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Abstract 
 
Martin Eriksson Crommert (2011): On the role of transversus abdominis 
in trunk motor control. Örebro Studies in Medicine 54, 2011 67 pp. 
 
All trunk muscles are important contributors to spine stability. However, the deep-
est abdominal muscle, transversus abdominis (TrA), with its characteristically hori-
zontal fibre orientation seems to serve a unique function in trunk motor control. 
The main mechanical role of TrA is believed to be to contribute to vertebral align-
ment during imposed moments on the trunk, executed mainly via either regulating 
the pressure level within the abdominal cavity and/or transmitting forces to the 
spine via the thoracolumbar fascia. However, the complete function of TrA and 
what factors affect its activation are still not fully understood. The purpose of the 
present thesis was to investigate the role of TrA in trunk motor control, specifically 
in relation to the presence or absence of postural demand on the trunk.  

The timing and magnitude of TrA activation were investigated, in relation to 
other trunk muscles, with intramuscular fine-wire electrodes in different loading 
situations and body positions with varying postural demand.  

In a side-lying position, with no postural demand of keeping the trunk upright, 
the activation of TrA was delayed relative the superficial abdominal muscles com-
pared to previous experiments performed in a standing position. The timing and 
magnitude of activation of TrA did not depend upon the direction of perturbation. 
In the standing position, different static arm positions revealed that the activation of 
TrA co-varied with variations in the degree of postural demand on the trunk and 
also the imposed moments, regardless of moment direction. Finally, a study on 
rapid arm flexion movements confirmed that TrA is part of the pre-programmed 
anticipatory response in advance of known perturbations. The activation magnitude 
of TrA was the same regardless if the arm movement induced flexion or extension 
moments on the trunk. 

In conclusion, the activation of TrA is associated with the upright postural de-
mand on the trunk and with balancing imposed moments acting on the spine, re-
gardless their direction. The findings are in support of the beliefs that TrA act as a 
general, direction non specific, stabilizer of the lumbar spine. 
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IAP, motor control, spine stability, postural demand. 
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Introduction 
The larger context into which this thesis is supposed to fit is the vast field 
of low back pain. As a physiotherapist in an outpatient clinic, treating low 
back pain patients is a large part of everyday practice, and a true challenge. 
It is this challenge that led me to embark on the exciting and never ending 
research journey. This might seem odd since there is very little mentioning 
of low back pain throughout the thesis, and you might wonder why I seem-
ingly ended up so far from my original intentions. Well, I don’t believe I 
did. A growing quantity of research suggests that one part of the enormous 
problem of low back pain is that it seems to affect our trunk motor con-
trol, i.e. how our nervous system controls and coordinates the muscle ac-
tivity around the spine. But to be able to understand the significance of 
these deviations from the “normal” we must try to understand in depth 
what normal trunk motor control is and investigate what factors affect the 
coordination of muscle activity in different tasks in healthy individuals. An 
often used allegory is to resemble the coordination of trunk muscle activity 
to an orchestra playing a symphony. All the different instruments in the 
orchestra serve a unique function and all instruments are essential for the 
symphony to sound perfect. When we understand the different roles that 
all instruments play, we will also be able to estimate the consequences of 
them not functioning properly together with the others. The result will not 
be optimal if the trumpet play to loud or the oboe to soft. It is in this par-
ticular part of the field that I hope that this thesis add to the current 
knowledge so that we in the end can come to a better understanding of 
what is lacking, or perhaps what we have too much of, when developing 
low back pain. And somewhere down the line the knowledge published in 
this thesis can perhaps aid in designing better prevention and rehabilitation 
strategies and alleviate the burden of low back pain on individuals and 
society as a whole. 

Spine stability 
From a biomechanical point of view it is imperative that the spine is con-
trolled in an optimal manner to ensure the right amount of stability at any 
given time. Stability is a prerequisite for the spine in order to be able to 
bear loads, allow movements and at the same time be a foundation that 
extremity movements can act from (Reeves et al., 2007). In concordance 
with this, several hypotheses have implied the lack of sufficient spine stabil-
ity in injury mechanics (Cholewicki and McGill, 1996, Panjabi, 2003, 
Panjabi, 2006). The theories build upon the fact that devoured of all mus-
cles surrounding it, the spine is inherently unstable (Panjabi, 1992), so the 
additional support of the trunk muscles is a requirement for a stable spine. 
It is the central nervous system (CNS) that plays the key role in orchestrat-
ing the muscle activity needed to support, or stabilize, the spine in an  
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optimal manner (Panjabi, 1992). This is not an easy task and requires the 
interpretation of incoming signals from different receptors in joints, mus-
cles and balance organs and the planning and adaption of appropriate 
motor responses (Panjabi, 1992).  

Spine stability has traditionally been studied merely from a static per-
spective, considering the buckling forces on the spine where the trunk mus-
cles act as guy wires and stiffen the spine by antagonistic co-activation 
(Cholewicki and McGill, 1996, Cholewicki et al., 1997). In accordance 
with this, low levels of trunk flexor and extensor activity observed around 
the neutral spine posture has by biomechanical modelling been explained 
entirely on the basis of mechanical stability (Cholewicki et al., 1997). Ac-
cording to this perspective, more activity in the trunk muscles leads to a 
more stable spine and less risk of injury due to poor stability. Although 
only low levels of trunk flexor-extensor muscle co-activation is needed to 
control the neutral spine posture in tasks of daily living, approximately up 
to 3 % of maximum voluntary contraction (Cholewicki et al., 1997), 
higher levels of co-activation around the spine leads to large compressive 
forces, which in turn could pose a potential threat to spinal health 
(Granata et al., 2005). 

Besides the negative spinal compression associated with trunk muscle co-
activation, relying solely on this mechanism to stabilize the spine is not 
metabolically effective with relatively large energy consumption related to 
the muscle activity (Reeves et al., 2007). An additional more flexible con-
trol system to use in less demanding situations would be suitable to de-
crease the loading and expenditure. In line with this reasoning, it has been 
demonstrated that the CNS uses movement of the trunk in advance of vol-
untary arm movements (Hodges et al., 1999) and self-triggered unloading 
of a handheld load (Brown et al., 2003). In the latter study the anticipatory 
movement in advance of the release of the load was associated with less 
reactive trunk muscle activity compared to an unprepared unloading situa-
tion. These results show that spine stability is in fact not controlled solely 
by making the whole trunk rigid by co-activating trunk muscles, but in a 
more complex way, among other things utilizing movement to minimize 
the impact of forthcoming perturbations.  

Trunk muscles 
In the present thesis the trunk muscles measured are erector spinae (ES), 
rectus abdominis (RA), obliquus externus (OE), obliquus internus (OI) and 
transversus abdominis (TrA). Biomechanical modelling has shown that the 
relative contribution to spinal stability for each trunk muscle varies with 
the amount of external loading and the direction of loading (Cholewicki 
and VanVliet, 2002). What determines the function of a single muscle in a 
specific situation is dependent on a multitude of factors, including fibre 
orientation, lever arm length and neural activation. When contracting, the 
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muscle shortens, trying to pull the origin and insertion closer together 
(Kandel et al., 2000). For the most part it is fairly evident what the func-
tional consequence is when the different muscles are bilaterally symmetri-
cally contracted. ES produce an extensor moment on the trunk and RA, 
OE and OI create a flexion moment (Bergmark, 1989). The CNS might use 
these muscles to produce movements of the trunk, control the movements 
induced by antagonists or in an isometric antagonistic co-activation to 
make the trunk rigid. TrA on the other hand, does not have the same intui-
tively clear impact on the spine. Although an important respiratory muscle 
(De Troyer et al., 1990), the mainly transverse fibre orientation of this 
muscle (Urquhart et al., 2005a) makes it less likely to produce any signifi-
cant torque on the trunk, at least in the sagittal plane. The pure mechanical 
consequence of a bilateral TrA contraction is a drawing in action on the 
lower abdominal wall. However, via the attachment of TrA to the thora-
kolumbar fascia (TLF) and by increasing the intra abdominal pressure 
(IAP), in co-activation with the diaphragm and pelvic floor muscles, there 
are indirect mechanisms by which this muscle has the possibility to influ-
ence spine control.  

Working mechanisms of the TrA 
The TLF is a complex structure consisting of three layers attaching medi-
ally to different aspects of the vertebrae, encapsulating the quadratus lum-
borum muscle and covering the ES. The different layers then fuse laterally 
and attach to several trunk muscles (Bogduk and Macintosh, 1984). The 
fibres of TrA, OI and OE all arise from the middle layer. However, the 
number of fibres attaching to the TLF of the two oblique muscles varies 
greatly (Barker et al., 2004, Bogduk and Macintosh, 1984). The fascicle 
orientation of the TLF allows this structure to be involved in flexion-
extension control of the spine via increased inter-segmental stiffness gener-
ated by lateral tension in the fascia (Fig. 1) (Barker et al., 2004, Barker et 
al., 2006, Bogduk and Macintosh, 1984). Furthermore, biomechanical 
modelling has shown that this structure also can contribute to extension 
moments on the lower lumbar spine when maximum physiologic tension is 
applied (Gatton et al., 2010). It has been shown that tension in the direc-
tion of the muscle fibres of TrA, simulating TrA contraction, transfers the 
tensile forces to the TLF more efficiently than tension in OI and OE, sug-
gesting that the former muscle has a significant impact on the overall effect 
of the TLF on the spine (Barker et al., 2004). 
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1997, Daggfeldt and Thorstensson, 2003) and in vivo (Hodges et al., 2001) 
that IAP has an extending effect on the spine when the augmentation of 
IAP does not involve muscles generating a flexion torque. It is indeed 
shown, that IAP is greater during arm movements when the trunk needs to 
oppose a flexion moment rather than an extension moment (Hodges et al., 
1999). However, marked increase in IAP with loading of the trunk towards 
extension has also been observed (Cresswell et al., 1994, Grew, 1980), 
which would contradict the notion that the aim of the IAP would specifi-
cally be to further increase trunk extension.  

A mathematical model shows that an increased IAP would exert a force 
on the apex of the lumbar lordosis and thus strengthen the ability of the 
spine to bear loads (Aspden, 1989). According to this model the coupling 
of lumbar curvature and IAP is essential and would render a general in-
creased resistance to bending of the spine, regardless bending direction, i.e. 
a direction non specific stabilization. In line with this it has been confirmed 
that trunk flexor muscles can be activated against the extension moment 
generated by the IAP and thus increase general spine stability (Cholewicki 
et al., 1999). Furthermore, artificially increased IAP, by an electrically 
stimulated diaphragm or TrA contraction, have been seen to increase pos-
terior-anterior stiffness in the lumbar spine in the absence of any concur-
rent superficial muscle activity (Hodges et al., 2005, Hodges et al., 2003).  

TrA in trunk motor control 
Although a real interest in TrA in trunk motor control did not emerge until 
the early 1990s, interesting findings on the subject were obtained well be-
fore that. Already in 1950 an electromyographic (EMG) study presented 
evidence that OI was tonically active during quiet standing and that the 
activation did not modulate with gentle movements back and forth or from 
side to side as did the activation of OE and RA (Floyd and Silver, 1950). 
However, since the authors did not use intramuscular electrodes there was 
no possibility to differentiate between OI and TrA activation. With what 
we now know, part of this response might actually have been generated by 
TrA. In the late 1970s and the 1980s the role of IAP in trunk control was 
readily investigated (Andersson et al., 1977, Cresswell and Thorstensson, 
1989, Gracovetsky et al., 1985, Grillner et al., 1978) and in the 1990s the 
specific role of TrA began to catch the interest of researchers and the con-
tribution of TrA to trunk motor control and spine stability began to be 
exploited (Cresswell, 1993, Cresswell et al., 1992, Hodges and Richardson, 
1996).  

One of the first studies to highlight the contribution of TrA used a sud-
den loading paradigm with external weights (Cresswell et al., 1994). The 
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One of the first studies to highlight the contribution of TrA used a sud-
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subjects wore a harness with steel rods extending in the front and back. 
From the rods, weights were attached with a non-elastic string. By initially 
holding the weights up near the rods, the experimenter could induce sud-
den unexpected perturbations by dropping, either the weight in the front or 
the back. A ventral self-loading condition was also applied where the sub-
jects themselves released the weight in front. The finding of this study was 
that TrA was activated before the other abdominal muscles in the ventral 
unexpected and self loading conditions, and this onset was the one most 
closely related to the increase of IAP (Cresswell et al., 1994). However, in 
sudden unexpected dorsal loading the activation of TrA occurred simulta-
neous to the other trunk muscles, suggesting a direction dependency on the 
relative timing of activation. Also regarding the magnitude of activation, 
all trunk muscles, including TrA, responded with a direction dependent 
pattern. TrA and the other abdominal muscles were more active in induced 
extension following dorsal loading and ES more active in ventral loading, 
which induces a flexion moment on the trunk (Cresswell et al., 1994). This 
direction dependency in TrA is not easily explained considering the pro-
posed working mechanisms by which it affects the spine. Although the IAP 
and TLF might stabilize the lumbar spine in a direction non specific way 
(Aspden, 1989), increased IAP and tension in the TLF could be argued to 
produce and extension moment on the spine as explained above (Gatton et 
al., 2010, Hodges et al., 2001). Either way, the observation of higher TrA 
activation in induced extension than flexion seems somewhat contradic-
tory. Yet, the authors concluded that the IAP served a general stiffening 
role of the inter-vertebral joints, thus transforming the multi-segmental 
spine into a single unit, simplifying control.  

The most frequently used experimental paradigm to investigate trunk 
motor control however, is voluntary arm movements e.g. (Zattara and 
Bouisset, 1988, Hodges and Richardson, 1996, Hodges and Richardson, 
1999a, Sjodahl et al., 2009). When focus turned towards TrA it was origi-
nally shown that in healthy subjects, TrA was activated in advance of the 
contralateral deltoid muscle (Delt), the prime mover of the arm, with rapid 
unilateral shoulder movements (Hodges and Richardson, 1996). As in the 
study with ventral external perturbations by Cresswell et al., the activation 
of TrA preceded that of all other abdominal muscles. However, with arm 
movements, this was true regardless if the arm was moved into flexion, 
extension or abduction, i.e. TrA displayed a direction non specific pattern 
of activation. Since then, other studies have shown similar results with arm 
movements, e.g. (Hodges and Richardson, 1997b, Hodges et al., 1999) and 
leg movements (Hodges and Richardson, 1997a). This direction independ-
ent timing of activation relative the other abdominal muscles is consistent 
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with TrA not being a torque producing muscle in the sagittal or frontal 
plane. Furthermore, in a study, the preparation in advance of an arm 
movement was manipulated by giving the subjects incorrect, correct or 
neutral information about the direction of a coming arm movement. With 
an increased complexity of the task (incorrect information) the superficial 
abdominal muscles and Delt activation was delayed. TrA activation onset 
on the other hand, was invariant regardless if the expectation of arm 
movement direction was incorrect (Hodges and Richardson, 1999b). These 
findings strengthens the interpretation of TrA as a muscle participating in 
the control of stabilizing forces on the spine and protecting the spine from 
imposed moments on an inter-segmental level regardless direction 
(Macintosh and Gracovetsky, 1987). The difference in activation between 
TrA and the other abdominal muscles has led to the conclusion that the 
CNS controls TrA separately from the other abdominal muscles in postural 
tasks (Hodges and Richardson, 1999b).  

