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Backgrounds: People with prior cancer diagnosis are more likely to have low muscle mass
(LMM) than their cancer-free counterparts. Understanding the impact of LMM on prognosis

of cancer survivors can be clinically important. Here we investigated if risks of all-cause and
cardiovascular disease (CVD)-specific mortality differ by status of LMM in cancer survivors and a
matched cohort without cancer history.

Methods: We used cohort data from the 1999-2006 and 2011-2014 National Health and Nutrition
Examination Survey. Participants included 946 adults surviving for at least 1 year since cancer
diagnosis and a matched cohort (by age, sex, and race) without cancer history (N=1,857). LMM
was defined by appendicular lean mass and body height (males<7.26 kg/m?2, females<5.45 kg/m?).
Death was ascertained via the National Death Index and cause of death was assessed via ICD-10.
Multivariable Cox proportional hazards models were used to estimate adjusted hazard ratio (aHR)
and 95% confidence interval (CI) of LMM.

Results: The mean age of cancer survivors and matched cohort was 60.6 (SD=15.0) and 60.2
(SD=14.9) years, respectively. The median follow-up was 10.5 years for survivors and 10.9 years
for matched cohort. Overall, 22.2% of cancer survivors and 19.7% of matched cohort had LMM,
respectively. A total of 321 (33.9%) survivors and 495 (26.7%) participants in matched cohort
died during follow-up. CVD-specific deaths were identified in 58 (6.1%) survivors and 122 (6.6%)
participants in matched cohort. The multivariable Cox model suggested that LMM was positively
associated with all-cause (aHR=1.73, 95% Cl=1.31, 2.29) and CVD-specific (aHR=2.13, 95%
Cl=1.14, 4.00) mortality in cancer survivors. The associations between LMM and risk of all-cause
(aHR=1.24, 95% CI=0.98, 1.56) and CVD-specific (aHR=1.21, 95% CI=0.75, 1.93) mortality
were not statistically significant in the matched cohort.

Conclusion: Cancer survivors with LMM have an increased risk of all-cause and CVD-specific

mortality. Such increase appears to be larger than that in counterparts without cancer history.

Keywords
low muscle mass; cancer survivorship; epidemiology; nutrition; geriatric oncology

Introduction

Low muscle mass (LMM) is a strong predictor for burden of chronic health conditions,
declined function, and unfavorable prognosis of disease [1]. A meta-analysis synthesizing
data from 35 studies suggests that a substantial proportion of people are living with LMM
(3%-36%), and its prevalence increases with age and comorbidity burden [2,3]. Many
factors can contribute to development of LMM, including chronic inflammation, aging, and
disturbed metabolic homeostasis [4-6].

Cancer is a leading cause of morbidity and mortality nationally and internationally,
accounting for approximately 602,350 deaths in the United States and 10 million deaths
globally in 2020 [7,8]. The pathogeneses of cancer involve the aforementioned biological
processes that are important for development of LMM, and toxicities of cancer treatment
can also impact immune system, process of senescence, and metabolic homeostasis [9—
11]. This indicates that cancer survivors may face a higher burden of LMM than their
healthier counterparts. For example, our prior study using the National Health and Nutrition
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Examination Survey (NHANES) data analyzed 2,483 older adults and found that 29% of
older cancer survivors had sarcopenia, which was 38% higher than prevalence of sarcopenia
(21%) in older adults without cancer history [5]. In addition, cancer, as well as toxicities of
cancer treatment, can have the potential to interact with LMM and synergistically induce
adverse biological events (e.g., inflammation, aging, and disturbed metabolism). Thus,
cancer survivors living with LMM may have a worse outcome than survivors without LMM
[12]. Specifically, among adults with prior cancer diagnosis, LMM does not only affect their
physical function and mobility but also has the potential to influence their long-term survival
and risk of severe health outcomes, such as fatal cardiovascular events—the events over
10% of cancer survivors die from [13]. Therefore, understanding the potential impacts of
LMM on survival and cardiovascular disease (CVD)-specific death among cancer survivors
is important, and such knowledge may help health practitioners more precisely predict
prognosis, improve survival, and manage chronic diseases for cancer survivors.

