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Abstract summary (273 words)

Quantitative analysis of abdominal organs motion and deformation is crucial to better
understand biomechanical alterations undermining respiratory, digestive or perineal
pathophysiology. In particular, biomechanical characterization of the antero-lateral abdominal
wall is central in the diagnostic of abdominal muscle deficiency. We present here a dedicated
semi-automatic dynamic MRI post-processing method enabling the quantification of spatial and
temporal deformations of the antero-lateral abdominal wall muscles.

10 healthy participants were imaged during a controlled breathing session at the L3-L4 disc level
using real-time dynamic MRI at 3T. A coarse feature tracking step allowed the selection of the
inhalation cycle of maximum abdominal excursion. Over this image series, the described
method combines i) a supervised 2D+t segmentation procedure of the abdominal wall muscles,
ii) the quantification of muscles deformations based on masks registration and iii) the mapping
of deformations within muscle sub-zones leveraging a dedicated automatic parcellation.

The supervised 2D+t segmentation (i) provided an accurate segmentation of the abdominal wall
muscles throughout maximum inhalation with a 0.95 £ 0.03 DSC value and a 2.3 £ 0.7 mm
Hausdorff distance value while requiring only manual segmentation of 20% of the data. The
robustness of the deformation quantification (ii) was indicated by high indices of
correspondence between the registered source mask and the target mask (0.98 + 0.01 DSC value
and 2.1 +1.5 mm Hausdorff distance value). Parcellation (iii) enabled the distinction of muscle
substructures which are anatomically relevant but could not be distinguished based on images
contrast.

The present genuine post-processing method provides a quantitative analytical frame that could
be used in further studies for a better understanding of abdominal wall deformations in
physiological and pathological situations.



1. Introduction

Real-time dynamic MRI is a promising modality in the field of medical imaging given its
capacity to capture organs motion and deformation. It is currently used for the diagnosis of
cardiac dysfunction and perfusion? and pelvis organ prolapse3. This diagnostic approach is still
often limited to a qualitative analysis of images by experts whereas quantitative information
would enable to refine it. In particular, quantitative biomechanical characterization from real-
time MRI would need to be provided to clinicians in synthetic formats so that their medical
decision can be supported by robust and self-explained quantitative methods#5.

Although of interest, kinetic imaging of the abdominal wall is largely underused in clinical
practice. The few existing studies have focused on the detection of abdominal wall adhesions
after surgery¢-8. But the quantification of movement and deformations of abdominal muscles
could bring valuable information in medical diagnosis and potentially shed light to better
understand functional decline in certain neuromuscular diseases or any situations involving
abdominal muscle deficiency such as hernia, post-delivery recovery, muscle dystrophy, obesity,
muscular fat infiltration and post-mechanical ventilation recovery. The central role of the
abdominal wall in visceral restraint, intra-abdominal pressure regulation?®, posturel®il and
breathing!2 may warrant a stress diagnosis in a significant number of situations. However no
post-processing method for the quantification of abdominal muscles deformations has been
reported so far. Accurate deformation quantification necessitates proper segmentation
throughout the dynamic image series, which stands as the primary technical challenge to
achieve reliable in vivo biomechanical evaluation. The large and rapid deformations of the
abdominal muscles, the movement of the visceral contents at the vicinity of the muscles and the
potential imaging artifacts make the segmentation of subtle abdominal muscles particularly
complex.

Nevertheless, MRI is an imaging modality of choice for the dynamic evaluation of abdominal
wall soft tissues deformation. Complementary to clinical examination, MRI can offer an in-depth
analysis of abdominal muscles!3. On the contrary to ultrasound imaging, MRI can be used to
assess the entire abdominal wall and can offer a continuous dynamic analysis during abdomen
movements. Although MRI displays a large panel of advantages, the medical community is still
lacking a standardized MRI protocol coupled with post-processing methods which would
provide accurate and quantitative information that could be used by clinicians.

In the present study, we intended to develop, validate and assess a semi-automatic post-
processing method dedicated to real-time dynamic MRI aiming at a fast and reliable
quantification of abdominal wall muscles deformations during a controlled breathing exercise.
A coarse feature tracking step allowed the selection of the inhalation cycle of maximum
abdominal excursion. Over this image series, the described method combines i) a supervised
2D+t segmentation procedure of the abdominal wall muscles, ii) the quantification of muscles
deformations based on masks registration and iii) the mapping of deformations within muscle
sub-zones leveraging a dedicated automatic parcellation.