Besides the conflicting evidence from the literature regarding TrA activa-
tion pattern there are also other considerations about the involvement of 
this muscle in trunk motor control. The absolute majority of experiments 
investigating the function of TrA have been performed in standing or in a 
semi-seated position e.g. (Cresswell et al., 1994, Hodges et al., 1997, 
Hodges and Richardson, 1999a, McCook et al., 2009). Regardless the 
perturbation method, an upright trunk position requires the balancing of 
the trunk against gravity. Hence, it is difficult to differentiate between 
muscle activation due to the perturbation, in some form believed to protect 
the spine from harmful moments, and the muscle activation needed to meet 
the postural demand of keeping the trunk upright. Indications of a postural 
influence on trunk muscle activation has been presented for ES (van der 
Fits et al., 1998) with later onset latencies with arm movements in supine 
than upright standing, i.e. delayed onset latencies in a position with less 
postural demand. The same trend has been observed for TrA during arm 
movements, with later activation onsets in sitting with a back support vs. 
standing (Urquhart et al., 2005b).  

Thus several findings exists that propose that TrA has a unique function 
among the trunk muscles to control inter-segmental movement and that it 
can stabilize the spine in a direction non specific way. Yet the lack of 
methodological diversity makes it difficult to comprehend what factors 
affect the activation pattern of TrA and to fully understand the role of this 
muscle in trunk motor control.  
  



16 I MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… 
 

subjects wore a harness with steel rods extending in the front and back. 
From the rods, weights were attached with a non-elastic string. By initially 
holding the weights up near the rods, the experimenter could induce sud-
den unexpected perturbations by dropping, either the weight in the front or 
the back. A ventral self-loading condition was also applied where the sub-
jects themselves released the weight in front. The finding of this study was 
that TrA was activated before the other abdominal muscles in the ventral 
unexpected and self loading conditions, and this onset was the one most 
closely related to the increase of IAP (Cresswell et al., 1994). However, in 
sudden unexpected dorsal loading the activation of TrA occurred simulta-
neous to the other trunk muscles, suggesting a direction dependency on the 
relative timing of activation. Also regarding the magnitude of activation, 
all trunk muscles, including TrA, responded with a direction dependent 
pattern. TrA and the other abdominal muscles were more active in induced 
extension following dorsal loading and ES more active in ventral loading, 
which induces a flexion moment on the trunk (Cresswell et al., 1994). This 
direction dependency in TrA is not easily explained considering the pro-
posed working mechanisms by which it affects the spine. Although the IAP 
and TLF might stabilize the lumbar spine in a direction non specific way 
(Aspden, 1989), increased IAP and tension in the TLF could be argued to 
produce and extension moment on the spine as explained above (Gatton et 
al., 2010, Hodges et al., 2001). Either way, the observation of higher TrA 
activation in induced extension than flexion seems somewhat contradic-
tory. Yet, the authors concluded that the IAP served a general stiffening 
role of the inter-vertebral joints, thus transforming the multi-segmental 
spine into a single unit, simplifying control.  

The most frequently used experimental paradigm to investigate trunk 
motor control however, is voluntary arm movements e.g. (Zattara and 
Bouisset, 1988, Hodges and Richardson, 1996, Hodges and Richardson, 
1999a, Sjodahl et al., 2009). When focus turned towards TrA it was origi-
nally shown that in healthy subjects, TrA was activated in advance of the 
contralateral deltoid muscle (Delt), the prime mover of the arm, with rapid 
unilateral shoulder movements (Hodges and Richardson, 1996). As in the 
study with ventral external perturbations by Cresswell et al., the activation 
of TrA preceded that of all other abdominal muscles. However, with arm 
movements, this was true regardless if the arm was moved into flexion, 
extension or abduction, i.e. TrA displayed a direction non specific pattern 
of activation. Since then, other studies have shown similar results with arm 
movements, e.g. (Hodges and Richardson, 1997b, Hodges et al., 1999) and 
leg movements (Hodges and Richardson, 1997a). This direction independ-
ent timing of activation relative the other abdominal muscles is consistent 

 MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… I 17
 

with TrA not being a torque producing muscle in the sagittal or frontal 
plane. Furthermore, in a study, the preparation in advance of an arm 
movement was manipulated by giving the subjects incorrect, correct or 
neutral information about the direction of a coming arm movement. With 
an increased complexity of the task (incorrect information) the superficial 
abdominal muscles and Delt activation was delayed. TrA activation onset 
on the other hand, was invariant regardless if the expectation of arm 
movement direction was incorrect (Hodges and Richardson, 1999b). These 
findings strengthens the interpretation of TrA as a muscle participating in 
the control of stabilizing forces on the spine and protecting the spine from 
imposed moments on an inter-segmental level regardless direction 
(Macintosh and Gracovetsky, 1987). The difference in activation between 
TrA and the other abdominal muscles has led to the conclusion that the 
CNS controls TrA separately from the other abdominal muscles in postural 
tasks (Hodges and Richardson, 1999b).  

Besides the conflicting evidence from the literature regarding TrA activa-
tion pattern there are also other considerations about the involvement of 
this muscle in trunk motor control. The absolute majority of experiments 
investigating the function of TrA have been performed in standing or in a 
semi-seated position e.g. (Cresswell et al., 1994, Hodges et al., 1997, 
Hodges and Richardson, 1999a, McCook et al., 2009). Regardless the 
perturbation method, an upright trunk position requires the balancing of 
the trunk against gravity. Hence, it is difficult to differentiate between 
muscle activation due to the perturbation, in some form believed to protect 
the spine from harmful moments, and the muscle activation needed to meet 
the postural demand of keeping the trunk upright. Indications of a postural 
influence on trunk muscle activation has been presented for ES (van der 
Fits et al., 1998) with later onset latencies with arm movements in supine 
than upright standing, i.e. delayed onset latencies in a position with less 
postural demand. The same trend has been observed for TrA during arm 
movements, with later activation onsets in sitting with a back support vs. 
standing (Urquhart et al., 2005b).  

Thus several findings exists that propose that TrA has a unique function 
among the trunk muscles to control inter-segmental movement and that it 
can stabilize the spine in a direction non specific way. Yet the lack of 
methodological diversity makes it difficult to comprehend what factors 
affect the activation pattern of TrA and to fully understand the role of this 
muscle in trunk motor control.  
  



18 I MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… 
 

Purpose 
The overall purpose of this thesis is to investigate the role of transversus 
abdominis in trunk motor control, specifically in relation to the presence or 
absence of postural demand on the trunk. This was done by investigating 
transversus abdominis activation patterns in relation to other trunk mus-
cles in different loading situations and body positions with varying pos-
tural demand.  

Specific aims 
 

I. Investigate the activation pattern of selected trunk muscles, in par-
ticular TrA, during maintained flexion or extension forces of vari-
ous magnitudes, and the reactive response to a sudden release of 
the resisted load in a side-lying position in the absence of vertical 
postural demand. 

II. Investigate the activation pattern of selected trunk muscles, in par-
ticular TrA, during expected and unexpected trunk perturbations 
in different directions performed in a side-lying position in the ab-
sence of vertical postural demand. 

III. Differentiate between the effects of postural demand from that of 
imposed moments on trunk muscle activation in standing, with 
special reference to TrA. 

IV. Investigate trunk muscle activation, especially TrA, during arm 
flexion movements of different magnitude in standing, at the point 
of acceleration and braking, and describe the different moments 
posed on the trunk by the arm movement. 
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Methods 

Subjects 
Data presented in the four studies was collected on two different occasions 
with two separate sets of subjects participating. Studies I and II was col-
lected on one occasion and studies III and IV on one occasion. All subjects 
were recruited by advertisements on notice boards at the Swedish School of 
Sports and Health Sciences in Stockholm, Sweden. 

Study I and II 
Eleven healthy male volunteers participated (means ± 1SD for age 25 ± 4 
years, body height 1.81± 0.04 m, and mass 80 ± 8.6 kg). Subjects were 
excluded if they had experienced low back pain that had forced them to 
stay home from work/school in the previous two years.  

Study III and IV 
Also in study III and IV an arbitrary number of eleven healthy male volun-
teers participated (mean ±1 SD age 28 ± 4 years, height 1.81 ± 0.08 m, 
mass 80 ± 8.4 kg). Inclusion required that the subjects had not experienced 
any low back pain in the last 3 years that had forced them to stay home 
from work/school, had no muscular- skeletal-, neurological- or inflamma-
tory disease and had not had any surgery on the trunk.  

 
 
 
 
 
 
 
 
 
 
 

Figure 2 Experimental set-up in study I and II viewed from above 

 
 



18 I MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… 
 

Purpose 
The overall purpose of this thesis is to investigate the role of transversus 
abdominis in trunk motor control, specifically in relation to the presence or 
absence of postural demand on the trunk. This was done by investigating 
transversus abdominis activation patterns in relation to other trunk mus-
cles in different loading situations and body positions with varying pos-
tural demand.  

Specific aims 
 

I. Investigate the activation pattern of selected trunk muscles, in par-
ticular TrA, during maintained flexion or extension forces of vari-
ous magnitudes, and the reactive response to a sudden release of 
the resisted load in a side-lying position in the absence of vertical 
postural demand. 

II. Investigate the activation pattern of selected trunk muscles, in par-
ticular TrA, during expected and unexpected trunk perturbations 
in different directions performed in a side-lying position in the ab-
sence of vertical postural demand. 

III. Differentiate between the effects of postural demand from that of 
imposed moments on trunk muscle activation in standing, with 
special reference to TrA. 

IV. Investigate trunk muscle activation, especially TrA, during arm 
flexion movements of different magnitude in standing, at the point 
of acceleration and braking, and describe the different moments 
posed on the trunk by the arm movement. 

 

  

 MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… I 19
 

Methods 

Subjects 
Data presented in the four studies was collected on two different occasions 
with two separate sets of subjects participating. Studies I and II was col-
lected on one occasion and studies III and IV on one occasion. All subjects 
were recruited by advertisements on notice boards at the Swedish School of 
Sports and Health Sciences in Stockholm, Sweden. 

Study I and II 
Eleven healthy male volunteers participated (means ± 1SD for age 25 ± 4 
years, body height 1.81± 0.04 m, and mass 80 ± 8.6 kg). Subjects were 
excluded if they had experienced low back pain that had forced them to 
stay home from work/school in the previous two years.  

Study III and IV 
Also in study III and IV an arbitrary number of eleven healthy male volun-
teers participated (mean ±1 SD age 28 ± 4 years, height 1.81 ± 0.08 m, 
mass 80 ± 8.4 kg). Inclusion required that the subjects had not experienced 
any low back pain in the last 3 years that had forced them to stay home 
from work/school, had no muscular- skeletal-, neurological- or inflamma-
tory disease and had not had any surgery on the trunk.  

 
 
 
 
 
 
 
 
 
 
 

Figure 2 Experimental set-up in study I and II viewed from above 

 
 



20 I MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… 
 

Experimental set-ups and procedures 

Study I and II 
Subjects lay on a horizontal swivel table consisting of two parts (Fig. 2). 
The caudal immobile part of the table supported the lower body, and the 
cranial part that supported the upper body was movable in the horizontal 
plane in an arc of 95° with negligible friction. The hinge connecting the 
two parts of the table had a 2 cm give in the caudo-cranial direction. More 
technical specifications are available in (Thorstensson and Nilsson, 1982). 
Subjects lay on their right side with the L3-L4 segment above the hinge. 
The torso was strapped to a backrest fixating the trunk to the movable 
part of the table. The pelvis was firmly strapped with a wide belt to a ver-
tical support on the immobile part of the table, and an additional support 
was placed at the ankles. The subject’s hips and knees were slightly flexed 
to allow a natural curvature of the lumbar spine and the supports on the 
table were adjusted to fit the subject. 
 
In study I, a steel cable with attachments to the movable part and to the 
sturdy metal frame of the table provided an isometric resistance to move-
ment in one direction. Switching directions, i.e. between resistance to flex-
ion and extension of the trunk, was easily made by changing sides of the 
attachment to the metal frame (Fig. 3A). The length of the steel cable de-
termined the initial position of the table, which was the same for all sub-
jects. The steel cable was first connected with a fixed attachment to the 
sturdy metal frame. With this set-up the subject performed maximal volun-
tary contractions (MVC), 3 in trunk flexion and 3 in extension, against the 
isometric resistance provided by the steel cable. The subject was encour-
aged during this procedure. Using the highest MVC in each direction, three 
sub-maximal levels were calculated, 30 %, 50 % and 70 % of MVC. Then 
the attachment to the metal frame was changed to an electromagnet (HT-D 
50-F Kuhnke, Germany) allowing for the resistance to be momentarily 
released when the power to the electromagnet was turned off. This instant 
was marked in the sampling file and was used as a definition of the start of 
the perturbation. The different sub-maximal force levels, together with a 
force trace controlled by the subject, were displayed on an oscilloscope 
enabling the subject to target their effort against the required force level. 
Each force level was targeted 3 consecutive times. When the subject 
reached the set force level and was able to hold it in a stable manner the 
resistance was released without prior notice to the subject. The time of 
release varied between trials, from 1 - 5 s after the target level was reached, 
to avoid prediction of the instant of release. Time between trials varied 
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between 1 - 4 min. The instruction to the subject was to return to the start 
position as fast as possible after release. 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 3 The experimental set-up in study I (A), and study II (B) from a 
cranial view. The dashed line in A) illustrates the alternative cable attachment when 
switching resistance direction. B) illustrate the weight suspended by the electro-
magnet to the left and the instant of perturbation onset to the right, when the wire 
tighten and the released weight start to pull on the table in the flexion direction.  

In study II, a 10-kg-weight suspended from an electromagnet (HT-D 50-F 
Kuhnke, Germany) was attached to the movable part of the table via a 
steel cable and a pulley system in front of the subject (Fig. 3B). When the 
power to the magnet was switched off the weight dropped 40 cm before 
the cable tightened and pulled on the table resulting in a trunk flexion 
movement. A similar weight, magnet and pulley system was arranged on 
the opposite side of the subject causing trunk extension (Fig. 3B). In the 
starting position, both weights were suspended from the active electromag-
nets and the subject lay relaxed on the table. Two sets of perturbations 
were performed with 6 trials in each direction per set. In the first set, the 
examiner controlled the release of the weights and the subject was unaware 
of when the weight would drop and in which direction the perturbation 
would occur (unexpected condition). The subject wore earphones and the 
order between flexion and extension trials was randomized and the time 
between trials was varied randomly between 30 – 90 s to ensure that the 
subject was unable to predict the forthcoming perturbation. The instruc-
tion to the subject was to catch the movement as soon as possible upon 
start of perturbation. Muscle activity was displayed continuously and 
checked by an examiner to ensure that the subject was completely relaxed 
before the weight was released. In the second set, the condition was 
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starting position, both weights were suspended from the active electromag-
nets and the subject lay relaxed on the table. Two sets of perturbations 
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examiner controlled the release of the weights and the subject was unaware 
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would occur (unexpected condition). The subject wore earphones and the 
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changed so that the subject pressed the release button himself after an audi-
tory cue, hence knowing both the time and direction of the perturbations 
(expected condition). Also in this set, the examiner checked the EMG to 
ensure that the subject was relaxed before giving the auditory cue. Since 
the reactive muscle responses focused upon in study I and II all occurred 
before any reversal of the upper body movement took place, the reversal of 
the induced movement was not controlled in either of the studies. 

Study III and IV 
The experimental set-up in study III and IV was much simpler than above. 
The subject stood barefoot on the floor and in study III he held a 3 kg 
dumbbell in each hand whereas he held nothing in his hands during study 
IV. At eye level in front of the subject was a picture of the static position to 
hold (study III) or the shoulder flexion movement to make (study IV). 

 
In study III the task was to hold both arms symmetrically, in different 
static positions that were designed to systematically alter the height of the 
centre of mass (COM) of the body and/or the moment imposed on the 
trunk. There were 7 different positions (Fig. 4A), the order of which was 
randomized between subjects. Each position was held for 7 s in 3 consecu-
tive trials. Time between trials varied between 30 – 90 s and the subject 
rested in a seated position after the first four target positions for a period 
of approximately 5 min. 

