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WHOLE-BODY MRI-BASED ASSESSMENT OF
ADIPOSE TISSUE: RECOMMENDATIONS FOR
DATA ACQUISITION AND PROCESSING

ABSTRACT: Detailed knowledge of the body composition, especially the amount and distribution of adipose tissue, is
critical for cardiovascular and metabolic diseases risk management. Magnetic resonance imaging allows detailed
localization and quantification of adipose tissue. From the available protocols, full-body scanning provides the most
accurate and complex information. It is, however, also a challenging one. The extent of the entire body and the huge
amount of data place high demands on scanning devices and data processing. At the same time, the automated
algorithms struggle with the different body types and body compositions. In this study, a protocol for whole-body MRI-
based adipose tissue assessment is provided. We hypothesize that the proposed positioning and fixation of the subject
and the use of an adaptive data processing workflow will allow effective whole-body data acquisition that is beneficial
for both the subject and the examiner. A pilot sample of 11 individuals was scanned on a 3T Siemens Magnetom
Prisma device. First, a novel scanning protocol for whole-body scanning was proposed with an emphasis on proper
participant positioning. Its greatest benefit lies in adding the system of fillers, pads, barriers, and harnessing providing
fixation of the participant for greater comfort and ensuring that the largest possible body volume fits to the Field of
View (FOV). Moreover, better feasibility of data processing was ensured due to the provided distancing of body parts.
Subsequently, an adaptable, user-friendly, and reliable processing workflow combining automatic compilation of data
processing steps with manual adjustments, allowing for detailed whole-body adipose tissue segmentation, was proposed
in Avizo software.

KEY WORDS: Whole-body magnetic resonance imaging - Internal adipose tissue - Subcutaneous adipose tissue - Fat
segmentation - Participant positioning
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I. INTRODUCTION

Within physiological limits, adipose tissue in the human
body constitutes an individually variable part of its total
volume (5%-30%). Although essential fat is necessary
for maintaining physiological balance, an excessive
amount of fat, usually associated with energetic
imbalance, is an important indicator of obesity, hormone
imbalance, cardiovascular diseases, type 2 diabetes
mellitus and certain types of cancer (Thalmann, Meier
2007, Tumminia et al. 2019). Therefore, knowledge of
the amount and distribution of adipose tissue is
important for risk-factor assessment and further clinical
diagnostics (Thomas et al. 2012).

Along with computed tomography (CT), magnetic
resonance imaging (MRI) is increasingly used in the
adipose tissue research. These techniques allow three-
dimensional assessment of various adipose tissue
depots, including the most general categories of total
adipose tissue distribution, subcutaneous (SAT) and
internal adipose tissue (IAT) (Shen et al. 2012, Thomas
et al. 2012). This provides a better and more accurate
understanding of tissue content and distribution.
However, unlike MRI, CT exposes humans to the
negative effects of ionizing radiation, which precludes
its applicability to healthy individuals and for research
purposes.

To properly record body fat, an optimal MRI protocol
is of the utmost importance. In general, the imaging
procedure is determined by three main factors: 1) body
volume scanned, 2) characteristics of the MRI machine,
3) capacity and time required for data processing.

The simplest and fastest assessment of body adiposity
is performed on a single image, often transversal (e.g.,
Demerath ef al. 2007). More elaborate, yet common
procedures use partial body multi-scan protocols (e.g.,
Hu ez al 2016, Schaudinn et al. 2015). The most complex
but laborious protocols are based on whole-body
scanning (Bornert et al. 2007, Machann et al. 2005).
However, none of these approaches is flawless. While
single-image protocols have been shown to yield
unreliable results, an extended coverage volume
inherently increases acquisition time and susceptibility
to motion and respiratory motion artifacts (Thomas,
Bell 2003).

