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inTroDucTion
Accurate and reliable measurement of adipose tissue is neces-
sary for studying the epidemiology of obesity in humans. 
Current common weight metrics such as body mass index 
(BMI), when taken in isolation, incompletely capture more 
specific associations between abdominal (central) obesity 
and metabolic syndrome-related outcomes.1 Central obesity 
is better quantified by waist circumference measurements 
compared to BMI,2 but this method also has its own limita-
tions related to inter- and intraobserver reproducibility,3 as 
well as inability to distinguish visceral from subcutaneous fat  
compartments.

Adipose tissue is readily identifiable on CT images, and 
segmentation of adipose tissue on CT images can be 
performed using a variety of manual and algorithmic 
methods. More importantly, visceral fat, which studies have 
shown to be strongly associated with future cardiovascular 
event risk,4–9 can be quantified separately from subcuta-
neous fat on CT images. Visceral fat measurement has also 
been shown to be an independent predictor of all-cause 
mortality in males.10 Studies of visceral and subcutaneous 
fat volumes quantified by CT have been carried out using a 
variety of image processing methods.11–15 However, none 
to date has been applied to a large-scale set of CT images 
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objective: To investigate a fully  automated CT-based 
adiposity tool, applying it to a longitudinal adult 
screening cohort.
methods: A validated automated adipose tissue 
segmentation algorithm was applied to non-contrast 
abdominal CT scans in 8852 consecutive asympto-
matic adults (mean age, 57.1 years; 3926  M/4926  F) 
undergoing colonography screening. The tool was also 
applied to follow-up CT scans in a subset of 1584 individ-
uals undergoing longitudinal surveillance (mean interval,  
5.6 years). Visceral and subcutaneous adipose tissue 
(VAT and SAT) volumes were segmented at levels T12-L5. 
Primary adipose results are reported herein for the L1 
level as mean cross-sectional area. CT-based adipose 
measurements at initial CT and change over time were  
analyzed.
results: Mean VAT values were significantly higher 
in males (205.8 ± 107.5 vs 108.1 ± 82.4 cm2; p < 0.001), 
whereas mean SAT values were significantly higher 
in females (171.3 ± 111.3 vs 124.3 ± 79.7 cm2; p < 0.001). 

The VAT/SAT ratio at L1 was three times higher in males  
(1.8 ± 0.7 vs 0.6 ± 0.4; p < 0.001). At longitudinal 
follow-up CT, mean VAT/SAT ratio change was positive 
in males, but negative in females. Among the 502 indi-
viduals where the VAT/SAT ratio increased at follow-up 
CT, 333 (66.3%) were males. Half of patients (49.6%; 
786/1585) showed an interval increase in both VAT and 
SAT at follow-up CT.
conclusion: This robust, fully  automated CT adiposity 
tool allows for both individualized and population-based 
assessment of visceral and subcutaneous abdom-
inal fat. Such data could be automatically derived at 
abdominal CT regardless of the study indication, poten-
tially allowing for opportunistic cardiovascular risk  
stratification.
advances in knowledge: The CT-based adiposity tool 
described herein allows for fully  automated measure-
ment of visceral and subcutaneous abdominal fat, which 
can be used for assessing cardiovascular risk, metabolic 
syndrome, and for change over time.
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on a screening population of patients, including a subset with 
multiple examinations over time.

Application of automated methods over time could be useful 
for identifying patients who have an increasing risk for adverse 
outcomes related to the metabolic syndrome in a screening 
setting, such individuals undergoing CT colonography (CTC) or 
lung cancer screening with CT. It could also be applied in settings 
where long-term imaging monitoring by CT already occurs, 
such as in oncology patients, as a quantitative measurement of 
body compositional change. Furthermore, a fully automated tool 
would not require manual input from the radiologist, increasing 
efficiency and eliminating subjective measurement differences. 
The purpose of this study was to apply an automated adipose 
tissue segmentation algorithm to a large adult screening cohort 
undergoing CTC to determine the feasibility of population-level 
visceral fat quantification and monitoring.

meThoDs anD maTerials
Patient population
This was an IRB-approved, HIPAA-compliant retrospective 
cohort study. 10,059 adults of any age who underwent initial 
screening CTC between April 2004 and March 2017 at our 
single academic medical center were eligible for inclusion. If a 
patient had a follow-up CTC study during this time, they were 
also included to assess for longitudinal changes in adipose tissue 
volumes. All patient CTC images were anonymized before the 
segmentation algorithm was run.

CT scanning protocol
Specifics relating to CTC technique such as bowel preparation 
and distention have been previously described and are beyond 
the scope of this study.16 Breath-hold CT acquisition of the 
abdomen and pelvis without IV contrast was obtained in both 
supine and prone positions, but only the former was utilized 
herein. All CT scans were performed on a variety of 8–64 multi-
detector-row scanners (all CT scanners from GE Healthcare; 
Chicago, Illinois). Scanning was performed at 120 kVp with vari-
able low-dose mA settings (typically modulated). Images were 
reconstructed with 1.25 mm slice thickness at 1 mm intervals.

