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ANATOMY

Architectural Analysis of Human Abdominal

Wall Muscles

Implications for Mechanical Function

Stephen H. M. Brown, PhD,* Samuel R. Ward, PhD,*+3§ Mark S. Cook, PhD, ¥ and Richard L. Lieber, PhD*#

Study Design. Cadaveric analysis of human abdominal muscle
architecture.

Objective. To quantify the architectural properties of rectus abdominis
(RA), external oblique (EO), internal oblique (IO), and transverse
abdominis (TrA), and model mechanical function in light of these new
data.

Summary of Background Data. Knowledge of muscle architecture
provides the structural basis for predicting muscle function. Abdominal
muscles greatly affect spine loading, stability, injury prevention, and
rehabilitation; however, their architectural properties are unknown.
Methods. Abdominal muscles from 11 elderly human cadavers
were removed intact, separated into regions, and microdissected for
quantification of physiologic cross-sectional area, fascicle length,
and sarcomere length. From these data, sarcomere operating length
ranges were calculated.

Results. |O had the largest physiologic cross-sectional area and
RA the smallest, and would thus generate the largest and smallest
isometric forces, respectively. RA had the longest fascicle length,
followed by EO, and would thus be capable of generating force over
the widest range of lengths. Measured sarcomere lengths, in the
postmortem neutral spine posture, were significantly longer in RA
and EO (3.29 *= 0.07 and 3.18 = 0.11 um) compared to IO and TrA
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(2.61 = 0.06 and 2.58 = 0.05 um) (P < 0.0001). Biomechanical
modeling predicted that RA, EO and TrA act at optimal force-
generating length in the midrange of lumbar spine flexion, where 10
can generate approximately 90% of its maximum force.
Conclusion. These data provide clinically relevant insights into the
ability of the abdominal wall muscles to generate force and change
length throughout the lumbar spine range of motion. This will
impact the understanding of potential postures in which the force-
generating and spine stabilizing ability of these muscles become
compromised, which can guide exercise/rehabilitation develop
ment and prescription. Future work should explore the mechanical
interactions among these muscles and their relationship to spine
health and function.

Key words: lumbar spine, abdominal muscles, transversus abdominis,
force-length relationship, muscle, stability. Spine 2011;36:355-362

bdominal muscles generate forces that produce move-

ment of, and stabilize, the spinal column. They are

unique morphologically: rectus abdominis (RA) is
comprised of bundles of short muscle fibers arranged in-series
to create one longer muscle; external oblique (EO), internal
oblique (IO), and transverse abdominis (TrA) are tightly
bound layered muscular sheets with fibers running at oblique
angles to one another. As a composite, these muscles function
together to pressurize the abdominal cavity and transfer forc-
es around the torso. However, very little is understood about
the structural design of these muscles, in particular the fiber
arrangement in-series and in-parallel throughout the muscles.
This design, known as muscle architecture, is imperative to
the understanding of the function of these muscles. Therefore,
this study was undertaken to examine the architectural prop-
erties of the 4 abdominal muscles.

Muscle architectural design dictates, in large part, a mus-
cle’s functional capacity.! Physiologic cross-sectional area
(PCSA) represents the number of force-generating sarcomeres
arranged in-parallel and predicts its maximum isometric force
generating capability.? The number of sarcomeres arranged
in-series through the muscle, represented by its optimal fas-
cicle length for maximum force generation, determines the
absolute length range, as well as the maximum velocity, over
which a muscle can actively generate force.! A longer fibered
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muscle can produce force over a greater range of lengths, as a
greater number of sarcomeres will act to effectively produce
this overall length change. This also has direct implications
for the velocities at which a muscle can produce force, because
again, in muscles with long fibers each sarcomere will have a
lower relative velocity compared to a muscle with short fibers.

PCSA of the abdominal muscles has been estimated using
a number of imaging methods (computed tomography, MRI,
ultrasound),> but these estimates are suspect since no sin-
gle image can capture all fibers across these uniquely shaped
muscles, and assumptions must be made to correct for muscle
fiber lines of action oriented relative to image planes. The only
way to reliably define muscle force generating properties is
to microdissect individual muscles and thus provide reliable
measures of the arrangement of contractile material in the
muscle.