2. Subjects and methods

The study was approved by the ethics committee (IDRCB: 2019-A00806-51) and was conducted
according to national legislation on interventional research and the declaration of Helsinki.

2.1. Subjects

Ten healthy subjects (33.5 £ 10.8 y.o., 5 females) were scanned after they provided their
informed written consent. Information related to their physical activity and smoking status was
gathered. A score related to physical activity was defined as high (at least 3 to 4 exercise sessions
a week), moderate (from 1 to 2 exercise sessions a week) or mild (less than 1 exercise session a
week).

2.2. MRI protocol and breathing exercise

The abdominal region of the participants was imaged using a 3T MRI scanner (MAGNETOM
Verio, Siemens Healthineers, Erlangen, Germany) with a torso-dedicated 32 channels array coil.
Subjects were supine and axial images with T1 /T2 contrast from a single slice located at the L3-
L4 disc level were recorded repeatedly with a time resolution of 182 ms using a cine-bSSFP
sequence (echo train duration for 1 single-shot image: 182ms, TE/TR: 1.4/3.1 ms, flip angle:
50deg, field of view: 360 x 360 mm?2, pixel size: 2.3 x 1.7 mm?2, slice thickness: 8 mm, GRAPPA 4
with 24 reference lines).

Subjects performed four complete controlled breathing cycles guided by an audio signal.
Instructions were given to breathe as regularly as possible trying to get maximal abdominal
amplitude in both inhalation and exhalation phases. An initial training session was performed
before the MRI session on an examination table as many times as necessary to get used to the
imposed frequency (1 cycle / 5s). Given the 182 ms echo train duration, around 27 images were
recorded during each cycle from end-exhalation to end-inhalation.
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Figure 1 : A : position of the MRI slab i.e. (L3-L4); Axial images of the abdomen recorded at end-
exhalation (B), at rest (C) and at end-inhalation (D); in each image, the waist circumference (WC),



highlighted in orange, was automatically tracked by the feature tracking algorithm; E : Typical WC
longitudinal strain time-dependent changes during four breathing cycles. The zero-strain corresponds to
the abdomen at rest. The orange line indicated the corresponding changes during the 2nd inhalation which
is the inhalation cycle of maximum abdominal excursion.

2.3. Image selection

An image dataset of 247 images was acquired for each subject during the 45s of controlled
breathing. A semi-automatic feature tracking (FT) algorithm based on spatial correlation was
developed using Matlab (Matworks, 9.4 R2018a, Natick, MA) as previously reported for the left
atrial function4. On that basis, inhalation and exhalation phases were distinctly isolated during
the controlled breathing exercise (figure 1) in order to select the MR images of interest for this
study. The details of the FT algorithm are as follows:

(i) A manual delineation of the abdominal circumference was performed on the median
slice of a given image dataset. Then 85 equidistant markers were interpolated over the
contour using a Canny edge detection method (sensitivity threshold=0.2)14.

(ii) A feature tracking of the 85 markers was performed on the whole image dataset. For
each marker, a 3x3 pixels ROI was centered on the marker’s position and a 2D correlation
was used to track similar anatomic features on analogous ROIs localized on the
neighboring images. The highest correlation was selected as an indicator of the new
position of the marker on the neighboring image. The method was designed to avoid the
sliding of the markers along the border between the subcutaneous fat and the air which
delimits the abdomen on the images.

The length of the reference waist circumference (WC) [, was measured from another MRI
dataset acquired during a breath-hold session performed at the end of a smooth exhalation
while the abdominal wall was as relaxed as possible (i.e. resting position). At each time step, the
measurement of the abdominal circumference [, was defined as the length of the segmented
closed line passing through the 85 markers. The WC longitudinal strain S(t) was defined as the
temporal variation of the WC length as follows:

I — I

S ="

where [ is the length of the WC at rest, [; refers to the length at time ¢.

