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The role of the diaphragm in trunk stability: a

systematic overview of the measurement tools

Research question: Which are measurement tools to assess the core stabilizing function of the

diaphragm?

Highlights:

* There are three direct methods to measure the core stabilizing function of the diaphragm:
electromyography, ultrasound imaging, magnetic resonance imaging and seven indirect
methods: intra abdominal pressure, maximal inspiratory pressure, inspection or palpation of
breathing patterns and postural control measures during respiratory disturbance.

* The core stabilizing function of the diaphragm has been assessed (indirectly) through several
patient populations, among which low back pain, sacroiliac joint pain, chronic obstructive
pulmonary disease, asthma, chronic ankle instability, stroke and tetraplegia using the
measurement tool described above.

* |n healthy subjects (or patient populations), postural tasks e.g. active straight leg raise, lifting
task, rapid upper limb movements in combination with the appropriate measurement tool, are

used to investigate the core stabilizing function of the diaphragm.

Students: Josefine Smeets and Eva Schalley

Promoter: Dr Janssens Lotte






Research framework

This literature study fits within the domain of the musculoskeletal rehabilitation and was completed as

a duo master thesis, part one.

Due to previous studies, it is not strange anymore when the diaphragm is presented as an important
component of the stabilizing mechanism of the trunk during everyday life, while carrying out postural
tasks. Still, the diaphragm is not yet fully incorporated in clinical investigation, for diagnosis or in
rehabilitation, e.g. in low back pain there could be an impaired contribution of the diaphragm to trunk
stability. However, it's not that easy to measure or visualize the diaphragm, because it’s laid deep in
the thorax, covered by some other trunk/respiratory muscles and the rib cage. This is perhaps why
therapists in practice do not know how to accurately measure and investigate the diaphragm.
Therefore, the purpose of this study was to give a systematic overview of measurement tools, which

investigates the core stabilizing function of the diaphragm.

This literature research is an isolated study accomplished by two students of Hasselt University under
supervision of promoter Dr Janssens Lotte, within the time period of October 2016 till June 2017. A
central format was used for the draft of the literature study. The research question was established in
consultation with the promoter and the two students. Hereafter, both students completed the literature
study independently. When there was disagreement between the two students about the research
results, it was discussed, followed by an agreement. Afterwards the two students together wrote the

review.

The second part of this review consists of a research protocol, which was established by the two
students from Hasselt University. The aim is to investigate the thickness of the diaphragm and
intercostal muscles with ultrasound imaging in supine lying and during unilateral versus bilateral active
straight leg raise. Furthermore, the correlation between this thickening and the maximal inspiratory
pressure will be assessed. This research has not yet been conducted. However, the data collection
already took place at Fontys University in cooperation with two students from this University, who also
did research about the same topic mentioned above. The two students from Fontys University took
care of the participant recruitment. The data will be analyzed in the course of next year, in the context

of master thesis part two.

In this duo master thesis, both students delivered an equal effort to complete this literature study.
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1. Abstract

Background: The role of the diaphragm in core stability is often hypothesized in many patient
populations. However, objective measurement of this role is often lacking. Since the diaphragm is a
profound muscle, it's hard to evaluate its core stabilizing function in practice. Thus, the question is,
which measurement tools can be used in certain circumstances or patient groups to map the postural

activity of the diaphragm.

Methods: The consulted databases for the research strategy were PubMed and Web of Science,
which generated a total of 523 articles. After screening, 42 articles were included in this systematic

review.

Results: Measurement tools involved electromyography (EMG), ultrasound imaging (US), magnetic
resonance imaging (MRI), intra-abdominal pressure (IAP), maximal inspiratory pressure (MIP),
inspection or palpation of breathing patterns and postural control measures during respiratory

disturbance.

Discussion and conclusion: EMG and IAP are the most flexible methods because all postural tasks
can easily be performed while measuring. However, these are invasive methods and therefore less
attractive in physiotherapy. This in contrast with MRI and US, which are not invasive, but not all
postural tasks can be performed. Other useful measurement tools in practice are MIP and inspection
or palpation of breathing patterns when there is little infrastructure available. Additionally, assessment
of patient populations (e.g., COPD), compared to healthy controls is also a method to (indirectly)
evaluate the role of the diaphragm in core stability. Still, there is further research needed whether e.g.

US is a valid measurement tool to use in this context for diagnosis and rehabilitation.

Purpose of this research: The aim is to gain a proper overview of measurement tools, which can be

used to consequently gain insight in the actual role of the diaphragm in core stability.

Purpose of MP2: The aim is to investigate the thickness of the diaphragm and intercostal muscles
with ultrasound imaging (US) in supine lying and during unilateral versus bilateral active straight leg

raise (ASLR). Furthermore, the correlation between this thickening and the MIP is assessed.

Operationalizing research question: Is thickening of the diaphragm visible through US during a
postural task, e.g., ASLR?

Key words: diaphragm, respiratory muscles, postural function, trunk stability, trunk control,

ultrasound, maximal inspiratory pressure






2. Introduction

The diaphragm is a skeletal muscle that has a vegetative (respiration), as well as a somatic function
(postural control). Because only the somatic function of the diaphragm is relevant to physiotherapy,
this review will continue focusing only on this latter function. In healthy individuals, a close
collaboration of the diaphragm, transversus abdominis, erector spinae and pelvic floor provides an
increase of intra-abdominal pressure (IAP). In addition to this, It has been shown that the IAP is
positively correlated with increased stiffness of the spine (Shirley, Hodges, Eriksson, & Gandevia,
2003). Thus, The diaphragm contributes to spinal stiffness, which in turn helps to ensure postural
control. Moreover, P. W. Hodges, Butler, McKenzie, and Gandevia (1997) have demonstrated that the

diaphragm contracts prior to the upper limb muscles in rapid movement.

However, it is hard to map the activity of the diaphragm because of its deep position in the thorax.
Therefore, it's difficult to involve this muscle in a physiotherapeutic diagnosis. Anatomically, the
diaphragm consists of a muscle part and a central tendon part. It has three origins, with the central
tendon as insertion. Pars costalis origins on rib 7-12, which alternates with the origin of the transversal
abdominal muscle. Pars lumbalis origins on the lumbar spine, with a medial crus (corpus L1-L4) and a
lateral crus (lateral tendon arc, through which the psoas muscle and quadratus lumborum muscle
pass). Pars sternalis origins on the xiphoid process. Furthermore, there are some vital structures
crossing the diaphragm, among which the vena cava inferior, the esophagus, the phrenic nerve and
the aorta. Considering the cross section of the respiratory chest musculature, the most superficial
layer consists of the external intercostal muscles, which are oriented cranial-dorsal to caudal-ventral
and function as inspiratory muscles. Further profound lay the internal intercostal muscles, which are
oriented cranial-ventral to caudal-dorsal and function as expiratory muscles. The most profound layer

consists of the diaphragm. (Platzer W., 2009).

Dysfunctions of the core stabilizing (or postural control) function of the diaphragm are observed in
different populations. Patients with chronic obstructive pulmonary disease (COPD), especially those
with decreased inspiratory muscle force, have decreased postural stability (Janssens, Brumagne,
McConnell, Claeys, et al.,, 2013). Thus, it is expected that the core stabilizing function of the
diaphragm of this population be disturbed. In addition, a disturbed postural function of the diaphragm
can be a contributing factor in patients with low back pain. When performing a postural task, patients
with low back pain will use their diaphragm abnormally. The movement of anterior, medial and costal
part of the diaphragm is limited, which results in an asymmetric activation. Therefore, the diaphragm
contraction is less powerful, which is assumed to cause a reduced IAP (Kolar et al., 2012). Moreover,
it's stated that strategies of the central nervous system are changed in patients with chronic pain
syndrome (P. W. Hodges, Cresswell, Daggfeldt, & Thorstensson, 2001) and that individuals with low
back pain have an altered breathing pattern during heavy and nonheavy activity (N. Roussel et al.,
2009). Furthermore, stroke patients with decreased inspiratory muscle force have disturbed trunk
control (Jandt, Caballero, Junior, & Dias, 2011). Lastly, changes in the contractility of the diaphragm
could be the cause of ankle instability due to diaphragm dysfunctions and central nervous system

changes (Terada, Kosik, McCann, & Gribble, 2016). When taking all of this in account, it would be



relevant as physiotherapist to assess the core stabilizing function of the diaphragm in clinical practice.

The purpose of this literature search is to clarify the possible measurement tools to assess the role of
the diaphragm in core stability. The aim is to classify the measurement tools by quality and

characteristics and to promote the use of diaphragmatic measurement tools in clinical settings.



3. Method

3.1 Research question
Which are measurement tools to assess the core stabilizing function of the diaphragm? This research

question is merged in the following PICO.

P: Patients, healthy persons and animals

I: Measurement of the core stabilizing function of the diaphragm
C:/

O: Core stability

3.2 Literature search
For the literature search Pubmed and Web of Science were consulted. On the one hand terms to
describe muscles of respiratory function were used and on the other hand terms to describe postural

function. Terms that didn't give more hits were filtered out. The final terms used are:

(Respiratory muscles [MeSH Terms] OR diaphragm [MeSH Terms]) AND ((postural function) OR
(trunk stability) OR (trunk control))

Additionally, specific authors known to be experts in this field were searched (Smith MD AND Hodges

PW). Furthermore, the references of the included articles were screened for more relevant articles.

In June, the databases were searched with the same terms, to check if any relevant studies were
added.

3.3 Selection criteria

Included studies were observational and experimental studies, which observed the stabilizing role of
the diaphragm in all populations, even if it was not the main purpose of the study. The studies had to
be written in English or Dutch. Studies were excluded when only the respiratory function of the
diaphragm (versus the core stabilizing function) was assessed. Furthermore, non-relevant studies
were excluded involving surgical techniques in the abdomen or thorax cavity involving the diaphragm
and medical studies: effects of drugs on the respiratory system, hysteroscopic sterilization methods,
purely neurological studies without core stabilizing component, and anatomical descriptions of the
diaphragm. Studies were not filtered on study design, except for other reviews, which were excluded.
Two independent reviewers performed the selection. Animal studies relevant to the research question
were included. Studies about rather indirect measurement of the diaphragm, for example intra-
abdominal pressure, were included. Studies who reported posture as 'spinal curvature' instead of

'postural control' were excluded. In the doubt cases, a third reviewer made the final decision.

3.4 Quality assessment

For the quality assessment of observational studies, 'the STROBE statement - checklist of items that
should be included in reports of observational studies' (http://www.strobe-statement.org) was used.
For the assessment of experimental studies, the 'NICE methodology checklist: randomised controlled

trials' (https://www.nice.org.uk) was used.



Two independent reviewers, who came to an agreement afterwards, completed the quality
assessment. There were no studies excluded after the quality assessment, but limitations were

considered in the discussion.

3.5 Data extraction
The following parameters were extracted from the selected articles: Population, aim of the study,
description of measurement tool and results of the study. Eventually the parameter 'description of

measurement' was most important to answer our research question.
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4. Results

4.1 Results study selection

In December 2016 the search strategy gave 345 hits in PubMed and 194 hits in Web of Science. In
June 2017 this gave 347 hits in PubMed and 202 hits in Web of Science. Additional separate search
for Smith MD and Hodges PW gave 11 hits in PubMed as well as in Web of Science, which was the
same in December 2016 and June 2017. After filtering out the double ones, this summed up to a total
of 513 articles in December 2016 and 523 in June 2017, which were searched for title and abstract.
(Attachments: Table 1)

Reasons of exclusion were surgery / medical studies (e.g., research on the effects of drugs on the
respiratory system, hysteroscopic sterilization methods, neurological studies without core stabilizing
component, anatomical descriptions about the diaphragm), no assessment of the diaphragm, no
abstract or full text available, studies only about respiratory function (so not about the postural task) of
the diaphragm, cadaveric studies, other language than Dutch or English, and studies about spinal

curvature. (Attachments: Table 2)

Finally, after application of the selection criteria, a total of 41 included articles were reached in
December 2016, plus one article from June 2017. These articles contained cross-sectional studies,
case-controls, and one RCT. (Attachments: Figure 1). For one relevant study (Skladal & Ruth, 1978)
there was no access to the full text. Therefore, it was excluded. Also, after closely reading the
methods in the full text of one study it was excluded because it did not truly measure the core
stabilizing function of the diaphragm (Kweon, Hong, Jang, Ko, & Park, 2013). Screening of the
references from included studies gave no extra relevant studies, probably because of the extensive

search strategy.

4.2 Results quality assessment
One RCT was assessed with the ‘NICE methodology checklist’ and 41 observational studies were

assessed with the ‘STROBE statement checklist’. No study was excluded after quality assessment.
4.3 Results data-extraction
4.3.1 Direct methods

4.3.1.1 Electromyography (EMG)

Following studies (n= 12) examined the role of the diaphragm in core stability with EMG.

Gandevia et al. (1990) assessed the degree of activation of the diaphragm, intercostal, accessory and
abdominal muscles during postural tasks (e.g., flex the trunk in supine position and simultaneously lift
the legs against resistance) and respiratory maneuvers (e.g., inspiratory efforts against a closed
airway, expulsive efforts with the glottis open and expulsive efforts with glottis closed), this by using
phrenic nerve stimulation and motor cortex stimulation. EMG activity of the diaphragm was measured

with a multi-lumen gastro-esophageal catheter and EMG activity of trunk muscles with surface or

11



intramuscular electrodes. Results showed greater EMG activity of abdominal and intercostal muscles

during trunk flexion than during maximal expulsive efforts.

Segizbaeva et al. (2013) studied EMG activation of respiratory muscles, in healthy subjects, when
performing voluntary inspiratory maneuvers during different body positions (standing, sitting, right-
sided and left-sided lying, supine). Similar EMG activity of the diaphragm was found in all body

positions.

Kolar et al. (2009) measured EMG activity of the diaphragm with intramuscular electrodes, in healthy
subjects, to prove that the recorded diaphragm movement was the result of active diaphragm
contraction. These measurements took place firstly during tidal breathing and secondly while
performing an exercise sequence, the participants were holding their breath at the end of expiratory
tidal breathing. Next the subjects were instructed to pressurize and expand the abdominal wall while
directing the IAP caudally to the pelvic floor (this stiffens the spine and stabilizes the torso, allowing for
increased resistance against internal or external loading or perturbation). Then the subjects were
instructed to draw in the abdominal wall. The results showed that the diaphragm is activated

independently of respiration. Thus, it's not only a breathing muscle.

Hodges et al. (2001), Hodges et al. (2000), Hodges et al. (2000), Hodges et al. (1997) and Sinderby et
al. (1992) all used limb movement as postural task. Hodges et al. (2001) studied whether postural
activity of the diaphragm changed when respiratory drive increased with hypercapnoea. The
diaphragm and other trunk muscles were assessed with intramuscular EMG and arm movement was
measured with a potentiometer. This study stated that when respiratory demand was increased, the
diaphragm activity associated with arm movement decreased, because increased central respiratory
drive may weaken the postural command reaching motor neurons. Hodges et al. (2000) investigated
the mechanical output of the components of diaphragm activity. EMG was used to assess the costal
diaphragm, erector spinae and abdominal muscles. Results showed that the diaphragm and
transversus abdominis continuously contributed to respiration and postural control and the combined
tonic and phasic activity provides a mechanism for the central neural system to coordinate respiration
and control of the spine, causing increased IAP during limb movement. Hodges et al. (2000) studied
the coordination between respiratory and postural functions of the diaphragm during repetitive upper
limb movement. Intramuscular EMG for costal diaphragm and surface EMG for deltoid and erector
spinae muscles, were used. It was concluded that during movement of the upper limb with increasing
frequency, the peak acceleration of the upper limb correlated with diaphragm EMG amplitude, this
supports the argument that diaphragm contraction is related to trunk control. Hodges et al. (1997)
investigated the response of the diaphragm to the postural perturbation produced by rapid flexion of
the shoulder to a visual stimulus in standing subjects. Results showed that EMG contraction of the
diaphragm is 20ms prior to the onset of deltoid EMG, thereby suggesting the postural function of the
diaphragm. Sinderby et al. (1992) studied the relationship between the roles of the diaphragm during
arm exercise and trunk flexion in complete cervical cord injury patients. Activity of the diaphragm was

measured with EMG. Results showed that the diaphragm acts both as a trunk extensor muscle and as

12



a respiratory muscle. Additionally, during posture imbalance, the postural needs temporarily override

the respiratory needs.

