hour, kcal/hour/kg body weight, kcal/hour/body surface area,
and kcal/hour/FFM) compared to patients with non-small cell lung cancer; there was also no
difference between REE in weight losing versus weight stable colon cancer patients (143). A
more recent publication in 148 patients with colorectal cancer found that there were no
differences in absolute REE in kcal/day, kcal/kg FFM/day or % predicted REE between patients
with colorectal cancer and controls (89).

Others have described REE change in this group of patients. In 24 patients with
colorectal cancer, REE was measured before and after surgery (no specific time frame reported)
(144). Patients with stage IV disease (n=9) lost body weight over time, while body weight
remained stable in patients with non-advanced cancer. However, there were no differences in
REE between groups at either timepoint, or REE change within groups (144). During six weeks
of radiotherapy, REE (kcal/day) did not change in 14 males with liver metastases (145). In a pair
of similar reports, Ravasco et al. found no significant increase in REE median values during
neoadjuvant radiotherapy in 101 patients with colorectal cancer (100, 146). Higher REE before

and after treatment was associated with advanced stage (III/IV), poor histological differentiation
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(146), and higher levels of several pro-inflammatory cytokines (100). In the months before death,
patients with stage IV colorectal cancer experience a marked decrease in skeletal muscle and
adipose tissue mass, and increase in liver mass, which is related to REE, as discussed above
(Section: 2.4.4.1[87]).

These findings suggest that at one timepoint, patients with colorectal cancer do not have
different average REE compared to controls or other cancer types on a group level. Notably,
however, these studies expressed REE by dividing by measures of FFM and/or body weight that
creates a statistical bias explained in Section 2.4.4.2. Therefore, REE expressed in this way
might reflect changes in body weight or body composition or a mathematical error rather than
actual altered REE. Furthermore, although some studies have suggested that REE might be
affected by disease state and related systemic inflammation, the predictors of REE at one time
point have not been characterized. Predictors of REE change in the individual patient are also
unknown. These represent significant knowledge gaps in understanding energy metabolism in
cancer since REE is a substantial portion of TEE. There is also a growing need for more
personalized nutrition recommendations because of high intra-individual physiological variation
(147). In addition, the potential impact of body composition, cancer stage, and systemic

inflammation on TEE, REE, and PAL and have also not been characterized in cancer.

2.5 Summary

In conclusion, REE is the largest proportion of TEE in healthy individuals, although AEE
(or PAL, if not subtracting TEF) is the most variable. In cancer, TEE and PAL have been
scarcely characterized, limiting current understanding of energy requirements. Most
understanding of energy metabolism in cancer arises from studies of REE, which might be
impacted by tumor burden, inflammation, and alterations in body composition. REE has been
longitudinally characterized in several publications, but the determinants of individual REE
change are poorly understood. Given current knowledge gaps, characterizing the most accurate
methods to estimate or measure energy metabolism and elucidating the determinants of REE and
TEE in individuals with cancer is necessary to improve metabolic and nutritional care in these

patients.
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Table 2.1 Summary of studies assessing resting energy expenditure (REE) in patients with colorectal cancer

Study

Participants

Study Methods

Main Results

Hansell DT, Davies JW, Burns
HIJ. The effects on resting energy
expenditure of different tumor
types. Cancer. 1986;58(8):1739-
44 (142)

N=51 patients with colorectal
cancer; 13 (25.5%) had hepatic
metastases (n=84 total, n=22
gastric, n=11 non-small cell lung
cancer)

Observational study to compare
differences between groups
REE measured by indirect
calorimetry and expressed as
kcal/kg body weight/day and
kcal/kg FFM/day. Also
compared to predicted from
Harris-Benedict equation
FFM by tritium dilution
Linear regression in separate
groups then compared using
independent t-test

There were no differences in
REE/FFM between groups
No differences in REE
between patients with and
without hepatic metastases

Nixon DW, Kutner M,
Heymsfield S, Foltz AT, Carty C,
Seitz S, et al. Resting energy
expenditure in lung and colon
cancer. Metabolism.
1988:;37(11):1059-64 (143)

45 patients with colon cancer
(n=37 metastatic or recurrent
disease); compared to 38 patients
with non-small cell lung cancer,
60 healthy controls, 5 patients
with anorexia nervosa, 9 patients
with benign GI disease, 21
patients with miscellaneous causes
of weight loss, and 9 patients with
advanced chronic obstructive
pulmonary disease

Observational study to compare
differences between groups
REE measured by indirect
calorimetry and expressed as
kcal/hour, kcal/hour/kg body
weight, kcal/hour/BSA, and
kcal/hour/FFM

Comparisons between groups:
ANOVA with Tukey’s post-hoc
analyses

No differences in REE were
found between the colon and
lung cancer patient groups
No differences in REE
between weight losing (>5%,
no specific time period) vs.
weight stable colon cancer
patients

Patients with anorexia nervosa
had lower kcal/hour/FFM
compared to female lung
cancer patients

No other differences in REE
were observed

Hansell DT, Davies JW, Burns
HIJ. Effects of hepatic metastases
on resting energy expenditure in
patients with colorectal cancer. Br
J Surg. 1986;73(8):659-62 (144)

24 patients with colorectal cancer
(n=9 with stage IV disease)

Indirect calorimetry before and
after surgery (a few months
later - no specific time given)
REE expressed as kcal/kg body
weight/day, kcal/kg®"*/day, and
kcal/kg LST

Stage IV patients lost body
weight over time while non-
advanced patients’ body
weights remained stable.

No differences between groups
at baseline or follow-up
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Study

Participants

Study Methods

Main Results

Predicted REE via Harris-
Benedict equation

Tritiated water for fat-free mass
Comparisons between groups:
Independent or dependent
samples t-tests

e No differences within groups
in change over time

e REE compared to predicted
was higher in both groups and
at each timepoint

Maguire R, McMillan DC,
Wallace AM, McArdle C. A
longitudinal study of leptin and
appetite, resting energy
expenditure and body fat mass in
weight-stable cancer patients.
Cytokine. 2002;20(4):174-7 (145)

14 male weight-stable patients
with stage IV (with liver
metastases) colorectal cancer

Indirect calorimetry before
beginning 5-fluorouracil-based
chemotherapy and 6 weeks later
REE expressed in kcal/day
Wilcoxon signed rank test for
baseline vs. follow-up

REE did not change (numbers not
presented) and was not associated
with changes in leptin (primary
objective)

Ravasco P, Monteiro-Grillo I,
Camilo M. Colorectal cancer:
intrinsic characteristics modulate
cancer energy expenditure and the
risk of cachexia. Cancer Invest.
2007;25(5):308-14 (146)

101 patients with colorectal cancer
undergoing neoadjuvant
radiotherapy

Indirect calorimetry before and
after radiotherapy and
expressed as kcal/day and
kcal/kg body weight/day
General linear model analysis
for determinants of REE at
baseline and REE at follow-up

e REE was higher in stage [II/IV
vs. I/I (numbers not reported)
at baseline and follow-up

e No significant increase in
median REE values

e Advanced stage (III/IV) and
poorer histological
differentiation were the major
determinants of REE increase

e Higher baseline REE were
determined 25% by cancer
stage, 25% by histology, 3%
nutritional intake, 4% weight
loss. Results were similar after
treatment

e Treatment non-responders:
median increase of 390 + 165
kcal/day; responders: -153 +
65 kcal/day in REE




Study

Participants

Study Methods

Main Results

Ravasco P, Monteiro-Grillo I,
Camilo M. How relevant are
cytokines in colorectal cancer
wasting? Cancer J.
2007;13(6):392-8 (100)

101 patients with colorectal cancer

undergoing neoadjuvant
radiotherapy

o Indirect calorimetry before and

after radiotherapy and
expressed as kcal/day and
kcal/kg body weight/day

e General linear model analysis

for determinants of REE at
baseline and REE at follow-up

Higher baseline REE, weight
loss > 10%, and intake
reduction > 25% were “more
prevalent” in patients with
higher concentrations if
several pro-inflammatory
cytokines (exact values or cut-
off points not reported)

Higher concentrations of
several pro-inflammatory
cytokines were major
determinants of REE. 27
kcal/kg/day, >5% weight loss,
and >25% intake reduction
(dependent variables grouped
together).

Treatment non-responders
with decreased cytokine levels:
median increase of 7.2 + 1.3
kcal/kg/day; responders: -2.8 £
0.4 kcal/kg/day

At the end of radiotherapy,
patients with higher baseline
IL-1ra, IL-6, and TNF-o had
greater REE after radiotherapy

Lieffers JR, Mourtzakis M, Hall
KD, McCargar LJ, Prado CM,
Baracos VE. A viscerally driven
cachexia syndrome in patients
with advanced colorectal cancer:
contributions of organ and tumor
mass to whole-body energy
demands. Am J Clin Nutr.

Three parts: 1) n=34 retrospective
longitudinal CT image review (%
change/100 days) in patients with

colorectal cancer in the year
before death, 2) prospective
investigation in 18 patients with

stage IV colorectal cancer, and 3)
mathematical stimulation of REE

REE by metabolic cart in
prospective data and expressed
as kcal/day and kcal/kg
FFM/day

Repeated-measures ANOVA
for change in tissue mass in
retrospective cohort; linear
regression in prospective cohort

Retrospective cohort: liver and
spleen mass increased, skeletal
muscle and adipose tissue
decreased

Prospective: REE was
correlated to liver mass and %
FFM occupied by the liver
Mathematical simulation: New
cachexia simulation cumulated
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Study

Participants

Study Methods

Main Results

2009;89(4):1173-9 (87)

trajectories for healthy, reduced
energy intake, previous
stimulation, and current cachexia
model

at 1900 kcal/day REE (39.7
kcal/kg FFM/day), 294
kcal/day higher than healthy
reference, 331 kcal/day above
reference reduced energy
stimulation, and 144 kcal/day
above previous stimulation

Cao DX, Wu GH, Zhang B, Quan
YJ, Wei J, Jin H, ef al. Resting
energy expenditure and body
composition in patients with
newly detected cancer. Clin Nutr.
2010;29(1):72-7 (89)

N=714 patients with cancer,
mixed types 642 controls with
mixed non-malignant disease;
n=148 with colorectal cancer

e REE by indirect calorimetry (>3

hours post-prandial) and
expressed as kcal/day, kcal/kg
FFM/day, and % predicted from
Harris-Benedict

FFM by bioelectric impedance
analysis

ANOVA or Kruskal-Wallis test
for comparisons between
groups

No differences in absolute
REE in kcal/day, kcal/kg
FFM/day or % predicted REE
between patients with
colorectal cancer and controls.
All patients with stage IV
disease had higher REE in
kcal/day, kcal/kg FFM/day or
% predicted REE

ANOVA: analysis of variance; BSA: body surface area; FFM: fat-free mass by dual X-ray absorptiometry unless otherwise specified;
GI: gastrointestinal; IL-1ra: interleukin 1 receptor antagonist; IL-6: interleukin-6; LST: lean soft tissue; REE: resting energy
expenditure; TNF- a: tumor necrosis factor-o
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Chapter 3 Accuracy of Resting Energy Expenditure Predictive Equations in Patients with
Cancer

3.1 Preface

The following chapter is based on data from 125 individuals recruited from the Cross
Cancer Institute with solid tumors and aimed to determine the accuracy of several REE
equations. It is the first analysis to investigate the potential impact of body weight, cancer stage,
cancer type, age, and body composition on REE equation error. A version of Chapter 3 is being
prepared for submission to the European Journal of Clinical Nutrition with the following co-
authors: Dr. Sarah A. Elliott, Dr. Vickie E. Baracos, Dr. Quincy S.C. Chu, Dr. Michael B.
Sawyer, Dr. Marina Mourtzakis, Dr. Jacob Easaw, Dr. Jennifer Spratlin, and Dr. Carla M. Prado.

All data from Study 1 was previously collected by individuals other than me. I was
responsible for measuring resting energy expenditure and collecting anthropometric and
demographic data from individuals in Study 2; I also applied for and maintained ethical approval
for this study. Body composition was assessed by dual energy X-ray absorptiometry, which was
measured by a radiographic technician. I contributed to formulating the research question, study
design and implementation of Study 2, data analysis and interpretation, and chapter/manuscript
preparation (~70% total proportion of contribution to research and writing); Dr. Sarah Elliott
contributed to formulating the research question and data analysis and interpretation; Dr. Vickie
Baracos contributed to study design and implementation (Study 1) and data interpretation; Dr.
Carla M. Prado contributed to formulating the research question, study design and
implementation (Study 1 and 2), data analysis and interpretation, and chapter/manuscript
preparation; all other authors contributed to data interpretation and revising the manuscript for

intellectual content.
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3.2 Abstract

Equations are often used to estimate resting energy expenditure (REE). Our purpose was
to assess the accuracy of REE equations in patients with newly diagnosed stage I-IV non-small
cell lung, rectal, colon, renal, or pancreatic cancer. In this cross-sectional study, REE was
measured using indirect calorimetry and compared to 23 equations. Agreement between
measured and predicted REE was assessed via paired t-tests and Bland-Altman analysis, and
percent of estimations <10% of measured values. Accuracy was measured among sub-groups of
body mass index (BMI), stage (I-III vs. IV) and cancer type (lung, rectal, and colon) categories.
Fat mass and fat-free mass were assessed using dual X-ray absorptiometry. Most of the 125
patients had lung, colon, or rectal cancer (92.0%, BMI: 27.5 + 5.6 kg/m?, age: 61 £ 11 years,
REE: 1629 + 321 kcal/day). Sixteen (66.6%) equations yielded REE values different than
measured (p<0.05). Limits of agreement were wide for all equations, with Mifflin St. Jeor
equation having the smallest limits of agreement, -21.7 to 11.3% (-394 to 203 kcal/day).
Equations that used fat-free mass were not more accurate except for one equation (Huang with
body composition, bias and limits of agreement: -0.3 £+ 11.3% versus without body composition:
2.3 £10.1%, p<0.001). Bias in body composition equations was consistently positively
correlated with age and frequently (7/10 equations) negatively correlated to fat mass. REE
cannot be accurately predicted on an individual level; REE equations should therefore not be

used in energy needs estimations.

3.3 Background

Estimation of energy needs is important for individuals with cancer as weight loss and
body composition alterations (namely loss of fat-free mass, FFM) are detrimental to health
outcomes (1, 2). Energy balance (weight maintenance) occurs when energy intake is equivalent
to total energy expenditure (TEE) over time. Resting energy expenditure (REE) is the largest
component of TEE and can be used to estimate energy needs (i.e. factorial approach [1]). Since
TEE is costly and burdensome to measure, REE is not routinely measured in clinical settings and
portable indirect calorimeters may not yield accurate values (2, 3), predictive equations for REE
are often used. However, previous research in small samples (n < 18) has shown some of these
equations are inaccurate in patients with different tumor types (4-7), and oncology nutritional

guidelines highlight the need for improved prediction of energy needs in individual patients (8).
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Inaccuracies in estimating REE in cancer patients may be due to several factors. Firstly,
most REE equations were developed in healthy cohorts that are not affected by metabolic
abnormalities which might impact patients with cancer (3). In addition, many cancer patients
may be paradoxically obese (9) and REE prediction equations developed in populations of
primarily normal weight individuals are not as accurate at higher body masses (10). Furthermore,
body composition is highly variable in people with cancer, independent of body weight (11).
Body composition, particularly FFM, is a primary determinant of REE, and could impact the
ability to capture energy needs using body weight-based equations, as previously discussed (3).
Lastly, advanced cancer stage has been associated with higher REE (12) and physiological and
metabolic heterogeneity between cancer types (13) may impact REE prediction accuracy. As
such, performance of REE prediction equations may be impacted by body size, body
composition, cancer stage, and/or cancer type.

To date, most research investigating accuracy of REE prediction equations in cancer
have been carried out in small samples or compared to a limited number of equations; none have
assessed whether the accuracy of these equations is different across body mass index (BMI)
classes, cancer types, or stages, or if inclusion of body composition improves the predictive
ability of equations. Our aim was to assess the accuracy of the most commonly used clinical
REE prediction equations compared to measured REE in patients with solid tumors. Additional
objectives included assessing differences in equation accuracy among sub-groups of patients
grouped by body mass index (BMI) classes, cancer stage (I-I1I or IV), and cancer type (lung,
rectal or colon) and to determine whether age, weight, FM and FFM were associated with REE
prediction equation inaccuracy. It was hypothesized that all REE prediction equations would
have acceptable group-level agreement (bias = 5%), but poor individual-level agreement
(absolute limits of agreement > 20%), based on the assumption that indirect calorimetry varies
<5% (14) and most healthy adults should have REE that falls within 10% of the Harris-Benedict
equation (15). In line with the research discussed above in this introduction, it was also
hypothesized that 1) REE equation bias and limits of agreement would be poorer in patients with
obesity, 2) REE equation bias will be lower in patients with stage IV disease compared to stages
I-I11, and 3) REE equation bias will be negatively correlated to FFM and positively correlated
with age, body weight, and FM in the majority (>50%) of equations.
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3.4 Methods
3.4.1 Participants

The participant data presented in this paper were collected from two distinct studies: 1) a
study that profiled nutritional, metabolic and functional characteristics of patients with advanced
lung or colorectal cancer, described elsewhere (16, 17) (Study 1), and 2) data from a cross-
sectional study investigating energy metabolism, body composition, exercise, and dietary intake
in patients with several tumor types (18) (Study 2). Collectively, both studies included patients
with recently diagnosed stage I-IV non-small cell lung, rectal, colon, renal, or pancreatic cancer
who were recruited from a cancer center serving northern Alberta (Cross Cancer Institute in
Edmonton, Alberta, Canada). Both studies were approved by the Health Research Ethics Board
of Alberta and informed consent was obtained from all participants prior to any study procedures
being carried out. Exclusion criteria included use of medications that might interfere with REE
(unstable thyroid medication dose, steroids, or hormones), surgery in the previous 4 weeks,
pregnancy or breastfeeding, or confinement to a wheelchair. Exclusion criteria for Study 1 were

similar and published elsewhere (16, 17).

3.4.2 Anthropometrics and Body Composition

Height and weight were measured using a Health-O-Meter Professional digital scale with
height rod (McCook, IL, USA; model number: 597KL) or a QuickMedical Heightronic digital
standiometer (Northbend, WA, USA) for height and a SECA 766 digital scale (Hannover, MD,
USA) for weight. BMI was calculated [weight (kg)/ height (m?)] and classified according to
World Health Organization (19): underweight <18.5 kg/m?, normal weight 18.6 — 24.9 kg/m?,
overweight 25.0 — 29.9 kg/m?, obese > 30.0 kg/m* . Underweight and normal weight patients
were grouped together due to sample size (n=3 underweight patients, all within 2 standard
deviations of mean BMI).

Body composition was assessed via dual X-ray absorptiometry (DXA), using a General
Electric LUNAR Prodigy High Speed Digital Fan Beam Densitometer with enCORE 9.20
software or iDXA with enCORE 13.60 software (General Electric, Madison, WI, USA).
Measures of total body lean soft tissue, fat mass, or body fat percent are not different between
these machines (20), and data were therefore combined. DXA was completed as part of study

protocol for patients in Study 1, while 20 patients in Study 2 underwent DXA scans as part of a
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separate study objective. Fat mass (FM) and FFM were adjusted for height (fat mass index, FMI,
and fat-free mass index, FFMI, both kg/m?) since body weight and composition scale to height;
this value was used only in the descriptive analysis to profile our population in relation to other

cohorts.

3.4.3 Resting Energy Expenditure

REE was measured using indirect calorimetry with a ventilated hood system (VMax 29N;
Sensor-Medics, Yorba Linda, CA, USA), which is a standard machine in the field of energy
metabolism research. The test was conducted after an overnight fast; patients were asked to
avoid food, smoking, caffeine, and physical activity the morning of testing. The flow meter
(including volume and air flow) was calibrated before each measurement using a three-liter
syringe. Although burn tests were not performed on this machine, gas analyzers were
automatically calibrated prior to each test using known standard gas concentration (20.95% Oz,
0.03% CO»). Patients rested for a minimum of 10 minutes before a canopy was placed over their
head and shoulders for 30 minutes to assess oxygen (O2) consumption and carbon dioxide (CO2)
production. Only breath samples in steady state were used for analysis. Steady state was defined
as variations in volume of O2 and CO2 of < 10% over the previous five minutes (21). No steady
state data was selected in the first ten minutes of the measurement period to ensure that each
individual had a minimum of 20 minutes of complete rest, according to current guidelines (21).
A minimum of 10 minutes of steady state data was collected. The abbreviated Weir equation was
used to calculate REE (22).

Measured REE was compared to predicted REE estimated from a total of 23 equations,
ten of which incorporated a measure of body composition (FFM and/or FM) (23-35), Table 3.1.
Some equations used megajoules or kilojoules as units of expression; these values were then
converted to kilocalories to allow for uniform comparison. Equations were chosen because they
1) are frequently used in clinical or research settings, 2) were previously used in REE equation
validation studies in cancer (4, 5), 3) incorporated a measure of body composition, or 4) were
derived specifically from a cancer population (34). Actual body weight was used in all equations,
since adjusted body weight introduces error in individuals with obesity (36). No injury factor
was used since this largely overestimates REE in ambulatory patients with cancer (4). Aggregate

REE was also calculated as the sum of each predicted REE (37, 38). This method reduces error
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associated with using multiple equations and allows for comparisons of REE prediction equation
accuracy between groups of patients. Because only a portion of the sample had measures of
body composition, body weight-based and body composition-based equation REE estimations

were aggregated separately.

3.4.4 Statistical Analyses

Data were analyzed using SPSS version 24 (IBM Corporation, Armonk, NY, USA) and
are presented as mean + standard deviation; significance was considered at p<0.05. A sample
size of 93 patients was deemed adequate to detect differences in measured REE and the Harris-
Benedict equation (the most commonly used in clinical settings) using a two-tailed dependent
samples t-test. Power () was 0.95 and effect size was assumed to be 0.38, based on the
difference between the Harris-Benedict equation and measured REE observed in the largest
study of REE equation accuracy in cancer to date (4). Data collection continued after sample size
reached 93 to facilitate comparisons between patient sub-groups according to our exploratory
objectives.

Independent samples t-tests (with degrees of freedom adjustment using the Welch-
Satterthwaite method in the case of non-equal variances) and t-test for independent proportions
were used to compare characteristics between patient groups. To assess group-level agreement
between measured and predicted REE, paired t-tests and Pearson correlation were utilized. The
Shipiro-Wilk test assessed normality of differences between measured versus predicted REE; in
cases of non-normality, Wilcoxon signed-ranks test was utilized. Agreement between values was
also assessed via the Bland-Altman approach (39). This method was chosen as a primary
determinant of individual-level accuracy because it accounts for random error in both measured
and predicted REE (i.e. the reference method is not truly infallible) (40) and considers individual
differences on a scale according to standard deviations rather than binomial categories. Bias was
calculated as average difference between predicted REE minus measured REE (group-level
agreement). Positive values represent overpredictions of measured REE and negative values
represent underpredictions of measured REE. Limits of agreement were defined as bias + 1.96
standard deviations (individual level agreement). These values were primarily expressed as
percentages from baseline REE to account for variability in body size. Pearson correlation

coefficient between mean of measured and predicted REE and bias were used to determine if
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there were any trends in the magnitude of bias with increasing REE measurement (proportional
bias). The proportion of patients with predicted REE within = 10% of measured REE for each
equation was also calculated, based on the assumption that measured REE would fall within +
10% of predicted (23, 41). Pearson correlation coefficients were utilized to assess whether age,
body weight, FM, or FFM would be significantly associated with bias. Paired t-test assessed bias
between equations with and without body composition.

