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Complex inter-relationship of body mass

index, gender and serum creatinine on
survival: exploring the obesity paradox in
melanoma patients treated with checkpoint
inhibition
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Abstract

Background: A male gender driven obesity paradox (improved survival for overweight/obese patients compared
to normal weight) was recently shown in melanoma in the context of checkpoint inhibition (anti-PD-1/anti-CTLA4
monotherapy) in a pooled meta-analysis. We characterized the relationship of Body Mass Index (BMI) with survival
and explored gender-based interactions with surrogates of body composition/malnutrition in the context of PD-1
blockade as monotherapy or in combination with ipilimumab in a real-world setting.

Methods: Advanced melanoma patients who received at least one dose of pembrolizumab, nivolumab, or
nivolumab plus ipilimumab (combination) from June 2014 to September 2016 were included in this retrospective
cohort study (N = 139). Overall Survival (OS) and Progression Free Survival (PFS) were the main outcomes. Analysis
was performed using Random Survival Forests (RSF)/ multivariable Cox Proportional-Hazards models.

Results: Overweight/Class-I (25- < 35 kg/m2) obese patients had a significantly lower risk of mortality (adjusted-HR:0.26;
95%CI:0.1–0.71; p-value = 0.008) and progressive disease (adjusted-HR:0.43; 95%CI:0.19–0.95; p-value:0.038) compared to
normal-weight (18.5- < 25 kg/m2). Class II/III obesity (compared to normal-weight) had an adjusted HR of 0.42 (95%CI: 0.
1–1.77; p-value: 0.238) for OS and 1 (95%CI:0.34–2.94; p-value:0.991) for PFS. Exploration of interactions for OS showed
that the association was predominantly driven by males (adjusted-HRmales:0.11; 95%CI:0.03–0.4; adjusted-HRfemales: 0.56;
95%CI:0.16–1.89; p-valueinteraction:0.044); the association was not seen in patients with serum creatinine< 0.9 mg/dL
(adjusted-HR:0.43; 95%CI:0.15–1.24; p-valueinteraction:0.020), who were predominantly females. These observations were
made in both the anti-PD-1 monotherapy (n = 79) and combination therapy (anti-PD-1/CTLA-4, n = 60) cohorts.

Conclusions: The findings support the existence of an “obesity paradox” restricted to overweight/Class-I obesity in the
real-world setting; the association was driven predominantly by males who largely had higher serum creatinine levels,
a surrogate for skeletal muscle mass in the setting of metastatic disease. These observations suggest that sarcopenia
(low skeletal muscle mass) or direct measures of body mass composition may be more suitable predictors of survival
in melanoma patients treated with PD-1 blockade (monotherapy/combination).
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Background
Anti-Programmed Death-1 (PD-1) based immunother-
apies have led to substantially improved survival in pa-
tients with advanced melanoma [1–4]. Combination
therapy with ipilimumab and nivolumab results in
higher response rates albeit with significant toxicity [5].
Despite these improved outcomes, many patients have
either primary resistance or develop acquired resistance
[6]. While tumor PD-L1 expression, mutational/neoanti-
gen load, and IFN-γ signatures have some utility as pre-
dictors of outcome with checkpoint inhibitors [7–9],
clinical predictors also may have value for the identifica-
tion of patient subgroups who have longer survival and/
or higher response rates to these therapies.
Nearly 70% of the adult population in the United

States are either overweight or obese according to the
CDC/National Center for Health Statistics and has
reached epidemic proportions [10]. While obesity has
generally been shown to pose a risk for many chronic
diseases [11–13] as well as some solid cancers such as
colon cancer, esophageal carcinoma and renal cell car-
cinoma [14], it has been associated with improved sur-
vival in other cancers including renal cell carcinoma
[15], colorectal cancer [16] and non-small cell lung can-
cer [17]. Observation of improved survival outcomes
among overweight/obese patients compared to normal
weight patients has been referred to as the “obesity para-
dox” [18]. This observation has recently been documented
in metastatic melanoma patients in the context of im-
mune checkpoint inhibition as monotherapy (PD-1/
PD-L1 or CTLA-4) and targeted therapy in a pooled
meta-analysis, but not of chemotherapy [19]. In addition,
the association was noted predominantly in males and
gender-based differences in hormonal effects were pro-
posed as one of the possible explanations.
Several hypotheses have been posed to explain the obes-

ity paradox observed in cancer. Reverse causality has been
commonly proposed, a phenomenon where previously
overweight/obese patients are classified as normal weight
at study baseline due to rapid cancer related weight loss
[18]. Methodological reasons cited for explaining the para-
dox include detection bias, selection bias, less aggressive
disease among obese patients [15], confounding and in-
ability of BMI to distinguish well between adiposity and
lean body mass [18, 20]. Many of the studies exploring the
obesity paradox have limitations as differences in body
mass composition (or surrogate markers), malnutrition
(surrogate markers of malnutrition inflammation cachexia
syndrome), lifestyle habits or the influence of preceding
disease related weight loss on survival were not adequately
accounted for [18].
We collected extensive data on baseline characteristics

and characterized the relationship of pre-treatment BMI
on overall survival, progression free survival and clinical
benefit outcomes in the context of anti-PD-1 therapy
either as monotherapy (pembrolizumab or nivolumab)
or combination (nivolumab combined with ipilimumab)
for advanced melanoma in a real-world setting and ex-
plored gender-based interactions with surrogates of body
composition/malnutrition to understand potential fac-
tors driving the obesity paradox.

Methods
Patient population and study design
Unresectable or metastatic melanoma patients who re-
ceived at least one dose of anti-PD-1 monotherapy
(pembrolizumab or nivolumab) or combination (nivolu-
mab plus ipilimumab) treatment from June 2014 to
September 2016 outside of a clinical trial were included
in this retrospective cohort study. Patients with brain
metastases prior to the first dose of anti-PD-1 mono-
therapy or combination treatment were excluded. Prior
exposure to investigational or approved immune check-
point inhibitors (ICI) was not allowed except for prior
anti-CTLA-4 therapy.

Ethics statement
Approval for the study was obtained from the
Dana-Farber/Harvard Cancer Center Institutional Review
Committee.

Outcomes
The primary outcome was Overall Survival (OS). OS was
calculated from the date of first dose of ICI until the date
of death. The outcomes of patients who did not have an
event at the last follow up were censored. Secondary out-
comes included progression free survival (PFS) and dur-
able clinical benefit (DCB) as defined previously [8].

Covariates
We retrospectively collected data from electronic health re-
cords. Baseline covariates included disease related charac-
teristics, disease severity measures, co-morbidities,
co-medications, lifestyle habits, clinical chemistry and blood
count profiles. A total of 42 covariates/features were in-
cluded: BMI, age, gender, race, melanoma type, BRAF V600
mutation, NRAS mutation, stage, Karnofsky Performance
Score (KPS), Lactate Dehydrogenase (LDH), ever smokers,
current drinkers, prior treatments (anti-CTLA-4/Immuno-
therapy, chemotherapy, radiation, targeted therapy), Charl-
son’s Comorbidity Index [21, 22], diabetes, hypertension
(including baseline systolic and diastolic blood pressure),
hyperlipidemia, chronic kidney disease (CKD) [23], cardio-
vascular disease (CAD/CHF/MI/AF), autoimmune/im-
mune mediated disorders, co-medications (Anti-platelet
agents such as aspirin/clopidogrel, anti-hypertensive medi-
cations (any), ACE inhibitors (Angiotensin Converting En-
zyme) or ARBs (Angiotensin Receptor Blocker), metformin,
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statins and oral steroids), albumin, ANC (absolute neutro-
phil count), ALC (absolute lymphocyte count), hemoglobin,
serum creatinine, eGFR (estimated glomerular filtration
rate based on Cockcroft-Gault formula [23, 24]), fasting
glucose, alkaline phosphatase, ALT (Alanine transaminase),
AST (Aspartate transaminase), type of anti-PD-1 based im-
munotherapy (monotherapy/combination).