In addition, detailed mapping of whole-body fat is
mostly limited by technical shortcomings in the design
of MRI units, where physical parameters, such as the
size of the scanning area, table length, and effective
Field of View (FOV) are determining factors. A standard
closed MRI machine has a bore diameter of 60 cm,
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while "wide bore" units offer 70 cm. The effective length
of a scanning table is typically 180 cm. Most machines
have a FOV of 50 cm; a few exceptions have larger
(55 cm) or smaller (40 cm) FOVs (www 1, 2, 3). These
parameters impose significant spatial constraints on
whole-body MRI examinations, requiring patients or
participants to be rearranged from the standard position
with the upper limbs placed along the torso (Takahara
etal. 2010). To fit an adult into the closed bore and
especially into the FOV, the supine position with arms
extended (Kullberg e al. 2009) or the prone position
with arms extended (Machann et al. 2005, Thomas ef al.
1998, Wiirslin et al. 2010) have been proposed. In many
cases, still, peripheral body regions are insufficiently
captured, and they are often excluded from further
processing (Wald et al. 2012).

Along with the body volume, the quantity and quality
of acquired images, i.e., image resolution, often place
demands on the MRI acquisition and image processing
workflow, as it dictates time constraints, manpower and
processing capacity. In most studies, image resolution
is a few millimetres (Chaudry et al. 2020, Joshi et al.
2013, West et al. 2016), while slice thickness varies from
2 to 12 millimetres, although the thickness up to 20 mm
has also been reported (Thomas e al. 2013). The total
size of the stacks then ranges from tens to hundreds of
images (Thomas ez al. 2013).

There is a vast number of image analysis protocols,
ranging from manual to fully automated processing.
Manual image processing, particularly segmentation,
is a practical technique for assessing adipose tissue in
single image but it is unacceptably time-consuming for
large datasets. This has led to significant limitations in
MRI multi-slice assessment in the past (Borga 2018).
Automated image analysis, on the other hand, allows
for effective, rapid and batch processing of large image
datasets. However, automation of processing is intricate
due to the heterogeneous, often insufficient contrast
between adipose and non-adipose tissue layers (Hu ef al.
2016). In addition, lower image quality due to respiratory
and motion artifacts, inhomogeneities at the edges of
the FOV, water-fat swaps, fusions of targeted and
unwanted regions make simple threshold-based
processing infeasible. Therefore, many semi-automatic
protocols combining different strategies of improving
image quality, various segmentation algorithms and
morphological image processing techniques have been
proposed. Moreover, recently, atlas-based approaches,
deep learning, and machine learning algorithms,
especially convolutional neural networks (CNNs), have
begun being trained to carry out various automatic
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image analysis tasks and address the shortcomings of
the conventional segmentation techniques (Dabiri et
al. 2020, Grainger et al. 2018, Grainger, Hasegawa 2020,
Hemke ez al. 2020, Kiistner et al. 2020, Park et al. 2020,
West et al. 2016). For example, Dabiri et al. (2020)
developed a CNN-based algorithm for localizing and
segmenting a particular axial slice from an image stack.

In general, MRI image processing techniques share
a common pipeline. Initially, intensity transformations
or spatial filtering are often carried out to correct
intensity inhomogeneity and to reinforce the contrast
at the edges of adipose tissue. Then, initial segmentation
is accomplished by threshold-based and/or region
growing procedures. Afterwards, gradual delineation
and separation is performed. If necessary, this was
followed by refinement of the relevant regions. This
involves the use of a variety of methods, e.g.,
segmentation algorithms and morphological operations,
such as edge detection, active contour, geometric
models, and others (Hu eral. 2016). Ultimately, the
results of automatic segmentations are manually
adjusted (Thormer et al. 2013).

To date, there is no consensus on an optimal protocol
for whole-body MRI-based data acquisition. Given the
lack of practical guidelines and image analysis tools,
the main objective of the present study is to share our
recommendations for image acquisition and data
processing. We hypothesised that the provided method
allows for a whole-body MRI-based assessment of
adipose tissue using standard equipment and
commercial software products.

