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Abstract

Despite a greater risk of cancer associated with higher BMI, over-
weight (BMI 25–<30 kg/m2) and class I obese (BMI 30–<35 kg/m2)
patients often have a paradoxically lower risk of overall mortality
after a cancer diagnosis, a phenomenon called the "obesity
paradox." Only when patients exceed a BMI �35 kg/m2 are
elevations in mortality risk consistently noted. This paradox has
been dismissed as the result of methodologic bias, which we will
describe and debate here. However, even if such bias influences
associations, there is growing evidence that body composition
may in part explain the paradox. This phenomenon may more
accurately be described as a BMI paradox. That is, BMI is a poor

proxy for adiposity and does not distinguishmuscle from adipose
tissue, nor describe adipose tissue distribution. Low muscle mass
is associated with higher risk of recurrence, overall and cancer-
specific mortality, surgical complications, and treatment-related
toxicities. Patients with who are overweight or obese have on
average higher levels ofmuscle than their normal-weight counter-
parts. Also, there is some evidence that patients with moderate
levels of subcutaneous adipose tissue may have lower mortality.
More research utilizing body composition is needed to clarify the
effects of adiposity on cancer mortality. Cancer Res; 78(8); 1906–12.
�2018 AACR.

BMI and Survival
Overweight (body mass index, BMI: 25–<30 kg/m2) and obe-

sity (�30 kg/m2) are established cancer risk factors. They are
associated with a host of metabolic and endocrine changes
implicated in cancer development including insulin resistance,
systemic inflammation, and alterations in hormone levels and
growth factors. Many of these pathways are also implicated in
cancer progression, suggesting that overweight and obese patients
should have ahigher risk of cancermortality. Yet, inmany cancers,
including lymphoma (1), leukemia (2), colorectal (3), gastric (4,
5), and renal (3, 6), cancers, a higher BMI at diagnosis has not
been associated with a higher mortality risk, or it has exhibited a
protective association, leading to an apparent "obesity paradox."
In other cancer sites such as in postmenopausal breast cancer (7),
there is often a J-shaped relationship of BMI andmortality; obese
patients have a higher risk of death comparedwith normal-weight
patients, but the elevation in risk does not approach the magni-
tude of risk observed in underweight patients. Further, in studies
with large sample sizes that distinguish classes of obesity, this
increased risk often does not emerge until patients exceed a BMI
�35 kg/m2 (i.e., class IIþ obesity; ref. 8). In a recent pooled
analysis of clinical treatment trials, there was no cancer or treat-
ment combination in which overweight (BMI �25 kg/m2)

patients had a higher risk of death compared with normal-weight
patients (overall mean HR 0.96; P ¼ 0.06). This was true across
tumor sites (breast, prostate, bladder, ovarian, lung, kidney,
colorectal, and hematologic) and stages (both nonmetastatic and
metastatic). In fact, a statistically significant survival advantage
among those with BMI�25 kg/m2was frequently observed; these
results were consistent when patients with advanced stages of
cancer were examined separately (9).

BMI Paradox, Not an Obesity Paradox
One explanation for this phenomenon is that BMI is an

imprecise measure of body composition [the amount and distri-
bution of muscle and specific adipose tissue compartments (vis-
ceral, subcutaneous, and intramuscular), and other components
of weight such as water, bone and organs; refs. 10–18]. Its use
often results inmisclassification of level of adipose tissue (19, 20).
A "normal" BMI canmask excess adiposity, whereas patients with
a BMI�25 kg/m2 do not always have levels of adiposity sufficient
to increase mortality risk. Patients with BMI of 25 to 35 kg/m2 do
not necessarily show poorer cancer outcomes due to excess
adiposity (19, 21, 22). Critically, BMI does not measure muscle,
an important predictor of cancer morality. Skeletal muscle is the
largest organ in the body, and secretes cytokines and other
peptides (known as myokines) that have autocrine, paracrine, or
endocrine actions (23). Like adipose tissue, skeletal muscle has a
role in regulating whole body metabolism, inflammation, and
insulin resistance and is an important prognostic factor; for
example, a recent meta-analysis of 7,843 patients with solid
tumors found lower muscle mass was associated with a 44%
higher risk of death [HR1.44; 95% confidence interval (CI), 1.32–
1.56; ref. 24]. Given the wide range of muscularity among
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patients with identical BMI, illustrated in Figure 1 and in other
studies (20, 22, 25), it is unsurprising that studies using precise
measures of body composition obtained from biomedical imag-
ing often present different patterns of association with cancer
mortality than those using BMI alone (19, 20).

Figure 1 demonstrates that two patients with the same BMI in
the overweight range can have different body composition
phenotypes. The patient on the left has low muscle and high
levels of visceral adipose tissue. In contrast, the patient on the
right has sufficient muscle mass and lower levels of visceral
adiposity. Measured by BMI, these two patients fall into iden-
tical risk strata, likely resulting in a mixture of effects on the
associations of muscle and visceral adiposity, with mortality
differing substantially. However, if body composition measures
are used, these same two patients fall into different risk strata;
the patient with low muscle and high visceral adiposity may
have a higher risk of death than the patient with high muscle
and low visceral adiposity.