Here we investigated the association of all-cause and CVD-specific mortality with LMM in
cancer survivors and a non-cancer matched cohort using the NHANES data.

Data source and study population

The NHANES is a cross-sectional survey led by Centers for Disease Control and Prevention.
The NHANES leverages questionnaires, physical examinations, and laboratory tests to
measure health-related information of participants in the United States [14]. In this study,
we used data from the 1999-2006 and 2011-2014 NHANES data which were linked to death
certificate records from the National Death Index (NDI) and had relevant measures to define
LMM. Participants with the following characteristics were treated as cancer survivors and
included for this study: (1) underwent medical examinations to measure body composition,
(2) had cancer history, (3) had survived for at least 1 year since cancer diagnosis (because
acute effects of cancer treatment can substantially impact dietary behaviors and clinical
measures), (4) had data on vital status, and (5) had no missing value in other covariates.

A total of 946 cancer survivors were included for this study. In order to do a comparative
analysis, we built another cohort (N=1,857), which was matched by age, sex, and race at a
ratio of 1:2, from adults without cancer history in NHANES. Details regarding participant
selection are present in Supplementary Figure.

Exposure and outcome of interest

LMM was the exposure of interest in our study. When conducting the 1999-2006 and
2011-2014 NHANES, research staff used whole body dual-energy X-ray absorptiometry
(DEXA) scans (Hologic Scanner, QDR-4500, Bedford, MA, USA) to measure appendicular
skeletal muscle mass (ASM) of study participants [15]. We then calculated ASM index
(ASMI) as ASM/height (m)2; in this formula, height without shoes was measured at baseline
by trained examiners using stadiometer. Based on criteria used in the European Working
Group on Sarcopenia in Older People (EWGSOP), ASMI lower than 7.26 kg/m? and 5.45
kg/m?2 were used to define LMM for males and females, respectively [16].
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The outcomes of interest included all-cause and cardiovascular disease (CVD)-specific
mortality. Death was identified by linkage to the National Death Index (NDI) through
December 31, 2015. The cause of death was ascertained by the International Classification
of Diseases, Tenth Revision (ICD-10).

Other covariates

At baseline interview, demographic factors (age, sex, and race) were obtained by self-report.
Age was categorized as a 4-level ordinal variable (<50, 50-64, 65-74, =75 years). Sex was
categorized as female and male. In our study, race was treated as a categorical variable
(white, black, and other). Education attainment was categorized as high school or less,
attended college, and graduated from college. Participants who were single, never married,
divorced, or widowed were treated as not married; participants who were married or living
with partner were pooled as one category. Since some evidence suggests a potential link
between smoking and LMM, we included smoking for the current analysis [17]. Participants
were categorized as never smokers, current smokers (if ever smoked at least 100 cigarettes
in life), and former smokers. Body fat mass was reflected by relative fat mass (RFM), which
is a sex-specific measure based on height and waist circumference. RFM was calculated by
the equation: (64 — (20x height/waist circumference) +12xsex) %; in this formula, waist
circumference was measured by trained examiners at baseline, and sex equaled 0 for men
and 1 for women. RFM was categorized into 3 levels to reflect low (female: <35%; male:
<25%), moderate (female: 35-39.9%; male: 25-29.9%), and high (female: 240%; male:
>30%) body fat [18]. Daily energy intake (kcal/day) was estimated based on food items
measured in 24-hour food recall at baseline interview, and we categorized it as an ordinal
variable to approximate quartiles (<1,364.0 kcal/day, 1,364.0 to 1,790.2 kcal/day, 1,790.3 to
2,339.9 kcal/day, and = 2,340.0 kcal/day). Clinical evidence indicated that exercise training
could attenuate or reverse muscle wasting [19], thus we included regular physical exercise
as a confounder in this study; specifically, regular physical exercise was defined as moderate
(only caused light sweating or a slight-to-moderate increase in breathing or heart rate) or
vigorous (caused heavy sweating or large increases in breathing or heart rate) activities
during the past 30 days. In our study, we incorporated 7 self-reported health conditions
(chronic kidney disease, hypertension, diabetes mellitus, heart attack, stroke, coronary heart
disease, and congestive heart failure) which could be associated with a higher risk of