Hodges et al. (1997) studied the influence of respiratory function of the abdominal muscles on their
reaction time in a postural task in healthy subjects. This study found that the latency between
activation of the abdominal muscles and deltoid, measured by EMG, was not influenced by the
respiratory cycle, during quiet breathing. Additionally, when respiratory activity of the abdominal
muscles is increased (occurring in movements beginning at expiration, compared with inspiration), the
EMG onset of transversus abdominis and internal oblique, relative to deltoid, was significantly earlier.
Preliminary recordings from the diaphragm with intramuscular electrodes are consistent with its
activation together with transversus abdominis in similar tasks to those used here. This study
confirmed that one or more of the abdominal muscles contract before the agonist limb movement
while standing as a preparatory activation of transversus abdominis and oblique internus. It is likely to
be preprogrammed, because their onset occurred before any relevant afferent activity could initiate

them.

Druz et al. (1982) studied EMG measurement of respiratory muscles in patients with severe COPD.
The study found that all healthy subjects and four out of six COPD patients showed increases in EMG
activity of the diaphragm during standing and erect sitting, compared to the other two COPD patients.
In two out of six COPD patients EMG activity of the diaphragm did not increase in the erect postures;

this reflex, which normally compensates for reduced diaphragmatic efficiency, is not working.

Uga et al. (2010) and Uga et al. (2010) investigated the intramuscular EMG activity of the diaphragm
and trunk muscles in respectively two and four awake cats during voluntary movements. Findings
included that during resting and normal walking alternately repeated active and inactive EMG phases
were observed in the diaphragm, which is its respiratory activity. In contrast, during standing up
(bipedal position, in which trunk muscles were activated) the diaphragm EMG became larger, longer
and more irregular, considering that this is the postural activity of the diaphragm. Additionally, findings
in the four cats included that after initiation of standing up there was more diaphragm activity, which
occurred after the onset of trunk muscle activity. Further, during rotation movements an asymmetrical
EMG pattern was shown in left and right diaphragmatic activities, with higher intensity than during rest.
Finally, during reaching movements diaphragmatic activity occurred prior to, or simultaneously with the

onset of trunk muscle activity.

4.3.1.2 Ultrasound (US)

Following studies (n= 6) examined the role of the diaphragm in core stability with US.

Hellyer et al. (2017) measured diaphragm thickness in 24 healthy subjects via B-mode ultrasound
imaging in three different positions (supine, seated unsupported, and standing). In each position the
diaphragm thickness was measured 3 times at maximal inspiration (total lung capacity) and at end-
tidal expiratory lung volume. Results showed that in erect positions the absolute diaphragm
thicknesses were greater than in the supine position. This study provides further framework for US as

a clinical assessment tool of the diaphragm during functional postures and tasks.
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Terada et al. (2016) examined diaphragm contractility in 27 individuals with chronic ankle instability
(CAl) and 28 healthy controls. Diaphragmatic movement and thickness of right and left
hemidiaphragm were measured with US at the end of resting in- and expiration. The main result is that
patients with CAl had a smaller degree of left hemidiaphragm contractility compared with the control
group. Consequently, this may be an illustration of diaphragm dysfunction and altered strategies

produced by the central neural system to control neuromuscular function in individuals with CAl.

Priori et al. (2013) studied whether varying body positions from seated to supine would influence
ribcage asynchrony by changing the configuration of the respiratory muscles. Twenty-three severe
COPD patients were compared with 12 healthy controls. Changes in the diaphragm zone of insertion
were measured with US. Results showed that the zone of insertion of the diaphragm in healthy
subjects was not significantly different in the two postures. Furthermore, diaphragmatic displacement
in COPD patients was greater seated compared with healthy controls. However, diaphragmatic

displacement in the supine position was similar in both groups.

Uchida et al. (2010) assessed the effect of compression on the posterior surface of the thorax caused
by a pillow used to create different postural conditions on respiratory function. The distance moved by
the diaphragm was measured by an US imaging device. Measurements took place in the following
positions: First, supine, half lateral with a pillow supporting the posterior of the thorax; Second, supine,
half lateral with pillows supporting the shoulder girdle and the pelvic band. The main results were that
in the first compared to the second posture, distance moved by the diaphragm was lower. It could be
concluded that, there was less ventilation in the first posture. Therefore, the movement of the

diaphragm was reduced due to an expanded state caused by an increase in residual air in the lungs.

O’Sullivan et al. (2002) investigated the motor control strategies of subjects with sacroiliac joint (SIJ)
pain and its resultant effect on breathing pattern. Thirteen subjects with a clinical diagnosis of SIJ pain
were compared with 13 matched control subjects. Movement of the diaphragm was recorded with US
in three conditions: rest, active straight leg raise (ASLR) and ASLR with manual pelvic compression.
At the same time, respiratory patterns were examined by spirometry and subsequently minute
ventilation was calculated. Main results were that patients with SlJ pain have increased minute
ventilation and decreased diaphragmatic excursion during ASLR. Moreover, when pelvic compression
was given during ASLR, the two groups homogenized. Thus, Patients with SIJ pain have altered

breathing pattern and altered kinematics of the diaphragm and pelvic floor by carry out a postural task.

Hodges et al. (1997) measured dynamic changes in the length of the diaphragm with US during a
postural task produced by rapid flexion of the shoulder. This revealed that the diaphragm firstly

shortened and then lengthened progressively during the increase in transdiaphragmatic pressure.

4.3.1.3 Magnetic resonance imaging (MRI)

Following studies (n= 5) examined the role of the diaphragm in core stability with MRI.

Vostatek et al. (2013) presented a postural analysis of the diaphragm function using MRI to identify

changes in diaphragm motion and shape when postural demands on the body were increased.
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Seventeen chronic low back pain patients with structural spine disorders and sixteen controls were
compared. MRI of the diaphragm was performed during supine lying and supine lying with hip flexion
against load. The main findings were that the pathological group had increased respiratory frequency,
compared to the control group. Furthermore, controls had three times bigger diaphragm excursion in
the lying position and six and a half times bigger diaphragm excursion in lying with load. Thus, the
postural moves of the diaphragm in the control group were larger. In addition, 46.7% in situation 1 and
46% in situation 2 of the controls could maintain harmonicity of the diaphragm (able to keep control),

in contrast to 29.7% and 25.5% respectively in situation 1 and 2 in the pathological group.

Kolar et al. (2012) and Kolar et al. (2010) both used limb movement as postural task. Kolar et al.
(2012) examined the diaphragm excursions and inspiratory positions during normal tidal breathing and
a postural task in 18 patients with chronic low back pain and 29 healthy volunteers. MRI was used to
measure diaphragm excursion. Results in the patient group showed smaller diaphragm excursions
and higher diaphragmatic position during isometric contractions of upper and lower extremities and
during tidal breathing; maximal changes were found in costal and middle points of the diaphragm. This
supports that the compromised function of the diaphragm in patients with low back pain could play an
important role in postural stability. Kolar et al. (2010) described diaphragmatic behavior during postural
limb activities and the ventilatory and stabilizing functions of the diaphragm in 30 healthy controls.
Diaphragm excursion was measured with MRI and ventilation with spirometry. Results showed that
diaphragmatic excursion was increased during upper and mostly during lower body activity, compared
with tidal breathing. Nevertheless, there was a lower expiratory diaphragm position in lower extremity
activity, when compared with tidal breathing. Furthermore, significantly lower values of tidal volume
compared with diaphragm excursion were found in the lower extremity conditions. In conclusion, this
comparison between percent change of diaphragm excursion and tidal volumes might contribute to the

concept of the postural function in addition of the respiratory function of the diaphragm.

Kolar et al. (2009) analyzed the diaphragm movement with MRI in 16 healthy subjects. These
measurements were taken under two conditions, firstly during tidal breathing and secondly by holding
breathe at the end of expiratory tidal breathing, while performing an exercise sequence. Results
showed diaphragm movement during voluntary breath holding, not only due to pressure changes but
also due to active contraction. This supports that the phrenic nerve’s motor-neuron activity is

organized in such a way that the diaphragm assists more than just respiration.

Takazakura et al. (2004) determined the postural difference of diaphragmatic motion between seated
and supine positions with MRI in 10 healthy men. The main finding of this study was that
diaphragmatic excursions in supine position were significantly greater than those in seated position,

especially in the posterior portion.
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4.3.2 Indirect methods

4.3.2.1 Pressures to evaluate IAP
Following studies (n= 17) examined the role of the diaphragm in core stability by measuring
esophageal (Poes), gastric pressure (Pga), transdiaphragmatic pressure (Pdi= Poes-Pga) or intra-

rectal pressure, to shed light on the IAP.

Kawabata et al (2014), Kawabata et al (2010) and Hagins et al (2004) all examined the IAP during a
lifting task. Kawabata et al. (2014) studied the change in peak rate of IAP during dynamic load lifting.
Following measurements were taken: hip joint angle and IAP measured by intra-rectal pressure
transducer. Results showed no effect of the lifting load on the time of occurrence of IAP. Additionally,
as lifting load increased, so did the time between lifting motion onset and IAP onset. Kawabata et al.
(2010) examined whether spontaneous breath volume and IAP altered with increased isometric lifting
effort, and to compare the effect of different abdominal muscles strengths on these parameters. This
was measured in 10 healthy judo athletes and 11 healthy men. Maximal IAP was measured with an
intra-rectal pressure transducer during vasalva maneuver and trunk muscle strength was measured
with a dynamometer. Results showed higher maximal IAP and stronger trunk flexor muscles during
the vasalva maneuver in trained athletes compared to controls. However, there was significantly less
increase in %max IAP for the trained athlete group compared to the control group. Thus, IAP
development is coupled with increased lifting effort and strong abdominal muscles can modify IAP
development during lifting. Hagins et al. (2004) examined the effect of breath control on magnitude
and timing of IAP during dynamic lifting, by using a microtip pressure transducer in the stomach (Pga),
proving a significant effect of breath control and load, but not of posture on IAP. The inhalation form of

breath control produced significantly greater peak IAP than all other forms of breath control.

Whathrich et al. (2013) investigated whether postural demand placed upon the diaphragm during
running could augment the development of diaphragm fatigue. This was tested in 11 runners and 11
cyclists. Used measurement tools were Poes and Pga to measure twitch Pdi in response to phrenic
nerve stimulation. Twitch Pdi was more reduced after 15 time trials, which were more intense, than
after 30 time trials, this was similar for runners and cyclists. In conclusion, the level of inspiratory
muscle fatigue is independent of the exercise modality and related more to exercise intensity and the
associated respiratory muscle work. Perhaps, postural demand placed upon the diaphragm during
running resulted in a larger contribution of diaphragmatic fatigue to total inspiratory muscle fatigue
compared to cycling which did not lead to greater fatigue resistance during volitional hyperpnoea in

runners compared to cyclists.

Janssens et al. (2013) studied whether individuals with low back pain exhibit greater diaphragm
fatigability compared to healthy controls. Twitch Pdi was measured with Poes and Pga. Results
showed a significantly decreased potentiated twitch Pdi in individuals with low back pain after
inspiratory muscle loading compared to healthy controls. Furthermore, diaphragm fatigue was present
in 80% (after 20 minutes) and 70% (after 45 minutes) of the individuals with low back pain after

inspiratory muscle loading, whereas, only respectively 40% and 30% in healthy controls.
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Hart et al. (2005) assessed the effect of custom girdles in patients with spinal cord injury, with both
truncal and abdominal support, on the sensation of respiratory effort, pulmonary function,
diaphragmatic load and diaphragmatic strength in patients with spinal cord injury during spontaneous
breathing while in a seated position. Poes and Pga were used to measure Pdi, which increased due

the girdle.

Bitnar et al. (2016), Beales et al (2010) and Gandevia et al. (1990) all examined the IAP during ASLR.
Bitnar et al. (2016) determined the relation between posturally increased IAP and lower/upper
esophageal sphincter pressure changes in patients with gastro-esophageal reflux disease, during
bilateral ASLR. Pressure changes in lower and upper esophageal sphincter were measured by high-
resolution manometry. Results showed a significant increase in both lower and upper esophageal
sphincter pressure. Furthermore, patients with initially higher pressure in lower and upper esophageal
sphincter exhibited a greater pressure increase during ASLR. Beales et al. (2010) investigated how
pain-free subjects coordinate motor control during an ASLR when this task was complicated by the
addition of a respiratory challenge. IAP and intra-thoracic pressure were measured with a nasogastric
catheter. Results showed greater IAP baseline shift (pressure change related to the physical load of
an ASLR) when lifting the leg during ASLR and inspiratory resistance. This was associated with the
increase of motor activity. Gandevia et al. (1990) measured Pdi with a multi-lumen Poes and Pga
catheter. Results showed an average change in Pdi while relaxation, during bilateral phrenic nerve
stimuli. Also, the peak voluntary Pdi was about 30% less for inspiratory than for expulsive maneuvers
(in this maneuver, the diaphragm and abdominal muscles act as synergists to elevate pressure in the
abdomen, which was attained in this study by supine lying with double ASLR and elevated trunk).
During transcranial activation, an increment in Pga occurred during maximal voluntary expulsive
efforts. Thus, the abdominal muscles fail to generate full contractile force. During motor cortical

stimulation, a small reduction of Poes was shown during weak inspiratory efforts.

Hodges et al (2005) and Shirley et al (2003) both examined the relation between IAP and spinal
stiffness. Hodges et al. (2005) determined whether spinal stiffness increased when IAP increased (by
tetanic unilateral or bilateral stimulation of the phrenic nerves) without concurrent activity of the
abdominal and back extensor muscles. Poes and Pga were measured with a thin-film strain gauge
pressure transducer. Furthermore, erector spinae and abdominal muscle activity was measured with
EMG and lumbar postero-anterior stiffness via analysis of the applied force on, and linear
displacement of L2 end L4. Results showed that with tetanic stimulation of the diaphragm, the IAP
increased 27-61% and the spinal stiffness increased 8-31%. Furthermore, spinal stiffness increased
16% when erector spinae EMG activity increased. Thus, modulation of IAP provides an additional
mechanism for the central nervous system to control spinal stability during functional activities and
may simplify this control by providing non-direction-specific increase in stiffness. Shirley et al. (2003)
investigated whether stiffness is modulated in a cyclical manner with respiration and whether there is a
relationship between stiffness and IAP or abdominal and paraspinal muscle activity. IAP was
measured with Pga. Furthermore, erector spinae and abdominal muscle activity was measured with

EMG, and lumbar postero-anterior stiffness was measured via analysis of the applied force on, and
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linear displacement of L2 end L4. Results showed an increased lumbar stiffness above base level of
functional residual capacity in both respiratory efforts. Additionally, spinal stiffness was modulated by
changes in trunk muscle activity and IAP by respiratory efforts. Consequently, the diaphragm may

augment spinal stiffness via attachment of its crural fibers to the lumbar vertebrae.

Hodges et al. (2003) investigated the effect of transversus abdominis and diaphragm activity and
increased IAP on intervertebral kinematics in eleven porcine lumbar spines. EMG electrodes were
used to measured activity of transversus abdominis, IAP was measured with a Pga catheter and
movement of the lumbar spine was measured with motion sensors attached to the L3 and L4 spinous
processes. Results stated that elevated IAP and contractions of diaphragm and transversus abdominis

provide a mechanical contribution to the control of spinal intervertebral stiffness.

Hodges et al (2001), Hodges et al (2000) and Hodges et al (1997) examined IAP during rapid limb
movement. Hodges et al. (2001) recorded Pga with a pressure transducer to determine whether it
changed in parallel with the changes in diaphragm and transversus abdominis EMG (4.3.1.1). Results
showed that Pga was maintained at an elevated level during arm movement and the mean amplitude
of this Pga increase across the period of arm movement was reduced when ventilation increased.
Hodges et al. (2000) used Pga and Poes to measure IAP and intra-thoracic pressure, which increased
due to rapid repetitive limb movement during breathing. This increase was maintained until the end of
the task. Hodges et al. (1997) used Poes and Pga to measure Pdi, which increased with rapid arm

flexion.

