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Background: Ultrasound imaging is a valuable tool which, when applied appropriately, has the potential
to provide information regarding the mechanics of abdominal muscle contraction. Typically, changes in
muscle thickness are obtained and interpreted. However, the link between ultrasound measures of mus-
cle thickening and EMG measures of activation is not clear.
Methods: Five healthy males performed a series of abdominal muscle contractions while surface EMG
and trunk posture were monitored and ultrasound images of the internal oblique and external oblique
were captured both at relaxation and upon contraction. Ramped isometric flexor and extensor moment
contractions were also assessed and compared between EMG and ultrasound.
Findings: No definitive relationship between increases in muscle activation and corresponding measures
of thickening was observed. Correlations between the two measures, across all contraction types, were
0.14 for internal oblique and �0.22 for external oblique.
Interpretation: The lack of clear association between abdominal muscle activation and thickening may be
due to the composite laminate-like structure of the abdominal wall, with force being transmitted
between obliquely oriented muscle layers. Thus, ultrasound alone may not be a valid measure of muscle
activation or force in the unique architecture of the abdominal wall.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, ultrasound imaging has become an increasingly
popular tool to assess the contraction of the abdominal wall mus-
cles (e.g., Ferreira et al., 2004; Hodges et al., 2003; Misuri et al.,
1997; Rankin et al., 2006; Whittaker, 2008). Muscle thickness
obtained from ultrasound is often interpreted as an indicator of
muscle force generation. In addition, with appropriate consider-
ations, electromyogram (EMG) amplitude can be linked to muscle
force. The relationship between ultrasound measured muscle
thickness and EMG-based muscle activation has not be definitively
tested, but has yielded interesting findings within a limited scope
of abdominal contraction types. For example, Hodges et al.
(2003) documented very little change in muscle thickness beyond
activations greater than 20% MVC, and both John and Beith (2007)
and Coghlan et al. (2008) demonstrated decreases in external
oblique (EO) thickness during activation. These discrepancies moti-
vated this comparative study of ultrasound and EMG measures of
abdominal wall muscle activation.
ll rights reserved.
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Proper activation and contraction of the abdominal wall is con-
sidered important for several reasons. First, abdominal muscles
generate forces to produce moments in flexion, lateral bend and
axial twist (Gatton et al., 2001; Marras and Mirka, 1990; McGill,
1991, 1996; Pope et al., 1986; Thelen et al., 1994). Second, properly
coordinated abdominal muscle contraction is necessary to main-
tain a stable spinal column (Brown and Potvin, 2005; Brown
et al., 2006; Cholewicki and McGill, 1996; Gardner-Morse and
Stokes, 1998). Finally, reports have highlighted the functional role
of the abdominal muscles in pressurizing the abdominal cavity,
which also can have a stiffening effect on the lumbar spine (Cho-
lewicki et al., 1999, 2002; Cresswell and Thorstensson, 1989;
Essendrop and Schibye, 2004). For these reasons, it is essential that
assessments of abdominal muscle function and contraction be
carefully considered, whether via ultrasound or EMG.

The morphology of the abdominal wall muscles creates a com-
posite laminate-like structure. The external oblique (EO), internal
oblique (IO), and transverse abdominis (TrA) are broad sheet-like
muscles that overlay one another, have muscle fibres that are ob-
liquely oriented with respect to each adjacent layer, and are tightly
bound together through networks of connective tissue. These con-
nective tissues play a mechanical role, enabling force and stiffness
to be transmitted between the muscular layers (Brown and McGill,
2009), and likely influencing the resulting contraction dynamics
and muscular deformations. Various approaches and magnitudes
ltrasound and electromyography measures of force and activation to exam-
:10.1016/j.clinbiomech.2009.10.001
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of torso contraction will differentially recruit muscles around the
trunk (McGill et al., 2003), thereby affecting the force and stiffness
generated in muscle synergists and antagonists, in fascial connec-
tions, and in the pressurized abdomen. Muscle thickness not only
relies on a muscle’s own force generation, but also on the forces
generated in neighbouring muscles, particularly when its fibre ori-
entation is oblique to its neighbour, due to the transmittal of force
via intervening connective tissues (Huijing and Baan, 2003). All of
these factors play a role in determining how the abdominal mus-
cles will shorten and thicken upon contraction, thus creating a
complex network from which to assess muscle function.

