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Abstract

Background Abdominal wall defects, such as incisional hernias, are a common source
of pain and discomfort and often require repeated surgical interventions. Traditional mesh
repair techniques typically rely on fixed overlap based on defect size, without considering
important biomechanical factors likemuscle activity, internal pressure, and tissue elasticity.
This study aims to introduce a biomechanical approach to incisional hernia repair that
accounts for abdominal wall instability and to evaluate a visualisation tool designed to
support surgical planning.
Methods We developed HEDI, a tool that uses computed tomography with Valsalva
manoeuvre to automatically assess hernia size, volume, and abdominal wall instability. This
tool was applied in the preoperative evaluation of 31 patients undergoing incisional hernia
repair. Surgeries were performed concurrently with the development of the tool, and patient
outcomes were monitored over a three-year period.
Results Here we show that all 31 patients remain free of pain and hernia recurrence three
years after surgery. The tool provides valuable visual insights into abdominal wall dynamics,
supporting surgical decision-making. However, it should be used as an adjunct rather than a
standalone guide.
ConclusionsThis studypresents abiomechanical strategy for hernia repair and introducesa
visualisation tool that enhances preoperative assessment.While early results are promising,
the tool’s evolving nature and its role as a visual aid should be considered when interpreting
outcomes. Further research is needed to validate its broader clinical utility.

Incisional hernia repair is often associated with chronic pain and high
recurrence rates of 22–32%1–3. This is potentially due to an insufficient
mechanical strength at the mesh-tissue interface. Despite the availability of
various mesh types4, surgical techniques5, and fixation methods, each with
its own advantages and disadvantages1,6, the success of the repair largely

depends on the size and location of themesh used7,8. If themesh is too small,
it can lead to postoperative complications.

Preoperativemanual assessment is commonly used to evaluate hernias
and determine the risks of postoperative complications9,10. However, this
process is time-consuming, challenging, and observer-dependent11,12.
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Plain language summary

People with abdominal wall problems, such
as hernias, often experience pain and may
need repeated surgeries. Traditional repair
methods do not always consider how the
abdominal wall behaves under pressure. In
this study,weexploredanapproach thatuses
two imaging scans, one taken at rest and
another during a breathing technique that
puts the abdomen under strain. Comparing
these scans shows how the abdominal wall
moves and stretches, helping surgeons
understand its biomechanics before surgery.
Using this method, 31 patients were treated,
and none reported pain or hernia recurrence
after three years. These results suggest that
incorporating detailed visual information into
surgical planningmay improve outcomesand
make repairs safer and more effective.
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Customising themesh to the unstable areaof the abdominalwall, while
accounting for cyclical loading, is crucial for achieving a durable and bio-
mechanically stable repair7,13. It is important to note that the unstable area is
often larger than the hernial orifice, and the hernia opening may not be
centred within this area (Figs. 1 and 2). Using a mesh that only overlaps the
defect area with a fixed margin can create weak spots, increasing the risk of
recurrence (Fig. 1). Unfortunately, conventional approaches do not

consider this factor, and there are currently no robust, fast, and automated
preoperative evaluation techniques for hernias.

While pore size and mesh weight are considered critical factors, mesh
size is typically selected to cover the defect area with a 5–7 cm overlap14.
However, insufficientfixation of themesh inunstable areas can lead tomesh
sliding, shakedown, or ratcheting due to cyclic loading from external forces
such as coughing or jumping. These forces transfer energy into the elastic-
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Fig. 1 | HEDI results for two patients. a,b HEDI result of a male patient with an
intraoperatively measured defect area of 220 cm2, a mesh size of 1060 cm2 used, and
an unstable abdominal wall of 858 cm2 detected with HEDI. c,d HEDI result of a
female patient with an intraoperativelymeasured defect area of 35 cm2, amesh size of
401 cm2 used, and an unstable abdominal wall of 811 cm2 detected with HEDI. Each
result includes images of the patient at rest (a,c) and during the Valsalva manoeuvre
(b,d), displaying strain, displacement with the unstable abdominal wall, automatic
segmentation, and CT cross-sections (from left to right). The segmentation includes
the volume of the abdominal cavity (beige), the muscle structures of the rectus

