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The world is witnessing unprecedented levels of food  
supply and a dramatic increase in sedentary lifestyles, 

particularly in developed or developing countries (1). This 
situation fosters the storage of excess energy as lipids in 
adipose (fatty) tissue, which eventually leads to obesity (1). 
Body mass index (BMI) is a metric used to assess the severity 
of obesity (1). A high BMI is associated with an increased 
risk for adverse events (1). However, large-scale population 
studies report that patients with similar BMI values can have 
strikingly different comorbidities and levels of health risk 
(2). During the past decade, imaging reports based on CT 
or MRI have shown that BMI poorly reflects body compo-
sition (3–5). In fact, muscle mass and/or fat accumulation 
between abdominal organs (“visceral” fat) or in nonadipose 
tissue, such as in the liver (liver steatosis) and in the muscles 
(myosteatosis), are better associated with the level of health 
risk than BMI (3–11). The typically silent accumulation of 

fat in ectopic locations is now considered to be one of the 
major risk factors of mortality, independent of obesity (12).

At the present time, a great deal of medical interest is 
centered on liver steatosis, especially when resulting from 
caloric imbalance (ie, nonalcoholic fatty liver disease) 
(13,14). Likewise, the prognostic implication of low mus-
cle mass (referred to as sarcopenia [8] or myopenia [9]) 
has drawn exponential attention (8,10,15). Of note, the 
literature is somewhat inconsistent on the terminology. 
“Sarcopenia” usually relies on functionality measurements 
(8,15), while “myopenia” exclusively refers to low muscle 
mass (9). By contrast, myosteatosis (which can coexist with 
sarcopenia and/or myopenia) receives low consideration 
from the medical community and policy makers. A plau-
sible explanation is that CT or MRI, necessary for myos-
teatosis evaluation, are typically not performed in asymp-
tomatic adults. Thus, most data on myosteatosis originate 

Background:  Body composition data have been limited to adults with disease or older age. The prognostic impact in otherwise  
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clarify the association between obesity, liver steatosis, myopenia, and myosteatosis and the risk of mortality.

Materials and Methods:  In this retrospective single-center study, consecutive adult outpatients undergoing routine colorectal cancer 
screening from April 2004 to December 2016 were included. Using a U-Net algorithm, the following body composition metrics were 
extracted from low-dose, noncontrast, supine multidetector abdominal CT scans: total muscle area, muscle density, subcutaneous and 
visceral fat area, and volumetric liver density. Abnormal body composition was defined by the presence of liver steatosis, obesity, muscle 
fatty infiltration (myosteatosis), and/or low muscle mass (myopenia). The incidence of death and major adverse cardiovascular events 
were recorded during a median follow-up of 8.8 years. Multivariable analyses were performed accounting for age, sex, smoking status, 
myosteatosis, liver steatosis, myopenia, type 2 diabetes, obesity, visceral fat, and history of cardiovascular events.
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mortality risk (hazard ratio [HR]: 4.33 [95% CI: 3.63, 5.16], 1.27 [95% CI: 1.06, 1.53], 1.86 [95% CI: 1.56, 2.21], and 1.75 [95% 
CI: 1.43, 2.14], respectively). In 8303 patients (excluding 679 patients without complete data), after multivariable adjustment,  
myosteatosis remained associated with increased mortality risk (HR, 1.89 [95% CI: 1.52, 2.35]; P < .001).

Conclusion:  Artificial intelligence–based profiling of body composition from routine abdominal CT scans identified myosteatosis as a 
key predictor of mortality risk in asymptomatic adults.
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muscle artifacts on CT images (Fig 1). Of note, smoking status 
data and visceral fat measurements were missing for 581 and 111 
patients, respectively (n = 679 total, when accounting for over-
laps). Hence, univariable analyses are based on 8982 patients, 
while multivariable analyses (Cox regressions and random  
forest) are based on 8303 patients (Fig 1).

CT Protocol
The low-dose, noncontrast, supine multidetector abdominal  
CT acquisitions used for this investigation were all performed at 

from diagnostic or follow-up imaging in patients with disease 
(16–19). In the latter context, determining the mortality associ-
ated with myosteatosis is difficult. A few studies in older adults 
(65–70 years) consistently reported an association between ec-
topic fat accumulation and the risk for adverse events (20–25). 
However, none of these studies controlled simultaneously for 
visceral fat, liver steatosis, myopenia, and myosteatosis, although 
all these parameters potentially increase the risk for major ad-
verse cardiovascular events (MACEs) and death.

