
Neuro-Oncology Advances
7(1), vdae209, 2025 | https://doi.org/10.1093/noajnl/vdae209 | Advance Access date 28 November 2024

1

Farzaneh Rahmani, Garrett Camps, Olesya Mironchuk, Norman Atagu, David H. Ballard,  
Tammie L.S. Benzinger, Vincent Tze Yang Chow, Sonika Dahiya , John Evans, Shama Jaswal,  
Sara Hosseinzadeh Kassani, Da Ma, Muhammad Naeem, Karteek Popuri, Cyrus A. Raji,  
Marilyn J. Siegel, Yifei Xu, Jingxia Liu, Mirza Faisal Beg, Michael R. Chicoine, and Joseph E. Ippolito

All author affiliations are listed at the end of the article

Corresponding Author: Joseph E. Ippolito, MD, PhD, Mallinckrodt Institute of Radiology, Washington University School of Medicine, 
660 South Euclid Avenue, Campus Box 8131, St. Louis, MO 63110, USA (ippolitoj@wustl.edu).

Abstract 
Background.  Alterations in cellular metabolism affect cancer survival and can manifest in metrics of body compo-
sition. We investigated the effects of various body composition metrics on survival in patients with glioblastoma 
(GBM).
Methods.  We retrospectively analyzed patients who had an abdominal and pelvic computed tomography (CT) 
scan performed within 1 month of diagnosis of GBM (178 participants, 102 males, 76 females, median age: 62.1 
years). Volumetric body composition metrics were derived using automated CT segmentation of adipose tissue, 
skeletal muscle, and aortic calcification from L1 to L5. Univariable and multivariable Cox proportional hazards 
models were performed separately in males and females using known predictors of GBM overall survival (OS) as 
covariates. A sex-specific composite score of predisposing and protective factors was constructed using the rela-
tive importance of each metric in GBM OS.
Results.  Higher skeletal muscle volume and lower skeletal muscle fat fraction were associated with better OS in 
the entire dataset. A robust and independent effect on GBM OS was seen specifically for fraction of inter/intramus-
cular adipose tissue to total adipose tissue after correction for known survival predictors and comorbidities. Worse 
OS was observed with increased abdominal aortic calcification volume in both sexes. There was a significant dif-
ference in GBM OS among participants stratified into quartiles based on sex-specific composite predisposing and 
protective scores.
Conclusion.  The relationship between body composition and GBM OS provides an actionable advancement to-
ward precision medicine in GBM management, as lifestyle and dietary regimens can alter body composition and 
metabolism and from there GBM survival.

Key Points

• Higher myosteatosis, measured by inter/intramuscular fat volume, independently 
predicts worse glioblastoma (GBM) survival.

• A sex-specific computed tomography composite score of favorable and adverse metrics 
can stratify patients based on GBM survival.

Abdominal myosteatosis measured with computed 
tomography predicts poor outcomes in patients with 
glioblastoma  
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Glioblastoma (GBM) is the most common malignant cen-
tral nervous system (CNS) pathology in adults with an in-
cidence of 3.5 per 100 000 people.1 Despite advances in 
surgical techniques and chemoradiation, the prognosis 
of GBM is extremely poor with a median survival of 8–9 
months and 5-year survival of 6.9%.1–3 One avenue that 
could provide new insights into improving outcomes in 
these patients is by understanding how systems physi-
ology can both influence and be influenced by tumorigen-
esis within the CNS.

Obesity as measured with body mass index (BMI) or 
visceral adiposity is associated with mortality in several 
cancer types including GBM.4 Higher BMI, particularly in 
the context of overweight and obesity, has been linked to 
conflicting findings: some studies report lower progression-
free survival in GBM patients,5,6 while others suggest higher 
overall survival (OS) in newly diagnosed GBM patients7,8 
with higher BMI. Higher abdominal adiposity measured as 
waist circumference is also related to worse OS in GBM.4,7 
Sarcopenia, characterized by reduced muscle volume and 
elevated intramuscular fat, has synergistic effects with vis-
ceral adiposity in predicting increased cancer mortality,9,10 
including GBM mortality when measured in the head.11 
Given these observations, it is possible that quantification of 
abdominal body composition could be a more robust source 
of metabolism estimation in GBM patients compared to BMI 
alone, as it allows for simultaneous estimation of visceral, 
subcutaneous, and intramuscular adipose tissue contents 
as well as various muscle groups. Furthermore, biomarkers 
derived from abdominal and pelvic organs could provide in-
sights into alternative mechanisms by which cellular metab-
olism can affect cancer survival.

Interestingly, sex differences in body composition exist, 
where males have higher amounts of visceral fat and 
muscle mass and females have higher amounts of subcu-
taneous fat.12 This has implications in cancer outcomes, as 
sex differences in phenotype and cellular metabolism af-
fect cancer survival,13–15 and those males with GBM typi-
cally have worse survival than females.13,16,17 Furthermore, 
our group has used abdominal computed tomography 
(CT) to demonstrate an interaction between visceral fat 
and sex predicting survival in renal cell carcinoma, pancre-
atic cancer, and lymphoma.14,18,19 This raises the question 
whether abdominal body composition metrics could be 
used to predict survival differently in males and females 
with GBM.20,21

To our knowledge, the association between abdominal 
body composition measures and GBM outcomes has not 
been evaluated. In this study, we examined the association 
between abdominal body composition metrics, including sex 
differences, in predicting OS in patients diagnosed with GBM.