Abdominal adipose compartment measurements
The automated adipose tissue segmentation algorithm utilized in 
this study represents a modified version of a previously validated 
tool developed at our institution.17,18 The CT images were first 
processed by fully automated spine segmentation and labeling 
software that identifies the slices that correspond to the top and 
bottom of each vertebral body from T12-L5.19 Volumetric slabs 
of the abdominal CT cross-section were obtained at each of these 
levels, with craniocaudal slab length based on vertebral height.

Fully automated adipose tissue segmentation of these volumetric 
slabs consists of five algorithmic steps: body masking, noise 
reduction, adipose tissue labeling, visceral and subcutaneous 
adipose tissue (VAT and SAT)  separation, and quantification. 
The body mask is created by a region-growing algorithm on 
the image background. The region-growing algorithm initially 
segments the low-intensity pixels outside the body and then, 

in a second pass, removes the CT table. Once the body mask is 
created, an anisotropic diffusion filter is used to reduce noise, and 
voxels between −274 and −49 HU were labeled adipose tissue. A 
contour around the outside of the body, the external contour, is 
then initialized. Active contour models20 are then used to iter-
atively modify the external contour to find the inner boundary 
of the SAT. This results in a contour along the abdominal wall, 
which is the internal contour. An example of the visual appear-
ance of this segmentation and quantification process is shown in 
Figure 1.

Volumetric quantification is performed by multiplying voxel 
counts by the voxel volumes (i.e. the pixel area times the slice 
thickness) to get SAT, VAT, and internal body volumes in each slab 
volume corresponding to T12-L5 body regions. Visceral adipose 
volume is defined as the volume of all adipose tissue voxels inside 
of the internal contour. Subcutaneous adipose volume is defined 
as the volume of all adipose tissue voxels between the external 
and internal contours. Segmental body volume was defined at 
each level as the volume of all voxels within the external contour, 
excluding air within the GI tract. Exclusion of air allows for true 

Figure 1. Example of the automated fat segmentation tool in 
an asymptomatic 59-year-old male (at time of initial exami-
nation) undergoing routine colorectal cancer screening over 
a period of 10 years. Top row shows an image from initial 
CTC screening at the L1 level on the left, with the results from 
the automated fat tool on the right. The external contour is 
depicted as the yellow outer-most line and the inner contour 
as the blue line just external to the abdominal wall muscula-
ture. Segmented visceral fat is marked blue and subcutane-
ous fat is marked red. The L1 mean cross-sectional areas for 
VAT and SAT are 467.8 and 170.2 cm2, respectively, with VAT/
SAT ratio of 2.75. Bottom row shows similar images from the 
follow-up study performed 10 years later. Note the marked 
interval decrease in visceral fat (202.1 cm2) relative to subcu-
taneous fat (103.9 cm2). The VAT/SAT ratio has decreased to 
1.94. CTC, CT colonography; SAT, subcutaneous adipose tis-
sue; VAT, visceral adipose tissue.
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tissue volumes, and nullifies the impact of colonic insufflation at 
CTC. In total, the adipose tissue measurement algorithm takes 
approximately three minutes to process an abdominal-region 
study (Intel Xeon CPU, 3.4 GHz; Santa Clara, CA).

Statistical analysis
Descriptive statistics were calculated for patient age and adipose 
tissue measurements, grouped by gender. For each patient, the 
adipose tissue volumetric slabs and body volumes (cm3) at each 
vertebral level were normalized by dividing the volume by the 
corresponding vertebral level slab thicknesses (cm), yielding the 
mean cross-sectional area (cm2) at each vertebral body level. In 
patients who had more than one CTC study, changes in adipose 
tissue areas over time were normalized to annual rates by dividing 
changes in mean area by the number of years between scans. The 
number of years between scans was calculated by dividing the 
number of days between scans by 365.25. Because segmenta-
tion at the T12 level was found to be prone to error, we limit our 
results to the L1–L5 levels. Furthermore, because we have exten-
sively utilized the L1 level for BMD assessment, and because this 
level is generally included on all thoracic and abdominal CT 
scans, the main results and data analysis will focus on this level.

Comparison of mean adipose values between males and females 
were performed by independent t-tests. Comparison of the 
proportion of male and female patients among those whose VAT/
SAT ratio increased between CTC scans was performed with a 
one-sample proportion test using a null hypothesis value of 0.5. 
All data processing and statistical analyses were performed using 
base R (R Core Team, v. 3.4.2; Vienna, Austria) and the  data. 
table, dplyr, and ggplot2 packages.

resulTs
10,059 patients were initially eligible for inclusion. The final 
study cohort consisted of 8852 individuals (mean age, 57.3 years; 
3926 males, 4926 females). Exclusions were due to spine segmen-
tation failure (n = 102), adipose tissue classification failure  
(n = 80), and unavailability of the thin-section supine series 
images from our picture archiving and communications system 
(PACS) (n = 1025).