Biomechanical estimates of spine loading and stability rely
heavily on knowledge of muscular force and stiffness genera-
tion. The abdominal muscles, in particular, have been widely
studied in terms of their role in spinal loading and stability.c!!
Unfortunately, even the most sophisticated biomechani-
cal spine models still rely heavily on assumptions regarding
abdominal muscle architecture, specifically the force-length
and force-velocity properties of these muscles. Architectural
analysis provides information regarding muscle sarcomere
arrangement that, in large part, determines a muscle’s maxi-
mum force capability, as well as length- and velocity-depen-
dent characteristics. Therefore, the purpose of this study was
to define the architectural properties of the human abdominal
muscles.

MATERIALS AND METHODS

Eleven formaldehyde-fixed cadaveric donors were studied
(5 male, mean * standard deviation age = 71.8 = 17.9 years,
height = 174.8 + 6.6 cm, mass = 67.8 = 9.4 kg; 6 female,
age = 82.7 = 14.5 years, height = 165.6 * 3.7 cm, mass =
63.1 = 11.8 kg). All donors died of natural (nontraumatic)
causes. None of the donors had any gross spinal-related injury
or pathology, and abdominal wall muscles were inspected in
all cadavers to ensure that no noticeable defect or pathology
existed.

It was important that the muscles were fixed while at-
tached to the skeleton, before dissection, to preserve them
at their neutral spine posture length. Each of the 4 abdomi-
nal muscles was dissected from one side of the body and
removed intact. Muscles were then divided regionally as
follows: RA along each of its transverse tendinous intersec-
tions (8 donors had 3 such intersections and therefore 4
regions, 2 donors 2 intersections and therefore 3 regions,
and 1 donor 4 intersections and therefore 5 regions); EO,
IO, and TrA were each divided into 3 regions, determined
to maintain approximately homogenous fascicle lengths
within each region (Figure 1).

Tendon, connective tissues and adipose were removed, and
each muscle region was gently blotted dry and weighed (reso-
lution 0.01 g) to determine mass, and the length of the longest
fascicles within each region was measured (Figure 2) with a
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Figure 1. Schematic representation of the regional divisions of EO, 10,
and TrA used for the architectural analysis. Thick black lines represent
the approximate regional divisions. Note that the schematic is intended
only to display the regionalization, and not necessarily to represent
PCSA or fascicle length. The purpose of dividing the muscles into re-
gions was to determine whether there was specialization of muscle
architecture within muscles.

digital caliper (resolution 0.01 mm). PCSA was calculated us-
ing the following equation'?:

M(g) * cos (6)

p (ig) # Lf(cm)
cm

where, M = muscle mass, Lfn = normalized fascicle length
(described below), 8 = pennation angle (0° for all abdominal
muscles), and p = density of muscle fixed in 37% formalde-
hyde (1.112 g/cm?).13

A minimum of 3 small fiber bundles (composed of ~50 fibers)
were dissected free from each muscle region, and sarco- mere
length was measured using laser diffraction at multiple locations
(at least 3, randomly selected) along each bundle.'* The number

PCSA(cm?) = (1)

Figure 2. Example of 10 fascicle measurements. Dashed lines represent di-
vision of muscle into 3 regions. Solid lines represent fascicle lengths mea-
sured with digital caliper (note: fascicle in region 2 would be straightened
to enable measurement). Each region was then separated and weighed.
Normalized fascicle lengths were determined from equation 2 after sa-
cromere length measurement. Normalized fascicle lengths and masses for
each region were used to calculate PCSA.
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of sarcomeres arranged in-series within each muscle region was
calculated by dividing measured fascicle length (converted to
pum) by average measured sarcomere length. Normalized fas-
cicle lengths were calculated using the equation:

Ls,( um)>
Lsp(pum)

Lf,(cm) = Lf, (cm) * < (2)

where, Lf,, = measured fascicle length, Ls,, = measured sar-
comere length, Ls, = optimal sarcomere length for human
muscle (2.70 um, the midplateau of the relationship defined
by Walker and Schrodt®).

