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Abstract

Background

Visceral adiposity is a risk factor for many chronic diseases. Existing methods to quantify
visceral adipose tissue volume using computed tomographic (CT) images often use a single
slice, are manual, and are time consuming, making them impractical for large population
studies. We developed and validated a method to accurately, rapidly, and robustly measure
visceral adipose tissue volume using CT images.

Methods

In-house software, Medical Executable for the Efficient and Robust Quantification of Adi-
pose Tissue (MEERQAT), was developed to calculate visceral adipose tissue volume using
a series of CT images within a manually identified region of interest. To distinguish visceral
and subcutaneous adipose tissue, ellipses are drawn through the rectus abdominis and
transverse abdominis using manual and automatic processes. Visceral and subcutaneous
adipose tissue volumes are calculated by counting the numbers of voxels corresponding to
adipose tissue in the region of interest. MEERQAT’s ellipse interpolation method was vali-
dated by comparing visceral adipose volume from 10 patients’ CT scans with corresponding
results from manually delineated scans. Accuracy of visceral adipose quantification was
tested using a phantom consisting of animal fat and tissues. Robustness of the method was
tested by determining intra-observer and inter-observer coefficients of variation (CV).
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Results

The mean difference in visceral adipose tissue volume between manual and elliptical delin-
eation methods was -0.54 + 4.81%. In the phantom, our measurement differed from the
known adipose volume by < 7.5% for all scanning parameters. Mean inter-observer CV for
visceral adipose tissue volume was 0.085, and mean intra-observer CV for visceral adipose
tissue volume was 0.059.

Conclusions

We have developed and validated a robust method of accurately and quickly determining
visceral adipose tissue volume in any defined region of interest using CT imaging.

Introduction

Excess visceral adipose tissue increases the risk of diabetes, cardiovascular disease, and several
types of cancer [1-4]. A method to reliably and rapidly measure visceral adipose tissue volume
may provide important prognostic information and be of use within both clinical and research
settings. Historically, visceral adiposity is estimated using anthropometric methods that mea-
sure total abdominal adiposity, such as waist circumference and sagittal abdominal diameter
[5]. Anthropometric methods are unable to directly measure visceral adipose tissue (VAT) vol-
ume, nor can they distinguish between VAT and subcutaneous adipose tissue (SAT) volume
[6]. For VAT and SAT to be quantified independently, volumetric imaging methods such as
magnetic resonance imaging (MRI) and computed tomography (CT) must be used; however,
current MRI- and CT-based methods are not without limitations.

While a benefit of MRI includes the use of nonionizing radiation, a limitation is that it
requires long acquisition times, making it prone to motion artifacts. Further, MRI is a very
expensive procedure and is not accessible to a large segment of the population. Regarding CT,
most methods examine a single axial CT slice at the umbilical level to estimate VAT and SAT
volumes using two-dimensional measurements [7, 8]. A limitation of using single-slice mea-
surements to estimate volume is that they can be greatly affected by bowel contents, especially
when large amounts of gas are present in the small and large intestines [9]. Researchers have
shown that planimetric estimates yield significantly different SAT volume to VAT volume
ratios than volumetric measurements [10, 11]. Furthermore, separation of VAT, SAT, and
other organs using CT analysis is typically a manual process requiring many man-hours [10,
12]. As a result, existing approaches to quantifying VAT with CT do not use volumetric meth-
ods when large numbers of patients are analyzed.

Although CT scans expose patients to ionizing radiation, as compared to MRI, CT scans
may be performed in less time with fewer image artifacts, are less expensive, and are more
widely used. Therefore, the use of CT to measure VAT volume may be more promising than
the use of MRI. Thus, the purpose of the present investigation was to develop a volumetric
method and software program to accurately and rapidly calculate VAT and SAT volume in
any defined region of interest using an abdominal CT scan. Accordingly, we improved upon
current CT-based methods of VAT and SAT volume calculation by minimizing manual inter-
action, automating and streamlining the process, and accurately calculating adipose volumes.
Furthermore, we used a tissue phantom in order to validate the Hounsfield Unit (HU) range
for identifying adipose tissue (-190 to -30 HU).
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Materials and methods
Patient cohort