In addition, as abdominal muscles shorten, the site being mea-
sured on the muscle will move to a new location within the image
(or, depending upon the amount of shortening, potentially outside
of the image). A majority of the research that has been conducted
has employed a standardized static location within the image to
measure changes in muscle thickness with contraction, thus not
accounting for potential shortening of the muscle. This may lead
to error in the estimation of thickness changes as the observed
muscle section shortens.

Considering the aforementioned affects that abdominal muscle
morphology and measurement location may have on ultrasound
measures of abdominal muscle thickening, this study was designed
to evaluate the concordance of conclusions about contraction
dynamics obtained from both ultrasound and EMG measures.
2. Methods

2.1. Participants

Five healthy males (average/standard deviation: age = 25.2/
3.8 years; height = 1.80/0.04 m; mass = 76.4/5.3 kg) volunteered
from the University population. All were free from any history of
chronic or acute episodes of back pain and abdominal dysfunction.
Informed consent, approved by the University Office of Research
Ethics, was obtained from each participant.
Fig. 1. Schematic representation of the participant testing posture.
2.2. Data collection

Surface electrodes were placed along the line of fibres of seven
muscles on the right side of the body: rectus abdominis (RA);
external oblique (EO); internal oblique (IO); latissimus dorsi
(LD); and the erector spinae at vertebral levels of T9, L3 and L5
(ES-T9; ES-L3; ES-L5, respectively). RA electrodes were placed at
the level of the umbilicus approximately 2 cm lateral to the mid-
line; EO electrodes were placed along the direction of the muscle
fibres approximately 14 cm lateral to the mid-line; IO electrodes
were placed along the direction of muscle fibres approximately
2 cm medial and inferior to ASIS; LD electrodes were placed along
the direction of muscle fibres at the level of T9. Signals were differ-
entially amplified (1000–5000 times; ±2.5 V; AMT-8, Bortec, Cal-
gary, Canada; bandwidth 10–1000 Hz, CMRR = 115 db at 60 Hz,
input impedance = 10 GX)) and digitally recorded (2048 Hz).
EMG signals were then full-wave rectified, low-pass filtered (But-
terworth 2.5 Hz), and normalized to the maximum signal obtained
during standardized maximum voluntary contractions (MVCs;
Brown and McGill, 2008a; Vera-Garcia et al., 2006). An EMG bio-
feedback (MyoTrac, Thought Technology Ltd., Montreal, Canada)
electrode was also secured over the right EO muscle, to allow par-
ticipants to visually monitor the activation level of this muscle dur-
ing contraction.

Three-dimensional lumbar spine angles, using an electromag-
netic tracking system (Isotrak, Polhemus, Colchester, VT, USA) with
the source secured over the sacrum and the sensor over T12, were
monitored to ensure minimal movement during contractions.
Please cite this article in press as: Brown, S.H.M., McGill, S.M. A comparison of u
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Ultrasound images were obtained in B-Mode (MicroMaxx, Sono-
site Inc., Bothell, WA) with a 38-mm linear transducer (6–13 MHz).

2.3. Procedures

Prior to collection participants were provided training in the
proper technique for performing abdominal brace and hollow
maneuvers. For the abdominal hollow, instructions were given to
slowly draw the umbilicus inward and upward; for the abdominal
brace, instructions were given to slowly tighten and stiffen the
abdominal muscles, neither sucking in nor pushing out the abdo-
men. For both maneuvers, participants were required to not hold
their breath and to continue breathing as normally as possible
throughout the contraction. At the end of training, once the exper-
imenter and participant were confident in the ability to properly
perform the maneuvers, a maximal brace was performed to obtain
a maximal activation recorded by the biofeedback device. Fifty per-
cent of this activation level was set as a target for each of the sub-
sequent abdominal brace and hollow contractions. This
corresponds to much lower levels of individual muscle activation
when normalized to the standardized MVCs described earlier
(see Section 3). This study employed abdominal hollowing and
bracing as two different means of recruiting the abdominal mus-
cles, in order to compare interpretations of activation between
ultrasound and EMG measures. It must be noted that the hollowing
techniques employed here may not match clinical usage, given that
very low level contractions are usually coached; however, the pri-
mary goal here was to elicit different muscle activation strategies
to compare between ultrasound and EMG. Therefore, no clinical
comparisons between the two contraction techniques should be
made based on this data, as the techniques were simply employed
to assess different strategies of recruiting the abdominal muscles
in relation to one another.

