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PREFACE

This PhD is in part based on 3 peer-reviewed papers, referred to in the text as studies I-III. The
studies have been conducted in the period 2010 — 2013 at the Center for Sensory Motor Interaction,
Aalborg University, Denmark and at the School of Physiotherapy, Curtin University, Perth,
Australia.

Study 1.

Palsson, T.S and Graven-Nielsen, T (2012). Experimental pelvic pain facilitates pain provocation
tests and causes regional hyperalgesia. Pain. 153(11):2233-40.

Study II.

Palsson, T.S., Hirata, R.P. and Graven-Nielsen, T. (2014). Experimental pelvic pain impairs the
performance during the Active Straight Leg Raise test and causes excessive muscle stabilization.
(submitted).

Study III.

Palsson, T.S., Beales, D., Slater, H, O’Sullivan, P.B. and Graven-Nielsen, T. (2014).
Lumbopelvic pain in pregnancy is characterised by widespread deep-tissue sensitivity, a facilitated
response to manual orthopedic tests and poorer self-reported health. (Submitted)
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1 INTRODUCTION

Despite accumulated knowledge on the topic, we still face a great task when managing
musculoskeletal pain, both in general as well as related to specific areas such as the low back and
pelvic girdle. This is well reflected in the increase of reported incidences (Harkness et al., 2005)
going hand-in-hand with the fact that musculoskeletal pain is amongst the largest contributors to
decreased quality of life (Collaborators, 2013, Vos et al., 2012). This, more than anything indicates
that our understanding of the mechanisms underlying the pain condition is either lacking or the
ability to convey the knowledge gained from clinical or experimental pain studies to clinical
practice needs improvement.

When assessing a person suffering from low back- and pelvic girdle pain (lumbopelvic pain,
LPP) there is a consensus on which factors is important to identify and investigate in clinical
practice (Konstantinou et al., 2012). These include the temporal characteristics, location and quality
of pain, the person’s functional limitations and an identification of to what extent psychosocial
factors affect the pain condition. There is however, mixed evidence regarding the possible
underlying cause of LPP (in pregnant and non-pregnant populations) where several biological and

psychological factors have been suggested as the underlying driver of the condition.

1.1 Pregnancy related lumbopelvic pain — a naturally occurring phenomenon?
It is well known that LPP is a difficult condition to manage and treat which may be related with the
large gaps there are in our understanding of the neurobiological mechanisms underlying the pain
condition. In pregnancy, this is evident in a recent review (Pennick and Liddle 2013) which
demonstrated that the effect sizes from various treatment options are small and that no single
intervention is superior to the other. This may relate to the multifactorial nature of pain in general
which clinicians and researchers are encouraged to acknowledge in the current guidelines for pelvic
girdle (Vleeming et al., 2008) and chronic low back pain (Airaksinen et al., 2006). Accepting the
fact that LPP normally follows pregnancy, given the high number of reported incidences
(Bastiaanssen et al., 2005, Mogren and Pohjanen, 2005), is one thing but simultaneously raises the
fundamental question of what maintains the pain condition into the months and years post-partum
when the pregnancy-related changes have returned to normal.

One of the key factors in understanding pain is the mechanism underlying it, its evolvement in
the transition from acute into chronic pain and the contribution of peripheral and facilitated central
mechanisms in the maintenance of the given pain condition. Such an understanding can to some