Sinderby et al (1992) and Druz et al (1982) both examine the IAP during trunk flexion. Sinderby et al.
(1992) used Poes and Pga to measure |IAP. Results showed increased mean Pga and declined mean
Poes in trunk flexion compared with rest. Furthermore, at maximal trunk flexion Pga reached a
plateau. Exercise indicated a decrease in both Poes and Pga. However, the decline in mean Poes
was more pronounced during trunk flexion than during exercise. Druz et al. (1982) measured Poes,
Pga and Pdi with a gastro-esophageal balloon catheter. Results showed that healthy subjects
maintained Pdi in all 4 postures (supine, standing, erect sitting and forward leaning). Further, Pdi

decreased in COPD patients during erect sitting and standing.

4.3.2.3 Inspiratory muscle strength
Following studies (n= 3) examined the role of the diaphragm in core stability with measurement of

inspiratory muscle strength.

Segizbaeva et al. (2013) studied MIP in healthy subjects, measured from residual volume. There were
lower results of MIP in supine compared to standing posture, as well in men as in women, but with no

significant difference.

Griffiths et al. (2012) assessed the influence of the postural role of the trunk muscles upon pressure
and flow generation capacity by measuring MIP, flows, and volumes in various seated postures

relevant to rowing, which were: catch, sitting upright, finish. A portable handheld mouth pressure
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meter was used to measure MIP as a surrogate of inspiratory muscle strength. MIP tended to

decrease with recumbency, but not significantly.

Jandt et al. (2011) evaluated the correlation between trunk control, inspiratory muscle strength and
pulmonary function in 23 individuals who suffered stroke. MIP was measured with manovacuometry
and trunk control with the trunk impairment scale. Results showed a consistent correlation between
trunk impairment scale and MIP, but not significant (p= 0,054). However, because it is nearly

significant, a greater sample size would probably show significance.

4.3.2.4 Inspection or palpation of breathing patterns
Following studies (n= 4) examined the role of the diaphragm in core stability by inspection or palpation
of the breathing pattern by interpreting dominant abdominal excursion during breathing as

diaphragmatic breathing.

Hagins et al. (2011) determined if, during a whole body-lifting task, individuals with low back pain
breathe differently than age-matched controls. Patients used their preferred lift style to remove the
crate from the floor to a platform. Results showed that individuals with low back pain performed the
lifting task with more volume in their lungs than healthy peers, and that with increasing age,
participants with low back pain increased inspired volume and participants without low back pain
decreased inspired volume. In conclusion, this study provides the first evidence that natural breath
control during a lifting task differs significantly in individuals with LBP, who had more inhaled lung
volume, compared to age-matched and gender-matched healthy controls. These findings are

consistent with the theoretical link between breath control, IAP, and core stabilizing function.

Roussel et al. (2009) evaluated the breathing patterns in 10 chronic low back pain patients and in 10
healthy subjects in different types of conditions: during rest (standing and supine, both while
spontaneous breathing and deep breathing) and during motor control tests (bent knee fall out and
active straight leg raise). Breathing patterns were evaluated by inspection and palpation. Following
breathing patterns were defined: costo-diaphragmatic, considered as normal, and asynchronous
breathing among which: paradoxical breathing, upper costal breathing, mixed breathing and breath
holding. Furthermore, pressure changes were recorded with the pressure biofeedback unit, which
monitored lumbopelvic movement. Results showed at rest no significant differences between the
breathing patterns of patients compared with healthy subjects. However, during motor control tests
patients with chronic low back pain showed more altered breathing patterns, compared to normal
breathing. These results showed that altered breathing patterns are a consequence of postural
disturbance in a subgroup of low back pain patients, compared to healthy subjects. Lastly, changes in

breathing patterns were not related to pain severity but to motor control dysfunction.

Hamaoui et al. (2014) studied if displacement of the center of gravity following voluntary, high intensity
sniff maneuvers is predominantly due to diaphragm contraction. Signals derived from the thoracic and
abdominal sensor belts were used to detect changes in rib cage and abdominal circumference.
Phrenic nerve stimulation was done to determine displacement of center of gravity following selective

diaphragm contractions. Whereas, sniff maneuvers were done to ensure predominantly diaphragm
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contraction. Results showed that the abdominal peak had an outward direction (inspiratory) and the

thoracic peak had an inward direction (expiratory).

Priori et al. (2013) used opto-electronic plethysmography to measure the phase shift between upper
and lower rib cage and between upper ribcage and abdomen during quiet breathing in different body
positions (seated to supine). This was investigated in 23 severe COPD patients and twelve healthy
controls. Main findings in COPD patients were, asynchrony between upper and lower ribcage in
seated posture but not in supine posture, and asynchrony between upper ribcage and abdomen in
supine position but not in seated position. This study concluded that, in COPD patients, chest wall

asynchronies are significantly influenced by body position.
4.3.2.6 Postural control measures during respiratory disturbance

Following studies (n= 6) examined the role of the diaphragm in core stability by postural control

measures during respiratory disturbance.

Hamaoui et al (2014) studied the postural disturbances caused by isolated contractions of the
diaphragm (unilateral and bilateral with phrenic nerve stimulation and sniff maneuvers) in seated
posture as well as in standing posture. Therefore, following methods were used: a force plate to
measure the center of gravity and EMG to assess the actual activity of the diaphragm. The main
results were that in seated posture the center of gravity acceleration peak is directed forward, in
contrast to the standing posture whereby the center of gravity acceleration peak is directed backward.
Furthermore, unilateral phrenic stimulation resulted in an additional medial-lateral acceleration of

center of gravity to the active side while standing, and to the non-active side while seated.

Janssens et al. (2014) investigated whether eight weeks of inspiratory muscle training affects
proprioceptive use in 28 persons with low back pain during postural control. Centre of pressure
displacement was measured during muscle vibration using a six-channel force-plate. Results showed

that proprioceptive use during postural control was improved after inspiratory muscle training.

Janssens et al. (2010) determined postural stability and proprioceptive postural control strategies of 12
healthy subjects and 12 subjects with recurrent low back pain during acute inspiratory muscle loading
(breathing against an inspiratory resistance). Postural stability was measured by center of pressure
displacement on a force plate, and proprioceptive postural control strategies were examined by
vibration of triceps surae muscle or lumbar paraspinal muscles while standing on a stable / unstable
surface without vision. Results showed a larger sway after inspiratory muscle loading in healthy
controls, because due to proprioceptive reweighting they tend to use a rigid postural control strategy

over a more effective “multi-segmental” control strategy.

Almeida et al. (2013) compared balance in asthma patients, according to the severity of disease. Fifty
participants with asthma were divided in two groups: A, with FEV1>74% and B, with FEV1<74%
predicted. Static postural balance (stabilometry) was measured on a force platform while maintaining a

static posture with the eyes open and legs hip-width apart for 30 seconds. In addition inspiratory
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muscle strength was measured using the computerized Collins Plus Pulmonary Function Testing
Systems. Results showed a decreased MIP in group B compared to group A. Furthermore, maximal
mediolateral velocity and mediolateral displacement were significantly greater in group B, compared to
A. Conclusively, in adult individuals with asthma, pulmonary function is associated with balance

control in the mediolateral direction.

Janssens et al. (2013) determined the specific proprioceptive use during postural control in 20
individuals with COPD and 20 healthy controls and assessed whether this was related to inspiratory
muscle weakness. An electronic pressure transducer measured MIP. Results showed that COPD
patients, especially those with low MIP, had decreased postural stability and adopted a less optimal

proprioceptive use during postural control (greater reliance on ankle muscle proprioceptive input).

Smith et al. (2010) compared balance between 12 people with and 12 without COPD to determine if
balance deteriorates when respiratory demand is increased by upper limb exercise. Centre of
pressure displacement was measured with a force plate, and inclinometers were used to determine
lumbar spine and hip motion. Results showed in COPD patients increased mediolateral center of
pressure displacement and increased angular motion of the hip compared to healthy controls.
Additionally, mediolateral center of pressure displacement was further increased in people with COPD

following exercise, but unchanged in controls.
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5. Discussion

The purpose of this study was to summarize the measurement tools to assess the core stabilizing
function of the diaphragm. These measurement tools could be divided in two major groups namely
direct and indirect methods to assess the core stabilizing function of the diaphragm. Firstly, the direct
methods involved 12 studies using EMG, five studies using US and five studies using MRI. Secondly,
the indirect methods involved 17 studies measuring IAP, seven studies measuring MIP, four studies
using inspection or palpation of breathing patterns and six studies using postural control measures
during respiratory disturbance. Thus, all of these methods, or a combination of these, was used to

evaluate the postural role of the diaphragm in different populations.
EVALUATION OF DIAPRHAGM FUNCTION

EMG measurements provide direct information about muscle activation. An esophageal catheter or
surface electrodes could be used for EMG measurements of the diaphragm. This latter is a non-
invasive method, which is more applicable in practice. However, it does not provide selective
recordings, as it represents activity of the diaphragm as well as other trunk muscles such as
intercostal muscles, serrates anterior, external oblique abdominal muscles etc. (P. W. Hodges,
Eriksson, Shirley, & Gandevia, 2005). On the other hand, an esophageal catheter measures the

diaphragm more precisely, but it's an invasive method, which makes it harder to use in practice.

Measurements with US can accurately measure thickening and downward displacement of the
diaphragm (to be interpreted as diaphragm activation), but as with any other diagnostic technique,
diaphragm US is operator dependent. However, with practice and adherence to the criteria to make a
proper image, this measurement of diaphragm thickening should prove to be reproducible (Cohn,
Benditt, Eveloff, & McCool, 1997). Advantages are that real time US of the diaphragm is a simple,
inexpensive, portable imaging technique, but disadvantages are that measurements of diaphragm
thickness could be highly variable depending on which intercostal space was chosen (Boon et al.,
2013), and body mass index (BMI) > 30 kg/m2 could create a risk of inability to take clear ultrasound

imaging pictures (Kantarci et al., 2004).

MRI measurements give a detailed and complete interpretation of the excursion of the diaphragm
(more excursion to be interpreted as more activation of the diaphragm). It was proven that MRI could
be used to reliably record diaphragm movements (Gierada et al., 1997). However, MRI measurements
are expensive and it's a large stationary device, which makes it difficult to use in a clinical practice of a

physiotherapist.

Several studies combined EMG with pressures to measure IAP, to map the postural activity of the
diaphragm and other trunk muscles e.g., transversus abdominis. An increase in IAP means an
increase in spinal stiffness, which thereby increases the trunk control (P. W. Hodges et al., 2005). The
advantage of EMG measurements of several trunk muscles, together with IAP changes, is that the
researcher can examine which specific muscle (for example diaphragm versus trunk muscles) actually

contributes to the postural stability during a postural task.
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MIP measures inspiratory pressure, which is an indicator for the inspiratory muscle force. Therefore,
MIP can be linked to diaphragm force, which is an inspiratory muscle. This measurement is
inexpensive, portable, and easy to use for diagnosis as well as in therapy. A disadvantage is that MIP
results give an overall interpretation of inspiratory muscle force, so it's not precisely shown which
exact muscle contributes to the measured inspiratory muscle strength. So, it is not sure that the role of

the diaphragm is examined.

Inspection or palpation is easy to use in clinical practice for evaluation of the breathing pattern.
Assessment of abdominal movement could be used to confirm whether the breathing is diaphragmatic
or not. However, it's a subjective way to analyze contraction of the diaphragm in postural stability
tasks. In low back pain patients, there is evidence that the inter-observer reliability of the assessment
of breathing pattern is fair to moderate (ICC: 0.4-0.6 / 1) (N. A. Roussel, Nijs, Truijen, Smeuninx, &
Stassijns, 2007).

CORE STABILITY TASKS

Different studies used limb movement to produce a postural task and measure diaphragm activation
continuously during this task, for example by EMG (Sinderby, Ingvarsson, Sullivan, Wickstrom, &
Lindstrom, 1992), Poes, Pga and Pdi (P. W. Hodges et al., 1997), US (P. W. Hodges et al., 1997) or
MRI (Kolar et al., 2010).

Since EMG is only connected to the patient with wires or even wireless, it is the most versatile
measurement tool. Because of this it can measure the diaphragm during postural tasks in many

positions (sit, supine as well as standing) and movements (exercises, trunk flexion, lifting tasks etc.).

MRI is the least flexible method to measure the diaphragm; only postural tasks in supine lying can be
done, because the patient has to lie in the vast device. Exceptionally, there is a possibility to measure
in sitting position with an altered MRI device (Takazakura, Takahashi, Nitta, & Murata, 2004). Greater
excursion of the diaphragm, measured with MRI, during upper and lower body activity compared to a

breathing task can shed light on the amount of core stabilizing function of the diaphragm.

US measurements are most precise in postural tasks without movement of the trunk (e.g. supine lying,
ASLR), because the probe is handled manually. Movement of the trunk might make the measurement

of the diaphragm less accurate.

IAP measurement (Poes, Pga and Pdi) is the most invasive, which makes it less applicable in practice.
However, it can be combined with every postural task, because the patient is only connected with
wires to the device. During limb movement (postural task), it's stated that the diaphragm should
continuously contribute to trunk control, together with transversus abdominis, causing increased IAP
(P. W. Hodges & Gandevia, 2000). The mechanism behind this increased IAP is the following: Initially
shortening of the diaphragm (increased EMG activation), but then lengthening as IAP increased. This
suggests an eccentric contraction of the diaphragm following contraction of transversus abdominis and

other trunk muscles e.g., pelvic floor. Thus, the diaphragm has an anticipatory function when a
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postural task is performed, it's even indicated that the diaphragm should contract 20ms prior to
contraction of limb muscles (P. W. Hodges et al., 1997). When this is not the case, for example during
slower or decreased IAP generation during limb movement, a reduced role of the diaphragm in trunk

control can be concluded.

Some studies used increased respiratory demand to investigate the role of the diaphragm associated
with core stability. When decreased diaphragm activity is observed as a result of respiratory demand
during a postural task, it could be concluded that the diaphragm actually contributes to postural
stability (P. W. Hodges, Heijnen, & Gandevia, 2001).

PATIENT POPULATIONS

The following studies examined patients with respiratory disorders, COPD and asthma, to evaluate the
role of the diaphragm in trunk control. Because COPD patients show an increased risk of falls, they
are investigated for postural balance (Roig, Eng, Road, & Reid, 2009). Druz et al. (1982) stated that in
severe COPD patients, EMG activity in erect postures was not increased. Conclusively, this reflex that
normally compensates for reduced diaphragmatic efficiency is not working. Priori et al. (2013), using
US, showed that in erect sitting COPD patients have larger excursions of the diaphragm compared to
healthy controls. Janssens et al. (2013) showed that COPD patients, especially those with low MIP,
had decreased postural stability. Smith et al. (2010) found that in COPD patients, balance is
compromised, especially in mediolateral direction (controlled by hips and trunk). Due to an inadequate
contribution of the trunk to balance, even more after exercise. These results are also found in asthma
patients when FEV1 < 74% predicted (Almeida et al., 2013). It can be concluded that in patients with
increased respiratory needs, like in COPD and asthma, the postural contribution of the diaphragm is
decreased because of this. All these results come from patients with respiratory disturbance; therefore
the effect of decreased diaphragm function on postural balance is indirectly measured. This is a

manner to evaluate the role of the diaphragm in postural control.