Materials and Methods

Participants

Through a retrospective cohort design, we used par-
ticipants who were recruited from the Multi-Center 
Intraoperative MRI (iMRI) Neurosurgery Database (I-MiND). 
I-MiND is a prospective multisite Research Electronic Data 
Capture (REDCap) registry, supported by an educational 
grant from the IMRIS intraoperative MRI system, with on-
going recruitment of patients receiving preoperative MRI 
for resection of brain tumors.22 For this study, we first iden-
tified all I-MiND participants who were recruited from re-
ferrals to the Barnes-Jewish Hospital System—affiliated 
with Washington University School of Medicine—between 
January 2006 and January 2017 and had at least one ab-
dominal and pelvic CT scan at any time in their medical 
record. The date of brain MRI at the time of recruitment in 
the study was considered as diagnosis or baseline date. 
The following additional inclusion criteria were then ap-
plied to select participants for the current study: (1) having 
a postoperative tissue diagnosis of GBM, (2) GBM being 
the only malignancy on record for that patient, and (3) CT 
performed with ±1 month of diagnosis or baseline date. 
This led to the inclusion of 178 participants (102 males, 76 
females, median age [Q1–Q3]: 62.1 [56.3–73.1] years). If 
multiple CT scans were available for 1 participant, the scan 
closest to the baseline date was selected for analyses. All 
CT scans were contrast-enhanced. The most common in-
dication for CT scans was postoperative abdominal pain 
(34.6%), suspected bowel obstruction (23.1%), epigastric 
pain (8%), and suspected abdominal infection (5.9%).

Abdominal and Pelvic CT Scan Body Composition 
Analysis

Body composition analysis was performed using 
the Data Analysis Facilitation Suite (DAFS, version 3) 

Importance of the Study

Obesity, traditionally measured with body mass index is 
related to poor outcomes in several cancers, including 
glioblastoma (GBM). However, there are a lack of data on 
how quantitative volumetric abdominal body composi-
tion measurements could be used to leverage outcomes 
assessments in such patients. We propose a novel 
proof of concept approach to predict GBM outcomes 
using body composition metrics obtained through com-
puted tomography imaging of the abdomen and pelvis. 
We report for the first time, an independent relationship 

between worse overall survival and a higher fraction of 
inter/intramuscular fat. We also report a survival ben-
efit for individuals with higher muscle mass and lower 
burden of abdominal aortic atherosclerosis and a sex-
ually dimorphic response on GBM outcomes in some 
metrics. Our road map to construct sex-specific com-
posite scores of favorable and adverse metrics is a step 
toward precision medicine, allowing for the incorpora-
tion of sex differences in body composition to improve 
patient outcomes.
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platform provided by Voronoi Health Analytics (https://
www.voronoihealthanalytics.com). This software has been 
validated in the assessment of body composition for out-
comes assessment using CT datasets and optimized to 
work effectively for both contrast and non-contrast im-
ages.9,23–25 In brief, individual axial CT images are fed into 
a nonlinear image processing algorithm that provides a 
multi-slice, multi-tissue segmentation of the entire field of 
view and labeling of each axial slice by the vertebral body 
present on each slice. For this study, body composition met-
rics were all measured as a volume (cm3) encompassing 
the entire L1–L5 vertebral segments. The segmentations 
and slice labels generated by DAFS were reviewed and 
manually corrected, if necessary, by a subspecialized radi-
ologist with 15 years of experience in abdominal imaging.

Supplementary Table 1 provides a description of body 
composition variables included from the DAFS segmen-
tation output. A total of 11 variables in the volumes (cm3) 
and ratios of body composition metrics were extracted or 
synthesized from the DAFS output that included the inter/
intramuscular adipose tissue (IMAT), visceral adipose 
tissue (VAT), subcutaneous adipose tissue (SAT), total adi-
pose tissue (TAT), iliopsoas muscles, total skeletal muscle, 
and abdominal aortic calcifications (AAC). Supplementary 
Figure 1 demonstrates examples of axial CT images and cor-
responding DAFS outputs for 2 representative participants 
with similar demographics and tumor size and location.

Demographic and Clinical Parameters

The total OS was recorded as the time difference, in months, 
between the date of surgery and the last date the participant 
was recorded alive. The following demographic and clinical 
variables were obtained from the electronic medical record: 
(1) age at diagnosis, (2) sex, (3) race, (4) height, (5) weight, 
(6) BMI at the time of surgery, (7) history of diabetes mel-
litus (DM), (8) hypertension (HTN), (9) chronic kidney disease 
(CKD), (10) current or past history smoking, (11) methylation 
status of O6-methylguanine-DNA methyltransferase (MGMT) 
gene promoter—which, if methylated, confers favorable re-
sponse to treatment,26 (12) isocitrate dehydrogenase (IDH) 
mutation status, (13) extent of tumor resection including 
gross total resection, subtotal resection, or biopsy only, (14) 
adjuvant chemotherapy, (15) adjuvant radiation therapy, (16) 
last follow-up date, and (17) last recorded alive date.

As a standard tool for preoperative assessment of phys-
ical status, the American Society of Anesthesiologists 
(ASA) score measured according to the latest available 
update was also extracted from the I-MiND database, with 
ASA scores 1–2 representing a healthy to mildly limited in-
dividual and scores 3–4 representing severe systemic ill-
ness with or without threat to life.27 Presence or absence of 
comorbidities like diabetes (DM), hypertension (HTN), and 
CKD was determined either based on the explicit mention 
of the condition or the use of related medications, such as 
glycemic control agents or antihypertensives upon the ex-
tensive review of electronic medical records.

Statistical Analysis

Statistical analyses were performed using the R soft-
ware version 4.3.2 (https://www.r-project.org/). Between 

group comparisons, univariable, and multivariable Cox 
proportional hazards models were performed using the 
R packages dplyr, survival, and survminer. All contin-
uous variables including demographic, clinical, and body 
composition metrics were tested for the assumption of 
normality of residuals using the Shapiro–Wilks test and 
described using median and interquartile range if the 
normality assumption was not met or mean ± standard 
deviation if the assumption was met. Between groups, 
comparisons of males and females were conducted using 
the Mann–Whitney U test or t-test for continuous vari-
ables and the Chi-square or Fisher’s exact for categorical 
variables.

