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INTRODUCTION

Ventral hernia repair is one of the most common surgeries practiced worldwide. In France, more than 45,000 cures of acquired hernias have been carried out in 2017, and this number grew 33% in the last 10 years [START_REF] Gillion | Eventrations postopératoires : Rapport présenté au 121e congrès français de chirurgie[END_REF]). In the United States, the same trend is observed and approximately 500,000 ventral hernias are repaired each year. This huge health issue corresponds to a high cost of care, estimated to be US$3.2 billion in the United States [START_REF] Miller | Chapter 52 -Ventral Hernia and Abdominal Release Procedures[END_REF].

Ventral hernia is a common term for a large panel of pathologies, including both primary hernias (epigastric, umbilical, lumbar, and Spigelian) and acquired hernias (incisional and parastomal). Because of this great variety in the disease itself and because of the patient-specific composition of the abdominal wall, ventral herniation presents to surgeons a highly complex and variable problem that could explain the lack of consensus in the literature and among hernia surgeons on the ideal repair technique [START_REF] Cherla | Epidemiology and Disparities in Care: The Impact of Socioeconomic Status, Gender, and Race on the Presentation, Management, and Outcomes of Patients Undergoing Ventral Hernia Repair[END_REF].

Despite the improvement in hernia repair in the last two decades with the apparition of mesh repair and the laparoscopic method, the recurrence rate remains alarmingly high. Historically, primary suturing presented a high recurrence rate of 41 to 52% [START_REF] Heniford | Laparoscopic Repair of Ventral Hernias[END_REF]. However, current data still show a significant recurrence rate of 28% during two-year follow-up [START_REF] Gillion | Eventrations postopératoires : Rapport présenté au 121e congrès français de chirurgie[END_REF].

Surgeons face a lack of high-quality data to guide them in decision making, and this results in low agreement on a treatment strategy, even among experienced hernia surgeons [START_REF] Kokotovic | Substantial variation among hernia experts in the decision for treatment of patients with incisional hernia: a descriptive study on agreement[END_REF]. The anatomy of the patient's abdomen is not considered when choosing a repair strategy because in most cases medical imaging is not performed before a ventral hernia repair.

In this context, our hypothesis is that the addition of quantitative morphometric knowledge of the abdominal wall would help enhance surgical planning when repairing parietal defects by adapting the technical approach and tools to each patient's specific anatomy.

A morphometric analysis of the abdominal wall can be performed precisely using CT scans. As they allow for an accurate separation of the various tissue types based on their attenuation characteristics [START_REF] Mazonakis | Computed tomography: What and how does it measure?[END_REF] and an assessment of muscle properties [START_REF] Engelke | Quantitative analysis of skeletal muscle by computed tomography imaging-State of the art[END_REF]). Yet, until now, CT scans have only been used to quantify the general composition of the abdomen [START_REF] Baumgartner | Abdominal composition quantified by computed tomography[END_REF]) and the distribution of the fat inside it [START_REF] Enzi | Subcutaneous and visceral fat distribution according to sex, age, and overweight, evaluated by computed tomography[END_REF]. Few studies have focused on measurements that are more specific, and no analyses that account for each muscle of the abdominal wall have been conducted.

Accordingly, the purpose of this study is to present a complete morphometric analysis of the healthy abdominal wall with particular interest in the differentiation of the muscles and the aponeuroses that connect them.

MATERIALS AND METHODS

i.

Cohort's selection A retrospective study was conducted according to the European general regulation on data protection (register RGPD/AP-HM, protocol number 2019-46) using helical abdominopelvic CT scans performed at the Imaging and Interventional Radiology Department of the North Hospital, Marseille (France) between October 2017 and April 2019.

The inclusion criteria were as follows: over 18 years old and CT scans indicated for renal colic on an outpatient basis. These criteria naturally excluded subjects with serious pathologies. We eliminated subjects meeting the following exclusion criteria: visible abdominal wall tissue disorder and the presence of serious disease (cancer, immunodeficiency).

Our radiology information system (RIS) allowed us to find 841 patients that matched inclusion criteria. In total, 120 CT scans were randomly chosen to build four age groups (18-30 y, 31-45 y, 46-60 y, and older than 60 y, n = 30/group, n = 15 women in each group), two sex groups (n = 60/sex), and three body mass index (BMI) groups (under and normal weight [BMI <25, n = 52], overweight n = 41], and obese [BMI >30, n = 27]).

ii.