extent be gained by investigating how healthy subjects react to a short duration of experimental
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pain. In an experimental setting, pain is often induced using exogenous (chemical, mechanical and
electrical) methods which have proven useful in investigating the sensory (Sinclair et al., 1948,
Tsao et al., 2010, Arendt-Nielsen et al., 1996, Kellgren, 1939, Slater et al., 2011, Baad-Hansen et
al., 2009, Schmidt-Hansen et al., 2007, Gibson et al., 2006b) and motor aspects (Arendt-Nielsen et
al., 1996, Svensson et al., 2003b, Slater et al., 2005, Hirata et al., 2011, Tsao et al., 2010) of
musculoskeletal pain but this enables the investigator to bypass the many comorbidities that are
known to accompany complicated pain conditions (Giamberardino and Jensen, 2012). This
knowledge has then successfully been used in translational studies looking into common
musculoskeletal conditions such as low back pain (O'Neill et al., 2007, Giesecke et al., 2004b,
Giesbrecht and Battié, 2005, Farasyn and Meeusen, 2005), whiplash-related disorders (Scott et al.,
2005, Banic et al., 2004), tennis elbow (Slater et al., 2005) and osteoarthritis (Arendt-Nielsen et al.,
2010, Skou et al., 2013) which have indicated the possible role of facilitated central pain
mechanisms in patients. In pregnancy, widespread pain sensitivity has been demonstrated,
becoming less prominent towards the end of third trimester which is considered to be related with
an increased activity of descending pain inhibiting mechanisms (Draisci et al., 2012, Bajaj et al.,
2002b). However, it still is unclear what mechanisms underlie pregnancy-related pain and increased
pain sensitivity, why it seems to naturally accompany pregnancy and how/if changes in sensitivity
of the peripheral and central nervous system are a part of this process.

In pregnancy-related LPP, the sacroiliac joint complex is frequently implicated as a source of
symptoms. Therefore, a pain model for this structure was developed in the current studies to
elucidate, in healthy subjects, the sensory manifestations and motor effects of sacroiliac joint
complex pain and was furthermore used as a proxy to describe such changes in pregnancy-related
LPP (Figure 1.1). In this model, quantitative sensory testing was used to assess the pain intensity,
pain referral patterns and pain sensitivity in local and referred pain areas. Furthermore, these
findings were compared with the outcome of manual clinical tests to see if pain per se could change
their outcome.

The knowledge gained from the current studies has provided a more in-depth understanding
of the pain mechanisms involved in LPP in general and also how they can affect the outcome of
manual clinical tests. Although it is outside the scope of the current findings to comment on clinical
intervention, it is clearly demonstrated that the pain and pain sensitivity are important factors to
consider in clinical decision making. More importantly, it is essential to appreciate the various

factors that can increase pain sensitivity in LPP as this may prime the pain system, rendering it



more susceptible to nociceptive input. An improved understanding of this complex interaction may
result in improved mechanisms-based treatment and management strategies with hopefully

improved outcomes for this clinical population.

1.2 Aims of the project

1)) To investigate whether pain per se might facilitate the positive outcome of manual
orthopedic tests, commonly used in assessment of lumbopelvic pain.

II) To explore the somatosensory profile related with lumbopelvic pain with special
focus on the sensitivity of pain mechanisms and their relationship with the outcome
of manual orthopedic tests.

IlI)  To assess the somatosensory profile in clinical lumbopelvic pain and comparing the
sensitivity of pain mechanisms with the perceived pain and disability.

IV)  To investigate a possible association between the outcome of manual clinical tests

and the psychophysical and psychometric profile.

Sacroiliac joint complex pain

Clinical
population

Experimental
studies

Psychosocial
aspects
({1

Figure 1.1 This thesis is derived from three studies reported in three papers
including the development of the experimental model of sacroiliac joint pain
(I), the effect of pain on manual clinical tests in an experimental (I, II) and
clinical (IIl) setting.