Whole muscle architectural properties were determined
as follows for each donor cadaver: RA (where regions act in-
series [are connected end-to-end, and therefore share equal force
in each region]) PCSA was calculated as the largest measured
regional PCSA; RA fascicle length, in-series sarcomere num-
ber, and normalized length were summed for all regions; RA
sarcomere length was averaged across all regions; EO, IO,
and TrA (where regions act in-parallel [are connected side-
to-side, and therefore summate their independent forces])
PCSA was summed across all regions; EO, 10, and TrA
fascicle length, sarcomere length, in-series sarcomere number,
and normalized length were calculated as weighted averages
(weighted to regional PCSAs) across all regions.

For modeling purposes, skeletal abdominal muscle origins
and insertions were taken from the models of McGill* and Cho-
lewicki and McGill.!¢ Superior muscle attachments were rotat-
ed with the skeleton through average ranges of lumbar motion
about each of the functional spine axes (flexion/extension, later-
al bend, axial twist), while pelvic-level attachments remained
fixed. This simulates the changing length of each muscle as the
lumbar spine moves through its range of motion. The mod-
eled ranges of motion were: flexion, 52°7; extension, 16°';
lateral bend, 29° each ipsilateral and contralateral'®; axial
twist, 9° each ipsilateral and contralateral.'® Relative muscle
length change was calculated, and from this, sarcomere length
change was calculated across the range of motion (assuming
that the cadaveric-measured sarcomere lengths correspond to
the neutral spine posture). McGill* modeled 10 and EO mus-
cles as consisting of 2 separate lines of action (representing
anterior and lateral fibers, respectively), with corresponding
separate skeletal attachments. All 4 of these lines of action
were modeled here, but within EO and IO only the line of
action that resulted in the largest relative length change (and
thus largest sarcomere length range) is reported. Sarcomere
length ranges are then plotted with respect to the well-known
sarcomere force-length relationship, originally defined for
frog muscle by Gordon et al,”” and here adjusted for human
muscle actin filament lengths.

Whole-muscle architectural variables (PCSA, fascicle
length, normalized fascicle length, sarcomere length) were
first correlated with possible covariates age and body mass
index (BMI). Depending on whether statistically significant
correlations were determined, architectural variables were
compared by either 2-way mixed model analysis of variance
or analysis of covariance (muscle as a repeated measure, and
gender as the independent factor). Tukey’s HSD post hoc test
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was used when significant effects were revealed by analysis of
variance. Statistical significance was set at P < 0.05.

RESULTS

Muscle PCSA correlated significantly with both age (r =
—0.33,P =0.03) and BMI (r = 0.39, P = 0.008). Architectural
characteristics of the muscles and muscle regions are shown in
Table 1. Muscle PCSA, indicating maximal force generating
capacity, and normalized length, indicating excursion poten-
tial, are also plotted in Figure 3. While a range of excursion
and force-generating potential exists, at the extremes it is clear
that 1O is designed for the greatest force production (PCSA =
8.6 = 0.8 cm?), but over the smallest range of lengths (normal-
ized fascicle length = 7.8 = 0.4 cm), whereas RA is designed
to produce large length changes (normalized fascicle length =
26.7 = 1.6 cm) while generating the smallest amount of force
(PCSA = 3.3 = 0.5 cm?). No gender effects were found for
any tested variable.

In the postmortem spine posture, sarcomere lengths of RA
(3.29 = 0.07 wm) and EO (3.18 = 0.11 wm) were statistically
greater than IO (2.61 * 0.06 um) and TrA (2.58 = 0.05)
(P < 0.0001).

The largest sarcomere operating range was predicted for RA
in flexion/extension, EO, and IO in lateral bend, and TrA in
axial twist (Figure 4). All muscles act across the plateau region
of the force-length curve when lengthened about a minimum
of 1 of the 3 axes of rotation. Between 25° and 28° of lumbar
flexion, modeled sarcomere lengths of RA, EO, and TrA are
on the plateau of the force-length curve (where they can gener-
ate maximum isometric force), while sarcomeres within the
lateral and anterior fibers of IO act at approximately 2.95 and
2.32 wm, respectively (at which point the muscle could still
generate approximately 90% of its maximum force) (Figure 3).
RA, lateral fibers of EO, and postero- F5 lateral 1O fibers
act well down the descending limb of the force-length curve
(where their active force generating capability can be severely
compromised) in contralateral bend, as do RA and EO in full
extension and posterolateral fibers of 10 in full flexion
(Figure 4). TrA undergoes the smallest length changes through
lumbar ROM, and therefore is maintained near the plateau of
the force-length relationship (Figure 4).

