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Abstract

Background and Objective: Biomechanical assessment of the abdominal wall represents a major
prerequisite for a better understanding of physiological and pathological situations such as
hernia, post-delivery recovery, muscle dystrophy or sarcopenia. Such an assessment is
challenging and requires muscular deformations quantification which have been very scarcely
reported in vivo. In the present study, we intended to characterize abdominal wall deformations
in passive and active conditions using dynamic MRI combined to a semi-automatic segmentation
procedure.

Methods: Dynamic deformations resulting from three complementary exercises i.e. forced
breathing, coughing and Valsalva maneuver were mapped in a transversal abdominal plane and
so for twenty healthy volunteers. Real-time dynamic MRI series were acquired at a rate of 182ms
per image, then segmented semi-automatically to follow muscles deformation through each
exercise. Circumferential and radial strains of each abdominal muscle were computed from the
geometrical characteristics’ quantification, namely the medial axis length and the thickness.
Muscular radial displacement maps were computed using image registration.

Results: Large variations in circumferential and radial strains were observed for the lateral
muscles (LM) but remained low for the rectus abdominis muscles (RA). Contraction phases of
each exercise led to LM muscle shortening down to -9.6 +5.9 % during Valsalva maneuver with a
16.2 £ 9.6 % thickness increase. Contraction also led to inward radial displacement of the LM up
to 99 £ 41 mm during coughing. During maximal inhalation, a significant 10.0 + 6.6 %
lengthening was quantified for LM while a significant thickness decrease was computed for the
whole set of muscles (-14.7 £ 6.6 % for LM and -7.3 + 6.5 % for RA). The largest displacement was
observed for the medial part of RA (17.9 + 8.0 mm) whereas the posterior part of LM underwent
limited motion (2.8 + 2.3 mm). Displacement rate and correlation between muscle thickness and
medial axis length during each exercise provided insights regarding subject-specific muscle
function.

Conclusions: Dynamic MRI is a promising tool for the assessment of the abdominal wall motion
and deformations. The corresponding metrics which have been continuously recorded during the
exercises provided global and regional quantitative information. These metrics offer perspectives
for a genuine clinical evaluation tool dedicated to the assessment of abdominal muscles function
in both healthy subjects and patients.
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RA : rectus abdominis; TA : transversus abdominis; IO : internal obliquus; EO : external obliquus;
LM : lateral muscles; WC : waist circumference; BMI : body mass index; r : Pearson correlation
coefficient; DSC : Dice similarity coefficient; HD : Hausdorff distance (HD); ICC : intraclass
correlation coefficient; SD : standard deviation; EMG : electromyography;



1. Introduction

From a physiological point of view, the abdominal wall is a flexible and resistant interface which
delimits the intra-abdominal cavity (Figure 1). This complex multi-layered structure plays a
central role in breathing, intra-abdominal pressure (IAP) regulation, protection of the internal
abdominal organs and stabilization and rotation of the trunk.

Biomechanical assessment of the abdominal wall represents a major prerequisite for a better
understanding of any situation involving abdominal muscle deficiency such as hernia, post-
delivery recovery, muscle dystrophy or sarcopenia. A complete evaluation of the abdominal wall
requires to assess both the mechanical properties of muscles and aponeurotic tissues, the function
of those tissues under different loading conditions and the coupling between the two. Such an
evaluation can be challenging and requires various stimulations through multiples exercises, with
in-depth observations, including continuous IAP monitoring and deformations quantification, to
unveil the structure-function coupling.

Ideally, one would need information related to mechanical properties of the muscular and
aponeurotic tissues of the abdominal wall under passive conditions and during muscle activation.
It could also be of interest to investigate the IAP in order to determine the mechanical stresses
applied to the wall. Finally, it would be essential to assess and quantify the motion of the
abdominal wall to determine the levels of tissues deformations.

Over the past few years, multiple studies have been devoted to muscle and aponeurotic tissues
characterization and to IAP. Mechanical properties of the linea alba (1-5) together with anterior
and posterior sheath of the rectus abdominis (1,6-8) and abdominal muscles (9-11) have been
assessed ex vivo. Those studies highlighted the anisotropic and hyperelastic behavior of the
abdominal wall soft tissues, the importance of the connective tissues in the structural response of
the abdominal wall and their higher stiffness in the transverse direction compared to the craneo-
caudal. Mechanical properties of abdominal wall muscles have also been investigated in vivo
during activation (12) revealing that local stiffness of the abdomen was related to muscle activity.
Specific muscle activation patterns have been identified (13-15) using electromyography (EMG).
A major recruitment of the lateral abdominal muscles (LM) i.e. transversus abdominis (TA),
internal obliquus (IO) and external obliquus (EO) compared to rectus abdominis (RA) during
coughing, voluntary abdominal contraction (Valsalva maneuver) and forced exhalation has been
reported (13-15). Coughing and Valsalva maneuver in supine position have been shown to
increase IAP up to 40 mmHg (16) and higher.

