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Abstract

Body composition, or the breakdown of the body into components such as skeletal
muscle and adipose tissue, is increasingly recognized as an important factor impacting morbidity
and survival in a variety of diseases. Body composition analysis provides both valuable
prognostic information and identifies patients who may benefit from nutritional intervention
and/or rehabilitation.

The majority of body composition studies in cancer patients have been performed in
those with intra-abdominal or intra-thoracic malignancies, as many body composition analysis
techniques require cross-sectional imaging of the chest or abdomen. Relatively little body
composition research has been done in melanoma, though patients with signs of advanced
disease (stage III or IV) typically have whole-body or abdominal imaging performed as part of
their staging. Baseline body composition and prevalence of factors such as sarcopenia (skeletal
muscle depletion) and myosteatosis (reduced skeletal muscle density) have not been well-
characterized in melanoma patients, particularly in patients with locoregional disease (stage III).
This thesis includes a systematic review of current body composition research in melanoma.
Existing research in melanoma has focused mostly on patients with metastatic disease and has
been limited by the use of differing techniques of body composition analysis, some of which are
not well-supported by the majority of body composition literature.

Medical management of advanced melanoma has significantly changed in recent years
with the emergence of immunotherapies, which have been shown to significantly improve
survival in patients with metastatic disease. A growing number of studies are evaluating body
composition in these patients as both a prognostic marker and predictor of immunotherapy

toxicity. We performed a retrospective analysis of body composition in patients with metastatic
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melanoma receiving the immunotherapy agent nivolumab and found that myosteatosis was a
strong predictor of decreased survival in these patients.

Finally, we sought to characterize baseline body composition and its impacts on survival
in patients with resectable stage I1I disease. A retrospective analysis was performed of a cohort
of patients with resected stage III melanoma presenting to a cancer care center in Alberta,
Canada from 2007-2017. Peri-operative computed tomography (CT) scans were analyzed at the
third lumbar vertebrae to measure surface area of skeletal muscle and adipose tissue. Sarcopenia
and myosteatosis were defined using previously published cut-offs commonly used in body
composition literature. In addition, we determined cohort-specific cut-offs that significantly
impacted overall survival (OS) using optimal stratification. Sarcopenia and myosteatosis defined
using cohort-specific cut-offs were predictive of OS, melanoma-specific survival (MSS), and
recurrence-free survival (RFS) in a multivariate model accounting for other known prognostic
factors in melanoma.

An exploratory analysis was undertaken of adipose tissue in this cohort of patients with
stage III melanoma. Prognostic and predictive effects of adipose tissue are not well-understood,
though emerging evidence in other cancer types suggests that an excess of visceral fat is
associated with decreased survival. Unlike skeletal muscle, no cut-offs of adipose tissue
associated with decreased survival have been widely adopted in the literature. We applied several
methods of stratifying and analyzing measurements of adipose tissue. Though significant cut-offs
of visceral adipose tissue index that impacted OS were identified using optimal stratification,
these associations were only borderline significant in multivariate analyses. These results suggest

a need for further research to elucidate the role of adipose tissue in melanoma.
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This thesis demonstrates that body composition, which has been identified as a
significant prognostic marker in other cancer types, has a similar role in patients with advanced
melanoma. Though melanoma lacks some of the more traditional risk factors for malnutrition
associated with gastrointestinal malignancies, patients with resectable stage III melanoma in fact
have comparable rates of sarcopenia and myosteatosis. These factors have strong negative effects
on survival, independent of other known prognostic factors in melanoma. Our findings are a
novel contribution to body composition research in melanoma patients, a relatively understudied
field, and underscore the significant role of body composition in cancer progression and

prognosis.
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Chapter 1: Introduction
1.1 Statement of the problem

1.1.1 Melanoma epidemiology, incidence, and survival

Malignant melanoma (called melanoma herein) is the deadliest of skin cancers and the
sixth most commonly diagnosed cancer in Western countries.! Melanoma incidence is increasing
worldwide. In Canada, melanoma incidence increased by 2% per year in men and by 1.5% per
year in women between 1986 and 2010.2 An estimated 8000 new cases of melanoma were
diagnosed in Canada in 2020.* Rising incidence is thought to be driven by an aging population
and trends in sunlight and ultraviolet radiation exposure, the strongest modifiable risk factors for
developing melanoma.

Surgery remains the standard of care for melanoma, and patients with early-stage disease
have a favorable prognosis. However, survival rates drop significantly with more advanced
disease. Estimated 5-year relative survival for patients with regional (stage III) and distant (stage
IV) disease is 66 and 27%, respectively.* The most recent edition of melanoma staging criteria
released by the American Joint Committee on Cancer (AJCC 8™ edition) accounts for tumor
characteristics, such as tumor thickness and presence of ulceration, and extent of nodal
involvement as key factors influencing prognosis.® Other factors thought to impact melanoma
survival are age, sex, and potentially tumor location. Similar to many other cancer types,
advanced age is associated with decreased survival. Women tend to have improved survival
compared to men, though it is unclear whether this is due to earlier detection or to biological
differences between sexes.®’ Tumors at specific anatomic sites, such as head and neck tumors,

may be associated with worse survival compared to tumors in other locations.®



Management of advanced melanoma (stage III and IV disease) has drastically changed in
the past decade as a result of several landmark trials. The Multicenter Selective
Lymphadenectomy Trials (MSLT) evaluated the role of sentinel lymph node biopsy and
completion lymph node dissection (CLND) in surgical management of melanoma. MSLT-I
demonstrated benefits of routinely performing sentinel lymph node sampling for staging
purposes in patients with tumors staged T1b and higher.”*!° The follow-up trial, MSLT-II,'! and
another study, the Dermatologic Cooperative Oncology Group-selective lymphadenectomy
Trials (DeCOG-SLT),!? demonstrated no survival benefits to routine CLND in patients with
positive sentinel lymph nodes. These trials have led to a more selective use of CLND, a surgery
associated with significant morbidity.

Another significant change in melanoma management occurred with the development of
immunotherapy drugs for treatment of metastatic melanoma. These therapies function by
blocking tumor cell inhibition of host immune response, thereby enabling the immune system to
target tumor cells.!? Ipilimumab, an antibody that blocks cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4), was among the first immunotherapy agents to be studied, followed by
nivolumab, an anti-programmed death 1 (PD-1) antibody. Both agents have been shown to
significantly improve overall survival (OS) in stage IV melanoma, a disease which previously
carried a grim prognosis and had no known effective treatment.!*"!7 Recently, ipilimumab and
nivolumab have also been shown to improve survival in high-risk, resected stage III
melanoma.'®! However, these therapies are associated with significant toxicity,?’ and there is no
known way of predicting which patients will experience toxicity or preventing toxicity without

compromising treatment effectiveness.



Outside the factors mentioned above, few predictive and prognostic markers have been
identified in patients with advanced melanoma. A potential prognostic factor that has recently
garnered interest is body mass index (BMI), with several studies demonstrating a so-called
“obesity paradox” wherein patients with a higher BMI seem to have improved outcomes.?!">*
These studies have been conducted mostly in patients with metastatic disease receiving systemic
therapy. Results have been somewhat conflicting, with one study suggesting that the survival
benefit may be limited to men with higher serum creatinine levels suggestive of increased

skeletal muscle.?® Such findings suggest a need for research focused on body composition, rather

than anthropometric measures, as a potential prognostic marker in advanced melanoma.

1.1.2 An overview of body composition research in cancer

There is growing emphasis on malnutrition as not just a side effect of advanced cancer,
but as a prognostic marker and potential driver of cancer progression. Body composition
analysis, which provides a detailed breakdown of tissue compartments such as skeletal muscle
and adipose tissue, has emerged as a promising, non-invasive method of assessing nutritional
status. Technologies are now available that enable quick and accurate analysis of routinely
performed diagnostic imaging.?>® These techniques are of growing importance with rising rates
of overweight and obese patients, in whom signs of skeletal muscle loss may not be apparent on
physical exam.

The clinical significance of information extracted from body composition analysis is an
area of ongoing study. Several parameters determined from measurements of skeletal muscle on
cross-sectional imaging have emerged as reliable prognostic markers in a variety of cancer

patients. A radiologic method of identifying patients with sarcopenia, or skeletal muscle



depletion, is to measure muscle surface area at a specific anatomic level and normalize this area
for height to determine a skeletal muscle index (SMI).?%?’ Sarcopenia, or low SMI, has been
associated with a variety of poor outcomes in cancer, including increased rates of post-operative
complications, chemotherapy toxicity, and decreased survival.?® Another measure of skeletal
muscle on computed tomography (CT) imaging is its average radio-attenuation in Hounsfield
units (HU), which has been shown to correlate with the degree of fatty infiltration into muscle.?’
Decreased skeletal muscle density (SMD), also termed myosteatosis, is thought to be distinct
from sarcopenia but has similarly been associated with a worse prognosis in cancer.>°
Mechanisms behind these associations are unclear, with some hypothesizing that myosteatosis
reflects a state of heightened systemic inflammation.’!-

Measurements of adipose tissue from body composition analysis are another area of
ongoing research. Compared to skeletal muscle, prognostic implications of decreased or
increased amounts of adipose tissue have not been as well-characterized. From a physiologic
standpoint, it is apparent that adipose tissue functions as an endocrine organ which may
influence cancer development and progression, and furthermore that the various adipose tissue
compartments (visceral, subcutaneous, and intermuscular) are biologically distinct.?-34
Exploratory studies in colorectal cancer patients suggest that patients with increased visceral
adipose tissue, or visceral obesity, have worse outcomes.*> >’ However, the optimal method of
measuring and analyzing adipose tissue in body composition research is unknown.

A further application of body composition analysis in cancer patients, besides correlating
imaging findings with survival and recurrence rates, is in pharmacokinetics of anti-cancer

treatments. Most systemic cancer treatments are dosed by body weight or body surface area, but

such dosing methods have been questioned for their ability to reduce treatment toxicity.*® In



body composition analysis, the body can be divided into lean and adipose tissue compartments,
which function as drug distribution volumes for non-lipophilic and lipophilic drugs,
respectively.?® Patients with high levels of adipose tissue but relatively low skeletal muscle, also
termed sarcopenic obese, could theoretically receive excessive doses of chemotherapy or
immunotherapy drugs that distribute in the lean tissue compartment. Sarcopenia and sarcopenic
obesity have been linked to increased risk of treatment toxicity in multiple cancer types.*’ Thus,
body composition may explain why some patients are more likely to experience toxicity and, in
the future, serve as a method of providing personalized cancer therapy dosing.

While thousands of body composition studies can be found in the literature, caution
should be applied when interpreting results due to a lack of consensus regarding optimal methods
of analyzing imaging and defining clinically significant cut-offs. Various modalities including
CT, magnetic resonance imaging (MRI), dual X-ray absorptiometry, and bioelectrical impedance
analysis can be used in body composition analysis. Further methodologic variation occurs within
each imaging type; for example, studies using abdominal CTs may analyze images from different
anatomic levels or focus on specific muscle groups. Identifying clinically significant thresholds
of skeletal muscle loss can be difficult, as multiple factors including age, sex, BMI, ethnicity,
and comorbidities contribute to variation in skeletal muscle mass.*! Many studies attempt to
address these sources of variation in SMI by establishing sex- and/or BMI-specific skeletal
muscle cut-offs within their cohort; alternatively, some studies may apply cut-offs established in
another study, with Martin’s** and Prado’s®’ cut-offs among the most common in Western
literature. Finally, statistical methods of determining skeletal muscle cut-offs may vary, with
some studies using optimal stratification to identify statistically significant cut-offs and others

simply identifying patients below a certain percentile as having sarcopenia.