In patients with sacroiliac joint pain diaphragmatic excursion, measured with US, decreased during
ASLR compared to healthy controls. However, when pelvic compression was given this result
homogenized for the two groups (O'Sullivan et al., 2002). This indicates that instability of the pelvis
affects contractility of the diaphragm. Possibly, when stability is restored by compression, the
diaphragm had to contribute less to the postural control and was able to restore its respiratory
function. Similar results were found in patients with low back pain. Vostatek et al. (2013) measured the
diaphragm with MRI. Compared with healthy controls, the excursion of the diaphragm was three times
smaller in the lying position and six and a half times smaller in ASLR with load. When a load was
applied to the lower limbs, the pathological subjects were mostly not able to maintain the respiratory
diaphragm function, which was lowered significantly (Vostatek, Novak, Rychnovsky, & Rychnovska,
2013). Kolar et al. (2012) also showed smaller diaphragm excursions during limb movement as well as
a higher diaphragmatic position (Kolar et al., 2012). Furthermore, Janssens et al. (2013) showed a
decreased twitch Pdi and an increased fatigability of the diaphragm in patients with low back pain after

inspiratory muscle loading, compared to healthy controls (Janssens, Brumagne, McConnell, Hermans,
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et al., 2013). In addition, there is evidence that natural breath control during a lifting task is different in
patients with low back pain, who had more inhaled lung volume compared to gender-matched healthy
controls (Hagins & Lamberg, 2011). Possibly, because these patients have decreased stability of the
spine, the inspired volume is increased to reassure the IAP during a lifting task, which provides
stability of the spine. Moreover, it's stated that during motor control tests, patients with chronic low
back pain showed more altered breathing patterns, compared to normal breathing (N. Roussel et al.,
2009). This may give therapists the opportunity to evaluate the diaphragm in a subgroup of patients
with low back pain, by observing breathing pattern during a postural task. Lastly, it's found that
proprioceptive use during postural control was improved after inspiratory muscle training in patients
with low back pain (Janssens et al., 2015). This may provide a method of clinical rehabilitation for this

patient population.

Jandt et al. (2011) examined patients with stroke, of whom is known that they have impaired core
stability. By measuring the MIP in this specific patient group, the role of the diaphragm in core stability
could be assessed. A correlation between trunk impairment scale and MIP was found, so indirectly it
could be concluded that activity of the diaphragm, which is necessary for MIP, contributes to trunk
stability. Subsequently, increasing the MIP may contribute to improving the trunk stability, which might

provide an interesting addition to the rehabilitation plan.

In patients with tetraplegia it's demonstrated that postural needs temporarily override respiratory
needs during posture imbalance, e.g., by arm exercise or trunk flexion (Sinderby et al., 1992). A
possible explanation for this phenomenon is that patients with tetraplegia don’t have many other
functional trunk muscles to preserve postural control, so when these patients are threatened to lose
postural control by flexing the trunk or moving the arms, the postural function of the diaphragm
override its respiratory function for that instant. Hart et al. (2005) investigated a possible opportunity to
increase |AP by applying a custom girdle in patients with spinal cord injury, which could simplify the
postural task of the diaphragm. However, the girdle decreases dynamic abdominal compliance, which

could lead to additive atrophy.
ANIMAL STUDIES

Studying animals is another method to examine the role of the diaphragm in trunk control. By doing
so, it is possible to perform more invasive procedures compared to humans. E.g. implanting
electrodes in the muscles, attachment of stimulation electrodes to phrenic nerve, insertion of pins in
the lumbar vertebrae to invoke movement of the vertebrae etc. These invasive procedures provide
more correct measurement results (Uga, Niwa, Ochiai, & Sasaki, 2010a, 2010b) and (P. Hodges et al.,
2003). The results in these animal studies are similar to those found in studies with human subjects,

but it’s hard to transfer these results from cats and pigs directly to a human population.
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LIMITATIONS

A limitation of this review includes that there were no excluded studies based on quality, because the
review focused on the different manners to assess the postural function diaphragm with associated
measurement tools. Hereby, there could be some low-quality articles included. There are also several
strengths to this study. First, the research strategy was extended, so there was a minimal possibility of
missing out on important articles. Second, this study is the first to summarize information about
measurement tools, which are used to register the role of the diaphragm in the core-stabilizing task.
Third, two independent reviewers carried out the research strategy and the quality assessment.

However, the data-extraction was performed in consultation between the two reviewers.
CLINICAL MESSAGE

This review could be useful in the clinical practice; on the one hand, it stimulates therapists to
recognize the importance of the diaphragm in clinical investigation, to use it for diagnosis and
rehabilitation. On the other hand, it gives researchers and therapists an overview of the different
manners and (dis)advantages to evaluate the postural contribution of the diaphragm. Consequently,
therapists and researchers could use a proper measurement tool, adjusted to the setting of interest.
For example, when the infrastructure is available and an overall view is wanted, MRI is the most
precise when the postural task is in supine. In addition, US is also a precise measurement tool when
the postural task is performed with a rigid thorax. However, when there is suspicion of a stability
problem caused by a disturbed IAP, e.g. in patients with low back pain, it's indicated to evaluate the
IAP in a specified setting. Furthermore, when a specific activation or strength related problem of the
diaphragm is expected, it's best to investigate the patient with EMG. At last, methods indicated for a
quick overall check, which can be easily performed in practice are MIP measurements or inspection

and palpation of breathing patterns.

Following pathologies are already explored in this domain: COPD, asthma, low back pain, ankle
instability, spinal cord injury, sacro-iliac joint pain and stroke. Probably the diaphragm plays an
important, yet unknown role in many more pathologies, which could be investigated in further

research.
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6. Conclusion

The diaphragm contributes to trunk control via IAP and stiffening of the spine while performing a
postural task. There has been done a lot of research regarding the role of the diaphragm in postural
control, using many different measurement tools, in healthy populations as well as in patient
populations. Used measurement tools are EMG and IAP, which are more flexible because all postural
tasks can easily be performed while measuring. Furthermore MRI and US are more rigid because
postural tasks, which can be performed while measuring, are limited. Other useful measurement tools
are MIP, inspection or palpation of breathing patterns and postural control measures during respiratory
disturbance. Several postural tasks, which could be used to examine the postural contribution of the
diaphragm are unilateral or bilateral ASLR eventually with resistance, sit or stance compared to
supine, trunk flexion, limb movement (e.g. rapid shoulder flexion), lifting task, standing on unstable
surface, knee bend fall out etc. Additionally, assessment of patient populations (e.g., COPD),
compared to healthy controls is also a method to (indirectly) evaluate the role of the diaphragm in core

stability.

With this review, therapists and researchers have an overview concerning these measurement tools,
which makes it easy to choose a measurement tool in practice or research. Still, there are some gaps
to perform further research on, e.g., US has already been studied in a couple of patient populations,
but there is a lack of systematic data and evidence about reliability and validity in healthy subjects

while performing a postural task.
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8. Attachments

TABLE 1: Overview of used search terms, combinations and hits in PubMed and Web of Science.

Terms December 2016 June 2017
#1 Diaphragm [MESH] 19 299 31799
#2 Diaphragm 47 263 48 000
#3 Core stability 10 359 11 068
#4 Postural balance [MESH] 17 715 18 329
#5 Postural balance 18 118 20 493
#6 Stability 356 313 370 395
#7 Postural control 14 183 14 701
#8 Trunk control 23 895 24 526
#9 Trunk stability 2126 2 230
#10 Postural stability 4 341 4542
#11 Postural function 27 255 27 980
#12 Respiratory muscles [MESH)] 24 566 24 756
#13 Respiratory muscles 32 342 32 667
#1 AND #3 Diaphragm [MESH] AND Core stability 2 2
#1 AND #4 Diaphragm [MESH] AND Postural balance [MESH)] 8 8
#1 AND #5 Diaphragm [MESH] AND Postural balance 9 9
#1 AND #6 Diaphragm [MESH] AND Stability 96 98
#1 AND #7 Diaphragm [MESH] AND postural control 19 19
#1 AND #8 Diaphragm [MESH] AND trunk control 153 154
#1 AND #9 Diaphragm [MESH] AND trunk stability 13 13
#1 AND #10 Diaphragm [MESH] AND postural stability 5 5
#1 AND #11 Diaphragm [MESH] AND postural function 66 66
#2 AND #3 Diaphragm AND Core stability 5 5
#2 AND #4 Diaphragm AND postural balance 20 21
#2 AND #5 Diaphragm AND postural balance [MESH] 17 17
#2 AND #6 Diaphragm AND Stability 231 233
#2 AND #7 Diaphragm AND postural control 33 34
#2 AND #8 Diaphragm AND trunk control 262 264
#2 AND #9 Diaphragm AND trunk stability 27 28
#2 AND #10 Diaphragm AND postural stability 8 8
#2 AND #11 Diaphragm AND postural function 121 122
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TABLE 2C: Overview excluded studies and reason of exclusion Smith MD. AND Hodges PW. PubMed and Web Of Science

Source Title Reason of exclusion

Smith MD. et al. (2006) Disorders Of Breathing And Continence Have A Stronger Association With Back Pain Than Obesity And Physical No assessment of the diaphragm
Activity.

Smith MD. et al. (2007) Postural Response Of The Pelvic Floor And Abdominal Muscles In Women With And Without Incontinence. No assessment of the diaphragm

Smith MD. et al. (2007) Postural Activity Of The Pelvic Floor Muscles Is Delayed During Rapid Arm Movements In Women With Stress No assessment of the diaphragm
Urinary Incontinence.

Smith MD. et al. (2008) How Common Is Back Pain In Women With Gastrointestinal Problems? No assessment of the diaphragm

Smith MD. et al. (2008) Is There A Relationship Between Parity, Pregnancy, Back Pain And Incontinence? No assessment of the diaphragm

Smith MD. et al. (2008) Is Balance Different In Women With And Without Stress Urinary Incontinence? No assessment of the diaphragm

Smith MD. et al. (2009) Do Incontinence, Breathing Difficulties, And Gastrointestinal Symptoms Increase The Risk Of Future Back Pain? No assessment of the diaphragm

Smith MD. et al. (2014) The Relationship Between Incontinence, Breathing Disorders, Gastrointestinal Symptoms, And Back Pain In Women: No assessment of the diaphragm
A Longitudinal Cohort Study.

Smith MD. et al. (2016) Out-Patient Pulmonary Rehabilitation Improves Medial-Lateral Balance In Subjects With Chronic Respiratory No assessment of the diaphragm
Disease: Proof-Of-Concept Study.

Smith MD. et al. (2016) Balance Recovery Is Compromised And Trunk Muscle Activity Is Increased In Chronic Obstructive Pulmonary No assessment of the diaphragm

Disease.




Quality assessment of included studies in chronological order (n= 42)

Table 3A: Checklist for RCT’'s (NICE Methodology)

A1 A2 A3 Risk of B1 B2 B3 Risk of C1 Cc2 C3 Risk of D1 D2 D3 D4 D5 Risk of Overall
bias bias bias bias

Janssens

L. etal. U ] + U + U U U + + + L - + U ] U U +
2014
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Table 3B: Checklist for observational studies (STROBE Statement) (1)
Almeida VP. et Beales DJ. et Bitnar P. et Druz WS. et Gandevia SC. et  Griffiths LA. Hagins M. et Hagins M. et Hamaoui A. et

al, 2013 al, 2010 al, 2016 al, 1982 al, 1990 et al, 2012 al, 2004 al, 2011 al, 2014
1a + = = = = = = + =
1b + + + + + + + + +
2 + + + - + + + + +
3 + + - - - + - + +
4 + + + + + + + + +
5 ; ; - - ; - - ¥ ;
6a + - + + - + + + -
6b N/A N/A N/A N/A N/A N/A N/A + N/A
7 + + + + + + + + +
8 + + + + + + + + +
9 + - + + + + + + +
10 + i . . : : + v -
11 + + + + + + + + +
12a + + + - - + + + _
12b + + + - + + + + +
12¢ ; ; - - ; - - ¥ ¥
12d + N/A N/A N/A N/A N/A N/A + N/A
12e - - - - + - - - -
13a + - - + + - - + -
13b + + - - - - - + -
13c + - - - - - - - -
14a + + + + - + + + +
14b - + - - - - - - -
14c N/A N/A N/A N/A N/A N/A N/A N/A N/A
15 + + + + + + + + +
16a + + + + + + + + +
16b - - - - - - - + -
16¢ N/A N/A N/A N/A N/A N/A N/A N/A N/A
17 - + + - + + + + +
18 + + + + + + + + +
19 + + + + - + - - +
20 + + + + + + + + +
21 + + + + - + - + +
22 - + + - - + + - +

Yes (+), No (-), Unknown/Unclear (U), Not applicable (N/A)



Table 3C: Checklist for observational studies (STROBE Statement) (2)
Hart N. et Hellyer NJ. et Hodges PW., Butler  Hodges PW., Gandevia Hodges PW. et Hodges PW. et Hodges PW.et Hodges PW. et

al, 2005 al, 2017 JE. et al, 1997 SC. et al, 1997 al, 2000. * al, 2000 al, 2001 al, 2003
1a - * - - - - - -
1b + + + + + + + +
2 > + + + + + + +
3 + + - - + - - +
4 + + + + + + + +
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Ba = + = = = = + =
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13b - - - - - - - -
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16¢c N/A N/A N/A N/A N/A N/A N/A N/A
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19 + + + - - - - +
20 + + + + + + + +
21 + + - - + + + +
22 + - - - - - - +

Yes (+), No (-), Unknown/Unclear (U), Not applicable (N/A). * Title: Activation of the human diaphragm during a repetitive postural task.



Table 3D: Checklist for observational studies (STROBE Statement) (3)

Hodges PW. Jandt SR. et JanssensL.et JanssenslL.et Janssens L. et Kawabata M. et Kawabata M.et KolarP.et KolarP. et

et al, 2005 al, 2011 al, 2010 al, 2013. * al, 2013 al, 2010 al, 2014 al, 2009 al, 2010
1a - + + - - - - - -
1b + + + + + + + + +
2 + + + + + + + + +
3 - + - + + - + - -
4 + + + + + + + +
5 - + + - - - - - -
6a = + + + + + + = +
6b N/A N/A N/A N/A N/A N/A N/A N/A N/A
7 + + + + + + + + +
8 + + + + + + + + +
9 + + + + + + + + +
10 - + + - - - - - -
11 + + + + + + + + +
12a - - + + + + - + +
12b + + + + + + + + +
12¢ + - - + + - - - -
12d N/A N/A N/A N/A N/A N/A N/A N/A N/A
12e - - - - - - - - -
13a + + + + + - - - +
13b + + - + + - - - -
13c - - - - - - - - -
14a + + + + + + + + +
14b + + - + + - + -
14c N/A N/A N/A N/A N/A N/A N/A N/A N/A
15 + + + + + + + + +
16a + + + + + + + + +
16b + - + - - + + - +
16¢ N/A N/A N/A N/A N/A N/A N/A N/A N/A
17 + + + - + + + + +
18 + + + + + + + + +
19 + + + + - - - - +
20 + + + + + + + + +
21 + + + + + - + + +
22 - - + - + - + - +

Yes (+), No (-), Unknown/Unclear (U), Not applicable (N/A). * Title: Greater diaphragm fatigability in individuals with recurrent low back pain.



Table 3E: Checklist for observational studies (STROBE Statement) (4)
Kolar P. et  O'Sullivan PB. et PrioriR. et Roussel N.et Segizbaeva MO. Shirley D. et Sinderby C. et  Smith MD. Takazakura R. et

al, 2012 al, 2002 al, 2013 al, 2009 et al, 2013 al, 2003 al, 1992 et al, 2010 al, 2004
1a + - - + - - - - -
1b + + + + + + + + +
2 + + + + + + + + +
3 + + + + - - - + -
4 + + + + + + + +
5 + - - + - - - - -
6a + + + + = = + +
6b N/A + N/A N/A N/A N/A N/A + N/A
7 + + + + + + + + +
8 + + + + + + + + +
9 + + + + + + + + =
10 - + - + - - - + -
11 + + + = + + + +
12a + + + + - + - + .
12b + + + + = + + + =
12¢ - - + - - + - - +
12d N/A N/A N/A + N/A N/A N/A N/A N/A
12e - - - - - - - - -
13a + - + - + - + - +
13b - - - - - - - + +
13c - - - - - - - - -
14a + + + + + + + + +
14b = = + = = = = + +
14c N/A N/A N/A N/A N/A N/A N/A N/A N/A
15 + + + + + + + + +
16a + + + + + + + + +
16b + - + - + + - +
16¢ N/A N/A N/A N/A N/A N/A N/A N/A N/A
17 + + + + - + + + -
18 + + + + + + + + +
19 + + + + - + + + +
20 + + + + + + + + +
21 + + + + + + + + -
22 - - + + + - - + -

Yes (+), No (-), Unknown/Unclear (U

~

, Not applicable (N/A)



Table 3F: Checklist for observational studies (STROBE Statement) (5)
Terada M. et al, 2016  Uchida M. et al, 2010 Uga M. et al, 2010. * Uga M. etal, 2010 Vostatek P. et al, 2013  Waithrich TU. et al, 2014 (18)

1a - - - - - -
1b + + + + + +
2 + + - + + +
3 + - - - - +
4 + + + + + +
5 + - - - - -
Ba + - - - + +
6b N/A N/A N/A N/A N/A N/A
7 + = = + + +
8 + + - - + +
9 + + - + + +
10 + + - - - -
11 + + + + + +
12a + - - - + +
12b - + - + + +
12¢ - - - - + +
12d N/A N/A N/A N/A N/A N/A
12e - - - - - -
13a - - + + - -
13b - - - + + +
13c - - - - - -
14a + + - - + +
14b - - - + + -
14c N/A N/A N/A N/A N/A N/A
15 + + + + + +
16a + + - + + +
16b + - + + + +
16¢ N/A N/A N/A N/A N/A N/A
17 - + - + + +
18 + + + + + +
19 + + - - + +
20 + + + + + +
21 + + - - + +
22 + - - - + +
Yes (+), No (-), Unknown/Unclear (U), Not applicable (N/A). * Title: The diaphragmatic activities during trunk movements.