2 CURRENT PERSPECTIVES ON CLINICAL LUMBOPELVIC PAIN

2.1 Taxonomy
There is little consensus on the taxonomy of pain in the lumbopelvic area. This can be related with
many factors such as the complexity of diagnosing the problem, a large overlap in gross-anatomy
and neuro-anatomy and close proximity of structures capable of producing pain in the area. In
pregnancy, descriptions of lumbopelvic pain
exist from the year 400 B.C. (see Abramson et
al. 1934) but it was in the beginning of the 20™
century people started paying closer attention
to this phenomenon (Goldthwait and Osgood,
1905) and questioning whether e.g. the
relaxation of pelvic ligaments was related with
pain (Abramson et al., 1934). With increasing
knowledge it is becoming clear that pain only
follows anatomical boundaries to a certain
degree which is well reflected in the current
findings from study I and II (Fig. 4.4) but to

differentiate between pain of musculoskeletal

origin and visceral pain, the guidelines | y —

propose that the term pelvic girdle pain is Figure 2.1. Boundaries of the lumbopelvic region (I) and

used instead of pelvic pain (Vleeming et al., the sacroiliac joint complex (II).

2008). The distinction between low back pain and pain from the posterior aspect of the pelvic girdle
is not clear with different terminology being used when investigating the painful condition in
pregnant and non-pregnant populations. This is perhaps best reflected in the two separate guidelines
that exist for pelvic girdle pain (Vleeming et al., 2008) and low back pain (Airaksinen et al., 2006)
but clinically, there is often an overlap in symptoms from these two areas.

In the current thesis, the term lumbopelvic pain is chosen as it is not the intention to make a
clear distinction between pain originating in the pelvic girdle or low back (Wu et al., 2004) (Fig.
2.1). This is done to include the whole area which is traditionally involved in pain conditions
affecting the region but in study III, pregnancy is used as a clinical model to investigate the
underlying pain mechanisms. Furthermore, sacroiliac joint (SIJ) pain indicates that the origin of

pain is within the joint cavity of the SIJ. This is however, unclear (see section 2.4.1) and therefore
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the term sacroiliac joint complex has been adopted to encapsulate all the structures belonging to S1J

(intra- and extra-articular).

2.2 Epidemiology

Pain in the lumbopelvic area is particularly common in pregnancy where it is estimated that up to
84% of women develop pain in the region at some stage antepartum (Bastiaanssen et al., 2005,
Mogren and Pohjanen, 2005, To and Wong, 2003), with the point prevalence estimated to be
between 16-20% (Albert et al., 2002, Larsen et al., 1999, Ostgaard et al., 1991). This is in line with
the current findings from study III where 95% of subjects reported of some LPP but these high
numbers indicate that pain is a naturally occurring phenomenon in pregnancy which, in most cases,
is self-limiting, resolving in the months following delivery (Albert et al., 2002, Rost et al., 2006).
However, 7-10% of women suffer from varying degrees of pain and disability beyond the time
when all pregnancy related changes are expected have returned to normal (Wu et al., 2004, Rost et
al., 2006). It is possible that prolonged pain and suffering after delivery is related with increased
sensitivity of pain mechanisms which may be affected by several factors (see section 2.6) but this
however, speculative. The frequency of reported incidences has been shown to be similar across
continents (Bjorklund and Bergstrom, 2000) indicating that the prevalence of pregnancy-related
LPP is not affected by cross-cultural differences but rather increased sensitivity of pain mechanisms
which may be triggered by the changes the female body undergoes during this period.

The impact pregnancy-related LPP has on the sufferer has been demonstrated where
widespread musculoskeletal pain, sleeplessness, sexual problems, and difficulties performing
activities of daily life have been reported (Skaggs et al., 2007, Vermani et al., 2010, Mogren, 2006)
and its effect on work performance indicates that a vast majority of pregnant women are absent
from work due to pain (Dgrheim et al., 2013) with the inevitable economic burden it lays on the

sufferer and the society.

2.3 Aetiology

According to the European guidelines for the diagnosis and treatment of pelvic girdle pain
(Vleeming et al., 2008), pain in the pelvic girdle typically arises in relation to pregnancy, a direct
trauma to the pelvis and arthritis and/or osteoarthritis. The sacroiliac joint has often been implicated
as the origin of pain in this area in both pregnant and non-pregnant populations (Maigne and
Planchon, 2005, Katz et al., 2003, Liliang et al., 2011, Schwarzer et al., 1995) and therefore the

current studies (I, II, III) focused on the sacroiliac joint complex as a generator of LPP
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acknowledging the potential contribution from other adjacent tissues (somatic and visceral). It is not
possible to neglect the contribution of cognitive and emotional factors in any clinical pain condition
and therefore these factors are accounted for as well in study III although an in-depth discussion of

their potential role is outside the scope of the project.