Despite this heterogeneity, several standards should be considered when assessing body
composition research. Lumbar CT and MRI images are generally considered the gold standard in
body composition analysis, as measurements of skeletal muscle from these images have been
shown to correlate with total lean body mass.?*¢ Importantly, these studies measured all skeletal
muscle at the third lumbar vertebrae; a trend in body composition research has been to use a
single muscle, such as the psoas muscle, as a surrogate for total skeletal muscle. This method has
been brought into question with several studies demonstrating poor correlation between psoas
muscle and total lumbar skeletal muscle surface area, as well as no significant association of
psoas muscle measurements with survival outcomes.**** Again, while there is no universal
definition of sarcopenia, SMI cut-offs should generally be stratified by sex and BMI. Potential
confounders such as age, sex, and BMI should be considered when assessing impacts of

sarcopenia on clinical outcomes.

1.1.3 Current body composition research in melanoma

Research in body composition has experienced huge growth in recent years, particularly
in cancer patients in whom there is a strong need to identify predictive and prognostic
biomarkers. However, body composition in melanoma remain understudied, with existing
research limited to a small number of studies mostly of patients with metastatic disease.*>*
Though these studies have been performed of a similar patient group, namely patients with stage
IV melanoma receiving immunotherapy, comparability is limited by methodological

heterogeneity. As such, prognostic impacts of factors such as sarcopenia and myosteatosis in

these patients are unclear. Given variable patient responses to immunotherapy, coupled with a



significant toxicity profile, further research is needed to clarify the predictive role of body
composition in these patients.

Stage I1I melanoma patients represent another group in whom impacts of body
composition have not been well-studied, though these patients also routinely have CT or PET-CT
scans performed as part of their work-up. Baseline body composition and prevalence of factors
such as sarcopenia and myosteatosis in these patients is unknown. Identifying patients with
skeletal muscle depletion may be of value in selecting patients for pre-operative nutritional
therapy or rehabilitation, with the goal of reducing post-operative complications and improving
survival. While there have been improvements to the management of stage III melanoma in the
past decade, risk factors for recurrence and shortened survival are unclear. Body composition
may play a role in prognosticating these patients and may also help identify patients more likely

to benefit from further therapy, such as adjuvant immunotherapy.

1.2 Summary

Melanoma is a common cancer whose incidence is rising in Canada. While management
of advanced melanoma has improved in recent years, there is still a lack of accurate predictive
and prognostic markers in these patients. Based on research done in other cancer types, body
composition may have several applications in patients with advanced melanoma, including
identifying patients more likely to benefit from novel immunotherapies or patient at higher risk
of recurrence after surgical resection. A small number of studies have been performed of body
composition in melanoma, but these have largely been limited by small sample sizes and

methodological heterogeneity.



1.3 Objectives
The objectives of this thesis were:

1) To summarize and critically evaluate current research regarding body composition in
melanoma, in order to identify gaps in the literature and methodological weaknesses
that should be avoided by future studies

2) To further evaluate prognostic and/or predictive roles of body composition in
metastatic melanoma patients receiving immunotherapy

3) To characterize baseline body composition in stage III melanoma patients and assess

whether body composition impacts long-term survival

The first objective was accomplished by performing a systematic review and summative
analysis of existing body composition research in melanoma, using previously established
criteria for studies of prognostic factors.

The second objective was addressed by conducting a retrospective study assessing
skeletal muscle in a cohort of metastatic melanoma patients receiving the immunotherapy agent
nivolumab. Impacts of myosteatosis on survival were assessed in addition to performing an
exploratory analysis of nivolumab dosing based on muscle surface area.

For the third objective, a retrospective study was undertaken of all patients in Alberta
with resected stage III melanoma from 2007-2017. Peri-operative CT scans were analyzed to
determine amounts of skeletal muscle and adipose tissue. Impacts of body composition factors
on several survival outcomes, including overall survival (OS), melanoma-specific survival
(MSS), and recurrence-free survival (RFS), were measured alongside other known and potential

prognostic factors in melanoma.



Chapter 2: A systematic review of prognostic and predictive roles of
body composition in melanoma

2.1 Introduction

Body composition analysis is a rapidly growing area of research in oncology. Skeletal
muscle and adipose tissue can be precisely quantified on cross-sectional imaging,?® providing a
diagnostic tool with multiple clinical applications. Sarcopenia is commonly defined as a low
skeletal muscle index (SMI) calculated by measuring muscle surface area at L3 and normalizing

for height.?’#* Sarcopenia has been associated with various poor outcomes in multiple cancer

50,51 52

types, including increased risk of chemotherapy toxicity, post-operative complications,”” and

decreased overall survival (OS).>® Low skeletal muscle radiodensity (SMD), also termed

myosteatosis, has also been associated with decreased survival in cancer.*°

A small but growing number of studies are assessing body composition in melanoma.
Stage I1I and IV melanoma patients routinely have computed tomography (CT) scans performed
as part of their care,”® representing a group of patients in whom body composition analysis could
be performed at relatively low additional cost. This research is of particular interest given recent
changes to melanoma management with emergence of targeted and immunotherapies. While

15-17

these therapies have dramatically improved outcomes in advanced melanoma, predictive

biomarkers in these patients are lacking. Sarcopenia has been associated with decreased OS in

55,56

other cancer types treated with immunotherapy,”>° prompting similar investigations of

melanoma patients.



Though body composition analysis is a powerful tool, methodological heterogeneity
complicates interpretation of results. A multitude of measurements can be taken from a single
CT image, including surface area and radiodensity of skeletal muscle, visceral adipose tissue
(VAT), and subcutaneous adipose tissue (SAT).?® A quick survey of the literature reveals a wide
variety of methods used to analyze measurements taken from CT; these include stratifying into
low versus high based on a cut-off value,?”*? dividing into quartiles or tertiles,”’ or calculating a
ratio of two different tissue compartments.>> Images taken at varying anatomic levels, or studies
focusing on a single muscle versus all skeletal muscle, further contribute to the confusion. Thus,
periodic literature reviews are necessary to compare varying methods of body composition

analysis and determine best practices for researchers moving forward.

The purpose of this systematic review is to summarize and critically evaluate current
literature on body composition analysis in melanoma patients, focusing on associations of
baseline body composition with survival outcomes. As a secondary outcome, we collected data
on effects of body composition on treatment-related toxicities in patients treated with systemic
cancer therapies. For purposes of this review, the terms sarcopenia and myosteatosis will be
reserved for parameters determined from total lumbar skeletal muscle; parameters based off a

single skeletal muscle such as psoas muscle will be referred to using the muscle name.

2.2 Methods

This systematic review was conducted according to Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.’® MEDLINE and Embase

databases were searched for terms relating to melanoma and body composition analysis
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(sarcopenia, myosteatosis, skeletal muscle mass, volume, surface area, density, index, and
adipose tissue). Date of last search was Oct. 5, 2020. Terms relating to CT scans or survival
outcomes were not included as these were found to overly restrict results in preliminary searches.
All human-based studies from 2000-2020 with any survival-based outcomes (OS, progression-

free survival (PFS), or disease-free survival (DFS)) or cancer treatment toxicities were included.

Only studies that used abdominal cross-sectional imaging to analyze body composition
were included given known correlations between abdominal imaging and whole-body skeletal
muscle and fat mass.?>*® Studies including non-melanoma patients had to provide melanoma-
specific statistics or have melanoma patients comprise over 50% of the cohort. Conference
abstracts, reviews, and commentaries were searched for relevant references but not included.
Non-English articles were not included. Study authors were contacted for missing information

when necessary.

Two authors (SY, UJ) screened titles and abstracts for inclusion; any studies identified as
relevant by either author underwent full text review. Data extraction for each study was
independently performed by two authors (SY, UJ) using CHARMS-PF (checklist for critical
appraisal and data extraction for systematic reviews of prediction modelling studies and
prognostic factors).” Information on study participants, outcomes, adjustment for covariates,
statistical analyses, and prognostic factors, specifically method of body composition analysis and
definition of sarcopenia, were collected from each study. A meta-analysis was not performed due
to heterogeneity of parameters identified from body composition analysis and varying statistical

methods of analyzing sarcopenia or myosteatosis.
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Two authors (SY, UJ) independently assessed risks of bias in each study using the
QUIPS (quality in prognostic factor studies) tool, which assigns a low, moderate, or high risk of
bias to categories of study participation and attrition, measurement of prognostic factors and
outcomes, use of appropriate cut-points for continuous variables, adjustment for important
covariates, and statistical analyses and reporting.>® Any discrepancies in bias ratings were

reviewed until an agreement was reached.

2.3 Results

2.3.1 Search outcomes

The initial search yielded 240 results. After removing duplicates and conference
abstracts, 171 titles and abstracts were screened for inclusion (Figure 1). Twenty-three studies
were selected for full-text review. Of these, four were excluded as they did not perform
abdominal cross-sectional imaging (two studies used temporal muscle thickness, one study
performed limb imaging only, and one study used serum creatinine as a surrogate for skeletal
muscle mass). Six studies were excluded as they did not provide statistics specific to melanoma
patients and melanoma patients comprised less than 50% of the entire cohort. A further four
studies lacked outcomes of interest, either survival or treatment-related toxicities. No additional

studies were identified from review of reference lists.

A total of nine studies involving 914 patients were included in the final systematic review

(Table 1).%460-63 Eight studies were of patients with unresectable or metastatic melanoma

20-27

treated with systemic therapy, while one study evaluated stage III melanoma patients who
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underwent completion lymph node dissection.®® One study did not analyze survival as an

outcome but was included for its findings on treatment-related toxicities.*®

Results of QUIPS assessment are summarized in Table 2. All studies were considered as
being at moderate to high risk of participation bias due to the significant number of patients
lacking eligible CTs. The percentage of patients with eligible CTs ranged from 36 to 88%.!"
232728 Two studies did not provide this statistic as patients were pre-selected based on the
presence of an available CT.%%? Timing of baseline CT scans also varied significantly; the
longest window of CT inclusion amongst patients on systemic therapy was within six months of
starting treatment.**** One study of resected stage Il melanoma patients included CT scans

performed within one year of diagnosis of stage III disease.®

2.3.2 Skeletal muscle and survival

A variety of body composition analysis techniques were observed in this review. Three
studies measured psoas muscle only*>%*62; this method was considered to be at high risk of bias
as the accuracy of using psoas muscle as a surrogate for whole body skeletal muscle mass has
been questioned.®* Furthermore, these studies did not utilize a HU threshold for skeletal muscle
but manually outlined or measured psoas muscle. In their study of resected stage III melanoma
patients, Sabel et al. (2011) found that increased psoas muscle density correlated with prolonged
DFS and distant disease-free survival. Another study by Sabel et al. (2015) of metastatic
melanoma treated with ipilimumab found that increased psoas density was associated with

improved OS. Hu ef al. calculated a psoas muscle index by normalizing psoas area for height and

found no associations with OS or PFS.%?
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Remaining studies evaluating skeletal muscle used a threshold of -29 to +150 HU and
analyzed all skeletal muscle at the 3™ or 4" lumbar vertebrae, using a variety of SMI and SMD
cut-offs to define sarcopenia and myosteatosis, respectively.*#*% While no single cut-point of
SMI or SMD has been found to be applicable to all patient populations, studies were considered
at low risk of bias if previously established cut-offs were applied or statistical techniques such as
optimal stratification were used to identify cut-offs. Prevalence of sarcopenia ranged from 24 to

53 .7%.46,47,49,63

Three studies used cut-offs established by Martin et al.** to define sarcopenia.*”*’

Results regarding effects of sarcopenia were conflicting amongst these studies, despite using
identical cut-offs. Two studies found no association of sarcopenia with either OS or PFS,*#
whereas Chu ef al. found that sarcopenia negatively impacted both OS and PFS.*® This
association remained significant in multivariable analysis accounting for age, sex, lactate
dehydrogenase (LDH) levels, BRAF mutation status, and number of prior lines of treatment.*3

Another study, using SMI cut-offs defined by Fearon et al.,®> found no significant impact of

sarcopenia on OS or PFS.?’

