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Abstract

Purpose This study aims to investigate the use of dynamic MRI to assess abdominal wall biomechanics before and after
hernia surgery, considering that such evaluations can enhance our understanding of physiopathology and contribute to
reducing recurrence rates.

Methods Patients were assessed using dynamic MRI in axial and sagittal planes while performing exercises (breathing,
coughing, Valsalva) before and after their abdominal hernia surgery with mesh placement. Rectus and lateral muscles, linea
alba, viscera area, defect dimensions and hernia sac were contoured with semiautomatic process to quantify the abdominal
wall biomechanical temporal modifications.

Results This study enrolled 11 patients. During coughing, the axial area of the hernia sac increased by 128.4 +199.2%.
The sac increased similarly in axial and sagittal planes during Valsalva. Post-surgical evaluations showed a 26% reduction
in inter-recti distance and a lengthening of all muscles (p <0.05). The post-operative rectus abdominis thickness change
was negatively correlated with defect width during breathing (p <0.05). The largest change in linea alba displacement was
observed in the surgical site (p =0.07). Post-operatively, lateral muscles had a larger inward displacement during Valsalva
(» £0.05). Rectus abdominis had a larger outward displacement during breathing (p =0.09), reduced with the mesh size
(p<0.05). A large inter-individual variability was observed.

Conclusion Using a semi-automatic methodology, an in-depth analysis of the biomechanics of the abdominal wall was
conducted, highlighting the importance of a patient-specific assessment. A broader study and consideration of recurrence
would subsequently complete this methodological work.

Keywords Hernia surgery - Abdominal wall function - Dynamic MRI - Biomechanics - Surgical outcomes - Medical
imaging post-processing

Abbreviations p p-Value

LM Lateral muscles r Pearson correlation coefficient
RA Rectus abdominis

MRI  Magnetic resonance imaging

IPOM Intra-peritoneal onlay mesh

CT Computed tomography
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Introduction

Abdominal wall hernias are characterised by the protru-
sion of abdominal contents through a weakened abdominal
wall. They are common pathologies and associated with
significant health and economic burdens [1].

Hernia surgery success is traditionally measured by
recurrence and complication rates. Although improve-
ments in surgical techniques and meshes [2—4] has been
shown to improves the success of ventral incisional hernia
repair [5, 6], the recurrence rate is still very high reaching
up to 45% after 5-year post-surgery [3]. These disappoint-
ing results must be addressed through new approaches
aimed at objectively and quantitatively evaluating abdomi-
nal wall function before and after hernia surgery [7].

Previous in vivo studies have assessed the impact of
hernia on muscle functionality. The corresponding inves-
tigative methods were surface electromyography and
dynamometry. An electromyography-based study revealed
that abdominal muscle strength was significantly reduced
in patients with incisional hernia compared to healthy [8].
Various studies using isokinetic dynamometer [9, 10] and
strain gauge [11] showed a negative correlation between
abdominal wall muscle strength and hernia defect width
measured on computed tomography (CT) scans. Abdomi-
nal muscle strength was also negatively correlated with
abdominal rectus diastasis width measured under the
umbilicus on CT scan before their diastasis surgery [12].
Abdominal wall functionality following hernia repair with
linea alba restoration was shown to be improved through
isokinetic and isometric measurements of the rectus mus-
cle [13]. Preoperative core training was found to signifi-
cantly enhance muscle strength after ventral hernia repair
[14].

While these studies provide valuable insights, they are
often limited by their reliance on static, strength-based
measurements. Assessment of abdominal wall anatomy
and biomechanics during physiological activities are still
very scarce and dynamic imaging methods might be of
high interest in this regard.

Ultrasound and CT scan imaging techniques are fre-
quently used for anatomical investigation before hernia
surgery. Magnetic resonance imaging (MRI) is less used
in clinical evaluation but may have some specific inter-
est [15]. Ultrasound can be used to diagnose hernias [16]
and help in understanding the etiology of incisional hernia
formation [17]. Ultrasound has been shown to be useful
in the dynamic assessment of abdominal adhesions [18].
However, it only provides a local analysis, and the abdomi-
nal image quality has been shown to be negatively affected
by patients’ body mass indexes (BMI) [19]. CT scan is
used for hernia detection [20], anatomical evaluation for
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surgery planning, and post-operative follow-up [21, 22].
Changes in abdominal wall morphometry induced by her-
nia surgery have been mainly investigated using CT scan
[23]. A decreased cross-sectional anterior—posterior dis-
tance, area and circumference of the abdomen have been
reported after surgery. It has also been suggested that a
more functional-based preoperative CT scan imaging of
the abdominal wall during Valsalva maneuver could mark-
edly enhance the comprehension of ventral hernia defects
and facilitate the design of efficient surgical plans [24-26].

Howeyver, different studies showed that CT scan was not
associated with reliable diagnosis in ventral hernia recur-
rence [27]. In addition, CT reports often fail to include
important pre-operative hernia features [28]. One has to
keep in mind that CT scan is a radiating tool offering static
views that fail to capture the dynamic nature of hernias dur-
ing physiological activities such as breathing and coughing.
In that respect, MRI appears to be a tool of interest regard-
ing its non-radiating nature and its potential for an in-depth
and dynamic study of the whole abdominal wall. Dynamic
magnetic resonance imaging (MRI), also called cine-MRI,
represents a significant advancement in this field. It pro-
vides real-time insights into the movement and interaction
of abdominal structures [29]. It has multiple applications,
such as the quantification of cross-sectional abdominal wall
motion [30] and its relationship with intra-abdominal pres-
sure [31], abdominal adhesions assessment [ 18], study of the
effect of wearing an abdominal binder during contraction
[32], study of chronic groin pain in inguinal hernias [33] or
visualisation of the implanted mesh [34, 35].