The R package survival was used to perform Cox pro-
portional hazards univariable regression models to iden-
tify variables that significantly predicted OS separately 
in the entire dataset, males, and females. Analyses were 
conducted using both continuous form of body composi-
tion variables and dichotomized variables based on pop-
ulation median values (50th percentile). A hazard ratio 
(HR) below 1 indicates a protective effect and better OS. 
Multivariable analysis through stepwise selection was 
performed using the step function from package StepReg 
to select variables for multivariable models by iteratively 
adding and removing variables based on statistical criteria. 
A P-value threshold of 0.25 was set for a variable to enter 
the model and P-value of 0.2 was used to keep a variable 
in the model. A final multivariable regression model was 
then fit using variables with P-value of <.1 with the addition 
of demographic and clinical covariates irrespective of their 
P-values. These covariates included: age at diagnosis, ASA 
score, MGMT promoter methylation status, receipt of adju-
vant chemotherapy, receipt of adjuvant radiation therapy, 
extent of resection, history of HTN, DM, or CKD, and his-
tory of past or current smoking. Importantly, since the 
majority of I-MiND participants were recruited before IDH 
mutation status became standard for glial tumor classifi-
cation, only 54.5% of our participants had this information 
available, among which only 1 participant had IDH muta-
tion. Therefore, IDH mutation status was not used in any of 
the univariable or multivariable survival analyses.

All P-values were corrected for multiple comparisons 
using the Benjamini–Hochberg method.28 A P-value of <.05 
was considered statistically significant.

Composite Score Calculation for Outcomes

Functions xgb.train and xgb.importance from the R 
package xgboost were used to evaluate the relative im-
portance of significant univariable body composition 
metrics in predicting GBM OS. Variables that were signif-
icant in the univariable analyses were used to craft sep-
arate predisposing and protective CT composite scores 
in males and females. We first used a tree-learning algo-
rithm with 100 boosting rounds to partition the data into 
training (80%) and test (20%) datasets based on the OS 
status to generate feature importance matrices for these 
predisposing and protective variables separately for males 
and females.29 Next, to construct this composite score, 
we normalized the selected body composition metrics 
and multiplied them by their respective normalized gains 
(ie, weights) from the feature importance matrices and 

https://www.voronoihealthanalytics.com
https://www.voronoihealthanalytics.com
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae209#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae209#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae209#supplementary-data
https://www.r-project.org/
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subsequently summed them for each participant. Finally, 
we used Cox proportional hazards and pairwise log-rank 
test models to evaluate survival distribution between par-
ticipants in different quartiles of the composite scores and 
the utility of 25th and 75th percentile as arbitrary cutoffs.

Results

Patient Demographic and Clinical Characteristics

Table 1 demonstrates the demographic and clinical char-
acteristics of participants stratified by sex showing no dif-
ference in age, race, MGMT status, IDH mutation status, 
follow-up time, or treatment between males and females. 
Table 2 demonstrates differences in body composition 
metrics between sexes where males had larger absolute 
and fractional visceral adipose tissue (VAT and VAT/TAT) 
and larger skeletal muscle volume including iliopsoas 
muscle volume. Females, on the other hand, had a larger 
fractional SAT and skeletal muscle fat fraction (SAT/TAT 
and SKM fat fraction).

Before investigating body composition metrics, we used 
univariable Cox proportional hazard models to investigate 
GBM OS in relation to known predictors of GBM survival. 
As seen in Table 2 younger age, lower ASA scores (1 and 2), 
gross total resection of the tumor, receipt of adjuvant che-
motherapy, and receipt of adjuvant radiation therapy were 
associated with improved OS in both males and females. 
Comorbidities such as DM, CKD, smoking, and overweight 
(BMI ≥ 25 kg/m2) or obesity (BMI ≥ 30 kg/m2) were not asso-
ciated with significant differences in OS in our population, 
while there was a 2 times increased risk of death among 
females with hypertension (Table 2). Among participants 
with available IDH mutation status, all but one male par-
ticipant had wild-type IDH. As a result, survival analyses 
based on IDH status were not performed.

Higher Fractional IMAT is an Independent 
Predictor of OS in GBM

Univariable analyses using body composition metrics as 
continuous variables revealed that the most consistent 
adipose tissue metric that was associated with signifi-
cantly poorer GBM OS when all patients (ie, males and 
females) were considered as a higher absolute and frac-
tional inter/intramuscular adipose tissue (IMAT and IMAT/
TAT) (Figure 1 and Table 2 middle panel). Interestingly, 
when males and females were analyzed independently, 
this significant finding held in males, but not females. This 
pattern was also observed for IMAT/TAT when it was con-
sidered as a dichotomous variable with the median as a 
threshold. For example, fractional IMAT (IMAT/TAT) above 
the median was associated with an increased risk of death 
in both males (HR [95% CI]: 1.8 [1.2–2.8]; P = .004) and the 
entire dataset (HR [95% CI]: 1.5 [1.1–2.1]; P = .01) (Figure 1 
and Table 2 bottom panel). Additionally, in males only, a 
higher fraction of subcutaneous adipose tissue (SAT/TAT) 
above population median, was predictive of better out-
come (HR [95% CI]: 0.6 [0.4–0.9]; P = .04) (Table 2 bottom 
panel).

When considered in a multivariable model, higher 
fractional IMAT emerged as independently associated 
with poorer outcomes in the entire dataset and males 
(P = .007 and P = .001, respectively) (Table 3 and Figure 2). 
Expectedly, IMAT was not selected during the stepwise 
regression model in females and therefore not evaluated 
in the multivariable analyses. SAT/TAT was selected for 
multivariable analyses in the entire cohort and men but did 
not retain significance in either group (Table 3). Together, 
these findings indicate a robust biological effect of IMAT 
that is associated with worse OS in GBM, especially in 
males.