The primary purpose of this study was to assess the accuracy of REE equations which are
not tumor-specific; patients were therefore assessed as a single group. Cancer types also have
metabolic differences and equation error was therefore also assessed according to tumor group.
Due to the small number of patients with pancreatic or renal cancer, patients with tumors located
in the lung, rectum, or colon were used for cancer-type specific comparisons. Patients were also
grouped by BMI class and advanced (IV) versus non-advanced (I-11I) stages. Bias between sub
groups of BMI categories and cancer types (lung vs. rectal vs. colon) was compared using one-
way analysis of variance (ANOVA) with Tukey’s post-hoc analysis where appropriate. Since
Study 1 consisted primarily of individuals with stage IV disease and Study 2 of individuals with
stage I-11I disease, analysis of covariance assessed differences in percent bias between these
groups, with study as a covariate. Mann-Whitney U test (two groups) or Kruskal-Wallis test
(three groups) determined differences between groups with when bias was non-parametric.
Equation biases between metastatic patients with and without liver metastases and between
patients scheduled to begin either neoadjuvant or adjuvant anti-cancer therapy were also assessed
with independent samples t-test or Mann-Whitney U-test. Levene’s test for homogeneity of
variances described variance in anthropometric and body composition measures between groups

of patients (BMI class, cancer type, and stage).

3.5 Results

A total of 125 patients with non-small cell lung cancer (n=28), rectal cancer (n=24),
colon cancer (n=63), renal cell carcinoma (n=7), or pancreatic cancer (n=3) were included,
Figure 3.1. Fifty-two (41.6%) of these patients had stage IV cancer and approximately one-third
had obesity (n=39, 31.2%). Anthropometric, demographic, and body composition characteristics
are shown in Table 3.2. Biases using most equations were not different between sexes; males

and females were therefore analyzed together without further sex stratification. Sixty-five
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(52.0%) patients had body composition measured; there was a higher proportion of patients with
lung cancer and stage IV disease and a lower proportion of patients with rectal cancer and stage
I-III disease, Table 3.3.

Average measured REE was 1629 + 321 kcal/day and ranged from 1012 to 3158
kcal/day. All predicted REE values were correlated to measured REE (ranges from r = 0.364 -
0.886, p=10.003 - <0.001). Table 3.4 shows results of paired t-tests and Bland-Altman analysis
and minimum and maximum errors. Thirteen (56.5%) equations yielded REE values that were
significantly different than measured REE, with nine under predicting and four overpredicting
REE. All but one equation (Souza-Singer) had bias within 10% of measured REE. Individual
variability was high in all equations. The Mifflin St. Jeor equation with age, sex, height, and
weight had the smallest limits of agreement, ranging from -21.7 to 11.3% (or -394 to 203
kcal/day). The aggregate REE bias from body-weight based equations was 0.1 + 8.8% and
aggregate REE bias from body composition-based equations was -1.5 + 11.0%.

The proportion of equations predicting REE within 10% of measured REE is presented in
Figure 3.2. Equations with the highest prevalence of predicted REE within 10% of measured
were the Harris-Benedict, Huang with age, sex, height, weight, and aggregate calculation from
body weight-based equations (n=93, 74.4). Most of the remaining equations predicted REE
within 10% of measured in about half of patients.

Associations between percent bias and age, weight, FM and FFM are shown in Table 3.5.
No discernable pattern in biases were observed among equations without body composition.
However, in those incorporating body composition, age was consistently positively correlated to
bias and FM was frequently negatively correlated to bias. Among body composition equations,
FFM was negatively correlated to bias only in the Souza-Singer equation.

Figure 3.3 shows percent bias for equations with and without body composition. Bias
was significantly lower (farther from 0) using Mifflin St.-Jeor and Owen body composition
equations compared to body weight equations. Bias from the Huang equation incorporating body
composition was closer to zero and different than the Huang equation with age, sex, height, and
weight. Significant differences were also observed in aggregate biases, with body weight-based
equations yielding an aggregate bias above zero and body composition-based equations yielding

an aggregate bias below zero.
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Percent bias and limits of agreement in sub-groups of patients are presented in Figures
3.4a-c. Age was not different among all groups and BMI, FMI, and FFMI were not different
among cancer type and stage groups. Patients with obesity had high variance in FFM (F=3.94,
p=0.025), body weight (F=4.23, p=0.017), and BMI (F=15.91, p<0.001). In patients with
obesity, the equation using 21 kcal/kg body weight significantly over predicted REE (14.1 + 12.8
%, F=24.61, p<0.001) compared to patients who were under/normal weight (-4.1 + 11.1%,
p<0.001) or overweight (5.2 = 11.4%, p=0.003). Furthermore, percent bias from the Souza-
Singer equation was significantly different between groups (underweight/normal weight: -0.6 +
14.6%; overweight: -16.1 + 8.2 %; obese: -25.1 + 12.1%, p<0.001; Kruskal-Wallis test).
Aggregate bias was not different among BMI groups and limits of agreement were similar.
Patients with rectal cancer had greater variance in FM (F=5.24, p=0.008), although this effect
was not present when one outlier within the rectal tumor group was removed (F=1.23, p=0.300).
When comparing REE accuracy in patients with lung, colon or rectal cancer, similar patterns in
bias and limits of agreement were observed among groups with exception of the Huang-body
weight equation (F=3.18, p=0.045; lung: 5.2 + 11.6 % vs. rectal -1.82 + 8.9%, p=0.038). Bias
was not different in any equation comparing patients with stage IV versus stages I-11I disease,
after controlling for study. No biases were different between patients with and without liver
metastases or between patients scheduled to undergo neo-adjuvant or adjuvant anti-cancer

therapy (data not presented).

3.6 Discussion and Conclusions

An understanding of energy expenditure is essential for providing accurate energy intake
recommendations for patients with cancer. This is the largest investigation of REE equation
accuracy in oncology, which allowed for assessment of equation performance in subgroups of
patients (i.e. BMI classes, cancer types, and cancer stage). Our results suggested that all
equations have poor individual-level accuracy (wide limits of agreement) and bias was
frequently correlated to age and FM.

Several equations were significantly different than measured REE (t-test) and individual
variability was high, as revealed by wide limits of agreement; in addition, a considerable portion
of individuals had > 10% error in predicted REE values, and large minimum and maximum error

values were observed. Similar to these findings, a previous study in 18 patients with cancer
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reported that while most mean biases were small, limits of agreement were poor for all equations
(all >20%) (4). In our sample, the best equation for individual prediction (Mifflin St. Jeor with
age, sex, height and weight) still under-predicted REE by up to 32.4 % (-440 kcal/day) and over-
predicted REE by up to 18.1% (261 kcal/day). Dietary recommendations based on such an
equation may perpetuate unwanted weight change and should therefore not be used to predict
energy needs for individual patients.

A REE equation was recently developed in patients with head and neck cancer using
bioelectrical impedance analysis to measure body composition (34). Although this equation was
anticipated to be more accurate than equations developed from healthy populations, this was not
observed in our sample. Notably, the present study measured body composition using DXA and
discrepancies between bioelectrical impedance analysis and DXA have been previously reported
(i.e. the former may underestimate FFM) (42), which might have influenced the observed bias.
Furthermore, patients with head and neck cancer might have different REE and body
composition than other cancer types (13), further limiting the use of this new equation. Although
a similar population to that reported in Souza et al. (i.e. head and neck cancer with body
composition measured using bioelectrical impedance analysis) would likely yield better
individual-level agreement, this equation is not applicable to all cancer types. More accurate
cancer-specific REE equations are therefore needed. Such equations should include validation
with a separate cohort of individuals for external validity to be used in clinical practice.

Correlation analysis was conducted between bias and age, weight, FM, and FFM to
identify potential relationships between error and patient characteristics. In equations using body
composition, age was positively correlated to bias, indicating that REE over-prediction was
associated with advancing age. A previous study in 32 adults age 64 - 87 years old did not report
frequent correlations between age and bias, although only equations with body weight were used
(43). We also found that higher FM negatively correlated with bias, indicating under-prediction
at higher FM. Only three of ten body composition equations utilized age and FM, while
remaining equations used FFM alone or FFM in combination with sex and body weight (34).
Notably, three equations that used age, FM, and FFM (Miiller, Huang, and Johnstone) were not
significantly different than measured REE. REE generally decreases with age due to reduced

FFM, decreases in norepinephrine from diminished exercise and food intake, reduced protein
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synthesis rates, and lower cellular fraction of FFM (namely from decreased sodium-potassium
adenosine triphosphatase activity) (44). FM is also highly variable (45), and it appears that these
factors influence the error in REE predictions. Including age and FM alongside FFM could
potentially improve prediction equations using body composition.

Given that FFM is a primary determinant of REE and body composition varies widely in
healthy people, equations that incorporate body composition would be expected to have higher
accuracy compared to equations that use measures of body weight and height alone. However,
body composition equations were not more accurate in the present sample, except for the Huang
equation which was created in a sample of individuals with BMI > 35.0 kg/m? (30). This lower
accuracy could be because FFM is a heterogenous compartment containing organs and tissues
with different metabolic rates; shorter individuals also have a higher proportion of organs with
high metabolic rate in the FFM compartment (46). Including high metabolic rate organ weights
in prediction models makes the intercept not significantly different than zero (47). Therefore,
small differences in organ size could affect REE, which is not captured using FFM and FM
alone. In addition, most of these equations were developed using techniques other than DXA (i.e.
bioelectric impedance analysis, air displacement plethysmography, total body potassium
counting, deuterium dilution, skin-folds), which might contribute to accuracy being lower than
expected since precision to measure FFM is highly variable among these techniques (48).

Previous reports have established that REE prediction equations in adults with obesity
have higher variability compared to adults who are overweight or normal weight. In 1,726
patients with malnutrition, eating disorders, or obesity, REE equations were not accurate for
people with BMI > 40.0 kg/m? (49). Marra et al. 2017 (50) found that error was greatest in
individuals with BMI >40 kg/m? and bias was worse in females. A systematic review of
equations for people with obesity noted that the Mifflin St.-Jeor equation is most likely to
estimate REE within 10% of measured, although large individual variability still exists, and this
is greater than variability in non-obese adults (10). Although limits of agreement in some
specific equations were wider in patients with obesity in the present sample, this pattern was not
reflected in aggregate bias calculations from body weight- or body composition-based equations.
Therefore, overall accuracy does not differ according to body weight class in individuals with

cancer, which might be explained by the relatively low number of individuals with BMI > 40

52



kg/m? compared to previous research. Notably, using body weight alone (21 kcal/kg body
weight) significantly overestimated REE in patients with obesity, likely because this method
assumes that height, FM, and FFM increases in a linear fashion to body weight. However, this is
not the case in obesity where individuals frequently have a higher proportion of FM (which is
less metabolically active than FFM) relative to height and the relationship between FM and REE
is altered at high levels of adiposity (51). REE equations with body weight alone should
therefore not be used in patients with obesity.

We found that most equations had similar bias and limits of agreement across tumor
types; even when colon and rectal patients were grouped together, bias and limits of agreement
were similar (data not shown). Furthermore, results were similar when patients were grouped
according to broad treatment categories (i.e. neoadjuvant vs. adjuvant). While it is possible that
previous and current anti-cancer therapies might impact REE, this type of analysis was not
possible in this data due to the heterogeneity of treatment regimens. Bias and limits of agreement
were also similar when comparing results between patients with stage IV versus stages I-111
cancer. To our knowledge, no other study has assessed REE agreement according to cancer
stage, although some reports indicated that patients with advanced (I1I/IV) cancer had higher
REE than patients with earlier stages (I/II) (12). Patients with stage IV colorectal cancer often
have increasing liver mass with disease progression (presumably from metastases) which is
positively associated with REE (52). It was therefore anticipated that under-prediction would
have been more prevalent in patients with stage IV disease; surprisingly, this was not the case.
All equations - including aggregate calculations - had a proportion of individuals with predicted
REE 10% greater or less than measured REE. Therefore, overall “hypermetabolism” compared
to predictive equations is not uniformly apparent early in the disease trajectory in patients with
more advanced disease. Notably, however, defining hypo- or hypermetabolism by comparing
REE to equations that are not specific for cancer may elicit false conclusions about metabolism
since such equations may have limited accuracy in healthy cohorts (36). The purpose of the
present study was not to characterize the determinants of REE, but elucidation of such
determinants and the feasibility of incorporating these into REE and energy needs assessment

warrants further investigation (Chapters 5, 6, and 7).
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One limitation of our study is that only REE was compared to predicted estimations. It is
important to consider that REE is one part of TEE (albeit the largest component). REE might be
altered in the tumor-bearing state, but little evidence is available on TEE. Current energy
requirement guidelines for individuals with cancer (8) are based on body weight alone and do not
consider factors such as body composition, inflammation, physical activity, or tumor location or
stage, which may all impact energy needs. While REE might be different than expected,
accuracy of TEE estimations in earlier stage patients is unknown and is an area we are actively
pursuing (18). In order to meet our sample size calculation and increase the generalizability of
our findings, data was aggregated from two studies, potentially introducing heterogeneity. Both
studies included individuals recruited from the same cancer center and used the same indirect
calorimeter. Differences in variables between studies was also assessed and accounted for in
statistical analyses, where appropriate. Therefore, while data aggregation could have introduced
error, this was minimized in all possible manners. Furthermore, there was a higher proportion of
patients with lung cancer and stage IV disease that had completed DXA scans. This was not a
reflection of patient health but rather of study design; as we assessed equation agreement among
tumor types and stages, this discrepancy likely did not affect our conclusions. Additionally, total
patient rest prior to collection of steady state CO2 and Oz data was less than 30 minutes and
might have introduced error, although current recommendations (21) note that 20 minutes is
sufficient for many adults. Furthermore, extreme perturbations in long-term macronutrient
consumption — such as the ketogenic diet — could impact interpretation of REE results. However,
24-hour dietary recalls (not reported) suggest that no individual was following such a diet and
likely did not influence the REE in this study.

In conclusion, REE cannot be accurately estimated for each individual and is influenced
by age, FM, and cancer stage. Therefore, REE prediction equations for individual dietary
recommendations should not be used in energy needs assessment in individuals with cancer.
Since adequate energy intake is an integral part of successful cancer care, more accurate

equations and/or tools to easily estimate energy needs should be developed.
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Study 1: 51 patients with data Study 2: 91 patients with data

L’ 142 combined before exclusion J

17 without REE
* 12 not part of study design
* 2 unable to complete test
* 2not fasted
* 1recentsurgery

v

125 with REE
58 without body composition
* 56 not part of study design
> * 2unable

v
65 with REE and body composition

Figure 3.1. Flow diagram of inclusion and exclusion of patients. REE, resting energy
expenditure
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Figure 3.2 Proportion of predicted resting energy expenditure (REE) equations within 10% of measured REE. 2c:
equation derived from two compartment body composition model; 4c: equation derived from four compartment body

composition model; BC: body composition; BW: body weight. N=125 for body weight-based equations and n=65 for body
composition-based equations.
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Figure 3.3 Percent bias of equations with body weight and anthropometrics alone versus body
composition (n=65). 2¢: two compartment body composition model; 4c: four compartment body
composition model. *=bias <0.05, paired samples t-test, body composition equation versus body weight
equation percent differences
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Figures 3.4 a-c Percent bias and limits of agreement for predicted resting energy expenditure
(REE) in subgroups of patients. Each point represents the equation percentage bias (mean percentage
difference between predicted and measured), and vertical lines are the percentage limits of agreement.
Shapes with fill are from body weight equations and shapes without fill are from body composition-
based equations. The box indicates error within 10% of measured REE. *bias significantly different than

under/normal weight and overweight "bias significantly different than rectal. One-way analysis of
variance assessed differences in bias among patients grouped by BMI and cancer type. Analysis of
covariance assessed differences in bias between early and advanced stages, controlling for study, since
study 1 consisted primarily of patients with stage IV disease and study 2 consisted primarily of patients
with stages I-III disease. BMI: body mass index
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Table 3.1 Equations used to predict resting energy expenditure

Equation Formula

Equations without body composition

Harris-Benedict Men: 66.5 + (13.75 x weight) + (5.003 x height) — (6.755 x age)
Women: 655 + (9.563 x weight) + (1.85 x height) — (4.676 x age)

Mifflin St.-Jeor Men: (9.99 x weight) + (6.25 x height) — (4.92 x age) + 5
Women: (9.99 x weight) + (6.25 x height) — (4.92 x age) — 161

Owen Men: 879 + (10.2 x weight)
Women: 795 + (7.18 x weight)

21 kcal/kg/day 21 x weight

Schofield - weight only* Men age 30-60: 0.048 x weight + 3.653

Men age > 60: 0.049 x weight + 2.459
Women age 30-60: 0.034 x weight + 3.538
Women age > 60: 0.038 x weight +2.755

Schofield - height & weight™®  Men age 30-60: 0.048 x weight — 0.011 x height + 3.670
Men age > 60: 0.038 x weight + 4.068 x height — 3.491
Women age 30-60: 0.034 x weight + 0.006 x height + 3.530
Women age >60: 0.033 x weight + 1.917 x height + 0.074

Henry weight only Men age 30-60: 14.2 x weight + 593
Men age >60: 13.5 x weight + 514
Women age 30-60: 9.7 x weight + 694
Women age >60: 10.1 x weight + 569

Henry - height and weight® Men age 30-60: 11.4 x weight + 541 x height — 137
Men age >60: 11.4 x weight + 541 x height — 256
Women age 30-60: 8.18 x weight + 502 x height -11.6
Women age >60: 8.52 x weight + 421 x height + 10.7

Miiller? BMI <18.5: 0.0219.77122 x weight — 0.02149 x age + 0.82 x sex + 0.731
BMI >18.5-25: 0.02219 x weight + 0.02118 x height + 0.884 x sex — 0.01191 x age + 1.233
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BMI >25-<30: 0.04507 x weight + 1.006 x sex — 0.01553 x age + 3.407
BMI >30: 0.05 x weight + 1.103 x sex — 0.01586 x age + 2.924

Huang 10.158 x weight + 3.933 x height— 1.44 x age +273.821 x sex + 60.655
Korth 41.5 x weight — 19.1 x age + 35.0 x height + 1107.4 x sex — 1731.2
Aggregate - body weight Mean REE from all body weight-based equations above
Equations with body composition
Mifflin St.-Jeor 19.7 x FFM + 413
Owen Men: 22.3 x FFM + 290
Women: 19.7 x FFM + 334
Miiller? BMI <18.5: 0.08961 x FFM + 0.05662 x FM + 0.667

BMI >18.5-25: 0.0455 x FFM + 0.0278 x FM + 0.879 x sex — 0.01291 x age + 3.634
BMI >25-<30: 0.03776 x FFM + 0.03013 x FM + 0.93 x sex — 0.01196 x age + 3.928
BMI >30: 0.05685 x FFM + 0.04022 x FM + 0.808 x sex —0.01402 x age + 2.818

Huang 14.118 x FFM + 9.367 x FM — 1.515 x age + 220.863 x sex + 521.995
Korth - 2 compartment? 105.1 x FFM + 1422

Korth - 4 compartment?® 106.8 x FFM + 1322

Wang 21.5 x FFM + 407

Cunningham 21.6 x FFM + 370

Souza-Singer 1042.34 + (124.28 x sex) — (10.08 x weight) + (19.32 x FFM)
Johnstone® 90.2 x FFM +31.6 x FM — 12.2 x age +1613

Aggregate - body composition Mean REE from all body composition-based equations above

2 compartment=equation derived from body composition measurements from dual X-ray absorptiometry; 4 compartment=equation
derived from body composition measurements from dual X-ray absorptiometry, air displacement plethysmography, and deuterium
oxide dilution; BMI=body mass index; FFM=fat-free mass in kg; FM=fat mass in kg. Age is in years, sex is expressed as 0 for females
and 1 for males, weight is in kg. “REE was calculated as MJ/day or kJ/day (per the original publication) and then converted to kcal/day
“height expressed as meters. All other equations use centimeters for height.
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Table 3.2 Overall characteristics of patients

All patients (n=125)? Males (n=82)* Females (n=43)* p
Age (yr) 61+11 62+10 59+£13 0.150
(30— 84) (34-179) (30— 84)
Body weight (kg) 81.3+18.7 85.7+17.1 72.8 +18.7 <0.001
(39.7-142.4) (53.7-131.6) (39.7-142.4.6)
Body mass index (kg/m?) 27.5+5.6 27.7+4.9 27.2+6.7 0.628
(17.0-51.1) (19.6 —41.0) (17.0-51.1)
Fat mass, DXA (kg) 26.4+10.1 264 +£11.0 26.5 £ 8.8 0.961
(5.9-59.8) (9.0-59.8) (59-41.4)
Fat mass index (kg/m?) 89+34 83+33 9.8+33 0.085
(2.3-18.0) (2.8 -18.0) (23-16.2)
Fat-free mass, DXA (kg) 532+11.2 60.2 +7.7 41.9+4.5 <0.001
(33.9-73.3) (42.3-73.3) (33.9-51.9)
Fat-free mass index (kg/m?) 17.8+2.6 19.2+2.0 15.5+1.7 <0.001
(12.5-22.7) (15.0-22.7) (12.5-19.8)
Resting energy expenditure, indirect 1629 + 321 1755 £297 1389 +210 <0.001
calorimetry (kcal/day) (1012 - 3158) (1133 -3158) (1012 - 2130)
Tumor type (n, %)
Lung 28,224 17,20.7 11,25.6 0.537
Rectal 24,19.2 17,20.7 7,16.3 0.548
Colon 63,50.4 39,47.6 24,55.8 0.381
Renal 7,5.6 6,73 1,23 0.249
Pancreatic 3,24 3,3.7 0,0 0.204
Stage (n,%)
I 1,0.8 1,12 0,0 0.467
II 16, 12.8 11,13.4 5,11.6 0.776
I 56,44.8 38,46.3 18,41.9 0.632
1V 52,41.6 32,39.0 20, 46.5 0.420

DXA=dual X-ray absorptiometry. Values are presented as mean + standard deviation (range) or number, percent where appropriate
“Body composition measures: n=65 total, n=40 males, n=25 females
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Table 3.3 Characteristics of patients with and without body composition measurements

Age (yr)

Body weight (kg)
Body mass index (kg/m?)

Resting energy expenditure (kcal/day)

Sex (n, % male)

Tumor type (n, %)?