The present study aims to fill the gap in the objective and
functional evaluation of the abdominal wall by investigating
anatomical and biomechanical changes in hernia patients
before and after surgery. Using dynamic MRI during various
exercises, this study intends to provide a real-time, in vivo
assessment of abdominal wall function, offering a more
detailed understanding of post-surgical outcomes.

Methods
Participants

This study was approved by the French ethics committee
(IDRCB: 2021-A02119-32) according to national legisla-
tion related to interventional research and the Declaration
of Helsinki.

Participants accepted to take part in the study after
providing their informed written consent. They had to
meet the following inclusion criteria: being of legal age,
having abdominal wall pathology (primary or incisional
hernias) requiring laparotomy surgery at the time of the
study, having a defect of 10 cm maximum, having a social
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security coverage. Exclusion criteria include pregnant or
breast-feeding women, people under guardianship, peo-
ple requiring emergency hernia/ventricular surgery, people
with an active digestive pathology other than hernia, the
usual contraindications for an MRI examination (claustro-
phobia, magnetized foreign bodies).

The hernias were classified according to the EHS classi-
fication [36]. The hernia surgery technique was determined
by the surgeon, performed by laparotomy or laparoscopy,
including a systematic defect closure with mesh place-
ment. Correction of the diastasis was not systematically
performed.

MRI protocol

Participants had a pre-operative MRI and get their hernia
surgery. Once their state of healing and pain allowed it,
participants underwent post-operative MRI. Participants
were positioned in a supine position within the 3-Tesla
MRI scanner (MAGNETOM Vida, Siemens Healthineers,
Erlangen, Germany). The radiofrequency coils used were
those integrated within the bed scanner and a flexible body
coil placed on the abdomen. This coil was not attached to
the bed so as to ensure a non-restricted anteroposterior
movement of the abdomen.

First, two volumes using 2D sequences T2 HASTE
(5 mm jointed slices) and 3D sequence T1 DIXON (3
mm) were recorded during apnea after inhalation (from
the pubis to the xiphoid process) in axial plane. These
volumes were then used to position the axial and sagittal
planes for the subsequent dynamic acquisitions. Dynamic
sequences used were True FISP sequences (balanced gra-
dients sequences) with one slice of 8 mm repeated dur-
ing 40 to 60 s. For the pre-operative MRI, dynamic axial
acquisitions were performed over the cross-sectional
plane where the hernia neck was the largest, as identified
from the 3D volumes. The sagittal plane was located at
the midpoint of the hernia neck, as illustrated in Fig. 1.
For the post-operative MRI, the axial and sagittal planes
were selected to be as similar as possible to those chosen
for the preoperative MRI. Participants performed three
audio-guided exercises after a pre-training session, and
each exercise was repeated four times to improve repro-
ducibility. These activities could be done in daily life: deep
breathing for 10 s, coughing, and performing the Valsalva
maneuver, which involves forcing air out against closed
mouth and nostrils for 8 s.

The MRI acquisition parameters, including field of view
(window size) and temporal resolution (timestep between
two images), were tailored to the individual participant
based on their body size. The MRI acquisition parameters
can be found in subsection 6.1.

Fig. 1 Selection of axial and sagittal planes for dynamic acquisitions,
example of a pre-operative MRI Legend: a) Axial plane b) Sagittal
plane. The pink lines represent the respective placements of sagittal
and axial planes. The white arrow represents the defect dimension
measurements (width and height) at rest in axial and sagittal planes
respectively. The yellow circular arc represents the inter-recti angle
(only done on axial MRI), i.e., the angle formed from the aorta/iliac
arteries barycenter to the inner tips of rectus abdominis muscles

Data processing

MRI scans were initially converted from DICOM to Nifti
format using the dem2niix software [37]. MR images were
visualised using the Image] software. MRI sequence of
each patient and each exercise was truncated to include
only images during exercise execution, beginning and end-
ing at abdominal wall’s resting state. The first image was
selected by an operator as the slice without visible con-
traction, representing the initial resting state. The last slice
was identified using both subjective visual assessment of
the same operator and objective similarity measurements
using MedPy, a Python medical image processing library
[38]. Objective assessments included the Dice Similarity
Coefficient (the commonly used metric quantifying spatial
overlap between two images [39]) and mutual information
(a statistical measure of shared information between images
[40]). The last slice was selected as the one most closely
resembling the first, ensuring the sequence ended with the
participant returning to the resting state.

Axial MRI

Each patient had dynamic axial acquisition during which
they performed audio-guided breathing, coughing and Val-
salva maneuver.

For the pre-operative MRI, the defect width was meas-
ured at the resting state (Fig. 1). The hernia sac was deline-
ated whenever feasible (Fig. 2b) and the corresponding area
(cm?) was quantified. In relative terms, the area variation
with respect to the resting state (area,) was also computed,
i.e., area— areay/area, expressed in percentage (%).

As illustrated in Fig. 2c, the visceral area was defined as
the region enclosed by the internal surface of the abdominal
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I Hernia sac

At rest

Visceral area [ Lateral muscles (LM)
I Rectus abdominis (RA)

Fig.2 Segmentation masks of axial MRI, at rest and during Valsalva contraction. Legend: a) Raw MRI b) Hernia sac (for pre-operative stage
only) c) Visceral area d) Abdominal muscles: lateral muscles (LM) and rectus abdominis (RA)

muscles and the dorsal area, which includes the quadratus
lumborum, psoas major, erector spinae muscles, vertebral
discs and body, as previously described [31].

