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Quantification of human body fat tissue
percentage by MRI
Hans-Peter Müllera*, Florian Raudiesb, Alexander Unratha,
Heiko Neumannb, Albert C. Ludolpha and Jan Kassubeka
The MRI-based evaluation of the quantity and region
NMR Biom
al distribution of adipose tissue is one objective measure in the
investigation of obesity. The aim of this article was to report a comprehensive and automatic analytical method for the
determination of the volumes of subcutaneous fat tissue (SFT) and visceral fat tissue (VFT) in either the whole human
body or selected slices or regions of interest. Using anMRI protocol in an examination position that was convenient for
volunteers and patients with severe diseases, 22 healthy subjects were examined. The software platform was able to
merge MRI scans of several body regions acquired in separate acquisitions. Through a cascade of image processing
steps, SFT and VFT volumes were calculated. Whole-body SFT and VFT distributions, as well as fat distributions of
defined body slices, were analysed in detail. Complete three-dimensional datasets were analysed in a reproducible
manner with as few operator-dependent interventions as possible. In order to determine the SFT volume, the ARTIS
(Adapted Rendering for Tissue Intensity Segmentation) algorithm was introduced. The advantage of the ARTIS
algorithm was the delineation of SFT volumes in regions in which standard region grow techniques fail. Using the
ARTIS algorithm, an automatic SFT volume detection was feasible. MRI data analysis was able to determine SFT and
VFT volume percentages using new analytical strategies. With the techniques described, it was possible to detect
changes in SFT and VFT percentages of the whole body and selected regions. The techniques presented in this study
are likely to be of use in obesity-related investigations, as well as in the examination of longitudinal changes in weight
during various medical conditions. Copyright � 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Interest has been increasing in the investigation of body fat
distribution following the complications of obesity from the
1980s onwards. The accumulation of body fat in the abdominal
area has been reported in various diseases commonly associated
with obesity (1–4). However, the quantification of body fat and
its distribution is particularly difficult (5). Sufficient accuracy
has been achieved using techniques such as ultrasound or the
measurement of skin-fold thickness by callipers (6–10). These
measurements provide a simple and useful estimation of the
proportion of abdominal fat (11), but are unable to distinguish
between visceral fat tissue (VFT) and abdominal subcutaneous
fat tissue (SFT). However, internal adipose tissue compartments
are difficult to measure accurately. There is evidence that
mainly VFT, which is morphologically and functionally different
from SFT, is associated with insulin resistance, hyperinsulinaemia,
dyslipidaemia and hypertension (12).
Beginning in the 1990s, advances in computed tomography

(8,13,14) and MRI (15–17) allowed for new possibilities in the
investigation of subcutaneous, intraperitoneal and visceral
adipose tissue components (5). These imaging techniques
enabled VFT and SFT to be distinguished in each recorded slice
(12). The accuracy of both modalities has been validated against
autopsy in humans (5). Nevertheless, because of the inherent
drawback of exposure to ionising radiation for volunteers in
computed tomography, MRI is the preferred technique (18,19). In
addition to these techniques, recent fat-related studies concern-
ed. 2011; 24: 17–24 Copyright � 2010 Jo
ing the presence and functionality of brown adipose tissue have
been the topic of research with positron emission tomography
(20–22).
Among the spectrum of MRI-based techniques, T1-weighted

imaging (spin-echo as well as gradient-echo) (18,19) has been
proven to show ‘bright’ fat because of its reduced relaxation
time: T1 of fat is about 300ms versus approximately 1000ms of
most water-containing tissues (23).
Several studies have correlated the results from MRI fat

distribution analysis with medical indices, e.g. cardiovascular risk
factors (24) and diabetes (25), and have made comparisons with
other methods of estimation of total and intra-abdominal fat
distribution, e.g. Siegel et al. (26).
None of these studies has made use of whole-body MRI scans

to achieve these results. The first results not arising merely from
hn Wiley & Sons, Ltd.
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Figure 1. Merging of separately recorded volumes (each consisting of 36