TABLE 4: Strengths and weaknesses analysis of the included studies in alphabetical order (n=42)

Author Strengths Weaknesses
Almeida VP. | - Reasons of exclusion well reported - The lack of a control group
etal. 2013 - Ratio men/women in agreement with reports of higher prevalence of asthma among - The cross-sectional design
adult females - Small sample size
Beales, DJ. et | - Duplicate trials for repeatability analyses were added to the protocol after the first - Surface electrodes will also record activity from the overlying synergistic intercostal
al., 2010 four subjects had been recruited and data collected. Consistency was very good for muscles. Electrode placing for m. Obliquus internus will also pick up EMG from the
all variables except baseline shift of iap and itp that were poor and fair, respectively. synergistic transversus abdominis

- Use of surface EMG could oversimplify the motor control processes that occurred

- A fixed value for inspiratory resistance was used, thus individual factors such as
physical fitness levels and inspiratory muscle strength could have confounded the
results

- There may be not sufficient power to fully inform the intricacies of the motor control
patterns displayed

Bitnar, P. et | - The member with the most clinical experience performed all measurements. - Gastrooesophageal reflux disease (GERD) was carefully clinically ascertained and
al., 2016 - It was assured that the conditions under which testing was conducted were uniform presence of common associated diseases was ruled out, but it is still possible that
and the same catheter was used for all assessments some other physiological process or condition were present.

- Probably the most unique part of this study is the confirmation of intra-abdominal - All patients with GERD involved complained of chronic pain but there was no
pressure influence on upper esophageal sphincter pressure. specific relationship between these symptoms.

- High-resolution manometry appears to be an appropriate method to evaluate this - No direct diaphragm measurements were done.
combined diaphragmatic function. - Relatively small sample, potentially compromising explanatory power.

- Most studies using high-resolution manometry are conducted based on
measurements in supine, whereas deglutition but also other movements and
activities occur mostly in the upright position

Druz WS. et | - Observations were repeatable - In 2 patients with COPD in whom the delta diaphragm EMG did not increase on

al., 1982 - The esophageal electrode catheter was not anchored with a gastric balloon, but the assuming the erect positions, the authors could not as easily exclude artifacts.
experiments of 6nal and associates demonstrated that catheters of the type used in - In 4 of the normal subjects and 3 of the patients, the sequence of body position
this study record the diaphragmatic EMG adequately and that stabilization with an was reversed, supine observations being repeated after standing and sitting
inflated gastric balloon does not improve the reproducibility of diaphragmatic EMG observations and sitting observations being made before standing observations.
data. The esophageal recordings of diaphragm EMG were accepted as valid. - Because of poor contrasts of oscillographic records, they were redrawn for figures.

- A tilt table was used for supine and standing studies, the table being tilted 80° head-

up for the latter. This resulted in greater stability of magnetometer tracings because
spinal attitude and shoulder and trunk configuration varied less.

Gandevia SC. | - Motor cortical stimulation at the vertex produces a powerful and rapidly conducting - No specific mentioning of limitations in discussion

etal., 1990 excitatory input to motoneurons of mid-line and leg muscles - Any major technical fault was excluded which may have meant that superimposed

Griffiths LA. et
al., 2012

Loud verbal encouragement and biofeedback were always provided which caused
well motivated subjects

During repeated brief maximal voluntary efforts in all subjects there were some
trials in which the twitch force was completely occluded, indicating that the
diaphragm was being driven maximally. This was confirmed by averaging several
'successful' trials, a technique which increases the sensitivity of the test

The present neurophysiological study of the activation of the diaphragm and its
synergists during different maximal tasks is the first to use motorcortical stimulation
as a test of maximal voluntary drive to muscles acting in-series

The standardization of the starting lung volume by initiating each manoeuvre from
the upright posture (inhaling or exhaling before adopting the test posture) would
have minimized the influence of posture upon the measured pressures. However,

force increments were 'missed' during inspiratory efforts, and have shown a
number of pressure recordings at high gain

It is likely that if starting lung volume had not been standardized, that posture
would have exerted a more potent influence upon respiratory mouth pressures
than was observed




Hagins, M. et
al., 2004
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al., 2011
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al. 2014
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2005
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al., 2017

Hodges PW.
etal., 1997

this was performed in order to minimize the effect of starting lung volumes upon the
measured pressures, thereby isolating any effects of postural co-contraction of
trunk muscles

Each manoeuvre was performed a minimum of three times to maximize reliability

Loads were normalized for each subject to 70% and 35% of the average of two
trials of maximum isometric trunk extensor exertion in an upright posture.

To capture natural breathing patterns without bias, subjects were not fully informed
of the study’s focus on natural breath control, and all trials using this breathing
method were performed first.

In addition to the primary purpose, this study explored whether age and gender
modified breath control during a lifting task, no study has yet examined the
influence of age or gender on breath control during lifting tasks.

To minimize the possibility of participants consciously controlling their breath during
the lift, they were not informed of the specific purpose of the experiment.

The Oswestry Low Back Pain Disability and The Baecke Physical Activity
questionnaire has been shown to be reliable and valid.

Six participants returned for a second day of identical testing to determine reliability,
this indicated that the measure of %Vital Capacity was highly reliable for heavy
loads and moderately reliable for light loads, although the 95% CIS are very wide.
To eliminate bias associated with the initial cue to begin lifting and to provide for 2
complete, independent lifting sequences that included both lift-off and placement of
the load, only data from trials 2 and 4 of each series were included.

This study provides the first evidence that natural breath control during a lifting task
differs significantly in individuals with low back pain compared to age-matched and
gender-matched healthy controls.

Results are consistent with other studies

Measurements were taken by one investigator with a lot of experience: no
intersubject heterogeneity

Limitation of technical error

Strong evidence that the diaphragm has a specific, posture-dependent impact on
body balance

Data are in consistent with the observations of studies that have found an
improvement in lung volume when the abdomen is bound:

Gender was compared; there was the same amount of women than men in the
sample size.
Sample size was calculated on the base of statistical power.

The stimulus to move the arm occurred at a random point during the respiratory
cycle. To ensure the reaction time was as rapid as possible, the subject was given
an audible warning at a random period prior to the stimulus to move.
Trials were rejected on-line if the subject moved before the visual stimulus or failed
to respond to it within 400ms. Fewer than 5% of trials were rejected

The two positions are not directly comparable, but the modified position allowed for
an uncontaminated assessment of the postural role of respiratory muscles in this
position

The results of this study are not directly applicable to the catch position, and
probably represent a best-case scenario in terms of the detrimental influence of
this posture upon respiratory function in this position

There may have been a degree of error in the positioning of the participants

No specific mentioning of limitations in discussion.

The measurement of timing of intra-abdominal pressure used in the present study
based on a single peak magnitude value may not be optimal

No specific mentioning of limitations in discussion.
The cross-sectional design of this study renders it impossible to determine whether
the breath differences in the low back pain group are causative or compensatory.

Small sample size

Failed to use a phrenic nerve stimulation device that would avoid contact between
the investigator and the subject and aid symmetrical stimulation, because of that
there might have been electrode displacement

Diaphragm contraction by phrenic nerve stimulation, therefore there is no
generalizability for physiological breathing

Diaphragm moves craniocaudal and outward, therefore the points measured at
end inspiration were not exactly the same points measured at end expiration

The entire thorax could not be imaged due to limited size

The fall in abdominal compliance with application of the girdle could influence the
observed increase in diaphragm performance

The diaphragm was monitored in healthy subjects, not in those with respiratory or
low back dysfunction and therefore it is not known how well the results would
generalize to patient populations or whether the measurement will be sufficiently
sensitive to detect impairments or changes in diaphragm function.

Locations, dates, periods of recruitment and data collection were not described.
The monopolar needle electrode used in this study was selective. This was
necessary to minimize cross-talk from adjacent muscles but may have resulted in a
failure to detect EMG from the motorunits with the earliest onset

Due to the relatively slow sampling rate of the ultrasound images (28 Hz) the exact
time of onset of this change is imprecise for single trials
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This study provides the first direct evidence that the diaphragm may contribute to
the postural control of the human trunk in addition to its role in respiration

After a loaded inspiration, the EMG activity of transversal abdominal muscle and
internal oblique muscle increased during the expiratory phase. Subjects were
unaware of possible respiratory responses to loading.

Five practice movements were performed in each condition, with feedback from the
experimenters, to ensure consistency of response.

Data were normalized

Power spectral densities of the autocorrelations of the EMG, pressure, and
movement signals were calculated to identify the frequency of EMG bursts and the
frequency of shoulder and rib cage motion. To remove any nonstationarity from the
data due to low-frequency drift, and to remove any movement artifact, the EMG
data were high-pass filtered at 100 Hz and then rectified and low-pass filtered at 30
Hz

Analysis of the filtered and rectified EMG signal by using the “runs” test indicated
that the data satisfied the conditions of stationarity. An additional factor that
supports the validity of this analysis is that many of the findings were confirmed by
analysis of data averaged with the onset of the movement used as the trigger

Data were normalized

To remove any nonstationarity from the data due to low-frequency drift, and to
remove any movement artifact, the EMG data were high-pass filtered at 100 Hz and
then rectified and low-pass filtered at 30 Hz

Analysis of the filtered and rectified EMG signal using a runs test on consecutive 1s
data intervals indicated that the data satisfied the conditions of stationarity. An
additional factor that supports the validity of this analysis is that many of the findings
were confirmed by analysis of data averaged with the onset of the movement used
as the trigger

Data were normalized

Power spectral densities of the autocorrelations of the EMG and movement signals
were calculated to identify the frequency of EMG bursts, and the frequency of
shoulder and rib cage motion. To remove any non-stationarity from the data due to
low-frequency drift, and to remove any movement artefact, the EMG data were
high-pass filtered at 100 Hz, and then rectified and low-pass filtered at 30 Hz
Results of this study provide the first in vivo evidence that raised IAP and
contraction of the diaphragm and transversus abdominis increase intervertebral
stiffness

Measurement of postero-anterior stiffness in this manner has good test-retest
reliability and is accurate within 1% for measurement of stiffness of an elastic beam

No specific mentioning of limitations in discussion.

The absolute reaction time for deltoid and the abdominal muscles varied between
trials within each condition, and this may obscure any changes in timing of the
abdominal muscles relative to the arm movements in the different respiratory
phases and different experimental conditions.

No specific mentioning of limitations in discussion
Although there were small changes in airflow with each repetition of shoulder
movement, it was not possible to determine whether this was due to actual
changes in airflow or movement of the mouthpiece

No specific mentioning of limitations in discussion

Small sample size

The signal of ribcage motion measured with the inductance plethysmograph was
affected to a small extent by movement of the upper limb. It was impossible to
determine whether this was due to artifact or to real changes in volume of the
thorax

With the selective multi-unit recordings from the costal diaphragm it was difficult to
identify accurately the temporal characteristics of the burst of diaphragm EMG
activity from single movements of the upper limb

No specific mentioning of limitations in discussion

In this study, the displacement was induced by caudal and rostral displacement of
the L4 vertebra. This measure is a less sensitive measure of stiffness of a single
intervertebral segment as it may be influenced by other factors such as the
stiffness at segments above and below the level of force application. Thus, the
displacement did not represent a functional motion and emphasis was placed on
the changes in intervertebral kinematics

Another issue is whether the pig is an adequate model of the human spine.
Several authors have compared the anatomy of human and quadruped spines and
confirmed that they are comparable with few exceptions

A limited number of subjects participated in the present study due to the discomfort
associated with strong tetanic electrical stimulation and the percutaneous
stimulation of the phrenic nerves

The measure of posteroanterior stiffness of the spine is a composite measure and
is influenced by stiffness of the entire spine and its supporting structures

Although the data indicate that posteroanterior stiffness of the spine is increased
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- The findings of this study are in agreement with the reports by Hodges et al. (2001) and
Hart et al. (2005)

- Random assignment to intervention group - control group

- Use of 3 different questionnaires to objectify pain

- Findings can be useful in rehabilitation of low back pain patients, but also in
prevention of low back pain in people with breathing problems

- The results are in agreement with a previous finding where differences in postural
control could only be found when the task involved increased complexity

- This evaluation of inspiratory muscle force seems to be the only noninvasive test to
securely assess inspiratory muscle force

- Information about diaphragm fatigue as a possible mechanism in recurrent non-
specific low back pain, which still is a large gray area

- Gives a potential explanation for the relationship between low back pain and
respiratory disorders

- The first study to evaluate the underlying proprioceptive changes in balance control
in individuals with COPD

- Results were consistent with other studies

- Inclusion of patients without any confounders

- The lifting effort values were normalized by the maximal lifting effort, inspiratory
volume and expiratory volume were normalized by the tidal volume and intra-
abdominal pressure development was normalized by the maximal intra-abdominal
pressure during vasalva maneuvers.

- The vision of each subject was obstructed so as not to bias their intra-abdominal
pressure and respiratory behavior

- First study showing the voluntary movements of the diaphragm during the
respiratory controlled breath hold

- Clinical evidence of this study shows similar experiences than other studies

- It's demonstrated that changes in diaphragm excursion and tidal volumes are well
correlated for all three experimental conditions

- Findings are in agreement with Hodges et al. (2000)

- The statistical method is adjusted to the groups not being the same

- The results provide additional evidence for altered breathing patterns during
strenuous and nonstrenuous activity in individuals with low back pain

- No research to date has been conducted in which diaphragm dynamics would be
visualized in relation to postural tasks and low back pain

by the increase in IAP, it was not possible to quantify its contribution to overall
stability of the spine; this requires further investigation.

Small sample size

Limited number of severely affected people with stroke

Likely effect of learning during the evaluation of MIP and MEP

Possible leak from the nozzle in patients with stroke who presented facial
weakness, not maintaining a good oral seal

No long term follow up

No blinding used

The study failed to verify the presence of inspiratory muscle force following the
loaded breathing task
Results cannot be generalized to a more typical population with low back pain

Small sample size
Invasive nature of the protocol

Further research needed for assessment of the relation with fall incidence and to
evaluate proprioceptive strategies during dynamic postural tasks

Small sample size

Did not provide direct evidence regarding lumbar stability in the present study

No direct measurement of the muscles surrounding the abdominopelvic cavity

No specific mentioning of limitations in discussion.

The previous study demonstrated a significant increase in the natural inspiratory
volume up to 130% of tidal volume with lifting of 25% of body weight, although it is
impossible to compare these results directly because of different relative efforts for
body weight or maximal lifting strengths in the present study.

No specific mentioning of limitations in discussion
Unequal sample size with 6 males and 10 females

No imaging of the whole rib cage, just of the diaphragmatic excursion

Each participant has a different subjective ability to balance external pressure
and/or resistance

No detection of previously reported finding of asymmetric excursions between
hemidiaphragms

Intra-abdominal mass also has an influence on diaphragm excursion, especially in
cases of central obesity, therefore the BMI of the participants fell in the normal
range

There is a possibility of rib cage distortion during the experimental conditions; this
can be changed by passive stretch of the abdominal muscles. This was not
considered.