Additionally, the rectus abdominis (RA) and lateral mus-
cles (LM), which include the transversus abdominis, internal
obliques, and external obliques, were delineated in the MR
images using FSLeyes, the image viewer included in the
FSL toolbox (Fig. 2d. The segmentation method previously
described by Ogier et al. [41] was used to semi-automati-
cally segment the corresponding muscles within the region
of interest.

In both pre and post-operative images, the distance
between the two inner tips of the rectus abdominis mus-
cles was measured and defined as the inter-recti distance.
Additionally, the abdominal aorta or iliac arteries were
segmented in order to compute its barycenter. Then, the

Beginning

(resting state) _NA—

Valsalva contraction

inter-recti angle (in degree) was computed. It was defined
as the angle between the inter-recti distance and the aorta/
iliac arteries barycenter, as represented in yellow in Fig. 1.
The inter-recti angle reflects both the anatomical separa-
tion of the rectus muscles (how wide apart they are) and
their positional relationship to the central axis of the body,
represented by the aorta/iliac arteries.

As illustrated in Fig. 3 for the Valsalva exercise, the
axial displacement of abdominal muscles was calculated
according to the methodology proposed by Jourdan et al.
[30]. This displacement is expressed in the radial direction
and was subject to change at each time point.

Circumferential and radial strains respectively noted ¢,
and ¢, were computed for both LM and RA muscles [30].
These variables were defined respectively for the con-
sidered group (LM or RA) as the medial axis length and

End 23
(resting state) 19

Frame 2 Frame 14 Frame 19

Frame 41

Frame 53

rame 5
Frame 59 11

w
Axial displacement (mm)

Time (s)

Fig.3 Axial displacement of the abdominal muscles of a preoperative patient performing the Valsalva maneuver. The abdominal wall was at

rest; i.e., without contraction; at the beginning and end of the exercise
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thickness variation with respect to the resting state, i.e.,
length — lengthy/length, for €,, and thickness — thicknessy
thickness, for €,, expressed in percentage (%).

Given that each exercise was performed multiple times
by each participant, the different repetitions were then aver-
aged using Matlab R2024a software, in order to obtain a
representative average cycle of each exercise for each patient
for the two abdominal wall conditions before and after the
surgery, as previously described [31].

Sagittal MRI

For the sagittal dynamic acquisition, the post-processing has
been focused on Valsalva exercise. The field of view (lower
and upper borders) for pre-operative and post-operative MRI
scans was aligned vertically using the position of the L4
vertebra, to ensure the same field of view for both stages.

As with the axial pre-operative MRI, the defect height
was measured at the resting state (Fig. 1) and hernia sac was
segmented whenever feasible, as illustrated Fig. 4b.

The visceral area, shown in Fig. 4c was defined as the
region enclosed by the internal surface of the linea alba and
the vertebral arch.

The linea alba, illustrated in Fig. 4d, was delineated in the
sagittal MR images using the same semi-automatic segmen-
tation method employed for axial MRI [41].

As shown in Fig. 5, the sagittal displacement within
the segmented mask of the linea alba was computed. This
displacement was computed in a cartesian coordinate sys-
tem and evolved at each timestep. The linea alba mask was

Valsaly

divided into discrete regions for each patient in order to
facilitate assessment within specific areas. As illustrated in
Fig. 4e, the initial approach entailed the division of the mask
into three regions of interest, according to the specific hernia
or scar location for pre-operative and post-operative MRI
respectively. The lowest region, called infra, encompasses
the area from the bottom of the image to a point 3 cm below
the largest hernia neck, where the axial plane was selected.
The second region, called hernia-scar, was centered on the
hernia neck (or scar) +3 cm. The upper and third region,
called supra, extends from 3 cm above the hernia neck to the
top of the image. This 3 cm-landmark has been commonly
used in the literature [42]. This approach allows for intra-
patient comparisons between pre-operative and post-opera-
tive stages, with a particular emphasis on the hernia region.
The displacement was then averaged within these regions.

Statistical analysis

The results are presented as an average of all participants
+one standard deviation noted o, with their corresponding
[minimum/maximum] range.

The differences between exercises (breathing, coughing,
Valsalva), between linea alba regions (infra, hernia-scar,
supra), and between pre-operative and post-operative stages
were assessed for the maximum values of the variables. The
maximum corresponds to the end of inhalation for breathing,
cough peak for coughing, and onset plateau for Valsalva.
For those comparisons, a paired t-test or Wilcoxon test was

At rest

Visceral area s SUpra

Hernia-scar
Infra

Linea alba

Fig.4 Segmentation masks in sagittal pre-operative MRI, at rest and during Valsalva contraction Legend: a) Raw MRI b) Hernia sac (for pre-
operative stage only) c) Visceral area d) Linea alba segmentation e) Linea alba sections (supra, hernia-scar, infra)
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Beginning Valsalva contraction End
> (resting state)
(resting state) A 24
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Fig.5 Sagittal displacement of the linea alba of a preoperative patient performing the Valsalva maneuver The abdominal wall was at rest; i.e.,

without contraction; at the beginning and end of the exercise

used according to the normality hypothesis validation of a
Shapiro-Wilk test.