A comparison of the spread of all CT-based adipose tissue and body 
size measurements across L1–L5 vertebral levels in this population 
is shown in Figure 2. For reasons noted in the Methods, we focus 
primarily on the L1 values for further analysis. Summary statis-
tics for adipose tissue measurements at the L1 level at initial CT 
evaluation are provided in Table 1. Adipose tissue measurements 
are reported as mean cross-sectional area (cm2) at the L1 vertebral 
level. For SAT at L1, males had significantly lower mean cross-sec-
tional area than females, with mean values of 123.8 cm2 (±75.1) and 
171.0 cm2 (±109.8), respectively (p < 0.001). For visceral adipose 
tissue, males had significantly greater mean cross-sectional area 
than females, with mean values of 205.5 cm2 (±105.5) and 108.0 
cm2 (±82.3), respectively (p < 0.001). The ratio of visceral to subcu-
taneous fat (VAT/SAT) at the L1 vertebral level at initial CTC was 
three times higher in males compared with females on average, with 
values of 1.8 (±0.7) and 0.6 (±0.4), respectively (p < 0.001). Mean 
VAT/SAT values at the L4 vertebral level for males and females 

were 1.0 (±0.6) and 0.6 (±0.8), respectively. The population-based 
distribution of SAT, VAT, and total adipose tissue measurements 
between males and females are shown in Figure 3.

A total of 1584 patients had multiple CTC examinations with a 
mean time difference of 5.6 (±2.0) years between the initial and 
follow-up study. Summary statistics for mean annual changes 
in adipose tissue measurements between initial and follow-up 
CTC are given in Table 2. There were no significant differences 

Figure 2. Jitter plots showing the distribution of adipose tis-
sue measurements according to vertebral level at initial CT 
in 8854 adults. The transparency of individual points is line-
arly related to the degree of over-plotting (100 overlapping 
points required for complete opacity). The Loess smoother 
lines connect the mean volumes at each vertebral level. The 
blue line represents the mean values at each vertebral level.

Table 1. Summary statistics for adipose measurements at 
initial CT (L1 level) in 8854 adults

Sex Mean SD Median
Age (years) M 57.3 7.8 56

F 56.9 7.7 55

Total body area (cm2) M 734.1 183.8 707.6

F 606.2 201.4 558.5

Subcutaneous adipose (cm2) M 123.8 75.1 105.4

(SAT) F 171.0 109.8 147.3

Visceral adipose (cm2) M 205.5 105.5 199.7

(VAT) F 108.0 82.3 89.4

Total adipose tissue (cm2) M 329.3 164.3 314.1

(TAT) F 278.9 179.7 240.9

VAT/SAT M 1.8 0.7 1.7

F 0.6 0.4 0.6

SAT, subcutaneous adipose tissue; TAT, total adipose tissue; VAT, 
visceral adipose tissue.
Summary statistics for CT-based adipose measurements at the L1 
level, according to gender. Adipose volumes at L1 were normalized 
by dividing by slab thicknesses, yielding mean cross-sectional area. 
Total body area represents the entire cross-sectional area at the L1 
level, excluding gas within bowel.
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in the mean annual rates of change in VAT, SAT, or VAT/SAT in 
males compared to females (p = 0.06, 0.96, 0.20, respectively). 
Interestingly, the average VAT/SAT ratio change was positive in 
males, but negative in females. However, among patients whose 
mean annual ∆(VAT/SAT) ratio was >1 (i.e. visceral change was 
greater than subcutaneous change), 333 (66.3%) were males and 
169 (33.7%) were females (p < 0.001). A comparison of mean 
annual ∆VAT against mean annual ∆SAT in all patients who 
underwent more than one CTC is shown in Figure 4. A total of 
786 patients (366 males, 421 females) gained in both VAT and 
SAT on the follow-up CT. Among patients who gained in both 
VAT and SAT, 91.2% of males showed an increase in the VAT/
SAT ratio, compared with 40.1% of females.

Discussion
In this study, we quantified abdominal adipose tissue in a large 
adult screening population using a validated and fully automated 
segmentation algorithm. We believe this unique study is the first 
to provide normative population-based data, which may prove 
valuable for assessing cardiometabolic risk in the near future. To 
our knowledge, this is also the first study to use an automated 
segmentation algorithm to assess temporal changes in abdom-
inal adipose tissue volumes over time in the clinical setting. 
This allowed us to identify a subset of patients who showed a 
significant increase in VAT/SAT over time. Given the predictive 
value of visceral fat measurement for cardiovascular risk,4–9 and 
for all-cause mortality in males,10 use of such an automated tool 
might prove useful at abdominal CT evaluation, regardless of the 
specific indication.