Skeletal Muscle Mass and Skeletal Muscle Fat 
Faction Predict Worse OS in GBM

Because of the significant results with IMAT, muscles were 
then evaluated using 3 different approaches: the volume 
of the iliopsoas muscles, the total volume of all abdom-
inal muscles (including the iliopsoas), referred to as total 
SKM volume, and the SKM fat fraction. In univariable ana-
lyses using continuous variables, the most robust marker 
of survival was the SKM fat fraction which was predictive 
of worse OS in all patients, as well as in males and females 
separately (Table 2 middle panel) (HR [95% CI]: 2.8 [1.4–5.5]; 
P = .03). Previous studies have demonstrated a beneficial 
effect of muscle mass on brain tumor patients based upon 
masseter muscle measurements.11 In our cohort, total skel-
etal muscle volume as well as iliopsoas volume were both 
associated with better OS in all patients, but not in males 
or females separately (Figure 1 and Table 2 middle panel).

The iliopsoas muscle volume was the only muscular 
health marker that survived in the stepwise regression 
model for the entire cohort and males and was therefore 
included in the multivariable regression model. However, 
it did not demonstrate independent significance when ad-
justed for clinical markers or survival-related comorbidities 
in either group (Table 3).

Abdominal Aortic Atherosclerosis is Associated 
With Worse Outcomes in Females With GBM

In addition to fat and muscle, we measured abdominal 
aortic calcification volume from L1 to L5, which is a marker 
of cardiovascular health. Using the group medians as 
cutoff, participants with higher volume of AAC had worse 
outcomes, both in the entire dataset (HR [95% CI]: 2 [1.04–
2.7]; P < .001) and across sex groups (HR [95% CI]: 1.8 
[1.2–2.7]; P = .009 in males and HR [95% CI]: 2.2 [1.3–3.8]; 
P = .002 in females) (Figure 1 and Table 2 bottom panel). 
AAC were selected for multivariable analyses in females 
but did not retain significance as an independent predictor 
of OS (Table 3).

A CT-Assigned Composite Predisposing Score 
Predicts GBM Survival

We used a tree-learning model to evaluate the relative 
importance of significant body composition metrics and 
to craft weighted sums of these metrics as composite 
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Table 1. Summary of Patients Demographic and Clinical Information

Total (N = 178) Male (N = 102) Female (N = 76) P-valueb

Demographic and clinicala

Age at diagnosis, y 62.1 (55.1–72.3) 62.3 (54.9–71.8) 62.1 (56.3–73.1) .3

Race, n (%)

  Asian 2 (1.1) 1 (1) 1 (1.3) .7

  African American 12 (6.7) 8 (7.8) 4 (5.3)

  Caucasian 164 (92.1) 93 (91.2) 71 (93.4)

Follow-up time, months 37.7 (21.5–59.1) 33.2 (20.7–56.7) 42.7 (24.2–62) .1

ASA score, n (%)

  1 2 (1.1) 1 (1) 1 (1.3) .8

  2 33 (18.5) 22 (21.6) 11 (14.5)

  3 113 (63.5) 62 (60.8) 51 (67.1)

  4 9 (5.1) 5 (4.9) 4 (5.3)

  Unknown 21 (11.8) 12 (11.8) 9 (11.8)

Medical comorbidities, n (%)

  HTN 90 (50.5) 52 (50.9) 38 (50) .9

  DM 24 (13.4) 14 (13.7) 10 (13.1) .9

  CKD 21 (11.8) 13 (12.7) 8 (10.5) .6

  Smoking 24 (13.4) 13 (12.7) 11 (14.4) .9

BMI, kg/m2 28 (24–31) 28.2 (24.7–31.3) 27.3 (23.6–31.3) .7

MGMT status, n (%)

  Methylated 37 (20.8) 24 (23.5) 13 (17.1) .3

  Non-methylated 80 (44.9) 41 (40.2) 39 (51.3)

  Unknown 61 (34.4) 37 (36.3) 24 (31.6)

IDH status, n (%)

  Wild-type 96 (54) 63 (61.8) 33 (43.4)

  Mutated 1 (0.5) 1 (1) 0 (0) .3

  Unknown 81 (45.5) 38 (37.2) 43 (56.6)

Extent of resection, n (%)

  Gross total resection 54 (30.3) 26 (25.5) 28 (36.8) .1

  Subtotal resection 79 (44.4) 52 (51) 27 (35.5)

  Biopsy only 45 (25.3) 24 (23.5) 21 (27.6)

Adjuvant chemotherapy, n (%)

  Yes 133 (74.7) 77 (75.5) 56 (73.7) .9

  No 26 (14.6) 15 (14.7) 11 (14.5)

  Unknown 19 (10.7) 10 (9.8) 9 (11.8)

Adjuvant radiation therapy, n (%)

  Yes 135 (75.8) 79 (77.5) 56 (73.7) .8

  No 23 (12.9) 12 (11.8) 11 (14.5)

  Unknown 20 (11.2) 11 (10.8) 9 (11.8)

Adipose tissuea

  IMAT, cm3 276 (197–359) 270 (197–359) 280 (202–355) .8

  VAT, cm3 2339 (1462–3448) 3045 (1850–4155) 1636 (1119–2500) <.001

  SAT, cm3 3344 (2216–4539) 3065 (2057–4226) 3713 (2456–4903) .07

  TAT, cm3 6191 (4452–8413) 6588 (4603–8859) 5589 (3845–7554) .1

  IMAT/TAT 0.04 (0.03–0.06) 0.04 (0.03–0.05) 0.04 (0.03–0.06) .3

  VAT/TAT 0.4 (0.3–0.5) 0.5 (0.3–0.5) 0.3 (0.2–0.3) <.001

  SAT/TAT 0.6 (0.5–0.7) 0.5 (0.4–0.6) 0.7 (0.6–0.7) <.001
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predisposing and protective scores separately in the entire 
cohort, male and female. Variables that were significant 
in the univariable analyses were used in the composite 
predisposing and protective factor analyses. For the en-
tire dataset, the composite predisposing score included 
the following variables: IMAT, IMAT/TAT, SKM fat fraction, 
and AAC (Table 2). The composite protective score incor-
porated iliopsoas and total skeletal muscle volumes, with 
SAT/TAT added specifically for males (Table 2).