A convenience sample was used, the patient and control groups differed in size
and some demographic characteristics

Only an isolated analysis of the diaphragm was performed instead of imaging of
the whole rib cage

Force and direction were not formally assessed, although external pressure to
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A test-retest repeatability study for all measures was performed on five of the
participants from the comparison group to establish the reliability of the measures.
There was low variability in the measurement approach.

In this study they use the ASLR to examine the form and force closure mechanism
of the sacroiliac joint. This maneuver has been advocated as a reliable test for the
quality of load transfer through the lumbo-pelvic region

First time that effects of posture on thoracoabdominal asynchrony in COPD have
been studied by both opto-electronic plethysmography and ultrasound, this provides
a more complete analysis of the relationship between movement of the lower rib
cage and the zone of apposition in COPD patients

Use of a control group to compare results

The inter-observer reliability of the assessment is generally fair to moderate,
therefore all subjects were examined by the same observer

Examiner completely blinded

The subjects were divided into male and female groups to exclude the effects of
these factors, to standardize conditions, to evaluate exclusively the effect of
postural changes on MIP

The device used for measurement of postero-anterior stiffness (a strain gauge and
linear potentiometer) has good test-retest reliability and is highly accurate.

Although there has been some investigation of the effects of respiration on spinal
stiffness, this study is the first to compare the stiffness response of a variety of
respiratory efforts, including both inspiration and expiration.

The statistics used consider the sample size in the analysis

This finding, that the deficit in balance involves mediolateral rather than
anteroposterior control, is important because mediolateral control is more
dependent on trunk movement due to poor efficiency of the ankle muscles to control
balance in this direction.

Exercise dose was matched between pairs of subjects with and without COPD who
were matched for age and gender.

Upper limb exercise was chosen over lower limb exercise to remove the possible
effects of lower limb muscle fatigue on balance.

The shape of the diaphragm is changed three-dimensionally during respiration. With
MRI it is possible to estimate a particular portion of the diaphragm at an arbitrary
plane without ionizing radiation

With MRI thoracic motion is not hindered, which guarantees more natural and
physiological information of the diaphragm

This study may provide clinicians valuable information for identifying relevant
impairments on which to focus during interventions for chronic ankle instability.

The investigator responsible for measuring diaphragm contractility was blinded to
group membership.

generate grade 4 force was applied by the same clinician and standardized
requirements of current MRI methodology: exclusion of the possibility that the
resistance varied across the subjects is not possible

Intra-abdominal pressure was not measured directly

This research did not include any measurement of diaphragm movement

The values measured during tidal breathing of the subject at rest were small and a
fixed anatomic reference point from which to measure diaphragmatic motion was
absent.

The pressure signals could not be obtained simultaneously because of signal
degradation when supine, and increased patient discomfort
Intervention group and control group do not match

No reliability assessment was made by the investigator for the assessment of the
breathing pattern

Only manual palpation and visual inspection were used to assess the breathing
patterns, which is subjective

Higher values can only be achieved after specific muscle coordination training

Noninvasive measurement of spinal stiffness cannot provide an ideal measure of
intersegmental stiffness and is affected by the stiffness at segments distant from
the site of application of the postero-anterior force.

The number of patients available was limited. The experiments were not altogether
effortless for the investigators and not very convenient for the patients, who were
therefore difficult to recruit.

Hyperinflation was not measured in this study, but may have had an effect on
postural control.

Subjects rated breathlessness on the subjective modified borg-scale.

As measures were quantified as angular change rather than linear translation, the
exact placement of the inclinometer would have little effect on the accuracy of the
data.

Due to the limited length of the coil, it was not possible to encompass the whole
lung, especially the apical region

Due to a complex craniocaudal and outward movement of the diaphragm, the
points measured at end inspiration were not exactly the same points measured at
end expiration in this study

The cross-sectional retrospective design makes it difficult to determine whether
reduced left hemidiaphragm contractility observed in the chronic ankle instability
group is due to the pathology or if the alteration existed before injury.

There was no control of breathing volume using a spirometer. It is possible that




Uchida M. et
al., 2010

Uga M. et al.,,
2010

Uga M. et al.,,
2010

Vostatek P. et
al., 2013
Whdthrich  T.
etal. 2013

Evaluation of diaphragm thickness and contractility using b-mode ultrasound has
been demonstrated to be valid and reliable.
We did conduct an exploratory correlation analysis between diaphragm measures
and demographic characteristics and physical activity levels, finding non-significant
weak associations between these variables.

Measurements were started after the subjects became accustomed to the
measurement conditions.

The subjects drew cards in advance to randomize the sequence of measurements
and eliminate effects any sequence.

A 2-minute rest was provided before and after each measurement to prevent the
effects of respiratory muscle fatigue.

Diaphragm and trunk muscle EMG was observed during voluntary movements to
gain information essential to know how the centers for the voluntary movements,
controlling posture and respiration coordinately, control the diaphragm and trunk
muscles using various afferent feedbacks

Suggestion that the reaching movements and the standing-up movements may
have some different control mechanisms from central nervous systems

Suggestion that the diaphragm may receive an input from the central nervous
system in order to adjust lung volume changes during postural changes

There was a clear modulation of the diaphragmatic activity during voluntary trunk
movements

A technique for assessing respiration properties is proposed

The movement of the diaphragm is separated, which is not linked with respiration
Constant lung volumes before application of magnetic stimulations are crucial to
achieve reproducible twitch measurements, this study has closely monitored them
so it is unlikely that the lung volumes have biased the outcomes

differences in respiratory volume during the quiet breathing among participants in
this current study influence the observations.

Although there were no differences in demographic characteristics and physical
activity levels between the chronic ankle instability and the control groups, it is still
possible that these factors had some effects on our findings.

The structure and the contractility of the diaphragm were assessed in the supine
position; this may not adequately reflect neuromuscular function during a functional
task.

Although it was verified that all included limbs did have chronic ankle instability,
there was no documentation of whether the included patients with bilateral lateral
ankle sprain history had bilateral chronic ankle instability. Unilateral and bilateral
chronic ankle instability may have had different outcomes.

Because measurements of functional residual capacity (FRC) were considered
difficult for the present study, we measured expiratory reserve volume as an
indicator of relative changes in FRC.

Healthy subjects were used, but greater decreases in ventilation may be observed
in elderly patients and other cases in whom the respiratory function becomes
limited due to degeneration.

Study in only two cats

No specific mentioning of limitations in discussion

Study in only 4 cats

Diaphragm recordings were limited to the costal portions, although previous
studies have shown that larger increases in activity occur in the crural than in the
costal diaphragm during nose-up tilts from a supine position

There are limitations of the harmonic model, a more complex model needs to be
created

No assessment of EMG responses to magnetic stimulation for inspiratory muscles,
but this could lead to an overestimation of contractile fatigue

Only experienced endurance athletes so transfer in other population is difficult




TABLE 5: Data-extraction of included studies in alphabetical order (n=42)

Population

Aim of the study

Description of the measurements methods

Results

Authors
Almeida VP.
etal. 2013
Beales, DJ. et
al., 2010
Bitnar, P. et
al., 2016
Druz WS. et
al., 1982
Gandevia SC.
et al., 1990
Griffiths  LA.
etal, 2012

50 individuals with
asthma

14 pain-free females

58 patients with
gastro-esophageal
reflux disease

8 normal subjects
6 patients with severe
COPD

7 subjects

11 male and 5 female
participants

Compare posture, balance,
functional capacity and quality
of life according to severity of
disease (group A: FEV1>74%
predicted, group B: FEV1<74%

predicted).
Investigate how  pain-free
subjects  coordinate  motor

control during an ASLR when
this task is complicated by the
additon of a respiratory
challenge

Determine the relation between
posturally increased IAP and
lower/upper esophageal
sphincter pressure changes in
patients with gastro-
esophageal reflux disease,
during bilateral leg raise
Assess EMG measurements of
respiratory muscles together
with measurements of thoraco
abdominal motion and gastric,
esophageal and
transdiaphragmatic  pressures
in patients with severe chronic
obstructive pulmonary disease
Assess the degree of activation
of the diaphragm, intercostal-
accessory muscles and
abdominal muscle during
postural tasks and respiratory
maneuvers

Assess the influence of the
postural role of the trunk
muscles upon pressure and
flow generating capacity, by

Respiratory muscle strength: computerized
pulmonary function testing systems

Stabilometry: analysis of static postural
balance on force platform

Trunk muscle activation: EMG
IAP and intra-thoracic pressure by
nasogastric catheter

Pressure changes in lower and upper
esophageal sphincter by high resolution
manometry

Gastro-esophageal catheter: EMG
measurements of the diaphragm and
transdiaphragmatic pressure

Bilateral phrenic nerve stimulation

Motor cortex stimulation

Quantitative EMG of diaphragm, trunk
muscles and abdominal muscles
Measurement of  transdiaphragmatic
pressure and diaphragmatic EMG with a
multi-lumen gastro-esophageal catheter

Maximal inspiratory and expiratory mouth
pressure maneuvers as surrogates of
inspiratory and expiratory muscle strength,
measured by a portable handheld mouth

MIP + MEP were lower in group B

Maximal mediolateral velocity and displacement were
significantly greater in group B compared to A

In individuals with asthma, pulmonary function is associated
with balance control in mediolateral direction

Activation of oblique internus was greater on the side of the leg
lift during ASLR + inspiratory resistance

The increase of motor activity was associated with greater IAP
baseline shift when lifting the leg during ASLR + IR

A significant increase in both lower and upper esophageal
sphincter pressure

Patients with initially higher pressure in lower and upper
esophageal sphincter exhibited a greater pressure increase
during leg raise

Normal subjects: Pdi (transdiaphragmatic pressure) was
maintained in all 4 postures

COPD: Pdi decreased during erect sitting and standing
Standing and erect sitting: all healthy subjects and 4/6 COPD
patients showed increases in Edi (EMG diaphragm)

2/6 COPD Edi did not increase in the erect postures: this reflex
which normally compensates for reduced diaphragmatic
efficiency is not working

Bilateral phrenic nerve stimuli:

Average change in transdiaphragmatic pressure during
relaxation

Peak voluntary diaphragmatic pressure was about 30% less
for inspiratory than expulsive maneuvers

Transcranial activation: increment in abdominal pressure
during maximal voluntary expulsive efforts (abdominal muscles
fail to generate full contractile force)

Motor cortical stimulation during weak inspiratory efforts: small
reduction of esophageal pressure

EMG activity of abdominal muscles and intercostal muscles
was greater during trunk flexion than during maximal expulsive
efforts.

Respiratory mouth pressures are lower with recumbency, with
a decrease in PEmax in unsupported recumbent postures




Hagins, M. et
al., 2004

Hagins, M. et
al., 2011

Hamaoui A.
etal. 2014

Hart N. et al.,
2005

Hellyer NJ. et
al., 2017

Hodges PW.
etal., 1997

11 asymptomatic
subjects

30 subjects without
low back pain, 32
subjects with chronic
mechanical low back

pain

8 men, 4 women
without any
neurological,
musculoskeletal or

respiratory disease

10 subjects with SCI

24 Healthy subjects
(12 male and 12
female).

5 subjects

measuring maximal respiratory
pressures, flows and volumes
in various seated postures
relevant to rowing

Examine the effects of breath
control on magnitude and
timing of IAP during dynamic
lifting

Determine if, during a whole-
body lifting task, individuals
with low back pain breathe
differently than age- matched
controls

Study the postural disturbances
caused by isolated contractions
(unilateral, bilateral and caused
by sniff maneuvers) of the
diaphragm

Assess the effect of custom
girdles in patients with spinal
cord injury (SCI), with both
trunk and abdominal support,
on the sensation of respiratory
effort, pulmonary function,
diaphragmatic load and
diaphragm strength in patients
with SCI during spontaneous
breathing while seated
Whether diaphragm thickness
measurements with US differ
among 3 different body
postures in healthy subjects.
Assess the response of the
diaphragm to the postural
perturbation produced by rapid
flexion of the shoulder to a
visual stimulus in standing
subjects

pressure meter

Rowing-related postures: 3 phases (catch,
sitting upright, finish) measured by a
goniometer for the hip/trunk angle

IAP measured using a microtip pressure
transducer (in the stomach)

Pressure sensors on the floor and platform

Force plate to measure the centre of
gravity

Thoraco abdominal
measure changes in
abdominal circumference

Diaphragm electromyograms

Phrenic nerve stimulation by handheld
monopolar electrodes

sensor belts to
rib cage and

Transdiaphragmatic
measurement

pressure

Diaphragm thickness was assessed in via
B-mode ultrasound imaging in supine,
seated, and standing postures.

Gastric, esophageal and
transdiaphragmatic pressure

Intramuscular and esophageal recordings
of EMG in the diaphragm

Dynamic changes in the length of the
diaphragm measured with US

There was a significant effect of breath control and load, but
not of posture, on intra-abdominal pressure magnitude

The inhalation form of breath control produced significantly
greater peak IAP than all other forms of breath control
Individuals with LBP performed the lifting task with more
volume in their lungs than healthy peers

With increasing age, participants with LBP increased inspired
volume and participants without LBP decreased inspired
volume

Seated: bilateral phrenic stimulation and sniff maneuvers:
expansion of the abdomen, associated with a forward peak of
CG acceleration

Standing: Centre of gravity peak was reversed and directed
backward

Unilateral phrenic stimulation: additional medial-lateral
acceleration of centre of gravity, directed to non-active side
while seated, to opposite side while standing

Isolated diaphragmatic contractions: constant disturbing
pattern for a given posture, with opposite effects between
standing and seated postures

Lateral component induced by unilateral diaphragm
contractions could be relevant in patients with hemidiaphragm
paralysis

A decrease in dynamic abdominal compliance + an increase in
diaphragm pressure

At end expiratory lung volume, diaphragm thickness was
greater in the seated and standing than in the supine position,
approximately 30% or 0.7 mm (p< .001) seated and 0.7 mm
(p< .001) standing.

Anticipatory EMG contraction of the costal and crural
diaphragm: 20ms before the onset of deltoid EMG

Gastric and transdiaphragmatic pressures increased in
association with the rapid arm flexion

US revealed that the costal diaphragm shortened and then
lengthened  progressively  during the increase in
transdiaphragmatic pressure




Hodges PW.

et al., 1997

Hodges PW.

et al., 2000

Hodges PW.

et al., 2000

Hodges PW.

et al., 2001

Hodges PW.

et al., 2003

Hodges PW.

et al., 2005

5 volunteer subjects

EMG: 7 male subjects
6 of them: pressure
recordings

Changes in respiratory
pattern: 10 subjects
3 subjects in both

4 subjects

13 healthy volunteers

11 adolescent
domestic pigs

3 subjects

Evaluate the influence of
respiratory activity of the
abdominal muscles on their
reaction time in a postural task

Investigate the mechanical
output of the components of
diaphragm activity

Investigate the coordination
between respiratory and
postural functions of the
diaphragm during repetitive
upper limb movement

Investigate whether postural
activity of the diaphragm
changed when respiratory drive
increased with hypercapnoea

Investigate the effect of
transversus abdominis and
diaphragm activity and
increased IAP on intervertebral
kinematics in porcine lumbar
spines

Determine  whether  spinal
stiffness increased when IAP
increased without concurrent
activity of the abdominal and
back extensor muscles

EMG onset of the abdominal muscles and
deltoid

EMG: costal diaphragm, abdominal and
erector spinae muscle activity
IAP (Pga and Poes), ITP and TDP by
pressure transducers

Motions of the rib cage, abdomen and arm
by potentiometer

- EMG recording of the costal diaphragm
using intramuscular electrodes
- Surface electrodes over the deltoid and
erector spinae muscles

EMG of the diaphragm and other trunk
muscles with intramuscular electrodes

Arm  movement measured with a
potentiometer

Gastric pressure recorded with a pressure
transducer

Inspiratory pressure into L3 and L4 to
make movement possible, measured with
motion sensors

EMG electrodes into transversus
abdominis

Measurement of IAP

Increase in IAP evoked by tetanic

stimulation of the phrenic nerves either
unilaterally or bilaterally
Measurement of spinal stiffness by probe
on L4 and L2, as the slope of the

During quiet breathing: the latency between activation of the
abdominal muscles and deltoid was not influenced by the
respiratory cycle

When respiratory activity of the abdominal muscles increased,
the EMG onset of transversus abdominis and internal oblique
was significantly earlier for movements relative to deltoid,
beginning in expiration, compared with inspiration