(middle) and three-layered lateral muscles (shades of blue), and the hernia volume
(red). Magenta ellipses illustrate a mesh covering only the defect area with a fixed
overlap, while green ellipses illustrate a mesh covering the entire unstable area and
strain hotspots. The strain hotspots in the first patient (a,b) at the top (indicated by
red arrows) are caused by artificial shifts in the image data. The first patient (a,b) was
not among the 35 manually annotated patients used for training and validating the
automatic segmentation. In contrast, data from the second patient (c,d) were
included in the training set.
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plastic composite of the integratedmesh and surrounding soft tissue, which
can ultimately result in mesh failure15,16. In our experience, to provide
durable support and promote healing, the mesh must a) cover the entire
unstable abdominalwall area and all strain hotspots, and b) be securelyfixed
in areas of lowdisplacement and distortion. Themesh-to-defect area ratio is
a critical factor in biomechanical approaches and has recently been recog-
nised in updated guidelines (Chapter 14)17. Within the GRIP concept13, a
lower ratio is associated with an increased risk of recurrence, particularly in
elastic tissue. Tissue elasticity can be assessed through tissue distension, and
greater elasticity, indicated by larger displacement under pulse loading,
requires a larger mesh-to-defect area ratio or reinforced fixation for a suc-
cessful repair. However, manual evaluation of CT scans is time-consuming
and can impede preoperative assessment.

To address these issues, we developed HEDI (Hernia Evaluation,
Detection, and Imaging), a tool that evaluates and visualises the unstable
abdominal wall, hernia size, and hernia volume utilising abdominal com-
puted tomography (CT) in combination with the Valsalva manoeuvre
(Fig. 1). The Valsalva manoeuvre increases the size and volume of a hernia
and induces strain, revealing weaknesses in the surrounding tissue18. In this
study, we define the unstable abdominal wall as the area of displacement
greater than 15mm during the Valsalva manoeuvre. In this first clinical
application, HEDI was used as a visualisation tool to complement standard
procedures based on the GRIP concept13; all 31 patients with available
follow-up data remained pain-free and showed no evidence of hernia
recurrence after three years (Fig. 3).

Labels
abd. rect. (r)
abd. rect. (l)
abd. obl. (r)
abd. obl. (l)

abd. cavity volume
hernia volume

Fig. 2 | Overlay of the unstable abdominal wall on the segmentation results. Asymmetrical hernia openings within the unstable area of the abdominal wall highlight the
need for individual consideration and customised repair design, as fixed overlaps are insufficient.

Fig. 3 | Pain score of patients with incisional hernia repair. Follow-up data from 31
patients is presented, with pain scores recorded on a numeric analogue scale of 0 to 10
before surgery and at increasing intervals up to three years after surgery. Mean pain
scores are shown with error bars indicating standard deviation. In our clinical appli-
cation, all 31 patients remained pain-free, and showed no evidence of hernia recurrence

after three yearsof follow-up. In this study, “pain-free” refers to the absenceofpainor the
presenceofminordiscomfort that canbe relievedby rest,without relianceonpainkillers.
Individual datapoints are shownwith slighthorizontalandvertical jitter ( ± 0.1) solely to
enhance visual clarity whenmultiple values occur at the same time point; this jitter does
not represent variation in time or pain scores.
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Methods
Statistics and reproducibility
Statistical analyseswere performed to summarise patient characteristics and
evaluate outcomes. Continuous variables are reported as mean ± standard
deviation, and categorical variables as counts and percentages. No
formal hypothesis testing was conducted, as the study was primarily
descriptive.

The study included a total of 31patients for clinical outcomeevaluation
and 141 patients for tool development. Each patient represented one
independent replicate, as measurements were taken at the individual level.
For imaging-based analyses, two CT scans per patient (at rest and during
Valsalva manoeuvre) were acquired and processed as paired data. Seg-
mentation and registration steps were evaluated against manually created
reference labels in small subsets to confirm accuracy.