In the entire dataset having a composite predisposing 
score above 75th percentile was associated with 1.9 times 
higher risk of death (HR [95% CI]: 1.9 [1.3–2.7], P < .001), 
while scoring below 25th percentile in composite pro-
tecting score—lower cumulative protective metrics—was 
associated with significantly improved OS (HR [95% CI]: 0.6 
[0.4–0.9], P = .02). Those with lowest burden of the adverse 
factors (composite predisposing within first quartile) had 
50% higher chance of survival compared to those in fourth 
quartile (HR [95% CI]: 0.5 [0.2–0.8], P < .001) (Figure 3A). 
Similarly, a cumulatively higher burden of protective fac-
tors—fourth quartile in composite protecting score—con-
ferred 60% higher OS rates compared to those in the first 
quartile (HR [95% CI]: 0.4 [0.3–0.6], P < .001) (Figure 3B).

In males, having a cumulatively higher burden of 
predisposing factors—aka. composite predisposing score 
above 25th percentile—was associated with 90% lower OS 
in GBM (HR [95% CI]: 1.9 [1.3–2.7], P < .001). Additionally, 
scoring above the 75th percentile in the composite 
predisposing score in males was associated with signifi-
cantly worse OS when compared to those with a composite 
predisposing score below the 25th percentile (Figure 3C). 
When the composite protective score was used, there was 
a statistically significant difference in OS of males, scoring 
above 25th percentile compared to those below this cutoff 
(HR [95% CI]: 0.5 [0.3–0.9], P < .03) (Figure 3D).

In females, OS was significantly worse in those with 
the higher composite predisposing score in the third and 
fourth quartiles who had a higher burden of predisposing 
scores—compared to those within the first quartile—lower 

burden of predisposing scores (Figure 3E). Similarly having 
a higher composite protective score in quartile 4 was as-
sociated with higher chances of survival compared with 
composite protective score in the first and second quartile 
(Figure 3F). On the other hand, scoring below 25th percen-
tile in the composite protecting score conferred a 50% in-
creased risk of death when compared to scores below 25th 
percentile (HR [95% CI]: 0.5 [0.3–0.8], P = .007) (Figure 3F).

Discussion

Genetic and acquired variations in cellular biology and 
metabolism dynamically shape individual differences in 
body composition throughout the lifetime. The idea behind 
using body composition metrics to predict cancer survival 
is based on the premise that the cellular mechanisms that 
govern differences in body composition could alter sus-
ceptibility to different cancer types, thus affecting cancer 
cell biology and survival outcomes. Of these, visceral 
adiposity and sarcopenia are associated with increased 
overall and cause-specific mortality across several cancer 
types.10,30 While studies have linked obesity (measured by 
BMI and waist circumference) and temporalis muscle sar-
copenia to worse OS in GBM,4,7,11 there are a lack of data 
on how the distribution and composition of adipose tissue, 
skeletal muscle, and vascular biomarkers might relate to 
survival in these patients.

Quantitative imaging of the abdomen and pelvis enables 
simultaneous measurement of a variety of body compo-
sition metrics that cannot be achieved through brain im-
aging alone. Using participants with newly diagnosed GBM 
we demonstrate proof of concept for a novel paradigm to 
predict GBM outcomes using abdominal and pelvic body 
composition metrics obtained through CT imaging. We re-
port for the first time, a relationship between worse OS in 
GBM and higher IMAT, lower skeletal muscle mass, and 
higher volume of AAC in the abdomen and pelvis. Notably, 

Total (N = 178) Male (N = 102) Female (N = 76) P-valueb

Skeletal musclea

  Total SKM volume, cm3 1512 (1869– 2473) 2038 (2410– 2763) 1259 (1442– 1610) <.001

  Iliopsoas muscle volume, cm3 271.7 (195.7–372.6) 355.7 (299.7–433.4) 190.3 (161.2–217.1) <.001

  SKM fat fraction 0.09 (0.14–0.21) 0.07 (0.11–0.16) 0.13 (0.19–0.25) .01

Vasculara

  Aortic calcification volume, cm3 0.1 (0–1.1) 0.1 (0–1.1) 0.1 (0–0.9) .2

Abbreviations: ASA score = American Society of Anesthesiologists physical status classification; BMI = body mass index [weight (kg) / height 
(m)2]; CKD = chronic kidney disease; DM = diabetes mellitus; HTN = hypertension; IMAT = inter/intramuscular adipose tissue; MGMT = O6-
methylguanine-DNA methyltransferase gene promoter methylation; SAT = subcutaneous adipose tissue; SKM fat fraction = ratio of intramuscular 
adipose tissue over the total skeletal muscle volume, IMAT/(SKM + IMAT); smoking = current or former smoker; TAT = total adipose tissue; total SKM 
volume = total skeletal muscle; VAT = visceral adipose tissue.
aAll continuous variables are described as median (first quartile to third quartile) as none of the variables met the normality assumption. Categorical 
variables are described as frequency (percentage).
bP-values of Mann–Whitney U test comparing the demographic and clinical variables between males and females. All P-values are corrected for 
multiple comparison using the Benjamini–Hochberg method. Significant P-values are bolded and italicized. 
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Table 2. Univariable Models to Predict Overall Survival in GBM using Demographic, Clinical, and Continuous Versions of Body Composition Metrics