Lung

Rectal

Colon
Stage (n, %)

I-111

1\%

With body Without body
composition composition
(n=65) (n=60)* p
61+10 61+10 0.936
(30— 84) (34-179)
79.6+17.6 83.1+19.8 0.294
(45.9 - 131.1) (39.7 - 142.4)
26.7£4.7 284+63 0.091
(17.0 - 39.5) (17.7-51.1)
1584 + 344 1679 + 288 0.098
(1022 — 3158) (1012 —2420)
40, 61.5 42,70.0 0.320
22,33.8 6,12.0 0.007
7,10.8 17,34.0 0.002
36, 55.4 27,54.0 0.882
26, 40.0 46,76.7 <0.001
39, 60.0 14,233 <0.001

an=50 for proportions of tumor types

All p>0.05
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Table 3.4 Predicted resting energy expenditure (REE), bias, limits of agreement, and maximum and minimum errors

REE, mean = SD Bias + SD, Proportional bias® Limits of Absolute Min. Max.
% agreement,  limits of negative  positive
% agreement, error error
%o
Equations without body composition r p
Measured REE 1629 + 321
Harris-Benedict 1593 + 296* -1.6 £8.8 -0.173 0.053 -18.9, 15.6 34.5 -24.5 24.1
Mifflin St.-Jeor 1534 +£271* -52+84 -0.338 <0.001 -21.7,11.3 33.0 -32.4 18.1
Owen® 1600 (1340, 1815) -0.6 +10.3 -0.342 <0.001 -20.9, 19.7 40.6 -29.8 29.5
21 kcal/kg/day 1707 + 392* 50+14.2 0.316 <0.001 -22.9,32.9 55.8 -29.1 41.4
Schofield, weight only 1582 +£273* -2.1+£92 -0.311 <0.001 -20.1, 16.0 36.2 -24.8 19.5
Schofield, height and weight 1609 + 265 -0.3+£9.2 -0.360 <0.001 -18.4,17.8 36.2 -24.8 18.7
Henry, weight only 1596 +295* -1.5+8.9 -0.175 0.052 -18.9, 16.0 34.9 -24.1 26.5
Henry, height and weight 1595 +£273* -1.3+8.7 -0.321 <0.001 -18.5,15.8 343 -25.8 23.1
Miiller® 1622 (1413, 1824) 0.1+11.5 -0.128 0.154 -22.4,22.5 44.9 -29.2 28.9
Huang 1653 + 289 2.2+ 10.1 -0.199 0.026 -17.5,22.0 39.5 -26.1 31.2
Korth 1723 + 316* 6.4+10.3 -0.028 0.756 -13.8, 26.5 40.3 -24.1 33.7
Aggregate 1620 + 286 0.1+8.8 -0.241 0.007 -17.1,17.4 34.7 -26.6 26.8
Equations with body composition®
Measured REE 1584 + 344
Mifflin St.-Jeor 1460 + 220* -6.3+10.6 -0.590 <0.001 -27.1,14.5 41.6 -43.1 16.7
Owen 1451 + 274%* 74+11.4 -0.442 <0.001 -29.7, 14.8 44.5 -45.6 9.0
Miiller 1580 £258 1.1+10.7 -0.484 <0.001 -19.9,22.1 42.0 -27.8 273
Huang 1564 +292 -03+11.2 -0.281 0.023 -22.3,21.7 44.0 -29.0 27.5
Korth — 2 compartment 1675 +281* 72+12.2 -0.309 0.012 -16.7,31.1 47.8 -333 30.8
Korth — 4 compartment 1673 + 286* 7.0£12.2 -0.286 0.021 -16.9,31.0 479 -33.2 30.9
Wang 1555 £242 -03+11.3 -0.498 <0.001 -22.4,21.9 443 -39.0 23.5
Cunningham 1518 +242* 2.7+£11.0 -0.498 <0.001 -24.3,18.9 43.2 -40.2 19.9
Souza-Singer® 1372 (1193, 1482)* -12.6 £ -0.648 <0.001 -43.3, 18.1 61.5 -61.9 28.9
15.7
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Johnstone 1553 + 285 -1.0+9.8 -0.339 0.006 -20.2,18.3 38.5 -28.7 234
Aggregate 1537 + 247 -1.5+11.0 -0.488 <0.001 -23.0,20.0 43.0 -37.7 21.7

2 compartment=equation derived from body composition measurements from dual X-ray absorptiometry; 4 compartment=equation

derived from body composition measurements from dual X-ray absorptiometry, air displacement plethysmography, and deuterium oxide
dilution

*Wilcoxon signed-rank test, measured versus predicted REE, presented as median (interquartile range)
®Pearson correlation coefficient between the mean of measured and predicted REE and bias

‘n=65

*p<0.05, measured versus predicted REE, paired samples t-test
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Table 3.5 Correlation of resting energy expenditure percent bias with age, body weight, fat mass (FM), and

fat-free mass (FFM)

Age, yr Weight, kg FM, kg FFM, kg
Equations without body composition
Harris-Benedict -0.014 0.160 0.195 0.044
Mifflin St.-Jeor 0.096 0.065 -0.009 0.027
Owen 0.473%* -0.155 -0.173 0.041
21 kcal/kg/day 0.237* 0.534* 0.539* 0.199
Schofield, weight only -0.069 -0.074 0.031 -0.059
Schofield, height and weight 0.063 -0.140 -0.061 -0.97
Henry, weight only 0.144 0.147 0.133 0.140
Henry, height and weight 0.179* -0.006 -0.001 -0.028
Miiller 0.232%* 0.118 0.065 0.101
Huang 0.398* 0.003 -0.100 0.127
Korth 0.196* 0.037 -0.107 0.221
Aggregate 0.210%* 0.093 0.061 0.089
Equations with body composition®
Mifflin St.-Jeor 0.527* -0.284* -0.392* -0.094
Owen 0.488%* -0.047 0.332% 0.227
Miiller 0.455% -0.161 -0.161 -0.082
Huang 0.487* 0.069 -0.055 0.156
Korth — 2 compartment 0.512* -0.160 -0.343* 0.058
Korth — 4 compartment 0.508* -0.138 -0.334%* 0.084
Wang 0.524* -0.252%* -0.380* -0.054
Cunningham 0.521* -0.224 -0.369%* 0.020
Souza-Singer 0.401* -0.705* -0.788* -0.397*
Johnstone 0.366* 0.105 0.054 0.121
Aggregate 0.506%* -0.212 -0.353* -0.015

2 compartment=equation derived from body composition measurements from dual X-ray absorptiometry;
4 compartment=equation derived from body composition measurements from dual X-ray absorptiometry, air

displacement plethysmography, and deuterium oxide dilution *n=65 *p<0.05
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Chapter 4 Accuracy of a Portable Indirect Calorimeter for Measuring Resting Energy
Expenditure in Individuals with Cancer

4.1 Preface

This chapter aimed to validate a novel and potentially useful tool — the FitMate GS — for
measuring resting energy expenditure. Individuals with solid tumors and mixed cancer types
were included to represent clinical settings where the FitMate GS might be used. A version
chapter has been published: Sarah A. Purcell, Dr. Sarah A. Elliott, Dr. Aoife M. Ryan, Dr.
Michael B. Sawyer, and Dr. Carla M. Prado. Accuracy of a portable indirect calorimeter for
measuring resting energy expenditure in individuals with cancer. Journal of Parenteral and
Enteral Nutrition 2019; 43(1):145-151. E-Published June 5, 2018

I contributed to study design formation and was responsible for data collection, data
analysis, and interpretation and writing the initial chapter/manuscript. I also applied for and
maintained ethical approval for this study (~90% total proportion of contribution to research and
writing). Dr. Sarah A. Elliott, Dr. Aiofe M. Ryan, and Dr. Carla M. Prado contributed to
formulating the research question and data analysis and interpretation; Dr. Michael B. Sawyer
contributed to data interpretation. All collaborators revised the manuscript for intellectual

content.
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4.2 Abstract

Determining optimal caloric intake for an individual with cancer is complicated by
metabolic changes that occur, namely alterations in resting energy expenditure (REE). There is
currently no validated clinically available equation or tool to measure energy expenditure in
these patients. In this study, patients with newly diagnosed solid tumors underwent REE

S™ portable indirect calorimeter and reference VMax™

assessments using the FitMate G
metabolic cart; both used canopy hoods. REE was also estimated from the Harris-Benedict,
Miftlin St. Jeor, and Henry equations for comparison. Data were analyzed using paired samples
t-test and the Bland-Altman approach to assess group- and individual-level agreement compared
to the metabolic cart. Twenty-six patients (19 males; body mass index: 27.8 = 5.5; age: 62 £ 10
years) participated in the study. Biases for the FitMate GS and both equations were low (ranging
from -44 to -92 kcal or -2.3% to -5.1%), indicating good group-level accuracy. Although the
FitMate GS had small bias, REE from this machine had the widest limits of agreement (-28.0 to
21.2%) compared to the three equations (Harris-Benedict: -15.8 to 11.2%; Mifflin St. Jeor: -17.1
to 6.9%; Henry: 15.4 to 11.5%). These differences were not due to volume of oxygen, BMI
category, or sex. The FitMate GS performed well on a group level, but its accuracy was poor on

an individual level. Further research should develop better equations and validate tools to

measure energy expenditure for accurate dietary recommendations for patients at nutritional risk.

4.3 Introduction

Energy needs are based on total energy expenditure, the largest component being REE.
REE is often measured using indirect calorimetry (usually in research settings) or calculated
using a variety of prediction equations (clinical settings) with or without activity and/or injury
factors to determine total energy needs.

Individuals with cancer are particularly prone to experience changes in REE. Factors
substantially altering REE in cancer include changes in body composition (especially decreased
lean mass, the main determinant of REE), increased systemic inflammation, tumor energetic
demand, and possible brown adipose tissue activation (1). In fact, many studies report up to 48%
of patients have a measured REE >10% of predicted (suggesting hypermetabolism) and up to a
third present with a REE <10% of their predicted needs (suggesting hypometabolism) (2, 3).

Consequently, estimating energy needs in oncology patients is challenging and predictive
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equations developed in healthy populations are unlikely to accurately depict REE for an
individual with cancer (4); thus, these equations have limited use in clinical settings.

Accurate estimates of energy needs are also essential to avoid weight loss in patients who
are at risk for becoming malnourished, which is prevalent in individuals with cancer and
associated with negative prognosis such as functional impairment, poorer quality of life, and
shorter survival regardless of body weight (5, 6). At the other end of the spectrum, overweight or
obese patients’ energy recommendations should not be overestimated, as to avoid increases in fat
mass and worsening comorbidities (7, 8).

Given the importance and variability of REE in these patients, and the lack of targeted
predictive equations, quick, accessible, and low-burden tools that assess REE should be explored
to obtain a more accurate prediction of total energy expenditure. Portable indirect calorimeters
are a potential solution to this issue. Such a tool would need to be more accurate at measuring
REE than current prediction equations to justify its use for individuals at nutritional risk. Some
instruments such as the MedGem™ (MicroLife Home Medical Solutions, Golden, CO, USA)
have been extensively studied in various populations, with reports of overestimation,
underestimation, or relative accuracy (9). In patients with solid tumors, the MedGem with
mouthpiece and noseclip was found to have poor accuracy (10). However, few studies have
assessed the accuracy of portable indirect calorimeters other than the MedGem or those with a
canopy hood instead of a facemask (9). Some publications also only assess group-level
agreement tested using paired samples t-test or correlation and do not elaborate on how well
these machines perform for each individual (11-14). Furthermore, little is known about the
performance of such devices in the cancer population. A portable indirect calorimetry model, the
FitMate GS™ has recently become commercially available (COSMED, Chicago, IL USA),
Figure 4.1. This machine differs from units such as the MedGem in that it uses a canopy hood
rather than facemask, thereby reducing error associated with patient discomfort and also
measures oxygen with a different kind of sensor (galvanic fuel cell in the FitMate GS versus
fluorescent-quenching sensor in the MedGem). Although this system accurately measures REE
in healthy individuals (14), it does so using only O2 measurements without assessing COz; the
accuracy may therefore be impacted in conditions associated with altered CO2 and O, such as

cancer. As such, the objective of the present study was to assess the accuracy of the FitMate GS
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in a sample of individuals with solid tumors. It was hypothesized that average measured REE
between the FitMate GS and metabolic cart would not differ, but limits of agreement of REE
from the FitMate GS will be wider than common REE prediction equations (in line with a

previous validation of a different portable indirect calorimeter in individuals with cancer [10]).

4.4 Methods
4.4.1 Participants

Patients with all stages of newly diagnosed colorectal, pancreatic, non-small cell lung, or
kidney cancer were recruited from April to December 2016 from a cancer center serving
northern Alberta (Cross Cancer Institute in Edmonton, Alberta, Canada). This study was
approved by the Health Research Ethics Board of Alberta and informed consent was obtained
from all participants prior to data collection. Inclusion criteria were: recent cancer diagnosis;
aged 18-90 years; able to communicate freely in English. Excluded patients were those who had
undergone anti-cancer therapy or surgery within the past four weeks, had severe mobility issues,
used medications that might affect body composition or metabolism (corticosteroids, hormone
replacement, thyroid medication), were unable to breathe under the calorimetry hood for 20-30

minutes, or women who were pregnant or breastfeeding.

4.4.2 Measurement Protocols

Height and weight were measured using a Health-O-Meter Professional digital scale with
height rod (McCook, IL, USA; model number: 597KL) without shoes or heavy clothing. Body
mass index (BMI) was calculated [weight (kg)/ height (m?)] and classified according to the
World Health Organization’s cut-points (15).

REE measurements (both techniques) were conducted consecutively on the same
morning at the Human Nutrition Research Unit at the University of Alberta. Patients were asked
to avoid food, smoking, caffeine, and physical activity overnight and the morning of testing.
Patients rested in a supine position for approximately 10 minutes before any testing began, which
is a sufficient time to ensure activities of daily living had no influence on REE measurements
(16).

In order to quantify if the FitMate GS was a more suitable method than current standards
for determining energy needs, three commonly used equations were used to estimate REE:

Harris-Benedict (17), Miftlin St. Jeor (18), and Henry (19). The agreement between the FitMate
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GS and metabolic cart was compared to the agreement between these equations and the
metabolic cart. After anthropometric tests, the FitMate GS test was conducted followed by the

metabolic cart.

4.4.3 FitMate GS

The FitMate GS is a portable indirect calorimeter with a ventilated hood. It contains an
analyser that assesses the concentration of oxygen, assumes a respiratory quotient (RQ) of 0.85
(default setting), and uses the abbreviated Weir equation (20) to calculate REE. Before each
measurement, the FitMate self-calibrated (up to 5 minutes), after which the test started
automatically. The flow meter was manually calibrated on a regular interval (~once/week).
Patients laid in a supine position and stayed under the hood for 20 minutes and were asked to

breath normally.

4.4.4 Metabolic Cart

The metabolic cart with ventilated hood system (VMax™ 29N; Sensor-Medics, Yorba
Linda, CA, USA) was used as our reference method and this test commenced directly after the
FitMate GS test. This system was chosen as a criterion as it is one of the most accurate metabolic
carts (21) and has been used as a gold standard in other studies previously (10, 22). Volume and
air flow were manually calibrated before each measurement using a three liter syringe. Although
burn tests were not performed on this machine, gas analysers were automatically calibrated prior
to each test using known standard gas concentration (20.95% Oz, 0.03% COz). The fraction of
expired carbon dioxide was kept in between 0.75 and 0.80 for as much time as possible. Breath
samples were collected for 30 minutes and only steady state data was used to calculate REE.
Steady state was defined as the variations in VO2 and COz of < 10% over the previous five
consecutive minutes. No steady state data was selected in the first ten minutes of the
measurement period to ensure that each individual had a minimum of 20 minutes of complete
rest, according to current guidelines (23). A minimum of 10 minutes of steady state data was
collected. The abbreviated Weir equation was used to calculate REE (20). Respiratory quotient

was calculated as the ratio between carbon dioxide produced and oxygen consumed (CO2/02).

4.4.5 Statistical Analysis
A sample size of 19 was needed to detect differences between groups based on a two-

tailed paired samples t-test with a power of 0.95, error of 0.05, and effect size of 0.89 (calculated
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from our unpublished data of FitMate GS validation in healthy individuals). Data were analyzed
using SPSS version 24 (IBM Corp., Armonk, NY, USA) and presented as mean =+ standard
deviation or percentages where appropriate.

Paired samples t-tests and Pearson correlation coefficients were utilized to describe
group-level agreement between REE results collected from both indirect calorimeters and
prediction equations as well as to assess differences in VO2 and RQ. Agreement between
predicted and measured REE was also assessed using the Bland-Altman approach (24). Bias is
indicative of group-level agreement between two assessments and was calculated as the average
difference between the mean predicted and measured REE. Limits of agreement provide insight
into how well two measures agree on an individual level; numbers that are closer together
indicate that two measurements agree better for each individual. These values were calculated as
bias + 1.96 standard deviations. In order to conceptualize bias and limits of agreement, these
numbers were expressed as a percentage of REE measured by the metabolic cart. An acceptable
difference in agreement was set at 5% between REE from the metabolic cart versus REE from
the FitMate GS and prediction equations, based on inter-individual variations of 2 - 5% (25, 26).
Pearson correlation coefficient between the mean of measured and predicted REE and bias were
used to determine if there were any trends in the magnitude of bias with increasing REE
measurement (proportional bias). The results were displayed in Bland-Altman plots to visually
describe agreement on an individual level.

As an exploratory analysis, we sought to assess the validity of using a different RQ
setting for the FitMate GS. VO: collected from the FitMate GS was multiplied by each
individual’s RQ obtained from the metabolic cart to obtain calculated VCOz. This estimated
VCO2 was then used to calculate an alternative REE using the abbreviated Weir equation, below.

REE (kcal) = (3.9 x VO [liters] + 1.1 x COz [liters]) x 1440 minutes/day

4.5 Results

A total of 26 patients (19 males; BMI: 27.8 + 5.5 kg/m?; age: 62 £ 10 years) participated
in the study; all females except one were post-menopausal. The majority of patients presented
with colorectal or non-small cell lung cancers, Table 4.1. One patient had stage 1 disease (4%), 6

had stage 2 (23%), 11 had stage 3 (42%), and 8 had stage 4 (31%). According to BMI
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classification, ten patients (38%) were normal weight, eight (31%) were overweight, and eight
(31%) had obesity.

Respiratory quotient from the metabolic cart was 0.80 + 0.05 (range: 0.69 to 0.92) which
was significantly different than the constant FitMate GS RQ of 0.85 (t=-6.09, p<0.001). VO2
from the metabolic cart was correlated to than that collected by the FitMate GS (r=0.796,
=<0.001), and these values did not differ on average (0.239 + 0.042 vs. 0.230 + 0.052 L/min,
p=0.161).

All measurements and predictions of REE were significantly correlated (r=0.68 to 0.98,
all p<0.001). Mean measured and predicted REE, bias, proportional bias, and limits of agreement
are presented in Table 4.2. In the group-level agreement analysis via paired samples t-test, no
differences were observed between the metabolic cart (as a reference method) compared to the
FitMate GS, Harris-Benedict equation, or Henry equation. However, REE calculated using the
Mifflin St. Jeor equation was lower than the metabolic cart measurement (1560 + 233 vs. 1652 +
280 kcal respectively, p<0.001), and proportional bias using this equation was present (r=-0.430,
p=0.028). When using each individual’s RQ to calculate FitMate GS VCO2, no improvement in
accuracy was observed. REE using this method (1601 + 360 kcal) was not significantly different
than the metabolic cart (p=0.224); bias was -3.4% (-52 kcal) and limits of agreement were -27.8
to 21.1% (-465 to 362 kcal).

Eight (31%) REE FitMate GS measurements fell within clinically acceptable limits (£5%
measured REE). Although REE from the FitMate GS was accurate on a group level (bias: -
3.4%, -52 kcal), this method produced the widest limits of agreement (-28.0 to 21.2%, -467 to
363 kcal)(Table 4.2). When assessing individual data, the FitMate GS measured REE from
18.7% (294 kcal) below to 34.0% (592 kcal) above REE measured by the metabolic cart.

Bland-Altman plots were used to visually examine the spread of bias and limits of
agreement using each REE method (Figures 4.2a-d). REE from FitMate GS had a fanning effect
wherein lower REE values had a narrower spread of biases and positive proportional bias was
present. Because of this data pattern, we also explored stratifying patients by BMI status (normal
weight [BMI 18.5 — 24.9 kg/m?] and overweight/obese [BMI > 25.0 kg/m?]). Bias and limits of
agreement for each method were similar as that produced from the entire sample (data not

shown). One subject had a bias from the FitMate GS that was a positive outlier. However, when
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this subject was excluded, overall bias was farther from zero (-4.9%, -78 kcal) and limits of
agreement were still wide (-24.8 to 15.0%, -410 to 255 kcal).

When the sample was divided by sex, bias and limits of agreement for the FitMate GS
REE were similar to those reported in the entire sample (males: bias = 2.3%, limits of agreement
= -28.3 to 23.7%; females: bias = -6.4%, limits of agreement = -27.2 to 14.4%). We also

excluded the female who was pre-menopausal and had similar patterns of results for all analyses.

4.6 Discussion and Conclusions

To our knowledge, our study is the first to assess the accuracy of a portable indirect
calorimeter with a hood system in individuals with cancer. In this cohort of patients with solid
tumors, FitMate GS was accurate on a group level compared to REE from a metabolic cart.
However, limits of agreement were wider on an individual level, and a higher proportion of
individuals had REE outside of clinical accuracy (>5% difference) compared to traditional
prediction equations.

The FitMate GS had a low bias, similar to bias from traditional equations, indicating its
accuracy on a group level. Nevertheless, limits of agreement were wide even when the same RQ
collected from the metabolic cart was used to predict REE, indicating poor agreement between
the FitMate GS and the metabolic cart. The accuracy of a different FitMate device (which uses a
mouthpiece and nose clip without canopy hood) has been previously explored in 60 healthy
males and females (age 19-65, BMI 19.2-44.8 kg/m?) compared with REE using a Douglas bag
(14). There were no differences between these tests on a group level (dependant samples t-test
and bias [-6 kcal]) and the limits of agreement were much smaller than the data reported within
our study (-164, 152 kcal/day). REE differences compared to the present study could be due to
study cohorts, as healthy adults are not affected by metabolic derangements that cause highly
variable REE in cancer (1).

In the clinical setting, Lupinsky ef al. (13) assessed the accuracy of the FitMate with
facemask (14) compared to a metabolic cart and predictive equations in four groups of patients:
1) receiving home parenteral care; 2) diabetic and overweight; 3) hospitalized and receiving
artificial nutrition; 4) heart disease (13). The FitMate performed well on a group level (bias -34
kcal), yet the limits of agreement were wide: -403 to 335 (absolute range of 738 kcal). Although

the authors concluded this to be an acceptable range, energy recommendations of approximately
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400 under- or 300 kcal over-prediction would be expected to contribute to weight loss or gain
over time.

Numerous other studies, mostly in healthy cohorts and populations other than cancer,
have attempted to validate various portable indirect calorimeters, with mixed results, as reviewed
by Hipskind et al. (9). The MedGem is the most commonly studied portable indirect calorimeter.
Reeves et al. (10) investigated the accuracy of the MedGem against a metabolic cart (VMax 229)
in a sample of patients with cancer (n=18, mixed tumor types) and healthy individuals (n=17).
Compared to the criterion method (metabolic cart), limits of agreement for the MedGem and
Harris-Benedict equation were wide, indicating low accuracy. The authors speculated that
differences in the collection system could have led to these findings as the MedGem mouthpiece
was smaller than the metabolic cart mouthpiece, and larger mouthpieces might increase
ventilation. The FitMate GS used in the present study, however, collected oxygen via a hood,
almost identical to the metabolic cart. Therefore, wide biases observed in our study are unlikely
to be explained by differences in the collection mechanism alone.

Metabolic alterations that occur in a tumor bearing state are sometimes reflected in fat
and carbohydrate oxidation rates. More specifically, various studies have reported lower RQs in
oncology patients than that of healthy controls (27-31), which is indicative of higher fat
oxidation. Although speculative, higher fat oxidation could therefore be a result of abnormal fat
metabolism including increased lipolysis, leading to elevated plasma free fatty acids and glycerol
that are associated with negative energy balance that often occurs in cancer (32). The average
RQ of patients included in the present study was 0.80, which was significantly lower than the
assumed value of 0.85 from the FitMate GS (p<0.001). Since RQ is an expression of VO2 and
VCOz2, both used in Weir equation for REE from the metabolic cart, we speculated this could be
a source of mismatch between FitMate GS versus metabolic cart measurements. As such, we
used each individual's measured FitMate GS VO:2 with their measured RQ from the metabolic
cart to calculate VCOz, consecutively using these values in the abbreviated Weir equation to
produce a theoretical REE. However, bias and limits of agreement were similar between the
measured and calculated FitMate GS measurements, which indicate that the set RQ of 0.85 was

not a significant source of error in our study. Furthermore, results were similar when patients

80



with pancreatic cancer whose REE might be elevated (33) were excluded from our analysis (data
not shown).

The FitMate GS software gives an option to stop testing when the system deems there is
sufficient data or allow the test to continue, 5 minutes of which are a calibration and are
discarded. The present study limited data collection to 20 minutes, although the user has the
option to collect additional data points. The FitMate GS in this protocol collected data based on a
single time interval, while steady state was selected according to indication of such on the
metabolic cart. Not achieving steady state can introduce inaccuracies in REE calculations (34).
Steady state measures are more accurate, precise, and less biased compared to any time interval
(e.g. 6-10 minutes, 6-15 minutes) collected from indirect calorimetry in healthy adults (35). It is
therefore possible that the method of assuming all data is a steady state introduces inaccuracies
for each individual. Although we did not alternate the order of the REE tests, each participant
had adequate time to lay supine and relax before the FitMate GS test commenced. Each
participant rested for 10-15 minutes before testing and no steady state data was collected in the
first 10 minutes. This means that each individual had at least 20 minutes of rest before data
collection began, as recommended by the Academy of Nutrition and Dietetics (23).

