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Purpose: To determine normal anatomical variation of abdominal wall musculature.

Methods: A retrospective analysis of CT scans was performed on adults (>18 years)
with normal abdominal wall muscles. Two radiologists analysed the images
independently. Distances from three fixed points in the midline were measured.
The fixed points were; P1, mid-way between xiphoid and umbilicus, P2, at the
umbilicus, and P3, mid-way between umbilicus and pubic symphysis. From
these three fixed points the following measurements were recorded; midline to
lateral innermost border of the abdominal wall musculature, midline to lateral
edge of rectus abdominis muscle, and midline to medial edges of all three
lateral abdominal wall muscles. To obtain aponeurotic width, rectus abdominis
width was subtracted from the distance to medial edge of lateral abdominal
wall muscle.

Results: Fifty normal CT scan were evaluated from between March 2023 to August
2023. Mean width of external oblique aponeurosis at P1 was 16.2 mm (IQR 9.2 mm to
20.7mm), at P2 was 23.5mm (IQR 14mm to 33mm), and at P3 no external
oblique muscle was visible. Mean width of the internal oblique aponeurosis at
P1 was 32.1mm (IQR 17.5mm to 45mm), at P2 was 10.13 (IQR 1mm to
17.5mm), and at P3 was 9.2mm (IQR 3.0mm to 13.7 mm). Mean width of the
transversus abdominis aponeurosis at P1 was —25.1 mm (IQR 37.8 mmto —15.0 mm),
at P2 was 29.4 mm (IQR 20 mm to 39.8 mm), and at P3 was 20.3 mm (IQR 12 mm
to 29 mm).

Conclusion: In this study we describe normal anatomical variation of the
abdominal wall muscles. Assessing this variability on the pre-operative CT
scans of ventral hernia patients allows for detailed operative planning and
decision making.
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INTRODUCTION

Abdominal Wall Reconstruction (AWR) is a growing and
developing subspecialty within General Surgery [1]. Over
the last 10years new techniques have evolved to tackle
abdominal wall reconstruction, for example, transversus
abdominis release [2], peritoneal flap hernioplasty [3],
endoscopic anterior component separation [4], and robotic
retrorectus repair [5]. Ventral hernia patients are often co-
morbid; many are obese, diabetic, and have coronary artery
disease. The decision whether or not to operate frequently
necessitates discussion within an AWR multidisciplinary
team (MDT) meeting with consultant surgeons (plastics
and general), radiologists, and anaesthetists [6]. These
meetings often focus on patients’ pre-operative CT scans,
where hernia morphology is assessed, including the length,
thickness, and insertion site of the lateral abdominal wall
musculature.

To date there is little guidance regarding which
reconstructive technique should be used for any particular
hernia, with the technique adopted usually based on surgeon
preference, which is influenced heavily by familiarity. During
MDT discussions we have noticed that the lateral abdominal
wall muscles exhibit varying anatomy, something also
observed during surgical procedures. While there are many
CT studies analysing ventral hernia morphology [7-9], there
are few studies that assess the normal anatomical variation of
the abdominal wall musculature. We hypothesize that by
studying CT scans of patients with apparently normal
abdominal wall anatomy, our understanding of variations of
abdominal wall muscles will improve, which will aid pre-
operative surgical planning and enhance selection of the
most  effective reconstructive technique for ventral
hernia repair.

METHODS
Study Design

A single site retrospective observational study was performed
to assess anatomical variation of abdominal wall muscles. CT
scans with normal abdominal wall anatomy were
analysed. Patients were selected using an online random
dates generator that produced dates from January
2019 onwards. The first CT abdomen and pelvis with
intravenous contrast performed on the date generated was
identified and then scrutinised for the inclusion/exclusion
criteria as follows: Inclusion criteria: Adult patients (defined
as >18years), without previous abdominal surgery (after
review of each participants electronic clinical record) and
with a linea alba width of less than 2 cm wide (to exclude
divarication) [10]. Exclusion criteria included any
abdominal wall hernia visible on CT (except inguinal
hernias) and radiological signs of bowel obstruction. All
patients were asked, by telephone, whether their CT scan
could be used for research purposes and for assessment of
their abdominal wall muscles; six patients meeting the
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inclusion criteria did not want their scan to be analysed and
were excluded from the study, all included patients agreed to
take part. Ethical approval for this study was obtained from
(BLINDED FOR REVIEW) Hospital’s research and
development department and the final manuscript was
approved for submission and publication. A protocol was
written prior to data collection.