slices) to one contiguous whole-body volume. In order to avoid gaps, an

overlap between two subsequently recorded volumes was defined (data

from a 64-year-old male volunteer, subject 1).
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an analysis of the amount of adipose tissue, but from a detailed
analysis of whole-body topography, were published in 2005 by
Machann et al. (12). Recent MRI studies have dealt with the
assessment of abdominal adipose tissue (27), automated
segmentation of VFT and SFT (28,29), and segmentation of
intermuscular adipose tissue (30), as well as with pre-processing
techniques, e.g. the automatic correction of inhomogeneities in
intensity (31).
Inspired by these investigations, an MRI protocol was set up

which uses an examination position convenient for volunteers
and patients with severe medical conditions. A new software
platform was developed that was able to merge MRI scans of
several body regions from separate acquisitions. The software
was set up to analyse whole-body fat distributions, as well as
fat distributions of single body regions or slices of interest.
The novelty of this work is that complete three-dimensional
datasets, as well as defined body parts, can be analysed in
a reproducible manner with as few operator interventions as
possible.
METHODS

Scanning protocol

MRI data were acquired on a 1.5 T scanner (Symphony, Siemens
Medical, Erlangen, Germany). The bore size was 60 cm, horizontal.
A quantum gradient system with a gradient field strength up to
30 mT/m (52 mT/m effective) was available with a slew rate of up
to 125 T/m/s (216 T/m/s effective).
The whole-body MRI scan was recorded by the acquisition of

six to eight T1-weighted volumes (standard T1-weighted turbo
spin-echo sequence), each consisting of 36 two-dimensional
slices (slice thickness, 5mm; 1mm gap). The in-plane resolution
was 1.8mm� 1.3mm (206� 384 voxels); 206 phase-encoding
steps were used and the phase-encoding direction was anterior
to posterior. The flip angle was 1608, the repetition time was
476ms and the time to echo was 12ms. The acquisition time for
one volume was 4.5min, resulting in a total acquisition time
between 27 and 36min. To confirm that no gap was left between
the consecutive volumes, an overlap of about 6–18mm (see
‘Registration – merging of the single volumes’) was chosen
between the volumes, so that a total area of at least 120 cm was
scanned.

Subject population

Twenty healthy volunteers (male to female ratio, 10: 10; average
age, 66.2� 8.2 years for men and 66.5� 7.4 years for women)
underwent the MRI scanning protocol. In addition, in order to test
the reproducibility of the scanning and analysis results, one male
(25 years) and one female (22 years) volunteer were scanned at
three consecutive days within 1 week.
RESULTS

Data pre-processing and analysis were performed by the
inhouse-developed software package ATLAS (Automatic Tissue
Labelling Analysis Software). For fat percentage determination,
the abdominal region between the abdomen above the
diaphragm and the thigh, covering about 65 cm depending on
the subject’s height (range, 56–72 cm), was selected.
View this article online at wileyonlinelibrary.com Copyright �
Registration – merging of the single volumes

Each of the single recorded three-dimensional volumes covered
a body section of about 22 cm. Depending on the subject’s
height, six to eight volumes of this size were recorded.
In between two consecutively recorded three-dimensional
volumes, an overlap of between 6 and 18mm (one to three
slices) allowed the application of a conjugated simplex fitting
method with three degrees of freedom (x, y, z translational shift)
(32). In this way, one contiguous body volume was merged
(Fig. 1). The intensity of a voxel at position~x in themerged volume
was defined by:

Ið~xÞ ¼ Ijð~v þ~tjÞ [1]

where Ijð~v þ~tjÞ is the corresponding intensity at position ~v in
volume j shifted by the translation vector~tj. The translation vector
~tj was determined by the fitting procedure for two subsequent
volumes. As~tj did not usually fit exactly the slice dimension of
6mm, linear nearest-neighbour interpolation was used for Ið~xÞ
of themerged volume. In the overlapping regions, the intensity of
the merged volume was calculated by linear nearest-neighbour
interpolation of the intensities of the two overlapping volumes. If
a scanner is used which contains the geometrical position
information, no overlap recording is needed. Simple transforma-
tion solves the merging problem. Prior to subsequent analysis,
the data were supersampled to isotropic voxels with a size of
1.2� 1.2� 1.2mm3.