The effect of mesh placement (e.g. IPOM, retro-rectus etc.)
on the different variables was evaluated. A one-way analysis of
variance (ANOVA) or Kruskal-Wallis test was used according
to the normality hypothesis validation of a Shapiro—Wilk test. If
ANOVA yielded a significant result, Tukey’s post-hoc test was
conducted for pairwise comparisons between the different mesh
placements. If the Kruskal-Wallis test was significant, Dunn’s
posthoc test with Bonferroni correction was applied to identify
specific mesh placement differences. Statistical significance
was considered for p-value <0.05.

Additionally, the post-operative change ratio was
defined as the difference between post-operative and pre-
operative stages, with respect to the pre-operative stage
(Postop — Preop)/Preop™ 100 (%).

Linear correlation between the maximum values of dif-
ferent variables was assessed by a Pearson correlation coef-
ficients r to evaluate the direction (positive or negative) and
strength of correlations, with statistical significance thresh-
old set to p < 0.05.

To further visualise the distribution of maximum values
among participants before and after surgery, radar plots were
employed to represent the spread of data, often obscured by
the averages. These graphs aimed to highlight the variability
in biomechanical changes induced by surgery across differ-
ent participants, emphasising the individualised impact of
the surgical intervention on abdominal wall dynamics.

Results
Cohort description

The cohort details are summarised in Table 1.

@ Springer

The morphometric details of this study include sex, age at
pre-operative MRI, the duration between surgery and post-
operative MRI, and the BMI.

The cohort was composed of 11 patients (6 females). The
average age was 57.9 +15.1 years old (min =27.9, max
=75.2). The duration between surgery and post-operative
MRI was 137 + 84 days (min =76, max =362 days).The
BMI was 30.8 +3.1 kg/m? (min =27.7, max =38.9 kg/m?).

The hernias were classified according to the EHS classifi-
cation [36]. Among the 11 patients, there were three primary
midline umbilical hernias, four occurrences of incisional
midline M2 hernia, two incisional midline M3 hernia, one
incisional midline M4 hernia, and one incisional lateral L4
hernia. The average defect width was 42 +23 mm (min =15,
max = 100 mm). The average defect height was 48 + 15 mm
(min =31, max =82 mm). The width and height of defect
were linearly correlated (r= 0.65, p < 0.05).

The surgery details are as follows. Most of the patients
had a laparotomy (open surgery), while two of them both
had laparoscopy to first place the mesh and then a laparot-
omy to fix it on the abdominal wall. All patients had surgery
with defect closure with mesh reinforcement. The average
mesh size was 222 + 161 ¢m? (min =38, max =500 cm?).

Pre-operative hernia sac description

The hernia sac was fully segmented over time for 8 patients.
For the remaining 3, the accuracy of the sac segmentation
at each frame were considered insufficient to assess its
dynamic evolution. The hernia sac description was per-
formed for the pre-operative stage only, as there was no
hernia post-operatively.

In axial plane, during the exercises, the maximum
hernia sac area was 21.5 +26.4 cm?, 21.8 +23.3 cm?,
22.6 +21.1 cm? for breathing, coughing and Valsalva
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respectively. In relative terms, the area of the hernia sac
increased by 17.3 +57.4%, 128.4 +199.2% and 35 +44%
during breathing, coughing and Valsalva respectively. In
sagittal plane, during Valsalva the maximum hernia sac
area was 19.1 + 11.4 cm?, and the corresponding relative
increase 33.6 +50.8%.

There was a strong correlation between axial and sagittal
hernia sac areas during Valsalva (r= 0.97, p < 0.05). No
correlation was found between the defect dimensions and
the maximum hernia sac area, neither in axial plane nor in
sagittal plane.

Inter-recti distance and angle

The inter-recti distance and angle are illustrated in Fig. 6
together with the corresponding time changes before and
after surgery. The corresponding maximum for each patient
is displayed in the circular plots. The patient #9 with the lat-
eral hernia was excluded from the analysis due to the focus
on the rectus abdominis region as measured by these met-
rics. These two variables were then assessed on 10 patients.

On average, the inter-recti distance was reduced by 13
+16.4 mm after the surgery, which corresponds to a reduc-
tion of 26 +28%. The inter-recti angle was reduced by 7.7
+ 8.4° approximately. As illustrated in the circular plots
Fig. 6a, b large range of post-operative differences was
observed among patients.

The maximum value of inter-recti distance and angle,
averaged among the 10 patients, are reported in Table 2.

The inter-recti distance was shorter after the surgery (p=
0.05 for breathing, p < 0.05 for coughing and Valsalva). As
summarised in Table 2, the inter-recti angle was significantly
smaller after the surgery for all the exercises (p < 0.05).

Visceral area

The temporal evolution of visceral area before and after sur-
gery is shown in Fig. 7 for the three exercises in axial plane,
and for Valsalva in sagittal plane. The corresponding maxi-
mum values for each patient are displayed in the circular
plots. The sagittal visceral area during Valsalva followed a
3-phase pattern, i.e., increase, plateau and decrease.

The maximum values of visceral area, averaged among
the 11 patients, are shown in Table 3. The post-operative
increase in axial visceral area during breathing exercise was
almost significant (p = 0.06).

Axial displacement of abdominal muscles
The axial displacements of both LM and RA before and after

surgery are shown in Fig. 8. The circular plots (Fig. 8b and
d) show the maximum displacement before and after the
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surgery for each patient, for LM and RA muscles respec-
tively. These plots highlight a large spread of post-opera-
tive changes among patients, some having their mobility
increased and some reduced.

The temporal evolution analysis during the exercise’s
execution indicated that both LM and RA muscles were
moving outward during breathing, following a bell-shape
pattern. The RA muscles moved more than LM. In addition,
LM had a larger deviation corridor because some patients
had the LM going outward, and some inward resulting in a
negative displacement. This can be visualised in Fig. 8b by
looking at the patients outside and inside the circle of radius
equals to zero.