Our data showed a fanning effect wherein higher mean REE from the FitMate GS and
metabolic cart had slightly wider biases (positive proportional bias). Since body size is the main
determinant of REE, our findings indicate that individuals with obesity are more likely to have a
higher mean REE with consequently larger bias. However, our results did not change when we
assessed bias and limits of agreement across different BMI categories or by sex. This indicates
the Fitmate GS is not exceptionally better or worse at measuring REE among sub-groups of
patients, although this conclusion should be interpreted with caution due to our limited sample
size (n=10 normal weight, n=16 overweight/obese and n=19 males, n=7 females).

The Harris-Benedict, Mifflin St. Jeor, and Henry equations were included only for
comparative purposes in this study, noting we are aware of a large body of literature
investigating which predictive equations are most suitable for a given population. Another
investigation in 18 cancer patients with various types of tumors (lung, gastrointestinal, and
“other”, which included bladder, cervical, and testicular cancer) found that most equations

predicted REE within 10% of measured REE for approximately 50% of individuals (4). While
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the Mifflin St. Jeor equation in this study did not have proportional bias, other equations had a
negative proportional bias, similar to the data hereby presented. Of note, the standard deviation
for measured REE for our data was larger than that captured by Reeves et al. (4) (280 versus 90
kcal). Thus, the proportional bias observed in our data could be a result of a diverse patient
selection (i.e. both studies recruited individuals with numerous types of cancer types) and larger
sample size in our data. These results and the data presented here indicate that prediction
equations were not accurate for many individuals with cancer; and the use of the FitMate GS did
not improve REE prediction compared to equations.

Our study collected sufficient data to assess the accuracy of the FitMate GS in a single
group of patients. However, separating our data by BMI class, tumor type, or another
characteristic was not possible. Larger sample sizes might show sub-groups of patients in which
the FitMate GS performs better. Metabolic carts are used in nearly all validation studies due to
its high availability and lower cost (compared to whole-body calorimetry), patient burden, and
technical skill (36). However, validation against other tools such as whole body calorimetry units
would be ideal to validate the use of Fitmate GS in oncology patients, either revealing more or
less individual accuracy. These data were also not compared to our own data of FitMate GS
accuracy from healthy individuals, although the individual error is higher than that reported in a
separate sample of healthy adults (14). Of note, one individual had RQ < 0.70, which could
indicate ketosis or metabolic cart error, which was not confirmed by 24-hour dietary recalls or
calibration procedures. All calibration procedures and test protocols were completed to minimize
such error. In addition, simultaneous measurement of O2 from each machine using the same
ventilated hood and three-way valve would eliminate the effect of order of testing in future
studies. Our findings nonetheless showed that while the FitMate GS was accurate on a group
level, individual level agreement was poor and inferior to three predictive equations when

compared to a metabolic cart in a sample of patients with solid tumours.
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Figure 4.1 The FitMate GS™" with ventilated hood system.
Photograph provided courtesy of COSMED USA, Inc — Concord, CA
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Figures 4.2 a-d. Bland-Altman plots to characterize the difference for average values
between resting energy expenditure (REE) measured by metabolic cart and the (a) FitMate
GS, (b) Harris-Benedict equation, (c) Mifflin St-Jeor equation and (d) Henry equation. The
middle solid line represents bias (mean difference between measured and predicted REE) and the
two dotted lines represent the 95% limits of agreement (bias + 1.96 standard deviations). Blue
areas are clinically significant, or within 5% of measured REE from metabolic cart.
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Table 4.1 Overall characteristics of patients with solid tumors

All (n=26) Males (n=19) Females (n=7)

Age (years) 62+10 63+5 59+17
(35-84) (55-73) (35-84)
Body weight (kg) 83.1+184 823+17.8 84.4+222

(57.4-1183)  (57.4-131.6)  (58.6— 118.3)

Height (cm) 172.7+8.3 175.0+7.3 166.5 £ 8.6
(156 -189.5)  (161.0-189.5) (156.0—180.0)

BMI (kg/m?) 27.8+5.5 26.8+4.8 303£7.0
(20.8 —39.5) (20.8 —37.2) (22.5-39.5)
Cancer type (n, %)

Colorectal 10 (38) 7 (37) 3 (43)
Non-small cell lung 8 (31) 4(21) 4 (57)
Renal cell carcinoma 4(11) 4(21) 0(0)
Pancreatic 4 (11) 4(21) 0(0)
REE (metabolic cart) 1652 + 280 1708 +268 1500 £ 273

(1223-2420)  (1252-2420) (1223 —2010)

BMI: body mass index. REE: resting energy expenditure. Data are presented as mean +
standard deviation (range) or number (percent) where appropriate
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Table 4.2 Agreement between resting energy expenditure (REE) from the FitMate GS, metabolic cart, and prediction

equations (n=26)

REE REE vs. Proportional bias Bias Limits of | Bias | Limits of
Mean = SD metabolic cart* Mean £SD | agreement | % | agreement
(range) %
t-value | p-value | r-value | p-value
Metabolic cart 1652 +280
(1223 - 2420)
FitMate 1600 + 360 1.24 0.223 0.394 0.046 -52+£212 -467,363 | -3.4 |-28.0,21.2
(1142 - 2334)
Harris-Benedict 1608 267 1.86 0.085 -0.229 | 0.263 -44 + 120 -279, 191 23 | -15.8,11.2
(1193 - 2453)
Mifflin St. Jeor 1560 + 233 4.23 <0.001 |-0.430 | 0.028 92+ 111 -311,126 | -5.1 |-17.1,6.9
(1150 - 2230)
Henry 1611 +242 1.74 0.095 -0.328 | 0.102 -41 + 121 -279,197 | -1.9 | -154,11.5
(1251 - 2388)

* p <0.05, paired t-test.
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Chapter S Predictors of Resting Energy Expenditure in Colorectal Cancer
5.1 Preface

The following chapter is derived from patients diagnosed with stage II-IV colorectal
cancer at the Cross Cancer Institute around the time of diagnosis (n=86). This is the first study to
characterize the determinants of REE in this population. A version of Chapter 5 is being prepared
for submission to Applied Physiology, Nutrition, and Metabolism with the following co-authors:
Dr. Vickie E. Baracos, Dr. Quincy S.C. Chu, Dr. Michael B. Sawyer, Dr. Marina Mourtzakis, Dr.
Jessica Lieffers, Dr. Diane Severin, and Dr. Carla M. Prado.

All data from study 1 was previously collected by other individuals. I was responsible for
measuring resting energy expenditure and collecting anthropometric and demographic data from
individuals in Study 2. I collected patient-reported measures and information from medical
records in Study 2. I also applied for and maintained ethical approval for this study. Body
composition was assessed by computerized tomography, which was collected from medical
records and coded for body composition by a research assistant. I contributed to formulating the
research question, study design and implementation of Study 2 as well as data analysis and
interpretation and initial chapter/manuscript preparation (~70% total proportion of contribution

to research and writing).
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5.2 Abstract

Resting energy expenditure (REE) might be impacted by tumor burden, inflammation,
and altered body composition in patients with cancer. The objective of this study was to
characterize the determinants of REE in patients with stage II-IV colorectal cancer (CRC). REE
was measured via indirect calorimetry and computerized tomography images ascertained skeletal
muscle and total adipose tissue cross-sectional areas, which were transformed to lean soft tissue
(LST) and fat mass (FM) values (in kg). Linear regression assessed the determinants of REE.
Eighty-six patients were included (n=55, 64.0% male; 60 + 12 years old; median body mass
index: 27.6, interquartile range: 24.3 - 31.2 kg/m?), with most (n=40) having stage III disease.
Age, sex, and weight were significant predictors of REE (R?>=0.829, standard error of the
estimate [SEE]: 128, p<0.001). Replacing weight with LST and FM yielded a similar model,
with age, sex, LST and FM predictive of REE (R?=0.820, SEE: 129, p<0.001). In conclusion,
age, sex, weight, LST, and FM were the main contributors to REE. Further investigation of REE
changes over time and its relationship to TEE, dietary intake, and clinical outcomes should be

explored.

5.3 Introduction

Cancer might induce several physiological alterations such as metabolic demand of the
tumor itself and associated systemic inflammation, altered body composition, and/or brown
adipose tissue activation (1), which might impact resting energy expenditure (REE). Since REE
is the largest component of total energy expenditure (TEE), substantial alterations in REE might
change energy requirements. REE has also been associated with chemotherapy toxicity and
shorter survival (2, 3). As such, characterizing factors that predict REE is an essential step in
improving nutritional care in oncology.

Characterizing REE in cancer is complicated by differences among tumor types (4).
Therefore, assessing energy metabolism in homogenous samples of patients or comparing energy
metabolism between different cancer types might provide a better platform for understanding
metabolism. Colorectal cancer (CRC) is of particular interest since it is the second most common
type of cancer in Canada (5) and third most common cancer worldwide (6). Previous research
has suggested that REE in individuals undergoing radiotherapy for CRC is influenced by

advanced stage (III/IV) and systemic inflammation (7, 8). However, the relative influence of
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body composition has not been explored in this cohort, although computerized tomography (CT)
images are expedient and readily available in medical records for body composition assessment.
Skeletal muscle (SM) and adipose tissue are highly variable in CRC (9) and associate with
energy metabolism in cohorts of healthy individuals (10, 11). Large variation in body
composition is frequently observed in cancer and might therefore impact REE, although the
extent to which this might occur has been scarcely characterized. Given these research gaps and
importance of understanding energy metabolism in cancer, the aim of the current study was to
characterize the determinants of REE in patients with stage II-IV CRC using data collected from
medical records. It was hypothesized that age, sex, height, and weight would independently
predict REE, given that these are the main determinants of REE in healthy populations (12). It
was also hypothesized that estimations of lean soft tissue (LST) and fat mass (FM) would predict
REE because body composition impacts REE in healthy populations (10, 11, 13). Cancer stage
was also hypothesized to predict REE since stage IV disease has been previously associated with

higher REE because of the presumed higher average metabolic demand of metastases (4, 14).

5.4 Methods
5.4.1 Participants

All patients were recruited from the Cross Cancer Institute in Alberta, Canada with
approval by the Health Research Board of Alberta. Written informed consent was provided prior
to any study measurements. The data presented here is a unique analysis of data from 1) an
investigation of nutritional, metabolic, and functional status in patients with advanced non-small
cell lung cancer or CRC, described elsewhere (15, 16) (hereby referred as Study 1) and 2) a
cross-sectional study profiling energy expenditure, body composition, exercise, and dietary
intake in patients with several tumor types (17) (hereby referred Study 2). Exclusion criteria
included use of medications that might interfere with REE (unstable thyroid medication dose,
steroids, or hormones), surgery in the previous 4 weeks, pregnancy, or current breastfeeding.
Only patients with stage II-IV CRC were included in the present analysis as patients with stage I

cancer receive no further treatment after tumor removal.

5.4.2 Anthropometrics

Height and weight were measured using a Health-O-Meter Professional digital scale with

height rod (McCook, IL, USA; model number: 597KL) or a QuickMedical Heightronic digital
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standiometer (Northbend, WA, USA) for height and a SECA 766 digital scale (Hannover, MD,
USA) for weight. Body mass index (BMI) was computed as weight (kg)/height (m?) and
classified according to World Health Organization cut-points (18).

5.4.3 Body Composition

CT images originally collected for diagnostic purposes were used for body composition
analysis using sliceOmatic software (V4.3 [Study 1] and V5.0 [Study 2], TomoVision, Montreal,
Canada, TomoVision, Montreal, Canada). Only images taken within 100 days of REE
measurement were used. Cross sectional areas for each tissue were computed by summing tissue
pixels and multiplying by the surface area. Tissues at the third lumbar vertebra were used, as SM
and adipose tissue at this landmark are highly correlated to whole-body SM and adipose tissue
mass (19). The rectus abdominus, erector spinaec muscles, quadratus lumborum, psoas, and
internal, transverse and external oblique muscle groups were quantified for SM cross-sectional
area. Total adipose tissue (TAT) was measured as the sum of visceral, subcutaneous, and
intramuscular adipose tissue cross sectional areas. Hounsfield unit thresholds for determining
tissues were as follows: -29 to 150 for SM, -150 to -50 for visceral adipose tissue, -190 to -30 for
subcutaneous adipose tissue, and -190 to -30 for intermuscular adipose tissue. Only TAT was
used in the analysis. For descriptive analysis, SM and TAT were adjusted by height in m? (SM
index, SMI, and TAT index, TATI). SM was transformed to lean soft tissue (LST) in kg by the
equation: 0.30 x SM + 6.06, (20). This value was subtracted from total body weight as a rough
estimate of fat mass (FM) and bone (herein referred to only as FM). Sarcopenia was defined as:
SMI < 43c¢cm?/m? in underweight and normal weight males, < 53 cm?/m? in overweight and obese
males and < 41 cm?/m? in females (21). Notably, CT image analysis is not prone error caused by
fluid retention that might impact the accuracy of body composition measurements from
bioelectrical impedance analysis or dual energy X-ray absorptiometry; edema was therefore not

considered an exclusion criterion for CT image analysis in this study.

5.4.4 Resting Energy Expenditure

REE in both studies was assessed using indirect calorimetry with a canopy hood system
(VMax Spectra 29N; Sensor-Medics, Yorba Linda, CA, USA). The test was conducted after an
overnight fast, with patients avoiding food, smoking, caffeine, and physical activity the morning

of testing. Air flow and volume were manually calibrated before each measurement using a
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three-liter syringe. Gas analyzers were also automatically calibrated prior to each test using
known standard gas concentrations of 20.95% oxygen (0O2) and 0.03% carbon dioxide (CO2),
without structured burn tests. Patients rested for a minimum of 10 minutes before a canopy was
placed over their head and shoulders for approximately 30 minutes to measure O2 consumption
and COz production. Only breath samples wherein variations in volume of O2 and CO2 of < 10%
over five consecutive minutes (steady state) were used for analysis. No steady state data was
collected in the first 10 minutes of REE measurement, thereby ensuring that all patients had a
minimum of 20 minutes total rest before including data in the calculation of REE (in line with

current guidelines [22]). The modified Weir equation was used to calculate REE (23).

5.4.5 Clinical and Medical Variables

Patients completed the Patient-Generated Subjective Global Assessment (PG-SGA) —
short form (24), which includes information regarding 1-month and 6-month weight change,
changes in food intake, nutrition impact symptoms, and physical function. Cancer staging was

determined from medical record notes.

5.4.6 Statistical Analysis

Data were assessed using SPSS version 25 (IBM Corp., Armonk, NY, USA) and are
presented as mean =+ standard deviation or median (interquartile range, IQR); significance was
considered at p<0.05. A post-hoc power analysis from model 1 yielded  0.999 with our
observed R2, nine independent variables, and 0=0.05.

Normal distribution was evaluated using the Shapiro-Wilk test. Correlation was
determined using Pearson’s correlation coefficient or Spearman’s rho for non-parametric
variables. Differences between two groups was determined via independent samples t-test or
Mann-Whitney U-test in the case of continuous non-parametric variables. Paired-samples t-test
evaluated within-group differences. T-test for independent proportions assessed group
differences in categorical variables. Similarly, one-way analysis of covariance or Kruskal-Wallis
test (for non-parametric variables) assessed differences between three independent groups.
Where appropriate, analysis of covariance compared differences between groups, controlling for
a variable.

Univariate linear regression models were first constructed to identify potential

explanatory variables in multivariate models. Two multivariate linear regression models were
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conducted with REE as a dependent variable and independent variables entered simultaneously
(i.e. “enter” method). Explanatory variables in model 1 included age, sex, height, weight; in
model 2 these included age, sex, height, LST, and FM. Covariates in all models included study
(1 or 2), cancer type (colon or rectal), or cancer stage (II/III or IV). Results from regression
models are presented as B-coefficients and standard error of the coefficient. Standardized
residuals of the regression line were checked for each independent variable. Homoscedasticity
was visually confirmed using plots of the independent variable against the residuals of dependent
variable (REE). Co-linearity among independent variables within each regression model was
assessed by variance inflation factors, with values <5 indicating no co-linearity was present.
Homoscedasticity of standardized residuals and predicted values were visually assessed using

scatterplots. Several interaction terms were calculated and included in models, only if significant.

5.5 Results

A total of 86 patients had REE and anthropometric measurements, Table 5.1. Most
patients had BMI within the normal or obese categories (n=31, 36% each); only 2 (2.3%)
patients were underweight. There was a higher number of patients with colon cancer (n=61,
70.9%) and most patients (n=40, 46.5%) had stage III cancer. Median 1-month weight change
was 0% (IQR: -2.4 to 1.2%) and median 6-month weight change was -3.2% (IQR: -7.6 to 0%).
Few patients had undergone previous radiation therapy (n=12, 13.9%) and there were no
differences in age, height, weight, body composition (SMI, TATI, LST or FM) or REE between
these patients and those without previous radiation therapy. Median days between CT image
acquisition and study measurements was 29 (IQR: 15 — 54 days).

Differences in age, sex, height, weight, LST, FM (in absolute terms and adjusted by
height), and 1-month and 6-month % weight change were assessed between groups of patients
according to study, cancer type, and stage. Individuals with advanced disease were shorter (168.0
+9.2 vs. 172.7 £ 8.9 cm, p=0.024) and individuals with rectal cancer were younger (56 + 10 vs.
61 £ 12 years, p=0.048). Disease stage (I-I1I vs. IV), cancer type (rectal vs. colon), and study (1
versus 2, since study 1 only included patients with stage IV CRC) were therefore included as
covariates in all linear regression models.

Of the 76 patients with body composition data available, 23 (30.3%) had sarcopenia.

Individuals with sarcopenia had lower BMI than those without sarcopenia (26.2 vs. 29.0 kg/m?,
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p=0.025), but no other differences were observed. Inclusion of sarcopenia in regression models
outlined below did not improve the predictive capabilities of any model; therefore, LST was
entered as a continuous variable.

Mean measured REE was 1632 + 296 kcal/day, and two models were created to
determine predictors of REE. One outlier was identified and violated the assumptions of normal
residuals and homoscedasticity for several variables in linear regression and was therefore
excluded from further analyses. In univariate analyses, sex (349.3 = 55.2, R%: 0.326, p<0.001),
age (-5.9 £ 2.8, R%: 0.051, p=0.038), height (21.4 = 2.6, R?: 0.445, p<0.001), weight (12.5 £ 1.0,
R?: 0.649, p<0.001), LST (20.3 + 2.0, R* 0.578, p<0.001), and FM (11.0 + 2.3, R*: 0.245,
p<0.001) were significant predictors of REE. In multivariate model 1, age, sex, and weight were
significant predictors of REE, with 82.9% of variance in REE explained (SEE: 128 kcal/day),
Table 5.2. In multivariate model 2, age, sex, LST and FM were significant predictors of REE,
with 82.0% of variance in REE explained (SEE: 129 kcal/day), Table 5.2.

5.6 Discussion and Conclusions

Characterizing energy metabolism in cancer is an essential endeavor, since REE is a large
part of energy requirements and might associate with clinical outcomes (2, 3). Here, we report
that age, sex, and weight are significant predictors of REE close to diagnosis. Inclusion of body
composition variables did not improve predictive ability of the model, although both LST and
FM were independent predictors of REE.

Body size is a determinant of energy expenditure (25) and forms the basis of most REE
predictive equations. Although body composition is a primary determinant of REE heterogeneity
(26) and individuals with cancer have highly variable body composition at diagnosis (15),
replacing body weight with LST and FM did not result in a stronger predictive model in our
sample. While SM, TAT, and bone make up a large proportion of body weight, these tissues only
account for about 30% of the variability in REE in healthy individuals (10, 11). In patients with
cancer, metastatic disease progression in may eclipse REE alterations which would occur with
extreme values of LST and FM in healthy adults (14). For example, an estimated average liver
mass increase of 0.74 kg over an 9.5 months (14) would equate to an REE increase of ~150
kcal/day, assuming a 200 kcal/kg/day energy consumption of hepatic tissue (27). Skeletal muscle
uses ~13 kcal/kg/day and adipose tissue uses ~4.5 kcal/kg/day (27). It would therefore take an
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exceptionally larger mass of skeletal muscle and adipose tissue loss to negate the additional
metabolic demand of a few grams of cancerous tissue in organs with high metabolic rates.
Notably, however, the evolution of tumor metabolic demand is unknown in each individual
without multiple accurate assessments of REE, tumor size, and body composition. Although
advanced stage was hypothesized to affect REE (since metastatic disease has previously been
associated with elevated REE [4]), this was not apparent in our analysis. It is therefore plausible
that the impact of cancer stage on REE becomes apparent only later in the disease trajectory. For
example, metabolic demand of a tumor can range anywhere from 100 to 1400 kcal/kg/day,
depending on size and glycolytic activity (28), with presumed increased metabolic demand in
patients with extensive metastases. Significant REE increase in patients with stage IV CRC may
theoretically only be apparent after failure or discontinuation of anti-cancer treatments, wherein
metastases might continue to worsen. Further exploration of the evolution of REE in relation to
disease progression, dietary intake, and overall TEE might aid in the process of triaging patients
for intensive nutrition interventions. The relationship between body composition with other
aspects of metabolism (metabolic flexibility, TEE, physical activity) also warrants further
exploration in this population.

Body weight, age, and sex were the primary determinants of REE in this investigation,
which form the basis of most REE predictive equations. Although ~80% of the variability in
REE was explained in both models, 20% of REE was left unexplained and currently available
REE equations are not accurate for each individual with cancer (reference [29] and Chapter 3
results). Use of predictive equations for dietary recommendations can therefore not be endorsed
as an accurate assessment of energy requirements at this time. Improved REE equations should
be developed, requiring large validation datasets, cross-validation with other cancer populations
for external validity, and REE measured by metabolic carts (rather than portable calorimeters).

Assessing abnormal REE is useful since wide deviations from these values might indicate
alterations in whole-body metabolism which may affect energy requirements. However, methods
to define abnormal metabolism are controversial and there is no consensus on the most accurate
method to identify altered REE. In nutritional oncology, hyper- or hypo-metabolism is often
defined in relation to predicted REE from the Harris-Benedict (30) or Mifflin St. Jeor (31)

equations (2, 3). However, expressing REE in relation to published equations designed for
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healthy individuals assumes that these equations are accurate, which is not always the case (32).
Our study was also not powered to investigate potential physiological differences between
individuals with “normal” or “abnormal” metabolism, nor were tumor volume calculations
attained (which may explain apparent altered REE to a greater degree than body composition).
Larger sample sizes of individuals with cancer with repeated measures of inflammation, tumor
size, and body composition might shed light on the determinants of unusually high or low values
of REE.

Although REE has been postulated to play a significant role in cancer-associated weight
change (33), REE was not correlated to previous weight change in our sample. However, REE
might arguably influence weight change over time or play a larger role in certain cancers (e.g.
lung or pancreatic) where high REE and substantial wasting are prevalent (34, 35). In addition,
disease progression may not be apparent in patients with earlier stages of disease but is inevitable
in individuals with stage IV cancer. While REE is the largest part of TEE, physical activity is
highly variable and high REE is not associated with TEE in patients with newly diagnosed CRC
(Chapter 7). Therefore, the impact of REE on energy requirements and subsequent weight
change might play a lesser role on energy balance than originally anticipated in patients with
CRC, at least early in the disease trajectory.

Although this study is the one of the largest investigations of a group of patients with the
same type of cancer, some limitations should be considered. Systemic inflammation might
associate with REE (7) but was not measured in this study. Our institution, like many others,
does not routinely measure indices of inflammation (i.e. C-reactive protein). We sought to
explore the determinants of REE using data available in medical records to potentially translate
our findings to clinical practice and reduce unnecessary patient burden. Data was also aggregated
from two separate investigations to increase statistical power. These studies recruited patients
from the same cancer center and used the same indirect calorimeter; study was also controlled
for in the statistical analyses. Nevertheless, error is inherent in data aggregation and might have
impacted our results. Furthermore, REE in the context of TEE was not described and we can
therefore not comment on overall energy balance or which energy needs equations might be

more appropriate.