Variable HR [95% CI]
Totala

P-value
Totalb

HR [95% CI]
Malea

P-value
Maleb

HR [95% CI]
Femalea

P-value
Femaleb

Demographic and clinical variables

Age at diagnosis 1.03 [1.01–1.04] .0001 1.02 [1.004–1.04] .01 1.04 [1.01–1.06] .002

Racea

  African American 1.1 [0.5–2.2] .6 1.2 [0.5–2.8] .6 1 [0.3–3.5] .8

  Asian 1 [0.2–4.1] .8 3.5 [0.4–26] .2 0.6 [0.5–4.6] .6

High ASA scorea 1.6 [1.06–2.4] .02 1.8 [1.06–3.1] .03 1.3 [0.7–2.5] .4

Comorbidities, n (%)

  HTN 1.3 [0.9–1.8] .06 1.05 [0.9–1.6] .8 2 [1.2–3.2] .01

  DM 1.4 [0.8–2.3] .1 1.1 [0.6–2.2] .6 2 [0.9–4.3] .07

  CKD 0.7 [0.4–1.3] .3 0.8 [0.4–1.8] .2 0.5 [0.2–1.6] .7

  Smoking 1.1 [0.8–1.6] .5 1.3 [0.8–2] .4 1 [0.6–1.7] .7

Overweighta 0.9 [0.6–1.3] .8 0.7 [0.5–1.2] .2 1.2 [0.7–2.1] .3

Obesea 1.07 [0.7–1.5] .6 1.07 [0.7–1.7] .7 1.1 [0.8–1.9] .6

MGMT promotera

  Methylated 0.7 [0.5–1.1] .1 0.7 [0.4–1.3] .2 0.7 [0.3–1.4] .3

Adjuvant chemotherapya

  Yes 0.3 [0.2–0.5] <.001 0.3 [0.2–0.5] <.001 0.3 [0.1–0.5] <.001

  Unknown 0.6 [0.3–1.2] .1 0.5 [0.2–1.2] .1 0.8 [0.3–2] .6

Adjuvant radiationa

  Yes 0.3 [0.2–0.5] <.001 0.3 [0.2–0.7] .005 0.3 [0.2–0.6] <.001

  Unknown 0.7 [0.4–1.4] .3 0.7 [0.3–1.7] .4 0.8 [0.3–2] .6

Extent of resectiona

  GTR 0.2 [0.1–0.4] <.001 0.2 [0.1–0.4] <.001 0.3 [0.2–0.6] <.001

  Subtotal 0.3 [0.2–0.5] <.001 0.1 [0.07–0.3] <.001 0.5 [0.2–0.8] .01

Body composition metrics as continuous variablesc

  IMAT volume 1.001 [1.002–1.003] .02 1.002 [1–1.003] .03 1.001 [0.9–1.003] .2

  SAT volume 1 [0.99–1.001] .5 0.99 [0.98–1.001] .2 1 [0.9–1.0001] .8

  VAT volume 1 [0.99–1.001] .7 1 [0.9–1.0002] .6 1.001 [0.9–1.003] .3

  TAT volume 1 [0.99–1.001] .8 1 [0.9–1.0001] .6 1 [0.9–1.001] .6

  IMAT/TAT 5.5 [2–14] <.001 9.7 [2.7–34.6] <.001 2.3 [0.4–12] .3

  SAT/TAT 0.4 [0.1–1.5] .1 0.2 [0.03–1.2] .08 0.08 [0.004–1.7] .1

  VAT/TAT 1.5 [0.5–4.2] .4 2.3 [0.4-12] .3 4.3 [0.5-37] .1

  Total SKM volume 0.96 [0.93–1] .02 0.99 [0.98–1.001] .1 0.98 [0.97–1] .053

  Iliopsoas volume 0.98 [0.96–0.99] .02 0.97 [0.99–1.001] .06 0.96 [0.91–1.01] .1

  SKM Fat fraction 2.8 [1.4–5.5] .002 3 [1.1–8.2] .02 3.4 [1.1–12] .049

  AAC volume 1.2 [1.04–1.4] .01 1.1 [0.9–1.3] .2 1.6 [1.2–2.3] .001

Body composition metrics as dichotomous variablesc

  IMAT volume 1.3 [0.9–1.7] .1 1.1 [0.7–1.7] .5 1.2 [0.7–1.9] .5

  SAT volume 0.9 [0.7–1.3] .6 0.7 [0.4–1] .053 1 [0.6–1.7] .9

  VAT volume 0.9 [0.7–1.3] .7 1 [0.7–1.5] .9 1.4 [0.8–2.3] .2

  TAT volume 1.1 [0.8–1.5] .7 1.1 [0.7–1.6] .7 1 [0.6–1.7] .9

  IMAT/TAT 1.5 [1.1–2.1] .01 1.8 [1.2–2.8] .004 1.3 [0.8–2.2] .2

  SAT/TAT 1.04 [0.8–1.4] .8 0.6 [0.4–0.9] .04 0.6 [0.4–1.04] .07

  VAT/TAT 0.9 [0.7–1.3] .6 1.4 [0.9–2.2] .1 1.5 [0.9–2.5] .1

  Total SKM volume 0.8 [0.6–1.1] .1 0.7 [0.5–1.1] .1 0.6 [0.4–1.02] .1

  Iliopsoas volume 0.9 [0.7–1.3] .6 0.8 [0.5–1.2] .2 0.7 [0.4–1.2] .2
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sex differences in the effects of these biomarkers on GBM 
patient survival may also be present. Using a tree-learning 
algorithm, we curated composite scores based on the rela-
tive importance of predisposing and protective body com-
position metrics that were able to predict OS in GBM. The 
utility of our proposed method is further supported by the 
ubiquitous use of CT imaging in clinical cancer care.