Three studies evaluated myosteatosis*’ . Chu et al. used optimal stratification to
identify BMI-specific cut-offs of SMD that significantly impacted OS and PFS. While their
SMD cut-off for patients with BMI <25 was similar to that established by Martin et al. (<41 HU
vs. <43 HU, respectively), their cut-off in patients with BMI >25 was markedly lower (<20 HU
vs. <33 HU). Chu et al. found that myosteatosis negatively impacted OS and PFS independent of
age, sex, LDH levels, line of treatment, and BRAF mutation status. Both Daly et al. and Young
et al. used Martin’s** SMD cut-offs to define myosteatosis; in contrast to findings by Chu et al.,

myosteatosis was not significantly associated with OS or PFS. Young ef al. performed a further
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analysis of skeletal muscle using a measurement known as skeletal muscle gauge (SMG),
calculated by multiplying SMI by SMD. Low SMG was defined based on a cut-off previously
determined in a population of breast cancer patients.®® SMG alone was not found to impact OS or
PFS, though low SMG combined with high total adipose tissue index (TATI), calculated by

adding VAT to SAT and normalizing for height, was associated with worse OS and PFS.

2.3.3 Impact of adipose tissue

Three studies evaluated adipose tissue compartments.*>***%! Grignol et al. measured VAT
and SAT surface area at L4 and found that increased visceral-to-subcutaneous fat ratio was
associated with worse OS and PFS.®! Young et al. found that increased TATI was also associated

with decreased PFS in multivariate analysis.*

Sabel et al. measured visceral fat distance by averaging the distance from the anterior
vertebral aspect to the linea alba from T12-L4; increased visceral fat distance was associated
with worse OS.* To our knowledge, this measurement has not been used elsewhere in the
literature. While some studies have shown a correlation between visceral fat distance and total
visceral fat area,®”® these studies used different landmarks, measuring from the anterior aspect
of the abdominal aorta rather than the vertebrae. This method of quantifying visceral adipose

tissue was considered to be at high risk of bias.

2.3.4 Treatment-related toxicities

Seven studies included treatment-related toxicities as an outcome (Table 2). Six studies
recorded treatment-related adverse events (AE) according to National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE).*46263 One study used their own

classification system, grading side effects as mild, intermediate, or severe.*’
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Overall results for associations of sarcopenia with treatment toxicities were inconsistent.
Two studies found that sarcopenia did not increase the risk of AE or dose-limiting toxicity,*3
while one study found that sarcopenia was associated with increased risk of high-grade (grade
II-1V) AE specifically.*’ Heidelberger et al. found that a majority of patients (63%) were
sarcopenic by Prado’s cut-offs and elected to use median SMI by gender to define sarcopenia; in

their study, sarcopenia was associated with increased risk of dose-limiting toxicity but only in

overweight females.*®

Two studies evaluated impacts of myosteatosis on treatment toxicity.*’* Chu et al. found
that low SMD was actually associated with decreased risk of transaminitis and dermatitis but not
other toxicities.* In contrast, Daly et al. found that low SMD was associated with increased risk
of all high-grade AE.*” Amongst studies of psoas muscle specifically, neither psoas muscle

density nor index were found to predict treatment toxicity.*%?

2.4 Discussion

This systematic review highlights significant methodological heterogeneity and a lack of
high-quality evidence within existing literature surrounding body composition in melanoma.
While some methodological weaknesses are inherent to retrospective study design, such as risk
of selection bias due to patients lacking eligible CTs, multiple studies were further limited by

small sample size and use of non-validated CT analysis methods.

Standardization of CT analysis is lacking, with three out of nine studies in this review
focusing on psoas muscle though single-muscle approaches to diagnosing sarcopenia or

myosteatosis are not well-supported in the literature. The psoas muscle in particular is strongly
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associated with benign spinal pathology,* and measurements of psoas muscle have been found
to correlate poorly with both total skeletal muscle surface area and average radiodensity at
L3.4% Furthermore, in a study of patients awaiting liver transplant, psoas muscle index was
shown to be a poor predictor of mortality compared to SMI.** No studies analyzing psoas muscle
in this review performed further analyses to determine whether psoas muscle area correlated with
total skeletal muscle surface area or lean body mass, or assessed the prognostic utility of psoas
muscle against all skeletal muscle at L3. Psoas muscle should not continue to be used as a
substitute for total cross-sectional muscle surface area and impacts of skeletal muscle on survival

in melanoma patients cannot be determined from studies using psoas muscle exclusively.

Amongst studies that measured total lumbar skeletal muscle surface area, four studies
assessed sarcopenia using different sets of SMI cut-offs. Overall results were conflicting, with
only one study identifying sarcopenia as a negative prognostic factor.*® Given the small number
of studies assessing sarcopenia using validated CT-based techniques, prognostic effects of
sarcopenia in melanoma cannot be clearly determined from this review. It is also unclear whether
cut-offs determined in other cohorts of cancer patients should be applied in melanoma studies.
The most commonly used cut-offs in the literature, Martin’s and Prado’s, were established in
groups of gastrointestinal and respiratory cancer patients which did not include melanoma
patients or patients treated with immunotherapy. In contrast, the majority of studies in this
review were of patients with metastatic disease who in some cases received multiple lines of
immunotherapy. To better assess impacts of skeletal muscle depletion, future studies may benefit
from comparing baseline body composition parameters to those of other studies to determine

whether applying previously established cut-offs is appropriate.
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The role of myosteatosis in cancer is still emerging and very few studies have assessed
impacts of myosteatosis in melanoma. Myosteatosis is a complex, multifactorial process driven
in part by increased systemic inflammation and has been associated with various processes
including aging, frailty, and comorbidities such as diabetes.** The only study in this review to
identify a significant prognostic effect of myosteatosis used SMD cut-offs determined within
their cohort,*® whereas other studies utilizing Martin’s cut-offs found no impact on survival.

Again, these cut-offs may not be applicable to metastatic melanoma patients.

Another measurement of skeletal muscle found in this review was SMG in a study by
Young et al., determined by multiplying SMI by SMD. This is a relatively uncommon method of
analyzing skeletal muscle in body composition literature. The physiologic basis of multiplying
two different measurements of skeletal muscle together is unclear, as sarcopenia and
myosteatosis are driven by distinct biological processes and may or may not occur together.
Given the small number of studies utilizing SMG, compared to the vast majority of body
composition literature that analyzes SMI and SMD separately, further studies should avoid

relying on SMG alone as a prognostic marker.

The distribution of adipose tissue has been shown to be prognostic in cancer. Visceral
obesity, defined as an excess of intraabdominal fat, correlated with comorbidities and risk of
recurrence more accurately than body mass index (BMI) in colorectal cancer.’>*® Mechanisms
behind these associations are not fully understood, but it is apparent that adipose tissue regulates
systemic inflammation through production of adipokines such as adiponectin and leptin, which
in turn can contribute to cancer progression.’® Leptin, for example, has been shown to promote
melanoma tumor growth in mice.”! It has also been recognized that visceral vs. subcutaneous fat

compartments are biologically distinct and may have disparate effects on cancer prognosis.*® The
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optimal method of measuring and analyzing adipose tissue is unknown. This was demonstrated
by the variety of methods used to quantify adipose tissue in this review, which included visceral-
to-subcutaneous fat ratios, visceral fat distance, and total adipose tissue index (TATI). Both
increased visceral-to-subcutaneous fat ratio and increased TATI were associated with worse PFS.
Taken together these findings suggest that adipose tissue may serve as a potential biomarker in

melanoma.

The predictive potential of body composition in melanoma patients treated with
immunotherapy is of particular interest, given significant side effect profiles associated with
these therapies. By delineating lean and adipose tissue compartments, body composition analysis
may reflect drug distribution volumes and has been suggested as a method of predicting cancer
treatment toxicity.’>’*> Immunotherapies, which are dosed by body weight, are typically
distributed in blood plasma and extracellular fluid volumes.** Increases in adipose tissue, while
contributing to body weight, may not lead to corresponding increases in drug distribution
volume. As such, patients with low lean body mass relative to adipose tissue (such as those with
sarcopenic obesity) may be exposed to higher immunotherapy concentrations and therefore be at
higher risk of toxicity. This review did not identify any strong predictors of immunotherapy
toxicity, with inconsistent results regarding effects of sarcopenia. However, based on the
proposed pharmacokinetics of immunotherapy drugs, measurements of both skeletal muscle and

adipose tissue may be necessary to identify those at greater risk of toxicity.

To our knowledge, this systematic review is the first to provide an in-depth examination
of the existing literature surrounding body composition analysis in melanoma. Most studies are
of patients with metastatic disease and sarcopenia is relatively common in this population. Due

to disparate methods of body composition analysis, prognostic effects of sarcopenia,
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myosteatosis, and increased adiposity have not been clearly established. There are some
limitations to this review. Bias ratings should be interpreted with caution, as there is some
disagreement in the literature as to how skeletal muscle and adipose tissue should be analyzed as
prognostic factors. Nonetheless, we establish that some methods, such as single-muscle

approaches, should be avoided by future researchers in this area.

In summary, current literature regarding body composition in melanoma, while
presenting some promising findings, is limited by methodological disparities, small sample sizes,
and lack of evidence-based methods of CT analysis. As immunotherapy becomes increasingly
prominent and patients with advanced disease enjoy prolonged survival, the need to
prognosticate and predict outcomes in these patients will grow. Further research, with an
emphasis on standardization of CT analysis techniques, is needed to elucidate the role of body

composition in melanoma.
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Figure 1. Flow diagram to illustrate study inclusion or exclusion in this review.
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Table 1. Summary of body composition analysis techniques, cut-offs, and impacts of body composition on survival.

Author Population, Body composition Body composition Association with survival (95% Adjustment factors
(year) number with CT analysis method parameter and cut-offs | Cl, p-value) in survival analysis
(percentage) (image type, timing,
anatomic level,
parameter, HU
threshold)
Sabel et al. Stage lll melanoma | CT Psoas density (HU): Psoas density (continuous Age, Breslow
(2011)%° undergoing Within 1 year of analyzed as continuous | variable): thickness,
completion lymph diagnosis of stage Il variable 1) DFS: HR 0.40 (0.20-0.78, ulceration,
node dissection disease p=0.01) Macroscopic vs.
(n=101). Patients L4 Psoas area (cm?): 2) DDFS: HR 0.55 (0.35-0.87, microscopic nodes,
pre-selected based | Psoas density: muscle | divided into tertiles. p=0.01) number of positive
on CT availability. outlined and average Psoas area: nodes
HU measured. 1) No significant association
with DFS, DDFS
Sabel et al. Metastatic CT Psoas density (HU): Psoas density: None.
(2015)% melanoma treated Within 6 months of divided into quartiles 1) OS: 1-year survival 71.4% in
with ipilimumab starting ipilimumab highest quartile vs. 40.1% in
(n=133). 48 patients | L4, psoas density: Psoas area (cm?): lowest 3 quartiles (p=0.04).
(36%) with CTs muscle outlined and divided into quartiles VFD:
averaged HU 1) OS: 1-year survival 25.0% in
measured. VFD (cm): divided into highest quartile vs. 56.3% in
T12-L4, VFD: average | quartiles lowest 3 quartiles (p=0.022)
distance from Psoas area:
anterior vertebrae to 1) No significant association
linea alba with OS.
Grignol et Metastatic CcT VAT/SAT ratio: divided | VAT/SAT ratio (per 0.5 increase): | LDH, presence of
al. (2015)°" | melanoma treated Within 3 months prior | into increments of 0.5 1) OS:HR1.60(1.18-2.19, liver metastases.
with bevacizumab to starting treatment p=0.003) (BMI, age, sex, ECOG
+interferon-a L3-14 2) PFS:HR 1.32(0.99-1.74, PS, treatment type,
(n=62). 42 patients | VAT, SAT: -190 to -30 p=0.056) lung metastases,
(68%) with CT HU lymph node
metastases, VAT,
SAT excluded after
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screening univariate
analysis)