Thus, our aim was to use artificial intelligence–based body 
composition metrics from routine abdominal CT scans in as-
ymptomatic adults to clarify the association between obesity, liver 
steatosis, myopenia, and myosteatosis and the risk of mortality.

Materials and Methods

Cohort
This retrospective single-center study included 9223 consecu-
tive adults who were asymptomatic outpatients, aged 50–70 
years, and who underwent low-dose unenhanced abdominal 
CT for colorectal cancer screening as part of routine health 
maintenance from April 2004 to December 2016. The study was 
approved by the institutional review board of the University of 
Wisconsin School of Medicine and Public Health. The require-
ment for informed consent was waived for this retrospective, 
Health Insurance Portability and Accountability Act–compli-
ant study. The incidence of death and MACEs were recorded 
during a median follow-up of 8.8 years. Of note, patients from 
this large cohort have been previously reported in a prior arti-
cle (26) that dealt with the investigation of multiple CT-based 
biomarkers (eg, muscle density, visceral fat, aortic calcification, 
vertebral density), whereas in this article we delve specifically 
into myosteatosis and its interaction with other lipid depots 
such as visceral fat and liver steatosis. Exclusion criteria included  
(a) missing data for key body composition metrics (ie, BMI, 
muscle area, liver density, or muscle density) and (b) evident 

Abbreviations
BMI = body mass index, HR = hazard ratio, MACE = major adverse 
cardiovascular event, PDFF = proton density fat fraction, SMI = skeletal 
muscle index

Summary
Artificial intelligence–based profiling of body composition from  
routine abdominal CT scans identified myosteatosis as a key predictor 
of mortality risk in asymptomatic adults.

Key Results
■	 In this retrospective study of artificial intelligence–based body 

composition metrics from abdominal CT images in asymptomatic 
adults (n = 8982) undergoing routine colorectal cancer screening, 
myosteatosis was found in 55% (278 of 507) of patients who died 
(median follow-up, 8.8 years).

■	 Myosteatosis, obesity, liver steatosis, and myopenia were associated 
with increased mortality risk (hazard ratio [HR], 4.33, 1.27, 1.86, 
and 1.75, respectively).

■	 After multivariable adjustment, myosteatosis remained associated 
with increased mortality risk (HR, 1.89; P < .001).

Figure 1:  Flowchart shows patient inclusion and exclusion. Patients with  
missing body composition data (body mass index [BMI], liver density, skeletal 
muscle index [SMI], or muscle density) or with evident muscle artifacts at CT were 
excluded before the univariable analysis. Multivariable analysis was performed on 
the cohort with complete data available, including smoking status, medical history 
of cardiovascular events, and visceral fat measurements. (* = data were missing in 
679 patients, when accounting for overlaps.)
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120 kVp using a single system (GE Healthcare) with modulated 
milliamperes to achieve a noise index of 50, typically resulting  
in an effective dose of 2–3 mSv. Acquisition parameters were 
1.25-mm collimation and a 1-mm reconstruction interval.

Definitions
Myopenia was considered according to sex-specific cutoffs of 
the skeletal muscle index (SMI). SMI values were computed 
by dividing muscle area (in square centimeters) by the pa-
tient’s height squared (in square meters). Myopenia was de-
fined by an SMI less than 39 cm2/m2 in female patients and 
less than 50 cm2/m2 in male patients (27). Of note, we did 
not use the term sarcopenia due to the absence of a functional 
muscle measurement (8). Myosteatosis was considered for 
lowest quartile (Q1) values of muscle density (corresponding 
to ≤18.9 HU and ≤28.1 HU for female and male patients, 
respectively). Liver steatosis was defined according to a pre-
viously described liver density cutoff of 57 HU, correspond-
ing to a 5% MRI-derived proton density fat fraction (PDFF) 
equivalent (28,29). A previously validated formula was used 
to estimate PDFF values from CT-derived densities as follows: 
PDFF (%) = –0.58 × CT attenuation (Hounsfield units) + 

38.2 (29). Abnormal body composition was defined by the 
presence of at least one of the following conditions at inclu-
sion: liver steatosis, obesity, muscle fatty infiltration (myoste-
atosis), or low muscle mass (myopenia). MACEs were defined 
as cerebrovascular disease, myocardial infarction, heart fail-
ure, or aortic aneurysm occurring during follow-up. Adverse 
events were defined as at least one MACE or death.