However, in-vivo human abdominal wall deformations studies remain scarce. The few existing
studies have used ultrasound imaging and surface tracking. Using ultrasound imaging,
abdominal muscle thickness has been measured at different contraction levels (17-19) showing
that TA and IO were thicker at the end of expiration and that muscle thickness was correlated
with muscle activation. Abdomen surface deformation has been assessed using external markers
tracking during passive insufflation, Valsalva maneuver, stretching, bending and trunk torsion.



During passive insufflation, the abdominal wall shape changed from a cylinder to a dome and
maximal displacement up to 40mm were observed at the center of the abdomen (20). Valsalva
maneuver induced raising of the abdominal surface in the region adjacent to linea alba along the
posterior-anterior direction and a simultaneous lowering along lateral-medial direction of the
abdominal wall sides (21). The largest reported displacement was 12.5 mm in the anterior
direction. During stretching, bending and trunk torsion, strains larger than 25% were observed
in the upper part of the central vertical line of the abdomen and in lower sides in semi-vertical
direction (22). Although these studies provided valuable information regarding deformation of
the abdomen under passive and active conditions, they were limited to a surface analysis and did
not quantify deformations of the deep tissues which could be involved in abdominal wall
deficiency i.e. muscles and aponeurotic sheaths.

Dynamic MR, also referred as cine MRI, which consists in repeatedly imaging the area of interest,
is a powerful and versatile non-invasive modality for the quantification of abdominal wall
deformations. Such an imaging modality is of interest given that, unlike ultrasound and surface
analysis, it allows dynamic monitoring of both the superficial and deep components of the
abdominal wall. So far, the few dynamic MRI studies of abdominal wall have focused on
abdominal wall adhesions after surgery (23-25). To the best of our knowledge, abdominal wall
deformations have not yet been investigated using dynamic cine MRIL

In the present study, we intended to investigate a complete protocol to characterize abdominal
wall deformations in passive and active conditions using dynamic MRI. Dynamic deformations
induced by three complementary exercises i.e. forced breathing, coughing and Valsalva maneuver
were mapped on a transversal plane of the abdomen. Dynamic muscles changes were individually
characterized, namely the medial axis length and thickness and displacements of each abdominal
muscles.
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Figure 1 : Abdominal wall muscles and muscle fiber orientation.



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

Twenty healthy subjects (8 women) were included after they provided informed written consent.

The exclusion criteria included a history of abdominal or incisional hernia and pathologies

involving breathing or digestive functions and any contraindication for MRI. Information related

to the subjects” physical activity was gathered. A score related to physical activity was defined as

high (at least 6h of physical exercise a week), moderate (2 to 4h a week) or mild (less than 2h a

week).

The mean age of the cohort was 30.6 + 8.7 years, the mean BMI was 22.6 + 2.4 kg.m2 and the mean

waist circumference (WC) was 804 + 77 mm. 8 volunteers had a high physical activity score, 11

had a moderate score, and 1 had a mild score. Individual characteristics are presented in Table 1.

Table 1 : Subjects characteristics

Subject Sex Age(yr) | BMI(kgm?) | WC (mm) PhYSl;:graeithltY
s1 W 23 232 786 3
s2 M 24 24.3 849 2
s3 W 26 24.5 850 2
54 M 27 20.7 697 3
S5 M 25 226 750 2
S6 M 25 20.7 723 3
S7 M 27 285 978 2
S8 M 26 20.9 732 5
S9 M 41 228 856 2
S10 W 28 17.5 678 2
S11 w 29 21.8 807 2
512 M 27 221 792 3
s13 W 22 21.7 788 3
S14 M 37 221 825 3
S15 W 30 25 755 3
S16 M 28 23.1 823 2
517 M 47 243 921 3




518 M 41 26.6 896 3

519 \% 24 19.7 720 4

520 \% 54 23.0 845 4

*1 =High, 2 = Moderate, 3 = Mild

2.2. MRI protocol and exercises

The abdominal region of the participants was imaged in a supine position using a 3T MRI scanner
(MAGNETOM Verio, Siemens Healthineers, Erlangen, Germany) with a torso-dedicated 32
channels array coil. Axial images with T1/T2 contrast from a single slice located at the L3-L4 disc
level were recorded repeatedly with a temporal 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: 50°, field of
view: 360 x 360 mm?, pixel size: 2.3 x 1.7 mm?, slice thickness: 8 mm, GRAPPA 4 with 24 reference
lines).