Heidelberge | Metastatic CT Sarcopenia defined as N/A N/A
retal melanoma treated Within 2 months prior | below median SMI by
(2017)% with nivolumab or to starting treatment | gender
pembrolizumab L3 M: <47.68 cm?/m?
(n=77). 68 patients | Skeletal muscle: -29 F: <37.15 cm?/m?
(88%) with CT to +150 HU
Daly et al. Metastatic CT Sarcopenia (Martin’s Sarcopenia and myosteatosis not | None.
(2017)¥7 melanoma treated Pre-treatment cut-offs): significantly associated with OS.
with ipilimumab L3 M, BMI <25: <43
(n=96). 84 patients | Skeletal muscle: -29 cm?/m?
(88%) with CT to +150 HU M, BMI 225: <53
cm?/m?
F: <41 cm?/m?
Myosteatosis (Martin’s
cut-offs):
BMI <25: <41 HU
BMI 225: <33 HU
Chuetal. Metastatic CT Sarcopenia (Martin’s Sarcopenia: Age, sex, LDH, line of
(2020)*® melanoma treated Within 30 days of cut-offs) 1) OS:HR1.85(1.06-3.22, treatment, BRAF
with ipilimumab starting treatment M, BMI <25: <43 p=0.003) status, ipilimumab
(n=121). 97 patients | L3 cm?/m? 2) PFS: HR 2.46 (1.35-4.51, dose per MSA
(80%) with CT Skeletal muscle: -29 M, BMI >25: <53 p=0.004) (mg/cm?)
to +150 cm?/m? Myosteatosis (ref: high SMD)

F: <41 cm?/m?

Myosteatosis (cut-offs
determined through
optimal stratification):
BMI <25: <42 HU

BMI 225: <20 HU

1) 0S: HR 2.47 (1.84-6.02,
p=0.001)

2) PFS:HR1.77 (1.12-3.31,
p=0.008)
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Hu et al. Metastatic CT Psoas muscle index Psoas muscle index: not None.
(2020)%2 melanoma treated Within 3 months of (cm?/m?): divided into significantly associated with OS or
with starting treatment sex-specific tertiles. PFS.
pembrolizumab L3
(n=156). Patients Psoas area: no HU
pre-selected based | threshold used.
on CT availability.
Young et al. | Metastatic CcT Sarcopenia (Martin’s Sarcopenia: (Multivariable
(2020)* melanoma treated Within 6 months of cut-offs): 1) OS:HR1.28(0.93-1.77, analysis of TATI)
with PD1 + CTLA-4 starting treatment M, BMI <25: <43 p=0.135) Age, sex, stage, prior
inhibitors (n=349). L3 cm?/m? 2) PFS:HR1.15(0.87-1.51, treatment,
287 patients (82%) Skeletal muscle: -29 M, BMI >25: <53 p=0.33) SMG*TATI
with CT to +150 cm?/m? Myosteatosis: interaction term
SAT:-190 to -30 F: <41 cm?/m? 1) 0S:HRO0.76 (0.55-1.04,
VAT: -150 to +50 p=0.09)
Myosteatosis (Martin’s | 2) PFS: HR 0.97 (0.74-1.28,
cut-offs): p=0.85)
BMI <25: <41 HU TATI (highest tertile vs. lowest
BMI >25: <33 HU tertile):
1) OS:HR 1.44(0.80-2.61,
TATI (cm?/m?): p=0.22)
Divided into tertiles 2) PFS:HR1.71(1.01-2.87,
p=0.04)
Samanci et | Metastatic CT Sarcopenia (Fearon’s Sarcopenia not significantly None.
al. (2020)®* | melanoma treated | L3 cut-offs): associated with OS (p=0.326) or
with BRAF/MEK Before starting M: <55 cm?/m? PFS (p=0.172).
inhibitors (n=41). 31 | treatment F: <33 cm?/m?
patients (76%) with | Skeletal muscle: -29
CT to +150

SAT, subcutaneous adipose tissue; IMAT, intermuscular adipose tissue; SFI, subcutaneous fat index; IFI, intermuscular fat index; SMA skeletal
muscle area; SMI, skeletal muscle index; SMD, skeletal muscle gauge; SMD, skeletal muscle density; VAT, visceral adipose tissue; VFD, visceral
fat distance; TATI, total adipose tissue index; HU, Hounsfield units; OS, overall survival; PFS, progression-free survival; DFS, disease-free

survival; DDFS, distant disease-free survival; HR, hazard ratio; 95% CI, 95% confidence interval; ECOG PS, Eastern Cooperative Oncology
Group performance status; LDH, lactate dehydrogenase; AE, adverse event; DLT, dose-limiting toxicity
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Table 2. Summary of findings regarding associations of body composition with treatment
toxicity. NCI-CTCAE=National Cancer Institute Common Terminology and Criteria for Adverse
Events; DLT=dose limiting toxicity.

Study

Toxicity Criteria

Association of body composition with
survival

Sabel et al. (2015)%

Mild, intermediate, severe

Decreased psoas density not associated
with increased risk of treatment toxicity.

Daly et al. (2017)%

NCI-CTCAE version 4.0

Sarcopenia and myosteatosis associated
with increased risk of high-grade toxicity.

Heidelberger et al.
(2017)%

NCI-CTCAE version 4.0

DLT defined as toxicity leading to
temporary or definitive treatment
discontinuation

Sarcopenia associated with increased risk
of DLT in overweight females.

Chu et al. (2020)*

NCI-CTCAE version 4.0

Myosteatosis associated with decreased
risk of all grades of transaminitis and
dermatitis.

Hu et al.
(2020)%2

NCI-CTCAE version 5.0

Decreased psoas muscle index not
associated with increased risk of
treatment toxicity.

Young et al. (2020)*°

NCI-CTCAE version 4.0

Sarcopenia not associated with increased
risk of toxicity.

Samanci et al.
(2020)%3

NCI-CTCAE version 4.0

Sarcopenia not associated with increased
risk of toxicity.
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Table 3. Summary of bias ratings of included studies using the Quality in Prognostic Studies (QUIPS) tool

Study Study Study attrition Prognostic factor | Outcome Adjustment for Statistical

participation measurement measurement covariates analysis and
reporting

Sabel et al. High risk Low risk High risk Low risk Low risk Moderate risk

(2011)%°

Sabel et al. High risk Low risk High risk Moderate risk High risk Moderate risk

(2015)*

Grignol et al. Moderate risk Low risk Low risk Low risk Low risk Low risk

(2015)%*

Daly et al. Moderate risk Low risk Low risk Low risk High risk Low risk

(2017)~

Heidelberger et Moderate risk Low risk Moderate risk Low risk High risk Low risk

al. (2017)%

Chu et al. Moderate risk Low risk Low risk Low risk Low risk Low risk

(2020)*

Hu et al. High risk Low risk High risk Low risk High risk Moderate risk

(2020)52

Young et al. Moderate Low risk Low risk Low risk Moderate risk Low risk

(2020)°

Samanci et al. Moderate Low risk Low risk Low risk High risk Low risk

(2020)%3
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Chapter 3: Myosteatosis is prognostic in metastatic melanoma
treated with nivolumab

3.1 Introduction
Melanoma is one of the most common types of cancer in North America and its incidence

is on the rise.”* Management of advanced melanoma has significantly changed in recent years
with the emergence of immunotherapies such as nivolumab, an inhibitor of cell programmed
death-1 (PD-1) receptors, and ipilimumab, an antibody targeting anti-cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4). These agents have dramatically improved survival in metastatic
melanoma (MM).!>!1® Nivolumab, either as monotherapy or in combination with ipilimumab, is
now considered one of the standards of care for metastatic melanoma (MM).

However, few predictive biomarkers in patients treated with immunotherapy have been
identified. Body composition analysis is increasingly being studied as a method of
prognosticating MM treated with immunotherapy. Imaging analysis software can quantify
surface area and radiodensity of skeletal muscle on computed tomography (CT) scans. Muscle
surface area (MSA) measured at the L3 vertebrae correlates with total lean body mass and

2326 while the mean attenuation of skeletal muscle in Hounsfield units (HU) is a

skeletal muscle,
surrogate of muscle density and the degree of fatty infiltration.?” Low skeletal muscle density

(SMD), also termed myosteatosis, has been associated with worse OS in multiple cancer

types. 375

As patients with advanced melanoma typically have PET-CT or CT scans performed as
part of their work-up, myosteatosis can be easily identified from existing data and is promising
as a low-cost method of prognosticating MM. The impact of myosteatosis in melanoma is

unclear. Chu et al. identified myosteatosis as a negative prognostic factor in MM patients treated
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with ipilimumab,*® while a recent study by Young et al. of MM patients treated with anti-PD-1
or anti-CTLA-4 immunotherapy found no impact of myosteatosis on survival.*

Body composition analysis has also been studied as a predictor of immunotherapy-related
toxicities. Treatment-related toxicities are common, with over 50% of patients experiencing a
high-grade adverse event (AE) in a pooled analysis of MM treated with nivolumab plus
ipilimumab.?’ Several studies have examined associations of myosteatosis with immunotherapy
toxicity in melanoma with conflicting results: Chu et al. found that low SMD patients treated
with ipilimumab actually had fewer immune-related AE,* while Daly et al. found that low SMD
was associated with a higher incidence of ipilimumab toxicity.*’

MSA, as a surrogate of lean body mass, has been suggested as a method of predicting
cancer treatment toxicity. Immunotherapy drugs are typically distributed in blood plasma and
extracellular fluid volumes.* Currently immunotherapies are dosed by body weight, which can
fluctuate widely depending on levels of adipose tissue and therefore may not correlate with lean
body mass. By distinguishing lean and adipose tissue compartments, imaging-based body
composition analysis may reflect drug distribution volumes more accurately than body weight.
Studies of cytotoxic chemotherapy, which are similarly distributed in the lean compartment, have
found that patients who received a higher dose per kilogram of lean body mass (derived from
measurements of MSA) were more likely to experience toxicity.”>’® Quantifying skeletal muscle
may have a similar role in patients on immunotherapy.

The primary aim of this study was to assess whether SMD was prognostic of OS in
melanoma patients treated with nivolumab. We also aimed to determine whether calculating

nivolumab dose based on MSA could predict OS and treatment-related toxicities.
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3.2 Methods

Ethics approval was obtained from the Health Research Ethics Board of Alberta. A
retrospective analysis was performed of all MM patients who were treated with nivolumab at a
single Northern Alberta cancer institute from 2015 to 2017. All patients who had CT scans
performed within 30 days prior to starting treatment were included in the study. Demographic
information including age, sex, BRAF status, lactate dehydrogenase (LDH) levels, stage, and
Eastern Cooperative Oncology Group Performance Status (ECOG PS) were collected. Weight,
height, body mass index (BMI), nivolumab dose received per cycle, and number of previous
lines of therapy were collected. Primary outcome was OS, which was determined from the date
of starting treatment. Secondary outcomes were incidence of hospitalizations and treatment-
related toxicities, including gastrointestinal toxicities (nausea, vomiting, or diarrhea),
transaminitis, dermatitis, and endocrinopathy.

Baseline CT scans were analyzed using Sliceomatic™ software by a trained user to
determine MSA in cm? and SMD in HU from a single image at the L3 vertebrae (version 5.0,
TomoVision, Magog, Quebec, Canada). The threshold used for skeletal muscle tissue was -29 to
+150 HU. Average nivolumab dosing by muscle area was calculated by dividing nivolumab dose
in milligrams received per cycle by MSA (mg/cm?).