99



In conclusion, age, sex, weight, LST, and FM were the main contributors to REE in this
sample of individuals with stage II-IV CRC. Further exploration of REE changes over time and

its relationship to TEE, dietary intake, and clinical outcomes should be explored.
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Table 5.1 Characteristics of 86 patients with stage II-IV colorectal cancer

All (n=86)* Males (n=55)* Females (n=31)* p

Age, years 60+ 12 61+11 58+13 0.267
Height, cm 171.1+9.3 175.6 7.1 163.0+6.8 <0.001
Weight, kg' 80.9 (68.1 —95.1) 70.8 (59.9-81.1) |89.0(72.1-98.8) | 0.001
Body mass index, kg/m? f 27.6 (24.3-31.2) 28.4(25.2-31.3) |25.1(2.7-30.6) |0.226
Skeletal muscle cm? 151.7+36.0 168.0 + 30.0 119.1 £22.1 <0.001
Skeletal muscle index, cm?*/m? 51.0+£9.6 54.1 £9.1 447+ 7.6 <0.001
Total adipose tissue, cm? 367.7+191.3 391.1+197.7 321.0+172.2 0.136
Total adipose tissue index, cm?*/m? 124.0 £ 62.6 1259+ 62.6 120.3 £ 63.7 0.714
Resting energy expenditure, kcal/day 1603 (1412 — 1862) 1783 (1575 —1968) | 1405 (1259 — 1500) | <0.001
Tumor type (n, %)

Colon 61,70.9 38, 69.1 23,74.2 0.617

Rectal 25,29.1 17,30.9 8,25.8 0.617
Stage (n, %)

II 14, 16.3 9,164 5,16.1 0.977

111 40, 46.5 29, 52.7 11, 35.5 0.124

v 32,37.2 17,30.9 15,48.4 0.107

Presented as mean + standard deviation, median (interquartile range), or n, column %
*n=75 total, n=50 males, n=25 females with body composition available.
*non-normally distributed within one or both groups; presented as median (interquartile range); Mann-Whitney

U-test for differences between groups. Note: resting energy expenditure was normally distributed when one outlier was removed

(all: 1631 + 296 kcal/day; males: 1759 + 251 kcal/day; females: 1410 + 235 kcal/day, p<0.001).
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Table 5.2 Multiple linear regression of predictors of resting energy expenditure in
patients with colorectal cancer

Coefficient + SE p-value R? SEE

Model 1 <0.001 0.829 128

Age,y 56+1.3 <0.001

Sex 202.4 +39.5 <0.001

Height, cm 26+23 0.219

Weight, kg 9.8+£0.9 <0.001
Model 2* <0.001 0.820 129

Age,y -5.0+£14 0.001

Sex 174.8 £49.1 0.001

Height, cm 9.06 +£2.90 0.332

Lean soft tissue, kg 12.1 £2.1 <0.001

Fat mass, kg 85+1.3 <0.001

All models included study (1 or 2), cancer type (colon or rectal), and stage (II/III or IV) as
covariates; none of these covariates were significant predictors. Sex: O=female, 1=male
SE: standard error; SEE: standard error of the estimate

*n=74. Model 1: n=85
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Chapter 6 Determinants of Change in Resting Energy Expenditure in Patients with Stage
ITI/TV Colorectal Cancer

6.1 Preface

Chapter 6 uses data from patients diagnosed with stage III or IV colorectal cancer
diagnosed at the Department of Surgery at Sahlgrenska University Hospital (Gothenburg,
Sweden) (Study 1) or the Cross Cancer Institute (Study 2). This is the first study to examine
inflammation, body composition, and stage as determinants of individual REE change during
cancer treatment. This has been accepted for publication as a full-length article in Clinical
Nutrition (submitted on August 30, 2018, accepted December 26, 2018). Co-authors were as
follows: Dr. Ola Wallengren, Dr. Vickie E. Baracos, Dr. Kent Lundholm, Dr. Britt-Marie Iresjo,
Dr. Quincy S.C. Chu, Dr. Sunita Ghosh and Dr. Carla M. Prado.

I was responsible carrying out data analysis and interpretation and drafting the first
version of the chapter/manuscript; I did not directly collect any patient data (~60% total
proportion of contribution to research and writing). Data from Study 1 was provided from
collaborators in Sweden (Professor Kent Lundhom, Dr. Ola Wallengren, and Dr. Britt-Marie
Iresj0) and data from Study 2 was previously collected by individuals other than me at the Cross
Cancer Institute. In addition to my role, collaborator contributions were as follows: Dr. Vickie
Baracos and Dr. Carla Prado contributed to the acquisition of data in Study 2; Dr. Kent
Lundholm and Dr. Britt-Marie Iresjo contributed to the acquisition of data in Study 1; all authors
contributed to the analysis and interpretation of the data and revising the manuscript for

intellectual content.
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6.2 Abstract

Resting energy expenditure (REE) is variable in cancer and might be influenced by
changes in tumor burden, systemic inflammation, and body composition. The objective of this
study was to assess REE change and the predictors of such in patients with stage III or IV
colorectal cancer. REE was measured via indirect calorimetry and fat mass and fat-free mass
(FFM) were assessed using dual X-ray absorptiometry as part of a unique analysis of two studies.
C-reactive protein (CRP) was measured as an inflammatory marker. Linear regression was used
to assess the determinants of REE at baseline and REE change, with days between baseline and
follow-up measures included as a covariate. One-hundred and nine patients were included at
baseline (59.6% male; 67 £ 12 years; body mass index 24.1 + 4.3 kg/m?); 49 had follow-up data
(61.2% male; 65 £ 12 years; body mass index 25.4 + 4.3 kg/m?), with median follow-up of 119
days (interquartile range: 113 — 127 days). At baseline, age, FFM, and CRP explained 68.9% of
the variability in REE. A wide variability in REE change over time was observed, ranging from
-156 to 370 kcal/day, or -13.0 to 15.7%/100 days. CRP change (17.3 + 4.2 mg/dL, p<0.001) and
stage (81.3 + 38.7, p=0.042) predicted REE change in multivariate analysis, controlling for age,
FFM change, and days between visits (R 0.417 + 88.2, p<0.001). In conclusion, age, FFM, and
CRP predicted REE at a single time point. REE change was highly variable and explained by
inflammation and stage. Future research should investigate the validity and feasibility of

incorporating these measures into energy needs recommendations.

6.3 Introduction

Resting energy expenditure (REE, the largest component of total energy expenditure) is
often measured or estimated for energy needs assessment. While REE in healthy populations is
predictable, REE is variable in patients with cancer and might be influenced by several factors
(1). As body composition (particularly FFM) is a major determinant of REE in healthy
populations, substantial changes in FFM could affect REE in these patients. Furthermore,
systemic inflammation is also positively associated with REE at a single timepoint (2), and may
change throughout disease trajectory (3). The energetic demand of the tumor itself can also
substantially impact energy metabolism, especially in the presence of metastases which increase

REE (4, 5).
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Furthermore, different types of cancer might induce unique alterations in energy
expenditure. For example, higher REE is more common in patients with lung, pancreatic, or liver
cancer compared to gastrointestinal or urologic cancer (6). Colorectal cancer is one of the most
commonly diagnosed cancers worldwide (7). These patients have highly variable body
composition, independent of body weight (8), which might substantially impact REE.

Previous literature suggests REE may decrease (9), increase (10), or stay the same (11) in
patients with cancer. However, the influence of changes in body composition and other variables
such as inflammation on REE change per se has not been investigated in colorectal cancer.
Furthermore, the methodological issue of dividing REE by measures of body weight or
composition precludes accurate conclusions about energy expenditure, as we and others have
discussed (1, 12).

While the impact of tumor burden on REE has been previously investigated in colorectal
cancer (5, 11) and average REE change has been reported (13), the variability in REE change
and the determinants of such have not been described. Therefore, the objective of this study was
to assess REE change and the influence of several variables in patients with stage Il or IV
colorectal cancer. It was hypothesized that REE at follow-up would not be different than REE at
baseline, given the findings from Maguire ef al. (13) and Ravasco et al. (2, 11). Despite average
null changes in REE, it was hypothesized that FFM change, inflammation (C-reactive protein,
CRP) change, and stage (III or IV) would independently predict REE change in individual
patients because 1) FFM is a major determinant of REE (14, 15), 2) inflammatory cytokines
positively associate with REE (2), and 3) metastases increase REE through increased tumor

burden (5).

6.4 Methods
6.4.1 Participants

This is a unique analysis of data collected as part of two previously published studies (16,
17). Data from Study 1 was collected at the Department of Surgery at Sahlgrenska University
Hospital (Gothenburg Sweden) between 1993 and 2005 and was approved by the Committee for
Ethics at the Faculty of Medicine, University of Gothenburg. Patients with stage III or IV
colorectal cancer were included in the present analysis. Individuals in this study were not

undergoing chemotherapy or radiotherapy but were offered an intervention with anti-
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inflammatory treatment with indomethacin (18), insulin (19), erythropoietin for anemia (20, 21),
dietary counseling, and nutritional support (22). Inclusion criteria were weight loss (3 - 5% over
3 months), no effective treatment available, and expected survival > 6 months. Exclusion were
brain metastases, treatment with anti-inflammatory drugs, kidney function impairment (serum
creatinine > 200 umol/l), body temperature >37.8°C, or persistent cholestasis. Patients had not
received radiation or chemotherapy in the six months prior to baseline measures or during
follow-up. Median survival from baseline assessments in this study was 453 days (interquartile
range [IQR]: 303 - 742 days).

Data from Study 2 (17, 23) was gathered at the Cross Cancer Institute in Edmonton,
Alberta, Canada between January 2005 and October 2006 and approved by the Alberta Cancer
Board Research Ethics Board. Patients with newly diagnosed advanced (stage I'V) colorectal
cancer, age >18 years and able to communicate in English were included. Exclusion criteria were
pregnancy, human immunodeficiency virus+, or presence of a pacemaker. Median survival from
baseline assessments was 183 days (IQR: 104 — 320 days). Informed consent was collected from

all participants in both studies, in line with the Declaration of Helsinki.

6.4.2 Anthropometrics and Body Composition

In Study 1, body weight was measured by a calibrated electronic scale and height was
assessed via a wall-mounted stadiometer (Hultafors Group AB, Sweden). Body composition was
quantified using a LUNAR DPX-L dual X-ray absorptiometry (Scanexport Medical,
Helsingborg, Sweden). The extended research mode of the LUNAR-DPX-L software (version
1.31, Scanexport Medical) was used.

In Study 2, body weight was assessed using a SECA 766 digital scale (Hanover, MD,
USA) and height was assessed using a QuickMedical Heightronic digital stadiometer
(Northbend, WA, USA). Body composition was measured by a LUNAR Prodigy High Speed
Digital Fan Beam Densitometer with enCORE 9.20 software. Body mass index (BMI, kg/m?) for

all patients was calculated and categorized according to the World Health Organization (24).

6.4.3 Resting Energy Expenditure
Both studies utilized indirect calorimeters after an overnight fast. Study 1 used a Deltatrac
machine (Datex, Helsinki, Finland) and Study 2 used a Vmax 29N (SensorMedics, Yorba Linda,

CA). Previous research has shown the VMax system to have the best agreement with the
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Deltatrac indirect calorimeter (25). The Weir equation (26) was used to calculate REE and
respiratory quotient was calculated as the ratio of CO2 volume to Oz volume. A rest period of 30
minutes before REE was conducted in each study. Study 1 measured gas exchange from 30
minutes (after the first 3 minutes were discarded) and Study 2 collected a minimum of 15
minutes steady state measurements. REE was not divided by body weight or any measure of
body composition, as this creates a statistical bias and might lead to false conclusions about REE
(1). REE change was expressed in absolute terms and as percentage change/100 days (percent
change/days between visits x 100) to account for follow-up heterogeneity between and within

studies.

6.4.4 Biochemical Assessments

CRP was investigated in both studies as a potential influence of REE and body
composition. In Study 1, CRP analyses were part of routine care and assessed in the certified
Department of Clinical Chemistry at Sahlgrenska University Hospital. Study 2 used rate
nephelometry on Beckman Image (CV=10%) as analyzed by a clinical laboratory provider
(Dynacare Kasper Medical Laboratories). CRP values were converted from mg/L to mg/dL by

multiplying the former value by 0.1 before inclusion in any statistical analyses.

6.4.5 Statistical Analyses

All tests were completed in SPSS version 24 (IBM Corp., Armonk, NY, USA) and
presented as mean + standard deviation or median (IQR) where appropriate. Significance was
defined as p < 0.05 and normality was assessed using the Kolmogorov-Smirnov test. Overall
change in variables between baseline and follow-up were assessed using paired-samples t-test; in
the case of non-normality in the differences between baseline and follow-up variables, Wilcoxon
signed rank test was used. Differences between groups was assess using independent samples t-
tests; in the case of non-normally distributed variables, Mann-Whitney U-test was used.

Linear regression was used to predict REE at baseline and REE change in absolute
values. Several predictive variables were investigated including age, sex, height, body weight,
cancer stage, presence of liver metastases, FM, FFM, and CRP, with stepwise linear regression
used to identify the best model to predict REE at baseline. When predicting REE change,
independent variables were expressed as change values in order to meet the assumption of

independence. A sample size of 45 was determined to be adequately powered to detect predictors
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of REE change based on a medium effect size (0.25), a 0.05,  0.90, and six independent
variables. Study number and days in between measurements were included as independent
variables to control for heterogeneity between and within studies. Interaction of study and stage
to other variables in each model was also investigated, but only included if significance was

reached.

6.5 Results
6.5.1 Baseline

A total of 109 patients had baseline data available, Table 6.1. Most (n=86, 78.9%) had
undergone previous surgery. A small number of patients received chemotherapy or were
undergoing chemotherapy at the time of assessment (n=12, 11.0%), which included five different
regimens (folinic acid/fluorouracil/oxaliplatin, folinic acid/fluorouracil/irinotecan,
oxaliplatin/capecitabine, irinotecan/capecitabine, or raltitrexed). In Study 1, there were no
differences in REE between those taking any modality of the intervention medication and those
not taking medication and they were therefore grouped for analysis. Most patients (n=59, 54.1%)
had a BMI in the normal range. Sixty-five (58.6%) were male and most had stage IV disease
(n=91, 83.5%). Compared to stage IV cancer, individuals with stage III cancer were older
(median: 74 [IQR: 68 - 80] vs. 65 [IQR: 58 - 75] years, p=0.002) and had lower REE (1442 vs.
1577 kcal/day, p=0.040).

In univariate analysis, age, sex, height, body weight, stage, FM, FFM, and CRP were
significant predictors of REE, Table 6.2. In stepwise regression, age, FFM, and CRP explained
68.9% of the variability in REE. All other variables were not significant predictors of REE in
multivariate analyses. When only patients with stage IV cancer were assessed, similar results
were observed with age, sex, height, body weight, FM, FFM, and CRP significant in univariate
analysis, and age, FFM, and CRP generating the strongest predictive model in multivariate

analysis, Table 6.3.

6.5.2 Change over Time

Follow-up data was available for 49 patients, Table 6.4. No differences in REE change
were observed between those taking intervention medications in Study 1 compared to those who
did not take these medications; patients were therefore grouped for analysis. Change in body

weight, FM, FFM, CRP, or REE were not different between males and females and results are
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hence presented with both sexes combined for this analysis. Study 1 median follow-up time was
approximately four months (126 days, IQR: 118 - 136 days) and study 2 median follow-up was
approximately two months (64 days, IQR: 56 - 77 days).

Overall, absolute REE increased by 35 kcal/day (1559 + 240 to 1594 + 268 kcal/day,
p=0.026), Table 6.4. FFM (50.2 = 10.0 to 50.9 + 9.1 kg, p=0.037) and CRP (0.8, IQR: 0.3 —2.3
to 1.0 IQR: 0.5 — 4.6 mg/dL, p=0.049) also increased. REE decreased in patients with stage 111
disease (-40 + 78 kcal/day, -2.3 + 3.9%/100 days) and increased in patients with stage [V disease
(47 = 107 kecal/day, 2.4 + 3.9%/100 days); change in both kcal/day (p=0.044) and %
change/100days (p=0.044) were different between stages. A wide variability in REE change was
observed, ranging from -156 to 370 kcal/day, or -13.0 to 15.7%/100 days, Figure 6.1.

Results of the linear regression for predictors of REE change are shown in Table 6.5. In
univariate analysis only stage, CRP at follow-up, and CRP change were significant predictors of
REE change. Stage and CRP change remained significant predictive factors when controlling for
study, days between visits, age, and FFM change, Table 6.5. Results were similar when trunk
lean soft tissue change was used instead of FFM (data not shown). Results were similar when
indomethacin treatment (n=14) was included as a covariate (R?: 0.467; standard error of the
estimate: 86.5; CRP change: 17.1 [95% confidence interval: 8.8, 25.5], p<0.001; stage: 87.1 [9.0,
165.2], p=0.030; no other variables were significant). There were also no differences in percent
change/100 days of REE or CRP in those taking indomethacin versus those not taking this

medication.

6.6 Discussion and Conclusions

This study is the first to collectively assess changes in REE, body composition, and
inflammation in individuals with colorectal cancer. We found that age, FFM and CRP were
significant predictors of REE at baseline. REE change was highly variable and inflammation and
advanced stage predicted alterations in REE, independent of age and FFM change.

In healthy adults, FFM is a significant predictor of REE (27). Decreases in FFM explain
approximately 60% of decrease in REE observed with age (28), but other age-related factors
affect REE independently of FFM (29). FFM and age were therefore expected to predict REE in
our sample at baseline. Although it was anticipated that FFM change would be a significant

predictor of REE change, this was not observed in our data. Notably, FFM is a heterogeneous
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body composition compartment that comprises of tissues with differing metabolic activity. In
metastatic cancer, it is unable to distinguish between changes in tissue, organs, and tumors.
Furthermore, FFM alterations might change in oppositional proportion to inflammatory
alterations; namely, skeletal muscle (a large portion of FFM) atrophy is associated with
inflammatory cytokines (30). It is therefore possible that the impact of body composition
alterations is obscured in the face of high systemic inflammation, although further research is
needed. According to the findings presented here, FFM is a useful determinant of REE at a single
timepoint, but cannot detect tumor burden or metastases, which — along with inflammation —
impacts REE change to a greater extent than body composition changes.

We found that REE on a group level increased significantly over time. These findings
differ from previous studies in colorectal cancer where average REE in absolute terms did not
change over 6 weeks of radiation (1573 vs. 1568 kcal/day, p>0.05) (13) or was not different than
control subjects (29 kcal/kg FFM in patients with cancer, non-malignant gastrointestinal
diseases, and healthy controls) (31). Although change in REE was significant, it is important to
note the small overall change of 35 kcal, which may or may not impact energy balance in the
long term. Regardless of the overall group-level change, we observed a high individual
variability in REE change, ranging from -156 kcal/day to 370 kcal/day or -13.0 to 15.7%/100
days. Expected REE intra-individual variation over two weeks in healthy adults is 3.3% (32);
over half (n=32, 65.3%) of patients in the present study had REE changes outside of this range.
Therefore, a high variability in metabolic alterations is apparent beyond that expected from
normal individual variation. An emerging and persistent theme in nutrition interventions is the
need for personalized recommendations due to substantial intra-individual variation in dietary
habits, anthropometrics, blood parameters, physical activity, and gut microbiota (33, 34). The
same concept can be applied to energy balance where variation in REE and total energy
expenditure change and the predictors of such are a vital component in precision medicine. In the
context of advanced cancer, anticipating changes in energy needs is especially important for
preventing weight change.

Change in CRP was a predictor of REE change in our study, after controlling for several
variables. At a single time point, markers of systemic inflammation such as CRP have been

positively related to REE (18, 35) and may predict survival (36, 37) in various cancer types. The
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presence of a tumor induces a chronic inflammatory response associated with the production of T
helper 1 cytokines (38) and an ensuing ‘energy appeal reaction’ consumes glucose from the liver,
protein from muscle, and lipids from fat tissue, perpetuating high energy expenditure (1, 39).
Other clinical conditions might also elicit increased inflammation and concomitant increased
REE. For example, in individuals with chronic kidney disease, a similar linear regression
analyses revealed REE increase of approximately 23 - 27 kcal/day per unit increase in CRP in
mg/dL (40, 41). This change in REE per unit increase in CRP is slightly higher than that of the
present sample (B 17.3 £ 4.2 kcal/day increase per 1 unit increase in CRP in mg/dL). However,
both studies reported high CRP concentrations (defined as >0.5 mg/dL) in around 40% of
patients where as 76.1% (n=83) patients in the present study had CRP values above this cut-off
at baseline. There was also a wide range of CRP values at baseline (0.1 —30.0 mg/dL) and CRP
change (-6.1 to 16.8 mg/dL) in the present sample, which might contribute to these apparent
lower coefficients. The relationship between inflammation and REE might therefore differ in
cancer according to overall levels of inflammation at baseline and how these change
longitudinally, although more research is needed in this regard. REE change in relation to CRP
change in multivariate models is lacking in other populations, but our data suggest that dramatic
changes in CRP could indicate underlying metabolic changes that might affect energy
metabolism, irrespective of FFM alterations. Notably, however, CRP change in univariate and
multivariate analyses only explained approximately 30% and 40% of the variation in REE
change, respectively. A large proportion of REE change is left unexplained and might relate to
error in the measurement methods (i.e. 3 - 8% intra-individual coefficient of variation for
metabolic carts [25]; 5.2% analytic variation and 42.2% within-subject variation in CRP
measurements [42]), metabolic adaptations related to chronically low dietary intake, or changes
in hormonal/endocrine status (i.e. thyroid hormones [43], insulin resistance [44]). Therefore,
although inflammation is an explanatory variable in REE change, a large portion of the
variability in REE is unexplained and should be explored in future studies.

In the present analysis, overall REE decreased in patients with stage I1I disease and
increased in patients with stage IV disease, which could be indicative of extra tumor burden in
patients with metastatic disease. Previous studies have assessed the impact of tumor burden on

REE. In 101 patients with colorectal cancer undergoing neoadjuvant radiotherapy, more
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advanced stage (III/IV vs. I/I1), aggressive histology, and higher pro-inflammatory cytokines
were major determinants of REE before and after therapy (2, 11). Mathematical calculations of
tumor energy consumption are estimated to fall between 100 to 1400 kcals/day, depending on
tumor size and anaerobic glucose production (4). Given that the liver is a highly metabolically
active organ (200 kcal/kg/day) (45), metastases at this site might consume considerable energy;
mathematical estimates suggest a figure of over 200 kcal/kg metastases/day (4). In theory,
extensive metastatic disease (especially in the liver) would impact REE to a greater extent than
inflammation. Indeed, liver volume increases close to death and is positively associated with
REE in patients with colorectal cancer (5), although other studies found that liver metastases had
no impact on REE (31, 46). In the present analysis, liver metastases did not impact REE at
baseline or REE change, although we found that metastatic disease in general (i.e. stage IV vs.
stage III) predicted REE increase. Notably, metastases might be extensive in tissues and organs
in the absence of liver metastases and there is currently no expedient way to quantify overall
tumor burden in vivo for each patient. Therefore, stage IV disease predicts REE increase, the
impact and extent of site of metastases is unknown.

Since REE is the largest component of TEE, any perturbations in REE might impact
energy requirements. However, REE changes should be assessed in the context of overall energy
balance, which is especially true in the face of relatively small average REE change observed
here (35 kcal/day increase). Alterations in REE may not substantially impact total energy needs
since physical activity levels may also shift. Some have suggested that physical activity is
diminished in cancer (47). Accurate methods to measure free-living total energy expenditure
such as doubly labeled water have only been utilized in advanced cancer patients who were
cachectic (i.e. high rates of weight loss and inflammation) (48, 49). Exploring REE and total
energy expenditure in the context of colorectal cancer will guide future energy
recommendations, perhaps based on body weight or composition, inflammation, physical
activity, and disease stage, an area we are actively pursuing (50). Similarly, energy intake varies
substantially among individuals with cancer and might be noticeably diminished by hundreds of
calories (51-53), especially in later stages of disease. Understanding the magnitude of alterations

in REE is particularly relevant since REE rarely relates to weight change in studies of cancer
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cachexia (54), meaning that changes in total energy expenditure and energy intake are more
important in modulating body weight than REE assessments in isolation.