Participants performed the contractions in a modified sit-kneel
position, designed to keep the spine in a neutral posture (Fig. 1).
The upright position was considered prudent to assess the
mechanics of the abdominal wall muscles, as previous research
has documented changes to the geometry of the musculature while
in the supine position (Jorgensen et al., 2005; McGill et al., 1996a).
ltrasound and electromyography measures of force and activation to exam-
:10.1016/j.clinbiomech.2009.10.001
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For the comparison of bracing and hollowing techniques, partici-
pants performed six abdominal hollow and six abdominal brace
contractions, two at each of three orientations of the ultrasound
A B

Fig. 2. Pictorial representation of the anterior torso to show locations (relative to the u
transverse plane, (B) oriented 35� inferior-laterally (along the approximate line of the IO
fibres).

Fig. 3. Example of an ultrasound image captured for an abdominal brace trial during rel
each muscle. The more laterally positioned arrowed line on the contracted IO is an e
shortening of the muscle (approximately 4 mm laterally along the line of the muscle). T
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probe. All images were taken with the probe at the level of the
umbilicus on the left side of the body, with the lateral position ad-
justed to allow a clear view of the three layers of the abdominal
C

mbilicus and iliac crest) of the three probe orientations: (A) horizontal along the
fibres) and (C) oriented 60� superior-laterally (along the approximate line of the EO

axation (A) and contraction (B). Arrowed lines indicate measures of the thickness of
xample of where the measurement would have been taken considering potential
he medial side of the body is to the right of the image.

ltrasound and electromyography measures of force and activation to exam-
:10.1016/j.clinbiomech.2009.10.001
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wall musculature. The three probe orientations were: (1) horizon-
tal along the transverse plane, (2) angled 35� inferior-laterally
(along the approximate line of the IO fibres, Urquhart et al.,
2005) and (3) angled 60� superior-laterally (along the approximate
line of the EO fibres, Urquhart et al., 2005) (Fig. 2). The mid point of
the probe was positioned in the same location for each of the three
orientations. Care was taken to secure the probe perpendicularly to
the body at all times, and to maintain the same position of the
probe throughout and between each contraction. Two still ultra-
sound images were captured on a video cassette for each trial,
the first when the muscles were relaxed and the second when they
were contracted to the target level.

Additionally, each participant then performed four isometric
ramped torque contractions, two producing a net flexor muscle
moment, and two producing a net extensor muscle moment. Par-
ticipants were seated, and secured around the hips, in the same
apparatus as for the brace and hollow trials. A trunk harness was
A

B

Fig. 4. Scatterplots of internal oblique EMG muscle activation levels versus ultrasound
hollow, flexor moment and extensor moment contractions. (A) All participants, ultraso
measures taken accounting for potential muscle shortening and (C) single representative

Please cite this article in press as: Brown, S.H.M., McGill, S.M. A comparison of u
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fit snuggly over the shoulders and attached through a cable in-ser-
ies with a force transducer to a weight stack loaded so as to pre-
vent any torso movement. Participants used their torso to slowly
pull against the weight stack, ramping torque from zero up to max-
imum and back down to zero. Ultrasound images, with the probe
oriented at the 35� angle (IO fibre line of action), were captured
on video cassette at a rate of 30 frames/s over the course of each
contraction.

2.4. Ultrasound image analysis

For the brace and hollow trials, the thickness of each of the
three abdominal wall muscles (IO, EO, TrA) was measured in both
the relaxed and contracted image. Measures of the deep edge of
each muscle were standardized at the middle point of the image,
and the thickness was measured along a line normal to the muscle
at this standardized point (Fig. 3). To assess the effect of possible
muscle thickness percent changes during each of the abdominal brace, abdominal
und measures taken in the non-shortened position, (B) all participants, ultrasound
participant, ultrasound measures taken accounting for potential muscle shortening.

ltrasound and electromyography measures of force and activation to exam-
:10.1016/j.clinbiomech.2009.10.001
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muscle shortening, a second measure of the thickness upon contrac-
tion was taken assuming that the muscle had shortened approxi-
mately 4 mm along its line of action in the image. A magnitude of
4 mm was chosen as a fairly significant amount of shortening based
on a corresponding study assessing muscle–tendon interaction
(Brown and McGill, 2008b) during similar contractions. This inde-
pendent variable will be referred to as measurement location.