We found that males in our sample had significantly higher VAT 
cross-sectional areas and significantly higher VAT/SAT ratios 
than females at the L1 vertebral level. Although this compar-
ison was not statistically controlled for differences in age, mean 
ages were similar for males and females in our screening cohort 
(mean age for males = 57.3 ± 7.8 years, females = 57.0±7.7 years). 
Overall, our results demonstrate that an automated measure-
ment method for VAT and VAT/SAT in a large CT screening 
population can reliably be used to generate and test hypotheses 
regarding the association of adipose tissue compartments and 
adverse patient outcomes.

Figure 3. Density plot comparing the distributions of subcu-
taneous, visceral, and total adipose tissue measurements at 
the L1 vertebral level, according to gender. Density values are 
analogous to the probability of a random patient’s adipose 
tissue volume being at a single point on each respective den-
sity curve. Total adipose tissue was the measurement with the 
broadest distribution in both males and females. The meas-
urement with the highest probability density peak for females 
was visceral adipose tissue, while for males it was subcutane-
ous adipose tissue.

Table 2. Summary statistics for mean annual changes in 
adipose measures in 1585 adults

Sex Mean Median IQR
∆VAT (cm2 year–1) M 4.72 3.65 9.53

F 2.46 2.12 5.81

∆SAT (cm2 year–1) M 2.26 1.62 5.61

F 1.65 2.52 8.13

∆(VAT/SAT) (per year) M 0.015 0.005 0.07

F 0.005 0.006 0.03

SAT,  subcutaneous adipose tissue; VAT, visceral adipose tissue; 
IQR, interquartile range
Summary statistics for mean annual changes in visceral (VAT), 
subcutaneous (SAT), and VAT/SAT between initial and subsequent 
CTC at the L1 vertebral level, grouped by gender. ∆VAT and ∆SAT are 
given in units of mean cross-sectional area at the L1 vertebral level 
(cm2 year–1). The ratio change is unit-less (per year).

Figure 4. Scatter plot of annualized changes in VAT and SAT 
between the initial and follow-up CT in the subset of 1585 
patients with multiple scans. The line indicates a ratio of 
Δ(VAT/SAT) = 1. Patient gender is indicated by the point color. 
Note how more males showed a relative increase in visceral  
vs  subcutaneous fat over time, whereas the reverse was true 
for females. SAT, subcutaneous adipose tissue; VAT, visceral 
adipose tissue.
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While there have been no studies of the relationship between 
changes in the volume or area of abdominal adipose tissue on CT 
and adverse outcomes, several have noted that, when measured 
at a single point in time, a significant association between visceral 
adiposity, metabolic syndrome risk factors, and increased risk of 
future cardiovascular events exists.7–9,11,21 In one study, increased 
VAT and SAT areas measured at cardiac CT were associated 
with increased risk of all-cause mortality, myocardial infarction, 
and the need for coronary revascularization at least one month 
after image acquisition independent of clinical cardiovascular 
risk factors. However, the outcomes were all combined into one 
category and competing risks analysis was not performed, so 
the association of visceral adiposity with specific outcomes was 
not reported. Contradicting evidence about the role of visceral 
adiposity and future cardiac events also exists,22 which may be 
due to the retrospective nature of most studies and sampling 
variation. Ultimately, prospective studies using large CT-based 
screening cohorts would provide the least-biased estimates of the 
association between visceral adiposity and significant adverse 
patient outcomes.

Several other computational methods for automatically quan-
tifying abdominal adipose tissue from CT images exist,12,23–30 
and computational methods vary between these different algo-
rithms. Our approach was to first identify the L1–L5 vertebral 
bodies and create separate slabs from which to make adipose 
volume measurements; this approach enhances intrapatient 
reproducibility by identifying relatively un-changing anatom-
ical landmarks. Then, body masking using region-growing was 
performed, followed by noise reduction, adipose tissue classifica-
tion, and separation of visceral and subcutaneous compartments 
using active contour models. Volume calculations were made by 
summing the number of voxels classified as adipose tissue within 
each vertebral slab. Finally, mean adipose cross-sectional areas 
for each vertebral level were calculated in individual patients 
in order to remove the correlation of adipose tissue volumes 
with patient height (due to larger vertebral bodies and subse-
quently greater slab thickness). No studies comparing different 
adipose tissue quantification algorithms on the same imaging 
dataset have been performed, which limits the ability to directly 
compare different studies and perform meta-analyses. A prior 
review of methods for measuring body composition using 
various imaging modalities exists,31 but several new methods 
have been introduced since its publication. An updated critical 
systematic review comparing recently published algorithms for 
adipose tissue quantification from CT images would assist with 
development of new standards and future research.

CTC screening affords an opportunity to perform oppor-
tunistic screening for multiple conditions that already have 
established diagnostic criteria, such as osteoporosis, abdom-
inal aortic aneurysm, and metabolic syndrome. When adipose 
tissue quantification is combined with other screening exam-
inations, such as asynchronous QCT,32 trabecular attenuation 
measurement,33–36 or finite element analysis37 for osteoporosis 
screening and fracture-risk prediction, significant value can 
be added to CTC studies with little additional costs or time on 
the part of the radiologist.38 Additional potential examples of 

automated CT-based opportunistic screening might include 
abdominal aortic calcium scoring and muscle mass assessment 
(for sarcopenia). Ideally, screening for a wide variety of condi-
tions would help referring providers to initiate management 
plans for patients with positive screening results. Identifica-
tion of such patients whose VAT/SAT ratio increases over time 
could be useful for studying the relationship between visceral 
adiposity and outcomes related to the metabolic syndrome, such 
as adverse cardiovascular events. To date, no studies have estab-
lished a relationship between changes in visceral adiposity over 
time and clinical outcomes.