All analyses were performed using Python (version 3.10) and standard
scientific libraries. Details of image processing and biomechanical calcula-
tions are provided in the following sections. The reproducibility of the
workflow depends on consistent CT acquisition parameters and adherence
to the described registration and segmentation protocols.

Automatic segmentation
CT scans from 35 patients (ten women and 25 men, including 22 from the
follow-up group) during shallow expiration and forcedValsalvamanoeuvre
were manually segmented twice by a clinical expert using Fiji19, resulting in
140 annotatedCT scans (Fig. 1c, d). For evaluation, Biomedisa’s deepneural
network was trained on image and label data from 21 patients using its
standard configuration (version 24.5.23)20. The network was validated on
seven patients during training and tested on seven patients after training.
Data augmentation techniques, including horizontal flipping and random
rotations between ±5 degrees, improved the Dice score for hernia volume
segmentation by 15%. The neural network achieved average Dice scores of
0.93 ± 0.01 for abdominal cavity volume, 0.79 ± 0.04 for lateral muscle
structure, 0.78 ± 0.04 for abdominal muscles, and 0.55 ± 0.22 for hernia
volume,withmean absolute volume errors of 365 ± 283mm3, 71 ± 56mm3,
27 ± 20mm3, and 117 ± 106mm3, respectively. Hernia volume segmenta-
tionperformedbetter on theCT scans during theValsalvamanoeuvre (Dice
score of 0.64) compared to the CT scans at rest (Dice score of 0.49). For
optimal performance, the network ultimately used in production was
trained on 28 patients, including the seven validation patients, and validated
on the seven test patients during training. This approach achieved an
average Dice score improvement of 1.8% across all segments and 5.6% for
hernia volume compared to the evaluation network, demonstrating the
significant benefit of usingmore training data. The lower accuracy in hernia
volume segmentation results from the substantial variability in hernia
characteristics, including size, location, and internal structure, as well as the
challenge of accurately delineating it from the surrounding abdominal
region in training and test data. We expect that expanding the training
dataset will improve the segmentation performance in the future. As a
precaution, HEDI users should visually assess hernia volume segmentation
before using themeasured statistics for post-processing or decision-making.

Symmetric diffeomorphic registration
The symmetric diffeomorphic registration was performed using the DIPY
1.7.0 package in Python21, following a previously describedmethod22. Image
data was resampled to a voxel size of 1 × 1 × 1mm3 and downscaled by a
factor of 3 to speed up calculations. This factor balanced accuracy and
computation time but can be adjusted individually when using HEDI. The
two CT scans, taken at rest and during Valsalva, were converted into
abdominalmaskswith thepatient table removedusing a threshold, resulting
in a body outline. A single three-dimensional displacement field was then
calculated, transforming the rest mask into the Valsalva mask using sym-
metric diffeomorphic registration23. The resulting vectors indicate the
movement from a source voxel at rest to its corresponding location during
the Valsalva manoeuvre. Both masks were converted into surface meshes
and colour-coded based on the magnitude of the displacement vectors

connecting each pair of points so that each point reflects the same defor-
mation relative to the rest state.

Evaluation of registration
The displacement calculated with HEDI was evaluated using data from
three patientswhounderwent clinical examination atHeidelbergUniversity
Hospital, representing small, medium, and large displacements. For each
patient, electrodes were placed on a regular grid with 5 cm spacing (Fig. 6),
for a total of 30, 30, and 35 electrodes, respectively. These electrodes were
manually identified in the image data and used as landmarks. The distances
between instances at rest and Valsalva were measured and compared to the
correspondingdisplacement values fromHEDI.The average absolute errors
were 1.6 ± 1.6mm, and the normalised errors with respect to themaximum
displacement of the electrodes averaged 4.6 ± 4.3%. Given an average pixel
size of 0.81 × 0.81mm2 and a slice thickness of 1 or 2mm, these errors fall
within the expected range of human error for landmark placement. It is
important to note that using electrodes can make the registration process
more robust and may therefore be considered in clinical practice.