Obesity is not only a risk for all-cause mortality but is 
also related to higher cancer-related deaths, a relation-
ship that is heavily modified by sex and distribution of ad-
iposity.31–33 Specifically, higher VAT associated with worse 
outcomes in cancers.34 Conversely, increased SAT predicts 
better OS in gastrointestinal, lung, and renal cancers.35 
While we observed favorable outcomes in males with SAT/
TAT above the 50th percentile, no significant difference 
in OS was found related to VAT or VAT/TAT. This could be 
due to the generally lower survival rates in GBM patients 
leaving little variability that diminishes the impact of these 
body composition metrics as a result (aka. survival bias).36 
Another possible explanation for lack of significant effect 
with dichotomized values involves the optimization of the 
cutoff point in our specific population as we used the 50th 
percentile as an arbitrary cutoff. Future studies can focus 
on optimizing age and sex-specific cutoffs for our popu-
lation. Improved OS in males with higher relative SAT is 
in keeping with the male-dominant all-cause mortality 
risk related to higher VAT and low SAT reported in the 
literature.30,34

We report an effect of total skeletal muscle volume and 
iliopsoas muscle volume as significant predictors of OS 
in GBM patients across the entire dataset. Both IMAT/
TAT and SKM fat fraction are markers of fatty infiltration 
in skeletal muscle, normalized to total adipose tissue and 
skeletal muscle volume, respectively. This finding is con-
sistent with reports linking sarcopenia—especially when 
combined with obesity, known as sarcopenic obesity—to 
worse disease-specific survival across various malignan-
cies.37,38 In GBM specifically, temporalis muscle thickness, 
a surrogate marker of sarcopenia, is independently related 
to improved OS.11,39–41 Our findings, add on to the existing 

literature by demonstrating skeletal muscle fat fraction can 
be used as a novel biomarker of skeletal muscle health, 
outperforming skeletal muscle volume in GBM OS pre-
diction. On the other hand, fatty infiltration of skeletal 
muscle is shown to predict worse survival in critically ill 
patients,42,43 and is associated with comorbidities such as 
CKD and diabetes.44,45 The finding that IMAT/TAT is an in-
dependent predictor of OS in GBM, even after adjusting 
for clinical predictors and comorbidities like CKD and DM, 
suggests a robust and independent influence on GBM 
survival.

An important finding in our study is the effect of AAC in 
predicting OS in all patients, and specifically in females 
with GBM as a continuous variable. AAC are nearly as 
strong as coronary artery calcifications in predicting car-
diovascular events.46 Our findings are supported by ev-
idence from the literature that AAC is a robust predictor 
of mortality from cardiovascular disease, especially in 
females.46–48 To the extent that cardiovascular events af-
fect OS in GBM, the relationship between AAC and OS in 
GBM in our cohort is likely reflective of how much aortic 
calcifications are representative of the overall atheroscle-
rotic disease burden within the body. In keeping with this 
theory, internal carotid artery calcium scores are shown to 
be related to OS in GBM.49 The relationship between AAC 
and OS in our cohort could also to some extent, be indica-
tive of the inflammatory underpinnings of atherosclerosis. 
Atherosclerosis itself is a chronic inflammatory disease 
and its progression is worsened by other chronic inflam-
matory conditions.50 Inflammation is also associated with 
GBM tumorigenesis and progression, as demonstrated by 
the correlation between traumatic brain injury and GBM, 
along with the inflammatory characteristics of the tumor 
microenvironment.51,52 Consequently, the observed corre-
lation between AAC and GBM OS may stem from shared 
inflammatory underpinnings.

Finally, we propose a road map to build composite 
scores based on the relative importance of these metrics 
that provide a significant predictive value for GBM survival. 
This is a proof of concept that quantitative assessment of 

Variable HR [95% CI]
Totala

P-value
Totalb

HR [95% CI]
Malea

P-value
Maleb

HR [95% CI]
Femalea

P-value
Femaleb

  SKM Fat fraction 1.5 [1.1–2] .01 1.6 [1–2.4] .03 1.4 [0.8–2.3] .2

  AAC volume 2 [1.4–2.7] <.001 1.8 [1.2–2.7] .009 2.2 [1.3–3.8] .002

Abbreviations: AAC = abdominal aortic calcification; ASA score = American Society of Anesthesiologists physical status classification; BMI 
= body mass index; CKD = chronic kidney disease; DM = diabetes mellitus; GBM = glioblastoma; HR [95% CI] = hazard ratio with 95% confidence 
interval; HTN = hypertension; IMAT = intramuscular adipose tissue; MGMT = O6-methylguanine-DNA methyltransferase gene promoter methylation; 
SAT = subcutaneous adipose tissue; SKM = total skeletal muscle; SKM fat fraction = ratio of IMAT over the SKM volume; smoking = current or former 
smoker; TAT = total adipose tissue; VAT = visceral adipose tissue.
aReference levels: race: Caucasian; ASA score: low ASA scores (1–2); overweight: BMI ≥ 25 kg/m2; obese: BMI ≥ 30 kg/m2; MGMT and IDF: 
un-methylated promoter; resection: biopsied only (no resection); adjuvant chemotherapy or radiation therapy: no treatment; HTN, DM, and CKD: ab-
sence of these comorbidities. Smoker: current or former smoker to never smoker. Hazard ratio above 1 indicates increased odds of death from GBM.
bAll P-values were corrected for multiple comparisons using Benjamini–Hochberg method. Significant P-values are bolded and italicized.
cMiddle panel: hazard ratios are reported for body composition metrics as continuous variables [per each unit increase of the variable, 1 cm3 for vol-
umes and 1 for ratios. Bottom Panel: hazard ratios are reported for body composition metrics as dichotomous variables using 50th percentile as cut 
off (values above median vs. values below median).
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abdominal imaging biomarkers could provide insights into 
the overall health of the cancer patient and from there, 
predict outcomes. Given the life-long effects of diet, exer-
cise, and metabolism on body composition, our findings 
have implications for lifestyle and dietary interventions in 
conjunction with conventional therapy to improve GBM 
outcomes.