 

Figure 4 A) An illustra-
tion of the 7 static arm po-
sitions in study III. The el-
lipses in B) denote the dif-
ferent comparisons where 
a and b diverge in relation 
to the vertical position of 
the COM, and c and d in 
the horizontal position.  
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All 7 positions were initiated from a start position of quiet standing with 
arms along the sides. During sampling, the subject was instructed to keep 
his eyes on the picture of the current target position placed in front of him. 
On a verbal command the subject raised his arms from the start position to 
the required target position. When the subject held the correct position 
steadily, judged by visual appearance, the investigator pressed a trigger 
marking the time in the sampling data file. After 7 s the subject got a ver-
bal command and lowered his arms back to his sides. Four comparisons 
were made between positions (Fig. 4B): Two involved comparing different 
heights of the COM, with a similar sized imposed moment. In the other 
two comparisons, the imposed moment was varied in direction or magni-
tude with the COM maintained on similar height. 

In study IV the task was to raise both arms as fast as possible to one of 
three end positions (Fig. 5A). Each position was targeted three times con-
secutively with the order of end positions randomized between subjects. All 
movements were initiated from a start position of quiet standing with arms 
along the sides. During sampling, the subject was instructed to keep his 
eyes on the picture of the current target position in front of him and raise 
his arms bilaterally as fast as possible in response to a trigger signal. After 
approximately 5 seconds the subject got a verbal command and lowered 
his arms back to his sides. One or two practice movements were performed 
to ensure that the movement was performed at high speed and stopped at 
the correct end position. The subject rested in a seated position between 
the different target positions for approximately 3-5 min.  

At the end of the test protocol in study III and IV, three isometric maxi-
mum tasks were performed in standing; maximal attempted trunk flexion, 
valsalva manæuvre (maximal voluntary pressurization of the abdomen) 
with superimposed attempted trunk flexion, and maximal attempted trunk 
extension. All MVCs in study III and IV were performed twice and the 
subjects received encouragement throughout. 

Measurements 

Study I and II 
Muscle activity was recorded with EMG bilaterally from RA, 2 cm lateral 
of the umbilicus, OE, mid-axillary line 2 cm cranial to the crista iliaca, 
TrA, mid-axillary line 2 cm caudal to the 12th rib, and ES, 3 cm lateral to 
the L3 spinous process. All EMG recordings were made with bipolar fine-
wire intramuscular electrodes made of Teflon coated seven-stranded silver 
wire (0.4 mm in diameter, Leico Industries, USA) with 2 mm of the coating 
removed at the tip of the wires. The wires were inserted into the muscles  
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changed so that the subject pressed the release button himself after an audi-
tory cue, hence knowing both the time and direction of the perturbations 
(expected condition). Also in this set, the examiner checked the EMG to 
ensure that the subject was relaxed before giving the auditory cue. Since 
the reactive muscle responses focused upon in study I and II all occurred 
before any reversal of the upper body movement took place, the reversal of 
the induced movement was not controlled in either of the studies. 
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dumbbell in each hand whereas he held nothing in his hands during study 
IV. At eye level in front of the subject was a picture of the static position to 
hold (study III) or the shoulder flexion movement to make (study IV). 

 
In study III the task was to hold both arms symmetrically, in different 
static positions that were designed to systematically alter the height of the 
centre of mass (COM) of the body and/or the moment imposed on the 
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tive trials. Time between trials varied between 30 – 90 s and the subject 
rested in a seated position after the first four target positions for a period 
of approximately 5 min. 
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to the vertical position of 
the COM, and c and d in 
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All 7 positions were initiated from a start position of quiet standing with 
arms along the sides. During sampling, the subject was instructed to keep 
his eyes on the picture of the current target position placed in front of him. 
On a verbal command the subject raised his arms from the start position to 
the required target position. When the subject held the correct position 
steadily, judged by visual appearance, the investigator pressed a trigger 
marking the time in the sampling data file. After 7 s the subject got a ver-
bal command and lowered his arms back to his sides. Four comparisons 
were made between positions (Fig. 4B): Two involved comparing different 
heights of the COM, with a similar sized imposed moment. In the other 
two comparisons, the imposed moment was varied in direction or magni-
tude with the COM maintained on similar height. 

In study IV the task was to raise both arms as fast as possible to one of 
three end positions (Fig. 5A). Each position was targeted three times con-
secutively with the order of end positions randomized between subjects. All 
movements were initiated from a start position of quiet standing with arms 
along the sides. During sampling, the subject was instructed to keep his 
eyes on the picture of the current target position in front of him and raise 
his arms bilaterally as fast as possible in response to a trigger signal. After 
approximately 5 seconds the subject got a verbal command and lowered 
his arms back to his sides. One or two practice movements were performed 
to ensure that the movement was performed at high speed and stopped at 
the correct end position. The subject rested in a seated position between 
the different target positions for approximately 3-5 min.  

At the end of the test protocol in study III and IV, three isometric maxi-
mum tasks were performed in standing; maximal attempted trunk flexion, 
valsalva manæuvre (maximal voluntary pressurization of the abdomen) 
with superimposed attempted trunk flexion, and maximal attempted trunk 
extension. All MVCs in study III and IV were performed twice and the 
subjects received encouragement throughout. 

Measurements 

Study I and II 
Muscle activity was recorded with EMG bilaterally from RA, 2 cm lateral 
of the umbilicus, OE, mid-axillary line 2 cm cranial to the crista iliaca, 
TrA, mid-axillary line 2 cm caudal to the 12th rib, and ES, 3 cm lateral to 
the L3 spinous process. All EMG recordings were made with bipolar fine-
wire intramuscular electrodes made of Teflon coated seven-stranded silver 
wire (0.4 mm in diameter, Leico Industries, USA) with 2 mm of the coating 
removed at the tip of the wires. The wires were inserted into the muscles  
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Figure 5 The experimental set-up in study IV. In A) the three different arm 
movement amplitudes are illustrated with the solid arm showing the start position 
of all movements and the three dashed arms represents the three different end posi-
tions. In B) the marker positions used is shown and the reactive moments on the 
trunk during the deceleration of an arm movement are illustrated. FR = the net 
reactive linear force, α = the net reactive torque due to the angular acceleration and 
deceleration of the arm, and d = the moment arm of the reactive linear force to the 
centre of rotation (   ). The total moment (torque) on the trunk was calculated as M 
= α + FR ·d. 

using sterilized needles (0.70 x 88 mm for TrA and 0.60 x 60 mm for all 
other muscles) under ultrasound guidance (GE Logic 9, Transducer 12 
MHz, UK). The EMG signals were band-pass filtered between 10-300 Hz 
(Neurolog filters, Digitimer Ltd, England) with a notch filter at 50 Hz and 
rectified. An accelerometer (K-Beam 8302A1051, Kistler, Switzerland) was 
attached to the movable part of the swivel table, specifying onset of per-
turbation. To measure the isometric force produced by the subjects in 
study I, a force transducer (KRG-4 Nobel Elektronik, Sweden) was con-
nected to the steel cable providing the resistance. All signals were analogue-
to-digital converted at a sampling rate of 2 kHz and recorded with collect-
ing software (Spike 2, Cambridge Electronic Design, UK). 
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Study III and IV 
 

Bilateral muscle activity was recorded with intramuscular fine-wire elec-
trodes from TrA, insertion point in the mid-axillary line, 2 cm caudal to 
the 12th rib, and OI, insertion point 2 cm ventral of the mid-axillary line 
and 2 cm caudal to the 12th rib. The electrodes were made of Teflon coated 
seven-stranded silver wire (0.4 mm in diameter, Leico Industries, USA) 
with 2 mm of the coating removed at the tip. Each wire was inserted using 
sterilized needles (0.70 x 88 mm for TrA and 0.60 x 60 mm for OI) under 
ultrasound guidance (GE Logic 9, Transducer 12 MHz, UK). Bilateral sur-
face EMG recordings were made from RA, 2 cm lateral to the umbilicus, 
and ES, 3 cm lateral to the L3 spinous process. Measurements were made 
with Ag/AgCl electrodes (Blue Sensor, Ambu, Denmark) placed with an 
interelectrode distance of 2 cm. All EMG signals were amplified 1000 
times (Myosystem 2000, Noraxon, USA) and band-pass filtered between 
10 and 1kHz (Neurolog filters, Digitimer Ltd, UK) with a notch filter at 50 
Hz.  

In study III, IAP was recorded with a pressure transducer (Gaeltec, UK) 
placed in the gastric ventricle with a naso-gastric catheter (Grillner et al., 
1978); signals were amplified 1000 times (custom made amplifier, 
Digitimer Ltd, UK). The lowest individual IAP value collected in the quiet 
standing position was set to 0 for each subject. IAP data from 2 subjects 
had to be discarded due to technical reasons. All EMG and IAP signals 
were analogue-to-digital converted at a sampling rate of 2 kHz and col-
lected with computer software (Spike2 5.15, Cambridge Electronic Design, 
UK). 

In study IV, additional surface EMG recordings were made from the an-
terior deltoids (Delt), amplified 1000 times (NL 824, Digitimer, Ltd, UK). 
3D kinematic recordings were made with an optoelectronic system and col-
lected with computer software (Qualisys Track Manager, Qualisys Motion 
Capture System, Sweden). The set-up involved 7 cameras and 22 reflexive 
markers (Fig. 5B). Kinematic data was sampled at 150 Hz and low pass 
filtered at 20 Hz.  

In study IV all EMG signals were collected in parallel on two separate 
systems. For the latency analysis analogue-to-digital conversion was per-
formed with a sampling rate of 2 kHz (Spike2 5.15, Cambridge Electronic 
Design, UK). For the EMG amplitude analysis the signals collected on the 
kinematic recording system was used with an analogue-to-digital conver-
sion of 1.5 kHz (Qualisys Track Manager, Qualisys Motion Capture Sys-
tem, Sweden). 



24 I MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 The experimental set-up in study IV. In A) the three different arm 
movement amplitudes are illustrated with the solid arm showing the start position 
of all movements and the three dashed arms represents the three different end posi-
tions. In B) the marker positions used is shown and the reactive moments on the 
trunk during the deceleration of an arm movement are illustrated. FR = the net 
reactive linear force, α = the net reactive torque due to the angular acceleration and 
deceleration of the arm, and d = the moment arm of the reactive linear force to the 
centre of rotation (   ). The total moment (torque) on the trunk was calculated as M 
= α + FR ·d. 

using sterilized needles (0.70 x 88 mm for TrA and 0.60 x 60 mm for all 
other muscles) under ultrasound guidance (GE Logic 9, Transducer 12 
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(Neurolog filters, Digitimer Ltd, England) with a notch filter at 50 Hz and 
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attached to the movable part of the swivel table, specifying onset of per-
turbation. To measure the isometric force produced by the subjects in 
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to-digital converted at a sampling rate of 2 kHz and recorded with collect-
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Ethical considerations 
The invasive nature of the experimental protocols used in this thesis is the 
main consideration and limits the number of participating subjects. Inser-
tion of the electrodes and the naso-gastric catheter is associated with some 
discomfort. The mild pain associated with the penetration of the skin and 
fascia layers during the placement of the electrodes is however rapidly di-
minishing after the insertion procedure and none of the subjects  
complained of any discomfort during testing. In some individuals, the 
naso-gastric catheter produced a vague sensation at the back of the throat 
towards the end of the test protocol. All subjects received economic com-
pensation for participation in the studies (1200 SEK for study I and II, and 
2000 SEK for study III and IV).  

All subjects read and signed a written consent form prior to participa-
tion in the study and both study protocols were approved by the Regional 
Ethics Committee, registration numbers 2004-491/3 and 2009/438 -31.  

Analysis 

EMG latencies 
The same method has been used throughout study I, II and IV regarding 

the onset latency analysis. In study III no latency analysis was performed. 
A threshold value was determined as the average signal during 80 ms of 
pre-perturbation baseline activity plus 1.4 standard deviations (SD). The 
instant the rectified EMG signal crossed this threshold and stayed above 
for 25 ms was depicted as the onset of muscle activity (Radebold et al., 
2000). The signal was allowed to fall beneath the threshold level for 3 ms 
during this time without affecting the onset definition (Tokuno et al., 
2006). All latencies were first determined automatically by a computer and 
subsequently checked manually to avoid obvious misplacements (Hodges 
and Bui, 1996). During manual inspection the investigator was blinded as 
to which muscle was displayed on screen. In Study I and II the onsets were 
reported relative the onset of acceleration of the table and in study IV rela-
tive the ipsilateral Delt. No latency analysis was performed in conjunction 
with deceleration of the arm movement. This decision was made depending 
on the difficulties in defining the criteria for onsets in the midst of occur-
ring muscle activity as well as the uncertainty as to relate the increased 
activity to specific events during the arm movement, e.g. the deceleration of 
the movement. 

In study I the instant when the muscles active during the isometric hold-
ing phase turned off (shut-off) was recorded as well as the antagonistic 
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onset. The algorithm for shut-offs was similar to that for depicting onsets. 
To be defined as a shut-off of muscle activity the rectified EMG signal had 
to fall beneath a threshold level determined as the average signal for a pe-
riod of 80 ms prior to force release and stay beneath this level for at least 
44 ms (Radebold et al., 2000).  

In study II, some muscles did not show enough increase in activity to be 
depicted as an onset in certain situations, both pre- and post-perturbation. 
Thus, a specific criterion was added to define non-responders: Each subject 
had to have a minimum of 4 out of 6 trials with a detected onset of muscle 
activity for each muscle/side/direction/condition combination, e.g. TrA on 
the left side in induced flexion in the unexpected condition. Furthermore, 
this criterion had to be fulfilled by a minimum of 7 subjects for the muscle 
to be included in the latency analysis. These criteria resulted in the exclu-
sion of the following muscles from the pre-perturbation latency analysis in 
the expected condition (number of subjects excluded, out of 11 possible, is 
noted in brackets): ES on the left (11) and right side (10) in extension, RA 
on the left side (9) and OE (5) and ES (7) on the right side in flexion. In 
addition, although not excluded, all of the remaining muscles also had 
occasional missing pre-perturbation onsets. In the post-perturbation la-
tency analysis in the expected condition, the following muscles had to be 
excluded (number of subjects excluded, out of 11 possible, is noted in 
brackets): ES on the left (8) and right side (9) in the induced extension 
direction and RA on the left side (7) in induced flexion. 

EMG amplitudes 
EMG amplitudes were calculated as root mean squares (RMS) throughout 
all four studies. In order to be able to group all individual subjects’ re-
cordings, a normalization procedure was adopted. The normalization 
process involved performing a series of MVCs. 
These were performed in the side-lying position in study I and II and in the 
standing position in study III and IV as described above. With a sliding 
window employed to the MVC trials the highest EMG amplitude for each 
muscle was obtained. All amplitude values for each muscle were then di-
vided with each individual’s highest MVC value for that muscle to give a 
relative EMG value in percent.  

The EMG amplitude in study I was measured in 50 ms intervals starting 
100 ms before the start of perturbation and ending 1 s after (Figs. 7 & 8). 
In study II, a 200 ms interval following the start of perturbation was used 
in the post-perturbation measurements. In the expected condition an addi-
tional 200 ms interval was measured immediately before the start of the 
perturbation, the so called pre-perturbation interval. In study III, 5 s of 
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Ethical considerations 
The invasive nature of the experimental protocols used in this thesis is the 
main consideration and limits the number of participating subjects. Inser-
tion of the electrodes and the naso-gastric catheter is associated with some 
discomfort. The mild pain associated with the penetration of the skin and 
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All subjects read and signed a written consent form prior to participa-
tion in the study and both study protocols were approved by the Regional 
Ethics Committee, registration numbers 2004-491/3 and 2009/438 -31.  