Statistical analyses
Random Survival Forests (RSF) for survival outcomes and
Random Forests (RF) for the binary outcome of DCB (See
Additional file 1: Text) were used for analysis given distinct
advantages of these methods in incorporating non-linear
relationships, handling multi-collinearity, inclusion of co-
variate interactions and ability to handle high dimensional
data under a non-parametric framework [25–29]. The
adaptive nature of the forests and powerful visualization
techniques which uncover complex patterns and inter-
relationships/higher order interactions [25] with ease were
of interest to elucidate the potential factors that could ex-
plain the obesity paradox in this treatment setting. The
minimal depth criterion was used to assess the importance
of BMI among other features studied. The threshold for
minimal depth filtering was minimal depth below the
mean value (Refer Additional file 1: Text). A total of 42 fea-
tures deemed clinically important by expert knowledge
(listed above) were assessed in the RSF and RF models.
The number of features included for each individual tree
was set at 7 and 2000 trees were grown in the forest. No
feature selection was performed.
Partial dependence (adjusted risk estimate) plots were

used to assess the relationship of BMI as a continuous
variable on survival and clinical benefit outcomes. Sub-
sequently, interactions were assessed by co-plots plotted
as heat maps for the adjusted risk estimate either risk/
mortality for survival outcomes and probability of
achieving DCB for binary outcome (adjusted for
remaining features in the model; Refer Additional file 1:
Text for details on methodology). Two-way, three-way
and four-way interactions were explored for features of
importance and clinically relevant features as deemed by
expert clinical knowledge (including surrogates of body
composition/malnutrition and stratified by monother-
apy/combination), by examining partial dependence
plots (for individual features) and baseline characteristics
to find potential explanations or mechanisms for the
observed relationship of BMI with outcomes. Missing
covariate data was handled by forest imputation for
analyses in RSF and RF. Discrimination of the model
was evaluated using the average concordance index
(C-index) within a 10-fold cross-validation scheme.
RSF has previously been used to help explain para-
doxical findings of association of high BMI and
improved survival in cardiovascular disease [25]. The
packages used were “RandomForestsSRC”, “ggRan-
domForestsSRC”, “mlr”, “survminer”, “nephro” and
“ggplot2” in R version 3.3.3 [30].
Results were confirmed by univariate and multi-

variable Cox-PH models for survival outcomes and lo-
gistic regression for durable clinical benefit outcome
(baseline characteristics with imbalance across BMI
groups or covariates deemed clinically important in
the context of studying BMI on survival outcomes
were adjusted for; see Table 2 footnote). No imput-
ation was performed for missing covariate data for
multi-variable Cox-PH/logistic regression (complete
case analysis).

Sensitivity analyses
BMI measured within the past three to six months (the
earliest measure available within this window period)
was analyzed in place of BMI measured at baseline (pre-
treatment BMI just prior to receiving anti-PD-1 based
immunotherapy) by RSF/RF to assess if the results and/
or conclusions obtained were similar to primary analysis
with pre-treatment BMI, to account for patients crossing
over to the lower weight category due to disease-related
or other causes of weight loss. The CKD-EPI equation
[31] based eGFR as a continuous covariate was included
instead of Cockcroft-Gault formula to assess if the find-
ings were similar. Additionally, separate analyses for
monotherapy/combination were performed.

Results
A total of 139 patients (79 patients treated with
anti-PD-1 monotherapy and 60 patients treated with ipi-
limumab plus nivolumab) were included in the analysis
after reviewing 263 patients who had received PD-1
based therapies (excluded patients had received treat-
ment as part of interventional trial protocols that were
not eligible for this retrospective cohort (n = 63) or pa-
tients with brain metastases at baseline (n = 61)). Pa-
tients were mostly Caucasians and had cutaneous
melanoma; 72% of patients were overweight or obese
(BMI ≥ 25 kg/m2), a proportion that is comparable to the
US population distribution of BMI [10]. The overweight/
Class I obese group included a higher proportion of males,
diabetes, hypertension, hyperlipidemia as well as use of
anti-hypertensives, ACE/ARB inhibitors, and statins com-
pared to patients with BMI < 25 kg/m2 (Table 1). Moreover,
the overweight/Class I obese group had higher mean
serum creatinine concentrations at baseline compared to
patients with BMI < 25 kg/m2 and Class II/III obese pa-
tients (Table 1).
After a median follow up of 760 days (IQR: 522–910),

25/38 patients with BMI < 25 had died (1-year
event-rate: 51.6% (95%CI: 34.9–76.4%)), 27/86 patients
who were overweight/Class I obese had died (1-year



Table 1 Baseline characteristics by BMI for patients treated with PD-1 blockade

N = 139 Body Mass Index (kg/m2)

BMI < 25 kg/m2

N = 38a(%)
Overweight and Class I Obesity
(BMI 25- < 35 kg/m2) N = 86 (%)

Class II/III Obesity (BMI
≥ 35 kg/m2) N = 15 (%)

Demographics

Age 64.6 (15.2) 61.2 (13.8) 57.3 (13.7)

Male gender 19 (50) 57 (66.3) 3 (20)

White race 37 (97.4) 85 (98.8) 14 (93.3)

Cutaneous Melanoma 31 (81.6) 78 (90.7) 12 (80)

BRAF V600 mutation 11 (28.9) 22 (25.6) 2 (13.3)

NRAS mutation 4 (10.5) 6 (7) 4 (26.7)

Disease severity

Stage at baseline IV M1c: 24 (63.2) IV M1c: 49 (57) IV M1c: 7 (46.7)

Karnofsky Performance
Score (KPS)

< 70: 2 (5.3)
> = 70: 36 (94.7)

< 70: 2 (2.4)
> = 70: 83 (97.6)
N = 85/86

< 70: 0 (0)
> = 70: 15 (100)

LDH in U/L
(Median and IQR; N = 131)

211.5 (158–336)
N = 34/38

176.5 (137–230)
(N = 82/86)

187 (158–264)

Lifestyle habits

Ever smokers Former: 16 (42.1)
Current: 3 (7.9)

Former: 34 (39.5)
Current: 8 (9.3)

Former: 7 (46.7)
Current: 0 (0)

Current drinkers 24 (63.2) 54 (62.8) 6 (40)

Prior treatments

Immunotherapy 9 (23.7) 33 (38.4) 8 (53.3)

Chemotherapy 1 (2.6) 12 (14) 2 (13.3)

Radiation 10 (26.3) 22 (25.6) 6 (40)

Targeted therapy 5 (13.2) 5 (5.8) 0 (0)

Co-morbidities

Charlson’s Comorbidity
Index (Mean and SD)

8.6 (1.7) 8.4 (2.1) 8.1 (1.7)

Diabetes 3 (7.9) 11 (12.8) 4 (26.7)

Hypertension 14 (36.8) 51 (59.3) 9 (60)

Hyperlipidemia 11 (28.9) 27 (31.4) 8 (53.3)

Chronic Kidney Disease (CKD) 3 (7.9) 7 (8.1) 1 (6.7)

Cardiovascular disease
(CAD/CHF/MI/AF)c

6 (15.8) 11 (12.8) 4 (26.7)

Autoimmune/Immune
mediated disorders

7 (18.4) 9 (10.5) 1 (6.7)

Co-medications for co-morbidities

Anti-platelet agents
(Aspirin/Clopidogrel)

10 (26.3) 22 (25.6) 4 (26.7)

Anti-hypertensive
medications (any)

10 (26.3) 49 (57) 9 (60)

ACE or ARB inhibitors 7 (18.4) 28 (32.6) 4 (2.7)

Metformin 3 (7.9) 6 (7) 3 (20)

Statins 11 (2.9) 20 (23.3) 4 (26.7)

Oral Steroids 1 (2.6) 10 (11.6) 1 (6.7)

Clinical chemistry and Vitals

Albumin in g/dL
(Mean and SD)

3.8 (0.59) 4.1 (0.41) 4 (0.45)
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Table 1 Baseline characteristics by BMI for patients treated with PD-1 blockade (Continued)

N = 139 Body Mass Index (kg/m2)