During coughing, LM and RA had an opposite displace-
ment. The LM muscles were going inward for almost all
patients (except a very small displacement for patient #11
visible Fig. 8b). On the contrary, the RA muscles moved
outward and the corresponding displacement magnitude was
approximately twice that of the LM. During Valsalva, LM
and RA also had an opposite displacement, with a 3-phase
pattern (increase-plateau-decrease). For all patients, the LM
muscles were going inward whereas the RA muscles moved
outward, again with a ratio of about two on the magnitudes.

Table 4 shows the maximum displacement values for
each exercise and each muscle group (LM or RA), aver-
aged among the patients. During Valsalva, the post-operative
displacement of LM was significantly larger (in magnitude)
compared to the pre-operative one (p = 0.047).

The post-operative increased displacement of RA was
almost significant during breathing (p = 0.09).

Mesh size impacted rectus muscles maximum post-oper-
ative displacement, with a significant negative correlation
during breathing and coughing exercises (r= —0.65, p=
0.04 <0.05 for breathing, r= —0.78, p=0.01 <0.05 for
coughing). For this correlation study with mesh size, the
patient #9 with lateral hernia was also discarded (n = 10).

Shape of abdominal muscles

Table 5 shows the maximum abdominal muscle length,
thickness, circumferential and radial strains.

The maximum length of both LM and RA muscles was
higher after surgery than before. For LM muscles, this
increase was significant for coughing and Valsalva (p <
0.05), and almost significant for breathing (p = 0.066).

For RA muscles, the post-operative increase in length was
significant for the three exercises (p < 0.05).

Regarding thickness, circumferential strain €, and radial
strain &,, no significant difference was observed between pre-
operative and post-operative stages and so for both LM and
RA muscles.

The post-operative maximum radial strain of RA
€, among the whole cohort were negatively correlated
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Fig.6 Pre-operative and post-operative inter-recti distance and angle.
Legend: a) Inter-recti distance averaged among patients (n =10)
+one standard deviation ¢. b) Corresponding maximum values (i.e.,
assessed at the end of inhalation for breathing, cough peak for cough-

with the pre-operative defect widths during breathing
(r=-0.67, p < 0.05). Additionally, also for the breath-
ing exercise, post-operative maximum radial strains of
RA were found to be significantly impacted by the mesh
placement in retro-rectus position compared to [POM and
pre-peritoneal placement (p < 0.05). Indeed, it was found

ing, onset plateau for Valsalva) for each patient. c) Inter-recti angle
averaged among patients (n =10) +one standard deviation ¢. d) Cor-
responding maximum values for each patient

to be significantly lower for patients who had a retro-rectus
mesh placement. However, the defect widths were also
significantly higher for patients who had a retro-rectus
placement.
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Table 2 Inter-recti distance and angle before and after surgery
assessed at exercise peak (i.e., end of inhalation for breathing, cough
peak for coughing, onset plateau for Valsalva)

Exercise Pre-operative ~ Post-operative ~ p-value

Inter-recti distance (mm)

Breathing 49.2 +15.5 38.2 +£17.9 0.05*

Coughing 53.4 +15.1 40 +19.2 0.04*

Valsalva maneuver 51.1 +13.3 36.5 +16.4 0.03*
Inter-recti angle (*)

Breathing 29.6 +9.6 23 +12.2 0.05%*

Coughing 27.7 £8.3 20.6 £9.1 0.02*

Valsalva maneuver 29.5 +10.1 20.1 +£10.2 0.01*

Results are presented as mean values (n =10) +one standard devia-
tion o, the star symbol (¥) indicates a significant p-value <0.05

Sagittal displacement of linea alba

The displacement of the three regions of linea alba (infra,

)

hernia-scar, supra) before and after surgery during Valsalva
maneuver is shown in Fig. 9. The average values for the whole
cohort are displayed in Fig. 9a. For visualisation purpose, the
corridor response is plotted for each region in Fig. 9c.

The linea alba displacement followed a 3-phase pattern
(increase-plateau-decrease). In both pre-operative and post-
operative stages, the displacement of the hernia-scar region
was significantly larger than in the infra and supra regions
(p<£0.05).

The maximum displacement of each linea alba region
before and after surgery is displayed in Fig. 9b for the 11
patients. As for axial displacement of LM and RA muscles,
these circular plots highlighted the variability of post-oper-
ative changes among patients.

The post-operative displacement of the linea alba was
lower only for the patients #2 and #8. These two patients are
males, tended to have higher BMI, visceral area and abdomi-
nal muscle length.
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AXll al Sagittal
o N
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Fig. 7 Pre-operative and post-operative visceral area. Legend: a) Vis-
ceral area averaged among patients (n =11) +one standard deviation
0. b) Corresponding maximum values (i.e., assessed at the end of
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Table 3 Visceral area before and after surgery assessed at exercise
peak (i.e., end of inhalation for breathing, cough peak for coughing,
onset plateau for Valsalva)

Exercise Pre-operative Post-operative ~ p-value

Axial visceral area (cm?)

Breathing 3379 £1189  353.9+118.3 0.06

Coughing 318.5+99.3 323.4 +92.9 0.36

Valsalva maneuver  305.6 +101.3 315.2+93.9 0.45
Sagittal visceral area (cm?)