Analysis 

EMG latencies 
The same method has been used throughout study I, II and IV regarding 

the onset latency analysis. In study III no latency analysis was performed. 
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onset. The algorithm for shut-offs was similar to that for depicting onsets. 
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Figure 6 Mean normalized 
values of EMG (in %) of the differ-
ent trunk muscles, angular accelera-
tion of the shoulders, angular veloc-
ity of the shoulders, and the reactive 
total torque on the trunk for the 
three repetitions of the medium 
sized arm movement for one subject 
in study IV. The dashed line indi-
cates mean Delt onset and the 
shaded areas illustrates the two 
intervals of EMG amplitude meas-
urements. Note the two peaks of 
activation in TrA corresponding to 
both acceleration and deceleration 
of the arm movement.  

activity was measured immediately fol-
lowing the trigger signal in the sam-
pling file. In study IV, two 100 ms in-
tervals was applied, one starting 50 ms 
prior to the start of bilateral arm acce-
leration and the other 50 ms before the 
start of bilateral arm deceleration (Fig. 
6) (description of bilateral arm accele-
ration and deceleration will follow be-
low under “Kinematic and kinetic cal-
culations”).  

Acceleration 
In study I and II the acceleration trace 
was smoothed with a time constant of 
5 ms. The first deviation from baseline 
on visual inspection was marked as ac-
celeration onset and was defined as the 
start of the perturbation. 

IAP amplitudes  
The IAP values in study III were calcu-
lated and reported as means relative to 
the highest value obtained during the 
MVCs in analogy with the normaliza-
tion procedure used in the EMG analy-
sis.  

Kinematic and kinetic calculations 
Kinematic signals and the kinetic cal-
culations were derived in custom writ-
ten code (Matlab, The Mathworks Inc, 
MA, USA) and commercial computer 
software Visual3D (C-motion, USA). 
Each arm was defined from two seg-
ments. The forearm was defined by 
themarkers on proc. Styl. Radii, proc. 
Styl. ulnae, and medial and lateral epi-
condyle. The upper arm was defined 
by the markers on the medial and lat-
eral epicondyle, lateral upper arm and 
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acromion. The trunk was defined as the markers on left and right ac-
romion and left and right anterior superior iliac spine. The joint centre of 
the whole arm was defined as the centre of rotation taking place at the 
shoulder. The centre of rotation of the trunk was set to the centroid of the 
four markers of the pelvis (Fig. 5B). The mass of the individual segments 
were defined in proportions of the total body mass according to results 
from  
Dempster (Dempster, 1955). The inertial properties of the segments and 
their COM were defined from the segment model (default settings in Vis-
ual3D) assuming a homogenous distribution of the mass of the segment. 
The shapes of the segments were represented by truncated cones. After 
defining the coordinate system, inverse dynamics were used to calculate the 
total torque perturbing the trunk in different phases of the arm movement. 
The linear reactive force acting on the trunk in the sagittal plane was added 
to the torque around the frontal axis due to the angular acceleration of the 
arm to give the sum of torques for one side. Both sides were then added 
together to give a total torque around the centre of rotation in the lower 
trunk.  

Three events describing the unilateral arm movement were described 
relative the angular acceleration of each shoulder. Start of arm acceleration 
was defined as the instant when the angular acceleration of the shoulder 
(upper arm relative the trunk) rose above a threshold level of a baseline 
average plus 2 SD and stayed above this level for 20 ms. The start of decel-
eration of the arm movement was defined as the instant the angular accel-
eration of the shoulder crossed 0. During the medium and large amplitude 
movements the signal often oscillated around 0 for a period of time. When 
this occurred, the last crossing was defined as the start of deceleration. The 
end of movement was defined as the instant when the angular acceleration 
returned to 0 again. Also at the end of movement the signal oscillated 
around 0. The crossing that correlated the best with the instant that the 
angular velocity signal of the shoulder returned to 0 was then used. As for 
the EMG onsets, the movement events were first defined automatically by 
a computer and then checked manually. 

The corresponding events for the bilateral arm movement was defined 
from the instant the first arm started to move, the start of deceleration as 
the mean between the left and right arms corresponding values and the end 
of movement as the last arm to stop. The mean torque during the accelera-
tion phase (between start of acceleration and start of deceleration) and the 
braking phase (between start of deceleration and the end of movement) 
was then calculated from these events. The mean torques during the accel-
eration and braking phases were multiplied with the duration of each 
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phase to obtain the total angular impulses imposed on the trunk by the 
arm movement for each phase respectively. For each phase and movement, 
the mean angular impulse of the three trials was used in the statistical 
analysis. 

Statistics 
The level of significance was set to p < 0.05 in all statistical analysis. 

Study I and II 
In study I, statistical analyses were performed using Statistix 8 software 
(Analytical Software, USA). The tests used included two sample t-test in 
the comparisons between right and left side. For the comparisons between 
force levels and between muscles separate one-way ANOVAs with subse-
quent Tukey HSD correction were performed.  

In study II, the statistical analyses were performed using SPSS 15.0 (SPSS 
Inc., USA). Separate four-way Mixed model ANOVAs were performed 
with post-perturbation latency and post-perturbation amplitude as depend-
ent variables, respectively. Within-subject factors were side, direction, mus-
cle and condition. For the pre-perturbation latency and amplitude, two 
three-way Mixed model ANOVAs were performed with side, direction and 
muscle as within-subject factors. Post-hoc pair-wise comparisons using 
Bonferroni corrections were used for both pre- and post-perturbation 
analysis. The difference in proportion of excluded subjects between condi-
tions, were tested with the chi-square test.  

Study III and IV 
In studies III and IV statistical analyses were performed using PASW Statis-
tics 18.0 (SPSS Inc., USA). In study III, for EMG data, parametric statistics 
were applied after square root transformation. Four separate three-way 
Mixed model ANOVAs were carried out for each main comparison with 
EMG amplitude as the dependent variable and muscle, position and side as 
within-subject factors. The IAP data was normally distributed and a one-
way ANOVA was performed in the comparison between the three posi-
tions with different heights of COM and minimal imposed moments with 
IAP amplitude as the dependent variable and position as a factor. For the 
other three comparisons, one sample t-tests were applied.  

In study IV, the EMG latency data was normally distributed so a two-
way Mixed model ANOVA was used with latency as the dependent vari-
able and muscle and movement amplitude as within-subject factors. For 
the EMG amplitude square root transformation was performed with sub-
sequent three-way Mixed model ANOVA with EMG amplitude as the 
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dependent variable and muscle, movement amplitude and event (start of 
movement/start of deceleration) as within-subject factors. For the angular 
impulse data, a two-way ANOVA was used with angular impulse as the 
dependent variable and movement amplitude and phase as within subject 
factors.  

Where a main effect or interaction were found in the main ANOVAs in 
study III and IV, post hoc pair wise comparisons were performed with 
Bonferroni corrections. 
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Results 

Study I 
There are additional results presented in the enclosed paper. 
There were no significant differences in EMG latencies between the left and 
right side for any force level or direction. Therefore, both sides were 
grouped together for the latency analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Mean relative EMG amplitude in % (SE) averaged across all sub-
jects, right and left side and force levels in the released flexion trials in study I. The 
dashed vertical line indicates the release of the resistance. 

Released resistance to flexion 
Averaged across all three force levels, OE and RA were significantly more 
active than TrA before the release of the resistance to flexion (Fig. 7); there 
was no difference in activation between OE and RA during that period. 
Upon the release of a resistance to static flexion, the activation in RA and 
OE were shut off at all three force levels (Table 1). TrA, on the other hand, 
responded with an increased activity and an onset was identified in 82% of 
the trials. The onset of TrA occurred significantly earlier than the onset of 
ES at all three force levels (Table 1). The shut-off of RA and OE occurred 
earlier than the onset of TrA and ES; thus there was no period of co-
activation between these muscles (Table 1). The latencies did not differ 
significantly between the force levels for any of the muscles (Table 1). 
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For TrA, the right side was 14 % more active than the left during the 
two intervals prior to released flexion. For the intervals after release, the 
side difference for TrA averaged 8 %, still with the right side more active. 
For the other muscles, no side difference exceeded 5 %.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Mean relative EMG amplitude in % (SE) averaged across all sub-
jects, right and left side and force levels in the released extension trials in study I. 
The dashed vertical line indicates the release of the resistance. 

Released resistance to extension 
Averaged across all three force levels, ES was the most active muscle during 
the two initial 50 ms intervals prior to release of the resistance to extension 
(Fig. 8). Among the abdominal muscles, TrA displayed a significantly 
higher activity compared to RA during the same period. There was no 
difference during these intervals between TrA and OE or between OE and 
RA. Upon release, RA, OE and TrA responded with an increase of activity 
and ES with a decrease (Fig. 8). TrA had significant longer onset latencies 
than OE and RA regardless of force level, whereas no significant difference 
was present between RA and OE (Table 1). There was no co-activation 
between ES and abdominal muscles, since the shut-off of ES activity oc-
curred significantly earlier than the onset of abdominal muscle activation 
(Table 1). All muscles had significantly shorter latencies at the 70 % MVC 
level compared with the 30 % MVC level; OE also showed significantly 
shorter latencies at the 70 % MVC than the 50 % MVC level. RA demon-
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strated significantly shorter latencies with every increase in force level (Ta-
ble 1). 

During the two intervals before released extension, TrA displayed a side 
difference in mean relative EMG amplitude of 5 % and for the remaining 
intervals after release the side difference was 15 %. The right side was 
always the most active. No other muscle showed a side difference exceed-
ing 5 %. 
 

Table 1 Mean latencies in ms (SE) for onsets (bold) and shut-offs of activ-
ity for each muscle at each of the three force levels averaged across all subjects for 
released flexion and extension resistance trials in study I.  

 Released flexion Released extension  

30 % 50 % 70 % 30 % 50 % 70 % 

TrA  99 (5) 86 (5) 92 (5) 114 (6) 104 (6) 92 (3) 
OE  87 (4) 84 (4) 81 (3) 81 (2) 77 (2) 69 (1) 
RA  79 (3) 76 (3) 75 (2) 82 (2) 74 (1) 67 (1) 
ES  118 (5) 119 (5) 117 (6) 59 (2) 55 (2) 52 (2) 

 

Study II 

Unexpected condition 

Latencies (Table 2) 
The overall range of mean post-perturbation onset latencies was 65 – 124 
ms. Comparisons between muscles showed that on the left side in exten-
sion, OE and RA had shorter latencies than TrA and ES. In flexion, the 
latency for OE was also shorter than for TrA. On the right side, TrA, OE 
and RA showed shorter latencies than ES in extension. Comparisons be-
tween sides demonstrated shorter onset latencies on the right than on the 
left side for TrA both in induced extension and flexion. No differences 
between the induced flexion and extension direction were present for TrA 
on either side or OE on the left side (Fig. 9). Shorter latencies in extension 
were seen for RA on both sides and OE on the right side, whereas ES on 
both sides demonstrated shorter latencies in flexion than extension.  
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Figure 9 Mean relative EMG amplitudes in % (bars directed upwards) and 
onset latencies in ms (bars directed downwards) (95 % CI) post-perturbation for 
each muscle on the left and right sides (left and right panel, respectively) during 
induced movements in the extension and flexion directions under unexpected and 
expected conditions (see inset). * = Significant difference between directions 
(p<0.05) 

Amplitudes (Table 2) 
The overall range of mean EMG levels recorded during a 200-ms-interval 
post-perturbation was 4 – 25 % of that during MVC. Between muscle 
comparisons showed that OE and RA displayed higher activity than TrA 
and ES in extension on the left side. On the right side, TrA and OE had 
higher amplitude than ES in extension and TrA displayed higher amplitude 
than OE, RA and ES in flexion. A difference between sides was present for 
TrA in both extension and flexion with higher activity on the right side. 
There was no difference between flexion and extension direction for TrA 
and ES on either side, whereas effects of direction were seen for OE and 
RA on both sides with higher mean EMG amplitudes in extension than in 
flexion (Fig. 9). 
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Table 2 Mean EMG post-perturbation onset latencies in ms and relative 
EMG amplitudes in % (SD) for muscles on the left and right sides in the unex-
pected extension and flexion perturbations in study II. 

Post-perturbation, Unexpected condition

 Latency (ms) Amplitude (%) 
Ext Flex Ext Flex 

Left TrA 110 (37) a b ‡ 104 (16) a ‡ 10 (7) a b ‡ 8 (6) ‡ 
OE 76 (15) a e 81 (15) a 24 (12) a e 12 (8) 
RA 78 (13) b f 96 (19) 23 (13) b f 7 (5) 
ES 116 (24) e f 97 (18) 4 (3) e f 9 (9) 

Right TrA 73 (13) c ‡ 77 (15) ‡ 22 (11) c ‡ 19 (8) a b c ‡ 
OE 65 (13) e 85 (14) 25 (15) e 8 (4) a 
RA 70 (12) f 96 (27) 17 (9) 4 (3) b 
ES 124 (22) c e f 94 (27) 9 (11) c e 7 (4) c 

The letters and symbols in superscript indicate significant differences (p<0.05) 
between:  a TrA & OE;  b TrA & RA; c TrA & ES; d OE & RA; e OE & ES; f RA & 
ES within the same side, condition and direction. ‡ left & right sides within the 
same muscle, condition and direction. 

Expected condition 

Pre-perturbation 

Latencies (Table 3) 
Overall ranges for pre-perturbation latencies were 285 to 164 ms. A statis-
tical difference between muscles was present between TrA and RA on the 
right side in flexion, where TrA showed an earlier onset than RA. There 
were no side differences in pre-perturbation onsets. There were differences 
between induced flexion and extension direction for TrA on the left side 
with earlier onset in flexion and for RA on the right side with earlier onset 
in extension. 

Amplitudes (Table 3) 
There were generally low levels of pre-perturbation activity in the 200 ms 
interval prior to the start of the perturbation with a range of EMG ampli-
tude values between 1 – 8 % of that recorded during MVC. On the left 
side, RA showed a higher activation than TrA and ES in extension. On the 
right side, TrA and OE had higher activation than ES in extension; and in 
flexion, the level of pre-activation was higher in TrA than in OE, RA and 
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Figure 9 Mean relative EMG amplitudes in % (bars directed upwards) and 
onset latencies in ms (bars directed downwards) (95 % CI) post-perturbation for 
each muscle on the left and right sides (left and right panel, respectively) during 
induced movements in the extension and flexion directions under unexpected and 
expected conditions (see inset). * = Significant difference between directions 
(p<0.05) 

Amplitudes (Table 2) 
The overall range of mean EMG levels recorded during a 200-ms-interval 
post-perturbation was 4 – 25 % of that during MVC. Between muscle 
comparisons showed that OE and RA displayed higher activity than TrA 
and ES in extension on the left side. On the right side, TrA and OE had 
higher amplitude than ES in extension and TrA displayed higher amplitude 
than OE, RA and ES in flexion. A difference between sides was present for 
TrA in both extension and flexion with higher activity on the right side. 
There was no difference between flexion and extension direction for TrA 
and ES on either side, whereas effects of direction were seen for OE and 
RA on both sides with higher mean EMG amplitudes in extension than in 
flexion (Fig. 9). 
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Table 2 Mean EMG post-perturbation onset latencies in ms and relative 
EMG amplitudes in % (SD) for muscles on the left and right sides in the unex-
pected extension and flexion perturbations in study II. 

Post-perturbation, Unexpected condition

 Latency (ms) Amplitude (%) 
Ext Flex Ext Flex 

Left TrA 110 (37) a b ‡ 104 (16) a ‡ 10 (7) a b ‡ 8 (6) ‡ 
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RA 70 (12) f 96 (27) 17 (9) 4 (3) b 
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The letters and symbols in superscript indicate significant differences (p<0.05) 
between:  a TrA & OE;  b TrA & RA; c TrA & ES; d OE & RA; e OE & ES; f RA & 
ES within the same side, condition and direction. ‡ left & right sides within the 
same muscle, condition and direction. 

Expected condition 

Pre-perturbation 

Latencies (Table 3) 
Overall ranges for pre-perturbation latencies were 285 to 164 ms. A statis-
tical difference between muscles was present between TrA and RA on the 
right side in flexion, where TrA showed an earlier onset than RA. There 
were no side differences in pre-perturbation onsets. There were differences 
between induced flexion and extension direction for TrA on the left side 
with earlier onset in flexion and for RA on the right side with earlier onset 
in extension. 