2. METHODS AND MATERIALS

The studied sample consisted of eleven subjects (6
males, 5 females) with variable body types and no
relevant previous pathological conditions. Age ranged
from 24 years to 43 years (median 32 years). The tallest
participant was a male with the height of 189.5 cm, and
the shortest was a female with 156 cm. Weight ranged
from 57.4 kg to 93 kg; BMI ranged from 20 to 30. Median
height, weight and BMI were 170.5 cm, 69.0 kg, and
24.9, respectively. Before participating in the study, each
participant gave informed consent. The study was
approved by the Research Ethics Committee of the
Masaryk University (No. EKV-2020-069).

2.1. Scanning Procedure
A 3T Siemens Magnetom Prisma device was used
to perform a whole-body MRI examination. From the

basic characteristics, the device was equipped with
a closed bore of 60 cm diameter and a FOV of 50 cm.
Imaging was performed under an imaging protocol that
enhanced body fat tissue with the following parameters:
e TI1 weighted gradient echo sequence, volumetric
interpolated breath-hold examination
e TR=4ms;TEl=1.23ms; TE2=2.46 ms; Flip angle
= 9°
e Transversal slices (axial), phase coding direction AP
First, trial scanning of all participants was performed
according to a stepwise developed test protocol, which
we developed gradually by testing different settings.
Then, an image segmentation workflow was designed
to process the whole-body fat. Initial evaluation of the
acquired raw data in conjunction with preliminary image
processing revealed poor image quality and a variety of
inconsistencies, such as inadequate layouts of the
scanned segments, essentially missing peripheral body
regions, close contacts between individual body parts,
and insufficient resolution. Because this made data
processing cumbersome, workflow improvements were
suggested. As a result, a second round of MRI
examinations was conducted in which 1) a system of
fillers, pads, and barriers was added around the lying
participant to provide better and fixed positioning, and
ensure that individual body parts were properly
separated (Figure [); 2) volume and region overlaps
were standardized (Figure 2); 3) image resolution was
increased; 4) tuning of the designed segmentation
workflow was adjusted to the new data (Figure 3).
Scan time was approximately 10 min with 34 s scan
intervals for trunk segments (breath-hold scanning). The
total time of the examination, including preparation and
fixation of the participants, was approximately 1 hour.
The maximum body height for acquisition of whole-body
scan without changing position was estimated as 195 cm
(larger than the length of the table due to slight bending
of the knees by our participants positioning). For taller
participants, two-part imaging needed to be adopted, in
which the body segments from the head to mid-thigh
were scanned first. Then the individual was moved up
on the table (after the head coil was removed) and the
thigh-to-foot segment was scanned. The standard number
of segments was 8 with 3 different FOVs in each
acquisition (7Table 1). The systematization was generally
based on the unification of the extent of the overlaps
while for the lower limb segments the overlap was
systematically placed in the knee area. However, to ensure
optimal coverage and overlap of the segments, the
number of segments was changed as needed depending
on the height of the participant.
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TABLE 1: Overview of the main scanning parameters.

Number of . . . .
Body part Voxel size (mm”3) Slice gap (mm) Matrix Scanning time (s)
segments
Head 1 0.68 x 0.68 x 1 1.68 512 x 384 x 288 190
Trunk 4 2.23x2.23x%x2 2.4 224 x 222 %120 34
Lower limbs 3 2.23%x223x%x2 2.4 224 x 222 x 208 62

FIGURE 1: Scheme illustrating the non-conductive fillers, pads and barriers that were placed around the lying participant
during image acquisition. The position shows an individual after adjustments were made for a new protocol: 1: thin foam
strip - separating the ribcage and arms 2: foam wedge - separating the tights; 3: harnesses - stabilizing body movements; 4:
foam blocks - releasing into the harnesses to provide comfort and muscle relaxation; 5: foam block - minimizing lower limbs
movements; 6: solid block - minimizing feet movements, right angle position of talocrural joint; 7: thin foam pads - separating
hands from each other and/or from the tights. Before and after images illustrating improvements in automatic image analysis
of SAT of trunk and arms (A) and tights (B) due to separating of individual body parts.