BMI < 25 kg/m2

N = 38a(%)
Overweight and Class I Obesity
(BMI 25- < 35 kg/m2) N = 86 (%)

Class II/III Obesity (BMI
≥ 35 kg/m2) N = 15 (%)

ANC K/uL (Mean and SD) 5.5 (3.3) 4.8 (1.6) 5.5 (2.7)

ALC K/uL (Mean and SD) 1.3 (0.6) 1.6 (1.4) 1.8 (1.1)

Hemoglobin g/dL
(Mean and SD)

12.4 (2) 13.1 (1.6) 12.2 (1.5)

Serum Creatinine mg/dL
(Mean and SD)

0.81 (0.21) 0.95 (0.38) 0.88 (0.36)

eGFRb (ml/min/1.73m2) > = 60: 36; < 60: 2 > = 60: 77; < 60: 9 > = 60: 13; < 60: 2

eGFR by CKD-EPI equation
in ml/min/1.73m2

(Median and IQR)

88.51 (71.09–98.91) 85.87 (74.83–94.73) 91.03 (70.99–100.6)

Fasting Glucose in mg/dL
(Median and IQR)

106 (100–122) 101 (93–119) 102 (98–114)

BMI at baseline (kg/m2) 22.6 (2.3) 29.1 (2.7) 40.1 (4.4)

Alkaline Phosphatase in
U/L (Median and IQR)

74 (63–100) 74 (62–90) 69 (60–129)

ALT in U/L (Median and IQR) 15 (11–27) 17 (12–21) 18 (14–27)

AST in U/L (Median and IQR) 19 (15–29) 18 (13–23) 21 (13–27)

Systolic blood pressure in
mm Hg (Mean/SD)

124.7 (19.9) 133.8 (18.2) 135.3 (14.4)

Diastolic blood pressure in
mm Hg (Mean/SD)

74.4 (11.9) 78.3 (13.2) 75 (10.6)

Disease related weight loss

BMI measured up to 6 months
before baseline (Mean and SD)

23 (2.6) (N = 35/38) 29.3 (2.7) (N = 81/86) 40.4 (4.8)

Treatment

Anti-PD-1 immunotherapy type Mono: 19 (50)
Combination:19 (50)

Mono: 49 (57)
Combination: 37 (43)

Mono: 11 (73.3)
Combination: 4 (26.7)

aIncludes three patients with BMI < 18.5 for descriptive purposes. Analyses by Cox-PH/logistic regression was performed by excluding underweight patients (n = 3)
but were included for RSF analysis where BMI was included as a continuous variable
beGFR Estimated Glomerular Filtration Rate (Cockcroft-Gault)
cCAD Coronary Artery Disease, CHF Congestive Heart Failure, MI Myocardial Infarction and AF Atrial Fibrillation
IQR Inter Quartile Range
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event-rate: 20.9% (95%CI: 14.3–30.5%)) and 9/15 pa-
tients who were Class II/Class III obese had died
(1-year event-rate: 43.3% (95%CI: 22.5–83.2%)). The
median OS was not reached (NR) for overweight/Class
I obese patients. Median OS was 530 days (IQR: 157
days – 985 days) for patients with BMI < 25 kg/m2 and
was 458 days (IQR: 152 days – NR) for Class II/III
obese patients. The median PFS was 673 days (IQR:
109–1126) for overweight/Class I obese patients, was
135 days (IQR: 75 days – 463 days) for patients with
BMI < 25 kg/m2 and was 168 days (IQR: 87 days –
377 days) for Class II/III obese patients. The median
OS was not reached for males (n = 79) and was 554
days (IQR: 273–985 days) for females (n = 60) and
the one-year event rate for males was 24.6% (95%CI:
17.1–35.4%) and 39.8% (95%CI: 28.2–56.3%) for fe-
males. The KM survival curves (OS and PFS) are
shown in Fig. 1b, d. The KM survival graphs
stratified by treatment and gender are shown in
Additional file 1: Figure S1.

RSF/RF findings
Minimal depth statistic in RSF deemed BMI as predictive
based on minimal depth (lower than the mean; KPS was
the strongest predictor; Refer to Additional file 1: Text).
The mean C-index was 0.80 for OS. Partial dependence
plots in RSF analysis showed a “U” shaped relationship of
pretreatment BMI and risk of mortality as well as pro-
gressive disease and an “inverted U” shaped relationship
for probability of achieving DCB (Fig. 1a, c and e). Partial
dependence-derived cutoffs/inflection points corre-
sponded to WHO-based BMI categories wherein, over-
weight or Class I (25- < 35 kg/m2) obese patients had a
lower predicted risk of mortality and disease progression
and higher probability of achieving DCB compared to
normal BMI (18.5- < 25 kg/m2) and Class II/III obese



Fig. 1 Relationship of BMI with survival and clinical benefit (a-f). Panel a shows the relationship between BMI and risk (mortality), with the risk
being the lowest for overweight/Class I obese patients and the highest for underweight/normal weight patientsand panel b shows the KM plots
for the identified BMI risk groups. Panel c and d shows similar findings for PFS. Panel e shows the relationship for durable clinical benefit
outcome. Panel f shows the distribution of BMI in patients with and without durable clinical benefit. Note: Figures b and d excluded 3
underweight patients
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patients (≥35 kg/m2). Underweight/normal weight pa-
tients had the highest risk of mortality and progressive
disease (Fig. 1a, c and e).

Exploration of interactions
A gender driven difference in survival and clinical benefit
outcomes was apparent in co-plots, where overweight/
Class I obese males had a lower predicted risk of mortal-
ity/progressive disease than overweight/Class I obese fe-
males (Figs. 2a, 3a and 4a). Further, there was an
interaction between BMI and serum creatinine such that
the obesity paradox was attenuated for the subgroups of
patients with serum creatinine levels < 0.9 mg/dL (Figs.
2b, 3b and 4b; Additional file 1: Figure S2). Relationship of
BMI, serum creatinine and gender on survival and durable
clinical benefit outcomes revealed that the obesity paradox
was attenuated for both genders in patients with serum
creatinine < 0.9mg/dL (Figs. 2c, 3c and 4c). These findings
were noted for both mono- and combination therapy
(Figs. 2d, 3d and 4d). Serum creatinine was deemed pre-
dictive based on minimal depth criteria while the minimal
depth for gender was above the threshold for minimal
depth filtering criterion). Examination of the partial de-
pendence of serum creatinine on OS revealed an “L”
shaped relationship with survival outcome where patients
with creatinine levels < 0.9 mg/dL had a high risk of mor-
tality and levels lower than 0.7mg/dL had the highest risk
of mortality (Fig. 2e and f). Gender-based density



Fig. 2 (See legend on next page.)
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(See figure on previous page.)
Fig. 2 Inter-relationship of BMI, gender, serum creatinine and OS (a-i). Panel A shows the predominant male gender driven association of overweight/
Class I obesity with lower risk of mortality (dark blue) compared to normal weight/underweight patients and Class II/III obese patients who had higher
risk of mortality (red). Panel b shows that patients who had serum creatinine < 0.9mg/dL had high risk of mortality and the obesity paradox pattern
(blue) was largely attenuated. Panel c shows that the obesity paradox finding was attenuated for both genders if serum creatinine concentrations were
< 0.9mg/dL. Panel d shows that findings from Panel c were noted for both treatments (monotherapy/combination). Panel e shows an “L” shaped
relationship of serum creatinine with OS. Panel f shows KM survival curves for the two creatinine risk groups per RSF thresholds (excluding 3 underweight
patients). Panel g shows gender-based differences in distribution of serum creatinine within BMI groups where most females had serum creatinine < 0.9
mg/dL (risk threshold identified by RSF and is indicated as a red dashed line). Panel h shows that patients with serum creatinine ≥0.9mg/dL who had
longer survival were predominantly males than patients with serum creatinine < 0.9mg/dL who were predominantly females. Panel i shows that
overweight/Class I obese patients with serum creatinine > = 0.9mg/dL had the longest OS
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distribution of serum creatinine within the three BMI risk
groups showed that most females had serum creatinine <
0.9 mg/dL (Fig. 2g). Baseline characteristics (Additional
file 1: Table S1) grouped by serum creatinine (< and ≥
0.9 mg/dL) showed that only 13.3% of patients with
serum creatinine ≥0.9 mg/dL were females whereas
87.7% were males and prolonged OS was noted among
patients with serum creatinine ≥0.9 mg/dL who were
mostly males (Fig. 2h). Overweight/Class I obese pa-
tients with serum creatinine ≥0.9 mg/dL had the lon-
gest survival (Fig. 2i).
Exploration of other gender-based interactions of BMI

and serum creatinine with co-morbidities, lifestyle habits,
co-medications for co-morbidities, BRAF V600, NRAS
mutations, prior therapies for melanoma (targeted ther-
apy, immunotherapy, chemotherapy and radiation) and
interaction of BMI with clinical chemistry parameters, dis-
ease severity and other demographics did not provide
plausible strong alternative explanations for gender-based
difference (Additional file 1: Text, Figures S3-S5 and Table
S1).