DISCUSSION
This is the first to study define the detailed architecture of the
abdominal muscles, and interpret their function based on ar-
chitectural parameters. In particular, important information
regarding force generating potential, serial sarcomere num-
ber and lengths (indicating absolute muscle lengths and ve-
locities over which a muscle can generate force) are report-
ed. These properties define the structural basis for predicting
muscle function, and based on estimated sarcomere length
operating ranges, describe the ability of muscles to gener-
ate active force and stiffness through the lumbar spine range
of motion. Furthermore, these data serve as vital inputs to
biomechanical models that assess spine loads and stability.
A graphical representation of the functional capabilities of
the abdominal muscles is displayed in Figure 3. PCSA is directly
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Architectural Properties of Human Abdominal Wall Muscles

Muscle Sarcomere Sarcomere Normalized
(Region) Mass (g) Fascicle Length (cm) | PCSA (cm?) | Length (um) Number Fascicle Length (cm)
RA (whole) 80.8 = 15.0 34.2 £ 1.9* 3.3 = 0.5* 3.29 = 0.07* | 98,747 £ 5795 26.7 = 1.6*
RAT 124 £2.2 6.7 £ 0.6 2.1£03 3.22 = 0.13 21,152 £ 1771 5.7 =05
RA2 15.6 2.7 6.6 £ 0.4 2.6 0.5 3.24 = 0.09 20,261 £ 1117 55*03
RA3 25.0* 7.1 10.6 £ 1.6 25*04 3.30 = 0.10 31,816 = 4475 8.6 x1.2
RA4 27.8 £ 3.7 12.1 1.0 2.7 £0.5 3.36 £ 0.15 31,885 * 3412 9.7 0.9
RA5 (n=1) 69.2 £ 0.0 13.2 £ 0.0 6.4 3.67 = 0.0 36,038 = 0 9.7 = 0.0
EO (whole) 104.6 = 11.8 17.0 = 0.9t 6.6 £ 0.9t 3.18 = 0.11* | 53,893 * 3604 14.6 £ 1.0t
EO1 16.1 £2.5 112210 1.6 =0.2 3.25 = 0.07 34,812 £ 2313 9.4 + 0.6
EO2 67.8 £9.4 19.9 = 0.9 3.7 £ 0.6 3.22 £0.12 62,325 * 3264 16.8 = 0.9
EO3 20.7 £ 2.1 159 * 0.8 1.5*0.2 3.01 = 0.12 50,626 * 4050 13.7 £ 1.1
10 (whole) 74.4 £ 6.8 7.9 = 0.5% 8.6 + 0.8% 2.61 = 0.061 | 28,715 = 1619 7.8 £ 0.4+
101 151 1.7 7.4 *0.3 2.0*0.2 2.78 £0.10 26,922 £ 1697 7.3 *0.5
102 39.6 = 4.1 11.2 £0.7 3.2*03 2.63 = 0.08 42,662 £ 2777 11.5*=0.7
103 19.7 = 2.1 4.9 = 0.5 3504 2.54 = 0.08 19,387 = 1785 52 *05
TrA (whole) 50.6 = 5.1 9.5 + 0.4% 4.7 £ 0.6*t 2.58 = 0.051 | 36,051 = 1601 9.7 + 0.4%
TrA1 11.2 +2.2 7.6 = 0.3 1.5+ 0.3 2.57 = 0.10 27,015 £ 1470 7.3 £0.4
TrA2 28.5 2.7 13.8 £ 0.5 1.8 0.2 2.61 = 0.05 54,916 * 2257 14.8 = 0.6
TrA3 119 *+1.8 6.6 = 0.5 1.6 0.4 2.47 = 0.06 26,878 £ 2021 7.3 £0.5
Statistical tests were conducted on fascicle length, PCSA, sarcomere length and normalized fascicle length. Different symbols (* 1,#) indicate statistically signifi-
cant differences between muscles. Data represented as mean = standard error of the mean (SEM) (n = 11).