Subjects performed 3 stereotyped exercises (guided-breathing, coughing and Valsalva maneuver)
within the MRI scanner paced precisely using pre-recorded audio instructions. As a practice
session, these exercises were initially performed outside of the MRI room on an examination table
and under the supervision of an examiner.

Before each acquisition, the volunteers were instructed to relax their abdominal muscles and
breathe calmly. This configuration was considered as the relaxed condition. WC of each subject
was measured in relaxed condition.

During the forced breathing session, subjects had to perform three complete breathing cycles
including 5s inhalation and 5s exhalation. Subjects were instructed to breathe as steadily as
possible while trying to achieve the maximum abdominal amplitude for both inhalation and
exhalation phases going from forced inhalation to forced exhalation.

For the coughing session, subjects were asked to cough once after hearing the audio signal.
Coughing was repeated 4 times.

For Valsalva maneuver, subjects had to realize a maximal expiratory effort (maximal abdominal
muscles contraction) against closed airways after hearing a signal and hold the contraction for 5
seconds. The Valsalva maneuver was repeated twice.

2.3. Image selection




MR images were initially corrected for inhomogeneities using the N4 algorithm as previously
described (26). A careful visual inspection was performed in order to make sure that initial images
for each exercise type corresponded to a configuration of complete relaxation with no visual
activity of the abdominal muscles. If the inspection indicated that an exercise session was not
performed according to the indications, the corresponding dataset was discarded.

2.4. Semi-automatic segmentation

We used a semi-automatic segmentation method as previously described (27). Briefly, right and
left rectus abdominis (RA) and lateral muscles (LM) as visible in Figure 2 were manually
delineated by the same observer in a limited number of slices (five slices for each cycle of the
forced breathing sessions i.e. inhalation onset, mid-inhalation, full inhalation, mid-exhalation,
and end-inhalation). For the coughing and Valsalva maneuver sessions, three slices were
delineated i.e. relaxed conditions, maximum contraction and after relaxation.

The segmented masks were then propagated to the remaining slices using an automatic label
propagation algorithm based on image registration, as previously described (28).



ANATOMICAL IMAGE - S02 GEOMETRICAL CHARACTERISTICS
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Figure 2: Anatomical cine-MR image of one subject (502) given as example with lateral muscles
(LM) and rectus abdominis (RA) contour delineation; Left and right LM and RA medial axis
length and thickness; Radial and circumferential muscle parcellation using a polar coordinate
system centered in the lateral muscles mass center.

2.5. Muscles geometrical characteristics and strains

As visible in Figure 2, two geometrical characteristics were assessed for each muscle group. Those
characteristics were the medial axis length and the thickness.



In order to calculate the medial axis length for LM and RA, a skeletonization algorithm (29) was
used. The longest branch of the "skeleton" was considered as the medial axis of the muscle as
illustrated in Figure 2. It is noteworthy that the medial axis length measurement is performed in
a direction roughly parallel to the muscle fascicles of LM whereas for RA, this measurement is
performed in the direction perpendicular to that of the fascicles which run craniocaudally (Figure
1). The medial axis length L; was measured at each time point and the corresponding
circumferential strain €. was calculated as follows:

(Lt — Lo)

&= Lo

with Lo refers the medial axis length in relaxed condition.

As can be seen in Figure 2, muscle thickness T: was calculated as the maximal distance of the
medial axis to the muscle contour. The corresponding radial strain €. was computed as follows:

(Tt —To)

& =

with To referring to the muscle thickness in relaxed condition.

For both LM and RA muscles, medial axis length and thickness were compared at different time-
points of each exercise session. Non parametric, paired Wilcoxon tests were computed using R
Studio (version 1.4.1717). A p-value < 0.05 was chosen as indicative of a statistical significance.
Correlation between medial axis length and thickness during exercise sessions was assessed using
Pearson’s linear correlation coefficient (r) for each subject.

2.6. Muscles radial displacement

The abdominal wall muscles displacements over time were computed on the basis of a registration
procedure (27). The registrations between the segmented mask corresponding to the relaxed
conditions and each segmented mask of the exercise session was computed using a
TimeVaryingVelocityField transformation model implemented in the Ants Library (30). These
registrations were used to compute the displacement of each pixel of a given muscle with respect
to its position in relaxed conditions.