Handling inapplicable CT scans
Proper execution and reconstruction of CT scans are critical for accurate
symmetric diffeomorphic registration. Maintaining the same patient table
position for both acquisitions is essential. In obese patients with large her-
nias, the displacement of the abdominal wall may reach the edge of the field
of view, which should be consideredwhen planning the scan. Both CT scans
should start and end on the same abdominal section for each patient, with
identical slice number, thickness, increment, andfield of view.Missing slices
or differences in scaling (Fig. 5d) or shifts (Fig. 5c) between corresponding
slices result in inaccurate displacement calculations. Truncation of CT scans
(Fig. 5a) canalsocause errors.Toprevent scanning errors, any shift or scaling
applied to one scanmust also be applied to the other. Additionally, objects or
bodyparts, suchas arms (Fig. 5b), in thefieldof viewcanalter the surface and
skew the calculated displacements.

Ethics statement
The studies were reviewed and approved by the Ethics Committee of the
Heidelberg University vote S-522/2020. The patients/participants provided
their written informed consent to participate in this experimental study
using non-certified procedures and software. The results were applied
clinically by fully qualified, board certified surgeons using routine clinical
procedures adapted to dimensionless measures of the stability towards
dynamic intermittent strain.

Results
Valsalva manoeuvre, segmentation, and registration of the
unstable abdominal wall
The development of HEDI involved 141 patients (67 women and 74 men)
with an average age of 62 ± 13 ( ± standard deviation) years. All patients
underwent two consecutive CT scans: one in tidal expiration (at rest) and
another during a forced Valsalva manoeuvre, using either the Siemens
SOMATOM Emotion 16 or Siemens SOMATOM Force CT scanner
(Figs. 1 and4).All patientswere evaluatedmanually using theGRIP concept,
with HEDI serving as an additional visualisation aid13. HEDI was not
applicable in seven patients due to missing scans at rest or during the Val-
salva manoeuvre, or different slice thicknesses between both scans. Addi-
tionally, 20 patients had flawed results due to scanning errors, such as
different scaling, shift, or truncation of the abdomen (see “Hand-
ling inapplicable CT scans”, Fig. 5). For the remaining 114 patients, the peak
kilovoltage (kVp) ranged from 80 to 130, with an average of 109 ± 5 kVp.
The exposure times ranged from 500 to 600ms, with an average of
593 ± 26ms. The sliceswere 1 or 5mm thick, and the pixel spacing averaged
0.85 ± 0.1mm in the X and Y directions. In both cases, Biomedisa’s deep
learning module20,24 was used to segment the four muscle regions, the
abdominal cavity volume, and the hernia volume (see “Automatic seg-
mentation”, Figs. 1 and 2). Volumes and loss of domain ratios
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were calculated, and masks of the whole body were generated by thresh-
olding the CT scans. These masks were used to determine the displacement
field using symmetric diffeomorphic registration between the CT scans at
rest and during the Valsalva manoeuvre (see “Symmetric diffeomorphic
registration”, Figs. 1, 2, and 6)23. For both instances, a 3D model of the ab-
dominal surface was created, where areas with displacement greater
than 15mm were coloured in red, yellow, and white, while areas
with displacement less than 15mm were coloured in cyan and blue. Addi-
tionally, the Green-Lagrange strain tensor was calculated based on the dis-
placement field. Themagnitude of the displacement field and themaximum
principal strain of each local strain tensor were visualised using ParaView
5.11 and annotated with hernia-related characteristics (Fig. 1).

HEDI integrates all methods into a single tool. Figure 4 illustrates the
HEDIworkflow.ThefinalHEDI result is obtained by arranging screenshots
of the individual steps alongside tomographic slices that display the largest
area of the hernia sac (Fig. 1).

Clinical application
Between March 2019 and July 2020, 31 patients (13 women and 18 men,
average ageof 58 ± 12years) of this studyunderwent surgery consideringboth
the preoperative evaluation using HEDI and the GRIP concept13, with three-
year follow-up data available. The respective hernia related sizes were deter-
minedmanually (at least by three observers) and with HEDI. Out of these 31
patients, 18 had primary repairs, and 13 had recurrent repairs, with a total of

Fig. 4 | Flow chart of theHEDIworkflow. From top
to bottom: CT Scans at rest and during the Valsalva
manoeuvre, generated masks of the labels and body
outline, magnitude of the displacement field, and
HEDI results with segmentation and displacement
values mapped on the body surfaces.