Amplitudes (Table 3) 
There were generally low levels of pre-perturbation activity in the 200 ms 
interval prior to the start of the perturbation with a range of EMG ampli-
tude values between 1 – 8 % of that recorded during MVC. On the left 
side, RA showed a higher activation than TrA and ES in extension. On the 
right side, TrA and OE had higher activation than ES in extension; and in 
flexion, the level of pre-activation was higher in TrA than in OE, RA and 
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ES. Side differences were present for TrA in both extension and flexion 
with higher values on the right side. For ES, the pre-perturbation activation 
was higher on the left than on the right side in flexion. The pre-
perturbation activity of TrA was not affected by direction on any side, 
whereas ES on the left side had higher pre-activation in flexion and RA on 
both sides and OE on the right side showed the reverse with higher values 
in extension.  

Table 3 Mean EMG pre-perturbation onset latencies in ms and relative 
EMG amplitudes in % (SD) for muscles on the left and right sides preceding the 
expected extension and flexion perturbations in study II. 

 

The letters and symbols in superscript indicate significant differences (p<0.05) 
between:  a TrA & OE;  b TrA & RA; c TrA & ES; d OE & RA; e OE & ES; f RA & 
ES within the same side, condition and direction. ‡ left & right sides within the 
same muscle, condition and direction. 

Post-perturbation 

Latencies (Table 4) 
Overall range of onset latencies was 45 – 79 ms. Between muscles compari-
sons showed shorter latency for OE than TrA in extension on the left side. 
On the right side, TrA, OE and RA had shorter latencies than ES in flex-
ion. Side differences were observed for TrA, with shorter latencies on the 
right than on the left side both in extension and flexion, and for ES, with 
shorter latency on the left than on the right side in flexion. There were no 
significant differences between induced extension and flexion in post-
perturbation onset latencies for any of the muscles (Fig. 9). The expected 

Pre-perturbation, expected condition

 
Latency (ms) Amplitude (%) 

Ext Flex Ext Flex 
Left TrA -193 (110) -267 (45) 2 (2) b ‡ 3 (3) ‡ 

OE -187 (50) -228 (94) 4 (4) 4 (5) 
RA -188 (33) - 6 (4) b f 2 (2) 
ES - -285 (61) 0 (0) f 7 (9) ‡ 

Right TrA -243 (99) -238 (64) b 6 (5) c ‡ 8 (6) a b c ‡ 
OE -205 (47) - 7 (7) e 3 (3) a 
RA -227 (30) -164 (80) b 4 (4) 1 (1) b 
ES - - 1 (1) c e 1 (1) c ‡ 
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condition showed shorter EMG onset latencies for all muscles compared to 
the unexpected condition, except for ES on the right side in flexion.  

 

Table 4 Mean EMG post-perturbation onset latencies in ms and relative 
EMG amplitudes in % (SD) for muscles on the left and right sides following the 
expected extension and flexion perturbations in study II. 

 

The letters and symbols in superscript indicate significant differences (p<0.05) 
between: aTrA & OE;  b TrA & RA; c TrA & ES; d OE & RA; e OE & ES; f RA & 
ES within the same side, condition and direction, * expected and unexpected condi-
tions within the same side, muscle and direction, ‡ left & right sides within the same 
muscle, condition and direction. 

Amplitudes (Table 4) 
The EMG amplitude levels for the 200 ms interval post-perturbation 
ranged between 2 – 34% of that recorded during MVC. On the left side, 
OE and RA showed higher relative EMG activity than TrA and ES in ex-
tension, whereas, in flexion, ES showed higher activity than RA. On the 
right side, in extension, TrA, OE and RA displayed higher amplitude than 
ES and OE higher amplitude than RA. In flexion, TrA activity was higher 
than that of OE and RA. In addition, right ES had higher activity than RA 
in flexion. TrA showed more activity on the right than on the left side both 
in extension and flexion. OE had higher activity on the right side in exten-
sion. An effect of direction was seen in TrA on the right side and OE and 
RA on both sides, showing higher mean EMG amplitudes in induced ex-
tension than in flexion (Fig. 9). ES on both sides showed the reverse, i.e. 
higher amplitude in induced flexion than extension. Expectation resulted in 

Post-perturbation, Expected condition

 
Latency (ms) Amplitude (%) 

Ext Flex Ext Flex 
Left TrA 66 (27) a * ‡ 67 (24) * ‡ 9 (6) a b ‡ 12 (5) ‡ 

OE 46 (12) a * 54 (27) * 26 (8) a e ‡ 11 (7) 
RA 55 (13) * - 29 (15) b f 4 (4) f 
ES - 60 (13) * ‡ 2 (1) e f 19 (14) f * 

Right TrA 48 (11) * ‡ 50 (9) c * ‡ 29 (12) c ‡ 21 (8) a b ‡ 
OE 46 (9) * 45 (20) e * 34 (14) e * ‡ 9 (4) a 
RA 48 (8) * 48 (21) f * 25 (15) f * 3 (2) b 
ES - 79 (16) c e f ‡ 3 (1) c e f 13 (9) 
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ES. Side differences were present for TrA in both extension and flexion 
with higher values on the right side. For ES, the pre-perturbation activation 
was higher on the left than on the right side in flexion. The pre-
perturbation activity of TrA was not affected by direction on any side, 
whereas ES on the left side had higher pre-activation in flexion and RA on 
both sides and OE on the right side showed the reverse with higher values 
in extension.  
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EMG amplitudes in % (SD) for muscles on the left and right sides preceding the 
expected extension and flexion perturbations in study II. 
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same muscle, condition and direction. 
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Latencies (Table 4) 
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sons showed shorter latency for OE than TrA in extension on the left side. 
On the right side, TrA, OE and RA had shorter latencies than ES in flex-
ion. Side differences were observed for TrA, with shorter latencies on the 
right than on the left side both in extension and flexion, and for ES, with 
shorter latency on the left than on the right side in flexion. There were no 
significant differences between induced extension and flexion in post-
perturbation onset latencies for any of the muscles (Fig. 9). The expected 
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Left TrA -193 (110) -267 (45) 2 (2) b ‡ 3 (3) ‡ 
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ES - -285 (61) 0 (0) f 7 (9) ‡ 
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condition showed shorter EMG onset latencies for all muscles compared to 
the unexpected condition, except for ES on the right side in flexion.  

 

Table 4 Mean EMG post-perturbation onset latencies in ms and relative 
EMG amplitudes in % (SD) for muscles on the left and right sides following the 
expected extension and flexion perturbations in study II. 

 

The letters and symbols in superscript indicate significant differences (p<0.05) 
between: aTrA & OE;  b TrA & RA; c TrA & ES; d OE & RA; e OE & ES; f RA & 
ES within the same side, condition and direction, * expected and unexpected condi-
tions within the same side, muscle and direction, ‡ left & right sides within the same 
muscle, condition and direction. 

Amplitudes (Table 4) 
The EMG amplitude levels for the 200 ms interval post-perturbation 
ranged between 2 – 34% of that recorded during MVC. On the left side, 
OE and RA showed higher relative EMG activity than TrA and ES in ex-
tension, whereas, in flexion, ES showed higher activity than RA. On the 
right side, in extension, TrA, OE and RA displayed higher amplitude than 
ES and OE higher amplitude than RA. In flexion, TrA activity was higher 
than that of OE and RA. In addition, right ES had higher activity than RA 
in flexion. TrA showed more activity on the right than on the left side both 
in extension and flexion. OE had higher activity on the right side in exten-
sion. An effect of direction was seen in TrA on the right side and OE and 
RA on both sides, showing higher mean EMG amplitudes in induced ex-
tension than in flexion (Fig. 9). ES on both sides showed the reverse, i.e. 
higher amplitude in induced flexion than extension. Expectation resulted in 

Post-perturbation, Expected condition

 
Latency (ms) Amplitude (%) 
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Left TrA 66 (27) a * ‡ 67 (24) * ‡ 9 (6) a b ‡ 12 (5) ‡ 
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higher activity in OE and RA on the right side in extension and higher 
activity for ES on the left side in flexion. 
 

Study III 
All mean EMG and IAP amplitude values are reported in Table 5. There 
were no significant differences in EMG amplitude between the left and 
right side for any muscle in any of the positions. 

Table 5 Mean relative EMG and IAP in % (95% CI) for the different 
muscles and positions in study III. 

 

Effect of varying height of the COM  
Increasing the height of the COM was associated with a significant in-
crease in the EMG amplitude of TrA, comparing positions 2, 7 and 6 (Fig. 
10A) and positions 3 and 5 (Fig. 10B), respectively. There were no corre-
sponding changes in the activity levels of the other muscles or in IAP.  

Effects of varying direction and magnitude of the imposed moment 
Changing the direction of moment from imposing an extension (position 1) 
to a flexion moment (position 3) had no effect on the level of TrA activa-
tion or on IAP magnitude (Fig. 10C). A reciprocal pattern was seen in the 
activation of the other muscles, OI and RA activation being increased with 
imposed extension moment and ES activation being higher with imposed 
flexion moment (Fig. 10C). 
Increasing the magnitude of the imposed moment in flexion by extending 
the arms forward horizontally at shoulder height (positions 4 vs 7) resulted 
in a significant increase in the activation of TrA and ES as well as an in-

Position TrA OI RA ES IAP 

1 11 (7 - 16) 15 (12 - 19) 17 (15 - 20) 3 (2 - 4) 8 (6 - 9) 

2 6 (4 - 8) 4 (3 - 6) 2 (2 - 3) 2 (1 - 2) 3 (1 - 4) 

3 10 (6 - 14) 6 (4 - 8) 2 (2 - 3) 14 (12 - 16) 7 (5 - 8) 

4 15 (10 - 22) 6 (4 - 8) 3 (2 - 4) 19 (16 - 22) 11 (8 - 14) 

5 14 (9 - 21) 6 (4 - 9) 3 (2 - 4) 14 (12 - 17) 7 (3 - 11) 

6 13 (8 - 19) 6 (4 - 8) 4 (3 - 4) 3 (2 - 4) 4 (2 - 5) 

7 9 (5 - 12) 5 (4 - 7) 3 (3 - 4) 2 (1 - 2) 3 (2 - 4) 
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crease in the level of IAP (Fig. 10D). The activation of OI and RA re-
mained unaltered. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 10 Panels A - D show the mean relative EMG and mean relative IAP 
amplitude in % (95 % CI) for the different comparisons in study III. * = significant 
difference between positions (p<0.05) 

Study IV 

EMG latencies 
Increasing the arm movement amplitude of rapid bilateral shoulder flexion, 
all abdominal muscles responded with shorter onset latency in the large 
movement compared to the small and medium amplitudes (Table 6). OI 
also displayed shorter onset latency at the large amplitude compared to the 
medium amplitude. ES did not vary in timing of activation between any 
amplitude. ES was invariably the first muscle activated regardless arm 
movement amplitude (Fig. 11). TrA activation occurred prior to that of the 
other abdominal muscles with all movement amplitudes, except for RA in 
the large amplitude movement.  
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crease in the level of IAP (Fig. 10D). The activation of OI and RA re-
mained unaltered. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 10 Panels A - D show the mean relative EMG and mean relative IAP 
amplitude in % (95 % CI) for the different comparisons in study III. * = significant 
difference between positions (p<0.05) 

Study IV 

EMG latencies 
Increasing the arm movement amplitude of rapid bilateral shoulder flexion, 
all abdominal muscles responded with shorter onset latency in the large 
movement compared to the small and medium amplitudes (Table 6). OI 
also displayed shorter onset latency at the large amplitude compared to the 
medium amplitude. ES did not vary in timing of activation between any 
amplitude. ES was invariably the first muscle activated regardless arm 
movement amplitude (Fig. 11). TrA activation occurred prior to that of the 
other abdominal muscles with all movement amplitudes, except for RA in 
the large amplitude movement.  
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Table 6 Mean onset latencies in ms (SD) for each muscle relative the onset 
of the ipsilateral deltoid for the three arm movement amplitudes in study IV. 

 Small Medium Large 
TrA 14 (37) a b -1 (19) a 2 (23) b 
OI 58 (31) a b 35 (36) a c 15 (30) b c 
RA 36 (33) a b 16 (21) a 12 (23) b 
ES -12 (22) -15 (23) -14 (17) 

Letters in superscript denotes significant difference (p<0.05) between: a small and 
medium movement amplitude, b small and large movement amplitude, c medium 
and large movement amplitude.  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 11 Mean latencies in ms (95 % CI) for each muscle and arm move-
ment amplitude in study IV. The dashed vertical line is the mean onset of deltoids 
between right and left side. * = significant difference between muscles (p<0.05). 
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EMG amplitudes  
At the start of arm acceleration, the magnitude of muscle activation varied 
with the arm movement amplitude for TrA and ES with higher activation 
at the large amplitude movements than the small (Table 7). For TrA there 
was also a difference with higher activation at the medium amplitude com-
pared to the small. No difference in muscle activation levels between 
movement amplitudes at the start of arm acceleration was evident for OI 
or RA. At the start of deceleration of the arm movement TrA and ES again 
had higher activation levels at the large movement compared to the small 
(Table 7). No difference in activation of OI or RA was evident between 
movement amplitudes.  

Comparing the magnitude of muscle activation at the start of arm accel-
eration to that at the start of deceleration, it was shown that TrA was acti-
vated to the same magnitude at both events, whereas OI and RA showed 
higher activation levels during the start of deceleration and ES showed pre-
dominantly higher activation at the start of acceleration (Fig. 12).  

Table 7 Mean relative EMG amplitudes in % (SD) for each muscle and 
arm movement amplitude, at the start of arm acceleration and at the start of decel-
eration in study IV.  

 
Acceleration Deceleration 

Small Medium Large Small Medium Large 

TrA 17 (13) a 

b 
26 (20) a 34 (26) b 20 (14) b 26 (22) 30 (21) b 

OI 6 (5) 7 (7) 9 (10) 28 (16) 34 (13) 27 (19) 
RA 3 (2) 3 (2) 3 (2) 11 (6) 14 (8) 13 (9) 
ES 10 (4) b 16 (5) 22 (7) b 9 (4) b 6 (3) 4 (2) b 

Letters in superscript denotes significant difference (p<0.05) between: a small and 
medium movement amplitude at the same event, b small and large movement ampli-
tude at the same event. 

Torque about the lower trunk 
When the angular impulse imposed on the trunk by the arm movement 

was calculated it showed a mean net flexion angular impulse during the 
acceleration phase of 0.9 Nms (0.6 SD), 2.8 Nms (1.0 SD), and 11.8 Nms 
(2.9 SD) for the small medium and large movement amplitudes respective-
ly. During the braking phase (deceleration) of the arm movement at the 
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Table 6 Mean onset latencies in ms (SD) for each muscle relative the onset 
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 Small Medium Large 
TrA 14 (37) a b -1 (19) a 2 (23) b 
OI 58 (31) a b 35 (36) a c 15 (30) b c 
RA 36 (33) a b 16 (21) a 12 (23) b 
ES -12 (22) -15 (23) -14 (17) 

Letters in superscript denotes significant difference (p<0.05) between: a small and 
medium movement amplitude, b small and large movement amplitude, c medium 
and large movement amplitude.  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 11 Mean latencies in ms (95 % CI) for each muscle and arm move-
ment amplitude in study IV. The dashed vertical line is the mean onset of deltoids 
between right and left side. * = significant difference between muscles (p<0.05). 

 MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… I 43
 

EMG amplitudes  
At the start of arm acceleration, the magnitude of muscle activation varied 
with the arm movement amplitude for TrA and ES with higher activation 
at the large amplitude movements than the small (Table 7). For TrA there 
was also a difference with higher activation at the medium amplitude com-
pared to the small. No difference in muscle activation levels between 
movement amplitudes at the start of arm acceleration was evident for OI 
or RA. At the start of deceleration of the arm movement TrA and ES again 
had higher activation levels at the large movement compared to the small 
(Table 7). No difference in activation of OI or RA was evident between 
movement amplitudes.  