As indicated in Figure 2 (bottom), the radial component of the displacement was computed using
a polar coordinates system for which the center corresponded to the mass center of the lateral
muscles (RLM, LLM).

To assess the subjects’ compliance regarding radial displacements throughout the various
exercises and more specifically the corresponding repeatability, we compared, within each



exercise session, displacements quantified for maximal exhalation, maximal inhalation, cough and
Valsalva. This repeated comparative analysis was performed for both LM and RA using a
Wilcoxon paired test with appropriate Bonferroni corrections.

2.7. Segmentation and metrics evaluation

To assess the quality of the segmentation propagation process, 2 images per volunteer and per
exercise (total of 120 images) were randomly selected and manually segmented. Those manual
segmentations were compared to the corresponding propagated segmentation based on the
computation of Dice similarity coefficient (DSC) and the Hausdorff distance (HD) defined as the
maximum surface distance between the objects.

On the same slices, medial axis length and thickness values were computed for both manual and
propagated segmentations and compared using the intraclass correlation coefficient (ICC).

2.8. Individual muscles parcellation

A dedicated automatic parcellation of the segmented masks was performed, as previously
reported (27). A polar coordinates system for which the center referred to the mass center of the
lateral muscles (RLM, LLM) was used in order to determine the position of each voxel of the
segmented masks. On that basis, LM were automatically split radially into three depth layers
(superficial, intermediate, and deep) and circumferentially into three angular levels (posterior,
central and anterior), as illustrated in Figure 2. The RA ROIs were split into two depths (superficial
and deep) and two angular (medial and lateral) levels.



3. Results

3.1. Image selection and manual segmentation

MR images and muscle segmentation of the three exercises are visible in Figure 3, for one subject
given as an example.

7% of the initially acquired images were discarded after visual inspection because the exercises
had not been correctly performed by the subjects.

The averaged forced breathing cycle was 9.2 + 0.8 s with a 4.4 + 0.7 s inhalation and 4.8 + 0.8 s
exhalation phases. The averaged coughing cycle was 1.7 £ 0.7 s with contraction and relaxation
phases lasting 0.5 £ 0.2 s and 1.2 £ 0.6 s respectively. The averaged Valsalva cycle was 7.2 £ 0.9 s
with a 1.1 £ 0.6 s contraction, a 4.6 + 0.7 s contraction plateau and a 1.4 + 0.7 s relaxation.

3.2. Segmentation and metrics evaluation

Manual delineation of LM and RA was performed for 8% of the total slices. Segmentation
propagation resulted in an average DSC score of 0.93 + 0.04 and HD of 3.8 + 2.2 mm considering
the whole set of muscles.

Comparison of medial axis length and thickness measurement on both manual and propagated
segmentations resulted in a very high ICC (0.99 for medial axis length and 0.98 for thickness)
indicating that the repeated measurements could be considered equivalent.
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COUGHING - S17
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Figure 3 : MR images and segmentation masks for forced breathing, coughing and Valsalva for one
subject (S17) given as example; On the MR images, the white lines represent the abdominal
circumference and abdominal muscle delineation in relaxed condition.

3.3. Geometrical characteristics and strains

Muscles circumferential and radial strains evolutions with respect to time are illustrated in Figure
4 for the whole cohort. Individual curves were normalized to the average duration of exercise
phases measured for the cohort. The average curve is presented with corridors representing + one
standard deviation. Average muscle medial axis length and muscle thickness values in relaxed
conditions, end-inhalation, end-exhalation and at maximal contraction during coughing and
Valsalva maneuver are gathered in Table 2. The data presented are averaged between the left and
right LM and left and right RA.

During forced inhalation, LM medial axis length significantly increased from -8.4 + 6.2 % at
inhalation onset to 10.0 £ 6.6 % at the end of inhalation (Figure 4). There was a slight increase of



RA medial axis length from -0.8 + 5.3 % up to 1.1 £ 5.6 % but no statistically difference was
observed. At the same time, muscles thicknesses decreased significantly: LM thickness decreased
from 9.7 £11.5 % to -14.7 £ 6.6 % and RA thickness decreased from -0.5 £ 7.6 % to -7.3 £ 6.5 %.
During the forced exhalation phase, both medial axis length and thickness gradually returned to
their initial value and so for both muscles.