Our study has some limitations. Spine segmentation and adipose 
tissue measurement failed in 102 and 78 cases, respectively, 
and we did not determine what specifically caused them. Spine 
segmentation failure can be due to excessive spinal hardware or 
severe compression fractures, which can lead to mislabeling of 
the vertebrae. Adipose tissue classification failures in 78 cases 
were signified by cross-sectional area measurements of either 
0 cm2 or anomalously large values. Also, in a small number of 
patients, the identified vertebral level was off by ±1 level (i.e. T12 
or L2 instead of L1) due to difficulty in accurately detecting the 
12th rib that served as a landmark. In a clinical setting, quality 
assurance could be performed at the time of spine segmentation 
or adipose quantification failure when it occurs. However, future 
work will focus on improving the robustness of the algorithm 
against computational errors. Comparison of manual and auto-
mated adipose area measurements were also not performed since 
prior validation work has shown them to be nearly equivalent.18,39 
A final limitation of our study was that we did not attempt to 
correlate the automated fat measures for future cardiovascular 
events. However, we intend to embark on such a study in the 
near future.

In summary, we quantified cross-sectional areas of abdominal 
adipose tissue in a large screening CTC population using a vali-
dated, automated segmentation algorithm at longitudinal CT. 
We found significant elevations in VAT and VAT/SAT in males 
compared to females. Our results demonstrate that an automated 
adipose tissue measurement method for VAT and VAT/SAT in a 
large CT screening population can reliably be used to quantify 
changes in visceral adiposity. Ultimately, it may be possible to 
translate this opportunistic information into cardiovascular risk 
stratification, regardless of the indication for the abdominal CT 
scan.

compeTing inTeresTs
Perry Pickhardt, MD is an Advisor to Bracco and a shareholder 
in Elucent, SHINE, and Cellectar. Ronald Summers, MD, PhD 
receives patent royalties from iCAD, research support from Ping 
An and NVidia, and royalties for software licenses to ScanMed, 
Philips, Imbio, Zebra Medical, and Ping An.

funDing
This research was supported in part by the Intramural Research 
Program of the National Institutes of Health Clinical Center.

http://birpublications.org/bjr


6 of 7 birpublications.org/bjr Br J Radiol;91:20170968

BJR  Lee et al

references

 1. McCarthy HD. Body fat  
measurements in children as predictors for 
the metabolic syndrome: focus on waist 
circumference. Proc Nutr Soc 2006; 65: 
385–92.

 2. Lean ME, Han TS, Morrison CE. Waist 
circumference as a measure for indicating 
need for weight management. BMJ 1995; 
311: 158–61. doi: https:// doi. org/ 10. 1136/ 
bmj. 311. 6998. 158

 3. Bigaard J, Spanggaard I, Thomsen BL, 
Overvad K, Tjønneland A. Self-reported and 
technician-measured waist circumferences 
differ in middle-aged men and women.  
J Nutr 2005; 135: 2263–. doi: https:// doi. org/ 
10. 1093/ jn/ 135. 9. 2263

 4. Després JP, Lemieux I, Bergeron J, Pibarot P, 
Mathieu P, Larose E, et al. Abdominal obesity 
and the metabolic syndrome: contribution 
to global cardiometabolic risk. Arterioscler 
Thromb Vasc Biol 2008; 28: 1039–49. doi: 
https:// doi. org/ 10. 1161/ ATVBAHA. 107. 
159228

 5. Savva SC, Tornaritis M, Savva ME, Kourides 
Y, Panagi A, Silikiotou N, et al. Waist 
circumference and waist-to-height ratio are 
better predictors of cardiovascular disease 
risk factors in children than body mass 
index. Int J Obes Relat Metab Disord 2000; 
24: 1453–8. doi: https:// doi. org/ 10. 1038/ sj. 
ijo. 0801401

 6. Pouliot MC, Després JP, Lemieux S, 
Moorjani S, Bouchard C, Tremblay A, et al. 
Waist circumference and abdominal sagittal 
diameter: best simple anthropometric 
indexes of abdominal visceral adipose tissue 
accumulation and related cardiovascular risk 
in men and women. Am J Cardiol 1994; 73: 
460–8. doi: https:// doi. org/ 10. 1016/ 0002- 
9149(94)90676-9