A retrospective review of abdominal CT images from 10 patients was conducted. All patients
were women between the ages of 45 and 85 years (mean BMI 23.8 + 7.7 kg/m?, BMI range:
14.6-36.9 kg/m?) with stage II-IV ovarian cancer treated between 2000 and 2010. All CT
images were acquired using a GE Lightspeed CT scanner (General Electronics Healthcare, Mil-
waukee, WI), with a tube voltage of 120 kilovoltage peak (kVp) and a field of view (FOV) of 50
cm. Tube current varied between 265 milliamperage (mA) and 300 mA, and slice thickness
was either 2.5 mm or 5 mm. Patients were selected on the basis of their body mass index
(BMI). Five patients with BMI < 25 kg/m” were considered “lean” and the other five patients
with BMI > 30 kg/m” were considered “obese.” The robustness of our method was tested by
selecting patients at both extremes. The protocol for the present investigation was approved by
the University of Texas M.D. Anderson Cancer Center Institutional Review Board.

In-house adipose volume calculation program

MATLAB™ (Mathworks, Natick, MA) was used to create an in-house program, Medical Exe-
cutable for the Efficient and Robust Quantification of Adipose Tissue (MEERQAT), to calcu-
late adipose volume. For each patient’s abdominal CT scan, the CT images were imported into
MEERQAT as a series of DICOM images. The images were then reconstructed into a three-
dimensional volume and displayed in the axial, coronal, and sagittal viewing planes (Fig 1). To
limit the analysis in MEERQAT to a specific area, the user can manually define the upper and
lower boundaries to a region of interest (ROI). Because this study is focused on abdominal adi-
pose tissue, the upper and lower boundaries of the ROI were defined from the bottom of the
diaphragm to the superior aspect of the femoral heads.

Next, the user must delineate a structure to separate VAT and SAT. To accomplish this
task, elliptical contours were shaped inside the rectus abdominis and transverse abdominis
extending posteriorly to the vertebral body so that VAT was contained within the ellipse and
SAT was outside the ellipse (Fig 2a). The ellipses were only drawn on the upper, middle, and
lower quartiles, and the top and bottom slices of the ROI. During this process, the optimal
location and size of the ellipse to separate VAT and SAT was determined. The program then
linearly interpolated these contours for the remainder of the slices, effectively separating the
three-dimensional ROI into two regions: the area enclosed by the ellipse contained the abdom-
inal cavity, which included VAT and organs; the area outside of the ellipse contained SAT,
skin, the CT couch, and air outside of the patient.

Finally, in accordance with established methods, the program calculated total adipose tissue
volume by automatically counting the number of voxels between -190 and -30 Hounsfield
units (HU) and multiplying this total by the volume of each voxel. The HU ranges were chosen
according to the standard of practice [7, 13-16]. Because the visceral and subcutaneous regions
were separated, the program was able to calculate VAT volume and SAT volume independently.

Elliptical interpolation versus manual delineation

To evaluate our method of separating VAT and SAT using ellipses, we calculated VAT volume
and SAT volume for the 10 patients using ellipse interpolation (our method) and manual delinea-
tion. Manual delineation was performed by drawing two contours on every slice using contour-
ing tools available in Pinnacle® Treatment Planning Software for Radiation Therapy (Philips
Healthcare, Andover, MA). The shape of these contours could be arbitrary because they were not
required to conform to any designated shape. The outer contour traced the skin of the patient
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Fig 1. Graphic interface of MEERQAT. Axial, coronal, and sagittal views of the computed tomography (CT) image series are displayed on
the left. Ellipses are drawn on axial slices (blue line), and interpolated ellipses are visible on the coronal and sagittal displays. Visceral and
subcutaneous adipose tissue volumes are shown on the right, along with a plot of visceral adipose tissue volume per slice.

https://doi.org/10.1371/journal.pone.0183515.9001

and the inner contour traced the outer margin of the peritoneal contents (Fig 2b). The region
inside the inner contour contained VAT and the region between the two contours contained
SAT. Our ellipse interpolation method was performed as described in the previous section. VAT
volume was then calculated for each patient using the two contouring methods and by counting
voxels between -190 and -30 HU. Differences between the two methods were quantified.