Cox-PH/logistic regression and sensitivity analyses
The findings from Cox-PH and logistic regression (univar-
iate and multi-variable) largely supported the results from
RSF/RF (Table 2). BMI measured within 3 to 6months
showed a similar relationship for survival outcomes as for
pre-treatment BMI measured just prior to first dose of
anti-PD-1 immunotherapy (Additional file 1: Figure S6).
Primary findings were similar when CKD-EPI based eGFR
was used in RSF analysis in place of Cockcroft-Gault
based eGFR (Additional file 1: Figure S7). Effect estimates
for monotherapy and combination therapies are given
separately in Table 3 supporting the findings noted in Figs.
5, 6 and Table 2.

Discussion
Nonlinear relationship of BMI with survival and inter-
relationship of BMI and serum creatinine levels
Patients with normal or below normal weight were at
higher risk of poor survival outcomes and less likely to
achieve durable clinical benefit compared to overweight/
Class I obese patients. The protective association noted
with overweight/Class I obese patients compared to
normal weight group was not observed for Class II/III
obesity but the sample size in this group was limited
(Fig. 1 and Table 2). These findings confirm the presence
of an “obesity paradox” recently reported in advanced
melanoma patients treated with immune checkpoint in-
hibition (anti-PD-1/anti-CTLA-4 monotherapy) or tar-
geted therapy in a pooled meta-analysis [19], albeit for
overweight/Class I obesity in this study. The survival
curves closely overlapped for overweight and obese pa-
tients for the PD-1 monotherapy cohort in the study by
McQuade et al. [19], but the study did not further clas-
sify patients based on the three classes of obesity. The
findings suggest that relationship of BMI with survival is
likely dependent on underlying body mass composition.
The observed relationship of BMI with survival in our
study likely indicates two themes. First, low lean body
mass is a risk factor for poor outcome and second, high
adiposity is also associated with adverse outcome; both
observations have been documented previously in other
cancers including colorectal cancer [16, 32, 33]. How-
ever, there is a concern that BMI does not accurately in-
dicate either lean mass or adiposity [34]. Recent studies
have shown the importance of assessing skeletal muscle
mass/body mass composition to predict survival in can-
cers as even obese patients can have underlying sarcope-
nia (low skeletal muscle mass) and a high mortality risk
was shown in patients with sarcopenic obesity [16, 35].
Low serum creatinine (< 0.7 mg/dL) is a surrogate

marker for frailty and sarcopenia (low skeletal muscle
mass) particularly in the elderly; it is a strong predictor
of mortality among patients with normal BMI in the set-
ting of chronic diseases, for example coronary artery dis-
ease [36]. Interestingly, serum creatinine was found to
modify the association of BMI (paradox) with mortality,
as evident by the association of low creatinine levels with
poor outcomes in hemodialysis patients [37]. In cancer
patients, sarcopenic obesity was associated with the
highest risk of mortality demonstrating that body mass
composition can modify the association of BMI with sur-
vival; accordingly, the paradox was seen only when obes-
ity was defined by BMI [35]. Serum creatinine levels
were found to correlate with skeletal muscle mass



Fig. 3 Inter-relationship of BMI, gender, serum creatinine and PFS (a-f). Panel a shows the predominant male gender driven association of overweight/
Class-I obesity with lower risk of progressive disease (dark blue) compared to normal weight/underweight patients and Class-III obese patients who
had higher risk of disease progression (red). Panel b shows that patients who had serum creatinine < 0.9mg/dL had high risk of progressive disease
and the obesity paradox pattern (blue) was largely attenuated. Panel c shows that for both genders the paradox was attenuated if serum creatinine
was < 0.9mg/dL. Panel d shows that the findings from Panel c were noted both for anti-PD-1 based monotherapy and combination therapy. Panel e
shows the relationship of serum creatinine with PFS and Panel f shows improved PFS for patients with serum creatinine > = 0.9mg/dL compared to
patients with levels < 0.9mg/dL
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measured by urinary creatine excretion/DEXA (Dual En-
ergy X-ray Absorptiometry) in colorectal cancers pa-
tients as well as in healthy volunteers, albeit to a varying
extent [38–42]. Nevertheless, serum creatinine to assess
skeletal muscle mass indirectly represents a simple alter-
native when renal function is accounted for [41–43] and
is especially relevant in advanced cancer where the
growing metabolic demands of metastatic tumors lead
to mobilization of nutrients from skeletal muscle [44];
we therefore included eGFR in the primary analysis to
account for renal function. Less than 10% of the patients
had prior history of CKD at baseline. Etiologies leading
to low serum creatinine levels other than older age, fe-
male gender and the cancer-related catabolic state (e.g.



Fig. 4 Inter-relationship of BMI, gender, serum creatinine and Durable Clinical Benefit (DCB) (a-f): Panel a shows the predominant male gender
driven association of overweight/Class-I obesity with a higher probability of achieving DCB (red) compared to normal weight/underweight
patients and Class-II/III obese patients who had lower probability of DCB (blue). Panel b shows that patients who had serum creatinine < 0.9 mg/
dL had lower probability of DCB and the obesity paradox pattern (red) was largely attenuated. Panel c shows that the paradox was attenuated
for both genders for lower serum creatinine levels (< 0.9 mg/dL). Panel d shows that findings from Panel c were noted for both anti-PD-1 based
monotherapy and combination therapy. Panel e shows the relationship of serum creatinine with probability of achieving DCB. Panel f shows the
distribution of serum creatinine among patients with and without DCB
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rapid renal clearance, pregnancy, fever/acute illness and
advanced liver disease) were unlikely to explain low
serum creatinine levels in our cohort [45, 46].

Gender-based difference in skeletal muscle mass,
underlying sarcopenia and the impact on outcomes
A gender-based obesity paradox was recently demonstrated
in the context of immunotherapy (anti-CTLA4/PD-1/
PD-L1) and targeted therapy in metastatic melanoma [19].
In our study we also identified a predominantly male gen-
der driven association of overweight/Class I obesity with
lower risk of mortality/progressive disease; additionally, we
found that this gender-based association was absent if
serum creatinine was < 0.9mg/dL. Gender-based density
distribution of serum creatinine showed that most females
had serum creatinine levels of < 0.9mg/dL whereas the ma-
jority of males had serum creatinine > = 0.9mg/dL, which
was the threshold identified for serum creatinine in RSF for



Table 2 Hazard ratios for the association of BMI with OS and PFS (along with interactions) and odds ratios for the association of BMI
with durable clinical benefit among patients treated with anti-PD-1 based checkpoint inhibition

Outcome (N = 136)b Effect Estimate

Overall Survival (OS) Unadjusted Hazard Ratio (95% CI) p-value Adjusted Hazard Ratioa (95% CI) p-value

Overweight/Class-I Obese vs.
Normal Weight (reference)

0.41 (0.24–0.72) 0.002 0.26 (0.1–0.71) 0.008

Class-II/III Obese vs. Normal Weight 0.88 (0.41–1.91) 0.756 0.42 (0.1–1.77) 0.238