2.4 Clinical presentation and response to diagnostic tests

The prevalence of low back pain originating within the SIJ complex has been estimated to lie
between 16-35% (Maigne and Planchon, 2005, Katz et al., 2003, Liliang et al., 2011, Schwarzer et
al., 1995) and the structure is frequently implicated as the source of symptoms in pregnancy-related
LPP. The pain is usually felt locally over the SIJ but is also frequently felt in a large area, between
the lower leg (van der Wurff et al., 2006a, Fortin et al., 1994a, Fortin et al., 1994b, Fukui and
Nosaka, 2002) and the low back (Slipman et al., 2000) (see appendix 1 for overview of
experimental design and findings) which is in line with the current findings from studies I and II
(see section 4.1.1). In pregnancy, the clinical history usually involves an insidious onset of
symptoms where levels of pain and disability do not seem to be related with gestation week (Gutke
et al., 2006). Pregnant women often complain of symptoms in the low back and pelvic girdle
(Bastiaanssen et al., 2005, Albert et al., 2002, Ostgaard et al., 1991, Berg et al., 1988) encompassing
the whole area between the thoracolumbal junction above to the gluteal lines below but symptoms
can be aggravated by activities requiring unilateral weight bearing and transferring load across the
pelvic girdle (walking, walking stairs, rising up from a chair and rolling over in bed) (Larsen et al.,
1999). Additionally, women often report of multiple pain areas during pregnancy (Brown and
Johnston, 2013, Borg-Stein et al., 2005), which is in line with the current findings (see section
4.1.2) but this has been associated with higher levels of disability in non-pregnant populations
(Kamaleri et al., 2008). Thorough medical history is an important part of any clinical assessment
but has been shown unsuccessful in differentiating SIJ pain from other sources of pain (Dreyfuss et
al., 1996) potentially due to the diversity in the clinical picture with regards to temporal and spatial

characteristics, aggravating factors and previous history.

2.4.1 Sacroiliac joint pain provocation tests

A set of non-invasive manual clinical tests are commonly used to identify the source of symptoms
and to differentiate between the many structures possibly contributing to the pain in the
lumbopelvic area. The pain provocation tests of the sacroiliac joint are considered positive in a
clinical setting if they provoke the subject’s habitual pain and have been employed in several

studies including both pregnant (Albert et al., 2000, Ostgaard et al., 1994, Kristiansson and
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Svirdsudd, 1996, Hansen et al., 1999) and non-pregnant (Maigne et al., 1996, Carmichael, 1987,
Potter and Rothstein, 1985, Laslett and Williams, 1994) populations where the overall outcome is
that they are considered highly specific to detect pain of sacroiliac joint origin (Vleeming et al.,
2008, Laslett, 2008, Laslett et al., 2005) (see appendix 2 for an overview of study designs and
implications for clinical practice). The sensitivity of the tests however, is lower and the outcome of
a single test is for that reason of little value. Therefore, it is recommended to employ a multiple-test
regimen, where the outcome of 5 or more tests are combined, for detecting and diagnosing pain
originating in the SIJ complex (Laslett et al., 2005, van der Wurff et al., 2000, Kokmeyer et al.,
2002, Szadek et al., 2009, Laslett, 2008, Vleeming et al., 2008). The battery of tests in the current
study consisted of six tests all together (Fig. 2.2); (1) the Sacral thrust: here the subject lay in prone
and an anteriorly directed force was applied over the spinous process of S2 (I). A modified version
of the test was also used in study III as the pregnant subjects were not able to lie prone. Instead,
they lay on the side and a force was applied in a posterior-anterior direction on the center of the
sacrum, causing an anterior shearing force of the sacrum against both ilia. (2) The Patrick—Faber
test (IIT) was performed with the subject lying supine on the bed, with the examiner standing next to