Validation of volume calculation

As stated previously, current methods quantify adipose tissue by setting a voxel threshold
between -190 and -30 HU. In order to quantify the accuracy of our method, we wanted to
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Fig 2. Contouring methods for the separation of subcutaneous and visceral adipose tissue. (a) In MEERQAT (our program), elliptical
contours, shown in blue, were used to divide VAT and SAT regions within each slice. (b) In Pinnacle® (typical program used to delineate VAT
and SAT regions), two manual contours, shown in red and green, were drawn on each slice to separate the VAT region from the SAT region.

https://doi.org/10.1371/journal.pone.0183515.9002

validate the current standard by creating a phantom that closely mimicked human visceral
contents. The use of a tissue phantom provided the ground truth of exactly how much adipose
tissue was within. The accuracy of the fixed HU threshold was determined by comparing the
known volume to the calculated adipose volume from CT images and MEERQAT. To con-
struct a realistic phantom, the following was used: fresh pig belly fat, pig liver, pig heart,
chicken drumsticks (containing muscle and bone), and water. It was especially crucial to
obtain fresh animal fat because adipose tissue consistency changes irreversibly once it is cooled
to refrigeration temperature, at which point it is no longer comparable to human adipose tis-
sue. The ingredients were then mixed together in a 1.9 liter plastic container and imaged using
a GE Discovery CT Scanner (General Electronics Healthcare, Milwaukee, WI).

To establish a ground truth, the volume of belly fat was measured using a water displace-
ment method prior to mixing. To test the accuracy of our method under different CT scanning
parameters, a variety of scanning protocols was used. Tube voltage, current, slice thickness,
and reconstruction field of view (FOV) were altered individually for each scan. The baseline
CT scan of the phantom was taken at 120 kVp and 150 mA, with 2.5-mm slice thickness and
50-cm FOV. Variations included changing the tube voltage to 80 kVp, reducing the current to
50 mA, reducing the slice thickness to 1.25 mm, and increasing the FOV to 65 cm. MEERQAT
was used to calculate the total adipose volume for each scanning protocol.

Robustness testing and speed

Three independent users performed VAT volume and SAT volume calculations using images
from the 10 patients and MEERQAT to test for robustness. For three of the 10 patients, each
user calculated VAT volume and SAT volume five times to test intra-observer variation. To
test inter-observer variation, each user calculated VAT volume a single time on the seven
remaining patients. Intra-observer and inter-observer variations were determined by calculat-
ing the coefficient of variation (CV).
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To determine the average time required for a user to calculate the VAT volume of a single
patient using MEERQAT, each user completed all intra-observer and inter-observer variation
tests in one sitting with a stopwatch. The average time required to evaluate one patient was
determined by dividing the total time by 23 (15 from intra-observer variation tests and 7 from
inter-observer variation tests).

Results
Validation of elliptical contours

The manual delineation method required approximately 15 minutes per patient, on average,
to determine VAT volume. In contrast, the ellipse interpolation method in MEERQAT,
required about 2.5 minutes per patient; this time includes the entire process: importation of
CT images, definition of the RO], ellipse delineation, and calculation of VAT and SAT vol-
umes. The mean difference (mean * standard deviation) between VAT volume obtained from
elliptical contours and VAT volume obtained from manual delineation for all patients was
-0.54 + 4.81% (Table 1). For 9 out of 10 patients, this difference was less than 5%. Separating
the patients by BMI, the mean differences were -3.0 + 4.7% for lean patients and 1.9 + 3.9% for
obese patients (S1 Data).

Validation of volume calculation using the phantom

The absolute volume of adipose tissue in the phantom was 1300 cm”. The phantom contained
an HU distribution that was narrower than that of an obese human (Fig 3). Using the images
obtained from the baseline CT scanning protocol of 120 kVp, 150 mA, 2.5-mm slice thickness,
and 50-cm FOV, the difference in calculated adipose volume from the ground truth was 5.8%.
Decreasing the tube voltage decreased accuracy, and decreasing the slice thickness or FOV
increased accuracy (Table 2) (S1 Data).

Robustness of the ellipse interpolation method

The mean intra-observer CVs were 0.059 for VAT volume and 0.021 for SAT volume
(Table 3). The mean inter-observer CVs were 0.085 for VAT volume and 0.042 for SAT vol-
ume (Table 4) (S1 Data).