Interaction Modelc 1 (OS)

Interaction of BMI
(Overweight/Class-I vs. normal weight)
with gender (males vs. females)

– – 0.19 (0.04–0.95) 0.044

Interaction Model 1 (OS)

Overweight/Class-I Obese
(vs. normal weight) HR in females

– – 0.56 (0.16–1.89) 0.346

Interaction Model 1 (OS)

Overweight/Class-I Obese
(vs. normal weight) HR in males

– – 0.11 (0.03–0.4) 0.001

Interaction Model 2 (OS)

Interaction of BMI
(Overweight/Class-I vs. normal weight)
with serum creatinine (> = 0.9 mg/dL
vs. < 0.9 mg/dL)c

– – 0.11 (0.02–0.7) 0.020

Interaction Model 2 (OS)

Overweight/Class-I Obese
(vs. normal weight) HR in patients with
serum creatinine < 0.9 mg/dL

– – 0.43 (0.15–1.24) 0.119

Interaction Model 2 (OS)

Overweight/Class-I Obese
(vs. normal weight) HR in patients with
serum creatinine > = 0.9 mg/dL

– – 0.045 (0.08–0.262) 0.001

Progression Free Survival (PFS)

Overweight/Class-I Obese vs. Normal
Weight (reference)

0.5 (0.31–0.81) 0.005 0.43 (0.19–0.95) 0.038

Class-II/III Obesity vs. Normal Weight 1.03 (0.53–2) 0.932 1 (0.34–2.94) 0.991

Interaction Model 1 (PFS)

Interaction of BMI (overweight/Class-I
vs. normal weight) with gender
(males vs. females)

– – 0.29 (0.07–1.18) 0.084

Interaction Model 1 (PFS)

Overweight/Class-I Obese
(vs. normal weight) HR in females

– – 0.80 (0.27–2.41) 0.695

Interaction Model 1 (PFS)

Overweight/Class-I Obese
(vs. normal weight) HR in males

– – 0.23 (0.08–0.66) 0.006

Interaction Model 2 (PFS)

Interaction of BMI (overweight/Class-I
vs. normal weight) with serum creatinine
(> = 0.9 mg/dL vs. < 0.9 mg/dL)

– – 0.17 (0.04–0.77) 0.021

Interaction Model 2 (PFS)

Overweight/Class-I Obese
(vs. normal weight) HR in patients with
serum creatinine < 0.9 mg/dL

– – 0.71 (0.29–1.77) 0.464

Interaction Model 2 (PFS)

Overweight/Class-I Obese – – 0.12 (0.03–0.45) 0.002
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Table 2 Hazard ratios for the association of BMI with OS and PFS (along with interactions) and odds ratios for the association of BMI
with durable clinical benefit among patients treated with anti-PD-1 based checkpoint inhibition (Continued)

Outcome (N = 136)b Effect Estimate

(vs. normal weight) HR in patients with
serum creatinine > = 0.9 mg/dL

Durable Clinical Benefit (N = 132)b Unadjusted Odds Ratio (95% CI) p-value Adjusted Odds Ratiod (95% CI) p-value

Overweight/Class-I Obese vs.
Normal Weight (reference)

2.76 (1.18–6.46) 0.020 11.4 (1.65–78.6) 0.013

Class-II/III Obesity vs. Normal Weight 0.91 (0.23–3.54) 0.891 3.3 (0.22–50.5) 0.391

Interaction Model 1 (DCB)

Interaction of BMI (overweight/Class-I
vs. normal weight) with gender (males
vs. females)

– – 10.39 (0.17–634.68) 0.265

Interaction Model 1 (DCB)

Overweight/Class-I Obese
(vs. normal weight) in females

– – 2.91 (0.16–54.05) 0.473

Interaction Model 1 (DCB)

Overweight/Class-I Obese
(vs. normal weight) in males

– – 30.27 (2.01–455.72) 0.014

Interaction Model 2 (DCB)

Interaction of BMI (overweight/Class-I
vs. normal weight) with creatinine
(> = 0.9 mg/dL vs. < 0.9 mg/dL)

– – 2.82 (0.03–229.67) 0.644

Interaction Model 2 (DCB)

Overweight/Class-I Obese (vs. normal
weight) HR in patients with serum
creatinine < 0.9 mg/dL

– – 8.03 (0.85–76.27) 0.070

Interaction Model 2 (DCB)

Main effect (Serum Creatinine > = 0.9
mg/dL): Overweight/Class-I Obese
(vs. normal weight) HR in patients with
serum creatinine > = 0.9 mg/dL

– – 22.66 (0.51–1013.5) 0.108

a Adjusted for the following covariates: age (<=45, > 45–75 and > 75 years), gender, serum creatinine (< 0.9 and > = 0.9 mg/dL), treatment (monotherapy/
combination), current drinker (vs. non-current/never-drinker), smoking history (ever vs. never), KPS (<=70 and > 70), LDH (<=231 vs. > 231 U/L), stage at baseline,
Charlson’s score (< 10 vs. > = 10), hemoglobin (< 11.5 vs. > = 11.5 g/dL), ANC (<=8 and > 8 K/uL), ALC (< 3 and > =3 K/uL), albumin (< 3.5 g/dL), autoimmune
disease, diabetes, CV disease, CKD, BRAF mutation, NRAS mutation, hypertension, hyperlipidemia, comedications (anti-platelet agents, statins, metformin, ACE/ARB
inhibitors), prior treatments (immunotherapy/CTLA-4, radiation, chemotherapy and targeted therapy), fasting glucose (<=110 vs. > 110 mg/dL), type of melanoma,;
N = 127 after excluding three patients who were underweight, 8 patients with missing LDH values and 1 patient whose KPS could not assessed (missing)
b Three underweight patients were excluded
c Interactions were studied in separate models along with main effects and adjusted for the same covariates as the main models
d Adjusted for the same covariates listed for OS and PFS (except KPS which was included as a continuous variable); N = 123 (excluding 3 underweight patients;
DCB was not assessable/available for 4 patients; patients with missing data for LDH, KPS were not included for the adjusted analysis)
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predicting outcomes and confirmed by Cox-PH analysis.
Overweight/Class I obese patients had serum creatinine
≥0.9mg/dL and were more commonly males. Class II/III
obese patients had lower serum creatinine and were more
commonly females in this study. Comparable gender-based
differences in distribution of serum creatinine were previ-
ously shown in cancer patients [47]. Gender-based differ-
ences in body mass composition and/or muscle mass [48]
are well documented and provide a potential biological
basis for the association of low skeletal muscle mass with
increased mortality risk in cancer patients [16, 49, 50] given
that skeletal muscle is a large reservoir of proteins and
other minerals/metabolites to meet the high requirements
in a catabolic state such as in advanced cancer. Low muscle
mass is associated with poor immune function as skeletal
muscle provides key nutrients that are critical for lympho-
cyte and monocyte function [51, 52]) [53] which may be
relevant in the setting of checkpoint based immunotherapy
[54]. It is well documented that underlying sarcopenia
and cachexia directly contribute to cancer-specific
mortality [44].
In our study, serum creatinine levels above 0.7 mg/dL

up to 0.9mg/dL were also associated with worse outcomes
although the highest risk was for patients with levels
deemed to indicate sarcopenia clinically (< 0.7 g/dL) [36].
These findings suggest that extra muscle reserves could



Table 3 Effect estimates for the association of BMI and gender, BMI and serum creatinine on PFS, OS and DCB outcomes by anti-
PD1 monotherapy and combination (ipilimumab plus nivolumab)

Outcome: PFS

Type of checkpoint inhibition Effect Estimatea: HR (95% CI)

Anti-PD1 Monotherapy (N = 77)

BMI and Gender (Overweight/Class 1 Obese Males vs. Normal Weight Females) 0.567 (0.233–1.378)

BMI and Gender (Overweight/Class 1 Obese Males vs. Normal Weight Males) 0.509 (0.196–1.323)

BMI and Serum Creatinine (Overweight/Class 1 Obese & Serum Creatinine > = 0.9 mg/dL vs. Normal Weight & Serum
Creatinine < 0.9 mg/dL)