Explanatory Variables
Body composition metrics were extracted using a specific artifi-
cial intelligence methodology (modified three-dimensional U-
Net) for anatomic tissue segmentation and quantification (Fig 
S1), which was previously described elsewhere (30,31). In brief, 
automated data from the CT scan at the third lumbar level con-
sisted of total muscle area (in square centimeters) and muscle 
density (in Hounsfield units) measured on the whole muscle 
area, and data from the first lumbar level consisted of subcu-
taneous and visceral fat area (in square centimeters) and volu-
metric liver density (in Hounsfield units). Those metrics were 
used to establish the presence of myopenia, myosteatosis, and 
liver steatosis in the study cohort. Clinical data that included 
age, sex, smoking status, type 2 diabetes, obesity, and history of 

Table 1: Patient Characteristics Stratified according to Abnormal Body Composition Feature

Characteristic
Total Cohort  
(n = 8982)

Liver Steatosis  
(n = 4395)

Obesity  
(n = 2994)

Myosteatosis  
(n = 2245)

Myopenia  
(n = 1589)

Baseline
  Age (y)* 57 ± 8 (23–95) 58 ± 8 (23–95) 57 ± 7 (23–91) 62 ± 9 (23–95) 59 ± 9 (25–95)
    F 57 ± 8 (23–95) 57 ± 8 (23–95) 57 ± 7 (23–91) 62 ± 9 (23–95) 58 ± 9 (25–95)
    M 57 ± 8 (23–95) 58 ± 8 (31–95) 57 ± 7 (26–88) 62 ± 9 (44–93) 59 ± 10 (26–95)
  F/M sex ratio 5008/3974 2141/2254 1559/1435 1252/993 761/8281
  F vs M sex P value .002 .006 .03 .90 .20
  Body mass index (kg/m2)* 28.8 ± 6.5 30.7 ± 7.1 35.9 ± 5.9 32.1 ± 7.6 24.8 ± 5.3
  Prevalence of obesity 2994 (33) 2022 (46) 2994 (100) 1215 (54) 168 (11)
  Type 2 diabetes
    No type 2 diabetes 8756 (98) 4228 (96) 2826 (94) 2130 (95) 1559 (98)
    Type 2 diabetes 226 (3) 167 (4) 168 (6) 115 (5) 30 (2)
  Smoking status
    Nonsmoking 4765 (53) 2212 (50) 1471 (49) 967 (43) 898 (57)
    Smoking 3636 (41) 1867 (43) 1329 (44) 1082 (48) 587 (37)
    Unspecified 581 (7) 316 (7) 194 (7) 196 (9) 104 (7)
Follow-up
  Follow-up duration (y)† 8.8 (5.1–11.6) 7.8 (4.2–11.1) 8.3 (5.1–11.3) 7.5 (3.7–11.0) 8.3 (4.4–11.1)
  CV events
    Cerebrovascular disease 546 (6) 285 (7) 183 (6) 176 (8) 108 (7)
    Heart failure 402 (5) 242 (6) 181 (6) 190 (9) 79 (5)
    Myocardial infarction 842 (9) 465 (11) 326 (11) 295 (13) 142 (9)
    Aortic aneurysm 245 (3) 126 (3) 96 (3) 91 (4) 51 (3)
  Incidence of ≥1 CV event 1563 (17) 839 (19) 596 (20) 551 (25) 293 (18)
  Death 507 (6) 303 (7) 190 (6) 278 (12) 129 (8)
  Incidence of ≥1 adverse event 1836 (20) 999 (23) 695 (23) 695 (31) 363 (23)

Note.—Except where indicated, data are numbers of patients with percentages in parentheses. Abnormal body composition was defined 
by the presence of liver steatosis, obesity, muscle fatty infiltration (myosteatosis), and/or low muscle mass (myopenia). Adverse events were 
defined as CV events or death. CV = cardiovascular.
* Data are means ± SDs, with ranges in parentheses.
† Data are medians, with IQRs in parentheses.
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cardiovascular events were retrieved from electronic 
health records.