Valsalva maneuver  490.6 +115.9  496.5 +115.9 0.7

Results are presented as mean values (n =11) +one standard devia-
tion o, the star symbol (*) indicates a significant p-value <0.05

The maximum values of post-operative change ratio for
each linea alba region and averaged among patients are sum-
marised in Table 6. The hernia-scar region underwent the
largest post-operative change in displacement (in magnitude,
either positive or negative), compared to the supra region
which underwent the lowest (p = 0.07).

Discussion

This study is the first to evaluate both anatomical and
functional changes in the abdominal wall before and after
abdominal hernia surgery using dynamic MRI in axial and
sagittal views. Pre-operative hernia sac as well as both
pre-operative and post-operative visceral area, abdominal
muscles and linea alba were visualised in vivo in real-time
thereby offering a more comprehensive understanding of
post-surgical dynamic changes.

Hernia sac area changes were quantified during physical
exercise. The hernia sac area largely increased at coughing
and Valsalva peaks (128.4 +199.2% and 35 +44% respec-
tively) in the axial plane. In the sagittal plane, the hernia
sac area change during Valsalva (33.6 +50.8%) was quite
similar to the one quantified in the axial plane. These results
are supportive of CT scan-based results reported by Bellio
et al. [43]. They actually found a 23% increase in defect area
during the Valsalva contraction and an 82% increase in her-
nia sac volume. In healthy subjects, coughing and Valsalva
maneuver induce similar changes in intra-abdominal pres-
sure [44]. Therefore, we could expect a similar increase in
hernia sac area during coughing and the Valsalva maneuver.
The difference between these two exercises may be due to
the fact that the Valsalva maneuver was systematically per-
formed after the breathing and coughing sessions. It could
then occur that the hernia sac was remaining in an extended
position after coughing thereby minimising the hernia sac
changes during Valsalva. In addition, the variation of hernia
sac area was very patient-specific thereby accounting for

the very large standard variation. In both axial and sagit-
tal planes, there was no correlation between the defect size
(respectively width and height) and the hernia sac area.
This result indicates that the largest defect is not necessar-
ily linked to the largest hernia sac area.

One of the contributions of this study is the quantification
of the inter-recti distance and angle during various exercises,
before and after the surgery. Systematic closure of the defect
is not accompanied by a complete reduction in inter-recti
distance, as illustrated by the 26 +28% post-operative reduc-
tion. Only patient #8 had a post-operative inter-recti distance
of zero, as the two rectus abdominis sheaths were brought
completely together during suturing, leaving no space
between them. However, a residual rectus diastasis, corre-
sponding to an inter-recti distance of 20 mm or more [45],
has been recognised as a significant risk factor for recurrence
[46, 47]. It would be interesting to examine the recurrence
within this cohort and whether there is an association with
the corresponding inter-recti distance.

A significant decrease has been observed in the inter-
recti angle in axial MRI views, which takes into account the
patient’s antero-poster depth. The combined effects of the
surgical closure and the enhanced muscle mobility may play
an important role in the reduction of the inter-recti angle
post-operatively.

The visceral area, quantified in axial and sagittal planes,
showed a slight increase post-operatively during breathing
in the axial plane (p = 0.06), likely due to hernia sac content
being repositioned into the abdomen during defect closure.
No differences were observed during exercises involving
muscular contraction (e.g., cough, Valsalva) in either plane.
While this metric provided limited insights into anatomical
and functional changes in this cohort, it may hold relevance
for recurrence studies or specific hernia types, such as giant
hernias, where significant external abdominal content could
markedly impact surgical outcomes when returned to the
abdominal cavity [48].

Our results detailed the abdominal muscles motion over
time before and after hernia surgery. In the axial plane, the
displacement of rectus abdominis and lateral muscles fol-
lowed a pattern which was specific to each exercise. At both
pre-operative and post-operative stages, rectus abdominis
muscles were more involved than lateral muscles during
breathing. This result was also observed in healthy subjects
using a similar dynamic MRI approach [30]. During exer-
cises such as coughing and Valsalva, rectus abdominis and
lateral muscles had a mirrored pattern. Lateral muscles dis-
played a negative displacement (inward direction) whereas
rectus muscles were pushed outward.

Of interest, our results also indicated differences in abdomi-
nal muscles displacement between pre-operative and post-
operative stages. After surgery, a more pronounced inward
displacement of lateral muscles during Valsalva was observed

@ Springer
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Axial displacement (mm) averaged among participants (n=11)
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Fig.8 Pre-operative and post-operative axial displacement of lat-
eral muscles (LM) and rectus abdominis. (RA) for the three exer-
cises. Legend: a) LM displacement averaged among patients (n =11)
+one standard deviation ¢. b) Corresponding maximum values (i.e.,

(p=0.047). These changes might account for an optimised
involvement of these muscles during physiological activities
as a result of the surgery. They could illustrate an improved
biomechanical function which could be crucial for patients’
post-operative recovery and long-term outcomes.