CT Scan modalities

The scanner used was a Revolution HD GSI (GE Healthcare, USA). The protocol was identical for all patients. It consisted in one abdominopelvic acquisition without contrast injection, on patients lying supine, at their maximal inspiration. Exposure resulted in a dose of radiation of 120 kV, and the exposure time (mAS) and scan field of view varied according to the patient's weight. Slice thickness was 1.25 mm, pitch was 1.375, and a 40-mm collimation was used. The obtained matrix was sized 512×512 pixels.

iii. Measurements

All CT scans were studied by the same operator (AS) using the imaging software Fiji (Open-Source) [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. All measurements were realized on a single axial slice located at the cranial edge of the vertebral body of the fourth lumbar vertebra. This slice level was chosen because it is a precise anatomical landmark in the L3-L4 disc region that numerous studies define as the anatomic location with the best ability to predict visceral and subcutaneous fat [START_REF] Lee | Interindividual variation in abdominal subcutaneous and visceral adipose tissue: influence of measurement site[END_REF][START_REF] Sottier | Quantification of the visceral and subcutaneous fat by computed tomography: Interobserver correlation of a single slice technique[END_REF][START_REF] Tong | Optimization of abdominal fat quantification on CT imaging through use of standardized anatomic space: A novel approach[END_REF]) and core muscle size [START_REF] Hasselager | Core muscle size assessed by perioperative abdominal CT scan is related to mortality, postoperative complications, and hospitalization after major abdominal surgery: a systematic review[END_REF].

The various geometrical measurements of adipose tissues, muscles, and muscle aponeuroses included in this study are illustrated in Figure . 1.

Waist circumference (WC) was measured as the outer perimeter of the abdomen. Subcutaneous fat thickness (SFT) was calculated as the maximum antero-posterior distance between the skin and the right rectus abdominis muscle to reproduce the measurement obtained by ultrasonography [START_REF] Kanehisa | Influences of age and sex on abdominal muscle and subcutaneous fat thickness[END_REF]). The abdominal area (ABA), visceral area (VA), abdominal wall muscle area (MA), subcutaneous fat area (SFA), and visceral fat area (VFA) were assessed. Fat measurement protocols for the SFA and VFA have been described in detail elsewhere [START_REF] Sottier | Quantification of the visceral and subcutaneous fat by computed tomography: Interobserver correlation of a single slice technique[END_REF].

The area of every abdominal wall muscle-the rectus abdominis (RA), external oblique (EO), internal oblique (IO), and transversus abdominis (TA)-was measured for both the left and right sides. Their thicknesses were measured at their thickest point, and fat infiltration was calculated similarly to VF and expressed as a percentage of the muscle area [START_REF] Anderson | Variations of CT-Based Trunk Muscle Attenuation by Age, Sex, and Specific Muscle[END_REF][START_REF] Engelke | Quantitative analysis of skeletal muscle by computed tomography imaging-State of the art[END_REF]. To determine whether the muscle is slender or bulky, a shape ratio was established for each muscle by dividing its maximum Feret diameter (FD, corresponding to the distance between the two ends of the muscle as visible in figure 1) by its thickness. The higher the shape ratio, the more slender the shape of the muscle is. The width of the linea alba (LA) was measured, along with the aponeurosis width of the three flat muscles of the abdominal wall (EO, IO, and TA), measured from the anterior end of the flat muscles to their meeting in the rectus sheath [START_REF] Putz | Sobotta -Atlas of Human Anatomy Single Volume Edition: Head, Neck, Upper Limb, Thorax, Abdomen, Pelvis, Lower Limb[END_REF].

For each measurement that was performed on the right and left sides, the value presented in the results is the mean of both sides.

iv.

Muscle asymmetry

In this work, the asymmetry of the RA, TA, EO, and IO muscles was evaluated based on muscle area. The asymmetry rate was defined as the absolute difference between the sides as a percentage of the smallest value for the two sides [START_REF] Mannion | Abdominal muscle size and symmetry at rest and during abdominal hollowing exercises in healthy control subjects[END_REF].

v.