Explanations of the Obesity Paradox
Methodologic biases

Beyond the misclassification of patients with cancer regarding
muscle and adiposity levels associated with poorer survival,
researchers have raised various methodological problems that
could explain the "obesity paradox": sampling selection bias,
residual or unmeasured confounding, reverse causation, or col-
lider bias (26–28).

Sample selection bias. First, many studies of BMI and death from
any cause are conducted in samples recruited after diagnosis,
causing concerns that only the healthiest may enroll. Such
sampling selection bias could produce an obesity paradox if
the sickest overweight patients are less likely to enroll than the
sickest normal-weight patients or they die prior to enrollment.
For example, in the Life After Cancer Epidemiology Study
where women were recruited on average 2 years post diagnosis,

enrolled women were more likely to have the less aggressive
luminal A tumor than the more aggressive basal subtype (29).
However, data from the Breast-Sarcopenia, Cancer and Near-
term Survival (B-SCANS) cohort of patients with nonmetastatic
breast cancer and the Colorectal-Sarcopenia, Cancer and Near-
term Survival (C-SCANS) cohort of patients with nonmetastatic
colorectal cancer derived from electronic medical records,
where we include the entire population at risk, demonstrate
that the overweight and even mildly obese still have a reduced
risk of disease-specific or death from any cause (30) compared
to the normal weight.

Residual confounding. A second methodologic concern is that of
residual or unmeasured confounding: bias that distorts risk esti-
mates despite the investigator's best efforts to eliminate con-
founding through the inclusion of measured covariates. For
example, many studies control for current smoking, but do not
have detailed information on smoking duration or intensity or
former smoking, and this may confound the associations of BMI
with both overall and cancer-specific mortality as smoking is
strongly associated both with lower BMI and higher risk of death
from cancer as well as other causes (31).

Reverse causality. A third methodologic concern, and perhaps the
most important source of possible bias, is reverse causality:
underweight or normal-weight patients may have more severe
disease, greater disease-related weight loss, and higher mortality
compared with overweight patients, thus giving rise to an obesity
paradox (32).

To dispel these concerns, we present two analyses in Table 1,
evaluating the association of BMI at diagnosis of colorectal
cancer with overall mortality using data from the C-SCANS
cohort. To address confounding by smoking, we conducted
separate analyses among "ever smokers" and "never smokers."
Other researchers have observed a U-shaped relationship
between BMI and mortality in ever smokers, consistent with
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Figure 1.

Two female patients with identical
overweight BMI (29 kg/m2) and
different body compositions.
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the obesity paradox, but the expected, linear relationship when
analyses are restricted to never smokers (31). When we stratify
by smoking status in C-SCANS, we find similar associations
between BMI and overall mortality in both the ever and the
never smokers, and no evidence of statistical interaction (Pinter-
action ¼ 0.33). For example, among ever smokers, overweight
patients have a 24% lower mortality risk (HR 0.76; 95% CI,
0.60–0.95) relative to normal-weight patients. Among never
smokers, overweight patients have a 13% lower mortality risk
compared with normal-weight patients. Although confidence
intervals are wide, results are consistent with a nonsignificant,
protective effect (HR 0.87; 95% CI, 0.65–1.17).

To address reverse causality, we compare effects in the whole
sample to a subsample where we removed patients who lost
weight in the 5 years prior to colorectal cancer diagnosis. Specif-
ically, we removed from the analysis patients who moved down-
ward at least one BMI category prior to diagnosis, that is, who
were previously obese (>30 kg/m2) but became either overweight
(25–30 kg/m2) or normal-weight (18.5–25 kg/m2) by the time of
diagnosis, or whowere previously overweight (25–30 kg/m2) but
became normal-weight (18.5–25 kg/m2) by the time of diagnosis.
With a median follow-up of 5.8 years, in the whole cohort (n ¼
3175), being overweight (BMI 25–30 kg/m2) is associated with a
19% lower risk of death (HR 0.81; 95% CI, 0.67–0.96). When we
remove from the analysis those patients whomoved downward at
least one BMI category, we note similar findings. However, as we
observed when restricting to never smokers, confidence intervals
were wide, and associations were no longer statistically significant
(HR 0.89; 95% CI, 0.71–1.12).

Despite nonsignificant findings in both scenarios illustrated
in Table 1, due in part to loss of power from the reduced sample
size, hazard ratios still suggest a protective, rather than an adverse
effect of overweight. Furthermore, in the C-SCANS cohort, we
note that overweight versus normal-weight patients have a lower
mortality risk regardless of stage, including a protective associa-
tion in stage I patients who we would not expect to die from their
cancer (33).

Collider bias. A fourth concern is collider bias (27). In the
presence of an unmeasured risk factor for colorectal cancer,
selecting a population based on a colorectal cancer diagnosis
(i.e., conditioning on diagnosis by restricting analyses to
patients with existing colorectal cancer) could introduce a
spurious association between an exposure (e.g., at-diagnosis
BMI) and an outcome (e.g., death) that could reverse the
direction of association, making a harmful exposure appear
protective (26); that is, collider bias may occur if overweight/

obesity leads to higher disease incidence, but unmeasured
genetic or other risk factors occurring disproportionately in
normal-weight patients are more strongly related to mortality
than is overweight/obesity.