Baseline Characteristics

Baseline demographics and basic medical characteristics were
obtained. Each patient’s electronic clinical record was assessed;
age, sex, and BMI at the time of CT scanning were extracted. In
addition, smoking status as well as a medical history of diabetes,
cardiac disease, and COPD were also recorded.

CT Protocol

All CT scans were performed with the patient supine in
suspended respiration, using either one of our two
outpatient scanners; either our GE Discovery CT750 HD
(General Electric, Buckinghamshire, United Kingdom) or
our Canon Aquilion ONE GENESIS Edition (Canon
Medical Systems Ltd., West Sussex, United Kingdom).
Initially a 20G cannula was inserted and a preliminary
scanogram was performed to ensure the scan extends from
above the diaphragm to below the lesser trochanter. Thereafter
80mLs of non-ionic iodine-based contrast medium,
Omnipaque 300 (General Electric, Buckinghamshire,
United Kingdom), was injected at a rate of 3-4 mL/s.

Data Collection

Two staff grade radiologists each with over 10 years of
experience analysed the CT scans (BLINDED FOR
REVIEW). Five patients’ scans were evaluated by both
radiologists to assess inter-reader agreement; thereafter,

scans were assessed independently. Distances were
measured using a medical image workstation, Sectra
Workstation IDS7, Version 21.2.16.6372 (Sectra AB,

Teknikringen 20, SE-583 30 Linkoping, Sweden). All
distances/measurements used a curved line parallel to the
curvature of the abdominal wall and through the centre of
the rectus abdominis muscle, as shown in Figure 1. They were
not simply straight-line estimates between two points. The
following variables were measured for each participant and
recorded in a spreadsheet (Microsoft Excel for Mac version
16.48, Microsoft Corporation).

Abdominal Cavity
To evaluate overall abdominal wall dimension, midline
abdominal wall length was measured from the diaphragm (at
the right cardiophrenic angle) to the superior margin of the
symphysis pubis. The maximal width of the abdominal cavity
between the two most lateral, inner borders of abdominal wall
musculature was also measured. The length of the linea alba was
measured from the tip of the xiphoid to the superior edge of
the pubis.

To describe anatomical variability, we used three reference
points in the midline:
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FIGURE 1 | Four axial images at P1 showing the lengths measured. Measurements start in the midline. (A) Shows the width of the rectus abdominis and the
distance the medial edge of the external oblique (these lengths are the same in this instance). (B) The distance to the medial edge of the internal oblique. (C) The distance
to the medial edge of the transversus abdominis. (D) The distance to the lateral most inner point of the lateral abdominal wall musculature.

P1—midway point between the xiphoid and umbilicus.
P2—at the umbilicus.
P3—midway point between the umbilicus and pubic symphysis.

Rectus Abdominis

Using axial images, on the left we measured half the width of the
anterior abdominal wall from the midline point P1 to the most
lateral inner border of the lateral abdominal wall musculature (as
in Figure 1; measurement D), from P2 to the most lateral inner
border of the lateral abdominal wall musculature, and from P3 to
the most lateral inner border of the lateral abdominal wall
musculature. The length from the midline to the lateral edge
of the left rectus abdominis muscle was also measured at levels P1,
P2, and P3.

External Oblique

Points P1, P2, and P3, were used to measure the distance
from the midline to the medial edge of the external oblique
muscle. External oblique aponeurosis width was later
calculated by subtracting rectus muscle width at each
respective point.

Internal Oblique

Points P1, P2, and P3, were then used to measure the distance
from the midline to the medial edge of the internal oblique
muscle. Internal oblique aponeurosis width was later
calculated by subtracting rectus muscle width at each
respective point.