Intensity homogenisation

In cases in which magnetic field or gradient inhomogeneities or
distortions might cause image inhomogeneities over the large
scanning area (Fig. 2a, left), an interactive repair functionality was
used in order to correct the distortions and prepare the dataset
for further data operations. The algorithm increases the image
intensity by a factor of 1.2 in operator-selected three-dimensional
regions, where the shape of the processed region could be
chosen depending on the size and shape of the distortion. An
example is shown in Fig. 2a (right).
2010 John Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 17–24



Figure 2. (a) Image pre-processing – axial views. Images before (left) and after (right) correction for inhomogeneities – the data are thresholded in light
blue for better visualisation. (b) A comparison between the input volume and the volume homogenised by diffusion filtering with 20 iterations (coronal,

sagittal, axial views, see text for further details) (data from a 64-year-old male volunteer, subject 1).
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Diffusion filtering of volumetric data

Diffusion filtering is motivated by the physical process of heat
transfer through different tissues and the boundaries between
them. There is a twofold analogy in image processing to this
physical process: the intensity value of the voxels is the initial
activation level, or heat, with which the physical process starts
(initial value condition), and the media and their boundaries are
defined by certain structures given within the volume of voxels.
Formally, heat or activity transfer is described by (33,34):

@tu ¼ rðr � ruÞ; with u ¼ uðx*; tÞ 2 <

and r ¼ rðx*; tÞ 2 <
[2]

neglecting convection and external forces [Fick’s second law
(35)]. Here, u denotes the current activity and r the properties, i.e.
the diffusibility, of the medium. The gradient operator 5 is
defined with respect to the three spatial dimensions x, y and z.
The activity corresponding to the smoothed intensity level is
propagated using r as a local steering variable over time.
Intuitively, r defines barriers, or boundaries, to locally gate the
process of intensity diffusion. Different variants of eqn (2) can
be instantiated depending on the particular format and structure
of the diffusibility denoted in r. Here:

r ¼ 1

1þ ruk k=lð Þ2
[3]

was chosen with l ¼ 3:5=255, given an input intensity range of
[0,1]. This defines a nonlinear, isotropic and thus inhomogeneous
diffusion process, as r is a scalar function which itself is a function
of u. Together, this leads to the spatial inhomogeneity of the
diffusibility in the grid of voxels. This diffusion mechanism
enforces the condition that regions of similar intensity (low
gradient, ruk k � 0) are homogenised, whereas sharp bound-
aries of intensities still persist (high gradient, ruk k >> 0). An
example of this diffusion processing, with representative slices, is
shown in Fig. 2b. In general, diffusion processing depends on the
time over which the physical process lasts. A numerical
NMR Biomed. 2011; 24: 17–24 Copyright � 2010 John Wiley & Son
approximation of the diffusion process discretises time into
small intervals counted by iterations. With respect to post-
processing, the duration of diffusion is critical in the sense that
heat should be not fully but ‘sufficiently’ homogenised, so that
the subsequent segmentation is constant with respect to the
applied number of iterations.
The reasons for diffusion homogenisation and differences

between data before and after homogenisation are presented in
Results.
Segmentation of SFT