One potentially important risk factor that could lead to collider
bias is tumor indolence. There is evidence to support the hypoth-
esis that obese patients may have tumors with more indolent
molecular characteristics, leading to less aggressive cancers with
better survival (also referred to as disease heterogeneity bias). For
example, obesity is associated with slow-growing renal tumors
with low levels of fatty acid synthase gene expression (34).
Similarly, in endometrial cancer, obese patients are less likely to
have the unfavorable type 2 carcinomas, but even among those
with type 1 carcinomas, higher BMI was associated with more
favorable pathologic characteristics including lower grade and less
depth of invasion (35). However, although obesity has been
associated more strongly with the incidence of the less aggressive,
ERþ breast tumors (36–39), it has also been associatedwithmore
aggressive, ER� breast tumors (40), In "case-only" studies restrict-
ed to patients with existing breast cancer, BMI >35 kg/m2 is
associatedwithmore proliferative tumors (41) andwith increased
risk of late recurrence even amongwomenwith ERþ tumors (42).

Based on assumptions about the structure of the relationships
between BMI history and cancer incidence and mortality consid-
ered in articles describing concerns about collider bias, spurious-
ness may be avoided with adjustment for pre-diagnosis BMI.
Although most studies do not have this information, adjustment
for this variable in our previous analysis in C-SCANS had no
impact on our findings; overweight patients consistently had the
lowest risk of colorectal cancer-specific and overallmortality (30).
Furthermore, Glymour and colleagues (43) evaluated conditions
under which collider bias would be a concern and they noted that
the magnitude of an association of some unmeasured factor and
mortalitywould have to be very large to explain the associationwe
noted in our analysis.

Clinical and biological arguments for the obesity paradox
Muscle reserves ensure superior outcomes. Substantial evidence
shows that low muscle is an important risk factor for mortality;
low muscle mass is associated with higher risks of recurrence,
overall and cancer-specific mortality, surgical complications, and
treatment-related toxicities.

The restricted cubic spline displayed in Figure 2A demon-
strates that the lowest risk of mortality is between a BMI of 25 to
<30 kg/m2, the category of BMI at which patients are least likely
to have low levels of muscle but also do not have excessive
levels of adiposity. When body composition phenotypes are

Table 1. Association of BMI and mortality in nonmetastatic colorectal cancer by smoking status and in the strata of patients with stable weight prior to diagnosis

Normal weight
(18.5–<25)

Overweight
(25–<30)

Obese
(�30)

HR (95% CI) HR (95% CI) HR (95% CI)

Full cohort (N ¼ 3,175) Reference 0.81 (0.67–0.96) 1.08 (0.90–1.29)
To address residual confounding:
Ever smokers (N ¼ 1,691) Reference 0.76 (0.60–0.95) 1.07 (0.85–1.34)
Never smokers (N ¼ 1,481) Reference 0.87 (0.65–1.17) 1.03 (0.76–1.41)

To address reverse causality:
Weight stable/gaina(those with major
weight loss dropped) N ¼ 2,589

Reference 0.89 (0.71–1.12) 1.11 (0.89–1.38)

aExcluded are those who dropped a BMI category: from overweight/obese to normal or from obese to overweight.
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plotted against BMI (Fig. 2B), a large percentage of patients
(59.5%) with a BMI in the normal weight range 18 to 25 kg/m2

are at higher risk of mortality due to low muscle. As expected, a
large percentage of patients at a BMI �35 kg/m2 are at higher
risk of mortality due to high adiposity. Interestingly, the highest
percentage of patients classified as "normal," that is, they have
both adequate muscle mass (middle or high tertile) and low
or modest (low or middle tertile) adiposity (58.6%), fall into
the overweight (BMI 25 to <30 kg/m2) range, potentially
explaining why overweight is associated with the lowest risk
of mortality.

Moderate subcutaneous fat may provide protective nutritional
reserves. More controversial is whether a moderate level of
adiposity, consistent with a BMI in the overweight range, is
beneficial for survival among patients with cancer. Total adipose
tissue (TAT) is comprised of subcutaneous (SAT), visceral (VAT),
and intra/intermuscular (IMAT) adipose tissue. Complicating the
understanding of adiposity's role in cancer outcomes, associa-
tions and mechanisms of SAT, VAT, IMAT, and cancer outcomes
differ, with SAT most often inversely associated or associated in a
U-shaped fashion with mortality (44–46), whereas higher VAT
(45, 47, 48) and IMAT levels often predict worse outcomes.
However, in most patients, SAT is by far the largest contributor
to TAT and may substantially influence associations of TAT and
outcomes.