Transversus Abdominis

Transversus abdominis inserts into the posterior rectus sheath
medial to the semilunar line' above the arcuate line. Below the
arcuate line it inserts into the combined tendon that travels
anterior to the rectus abdominus (anterior rectus sheath).
Points P1, P2, and P3, were used to measure the distance
from the midline to the medial edge of the transversus
abdominis muscle. Transversus abdominis aponeurosis width
was later calculated by subtracting rectus muscle width at each
respective point. Figure 2 is a schematic diagram that describes
how these dimensions were calculated.

Axial measurements from P1, P2, and P3 were also expressed
as proportions or fractions with each measurement being divided
by the corresponding width of the anterior abdominal wall from
the midline to the lateral inner border of abdominal wall
musculature. This meant that our measurements can be used

"We have used the commonly used definition for the semilunar line as defined in
Gray’s Anatomy “the lateral border of the rectus muscles” (Standring, S. (2020)
Gray’s Anatomy, 42nd Edition. The Anatomical Basis of Clinical Practice. Elsevier,
Amsterdam). A recent publication (Vierstraete M et al. EIT Ambivium, Linea
Semilunaris, and Fulcrum Abdominalis. ] Abdom. Wall Surg. 2023 Dec 22:2:
12217) has named this structure the “EIT Ambivium” and defines the semilunar
line as “the line forming and marking the transition from muscle to aponeurosis in
the transversus abdominis muscle.” These new definitions may gain traction in the
literature but to make this manuscript more comprehensible we have used the most
well-known definition.
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FIGURE 2 | Schematic diagram showing the measurements made at

P1, P2, and P3, with P1 being halfway between the xiphoid and umbilicus,
P2 being at the umbilicus, and P3 being halfway between the umbilicus and
the pubic symphysis.

to describe anatomical variability of both the rectus abdominis
muscle and the lateral abdominal wall muscles in all patients.

Statistics

Baseline characteristics are reported as narrative and simple
descriptive statistics. Bland-Altman analysis with 95% limits of
agreement were used to assess inter-reader agreement.
Anatomical dimensions were reported as means, inter-
quartile ranges, and a range from the 10th to 90th centile.
Anatomical diagrams were created to display the anatomical
variability of the rectus abdominis and all three lateral
abdominal wall muscles.

RESULTS

Fifty patient CT scans were evaluated from between March
2023 to August 2023. Radiologists (BLINDED FOR REVIEW)
both extracted data from 5 CT scans, allowing for a direct
comparison of 80 measurements. Bland-Altman analysis gave
upper and lower limits of agreement of 15.6 mm and —13.2 mm
respectively. As 80% of the measurements lay within the limits
of +10 mm the readings were deemed as acceptable for this
investigative study (Figure 3).

The CT scans analysed were performed for a range of
indications. Thirteen were colorectal cancer screening scans,
nine were outpatient requests for chronic abdominal pain,
eight were performed for unintentional weight loss, eight were
emergency scans, four were staging CT scans, two for trauma,
for four there was no indication, and for two the indications
were miscellaneous. All CT scans had an intact anterior
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abdominal wall. Thirty-one scans were performed on males.
The mean age of scanned participants was 60, with a mean
body mass index of 27.04. Nineteen patients were smokers,
20 patients had diabetes, 11 had cardiac disease, and three had
COPD. The mean abdominal cavity length was 342.3 mm, with
a mean width of 271.9 mm. Average linea alba length was
measured as 366.5 mm, with average widths of half of the
curvature of the anterior abdominal wall (from the midline to
the lateral-most inner border of the abdominal wall
musculature) at P1, P2, and P3, being measured as 193.7,
163.9, and 110.6 mm, respectively.

For the rectus abdominis; mean proportional width of the
muscle relative to the width of the anterior abdominal wall at
P1 was 0.47, (IQR 0.44 to 0.51, 10th centile 0.39, 90th centile
0.54), at P2 was 0.53 (IQR 0.48 to 0.58, 10th centile 0.42, 90th
centile 0.68), and at P3 was 0.632 (IQR 0.52 to 0.71, 10th centile
0.48, 90th centile 0.80).