 7. Kaess BM, Pedley A, Massaro JM, Murabito 
J, Hoffmann U, Fox CS. The ratio of visceral 
to subcutaneous fat, a metric of body 
fat distribution, is a unique correlate of 
cardiometabolic risk. Diabetologia 2012; 
55: 2622–30. doi: https:// doi. org/ 10. 1007/ 
s00125- 012- 2639-5

 8. Fukuda T, Bouchi R, Takeuchi T, Nakano Y, 
Murakami M, Minami I, et al.  
Ratio of visceral-to-subcutaneous fat area 
predicts cardiovascular events in patients 
with type 2 diabetes. J Diabetes Investig 2018; 

9: 396–402. doi: https:// doi. org/ 10. 1111/ jdi. 
12713

 9. Ladeiras-Lopes R, Sampaio F, Bettencourt 
N, Fontes-Carvalho R, Ferreira N, Leite-
Moreira A, et al. The ratio between visceral 
and subcutaneous abdominal fat assessed 
by computed tomography is an independent 
predictor of mortality and cardiac events. 
Rev Esp Cardiol 2017; 70: 331–7. doi: https:// 
doi. org/ 10. 1016/ j. rec. 2016. 09. 010

 10. Kuk JL, Katzmarzyk PT, Nichaman MZ, 
Church TS, Blair SN, Ross R. Visceral fat 
is an independent predictor of all-cause 
mortality in men. Obesity 2006; 14: 336–41. 
doi: https:// doi. org/ 10. 1038/ oby. 2006. 43

 11. Fox CS, Massaro JM, Hoffmann U, Pou 
KM, Maurovich-Horvat P, Liu CY, et al. 
Abdominal visceral and subcutaneous 
adipose tissue compartments: association 
with metabolic risk factors in the 
Framingham heart study. Circulation 2007; 
116: 39–48. doi: https:// doi. org/ 10. 1161/ 
CIRCULATIONAHA. 106. 675355

 12. Kullberg J, Hedström A, Brandberg J, 
Strand R, Johansson L, Bergström G, et al. 
Automated analysis of liver fat, muscle and 
adipose tissue distribution from CT suitable 
for large-scale studies. Sci Rep 2017; 7: 10425. 
doi: https:// doi. org/ 10. 1038/ s41598- 017- 
08925-8

  13. Makrogiannis S, Ramachandran R, Chia 
CW, Ferrucci L. Automated abdominal 
fat quantification and food residue 
removal in CT. In:  2012 IEEE workshop on 
mathematical methods in biomedical image 
analysis: IEEE; 2012. pp. 81–6. 10.1109/
MMBIA.2012.6164738.

 14. Takahashi N, Sugimoto M, Psutka SP, Chen 
B, Moynagh MR, Carter RE. Validation study 
of a new semi-automated software program 
for CT body composition analysis. Abdom 
Radiol 2017; 42: 2369–75. doi: https:// doi. 
org/ 10. 1007/ s00261- 017- 1123-6

 15. Parikh AM, Coletta AM, Yu ZH, Rauch GM, 
Cheung JP, Court LE, et al. Development 
and validation of a rapid and robust method 
to determine visceral adipose tissue volume 
using computed tomography images. PLoS 
One 2017; 12: e0183515. doi: https:// doi. org/ 
10. 1371/ journal. pone. 0183515

 16. Pickhardt PJ. Imaging and  
screening for colorectal cancer with CT 

colonography. Radiol Clin North Am 2017; 
55: 1183–96. doi: https:// doi. org/ 10. 1016/ j. 
rcl. 2017. 06. 009

 17. Liu J, Pattanaik S, Yao J, Dwyer AJ, Pickhardt 
PJ, Choi JR, et al. Associations among 
pericolonic fat, visceral fat, and colorectal 
polyps on CT colonography. Obesity 2015; 
23: 408–14. doi: https:// doi. org/ 10. 1002/ oby. 
20987

 18. Summers RM, Liu J, Sussman DL, Dwyer 
AJ, Rehani B, Pickhardt PJ, et al. Association 
between visceral adiposity and colorectal 
polyps on CT colonography. AJR Am J 
Roentgenol 2012; 199: 48–57. doi: https:// doi. 
org/ 10. 2214/ AJR. 11. 7842

  19. Yao J, O’Connor SD, Summers RM. 
Automated spinal column extraction and 
partitioning. In: 2006 3rd IEEE international 
symposium on biomedical imaging: from nano 
to macro - proceedings. Vol. 2006; 2006.