the subject on the side being tested. The examiner brought the subjects” ipsilateral hip and knee into

flexion and positioned the heel slightly above the knee

on the opposite limb and then fixated the contralateral

anterior iliac spine to ensure that no rotation occurred

the lower back. The ipsilateral knee was then lowered
towards the bed and light overpressure applied at the

end of range to the subject’s knee. This test is to stress

both the anterior sacroiliac ligament and the hip joint.

During the (3) Compression test (I, IIT) the subject lay ~Compression test

on the side with hips and knees in a comfortable flexed

position. The examiner applied a force vertically

downward on the anterior tip of the iliac crest causing

a bilateral compression on the S1J. (4) The thigh thrust Gapping test FABER test

test (I, IIT) was performed with the subject in supine Figure 2.2 Pain provocation tests employed (I &

IIl); the thigh thrust test, the Gaenslen’s test,
compression test, a modified version of the sacral

adducted. With one hand on the sacrum, the examiner ~ thrust test (Il), the gapping test and the FABER
test (111).

lying with the hip and knee flexed at 90° and slightly

used the other hand to apply pressure on the knee,
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along the line of the femur, resulting in a unilateral posterior shearing force to the SIJ. During the

(5) Distraction test (I, IIT) the subject lay in supine position. The examiner applied a posteriorly

directed force to both anterior superior iliac spines causing bilateral distraction of the anterior

aspects of the SIJ. The (6) Gaenslen’s test (I, III) was performed with the subject in supine with one

leg hanging over the edge of the bed and the other flexed towards the chest. Firm pressure was
applied to the flexed knee with counter pressure applied to the hanging leg, towards the floor. This
was repeated on both sides causing a posterior rotation force to the SIJ on the side of the flexed
knee whilst causing an anterior rotation force on the extension side. The subject was asked if any
pain was experienced in the lumbopelvic region and/or if any of the tests reproduced familiar
symptoms.

It is important to acknowledge that 4 of the tests employed in the current studies (LIII)
(Gaenslen’s test, the sacral thrust, compression and gapping tests,) are bilateral in nature meaning
that both sacroiliac joints are stimulated simultaneously.

The ‘Gold-standard’ for the diagnostic ability of these tests are intra-articular blocking
protocols which only account for pain originating with the sacroiliac joint cavity but not the
superficial structures and therefore questioning the validity of these tests (Vleeming et al., 2008,

Szadek et al., 2009).

2.4.2 Lumbar spine pain provocation tests

To accurately identify the painful segment in the low back, a force applied in a posterior-anterior
direction is commonly applied either to the spinous process (central) or over the facet joints
(unilateral). This method was included in the protocol of study III to differentiate between SIJ
complex pain and pain from the lumbar spine but such methods have been shown to be highly
accurate when detecting the painful segment in low back pain patients (Phillips and Twomey, 1996)
and are commonly used both as part of the assessment (Powers et al., 2003, Fritz et al., 2005,
Abbott et al., 2005) as well as treatment (Powers et al., 2008, Chiradejnant et al., 2002, Goodsell et
al., 2000). This test regimen is considered highly specific although lacking in sensitivity (Fritz et al.,
2005, Abbott et al., 2005) as the outcome of the test only indicates which segments are affected
without identifying the underlying cause. Furthermore, although the stimulation can be precise from
an anatomical standpoint it is not possible to selectively stimulate only one segment at a time as

movement also occurs at the adjacent levels (Powers et al., 2003).