0.439 (0.184–1.047)

Ipilimumab plus Nivolumab (N = 59)

BMI and Gender (Overweight/Class 1 Obese Males vs. Normal Weight Females) 0.424 (0.151–1.192)

BMI and Gender (Overweight/Class 1 Obese Males vs. Normal Weight Males) 0.243 (0.093–0.632)

BMI and Serum Creatinine (Overweight/Class 1 Obese & Serum Creatinine > = 0.9 mg/dL vs. Normal Weight & Serum
Creatinine < 0.9 mg/dL)

0.316 (0.120–0.835)

Outcome: OS

Type of checkpoint inhibition Effect Estimate: HR (95% CI)

Anti-PD1 Monotherapy (N = 77)

BMI and Gender (Overweight/Class 1 Obese Males vs. Normal Weight Females) 0.331 (0.121–0.903)

BMI and Serum Creatinine (Overweight/Class 1 Obese & Serum Creatinine > = 0.9 mg/dL vs. Normal Weight & Serum
Creatinine < 0.9 mg/dL)

0.208 (0.073–0.591)

Ipilimumab plus Nivolumab (N = 59)

BMI and Gender (Overweight/Class 1 Obese & Males vs. Normal Weight Females) 0.294 (0.078–1.098)

BMI and Serum Creatinine (Overweight/Class 1 Obese & Serum Creatinine > = 0.9 mg/dL vs. Normal Weight & Serum
Creatinine < 0.9 mg/dL)

0.208 (0.056–0.768)

Outcome: DCB

Type of checkpoint inhibition Effect Estimate: OR (95%CI)

Anti-PD1 Monotherapy (N = 75)

BMI and Gender (Overweight/Class 1 Obese & Males vs. Normal Weight Females) 5.115 (0.914–28.640)

BMI and Serum Creatinine (Overweight/Class 1 Obese & Serum Creatinine > = 0.9 mg/dL vs. Normal Weight & Serum
Creatinine < 0.9 mg/dL)

7.22 (1.268–41.143)

Ipilimumab plus Nivolumab (N = 57)

BMI and Gender (Overweight/Class 1 Obese & Males vs. Normal Weight Females) 2.407 (0.456–12.720)

BMI and Serum Creatinine (Overweight/Class 1 Obese & Serum Creatinine > = 0.9 mg/dL vs. Normal Weight & Serum
Creatinine < 0.9 mg/dL)

2.813 (0.627–12.611)

aAll effect estimates are un-adjusted
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provide a survival advantage and an ability to cope in a
stressful environment and the higher skeletal muscle mass
in men may have offered a survival advantage in an
advanced cancer setting. Preceding weight loss was
unlikely to explain the findings as the relationship of
BMI measured 3–6 months prior to treatment were
similar to pre-treatment BMI based findings, indicat-
ing that the crossover of patients to lower weight cat-
egories had minimal impact on outcomes. Predictors
of survival were in agreement with known clinical
prognostic markers in melanoma [55]. To summarize,
the hypothesized link between BMI, obesity, gender,
serum creatinine, sarcopenia and outcomes in the
context of PD-1 inhibition is illustrated in Additional
file 1: Figure S8.
Strengths and limitations
We used a data adaptive approach to derive cutoffs for
defining BMI risk groups to analyze the data in an un-
biased way. Given the underlying non-linear relationship
of BMI and the complex interplay with other predictors
of survival and progressive disease, adaptive tree-based
methods (RSF/RF) were able to identify complex pat-
terns and uncover higher order interactions with ease.
Because the underlying philosophy of machine learning
is prediction and not hypothesis testing, we confirmed
the findings in the frequentist framework and such an
integrated analytical approach is increasingly being
adopted in clinical studies [56].
Information on diet and physical activity would have

allowed a better exploration of potential mechanisms as



Fig. 5 Panel a and b shows that overweight/ Class 1 obese males had the longest progression free survival (PFS) among patients treated with
monotherapy (a) and combination (b). Panel c and d shows that overweight/Class 1 obese patients with serum creatinine > = 0.9 mg/dL had
the longest PFS among patients treated with monotherapy (c) and combination (d)
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it is known that serum creatinine levels can be affected
by varying meat intake/diet [45], but is unlikely to affect
the overall conclusions of the study given the setting of
advanced metastatic cancer. Other unmeasured covari-
ates could have contributed to the findings given the
retrospective nature of the study. The sample size in the
Class II/III obese group was limited in this study and
therefore further studies in larger cohorts should assess
whether these patients have a higher risk of progression
and death in the setting of checkpoint inhibition as well
as the impact of underlying sarcopenia/body mass com-
position on the observed relationship between BMI and
survival. As serum creatinine is not the gold standard
measure of skeletal muscle mass due to its relationship
with renal and non-renal factors, the results are hypoth-
esis generating and should be confirmed with DEXA or
CT scan based skeletal muscle mass measurements in
larger cohorts. While prior ipilimumab therapy in this
cohort did not alter the main results as shown in the
multi-variable analyses, the findings should be replicated
in larger cohorts of patients treated with frontline PD-1
based checkpoint inhibition given the change in stand-
ard of care in melanoma. Our cohort included
non-cutaneous melanomas and although we adjusted for
this covariate in the multi-variable analyses, given the
relatively low sample size of these rarer melanomas, the
impact of BMI on survival may differ by subtypes and
should be assessed in larger cohorts.



Fig. 6 Panel a and b shows that overweight/ Class 1 obese males had the longest overall survival (OS) among patients treated with monotherapy (a)
and combination (b). Panel c and d shows that overweight/Class 1 obese patients with serum creatinine > = 0.9mg/dL had the longest OS among
patients treated with monotherapy (c) and combination (d)
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Conclusions
In advanced melanoma patients treated with PD-1 based
immune checkpoint inhibition (monotherapy/combin-
ation), overweight or Class I obesity was associated with
a significantly lower risk of mortality and progressive
disease compared to normal weight. These findings sup-
port the presence of the “obesity paradox” restricted to
overweight/Class I obesity. The association was driven
predominantly by overweight/Class I obese male
patients. Lower serum creatinine levels (predominant
among females), a surrogate for skeletal muscle mass in
the setting of advanced cancer, was associated with
worse survival outcomes and attenuated the
gender-based obesity paradox finding. These observa-
tions suggest that sarcopenia (low skeletal muscle mass)
or direct measures of body mass composition may be
more suitable predictors of survival outcomes in the set-
ting of PD-1 blockade in patients with melanoma and
other cancers.
Additional file

Additional file 1: Supplementary data showing additional exploratory
and sensitivity analyses. (DOCX 2122 kb)
Acknowledgements
The authors would like to thank Dr. Brian Healy, Dr. Miguel Hernan, Dr. Ajay
K. Singh, Dr. Finnian McCausland, Mrs. Kathryn Cacioppo and Dr. Kate
Madden (Harvard Medical School) for their support.

https://doi.org/10.1186/s40425-019-0512-5


Naik et al. Journal for ImmunoTherapy of Cancer            (2019) 7:89 Page 16 of 17
Funding
None.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
Study concept and design: GSN, PAO and JDS.Acquisition, analysis, or
interpretation of data: GSN, AEWJ, PAO, JDS, EIB, RH, FSH and SSW.
Drafting of the manuscript: GSN and PAO. Critical revision of the
manuscript for important intellectual content: GSN, AEWJ, PAO, JDS, EIB,
RH, FSH and SSW. Statistical analysis: GSN and AEWJ. Administrative,
technical, or material support: PAO and FSH. Study supervision: PAO. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
Approval for the study was obtained from the Dana-Farber/Harvard Cancer
Center Institutional Review Committee.

Consent for publication
Not Applicable.