REE changes in relation to energy balance should be considered in interventions aimed at
mitigating or reversing weight loss or the development of cachexia. For example, REE might
decrease (with concomitant increase is FFM) in response to an anti-inflammatory agent in
individuals with advanced gynecological cancer (55). In individuals with unresectable pancreatic
cancer, a nutrition supplement enriched with anti-inflammatory eicosapentaenoic acid did not
change REE over an 8-week period, but TEE and physical activity increased during this time
(48), suggesting that inflammation may modulate TEE through changes in physical activity.
However, indomethacin treatment was not related to REE or REE change in our analysis.
Identifying groups of individuals who could benefit from anti-inflammatory medication or
nutritional supplements and how this might impact energy requirements should be explored in
more depth.

The strengths of this study include the measurement of REE in conjunction with body
composition and systemic inflammation in a homogeneous sample of patients. A limitation is the
different follow-up times; however, this was controlled for in both descriptive analyses (%REE
change/100 days) and the primary statistical analyses (linear regression with days between
measurements as an independent variable). Between-study heterogeneity is inherent in data
aggregation and must be considered as a potential source of error within the present study. In
particular, we noted differences between studies in CRP at baseline and follow-up and
respiratory quotient at follow-up, which might have introduced error in our analyses. To partially
control for these differences, findings for REE change were similar when study (1 or 2) was
included as a covariate in the linear regression analysis. Individuals with cachexia are at risk for
developing insulin resistance (56) which may predict higher REE, at least in healthy adults (44).
While glucose and insulin were not available in the present analysis, these indices should be
considered in future studies of energy metabolism in cancer.

In conclusion, age, FFM, and CRP were associated with REE at one time point and
inflammation and stage explained variability in REE change. Further exploration of these
variables in relation to REE and total energy expenditure will shed light on the relevant and over-

looked area of energy needs in cancer.
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Figure 6.1 Variability in resting energy expenditure (REE) change, expressed as (a)
kcal/day and (b) percent change/100 days. Change ranged from -156 to 370 kcal/day or -13.0

to 15.7%/100 days.
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Table 6.1 Demographic, anthropometric, and metabolic characteristics of patients with
colorectal cancer at baseline (n=109)

Entire sample Males Females p-value

(n=109) (n=65) (n=44)
Age,y 67.5(59.6,76.9) 67.0(60.3,75.9) 67.5(58.2,79.0) 0.583
Body weight, kg 71.0+ 153 773+14.2 61.1+11.7 <0.001
Body mass index, kg/m? 24.1+£43 249+4.2 23.1+4.2 0.033
Fat-free mass, kg 49.6 +10.2 563+7.1 39.7+3.8 <0.001
Fat-free mass index, kg/m? 16.7+2.3 18.1+1.9 148+1.2 <0.001
Fat mass, kg 20.5+9.2 20.2+8.9 209+9.6 0.706
Fat mass index, kg/m? 7.0+3.2 6.5+2.8 7.8+3.5 0.036
C-reactive protein, mg/dL* 1.5 (0.5, 4.0) 1.4 (0.5,3.7) 1.8 (0.5,4.7) 0.668
Measured REE, kcal/day 1555 + 257 1674 + 229 1380 + 187 <0.001
Respiratory quotient 0.79 +0.06 0.80 +0.06 0.77 £ 0.06 0.043

Presented as mean + standard deviation for normally distributed variables or median
(interquartile range) for non-normally distributed variables (age and C-reactive protein).
Significance was derived from independent samples t-test for normally distributed variables or
Mann-Whitney U-test for non-normally distributed variables. REE: resting energy expenditure
n=105; n=63 males; n=42 females
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Table 6.2 Regression analysis of predictors of resting energy expenditure in patients with
stage III and IV colorectal cancer at baseline (n=109)

Univariate analysis

Coefficient 95% CI p-value R? SE
Age, years -71.7 -11.6, -3.7 <0.001 0.126 2.0
Sex 294.3 211.7,376.8 <0.001 0.318 41.7
Height, cm 19.1 14.7,23.4 <0.001 0.416 2.2
Weight 10.2 7.7,12.8 <0.001 0.373 1.3
Stage® 135.8 6.2,265.3 0.040 0.039 65.3
Fat mass, kg 6.4 1.2,11.7 0.016 0.053 2.6
Fat-free mass, kg 18.5 15.1,21.7 <0.001 0.532 1.7
C-reactive protein, mg/dL 11.5 2.3,20.7 0.015 0.056 4.7
Multivariate analysis
Coefficient 95% CI p-value R? SE

Step 1 <0.001 0.527 176.8

Fat-free mass, kg 18.1 14.7,21.4 <0.001
Step 2¢ <0.001 0.624 158.5

Fat-free mass, kg 18.9 15.8,21.8 <0.001

C-reactive protein, mg/dL.  15.2 9.3,21.0 <0.001
Step 3¢ <0.001 0.689 144.7

Fat-free mass, kg 18.3 15.5,21.1 <0.001

C-reactive protein, mg/dL.  13.6 8.2,19.0 <0.001

Age, y -5.5 -7.9,-3.1 <0.001

CI: confidence interval; SE: standard error of the coefficient in univariate analysis or standard
error of the estimate in multivariate models.
scompared to females, ®compared to stage I11, “n=105
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Table 6.3 Regression analysis of predictors of resting energy expenditure in patients with
stage IV colorectal cancer at baseline (n=91)

Univariate analysis

Coefficient 95% CI p-value R? SE
Age, years -7.6 -11.9,-3.2 0.001 0.118 2.2
Sex? 290.2 191.5,388.8 <0.001 0.277 49.6
Height, cm 20.7 15.6,25.7 <0.001 0.428 2.5
Weight 10.2 7.3,13.1 <0.001 0.351 1.5
Fat mass, kg 6.4 0.6, 12.1 0.031 0.051 2.9
Fat-free mass, kg 19.3 15.4,23.1 <0.001 0.527 1.9
C-reactive protein, mg/dL" 10.8 0.9, 20.8 0.033 0.052 4.9
Multivariate analysis
Coefficient 95% CI p-value R? SE
Step 1 <0.001 0.527 181.6
Fat-free mass, kg 19.3 154, 23.1 <0.001
Step 2° <0.001 0.608 164.4
Fat-free mass, kg 19.5 16.0,23.0 <0.001
C-reactive protein, mg/dL. 1.4 0.8, 2.1 <0.001
Step 3° <0.001 0.678 150.0
Fat-free mass, kg 19.1 159,223 <0.001
C-reactive protein, mg/dL. 1.3 6.9, 18.7 <0.001
Age, y -5.7 -8.4,-3.1 <0.001

CI: confidence interval; SE: standard error of the coefficient in univariate analysis or standard
error of the estimate in multivariate models.
dcompared to females, "n=88
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Table 6.4 Demographic, anthropometric, and metabolic characteristics of patients with

colorectal cancer at baseline and follow-up (n=49)

Baseline Follow-up p-value
Age,y 64.9 +12.0 65.2+12.1 <0.001
Body weight, kg 74.4 + 14.6 75.0+14.7 0.129
Body mass index, kg/m? 254+4.1 25.5+4.1 0.463
Fat-free mass, kg 50.2+10.0 50.9+9.1 0.037
Fat-free mass index, kg/m? 169+22 17.1+22 0.057
Fat mass, kg 23.1+8.7 23.1+£9.5 1.000
Fat mass index, kg/m? 7.9+3.1 7.9+33 0.816
C-reactive protein, mg/dL? 0.8 (0.3,2.3) 1.0 (0.5, 4.6) 0.049
Measured REE, kcal 1559 + 240 1594 + 268 0.026
Respiratory quotient 0.79+0.67 0.80 +0.05 0.440

Presented as mean + standard deviation for normally distributed variables or median

(interquartile range) for differences that are non-normally distributed (C-reactive protein).

REE: resting energy expenditure
an=47 at baseline and n=48 at follow-up
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Table 6.5 Linear regression analysis showing the determinants of resting energy

expenditure change in patients with colorectal cancer (n=46)

Univariate analysis

Coefficient  95% CI p-value R? SE
Age, years -0.7 -3.3,1.8 0.568 0.007 1.3
Sex* -3.4 -67.1, 60.3 0.915 <0.001 31.6
Height, cm -0.3 -4.1,3.5 0.873 0.001 1.9
Weight -0.9 -3.1,1.2 0.390 0.016 1.1
Stage® 87.5 2.6,172.3 0.044 0.084 42.2
Baseline fat mass, kg -1.3 -49,2.3 0.455 0.012 1.8
Baseline fat-free mass, kg -0.7 -38,24 0.658 0.004 1.6
Baseline CRP, mg/dL 0.2 -7.3,7.6 0.965 <0.001 0.4
Follow-up fat mass, kg -1.6 -49,1.6 0.320 0.021 1.6
Follow-up fat-free mass, kg -0.5 -3.8,2.7 0.744 0.002 1.6
Follow-up CRP, mg/dL 0.7 0.2,1.3 0.010 0.135 0.3
Fat mass change, kg -5.6 -17.8, 6.5 0.353 0.024 6.0
Fat-free mass change, kg 4.2 -10.1, 18.5 0.554 0.007 7.1
CRP change, mg/dL 1.9 1.1,2.6 <0.001 0.342 0.4
Multivariate analysis
Coefficient  95% CI p-value R? SEE

Model 0.001 0.433 88.0

FFM change, kg 0.2 -12.3,12.7 0.975

CRP change, mg/dL 17.3 8.8,25.8 <0.001

Age,y 0.4 -2.1,2.8 0.762

Stage® 89.0 9.5,168.4 0.029

Days between visits -0.1 -1.0,0.9 0.895

Study® -50.7 -146.5,45.0 0.291

CI: Confidence interval; CRP: C-reactive protein; FFM: Fat-free mass; SEE: standard error of

the estimate

scompared to stage III; °compared to study 1
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Chapter 7 Total Energy Expenditure in Relation to Body Composition, Physical Activity,
and Current Energy Recommendations in Patients with Colorectal Cancer

7.1 Preface

This analysis measured total energy expenditure (TEE) using doubly labeled water in 21
patients with stage II-IV colorectal cancer (CRC), recruited from the Cross Cancer Institute. This
is the first study to characterize TEE in primarily early stage CRC and one of only four other
studies that have assessed TEE in cancer. A version of Chapter 7 is being prepared for
submission to the Journal of Cachexia Sarcopenia and Muscle with the following co-authors: Dr.
Sarah A. Elliott, Dr. Peter J. Walter, Dr. Tom Preston, Dr. Hongyi Cai, Dr. Richard J.E.
Skipworth, Dr. Michael B. Sawyer, and Dr. Carla M. Prado.

This was part of a larger study which I designed in collaboration with my supervisor, Dr.
Carla Prado. I was responsible for collecting, analyzing and interpreting data and creation of the
initial chapter/manuscript. I administered the doubly labelled water and collected and processed
the biological samples, but isotope enrichments were ultimately assessed using mass
spectrometry by Dr. Peter J. Walter and Dr. Hongyi Cai at the National Institutes of Health. I
was responsible for obtaining all other measurements mentioned in the following chapter (~80%
proportion of contribution to research and writing). Other collaborator contributions were as
follows: Dr. Sarah A. Elliott, Dr. Peter J. Walter, and Dr. Tom Preston helped guide the doubly
labeled water protocol; all collaborators have contributed to data interpretation and manuscript

revision.
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7.2 Abstract

Preventing and mitigating muscle loss is essential for improved prognosis. Muscle mass
maintenance and accretion requires consumption of sufficient calories. Accurate energy
recommendations hinge on the characterization of total energy expenditure (TEE), which
associates with body composition and physical activity in healthy populations. However, TEE
data in patients with cancer is scarce (especially in those with earlier cancer stages), precluding
an understanding of energy requirements. The objective of the current research was to cross-
sectionally characterize TEE in patients with colorectal cancer (CRC) in relation to body
composition and physical activity levels (PAL) and to compare measured TEE to cancer-specific
energy intake recommendations. It was hypothesized that TEE would differ according to body
mass, body composition and PAL and current energy recommendations would have poor
individual-level accuracy. Patients with newly-diagnosed CRC had resting energy expenditure
(REE) measured by indirect calorimetry and TEE by doubly labeled water. Hypermetabolism
was defined as REE > 110% predicted from the Mifflin St.-Jeor equation. Body composition was
assessed via dual X-ray absorptiometry. Physical activity was determined as the ratio TEE:REE
(PAL) and residual activity energy expenditure (RAEE). TEE was compared to energy
recommendations of 25-30 kcal/day and dietary reference intakes (DRI) using Bland-Altman
analyses. Patients were stratified according to median body mass index (BMI), PAL, and sex-
specific fat mass (FM) to fat-free mass (FFM) ratio (FM:FFM). Twenty-one patients (M:F 14:7;
BMI: 28.3+4.9kg/m?, age: 57+12years) were included. Most (n=20) had stage II-I1I disease; 1
had stage IV. Approximately half (n=11) were hypermetabolic; TEE was not different in those
with hypermetabolism and REE was not correlated to TEE. TEE was 24734499 kcal/day (range:
1562 - 3622 kcal/day), or 29.7+6.3 kcal/kg body weight (range: 20.4 - 48.5 kcal/kg). Average
PAL was 1.43 = 0.27. Energy recommendation of 25 kcal/kg underestimated TEE (-12.6 =
16.5%, P =0.002); all energy recommendations had wide limits of agreement (smallest was
DRI: -21.2 to 29.3%). Patients with higher BMI and FM:FFM had higher bias using kcal/kg
recommendations; bias from several recommendations was frequently lower in patients with
higher PAL and RAEE. In conclusion, TEE variability was not reflected in energy
recommendations and error was influenced by body weight, body composition, and physical

activity.
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7.3 Introduction

Characterizing total energy expenditure (TEE) is essential for the provision of sufficient
dietary energy to support energy balance. Maintaining and synthesizing skeletal muscle in
negative energy balance (i.e. during weight loss) is difficult, if not unattainable, even in highly
trained athletes (1). Understanding energy balance is especially relevant for individuals with
cancer since body weight and body composition changes (i.e. loss of skeletal muscle or fat-free
mass, FFM) are common and detrimental to prognosis (2-4). Conversely, weight gain during
cancer treatment may not confer a survival advantage in some circumstances (2), might worsen
pre-existing comorbidities, and increase secondary disease risk in patients with obesity (5, 6).

In oncology, most of our understanding of energy expenditure comes from studies of
resting energy expenditure (REE). However, REE might be affected by changes in body
composition, systemic inflammation or tumor burden and may not correlate to TEE (7). Since the
ratio of TEE to REE is indicative of physical activity level (PAL), absence of a relationship
between REE and TEE indicates that variable physical activity (rather than REE) might impact
TEE.

To date, only four reports on measured TEE in cancer have been published, with
measures made in free-living patients using objective and accurate techniques such as doubly
labeled water (DLW) or bicarbonate-urea (7-10). The majority of patients in these previous
studies had advanced disease (7) or severe weight loss (i.e. 19% of pre-illness body weight) (8).
However, this might represent a small proportion of patients with certain types of cancer. For
example, colorectal cancer (CRC) is the third most commonly diagnosed cancer in the world
(11); improvements in screening practices, lower incidence of risk factors, and effective
treatments options has led to a higher proportion of cancer cases diagnosed at earlier stages (12),
where severe weight loss is less common (13). These patients also have a high prevalence of
obesity and may gain body weight during curative-intent treatment (14). Furthermore, low and
loss of muscle (3, 15) (and therefore FFM) occur independently of body weight alterations in
individuals with earlier-stage colorectal cancer and negatively impact survival (3, 16). The
dietary energy required to prevent and treat loss of body weight and skeletal muscle is unknown.

Similarly, the potential impact of body composition on TEE has not been characterized.
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Due the paucity of data characterizing TEE in patients with cancer, current
internationally-accepted oncology energy intake recommendations from the European Society of
Clinical Nutrition and Metabolism are based on an estimate of 25-30 kcal/kg body weight with a
call for further research (17). However, basing recommendations on body weight alone would
likely overestimate energy requirements in individuals with obesity and underestimate it in those
with low body weight (18). Furthermore, such recommendations do not consider body
composition, physical activity, cancer type, or disease stage, which might impact TEE.

The objectives of the current study were to compare TEE to current energy
recommendations and to characterize TEE in relation to body weight, body composition, and
physical activity. Exploratory objectives included assessing relationships between energy
expenditure, physical activity, and body composition and the potential impact of these variables
on several patient-centered and treatment-related parameters. It was hypothesized that current
energy recommendations would have poor individual-level accuracy, given findings regarding
REE presented in Chapter 3 and by others (19). It was also hypothesized that TEE would differ
according to body mass, body composition, and PAL categories, since these variables are the

primary determinants of TEE in healthy populations (20).

7.4 Methods
7.4.1 Participants

This analysis is part of a larger cross-sectional study measuring energy expenditure, body
composition, physical activity and dietary intake in patients with cancer (21). Patients with stage
II-IV CRC were recruited from the Cross Cancer Institute in Edmonton, Alberta, Canada. This
study was approved by the Health Research Ethics Board of Alberta and informed consent was
obtained from all patients prior to study assessments. Inclusion criteria were recent cancer
diagnosis, aged 18 - 90 years, and able to communicate freely in English. Exclusion criteria
included anti-cancer therapy or surgery within the past four weeks, confinement to a wheelchair,
medications or conditions that might affect body composition or metabolism (steroids, hormone
replacement, unstable thyroid disease), inability to breathe under the calorimetry hood for 30
minutes, pregnancy, or breastfeeding. All measurements were completed within (before or after)

two weeks of starting anti-cancer therapy, where applicable.

7.4.2 Patient-Reported Measures
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Patients completed the Patient-Generated Subjective Global Assessment (PG-SGA) —
short form (22), which consists of four sections: weight (score range: 0 - 5), food intake (score
range: 0 - 4) symptoms (score range: 0 - 24), and activities and function (score range: 0 - 3).
Lower scores indicate better results in each section. The European Organization for the Research
and Treatment of Cancer Quality of Life Questionnaire — C30 (version 3.0) (23) was also
completed; only overall quality of life score (range: 1 - 7) was used in this analysis, with higher
scores representing better quality of life. The International Physical Activity Questionnaire —
Long Form (IPAQ)(24) was used to measure subjective physical activity; continuous values from

the IPAQ were expressed as metabolic equivalencies of tasks (MET) minutes/week.

7.4.3 Anthropometry and Body Composition

Height and weight were measured using a Health-O-Meter Professional digital scale with
height rod (McCook, IL, USA; model number: 597KL) with shoes and heavy clothing removed.
One-month and six-month previous weight change percent was collected from the PG-SGA.
Body mass index (BMI) was calculated [weight (kg)/ height (m?)] and classified according to the
World Health Organization’s cut-points (25).

Body composition was assessed by dual X-ray absorptiometry (Lunar iDXA, GE
Healthcare, Chicago, IL; Encore 2001 software version 13.60) within a median of 9 + 3 days of
energy expenditure assessments. Fat mass (FM) and FFM were expressed adjusting for height in
m? (fat mass index, FMI, and fat-free mass index, FFMI) and as a ratio of each together
(FM:FFM), to represent metabolic load and capacity (26). Percent body fat was also reported.
Appendicular skeletal muscle index (ASMI) was calculated as the sum of lean soft tissue from
limbs divided by height (kg/m?), with low ASMI defined as <5.45 kg/m? for females and <7.26
kg/m? for males (13, 22). Similarly, FFMI <15 kg/m? for females and <16 kg/m? for males were

used to define “myopenia” (27) for exploratory purposes.

7.4.4 Resting Energy Expenditure

A metabolic cart with ventilated hood system (VMax™ Spectra 29N, Nutritional
Assessment Instrument; Sensor-Medics, Yorba Linda, CA, USA) was used to measure REE.
This particular system is considered one of the most accurate metabolic carts (28) and has been
used as a gold standard in previous studies (29, 30). Volume and air flow were calibrated prior to

each measurement using a three-liter syringe. Although a burn test was not conducted, gas
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analysers were calibrated before each test with standard gas concentrations of 20.95% oxygen
(02) and 0.03% carbon dioxide (COz). Fraction of expired carbon dioxide was kept between 0.75
and 0.80 for as much time as possible. Breath samples were collected for a minimum 30 minutes
and only steady state data (variations in volume of O2 and COz2 of < 10% over five consecutive
minutes) was used to calculate REE according to the abbreviated Weir equation (31). No steady
state data was collected in the first ten minutes of testing and a minimum of 10 minutes of steady
state data was needed for REE calculation. Respiratory quotient was calculated as the ratio
between carbon dioxide produced and oxygen consumed (CO2/0O2). Measured REE was
compared to predicted REE for the sole purpose of identifying high or low REE, or hyper- or
hypo-metabolism, respectively. The Mifflin St.-Jeor equation was used for predicted REE since
it has been shown to have the least amount of individual variability among 24 other

anthropometric and body composition-based equations (Chapter 3).

7.4.5 Total Energy Expenditure

The DLW method was used to determine TEE over 14 days (primary endpoint of the
study). Stock doses were formulated using 10 atom% oxygen 18 (!30) and 99.9 atom%
deuterium (*H) based on 1g/kg 'O and 0.1 g/kg *H of body weight per patient. A single baseline
urine sample was collected before dosing (pre-dose). Patients drank the dose with a straw
followed by ~50mL tap water to rinse the dose cup; actual dose was therefore assumed to be the
same as the dose given. All patients were asked to collect a urine sample 4.5 and 6 hours after
dosing and 1-2 times/day for the following 13 days. Only urine samples from pre-dose, 4.5 and 6
hours post-dose, days 3, 7, and 14 were used in the analyses.

Measurement of ?Hz and '®0 isotope enrichments from stock doses and urine samples
were analyzed by using a dual inlet chromium reduction and continuous flow isotope ratio mass
spectrometer at the National Institutes of Health (Bethesda, MD, USA). Natural logarithms of ?H
and !0 enrichments were regressed against time, with slopes of regression lines representing
rates of °H and 80 loss from body water (ku and ko, respectively). 2H and 80 dilution spaces
(Nu and No, respectively) were determined by dividing administered isotopes (in moles) by the

intercepts. Total body water was then calculated as (32, 33):

Total body water = 0.5 x (No/co + Nu/cn)
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Where cu and co were the 2H and 80 pool sizes relative to total body water. To account for
some isotopes entering organic pools, non-aqueous cu was assumed to be 1.041 and co was
assumed to be 1.007. The isotope fractionation for H leaving the body as water vapor is 0.946
times the true rate of water it equilibrates with and the fractionation factor for '*O leaving the
body as CO2 is 1.038 times the true rate of carbon dioxide production (34). We assumed breath
was saturated with water vapor and non-sweat skin water vapour loss was proportional to
exposed skin surface; therefore the simplified equation from the International Atomic Energy

Agency (34) was used to calculated CO2 as follows:

CO2 (moles) = 0.455 x total body water (coko — cukn)

CO:2 was used in the modified Weir equation (31) to calculate TEE as:

TEE (kcal/day) =22.4 x (1.1 x CO2+ 3.9 x O2)

where O: (in liters/day) was calculated by:

02 = CO2 + food quotient

Calculation of food quotients (35) in the present study indicated average food quotient of 0.86 £+
0.03. However, this was calculated from 24-hour dietary recalls (data not presented), which are
inaccurate for long-term dietary assessment. As such, food quotient was assumed to be 0.86 for
all subjects, representative of a typical diet on a population level (36). Measuring respiratory
quotient or predicting respiratory quotient from the composition of the diet will result in small
TEE errors not exceeding + 2% (35).