Statistical Analysis
Data are displayed as means ± SDs, unless other-
wise specified. To compare continuous variables 
across subgroups, P values were computed with 
the two-sided Student t test for normally dis-
tributed variables and the Bonferroni post hoc 
correction for multiple testing. To compare the 
statistical differences between categorical values 
across groups, we used the χ2 test. For the time-
to-event survival analysis, we generated Kaplan-
Meier curves by splitting predictor variables into 
quartiles (Q1 vs Q2, Q3, Q4) for muscle density 
or by category for the other body composition 
parameters. We used Cox proportional hazards 
models (days after the time of imaging as the 
time scale) to derive risk predictions and hazard 
ratios (HRs) adjusted for confounders, including 
age, sex, smoking status, myosteatosis, liver ste-
atosis, myopenia, type 2 diabetes, obesity, visceral 
fat, and history of cardiovascular events. Events 
that occurred at or before study inclusion were 
considered part of the patient’s medical history. 
Patients lost to follow-up were censored in time-
to-event analyses. In addition, we implemented 
a multistate Markov model (32,33) based on the 
stratified risks of transitions to pathologic stages. 
In this model, different transitions are possible 
(eg, from inclusion to death, from inclusion to 
a MACE to death, from inclusion to MACEs to 
loss to follow-up). Hence, individuals can be in 
successive types of intermediate states (eg, expe-
riencing one MACE or multiple MACEs during 
follow-up) until they reach an absorbing state (in 
our case, death or loss to follow-up). Finally, we 
exploited a random forest survival model (34) us-
ing overall mortality as the outcome and account-
ing for right-censoring (see Appendix S1). From 
the model, we extracted variable importance val-
ues (using the built-in permutation-based impor-
tance calculation) (34) and partial dependence 
curves using the R (The R Foundation) package 
survex (33). In statistical analyses, P < .05 was 
considered indicative of a statistically signifi-
cant difference. For sample size calculation, we 
hypothesized that individuals with myosteatosis 
might have at least a 1.5- to two-fold increased 
mortality risk at any given time during the study 
compared with individuals without myosteatosis. 
For α = .05 (type I error rate), β = .20 (type II 
error rate), and a prevalence of myosteatosis of 
25% (per quartile definition), the total number of 
death events needed to test our primary hypoth-
esis ranged from 87 to 255. All individuals (n = 
8982) meeting inclusion criteria were included 

Figure 2:  Venn diagrams show the number of patients according to abnormal body  
composition feature (myosteatosis, liver steatosis, myopenia, obesity) at baseline and their intersec-
tion with the number of patients (A) who experienced at least one adverse event (ie, cardiovascular 
event or death; n = 1836) and (B) who died during follow-up (n = 507). Adverse events mostly 
occurred in patients with abnormal body composition.
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in the study and 507 patients died during follow-up; thus, 
statistical power requirements were met to test our primary 
hypothesis. Statistical analyses were performed by an author 
(M.N.) using SPSS (version 24; IBM), GraphPad Prism (ver-
sion 8; GraphPad Software), and R (version 4.0; The R Foun-
dation ). The statistical code is available at https://github.com/
maxnach92/Radiology_Myosteatosis.

Results

Characteristics of the Cohort
Of 9223 healthy asymptomatic adult outpatients, 226 were 
excluded due to missing data and 15 due to evident muscle 
measure artifacts at CT (mean density less than –29 HU 
and/or SMI <10 cm2/m2). After exclusions, 8982 consecu-
tive adult outpatients (mean age, 57 years ± 8 [SD]; 5008 
female, 3974 male) were included (Fig 1) and followed up 
for a median duration of 8.8 years. From a body composi-
tion standpoint, liver steatosis was the most frequent patho-
logic feature (49%; 4395 of 8982 patients), followed by 
obesity (33%; 2994 of 8982 patients), myosteatosis (25%; 
2245 of 8982 patients), and myopenia (18%; 1589 of 8982 
patients). Patient characteristics for the total cohort and 
stratified according to abnormal body composition feature 
are displayed in Table 1. Overall, 20% (1836 of 8982) of 
patients experienced at least one adverse event (cardiovascu-
lar event or death) and 6% (507 of 8982) of patients died 
during the follow-up period. At inclusion, body composi-
tion was abnormal in 80% (1467 of 1836) and 86% (434 of 
507) of patients who experienced at least one adverse event 
or who died during the follow-up period, respectively (Fig 

2). Myosteatosis, illustrated in Figure 3, was associated with 
the highest risk of experiencing an adverse event (Table 1).  
When compared with patients with no myosteatosis, those 
with myosteatosis were older (55.4 years ± 6.4 vs 61.8 years 
± 9.2, P < .001) and more often had obesity (26% [1779 of 
6737] vs 54% [1215 of 2245], P < .001) and type 2 diabetes 
(2% [111 of 6737] vs 5% [115 of 2245], P < .001). Although 
unambiguous with a density-based color scale (Fig 3), myos-
teatosis was less evident on raw CT images (Fig S2).