Comparing the magnitude of muscle activation at the start of arm accel-
eration to that at the start of deceleration, it was shown that TrA was acti-
vated to the same magnitude at both events, whereas OI and RA showed 
higher activation levels during the start of deceleration and ES showed pre-
dominantly higher activation at the start of acceleration (Fig. 12).  
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arm movement amplitude, at the start of arm acceleration and at the start of decel-
eration in study IV.  
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Small Medium Large Small Medium Large 
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Torque about the lower trunk 
When the angular impulse imposed on the trunk by the arm movement 

was calculated it showed a mean net flexion angular impulse during the 
acceleration phase of 0.9 Nms (0.6 SD), 2.8 Nms (1.0 SD), and 11.8 Nms 
(2.9 SD) for the small medium and large movement amplitudes respective-
ly. During the braking phase (deceleration) of the arm movement at the 



44 I MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… 
 

small and medium amplitudes the total impulse still induced a flexion mo-
ment on the trunk by 1.9 Nms (0.6 SD) and 2.6 Nms (1.5 SD) respectively.  

At the large movement amplitude, however, the braking phase generated 
an extending impulse on the trunk, -8.7 Nms (3.6 SD). Both during the 
acceleration and braking phases, the angular impulses were associated with 
the movement amplitudes, with higher absolute angular impulses during 
the large arm movement compared to the small and medium. 

 
 
 
 
 
 
 
 
 
 
 

Figure 12 Mean relative EMG amplitude in % (95 % CI) for each muscle at 
the start of arm acceleration and at the start of deceleration in study IV. * = signifi-
cant differences between start of acceleration and start of deceleration within the 
same muscle and movement amplitude. 
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Discussion 

Main findings 
Results have been presented that link the activation of TrA to the degree of 
postural demand on the trunk. This was shown in study III where the acti-
vation of TrA co-varied with the postural demand, increased by elevating 
the body’s COM. Indirect support of this association was presented in 
study I and II where the relative onset latency of TrA in relation to the 
other abdominal muscles was delayed when the trunk was perturbed in a 
situation without upright postural demand compared to other experiments 
in standing.  

The second main finding was that TrA was activated in a direction non 
specific manner in all four studies both regarding latency (study II) and 
amplitude (study I – IV) which clearly separates this muscle from the other 
trunk muscles. 

In study IV the importance of TrA activation in the anticipatory prepa-
ration of a voluntary perturbation was shown by an activation level of TrA 
that co-varied with the arm movement amplitude. 

Study II showed that a general effect of expectation of the instant and 
direction of a sudden load was a shortening of trunk muscle onset laten-
cies. 

Study IV showed that the torque about the lower trunk induced by a 
rapid bilateral shoulder flexion task is complex, and involves a flexion 
moment both at the start of the acceleration of the arm and at the start of 
deceleration, as long as the arm stops below or at 90° flexion.  

Effects of posture and direction 

Latency 
With the release of a resisted extension (Study I) and external sudden trunk 
perturbations (Study II) in a side-lying position, TrA was activated simul-
taneous to or after the other abdominal muscles. A previous contradictory 
finding has been the early activation of TrA relative the other trunk mus-
cles and prior to voluntary arm movements in standing (Hodges and 
Richardson, 1996). This finding has been related to the proposed role of 
TrA in controlling inter-segmental movement of the spine and has also 
been observed in sudden unexpected and expected (self-initiated) loading 
of the trunk directly in standing (Cresswell et al., 1994). With an onset of 
activation occurring after rather than ahead of the other trunk muscles in 
the present studies the participants would, according to this belief, be 
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small and medium amplitudes the total impulse still induced a flexion mo-
ment on the trunk by 1.9 Nms (0.6 SD) and 2.6 Nms (1.5 SD) respectively.  

At the large movement amplitude, however, the braking phase generated 
an extending impulse on the trunk, -8.7 Nms (3.6 SD). Both during the 
acceleration and braking phases, the angular impulses were associated with 
the movement amplitudes, with higher absolute angular impulses during 
the large arm movement compared to the small and medium. 

 
 
 
 
 
 
 
 
 
 
 

Figure 12 Mean relative EMG amplitude in % (95 % CI) for each muscle at 
the start of arm acceleration and at the start of deceleration in study IV. * = signifi-
cant differences between start of acceleration and start of deceleration within the 
same muscle and movement amplitude. 
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Discussion 

Main findings 
Results have been presented that link the activation of TrA to the degree of 
postural demand on the trunk. This was shown in study III where the acti-
vation of TrA co-varied with the postural demand, increased by elevating 
the body’s COM. Indirect support of this association was presented in 
study I and II where the relative onset latency of TrA in relation to the 
other abdominal muscles was delayed when the trunk was perturbed in a 
situation without upright postural demand compared to other experiments 
in standing.  

The second main finding was that TrA was activated in a direction non 
specific manner in all four studies both regarding latency (study II) and 
amplitude (study I – IV) which clearly separates this muscle from the other 
trunk muscles. 

In study IV the importance of TrA activation in the anticipatory prepa-
ration of a voluntary perturbation was shown by an activation level of TrA 
that co-varied with the arm movement amplitude. 

Study II showed that a general effect of expectation of the instant and 
direction of a sudden load was a shortening of trunk muscle onset laten-
cies. 

Study IV showed that the torque about the lower trunk induced by a 
rapid bilateral shoulder flexion task is complex, and involves a flexion 
moment both at the start of the acceleration of the arm and at the start of 
deceleration, as long as the arm stops below or at 90° flexion.  

Effects of posture and direction 

Latency 
With the release of a resisted extension (Study I) and external sudden trunk 
perturbations (Study II) in a side-lying position, TrA was activated simul-
taneous to or after the other abdominal muscles. A previous contradictory 
finding has been the early activation of TrA relative the other trunk mus-
cles and prior to voluntary arm movements in standing (Hodges and 
Richardson, 1996). This finding has been related to the proposed role of 
TrA in controlling inter-segmental movement of the spine and has also 
been observed in sudden unexpected and expected (self-initiated) loading 
of the trunk directly in standing (Cresswell et al., 1994). With an onset of 
activation occurring after rather than ahead of the other trunk muscles in 
the present studies the participants would, according to this belief, be 
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prone to injuries due to poor motor control of the trunk. Although this is a 
possibility, there is, at least, one other possible explanation. Even though 
the experimental situations in side-lying and standing are not directly com-
parable, it seems that there could be a difference related to the postural 
demands of the task.  

A gradually delayed onset of lumbar extensor activity has been reported 
previously in association with fast arm flexion movements performed in 
standing, sitting and lying (van der Fits et al., 1998). Also specifically for 
the TrA, a delayed activation has been observed in sitting with a back sup-
port compared to standing (Urquhart et al., 2005b), showing that de-
creased postural demand is associated with an increase in muscle onset 
latency. In study I and II, the postural demand of keeping the trunk upright 
against gravity were totally eliminated. Thus, the results are in line with a 
hypothesis that when postural demands are lacking the early onset of TrA 
is unnecessary. And, consequently, keeping the upper body erect adds a 
component to TrA function not directly related to the inter-segmental con-
trol as such.  

Also regarding the effect of direction of the induced perturbation on the 
onset latency of TrA there seems to be an influence of postural demand. In 
study II, there was no difference in onset latency between induced exten-
sion and flexion trials and in study I TrA displayed similar onset latencies 
in response to both released flexion and extension force. Although this is in 
coherence with rapid arm movement experiments in standing, showing the 
same onset latency with shoulder flexion as shoulder extension (Hodges 
and Richardson, 1996, Hodges and Richardson, 1999a), it is in conflict 
with sudden unexpected external loading of the trunk in standing 
(Cresswell et al., 1994). This latter perturbation resulted in earlier onset of 
activation of TrA in induced flexion than extension. Hence, the direction 
independent onset of activation of TrA is consistent between different ex-
perimental methodologies in situations with different postural demand 
(Study I, II and III, (Hodges and Richardson, 1996)), but inconsistent be-
tween different experimental methodologies in situations with the same 
degree of postural demand (Cresswell et al., 1994, Hodges and 
Richardson, 1996), and furthermore inconsistent within the same experi-
mental methodology in situations with different postural demand (Study II, 
(Cresswell et al., 1994)). This clearly shows the complexity of trunk motor 
control. Most studies however, report only unilateral EMG measurements, 
which make the onset latencies sensitive to possible rotational torques on 
the trunk with the ipsilateral TrA showing delayed onset latency with un-
ilateral arm movements compared to the contralateral side (Allison et al., 
2008). Though a rotational component is evident with asymmetrical  
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unilateral arm movements it is not as intuitive for a sagittal disturbance 
such as sudden external dorsal or ventral loading (Cresswell et al., 1994). 
However, this is not to say that there is no rotational torque produced in 
the reactive response from the subjects since the direction of forces are not 
reported (Cresswell et al., 1994).  

Amplitude 
The main finding of study III was that the activation level of TrA co-varied 
with the height of the COM, i.e. with changes in postural demand. TrA 
was the only trunk muscle, of those investigated, that showed increased 
activation when the position of the COM was elevated regardless if it oc-
curred without or in conjunction with an imposed trunk flexion moment. 
A general increased activation of the trunk muscles has been observed pre-
viously when holding a weight at increasing heights in front of the body, 
i.e. increasing the postural demand during a simultaneous flexion moment 
(Granata and Orishimo, 2001). This suggests that unlike the findings in 
study III, a general co-activation of trunk muscles was used to stabilize the 
spine. However, there was no measurement made of TrA in this study and 
differences in the weights used and the parameters reported make direct 
comparisons between studies difficult.  

The increased activation of TrA with an elevated postural demand found 
in study III was not paralleled by an increase in IAP. This suggests that 
elevating the IAP is not the only way for TrA to achieve a stabilizing action 
on the spine but other mechanisms, such as the pulling on the TLF, play an 
equally important role (Barker et al., 2004). It should be noted in this con-
text however, that an increased IAP is not dependent on a single muscle 
but rather a coordinated action of TrA and other muscles surrounding the 
abdominal cavity, mainly the diaphragm and the pelvic floor muscles 
(Bartelink, 1957). 

Considering the direction of applied moments to the trunk, all four stud-
ies add to the belief of a direction non specific activation of TrA. In study I, 
TrA responded with an increase of activation both in release of a static 
flexion and extension resistance. This was a unique pattern for TrA and 
was not visible for any of the other trunk muscles, which were all direction 
specific in line with their direction of moment generation. Similarly, in 
study II, the amplitude of TrA activation was the same regardless of per-
turbation direction with sudden loading. Moving into the standing posi-
tion, study III showed that the same relationship existed also in the stand-
ing position during static efforts. Creating moderate similar sized flexion or 
extension moments on the trunk by holding the arms in shoulder flexion or 
shoulder extension respectively, was associated with the same activation 
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prone to injuries due to poor motor control of the trunk. Although this is a 
possibility, there is, at least, one other possible explanation. Even though 
the experimental situations in side-lying and standing are not directly com-
parable, it seems that there could be a difference related to the postural 
demands of the task.  

A gradually delayed onset of lumbar extensor activity has been reported 
previously in association with fast arm flexion movements performed in 
standing, sitting and lying (van der Fits et al., 1998). Also specifically for 
the TrA, a delayed activation has been observed in sitting with a back sup-
port compared to standing (Urquhart et al., 2005b), showing that de-
creased postural demand is associated with an increase in muscle onset 
latency. In study I and II, the postural demand of keeping the trunk upright 
against gravity were totally eliminated. Thus, the results are in line with a 
hypothesis that when postural demands are lacking the early onset of TrA 
is unnecessary. And, consequently, keeping the upper body erect adds a 
component to TrA function not directly related to the inter-segmental con-
trol as such.  

Also regarding the effect of direction of the induced perturbation on the 
onset latency of TrA there seems to be an influence of postural demand. In 
study II, there was no difference in onset latency between induced exten-
sion and flexion trials and in study I TrA displayed similar onset latencies 
in response to both released flexion and extension force. Although this is in 
coherence with rapid arm movement experiments in standing, showing the 
same onset latency with shoulder flexion as shoulder extension (Hodges 
and Richardson, 1996, Hodges and Richardson, 1999a), it is in conflict 
with sudden unexpected external loading of the trunk in standing 
(Cresswell et al., 1994). This latter perturbation resulted in earlier onset of 
activation of TrA in induced flexion than extension. Hence, the direction 
independent onset of activation of TrA is consistent between different ex-
perimental methodologies in situations with different postural demand 
(Study I, II and III, (Hodges and Richardson, 1996)), but inconsistent be-
tween different experimental methodologies in situations with the same 
degree of postural demand (Cresswell et al., 1994, Hodges and 
Richardson, 1996), and furthermore inconsistent within the same experi-
mental methodology in situations with different postural demand (Study II, 
(Cresswell et al., 1994)). This clearly shows the complexity of trunk motor 
control. Most studies however, report only unilateral EMG measurements, 
which make the onset latencies sensitive to possible rotational torques on 
the trunk with the ipsilateral TrA showing delayed onset latency with un-
ilateral arm movements compared to the contralateral side (Allison et al., 
2008). Though a rotational component is evident with asymmetrical  
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unilateral arm movements it is not as intuitive for a sagittal disturbance 
such as sudden external dorsal or ventral loading (Cresswell et al., 1994). 
However, this is not to say that there is no rotational torque produced in 
the reactive response from the subjects since the direction of forces are not 
reported (Cresswell et al., 1994).  

Amplitude 
The main finding of study III was that the activation level of TrA co-varied 
with the height of the COM, i.e. with changes in postural demand. TrA 
was the only trunk muscle, of those investigated, that showed increased 
activation when the position of the COM was elevated regardless if it oc-
curred without or in conjunction with an imposed trunk flexion moment. 
A general increased activation of the trunk muscles has been observed pre-
viously when holding a weight at increasing heights in front of the body, 
i.e. increasing the postural demand during a simultaneous flexion moment 
(Granata and Orishimo, 2001). This suggests that unlike the findings in 
study III, a general co-activation of trunk muscles was used to stabilize the 
spine. However, there was no measurement made of TrA in this study and 
differences in the weights used and the parameters reported make direct 
comparisons between studies difficult.  

The increased activation of TrA with an elevated postural demand found 
in study III was not paralleled by an increase in IAP. This suggests that 
elevating the IAP is not the only way for TrA to achieve a stabilizing action 
on the spine but other mechanisms, such as the pulling on the TLF, play an 
equally important role (Barker et al., 2004). It should be noted in this con-
text however, that an increased IAP is not dependent on a single muscle 
but rather a coordinated action of TrA and other muscles surrounding the 
abdominal cavity, mainly the diaphragm and the pelvic floor muscles 
(Bartelink, 1957). 

Considering the direction of applied moments to the trunk, all four stud-
ies add to the belief of a direction non specific activation of TrA. In study I, 
TrA responded with an increase of activation both in release of a static 
flexion and extension resistance. This was a unique pattern for TrA and 
was not visible for any of the other trunk muscles, which were all direction 
specific in line with their direction of moment generation. Similarly, in 
study II, the amplitude of TrA activation was the same regardless of per-
turbation direction with sudden loading. Moving into the standing posi-
tion, study III showed that the same relationship existed also in the stand-
ing position during static efforts. Creating moderate similar sized flexion or 
extension moments on the trunk by holding the arms in shoulder flexion or 
shoulder extension respectively, was associated with the same activation 
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level of TrA and mean level of IAP. This was not true for the other meas-
ured trunk muscles, which were direction specific in their activation pat-
terns. ES were more active during a flexion moment and OI and RA during 
an extension moment. Finally in a dynamic situation with arm movements 
in standing, study IV showed that TrA had the same activation level when 
the arms accelerated from a position of quiet standing with arms along the 
sides, creating a flexion moment on the trunk, as when the movement de-
celerated and stopped with the arms straight up, creating an extension 
moment. Again this pattern was solely associated with TrA whereas the 
other abdominal muscles were direction specific and activated to a higher 
degree at the start of the deceleration of the arm movement. 