VAT has been related to higher inflammation (49) and an
adverse cardiometabolic risk profile including higher insulin
resistance (50), impaired glucose, lowHDL-cholesterol, and high
triglyceride levels (51–54). These conditions may directly pro-
mote tumor progression or predict a higher risk of comorbid
conditions, such as diabetes (55) and coronary heart disease (56,
57),which can further jeopardize cancer survival (58, 59).Despite
this, some studies show better survival with modest levels of VAT
(48, 60).

By contrast tomost studies of VAT, cardiometabolic risk profiles
for SAT have often been relatively benign (51, 54, 61–63). More
importantly, the apparent benefits of SAT in cancer populations
may be due to better nutritional status (64). A moderate amount
of SATmay enable patients to survive weight losses that can occur
with tumor progression and treatment. Two other studies suggest
that SAT may confer survival benefits. In the first study, which
included 1,473 patients with gastrointestinal and respiratory
cancer and 273 patients with metastatic renal cell carcinoma
(stages I–IV), Ebadi and colleagues found that patients with
higher SAT levels (SAT index �50.0 cm2/m2 in males and �42.0
cm2/m2 in females) had the longest survival. This differentiated
risk in patients with low skeletal muscle; Ebadi and colleagues
found substantially longer survival observed in patients with
higher levels of SAT, suggesting potential benefit in carrying extra
weight when coping with advanced cancer. In the second study,
which included 120 patients with metastatic castration-resistant
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Normal Low muscle High adiposity

BMI at diagnosis scan

Pe
rc

en
ta

ge
 in

 e
ac

h 
ca

te
go

ry
H

az
ar

d 
ra

tio

Low muscle and
high adiposity

A

B

0

2

4

6

8

10

12

14

0

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

10 20 30 40 50 60 70

upper confidence interval

spline

lower confidence interval

Figure 2.

A andB,Adapted fromCaan and colleagues (34). Cubic spline for
BMI has four knots and a reference value of BMI¼ 27; adjusted for
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and accompanying histogram of body composition phenotypes
by BMI (B).
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prostate cancer, those with higher SAT (SAT index >median value
vs. <median value) had significantly longer overall survival (65).
Thus, some evidence suggests that moderate SAT levels are related
to better survival and that these associations may also underpin
the overweight paradox. However, more research is needed to
confirm whether and how moderate adiposity protects against
mortality.

Of note, much of the research summarized in the sections
above uses single-slice images from computed tomography scans
to assess body composition. These scans are readily available in
clinical practice for many cancers and provide precise estimates of
muscle and adipose tissue that are highly correlated (0.90) with
whole-body volumes of muscle and adipose tissue (66). How-
ever, though the use of CT scans can facilitate integration into
clinical practice with little added cost and no additional ionizing
radiation to thepatient, such assessment does not provide insights
into muscle function, physical function, or tissue biology, which
may be important to understanding the role of body composition
in cancer survival.

Implications
We argue that the association of higher BMI with lower

mortality among patients with cancer should be termed a BMI
paradox, rather than an obesity paradox. BMI is a poor proxy
for adiposity. Excess adiposity in many cancers (reliably iden-
tified by a BMI �35 kg/m2) may be associated with higher risk
of overall mortality, apparent in our own B-SCANS and C-
SCANS data. However, higher adiposity may not always be
related to worse outcomes. Muscle, an important predictor of
mortality, is also not accurately measured by BMI. Thus, the
apparent paradox is due to the fact that a large majority of
patients with a BMI of 25 to <30 kg/m2 have the necessary
protective muscle reserves but have not yet reached adiposity
levels high enough to increase mortality. In our own studies, we
have not fully examined if moderate adiposity may be protec-
tive and whether subcutaneous adipose tissue, specifically, may
offer some benefit in nonmetastatic cancer. This is an important
area of future research.

Thus, we refute the notion that the primary reason for the
observed association between overweight and lower mortality in
cancer is methodologic bias. We have demonstrated that con-
founding by smoking, reverse causality, and/or collider bias are
unlikely to fully account for the observation.

In conclusion, the best evidence supports a survival advantage
due to higher muscle reserves in overweight patients with cancer.

Future Directions
A new focus on the role ofmuscle in addition to adiposity as an

important contributor to body size and to cancer survival is
warranted and should be a research priority.

Measures of body composition beyond BMI should be inte-
grated into clinical practice whenever possible and maintenance
of muscle mass should be a treatment goal throughout the cancer
process; interventions that incorporate strength training and
adequate protein intake are recommended. Exercise (67–70),
especially resistance training (71, 72), builds muscle mass and
reduces intra-abdominal adipose tissue in patients with cancer.
These improvements in body composition translate to improved
quality of life and physical function (22, 73–75), and may
improve chemotherapy completion (75, 76) and reduce long-
term treatment side effects (77). Based on strong observational
evidence, ongoing randomized controlled trials are testingwheth-
er exercise prolongs recurrence-free survival (78). In patients with
cancer, preservation of muscle mass should be a key component
of any intentional weight loss program, for example, including an
exercise component to preserve muscle in studies focused on
caloric restriction. In the era of precision medicine, our goal
should be to target interventions based on individual body
composition phenotypes to optimize survival outcomes.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: B.J. Caan, E.M. Cespedes Feliciano, C. H. Kroenke
Development of methodology: B.J. Caan, E.M. Cespedes Feliciano
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): B.J. Caan, E.M. Cespedes Feliciano, C. H. Kroenke
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): B.J. Caan, E.M. Cespedes Feliciano
Writing, review, and/or revision of the manuscript: B.J. Caan, E.M. Cespedes
Feliciano, C. H. Kroenke

Acknowledgments
This work was supported by a grant from the National Cancer Institute of the

NIH (R01 CA175011).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received October 24, 2017; revised December 28, 2017; accepted January 24,
2018; published online April 15, 2018.