A typical WC longitudinal strain curve during the whole sequence is displayed in figure 1. The
maximum and the minimum strain peaks corresponding to the end-exhalation and end-
inhalation phases respectively were calculated from the longitudinal strain curve. The inhalation
amplitude was calculated as the difference between successive minimum and maximum strain
peaks.

For each subject, the MR slices corresponding to the greatest amplitude inhalation (i.e.
maximum abdominal excursion) were isolated. Those MR slices are referred to as “volume of
interest” as visible in figure 2 (section A). The first and last slices of each volume of interest were
related to the end-exhalation and end-inhalation phases respectively.
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Figure 2: Quantification of muscles deformations pipeline; A : 2D+t volume of interest in sagittal view
with an arbitrary intermediate axial slice; B : the number of manually segmented slices as well as the
parameters for automatic label propagation are the result of a comparative analysis visible in
supplementary material.

24. Semi-automatic segmentation
24.1. Manual segmentation

As a prerequisite, a N4 bias inhomogeneity correction was performed on the MR images
volumes of interests as previously described?s. As illustrated in figure 2, four regions of interest
(ROI) were identified throughout the inhalation cycle. These regions were the right and left
rectus abdominis (RRA-LRA) and the right and left lateral abdominal muscles (RLM-LLM). The
three lateral abdominal muscles or flat muscles (external oblique, internal oblique and
transversus abdominis) were considered as a single ROI (RLM-LLM) given the images
resolution. Manual segmentation was performed using FSLeyes, the image viewer included in
the FSL toolbox1¢, with the help of a homemade FSL-embeded plugin (“Superseg” -
International Patent # PCT/FR2018/051732 related to the Supervised Segmentation of
individual muscles in MR Images). The “Superseg” plugin integrates a contour delineation tool
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based on the selection of control points and interpolation using cubic Catmull-ROM spline
curves. MR image volumes were manually segmented by an expert (AJ) on five slices as visible
in figure 3.

In addition, MRI volumes of 5 arbitrarily selected subjects (total of 127 slices) were fully
manually-segmented to be used as the ground truth for the validation purpose of the proposed
semi-automatic segmentation.
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Figure 3 : Typical MR image recorded in the axial plane of the abdomen (A) with the corresponding
regions of interest (B); RLM : right lateral muscles, RRA : right rectus abdominis, LRA : left rectus
abdominis, LLM : left lateral muscles, PM : posterior abdominal muscles, AO : aorta, SF : subcutaneous
fat, VI : viscera.

24.2. Automatic label propagation

The five segmented masks were propagated to the remaining slices of the volume of interest
(2D+t) using an automatic label propagation algorithm as previously described!” (figure 2,
section B). This algorithm implemented with the ANTs library!8, consisted of a registration
process with rigid and affine transformations, followed by a diffeomorphic multi-level
registration with B-Spline regularization. The choice of the propagation strategy and the
registration parameters is the result of a comparative analysis visible in the supplementary
materials.

The resulting segmentation was compared to the ground truth ie. the entire manual
segmentation of the 4 abdominal wall muscles (RRM, RRA, LRM, LRA) based on the
computation of Dice similarity coefficient (DSC) and the Hausdorff distance (HD) which were
calculated for the automatically-segmented slices thereby excluding the manually-segmented
slices.

24.3. Morphometric measurements
From the segmented masks of the abdominal wall ROIs, changes in muscle area, elongation and

eccentricity metrics were quantified throughout the inhalation period. Those metrics were
measured using the LabelGeometryMeasures command implemented in the Ants Library?°.



Elongation was defined as:

MajorAxisLength
MinorAxisLength

elongation =

Eccentricity was defined as:

JMajorAxisLength®* — MinorAxisLength®
MajorAxisLength

eccentricity =

Eccentricity near O refers to a shape approaching a circle (elongation~1) whereas eccentricity
near 1 refers to a shape approaching a line (elongation~+ow).