death or fatal cardiovascular events. Self-reported cancer-related information included time
elapsed since cancer diagnosis (1-4, 5-9, and =10 years), history of more than one cancer,
and cancer type (breast cancer, prostate cancer, colorectal cancer, melanoma, and other).
Selection of study covariates was based on a priori knowledge regarding their relationship
with exposure and outcomes of interest [5,17,20-22].

Statistical analysis

First, we summarized distributions of study characteristics by status of LMM in cancer
survivors and matched cohort. In time-to-event analysis, participants entered risk set at
baseline interview and were followed until death or censoring. We then summarized number
of death, person-year during follow-up, and mortality rate for cancer survivors and matched
cohort by LMM status. Kaplan—Meier curves were used to visualize risk for all-cause

and CVD-specific mortality by LMM in cancer survivors and matched cohort. Log-rank
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tests were performed to examine if risk of death varied by LMM. Age-adjusted and
multivariable Cox proportional hazards regression models were used to estimate hazard ratio
(HR) and 95% confidence interval (CI) of LMM in both study populations. When all-cause
mortality was the outcome in the model, participants were censored if they were alive;
when CVD-specific mortality was the outcome, participants were censored if they were
alive or died from non-cardiovascular causes. The multivariable model adjusted for age,
sex, race, education, marital status, smoking status, RFM, energy intake, regular exercise,
burden of comorbidities, history of more than 1 cancer (for survivors), and time elapsed
since cancer diagnosis (for survivors). We further corrected for NHANES sampling weight
in multivariable Cox model to explore if adjusted HR (aHR) changed substantially. The
proportional hazards assumption was assessed on the basis of scaled Schoenfeld residuals.
There was no violation of this assumption for cancer survivors when outcome was CVD-
specific mortality in the model. However, violation was noted for time elapsed since cancer
diagnosis and smoking status when we investigated all-cause mortality for cancer survivors;
we then fitted a stratified Cox model over strata of time elapsed since cancer diagnosis (1-4,
5-9, =10 year) and smoking status, and there was no violation afterwards. There was no
violation of this assumption in matched cohort.

Subgroup analyses were based on age (<65 vs. =65 years), sex (female vs. male), RFM
(low and moderate vs. high body fat), energy consumption (<1790.3 vs. 21790.3 kcal/day),
burden of comorbidities (0 vs. =1 comorbidity), and survival time (1-6 vs. =7 years).

An interaction term between these factors and LMM was generated and added into the
model; a Wald test was used to assess if the interaction was significant. In these subgroup
analyses, we incorporated RFM and energy consumption in subgroup analysis because they
could impact the same downstream factor (e.g. metabolic homeostasis) [23-25] as LMM,
indicating a potential that they could have an interaction with LMM in relation to outcomes
of interest. In addition, sides effects of cancer adjuvant therapy might take a period of

time (several months to several years) to go away completely [26], thus we conducted the
subgroup analysis by survival time.

Two sets of sensitivity analyses were conducted. In the first set of sensitivity analysis, we
applied restricted cubic splines for dose-response analysis exploring association between
ASMI and outcomes of interest. Specifically, we employed the same multivariable Cox
proportional hazards regression model in which we treated ASMI as the independent
variable in the model. In dose-response curve, we used ASMI=8.10 kg/m? as the reference
because this value was close to the 75th percentile of ASMI in both cancer survivors and
matched cohort. We assessed the non-linearity by contrasting the model fit using restricted
cubic splines with a model fit assuming linearity for ASMI by likelihood ratio test [27].