Time-to-Event Analysis Based on Obesity, Liver Steatosis, 
Myopenia, or Myosteatosis
All parameters increased the risk for adverse events and overall 
mortality (P < .05) (Fig 4). Having myosteatosis at inclusion (2245 
of 8982 patients, hence 25% prevalence per quartile definition) 
was associated with an HR of 4.33 (95% CI: 3.63, 5.16; P < .001) 
(Fig 4D). Other parameters included obesity (HR, 1.27 [95% CI: 
1.06, 1.53]; P = .008), liver steatosis (HR, 1.86 [95% CI: 1.56, 
2.21]; P < .001), and myopenia (HR, 1.75 [95% CI: 1.43, 2.14]; 
P < .001) (Fig 4A–4C). Thus, based on nonoverlapping 95% CIs, 
myosteatosis had the highest impact on the mortality rate when 
compared with other parameters. Individuals with myosteatosis 
at inclusion had a mortality rate of 1.72 per 100 person-years. 
Based on Kaplan-Meier analysis, the absolute mortality risk at 10 
years conferred by myosteatosis was 15.5% compared with the 
risk conferred by obesity (7.6%), liver steatosis (8.5%), or myo-
penia (9.7%). Myosteatosis, liver steatosis, and, even more so, the 
association of myosteatosis and liver steatosis at baseline increased 
the risk for de novo type 2 diabetes. In this case, the association 
was mainly driven by liver steatosis (Fig S3). The total number of 
events according to muscle status is shown in Table S1.

Figure 3:  (A) Unenhanced axial abdominal CT image with a Hounsfield unit–based color scale of skeletal muscles in a 51-year-old man with obesity, smoking 
history, no type 2 diabetes, and no history of cardiovascular events at inclusion shows mild fatty infiltration in the muscles (myosteatosis, yellow), with most voxels in the 
positive range of Hounsfield units (red). The patient was lost to follow-up after 13.2 years. (B) Unenhanced axial abdominal CT image with a Hounsfield unit–based 
color scale of skeletal muscles in a 53-year-old man with obesity, smoking history, no type 2 diabetes, and no history of cardiovascular events at inclusion shows severe 
fatty infiltration in the muscles (myosteatosis, yellow), mostly distributed in the paravertebral (ie, erector spinae and multifidus) and oblique muscle groups. The patient 
died after 9.4 years of follow-up. BMI = body mass index.
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Multivariable Cox Regression Analysis
From a body composition perspective, myosteatosis, myope-
nia, and liver steatosis—but not visceral fat area or BMI—were 
independent predictors of overall mortality risk when age, sex, 
smoking status, type 2 diabetes, obesity, and history of car-
diovascular were taken into account (Table 2). When variables 
were taken as continuous values (ie, muscle density, liver den-
sity, and SMI for myosteatosis, liver steatosis, and myopenia, 
respectively), muscle density remained significantly associated 
with an increased mortality risk (HR, 1.42 [95% CI: 1.29, 
1.57]; P < .001) (Table S2).

Multistate Markov Model and Risk of Death Based on  
Body Composition
After multivariable adjustment in a multistate Markov model (Fig 
5), myosteatosis remained the only body composition parameter 
associated with the risk of death following one or two MACEs 
(HR, 1.61 [95% CI: 1.09, 2.37; P = .02] or 1.91 [95% CI: 1.07, 
3.42; P = .03], respectively) (Table 3). Of note, myosteatosis was 

also associated with the risk of experiencing a first MACE (HR, 
1.13 [95% CI: 1.00, 1.28]; P = .058) (Table S3).