Competing interests
GSN: Former employee of Biocon and current employee of Leap
Therapeutics Inc.
SSW: None to declare.
AEW: None to declare.
EIB: Research funding paid to the institution – BMS (Bristol-Myers Squibb)
and Merck. Consulting for BMS
RH: Grant support from BMS, Novartis.
Consultant: Tango Therapeutics FSH reports other from Bristol-Myers Squibb
to institution, grants, personal fees and other from Bristol-Myers Squibb,
personal fees from Merck, personal fees from EMD Serono, personal fees
from Novartis, personal fees from Takeda, personal fees from Surface,
personal fees from Genentech/Roche, personal fees from Incyte, personal
fees from Apricity, personal fees from Bayer, personal fees from Aduro,
personal fees from Partners Therapeutics, personal fees from Sanofi, personal
fees from Pfizer, personal fees from Pionyr, personal fees from Verastem,
other from Torque, personal fees from Compass Therapeutics, outside the
submitted work; In addition, Dr. Hodi has a patent Methods for Treating
MICA-Related Disorders (#20100111973) with royalties paid, a patent Tumor
antigens and uses thereof (#7250291) issued, a patent Angiopoietin-2
Biomarkers Predictive of Anti-immune checkpoint response (#20170248603)
pending, a patent Compositions and Methods for Identification, Assessment,
Prevention, and Treatment of Melanoma using PD-L1 Isoforms
(#20160340407) pending, a patent Therapeutic peptides (#20160046716)
pending, a patent Therapeutic Peptides (#20140004112) pending, a patent
Therapeutic Peptides (#20170022275) pending, a patent Therapeutic
Peptides (#20170008962) pending, a patent THERAPEUTIC PEPTIDES
Ðherapeutic PeptidesÐatent number: 9402905 issued, and a patent
METHODS OF USING PEMBROLIZUMAB AND TREBANANIB pending.
JDS: Research funding paid to the institution – BMS, Merck; Scientific Advisory
Board - BMS, AstraZeneca, Debiopharm, Nanobiotix; Consulting - Tilos.
PAO: Research funding paid to the institution - BMS, Merck, AstraZeneca,
Celldex, CytomX, Neon Therapeutics, ARMO Biosciences, Pfizer;
Consulting: BMS, Merck, Genentech, Pfizer, Novartis, CytomX, Celldex, Neon
Therapeutics, Array, Amgen.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Department of Medical Oncology, Dana-Farber Cancer Institute, 450
Brookline Avenue, Boston, MA 02215, USA. 2Harvard Medical School, Boston,
MA, USA. 3Division of Renal Medicine, Department of Medicine, Brigham and
Women’s Hospital, Boston, MA, USA. 4Institute of Medical Engineering &
Science, Massachusetts Institute of Technology, Cambridge, MA, USA.
5Department of Radiation Oncology, Dana-Farber/Brigham and Women’s
Cancer Center, Boston, MA, USA. 6Melanoma Center & Center for
Immuno-Oncology, Boston, MA, USA.

Received: 4 September 2018 Accepted: 16 January 2019
References
1. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al.

Pembrolizumab versus Ipilimumab in Advanced Melanoma. N Engl J Med.
2015;372(26):2521–32.

2. Robert C, Ribas A, Wolchok JD, Hodi FS, Hamid O, Kefford R, et al. Anti-
programmed-death-receptor-1 treatment with pembrolizumab in
ipilimumab-refractory advanced melanoma: a randomised dose-comparison
cohort of a phase 1 trial. Lancet Lond Engl. 2014;384(9948):1109–17.

3. Ribas A, Puzanov I, Dummer R, Schadendorf D, Hamid O, Robert C, et al.
Pembrolizumab versus investigator-choice chemotherapy for ipilimumab-
refractory melanoma (KEYNOTE-002): a randomised, controlled, phase 2 trial.
Lancet Oncol. 2015;16(8):908–18.

4. Hodi FS, Chesney J, Pavlick AC, Robert C, Grossmann KF, McDermott DF,
et al. Combined nivolumab and ipilimumab versus ipilimumab alone in
patients with advanced melanoma: 2-year overall survival outcomes in a
multicentre, randomised, controlled, phase 2 trial. Lancet Oncol. 2016;17(11):
1558–68.

5. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D,
et al. Nivolumab and ipilimumab versus ipilimumab in untreated
melanoma. N Engl J Med. 2015;372(21):2006–17.

6. Wang DY, Eroglu Z, Ozgun A, Leger PD, Zhao S, Ye F, et al. Clinical features
of acquired resistance to anti–PD-1 therapy in advanced melanoma. Cancer
Immunol Res. 2017;5(5):357–62.

7. Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al.
Genomic and transcriptomic features of response to anti-PD-1 therapy in
metastatic melanoma. Cell. 2016;165(1):35–44.

8. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al.
Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl
J Med. 2014;371(23):2189–99.

9. Riaz N, Havel JJ, Makarov V, Desrichard A, Urba WJ, Sims JS, et al. Tumor and
Microenvironment Evolution during Immunotherapy with Nivolumab. Cell.
2017;171(4):934–49 e15.

10. FastStats [Internet]. 2017 [cited 2018 Jan 25]. Available from: https://www.
cdc.gov/nchs/fastats/obesity-overweight.htm

11. Lavie CJ, Milani RV, Ventura HO. Obesity and cardiovascular disease: risk
factor, paradox, and impact of weight loss. J Am Coll Cardiol. 2009;53(21):
1925–32.

12. Doehner W, von Haehling S, Anker SD. Protective overweight in
cardiovascular disease: moving from ‘paradox’ to ‘paradigm’. Eur Heart J.
2015;36(40):2729–32.

13. Hsu C, McCulloch CE, Iribarren C, Darbinian J, Go AS. Body mass index and
risk for end-stage renal disease. Ann Intern Med. 2006;144(1):21–8.

14. Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. Body-mass index
and incidence of cancer: a systematic review and meta-analysis of
prospective observational studies. Lancet Lond Engl. 2008;371(9612):569–78.

15. Hakimi AA, Furberg H, Zabor EC, Jacobsen A, Schultz N, Ciriello G, et al. An
epidemiologic and genomic investigation into the obesity paradox in renal
cell carcinoma. J Natl Cancer Inst. 2013;105(24):1862–70.

16. Caan BJ, Meyerhardt JA, Kroenke CH, Alexeeff S, Xiao J, Weltzien E, et al.
Explaining the obesity paradox: the association between body
composition and colorectal Cancer survival (C-SCANS study). Cancer
Epidemiol Biomark Prev Publ Am Assoc Cancer Res Cosponsored Am Soc
Prev Oncol. 2017;26(7):1008–15.

17. Lam VK, Bentzen SM, Mohindra P, Nichols EM, Bhooshan N, Vyfhuis M, et al.
Obesity is associated with long-term improved survival in definitively
treated locally advanced non-small cell lung cancer (NSCLC). Lung Cancer
Amst Neth. 2017;104:52–7.

18. Lennon H, Sperrin M, Badrick E, Renehan AG. The obesity paradox in
Cancer: a review. Curr Oncol Rep. 2016;18(9):56.

19. McQuade JL, Daniel CR, Hess KR, Mak C, Wang DY, Rai RR, et al.
Association of body-mass index and outcomes in patients with
metastatic melanoma treated with targeted therapy, immunotherapy, or
chemotherapy: a retrospective, multicohort analysis. Lancet Oncol. 2018;
19(3):310–22.

https://www.cdc.gov/nchs/fastats/obesity-overweight.htm
https://www.cdc.gov/nchs/fastats/obesity-overweight.htm


Naik et al. Journal for ImmunoTherapy of Cancer            (2019) 7:89 Page 17 of 17
20. Mayeda ER, Glymour MM. The obesity paradox in survival after Cancer
diagnosis: tools for evaluation of potential Bias. Cancer Epidemiol Biomark Prev
Publ Am Assoc Cancer Res Cosponsored Am Soc Prev Oncol. 2017;26(1):17–20.

21. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying
prognostic comorbidity in longitudinal studies: development and validation.
J Chronic Dis. 1987;40(5):373–83.

22. Quan H, Li B, Couris CM, Fushimi K, Graham P, Hider P, et al. Updating and
validating the Charlson comorbidity index and score for risk adjustment in
hospital discharge abstracts using data from 6 countries. Am J Epidemiol.
2011;173(6):676–82.