SFT was identified by a two-level, intensity-based threshold
algorithm indicating the voxels that could contribute to SFT. The
algorithm detected voxels within an operator-defined intensity
range, followed by an automatic identification of SFT voxels. In
order to be defined as subcutaneous, the single voxel had to
be adjacent to the body surface in a first step. In a further iterative
process, voxels that had an intensity within the intensity range
and were directly adjacent to a voxel which had already been
defined as subcutaneous were also defined as SFT. Similar
algorithms have been used by Machann et al. (12). An
improvement was achieved by the application of the ARTIS
(Adapted Rendering for Tissue Intensity Segmentation) algor-
ithm. A plane was set up perpendicular to the coronal direction;
then, for each coronal voxel row, the subject border was searched
independently. If at least three subsequent voxels had an
intensity in between the thresholds, this voxel position was
defined as a border voxel, and all voxels along the row that had an
intensity in between the thresholds were defined as SFT, until one
voxel was found outside the threshold range. This distance
(number of voxels) was defined as the SFT thickness for this voxel
row (Fig. 3a). In order to ensure that single voxel rows did not
reveal volatile or nonrealistic results, the algorithm did not work
independently for each row, but used the median values in the
two-dimensional vicinity of this voxel row for the border voxel
position, as well as for the SFT thickness for this voxel row. The
s, Ltd. View this article online at wileyonlinelibrary.com
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Figure 3. (a) Schematic illustration of the determination of the border
voxels and the thickness for one voxel row as performed using the ARTIS

(Adapted Rendering for Tissue Intensity Segmentation) algorithm. If at

least three subsequent voxels have an intensity in between the

thresholds, this voxel position is defined as a border voxel. All voxels
along the row that have an intensity in between the thresholds are

defined as subcutaneous fat tissue (SFT) as long as one voxel is not within

the threshold range. This length is defined as the SFT thickness for this
voxel row. (b) Region grow versus ARTIS algorithm. Although a region

grow algorithm works quite well, e.g. in the thigh (left), intensity bridges

lead to errors in other regions, e.g. the hip (centre). The ARTIS algorithm

overcomes these problems (right) (data from a 64-year-old male
volunteer, subject 1).
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dimension of the vicinity was defined as 20 voxels in each
dimension.
Although a region grow algorithm works quite well, e.g. in the

thigh (Fig. 3b, left), intensity bridges lead to errors in other
regions, e.g. the hip (Fig. 3b, centre). The ARTIS algorithm
Figure 4. (a) Association between the fat volume and the intensity threshold

steps of 50 intensity units and the subcutaneous fat tissue (SFT) volume, g

characteristics of the ARTIS (Adapted Rendering for Tissue Intensity Segmenta
volume was determined. Here, the second derivative equals zero (bottom pan

indicates the total body volume. The histograms show that the segmentation

first plateau (for low-intensity thresholds) indicates the total volume; the sec

filtering reduces the variability of fat determination among slices caused, for ex
juxtaposed to the histogram for nonfiltered data. (c) Stability of the diffusion p

differences could be detected (top panel), Between 10 and 20 iterations, th

View this article online at wileyonlinelibrary.com Copyright �
overcomes these problems (Fig. 3b, right). To test the stability of
the algorithms and in order to avoid errors caused by the
interactively adjusted threshold, an automatic procedure for the
determination of the intensity thresholds for the whole-body
volume, as well as for the fat volumes, was developed. The SFT
determination was performed depending on the intensity
threshold (for the data in this study, the intensity range
was 0–4095). The threshold was varied in steps of 50 units
(i.e. approximately 1% of the intensity maximum). The resulting
relationship between the threshold and the number of voxels is
displayed in Fig. 4a. The characteristics of the ARTIS algorithm
(which was optimised for subcutaneous fat determination)
revealed stability in the threshold range (at an intensity threshold
of about 1400, depending on the subject data) in which the SFT
volume was determined. Here, the second derivative equals zero
(Fig. 4a). Over an intensity threshold range of� 150 intensity
values (� 4% of the total intensity range), the SFT volume
changes by approximately� 0.6� 106 voxels, indicating an error
of less than 10%. As a side-effect, the small plateau in the
low-intensity threshold region indicates the total body volume.
The homogenisation by diffusion filtering had the advantage

that the plateaus were more pronounced and the variability
between single slices was reduced (e.g. caused by motion
artefacts, cf. Fig. 4b).
In addition, the stability of the segmentation results, derived as

a function of the number of iterations employed for the diffusion
processing, was investigated. Here, the segmentation for the
original datasets was calculated and compared against those
generated after 10 and 20 iterations of nonlinear diffusion,
respectively. Figure 4c (top panel) shows the differences for the
determined fat volume (displayed threshold intensity range,
0–1250) between the original dataset and the dataset after
10 iterations. By increasing the number of iterations, the
determination of the fat volume reached stability, indicated by
a straight line in Fig. 4b (bottom panel).
. The intensity threshold for subcutaneous fat determination was varied in