Random Forest Survival Model and Risk of Death Based on 
Body Composition
When tested on unseen data (see Appendix S1), the per-
formance of the random forest model was very good (Har-
rell C index, 0.79) and was maintained when fully stratified 
for sex (Harrell C index, 0.78 and 0.77 in male and female 
patients, respectively). In line with our previous results, 
muscle density was the most important body composition 
predictor, especially in male patients (importance of muscle 
density [0.039] vs BMI [0.013], SMI [0.002], or liver den-
sity [0.0013]) (Fig S4). Interestingly, BMI, a parameter with 
little influence in the Cox regression models, was the second 
most important body composition predictor of mortality, 
with an importance value of 0.015 and 0.013 in male and 
female patients, respectively (Fig S4). Partial dependence 
curves (33) show that age, muscle density, and, to a lesser 

Figure 4:  Kaplan-Meier curves of survival probability according to body composition parameter, including (A) obesity, (B) liver steatosis, (C) myopenia, and  
(D) myosteatosis, show an association between myosteatosis and high mortality risk. Statistics were computed with the Mantel-Cox log-rank test. HR = hazard ratio.
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extent, BMI were the most impactful parameters modulat-
ing mortality risk during follow-up (Fig 6).

Discussion
To date, most of the medical interest on body composition and 
its impact on health is directed toward (visceral) obesity, liver 
steatosis, and muscle wasting, while myosteatosis is overlooked. 
Notwithstanding, myosteatosis robustly associates with progno-
sis in patients with chronic diseases (19,35–37), especially cancer 
(16,17) and chronic liver and kidney diseases (18,37–40), in-
cluding in transplantation (41–43). More recently, myosteatosis 
was deemed to predict the risk of severe SARS-CoV-2 infection 
(44) and its long-term complications (45). Yet, myosteatosis 
is still absent from the agendas of policy makers and remains 
largely ignored by the medical community. Herein, we found 
that myosteatosis (considered as the lowest sex-specific quartile 
of muscle density, hence 25% prevalence in the study cohort) 
substantially increased the mortality risk of asymptomatic adults 
(hazard ratio [HR], 4.33 [95% CI: 3.63, 5.16]). Remarkably, 
after multivariable adjustment, myosteatosis was associated with 
a mortality risk comparable to that of smoking or type 2 diabetes 
(HR, 1.89 [95% CI: 1.52, 2.35] vs 1.91 [95% CI: 1.57, 2.33] 
or 1.56 [95% CI: 1.08, 2.25], respectively). We used comple-
mentary statistical approaches to challenge these findings, by 
accounting for incident major adverse cardiovascular events 
(MACEs) using a multistate Markov model and a random for-
est model, which is a machine learning algorithm naturally able 
to handle nonlinear predictors (eg, body mass index). In either 
case, the strong association between myosteatosis and mortality 
risk was maintained. After multivariable adjustment, myoste-
atosis remained associated with an increased mortality risk fol-
lowing one or two MACEs, (HR, 1.61 [95% CI: 1.09, 2.37; 

Table 2: Multivariable Cox Regression Analysis for 
Overall Death Risk

Parameter Hazard Ratio 95% CI P Value
Age (y) 1.08 1.07, 1.09 <.001*
History of CV event
  No history of CV event Reference
  Previous CV event 2.36 1.90, 2.93 <.001*
Smoking status
  Nonsmoking Reference
  Smoking 1.91 1.57, 2.33 <.001*
Myosteatosis
  No myosteatosis Reference
  Myosteatosis 1.89 1.52, 2.35 <.001*
Liver steatosis
  No liver steatosis Reference
  Liver steatosis 1.32 1.09, 1.62 .006*
Myopenia
  No myopenia Reference
  Myopenia 1.38 1.09, 1.74 .008*
Type 2 diabetes
  No type 2 diabetes Reference
  Type 2 diabetes 1.56 1.08, 2.25 .02*
Body mass index (kg/m2) 1.01 0.98, 1.03 .60
Visceral fat (cm2) 1.00 1.00, 1.00 .70
Sex
  F Reference
  M 0.96 0.77, 1.18 .70

Note.—A total of 8303 patients and 457 deaths were included in 
the multivariable Cox regression analysis. The model concordance 
is 0.79 ± 0.01 (SD), with a global P value of less than .001. CV = 
cardiovascular.
* Indicates statistical significance.