Optimal stratification was used to determine cut-offs of low versus high SMD and
nivolumab dosing that most significantly impacted OS. This method is used to stratify
continuous variables hypothesized to have a threshold value above which outcomes are
significantly different.”’ Relatively few studies have determined myosteatosis cut-offs in MM or
in patients on immunotherapy. The most commonly used cut-offs in the literature, Martin’s and

Prado’s, were established in cohorts of gastrointestinal and lung cancer patients.!”!8 A study by
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Chu et al. determined SMD cut-offs in 97 MM patients treated with ipilimumab’; these cut-offs
were tested in our study in addition to determining our own cut-offs due to smaller sample size.
Baseline patient characteristics were compared using Mann-Whitney, t-test, or Chi-square
analysis. Kaplan-Meier curves and log rank tests were used to compare survival between groups.
Univariate analysis was performed to screen for variables that significantly impacted OS
(0<0.10); these variables were included in subsequent multivariate Cox regression analyses. All

statistical analyses were performed using Stata (version 16, StataCorp, College Station, Texas).

3.3 Results

3.3.1 Patients

Fifty patients from 2015-2017 received nivolumab for MM. Forty-four patients (88%)
had pre-treatment CT scans eligible for analysis. Twelve patients (27.3%) received nivolumab
only; 32 patients (72.7%) received three induction cycles of ipilimumab at the start of treatment
before proceeding to nivolumab maintenance therapy. A significant proportion of patients
received prior systemic treatment for melanoma, with 13 patients (29.5%) having received 2 or
more prior lines of therapy. Median age was 57 and 25 patients (56.8%) were male. Twenty-two
(50%) harbored a BRAF mutation, while 6 patients (13.6%) had an elevated LDH at start of
treatment. The most common treatment-related toxicity was gastrointestinal toxicity, with an
incidence of 50%. Twenty-one patients (47.8%) died by the end of the study period and one
patient was lost to follow up; all deaths were attributable to disease progression. Baseline patient
characteristics are shown in Table 1.

In univariate analysis, sex, number of prior lines of therapy, and ECOG PS significantly

impacted OS (0<0.10, Table 2). These variables were included in subsequent multivariate Cox
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regressions. Advanced age, BRAF status, LDH levels, and BMI category did not significantly

impact survival.

3.3.2 Skeletal Muscle Density

Median SMD was 31.67 HU (range 10.06-54.85 HU). Optimal stratification yielded a
cut-off of 25.65 HU for low versus high SMD that significantly impacted OS. With this cut-off,
12 patients (27.3%) had low SMD and 32 patients (72.7%) had high SMD. Low SMD patients
had significantly shorter OS compared to high SMD patients (median 12.03 vs. 34.96 months,
p=0.001 by log rank test, Figure 1). Using cut-off values determined by Chu et al. that were able
to be stratified by BMI due to the larger numbers in that study (<42 HU in BMI <25 kg/m?, <20
HU in BMI >25 kg/m?),*® median OS was 12.05 vs. 34.73 months, p=0.007 by log-rank test, in
the low SMD and high SMD groups.

When comparing baseline characteristics between low vs. high SMD patients by our cut-
offs, median age was found to be significantly different (64 vs. 55 years respectively, p=0.001,
Table 1). In multivariate Cox regression analysis performed with age, sex, ECOG PS, and
number of prior lines of therapy as covariates, low SMD still significantly impacted OS (HR
4.40, 95% CI 1.44-13.42, p=0.009, Table 3). Hazard ratios of multivariate analysis are shown in
Table 3. The incidence of hospitalizations and treatment-related toxicities was not significantly

different between low vs. high SMD patients (Table 1).

3.3.3 Nivolumab Dosing by Muscle Surface Area

Patients on combination immunotherapy received nivolumab at a standard dose of 1
mg/kg per cycle during induction before proceeding to a maintenance dose of 3 mg/kg. Those on
nivolumab alone received 3 mg/kg throughout treatment. Calculations were based on the initial

dose of nivolumab received, as only 11 patients in the combination treatment group (34.4%)
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completed induction and went on to receive maintenance therapy. The median dose of nivolumab
by MSA was 0.68 mg/cm? (range 0.41-2.67 mg/cm?). A significant cut-point for low versus high
nivolumab dose was identified at 0.62 mg/cm?. Those who received a total dose below this cut-
off had significantly improved OS (median 42.9 vs. 12.3 months, p<0.001, see Figure 2).

Age, number of prior lines of therapy, BMI, MSA, and ECOG PS were significantly
different between patients who received low vs. high doses of nivolumab by MSA (Table 1).
Patients who received a lower dose per MSA were younger, received fewer prior therapies, were
more likely to be overweight (BMI >25), and had higher ECOG PS. When accounting for age,
sex, ECOG PS, and number of prior lines of therapy, lower nivolumab dosing by MSA remained
significantly associated with improved OS (HR 0.05, 95% CI 0.01-0.30, p=0.001, Table 3).
Additional covariates were not included in multivariable analysis due to small sample size. The
incidence of transaminitis was significantly higher in patients who received a lower dose of
nivolumab (55.0 vs 25.0%, p=0.04). Rates of other treatment-related toxicities and
hospitalizations were not significantly different between low vs. high nivolumab dose.

Given that nivolumab dose varied by treatment group (combination vs. monotherapy),
survival analysis was repeated amongst the combination treatment group to eliminate this
potential confounding effect. In this cohort of 32 patients, lower nivolumab dose by MSA
remained significantly associated with prolonged OS (median survival 43.4 vs. 7.4 months,

p<0.001, Figure 2B).

3.4 Discussion

Myosteatosis is thought to prognosticate cancer patients in multiple ways. Whereas

measurements of MSA reflect total body skeletal muscle mass and can be used to identify
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sarcopenic patients, SMD is thought to reflect intrinsic muscle quality.?” Decreased SMD has
been associated with aging,’® frailty,”” and various comorbidities such as obesity and diabetes. In
this sense, myosteatosis may be a marker of poor functional status and as such identify those
with a poor prognosis. Low SMD is also associated with increased systemic inflammation,*°
which in itself has been acknowledged as an important driver of cancer progression.®! In
melanoma, elevated markers of systemic inflammation have been identified as a poor prognostic
factor, with several studies demonstrating that increased neutrophil-to-lymphocyte ratio were
associated with worse OS and PFS in MM treated with immunotherapy.®>** In our study,
myosteatosis was associated with worse OS even when accounting for known prognostic factors
such as age, sex, performance status, and number of prior lines of therapy. Due to a lack of
readily available data, we did not perform further analyses to determine whether inflammatory
markers such as an increased neutrophil-to-lymphocyte ratio were associated with myosteatosis
or survival.

Our findings stand in contrast to those of several studies which found no impact of SMD
on survival in similar groups of metastatic melanoma patients treated with immunotherapy.*”-%
Of note, our study used the technique of optimal stratification to identify SMD cut-offs within
our cohort, whereas studies by Daly et al. and Young ef al. used SMD cut-offs established by
Martin et al. in a cohort of gastrointestinal and lung cancer patients (<41 HU in BMI <25 kg/m?
and <33 HU in BMI >25 kg/m?) .*>#"%° Martin’s cohort did not include any melanoma patients
or patients treated with immunotherapy. While these are among the most common SMD cut-offs
used in body composition literature, it is unclear whether they are applicable to all cancer
populations. Disparate definitions of myosteatosis may explain some of the variation between

studies. Interestingly, the SMD cut-off determined in our study (<25.65 HU) is similar to that
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determined by Chu et al. in patients with BMI >25 kg/m? (<20 HU).*® A study by Bhullar et al.
that took repeated measures of SMD from CT scans within a 5 cm range found a coefficient of

variation of 5 HU*®; given this, our cut-off is consistent with that of Chu et al. and suggests that
the threshold value for SMD in MM lies somewhere within this range.

Body composition analysis has been studied as a way of tailoring immunotherapy dosing
to both improve outcomes and avoid toxicities. In this study, we calculated nivolumab dosing
based on muscle surface area, as total body lean body mass is linearly correlated with muscle
area on cross-sectional imaging.?® Based on this calculation, those who received lower doses of
nivolumab (<0.62 mg/cm?) actually had improved OS, even when controlling for age, sex, and
performance status. While mechanisms underlying this association are unclear, these results are
similar to those of Chu et al., who found that lower doses of ipilimumab based on MSA were
associated with improved PFS and OS, independent of age, sex, number of prior treatments,
LDH, BRAF status, and presence of sarcopenia.*® While our analyses were limited by small
sample size, they contribute to a growing body of evidence that suggests body composition may
be used as a method of cancer therapy dosing to improve survival.

Our study did not identify any strong predictors of immunotherapy toxicity. Rates of
treatment toxicity were relatively high and in line with other studies of MM treated with
nivolumab + ipilimumab. While myosteatosis has been identified as a poor prognostic factor in
cancer, its relation to cancer treatment toxicity is unclear. In our study, there were no significant
differences in the incidence of hospitalizations and treatment-related toxicities between low vs.
high SMD patients. Thus, while SMD may impact OS, it may not predict which patients are
more likely to experience adverse events. As well, patients who received a higher concentration

of nivolumab based on MSA were not more likely to experience toxicities. We based our dosing
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on MSA measured at L3 to avoid introducing further error by calculating total lean body mass
through linear regression formulas established in other studies of cancer patients. Our findings
suggest that this method of calculating nivolumab dose may be of limited value in predicting
toxicity.

The main limitations of this study are its retrospective nature and small sample size. This
limited the number of potential confounders we could account for in multivariate regression,
though we attempted to evaluate all variables through a screening univariate analysis. Given our
small sample size and specific patient population, SMD cut-offs identified here should be
regarded as hypothesis-generating and may not be generalizable to other patient cohorts.
Furthermore, there is some evidence that SMD cut-offs may vary with BMI category, though
underlying associations between myosteatosis and BMI are unclear.!”!8 Our small sample size
precluded us from further stratifying our population to determine BMI-specific SMD cut-offs,
though of note we did apply BMI-specific cut-offs established in another study and found similar
effects on survival. This study also looked at all patients receiving nivolumab as a whole, though
some patients also received several cycles of ipilimumab at the start of treatment. As the two
therapies have different side effect profiles,?° this may have impacted our ability to identify
predictors of treatment toxicity.

Despite these limitations, this study contributes to a growing body of evidence on the
prognostic and predictive value of SMD in melanoma. In contrast to several other studies, we
identify myosteatosis as a negative prognostic factor in MM patients treated with nivolumab. As
immunotherapies become increasingly prevalent, further research will be needed to identify

prognostic and predictive markers in MM.
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Table 1. Baseline patient characteristics and toxicities based on SMD and nivolumab dosing.