iven as the number of voxels (NOV), was determined (top panel). The

tion) algorithm revealed stability in the threshold range in which the SFT
el). As a side-effect, the small plateau in the low-intensity threshold region

method gives very similar profiles (10 and 20 iterations, respectively). The

ond plateau indicates the SFT volume. (b) Homogenisation by diffusion

ample, by motion artefacts. The bottom panel is extracted from Fig. 4 and
rocess in terms of numbers of iterations (its.). Between 0 and 10 iterations,

e results appear to be stable (bottom panel).

2010 John Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 17–24



Figure 5. Determination of the fat volume, demonstrated by data from subject 1. In representative slices (coronal, sagittal, axial view), subcutaneous fat
tissue (SFT) volume determination is indicated in red and visceral fat tissue (VFT) volume determination is indicated in green. The histogram indicates the

fat volume distribution from the thorax to the thighs in the axial direction, i.e. whole-body volume (blue), SFT volume (red) and VFT volume (green). The

yellow line indicates an axial slice between hip and abdomen (shown in the top panel).

Figure 6. Flowchart of the applied processing cascade.
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Segmentation of VFT

Abdominal VFT was also identified by an operator-defined
intensity range selecting all connected voxels with respect to
their intensity within the predefined range. Voxels that had been
identified previously as SFT were excluded for this search. The
remaining voxels were defined via a conventional region grow
algorithm, i.e. interconnected voxels with an intensity value in
between the thresholds. The result of this operation is displayed
in Fig. 5. Alternatively, all regional voxels with an intensity
corresponding to subcutaneous fat could be defined as VFT, but
the limitation with this technique was that tissues of similar
intensities that have no connection to visceral fat were also
segmented. As the processing time for the region grow algorithm
was on the order of seconds, the use of region grow techniques
was preferred.

Analysis of the volume percentage of fat of the whole body
and the abdomen

The whole-body volume was defined via the number of voxels
that were above the noise threshold. This threshold could be
interactively adjusted for each subject, defining all voxels above
the noise level as belonging to the whole-body volume. Thus, the
volume percentage of total body fat, SFT volume ratio and VFT
volume ratio could be determined.

Additional post-processing

As additional post-processing opportunities, the standard digital
image processing techniques ‘opening’ and ‘closing’ are part of
ATLAS. The closing procedure defined a voxel as subcutaneous
or visceral if at least 90% of the neighbouring voxels had already
been defined as subcutaneous or visceral. The opening
procedure worked in the same way, defining a voxel as nonfat
if at least 60% of the neighbouring voxels had already been
defined as nonfat. In the pre-processing procedure, the closing
technique was applied once after the ARTIS algorithm had been
applied.
NMR Biomed. 2011; 24: 17–24 Copyright � 2010 John Wiley & Son
All algorithms work on the whole three-dimensional
volumetric data, as well as on arbitrary two-dimensional slices
through this volume, for instance axial slices. An overview
through all steps of the applied processing cascade is shown
schematically in Fig. 6.

Reproducibility

Reproducibility was tested on the data from a healthy woman
and a healthy man. Three independent MR acquisitions were
acquired on 3 days within 1 week. The results for fat volume
determination were compared. The threshold dependence is
displayed in Fig. 7. Although the results for the male control
between the second and third acquisitions were slightly different
for the original data, after applying the diffusion algorithm,
the SFT volumes were similar (Table 1). The diffusion algorithm
showed stable results for 10 relative to 20 iterations. Never-
theless, slight differences could appear (cf. female control on
days 2 and 3). Therefore, we decided to apply 20 iteration steps in
general, in order to capture all possible variations in the data
during processing.
s, Ltd. View this article online at wileyonlinelibrary.com
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Figure 7. Dependence of the fat volume on the intensity threshold for a

male and female control at 3 days within 1 week. Displayed are the
dependences for 20 diffusion iterations.
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Analysis of healthy controls