Discussion and conclusion

The present investigation created and validated a method (ellipse interpolation) and software
program (MEERQAT) that accurately and quickly measures VAT volume using a series of
abdominal CT images. MEERQAT'’s ellipse interpolation method sacrificed accuracy by less
than 5% in most patients, thereby validating the use of ellipse interpolation within the MEER-
QAT program. With a calculation speed of 2.5 minutes per patient and an average volume dif-
ference of 0.5% from manual delineation, this method constitutes a substantial improvement
over existing approaches. While the ellipse interpolation method yielded a smaller mean per-
cent difference among obese patients compared to lean patients, this may be due to the fact
that percent errors in VAT volume measurement are magnified in patients with smaller total
VAT volume.

This is the first study, to our knowledge, to use a tissue phantom in order to validate the use
of the -190 to -30 HU range, which is the current standard of practice. MEERQAT calculated
adipose volumes within 5-8% of the ground truth depending on the scanning parameters
used. We hypothesize that the error range exceeded 5% due to the extreme difficulty of creat-
ing a phantom that imitates exact human anatomy. Our phantom consisted of a mixture of
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Table 1. VAT volume from elliptical interpolation & manual delineation.

Patient
Lean

1

2

9
10
Mean
Standard deviation

Manual delineation (cm?)

270.8
299.9
1278.9
840.7
1385.3

6110.7
4285.6
3470.8
3649.4
3586.0

VAT = visceral adipose tissue.

https://doi.org/10.1371/journal.pone.0183515.t001

Ellipse interpolation (cm?)

261.5
312.8
1220.2
769.3
1345.4

6042.7
4438.3
3523.2
3579.5
3861.7

Absolute difference (cm®)

-9.30
12.90
-58.70
-71.40
-39.90

-68.00
152.70

52.40
-69.90
275.70

17.65
114.92

Percent difference

-3.43

4.30
-4.59
-8.49
-2.88

-1.11
3.56
1.51

-1.92
7.69

-0.54
4.81

heterogeneous tissues that resulted in a much narrower HU distribution than that of a human
patient. As a result, the narrow HU distribution of the phantom requires a smaller HU range
to determine the adipose volume. Because we used a HU range designed for patients (-190 to
-30 HU), our measured volume slightly exceeded the ground truth. Additionally, scans with
smaller slice thickness and smaller FOV produced more accurate results, which is expected
because decreasing the slice thickness or the FOV decreases the physical volume of each voxel,
thus reducing partial volume averaging artifacts. The largest observed deviation from the
ground truth occurred when the tube voltage was reduced to 80 kVp. Altering the tube voltage
causes the energy of the x-ray spectrum to shift; the beam becomes “softer” or “harder” with

Frequency

Phantom HU Histogram
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Adnm;e

T

T

Tissue

Hounsfield Units

a

Frequency
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05

0 Obese Patient HU Histogram

Adipose

Tissue

Hounsfield Units

b

Fig 3. Comparison between phantom and patient Hounsfield unit (HU) distribution. (a) The HU histogram of the phantom. (b) The HU
histogram of an obese patient.

https://doi.org/10.1371/journal.pone.0183515.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0183515  August 31, 2017

7/11


https://doi.org/10.1371/journal.pone.0183515.g003
https://doi.org/10.1371/journal.pone.0183515.t001
https://doi.org/10.1371/journal.pone.0183515

o @
@ : PLOS | ONE A new software program using computed tomography to measure visceral adipose volume

Table 2. Phantom scanning protocols and calculated adipose volumes.

kVp mA Slice thickness (mm) Field of view (cm) Calculated adipose volume (cm?) Percent difference
120 150 2.5 50 1375.80 5.83
80 150 25 50 1397.00 7.46
120 50 25 50 1376.20 5.86
120 150 1.25 50 1369.90 5.38
120 150 25 65 1379.20 6.09

kVp = kilovoltage peak; mA = milliamperage.

https://doi.org/10.1371/journal.pone.0183515.t002

Table 3. Intra-observer CV for VAT volume and SAT volume.

Patient CV for VAT volume CV for SAT volume
User 1 User 2 User 3 All users User 1 User 2 User 3 All users
1 0.031 0.055 0.351 0.013 0.028 0.082
2 0.007 0.021 0.018 0.003 0.019 0.019
3 0.009 0.015 0.024 0.009 0.007 0.01
Mean 0.059 0.021

CV = coefficient of variation, VAT = visceral adipose tissue, SAT = subcutaneous adipose tissue.

https://doi.org/10.1371/journal.pone.0183515.t003

decreasing or increasing kVp respectively, and thus will attenuate differently going through
the same tissue.