During the contraction phase of the coughing session, one could observe a significant shortening
of LM (-7.0 £ 4.9 %) whereas the RA medial axis length remained longer as compared to the
relaxed conditions. At the same time, LM thickness significantly increased up to 10.1 + 9.4 %.
There was no significant change for the RA thickness. As illustrated in Figure 4, the relaxation
phase was characterized by a normalization of both medial axis length and thickness for the LM
muscle.

During Valsalva, LM medial axis length was shortened by -9.6 £5.9 % whereas a16.2 9.6 %. LM
thickness increase was quantified. These variations were globally constant during the contraction
session and were reversed during the relaxation part. RA medial axis length was significantly
higher during contraction (+3.0%) with respect to relaxed conditions but no change of the RA
thickness was observed.
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Figure 4: Average time-dependent evolution of muscle circumferential and radial strains with
respect to relaxed conditions while forced breathing, coughing and Valsalva for the whole cohort;
the shaded areas represent one standard deviation.



Relaxed End-exhalation End-inhalation Coughing Valsalva

P’ r p p’
Medial axis length (mm)
LM 148.7 140.6  <0.001 166.8 <0.001 1414 <0.001 131.2 <0.001
RA 61.6 61.3 0.388 62.3 0.235 633 <0.001 637 0.022
Thickness (mm)
LM 26.4 28.7 <0.001 224 <0.001 284 <0.001 302 <0.001
RA 14.5 14.5 0.767 13.5 <0.001 146 0583 14.7 0.068

* with respect to relaxed conditions

Table 2 : Medial axis length and thickness of lateral muscles and rectus abdominis in relaxed
conditions, at end-inhalation, end-exhalation and at maximal contraction during coughing and

Valsalva.

Correlations between medial axis length and thickness during forced breathing, coughing and
Valsalva are illustrated in Figure 5 for a typical subject and so for both muscles. The elevated r
values illustrated strong inverse correlations for LM muscles during forced breathing (r =-0.86 +

0.17) and moderate correlations during coughing (r = -0.64 + 0.26) and Valsalva (r = - 0.67 + 0.36).
The corresponding correlations were low for RA muscles with r = - 0.05 £ 0.28 for forced breathing,
r = 0.26 + 0.38 for coughing and r = 0.01 + 0.39 for Valsalva. Averaged slope and y-intercept for

the whole cohort are reported in Table 3.
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Figure 5 : Medial axis length and thickness correlation for lateral muscles and rectus abdominis of
one subject (S08) given as example; linear regression curves are presented for each exercise.



Table 3 : Pearson correlation coefficient, slope and y-intercept of muscle medial axis-length vs
thickness linear regression for the whole cohort.

Lateral muscles Rectus abdominis

Exercise r Slope* y-intercept* r Slope* y-intercept*

Breathing -0.86+0.17 -0.20£0.10 = 54.54+16.88  -0.05%0.28  -0.02%0.10 14.75+6.18
Coughing -0.64+0.26  -0.18£0.10  53.15+17.13 0.26+0.38 0.09+0.17 8.39+10.77

Valsalva -0.67+0.36  -0.24+0.18  61.28+27.56 0.01+0.39 -0.01+£0.22 15.27+£13.87

* In the linear regression equation y = a *x + b, a is the slope and b the y-intercept

3.4. Muscles radial displacement

Radial displacement maps at maximal inhalation, in maximal contraction, coughing and Valsalva
are illustrated in Figure 6 for four subjects given as examples. Individual curves were normalized
to the average duration of exercise phases measured for the cohort. The average radial
displacement of muscles parcels over time for the whole cohort is displayed in Figure 7.

Inhalation led to a significant increase of radial displacement of each parcel up to 17.9 £ 8.0 mm
observed in the medial RA parcel and a minimum of 2.8 + 2.3 mm in the posterior LM parcel. The
radial parcellation showed that the deepest area of LM was submitted to larger displacements as
compared to the superficial one. Inhalation onset configuration (i.e. end-exhalation) was
significantly different than relaxed conditions as all parcels presented negative radial
displacement from - 5.0 £ 4.9 mm for the medial RA parcel to - 3.1 £ 3.5 mm for the posterior LM
parcel. Radial displacements during exhalation and inhalation phases were relatively symmetrical
for all parcels.