For the ramped moment contractions, video was down-sampled
to 3 frames/s, and the thickness of the EO and IO muscles were
measured at each image frame to determine the thickness change
between the rest and maximally contracted state for each contrac-
tion. The second measure of thickness upon contraction, account-
ing for 4 mm shortening, was also assessed in these contractions.

2.5. Reliability of image analysis

To determine the intra-rater reliability in determining the
change in muscle thickness from rest to contraction, off-line mea-
sures were repeated (separated by 1 week) on 58 randomly chosen
muscles and each of a Pearson correlation and a paired t-test were
computed to test the relationship and mean difference, respec-
tively, between the days.

2.6. Statistics

The percent change in thickness with respect to the resting
thickness was calculated for each muscle in each trial. Bivariate
correlations were assessed for the relationship between EMG acti-
vation and muscle thickness change for both EO and IO. A two-way
Repeated Measures ANOVA was utilized to assess the effect of
probe orientation and measurement location on the percent
change in thickness for each of the three muscles. A Tukey HSD test
was run to examine post hoc differences where significant differ-
ences were indicated by the ANOVA. The alpha level was set at
0.05 for all analyses.

3. Results

3.1. Comparison of ultrasound and EMG measures

The IO (Fig. 4) muscle did not demonstrate any clear relation-
ship between ultrasound thickness change measures and EMG
Please cite this article in press as: Brown, S.H.M., McGill, S.M. A comparison of u
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activation measures for the abdominal bracing and hollowing con-
tractions, and showed even further discrepancies during the
ramped moment contractions (across all contractions, r = 0.14;
95% confidence intervals: �0.09 to 0.35). Similarly, the EO muscle
lacked a definitive relationship between the measures of ultra-
sound thickness change and EMG activation (across all contrac-
tions, r = �0.22; 95% confidence intervals: �0.42 to 0.01) (Fig. 5).
Interestingly though, the EO muscle displayed a thinning in a num-
ber of contractions.
3.2. Ultrasound

The measurements appear to have been reliable as a very high
correlation (r = 0.99) was found between the off-line measures ta-
ken on two separate days. Further, the paired t-test showed no sig-
nificant difference between the days (P = 0.131).

No significant differences were found in the percent thickness
change with respect to the orientation at which the probe was
positioned for any of the muscles (Table 1). Accounting for poten-
tial shortening of the muscles by adjusting the position of mea-
surement upon contraction resulted in a significantly higher
percent change in thickness for the TrA (P = 0.0021; shortened po-
sition = 73.0% to original position = 42.5%) (Table 1). Trends also
existed of a larger measured percent change when accounting for
possible shortening in both the IO (shortened position = 56.7%; ori-
ginal position = 52.6%) and the EO (shortened position = 15.5%; ori-
ginal position = 7.7%).
4. Discussion

It appears that there are very complex dynamics between
abdominal wall muscles during different strategies of contraction.
This is most likely due to the wall forming a mechanical composite
with the fibres of one layer adhered to an adjoining layer through
an intervening sheet of connective tissue. This is akin to a ‘‘ply-
wood-like” architecture. Due to the mechanical linkage between
the muscular layers, contraction in one layer may directly affect
the shortening and thickening of an adjacent layer. Thus, it is not
surprising that there is little relationship between activation (via
EMG amplitude) and thickening (via ultrasound) in muscles of
the abdominal wall.
ltrasound and electromyography measures of force and activation to exam-
:10.1016/j.clinbiomech.2009.10.001
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The muscular layers of abdominal wall are separated and linked
by strong networks of connective tissues. These connective tissues
have the ability to transmit force between the layers, thus provid-
ing a mechanical linkage and forming a composite structure
(Brown and McGill, 2009). In this way, the force generated in one
muscle layer will have a direct effect on its neighbouring muscles
(Huijing and Baan, 2003), particularly in the regions where the
muscles have fibres running obliquely to one another. As a muscle
is activated it will attempt to shorten, dependent on the amount of
force generated and the compliance of connective tissues to which
it is attached in-series. As the muscle shortens it will thicken
orthogonally in order to maintain an approximately constant vol-
ume. This thickening will apply a force directly opposing the short-
ening of an adjacent muscle layer with perpendicularly running
fibres (Fig. 6). If this adjacent muscle is active, its amount of short-
ening, and thus thickening, will be constrained to levels less than if
the muscle acted in isolation. If, on the other hand, the adjacent
A