Measurements accuracy

Because the outline drawing is a fully manual intervention, measurement uncertainty was evaluated based on the inter-and intra-operator variability of the different measurements. For this, the same operator realized two times during the same week the complete analysis of five CT scans randomly chosen among the cohort. A senior radiologist (US) also realized the complete analysis of the same five CT scans. We calculated the type A measurement uncertainty based on the three values that we obtained for each measurement using the relation:

, where is the mean value, is the standard-deviation, and is the number of measurements.

vi.

Statistical analysis

All continuous variables were presented as mean ± standard deviation, minimal value/maximal value, and coefficient of variation (CV, quotient of standard deviation by mean value). Differences between sex groups were tested using the Student t-test, and the analysis of variance (ANOVA) was used to compare age groups and BMI groups. A p-value<0.05 indicated statistical significance.

All computations were performed with the commercially available statistical software RStudio (Version 0.98.1103, RStudio, Inc., Boston, MA).

RESULTS

i. Demographic data

The average age of the cohort is 45.7±16.7 years old (range 18-86 y), and the average BMI was 26.1±4.9 kg/m² (range 15.6-43.3 kg/m 2 ).

The demographic data of each age, sex, and BMI group are presented, respectively, in Tables 1,2, and 3.

ii.

Measurements and variability

Table 1 shows the measurements and variability for the whole cohort.

The VA, MA, and SFA represent, respectively, an average 39.7±8.6%, 8.5±2.5%, and 35.8±11.0% of the ABA, while the VFA occupies an average 50.1±17.8% of the VA. Concerning abdominal wall muscles, the IO is the biggest muscle in terms of area, and it is the least infiltrated by fat. The RA is the thickest and bulkiest muscle, while the TA is the smallest and the most slender. Muscle fat infiltration is significantly lower in the IO than in all other muscles (p<0.001). The average width of the LA was 20.3±12.0 mm, and the IO had the narrowest aponeurosis (p<0.001).

In terms of variability, a great variability exists between individuals, with a CV ranging from 14.1% for WC to more than 100% for muscle fat infiltration. The variability of the VA (CV 39.9%) is much higher than that of the ABA (CV 29.6%) and the MA (CV 29.5%). Muscle areas and muscles thicknesses are comparable in terms of variability for each muscle (CV around 30%), with a slightly greater variability for the EO (CV 35.8% for muscle area and 39.8% for maximum thickness). The aponeuroses, on the other hand, show a much higher variability, ranging from 59.0% for the LA to 82.0% for the IO.

iii.

Influence of age

Table 2 presents the results for the four age groups.

With age, WC (p<0.01), the ABA (p<0.05), and the VA (p<0.001) increased significantly. This increase was accompanied by a rise in the VFA (p<0.001) and fat infiltration in all muscles of the abdominal wall (p<0.001 for the RA and EO, p<0.05 for the IO, and p<0.01 for the TA). With age, every abdominal wall muscle became thinner (p<0.001 for the RA, p<0.05 for the EO, and p<0.01 for the IO) and more slender (p<0.001), except for the TA. The width of every aponeurosis except that for the TA increased with age (p<0.01 for the LA, p<0.001 for the EO and IO).

iv.

Influence of sex

The overall geometry of the abdomen and particularly the abdominal wall presented a great difference between the sexes. The results for both sex groups are presented in Table 3. WC (p<0.01), as well as all general areas (ABA p<0.01, VA p<0.001, and MA p<0.001), were higher in men than in women. The VFA was significantly higher in men than in women (p<0.001), while both the SFT and SFA were higher in women (p<0.05), which reflected a different distribution of fat according to sex. Depending on the sex, large differences in the geometry of the muscles of the abdominal wall were also observable. Every muscle presented a higher area (p<0.001) and larger thickness (p<0.001) in men compared to women, except for the TA. The only muscle presenting a significant difference in terms of shape ratio is the TA, which is significantly bulkier in women (p<0.01). There is no significant difference between sexes in terms of fat infiltration for all muscles. Two aponeuroses (EO p<0.001 and TA p<0.05) are significantly wider in men than in women.

v.

Influence of BMI

Table 4 presents the results for the three BMI groups.