PCSA indicates physiologic cross-sectional area; RA, rectus abdominis; EO, external oblique; 10, internal oblique; TrA, transverse abdominis.

proportional to maximum force production,? while normalized
muscle fascicle length is proportional to maximal excursion.?’
Muscles composed of a high number of sarcomeres arranged
in-parallel can generate large forces. Muscles with a high num-
ber of sarcomeres arranged in-series can generate force over
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Figure 3. Scatter plot of PCSA and normalized fascicle lengths of the
abdominal muscles. RA fascicle length represents the total in-series
length across all regions. Large PCSA indicates large isometric force
generating ability, and a long normalized fascicle length indicates the
ability to generate force across a wide range of lengths. Data are plot-
ted as mean * SEM.
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large absolute length ranges, as each sarcomere can accommo-
date a specific absolute length change based on its force-length
relationship. Thus, a greater number of sarcomeres changing
length and acting in-series will sum to create a greater overall
change in muscle length. Long fibered muscles can thus also
generate force at higher absolute velocities, as again, each sar-
comere undergoes a smaller absolute length change with time.
Therefore, based on architectural properties, IO has the poten-
tial to generate the greatest isometric force, but over a small
length range. RA, at the other extreme, comprised of shorter
fibers in-series across 3 to 5 bundled regions, can generate rela-
tively little isometric force, but accommodates the large length
changes that can occur during spine flexion/extension. EO can
also generate active force across a fairly wide range of lengths
and velocities, and primarily accommodate these changes dur-
ing lateral bend. TrA appears to play an intermediate role, with
a modest PCSA and shorter normalized length.

The predicted sarcomere operating ranges of the abdomi-
nal muscles, over full range of motion about each of the
3 anatomic spine axes, are displayed in Figure 4. The widest
predicted operating ranges occur for the lateral fibers of both
EO and IO during lateral bend, as these muscles undergo
large relative length changes through the range of ipsilateral
to contralateral bend. This demonstrates that these muscle
regions have a compromised ability to generate active force
when the spine is laterally bent to the contralateral side. It is
important to note that, at the same time, the more anterior
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Figure 4. Predicted sarcomere length operating ranges (represented by horizontal lines for each muscle) across the lumbar range of motion of each
spine anatomic axis. An interpretive example is shown for TrA in flexion/extension: the dashed lines are projected vertically onto the force-length
curve to demonstrate the operating range of the muscle. Operating ranges represent the maximum for fibers of any region within each muscle.
Flexion/extension: RA and EO are long in extension, TrA and lateral fibers of 10 are long in flexion; Lateral Bend: RA, lateral fibers of both EO
and 10 are long in contralateral bend, TrA is long in ipsilateral bend; Axial Twist: RA and lateral fibers of EO are long in ipsilateral twist, TrA and
lateral fibers of 10 are long in contralateral twist. The force-length relationship is estimated for human muscle assuming myosin and actin filament

lengths of 1.6 and 1.3 um, respectively.

fibers of EO and IO act near the plateau of the force-length
relationship during contralateral bend. Additionally, RA and
EO appear to be compromised in their force generating ca-
pability during extreme spine extension, while posterolateral
fibers of IO become compromised in full flexion (Figures
4 and 5). TrA, on the other hand, due to its modest length
changes throughout the lumbar spine range of motion, acts
almost exclusively around the plateau of its force-length rela-
tionship, where its force-generating ability is near maximum.
It should be noted that the operating ranges reported here
are based on a model of muscle lengthening/shortening along
straight lines between moving skeletal attachments, and do
not account for potential folding or bunching of the muscles
that might occur in flexion (primarily RA) and lateral bend
(primarily EO, IO, and TrA). Further, these estimates assume
a purely passive ROM and do not account for further short-
ening of the muscles that could occur during contraction due
to in-series connective tissue compliance. Future work must

Spine

quantify these relative compliances, and well as the interac-
tion between the tightly bound adjacently-layered muscles,
to fully elucidate the in vivo lengthening and shortening
contraction dynamics.