Positioning of additional coils

during sequential scanning 4. scanning
3. scanning = e
2, scanning ; Tr——
1. scanning = ——————

FIGURE 2: Scheme illustrating typical participant positioning during image acquisition, with the position of extra coils in
each segment. Overlapping regions of interest corresponding to extra coils are displayed in different colors.
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2.2. Image processing

Image processing was carried out entirely in Avizo
2020.2 (Thermo Fisher Scientific, Waltham, Massachusetts)
3D data visualization and analysis software using a semi-
automated workflow (Figure 3). The steps included 1)
a volume preparation phase including recomputing of
body segments data at a higher resolution of the head, 2)
Image Volume Processing (IVP), 3) manual adjustments
of pre-segmentation from IVP, and 4) final watershed
segmentation. The automatic IVP procedure took
approximately 15 minutes per dataset when run on
a standard workstation. The manual phases, volume
preparation phase (before IVP) and pre-segmentation
adjustments, including editing of problematic parts, e.g.,
removing overlaps or adding missing parts of the
segmentation (after IVP), took on average about 5-6
hours in total for one participant. Although manual
interventions were needed for all individuals, their amount
and difficulty were quite different with regard to total
amount of adipose tissue, uniformity of its distribution
and the ratio of fat layer to the volume and/or
circumference of the given body part. Overall, the most
problematic and especially cumbersome were individuals
with thin or very uneven fat distribution.

3. RESULTS AND DISCUSSION

3.1. Participant's positioning

Whole-body adipose tissue assessment using MRI
imaging has been little used, in both research and
diagnostic settings (Hu eral. 2016). Although the
approach is generally considered cumbersome and cost-
ineffective, it has been shown to be of practical value
and to have higher accuracy and reliability in adipose
tissue (compartments) assessment compared to other
methods (Dalili et al. 2020). In addition, unlike other
available techniques such as anthropometry, air
displacement plethysmography, or bioelectrical
impedance (see review by Borga (2018)), CT and MRI
techniques allow adipose tissue to be mapped and directly
measured via volumetric three-dimensional imaging.
This enables very detailed assessment of various adipose
tissue depots and particularly spatial distribution of body
fat (with direct relation to the body surface) which has
the potential to provide us with comprehensive and
complex information in adipose tissue research and to
find new links regarding adipose tissue eventually usable
in the clinical practice. To date, there is no consensus
on the optimal positioning of participants in an MRI

VOLUME
PREPARATION
W data Fdata
registration copy  registration
l transformation 1

adaptive histogram
equalization
unsharp masking

cropping ———————— cropping

Image Volume Processing
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(reference (reference E e
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mask - body adipose tissue
Coarse mask — interior
L
| +
global masking Final und | Final undersegmented
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FIGURE 3: Layout for the semi-automatic data processing workflow.
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machine. The positions typically used for whole-body
MRI imaging with the upper limbs extended lead to
inevitable trade-offs between the volume scanned and
the complexity and difficulty of data processing. For
example, the outstretched arm position requires that an
individual is repositioned and scanned in two half-body
volumes (Kullberg et al. 2009). Similarly, cropping
peripheral regions from the FOV, such as the upper
limbs, omits the amount of subcutaneous tissue from
being assessed (Wald ez al. 2012).

In the present study, a protocol is proposed in which
an individual is placed in the supine position with
forearms crossed over the abdominal or pelvic region
and legs slightly bent. This positioning allows the entire
body length to be scanned without requiring a change
in position for individuals with a height up to 195 cm,
according to available data, this value allows the majority
of the world’s population (Grasgruber, Hrazdira 2020)
to be able to be scanned without position change. The
stated value is above the 97" percentile of body height
for Czech males (Cuta et al. 2019). For individuals taller
than 195 cm, a shift on the scanning table is required
and has been included in the proposed protocol.