BMI is strongly correlated with WC, the ABA, the VA, the SFT, the SFA, and the VFA (p<0.001). The MA is also correlated with BMI (p<0.001). It is the highest in the overweight group and the lowest in the obese group. At the muscle level, this trend is also observed for the RA, EO, and IO areas. However, the TA area is the largest in the obese group. There is a significant decrease in muscle thickness with an increase in BMI for the EO (p<0.001) and IO (p<0.05). Only the RA presented a shape ratio significantly correlated with BMI, as it became more slender (p<0.01). Fat infiltration in every muscle is strongly correlated with BMI (p<0.001 for the RA, IO, and TA and p<0.01 for the EO), as well as the width of aponeuroses, all of which lengthened with an increase in BMI (p<0.01 for the LA, p<0.001 for the EO, and p<0.05 for the IO and TA).

vi. Muscle asymmetry

Figure 2 presents the asymmetry rate for the RA, EO, IO, and TA areas.

The asymmetry rate in the whole cohort is similar for each abdominal wall muscle (RA, TA, IO, and EO), with a mean value oscillating around 17%. Variability is high between individuals, where 11 individuals present a muscle asymmetry rate that is superior to 50% for at least one muscle.

vii. Measurement accuracy

The calculation of type A uncertainty based on inter-and intra-operator data reveals measurement uncertainty concerning: ±1.0 mm for WC and the SFT, ±1.2 cm² for the general and fat areas, ±0.3 cm² for the muscle areas, ±0.5 mm for muscle thickness, ±3.0 mm for FD, ±3.7% for muscle fat infiltration, and ±3.2 mm for aponeurosis width.

DISCUSSION

This work, to our knowledge, is the first to provide an overall and accurate assessment of the morphometric variability of the abdominal wall. It has proven robust in various ways. Its reliability and repeatability were indicated by the good inter-and intra-operator reproducibility and by the number of strong correlations that were found and that support the conclusions presented here. In addition, the cohort built for this work is highly representative of the adult population in terms of corpulence, with 34% of the cohort being overweight and having an average slightly overweight BMI of 26.1 kg/m², a little higher in men than in women (26.4-25.9 kg/m²), which matches French [START_REF] Matta | Prévalence du surpoids, de l'obésité et des facteurs de risque cardio-métaboliques dans la cohorte Constances[END_REF]) and global data (WHO 2016).

Until now, morphometric studies on the abdomen have mainly involved external measures, such as WC, which has also been measured here, or sagittal abdominal diameter (2014). Medical imaging was used only to determine the general muscle and fat distribution of the abdomen. [START_REF] Baumgartner | Abdominal composition quantified by computed tomography[END_REF] in 1988 measured the ABA of a similar cohort using CT scans, obtaining comparable values (563±145 cm² for women and 697±149 cm² for men for, respectively, and 630±215 cm² and 730±173 cm² here). The few studies interested more in depth in the geometry of the abdominal wall have mainly focused on a few measurements. Ultrasound imaging was used by [START_REF] Kanehisa | Influences of age and sex on abdominal muscle and subcutaneous fat thickness[END_REF] to study SFT and RA thickness in a Japanese adult population: highly similar values to those presented here were found (SFT 25±10 mm for women 17±8 mm for men for, respectively, 24.2±9.0 mm and 20.8±8.9 mm here; RA thickness 9.5±2 mm for women and 11.5±2 mm for men for, respectively, 8.9±2.3 mm and 10.9±2.4 mm here). [START_REF] Mannion | Abdominal muscle size and symmetry at rest and during abdominal hollowing exercises in healthy control subjects[END_REF] also used ultrasound imaging to evaluate EO, IO, and TA thickness in healthy adult subjects and found similar values to ours (EO 6.5±2.9 mm , IO 7.7±2.3 mm, and TA 3.8±1.0 mm for, respectively, 8.0±3.2 mm, 8.5±2.5 mm, and 3.7±1.1 mm here). [START_REF] Punekar | Redefining the Rectus Sheath: Implications for Abdominal Wall Repair[END_REF] used CT scans to measure the overlap between the RA and TA, which is not observable at the slice level chosen here. Meanwhile, [START_REF] Hides | MRI study of the size, symmetry and function of the trunk muscles among elite cricketers with and without low back pain[END_REF] used magnetic resonance imaging (MRI) to evaluate the core muscle area and EO and TA thickness in professional sportsmen, resulting in thicknesses almost twice as high as those presented here (IO 16.0±3.7 mm and TA 7.0±2.1 mm) .