Both contraction phases of coughing and Valsalva led to negative radial displacement of the LM
parcels. Those displacements were maximal in the central LM parcel (-10.5 + 4.1 mm in coughing
and -9.8 £ 3.9 mm in Valsalva). The deep LM parcel was subjected to a higher displacement (-9.9
* 4.1 mm in coughing and -9.7 £ 4.2 mm in Valsalva) than the one quantified in the superficial
one (-7.3 £ 3.2 mm for Valsalva and -7.9 £ 3.4 mm for coughing). However, these displacements
were achieved on average twice as fast when coughing (0.5s and 1.1s for coughing and Valsalva
respectively). Average displacement rate during contraction was -18.9 + 6.5 mm.s! for LM during
coughing and -9.1 £ 4.7 mm.s! during Valsalva. During Valsalva there was a progressive positive
radial displacement of the RA parcels that reached its maximum approximatively at the half of
the contraction plateau up to 4.8 + 4.6 mm in the medial RA parcel. During coughing, RA



underwent very limited motion. During Valsalva, the maximal contraction was maintained on
average 4.6s before relaxation. When coughing, relaxation started right after maximal contraction
was reached. During relaxation, muscles returned to the initial relaxed conditions.

MAX. INHALATION COUGHING VALSALVA

Radial displacement (mm) Radial displacement (mm)

Figure 6 : MR images and muscles radial displacement maps of 4 subjects given as example (2
women : S03, S15 and 2 men : S14, S17) in maximal inhalation, coughing and Valsalva; the white
lines represent the abdominal circumference and abdominal muscle delineation in relaxed
condition.
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Figure 7: Average time-dependent evolution of muscle radial displacement within parcels while
forced breathing, coughing and Valsalva for the whole cohort; the parcels nomenclature is detailed
at the bottom of the figure.

The statistical analysis for the evaluation of the exercises repeatability regarding radial
displacement of LM and RA disclosed no difference for maximal exhalation, maximal inhalation
and cough. Only the RA radial displacement quantified during the repeated Valsalva maneuvers
was different (p<0.001). For each volunteer, the standard deviation (SD) of the displacement
values measured at each repetition was also measured and averaged for the whole group. For the
LM displacements, the averaged SD was 0.8 mm in maximal exhalation, 0.8 mm in maximal
inhalation, 0.7 mm for coughing and 1.1 mm for Valsalva. For the RA displacements, the averaged
SD was 1.2 mm in maximal exhalation, 1.7 mm in maximal inhalation, 1.5 mm for coughing and
1.6 mm for Valsalva.



Discussion

In this study, dynamic MRI was combined to an original image processing framework to map
abdominal wall deformations dynamics under three complementary exercises : forced breathing,
coughing and Valsalva maneuver. A dedicated quantification of muscle geometry and motion
metrics, namely medial axis length, thickness and radial displacement, was presented and
permitted to synthetize the structural and functional status of individual abdominal wall muscles.
This is, to our knowledge, the first study to provide quantitative temporal data in humans in vivo
and so for all the muscles of the anterolateral wall.

Dynamic assessment of the geometrical characteristics of the muscles unlocked key information
for the understanding of the function and role of the different muscles of the abdominal wall, with
highly reliable measurements (ICC > 0.98). Abdominal wall muscles thickness has been shown to
correlate with muscular activation(17-19). In this work, for all exercises, important changes in
medial axis length and thickness were observed for the LM but remained low for RA (table 2).
This observation suggested the limited solicitation of RA compared to a higher activation of LM,
in line with observations from P. Neumann et al. (14) reporting a much larger recruitment of LM
(85% of normalized EMG) compared to RA (14%) during the same exercises. However, the
transverse plane which has been imaged in this work was roughly parallel to the LM muscle
fascicles whereas it was perpendicular to the RA fascicles which run cranio-caudally (31). This
could explain why higher medial axis length variations (i.e. circumferential strain) occurred
during contraction in LM in comparison to RA, as LM fascicle shortening implied a reduction of
the muscle length in the imaging plane.

Taking a closer look at the evolution of circumferential and radial strains during the exercises,
several parallels with the literature could be made. Forced breathing is an exercise in which
passive and active phases of the abdominal muscles alternate. A previous study using EMG has
shown that during inhalation, the abdominal muscles remained passive and demonstrated
negligible activity during exhalation, until the lung volume had almost returned to its resting level
(32). At this time, LM activity occurred and became increasingly pronounced until maximal
exhalation was reached. From Figure 4 the same distinction between active and passive phases of
abdominal muscles could be made. It was visible that during inhalation, abdominal muscles
lengthened and thinned, demonstrating no muscular activation. However during exhalation, the
onset of LM muscular contraction during exhalation was clearly identifiable on the graph at 7.5s
(i.e. middle of the exhalation cycle as guided by audio instructions). It corresponded to the
simultaneous increase of LM thickness above the relaxed thickness (i.e. radial strain > 0%) and a
decrease of the medial axis length below the relaxed length (i.e. circumferential strain < 0%).
Another study using ultrasound imaging quantified a 6% thickening of the LM during a normal
exhalation (17). In this study, we also observed a significant thickening of the LM but it was more
important (> 20%) because maximal exhalation was performed. Coughing and Valsalva are also



muscle contraction exercises. In this study they also led to a significant shortening and thickening
of the LM that we were able to quantify.