For the medial edge of external oblique; mean proportional
distance from the midline (relative to the width of the
anterior abdominal wall) at P1 was 0.56 (IQR 0.51 to 0.59,
10th centile 0.48, 90th centile 0.63), at P2 was 0.67 (IQR 0.6 to
0.74, 10th centile 0.54, 90th centile 0.80), and at P3 it was not
possible to take measurements as the muscle had become
aponeurosis in 49 out of 50 participants. Mean width of
external oblique aponeurosis from the lateral edge of
rectus at P1 was 16.2mm (IQR 9.2 mm to 20.7 mm, 10th
centile 5.9, 90th centile 30.1 mm), at P2 was 23.5 mm (IQR
14 mm to 33 mm, 10th centile 5.8 mm, 90th centile 40.4 mm),
and at P3 again it was not possible to measure aponeurotic
width as the muscle had become aponeurosis at this
level (Figure 4).

For the medial edge of the internal oblique; mean
proportional distance from the midline (relative to the
width of the anterior abdominal wall) at P1 was 0.64 (IQR
0.57 to 0.71, 10th centile 0.52, 90th centile 0.75), at P2 was 0.59
(IQR 0.52 to 0.66, 10th centile 0.49, 90th centile 0.71), and at
P3 was 0.71 (IQR 0.65 to 0.77, 10th centile 0.60, 90th centile
0.83). Mean width of the internal oblique aponeurosis from the
lateral edge of rectus at P1 was 32.1 mm (IQR 17.5mm to
45 mm, 10th centile 10.7 mm, 90th centile 54.6 mm), at P2 was
10.13 (IQR 1 mm to 17.5 mm, 10th centile 0.5 mm, 90th centile
27 mm), and at P3 was 9.2 mm (IQR 3.0 mm to 13.7 mm, 10th
centile 0.5 mm, 90th centile 25 mm) (Figure 5).

For the medial edge of the transversus abdominis, mean
proportional distance from the midline (relative to the width
of the anterior abdominal wall) at P1 was 0.34 (IQR 0.28 to 0.41,
10th centile 0.20, 90th centile 0.47), at P2 was 0.71 (IQR 0.63 to
0.79, 10th centile 0.51, 90th centile 0.87), and at P3 was 0.82 (IQR
0.77 to 0.88, 10th centile 0.67, 90th centile 0.93). Mean width of
the transversus abdominis aponeurosis from the lateral edge of
rectus at P1 was —25.1 mm (IQR -37.8 mm to —15.0 mm, 10th
centile —45.1 mm, 90th centile —2.9 mm) (negative results imply
positive overlap of the transversus abdominis with the posterior
sheath), at P2 was 29.4 mm (IQR 20 mm-39.8 mm, 10th centile
8.6 mm, 90th centile 57.3 mm), and at P3 was 20.3 mm (IQR
12mm-29mm, 10th centile 72mm, 90th centile
35 mm) (Figure 6).
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FIGURE 3| Scattered plot showing our Bland-Altman analysis with differences of the measurements on the y axis and mean of the two radiologists’ measurements
on the x axis.
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FIGURE 4 | (A) Distribution of the medial edge of the external oblique muscle (orange and yellow) and the lateral edge of the rectus abdominis muscle (green) as a
proportion (or fraction) of the anterior abdominal wall, below P2 the dotted lines are estimates of the anatomical variability as the external oblique muscle is not present at
or below the level of P3. (B) The width of the external oblique aponeurosis as a distance from the linea semilunaris (blue), below P2 the dotted lines are estimates of the
anatomical variability as the external oblique muscle is not present at or below the level of P3. In both diagrams the central line represents the mean and the parallel

lines represent the inter-quartile range (IQR), 25th and 75th centiles, and 10th and 90th centiles.