Patient All (n=44) Low SMD High SMD | p-value | Nivolumab | Nivolumab | p-value
characteristic (n=12) (n=32) (low vs. | dose <0.62 | dose 20.62 | (low vs.
high mg/cm? mg/cm? high
SMD) (n=20) (n=24) dose)
Median age, 57 (29-79) | 64 (55-79) | 55(29-75) | 0.001 55 (29-74) 62 (34-79) | 0.005
years (range)
Sex, n 0.90 0.03
Male 25 (56.8%) | 7 (58.3%) 18 (56.3%) 15 (75%) 10 (41.7%)
Female 19 (43.2%) | 5(41.7%) | 14 (43.7%) 5 (25%) 14 (58.3%)
Stage, n 0.83 0.74
I 10(22.7%) | 3 (25%) 7 (21.9%) 5 (25%) 5 (20.8%)
1% 34 (77.4%) | 9 (75%) 25 (78.1%) 15 (75%) 19 (79.2%)
Prior lines of 0.069 0.009
therapy, n
<2 31(70.5%) | 6 (50%) 25 (78.1%) 18 (90%) 13 (54.2%)
>2 13(29.5%) | 6 (50%) 7 (21.9%) 2 (10%) 11 (45.8%)
BMI, n
<25 kg/m? 11 (25%) 5(41.7%) 6 (18.8%) 0.118 2 (10%) 9 (37.5%) 0.036
>25 kg/m? 33 (75%) 7 (58.3%) 26 (81.3%) 18 (90%) 15 (62.5%)
BRAF mutation, 0.50 0.99
n
Negative 22 (50%) 7 (58.3%) 15 (46.9%) 10 (50%) 12 (50%)
Positive 22 (50%) 5(41.7%) 17 (53.1%) 10 (50%) 12 (50%)
LDH, n 0.72 0.52
Normal 38 (86.3%) | 10(83.3%) | 28 (87.5%) 18 (90%) 20 (83.3%)
Elevated 6 (13.6%) 2 (16.7%) 4 (12.5%) 2 (10%) 4 (16.7%)
ECOG PS, n 0.69 0.03
0 29 (65.9%) | 7(58.3%) 22 (68.8%) 17 (85%) 12 (50%)
1 13(29.6%) | 4(33.3%) 9 (28.1%) 2 (10%) 11 (45.8%)
2 2 (4.5%) 1(8.3%) 1(3.1%) 1 (5%) 1(4.2%)
3 0 0 0
Mean MSA, cm? | 137.8 142.3 135.9 0.634 160.2 119.1 <0.001
(SD) (+40.5) (+42.8) (+40.0) (+36.8) (+33.8)
Hospitalization, | 11 (25%) 4 (33.3%) 7 (21.9%) 0.43 5(25%) 6 (25%) 0.99
n
Gastrointestinal | 22 (50%) 4 (33.3%) 18 (56.3%) | 0.18 12 (60%) 10 (41.7%) | 0.23
toxicity, n
Transaminitis, n | 17 (38.6%) | 5(41.7%) 12 (37.5%) | 0.80 11 (55%) 6 (25%) 0.04
Dermatitis, n 18 (40.9%) | 4(33.3%) 14 (43.8%) | 0.53 10 (50%) 8 (33.3%) 0.26
Endocrinopathy, | 4 (9.1%) 1(8.3%) 3(9.4%) 0.92 2 (10%) 2 (8.3%) 0.85
n

BMI=body mass index; LDH=lactate dehydrogenase; ECOG PS=Eastern Cooperative Oncology
Group performance status; SMD=skeletal muscle density; MSA=muscle surface area;
SD=standard deviation.
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Table 2. Univariate analysis of characteristics associated with overall survival (OS).

Variable Hazard ratio 95% ClI p-value
Age (>60) 1.71 0.72-4.03 0.223
Female sex 2.13 0.90-5.08 0.087
Stage IV 1.14 0.38-3.39 0.816
2 2 prior lines of 3.72 1.56-8.90 0.003
therapy
BMI >25 kg/m? 0.56 0.22-1.38 0.208
Positive BRAF mutation 1.29 0.55-3.05 0.558
Elevated LDH 1.19 0.35-4.03 0.784
ECOG PS 0.213
1 2.24 0.92-5.42 0.075
2 1.79 0.23-13.87 0.579
Low SMD 3.81 1.60-9.08 0.003
Low nivolumab dose by 0.06 0.01-0.28 <0.001
MSA

Cl=confidence interval, LDH=lactate dehydrogenase; ECOG PS=Eastern Cooperative Oncology
Group performance status; SMD=skeletal muscle density; MSA=muscle surface area.

Table 3. Multivariate analyses of variables assessing for impact on overall survival (OS) based
on SMD and Nivolumab dosing by MSA.

Variable Hazard 95% CI p-value
ratio
SMD Low SMD 4.40 1.44-13.42 | 0.009
(<25.65 HU)
Female sex 2.98 1.07-8.31 0.037

Age (=60 years) 0.85 0.25-2.86 0.791
>2 prior lines of 3.21 1.22-8.47 0.018

therapy
ECOG PS
1 1.56 0.59-4.08 0.367
2 1.58 0.18-14.01 0.681
Nivolumab | Low dose 0.05 0.01-0.30 0.001
dose by (<0.62 mg/cm?)
MSA Female sex 1.00 0.38-2.68 0.993

Age (=60 years) 0.61 0.20-1.87 0.388
>2 prior lines of 2.32 0.85-6.36 0.101

therapy

ECOG PS
1 0.88 0.34-2.27 0.787
2 4.54 0.47-43.63 | 0.191

Cl=confidence interval, SMD=skeletal muscle density; ECOG PS=Eastern Cooperative
Oncology Group performance status; Nivo=nivolumab; MSA=muscle surface area.
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Figure 1. Kaplan-Meier curve of overall survival (OS) based on low versus high skeletal muscle
density (SMD).

o
Q -
[te}
~
o
©
=
£
b3 |
co |
8 -a
@ I
o ‘-l
w |
N4 e
o |
o
Q -
o T T T T T T
0 10 20 30 40 50
Months
HighSMD ———-—- Low SMD

38



Figure 2. Kaplan-Meier curves of overall survival (OS) based on low versus high nivolumab
dosing received per muscle surface (cm?); (A) all patients (B) patients in cohort treated with
combination ipilimumab plus nivolumab.
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Chapter 4: Skeletal muscle is prognostic in resected stage IlI
malignant melanoma

4.1 Background
Body composition analysis is a source of valuable prognostic and predictive information

in cancer. Hallmarks of malnutrition such as sarcopenia, or skeletal muscle depletion, may not be
evident on physical exam, leading to a growing reliance on imaging-based assessments of body
composition. Sarcopenia is commonly defined as a low skeletal muscle index (SMI), determined
by measuring muscle surface area (MSA) on cross-sectional imaging and normalizing for
height.?5?742 Multiple studies have associated sarcopenia with decreased survival in a variety of
cancer patients.?”*? Another measurement of skeletal muscle is skeletal muscle density (SMD),
which can be assessed on computed tomography (CT) scans by measuring average muscle
attenuation in Hounsfield units (HU).? Decreased SMD, also known as myosteatosis, is distinct
from sarcopenia but also carries negative prognostic implications.*® A landmark study by Martin
et al. assessing body composition in a cohort of stage [-IV gastrointestinal and respiratory cancer
patients established SMI and SMD cut-offs that are widely used in Western literature as

definitions of sarcopenia and myosteatosis, respectively.*

A small, but growing number of studies, are focusing on impacts of body composition in

melanoma.**74%0 Most

studies are of patients with metastatic disease, given the wide
availability of diagnostic imaging in these patients. However, patients with stage III disease also
have CT or PET-CT scans routinely performed and represent an understudied group in the body
composition field. A previous study of body composition in stage I1I patients identified
decreased psoas muscle density as a negative prognostic factor,’’ though single muscle

approaches to body composition analysis have been questioned for their reliability.*>%
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Management of stage III melanoma has undergone significant changes in recent years, with
results of the Multicenter Selective Lymphadenectomy Trial II (MSLT-II) altering indications
for completion lymph node dissection'! and the recent approval of immunotherapy agents and
BRAF-inhibitors as adjuvant treatment for resected stage 111 disease.!**¢ Prevalence of
sarcopenia and long-term impacts of baseline body composition on survival in these patients are

unknown.

Our study’s objectives were to assess impacts of body composition on survival in
resected stage III melanoma, alongside other known prognostic factors and anthropometric

measures such as body mass index (BMI).

4.2 Methods

Patients

This was a retrospective study of all patients in Alberta, Canada referred to one of two
cancer care centers (Cross Cancer Institute and Tom Baker Cancer Center) with resected stage I11
melanoma, as determined from a prospectively collected cancer database. Stage III patients were
defined as those with pathologically positive lymph nodes, satellite lesions, or in-transit
metastases; all patients had pathologic lymph node sampling. Patients with multiple primary
lesions were excluded. Patients were included if an abdominal CT scan was performed within 60
days of primary surgery (wide local excision). In the case of patients presenting with
lymphadenopathy and unknown site of primary, date of surgery was defined as date of regional
node dissection. Height, weight, and Eastern Cooperative Oncology Group performance status

(ECOG PS) were collected from medical records closest to date of CT. Type of surgery
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performed (sentinel lymph node biopsy only vs. regional node dissection) and any adjuvant
therapies given were recorded. Stage subgroup was determined retrospectively based on
pathologic and clinical data using AJCC (American Joint Committee on Cancer) 8" edition

criteria.
CT analysis technique

A single image at L3 was analyzed in SliceOMatic (version 5.0, TomoVision, Magog,
Quebec, Canada) body composition software by a trained user. Hounsfield unit (HU) thresholds
used were -20 to +150 HU for skeletal muscle, -190 to -30 HU for subcutaneous adipose tissue,
and -150 to -50 HU for visceral adipose tissue. SMI was calculated by normalizing SMA for
height (cm?/m?). Average SMD at L3 was measured in HU. Total adipose tissue surface area was
calculated as the sum of visceral and subcutaneous fat areas. Visceral, subcutaneous, and total

adipose tissue indices were calculated by dividing surface area by height in m?.

Statistical approach

Primary endpoints were overall survival (OS), melanoma-specific survival (MSS), and
recurrence-free survival (RFS). Survival was calculated from date of surgery and patients were
followed until death, loss to follow-up, or date of last chart review (Dec 7, 2020). Recurrence
was defined as date of either biopsy- or imaging-proven recurrence, whichever occurred first.
Baseline characteristics were compared using t-tests or Chi-square tests for continuous and
categorical variables, respectively. Cut-offs established by Martin ef al. were used to define
sarcopenia and myosteatosis.** Martin’s SMI cut-offs for sarcopenia are stratified by sex and

BMI (males with BMI<25, <43 cm?/m?; males with BMI >25, <53 cm?/m?; females, <41
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cm?/m?) and SMD cut-offs for myosteatosis are stratified by BMI (BMI <25, <41 HU; BMI >25,

<33 HU).

As Martin’s cohort did not include melanoma patients and it is unknown whether body
composition varies significantly between these populations, cohort-specific cut-offs were also
determined using optimal stratification. SMI and SMD cut-offs that optimally predicted OS
based on log-rank statistics were identified using a minimal p-value approach.”’ Cut-points were
selected from the inner 80% of values in order to avoid small numbers in subgroups and loss of
statistical power.®”*® To further assess joint effects of myosteatosis and sarcopenia, patients were
also classified into phenotypes based on presence or absence of these factors using cohort-

specific cut-offs.

As prognostic cut-offs of adipose tissue have not been well-established in the literature,
an exploratory analysis was performed of whether adipose tissue indices predicted OS in our
study. Adipose tissue indices were divided into quartiles and survival was compared between the
highest and lowest three quartiles. If survival significantly varied between these groups, minimal
p-value analysis was applied to identify cut-offs that optimally predicted OS.”” These cut-offs

were then tested in multivariate analysis.

Log-rank tests and Kaplan-Meier curves were used to compare survival between groups.
Univariate and multivariate survival analyses were conducted using Cox proportional hazards
models. Multivariate survival models included the following variables selected a priori: age, sex,
stage subgroup, ECOG PS, and tumor location. Variables that were considered for inclusion in
univariate analysis were BMI, surgery (regional node dissection vs. no dissection), and adjuvant

treatment, using an alpha threshold of 0.1. Testing of Schonfield residuals demonstrated no
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violation of assumptions of proportional hazards models. All statistical analyses were performed

in Stata (version 16, StataCorp, College Station, Texas).