 20. Kass M, Witkin A, Terzopoulos D. Snakes: 
active contour models. Int J Comput Vis 
1988; 1: 321–31. doi: https:// doi. org/ 10. 1007/ 
BF00133570

 21. Kim S, Cho B, Lee H, Choi K, Hwang SS, 
Kim D, et al. Distribution of abdominal 
visceral and subcutaneous adipose tissue and 
metabolic syndrome in a Korean population. 
Diabetes Care 2011; 34: 504–6. doi: https:// 
doi. org/ 10. 2337/ dc10- 1364

 22. Ryckman EM, Summers RM, Liu J, Munoz 
del Rio A, Pickhardt PJ. Visceral fat 
quantification in asymptomatic adults using 
abdominal CT: is it predictive of future 
cardiac events? Abdom Imaging 2015; 40: 
222–6. doi: https:// doi. org/ 10. 1007/ s00261- 
014- 0192-z

 23. Bandekar A, Naghavi M, Kakadiaris I. 
Performance evaluation of abdominal fat 
burden quantification in CT. Conf Proc 
IEEE Eng Med Biol Soc 2005; 3: 3280–3. doi: 
https:// doi. org/ 10. 1109/ IEMBS. 2005. 1617177

 24. Ohshima S, Yamamoto S, Yamaji T, Suzuki 
M, Mutoh M, Iwasaki M, et al. Development 
of an automated 3D segmentation program 
for volume quantification of body fat 
distribution using CT. Nihon Hoshasen 
Gijutsu Gakkai Zasshi 2008; 64: 1177–81. doi: 
https:// doi. org/ 10. 6009/ jjrt. 64. 1177

  25. Makrogiannis S, Ramachandran R, Chia 
CW, Ferrucci L. Automated abdominal fat 
quantification and food residue removal 

eThics approval
This study was approved by the University of Wisconsin Institu-
tional Review Board.

paTienT consenT
Patient consent for this retrospective study was waived by the 
University of Wisconsin Institutional Review Board.

http://birpublications.org/bjr
https://doi.org/10.1136/bmj.311.6998.158
https://doi.org/10.1136/bmj.311.6998.158
https://doi.org/10.1093/jn/135.9.2263
https://doi.org/10.1093/jn/135.9.2263
https://doi.org/10.1161/ATVBAHA.107.159228
https://doi.org/10.1161/ATVBAHA.107.159228
https://doi.org/10.1038/sj.ijo.0801401
https://doi.org/10.1038/sj.ijo.0801401
https://doi.org/10.1016/0002-9149(94)90676-9
https://doi.org/10.1016/0002-9149(94)90676-9
https://doi.org/10.1007/s00125-012-2639-5
https://doi.org/10.1007/s00125-012-2639-5
https://doi.org/10.1111/jdi.12713
https://doi.org/10.1111/jdi.12713
https://doi.org/10.1016/j.rec.2016.09.010
https://doi.org/10.1016/j.rec.2016.09.010
https://doi.org/10.1038/oby.2006.43
https://doi.org/10.1161/CIRCULATIONAHA.106.675355
https://doi.org/10.1161/CIRCULATIONAHA.106.675355
https://doi.org/10.1038/s41598-017-08925-8
https://doi.org/10.1038/s41598-017-08925-8
10.1109/MMBIA.2012.6164738
10.1109/MMBIA.2012.6164738
https://doi.org/10.1007/s00261-017-1123-6
https://doi.org/10.1007/s00261-017-1123-6
https://doi.org/10.1371/journal.pone.0183515
https://doi.org/10.1371/journal.pone.0183515
https://doi.org/10.1016/j.rcl.2017.06.009
https://doi.org/10.1016/j.rcl.2017.06.009
https://doi.org/10.1002/oby.20987
https://doi.org/10.1002/oby.20987
https://doi.org/10.2214/AJR.11.7842
https://doi.org/10.2214/AJR.11.7842
https://doi.org/10.1007/BF00133570
https://doi.org/10.1007/BF00133570
https://doi.org/10.2337/dc10-1364
https://doi.org/10.2337/dc10-1364
https://doi.org/10.1007/s00261-014-0192-z
https://doi.org/10.1007/s00261-014-0192-z
https://doi.org/10.1109/IEMBS.2005.1617177
https://doi.org/10.6009/jjrt.64.1177


7 of 7 birpublications.org/bjr Br J Radiol;91:20170968

BJRFull paper: Automated fat measurement at abdominal CT

in CT. In: Proceedings of the workshop 
on mathematical methods in biomedical 
image analysis; 2012. pp. 81–6. 10.1109/
MMBIA.2012.6164738.

 26. Zhao B, Colville J, Kalaigian J, Curran 
S, Jiang L, Kijewski P, et al. Automated 
quantification of body fat distribution on 
volumetric computed tomography. J Comput 
Assist Tomogr 2006; 30: 777–83. doi: https:// 
doi. org/ 10. 1097/ 01. rct. 0000228164. 08968. e8

 27. Kim YJ, Lee SH, Kim TY, Park JY, Choi SH, 
Kim KG. Body fat assessment method using 
CT images with separation mask algorithm. 
J Digit Imaging 2013; 26: 155–62. doi: https:// 
doi. org/ 10. 1007/ s10278- 012- 9488-0

 28. Kim YJ, Park JW, Kim JW, Park CS, Gonzalez 
JP, Lee SH, et al. Computerized automated 
quantification of subcutaneous and visceral 
adipose tissue from computed tomography 
scans: development and validation study. 
JMIR Med Inform 2016; 4: e2. doi: https:// doi. 
org/ 10. 2196/ medinform. 4923

  29. Mensink SD, Spliethoff JW, Belder R, Klaase 
JM, Bezooijen R, Slump CH. Development 
of automated quantification of visceral and 
subcutaneous adipose tissue volumes from 
abdominal CT scans. In: International society 
for optics and photonics. Vol. 7963; 2011. 
10.1117/12.878017.