2.5. Individual muscle parcellation

In order to discriminate muscles areas, a dedicated automatic parcellation of the segmented
masks was performed according as previously described20. A polar coordinate system was used
to determine the position of each voxel of the segmented masks and the localization system was
based on the mass center of the lateral muscles (RLM, LLM). On that basis, lateral muscles ROIs
(RLM, LLM) were automatically split into three depth (superficial, intermediate, and deep
layers) and three angular levels (posterior, central and anterior) as illustrated in Figure 4. The
three layers were intended to mimic the three anatomically described muscle layers i.e. external
oblique, internal oblique and transversus abdominis. The rectus abdominis muscles ROIs (RRA,
LRA) were split into two depths (superficial and deep) and two angular (medial and lateral)
levels.
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Figure 4 : Abdominal wall muscles ROIs parcellation; Example of the specific parcellation of right lateral
muscles (RLM) and of the right rectus abdominis (RRA)

2.6. Quantification and time-dependent changes of muscles deformations

The evolution over time of the displacement magnitude of the abdominal wall muscles
compared to their initial position (i.e. end-exhalation) was computed from registration of the
segmented masks as illustrated in figure 2 (section C). For each dataset of n masks, the first
segmented mask Mo was considered as the single source while M; (1 <£i<n) was considered as
the set of target segmented masks. Consecutive registrations were performed between Mo and
Mi using a TimeVarying VelocityField transformation model implemented in the Ants Library and
recommended for large deformations. The parameters for this registration stage were: gradient
step =2.0, cost function as mean squares, 5 multiresolution steps with, respectively, 1200 x 1200
x 100 x 20 x 0 iterations max per level, shrink factor =8 x 6 x 4 x 2 x 1, and smoothing sigma = 8
x 6 x 4 x 2 x1 voxel. The displacement magnitudes between the source segmented mask Mo and
each successive segmented mask M; were then generated at pixel scale using a script
implemented in the Ants library that calculates displacement amplitudes from transformation
tields (i.e. warps) using Euclidean distance (antsdeformationmag.sh).

The validity of the Mo to M: segmented masks registration, and consequently of the
displacement magnitude calculation was evaluated using the DSC and HD metrics computed
between the registered (i.e. warped) Mo segmented mask and the corresponding target M;
segmented mask. This validation step was carried out for the 10 volunteers for all consecutive



registrations (n=242). The similarity coefficients (DSC and HD) were averaged for all 4
abdominal wall muscles ROI (RLM, RRA, LRA, LLM).

The temporal evolution of the average displacement of the muscular regions was calculated

within each previously defined parcels.

3. Results

3.1. Demographic data

The demographic data of the cohort are presented in Table 1. The physical activity score was
variable within the group.

Table 1 : Demographic data

Women / Men (n) 5/5

Age (yr)* 33.5+10.8 22.0/54.0
Body mass index (kg/m?)* 22725 175/ 26.6
Waist circumference (mm)* 814 +75 678 / 921
Physical activity score (High/Moderate/Mild) 3/6/1

Non-smokers / Smokers (n) 8/2

* values presented as mean * SD min /max

3.2. Image selection

For each subject, the MR slices corresponding to the inhalation with the largest longitudinal
strain amplitude were isolated. Overall, 230 slices were integrated into the rest of the study. The
duration of the selected inhalation bout varied from 3.6s to 5.3s and the corresponding
longitudinal strain increased regularly over time (figure 5, all curves aligned to a 5s scale). The
mean longitudinal strain was 6.1 +2.0 %.
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Figure 5 : Waist circumference (WC) longitudinal strain during the inhalation cycle of maximum
abdominal excursion for the 10 subjects.

3.3. Semi-automatic segmentation
3.3.1. Performances

Typical manual and automatically-segmented masks are visible in figure 6. The DSC and HD
metrics computed between the automatically-segmented slices and ground truth segmentation
were respectively 0.95 + 0.03 and 1.9 £ 1.1 mm. The DSC scores for RLM, RRA, LRA and LLM
muscles were 0.96, 0.94, 0.93 and 0.96 respectively. The corresponding HD values were 1.91,
1.81, 1.85 and 2.03 mm respectively. It is noteworthy that the segmentation of the Rectus
Abdominis muscle was less accurate in terms of DSC scores as compared to the lateral muscles.
The average time required for the manual delineation of the five input slices was 12min 30s. In
comparison the complete manual segmentation required about 65min. On that basis, 80% of the
manual segmentation time could be spared.