In comparison to previous research, there are a limited number of automated methods
proposed to quantify adipose tissue. Among the methods suggested by Chung and colleagues
[17], Makrogiannis and colleagues [18], and Zhao and colleagues [19], all groups used a sin-
gle CT slice, making their estimations susceptible to the previously discussed shortcomings
of two-dimensional approaches. To our knowledge, only two other investigations have devel-
oped volumetric CT-based methods. Similar to our program, Ohshima and colleagues [20]
and Nemoto and colleagues [21] included an automated volumetric CT-based method that
utilized the range of -190 to -30 HU to identify adipose tissue. In contrast to the present
investigation, Ohshima and colleagues [20] did not compare their automated approach to

Table 4. Inter-observer CV for VAT volume and SAT volume.

Patient VAT volume SAT volume
1 0.177 0.050
2 0.137 0.030
3 0.108 0.012
4 0.118 0.064
5 0.036 0.031
6 0.060 0.061
7 0.113 0.052
8 0.036 0.058
9 0.026 0.037
10 0.038 0.027
Mean 0.085 0.042

CV = coefficient of variation, VAT = visceral adipose tissue, SAT = subcutaneous adipose tissue.

https://doi.org/10.1371/journal.pone.0183515.t1004
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manual delineation, thus preventing any assessment of the accuracy of their method. Fur-
thermore, they did not assess intra- and inter-observer variations or provide the speed of
their calculation method, suggesting that their approach is case-specific and may not be gen-
eralizable [20]. Meanwhile, the approach developed by Nemoto and colleagues [21] resulted
in a 4.25% average error rate in VAT volume compared to manual delineation, whereas our
program demonstrated an analogous error rate of approximately 0.5%. The automated
approach proposed by Nemoto and colleagues [21] requires more than 4-minutes of calcula-
tion time per patient, as compared to only 2.5-minutes with our program. Lastly, their
approach is prone to overestimation of VAT volume due to the inclusion of adipose tissue
between layers of the abdominal musculature [21]. In MEERQAT, ellipses can be drawn on
the inner surface of the abdominal musculature in order to avoid counting intramuscular fat
as VAT.

Strengths of the present investigation include: use of an automated and volumetric method
to quantify visceral and subcutaneous adipose tissue; development of an intuitive user-friendly
software program to assess adipose tissue volume; comparison of our new approach with a
manual delineation control to determine the accuracy of our method; comparison of measure-
ments between different users to demonstrate the robustness of our method; and validation of
the standard HU range corresponding to adipose tissue. Nevertheless, this investigation is not
without limitations, which include a small sample size of patients within the comparison analy-
ses and the use of only females. Future research should consider testing this method and soft-
ware program among a larger sample, inclusion of men, and inclusion of overweight men and
women (BMI 25-30 kg/mz).

In conclusion, findings from the present investigation provide an accurate, rapid, and
reproducible method to measure abdominal VAT volume that provides substantial improve-
ments over comparable approaches. MEERQAT’s accuracy (percent error of 0.5%) is a whole
order of magnitude smaller than existing methods, and is accurate for female patients with a
BMI range from 14.6 to 36.9kg/m”. A quick and accurate method of measuring VAT volume
may not only provide physicians with important prognostic information about individual
patients, but also allows researchers to analyze large volumes of patients to discover new rela-
tionships between VAT volume and disease.
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(XLSX)

Acknowledgments

The authors would like to acknowledge Erica Goodoff from the Department of Scientific Pub-
lications at M.D. Anderson Cancer Center for reviewing the manuscript. The authors would
also like to specially thank Gerardo Garza for providing the fresh animal parts for this study.
We would also like to thank the National Cancer Institute of the National Institutes of Health
Award Number R25CA057730 (PI: Shine Chang, PhD) for providing support for AMC.

Author Contributions

Conceptualization: Aaroh M. Parikh, Adriana M. Coletta, Z. Henry Yu, Ann H. Klopp.
Data curation: Aaroh M. Parikh, Z. Henry Yu.

Formal analysis: Aaroh M. Parikh, Z. Henry Yu, Joey P. Cheung.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183515  August 31, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183515.s001
https://doi.org/10.1371/journal.pone.0183515

@° PLOS | ONE

A new software program using computed tomography to measure visceral adipose volume

Investigation: Aaroh M. Parikh.