Figure 5:  Schematic shows possible tran-
sition states of the multistate Markov model, 
starting at inclusion (ie, CT scan acquisition) 
and leading to intermediate states (ie, major 
adverse cardiovascular events [MACEs], 
indicated by gray circles) and/or to an ab-
sorbing state (ie, death or loss to follow-up, in-
dicated by red circles). Transitions numbered 
2, 4, 6, 8, or 9 lead to an absorbing state and 
transitions numbered 1, 3, 5, or 7 lead to an 
intermediate state. CV = cardiovascular.
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Table 3: Multistate Markov Model for Mortality Risk Accounting for MACEs

Parameter

Transition 2 (CT to Death) 
(n = 273)

Transition 4 (CT to 1  
MACE to Death) (n = 151)

Transition 6 (CT to 2  
MACEs to Death) (n = 67)

Transition 8 (CT to 3 
MACEs to Death) (n = 15)

HR P Value HR P Value HR P Value HR P Value
Age (y) 1.07 (1.05, 1.09) <.001* 1.06 (1.03, 1.08) <.001* 1.04 (1.01, 1.08) .02* 1.16 (1.03, 1.30) .01*
Sex
  F Reference
  M 0.75 (0.56, 1.01) .05 1.14 (0.78, 1.65) .50 0.98 (0.56, 1.72) .90 0.56 (0.10, 3.06) .50
BMI (kg/m2) 0.99 (0.96, 1.02) .60 1.03 (0.99, 1.07) .20 0.96 (0.90, 1.03) .30 1.09 (0.89, 1.34) .40
Smoking status
  Nonsmoking Reference
  Smoking 1.79 (1.37, 2.34) <.001* 1.51 (1.05, 2.17) .03* 1.35 (0.75, 2.42) .30 1.80 (0.27, 12.2) .50
Type 2 diabetes
  No type 2  

  diabetes
Reference

  Type 2 diabetes 1.89 (1.15, 3.10) .01* 0.91 (0.45, 1.82) .80 1.45 (0.55, 3.84) .50 0.00 (0.00, 0.00) .90
Myopenia
  No myopenia Reference
  Myopenia 1.55 (1.12, 2.13) .007* 1.29 (0.85, 1.95) .20 1.03 (0.51, 2.07) .90 0.54 (0.04, 7.80) .70
Liver steatosis
  No liver  

  steatosis
Reference

  Liver steatosis 1.36 (1.03, 1.79) .03* 1.43 (1.00, 2.05) .05 0.90 (0.52, 1.55) .70 3.27 (0.47, 22.8) .20
Visceral fat (cm2) 1.00 (1.00, 1.00) .40 1.00 (1.00, 1.00) .20 1.00 (1.00, 1.00) .60 0.99 (0.98, 1.01) .40
Myosteatosis
  No myosteatosis Reference
  Myosteatosis 1.89 (1.40, 2.55) <.001* 1.61 (1.09, 2.37) .02* 1.91 (1.07, 3.42) .03* 1.75 (0.29, 10.7) .50
History of  

CV event
  No history  

  of CV event
Reference

  Previous  
  CV event

3.13 (2.31, 4.24) <.001* 2.00 (1.39, 2.88) <.001* 1.41 (0.77, 2.57) .30 0.00 (0.00, 0.00) .90

Note.—Data in parentheses are 95% CIs. A multistate Markov model (32,33) based on the stratified risks of transitions from the initial 
CT examination to death, considering intermediate pathologic states (ie, MACEs) was used. Hence, HRs are based on the mortality risk in 
the absence of a MACE (transition 2) and following one, two, or three successive MACEs (transitions 4, 6, and 8, respectively). Transition 
9 (from the initial CT examination to four successive MACEs to death or loss of follow-up) is not represented due to the low number of 
patients (n = 1). BMI = body mass index, CV = cardiovascular, HR = hazard ratio, MACE = major adverse cardiovascular event.
* Indicates a statistically significant difference when compared with the reference.

P = .02] and 1.91 [95% CI: 1.07, 3.42; P = .03], respectively), 
often occurring several years (approximately 6–9 years) after the 
initial CT assessment. This raises the question of whether myos-
teatosis could be a key indicator of resilience, reflecting an indi-
vidual capacity to cope with future adverse events.