2.4.3 The Active Straight Leg Raise (ASLR) test
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Clinically, the ASLR test has widely been used to assess the disease severity of pregnancy related
LPP (Mens et al., 2002, Stuge et al., 2004, Vgllestad et al., 2012, Robinson et al., 2010b) and is
recommended in guidelines for the diagnosis and treatment of pelvic girdle pain (Vleeming et al.,
2008). The test is considered a useful tool to assess the ability to transfer load across the pelvic
girdle (Mens et al., 1999, Beales et al., 2010, de Groot et al., 2008, Hu et al., 2012) but it involves
lifting one leg at a time 20 cm off the bed and holding it steady for 5 seconds (Mens et al., 2002)
(Fig. 2.3). The difficulty of performing the task is then determined with the help of a 6-point Likert
scale (0 = not difficult at all, 1 = minimally difficult, 2 = somewhat difficult, 3 = fairly difficult, 4 =
very difficult, 5 = unable to perform) (Mens et al., 2002) where the sum of scores from both sides is
used as the outcome. Healthy subjects traditionally demonstrate an asymmetrical activation of trunk
and thigh muscles during the test (Beales et al., 2009b, Hu et al., 2012) where trunk muscles
ipsilateral to the leg being lifted are primarily active while the activity of the biceps femoris muscle
on the contralateral side increases to resist the anterior rotation forces created by the hip flexors on
the ipsilateral side (Hu et al., 2012). In LPP patients however, a more bilateral activation pattern
(bracing) is demonstrated (Beales et al., 2009a, de Groot et al., 2008) regardless of which leg is
lifted (ipsilateral or contralateral to
the painful side). The outcome of the
test has previously been shown to be
related with both the overall pain
(Mens et al., 2012) as well as the
pain sensitivity in the long posterior
sacroiliac  ligament in clinical

populations (Vleeming et al., 2002).

Such a relationship has however, not

been investigated using standardized Figure 2.3 The active straight leg raise (ASLR) test.

methods.

2.5 Tissue structures and mechanisms

The sacroiliac joint is a large joint consisting of the two iliac bones with the sacrum wedged
between them. Although the morphology of the joint varies between individuals (Prassopoulos et
al., 1999) it normally appears as an auricular shaped joint with rough bony ridges and covered in
fibrocartilage (Puhakka et al., 2004, Bakland and Hansen 1984, Bowen and Cassidy, 1981) causing

restrictions to translation within the joint (Vleeming et al., 1990a, Vleeming et al., 1992). In
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addition to the structural integrity provided by the joint surfaces, an intricate network of ligaments
adds stability to the joint both in the front, by the anterior sacroiliac ligament, and within the joint
cavity by the interosseous ligaments. On the posterior side, the formation of ligaments is more
complex with the ligamentous tissue intertwined with aponeurosis of the low back and lower limbs
(Vleeming et al., 1995). Within this tissue, three distinct ligamentous structures are considered to
contribute most to the stability of the sacroiliac joint; the sacrotuberal- and sacrospinal ligaments
and the long posterior sacroiliac ligament (Vleeming et al., 1996). The long posterior sacroiliac
ligament or the long dorsal ligament (LDL) is of special interest, both because of its functional role,
acting as a link for force transduction between the trunk and lower extremities (Snijders et al.,
1993a, Snijders et al., 1993b, Eichenseer et al., 2011, Vleeming et al., 1990b), and also because of
its potential role in lumbopelvic pain (Vgllestad and Stuge, 2009, Ronchetti et al., 2008, Vleeming
etal., 1996). The ligament 1s the most superficial to the three ligaments and is easily palpable.

Through an extensive network of muscles (trunk, hip and thigh), fascia and the sacroiliac joint
ligaments, three sets of slings have been described (Vleeming et al., 1990a, Vleeming et al., 1990b,
Pool-Goudzwaard et al., 1998) which together in a joint effort are considered capable of increasing
the dynamic stability of the sacroiliac joint by adding compression to it and thereby creating a self-
locking mechanism. A change in any of the elements the slings consist of e.g. reduced muscle
activity or unfavourable posture may therefore potentially lead to insufficiency of the system and an
excessive load on surrounding tissues (de Groot et al., 2008, Hu et al., 2010, Pool-Goudzwaard et
al., 1998).