References
1. Navarro WH, Loberiza FR, Bajorunaite R, van Besien K, Vose JM, Lazarus

HM, et al. Effect of body mass index on mortality of patients with
lymphoma undergoing autologous hematopoietic cell transplantation.
Biol Blood Marrow Transplant 2006;12:541–51.

2. Brunner AM, Sadrzadeh H, Feng Y, Drapkin BJ, Ballen KK, Attar EC, et al.
Association between baseline bodymass index and overall survival among
patients over age 60 with acute myeloid leukemia. Am J Hematol 2013;
88:642–6.

3. Schlesinger S, Siegert S, Koch M, Walter J, Heits N, Hinz S, et al. Post-
diagnosis body mass index and risk of mortality in colorectal cancer
survivors: a prospective study and meta-analysis. Cancer Causes Control
2014;25:1407–18.

4. Chen HN, Chen XZ, Zhang WH, Yang K, Chen XL, Zhang B, et al. The
impact of body mass index on the surgical outcomes of patients with

gastric cancer: a 10-year, single-institution cohort study. Medicine 2015;
94:e1769.

5. Stiles ZE, Rist TM, Dickson PV, Glazer ES, Fleming MD, Shibata D, et al.
Impact of body mass index on the short-term outcomes of resected
gastrointestinal stromal tumors. J Surg Res 2017;217:123–30.

6. Hakimi AA, FurbergH, Zabor EC, JacobsenA, SchultzN,CirielloG, et al. An
epidemiologic and genomic investigation into the obesity paradox in renal
cell carcinoma. J Nat Cancer Inst 2013;105:1862–70.

7. Chan DS, Vieira AR, Aune D, Bandera EV, Greenwood DC, McTiernan A,
et al. Bodymass index and survival inwomenwith breast cancer-systematic
literature review and meta-analysis of 82 follow-up studies. Ann Oncol
2014;25:1901–14.

8. Kwan ML, Chen WY, Kroenke CH, Weltzien EK, Beasley JM, Nechuta SJ,
et al. Pre-diagnosis body mass index and survival after breast cancer in the

Caan et al.

Cancer Res; 78(8) April 15, 2018 Cancer Research1910

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/8/1906/2777724/1906.pdf by guest on 27 August 2022



after breast cancer pooling project. Breast Cancer ResTreat 2011;132:
729–39.

9. Greenlee H, Unger JM, LeBlanc M, Ramsey S, Hershman DL. Association
between body mass index and cancer survival in a pooled analysis of 22
clinical trials. Cancer Epidemiol Biomarkers Prev 2017;26:21–9.

10. Adams TD, Heath EM, LamonteMJ, Gress RE, Pendleton R, StrongM, et al.
The relationship between body mass index and per cent body fat in the
severely obese. Diabetes ObesMetab 2007;9:498–505.

11. Baumgartner RN, Heymsfield SB, Roche AF. Human body composition
and the epidemiology of chronic disease. Obes Res 1995;3:73–95.

12. Deurenberg P, Weststrate JA, Seidell JC. Body mass index as a measure of
body fatness: age- and sex-specific prediction formulas. Br J Nutr 1991;65:
105–14.

13. Gurrici S, Hartriyanti Y, Hautvast JG, Deurenberg P. Relationship between
body fat and bodymass index: differences between Indonesians andDutch
Caucasians. Eur J Clin Nutr 1998;52:779–83.

14. Heymsfield SB, Nunez C, Testolin C, Gallagher D. Anthropometry and
methods of body composition measurement for research and field appli-
cation in the elderly. Eur J Clin Nutr 2000;54:S26–32.

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

16. Romero-Corral A, Somers VK, Sierra-Johnson J, Jensen MD, Thomas RJ,
Squires RW, et al. Diagnostic performance of body mass index to detect
obesity in patients with coronary artery disease. Eur Heart J 2007;28:
2087–93.

17. Romero-Corral A, Somers VK, Sierra-Johnson J, ThomasRJ, Collazo-Clavell
ML, Korinek J, et al. Accuracy of body mass index in diagnosing obesity in
the adult general population. Int J Obes 2008;32:959–66.

18. Wang J, Gallagher D, Thornton JC, Yu W, Weil R, Kovac B, et al. Regional
body volumes, BMI, waist circumference, and percentage fat in severely
obese adults. Obesity 2007;15:2688–98.

19. Heymsfield SB, Cefalu WT. Does body mass index adequately convey a
patient's mortality risk? JAMA 2013;309:87–8.

20. Gonzalez MC, Correia M, Heymsfield SB. A requiem for BMI in the clinical
setting. Curr Opin Clin Nutr Metab Care 2017;20:314–21.