The onset of transversus abdominis was delayed when
movement was performed during a static expulsive effort,
compared with quiet respiration

Changes occur in early anticipatory contraction of transversus
abdominis during respiratory tasks

During limb movement: diaphragm and transversus abdominis
were tonically active with added phasic modulation

Activity of the other trunk muscles was not modulated by
respiration

IAP was increased during the period of limb movement

IAP increase due to rapid repetitive limb movement during
breathing, this increase was maintained until the end of the
task

Diaphragm activity was present throughout expiration at 78%
of its peak inspiratory magnitude during repeated upper limb
movement

The majority of the diaphragm EMG power was at the
respiratory frequency, a peak was also present at the
movement frequency

Diaphragm response was similar when movement was
performed while sitting

When subjects moved with increasing frequency the peak
upper limb acceleration correlated with diaphragm EMG
amplitude

When respiratory demand is increased the postural diaphragm
activity is decreased

Increased central respiratory drive may weaken the postural
commands reaching motor neurons

IAP maintained elevated during arm movement and the
increase during period of arm movement was reduced when
ventilation increased

Elevated intra-abdominal pressure and contraction of
diaphragm and transversus abdominis provide a mechanical
contribution to the control of spinal intervertebral stiffness

Tetanic stimulation of the diaphragm increased IAP by 27-61%
and increased the stiffness of the spine by 8-31% of resting
levels

Stiffness increased at L2 and L4

When EMG activity of the erector spinae, the spinal stiffness




Jandt SR. et
al., 2011

Janssens L.
etal, 2010

Janssens L.
etal, 2013

Janssens L.
etal, 2013

Janssens L.
etal, 2014

23 patients who had a
clinical diagnosis of
ischemic or
hemorrhagic stroke

16 people with low
back pain and 12
healthy control

14 low back pain
patients, 11 control

20 individuals  with
COPD and 20 controls

28 persons with low
back pain (18 women
and 10 men)

Evaluate the correlation
between trunk control,
respiratory muscle strength and
pulmonary function in

individuals who suffered stroke
Determine postural stability and
proprioceptive postural control
strategies of healthy subjects
and subjects with recurrent low
back pain during acute
inspiratory muscle fatigue

Whether individuals with LBP
exhibit  greater  diaphragm
fatigability compared to healthy
controls

Determine the specific
proprioceptive control strategy
during postural balance in
individuals with COPD and
healthy controls, and to assess
whether this was related to
inspiratory muscle weakness
Investigate if inspiratory muscle
training affects proprioceptive
use in persons with low back
pain  during proprioceptive
control

regression line fitted to the linear region of
the force-displacement curve

Gastric and esophageal pressures by a
thin-film strain gauge pressure transducer
Chest wall surface electrodes EMG, which
don't provide selective recordings of the
diaphragm, but represent evoked activity
of the diaphragm in addition to any
ongoing activity of the diaphragm and
other muscles

Trunk control by the trunk impairment
scale

Respiratory muscle strength by
manovacuometry, measuring MIP and
MEP

Measurement of postural stability by
centre of pressure displacement on a force
plate

Proprioceptive postural control strategies
examination by vibration of the triceps
surae muscles or lumbar paraspinal
muscles, while standing on a
stable/unstable surface, without vision

MIP and MEP measurement by electronic
pressure transducer

Transdiaphragmatic twitch pressure
measured before and 20 and 45 min after
inspiratory muscle loading, measured by
esophageal and abdominal pressure
changes using balloon catheters
Assessment of respiratory muscle strength
by Plmax and PEmax (measured by an
electronic pressure transducer)

Measurement of centre of pressure
displacement during local muscle vibration
using a six-channel force-plate
Measurement of inspiratory muscle
strength by measuring maximal inspiratory
pressure using an electronic pressure
transducer

increased with 16%

There is a correlation between trunk control and expiratory
muscle strength

Larger sway after inspiratory muscle fatigue in healthy controls
Low back pain patients already have increased sway
Inspiratory muscle increase caused an increased reliance on
proprioceptive signals from the ankles, this is the same in
people with LBP

Individuals with LBP showed a significantly decreased
transdiaphragmatic twitch pressure

No significant decline in healthy subjects

Diaphragm fatigue was present in 80% (20 min) and 70% (45
min) after IML in LBP, only 40% and 30% in controls

COPD patients had increased ant-post body sway during
upright stance + an increased post body sway during ankle
muscle vibration + decreased ant body sway during back
muscle vibration + increased post body sway during ankle-
back vibration

The weaker the inspiratory muscles, the greater the reliance
on ankle muscle input

Pl max increased significantly by high IMT, not low IMT

A more dominant back over ankle proprioceptive use in the
high IMT group

Standing on a stable support surface: the high IMT group
decreased reliance on ankle proprioceptive signals + reduction
of posterior body sway

Standing on an unstable support surface: in the high IMT
group with vibration elicited a significantly larger anterior body
sway, this is due to an increased use of back proprioceptive
signals




Kawabata M.
etal, 2014

Kawabata, M.
etal, 2010

Kolar P. et al.,
2009

Kolar P. et al.,
2010

Kolar P. et al.,
2012

O'Sullivan
PB. et al,
2002

Priori R. et
al., 2013

11 healthy men

10 highly trained judo
athletes and 11
healthy men

16 healthy subjects

30 healthy subjects

18 patients with
chronic low back pain
and 29 healthy
subjects

13 subjects with a
clinical diagnosis of
sacroiliac joint pain
and 13 matched
control subjects

23 severe COPD
patients and 12
healthy controls

Measure the change in peak
rate of IAP during dynamic load
lifting

Examine whether spontaneous
breath volume and IAP altered
with increased isometric lifting
effort, and to compare the
effect of different abdominal
muscle strengths on these

parameters

Analyze the diaphragm
movement during tidal
breathing and during its

activation while breath holding
(subjects were instructed to
firstly expand the abdominal
wall, then to draw in the
abdominal wall)

Describe diaphragmatic
behavior during postural limb
activities and examine the
ventilatory  and stabilizing
functions of the diaphragm

Examine diaphragm excursions
and inspiratory and expiratory
positions during normal tidal
breathing and during postural
tasks in patients with chronic
low back pain and healthy
volunteers

Gain insight into the motor
control strategies of subjects
with sacroiliac joint pain and
the resultant effect on
breathing pattern

Measure if varying body
positions from seated to supine
would influence rib cage
asynchrony by changing the
configuration of the respiratory
muscles

Hip joint angle
Intra-abdominal pressure measured by an
intra-rectal pressure transducer

Maximal intra-abdominal pressure during
vasalva maneuver
Trunk muscle
dynamometer

strength with a

Diaphragm movement by MRI (apex and
dorsal costophrenic angle)
EMG

Diaphragmatic excursions measured by
MRI

Diaphragm  excursion

dynamic MRI

measured by

Diaphragmatic excursion and pelvic floor
descent were measured using US

This was measured in following condition:
at rest, performing an ASLR, performing
an ASLR with manual pelvic compression
Measurement of phase shift between
upper and lower rib cage and between
upper rib cage and abdomen (with opto-
electronic plethysmography) during quiet
breathing: seated and supine position
Changes in diaphragm zone of apposition
(measured by US)

No effect of the lifting load on the time of occurrence of rate-
intra-abdominal pressure

As lifting load increased, so did the time between lifting motion
onset and intra-abdominal pressure onset

Trained athletes had higher max%IAP during vasalva and
stronger trunk flexor muscles than controls

Trained subjects had lower max%IAP during lifting task than
control

The diaphragm is not only a breathing muscle, but activated
independently of respiration

A diaphragm moves during voluntary breath-holding not only
due to pressure changes but also due to active contraction

Diaphragmatic excursion was greater during upper and lower
body activity than during tidal breathing, with greater effect for
lower limb activity

Expiratory diaphragm position was lower only for lower
extremity activities

Diaphragm position was most affected at the apex of the
crescent and crural portion of the diaphragm

Significant involvement of the diaphragm in the limb postural
activities was found, diaphragm excursions and diaphragm
positions differed from the tidal breathing conditions, especially
in lower extremity activities

Smaller diaphragm excursions and higher diaphragm position
in the patient group during upper and lower extremity tidal
breathing

Maximum changes were found in costal and middle points of
the diaphragm

Participants with sacroiliac joint pain have decreased
diaphragmatic excursion and increased pelvic floor descent

In COPD patients:

Ribcage asynchrony in seated posture but not in supine
posture.

Upper ribcage and abdomen were synchronous when seated
but asynchrony was found in supine

Zone of apposition of the diaphragm in healthy subjects was
not significantly different in the two postures




Roussel N. et
al., 2009

Segizbaeva
MO. et al,
2013

Shirley D. et
al., 2003

Sinderby C.
etal., 1992

Smith MD. et
al., 2010

Takazakura

R. etal., 2004

Terada, M. et
al., 2016

10 healthy subjects
and 10 patients with
chronic low back pain

10 healthy subjects

8 subjects

8 male complete
cervical cord injury
patients

12 people with COPD
and 12 healthy
controls

10 healthy men

27 patients and 28
healthy control

Evaluate the breathing pattern
during rest (standing and
supine, both while spontaneous
breathing and deep breathing)
and during motor control tests
(bent knee fall out and ASLR)
Evaluate MIP and EMG
patterns of major respiratory
and accessory muscles used in
the generation of voluntary
inspiratory maneuvers during
different body positions

Investigate whether stiffness is
modulated in a cyclical manner
with respiration and to
investigate the relationship
between stiffness and IAP or

abdominal and paraspinal
muscle activity
Establish the relationship

between the roles of the
diaphragm during arm exercise
and trunk flexion

Compare balance between
people with and without COPD
and determine if balance
deteriorates when respiratory
demand is increased by upper
limb exercise

Determine the postural
difference of diaphragmatic
motion between the sitting and
supine positions

Examine the diaphragm
contractility in individuals with
chronic ankle instability and
healthy controls

Monitoring of lumbopelvic movement by
recording pressure changes by The
pressure biofeedback unit

The maximal inspiratory mouth pressure
(MIP) during Mduller's maneuver was
measured from residual volume in
standing, sitting, right-sided and left-sided
lying and supine positions
- EMG of the diaphragmatic, parasternal,
sternocleidomastoid and the genioglossus
muscles in each body position
Measurement of stiffness from force-
displacement responses of a post - ant
force applied over the spinous process of
L2 and L4

IAP measured by pressure transducers in
the stomach

EMG activity of erector spinae L4/L2,
abdominal muscles and chest wall
Esophageal and gastric pressures by a
balloon catheter system

EMG activity of the diaphragm

Centre of pressure displacement by a
force plate

Lumbar spine and
inclinometers

hip  motion by

MRI imaging of the diaphragm in sitting
and supine position

Thickness of right and left hemidiaphragm
at end of resting inspiration and expiration
by a portable ultrasound unit
Diaphragm movement by US

Diaphragmatic displacement in COPD patients was greater
seated, compared with control

Diaphragmatic displacement supine was similar in both groups
In rest no significant differences between the breathing
patterns of patients and healthy subjects
More altered breathing patterns were observed in chronic low
back pain patients during motor control tests

Changes in breathing patterns were not related to pain severity
but related to motor control dysfunction

Parasternal EMG showed the highest level of activation in
standing

Sternocleidomastoid muscle was lower in supine, RSL and
LSL positions

Genioglossus EMG was greater during maximal inspiratory
effort in supine, but lower in sitting, LRS and LLS positions
There were lower results of MIP as well as in men as in
women, but with no significant difference

Stiffness at L4 and L2 increased above base-level of functional
residual capacity with both inspiratory and expiratory efforts
Changes in trunk muscle activity and IAP with respiratory
efforts modulate spinal stiffness

The diaphragm may augment spinal stiffness via attachment of
its crural fibers to the lumbar vertebrae

The diaphragm acts both as a trunk extensor muscle and a
respiratory muscle

During posture imbalance, the postural needs temporarily
override the respiratory needs

In trunk flexion: gastric pressure increased and esophageal
pressure declined

In exercise: both gastric and esophageal pressure declined,
but esophageal pressure had a larger decline in trunk flexion
Patients with COPD had increased mediolateral centre of
pressure displacement and increased angular motion of the hip
compared to healthy controls

Mediolateral centre of pressure displacement was further
increased in people with COPD following exercise, but
unchanged in controls

Diaphragmatic excursions in supine position were significantly
greater than those in the sitting position

The chronic ankle instability group had a smaller degree of left
hemidiaphragm contractility compared with the control group




Uchida M. et
al., 2010

Uga M. et al.,
2010

Uga M. et al.,
2010

Vostatek P. et
al., 2013

Whithrich T.
etal. 2013

22 healthy males

2 cats

4 cats

17 subjects with
chronic low back pain
and structural spine
disorders

16 controls

11 runners and 11
cyclists

Investigate the effects of
compression on the posterior
surface of the thorax caused by
a pillow used for the postural
changes on the respiratory
function

Analyze EMG of the diaphragm
and trunk muscles during
voluntary movements

Investigate the activity of the
diaphragm and trunk muscles
during voluntary movements in
awake animals

Present a postural analysis of
diaphragm function using MR,
to identify changes in
diaphragm motion and shape
when postural demands on the
body were increased

Investigate if the fatigue in leg
muscles might differ between
running and cycling due to
inherent differences in muscle
activation patterns, moreover,
whether  postural demand
placed upon the diaphragm
during running could augment
the development of diaphragm
fatigue

Subjects placed in the supine position:
Half lateral with a pillow supporting the
posterior of the thorax (1)

Half lateral with pillows supporting the
shoulder girdle and the pelvic band (2)
Measurement:

Distance moved by the diaphragm
measured by an ultrasonic imaging device
EMG electrodes implanted in the
diaphragm costal region of both sides and
trunk muscles, activity recorded during
free movement in a cage
- Video images

EMG recording of the diaphragm and trunk
muscles

Video images

MRI imaging of the diaphragm during
supine lying and during supine lying with a
hip flexion against load

Transdiaphragmatic twitch pressure
measured with esophageal and gastric
balloon catheters

Maximal inspiratory pressure measured by
a handheld device

Inspiratory muscle fatigue assessed by
means of phrenic nerve stimulation,
measured by a differential pressure
transducer

Lower values for the distance moved by the diaphragm in (1)

During resting and walking alternately repeated active and
inactive phases were observed in the diaphragm: respiratory
activity

During stand-up the diaphragm EMG became larger and
longer and irregular: non-respiratory activity

More diaphragmatic activity after initiation of standing up
movements and it occurred after the onset of trunk muscle
activities

During rotation movements, left and right diaphragmatic
activities showed asymmetrical discharge patterns and higher
discharges than during rest

During reaching movements, diaphragmatic activity occurred
prior to or with the onset of trunk muscle activities

Faster breathing in pathological group

3 times bigger excursions in the control group in the lying
position, and 6.5 times bigger excursions in lying with load
Control group can maintain harmonicity of the diaphragm in
both positions (46.7% and 46%), while a small percentage of
the pathological group (29.7% and 25.5%) can maintain
harmonicity of the diaphragm

Bigger postural moves in the control group

Transdiaphragmatic twitch pressure was more reduced after
15 TT's than after 30 TT's, this is similar for runners and
cyclists




Research protocol

1. Introduction

It is common knowledge that the diaphragm plays an essential role in trunk stability. Together with
transversus abdominis, internal oblique, pelvic floor and multifidi it provides an increase in intra-
abdominal pressure (IAP), which contributes to an increased spinal stiffness, which on turn helps to
maintain trunk stability during postural tasks (Shirley et al., 2003). This knowledge could be helpful in
clinical investigation or rehabilitation in certain patient populations, e.g. in low back pain patients there

could be an impaired contribution of the diaphragm to trunk stability.

One manner to measure this role of the diaphragm in trunk stability is with ultrasound imaging (US),
e.g. for diagnosis or feedback during rehabilitation. US can accurately measure thickening and
downward displacement of the diaphragm (to be understood as activation of the diaphragm), but it is
operator dependent. Advantages are that real time US of the diaphragm is a simple, inexpensive,
portable imaging technique, but disadvantages are that measurements of diaphragm thickness could
be highly variable depending on which intercostal space was chosen (Boon et al., 2013), and body
mass index (BMI) > 30 kg/m2 could create a risk of inability to take clear ultrasound imaging pictures
(Kantarci et al., 2004).