 
The EMG amplitude is not as often reported as the latency in the litera-

ture regarding TrA contribution to trunk motor control. However, it has 
been shown that at the initiation of unilateral rapid arm movements in 
standing the contralateral TrA showed the same activation level in shoul-
der flexion, abduction and extension with all other abdominal muscles 
showing some direction specificity (Hodges et al., 2000). This is not in 
concordance with sudden unexpected loading of the trunk in standing 
where the reaction of TrA is similar to the other abdominal muscles with a 
direction specific response, which means higher activation levels in sudden 
dorsal loading than ventral (Cresswell et al., 1994). There are several dif-
ferences between these two standing experiments that might explain the 
discrepancies in the results. A voluntary movement involves pre planned 
motor programming; the CNS predicts the forthcoming perturbation and 
makes anticipatory adjustments to minimize the impact of the disturbance 
and keep the different body segments aligned (Friedli et al., 1988). A sud-
den unexpected loading of the trunk does not enable such an anticipatory 
action but solely a reaction to the perturbation. Furthermore, balancing in 
the standing position require the maintenance of the vertical projection of 
the COM within the base of support (Shumway-Cook and Woollacott, 
1995). In the standing position we have greater possibility to compensate 
for an anterior shift of the COM, since we can push down with our toes to 
press the COM backwards, than regaining control from a posterior shift. 
Or at least, it requires larger movements and more complex strategies to 
regain control after a posterior perturbation. Hence there is a greater pos-
tural threat to balance if we are perturbed in the backward direction. One 
can speculate that combined with the lack of anticipatory adjustments the 
increased postural threat of the sudden unexpected dorsal loading, com-
pared to ventral loading, therefore is associated with a larger and less 
coordinated response. The simultaneous onset of all trunk muscles would 
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be an easier option for the CNS, and the higher activation of TrA would 
increase the stability of the spine with a broader safety margin and in a less 
complicated way requiring less processing. This is also in line with the 
results from study II. In this situation the large torque producing muscles 
were activated in sequential order depending on their line of action. The 
side-lying position in these studies requires no postural activation and the 
postural threat is negligible. This could diminish the need for the more 
general trunk muscle response observed with dorsal loading in standing 
(Cresswell et al., 1994). 

Arm movement amplitude 

Latencies 
The onset latency of all abdominal muscles shortened with larger move-
ment amplitudes in study IV. It should be noted however that the increase 
in activation of OI and especially of RA was of a very small magnitude and 
the functional importance of this activation can be questioned. An earlier 
response in TrA however, suggests that the activation of this muscle is 
dependent on the forthcoming perturbation, and that an earlier activation 
is needed with larger arm movements. Previous results support this rela-
tionship and show an earlier activation of TrA in association with higher 
speed of arm movement (Hodges and Richardson, 1997c), which also in-
creases the perturbation induced to the trunk. The difference however, is 
that with different arm movement amplitudes at maximum speed, as per-
formed in the present study, the actual perturbation at the instant of accel-
eration is the same, but the anticipated total perturbation varies in size. 
The variation in onset latency with movement amplitude thus strengthens 
the presence of a pre-programming of postural responses. However, there 
was no difference between the medium and large amplitude movement 
suggesting that the modulation of onset latency with movement amplitude 
reaches a plateau where further shortening of the onset latency does not 
improve the functional consequences. ES does not show the same variation 
in onset latency with movement amplitude. The reason for this is unclear 
but it is possible that the “plateau”, mentioned above, was already reached 
for this muscle. It is possible there would be observable differences also in 
the onset latency of ES should the increase in trunk perturbation due to the 
arm movement be larger, e.g. with weights in the hands. 

Amplitudes 
Increased movement amplitude was associated with higher activation in 
TrA and ES at the start of arm acceleration. The positive correlation  
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level of TrA and mean level of IAP. This was not true for the other meas-
ured trunk muscles, which were direction specific in their activation pat-
terns. ES were more active during a flexion moment and OI and RA during 
an extension moment. Finally in a dynamic situation with arm movements 
in standing, study IV showed that TrA had the same activation level when 
the arms accelerated from a position of quiet standing with arms along the 
sides, creating a flexion moment on the trunk, as when the movement de-
celerated and stopped with the arms straight up, creating an extension 
moment. Again this pattern was solely associated with TrA whereas the 
other abdominal muscles were direction specific and activated to a higher 
degree at the start of the deceleration of the arm movement. 

 
The EMG amplitude is not as often reported as the latency in the litera-

ture regarding TrA contribution to trunk motor control. However, it has 
been shown that at the initiation of unilateral rapid arm movements in 
standing the contralateral TrA showed the same activation level in shoul-
der flexion, abduction and extension with all other abdominal muscles 
showing some direction specificity (Hodges et al., 2000). This is not in 
concordance with sudden unexpected loading of the trunk in standing 
where the reaction of TrA is similar to the other abdominal muscles with a 
direction specific response, which means higher activation levels in sudden 
dorsal loading than ventral (Cresswell et al., 1994). There are several dif-
ferences between these two standing experiments that might explain the 
discrepancies in the results. A voluntary movement involves pre planned 
motor programming; the CNS predicts the forthcoming perturbation and 
makes anticipatory adjustments to minimize the impact of the disturbance 
and keep the different body segments aligned (Friedli et al., 1988). A sud-
den unexpected loading of the trunk does not enable such an anticipatory 
action but solely a reaction to the perturbation. Furthermore, balancing in 
the standing position require the maintenance of the vertical projection of 
the COM within the base of support (Shumway-Cook and Woollacott, 
1995). In the standing position we have greater possibility to compensate 
for an anterior shift of the COM, since we can push down with our toes to 
press the COM backwards, than regaining control from a posterior shift. 
Or at least, it requires larger movements and more complex strategies to 
regain control after a posterior perturbation. Hence there is a greater pos-
tural threat to balance if we are perturbed in the backward direction. One 
can speculate that combined with the lack of anticipatory adjustments the 
increased postural threat of the sudden unexpected dorsal loading, com-
pared to ventral loading, therefore is associated with a larger and less 
coordinated response. The simultaneous onset of all trunk muscles would 
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be an easier option for the CNS, and the higher activation of TrA would 
increase the stability of the spine with a broader safety margin and in a less 
complicated way requiring less processing. This is also in line with the 
results from study II. In this situation the large torque producing muscles 
were activated in sequential order depending on their line of action. The 
side-lying position in these studies requires no postural activation and the 
postural threat is negligible. This could diminish the need for the more 
general trunk muscle response observed with dorsal loading in standing 
(Cresswell et al., 1994). 

Arm movement amplitude 

Latencies 
The onset latency of all abdominal muscles shortened with larger move-
ment amplitudes in study IV. It should be noted however that the increase 
in activation of OI and especially of RA was of a very small magnitude and 
the functional importance of this activation can be questioned. An earlier 
response in TrA however, suggests that the activation of this muscle is 
dependent on the forthcoming perturbation, and that an earlier activation 
is needed with larger arm movements. Previous results support this rela-
tionship and show an earlier activation of TrA in association with higher 
speed of arm movement (Hodges and Richardson, 1997c), which also in-
creases the perturbation induced to the trunk. The difference however, is 
that with different arm movement amplitudes at maximum speed, as per-
formed in the present study, the actual perturbation at the instant of accel-
eration is the same, but the anticipated total perturbation varies in size. 
The variation in onset latency with movement amplitude thus strengthens 
the presence of a pre-programming of postural responses. However, there 
was no difference between the medium and large amplitude movement 
suggesting that the modulation of onset latency with movement amplitude 
reaches a plateau where further shortening of the onset latency does not 
improve the functional consequences. ES does not show the same variation 
in onset latency with movement amplitude. The reason for this is unclear 
but it is possible that the “plateau”, mentioned above, was already reached 
for this muscle. It is possible there would be observable differences also in 
the onset latency of ES should the increase in trunk perturbation due to the 
arm movement be larger, e.g. with weights in the hands. 

Amplitudes 
Increased movement amplitude was associated with higher activation in 
TrA and ES at the start of arm acceleration. The positive correlation  



50 I MARTIN ERIKSSON CROMMERT On the role of transversus abdominis… 
 

between the activation levels of these muscles and the amplitude of move-
ment highlight their importance in balancing the moments of the forthcom-
ing perturbation imposed on the trunk by the arm movement. The activa-
tion of OI and RA however did not co-vary with the size of perturbation, 
suggesting a limited contribution to trunk control initially during arm flex-
ion movements. This seems feasible since a contraction of these muscles 
initially would only add to the flexion moment on the trunk produced by 
the arm movement and thus be counterproductive to maintaining an up-
right posture. 

Also during deceleration, TrA activation levels co-varied with the arm 
movement amplitude, whereas the activation of ES was less in the large 
amplitude movement compared to the small. The decrease of ES activation 
during the deceleration of the large amplitude movement is understandable 
with the same reasoning as with the superficial abdominal muscles in the 
above paragraph. A high activation of ES in this situation would increase 
the extension moment already induced by the deceleration of the arm, and 
thus increase the postural disturbance to the trunk. The higher activation 
of TrA during the deceleration of the large movement suggests a direction 
non specific role in supporting the lumbar spine. 

Expectation 

Latencies 
In study II, an onset of muscle activation was evident ahead of the impact 
of the self-initiated perturbations. Similar findings have been reported in 
studies with expected sudden loading of the spine in standing (MacDonald 
et al., 2010, Thomas et al., 1998). Post-perturbation in study II, a general 
shortening of onset latencies of trunk muscles were observed in the ex-
pected condition compared to the unexpected. Shorter reactive response 
latencies when perturbations were expected have also been described earli-
er with different kinds of trunk perturbations in standing (Leinonen et al., 
2002, Pedersen et al., 2007). Both pre- and post-perturbation the increase 
in activation of OE, RA and ES was so low at several occasions in study II 
that an onset could not be detected. The lack of onset appeared mainly 
when the direction of perturbation was the same as the direction of mo-
ment generation of the muscles. It is apparent that expectation changes the 
reflex control of trunk muscles leading to activation in advance of the per-
turbation and a quicker response both with and without upright postural 
demand.  
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Amplitudes 
Regarding the magnitude of post-perturbation activation, the data in study 
II showed, in most cases, unchanged levels of activation in the expected as 
compared to the unexpected condition. The few significant changes be-
tween conditions indicated higher activity in the trunk muscles when the 
perturbation was expected. In standing experiments, unchanged, or even 
lower levels of trunk muscle activation have been reported when the per-
turbation was expected (MacDonald et al., 2010, Leinonen et al., 2002, 
Thomas et al., 1998). The diverging results might be due to differences in 
load magnitude and the manner of load application. In any case, the mod-
ulation of the activation pattern of the trunk muscles with expectation 
appears to be more consistent in the timing than in the amplitude domain. 

Trunk moments 
The static arm positions in study III generates moments on the trunk that is 
intuitively easy to understand. Put the arms forward of the body, the mo-
ment generated tries to bend the trunk forward, if the arms are held behind 
the body there will be an extending moment trying to bend the trunk 
backwards. This moment is dependent on the perpendicular distance from 
the arms COM to a vertical line through the centre of rotation, i.e. the 
horizontal distance. If the horizontal position of the arms COM is kept 
constant but the height is increased, the moment generated is not affected 
but instead the postural demand increases (Granata and Orishimo, 2001, 
Qu and Nussbaum, 2009), i.e. the disturbance any destabilizing moment 
would generate, would be greater.  

The complexity of the situation amplifies considerably when movement 
of the arm is added to the experimental protocol. The sum of torques im-
posed on the trunk during acceleration of the arms in the bilateral rapid 
shoulder flexion in the present study, generated a forwardly (flexion) di-
rected impulse on the trunk. During deceleration of the arm below 90° of 
shoulder flexion, the net torque around the defined centre of rotation of 
the trunk was also towards flexion. This is not easy to interpret from the 
EMG data obtained where OI and RA, large flexion torque producing 
muscles, increased their activation significantly at the start of deceleration 
of the movement. According to this there must be another influence on the 
trunk than from the arm movement. It has been observed previously that 
the trunk moves before and during the arm movement in a three phased 
pattern (Bleuse et al., 2008, Friedli et al., 1988). The first phase is initiated 
before the arm movement in the opposite direction of the reactive moment 
induced by the arm, during the second phase the trunk moves toward the 
reactive moment and in the third phase, towards the end of movement, the 
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between the activation levels of these muscles and the amplitude of move-
ment highlight their importance in balancing the moments of the forthcom-
ing perturbation imposed on the trunk by the arm movement. The activa-
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Expectation 

Latencies 
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trunk moves back again in the opposite direction to the induced moment. 
Considering this, the following scenario is possible. Mainly ES is activated 
early to generate the initial extension movement. The trunk is then pas-
sively moved into flexion by the induced moment of the arm movement 
(possibly also by active contribution of the abdominal muscles). Then the 
increased activation of OI and RA during deceleration could reflect an 
effort to control the extension movement of the trunk during the third 
phase of trunk movement. However, this extension has to be generated by 
something else than ES since no increased activation of this muscle is con-
sistently recorded. Neither the arm movement can be responsible since 
there is a net flexion moment generated by the arms on the trunk during 
deceleration at the two smaller amplitudes. Considering the extension mo-
ment generated by the arm movement during the deceleration of the large 
amplitude movement, an even higher activation of the superficial abdomi-
nal muscles ought to be expected in this situation. In contrast there is no 
further increase in OI or RA activation, rather a tendency of decreased 
activation of OI. This strengthens the hypothesis that other aspects of the 
kinetic chain, rather than solely the arm movement per se, influence trunk 
muscle responses during an arm movement task in standing.  

Side asymmetries 
In study I to IV, EMG recordings were done bilaterally. For most muscles 
and experimental situations there were no differences in EMG latency or 
amplitude between sides. With only bilaterally symmetrical perturbations 
throughout the thesis no difference was to be expected. However, essen-
tially only for TrA, there were some discrepancies between right and left 
side for EMG latency (study II) and amplitude (study I and II) in the side-
lying position. The consistent findings were shorter onset latencies and 
higher amplitudes on the right side. Reasons for this specific asymmetry are 
not evident, but could partly be related to recording techniques and condi-
tions. Although the intra-muscular electrodes needed to record from TrA 
was placed under ultrasound guidance and efforts were made to standard-
ize the placement of the electrodes, there might have been slight differences 
between sides. With the limited recording volume of these electrodes, there 
is a risk that the activity on either side might originate from muscle fibers 
with slightly different geometry and activation pattern (Urquhart et al., 
2005a). However, there is no obvious reason why such differences should 
induce systematic side-differences just for one of the several muscles rec-
orded from. Although the subject’s upper body was tightly strapped to a 
vertical support and the movement steered to the horizontal plane, the 
actual direction of the forces exerted by the subject cannot be controlled. 
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Again, it is not likely that this should be the source of consistent asymme-
tries in a certain muscle.  

The fact that the subjects were lying on their right side, and thus shifting 
their abdominal content to that side, might cause differences in the length-
tension relationship, and thus favor and/or increase the need for activation 
of the right TrA. Evidently, the hypothesized geometrical differences were 
not completely paralleled in the MVCs, which were carried out in the same 
position and to which the amplitude values were normalized. With maxi-
mal efforts the muscles shorten to a greater degree and might push the 
abdominal content up from the table and lessen the asymmetry inflicted by 
the side-lying position. Although difficult to explain, the observed differ-
ences between sides seems to be related to the side-lying position since no 
asymmetry was found in study III or IV, and it points to the importance of 
bilateral EMG measurements even in allegedly symmetrical efforts. 