Methodology: Aaroh M. Parikh, Z. Henry Yu, Gaiane M. Rauch, Joey P. Cheung.
Project administration: Aaroh M. Parikh.

Resources: Laurence E. Court, Ann H. Klopp.

Software: Aaroh M. Parikh.

Supervision: Aaroh M. Parikh, Laurence E. Court, Ann H. Klopp.

Validation: Aaroh M. Parikh.

Visualization: Aaroh M. Parikh.

Writing - original draft: Aaroh M. Parikh.

Writing - review & editing: Aaroh M. Parikh, Adriana M. Coletta.

References

1. Poirier P, Lemieux |, Mauriege P, Dewailly E, Blanchet C, Bergeron J, et al. Impact of waist circumfer-
ence on the relationship between blood pressure and insulin: the Quebec Health Survey. Hypertension
2005; 45:363—7. https://doi.org/10.1161/01.HYP.0000155463.90018.dc PMID: 15668356

2. Prizement A, Flood A, Anderson K, Folsom A. Survival of women with colon cancer in relation to precan-
cer anthropometric characteristics: the lowa Women'’s Health Study. Cancer Epidemiol Biomarkers
Prev 2010; 19:2229-37. https://doi.org/10.1158/1055-9965.EPI-10-0522 PMID: 20826830

3. SchmandtR, Iglesias D, Co N, Lu K. Understanding obesity and endometrial cancer risk: opportunities
for prevention. Am J Obstet Gynecol 2011; 205:518-25. https://doi.org/10.1016/j.ajog.2011.05.042
PMID: 21802066

4. Arsenault B, Rana J, Lemieux |, Despres JP, Kastelein JJ, Boekholdt SM, Wareham NJ, et al. Physical
inactivity, abdominal obesity and risk of coronary heart disease in apparently healthy men and women.
Int J Obes 2010; 34:340-7.

5. Shuster A, Patlas M, Pinthus J, Mourtzakis M. The clinical importance of visceral adiposity: a critical
review of methods for visceral adipose tissue analysis. Br J Radiol 2012; 85:1-10. https://doi.org/10.
1259/bjr/38447238 PMID: 21937614

6. Molarius A, Seidell J. Selection of anthropometric indicators for classification of abdominal fatness—a
critical review. Int J Obes Relat Metab Disord 1998; 22:719-27. PMID: 9725630

7. Yoshikawa K, Shimada M, Kurita N, Iwata T, Nishioka M, Morimoto S, et al. Visceral fat area is superior
to body mass index as a predictive factor for risk with laparoscopy-assisted gastrectomy for gastric can-
cer. Surg Endosc 2011; 25:3825-30. https://doi.org/10.1007/s00464-011-1798-7 PMID: 21688079

8. Yoshizumi T, Nakamura T, Yamane M, Islam AH, Menju M, Yamasaki K, et al. Abdominal fat: standard-
ized technique for measurement at CT. Radiology 1999; 211:283-6. https://doi.org/10.1148/radiology.
211.1.r99ap15283 PMID: 10189485

9. NgA, WaiD, Tai E, Ng K, Chan L. Visceral adipose tissue, but not waist circumference is a better mea-
sure of metabolic risk in Singaporean Chinese and Indian men. Nutr Diabetes 2012; 2:e38. https://doi.
org/10.1038/nutd.2012.12 PMID: 23448802

10. Irlbeck T, Massaro J, Bamberg F, O’'Donnell C, Hoffmann U, Fox C. Association between single-slice
measurements of visceral and abdominal subcutaneous adipose tissue with volumetric measurements:
the Framingham Heart Study. Int J Obes 2010; 34:781-7.

11. Maurovich-Horvat P, Massaro J, Fox C, Moselewski F, O’'Donnell C, Hoffmann U. Comparison of

anthropometric, area- and volume-based assessment of abdominal subcutaneous and visceral adipose
tissue volumes using multi-detector computed tomography. Int J Obes 2007; 31:500-6.

12. Demerath E, Ritter K, Couch W, Rogers NL, Moreno GM, Choh A, et al. Validity of a new automated
software program for visceral adipose tissue estimation. Int J Obes 2007; 31:285-91.

13. Irving B, Weltman J, Brock D, Davis C, Gaesser G, Weltman A. NIH ImagedJ and Slice-O-Matic Com-
puted Tomography Imaging Software to Quantify Soft Tissue. Obes Silver Spring 2007; 15:370-6.