The maximum post-operative displacement of the rectus
abdominis muscles during breathing and coughing was neg-
atively correlated with the mesh size. This could suggest that

@ Springer

assessed at the end of inhalation for breathing, cough peak for cough-
ing, onset plateau for Valsalva) for each patient. c) RA displacement
averaged among patients (n =11) +one standard deviation ¢. d) Cor-
responding maximum values for each patient

the bigger is the mesh, the more restricted is the displace-
ment of the midline. These findings are supportive of previ-
ous studies showing that repaired abdominal walls tend to
be more rigid [49, 50] with reduced mobility compared to a
healthy or herniated abdominal wall [51-54]. Le Ruyet et al.
[50] demonstrated, using image correlation and known intra-
abdominal pressures, that abdominal wall stiffness increases
with greater mesh overlap. This is consistent with current
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Table 4 Maximum displacement values of lateral muscles (LM) and
rectus abdominis (RA) during breathing, coughing and Valsalva peak
exercise

Exercise Muscle group Pre-operative Post-operative p-value

Axial displacement (mm)

Breathing LM 1.6 +7.6 27+4.6 044
RA 15.3 +8.2 19.5+7.8 0.09

Coughing LM - 1177 -11.9+6.7 0.88
RA 21.2 +9 224 +9.7  0.49

Valsalva LM —82+4 —-11.2+7.1  0.047%
RA 15.3 £8.7 192 +11.6 0.25

Results are presented as mean values (n =11) +one standard devia-
tion o, the star symbol (*) indicates a significant p-value <0.05

surgical guidelines recommending larger mesh sizes with
increased overlap relative to the defect size [55].

This study also compared length and thickness dynamic
changes of abdominal muscles before and after surgery. The
corresponding differences indicated a significant lengthening

Table5 Maximum thickness, length, radial and circumferential
strains of lateral muscles (LM) and rectus abdominis (RA) during
breathing, coughing and Valsalva peak exercise

Exercise Muscle group Pre-operative Post-operative p-value

Length (mm)

Breathing LM 169.8 £50.1 177 £50.6 0.07
RA 81.1 £24.4  90.4 £26.6 0.01*
Coughing LM 143.9 +£48.6 151.7 £44.6  0.02*
RA 84.7+23.2  91.4 +£239 0.04°*
Valsalva LM 146.2 £52.6 1557 +53.4  0.03*
RA 82 +23.1 90.9 +23.1 0.03*
Thickness (mm)
Breathing LM 252 +3.9 24.6 +4.1 0.54
RA 13.1£1.7 13 +3.3 0.83
Coughing LM 31.6 £7.3 30.8 +£7.3 0.52
RA 13.5+2 13 £3.2 0.49
Valsalva LM 31.4+6 31.6 +7 0.86
RA 14 £3.5 13.5+3.9 0.41
Circumferential strain &, (%)
Breathing LM 6.1 +12.4 10.4 £9.9 0.15
RA 22+59 5.9 +4.7 0.24
Coughing LM —128+9.8 —-9.1+83 0.29
RA 9.6 +14.5 6.5 +8.5 0.28
Valsalva LM —-92+73 —6.5+89 0.35
RA 5.1+83 5.9+82 0.78
Radial strain €, (%)
Breathing LM —-79+133 —11.1+£56 043
RA —-3.1+838 - 0.9 +87 0.55
Coughing LM 16.1 £19.8 14.4 +18.4 0.76
RA 1.3+9.9 —-4.7+92 0.08
Valsalva LM 11.8 +13.5 16.7 +18.2 0.21
RA 4+133 0.6 +10.9 0.58

Results are presented as mean values (n =11) +one standard devia-
tion o, the star symbol (*) indicates a significant p-value <0.05

after the surgical process which might be due to the sur-
gery itself. In fact, the surgical closing of the hernia neck
is related to a lengthening of the muscles as the surgeon
intends to bring the defect sides close together. Of interest,
the lengthening did not change the muscles deformability as
assessed by the circumferential €, and radial strains ¢,. This
result may suggest that the surgery has changed the anatomy
of the abdominal muscles but not their functional behaviour.

A negative correlation was observed between the post-
operative rectus abdominis radial strain ¢, and defect width
during breathing, suggesting that larger defects are associ-
ated with less passive distension of the rectus abdominis
after surgery. This finding aligns with the negative corre-
lation we identified between mesh size and post-operative
rectus abdominis displacement. Similar observations were
reported by Garcia Moriana et al., Gunnarsson et al., and
Strigard et al., who found that larger defect widths or rec-
tus diastasis correlated with reduced pre-operative rectus
abdominis strength [9, 10, 12]. However, our results differ
as they pertain to breathing—a passive exercise not requir-
ing active muscle contraction—rather than muscle strength,
limiting direct comparisons with these earlier studies. Nota-
bly, in our cohort, defect size, which determines the surgi-
cal approach, appears to influence the post-operative biome-
chanics of the rectus abdominis more than its preoperative
function. Additionally, for patient’s subgroup with mesh
placement in retro-rectus position, the post-operative maxi-
mum radial thickness change of RA during breathing exer-
cise was found to be significantly lower and defect widths
higher. That said, interpreting these results remains complex,
as this patient’s subgroup also had significantly different pre-
operative rectus thickness at rest (i.e. without contraction).
As a result, the observed effect may be a combined influ-
ence of both pre-existing anatomical differences and surgical
intervention, rather than an isolated effect of mesh place-
ment alone. Due to these interdependencies within a small
cohort, further studies with larger sample sizes are needed
to disentangle the specific role of each factor.

This study also focused on the linea alba motion before
and after hernia surgery, measured in the sagittal plane. The
difference in displacement between pre and post-operative
stages was not statistically significant. Our results showed
a large range of post-operative changes among the patients,
with either unchanged, increased or decreased mobility. The
highest post-operative change was observed in the hernia-
scar region; i.e., the region which underwent the surgery;
confirming the impact of the surgery on the dynamic behav-
iour of the abdominal wall.