In the second set of sensitivity analysis, we excluded participants with health conditions
(chronic kidney disease, heart failure, and diabetes) that could affect hydration status; the
reason is that measurement of body composition can be affected by hydration status of the
lean soft tissue [28].

The proportion of missing covariates was less than 10%, thus we did not use imputation
to handle that in analysis. Two-sided values of p<0.05 were considered to be statistically
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significant. Statistical analyses were conducted with SAS v9.4 (SAS Institute Inc., Cary,
NC) and STATA 17.0 (College Station, TX: StataCorp, LLP).

In this study, the mean age of cancer survivors and matched cohort was 60.6 (SD=15.0)

and 60.2 (SD=14.9) years, respectively. In cancer survivors (Table 1), 22.2% (N=210) had
LMM, and prevalence of LMM was slightly lower in the matched cohort (19.7%, N=365).
Distributions of sex and race were similar between cancer survivors and the matched cohort;
specifically, over half of participants were female (cancer survivors: 57.1%; matched cohort:
57.2%) and about three-fourths were white (cancer survivors: 72.4%; matched cohort:
72.0%). Overall, participants with an older age had a higher prevalence of LMM, males were
more likely to have LMM than females, and white participants had a higher prevalence of
LMM than black participants (Table 1). More detailed distributions of study characteristics
are present in Table 1.

In our study, the median follow-up time was 10.5 years for survivors and 10.9 years for the
matched cohort. A total of 321 (33.9%) cancer survivors and 495 (26.7%) participants in
the matched cohort died during follow-up. CVD-specific deaths were observed in 58 (6.1%)
survivors and 122 (6.6%) participants in the matched cohort. Kaplan-Meier curves suggested
that participants with LMM had a higher risk of all-cause mortality (Figure 1A) than those
without LMM (log-rank ps<0.01), and all-cause mortality of cancer survivors was higher
than that of matched cohort (log-rank ps<0.01). CVD-specific mortality (Figure 1B) was
also higher in participants with LMM (log-rank ps<0.01), but its risk was not significantly
different between cancer survivors and matched cohort (log-rank ps>0.05). Mortality of
major types of cancer (breast cancer, prostate cancer, colorectal cancer, and melanoma)

are present in Supplementary Table 1. In age-adjusted Cox proportional hazards regression
models (Table 2), positive associations between LMM and risk of death were observed

in our study populations regardless of prior cancer history, although the age-adjusted
associations were only significant for all-cause mortality. In the multivariable Cox models
(Table 2), LMM was associated with a higher all-cause (aHR=1.73, 95% CI1=1.31-2.29) and
CVD-specific mortality (aHR=2.13, 95% CI1=1.14-4.00) in cancer survivors. In the matched
cohort, association between LMM and all-cause mortality was marginally significant
(aHR=1.24, 95% CI=0.98-1.56), and the association for CVD-specific mortality was non-
significant (aHR=1.21, 95% CI=0.75-1.93). Correction for NHANES sampling weight did
not substantially change the results.

In subgroup analyses for cancer survivors (Table 3), we found that LMM significantly
interacted with RFM in relation to all-cause mortality. Specifically, impact of LMM

on all-cause mortality was stronger in cancer survivors with lower value of RFM

(low and moderate RFM: aHR[_mm-+ vs. LMM-1=2.19, 95% CI=1.54, 3.12; high RFM:
aHR[LMM+ vs. LMm-]=1.02, 95% CI=0.66, 1.56; p-interaction=0.02). In subgroup analysis
for all-cause mortality, although effect size of LMM was substantially larger in males
(female: aHR[LMM+ Vs, LMM—]:l-ZOv 95% CI1=0.79-1.81; male: aHR[LMM+ Vs, LMM—]:l-Bgv
95% CI=1.35-2.64; p-interaction=0.06), the analytical results only indicated a marginally
significant interaction for sex. No significant interaction was observed for cancer survivors
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when outcome was CVD-specific mortality. We did not identify any significant interaction in
subgroup analyses for the matched cohort.