B

Fig. 5. Scatterplots of external oblique EMG muscle activation levels versus ultrasound
hollow, flexor moment and extensor moment contractions. (A) All participants, ultraso
measures taken accounting for potential muscle shortening and (C) single representative
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muscle is inactive or generates relatively less force than its neigh-
bour, the response may become more complex, as the contraction
of the first muscle would exert a transverse ‘‘bunching” force
across the fibres of the second muscle, as well as a stretching force
along the line of the fibres of the second muscle. In a case where
this stretching force dominates the deformation, the second mus-
cle may show a tendency to thin. This may partially explain the
anomalous finding in the literature, and confirmed in this study,
that the EO has showed very little increase in thickness, or even
thinning, despite clear electrical activity (Coghlan et al., 2008;
Ferreira et al., 2004; Hodges et al., 2003; John and Beith, 2007). Fur-
ther, during contractions that synergistically recruit muscles sup-
porting the entire torso, fascial layers will be tightened around
the thoraco-lumbar and abdominal regions, merging to the abdom-
inal wall muscle attachments (Barker et al., 2006; Farfan, 1973;
Tesh et al., 1987), which will act to limit the amount of shortening
possible for the abdominal muscles given a particular level of con-
muscle thickness percent changes during each of the abdominal brace, abdominal
und measures taken in the non-shortened position, (B) all participants, ultrasound
participant, ultrasound measures taken accounting for potential muscle shortening.

ltrasound and electromyography measures of force and activation to exam-
:10.1016/j.clinbiomech.2009.10.001
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Table 1
Mean and standard deviation (SD) of the percent increase in muscle thickness, with
respect to the relaxed level, of the IO, TrA and EO muscles, averaged across subjects
and brace and hollow contractions, for each of the three ultrasound probe
orientations, and when the contracted image was measured in the same position as
the relaxed position (original position), or when measured 4 mm laterally along the
line of the muscle (to simulate potential shortening). Stars indicate statistically
significant difference in the measurement of thickness between the original and
shortened positioned.

IO TrA EO

Angle Horizontal Mean 59.5 47.3 7.1
SD 22.5 24.3 30.5

35� Mean 56.3 66.4 5.7
SD 22.3 67.5 21.8

60� Mean 46.7 73.2 24.6
SD 23.2 27.7 57.9

Location Original Mean 52.6 42.5* 7.7
SD 23.0 26.8 39.0

Shortened Mean 56.7 73.0* 15.5
SD 23.1 51.1 38.4
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traction. In addition, the build-up of intra-abdominal pressure will
most likely serve to resist thickening of the abdominal wall mus-
cles by creating hydrostatic forces within the abdomen (Cresswell
and Thorstensson, 1989). The ramped moment contractions per-
formed here resulted in high levels of co-contraction (greater than
either the abdominal brace or hollow maneuvers) around the en-
tire torso, which would result in an effective stiffening of the fascial
attachments. Our unreported EMG data also showed that that the
abdominal brace, when compared to the abdominal hollow, re-
sulted in greater levels of activation of the overall musculature sur-
rounding the torso. Thus, the stiffening of the connective tissues
was most likely the greatest in the ramped moment contraction
trials, followed by the brace and hollow trials, respectively, and
this may be what ultimately dictates or limits the change in muscle
thickness recorded and measured by imaging techniques.

Other researchers have uncovered conflicting results when
comparing ultrasound and EMG measures of the abdominal mus-
cles. Fairly high correlations (r = 0.84–0.90) have been reported
for IO and TrA muscles (Hodges et al., 2003; McMeeken et al.,
2004), but these studies only tested within specific abdominal
muscle contraction types (Hodges et al., 2003, isometric contrac-
tion to target abdominal pressures; McMeeken et al., 2004, abdom-
inal hollowing). Further, while McMeeken et al. (2004)
demonstrated a consistent increase in TrA thickness up to 80%
MVC, Hodges et al., showed little increase beyond 20% MVC for
both TrA and IO, and no detectable relationship between ultra-
sound and EMG measures for EO (r = 0.23). Alternatively, John
and Beith (2007) demonstrated a fairly good relationship
(r = 0.63–0.94) for EO in a single scenario (isometric trunk twist),
but the relationship degraded significantly (r = 0.16–0.86) in a dif-
ferent scenario (abdominal hollow). The divergent results seem to
support the notion that the mechanical interaction between the
abdominal muscle layers makes for complex deformation patterns
that differ dependent upon the relative action of each muscles. This
makes interpretation of these actions very difficult and problem-
atic from ultrasound images alone.