  30. Agarwal C, Dallal AH, Arbabshirani 
MR, Patel A, Moore G. Unsupervised 
quantification of abdominal fat from CT 
images using greedy snakes. In: Styner 
MA, Angelini ED, eds. International society 
for optics and photonics. Vol. 10133; 2017. 
10.1117/12.2254139.

 31. Mattsson S, Thomas BJ. Development of 
methods for body composition studies. Phys 
Med Biol 2006; 51: R203–R228. doi: https:// 
doi. org/ 10. 1088/ 0031- 9155/ 51/ 13/ R13

 32. Brown JK, Timm W, Bodeen G, Chason A, 
Perry M, Vernacchia F, et al. Asynchronously 
calibrated quantitative bone densitometry. J 
Clin Densitom 2017; 20: 216–25. doi: https:// 
doi. org/ 10. 1016/ j. jocd. 2015. 11. 001

 33. Pickhardt PJ, Pooler BD, Lauder T, del Rio 
AM, Bruce RJ, Binkley N. Opportunistic 
screening for osteoporosis using abdominal 
computed tomography scans obtained for 
other indications. Ann Intern Med 2013; 158: 
588–95. doi: https:// doi. org/ 10. 7326/ 0003- 
4819- 158- 8- 201304160- 00003

 34. Buckens CF, Dijkhuis G, de Keizer B, Verhaar 
HJ, de Jong PA. Opportunistic screening 
for osteoporosis on routine computed 
tomography? An external validation study. 
Eur Radiol 2015; 25: 2074–9. doi: https:// doi. 
org/ 10. 1007/ s00330- 014- 3584-0

 35. Alacreu E, Moratal D, Arana E. 
Opportunistic screening for osteoporosis by 
routine CT in Southern Europe. Osteoporos 
Int 2017; 28: 983–90. doi: https:// doi. org/ 10. 
1007/ s00198- 016- 3804-3

 36. Lee SJ, Anderson PA, Pickhardt PJ. 
Predicting future hip fractures on routine 
abdominal CT using opportunistic 
osteoporosis screening measures: a matched 
case-control study. AJR Am J Roentgenol 
2017; 209: 395–402. doi: https:// doi. org/ 10. 
2214/ AJR. 17. 17820

 37. Fidler JL, Murthy NS, Khosla S, Clarke 
BL, Bruining DH, Kopperdahl DL, et al. 
Comprehensive assessment of osteoporosis 
and bone fragility with CT colonography. 
Radiology 2016; 278: 172–80. doi: https:// doi. 
org/ 10. 1148/ radiol. 2015141984

 38. Lee SJ, Pickhardt PJ. Opportunistic screening 
for osteoporosis using body CT scans 
obtained for other indications: the UW 
experience. Clin Rev Bone Miner Metab 2017; 
15: 128–37. doi: https:// doi. org/ 10. 1007/ 
s12018- 017- 9235-7

  39. Yao J, Sussman DL, Summers RM. Fully 
automated adipose tissue measurement on 
abdominal CT. In: Progress in biomedical 
optics and imaging - proceedings of SPIE. Vol. 
7965; 2011. 10.1117/12.878063.

http://birpublications.org/bjr
10.1109/MMBIA.2012.6164738
10.1109/MMBIA.2012.6164738
https://doi.org/10.1097/01.rct.0000228164.08968.e8
https://doi.org/10.1097/01.rct.0000228164.08968.e8
https://doi.org/10.1007/s10278-012-9488-0
https://doi.org/10.1007/s10278-012-9488-0
https://doi.org/10.2196/medinform.4923
https://doi.org/10.2196/medinform.4923
10.1117/12.878017
10.1117/12.2254139
https://doi.org/10.1088/0031-9155/51/13/R13
https://doi.org/10.1088/0031-9155/51/13/R13
https://doi.org/10.1016/j.jocd.2015.11.001
https://doi.org/10.1016/j.jocd.2015.11.001
https://doi.org/10.7326/0003-4819-158-8-201304160-00003
https://doi.org/10.7326/0003-4819-158-8-201304160-00003
https://doi.org/10.1007/s00330-014-3584-0
https://doi.org/10.1007/s00330-014-3584-0
https://doi.org/10.1007/s00198-016-3804-3
https://doi.org/10.1007/s00198-016-3804-3
https://doi.org/10.2214/AJR.17.17820
https://doi.org/10.2214/AJR.17.17820
https://doi.org/10.1148/radiol.2015141984
https://doi.org/10.1148/radiol.2015141984
https://doi.org/10.1007/s12018-017-9235-7
https://doi.org/10.1007/s12018-017-9235-7
10.1117/12.878063