21. Heymsfield SB, Peterson CM, Thomas DM, Heo M, Schuna JM Jr.Why are
there race/ethnic differences in adult body mass index-adiposity
relationships? A quantitative critical review. Obes Rev 2016;17:262–75.

22. Prado CM, Cushen SJ, Orsso CE, Ryan AM. Sarcopenia and cachexia in
the era of obesity: clinical and nutritional impact. Proc Nutr Soc 2016;
75:188–98.

23. Pratesi A, Tarantini F, Di Bari M. Skeletal muscle: an endocrine organ. Clin
Cases Miner Bone Metab 2013;10:11–4.

24. ProtaniM,CooryM,Martin JH. Effect of obesity on survival ofwomenwith
breast cancer: systematic review and meta-analysis. Breast Cancer ResTreat
2010;123:627–35.

25. Gonzalez MC, Pastore CA, Orlandi SP, Heymsfield SB. Obesity paradox in
cancer: new insights provided by body composition. Am J Clin Nutr
2014;99:999–1005.

26. KwanML,ChenWY,KroenkeCH,WeltzienEK,Beasley JM,NechutaSJ, et al.
Pre-diagnosis body mass index and survival after breast cancer in the After
Breast Cancer Pooling Project. Breast Cancer Res Treat 2012;132:729–39.

27. Kwan ML, Quesenberry CP Jr., Caan BJ. RE: body mass index, PAM50
subtype, and outcomes in node-positive breast cancer: CALGB 9741. J Natl
Cancer Inst 2016;108. doi: 10.1093/jnci/djv333.

28. Nechuta S, ChenWY, Cai H, Poole EM, KwanML, Flatt SW, et al. A pooled
analysis of post-diagnosis lifestyle factors in association with late estrogen-
receptor-positive breast cancer prognosis. Int J Cancer 2016;138:2088–97.

29. SweeneyC, Bernard PS, Factor RE, KwanML,Habel LA,Quesenberry CP Jr.,
et al. Intrinsic subtypes fromPAM50 gene expression assay in apopulation-
based breast cancer cohort: differences by age, race, and tumor character-
istics. Cancer Epidemiol Biomarkers Prev 2014;23:714–24.

30. Kroenke CH, Neugebauer R, Meyerhardt J, Prado CM, Weltzien E, Kwan
ML, et al. Analysis of body mass index and mortality in patients with
colorectal cancer using causal diagrams. JAMA Oncol 2016;2:1137–45.

31. Badrick E, Sperrin M, Buchan IE, Renehan AG. Obesity paradox and
mortality in adults with and without incident type 2 diabetes: a matched
population-level cohort study. BMJ Open Diabetes Res Care 2017;5:
e000369.

32. Sinicrope FA, Foster NR, Yothers G, Benson A, Seitz JF, Labianca R, et al.
Body mass index at diagnosis and survival among colon cancer patients
enrolled in clinical trials of adjuvant chemotherapy. Cancer 2013;119:
1528–36.

33. Caan BJ, Meyerhardt JA, Kroenke CH, Alexeeff S, Xiao J, Weltzien E, et al.
Explaining the obesity paradox: the association between body composi-
tion and colorectal cancer survival (C-SCANS Study). Cancer Epidemiol
Biomarkers Prev 2017;26:1008–15.

34. HakimiAA, FurbergH, Zabor EC, JacobsenA, SchultzN,CirielloG, et al. An
epidemiologic and genomic investigation into the obesity paradox in renal
cell carcinoma. J Natl Cancer Inst 2013;105:1862–70.

35. Crosbie EJ, Roberts C,QianW, Swart AM,KitchenerHC, RenehanAG. Body
mass index does not influence post-treatment survival in early stage
endometrial cancer: results from the MRC ASTEC trial. Eur J Cancer 2012;
48:853–64.

36. Rosner B, Glynn RJ, Tamimi RM, Chen WY, Colditz GA, Willett WC, et al.
Breast cancer risk prediction with heterogeneous risk profiles according to
breast cancer tumor markers. Am J Epidemiol 2013;178:296–308.

37. Ahn J, Schatzkin A, Lacey JV Jr., Albanes D, Ballard-Barbash R, Adams KF,
et al. Adiposity, adult weight change, and postmenopausal breast cancer
risk. Arch Intern Med 2007;167:2091–102.

38. Colditz GA, Rosner BA, ChenWY, HolmesMD, Hankinson SE. Risk factors
for breast cancer according to estrogen and progesterone receptor status. J
Natl Cancer Inst 2004;96:218–28.

39. Neuhouser ML, Aragaki AK, Prentice RL, Manson JE, Chlebowski R, Carty
CL, et al. Overweight, obesity, and postmenopausal invasive breast cancer
risk: a secondary analysis of the women's health initiative randomized
clinical trials. JAMA Oncol 2015;1:611–21.