Our study confirms the great variability in the abdominal wall anatomy in the adult population. In addition, because of the depth and wide range of measurements performed in this work, it is now possible to explain this variability through the influence of age, sex, and BMI, which have been quantified and are visible in Figure 3.

The influence of age on abdominal composition was mainly based on the evolution of adipose tissue. Indeed, with age, a preferential increase in abdominal fat, particularly visceral fat, is commonly cited in the literature [START_REF] Kanehisa | Influences of age and sex on abdominal muscle and subcutaneous fat thickness[END_REF][START_REF] Kuk | Age-related changes in total and regional fat distribution[END_REF], which is consistent with our results. However, the influence of age on the geometry of the muscles of the abdominal wall is poorly known. [START_REF] Kanehisa | Influences of age and sex on abdominal muscle and subcutaneous fat thickness[END_REF], in their work, noted a decrease in RA thickness with age. This observation is confirmed here. However, it is also confirmed for the EO and IO, which were not studied in their work. In addition, it is now proven that the narrowing of these three muscles is accompanied by stretching. This modification of the muscles' geometry and the increase in intra-muscular fat observed here and commonly cited in the literature can be interpreted as an age-related loss of muscle mass, strength, and function, termed sarcopenia [START_REF] Iii | Epidemiology of Sarcopenia[END_REF][START_REF] Hasselager | Core muscle size assessed by perioperative abdominal CT scan is related to mortality, postoperative complications, and hospitalization after major abdominal surgery: a systematic review[END_REF]. Interestingly, the loss of muscle mass is not observed for the TA, which seems preserved over the years and whose aponeurosis is the only one not to lengthen.

The sexual dimorphism observed in this study in fat distribution is in accordance with conventional notions [START_REF] Enzi | Subcutaneous and visceral fat distribution according to sex, age, and overweight, evaluated by computed tomography[END_REF][START_REF] Nedungadi | Sexual Dimorphism in Body Fat Distribution and Risk for Cardiovascular Diseases[END_REF]. The values presented here for the VFA and SFA are in accordance with others works [START_REF] Maurovich-Horvat | Comparison of anthropometric, area-and volume-based assessment of abdominal subcutaneous and visceral adipose tissue volumes using multi-detector computed tomography[END_REF][START_REF] Sottier | Quantification of the visceral and subcutaneous fat by computed tomography: Interobserver correlation of a single slice technique[END_REF]), yet it is hard to compare quantitative values because none of these previous works was conducted on healthy subjects. Based on whole body MRI, [START_REF] Janssen | Skeletal muscle mass and distribution in 468 men and women aged 18-88 yr[END_REF] concluded that men have significantly more skeletal muscle mass compared to women. The same trend is observed here at the muscle level. Results showed that men have the thickest abdominal wall muscles and larger muscle areas compared to women, which is consistent with the work of [START_REF] Kanehisa | Influences of age and sex on abdominal muscle and subcutaneous fat thickness[END_REF], who observed a thinner RA in women. Once again, there is a specificity of the TA, whose shape is bulkier in women.

Obesity alters the muscles of the abdominal wall. It seems that the abdominal wall is more deformable anteriorly than laterally under the effect of increased visceral fat mass, as observed in figure 3. Indeed the results presented here show that all the aponeuroses and the RA stretch substantially with the increase of the BMI, while the three flat muscles (EO, IO, and TA) maintain pretty similar sizes and shapes. This could be explained because the three flat muscles have crossed fibers orientations and so behave like a composite material [START_REF] Hernández | Mechanical and histological characterization of the abdominal muscle. A previous step to modelling hernia surgery[END_REF], resulting in a stiffer behavior of the lateral parts of the abdominal wall.