Circumferential and radial strains were measurable in the present study and could open up new
investigational fields. Using cardiac MRI, measurement of radial and circumferential strain have
allowed the identification of myocardium regional alterations (33). In the same way, dynamic
measurements reported in the present study could allow the localization of regional deficiencies
of the abdominal wall.

Linear regression between medial axis length and thickness showed good correlations for LM
(Figure 5 and Table 3). For the three exercises, LM correlation coefficients were -0.64, -0.67 and -
0.86 for coughing, Valsalva and forced breathing respectively. Slopes were similar for the whole
set of exercises (-0.20 £ 0.10 for breathing, -0.18 + 0.10 for coughing and -0.24 + 0.18 for Valsalva).
These results indicated that the relation between LM thickness and medial axis length is strong
and constant, independently of muscles being passive, relaxing or contracting, whether with high
or low velocity. Measuring these slopes are potential biomarkers in further studies for individual
performance index of LM muscle function. Considering that muscle geometrical characteristics
are strongly correlated with maximum muscle strength and power (34), this performance index
could be used for the detection of abdominal muscles pathological changes. Correlations for RA
were poor for all three exercises (between -0.05 and 0.26). The small RA thickness and limited
medial axis length strains in the axial plane potentially reduce the sensitivity of the methods to
probe RA compared to LM. The complementary observation of the RA in the sagittal plane could
be of interest.

Similarly to geometrical characteristics, radial displacements were also very informative about
abdominal muscles dynamics. During forced breathing, passive deformation resulted in
significant positive radial displacements. Those displacements were maximal in the medial RA
parcel (17.9 £ 8.0 mm) and minimum in the posterior LM parcels (2.8 +2.3 mm). The study by Song
et al. (20) found a similar displacements distribution during a 5 mmHg passive insufflation of the
abdominal wall in laparoscopic surgery. A maximal 40 mm displacement in the anterior direction
at the center of the abdomen was reported while markers at the edge of the abdominal wall
underwent very limited motion (< 5 mm) likely resulting from their proximity to the insertions of
the abdominal muscles on the ribs.

The computation of the radial displacement during contraction resulted in negative radial
displacements of the LM relative to their relaxed position and a positive displacement of the RA
toward the front (Figure 6 and Figure 7). The Valsalva maneuver induced a - 9.8 + 3.9 mm
displacement of the central LM parcel. Using surface analysis, Todros et al. (21) observed in low
or normal BMI subjects a similar raising of the abdomen surface in the central zone in the
posterior-anterior direction and a simultaneous lowering along lateral-medial direction of the
abdominal wall sides with a maximum of - 12.5 mm. While skin surface analysis correctly



predicted the deep abdominal muscles displacement during contraction in Todros study, a thicker
adipose layer might hamper this evaluation. MRI analysis does not present this limitation.

Radial parcellation of the LM in Figure 7, provided new insights regarding the muscle regions
most involved in the contraction phase. Indeed, at maximal contraction, the average radial
displacement in the LM deep parcel (-9.7 £ 4.2 mm for Valsalva and -9.9 + 4.1 mm for coughing)
was superior to the radial displacement of LM superficial parcel (-7.3 £ 3.2 mm for Valsalva and -
7.9 + 3.4 mm for coughing). This could reflect a larger activation of the deep LM muscle (i.e. TA)
as compared to the superficial one (i.e. EO). These findings are supported by those from P.
Neumann (14) using EMG. They reported a larger recruitment of TA (66% and 179% of
normalized EMG for Valsalva and coughing respectively) compared to EO (6% and 56% of
normalized EMG for coughing and Valsalva respectively).