23. Levey AS, Coresh J, Balk E, Kausz AT, Levin A, Steffes MW, et al. National Kidney
Foundation practice guidelines for chronic kidney disease: evaluation,
classification, and stratification. Ann Intern Med. 2003;139(2):137–47.

24. Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum
creatinine. Nephron. 1976;16(1):31–41.

25. Ishwaran H, Kogalur UB, Blackstone EH, Lauer MS. Random survival forests.
Ann Appl Stat. 2008;2(3):841–60.

26. Hsich E, Gorodeski EZ, Blackstone EH, Ishwaran H, Lauer MS. Identifying
important risk factors for survival in systolic heart failure patients using
random survival forests. Circ Cardiovasc Qual Outcomes. 2011;4(1):39–45.

27. Ishwaran H, Kogalur UB, Gorodeski EZ, Minn AJ, Lauer MS. High-dimensional
variable selection for survival data. J Am Stat Assoc. 2010;105(489):205–17.

28. Vock DM, Wolfson J, Bandyopadhyay S, Adomavicius G, Johnson PE,
Vazquez-Benitez G, et al. Adapting machine learning techniques to
censored time-to-event health record data: A general-purpose approach
using inverse probability of censoring weighting. J Biomed Inform. 2016;
61(Supplement C):119–31.

29. Breiman L. Random forests. Mach Learn. 2001;45(1):5–32.
30. R: The R Project for Statistical Computing [Internet]. [cited 2017 May 17].

Available from: https://www.r-project.org/
31. Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, et al.

Estimating glomerular filtration rate from serum creatinine and cystatin C. N
Engl J Med. 2012;367(1):20–9.

32. Malietzis G, Aziz O, Bagnall NM, Johns N, Fearon KC, Jenkins JT. The role of
body composition evaluation by computerized tomography in determining
colorectal cancer treatment outcomes: a systematic review. Eur J Surg
Oncol EJSO. 2015;41(2):186–96.

33. Guiu B, Petit JM, Bonnetain F, Ladoire S, Guiu S, Cercueil J-P, et al. Visceral
fat area is an independent predictive biomarker of outcome after first-line
bevacizumab-based treatment in metastatic colorectal cancer. Gut. 2010;
59(3):341–7.

34. Prado CMM, Heymsfield SB. Lean tissue imaging: a new era for
nutritional assessment and intervention. JPEN J Parenter Enteral Nutr.
2014;38(8):940–53.

35. Gonzalez MC, Pastore CA, Orlandi SP, Heymsfield SB. Obesity paradox in
cancer: new insights provided by body composition. Am J Clin Nutr. 2014;
99(5):999–1005.

36. Goel K, Gulati R, Reeder GS, Lennon RJ, Lewis BR, Behfar A, et al. Low body
mass index, serum creatinine, and cause of death in patients undergoing
percutaneous coronary intervention. J Am Heart Assoc. 2016;5(11):e003633.

37. Sakao Y, Ojima T, Yasuda H, Hashimoto S, Hasegawa T, Iseki K, et al. Serum
creatinine modifies associations between body mass index and mortality
and morbidity in prevalent hemodialysis patients. PLoS One. 2016;11(3):
e0150003.

38. Schutte JE, Longhurst JC, Gaffney FA, Bastian BC, Blomqvist CG. Total
plasma creatinine: an accurate measure of total striated muscle mass. J Appl
Physiol. 1981;51(3):762–6.

39. Heymsfield SB, Arteaga C, McManus C, Smith J, Moffitt S. Measurement of
muscle mass in humans: validity of the 24-hour urinary creatinine method.
Am J Clin Nutr. 1983;37(3):478–94.

40. Nyasavajjala SM, Phillips BE, Lund JN, Williams JP. Creatinine and myoglobin
are poor predictors of anaerobic threshold in colorectal cancer and health. J
Cachexia Sarcopenia Muscle. 2015;6(2):125–31.

41. Patel SS, Molnar MZ, Tayek JA, Ix JH, Noori N, Benner D, et al. Serum
creatinine as a marker of muscle mass in chronic kidney disease: results of a
cross-sectional study and review of literature. J Cachexia Sarcopenia Muscle.
2013;4(1):19–29.

42. Kim S, Jung H-W, Kim C-H, Kim K, Chin HJ, Lee H. A new equation to
estimate muscle mass from creatinine and cystatin C. PLoS One. 2016;11(2):
e0148495.
43. Drescher C, Konishi M, Ebner N, Springer J. Loss of muscle mass: current
developments in cachexia and sarcopenia focused on biomarkers and
treatment. J Cachexia Sarcopenia Muscle. 2015;6(4):303–11.

44. Porporato PE. Understanding cachexia as a cancer metabolism syndrome.
Oncogene. 2016;5:e200.

45. Thongprayoon C, Cheungpasitporn W, Kashani K. Serum creatinine level, a
surrogate of muscle mass, predicts mortality in critically ill patients. J Thorac
Dis. 2016;8(5):E305–11.

46. Park J, Mehrotra R, Rhee CM, Molnar MZ, Lukowsky LR, Patel SS, et al. Serum
creatinine level, a surrogate of muscle mass, predicts mortality in peritoneal
dialysis patients. Nephrol Dial Transplant. 2013;28(8):2146–55.

47. Kleber M, Cybulla M, Bauchmüller K, Ihorst G, Koch B, Engelhardt M.
Monitoring of renal function in cancer patients: an ongoing challenge for
clinical practice. Ann Oncol. 2007;18(5):950–8.

48. Miller AE, MacDougall JD, Tarnopolsky MA, Sale DG. Gender differences in
strength and muscle fiber characteristics. Eur J Appl Physiol. 1993;66(3):254–62.

49. Heymsfield SB, McManus C, Stevens V, Smith J. Muscle mass: reliable
indicator of protein-energy malnutrition severity and outcome. Am J Clin
Nutr. 1982;35(5 Suppl):1192–9.

50. Shachar SS, Williams GR, Muss HB, Nishijima TF. Prognostic value of
sarcopenia in adults with solid tumours: A meta-analysis and systematic
review. Eur J Cancer. 2016;57:58–67.

51. Juretic A, Spagnoli GC, Hörig H, Babst R, von Bremen K, Harder F, et al.
Glutamine requirements in the generation of lymphokine-activated killer
cells. Clin Nutr Edinb Scotl. 1994;13(1):42–9.

52. Spittler A, Winkler S, Götzinger P, Oehler R, Willheim M, Tempfer C, et al.
Influence of glutamine on the phenotype and function of human
monocytes. Blood. 1995;86(4):1564–9.

53. Lightfoot A, McArdle A, Griffiths RD. Muscle in defense. Crit Care Med. 2009;
37(10 Suppl):S384–90.

54. Jiang Y, Li Y, Zhu B. T-cell exhaustion in the tumor microenvironment. Cell
Death Dis. 2015;6(6):e1792.

55. Eton O, Legha SS, Moon TE, Buzaid AC, Papadopoulos NE, Plager C, et al.
Prognostic factors for survival of patients treated systemically for
disseminated melanoma. J Clin Oncol Off J Am Soc Clin Oncol. 1998;16(3):
1103–11.

56. Swaminathan S, Pasipanodya JG, Ramachandran G, Hemanth Kumar AK,
Srivastava S, Deshpande D, et al. Drug concentration thresholds predictive
of therapy failure and death in children with tuberculosis: bread crumb
trails in random forests. Clin Infect Dis Off Publ Infect Dis Soc Am. 2016;
63(suppl 3):S63–74.

https://www.r-project.org/

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patient population and study design
	Ethics statement
	Outcomes
	Covariates
	Statistical analyses
	Sensitivity analyses

	Results
	RSF/RF findings
	Exploration of interactions
	Cox-PH/logistic regression and sensitivity analyses

	Discussion
	Nonlinear relationship of BMI with survival and inter-relationship of BMI and serum creatinine levels
	Gender-based difference in skeletal muscle mass, underlying sarcopenia and the impact on outcomes
	Strengths and limitations

	Conclusions
	Additional file
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