Regardless of the influence of age, sex, or BMI, the TA has been shown to have an evolution of its own. It was preserved over the years, bulkier in women and larger in obese subjects. Anatomical conventions define the TA as the "corset muscle," whose primary function is to contain viscera. Our hypothesis is that the main parameter influencing TA size is the weight of viscera. Indeed, with age and BMI, VA increases significantly, reflecting a heavier viscera mass and leading to the need for stronger muscles to contain this mass. The TA being the deepest abdominal muscle and being the only abdominal muscle with fibers running horizontally, it appears to be the muscle of the abdominal wall the most able to resist to the effort applied by the viscera. The conservation of the TA's aponeurosis width over the years could be another indicator that the TA preserves better than other abdominal wall muscles over time. Further investigation is needed to confirm this hypothesis.

Concerning muscle asymmetry, [START_REF] Mannion | Abdominal muscle size and symmetry at rest and during abdominal hollowing exercises in healthy control subjects[END_REF] determined the asymmetry of the EO, IO, and TA muscles based on their thickness, not their area. Yet, their results are extremely close to those observed here. They observed mean values for the different muscles, ranging from 11% to 26% compared with 14.8% to 18.3% here.

Of course, this study is not devoid of certain limitations. All measurements were performed on a single slice, which could limit the scope of our results. However, the slice level chosen here has been proven the most representative level of abdominal composition [START_REF] Lee | Interindividual variation in abdominal subcutaneous and visceral adipose tissue: influence of measurement site[END_REF][START_REF] Sottier | Quantification of the visceral and subcutaneous fat by computed tomography: Interobserver correlation of a single slice technique[END_REF][START_REF] Hasselager | Core muscle size assessed by perioperative abdominal CT scan is related to mortality, postoperative complications, and hospitalization after major abdominal surgery: a systematic review[END_REF][START_REF] Tong | Optimization of abdominal fat quantification on CT imaging through use of standardized anatomic space: A novel approach[END_REF]. Some anatomical structures can be difficult to identify in the setting of low-dose CT scan, with more noise than in conventional CT scan, resulting in higher measurement uncertainty. The meeting point of the flat muscles' aponeuroses and the rectus sheath can be hard to determine, resulting in significant measurement uncertainty for aponeuroses width (±3.2 mm). Furthermore, when a poor contrast was observed on the CT scans, the common boundaries of the flat muscles (EO, IO, and TA) were sometimes difficult to identify. To reduce those biases, it was decided to present the average values of the measurements taken on both sides. In addition, the presence or absence of the umbilicus at the slice level can also change the actual width of the LA, and intermuscular fat can be considered in the calculation of muscle fat infiltration.

Despite these limitations, this study was robust and complete, and it could now be considered a reference work on abdominal wall anatomy in adults. The anatomical variability observed is certainly the witness of great variability in the mechanical properties of the tissues that constitute the abdominal wall. Knowledge of this anatomical variability may help to improve the finite element models of the abdominal wall [START_REF] Hernández-Gascón | Understanding the Passive Mechanical Behavior of the Human Abdominal Wall[END_REF]) that have remained generic to date by making them more patient-specific. If these more bio-faithful models prove that the biomechanical behavior of the abdominal wall varies with anatomical variability, this may mean that the surgical management of ventral hernias should be personalized as well. This personalization will mainly concerns the choice of the implant material, the implant size and overlap relative to the defect size, and the fixation technique. Finally, this work allows for improvements to the realism and biofidelity of the abdominal wall surrogate models used for teaching parietal surgery [START_REF] Kroese | The 'AbdoMAN': an artificial abdominal wall simulator for biomechanical studies on laparotomy closure techniques[END_REF]. Future investigations focusing on the study of the constraints applied to the abdominal wall, on the deformations of the tissues, and on establishing their biomechanical properties are necessary to deepen the conclusions presented here. 
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 12 Figure 1: Details of measurements. In (b) is drawn the thickness of the RA (1), EO (2), IO (3) and TA (4), the LA (5) and the aponeuroses of the EO (6), IO (7), and TA (8). In (c) is highlighted the FD of the right RA. EO, external oblique; FD, Feret diameter; IO, internal oblique; LA, linea alba; MA, muscle area; RA, rectus abdominis; SFT, subcutaneous fat thickness; TA, transversus abdominis; VA, visceral area; VFA, visceral fat area; WC, waist circumference
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 3 Figure 3. Comparison of the geometry of the abdominal wall muscles of the most representative subjects (determined on the graph of individuals of the principal component analysis) for: A: Age groups B: Sex groups C: BMI groups
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