DISCUSSION variation is a key surgical concept that abdominal wall

surgeons must consider increasingly as the subspecialty
This study describes the anatomical variation of normal  evolves. Previous studies of abdominal wall anatomy have
abdominal wall musculature. We believe that anatomical demonstrated variation in the level of the arcuate line [11], in
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FIGURE 5 | (A) Distribution of the medial edge of the internal oblique muscle (orange and yellow) and the lateral edge of the rectus abdominis muscle (green) as a
proportion (or fraction) of the anterior abdominal wall. (B) The width of the internal oblique aponeurosis as a distance from the linea semilunaris (blue). In both diagrams the
central line represents the mean and the parallel lines represent the inter-quartile range (IQR), 25th and 75th centiles, and 10th and 90th centiles.
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FIGURE 6 | (A) Distribution of the medial edge of the transversus abdominis muscle (orange and yellow) and the lateral edge of the rectus abdominis muscle (green)

as a proportion (or fraction) of the anterior abdominal wall. (B) The distance of the medial edge of the transversus abdominis inserting into the posterior sheath (medial to
the linea semilunaris) and the width of the transversus abdominis aponeurosis (lateral to the linea semilunaris) (blue). In both diagrams the central line represents the mean
and the parallel lines represent the inter-quartile range (IQR), 25th and 75th centiles, and 10th and 90th centiles.
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FIGURE 7 | Axial image at the umbilicus showing the transversus
abdominis 10.4 and 11.4 mm away from the linea semilunaris.

FIGURE 8 | Axial image at the umbilicus showing the transversus
abdominus 38.6 and 45.0 mm away from the linea semilunaris.

anterior abdominal wall cutaneous innervation [12], in the
distribution of preperitoneal fat [13], and in the vascular
supply to the anterior abdominal wall [14]. We believe that
this study is the first to use cross sectional imaging to
interrogate the distribution of the abdominal wall muscles and
to report their anatomical variation in detail. We found that
midway between the xiphoid and the umbilicus, the full range of
overlap of the transversus abdominis with the posterior sheath
varied from -6 mm to 49 mm, and this variation, along with
transversus abdominis length, is highly likely to have an effect on
the amount of release gained from posterior component
separation. At Croydon, our intra-operative experience is that
after preforming a posterior component separation on a medial
transversus abdominis muscle and after developing the pre-
transversalis or pre-peritoneal plane you get much more
advancement of the posterior sheath. We suspect that this is

FIGURE 9 | Axial image through the centre of a parastomal
hernia defect.

due to a greater length of muscle being released that was
previously retracting the sheath away from the midline. We
are currently working on further work that investigates this in
greater depth. Our theory is similar to colorectal surgery where
the length of sigmoid colon affects a colorectal surgeon’s ability to
achieve a tension free colorectal anastomosis, we hypothesise that
the amount of transversus abdominis overlap with the posterior
sheath affects an abdominal wall surgeon’s ability to achieve
tension free midline closure. We also found considerable
variation in the length of the transversus abdominis
aponeurosis at the level of the umbilicus. Since many
incisional hernias originate from at or around the umbilicus,
anatomical variability here will facilitate prediction of the amount
of release that can be gained from a posterior component
separation (Figures 7, 8).

Our findings are not solely limited to the distribution of
transversus abdominis. The distribution of the external oblique
is also described, with nearly all patients demonstrating no
muscle remaining below the level of P3, the midway point
between the umbilicus and the pubic symphysis. This large
aponeurotic sheet spans the lower quarter of the anterior
abdominal wall and could be used in future reconstructive
surgery. Furthermore, in our unit many flank incisional
hernias seem to result from defects in the transversus
abdominis and internal oblique, with the more superficial
external oblique aponeurosis remaining intact. These “inter-
oblique hernias” [15] may result from internal oblique and
transversus abdominis muscle ischaemia at the time of closing
oblique abdominal wall incisions, with the relatively avascular
external oblique aponeurosis being less vulnerable to ischaemia,
less vulnerable to impaired wound healing, and consequently less
likely to generate a defect. The distribution of the internal oblique
is also described, with its aponeurosis remaining thin throughout
the length of the semilunar line. We also observed that the
internal oblique was, in most cases, the thickest muscle of the
lateral abdominal wall, although we did not measure this. Being
the longest and thickest muscle, we conclude that it is could be the
“workhorse” of the abdominal wall and crucial in maintaining
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FIGURE 10 | Axial image at the superior aspect of the parastomal hernia
defect showing the transversus abdominis 14 mm away from the linea
semilunaris.