A careful look at the results indicates that the two patients
with a reduced displacement of the linea alba post-surgery
were males with a high BMI, visceral area and abdominal
muscle length. Of interest, multiple studies have shown that
these characteristics were associated with a higher risk of
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Fig.9 Pre-operative and post-operative sagittal displacement of the
3 regions of linea alba (infra, hernia-scar, supra) during Valsalva.
Legend: a) Displacement averaged among patients (n =11). b) Cor-

hernia recurrence [56—59]. These findings raise the question
of whether patients with reduced linea alba displacement
post-surgery may eventually develop a recurrent hernia. This
highlights the potential for post-operative mobility metrics
to serve as predictive indicators for recurrence and warrants
further investigation in long-term follow-up studies.

Several limitations should be acknowledged in the present
study.
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responding maximum values of each region for each patient. c¢) Cor-
responding average +one standard deviation ¢ for each region

While this study introduces a novel method for assess-
ing functional outcomes pre- and post-operatively, the
current sample size, large variability between subjects
and lack of long-term follow-limit the generalisation of
our findings and the immediate clinical recommendations
that can be made. With a larger and more diverse cohort,
as well as longitudinal data, further conclusions could be
drawn to refine surgical decision-making.
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Table 6 Post-operative change ratio of the displacements depending on the linea alba region, assessed at Valsalva peak (i.e., onset plateau for

Valsalva)
. Post-operative change ratio (%) .
Region (Postop — Preop/Preop * 100) p-value of the paired t-test
Infra 60.2 + 67 jr p=088
- p=0.31
Hernia/scar 69.3 £53.6 :|r p=0.07
42.3 £38.7

Results are presented as mean values (n =11) +one standard deviation o

Additionally, we quantified significant changes for some
metrics after the surgery and the long-term durability of
these changes remains to be studied. The recovery from her-
nia surgery involves complex interactions between patient
anatomy, hernia characteristics, and surgical techniques,
which may not manifest uniformly across metrics. The
study focuses on anatomical and biomechanical changes,
but incorporating functional outcomes (e.g., pain, quality of
life, physical activity levels) would provide a more compre-
hensive assessment of these interactions and of the surgical
impact. Exercises were performed in a uniform way and this
non-randomised aspect might have impacted the results even
if the comparative analysis remains valid. In future studies,
hernia sac retractation might be performed before each exer-
cise for the sake of standardisation.

Our study was conducted in single axial and sagittal
planes. The axial plane was chosen where the hernia neck
was the largest and the sagittal plane was placed in the mid-
dle on the hernia neck, often within the linea alba. In that
configuration, the motion of muscles in the sagittal plane
could not be assessed. A full 3D dynamic analysis could
provide a more complete understanding of abdominal wall
motion, keeping in mind that the time resolution would be
largely compromised.

In addition, there is a need to further develop the automa-
tion of these semi-automated tools to facilitate their integra-
tion and use in a clinical context. However, it is important
to acknowledge the economic limitations of dynamic MRI.
Compared to CT, MRI is more expensive and less widely
available, which may limit its routine clinical use for evalu-
ating abdominal hernias. Nevertheless, MRI offers superior
soft tissue contrast and avoids ionizing radiation, making it
particularly valuable in specific cases where detailed func-
tional and anatomical assessment is required. Future ongoing
research is exploring ways to optimize imaging protocols,
reduce costs, and improve accessibility to ensure broader
clinical applicability.

Patient-specific factors such as BMI have been briefly
addressed in this study. Morphometric characteristics such as
BMLI, age, and comorbidities (e.g., diabetes, smoking) could
potentially influence post-operative biomechanics, and future

studies with larger cohorts will be necessary to better assess
their potential impact on surgical outcomes.Mesh placement
was also briefly introduced and its impact on post-operative
outcomes. However, due to the small cohort of this study and
the amount of interdependent factors, it is challenging to draw
definitive conclusions based on categorical subgroup analyses
(e.g., according to mesh placement or type).

Extending these findings to larger cohorts and exploring
long-term surgery outcomes may be of great interest.

Further work should include examining mesh position
on MRI scans.

Conclusion

This study provides a novel and comprehensive assessment
of abdominal wall biomechanics before and after hernia sur-
gery using dynamic MRI in both axial and sagittal planes.
The findings disclose significant differences after surgery
related to abdominal muscles and linea alba displacement,
and an influence of defect and mesh size on post-operative
biomechanics. It should be noted that there is a large inter-
patient variability, which would need to be further investi-
gated. These variables could be considered as quantitative
indices of surgical outcome to be confirmed in case of recur-
rence. Furthermore, to facilitate their integration and use in
a clinical context, the automation of these semi-automated
tools needs to be further developed. If these results are
confirmed in a larger number of subjects, this quantitative
approach could be of great interest in clinical practice for a
more comprehensive evaluation of hernia surgery.

Appendix
MRI parameters
The duration between the surgery and the post-operative

MRI, as well as acquisition parameters such as field of

@ Springer



185 Page 16 of 18

Hernia (2025) 29:185

Table 7 Acquisition parameters of pre-operative MRI

Data Average +o Range [min/max]
Axial MRI

Field of view (mm) 409 +31 [360/470]

Temporal resolution (ms) 160 +4 [154/166]

Spatial resolution (mm) 0.983 +0.075 [0.865/1.130]
Sagittal MRI

Field of view (mm) 374 +28 [360/450]

Temporal resolution (ms) 214 £57 [156/275]

Spatial resolution (mm) 0.898 +0.068 [0.865/1.082]

Results are presented as mean values +one standard deviation ¢

view, temporal and spatial resolution for both axial and sag-
ittal MR sequences are reported in Table 7. The acquisition
parameters were the same across the exercises.

The average duration of sequences is 41 +2 s, 23
+3 s and 54 +6 s for breathing, coughing and Valsalva
respectively.
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