In addition, a manner to measure diaphragm strength is through the maximal inspiratory pressure
(MIP), which is an indicator for the inspiratory muscle force of the diaphragm. This measurement is
also inexpensive, portable, and easy to use for diagnosis as well as in therapy (Jalan et al., 2015). A
disadvantage is that MIP results give an overall interpretation of inspiratory muscle force, so it's not

precisely shown which exact muscle contributes to the measured inspiratory muscle strength.

US measurements of the respiratory function of the diaphragm have been proven reliable and valid in
healthy subjects (Goligher et al., 2015),(Harper et al., 2013). Though, there is little information
available about US measurements of the postural function of the diaphragm. Nevertheless, US
measurements during a postural task have already been studied in a couple of patient populations, but
there is a lack of systematic data and evidence about reliability and validity in healthy subjects while

performing a postural task like an active straight leg raise (ASLR).

During a postural task the activation of the diaphragm, in other words thickening of the diaphragm, is
proven. Still, it is unclear whether this thickening is measurable and visible during a postural task when
measured with US in healthy subjects. Besides, in this setting there has been little investigation on the

relationship between thickening of the diaphragm measured with US and MIP.

Therefore, the aim of this study is to investigate the thickness of the diaphragm with US in supine lying
and during unilateral versus bilateral ASLR. Furthermore, it is assessed if there is a correlation

between the thickness of the diaphragm and the MIP.






2. Purpose research

2.1 Research question

First, is there thickening of the diaphragm and intercostal muscles during supine lying and during
unilateral versus bilateral active straight leg raise (ASLR), when investigated with ultrasound imaging
(Us)?

Second, is this measurement with US during this task reliable?

Third, is there a correlation between thickening of the diaphragm and intercostal muscles and the

maximal inspiratory pressure (MIP)?

2.2 Hypothesis
First, thickening of the diaphragm and intercostal muscles is expected during the performance of a
postural task, in this case a unilateral and bilateral ASLR when compared to supine lying. Moreover, a

greater increase in thickening is expected when performing a bilateral versus a unilateral ASLR.
Second, the US measurement is expected to proper interrater reliability.

Third, with greater thickness, a greater value of MIP is expected.






3. Methods

3.1 Study design

An observational, cross-sectional study design will be handled. The aim of this research is to measure
diaphragm and intercostal muscle thickness at rest, during a unilateral and bilateral ASLR using US.
Another aim is to observe a correlation between muscle thickness and inspiratory muscle strength and

to assess the interrater reliability. This study is in collaboration with two students of Fontys University.
3.2 Participants

3.2.1 Inclusion criteria

Healthy participants in the age range of 18 - 29 years.

3.2.2 Exclusion criteria

* Pregnancy or given birth in past six months

* Musculoskeletal pain in lower back and lower extremities in past six months

* Orthopedic surgery in lumbar spine, pelvis, abdominal or thoracic area in the past year
* Neurologic disorder affecting lumbopelvic and groin regions

* Diagnosed neuromuscular diseases (e.g. weakness or paralysis of diaphragm)

* History of sensory nervous or vestibular system problems

e Lower limb injuries in the past year

«  BMI > 30 kg/m?

* Previous diagnosed lung disorders/iliness (e.g. asthma)

3.2.3 Recruitment
Two students of Fontys University complete the recruitment of the participants by e-mail, flyers and

oral publicity. The aim is to include at least 20 participants in the study.

3.3 Medical ethics

Before participation in this study, all participants have to sign the informed consent.

3.4 Intervention

The time span to collect the data is two weeks. The US measurements take approximately 15 minutes
per examiner and the MIP measurements about 5-10 minutes. Since there are four examiners, two
from Hasselt University and two from Fontys University, the participant is occupied for about an hour.
Within this hour, after the US measurements, one of the two students from Hasselt University takes

the MIP measurement.
US MEASUREMENT

Setting: The treatment table with adjustable height and head position will be positioned on the left side
of the US machine with opaque curtains placed around the treatment table. The participant’s right side
of the body will be on the side of ultrasound imaging machine. The probe of the US is placed on the

anterior axillary line in the subcostal area and directed medially, cephalad, and dorsally, so that the US



beam reached nearly perpendicularly the posterior part of the vault of the right diaphragm (Ayoub et
al., 1997).

Execution: Prior the measurement, the participant will be provided in information as followed: “You will
be asked to undress your upper body up to underwear and lay down on your back on the treatment
table. After which the measurements of diaphragm and intercostal muscles on the right side of your
body will be taken at rest and after a 5 second hold period during active straight leg raise test. In total
you will be asked to lift your right leg three times and lifting both legs also three times given a minute

of rest in between. Do you have any questions?”

The participant will be asked to undress the upper body till underwear and lay down on the table. The
participant’s head will be slightly lifted with a help of a pillow and flexed to approximately 45 degrees
in order to be able to see own feet, followed by instructions to keep arms rested at the sides of the
body during testing and to place the heels on the sides of the white tape at the end of the table. The
explanation and demonstration of ASLR test takes part. The examiner will explain that followed by
certain command the participant will be asked to life right leg with knee joint kept extended 10 cm off
the table - the length of the cubes on the side of the table is 10 cm, which therefore indicate the height
the heels must reach. When reached, the participant will need to hold the leg there for 5 seconds after
which the US picture will be taken. Followed by the command, the participant will be asked to return to
the starting position and have a rest for a minute before the next measurement takes place. To ensure
that the participant understood the procedure, the examiner will passively lift the leg 10 cm off the
table and state “This is the position you will be asked to reach”. The explanation of breathing — the
participant will be asked to breathe in and out normally with mouth opened, while breathing out the
participant will be asked to stop breathing and lift the leg without an extra inhalation. To ensure the
quality of the testing, the participants will be given such commands: “Open your mouth, breath in
normally, breath out, stop and lift the leg”, followed by “hold”, and followed by “lower to starting
position”. In total, 13 US pictures wil be taken per participant, per examiner, each before, during and
between the ASLR and one at the very end. In total this provides 7 resting pictures and 6 active

pictures.



Figure 1: US image of the diaphragm and intercostal muscles (Terada et al., 2016).
MIP MEASUREMENT

Procedure: The participant will be seated on a chair with feet rested on the ground. There will be a
nose clip on the nose so there would be no loss of air through the nose. Then the participant will be
instructed to take the mouthpiece of the device in his mouth. The participant can hold the device
himself. The researcher supports the device with one hand and with the other hand he supports the

neck of the participant.

Execution: Prior to the measurement, the participant will be provided in information as followed: " First
you exhale as far as possible, as long as you can, until there is no more air left in your lungs. Then,
when you can't exhale any further, you will inhale in a powerful way as fast as possible." After this is

done, the device will give a number, which the researcher writes down.

This procedure will be repeated as many times needed to provide at least three values that differ less
than 5 cm H,0O, between each try there is a break of one minute to prevent that muscle fatigue biases

the result.






3.5 Outcome measures

3.5.1 Primary outcome

Muscle thickness of the diaphragm and intercostal muscles, measured with US.

This is a quantitative variable and the measurement is at interval level. The thickness is eventually
expressed in millimeter.

In healthy subjects, the thickening of the diaphragm during normal breathing, measured with US,
has already been proven reliable in supine. For the interrater reliability the inter-class correlation
coefficient (ICC) was 0.97 (95% CI: 0,91-0,99) for inspiratory thickening and 0.98 (95% CI: 0.94-
0.99) for expiratory thickening of the diaphragm (Harper et al., 2013). For the intrarater reliability
the ICC was 0.94 (95% CI: 0.79-0.98) for inspiratory thickening and 0.98 (95% CI: 0.94-0.99) for
expiratory thickening of the diaphragm (Harper et al., 2013). US measurements are therapist
dependent, but with practice and adherence to the criteria to make a proper image, this
measurement of diaphragm thickening should be reproducible (Cohn et al., 1997).

In healthy subjects, the validity of diaphragm thickening measurements with US has also already
been proven. Diaphragm thickening was correlated to inspiratory volume (r2= 0.32; p=0.0001), to
diaphragm EMG (r2= 0.32; p=0.01) and IAP (r2= 0.28; p= 0.01) (Goligher et al., 2015).

3.5.2 Secondary outcome

Inspiratory muscle strength, presented as the MIP, measured with the kinetic power breath.

In healthy subjects, there is need of one practice session to become a reliable measurement and
five measurements are needed to become 3 reproducible values (Smeltzer & Lavietes, 1999).
There could be day to day fluctuations of 10% (Volianitis, McConnell, & Jones, 2001). However, it
is a reliable measurement tool for most of the parameters (Romer & McConnell, 2004). In addition,
the between-day reliability improves when the measurements are preceded by an inspiratory
muscle warm-up. This could provide a MIP improvement up to 21%. Also, five to six attempts are
needed to reach the maximal MIP (Lomax & McConnell, 2009). Furthermore, the intra-class
correlation coefficient for intra-rater and inter-rater reliability was respectively 0.962 and 0.922.
This is highly reliable, because values above 0.8 are considered highly reliable (Jalan et al.,
2015).

Test retest reliability of US measurements

3.6 Data analysis

The analysis of the data will be performed in JMP. The results of this study wil be dependent, because

there will be repeated measures on the same participant. That’'s why a linear mixed model analysis will

be used.
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5. Attachments

INFORMATION LETTER

Dear participant,

Thank you for consideration to participate in our research. With this letter, we would like to provide you
with information about the aim of the research, criteria for participation, the testing procedure,
expectations and other important information for you as a potential participant. We would kindly ask
you to carefully read through the information below. In a case of uncertainty during or after reading this
information letter please do not hesitate to contact the researcher via email or phone number provided
in the email you received.

What is the aim of the research?

Abdominal wall muscles, such as Transversus Abdominis, Internal and External Oblique muscles,
diaphragm and intercostal muscles play a major role in spinal stability during functional activities. For
this reason, the aim of this research is to measure above-mentioned muscle thickness at rest, during an
active straight leg raise test and bilateral straight leg raise using musculoskeletal ultrasound imaging.
Another aim is to observe a correlation between muscle thickness and a performance of a dynamic
balance task and inspiratory muscle strength.

Who can participate?
We are looking for healthy participants in the age range of 18-29 years. Other requirements to
participate are:

No pregnancy or delivered baby in past 6 months

No musculoskeletal pain in lower back and lower extremities in past 6 months

No orthopedic surgery in lumbar spine, pelvis, abdominal or thoracic area in the past year
No neurclogic disorder affecting lumbopelvic and groin regions

No diagnosed neuromuscular diseases (e.g. weakness or paralysis of diaphragm)

No history of sensory nervous or vestibular system problems

No lower limb injuries in past year

BMI between 18.5 - 29 kg/m?

No previous diagnosed lung disorders/ illness (e. g. asthma)

PPNV AW

What is the procedure of the testing?

If you match the participation criteria and decide to participate in the study, at the time of meeting you
will be asked to sign consent form, which serves as a proof of your agreement to participate in the
research. The data collection will begin with measuring your weight and height in order to calculate your
body mass index. After which the measurements with ultrasound imaging, performance of a dynamic
balance task and measurement of inspiratory muscle force will take place.

Your abdominal muscles (Transversus abdominis, internal and external oblique, intercostal muscles and
diaphragm) will be measured at rest, during active straight leg raise and bilateral leg raise in laying
position. For ultrasound imaging picture collection, a linear transducer with gel will be used and applied
on your skin on both sides of your body. You will also be asked to perform a postural balance task called
Dynamic One-leg Stance Test (DOLS). The test consists of 5 consecutive levels with three trials on each
level. After which the measurement of inspiratory muscle strength will take place.

Figure 1: Information letter first page



What is expected from you?
We expect you to independently come to the explore lab at D. Th. Fliednerstraat 2, 5631 BN Eindhoven.
We expect you to wear comfortable clothes and agree on undressing your upper body until underwear.

What happens to data collected during testing procedure?

All the recorded data will be kept confidential and anonymous and will be accessible only to researchers,
research supervisor who is a representative of Fontys University of Applied Sciences and the clients of
the research. The collected data of ultrasound imaging will be stored for 15 years at Fontys University of
Applied Sciences and deleted from researchers’ personal computers once the research is over.

What happens if you decide to withdraw from testing procedure?

The participation in this research is voluntary; therefore you are allowed to withdraw your participation
at any time without providing an explanation.

What happens after testing procedure?

The entire testing procedure is expected to last about 1 hour, after which you will be offered tea and
snacks as an appreciation for participating in our research.

Are there extra costs/compensations for the participation?
There are no extra costs or monetary compensations for the participation in this research.

Are there any questions left after reading the information above?

If you have decided to participate or have any questions, please do not hesitate and contact one of the
researchers, who will send you the schedule of available testing dates and times:

LAURA JANITE l.jante@student.fontys.nl +31648054664

Thank you for your time and interest,
Sincerely,
Laura Janite, Marija Gusiatina, Niki Budai, Eva Shalley and Josefine Smeets

Figure 2: Information letter second page



Informed Consent form

Participant no:

1 volunteer to participate in a research project “Ultrasound measurement of changes in thickness of
internal and external oblique muscles during active straight leg raise” conducted by Laura Janite, 4th
year student of Fontys University of Applied Sciences, Eindhoven, The Netherlnads.

1. | have read and understood the information provided in information letter.
2. 1 was given enough time to decide whether to participate in the research or not.

3. lunderstand that | can withdraw and discontinue participation in the project at any time without
explanation and penalty.

4.1 understand that all of the information collected will be kept confidential and that the results will
only be used for scientific objectives.

S. | have been given the opportunity to ask questions and have had them all answered to my
satisfaction.

6. My signature on this form signifies that | freely give my consent to participate in this study.

My name: Signature: Date: 7

| hereby declare that | have provided the participant with all the necessary information about the
research. The participant was provided an opportunity to ask questions, and | answered them with my
best ability. | declare that the all the gathered information about the participant will be kept confidential
as stated in information letter.

Signature of the researcher:

Figure 3: Informed concent



Form of Personal Data Collection

Participant no:

Age:

Gender: Female/ Male

Height:

Weight:

BMI:

Figure 4: Personal data collection
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VOORTGANGSFORMULIER WETENSCHAPPELIJKE STAGE DEEL 1

DATUM INHOUD OVERLEG HANDTEKENINGEN

24-10-2016 Bespreking en invullen contract. Promotor: Dr. Janssens Lotte
Concretiseren van aanpak (eerste researsch in het | Student(e): Schalley Eva
studiedomein): opstellen onderzoeksvraag (keywords | Student(e): Smeets Josefine
/ MeSH termen afbakenen), in-/exclusiecreteria
bepalen.

16-01-2017 Eerste selectie artikels bespreken, eventuele verdere | Promotor: Dr. Janssens Lotte
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22-03-2017 Aanleren ultrasoud metingen voor data verzameling | Promotor: Dr. Janssens Lotte
MP2 door professional in Fontys, Nederland. Student(e): Schalley Eva
Bespreken protocol voor MP2. Student(e): Smeets Josefine

05-04-2017 Oefenen ultrasound metingen in gebouw A, | Promotor: Dr. Janssens Lotte
Diepenbeek. Student(e): Schalley Eva
Verder bespreken aanpak voor het uitvoren van de | Student(e): Smeets Josefine
data verzameling.

12-05-2017 Het verder uitwerken / suggesties ter verbetering van | Promotor: Dr. Janssens Lotte
de resultatensectie en discussie bespreken. Student(e): Schalley Eva
Tips voor het maken van de presentatie. Student(e): Smeets Josefine
Terugblik op data verzameling van MP2 (deze is
reeds gebeurd in Fontys), bespreken hoe we deze
data reeds kunnen anlyseren in de zomervakantie en
gedeeltelijk bespreken hoe MP2 thesis er zal moeten
uitzien (grote lijnen)

24-10-2016 tot | Promotor en studenten zijn via E-mail in contact | Promotor: Dr. Janssens Lotte

18-05-2017 gebleven voor feedback op het schrijff proces en | Student(e): Schalley Eva
regelingen omtrent de data verzameling van MP2 Student(e): Smeets Josefine
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