Arguably, the present data add substance and robustness to 
the relationship between myosteatosis and the level of health 
risk, extending its scope beyond older adults (20–23). We 
found that, in the general population, having myosteatosis is 
of no less importance than having obesity, liver steatosis, or 
type 2 diabetes. While tremendous research efforts are un-
derway for the latter conditions, whether to screen for (and if 
so, by whom) and how to manage myosteatosis in otherwise 
asymptomatic adults is not yet settled. Besides, how myoste-
atosis influences prognosis remains largely unknown. Previous 
data indicate that the relationship between myosteatosis and 

adverse outcomes is independent of lifestyle (24). This comes 
as no surprise as dysmetabolic features (eg, obesity, liver ste-
atosis, type 2 diabetes) are a direct reflection of lifestyle, while 
self-reported dietary habits and physical activity at a given time 
point may not accurately recapitulate the reality. Hence, when 
metabolic parameters are considered, it seems coherent that 
lifestyle parameters cannot entirely explain the relationship be-
tween myosteatosis and health risk. Of note, the thresholds of 
muscle density (in Hounsfield units) corresponding to the low-
est sex-specific quartiles in our cohort are somewhat lower than 
myosteatosis cutoffs reported in other (almost exclusively with 
pathology) populations (19,35,46). These discrepancies might 
be explained by several factors, such as the statistical approach 
used to compute those cutoffs (ie, outcome-based and, rarely, 
sex-specific in most of the literature vs distribution-based in 
our study) and the need for semiautomated segmentation with 
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Figure 6:  Partial dependence curves extracted from the random forest survival model show the survival function value of each body composition parameter according to  
(A) sex as a covariate and (B) male and (C) female sex. These results highlight the importance of muscle density in modulating mortality risk (see Appendix S1), independent from 
the quartile-based stratification; thus, myosteatosis is the most impactful body composition predictor of mortality. BMI = body mass index, HU = Hounsfield unit.

predetermined Hounsfield unit ranges (often –30 to 150 HU 
[19,35,46]) in the literature versus the fully-automated pipe-
line implemented in the present study.

Our study had several strengths compared with other studies 
(16–18,20–23,37,42,43), including our cohort being represen-
tative of the general population. We dissected the relationship 
between body composition and health risk using cutting-edge 
artificial intelligence tools while controlling for multiple loca-
tions of lipid depots (ie, visceral area, liver, and skeletal mus-
cles). Also, data were systematically presented in a sex-stratified 
fashion and myosteatosis was consistently ranked as the most 
important body composition predictor of mortality risk using 
a comprehensive set of statistical approaches. To the best of our 
knowledge, it is anticipated that the UK Biobank (with approx-
imately 40 000 MRI studies, expected to reach 100 000 MRI 
studies within the next few years [47]) and All of Us, a National 
Institutes of Health research program, will provide comparable 

data. In fact, the first study reporting on myosteatosis using data 
from the UK Biobank confirmed its prognostic value (24), but 
the available follow-up data are limited given that the imaging 
portion started recently (approximately 3 years of follow-up 
from the imaging assessment).

Our study had several limitations. First, we included mild 
steatosis (MRI-derived PDFF equivalent of 5%) in our binary 
threshold consideration. At near-normal levels, CT-based esti-
mation of liver fat is less reliable (26). Second, physical activ-
ity, or lack thereof, and dietary habits were not systematically 
recorded; however, this information is of interest because life-
style parameters modulate lipid distribution and prognosis (19). 
Third, we did not evaluate muscle strength, a functional param-
eter independently associated with poor outcomes (48).

In conclusion, artificial intelligence–based profiling of body 
composition from routine abdominal CT scans identified myo-
steatosis (ie, fat accumulation within muscles) as a key predictor 
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of mortality risk in asymptomatic adults. Taken together, we 
hope that this report will contribute to making the medical com-
munity aware of the importance of myosteatosis, a silent patho-
logic condition that is not exclusively associated with coexisting 
disease. Mechanistic studies are needed to determine whether 
therapeutic reduction of muscle fat and/or modulation of plau-
sible noxious pathways induced by myosteatosis could be novel 
strategies to promote healthy aging. We believe that our study 
and others will help build momentum to pursue (and extend) re-
search efforts in this field, raising the question of whether muscle 
“health” should be actively investigated and managed using CT-
based densities (or the MRI-derived proton density fat fraction) 
as a readout, with dedicated nutritional, pharmaceutical, and/or 
physical activity supports as possible interventions.
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