The dose-response curves suggested that risk of all-cause mortality (Figure 2A) declined in
both cancer survivors and matched cohort as ASMI increased. Specifically, the whole curve
of cancer survivors was statistically significant and it declined more drastically than that

of the matched cohort, and the curve of the matched cohort became non-significant when
ASMI was higher than 8.10 kg/m2. When outcome was CVD-specific mortality (Figure 2B),
the dose-response curves declined in both cancer survivors and the matched cohort as ASMI
increased. However, in CVD-specific mortality analysis, the dose-response relationship was
significant only when ASMI was lower than approximately 6.80 kg/m?2 for cancer survivors;
this relationship was significant for the matched cohort when ASMI was lower than
approximately 5.00 kg/m?2. The likelihood ratio tests did not support non-linearity (ps>0.05).
In analysis excluding participants with chronic kidney disease, heart failure, and diabetes
(Supplementary Table 2), the association pattern did not change substantially for the match
cohort; for cancer survivors, the association of all-cause mortality was still positive and
significant, but the positive HR of CVD-specific mortality turned non-significant, which
could be caused by the reduction in sample size.

Discussion

Our study shows that LMM is associated with a higher risk of all-cause and CVD-

specific mortality in cancer survivors. The primary multivariable Cox proportional hazards
regression models, along with the dose-response curves, show a potential that the magnitude
of association between LMM and death is stronger for cancer survivors than adults without
cancer history, suggesting that cancer survivors may be more sensitive to skeletal muscle
loss than their cancer-free counterparts. The subgroup analysis indicates that the relationship
between LMM and risk of death is significantly positive in cancer survivors with lower
RFM but the association in cancer survivors with higher RFM is almost null, and we have

a speculation for this phenomenon. In clinical practice, both adipose tissue and skeletal
muscles at abdominal area can be measured by cross-sectional imaging at the third lumbar
level [29]. Thus, estimation of RFM, which incorporated waist circumferences, could be

a mixed measure of body fat and skeletal muscle; this suggests that cancer survivors

with larger RFM value may also have higher mass of skeletal muscle in abdominal area,
antagonizing the adverse effects of LMM on survival [30]. This speculation is consistent
with prior studies using body mass index (BMI) as a measure of adipose tissue which find
that adults with prior cancer diagnosis can have a better survival if they have a higher

BMI, since patients with BMI=25 kg/m? may also have higher muscle mass than their
normal-weight counterparts [30]. Moreover, the magnitude of association between LMM
and all-cause mortality in male cancer survivors is stronger than that of female cancer
survivors, although the analysis only indicates a marginally significant interaction between
sex and LMM. At the population level, some adverse lifestyle behaviors (e.g. smoking,
insufficient fruit and vegetable consumption, and heavy alcohol drinking) [31,32], which are
more common in males, may interact with LMM, synergistically disturb homeostasis, and
lead to a much higher risk of death among male cancer survivors; however, this hypothesis
should be examined in future studies with larger sample sizes. We did not obtain statistical
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evidence to support interaction between LMM and body fat or sex among participants
without cancer history; one reason could be that adverse impacts of cancer treatment and
pre-existing factors relevant to carcinogenesis (e.g., inflammation) make cancer survivors
heterogeneous from their cancer-free counterparts, which leads to distinct outcomes in
interaction test.

Several meta-analyses assessed to what extent risk of death in cancer patients varied by
muscle mass. For example, a meta-analysis [33] summarized evidence from 39 studies
and found that perioperative sarcopenia was associated with a shorter survival in gastric
cancer patients. Another meta-analysis [34] synthesized data from 38 published articles
and reported that cancer patients with LMM mass at diagnosis had a higher risk of

death. Compared to the aforementioned studies, ours explored the research question from
a different vision by focusing on adults with prior cancer diagnosis who had survived

for at least 1 year since diagnosis, making our outcomes more translatable in cancer

care continuum during survivorship period. Muscle mass measured during perioperative
period can be different from mass measured during the survivorship period because cancer
treatment has the potential to cause muscle mass loss [35]. Additionally, using perioperative
or pre-treatment muscle mass in time-to-event analysis usually incorporates short-term
mortality because some cancer patients may die within a short time after surgery [36].
Therefore, utilizing body composition measured at least 1 year after cancer diagnosis for
our study population can preclude impact of the aforementioned effects in our analysis
and better represents association pattern between LMM and mortality in the long-term
survivorship period.