4.3 Results

4.3.1 Patients

Of 589 stage III patients initially identified from the database, 44 patients (7.5%) were
excluded due to having multiple primary tumors (Figure 1). 367 (67.3%) of these patients had a
baseline CT within 60 days of surgery. Twenty-five scans could not be analyzed due to image
quality and a further 12 patients had incomplete data, leaving 330 patients included in the final
analysis. The mean age was 56.4 years (Table 1), the majority of patients were male (62.4%),
and 72.4% of patients were overweight or obese with a BMI >25. Most patients (97%) had a
baseline ECOG of 0-1. A majority (80.2%) of patients underwent regional node dissection and
43.6% received a form of adjuvant treatment, with radiation and interferon being the most
common therapies. Only 6 patients (1.8%) received adjuvant immunotherapy and 1 patient

(0.3%) received an adjuvant BRAF-inhibitor.

4.3.2 Survival

Median OS was 56.4 months (range 1.84-165.1) and 150 patients (45.6%) had died at
time of censoring. The majority of deaths were attributable to melanoma recurrence (110/150,
73.3%). In total, 182 patients (55.2%) experienced disease recurrence. Median MSS was 55.8
months (range 1.84-165.1). Based on log-rank statistics, BMI category (<25 vs. >25) did not
significantly predict OS (p=0.159) or MSS (p=0.394). Receiving regional node dissection did

not significantly predict OS (p=0.218) or MSS (p=0.770). Finally, type of adjuvant treatment
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received did not predict OS (p=0.654) or MSS (p=0.612). These variables were therefore not

included in subsequent multivariate survival models.

4.3.3 Sarcopenia

Mean SMI was 54.5 cm?/m? in men and 40.8 cm?/m? in women (Table 2). For
comparison, mean SMI in Martin’s study was 51.5 cm?/m? in men and 41.3 cm?/m? in women.
Based on SMI cut-offs determined by Martin et al.,** 46.7% of patients were sarcopenic.
Sarcopenia as defined by these cut-offs was associated with significantly decreased OS in both
univariate analysis (HR 1.44, 95% CI 1.04-1.98, p=0.026) and multivariate analysis accounting

for age, sex, ECOG status, tumor location, and stage (HR 1.50, 95% CI 1.08-2.09, p=0.016).

Sex- and BMI-specific cut-offs generated using optimal stratification are shown in Table

3. These cut-offs were lower than those established by Martin et al.*?

Prevalence of sarcopenia
based on cohort-specific cut-offs was 20%. Sarcopenic patients were significantly older, more
likely to have higher ECOG PS, and less likely to undergo regional node dissection (Table 1).
Sarcopenic patients had significantly decreased OS based on log-rank statistics (p<0.0001,
Figure 2) and in univariate Cox regression analysis (HR 2.43, 95% CI 1.73-3.43, p<0.001). This
association remained significant in multivariate analysis accounting for age, sex, stage subgroup,
ECOG PS, and tumor location (HR 2.38, 95% CI 1.64-3.45, p<0.001, Table 4). Sarcopenia was

associated with worse MSS in multivariate analysis (HR 1.85, 95% CI 1.16-2.96, p=0.009) but

did not significantly impact RFS (HR 1.43, 95% CI 0.98-2.08, p=0.062).

4.3.4 Myosteatosis
Mean SMD did not vary significantly by sex, with an average of 36.0 HU in men and

34.9 HU in women (p=0.365, Table 2). These were similar to Martin’s average baseline values
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of 35.5 HU in men and 34.5 HU in women. Using Martin’s SMD cut-offs, 46.4% of patients had
myosteatosis. These patients had significantly decreased OS in univariate (HR 1.56, 95% CI
1.13-2.5, p=0.006) and multivariate analysis (HR 1.57, 95% CI 1.10-2.24, p=0.013, Table 4).
Martin’s cut-offs of myosteatosis also significantly impacted MSS in multivariate analysis (HR

1.55, 95% C1 1.03-2.34, p=0.037).

Mean SMD was significantly lower in patients with BMI >25 (Table 2). BMI-specific
SMD cut-offs determined using optimal stratification were lower than Martin’s cut-offs (Table
3).%2 Myosteatosis prevalence based on cohort-specific cut-offs was 18.2%. Patients with
myosteatosis were significantly older, more likely to be female, had worse ECOG PS, and were
more likely to have a BMI <25 (Table 1). Patients with myosteatosis had significantly decreased
OS based on log-rank statistics (p<0.0001, Figure 3) and in univariate Cox regression analysis
(HR 2.20, 95% CI 1.53-3.16, p<0.001, Table 4). This association remained significant in
multivariate analysis (HR 2.30, 95% CI 1.56-3.37, p<0.001, Table 4). Myosteatosis was
prognostic of both decreased MSS (HR 2.33, 95% CI 1.48-3.69, p<0.001) and RFS (HR 1.50,

95% CI 1.03-2.19, p=0.035) in multivariate analysis.

4.3.5 Combined phenotypes based on skeletal muscle

To assess joint effects of sarcopenia and myosteatosis on survival, patients were divided
into four phenotypes based on presence or absence of these factors as defined using cohort-
specific cut-offs. 25 patients (7.6%) had both sarcopenia and myosteatosis, 41 patients (12.4%)
had sarcopenia only, and 35 patients (10.6%) had myosteatosis only. Patients with both
sarcopenia and myosteatosis had significantly decreased OS compared to other phenotypes
(»<0.0001, Figure 3). In multivariate analysis, patients who had combined sarcopenia and

myosteatosis had significantly decreased OS (HR 4.07, 95% CI 2.42-6.85, p<0.001, Table 4)
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compared to those without either factor. Combined sarcopenia and myosteatosis had a similar
association with MSS (HR 3.00, 95% CI 1.52-5.94, p=0.002, Table 4) and RFS (HR 1.85, 95%

CI 1.04-3.29, p=0.035) in multivariate analysis.

4.3.6 Adipose tissue

An exploratory analysis was performed of whether amounts of visceral, subcutaneous,
and total adipose tissue impacted survival. Patients in the highest quartile of visceral fat index
(VFI) had significantly decreased median OS (45.7 months) compared to those in the lowest
three quartiles (58.5 months, p=0.0330). Though mean VFI was significantly higher in men
(»<0.001, Table 2), no cut-point that significantly predicted OS was identified in women. A cut-
point of VFI that optimally predicted OS for all patients was identified at 38.0 cm?/m?, with
patients above this cut-off experiencing decreased OS (p=0.0009, Table 3). 213 patients (64.6%)
fell above this cut-off. However, in multivariate analysis, increased VFI did not significantly
impact OS, MSS, or RFS (Table 4). Subcutaneous and total adipose tissue indices, when divided
into quartiles, did not significantly impact OS (p=0.1504 and 0.3538, respectively), and further

optimal stratification analyses were not undertaken of these variables.

4.4 Discussion

This is the largest study to date assessing prognostic effects of body composition in
resected stage III melanoma. This disease has not been previously associated with high rates of
sarcopenia or myosteatosis; we demonstrate here that both are prevalent amongst resectable stage
III patients based on a set of cut-offs widely used in cancer literature. As these cut-offs were

established in a cohort that did not include melanoma patients,*?> we also determined cohort-
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specific sarcopenia and myosteatosis cut-offs that were strongly predictive of both OS and MSS.
These associations were significant independent of other known prognostic factors in melanoma,
including age, sex, performance status, and stage subgroup. Associations with RFS were
somewhat mixed, as myosteatosis but not sarcopenia was associated with decreased RFS. This
inconsistency may be a consequence of variable follow-up and surveillance in resected
melanoma patients, which would affect time to diagnosis of recurrent disease. Average SMI and
SMD values for men and women were somewhat similar between our population and that of
Martin et al.’s study, suggesting that our cohort of stage IIl melanoma patients has similar
baseline body composition to their population of stage I-IV mixed gastrointestinal and
respiratory cancer patients. While our cut-offs were generally lower than Martin’s, this is likely a
reflection of the nature of optimal stratification, which selects a threshold that most strongly

prognosticates survival within a specific population.

Sarcopenia is increasingly being studied in cancer as both a prognostic marker and as a
method of identifying patients who may benefit from nutritional intervention and/or
rehabilitation. Sarcopenic patients may not be easily identifiable based on body habitus,
especially with increasing rates of overweight and obese patients. Indeed, a majority of patients
(72.3%) in this study had a BMI greater than or equal to 25. While malignant melanoma lacks
certain drivers of malnutrition that may be present in other cancers, such as bowel symptoms
associated with gastrointestinal malignancies, these patients may still be prone to significant

skeletal muscle loss.

Myosteatosis, or decreased skeletal muscle density, is less well characterized than
sarcopenia but has also been recognized as a negative prognostic factor in a variety of cancers.

We have previously reported on negative prognostic effects of low SMD in metastatic melanoma
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treated with immunotherapy***°; here we demonstrate that myosteatosis, as defined by two
different sets of SMD cut-offs, is also predictive of decreased OS and MSS in resectable stage III
patients. Furthermore, patients with both sarcopenia and myosteatosis had decreased OS and
MSS compared to those with either factor alone, demonstrating that these measures of skeletal

muscle have distinct, additive effects on prognosis.

While adipose tissue is increasingly recognized as a major endocrine organ that may

90,91

influence cancer progression, " the optimal method of analyzing adipose tissue in body

composition research is unknown. Several studies have demonstrated decreased survival in

patients with visceral obesity,¢-7-%2

which has been variously defined as increased VAT surface
area, increased VFI, and increased visceral-to-subcutaneous fat ratios. We undertook a simple
exploratory analysis by dividing visceral, subcutaneous, and total adipose tissue indices into
quartiles and selectively applying optimal stratification to identify significant thresholds. While a
threshold of VFI that significantly impacted OS was identified, this association was not
significant in multivariate analysis. Such measurements may be of limited value in

prognosticating stage III melanoma, and further studies may be needed to elucidate impacts of

adipose tissue compartments in melanoma.

Previous studies have described an obesity paradox in metastatic melanoma whereby
patients with greater BMI have improved survival,>!***% though results have been somewhat
inconsistent and most studies have been of patients with metastatic disease. In our study of
resectable stage III patients, BMI category did not significantly impact OS or MSS. Our study
demonstrates that skeletal muscle, rather than BMI, seems most strongly associated with
prognosis. Underlying variation in skeletal muscle amongst patients with similar BMI may

explain varying results in previous studies regarding associations of BMI with survival.
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Several limitations should be noted to our study. As a retrospective study there may be
possible confounders impacting our findings, though we attempted to account for a variety of
potential prognostic factors in melanoma. Certain pathologic and genetic factors, such as
maximal thickness of sentinel lymph node tumor deposits and tumor BRAF mutation status, are
known to impact survival in stage 11l melanoma;**°> however, this data was not consistently
available in our database. In addition, the recent emergence of adjuvant immunotherapy and
BRAF-inhibitors has significantly improved outcomes in high-risk resected melanoma,'®-%¢
which was not reflected in our study as only a fraction of patients received these during the study

period. Interactions of body composition with immuno- and targeted therapies are an area of

ongoing study.

Our study may also be at risk of selection bias, as a significant number of patients
(32.7%) were excluded due to a lack of available imaging. Nonetheless, our sample size was
large enough to perform multivariable analyses and demonstrate impacts of body composition
variables alongside a number of other known prognostic factors in melanoma. A strength of this
study is its detailed review of clinical progress notes and pathology reports, which allowed us to
retrospectively stage patients according to the most recent edition of AJCC criteria. The
incorporation of stage subgroup into multivariable analyses strengthens our findings of skeletal

muscle as an important prognostic factor in melanoma.