The sacroiliac joint is an important link between the trunk and the lower limbs, acting
interchangeably as a stable and flexible structure (Vleeming and Stoeckart, 2007). Therefore,
considerable focus has been on the joint in research and clinical practice as a potential source of
symptoms in clinical cases. However, studies have shown that very little movement is available in
the SIJ where up to a mean of 2° rotation occur in the sagittal plane (Egund et al., 1978, Tullberg et
al., 1998, Sturesson et al., 1989, Sturesson et al., 2000b) and that movement of the joint (hyper-
/hypomobility) does not seem to be related with pain in clinical conditions (Sturesson et al., 2000a,
Sturesson et al., 1989, Sturesson et al., 2000b, Tullberg et al., 1998, Kibsgard et al., 2014). This is
in line with the outcome of clinical studies which have been unsuccessful in establishing a direct
link between joint movement and pain related disability in LPP (see appendix 3 for an overview of
study designs and main outcomes). Therefore, other factors, in addition to structural and

biomechanical dysfunction, may be important to investigate in clinical conditions. The role of pain
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in this respect is highlighted in studies I and II where experimental SIJ pain brought on similar

changes as described in clinical groups (see section 5).

2.6 Pain mechanisms

The sacroiliac joint and the ligamentous structures surrounding it are densely supplied by a mixture
of neural fibers mainly derived from the dorsal rami of spinal nerves L5 — S4 (McGrath and Zhang,
2005, Willard et al., 1998) with contribution from higher spinal levels in some cases (Murata et al.,
2000, Umimura et al., 2012). For this reason, any afferent input from the area (painful and non-
painful) may potentially reach the spinal cord at multiple levels. Intra-articular blocking protocols
are considered the “gold standard” in accurately diagnosing sacroiliac joint pain (van der Wurff et
al., 2006b, Maigne et al., 1996, Broadhurst and Bond, 1998, Laslett et al., 2003) but the importance
of the superficial ligamentous structures has been emphasized in clinical studies where they have
been shown to contribute substantially to SIJ pain (Murakami et al., 2007, Luukkainen, 2007,
Luukkainen et al., 1999, Luukkainen et al., 2002, Dreyfuss et al., 2009, Dreyfuss et al., 2008,
Borowsky and Fagen, 2008). Studies using immunohistochemical staining have established the
presence of calcitonin gene-related peptide and substance P immunoreactive nerve fibres in the
cartilage and ligamentous structures within the SIJ (Szadek et al., 2008, Murata et al., 2007, Szadek
et al., 2010) and substance P immunoreactive nerve fibres are found in the ligamentous structures
superficial to the joint (Fortin et al., 2003). Furthermore, the morphology, mechanical thresholds
and conduction velocities of nerve fibers in ligamentous tissue lying superficial to the SIJ indicates
that the majority of units have the characteristics of group III fibres (Sakamoto et al., 2001).
Additionally, many of them have high-threshold characteristics implicating their role as nociceptors
(Schaible, 2006). With this in mind, it is clear that structures both within and outside the joint cavity
of the SIJ can act as the source of SIJ pain highlighting the difficulty of interpreting the outcome of
manual clinical tests accurately but this is one of the conclusions in the current study I (see section
5.1.2).

Based on the above, it is clear that any direct damage to an intra- or extra-articular structure
can cause pain (Chou et al., 2004) but biomechanical factors e.g. changes in posture may also lead
to a painful overload of the ligamentous and joint structures in the area (see section 2.5), due to
swelling or stretching of superficial ligamentous structures (Willard et al., 1998, Vleeming et al.,
2002, O’Sullivan et al., 2002, Mens et al., 1999).