Several mechanisms may explain the positive association of all-cause and CVD-specific
death with LMM in cancer survivors. First, there is a strong connection between LMM

and systemic inflammation. Laboratory evidence suggests that pro-inflammatory cytokines
secreted from tumors, such as interleukin-1, interleukin-6, and tumor necrosis factor-a,
may induce loss of appetite, degradation of myofibrillar proteins, and reduction of protein
synthesis, which ultimately result in muscle wasting [37,38]. Our prior study, which
included 2,483 older adults living with chronic diseases, found that blood c-reactive protein
and systemic immune-inflammation index were positively associated with sarcopenia [5].
At the population level, inflammation has been found to be associated with risk of death
and adverse cardiovascular outcomes in adults with prior cancer diagnosis [39-41]. Second,
LMM is an indicator of progressive withdrawal of anabolism and an increased catabolism
[6]; these unfavorable metabolic events are strongly linked to frailty, functional decline,

and organ failure in human [42,43], which are associated with shorter life expectancy. In
addition, in people who received cancer treatment, LMM has been found to be associated
with treatment toxicity (e.g. cardiotoxicity) whose burden can worsen prognosis and
increase mortality risk [44,45]. For example, a meta-analysis [46] synthesizing data from 48
studies (4,803 study participants) reported that cancer patients with LMM had a 100-150%
relative increase in risk of treatment toxicity.

Our study has some strengths in design and analysis. First, LMM was measured by
DEXA, and vital status and cause of death were measured by linkage to NDI and ICD
codes, respectively; these methods ensured validity of exposure and outcome of interest
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in measurement. Second, we assessed the association pattern of LMM in two different
populations with similar demographic distribution, which makes the outcomes comparable
between these two groups. In addition to primary Cox proportional hazards regression
models, we applied restricted cubic splines which depicted the association from a dose-
response perspective. However, several limitations should be noted when interpreting the
results. For example, all cancer-related information, including cancer type and age at
diagnosis, was self-reported, and this approach can be less valid compared to medical

record review or registry data. Moreover, cancer adjuvant therapy is a factor that may induce
cardiotoxicity during and after treatment [47], thus multivariable models without adjusting
for cancer treatment may incorporate residual confounding in analysis.

In conclusion, cancer survivors with LMM have a poorer prognosis than survivors without
LMM and may have a higher risk of fatal cardiovascular events. Health practitioners should
consider monitoring body composition in cancer care continuum to improve prognosis

and cardiovascular health. Future cohort studies incorporating body composition and cancer-
specific measures (e.g. stage, cancer treatment, and histological type) will be needed to more
precisely assess impact of LMM on adverse health outcomes (e.g. death, cardiovascular
events, etc.) of cancer survivors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Kaplan—-Meier curves for (A) All-cause mortality (B) CVD-specific mortality.
Abbreviations: Ca: cancer survivors, CVD: cardiovascular disease, Ma: matched cohort,
LMM: low muscle mass.
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Figure2.
Dose-response curves for association between ASMI and risk of (A) all-cause and (B)

CVD-specific mortality. Abbreviations: ASMI: appendicular skeletal muscle mass index,
CVD: cardiovascular disease, HR: hazard ratio. The y axis was log-transformed for better
visualization. The dose-response analysis employed the restricted cubic spline for ASMI and
adjusted for the same set of covariates as the primary Cox model. Red lines represent cancer
survivors and blue lines represent matched cohort. The solid lines are the fitted lines and
dash lines are the 95% confidence intervals. The dotted lines are reference lines. ASMI=8.10
kg/m? was used as the reference in the curve.
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