In summary, our study is one of the first to evaluate body composition in melanoma
patients with advanced but resectable disease. We demonstrate a high prevalence of sarcopenia
and myosteatosis in this population at baseline and their negative impacts on survival. These
findings suggest a need for further body composition research in patients with stage I1I

melanoma.
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Table 1. Baseline characteristics of patients included in the study, stratified by presence of
sarcopenia and myosteatosis defined using cohort-specific cut-offs. Values shown are n(%)
unless stated otherwise. BMI=body mass index, ECOG PS=Eastern Cooperative Oncology
Group performance status, [O=immunotherapy.

Variable n (%) Sarcopenic Not p- Myosteatosis No p-value
(n=66) sarcopenic value (n=60) myosteatosis
(n=264) (n=270)

Sex 0.140 0.057
Male 206 (62.4%) | 36 (54.5%) 170 (64.4%) 31 (51.7%) 175 (64.8%)

Female 124 (37.6%) | 30 (45.5%) | 94 (35.6%) 29 (48.3%) 95 (35.2%)

Age (mean, SD) | 56.4 (15) 66.9 (12.7) | 53.8(14.4) <0.001 | 66.8 (11.6) 54.1(14.7) <0.0001

BMI category 0.056 <0.0001
<25 91 (27.6%) 12 (18.2%) 79 (29.9%) 29 (48.3%) 62 (23.0%)

225 239 (72.4%) 54 (81.8%) 185 (70.1%) 31 (51.7%) 208 (77.0%)

Stage* 0.932 0.915

Ia 48 (14.6%) 8(12.1%) 40 (15.2%) 7 (11.7%) 41 (15.2%)
b 77 (23.3%) 16 (24.2%) 61 (23.1%) 14 (23.3%) 63 (23.3%)
e 173 (52.4%) | 35 (53.0%) 138 (52.3%) 33 (55.0%) 140 (51.9%)

Id 32 (9.7%) 7 (10.6%) 25 (9.5%) 6 (10.0%) 26 (9.6%)

ECOG PS <0.001 0.001
0 267 (80.9%) | 43 (65.2%) 224 (84.5%) 39 (65.0%) 228 (84.4%)

1 53 (16.1%) 17 (25.8%) 36 (13.6%) 16 (26.7%) 37 (13.7%)
2 10 (3.0%) 6 (9.0%) 4 (1.5%) 5(8.3%) 5(1.9%)

Tumor location 0.010 0.407
Arm/leg 124 (37.6%) 36 (54.5%) 88 (33.3%) 22 (36.7%) 102 (37.8%)
Head/neck 44 (13.3%) 9 (13.6%) 35 (13.3%) 6 (10.0%) 38 (14.1%)

Trunk 126 (38.2%) | 17 (25.8%) 109 (41.3%) 22 (36.7%) 104 (38.5%)
Unknown 36 (10.9%) 4 (6.1%) 32 (12.1%) 10 (16.7%) 26 (9.6%)

Regional node 0.002 0.032

dissection
Yes 264 (80.0%) 22 (33.3%) 44 (16.7%) 18 (30.0%) 48 (17.8%)
No 66 (20.0%) 44 (66.7%) 220 (83.3%) 42 (70.0%) 222 (82.2%)

Adjuvant therapy 0.669 0.157
None 186 (56.4%) 38 (57.6%) 148 (56.1%) 39 (65.0%) 147 (54.4%)

10 6 (1.8%) 2 (3.0%) 4 (1.5%) 2 (3.3%) 4 (1.5%)
Other 138 (41.8%) | 26 (39.4%) 112 (42.4%) 19 (31.7%) 119 (44.1%)
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Table 2. Baseline body composition variables stratified by sex and BMI category.
HU=Hounsfield units.

Variable Males Females p- BMI <25 BMI >25 p-
value value
Skeletal muscle 54.54 £9.63 40.75 £7.22 <0.001 | 43.03 £9.32 51.77 £10.71 <0.001
index (cm?/m?)
Skeletal muscle 36.03 £10.78 34.93 £10.51 0.365 | 40.19+10.34 | 33.88 £10.30 <0.001
density (HU)
Visceral fat index | 67.29 £39.12 37.18 £30.25 <0.001 | 23.75£21.16 | 68.24 £36.99 <0.001
(cm*/m?)
Subcutaneous fat | 65.19 +32.77 85.11 £50.40 <0.001 | 43.21 £22.57 | 83.89 £41.42 <0.001
index (cm?/m?)
Total adipose 132.48 +62.33 | 122.29+73.23 | 0.179 | 66.96 £35.69 | 152.14 £60.50 | <0.001
tissue index
(cm?/m?)
Table 3. Cohort-specific skeletal muscle index (SMI), skeletal muscle density (SMD), and
visceral fat index (VFI) cut-offs associated with decreased overall survival.
SMI (cm?/m?) SMD (HU) VFI (cm?/m?)
BMI category Males Females Males Females Males Females
(kg/m?
<25 <40.7 <33.2 <36.8 <36.8 <38.0 <38.0
225 <47.3 <39.7 <22.0 <22.0 <38.0 <38.0
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Table 4. Univariate and multivariate analyses assessing impacts of body composition on survival
based on A) cut-offs established by Martin et al. B) cohort-specific cut-offs. VFI=visceral fat
index. Phenotype 1=myosteatosis only, 2=sarcopenia only, 3=sarcopenia and myosteatosis.

All multivariate models adjusted for age, sex, ECOG PS, stage, and tumor location.
*Sarcopenia and myosteatosis excluded as covariates.

A)

Overall survival
Univariate Multivariate
HR (95% Cl) p-value HR (95% Cl) p-value
Sarcopenia 1.44 (1.04-1.98) 0.026 |1.50(1.08-2.09) |0.016
Myosteatosis |1.56(1.13-2.15) 0.006 |1.57(1.10-2.24) |0.013
Melanoma-specific survival
Univariate Multivariate
HR (95% Cl) p-value HR (95% Cl) p-value
Sarcopenia 1.26 (0.87-1.83) 0.217 1.42 (0.97-2.09) |0.072
Myosteatosis |1.36(0.94-1.97) 0.107 |1.55(1.03-2.34) |0.037
Recurrence-free survival
Univariate Multivariate
HR (95% Cl) p-value HR (95% Cl) p-value
Sarcopenia 0.96 (0.72-1.29) 0.803 [1.01(0.75-1.37) |0.930
Myosteatosis |1.18 (0.88-1.58) 0.265 [1.25(0.92-1.71) |0.156
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B)

Overall survival

Univariate Multivariate
HR (95% Cl) p-value HR (95% Cl) p-value
Sarcopenia 2.43 (1.73-3.43) <0.001 (2.38(1.64-3.45) |<0.001
Myosteatosis 2.20(1.53-3.16) <0.001 (2.30(1.56-3.37) |<0.001
Phenotype*
1 1.92 (1.16-3.16)  |0.011 [2.00(1.19-3.38) |0.009
2 2.23(1.45-3.43) <0.001 |2.14(1.36-3.36) |0.001
3 3.67 (2.27-5.94) <0.001 [4.07 (2.42-6.85) |<0.001
Increased VFI 1.81(1.27-2.59) 0.001 [1.49(0.99-2.26) |0.057
Melanoma-specific survival
Univariate Multivariate
HR (95% Cl) p-value HR (95% Cl) p-value
Sarcopenia 1.69 (1.10-2.60) 0.016 [1.85(1.16-2.95) |0.009
Myosteatosis 2.01 (1.31-3.10) 0.001 [2.33(1.48-3.69) |<0.001
Phenotype*
1 2.11(1.24-3.61) 0.006 2.45 (1.39-4.32) |0.002
2 1.69 (0.99-2.89) 0.053 |1.83(1.05-3.21) |0.034
3 2.35(1.24-4.47) 0.009 [3.00(1.52-5.94) |0.002
Increased VFI 1.71(1.12-2.58) 0.011 1.51(0.93-2.44) |0.094
Recurrence-free survival
Univariate Multivariate
HR (95% Cl) p-value HR (95% Cl) p-value
Sarcopenia 1.36 (0.95-1.93) 0.089 [1.43(0.98-2.08) |0.062
Myosteatosis 1.40 (0.97-2.02) 0.070 [1.50(1.03-2.19) |(0.035
Phenotype*
1 1.44 (0.91-2.27) |0.116 |1.46(0.91-2.35) |0.118
2 1.37 (0.90-2.10) 0.143 |1.38(0.88-2.15) |0.161
3 1.53 (0.88-2.67) 0.132 [1.85(1.04-3.29) |(0.035
Increased VFI 1.17 (0.84-1.64) 0.351 [1.00(0.70-1.43) |0.998
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Figure 1. Flow diagram to illustrate inclusion and exclusion criteria.
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Figure 2. Associations of sarcopenia with survival based on cohort-specific cut-offs.
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Figure 3. Associations of myosteatosis with survival based on cohort-specific cut-offs.
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Figure 4. Impacts of skeletal muscle phenotype on survival using cohort-specific cut-offs.
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Chapter 5: Conclusion

This thesis presents a comprehensive assessment of current body composition research in
melanoma and makes several new additions to the literature. Though melanoma is a common
malignancy, relatively few studies have been performed assessing the clinical utility of body
composition analysis in these patients. Though several of these studies presented interesting
findings, especially regarding skeletal muscle as a prognostic factor in metastatic melanoma
patients receiving immunotherapy, many are limited by methodological weaknesses including
use of non-validated CT analysis techniques. To further clarify roles of body composition in
metastatic melanoma, we performed a retrospective study evaluating skeletal muscle in stage IV
melanoma patients treated with nivolumab and found that myosteatosis was prognostic of
decreased survival. Our study was limited by a small sample size, given the small number of
patients who have been treated with these recently approved drugs. As such, there is a need for
further, higher-powered studies with an emphasis on using body composition analysis techniques

previously validated in the literature.

To our knowledge, our study of resected stage III melanoma patients is the largest study
to date assessing body composition in this population. Baseline characteristics of skeletal muscle,
including average skeletal muscle index and radiodensity, are similar to those identified in
studies of other cancer patients, notably in Martin’s landmark study of stage I-IV gastrointestinal
and respiratory cancer patients. Though patients with surgically resectable melanoma have not
traditionally been thought of as being at high risk for malnutrition, especially given the high
prevalence of overweight and obese patients in this population, nearly half the patients in our
study had sarcopenia or myosteatosis based on Martin’s cut-offs. Furthermore, using several sets

of cut-offs to define sarcopenia and myosteatosis, we demonstrated strong negative impacts of

59



these factors on overall, melanoma-specific, and recurrence-free survival, independent of other
variables including age, sex, stage, and performance status. As an isolated study, cut-offs
identified within our cohort should not be accepted as universal values for clinically significant
thresholds of skeletal muscle loss. Nonetheless, these findings point towards skeletal muscle as
an important prognostic factor in resected stage III melanoma and suggest a need for greater

awareness of risks associated with sarcopenia and myosteatosis in this population.

This study also evaluated factors such as BMI and adipose tissue as potential prognostic
factors. There were no significant differences in survival between BMI categories. Previous
studies have suggested an obesity paradox in melanoma; our findings suggest that variation in
skeletal muscle, rather than BMI, may be more responsible for differences in survival. We
performed an exploratory analysis of adipose tissue, as there are no widely accepted cut-offs of
increased or decreased adipose tissue in the literature. While adipose tissue loss is associated
with cancer cachexia and has been observed in patients with palliative cancer,’® the significance
of increased adiposity in patients with less advanced disease is unclear. Our analysis
demonstrated a trend towards reduced overall survival in patients with increased visceral fat
index, an association that was only borderline significant in multivariate analysis. This suggests
some potential of visceral obesity to prognosticate patients; however, measurements of skeletal

muscle remain a stronger and more consistent predictor of survival.

In summary, this thesis is the culmination of several new studies confirming the
prognostic value of body composition analysis, particularly measurements of skeletal muscle, in
advanced melanoma. Our findings represent a substantial new addition to a relatively
understudied field and justify further research into applications of body composition in

melanoma.
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