14. Guiu B, Petit J, Bonnetain F, Ladoire S, Guiu S, Cercueil J, et al. Visceral fat area is an independent pre-
dictive biomarker of outcome after first-line bevacizumab-based treatment in metastatic colorectal can-
cer. Gut 2009; 59:341-7. https://doi.org/10.1136/gut.2009.188946 PMID: 19837679

PLOS ONE | https://doi.org/10.1371/journal.pone.0183515  August 31, 2017 10/11


https://doi.org/10.1161/01.HYP.0000155463.90018.dc
http://www.ncbi.nlm.nih.gov/pubmed/15668356
https://doi.org/10.1158/1055-9965.EPI-10-0522
http://www.ncbi.nlm.nih.gov/pubmed/20826830
https://doi.org/10.1016/j.ajog.2011.05.042
http://www.ncbi.nlm.nih.gov/pubmed/21802066
https://doi.org/10.1259/bjr/38447238
https://doi.org/10.1259/bjr/38447238
http://www.ncbi.nlm.nih.gov/pubmed/21937614
http://www.ncbi.nlm.nih.gov/pubmed/9725630
https://doi.org/10.1007/s00464-011-1798-7
http://www.ncbi.nlm.nih.gov/pubmed/21688079
https://doi.org/10.1148/radiology.211.1.r99ap15283
https://doi.org/10.1148/radiology.211.1.r99ap15283
http://www.ncbi.nlm.nih.gov/pubmed/10189485
https://doi.org/10.1038/nutd.2012.12
https://doi.org/10.1038/nutd.2012.12
http://www.ncbi.nlm.nih.gov/pubmed/23448802
https://doi.org/10.1136/gut.2009.188946
http://www.ncbi.nlm.nih.gov/pubmed/19837679
https://doi.org/10.1371/journal.pone.0183515

@° PLOS | ONE

A new software program using computed tomography to measure visceral adipose volume

15.

16.

17.

18.

19.

20.

21,

Awad S, Tan B, Cui H, Bhalla A, Fearon KC, Parsons SL, et al. Marked changes in body composition
following neoadjuvant chemotherapy for oesophagogastric cancer. Clin Nutr 2012; 31:74—7. https://doi.
org/10.1016/j.cinu.2011.08.008 PMID: 21875767

Ladoire S, Bonnetain F, Gauthier M, Zanetta S, Petit JM, Guiu S, et al. Visceral fat area as a new inde-
pendent predictive factor of surivval in patients with metastatic renal cell carcinoma treated with antian-
giogenic agents. The Oncologist 2011; 16:71-81.

Chung H, Cobzas D, Lieffers J, Birdsell L, Baracos V. Automated segmentation of muscle and adipose
tissue on CT images for human body composition analysis. Proc SPIE. 2009: 7261.

Makrogiannis S, Caturegli G, Davatzikos C, Ferrucci L. Computer-aided assessment of regional
abdominal fat with food residue removal in CT. Acad Radiol. 2013; 20:1413-21. https://doi.org/10.1016/
j.acra.2013.08.007 PMID: 24119354

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. https://
doi.org/10.1097/01.rct.0000228164.08968.e8 PMID: 16954927

Ohshima S, Yamamoto S, Yamaji T, Suzuki M, Mutoh M, Iwasaki M, et al. Development of an Auto-
mated 3D Segmentation Program for Volume Quantification of Body Fat Distribution Using CT. Japa-
nese Journal of Radiological Technology. 2008; 64:1177-81. PMID: 18840956

Nemoto M, Yeernuer T, Masutani Y, Nomura Y, Hanaoka S, Miki S, et al. Development of automatic vis-
ceral fat volume calculation software for CT volume data. J Obes. 2014;Article ID 495084.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183515  August 31, 2017 11/11


https://doi.org/10.1016/j.clnu.2011.08.008
https://doi.org/10.1016/j.clnu.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21875767
https://doi.org/10.1016/j.acra.2013.08.007
https://doi.org/10.1016/j.acra.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24119354
https://doi.org/10.1097/01.rct.0000228164.08968.e8
https://doi.org/10.1097/01.rct.0000228164.08968.e8
http://www.ncbi.nlm.nih.gov/pubmed/16954927
http://www.ncbi.nlm.nih.gov/pubmed/18840956
https://doi.org/10.1371/journal.pone.0183515