3.3.2. Muscle area and geometry changes

Time-dependent changes in muscle area, elongation and eccentricity are illustrated in figure 6
over a 5s timescale. The patterns and quantitative changes were very similar between the right
and left sides. The lateral muscles show the largest area and eccentricity changes during
inspiration. At end of the exhalation session, the lateral muscles area (Right: 27.1 £3.8 cm? ; Left
:27.1 £4.5 cm?) was around 4 times larger than the Rectus Abdominis muscles area (Right:7.1 +
1.6 cm? ; Left : 6.7 £ 1.6 cm?). The lateral muscles area decreased almost linearly during
inhalation (area at end-exhalation; Right : 26.1 + 3.8 cm? ; Left : 25.7 + 4.3 cm?) whereas the
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overall area of the rectus muscles remained constant (area at end-exhalation ; Right : 7.0 +1.3
cm?; Left: 6.5 £1.5 cm?).

The elongation of the Rectus Abdominis muscles (Right : 4.9 + 1.2 ; Left : 5.0 £ 1.4 at end-
exhalation) waslarger than that of the lateral muscles (Right: 2.4 £0.4 ; Left : 2.5 £ 0.3 at end-
exhalation). The elongation of the lateral muscles increased between end-exhalation and end-
inhalation (Right:2.9 +£0.4; Left : 2.9 *+ 0.4 at end-inhalation). A similar increase was observed
for the Rectus abdominis muscles (Right: 5.3 £1.3 ; Left: 5.5 + 1.6 at end-inhalation). However,
changes were “noisier”, likely as a result of a larger inter-subject dispersion.

The eccentricity of the Rectus Abdominis muscles (Right : 0.98 £ 0.01 ; Left : 0.98 £ 0.01 at end-
exhalation) was also larger than that of the lateral muscles (Right : 0.90 £ 0.03 ; Left : 0.91 £ 0.03
at end-exhalation). The eccentricity of the lateral muscles increased between end-exhalation and
end-inhalation (Right : 0.93 + 0.02; Left : 0.93 + 0.02 at end-inhalation) whereas the Rectus
abdominis muscles kept a constant eccentricity throughout the whole inhalation (Right : 0.98
0.01 ; Left : 0.98 £ 0.01 at end-inhalation).

End-inhalation Automatic segmentation

» End-inhalation
30L 71
\ — —\—*
— 2 6F > 0.95
T 15 S
% 20 | &0 5 M & —
B o _S § /
15 w4t w 09
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5l ! . " — 2| : L . . 0.85 : ; : I
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Fiqure 6 : A : Left : Sagittal view of the 2D+t volume of interest; Right : Typical manual and automatic
segmentation masks, the white dashed line indicates section location of the sagittal view; B : Muscle
geometry metrics evolution during inhalation; From left to right : area, elongation and eccentricity.

34. Quantification and time-dependent changes of muscles deformations
3.4.1.Validation
The DSC and HD metrics computed between the registered (i.e. warped) Mosegmented mask

and the corresponding target Mi segmented mask were respectively 0.98 £ 0.01 and 2.1 +1.5
mm.
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3.4.2. Magnitude of displacement maps

The maps related to the magnitude of displacement resulting from mask registration are
presented in Figure 7 for a typical subject i.e. for whom the corresponding values were close to
the mean values of the cohort.

For each muscle, the set of (2D + t) masks was merged to one single contiguous 3D mask and a
3D mesh surface was reconstructed using Brainvisa 4.6 software (AimsMesh command, lowpass
smoothing method with 500 iterations). The corresponding 3D magnitude maps were projected
on 3D meshes with fusion algorithm implemented in Anatomist viewer (Brainvisa 4.6 Software).
The fusion method consisted in averaging the neighbor values included in a sphere of 5mm
radius, centered at each vertex of the mesh.

These 2D and 3D maps were used in order to quantify the magnitude of displacement changes
of the abdominal muscles from the end-exhalation to end-inhalation and for the whole set of
intermediate states. During inhalation, the displacement magnitude of each muscle group
gradually increased and reached a maximum at end of the inhalation phase. In the axial plane,
the magnitude of displacement within the rectus abdominis muscles was quite homogeneous.
On the contrary, for the lateral muscles, the magnitude of displacement of the posterior part did
not exceed 4 mm during the entire inhalation whereas a 25 mm change was quantified in the
anterior part and more particularly in the internal part. The displacements of the internal faces
of the lateral muscles were larger than those of the external faces.