Displacement

Fig. 5 | Examples of inapplicable CT scans.
a Truncation of the content. b Objects such as arms
included in the CT scan (white arrow). c Shift
between CT scans at rest and during the Valsalva
manoeuvre. dDifferent scaling between CT scans at
rest and during the Valsalva manoeuvre.
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55 risk factors for recurrence25. Six patientswere immunosuppressed, and four
were transplant recipients. Twenty-three patients had incisional herniaswider
than 10 cm, and eight hadhernias between 4 and 10 cm inwidth. The average
clinically assessed defect area was 210 ± 136 cm² (median: 181 cm², average
width: 13 cm, average length: 19 cm). The average unstable abdominal wall
area determined byHEDIwas 610 ± 488 cm² (median: 470 cm²). The average
computation time was 5minutes 32 seconds using an Intel Core i7-13700K
Processor and an NVIDIA GeForce RTX 4080. In all cases, a Dynamesh
CICAT hernia mesh was used for repair, placed in a retromuscular, pre-
peritoneal position. The averagemesh size usedwas 1009 ± 376 cm² (median:
1060 cm², width range: 15–49 cm, length range: 30–49 cm). The minimum
mesh extension over the hernia orifice averaged at 6.2 ± 1.8 cm (median:
6 cm), but varied significantly depending on the hernia orifice’s location
within the unstable abdominal wall (Figs. 1 and 2). A posterior release was
necessary in 29 cases. Three cases required a sandwich repair (two with a
concomitantparastomalherniaandone fora491 cm²openingwitha93%loss
ofdomain).Themesh-defect area ratiowas6 ± 2.5 (median: 5.5). Strain values
derived from HEDI were visualised for each patient and used as input para-
meters within the GRIP framework13. Areas of elevated strain (“hotspots”)
were identified and specifically addressed with targeted fixation elements
(averagenumberofpoints: 127 ± 69,median:115).TheGRIPconceptassesses
repair quality based on characteristics such as mesh type, size, and fixation
points. Because different combinations can achieve equivalent biomechanical
sufficiency, GRIP recommendations are not unique. For example, a large
mesh with few fixationsmay be considered equivalent to a smallermesh with
multiple fixation points. When several GRIP-compliant options were avail-
able, the preferred approach was the one that minimised operative time. Pain
scores were collected from all patients before surgery and at increasing
intervals up to three years after surgery. All 31 patients reported no pain and
showednoevidenceofhernia recurrence after three yearsof follow-up (Fig. 3).
In this study, “pain-free” refers to the absence of pain or the presence ofminor
discomfort that can be relieved by rest, without reliance on painkillers.

Discussion
The study demonstrates howHEDI can enhance preoperative evaluation in
incisional hernia repair by providing a more detailed understanding of the
biomechanical support required to achieve a stable repair.

Importantly, the clinical applicationofHEDI tookplace inparallelwith
its development,meaning that the visual outputs and processing steps of the
tool evolved over time. As such, the results presented here reflect a dynamic
integration of HEDI into surgical planning, and not a standardised, retro-
spective application of afinalised tool. Rather than serving as a deterministic
decision-maker, HEDI provided surgeons with an additional source of
biomechanical insight that complemented, but did not replace, their clinical
expertise and judgement.

Froma surgical perspective,HEDI enables tailoredmeshfixationbased
on individual patient characteristics.

First and foremost, conventional approaches often determine mesh
size and placement based solely on the hernia opening with a fixed overlap,
represented by magenta ellipses in Fig. 1. However, our results emphasise
the need for a substantially larger mesh to effectively cover the patient’s
entire unstable abdominal wall and strain hotspots, as indicated by green
ellipses in Fig. 1.