40. Kerlikowske K, Gard CC, Tice JA, Ziv E, Cummings SR, Miglioretti DL. Risk
factors that increase risk of estrogen receptor–positive and –negative breast
cancer. J Nat Cancer Inst 2017;109:djw276–djw.

41. Kwan ML, Kroenke CH, Sweeney C, Bernard PS, Weltzien EK, Castillo A,
et al. Association of high obesity with PAM50 breast cancer intrinsic
subtypes and gene expression. BMC Cancer 2015;15:278.

42. Bianchini G, Pusztai L, Karn T, Iwamoto T, Rody A, Kelly CM, et al.
Proliferation and estrogen signaling can distinguish patients at risk for
early versus late relapse among estrogen receptor positive breast cancers.
Breast Cancer Res 2013;15:1.

43. GlymourMM,Vittinghoff E. Commentary: selection bias as an explanation
for the obesity paradox: just because it's possible doesn't mean it's plau-
sible. Epidemiology 2014;25:4–6.

44. Ebadi M, Martin L, Ghosh S, Field CJ, Lehner R, Baracos VE, et al.
Subcutaneous adiposity is an independent predictor of mortality in cancer
patients. Br J Cancer 2017;117:148–55.

45. Li XT, Tang L, Chen Y, Li YL, Zhang XP, Sun YS. Visceral and subcutaneous
fat as new independent predictive factors of survival in locally advanced
gastric carcinoma patients treated with neo-adjuvant chemotherapy. J
Cancer Res Clin Oncol 2015;141:1237–47.

46. Torres ML, Hartmann LC, Cliby WA, Kalli KR, Young PM, Weaver AL, et al.
Nutritional status, CT body composition measures and survival in ovarian
cancer. Gynecol Oncol 2013;129:548–53.

47. Fujiwara N, Nakagawa H, Kudo Y, Tateishi R, Taguri M, Watadani T, et al.
Sarcopenia, intramuscular fat deposition, and visceral adiposity indepen-
dently predict the outcomes of hepatocellular carcinoma. J Hepatol
2015;63:131–40.

48. Lee CS, Murphy DJ, McMahon C, Nolan B, Cullen G, Mulcahy H, et al.
Visceral adiposity is a risk factor for poor prognosis in colorectal cancer
patients receiving adjuvant chemotherapy. J Gastrointest Cancer 2015;46:
243–50.

49. Park JS, ChoMH, Nam JS, Ahn CW, Cha BS, Lee EJ, et al. Visceral adiposity
and leptin are independently associated with C-reactive protein in Korean
type 2 diabetic patients. Acta Diabetol 2010;47:113–8.

50. Lebovitz HE, Banerji MA. Point: visceral adiposity is causally related to
insulin resistance. Diabetes Care 2005;28:2322–5.

51. Goodpaster BH, Kelley DE, Wing RR, Meier A, Thaete FL. Effects of weight
loss on regional fat distribution and insulin sensitivity in obesity. Diabetes
1999;48:839–47.

52. Hiuge-Shimizu A, Kishida K, Funahashi T, Ishizaka Y, Oka R, Okada M,
et al. Reduction of visceral fat correlates with the decrease in the number of
obesity-related cardiovascular risk factors in Japanese with Abdominal
Obesity (VACATION-J Study). J Atheroscler Thromb 2012;19:1006–18.

Evidence for an Overweight Paradox in Cancer

www.aacrjournals.org Cancer Res; 78(8) April 15, 2018 1911

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/8/1906/2777724/1906.pdf by guest on 27 August 2022



53. Rothney MP, Catapano AL, Xia J, Wacker WK, Tidone C, Grigore L, et al.
Abdominal visceral fat measurement using dual-energy X-ray: association
with cardiometabolic risk factors. Obesity 2013;21:1798–802.

54. Yamashita S, Nakamura T, Shimomura I, Nishida M, Yoshida S, Kotani K,
et al. Insulin resistance and body fat distribution. Diabetes Care
1996;19:287–91.

55. Du T, Sun X, Huo R, Yu X. Visceral adiposity index, hypertriglyceridemic
waist and risk of diabetes: the ChinaHealth andNutrition Survey 2009. Int
J Obes 2014;38:840–7.

56. Rexrode KM, Carey VJ, Hennekens CH, Walters EE, Colditz GA, Stampfer
MJ, et al. Abdominal adiposity and coronary heart disease inwomen. JAMA
1998;280:1843–8.

57. ZhangX, ShuXO, LiH, YangG,XiangYB, CaiQ, et al. Visceral adiposity and
risk of coronary heart disease in relatively lean Chinese adults. Int J Cardiol
2013;168:2141–5.

58. Bjorge T, Lukanova A, Tretli S, Manjer J, Ulmer H, Stocks T, et al. Metabolic
risk factors and ovarian cancer in the Metabolic Syndrome and Cancer
project. Int J Epidemiol 2011;40:1667–77.

59. Zafrir B, Khashper A, Gaspar T, Dobrecky-Mery I, Azencot M, Lewis BS,
et al. Prognostic impact of abdominal fat distribution and cardiorespi-
ratory fitness in asymptomatic type 2 diabetics. Eur J Prev Cardiol
2015;22:1146–53.