Within the plateaus, the variation in the fat volume was on the
order of �10%. In the centre of the second plateau, in an
intensity threshold variation range of �5% (three steps of 50
intensity threshold values, i.e.�150 intensity threshold values for
the data in this study), the variation of the fat volume was on the
order of �10%. Thus, the total volume and SFT volume could
be determined in the centre of the respective plateau (where the
second derivative equals zero) with an error of �10%. The
intensity threshold value for the SFT volume could then be used
for the VFT volume determination as well. These analyses for the
original data, as well as for the data after the application of
diffusion filtering (with 10 and 20 iterations), indicated that the
histogram analysis remained stable independent of the number
of iterations.
The fat volumes for single subjects (Table 1) were calculated

from the number of voxels times the voxel size (analysis and
display voxel size was 1.2� 1.2� 1.2mm3). It should be noted
that this calculation was based on units of volume, considering
the different densities of body tissues and bones; a comparison
with units of weight could lead to different percentages.

DISCUSSION

Interest has grown in the automated detection of fat tissue
volumes from whole-body MRI. Recent studies have suggested
methods for this task (28–31). Of the techniques proposed to
determine body fat tissue percentages from whole-body MRI
View this article online at wileyonlinelibrary.com Copyright �
scans, those suggested in this study provide the ability to
reproducibly determine fat tissue with special focus on threshold
independence (stability of the results independent of the
threshold). The results are in agreement with other investigations
measuring the fat volume by MRI (24–26,36) or the percentage of
body fat by ultrasonography (37).
In the past, several MRI techniques have been proposed for the

measurement of body fat composition and for the quantification
of the fat compartments. In most studies, T1-weighted imaging
(spin- or gradient-echo) has been applied (27–31), in which fat
appears hyperintense because of its inherent shorter relaxation
time [i.e. T1 of fat is approximately 300ms in contrast with a value
of approximately 1000ms for most water-containing tissues (38)].
The composition of subcutaneous and visceral fat is very similar
(nearly identical), and it is very difficult to distinguish between the
two by chemical shift selective imaging (39) or Dixon techniques
(40), which have commonly been proposed to distinguish
between fat and water compartments. Functional differences
between visceral and subcutaneous adipocytes also seem to be
related to their anatomical location (41). Thus, with the methods
currently in use, discrimination between SFT and VFT works only
by an analysis of their regional distribution. Nevertheless, future
efforts in chemical shift imaging might result in the resolution of
visceral and subcutaneous fat differences.
The main advantage of MRI-based fat volume determination is

that parts or regions of the body can be selected to make the
determination more sensitive to fat volume changes caused by
medical conditions which affect particular parts of the body.
The ARTIS algorithm was developed to exclusively extract SFT;

a different approach has already been suggested by Positano
et al. (31). The advantage of ARTIS is that it is possible to detect
exclusively subcutaneous fat in regions in which standard region
grow techniques fail.
Whole-body MRI scans cannot exclude a lack of intensity

caused by local field inhomogeneities or subject movements.
Therefore, this approach requires that experts manipulate the
lack of intensity via an image repair function. This functionality
is implemented as an upscaling of selected regions by a
multiplication factor. Therefore, a visual inspection of the results
and additional interactive correction by a three-dimensional
correction mode are provided. Nevertheless, these corrections
are only feasible for small regions.
A different approach has been proposed by Positano et al.

(31) to automatically correct for intensity inhomogeneities.
Kullberg et al. (28) have reported an automatic and reproducible
assessment of adipose tissue from abdominal MRI, as well as
the feasibility of automatically assessing whole-body adipose
tissue depots from continuously moving bed MRI (29); in
addition, a segmentation method for subcutaneous and
intermuscular adipose tissue from MRI images of the thigh has
been reported (31). The novelty of the present work is that,
in addition to these optimised techniques, a universal semi-
automated approach, including interactive possibilities, allows
for the determination of adipose tissue for all body regions
recorded by generally available standard T1-weighted imaging.
Optimised acquisition techniques, such as the use of Dixon-
type water and fat imaging, provide a better fat contrast,
and the use of thresholding of T1-weighted images might,
for example, include the whole liver if the fat infiltration is too
large. ATLAS is able to manage these fat-optimised datasets, as
well as standard T1-weighted datasets, by semi-automated
applications.
2010 John Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 17–24