Secondly, it’s crucial to recognise that the hernia opening may not
necessarily align with the centre of the unstable abdominal wall, as illu-
strated in Fig. 2. Relying solely on hernia opening coverage is insufficient, as
this could position the mesh in unstable regions, making it vulnerable to
destabilisation over time, particularly under cyclic loading conditions like
coughing or jumping.

Lastly, customisingmesh placement andfixation elements is crucial. In
regions experiencing high strain, increasing the number offixation elements
and favouring running sutures over single sutures are critical adjustments.
When abdominal wall loading varies significantly, a uniform fixation
approach, such as “single crown”, may not be appropriate. Instead, locali-
sation should consider specific local displacements and distortions, parti-
cularly in areas with the highest strain. Recognising the importance of
energy dissipation, we frequently employ continuous running sutures as
robust support along the steep tissue shifts highlighted in red in the leftmost
images of Fig. 1.

In summary, reconstruction decisionswere informed by the visual and
quantitative insights provided by HEDI; however, the final surgical
approach, including mesh placement, type, size, fixation method, and
overlap, remained at the discretion of the operating surgeon. As HEDI
served as an adjunct rather than a directive system, it is difficult to infer strict
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Fig. 6 | HEDI results illustrating electrode use for evaluating the registration
process. a Patient at rest with a small maximum displacement of 23 mm and an
unstable abdominal wall area of 225 cm2. b Patient at rest with a large maximum
displacement of 71 mm and an unstable abdominal wall area of 1492 cm2. Both

patients had 30 electrodes placed on the abdominal surface in a 5 cm spaced grid.
Comparing manual measurements of electrode displacement with HEDI results
showed an average absolute error of 1.6 mm and averaged normalised error with
respect to the maximum displacement of the electrodes of 4.6%.
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decision rules from its use alone. Nevertheless, we attribute the observed
reductions in pain and recurrence rates, at least in part, to the enhanced
visualisation and biomechanical understanding HEDI offers during pre-
operative planning.

Although HEDI offers a first step in visualising the local displacement
and strain of abdominalwall structures, it should benoted that the surgeon’s
judgement remains crucial. In addition, the study’s findings are limited by
the small sample size and short follow-up period. Future research should
consider larger sample sizes, longer follow-up periods, and additional bio-
mechanical aspects and advanced imaging techniques that complement the
14 research questions already formulated26.

Additionally, HEDI results are influenced by errors in the image
acquisition process. If the image data at rest and during Valsalva are
not properly aligned (see “Handling inapplicable CT scans”, Fig. 5) or
contain artificial shifts (Fig. 1a,b), this can lead to (locally) incorrect
results, which must be interpreted with caution. Another limitation of
this study is the absence of a formal negative control arm. Clinical
validation could be pursued by comparing outcomes before and after
Biomechanically Calculated Reconstruction (BCR)8 training, evaluat-
ing results with and without the use of HEDI. Moreover, the study was
restricted to patients with large hernias treated by only three surgeons,
and further investigation is needed to determine the optimal value for
the instability threshold. Given that the exact displacement of the
abdominal wall at which the mesh becomes unstable is still uncertain,
we chose a relatively low threshold in this study to ensure that the
mesh covers all unstable areas.

Our choice of afixed 15mmdisplacement thresholdwas initially based
on literature data7, which demonstrated its efficacy in distinguishing her-
niated from healthy or IPOM-repaired abdominal walls. Jourdan et al.
further reported a maximum displacement of 17.9 ± 8.0 mm in healthy
abdominal walls27, supporting our selection of 15mm as a cutoff between
healthy and herniated tissues. Moreover, if such distension is present, the
herniameshmust be able to accommodate the resulting elastic deformation
of the abdominal wall, and it is likely that its configuration becomes irre-
versibly altered once a certain threshold is exceeded.Theprecise value of this
threshold, however, requires further investigation.We opted for an absolute
value due to its simplicity and ease of comprehension. However, we
acknowledge that the exact limitmay vary amongpatients due to differences
in abdominal wall characteristics, (e.g., tissue texture and elasticity), ana-
tomical factors (e.g., muscle or sheath thickness), and physiological condi-
tions, such as elevated intra-abdominal pressure (IAP). Consequently, we
strongly encourage further investigations in this area to search for a relative,
patient-specific, threshold. To account for such variability, HEDI offers
flexibility by allowing users to set their own threshold based on their
understanding of the individual patient’s anatomy when starting the
programme.