60. Kaneko G, Miyajima A, Yuge K, Yazawa S, Mizuno R, Kikuchi E, et al.
Visceral obesity is associated with better recurrence-free survival after
curative surgery for Japanese patients with localized clear cell renal cell
carcinoma. Jpn J Clin Oncol 2015;45:210–6.

61. Hamdy O, Porramatikul S, Al-Ozairi E. Metabolic obesity: the paradox
between visceral and subcutaneous fat. Curr Diabetes Rev 2006;2:
367–73.

62. Stefan N, Kantartzis K, Machann J, Schick F, Thamer C, Rittig K, et al.
Identification and characterization of metabolically benign obesity in
humans. Arch Intern Med 2008;168:1609–16.

63. Taksali SE, Caprio S, Dziura J, Dufour S, Cali AM, Goodman TR, et al. High
visceral and low abdominal subcutaneous fat stores in the obese adoles-
cent: a determinant of an adverse metabolic phenotype. Diabetes 2008;57:
367–71.

64. VanItallie TB, Yang MU, Heymsfield SB, Funk RC, Boileau RA. Height-
normalized indices of the body's fat-free mass and fat mass: poten-
tially useful indicators of nutritional status. Am J Clin Nutr 1990;
52:953–9.

65. Antoun S, Bayar A, Ileana E, Laplanche A, Fizazi K, di PM, et al. High
subcutaneous adipose tissue predicts the prognosis in metastatic castra-
tion-resistant prostate cancer patients in post chemotherapy setting. Eur J
Cancer 2015;51:2570–7.

66. Shen W, Punyanitya M, Wang Z, Gallagher D, St.-Onge M-P, Albu J, et al.
Total body skeletal muscle and adipose tissue volumes: estimation from a
single abdominal cross-sectional image. J Appl Physiol 2004;97:2333–8.

67. Brown JC, Schmitz KH. The prescription or proscription of exercise in
colorectal cancer care. Med Sci Sports Exerc 2014;46:2202–9.

68. Buffart LM, Kalter J, Sweegers MG, Courneya KS, Newton RU, Aaronson
NK, et al. Effects and moderators of exercise on quality of life and physical
function in patients with cancer: An individual patient data meta-analysis
of 34 RCTs. Cancer Treat Rev 2017;52:91–104.

69. Schmitz KH, Courneya KS, Matthews C, Demark-Wahnefried W, Galvao
DA, Pinto BM, et al. American College of Sports Medicine roundtable on
exercise guidelines for cancer survivors. Med Sci Sports Exerc 2010;42:
1409–26.

70. Stene GB, Helbostad JL, Balstad TR, Riphagen II, Kaasa S, Oldervoll LM.
Effect of physical exercise on muscle mass and strength in cancer patients
during treatment–a systematic review. Crit Rev Oncol Hematol 2013;88:
573–93.

71. Hardee JP, Porter RR, Sui X, Archer E, Lee IM, Lavie CJ, et al. The effect of
resistance exercise on all-cause mortality in cancer survivors. Mayo Clin
Proc 2014;89:1108–15.

72. Padilha CS, Marinello PC, Galvao DA, Newton RU, Borges FH, Frajacomo
F, et al. Evaluation of resistance training to improve muscular strength and
body composition in cancer patients undergoing neoadjuvant and adju-
vant therapy: a meta-analysis. J Cancer Surv 2017;11:339–49.

73. TaoW, Lagergren J. Clinicalmanagement of obese patientswith cancer.Nat
Rev Clin Oncol 2013;10:519–33.

74. Fearon K, Arends J, Baracos V. Understanding the mechanisms and treat-
ment options in cancer cachexia. Nat Rev Clin Oncol 2013;10:90–9.

75. Adams SC, Segal RJ, McKenzie DC, Vallerand JR, Morielli AR, Mackey JR,
et al. Impact of resistance and aerobic exercise on sarcopenia and dyna-
penia in breast cancer patients receiving adjuvant chemotherapy: a mul-
ticenter randomized controlled trial. Breast Cancer Res Treat 2016;
158:497–507.

76. Courneya KS, Segal RJ, McKenzie DC, Dong H, Gelmon K, Friedenreich
CM, et al. Effects of exercise during adjuvant chemotherapy on breast
cancer outcomes. Med Sci Sports Exerc 2014;46:1744–51.

77. Cheema BS, Kilbreath SL, Fahey PP, Delaney GP, Atlantis E. Safety and
efficacy of progressive resistance training in breast cancer: a systematic
review and meta-analysis. Breast Cancer Res Treat 2014;148:249–68.

78. Courneya KS, Vardy JL, O'Callaghan CJ, Friedenreich CM, Campbell KL,
Prapavessis H, et al. Effects of a structured exercise program on physical
activity and fitness in colon cancer survivors: one year feasibility results
from the CHALLENGE trial. Cancer Epidemiol Biomarkers Prev 2016;25:
969–77.

Cancer Res; 78(8) April 15, 2018 Cancer Research1912

Caan et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/8/1906/2777724/1906.pdf by guest on 27 August 2022