Methodological considerations 

Experimental set-up 
The experimental set-up used in study I and II, although somewhat artifi-
cial, presents an excellent opportunity to investigate trunk muscle re-
sponses in a situation without upright postural demand. One could argue 
that the support of the table alleviate the need for spinal stabilization as 
observed in other situations, leading to the findings of delayed TrA activa-
tion onsets. However, although the ribcage was supported by the table and 
strapped to a back support, the shape of the support surface left the lum-
bar spine largely unsupported. Neither the inertia of the table was believed 
to decrease the need for spinal stabilization since it was very small. Fur-
thermore, the release of the resistance in study I and the sudden loading of 
study II were quiet large perturbations that would overcome any alleged 
decrease in stability demand posed by the experimental set-up.  

The different static positions used in study III, might have induced slight 
changes in lumbar curvature between positions. This was not controlled 
for during the experiment. However, the most likely change would be an 
increased lordosis in position 5 and 6, i.e. the two top positions. Since in-
creased lordosis mostly affects OI, which is facilitated with increased lor-
dosis (Claus et al., 2009), any alteration in spinal curvature during the 
experiment would have lessened the differences between muscles rather 
than augmenting the fairly clear-cut results observed.  
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Intramuscular fine wire electrodes 
All muscle recordings of TrA in the four present studies have been made 
with intra-muscular fine wire electrodes. Although it has been suggested 
that appropriately placed surface electrodes accurately represents deep 
muscle activity (McGill et al., 1996, Marshall and Murphy, 2003) this 
practice has been questioned in other studies (Stokes et al., 2003). The 
RMS difference involved in measuring TrA with surface electrodes com-
pared to intra-muscular electrodes was 15 % MVC. Since the total relative 
amplitude for several muscles and in several conditions is smaller than this, 
the measurement error associated with surface EMG would be too large.  

One consideration with the use of intra-muscular electrodes is the small 
pick-up area of each electrode. Only two millimetres of wire is exposed in 
the muscles. This makes it sensitive for possible shifts in positions and re-
gional differences in muscle fibre orientation (Urquhart et al., 2005a). 
However, the oblique insertion into the muscles makes it unlikely that 
tension in the electrodes during testing would actually pull the electrode 
out of its location and into a neighbouring muscle. The distinct differences 
between muscles in the present studies make it further unlikely that the 
wires would have been pulled out of location or picked upp significant 
crosstalk from neighbouring muscles. 

Kinematic and kinetic calculations 
We believe that the centre of rotation in study IV would approximate the 
height of the L5/S1 joint and thus the link between the pelvis and the spine. 
However, changing the height of the centre of rotation would affect the net 
torque that is calculated. If the centre of rotation is moved upwards in the 
trunk the influence of the linear reaction force gradually decreases due to a 
shorter moment arm, until there is no moment production at all when the 
centre of rotation coincides with the height of the shoulder joints. The 
angular momentum is not affected by the height of the centre of rotation 
but its relative contribution to the total torque increases as the moment due 
to the linear reaction force decreases. This implies that a centre of rotation 
higher up in the trunk would have a larger flexion moment during initia-
tion of arm movement, greater extension moment during deceleration be-
low 90° of shoulder flexion and smaller extension moment during decelera-
tion above 90° of shoulder flexion.  

Thus, the results of the torque production around the centre of rotation 
offered in study IV, is strongly influenced by the chosen position of the 
centre of rotation. Furthermore, besides the somewhat arbitrary position of 
the centre of rotation, treating the whole trunk as a rigid segment is a 
crude simplification of the multi-segmental structure and, as stated above, 
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there probably are other movements occurring between segments, and 
possibly of the centre of rotation itself, that could affect the trunk muscle 
responses observed here. However, an exact description and quantification 
of the different moments on the spine during a complete arm movement is 
beyond the scope of the present thesis. 

Study limitations 
The subjects in the present studies were all young healthy males of normal 
height and weight. Although the main bulk of studies into trunk motor 
control have been performed on both male and female subjects, few have 
done any sub-grouping allowing comparisons between sexes. There is a 
possibility that factors such as less joint stability in females than males 
(Granata et al., 2002), could lead to differences between sexes in the mus-
cle activity needed to stabilize the spine. The evidence is conflicting with 
one study showing no difference between sexes in the neuromuscular re-
sponses to a sudden load (Thomas et al., 1998) whereas others have found 
longer reaction time in females compared to males (Wilder et al., 1996). 
Other studies have shown differences in the magnitude of trunk muscle 
activation levels between sexes in static loading of the trunk, with higher 
relative activation in females (Granata and Orishimo, 2001). However, the 
general pattern of activation throughout the study was the same between 
sexes. In regard of this uncertainty in possible differences between sexes the 
subjects in the present studies were limited to only males for the sake of 
consistency between studies.  

Future studies  
It is a necessity that future studies broaden to incorporate other popula-
tions than the one in the current thesis, not only a female population but 
also e.g. overweight, elderly, and sedentary people. An arm raise study 
with EMG measurements of the deep abdominal muscles, full body marker 
system and possibly force plate measurements is warranted to further clar-
ify the role of the different trunk muscles in postural control and spine 
stability. The notion that the activation of TrA co-varies with the postural 
demand, implies that this muscle is facilitated when the postural demand is 
increased. Further investigations are needed with other measurement tech-
niques that allow larger study populations and other methods of increasing 
the postural demand to confirm this relationship. Subsequent randomized 
trials are then necessary to see if the incorporation of this thinking in de-
signing trunk motor control exercises can increase the effectiveness of low 
back pain rehabilitation  
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Conclusions 
The general conclusion of this thesis is that the activation of TrA is asso-

ciated with the upright postural demand on the trunk and with balancing 
imposed moments acting on the spine, regardless their direction. The find-
ings are in support of the beliefs that TrA acts as a general, direction non 
specific, stabilizer of the lumbar spine. The conclusions in regard to each 
specific aim of the thesis are as follows: 
 

I. In a load-release situation with no postural demand of keeping the 
trunk upright, TrA acted in synergy with either the trunk flexor or 
extensor muscles depending on the direction of the load-release 
task. When synergistic with the flexor muscles, TrA was activated 
after the superficial abdominal muscles. 

II. With sudden perturbations of the trunk in a position with no pos-
tural demand of keeping the trunk upright, TrA displayed similar 
timing and level of activation in both induced flexion and exten-
sion. TrA was activated simultaneous to or after the superficial 
abdominal muscles. 

III. With static arm positions in standing, TrA activation was associ-
ated both with keeping the upright trunk posture in balance and 
with counteracting imposed moments on the trunk. This dual 
function distinguished TrA from the rest of the trunk muscles, 
which showed significant changes in activation levels in response 
only to altered trunk moments. 

IV. With bilateral shoulder flexion movements of different amplitude, 
the timing of abdominal muscles and the magnitude of ES and TrA 
activation was associated with the movement amplitude. Further-
more, TrA showed a unique pattern of activation with similar ac-
tivation levels regardless the moment direction induced by the arm 
movement. 
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Summary in Swedish 
Vår ryggrad är, flera ordstäv till trots, inte en särskilt stabil struktur. Om 
vi inte hade bålmuskler för att stadga upp ryggraden skulle den inte kunna 
hålla sig upprätt i vanligt sittande eller stående, ännu mindre under rörelse. 
Den komplicerade uppgiften att försöka samordna muskelaktiviteten för 
att i alla situationer ge en optimal ryggstabilitet faller på det centrala nerv-
systemet. För att lyckas med detta får centrala nervsystemet information 
från receptorer i leder, muskler och balansorgan och ska sedan utifrån 
denna information planera samordningen av aktiviteten och skicka signaler 
till musklerna. Denna uppgift är långt ifrån enkel då kraven på stabilitet 
varierar och förändras kontinuerligt under något så enkelt som t.ex. en 
vanlig armrörelse. Kanske är det då inte så konstigt att det har lagts fram 
flera teorier som framhäver brister i den optimala kontrollen av ryggraden 
som en av orsakerna till smärta i ryggen.  

Alla bålmuskler är viktiga i kontrollen av ryggraden och används i olika 
utsträckning beroende på situation. De bålmuskler som är mätta i denna 
avhandling är den raka ryggmuskeln (erector spinae, ES), raka bukmuskeln 
(rectus abdominus, RA), yttre sneda bukmuskeln (obliquus externus, OE), 
inre sneda bukmuskeln (obliquus internus, OI) och tvära bukmuskeln 
(transversus abdominus, TrA). Utav dessa muskler är TrA unik i och med 
att den med sin tvära fiberriktning inte påverkar kroppen med något belas-
tande moment som strävar att böja ryggen åt något håll. Istället kan aktivi-
teten i TrA påverka ryggen genom två indirekta mekanismer. Det ena sättet 
är att öka spänningen i den stora fascia thorakolumbaris (TFL), ett mem-
bran som består av flera olika lager som fäster in mot ryggraden, vilket för 
med sig ökad styvhet mellan de individuella kotorna i ryggen. Den andra 
mekanismen är att, tillsammans med diafragma och bäckenbotten, öka 
trycket i bukhålan (intra abdominal pressure, IAP) som då pressar mot 
ryggraden och ”kilar” in kotorna mot varandra och på så sätt ökar stabili-
teten.  

TrA har fått stor uppmärksamhet inom bålstabilitetsområdet ända sedan 
en studie i mitten av 1990-talet visade på att denna muskel aktiverades 
först av alla bålmuskler innan en snabb armrörelse, oberoende av vilken 
riktning som armen rördes. Övriga bålmuskler reagerade olika tidigt bero-
ende på riktning. Detta tolkades som att TrAs uppgift var att öka styvheten 
mellan kotorna, d.v.s. öka ryggens stabilitet, och på så sätt transformera 
den flersegmentella kotpelaren till en mer kontrollerbar enhet för de mer 
ytliga musklerna att verka på. Denna tolkning har fått en enorm genom-
slagskraft trots att det finns fynd som visar på delvis motsägande resultat. 
Ett annat problem är också att testmetoderna för att utvärdera TrAs funk-
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Summary in Swedish 
Vår ryggrad är, flera ordstäv till trots, inte en särskilt stabil struktur. Om 
vi inte hade bålmuskler för att stadga upp ryggraden skulle den inte kunna 
hålla sig upprätt i vanligt sittande eller stående, ännu mindre under rörelse. 
Den komplicerade uppgiften att försöka samordna muskelaktiviteten för 
att i alla situationer ge en optimal ryggstabilitet faller på det centrala nerv-
systemet. För att lyckas med detta får centrala nervsystemet information 
från receptorer i leder, muskler och balansorgan och ska sedan utifrån 
denna information planera samordningen av aktiviteten och skicka signaler 
till musklerna. Denna uppgift är långt ifrån enkel då kraven på stabilitet 
varierar och förändras kontinuerligt under något så enkelt som t.ex. en 
vanlig armrörelse. Kanske är det då inte så konstigt att det har lagts fram 
flera teorier som framhäver brister i den optimala kontrollen av ryggraden 
som en av orsakerna till smärta i ryggen.  

Alla bålmuskler är viktiga i kontrollen av ryggraden och används i olika 
utsträckning beroende på situation. De bålmuskler som är mätta i denna 
avhandling är den raka ryggmuskeln (erector spinae, ES), raka bukmuskeln 
(rectus abdominus, RA), yttre sneda bukmuskeln (obliquus externus, OE), 
inre sneda bukmuskeln (obliquus internus, OI) och tvära bukmuskeln 
(transversus abdominus, TrA). Utav dessa muskler är TrA unik i och med 
att den med sin tvära fiberriktning inte påverkar kroppen med något belas-
tande moment som strävar att böja ryggen åt något håll. Istället kan aktivi-
teten i TrA påverka ryggen genom två indirekta mekanismer. Det ena sättet 
är att öka spänningen i den stora fascia thorakolumbaris (TFL), ett mem-
bran som består av flera olika lager som fäster in mot ryggraden, vilket för 
med sig ökad styvhet mellan de individuella kotorna i ryggen. Den andra 
mekanismen är att, tillsammans med diafragma och bäckenbotten, öka 
trycket i bukhålan (intra abdominal pressure, IAP) som då pressar mot 
ryggraden och ”kilar” in kotorna mot varandra och på så sätt ökar stabili-
teten.  

TrA har fått stor uppmärksamhet inom bålstabilitetsområdet ända sedan 
en studie i mitten av 1990-talet visade på att denna muskel aktiverades 
först av alla bålmuskler innan en snabb armrörelse, oberoende av vilken 
riktning som armen rördes. Övriga bålmuskler reagerade olika tidigt bero-
ende på riktning. Detta tolkades som att TrAs uppgift var att öka styvheten 
mellan kotorna, d.v.s. öka ryggens stabilitet, och på så sätt transformera 
den flersegmentella kotpelaren till en mer kontrollerbar enhet för de mer 
ytliga musklerna att verka på. Denna tolkning har fått en enorm genom-
slagskraft trots att det finns fynd som visar på delvis motsägande resultat. 
Ett annat problem är också att testmetoderna för att utvärdera TrAs funk-
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tion har varit tämligen ensidiga och försöken har nästan alltid utförts i en 
upprätt position. Detta innebär att kroppen hela tiden har varit tvungen att 
balansera mot tyngdkraften, d.v.s. hålla sig upprätt. Det är därför svårt att 
skilja vad i resultaten som är en balansreaktion och vad som är en skydds-
mekanism för ryggens strukturer.  

Huvudsyftet med denna avhandling är att undersöka TrA roll i den 
muskulära kontrollen av bålen och särskilt i relation till ett närvarande 
eller frånvarande balanskrav på bålen.  

Genomgående i avhandlingens alla studier har de elektriska signalerna i 
muskulaturen mätts för att utröna timing och storlek av aktivitet. För att 
komma åt ff. TrA så har trådelektroder använts som förts in i musklerna 
med hjälp av nålar. Införandet sker under övervakning av ultraljud så att 
man är säker på att man får rätt placering. Muskelaktiviteten i TrA, rela-
tivt övriga bålmuskler, registrerades vid olika typer av störningar mot bå-
len med kroppen i olika positioner med varierat balanskrav.  

I studie I och II sågs att i en sidliggande position, en position utan ba-
lanskravet att hålla bålen upprätt, försenades aktiviteten i TrA relativt de 
mer ytliga bukmusklerna jämfört med vad man sett i tidigare studier. Ti-
mingen och storleken av muskelaktiviteten var oberoende av i vilken rikt-
ning bålen stördes. I studie III stod försökspersonerna med armarna i olika 
statiska positioner. Det visade sig att aktiviteten i TrA samvarierade med 
balanskravet på bålen. När balanskravet blev större blev aktiviteten i TrA 
större. Aktiviteten samvarierade också med belastande moment som strä-
vade att böja ryggen, oavsett vilken riktning de strävade mot. Slutligen i 
studie IV så visar det sig att TrA ökar sin aktivitetsgrad initialt i en armrö-
relse om storleken på armrörelsen ökar. Det visar att aktivitetsgraden är 
kopplad till störningsstorleken och styrker därför uppfattningen att TrA 
har en stabiliserande funktion. Aktiviteten i TrA var lika hög vid accelera-
tionen av armrörelsen som vid inbromsningen när krafterna på bålen ver-
kade i motsatt riktning.  

 
Sammanfattningsvis kan sägas att aktiviteten i TrA påverkas av balans-

kravet att hålla bålen upprätt mot tyngdkraften, samt av belastande mo-
ment som strävar efter att böja kroppen, oavsett i vilken riktning dessa 
krafter är riktade. Dessa fynd stärker uppfattningen att TrA är en viktig 
muskel som har en riktningsoberoende stabiliserande effekt på ryggen. 
Fynden betonar dock den riktningsoberoende aktiveringen som central för 
funktionen av muskeln då den tidiga aktiveringen relativt övriga bålmusk-
ler är situationsberoende.  
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