Table 1. Body fat distribution for the 22 subjects (number of voxels� voxel size; display voxel size, 1.2� 1.2� 1.2mm3): body mass
index (BMI), total body volume (TV), subcutaneous fat tissue volume (SFTV), visceral fat tissue volume (VFTV) and total fat tissue
volume (TFTV)

Subject/sex Height (cm) Weight (kg) BMI (kg/m2) TV (L) SFTV (L) VFTV (L) TFTV (L)

1/male 190 97 27 49.0 12.5 7.0 19.5
2/male 183 90 27 49.5 13.0 5.0 18.0
3/male 169 76 27 41.0 11.0 3.0 14.0
4/male 170 85 29 48.0 12.5 8.5 21.0
5/male 175 75 24 41.5 9.0 7.0 16.0
6/male 180 90 28 49.0 11.5 6.0 17.5
7/male 170 115 40 64.5 34.5 7.5 42.0
8/male 182 88 27 48.5 12.5 9.0 21.5
9/male 160 68 26 35.0 8.5 5.5 14.0
10/male 184 85 25 40.0 9.5 2.5 12.0
11/female 166 67 24 36.5 16.5 3.0 19.5
12/female 168 61 22 34.5 10.5 1.5 12.0
13/female 174 65 21 37.0 10.5 2.0 12.5
14/female 160 76 30 48.5 15.5 6.5 22.0
15/female 166 76 28 42.0 20.5 2.5 23.0
16/female 171 82 28 43.0 12.5 5.0 17.5
17/female 170 71 25 44.5 21.5 4.5 26.0
18/female 164 75 28 44.0 19.5 5.5 25.0
19/female 168 60 21 32.0 10.5 3.5 14.0
20/female 155 57 24 32.0 10.5 2.5 13.0

xx-day1/female 179 64 20 32.0 10.0 0.5 10.5
xx-day2/female 32.0 9.5 0.5 10.0
xx-day3/female 32.5 9.5 1.0 10.5
xy-day1/male 183 91 27 52.5 15.5 1.5 17.0
xy-day2/male 52.0 15.0 2.0 17.0
xy-day3/male 52.0 14.5 2.0 16.5

QUANTIFICATION OF HUMAN BODY FAT TISSUE
The methods reported in this study for the determination of
body fat compartment volumes by MRI measurement can
compete with established imaging techniques, such as bio-
electrical impedance analysis and bioimpedance spectroscopy,
dual energy X-ray absorptiometry, quantitative computed
tomography, dilution techniques, air displacement plethysmo-
graphy, three-dimensional photonic scanning and positron
emission tomography [for a detailed review, see Lee and
Gallagher (42)]. The advantages of determination by MRI are
that it is totally noninvasive and radiation free, and it provides
the opportunity to separate different fat compartments with
increasing accuracy. A future study aimed at a comparison
between different determination methods should be performed.
2

CONCLUSION

The task of this study was to develop a tool to determine the
subcutaneous and visceral fat volumes in selected body regions.
The analysis must be operator independent (as far as possible)
and reproducible. The protocol described in this study, including
ATLAS, fulfils these requirements.
MRI data analysis was able to determine SFT and VFT

percentages using new analysis strategies. Using the technique
described, it was possible to detect changes in SFT and VFT
percentages of the total body, as well as of selected body regions.
NMR Biomed. 2011; 24: 17–24 Copyright � 2010 John Wiley & Son
Discrimination between subcutaneous and visceral fat was
feasible for a whole-body-based analysis, as well as for separate
sections.
Thus, longitudinal changes over the course of a disease

affecting body weight might be detected. Further work will be
dedicated to the assessment of changes in tissue volume during
the longitudinal course of various diseases and conditions
affecting body weight/fat tissue quantity.
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