FIGURE 11 | Axial image at the inferior aspect of the parastomal hernia
defect showing the transversus abdominis 8 mm away from the linea
semilunaris.

strength and integrity. Further work is required to analyse each
abdominal wall muscles effect on truncal stability and
biomechanical strength.

With anatomical variation in mind, our pre-operative CT
analysis during MDT discussions have now become even more
detailed, particularly when planning repairs of parastomal
hernias or flank hernias using the Pauli [16] or retromuscular
approaches, respectively. Knowing the location of the lateral
border of rectus abdominis and the medial border of
transversus abdominis in relation to the ostomy site or defect
gives us greater confidence in finding the preperitoneal plane.
Particularly as flank hernias can cause significant anatomical
distortion. For example, Figure 9, shows a parastomal hernia
protruding through the abdominal wall, with rectus muscle on

Anatomical Variation of Abdominal Wall Musculature

either side of the defect. Our pre-operative CT analysis allows us
to assess the location of the medial edge of transversus muscle at
both the superior-most (Figure 10) and the inferior-most
(Figure 11) aspect of the lateral defect. This gives us an
awareness of when we should be able to visualise the body of
the transversus abdominis muscle during dissection and
reassurance when the muscle is located in its predicted
location. For parastomal and flank repairs, we combine the
“bottom up” [13] and “top down” [2] approaches to meet
laterally behind the defect in the preperitoneal plane, and this
detailed description of the transversus abdominis muscle helps us
to perform these techniques with greater accuracy. Furthermore,
our pre-operative analysis allows us to assess the level at which
the transversus abdominis muscle crosses the semilunar line and
starts to overlap the posterior sheath. For flank hernias in the
right or left iliac fossa a full midline incision is often not required
and finding the transversus abdominis muscle to perform the top
down transversus release can be difficult. Looking at the CT, we
can estimate the length of the lower midline incision required in
order to visualise and get access to the transversus muscle and
perform a top down release.

Our study has limitations. Firstly, the level of the umbilicus
does vary [17] and we have used it as a fixed reference point for
our measurements. However, as mentioned previously, many
incisional hernias originate from the umbilicus, either due to a
failed previous umbilical hernia repair or due to an incisional
hernia after previous umbilical port insertion. Consequently, a
detailed understanding of abdominal wall muscle variation at this
level is required. In addition, our study does not describe rectus
abdominis and lateral abdominal wall muscle variation in the
longitudinal axis, but purely in the transverse axis. When hernias
are being repaired the defect is closed in the transverse orientation
to close the width of the defect and restore the linea alba [18].
Therefore, the amount of release achieved from a component
separation will be determined exclusively by transverse
anatomical variation and we would not expect longitudinal
variation to be relevant. Throughout the study, we also have
made substantial assumptions regarding patient selection. We
have assumed that abdominal wall anatomy does not vary with
patient size (height and weight), abdominal cavity dimensions
(length and width), gender, age, co-morbidities, and intra-
abdominal pathology. It is possible that more specific patient
selection criteria may show less or more anatomical variability.
Further work is required in order to explore this, and to discover
its impact on reconstructive options. Lastly, it is important to
mention the variability that arose between our two
gastrointestinal radiologists who analysed the CT scans and
obtained the measurements. Possibly, a prolonged training
period prior to starting the study where the two radiologists
collaborated and analysed scans together could have reduced the
variability. Although this was carried out on an informal basis
and formalised program of shared scan assessment followed by
critiquing each other’s measurement methods may have reduced
variation. Furthermore, MRI cross-sectional imaging may have
improved precision and reduced inter-reader variability.

In this study we describe the anatomical variability of the
anterior abdominal wall musculature. As ventral hernia
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morphology varies considerably, we believe that a detailed
understanding and analysis of the abdominal wall muscle
distribution around a hernia defect is vital in planning optimal
abdominal wall reconstruction. Further studies of how abdominal
wall muscle anatomy varies with difference patient characteristics
are warranted.
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