Measured sarcomere length, in the neutral spine postmortem
state, was above optimal for RA and EO (3.29 and 3.18 um, re-
spectively), and slightly below optimal for IO and TrA (2.61
and 2.58 um, respectively). Based on their known skeletal
attachments, fibers of RA and EO will shorten with spine flex-
ion, while a bulk of IO and TrA fibers lengthen with spine
flexion. Modeling the length changes of these muscles dur-
ing flexion/extension predicts that RA, EO, TrA act together
on the plateau of the force-length relation from 25° to 28° of
spine flexion (approximately 50% of the average ROM; Fig-
ure 5). The lateral and anterior fibers of IO, that lengthen and
shorten during flexion, respectively, would have sarcomere
lengths of approximately 2.95 and 2.32 um (still capable of
producing approximately 90% of maximum isometric force)
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at the same spine angles. Thus, based on this model, IO does
not act at optimal length at the same spine posture as the other
3 abdominal muscles, and further, fibers within anterior versus
lateral regions of IO may achieve optimal length at different
respective spine postures. However, since IO can still gener-
ate approximately 90% of its maximum force when the other
3 muscles are at optimum it appears that the abdominal mus-
cles, as a whole, are optimized to generate peak force in the
midrange of lumbar spine flexion. That the abdominal mus-
cles act across the plateau of the force-length relation differs
from other reported muscle groups such as the wrist flexors?!
and multifidus,?? both of which act primarily on the ascend-
ing limb of the curve, or the wrist extensors which operate
primarily on the descending limb.?

The majority of the estimates of physiologic cross-section-
al area (PCSA) of the abdominal muscles come from imaging
methods (CT, MRI, ultrasound). These studies consistently
estimate larger PCSAs compared to those reported here for
the RA (Reid and Costigan,”®> McGill et al;> and Marras et
al’ ranging between 6 and 10.5 cm?), IO and EO (McGill*
approximately 16 cm? and 19 cm? for the EO and IO, respec-
tively; Stokes and Gardner-Morse** approximately 16 cm?
and 13 cm? for the EO and 10, respectively). Delp et al,®
examining 5 elderly cadavers, measured an average PCSA of
the RA of 2.6 cm?, comparable to the value of 3.3 cm? mea-
sured here. The discrepancies between the cadaveric and im-
aged estimates of PCSA may suggest an age-related muscular
atrophy since the average age range in the imaging studies
was 25 to 53 years compared to the average age of 77.7 =
16.3 years in this report. However, the main problem with
using imaging methods to estimate PCSA is that areas are
measured in one of the cardinal anatomic planes. Since PCSA
is supposed to estimate the total number of sarcomeres act-
ing in parallel, or the total cross-sectional area of contracting
muscle, this type of imaging is prone to error since it is dif-
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ficult to include an estimate of fibers that are not in any single
imaged plane (which would happen, for example, with the
IO, since no single slice can contain all the fibers), nor does
it necessarily include the appropriate correction for muscle
fibers at an angle relative to the imaging plane. To date, no
study has directly compared these methods for PCSA estima-
tion, although the use of dissection-derived PCSA values has
been validated against direct measurement of muscle force.?
Future studies are required to elucidate the differences be-
tween PCSA values derived using different methodologies. In
the meantime, consideration of architectural data from mul-
tiple sources and methodologies is warranted to develop a
representative and reliable data set.

With regards to sarcomere lengths, RA is the only human
muscle that has been examined.”® Mean sarcomere lengths
measured in the neutral spine postmortem position was 2.83 =
0.13 um, well below the 3.29 = 0.07 wm that we measured
in the current study. The discrepancy is most likely due to the
fact that, in the Delp et al* study, muscles were formalin-fixed
after removal from the skeleton, which allows sarcomeres to
shorten during fixation.