Quality control measures to screen for unacceptable estimates included confirming the
following for each patient: '®0 enrichment/intercept >0.08, linear fit of H and '*O slopes, ko/ku
1.1 - 1.7, similar residuals of predicted and measured *H and %0, and Nu/No 1.0 - 1.7. One

patient provided urine samples for isotope analysis on days 11 and 17 and both were assessed.
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Another patient underwent unexpected surgery on day 5 and had 4 days of samples; since all
quality control measures outlined above were met (including ko/kn=1.315 and Nu/No = 1.050)
and our results were similar with and without this patient, the data was kept in the final analyses.

TEE was expressed as kcal/day and kcal/kg body weight. Predicted TEE was calculated
as 25 kcal/kg and 30 kcal/kg body weight based on internationally-accepted clinical oncology
guidelines (17) and from Dietary Reference Intakes (DRI), using the overweight and obese
specific equation where appropriate (37). For exploratory purposes, [IPAQ categories were used
to determine physical activity categories for the DRI TEE equation as follows: sedentary: IPAQ
category 1, low active: IPAQ category 2, active: IPAQ category 3.

7.4.6 Physical Activity

PAL was determined as the ratio between TEE and REE. The thermic effect of food was
not considered in this calculation, as it was not measured in this study. Since PAL is a ratio
method and subject to bias as the regression intercept is not zero (38) (or could be indicative of a
non-linear relationship), activity was also expressed as residual activity-related energy
expenditure (RAEE)(39). This was calculated as the residual from TEE (dependent) and REE
(independent), with positive values being associated with higher-than-average physical activity
and negative numbers being associated with lower-than-average physical activity (expressed in
kcal/day).

Patients were asked to wear ActiCal accelerometers (Phillips Respironics, Bend, OR,
USA) during the 14-day collection period on the right hip. A 15-second epoch length was used.
Patients were also asked to keep a record of wear times, including time awoken in the morning
and time to bed in the evening. A valid day of monitoring was defined as >12 hours of wear time
(40). Only patients with at least four valid days of accelerometer monitoring were included (41).

TEE calculations from ActiCal was also compared to measured TEE.

7.4.7 Medical Variables

At the time of assessment, patients were scheduled to begin either radiation,
chemotherapy, combined radiation and chemotherapy, or surveillance. For exploratory purposes,
the association between energy expenditure and body composition measures with alterations in
treatment were described. Treatment alterations included treatment delays, dose reductions, or

dose discontinuations; any occurrence of these were coded as a treatment alteration (“0” or “17).
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Prospective weight change over treatment or surveillance was also acquired from medical
records and expressed as %weight change/100 days to account for varying follow-up

appointment dates.

7.4.8 Statistical Analysis

All data was assessed using SPSS software, version 24 (IBM Corp., Armonk, NY, USA),
with the threshold for significance set at p < 0.05. Normality in variables was determined using
the Shapiro-Wilk test; non-normally distributed variables were reported as median and
interquartile range (IQR). Effect size for post-hoc sample size analysis was calculated using TEE
data at baseline from an ongoing clinical trial in a similar population (42). An effect size of 0.73
and a 0.05 yielded a power of 0.89 to detect differences between measured versus predicted TEE
from the DRI equation using two-tailed paired samples t-test.

Pearson correlation coefficients or Spearman’s rank-order correlation (for non-parametric
variables) described relationships between variables. BMI and PAL were split by the sample
median and FM:FFM was split by sex-specific sample median to explore differences in energy
expenditure. Paired t-tests assessed differences in parameters within individuals. Independent
samples t-tests or Mann-Whitney U-test (when dependent variables were non-normally
distributed for each group of the independent variable) determined differences between patient
groups stratified by sex, previous radiotherapy (yes or no), % REE from predicted, ASMI, PAL
median, RAEE (negative versus positive residuals), BMI median, sex-specific FM:FFM median,
or TEE. Bland-Altman analyses were used to assess the agreement between measured and
predicted TEE from current equations and ActiCal-derived TEE. Bias, or the mean difference
between predicted and measured values indicates group-level agreement. Limits of agreement, or
bias + two standard deviations indicates agreement for each individual. Bias and limits of
agreement were expressed as percent to account for body size and individual energy expenditure.
Proportional bias was quantified by Pearson correlation coefficient between mean of measured
and predicted TEE and bias were used to determine if there were trends in the magnitude of bias

with increasing TEE.

7.5 Results

Patients
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A total of 21 patients (14 male, 7 female) were included in the study, with 20 completing
body composition and accelerometer measurements. Patient characteristics are presented in
Table 7.1. Only one patient had stage IV disease and was not an outlier in terms of energy
expenditure or body composition measurements. All other patients had stage II (n=3, 14.3%) or
stage III (n=17, 80.1%) disease and most individuals were overweight (n=8, 38.1%) or obese
(n=8, 38.1%). Average previous one-month weight change was -1.5% =+ 3.4% (range: -7.9% to
4.9%) and previous six-month weight change was -5.3% + 5.1% (range: -20.0% to 0%), with no
differences in weight loss between sexes. Seven patients had weight loss >5% in the past 6
months. Four patients had undergone neoadjuvant combined radiotherapy and chemotherapy (>1
month prior to study inclusion), with two having colon cancer and two having rectal cancer.
There were no differences in anthropometric, demographic, energy expenditure, or body
composition variables between those who had received or not received radiotherapy. Most
(n=17) patients had undergone surgery for early stage disease; these individuals were still
considered as patients with cancer since adjuvant therapy was part of the prospective treatment
plan to completely eradicate the cancer. Most (n=10, 47.6%) were scheduled to undergo adjuvant
chemotherapy with folinic acid, fluorouracil, and oxaliplatin, with remaining patients scheduled
to begin neoadjuvant radiochemotherapy (n=8, 38.1%), neoadjuvant short-course radiotherapy

(n=2, 9.5%), or surveillance (n=1, 4.8%).

Patient-reported measures

Most patients had low scores for all PG-SGA boxes, indicating good subjective
nutritional status and physical function. Most (n=11, 52.4%) scored 0 for weight change. All
patients scored 0 (n=9, 42.9%) or 1 (n=12, 57.1%) for food intake. Symptom score was variable
(range 0 - 6), with most (n=13, 61.9%) indicating no symptoms. Within activities and function,
most patients indicated they were “normal with no limitations” (n=10, 47.6%) or “not my normal
self, but able to be up and about with fairly normal activities” (n=9, 42.9%), with two (9.5%)
selecting “able to do little activity and spend most of the day in bed or chair”. Median global
quality of life score was 5.5 (IQR: 4.5 - 6.0) on a scale of 1 to 7. Self reported physical activity
from IPAQ was highly variable: median walking MET-minutes/week was 693 (IQR: 396 - 2871)
and median moderate activity was 900 MET-minutes/week (IQR: 300 - 1875). Most (n=17,
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81.0%) did not report vigorous activity. Median total MET-minutes/week was 1955 (IQR 1265 -
5724).
Anthropometrics and body composition

Anthropometric and body composition variables are presented in Table 7.1. As expected,
FFM and FFMI were lower in females; however, there were no differences in FM or FMI
between sexes. Median BMI was 28.7 kg/m? and median FM:FFM was 0.44 in males and 0.63 in
females.

Energy expenditure description

All measures of TEE from DLW met quality control estimates. Average tracer
elimination rate (ko/ki) from DLW was normal (1.281 £ 0.050) and *H»:'30 distribution volume
(Nw/No) was 1.036 = 0.018. Males had higher REE and TEE, but not PAL, Table 7.1. Average
respiratory quotient was 0.80 & 0.05. Group median REE was 1698 kcal/day (IQR: 1146 - 2009
kcal/day; mean + standard deviation: 1764 + 415 kcal/day), which was higher than the Mifflin
St.-Jeor prediction (median [IQR]: 1545 [1411 - 1817], p=0.001). Approximately half (n=11,
52.4%) of patients had measured REE >110% of predicted (suggestive of hypermetabolism) and
none had measured REE <90% of predicted (suggestive of hypometabolism). Patients with REE
> 110% predicted had lower PAL (1.31 vs. 1.56, p=0.024) and RAEE (-179 vs. 196 kcal/day
from the regression line, p=0.022). However, percent REE bias was not correlated to TEE in
kcal/day or kcal/kg/day and there were no differences in TEE, percent one-month or six-month
weight change between groups; in other words, higher REE compared to predicted was
associated with lower physical activity but did not impact total energy requirements or weight
change.

TEE was 2473 + 499 kcal/day or 29.7 + 6.3 kcal/kg body weight. These values were
highly variable ranging from 1562 to 3622 kcal/day or 20.4 to 48.5 kcal/kg body weight. Males
had higher absolute TEE than females (males: 2646 + 490 vs. females: 2127 &+ 313 kcal/day,
p=0.020) although TEE in kcal/’kg body weight and PAL were not different between sexes,
Table 7.1. Approximately half (n=12, 57.1%) of patients fell within 25-30 kcal/kg body weight,
Figure 7.1. Average PAL was 1.43 + 0.27 and was also variable, ranging from 1.04 to 2.16.

Relationships between energy expenditure variables and age, body weight, FM, and FFM
are shown in Table 7.2. REE and TEE were positively correlated to body weight and FFM, with
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higher correlations observed with FFM compared to body weight. PAL and RAEE were not
related to any variable. Four patients had low ASMI (all male) and two of these had weight loss
>2% in the previous 6 months (i.e. cachectic [43]). There were no differences in any
anthropometric, energy expenditure, or physical activity variables between individuals with low
versus normal ASMI; these results were the same when only males were assessed. Similarly,
only one patient had FFMI below pre-defined cut-off values, precluding any further comparison.
Agreement with energy requirement equations

Predicted TEE was correlated with measured TEE in all equations (r: 0.548 - 0.826, p:
0.010 - <0.001). Predicted TEE with 25 kcal/kg was significantly lower than measured TEE
(2128 £ 459 vs. 2473 + 499 kcal/day, p=0.002), but all other equations were not different on a
group level, Table 7.3. However, all equations had wide limits of agreement; for example, even
the equation with the smallest limits of agreement (DRI with measured PAL) under-predicted by
up to 22.5% below (484 kcal/day) to 22.7 % above (468 kcal/day) measured TEE, Figures 7.2a-
e. Using assumed PAL from IPAQ categories did not improve the predictive ability and
produced the widest limits of agreement (-33.5 to 50.2%, or -742 to 1060 kcal/day). No
proportional bias was apparent in any equation.

Body weight, FM, and FM:FFM were positively correlated to percent bias using 25
kcal/kg and 30 kcal/kg, Table 7.4. PAL and RAEE were negatively correlated to percent bias
from 25 kcal/kg, 30 kcal/kg, DRI with assumed PAL, and ActiCal TEE. Average percent bias
using 25 kcal/kg and 30 kcal/kg was lower (i.e. underestimation) in those with BMI and
FM:FFM below the medians (BMI median: 28.29 kg/m?; FM:FFM median: males: 0.44,
females: 0.63), Figures 7.3a and 7.3b. Bias was frequently lower in those with higher PAL and
RAEE, Figures 7.3¢ and 7.3d. Patients with TEE > 30 kcal/kg (n=7) had lower BMI (24.1 vs.
30.4 kg/m?, p<0.001), higher PAL (1.67 vs. 1.31, p=0.001), and higher RAEE (0.78 vs. -0.39,
p=0.006). REE bias from Mifflin St.-Jeor equations was not related to bias from TEE equations.
Activity patterns

Average wear time of the ActiCal devices was 12 + 3 days, with 20 patients having > 4
days of wear time and at least one weekend (2 days) available. Average step count was 5,101 +

2,547 steps/day with a range of 1,470 to 10,823 steps/day. Total IPAQ score was not correlated
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to any measure of energy expenditure and no other correlations between activity and body
composition, physical function, or quality of life was observed.
Clinical parameters

Average weight change during treatment was -2.4 + 5.2%/100 days and was not
associated with any energy expenditure, body composition, or physical activity measures. Of
patients who underwent treatment (n=20), 13 (65%) experienced a change in treatment plan such
as dose reductions (n=9), delays (n=5), or discontinuations (n=4). The composite score of any
treatment alteration was not related to any anthropometric, body composition, or energy

expenditure variables.

7.6 Discussion

To our knowledge, this study is the first to measure TEE in free living conditions in
patients with primarily earlier stage cancer. TEE and PAL were higher than previously reported
(8, 9) and were greatly variable, which is not reflected in current oncology or general population
recommendations (17, 37). Additionally, discrepancies between measured versus predicted TEE
were influenced by body weight, body composition, and physical activity.

As screening and treatment modalities continue to improve, it is expected that more
patients will be diagnosed at earlier stages of cancer with longer expected survival; therefore,
understanding differences in energy requirements between earlier stage non-cachectic patients
and those with advanced disease and severe weight loss is important for optimal nutritional care.
However, our current knowledge base relies primarily on patients with cachexia and/or advanced
disease, which might be unrepresentative of many patients with CRC (13, 44). The largest study
to date that objectively measured TEE using DLW included 24 cachectic patients with advanced
pancreatic cancer with an average BMI of 20 kg/m? and 19% pre-illness weight loss (8). Average
REE was higher and TEE was lower than predicted and average PAL was 1.24 at baseline (8).
Others have reported overall low PAL (9) and TEE (7) and that structured exercise can increase
TEE (10) in sample sizes ranging from four to eight patients with various cancer types. Average
PAL of our sample was 1.43 + 0.27, which is higher than previously reported in oncology (8, 9);
this value corresponds to a “low active” lifestyle (37) and is slightly lower than reported in
healthy individuals (PAL 1.6) (45). Compared to previous research (7, 8), patients in the current

sample had generally earlier stage disease, less weight loss, lower incidence of low ASMI and
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low FFMI. Notably, CRC is associated with lower incidence of weight/loss cachexia compared
to other cancer types (e.g. pancreatic, lung, gastric cancer) (44). Most individuals in this study
also had adequate physical function and PAL was highly variable. In advanced, cachectic
patients, higher REE and lower TEE may indicate an adaptive response to narrow the gap
between TEE and reduced energy intake or a reflection of low physical activity secondary to the
disease and its associated side effects (8), which may not occur in earlier stage CRC. Our
findings are novel and suggest that energy metabolism - and therefore energy requirements -
differs greatly according to cancer site and stage. Further exploration of the determinants of TEE
and PAL according to cancer site and stage is warranted.

We found that energy recommendations based on body weight alone were poor
assessments of actual energy requirements (assumed to be equal to TEE), with individual
differences ranging from -1613 kcal/day (or 48.5%) underprediction with 25 kcal/kg body
weight/day to 968 kcal/day (or 46.9%) overprediction with 30 kcal’kg body weight/day. The
recommendation of 25 kcal/kg/day was significantly lower on a group level, suggesting this is an
inappropriate approach to estimate energy requirements in these patients. Although DRI energy
requirement predictions with measured PAL had the smallest limits of agreement, individual
error was still high. Additionally, a small proportion of energy requirement predictions fell
within 10% of measured TEE, ranging from 33.3% using 25 kcal/kg/day to 47.6% using DRI
with measured PAL and DRI with assumed PAL. This proportion is smaller than previous
reports in healthy adults (62.9 - 85.7%) (46, 47), suggesting that cancer impacts TEE in ways not
captured by current energy recommendations.

Inaccuracies in energy recommendations appear to be related to body weight, body
composition, and physical activity. Since obesity is a risk factor for several cancers (including
CRC) (48, 49), a large number of individuals have obesity at diagnosis (50). Indeed, our sample
had a large proportion of individuals with obesity and percent body fat was high in both sexes.
However, low FFM is apparent at diagnosis in patients with CRC, independent of body weight
and FM, and is not a condition exclusive to advanced cancer (3). Indeed, we found that bias
using body weight-based equations was positively related to body weight and composition (i.e.
higher body weight, FM, and higher FM:FFM related to over-prediction) and negatively related
to physical activity (i.e. higher physical activity related to under-prediction). Interestingly, REE
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bias as a measure of abnormal metabolism was not related to TEE. While previous research
suggests that TEE might be lower in the presence of high REE (8), this was not true for all
individuals in the current study and assuming an altered TEE based on REE alone might
introduce substantial bias in energy recommendations. Therefore, equations that incorporate
body composition and physical activity and developed from oncology populations would likely
be more accurate, although further research on the feasibility and accuracy of such approaches is
needed.

Physical activity is highly variable in healthy individuals and can significantly impact
TEE (45). In the present study, PAL variability was similar than that of healthy adults (45). One
individual had a PAL corresponding to a “very active” lifestyle (37)(PAL: 2.16); this individual
reported working a job requiring moderate physical labor (electrician/handyman) and had the
highest percent of time spent in moderate activity of all participants (20%, from ActiCal data).
This value is therefore likely reflective of this individual’s habitual activity, although such a high
value may not sustainable in individuals during chemotherapy. We found average step count was
slightly higher than previously reported in patients with rectal cancer undergoing neoadjuvant
chemoradiotherapy (51). It was anticipated that TEE and physical activity measures would be
related to quality of life (52); however, this was not the case, although this might be due to the
small sample (not the primary research question) and lack of follow-up after treatment initiation.
According to our data, it appears that physical activity also greatly impacted energy requirements
in these patients and was the most variable component of TEE. However, subjective measures of
physical activity (IPAQ) did not improve estimation of energy requirements and were not related
to any physical or clinical measure. This is likely because physical activity is often over-reported
(53) or under-reported (54) and is therefore a poor reflection of actual physical activity
engagement. Since physical activity is feasible, safe, and beneficial for patients with cancer (55-
57) and impacts energy requirements, improved techniques for capturing this modality are
needed.

Although this study did not include direct measures of inflammation such as C-reactive
protein, interleukins 1 or 6, or tumor necrosis factor-a, REE has been shown to associate with
these indices in cancer (58, 59). However, the potential causative effects of inflammation on

PAL has not been elucidated in cancer. For example, inflammation is associated with higher
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fatigue (60), and could indirectly and unconsciously reduce PAL. Conversely, physical activity is
negatively correlated with inflammatory markers in healthy populations (61, 62) and structured
exercise reduces inflammation and fatigue in cancer (60). Future investigations should
investigate the relationship between inflammation and REE, PAL, and TEE.

While this is the largest exploratory study of TEE in earlier stage cancer and CRC using
several accurate techniques, there are limitations. Firstly, DLW measures TEE over a span of
only two weeks. The impact of anti-cancer therapy (and associated side effects), body
composition changes, or disease progression on TEE and physical activity patterns cannot be
assumed. Our findings may only be applied to patients early in the treatment trajectory since only
one timepoint was investigated. Furthermore, REE was measured with a metabolic cart, which
might underestimate REE compared to whole-body calorimetry units (63). However, metabolic
carts are the most widely used methodology in the current literature and our results can therefore
be compared to similar studies. Overall results would also likely be similar in terms of TEE and
PAL variability if REE had been measured using a whole-body calorimetry unit as
methodological discrepancy is presumably systematic.

There are also several assumptions of the doubly labelled water method that should be
considered in the interpretation of these results. Food quotient was assumed rather than
measured, given the inaccuracies of dietary recall and in line with the majority of outpatient
studies of energy expenditure, which also assume food quotients of 0.85 or 0.86. Extreme
perturbations in the carbohydrate content of the diet influence the accuracy of CO2 production
rates used in the calculation of TEE. However, the magnitude of this potential bias likely
amounts to a TEE difference of about 30-60 kcal/day and may only be significant when
comparing TEE between ketogenic and normal diets (64). Review of 24-hour dietary recalls
completed on the first day of DLW dosing in the present study indicated that no patient was
following a ketogenic diet (data not presented). However, the popularity of these diets continues
to increase and the potential for therapeutic benefit might become more apparent in cancer (65);
therefore, ketosis should be considered in future studies utilizing DLW. Finally, body
composition was not measured at the end of the two-week DLW protocol, and we therefore
cannot conclude that body composition was stable. However, tools to measure body composition

such as dual energy X-ray absorptiometry are not sensitive enough to detect body composition
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changes over short time spans and rely on several assumptions when used to estimate energy
balance (66). Therefore, short-term energy balance must be assumed.

In conclusion, TEE and measures of physical activity are highly variable in patients with
CRC, which is not apparent in current energy recommendations. Differences between measured
and predicted TEE are related to body weight, body composition, and physical activity. Future
research should therefore characterize the feasibility and impact of incorporating these variables

in the estimation of energy requirements for these patients.
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Figure 7.1 Range of measured total energy expenditure (TEE) in
kcal/kg body weight in 21 patients with colorectal cancer. Each point
is a patient. The blue box represents current recommendations of 25-30
kcal/kg body weight.
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Figures 7.2a-e Bland-Altman plots of measured versus predicted total energy expenditure
(TEE) in 21 patients with colorectal cancer. The middle solid line represents bias (mean
difference between measured and predicted energy expenditure) and the two dotted lines
represent the 95% limits of agreement (bias + 2 standard deviations). DRI: dietary reference
intakes; PAL: physical activity level, measured as TEE:resting energy expenditure. DRI was
calculated using measured PAL and estimated from a subjective questionnaire. DRI: Dietary
Reference Intake. PAL: Physical activity level
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Figures 7.3 a-d Percent bias of measured versus predicted total energy expenditure according to (a) median of body mass
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aPAL, assumed PAL from subjective questionnaire.
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Table 7.1 Characteristics of patients with colorectal cancer (n=21)

Total (n=21)" Males (n=14) Females (n=7) P
value
Age, years 57T+12 55+13 59+£13 0.582
(34-173) (34-72) (40-73)
Body weight, kg 85.1+18.4 91.5+£17.3 72.5+14.0 0.021
(54.3-131.1) (68.6 —131.1) (54.3 -92.6)
Body mass index, 28.3+4.9 292+4.9 26.7+4.9 0.294
kg/m? (20.9 —39.5) (20.9 - 39.5) (22.0-35.0)
Fat mass, kg 28.8+12.3 29.5+13.8 27.6 +9.6 0.754
(9.9 -59.8) (9.9 -59.8) (16.5-41.4)
Fat mass index, kg/m’ 9.6+3.8 9.3+13.8 10.1+34 0.651
(3.1 -18.0) (3.1-18.0) (6.3-15.1)
Percent fat 329+8.7 30.6+9.1 373+ 6.3 0.101
(14.7-45.6) (14.7-45.6) (27.6 —44.4)
Fat-free mass, kg 56.3+10.7 62.6 6.8 44,6 £5.1 <0.001
(37.6 -74.1) (48.1 -74.1) (37.6 —51.8)
Fat-free mass index, 18.6+2.4 19.8 £ 1.8 16.5+1.9 0.001
kg/m? (14.1 -22.2) (16.5-22.2) (14.1 -19.8)
Fat mass:fat-free mass 0.51+0.19 0.46 £0.19 0.61+0.16 0.102
(0.17 - 0.84) (0.17 - 0.84) (0.38 — 0.80)
Appendicular skeletal 244+ 6.4 27.5+5.6 18.5+2.1 0.001
muscle, kg (16.2 —42.6) (20.3 —42.6) (16.2-21.4)
Appendicular skeletal 79+1.5 85=+1.5 6.9+0.9 0.018
muscle index, kg/m? (5.7-12.3) (6.9-12.3) (5.7-8.4)
Resting energy 1698 1841 1423 <0.001
expenditure, kcal/day | (IQR: 1446 —2009) | (JQR: 1668 —2077) | (IQR: 1388 — 1500)
Respiratory quotient 0.80 £ 0.05 0.81 £0.05 0.79 £ 0.03 0.393
(0.73 - 0.93) (0.73 - 0.93) (0.74 - 0.82)
TEE, kcal/day 2473 + 499 2646 + 490 2127 £ 313 0.020
(1562 —3622) (1929 — 3622) (1562 —2509)
TEE, kcal/kg body 29.7+6.3 29.7+17.1 29.8+4.8 0.952
weight (20.4 — 48.5) (20.4 —48.5) (25.1 - 36.1)
Measured physical 1.43+0.27 1.40+0.29 1.49+0.22 0.463
activity level (1.04 -2.16) (1.04 -2.16) (1.04 —1.76)

Presented as mean =+ and standard deviation (range) or median (interquartile [[QR] range) for
non-normality between groups. Physical activity level=total energy expenditure:resting energy
expenditure. TEE=total energy expenditure. All differences tested using independent samples t-
test except in the case of non-normality wherein Mann-Whitney U-test was utilized.