B C

2D Axial views 3D Inside views
1:RLM 2:RRA  3:LRA

3D Outside views
1:RLM 2:RRA  3:LRA 4 : LRM

End-exhalation H
+ T s o/
Magnitude of displacement

(mm)

A

End-inhalation

Figure 7 : Typical magnitude of displacement maps. These maps were obtained for the subject closest to
the mean values of the cohort; A : 3d general view of displacement magnitude within the abdominal wall
muscles from end-exhalation to end-inhalation with three anatomical MRI slices; B : 2D axial views of the
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magnitude of displacement computed on the three previous anatomical MRI slices; C : 3D visualization of
the magnitudes within each individual muscle group.

3.4.3. Magnitude of displacement within parcels

From the maps previously described (3.4.2), time dependent change of the average displacement
value within each parcel has been calculated. The average results for the whole cohort are
shown in figure 8.

The magnitude of displacement evolved initially linearly and then was gradually stabilized
towards the end of inhalation. The maximum value was reached at end-inhalation and the
largest displacements occurred for the medial RA parcel (26.1 mm at end-inhalation). The
smallest displacements were localized in the posterior parcel of the LM (9.0 mm at end-
inhalation). For the rectus abdominis, both deep and superficial parcels displayed a similar
displacement (25.3 mm and 25.0 mm at end-inhalation respectively). A larger difference was
quantified between the medial and the lateral parcels (26.1 mm and 24.2 mm at end-inhalation
respectively). The anterior, central, and posterior parcels of the LM showed large differences
(21.6 mm, 14.6 mm and 9.0 mm at end-inhalation respectively). The deep, intermediate, and
superficial layers displayed relatively similar displacements (16.7 mm, 154 mm and 13.2 mm at
end-inhalation respectively).
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Figure 8 : A : Sagittal 3D view (2D+t); B : Typical parcellation at end-exhalation and end-inhalation; C :
Parcellation nomenclature; D : Curves representing the mean magnitude of displacement over the time,

for the whole group.
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4. Discussion

In this study, we designed a dedicated semi-automatic post-processing method based on
features tracking, optimized 2D+t semi-automatic segmentation, segmented mask registration
and automatic parcellation. Applied on cine-BSSFP MRI data, this method allowed to quantify
and localize spatially and temporally the abdominal wall muscles deformations during
breathing. An exhaustive quantitative picture of abdominal muscles deformations based on
global metrics of shape and geometry linked to localization aspects was reported.

The accuracy of the semi-automatic segmentation procedure was supported by a very high DSC
(0.95 £0.03) together with a very low HD (2.3 £0.7 mm). As a matter of comparison, DSC values
for a fully automated multi-atlas-based segmentation of cardiac muscle based on spatio-
temporal registrations ranged from 0.88 to 0.9421. DSC values for semi-automated cardiac
muscles segmentation reached 0.90 using neural-networks-based segmentation22 and 0.89 with
snake deformable models23. Automatic muscle segmentation method reached DSC = 0.87+ 0.11
for individual thigh muscles, using multi-atlas-based approach?:. These results have to be
considered in the light of the 0.96 DSC value which has been reported for a manual
segmentation performed by two experts!’. On that basis, the present results related to the semi-
automated abdominal wall muscles segmentation illustrated a very high segmentation
performance. Our semi-automatic segmentation strategy required the manual delineation of
20% of the data. For future applications, taking into account the quality of the segmentation, it
seems possible to reduce this manual segmentation time so that the clinical utilization could be
easier. The robustness of the displacement magnitude calculation was also supported by a very
high DSC (0.98 + 0.01) together with a very low HD (2.1 + 1.5 mm) computed between the
registered (i.e. warped) Mjsegmented mask and the corresponding target M; segmented mask.
These scores indicated a near-perfect mask registration despite the large abdominal wall muscle
deformations associated with inhalation. Finally, the automatic parcellation had been used in
previous studies in order to discriminate areas within different organs such as heart?.26 brain27-2
and muscles20 but, to our knowledge, was never applied to abdominal wall muscles. In the
present study, it enabled the distinction of muscle substructures which could be anatomically-
relevant but could not be distinguished based on images contrast.