As muscles increase in activation, they will shorten depending
upon the compliance of the connective tissues to which they are
attached, primarily in-series. The effect of this shortening on the
measure of the change in muscle thickness was investigated by
measuring the contracted muscle thickness at the same image
Please cite this article in press as: Brown, S.H.M., McGill, S.M. A comparison of u
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location as the resting muscle thickness, and comparing this to a
measure of the contracted muscle thickness taken approximately
4 mm laterally along the fibre direction. The change in muscle
thickness was computed to be greater in all three muscles when
accounting for potential shortening, with the TrA in particular dis-
playing a statistically significant difference (73.0 to 41.4%). How-
ever, this consideration for the shortening of the abdominal wall
muscles did not noticeably improve the agreement between the
ultrasound and EMG measures.

There are certain considerations that should be made in the
interpretation of this data. The first is the relatively small number
of participants tested. This limits the generalizability of statistical
tests comparing the effects of probe orientation and muscle short-
ening; therefore caution should be taken in interpreting this data.
The relationship between ultrasound and EMG measures, however,
is not likely to be improved with a greater number of tested partic-
ipants, as the scatter within and amongst the five individuals in the
current study was substantial. Second, EMG was recorded from the
skin surface rather than within the muscle belly. However, care
was taken to ensure that the bi-polar electrodes were arranged
such that: (1) the desired muscle fibres aligned with the direction
of the electrodes and (2) the desired muscle fibres were most
ltrasound and electromyography measures of force and activation to exam-
:10.1016/j.clinbiomech.2009.10.001
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Fig. 6. Model representation of the effect of contraction of one muscle layer on its neighbour. Muscle A contracts and shortens from Position 1 to Position 2, and thickens in
both orthogonal directions to maintain its volume. The large black arrow represents the shortening force. As Muscle A shortens and thickens transversely it transmits these
forces to Muscle B, with the black arrows representing a force across the fibres, and the white arrow representing a force along the fibres opposing the shortening of Muscle B.
These transmitted forces influence the deformation of Muscle B.
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superficial to skin surface at the electrode location. For example,
EO is the most superficial muscle over the majority of the abdom-
inal wall, except below the ASIS where EO fibres terminate (Urqu-
hart et al., 2005) and fibres of IO become the most superficial.
Based on these electrode locations, McGill et al. (1996b) demon-
strated reasonably good agreement between surface and in-dwell-
ing sources of EMG recording for the EO and IO muscles. Finally,
clinical assessment of abdominal muscle recruitment is often done,
via ultrasound, in a supine position with initially relaxed muscula-
ture. In the current study an upright kneeling posture was used,
necessary to maintain the functional geometry of the abdominal
musculature (Jorgensen et al., 2005; McGill et al., 1996a). While
we think it unlikely for the results between ultrasound and EMG
to change based on this postural difference, future work will be
needed to confirm this.

5. Conclusions

A very complex relationship exists between muscle activation
and change in muscle thickness, as the relative activation of mus-
cles surrounding the entire torso will in part dictate the extent to
which the abdominal wall muscles can shorten and thicken during
different types and levels of contraction. The composite laminate
nature of the abdominal wall muscles acts such that contraction
in one layer will cause forces to be transmitted through the inter-
vening connective tissue attachments to adjacent muscle layers,
which can directly affect the amount of thickening that that muscle
will experience. This severely limits the ability to assess muscle ef-
fort and/or force production from ultrasound measures of muscle
thickness alone.

Interpretation of ultrasound measures can be affected by the
potential shortening of the muscle fibres during contraction, and
ignoring this factor can lead to an underestimate of the thickening
of the musculature. However, accounting for muscle shortening
does not appear to improve the ability to interpret muscle activa-
tion and/or force production from ultrasound images alone.
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