Additionally, a strain-based criterion could provide amore normalised
and individualised assessment. However, our current focus has been on
displacement because it is simple, clinically intuitive, and easily verifiable in
practice. Surgeons can directly observe where large displacements occur
under load and correlate these findings with dynamic CT (Valsalva man-
oeuvre) and HEDI output. By contrast, pre-calculated strain values cannot
be readily verified at the patient’s bedside.

Notably, while our primary focus is on large hernias, our smaller
patient subgroup with available follow-up data outperforms reported lit-
erature statistics, including chronic pain and high recurrence rates across all
hernia types, regardless of their size. Therefore, we are confident that our
approach will potentially yield positive results when applied to a larger
cohort. However, to further solidify our findings and establish a proper
control group,weplan to employpropensity scorematching (PSM)with the
HERNIAMED registry once a larger cohort becomes available, consistent
with our previous approach28.

HEDI’s application demonstrated feasibility and calculation repro-
ducibility when applied to the CT data of our 141 patients, except for 27
cases affected by technical issues during data acquisition, as detailed in the

“Handling inapplicable CT Scans” section of the Methods. During the
development of HEDI, we compared different registration algorithms, with
a specific focus on those capable of accommodating significant deforma-
tions and proven success in medical applications. Two methods were
evaluated: one utilising B-splines22 and the other employing symmetric
diffeomorphic registration21. Both approaches yielded similar and com-
parable results in our dataset. The ultimate decision to use symmetric dif-
feomorphic registration from the DIPY package was based on both
performance and licensing considerations.

However, assessing intra-patient variability remains challenging due to
the limited frequency of patient scans, necessitated by the need tominimise
radiation exposure. The robustness of unstable abdominal wall detection
under repetition requires further investigation, ideally utilisingnon-invasive
techniques such as MRI or laser scanning.

Conclusion
HEDI enables visualisation of abdominal wall strain, displacement, and
distortion under load, offering a patient-specific assessment of the bio-
mechanical support required for a durable repair. While all patients in our
cohort remained pain-free and experienced no recurrence, these encoura-
ging outcomes must be interpreted with caution. HEDI was used alongside
the GRIP concept during its iterative development, and the extent of its
direct contribution to clinical results cannot be precisely quantified. Rather
than serving as a prescriptive tool, HEDI functioned as a practical and well-
accepted adjunct to surgical decision-making, allowing rapid evaluation of
hernia size, volume, and abdominal wall instability from standardCT scans.
This study demonstrates the feasibility of integrating biomechanical ima-
ging into routine clinical workflows and highlights its potential value in
supporting individualised hernia repair strategies. However, careful
assessment of abdominal wall instability is essential to confirm clinical
suspicion, particularly in small hernia defects, and to avoid both over- and
under-treatment in critical cases.

Data availability
Patients in this study did not provide consent for their data to be shared
publicly. Therefore, tomographic imaging data are not publicly available.
Additional data may be obtained from the corresponding author upon
reasonable request, subject to review and approval by the Ethics Committee
of the Medical Faculty of Heidelberg University, Germany. Available data
include anonymised volumetric images, segmentation results, displacement
fields, and individual data points underlying averaged results. An anon-
ymised test dataset for code testing is provided at https://biomedisa.info/
media/test_patient.zip. Requests are typically addressedwithin 30 days. The
raw pain score data from 31 patients undergoing incisional hernia repair,
which form the basis of Fig. 3, are provided as SupplementaryDatawith this
manuscript.

Code availability
The source code is available through theHEDI and Biomedisa open-source
projects. It has beendevelopedand testedonWindows10 andUbuntu22.04
LTS. The code can be accessed at https://github.com/biomedisa/hernia-
repair/ and is archived underDOI: 10.5281/zenodo.1770551629. Installation
should follow the instructions provided in the repository.
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