'n=20 total and n=13 males with body composition measurements
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Table 7.2 Correlations between energy expenditure variables and age, body weight, fat
mass, and fat-free mass (n=21).

Age Weight FM FFM FM:FFM
Resting energy expenditure” -0.353 0.729***  (.388 0.873***  -0.029
Total energy expenditure -0.382 0.558**  0.350 0.658**  0.025
Physical activity level 0.163 -0.366 -0.396 -0.255 -0.273
RAEE 0.083 0.050 -0.093 0.213 -0.197

*p<0.05, **p<0.01, ***p<0.001, Pearson correlation. *Spearman’s rank-order correlation
RAEE: residual activity-related energy expenditure; FM:FFM: fat mass:fat-free mass
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Table 7.3 Agreement between measured total energy expenditure (TEE) and energy requirement equations (n=21)

Mean = SD Percent Proportional LOA, % | Absolute Min. Max. Within 10%
bias, mean + bias LOA, % | difference | difference, | measured
SD , Y% % TEE, n (%)
r P

Measured TEE 2473 + 499
25 kcal/kg 2128 + 459* -12.6+16.5 | -0.099 | 0.670 | -45.1,19.8 | 64.9 -48.5 22.4 7 (33.3)
30 kcal/kg 2554 + 551 48+199 0.120 | 0.604 | -34.1,43.8 | 77.8 -38.2 46.9 8 (38.1)
DRI — measured PAL | 2554 + 495 41+129 -0.012 | 0958 | -21.2,29.3 | 50.5 -22.5 22.7 10 (47.6)
DRI — assumed PAL | 2632 + 510 83+21.4 0.029 | 0901 |-33.5,50.2 | 83.8 -22.5 48.9 10 (47.6)
ActiCal 2359 + 549 -4.6+19.5 0.125 ] 0.600 | -42.7,33.6 | 76.3 -35.1 433 9(42.9)

DRI: dietary reference intake; PAL: physical activity level; SD: standard deviation; LOA: limits of agreement; *p<0.05 difference
between measured and predicted TEE via paired samples t-test. Proportional bias determined as Pearson correlation between bias and
mean of measured and predicted TEE.
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Table 7.4 Correlation of equation percent bias with patient characteristics (n=21)

Age Weight FM FFM FM:FFM PAL AREE
25 kcal/kg 0.133 0.509* 0.586** 0.285 0.507* -0.767H*% - -0.722%**
30 kcal/kg 0.133 0.509%* 0.586** 0.285 0.507* -0.767%*%  -0.722%**
DRI — measured PAL  -0.240 -0.008 -0.225 0.245 -0.410 -0.344 -0.384
DRI — assumed PAL -0.194 0.187 0.084 0.290 -0.085 -0.791%*%  -0.760***
ActiCal -0.107 0.478* 0.429 0.380 0.297 -0.631%** -0.587%**

*p<0.05, **p<0.01, ***p<0.001, Pearson correlation
PAL: physical activity level; FM: fat mass; FFM: fat-free mass; AREE: residual activity-related energy expenditure;
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Chapter 8: Conclusions and Discussion
8.1 Introduction

Energy expenditure forms the basis of all dietary recommendations and both resting energy
expenditure (REE) and total energy expenditure (TEE) might be altered in the presence of a
tumor. I aimed to characterize energy expenditure in patients with solid tumors and colorectal
cancer (CRC). In Chapter 3, I hypothesized that 1) REE equations would be accurate on a group
level but not on an individual level; 2) equation accuracy would differ according to body weight
and cancer stage; and 3) equation inaccuracy from body-weight based equations would relate to
age, weight, fat mass (FM) and fat-free mass (FFM). Several equations had bias considerably
outside error range expected from intra-individual metabolic cart variation alone (1), and all
equations had high individual error. Biases in almost all equations trended more towards over-
prediction of REE in patients with stage IV disease and were not impacted by body weight. Age
was positively correlated with REE bias and FM was negatively correlated with REE bias in
body composition-based equations; however no other correlations were apparent. In Chapter 4 1
hypothesized and also demonstrated that REE cannot be accurately measured in individuals with
solid tumors with a portable indirect calorimeter. In Chapter 5 I utilized a sample of patients with
stage II-IV CRC to test the hypotheses that body weight, height, age, sex, cancer stage, lean soft
tissue, and fat mass (the latter of which were calculated from computerized-tomography image-
derived values of skeletal muscle and adipose tissue) would independently predict REE. All
variables except cancer stage predicted REE, contrary to the hypothesis. In Chapter 6 I
hypothesized that average REE would not change over time in patients with stage I1I-IV CRC
but FFM change, inflammation (C-reactive protein, CRP) change, and stage (III or IV) would
independently predict change in REE. REE increased over time and a wide variability in REE
change was observed after controlling for differing follow-up times. CRP change and cancer
stage predicted REE change. Lastly, TEE in patients with stage II-IV CRC was investigated in
relation to body composition, physical activity, and current energy intake recommendations in
Chapter 7. I hypothesized that overall mean energy intake recommendations would not be
different than measured TEE, but that a wide variation in individual-level agreement would be
observed and that TEE would differ according to body mass index (BMI), FM:FFM ratio, and

physical activity (PAL) classes. Overall mean energy intake recommendations were not different
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than measured TEE, but highly erroneous estimations were observed on an individual level.
Furthermore, patients with TEE >30 kcal/kg/day had lower average BMI and FM:FFM ratio and
higher PAL.

Collectively, these results can be used to inform future evidence-based nutrition
guidelines for patients with cancer and have the potential to change the dietetic care that these
individuals receive. A summary schematic of the energy expenditure research findings is
presented in Figure 8.1. The following sections will discuss the implications and limitations of

the present findings and provide suggestions for future research.

—_

Resting energy expenditure
» Cannot be accurately predicted
from current equations or
measured with a portable tool at
an individual level

* Associated with weight, age, Total energy expenditure (TEE)
sex, and body composition Is not accurately captured by

*  Changes according to cancer — current energy recommendations
stage and CRP alterations * Related to body weight, body

* % measured/predicted not composition, and physical
associated with TEE activity level

Physical activity level
* Highly variable
* Is associated with TEE

N

Figure 8.1 Summary of main thesis findings. CRP: C-reactive protein

8.2 Inaccuracies in Measuring Resting Energy Expenditure

Dietetic practice relies on individual quantification of energy requirements. REE individual
assessments were commonly erroneous; such equations should therefore not be recommended
for use in individual assessment of energy requirements. Large discrepancies between measured
and predicted REE could have significant negative implications if such equations are used as an
estimation of energy requirements. Underestimation might lead to weight loss while
overestimation might contribute to weight gain. Body weight might also change frequently and
rapidly in individuals with cancer. For example, in patients with CRC undergoing surgery with
curative intent, body weight decreased in the perioperative period and increased during adjuvant

chemotherapy (2.9 = 5.8 kg) and during oncological follow-up (2.2 + 6.6 kg) (2). Weight loss is
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also more common in those with metastatic disease (3), hence the need for improved early
nutritional interventions in these individuals. Importantly, weight loss is a negative prognostic
factor for survival when all tumor types are combined, regardless of BMI (4). In CRC
specifically, weight loss after diagnosis is associated with increased cancer-specific and overall
mortality compared to weight-stable patients (5). Furthermore, weight gain might not confer a
survival advantage (5) in some instances (i.e. comorbidities associated with obesity) and
prevention of increased FM might therefore be beneficial. Hence, understanding and anticipating
energy requirements is an important endeavor to prevent reduced survival associated with weight
loss, while also avoiding unnecessary weight gain.

Inaccurately estimating energy expenditure might also hinder the effectiveness of
interventions. For example, nutrition and exercise interventions are often aimed at improving
clinical outcomes such as maintenance of skeletal muscle mass and/or physical function with the
expectation that higher muscle mass will associate with lower risk of treatment toxicity and
longer survival. However, such efforts are likely to fail in the face of insufficient dietary intake
since sustained periods of negative energy balance are associated with decreased protein turnover
rates (6), thereby impacting skeletal muscle retention and gain. Understanding energy balance is
therefore important for designing effective clinical trials.

Theoretically, variables that might impact the accuracy of prediction equations include age,
body weight, and body composition. We found that age and FM were frequently associated with
equation error (Chapter 3). Most equations might not account for the decline in REE observed
with age that occur independently of FFM loss (7). In addition, the degree of adiposity affects the
relationship between FM and REE; specifically, the contribution of FM to REE has been shown
to decrease sharply at high levels of percent body fat (>40%) (8). In other words, the relationship
between FM and REE is not linear, as assumed by predictive equations. Age and FM should be
used in equations, especially in populations with high prevalence of older age and in individuals
with obesity.

Given that REE equations are inaccurate in individuals with cancer, measured REE is a
better method to assess energy metabolism. However, in Chapter 4 I reported that error from a
portable and accessible REE measurement tool were larger than common prediction equations,

despite the use of a ventilated hood (similar to a metabolic cart). Error from such devices likely
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reflects the absence of carbon dioxide (CO2) measurement, which is especially important in
conditions such as cancer where carbohydrate and fat metabolism (and therefore oxygen
production and CO2 consumption) are altered (9). The benefits of portability, lesser degree of
technical expertise required, and greater cost effectiveness of this device might therefore be
negated in light of large individual inaccuracies. Development and validation of improved
portable tools to assess REE in clinical setting are needed. For example, the inclusion of CO2
measurements from portable indirect calorimeters - such as the new Q-NRG calorimeter
(COSMED, Chicago, IL, USA) - might offer an easier solution to acquiring accurate REE
values. Alternatively, measuring REE from metabolic carts in patients at risk for weight loss

might also be a sensible option, given the negative impact of weight loss on prognosis.

8.3 Determinants of Resting Energy Expenditure

Given the clear adverse impact of negative energy balance on prognosis, it is imperative to
assess and anticipate mechanisms of altered REE in cancer and describe how this evolves
throughout disease trajectory. Findings from Chapters 5 and 6 are herein discussed within this
context.

Close to diagnosis, the predictors of REE in individuals with stage II-IV CRC are similar
to that of healthy adults (Chapter 5). However, most patients with metastatic disease will develop
cachexia, a multi-factorial, severe wasting syndrome that cannot be fully reversed by nutritional
support alone (10). In addition to several endocrine and central nervous system alterations (11),
cachexia is associated with increased lipolysis (50 + 30% above normal rates), proteolysis (40 +
10%), and gluconeogenesis via the Cori Cycle (300 £ 100%) (12). Consequences of such
inefficient metabolic cycling coupled with mathematical modeling of tumor size suggest the
energetic demand of the tumor itself impacts REE in the range of 100 to 1400 kcal/day (13).
Tumor metabolism and consumption of energy fuels is specific; for example, a certain type of
colon cancer cell (WiDr) demonstrates a preferentially higher rate of glucose consumption than
lactate consumption compared to cervical cancer, glioblastoma, or glioma cell lines (14).
Although this suggests histological tumor type influences metabolism, whether this translates to
whole-body energy expenditure is unknown. To date, mathematical models for tumor burden
(12, 13) and longitudinal analysis of metastatic disease (15) have shed light on the evolution of

REE of the tumor in cancer cachexia. Furthermore, higher increase of metastatic sites over time
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has been associated with higher rates of weight loss (3). Research presented in this thesis has
added to this line of investigation since cancer stage (as a marker of more advanced disease and
higher tumor burden) and inflammation were found to be significantly associated with REE
change over time (Chapter 6). Taken together, these findings suggest REE evolution relates to
tumor burden and early nutrition and exercise interventions aimed at anticipating and preventing
such changes are warranted. However, to date, there is no accurate and clinically-accessible
method of assessing individual changes in REE associated with tumor burden. A novel
possibility of characterizing REE in light of tumor metabolism includes utilizing [18]F-
flourodeoxyglucose uptake, which is a measure of glucose uptake from presumed tumors used
for diagnostic purposes (expressed in mmol glucose uptake/gram of tissue). Combining repeated
scans with estimated tumor size may represent an avenue for assessing tumor burden in clinical
settings; however, the accuracy and efficacy of such techniques in relation to REE and TEE are
speculative.

Another metabolic alteration that might occur in individuals with cancer is that of
increased systemic inflammation. Inflammation could impact REE through alterations in the
hypothalamic-pituitary axis, dysautonomia, oxidative stress, subdued muscle protein synthesis,
and/or increased muscle proteolysis (16, 17) or might be a sign of more aggressive cancer (which
could be associated with higher REE) (18, 19). A recent analysis has suggested that
hypermetabolism (defined as measured REE from a portable indirect calorimeter > 10% than
REE predicted by the Harris-Benedict equation) is highly prevalent in patients with newly
diagnosed caner (49%) and is associated with higher prevalence of weight loss, poor
performance status, and lower nutrition risk index (a formula that considers albumin and weight
loss) (20). Hypermetabolic patients also had higher average CRP values compared to patients
without hypermetabolism. However, this population primarily consisted of patients with
metastatic disease (n=263, 67%) and/or genitourinary cancer (n=109, 28%), which differs from
patient samples studied throughout this thesis. Nevertheless, our findings in Chapter 6 suggest
that changes in CRP associate with changes in REE. A limitation of assessing inflammation is
that biological indicators of inflammatory status are not readily available outside of research
settings. Neutrophil:lymphocyte ratio as a marker of immune system activation is available in

medical records, and relates to survival in individuals with CRC (21). However, the mechanisms
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by which neutrophil:lymphocyte and CRP increase within the body differs. More specifically,
neutrophils activate several pro-angiogenic factors to support tumor growth (i.e. increased
vascular endothelial growth factor) and lymphocytes are part of the immune response aimed to
destroy tumor cells (22). CRP is an acute phase protein regulated by several cytokines (i.e.
interleukin-6, tumor necrosis factor-a)) (22). It is reasonable to speculate that these inflammatory
markers might have differing relationships with whole-body metabolism, with
neutrophil:lymphocyte ratio indicating tumor aggressiveness and disease progression arising
from the tumor microenvironment, and CRP representing systemic inflammation that directly
impacts processes leading to increased REE (discussed in Chapter 2). Neutrophil:lymphocyte
ratio has not been previously assessed as a determinant of REE in other populations. Further
analysis of the role of biological markers on energy balance and continued exploration of
accurate and clinically viable ways of identifying chronic inflammation in relation to REE
without added patient burden should continue to be investigated.
8.4 Total Energy Expenditure: A Crucial Indicator of Energy Metabolism and
Requirements

While REE might be altered in patients with cancer as described in this thesis, dietary
energy requirements ultimately relate to TEE. Our understanding of TEE to date has been
primarily informed by a study in patients with advanced pancreatic cancer with overall low PAL
(32). In fact, current guidelines from the European Society for Clinical Nutrition and Metabolism
on energy requirements (33) describe REE as being frequently elevated despite lower than
predicted TEE. Estimated TEE between 25-30 kcal/day is therefore currently assumed based on
the supposition that TEE does not differ substantially from healthy subjects. This
recommendation was informed by the aforementioned study in patients with pancreatic cancer
(32), combined with those from Gibney et al. (34) which included eight patients with
unresectable small cell lung cancer (discussed in more depth in Chapter 2). The
recommendations also used data from studies which assume that activity monitors accurately
measure TEE (35, 36), which may be an invalid assumption (37). The results presented in
Chapter 7 add to the small body of literature investigating TEE and found that such
recommendations cannot be used for individual energy intake recommendations. Furthermore,
“abnormal” REE was not correlated to TEE (previously corroborated by Skipworth et al. [38])

and TEE was not different when patients were grouped by higher versus lower REE. A high
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variability in PAL was observed, and TEE differed according to PAL categories, as expected.
These results collectively suggest that in patients with primarily earlier stage CRC, PAL
variability could be more important in determining energy requirements rather than universal
PAL. Estimating energy requirements should therefore no longer assume that all individuals with
cancer are sedentary, and that PAL should be considered when designing individualized diets.
Furthermore, understanding both REE and TEE (and inherently PAL) is vital since these
measurements should theoretically influence different outcomes. For example, elevated REE
might predict treatment toxicity (39), while TEE and PAL might relate to quality of life (32).
Characterization of these entities across the disease trajectory — including diagnosis, treatment,
and survivorship — and their potential use for clinical trial design, warrants future investigation.
Our data of TEE should be put into context of REE and energy intake. For example, liver
metastases may only increase REE by approximately 150 kcal/day on average (15). However,
average TEE in individuals with pancreatic cancer was around 170 kcal/day /ower than predicted
from (Schofield equation [40] multiplied by 1.5) (32). Large energy balance perturbations are
more likely to occur from changes in PAL or energy intake. For example, 150 kcal/day is
equivalent to approximately 35 minutes of walking 2.5 miles/hour on a solid, flat surface
(metabolic equivalency of task = 2.5)(41), assuming body weight is 85.1 kg (average observed in
Chapter 7). In terms of energy intake, a small snack would impact energy intake in the range of
150 kcal/day. Therefore, while REE might be altered in cancer, the relative changes in this value
are likely smaller than energy balance alterations that are subject to behavioral alterations. Error
in current energy expenditure estimations should also be considered in context of each other.
Error in TEE estimates (Chapter 7) were substantially larger than error in REE estimates
(Chapter 3) and were worsened by assuming PAL from patient recall. To put this in context, the
Mifflin St. Jeor equation produced limits of agreement ranging from -21.7 to 11.3% (-394 to 203
kcal/day), while the Dietary Reference Intake equation with assumed PAL generated limits of
agreement ranging from -33.3 to 50.8% (-736 to 1074 kcal/day). Energy intake recommendations
based on such error would undoubtedly contribute to unwanted weight change. It is therefore
imperative that future research identifies more clinically viable tools to estimate PAL and how

these relate to total energy requirements.
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Structured exercise (a constituent of PAL) during cancer treatment is related to improved
physical function, lower treatment toxicity, and longer survival (42). Current guidelines also
support exercise in individuals with cancer (43), which presumably might impact PAL. Chapter
7 highlights the wide variability in PAL close to cancer diagnosis and suggests that PAL is a
primary driver of TEE and therefore energy requirements. Understanding the impact of exercise
interventions on PAL and subsequent energy requirements across disease trajectory therefore
represents an area of further research need. It can also be hypothesized that the relationship
between energy expenditure and energy intake might be altered in cancer. In healthy adults, REE
predicts energy intake (44), but higher REE is not always associated with higher energy intake in
cancer (20, 45). Further elucidation of the multifaceted interactions between TEE, PAL, energy
intake, body composition, and clinical outcomes in cancer are needed to answer the complex
questions within this research area.

TEE estimation error was associated with body weight, body composition, and PAL.
Results from this study also indicate that TEE and PAL are specific to cancer type and stage,
since TEE and PAL were much lower in patients with pancreatic cancer, previously reported
(32). This raises the question of how to better estimate TEE in clinical settings. The utility of
easily-accessible online calculators developed from large samples of healthy adults such as those
put forth by Pennington Biomedical Research Center (46) or National Institutes of Health (47) to
predict weight loss would be beneficial in anticipating energy balance alterations in cancer.
However, the development of such calculators requires large sample sizes to account for the
heterogeneity in energy balance change over time and to support the sophisticated mathematical
modeling undertaken to develop these tools. There are also several assumptions associated with
these calculations (48, 49) and the efficacy of implementing these in dietetic practice in patients
with cancer should be investigated. Nevertheless, it is expected that this thesis can someday be

used develop improved energy balance equations.

8.5 Limitations

This research is highly novel and has shed light on several aspects of energy metabolism
in patients with cancer. However, some limitations must be considered, in addition to those
mentioned in Chapters 3 - 7. Firstly, all REE measurements were assessed with a metabolic cart,

which might underestimate REE as measured by more sensitive techniques such as whole-body

169



calorimetry units that can also measure REE (in addition to TEE, thermic effect of food, exercise
energy expenditure, and sleep energy expenditure). For example, the Vmax Encore 2900
(Sensor-Medics, Yorba Linda, CA, USA) produced REE values 195 kcal/day lower than that of a
whole body calorimetry unit in healthy subjects (p<0.001) (50). Data from our ongoing study
(51) suggest that the Vmax 29N produces REE values that are on average 168 + 88 kcal/day
lower than our whole-body calorimetry unit, although this is not significantly different
(p=0.292). Nevertheless, results presented in this thesis can be compared to previous research in
the field of energy metabolism, which almost invariably utilize metabolic carts. In addition, only
the study presented in Chapter 6 was designed to assess changes in energy metabolism over time.
The applicability of REE or TEE equations across time (i.e. after treatment) can therefore not be
assumed. Chapters 5, 6, and 7 present data on patients with CRC only; thus, findings should only
be applied to patients with CRC. Chapters 4, 5, and 6, consist of data from different cohorts of
patients. While this was controlled for in several analyses and the populations were similar, it is
plausible that some error might have been introduced. In addition, the study measuring TEE did
not collect longer-term measurements of dietary intake or sensitive markers of body composition
changes directly before and after DLW assessments; no conclusions regarding energy balance
can be made. Thermic effect of food (TEF) was assumed to be 10%, in line with most previous
research in the field in which PAL reflects the ratio between TEE and REE. Alterations in the
number of calories consumed or macronutrient distribution of the diet would impact TEF.
However, TEE assessments presented in Chapter 7 were designed to collect as much information
as possible to answer the research questions while minimizing patient burden. Further

elucidation of macronutrient metabolism and TEF in relation to TEE are warranted.

8.6 Translation and Future Directions

Understanding energy expenditure in terms of energy balance regulation is key for
clinical translation and to direct future research aimed at improving nutritional care. There is
accumulating evidence to suggest that long-term energy intake and TEE are rather tightly
controlled in states of energy balance in healthy adults. In fact, mathematical modeling suggests
that to maintain body weight within 1 kg over several years requires that long-term average
energy intake must be accurate within about 22 kcal/day (52). The research presented in Chapter

7 suggests an interesting scientific paradigm might be present in patients with cancer. Namely,
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many individuals with cancer will develop nutrition impact symptoms in relation to the cancer or
treatment and might consequently have low energy intake (this is especially true in advanced
stages of disease) (53, 54). Weight loss is highly prevalent in cancer and our data suggests that
some individuals can maintain relatively high TEE and PAL, at least close to diagnosis. Such
patterns of TEE and PAL might be indicative of the independent or performance allocation
models of energy expenditure, wherein exercise would increase TEE in an additive manner or
that REE increase reflects an increased capacity to mobilize energy stores, respectively (55, 56).
Future research that characterizes PAL and TEE in relation to energy intake will shed light on
dietary requirements in individuals with cancer.

Findings in Chapter 3, 4, and 7 highlight that current clinically viable methods of
estimating REE and TEE are not accurate on an individual level (which is more important than
group agreement in dietetic practice). Given the negative impact weight loss has on survival in
cancer (4), understanding effective methods to prevent and mitigate energy balance changes
should be a priority for future investigations and research practices. Consideration of energy
requirements according to BMI classes might be a feasible starting place since patients have
measures of height and weight recorded in medical records. In addition, improved energy
recommendations are needed, but should be continually followed up with clinical translation
practices. More specifically, characterizing the barriers and facilitators of behavior change

should be determined concurrently with the advent of evidence-based dietary recommendations.

8.7 Conclusion

The major findings of this research were that REE and TEE (and consequently PAL)
were highly variable in patients in cancer, which was not captured by current predictive
equations, portable tools, or energy recommendations. Furthermore, body composition is a major
determinant of REE at one timepoint and factors such as inflammation and cancer stage impact
the progression of REE across time. This research highlights individual variation in energy
metabolism in patients with cancer. These findings will contribute to the formation of evidence-
based dietary recommendations, considering disease stage, cancer type, body weight, body

composition, and/or physical activity, with the ultimate goal of improving cancer care.
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