Our results did not only support the specificity of muscle involvement during breathing but
genuinely provided some quantitative supports related to the deformation of abdominal
muscles during respiration. Previous studies have only reported external measurements
conducted at the abdomen surface3031. Our results could be partially compared to those reported
using three-dimensional stereography during maximum excursion3? and insufflation for
laparoscopic surgeryst. Although the corresponding mechanical stress was different, the
deformations distribution we reported during inhalation was similar with deformations
concentrated on the central zone of the abdominal wall. During a 12 mmHg abdomen inflation,
Song et al.3! reported a maximum 40 mm displacement located at the center of the abdomen
wall. This result is comparable to the mean magnitude of displacement computed in the medial
part of the rectus abdominis at end-exhalation (26.0 £ 9.1 mm, max = 44.0 mm). This
displacement distribution can be supported by anatomical observations. During inhalation the
central part of the abdominal wall is expected to be more deformable given that it is located far
from the areas of muscular insertions on the bones which form the rigid frame of the abdominal
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wall (iliac crests, pubic symphysis, ribs and spine) while the posterior part of the lateral muscles
is located close to the insertion of the transverse muscle on the lumbar vertebrae.

The WC increase we quantified during inhalation on the basis of the features tracking method is
likely related to the increased intra-abdominal pressure resulting from the diaphragm
contraction and the corresponding increased abdominal volume previously reporteds2.
Considering that the muscle area changes are tightly linked to the contraction-relaxation
process33, our results suggest that the lateral muscles are contracting during forced exhalation,
relaxing during inhalation whereas the rectus abdominis muscles would be minimally active.
This is further supported by the fact that shape and area changes were larger for lateral muscles
during inhalation as compared to rectus abdominis muscles and by the fact that the
displacement values were very similar between each rectus abdominis parcel and very different
between lateral muscles parcels. These observations agree with the basic physiological
knowledge regarding respiratory efforts234. It has been reported using surface and intramuscular
electromyography that the transversus abdominis and the internal oblique muscles (i.e. muscles
of the lateral muscles group) were strongly activated at the end of forced exhalation whereas the
rectus abdominis muscles were very slightly activatedi!l. This confirms why the magnitudes of
displacement of the deep and intermediate parcels of the lateral muscles are greater than that of
the superficial parcel (i.e. location of the external oblique muscle).

Several limitations have to be acknowledged for the present study. 2D dynamic MRI might be
considered as limited given that displacements of organs of interest in the direction
perpendicular to the section plane cannot be assessed. However, it can be reasonably assumed
that abdominal muscles displacements in the cranio-caudal direction are negligible and so
because the muscular insertions on the bone rigid frame are likely to constrain the movements in
the cranio-caudal direction. As additional evidence and as illustrated in the supplementary
materials, we assessed the displacements from a 2D+t sagittal dataset and found a ratio of 1/20
between the displacements in the axial plane (i.e. imaged plane) and those in the sagittal plane.
The rationale behind the choice of a single slice was related to the fact that we intended to reach
a high temporal resolution. Such a resolution was necessary in order to properly assess the
exercise dynamics. A 3D dynamic MRI could be considered. However, this would imply a
reduced temporal resolution so as to keep the same spatial resolution. As the reduced temporal
resolution should be related to larger deformations between successive MR acquisitions, the
present semi-automatic segmentation is not expected to be effective. It is noteworthy that the
choice of a given plane for dynamic MRI acquisition has become a standard practice in clinical
MRP.

It could be argued that the demographic data of our relatively young cohort do not coincide
with those of patients with abdominal muscle deficiency. Although, we clearly proved the
effectiveness and interest of the method in a group of healthy volunteers, the method should
also be operational in subjects with various histological changes such as muscle atrophy and fat
infiltration inasmuch as the initial segmentation step is manual. In addition, our cohort was
composed of healthy subjects ranging from 24 to 54 years old and a balance between men and
women. On that basis, the method was efficient for people with various anthropometric
characteristics and with a BMI ranging 17.5 to 26.6 i.e. underweight to overweight.
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The methodology we reported in the present study could be used to further understanding the
physiology and biomechanics of the abdominal wall in a variety of exercises involving motion
and contraction of the abdominal wall. It could also provide a quantitative frame for the
assessment of dysfunctions of the abdominal wall mobility.
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