As mentioned previously, the radial displacement values at maximal contraction were roughly
similar in Valsalva and coughing. However, coughing resulted in a twice as fast displacement rate
of LM than Valsalva (-18.9 + 6.5 mm.s! and -9.1 + 4.7 mm.s?! respectively). Previous studies
indicated that both exercises generated high IAP (16,35). Yet coughing has been reported to
generate significantly higher IAP values (81.4 £ 25.6 mmHg) as compared to Valsalva (39.7 £ 11.0
mmHg) (16). As a result, contraction velocities could be correlated to IAP. High contraction
velocities could be deleterious, especially after surgery, because they generate important
mechanical loads on the aponeurosis and the muscles (36). In addition, displacement rate could
be a useful metrics for the assessment of muscle function, as previous studies have shown that the
maximal shortening velocity was lower in injured muscles (37). These observations warrant
further evaluation in the clinics.

Segmentation was a key step in the post-processing method as geometrical characteristics and
displacement were computed from the segmentation masks. An efficient LM and RA semi-
automatic 2D+t segmentation method on dynamic MRI was reported. The quality of the automatic
segmentation propagation was evaluated from a comparative analysis with manual
segmentations performed by an expert and using similarity metrics, namely DSC and HD. The
resulting DSC and HD scores were 0.93 + 0.04 and 3.8 + 2.2 mm respectively while 90% of the
manual segmentation effort was spared. In previous studies, deep-learning based automatic
segmentation of abdominal muscles on 3D CT scans (38) has shown comparative results (DSC =
0.96 £ 0.02). However to our knowledge, no other automatic or semi-automatic segmentation of
abdominal muscles on MRI or dynamic-MRI data has been reported. Abdominal muscles 2D+t
segmentation remains very challenging, because large and rapid deformations and changes in
muscle shape occurred. In addition, muscles and visceral organs sometimes shared similar texture
and intensity, which made segmentation potentially challenging whenever visceral organs
approached muscles during exercises. In all cases, the semi-automatic segmentation method
proved its efficiency and robustness on all three exercises. Nevertheless, a complete automated
segmentation process, leveraging deep learning methods to initiate muscles segmentation could
be of interest.



The complementary exercises studied in this work proved to be very reproducible, supporting
the potential for clinical investigations. The average standard deviation (SD) of the displacement
values measured at each repetition was below 1.1 mm for LM and 1.7 mm for RA for all exercises.
The practice session outside of MRI and the pre-recorded audio instructions probably
strengthened this reproducibility and should be considered for the future evaluation of subjects.

Several limitations must be acknowledged in the present study. 2D dynamic MRI is limited to the
analysis of displacements of organs of interest in a section plane and not in the perpendicular
direction. It can be reasonably assumed that abdominal muscles displacements in the cranio-
caudal direction are negligible because the muscular insertions on the bone rigid frame are likely
to constrain the movements in that direction. In a previous work (27), a ratio of 1/20 between the
displacements in the axial plane (i.e. imaged plane) and those in the sagittal plane was found
during forced inhalation. The choice of a single axial slice was linked to the high spatial and
temporal resolution obtained for dynamic MRI. Such a resolution (~2mm in-plane and 182 ms per
image) was necessary to properly assess the exercise dynamics. The axial plane was the only plane
allowing the visualisation of the whole set of abdominal muscles at once. For pathological
applications, slice location or orientation could be changed, and multi-slice (3D+t) MRI could be
considered for selected exercises.

Given the MRI acquisition parameters, the image resolution did not allow to distinguish and
delineate the three lateral muscles layers (EO, IO and TA). Thus, only the whole LM was
segmented, and geometrical characteristics of each individual muscle could not be measured. As
an alternative solution of interest, the radial parcellation of the LM into three layers approached
the estimation of individual muscle recruitment.

It could be argued that the physical activity score of our relatively athletic cohort (only one
volunteer with mild physical activity score) does not coincide with those of patients with
abdominal muscle deficiency. However, the method should also be operational in subjects with
various histological changes such as muscle atrophy and fat infiltration since the initial
segmentation step is manual. In addition, subjects with a lower physical activity or higher BMI
are expected to present thicker subcutaneous and/or visceral fat, which should improve the
contrast at the vicinity of the abdominal muscles and therefore facilitate their segmentation.

Conclusion

According to the results of the present study, dynamic MRI can be considered a promising tool
for the dynamic assessment of the abdominal wall geometrical characteristics and displacement.
The corresponding metrics which have been continuously recorded during forced breathing,
coughing and Valsalva maneuver provided global and regional quantitative information. Based



on an in-depth analysis of these metrics, we were able to provide extensive measurements,
conventionally obtained separately using intramuscular EMG, ultrasound imaging and/or
surface tracking. These metrics offer perspectives for an additional clinical evaluation tool for
evaluating abdominal muscles function in both healthy subjects and patients with hernia, post-
delivery recovery, muscle dystrophy or sarcopenia.
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