There are several limitations that must be stated with regard
to the data reported here. First, it is well established that inter-
vertebral discs absorb fluid and swell under decreased external
loading,* causing an overall spinal column lengthening.?” Spine
length over the combined lumbar/thoracic levels can vary in the
range of 1.8 cm over the course of a day,?® with 54% of height
loss occurring in the first hour after waking.?” In the postmortem
state, discs will be highly hydrated, causing a lengthening of the
muscles crossing these joints that may be more representative of
the in vivo muscle lengths immediately after awaking. Alterna-
tively, in the postmortem state, the abdomen is not pressurized,
which in the supine position may permit relative shortening of
the abdominal muscles as they are allowed to relax into the ab-
dominal cavity. It is not clear what effect these 2 factors have (if
any) on measured muscle fascicle and sarcomere lengths, but
they should be considered in the interpretation of sarcomere
length operating ranges. Note that sarcomere number and nor-
malized fiber length calculations are independent of the absolute
length at which measurements are taken, and can be considered
faithful. Second, no correction was made for series tendon com-
pliance when calculating operating range. Tendon compliance
can have a significant impact on muscle sarcomere length ranges
depending on the length of the tendon in series with the fibers?*=3!
and the material properties of the tendon itself.?’*? In particular,
a high tendon length:muscle length ratio can greatly affect the
force-length®' and even the dynamic properties® of the muscle.
Such an effect could vary greatly for each abdominal muscle, or
even within different regions of the muscles. For example, RA,
and fibers of EO and IO that span from the pelvis to rib cage,
have very little tendinous material; however, fibers of EO, IO,
and TrA that terminate across the rectus sheath and/or lumbar
fascia may have large in-series compliances. Future work will
need to examine the relative tendon length-muscle fiber length
ratios for the various regions of these muscles, to determine
potential physiologic impact. Third, as mentioned above, it is
possible that, due to the advanced age of the cadaveric specimens,
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the PCSA values are unrepresentative of those found in nor-
mal adults. Previous comparisons of young and elderly adult
subjects have revealed PCSA differences often greater than
50%,* and we found a statistically significant negative corre-
lation (r = —0.33) between PCSA and the range of ages that
we studied. Thus, the values reported here may underestimate
those found in healthy adults. It should be noted that the relative
PCSA ratios will probably not be affected by abdominal wall
muscle atrophy.® Parallel comparisons of PCSA using several
methods across a wide age range will resolve this issue. Finally,
gender comparisons were made on a relatively small sample
size (5 male and 6 female) of elderly individuals. Although no
statistical differences between the genders were observed, it is
possible that with a larger, and/or younger, sample statistical dif-
ferences would emerge.

Finally, note that this study considered abdominal muscles
in isolation. However, in light of the unique layered morphol-
ogy of the abdominal muscle wall, future work is required to
explore the magnitude and significance (if any) of the interac-
tion among muscle layers.

Muscle contraction (shortening and lengthening), force
generation and force transfer could be significantly impacted
by the mechanical interaction among muscle layers.>=” Fur-
ther, abdominal obesity may affect the resting length and con-
tractile function of the abdominal muscles, and future work
will need to address any physiologic significance stemming
from this effect. Thus, while the architectural data reported
here provide much needed understanding of the underlying
structure of the abdominal muscles, complete elucidation of
their mechanical function will require study and consider-
ation of these muscles under more realistic i vivo conditions.

> Key Points

O Abdominal wall muscles were dissected from 11
elderly cadavers, and measured for architectural
parameters such as physiologic cross-sectional area
and fascicle length, which were used to predict force-
length properties.

U 10 has the largest isometric force generating poten-
tial, whereas RA can generate force across the great-
est range of lengths.

U In the neutral spine posture, sarcomeres of RA and
EO (3.29 and 3.18 um, respectively) were longer than
optimal length for maximum force generation, while
those of IO and TrA (2.61 and 2.58 um, respectively)
were slightly below optimal length.

U Biomechanical modeling predicts that RA, EO, and
TrA act at optimal length for maximum force genera-
tion in the midrange of lumbar spine flexion, where
IO can generate approximately 9o% of its maximum
isometric force.

U Caution should be used regarding the absolute values
for muscle physiologic cross-sectional area and
fascicle length, as the means reported in the current
study represent an elderly population.

Spine
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