The proposed positioning combined with the
additional fixation provided by foam blocks and
harnesses, enables to capture the entire body of more
individuals (with different body proportions). This is
because of the additional distance of the peripheral
parts of the body from the FOV boundaries. The
occurrence of image artifacts at the edges of the smaller
bodies was also prevented or significantly reduced as
a result of the proposed protocol. However, the arm-
folded position made it difficult to distinguish and
separate the boundaries of the adjacent trunk and upper
limbs during data processing. To create an acceptable
gap between the two anatomical regions, we recommend
inserting a thin foam strip between the ribcage and the
arms, which largely eliminates this problem. This
approach is consistent with Wald ef al. (2012), who
inserted wedges to prevent the arms from aligning with
the body.

Despite all efforts and measures, it was not possible
to fully capture the outermost lateral areas of two
individuals in this study. Unfortunately this is the
limitation given by the characteristics of the MRI
machine, specifically its dimensions and size of FOV.
Due to this it is not feasible to capture the shoulders,
elbows, and pelvic region for large individuals, either
the (extremely) overweighted ones, as well as ones with
high width and/or circumference measurements in
mentioned regions (such as broad-shouldered men).
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3.2. Data processing

In general, our protocol for semi-automated image
processing is in line with studies dealing with adipose
tissue segmentation (Hu eral 2016). While the
principles are consistent with other studies (Hui et al.
2018, Kullberg er al. 2009, 2010, Liou eral. 2006,
Thormer et al. 2013, Wald et al. 2012, Zhou et al. 2011),
some specific operations were altered and should be
highlighted.

Image filtering was carried out by the adaptive
histogram equalization and the unsharp masking filter,
instead of a wide range of techniques used for intensity
correction (Hu etal 2016). Moreover, for initial
segmentation, adaptive thresholding was selected as the
most effective binarization method for our data. There
are a variety of strategies for delineating interfaces
between individual regions, e.g., organs, skeleton, IAT,
and SAT, and refining segmentation. These strategies
typically use tools designed for separating, cleaning,
and refining the initial segmentation. In our case,
a combination of morphological operations, inverting,
and masking was used to automatically handle contrast
overlaps and connections between different regions.
Manual intervention was required to adjust problematic
parts of the separated phases, and the watershed
algorithm was chosen as the final segmentation tool to
obtain final segmentation of IAT and SAT.

Manual editing is the most time-consuming part of
data processing. For our datasets, which include almost
2000 axial slices, it took about 5-6 hours (about 10
s per slice on average). Other authors report variable
processing times of seconds to minutes (Wald et al.
2012, Wiirslin et al. 2010), even a fraction of a second,
howeyver, only for the adipose tissue of the abdominal
area in this case (Kucybatla er al. 2020).

The advantages of our data processing workflow lie
in the fact that most of the process was automated using
a ready-to-use IVP module form the Avizo software.
This module allowed us to create a standardized
workflow, but also to change individual operations, to
modify their order and parameters as needed in a simple
and user-friendly way, while previewing the illustrative
output at each step. This interactive characteristic made
our protocol very flexible and accessible for quick
adjustments.

The workflow proposed here was found to be
effective for all individuals in the studied sample.
However, performance varied slightly depending on the
amount and distribution of adipose tissue. Out of 10
individuals, two datasets had to be processed with fine-
tuned parameters to improve the results because the
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default parameters were not appropriate. These
individuals had very thin arms and/or an extremely thin
layer of subcutaneous adipose tissue on the arms and
calves with discontinuous regions and islands in the
data that were problematic for automatic processing.
According to our sample, adjustments need to be made
when scanning individuals with non-specific adipose
tissue content and distribution.

A shortcoming of our current protocol is the
segmentation of internal adipose tissue, which still
contains unwanted structures with the same contrast
that need to be removed to obtain a final correct
segmentation of internal adipose tissue.

CONCLUSION

Our study provides recommendations for MRI
scanning protocols (e.g., pads and harnessing, body
positioning, scanned segments, and overlaps
systematization) that target whole-body imaging and
flexible data processing workflow for segmentation of
adipose tissue and producing high-quality 3D models
for whole-body fat analysis.
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