Limitations

Our study is limited by its retrospective nature. Since the 
majority of I-MiND participants were recruited before IDH 
mutation status became standard for glial tumor classi-
fication, only 54.5% of our participants had this informa-
tion available and we could not perform survival analyses 

IMAT Volume

SAT Volume

VAT Volume

TAT Volume

IMAT/TAT

SAT/TAT

VAT/TAT

Total SKM Volume

Iliopsoas Muscle Volume

SKM Fat Fraction

AAC Volume

IMAT Volume

SAT Volume

VAT Volume

TAT Volume

IMAT/TAT

SAT/TAT

VAT/TAT

Total SKM Volume

Male
Female
Total

Iliopsoas Muscle Volume

SKM Fat Fraction

AAC Volume

0 0.5 1 1.5

Hazard Ratios (95%Cl)

2 2.5 0 0.5 1 1.5

Hazard Ratios (95%Cl)

2 2.5 3

Figure 1. Univariable glioblastoma overall survival models using adipose tissue and skeletal muscle metrics.

*Asterisks denote significant univariable Cox-regression models using the group median value (50th) percentile as cutoff (Table 2, lower panel). 
All variables represent volumes of the respective metrics measured from the level of L1 through the L5 vertebrae. Abbreviations: AAC = abdominal 
aortic calcification; IMAT = intramuscular adipose tissue volume; SAT = subcutaneous adipose tissue volume; SKM fat fraction = ratio of IMAT 
over the SKM volume; SKM = total skeletal muscle (iliopsoas + abdominal wall muscles); TAT = total adipose tissue volume; VAT = visceral adipose 
tissue volume.

Table 3. Multivariable Models to Predict Overall Survival in GBM Using Body Composition Metrics as Continuous Variables

HR [95% CI]a P-valueb

Total

SAT/TAT 0.9 [0.2–3.9] .9

SAT 0.99 [0.98–1.02] .1

Iliopsoas volume 0.98 [0.97–1.04] .2

IMAT/TAT 4.4 [1.5–13] .007

Female

AAC volume 1.001 [0.64–1.56] .9

Male

IMAT/TAT 9.6 [2.4–19] .001

SAT/TAT 0.2 [0.02–1.9] .1

Iliopsoas volume 0.98 [0.95–1.08] .2

Abbreviations: AAC = abdominal aortic calcifications; GBM = glioblastoma; HR [95% CI] = hazard ratio with 95% confidence interval; IMAT = intra-
muscular adipose tissue; SAT = subcutaneous adipose tissue; TAT = total adipose tissue; VAT = visceral adipose tissue.
aBody composition variables selected for the multivariable comparison in each group, as described in the methods section, were imputed in a 
multivariable Cox proportional hazards model with the following covariates: (1) age at diagnosis, (2) American Society of Anesthesiologists (ASA) 
physical status classification, (3) MGMT promoter methylation status, (4) receipt of adjuvant chemotherapy, (5) receipt of adjuvant radiation therapy, 
(6) extent of resection, (7) history of hypertension, (8) history of diabetes, (9) history of chronic kidney disease, and (10) history of past or current 
smoking. Hazard ratios above 1 indicate increased risk of death from GBM.
bAll P-values are corrected for multiple comparisons using Benjamini–Hochberg method. Significant P-values are bolded and italicized.
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based on this important genetic factor, nor we could use it 
in our multivariable analyses. Moreover, only the overall, 
and not cancer-specific, survival rate were available lim-
iting any evaluation of the relationship between the body 

composition metrics and cancer-specific causes of death. 
A prospective, validation study considering cancer-specific 
causes of death and/or progression-free survival might 
help confirm these results.
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Figure 2. Kaplan–Meier survival curves in individuals with high vs. low relative intramuscular adipose tissue.

*P-values from adjusted pairwise log-rank test denoting significant comparisons between high (above median [50th percentile]) vs. low (below 
median [50th percentile)] IMAT/TAT in a multivariable Cox proportional hazards model. Covariates included (1) age at diagnosis, (2) American 
Society of Anesthesiologists (ASA) physical status classification, (3) MGMT promoter methylation status, (4) receipt of adjuvant chemotherapy, 
(5) receipt of adjuvant radiation therapy, (6) extent of resection, (7) history of hypertension, (8) history of diabetes, (9) history of chronic kidney dis-
ease, and (10) history of past or current smoking. Hazard ratios can be found in Table 3.
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Figure 3. Difference in glioblastoma overall survival using CT composite score quartiles.

*P-values from pairwise log-rank test denoting significant comparisons between quartiles. Quartiles 1 through 4 indicate the lowest through 
highest. Plots demonstrate unadjusted Kaplan–Meier survival curves separately for composite predisposing and protecting score in the total 
cohort (A–B), males (C–D) and females (E–F). Variables that survived the multivariable analyses were all measured and included in the com-
posite scores included: for the Composite Predisposing score: IMAT volume, IMAT/TAT, SKM fat fraction and abdominal aortic calcification 
volume, and for the Composite Protecting score: Iliopsoas volume, total skeletal muscle volume, with SAT/TAT added specifically for males. 
All variables were measured from L1 through L5.
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