Psychological conditions are often linked with chronic pain states (Linton, 2000, Linton,

2005, Main and Watson, 1999) where suffering from a comorbid chronic psychological condition is
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known to increase the risk of developing spinal pain (Dominick et al., 2012). In pregnancy, high
anxiety scores and depression seem to be strongly related with LPP (Kovacs et al., 2012) which
may by amplified by somatic hypervigilance and dysfunctional cognitive coping strategies (Gerwin,
2005, McBeth et al., 2001). Moreover, the role of sleep quality has been shown to be considerable
where the underlying mechanisms can be related with an up-regulation of pro-inflammatory
biomarkers (Steptoe et al., 2007, Haack et al., 2009, Chennaoui et al., 2011) and an impairment of
the endogenous inhibitory pain control system, influencing the pain sensitivity through descending
control (Smith et al., 2007, de Souza et al., 2009). A relationship between pain intensity and sleep
quality has been demonstrated in low back pain (Bahougq et al., 2013) but the intensity of back pain
does only seem to have a weak association with sleep disturbance (Alsaadi et al., 2011), suggesting
that sleep deprivation alone is not sufficient to cause and maintain the condition but rather that it
coincides with other contributing factors such as depression and anxiety (Smith et al., 2001,
Palermo et al., 2011, Dgrheim et al., 2012). In specific clinical conditions such as pregnancy, the
female body undergoes many changes e.g. in posture, hormonal balance and in the reproductive
organs but gonadal hormones, which are rapidly up-regulated in pregnancy (Abbassi-Ghanavati et
al., 2009, Hinson et al., 2010), can have an indirect effect on pain sensitivity by modulating
emotional factors, mainly by affecting the dopamine, norepinephrine and serotonin systems
(Gasbarri et al., 2012). Pregnancy-related depression has also been linked with increased sensitivity
to estrogen signalling (Mehta et al., 2014). These hormones may have a direct influence on pain
sensitivity, potentially via modulation of responses in primary neural afferents, the activity of dorsal
horn neurons and at supraspinal sites (Traub and Ji, 2013) through estradiols and their effect on
enhanced glutamatergic nociceptor activity and the synthesis/degradation of serotonin (Craft, 2007).
Morover, it has been shown that descending pain modulation varies during the normal menstrual
cycle (Rezaii et al., 2012, Tousignant-Laflamme and Marchand, 2009) which can be affected by the
intake of oral contraceptives (Rezaii and Ernberg, 2010) further underlining the role of gonadal
hormones on the pain system. The influence of the hormone relaxin on LPP in pregnancy is also
commonly suggested, but studies investigating this relationship have consistently negated such an
association (Albert et al., 1997, Vgllestad et al., 2012, Aldabe et al., 2012).

In summary, both physical, emotional and cognitive factors may increase the sensitivity of

central and peripheral pain mechanisms.
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3 EXPERIMENTAL DEEP TISSUE PAIN MODELS

Human experimental pain models are commonly used to deepen our understanding of the
neurobiological mechanisms underlying musculoskeletal pain, both acute and chronic. In the
current study, a novel approach to investigate the pain mechanisms underlying lumbopelvic pain

was presented.

3.1 An experimental model of sacroiliac joint pain

To explore the pain mechanisms underlying sacroiliac joint pain, a human experimental pain model
was developed. In general, the criteria for using experimental pain models in humans is that it elicits
pain resembling the clinical condition in a safe manner (Svensson and Arendt-Nielsen, 1995) but to
pass as an appropriate model for SIJ complex pain in this study the method had to 1) cause a pain
referral pattern similar to what is shown in clinical populations and 2) facilitate the positive
outcome of clinical orthopedic tests. To demonstrate internal and external validity the method 3)
had to be applied in a sample suffering from clinical lumbopelvic pain with similar responses to the

measured variables.

3.1.1. Model selection

Initially, a standardised pain model was developed which could mimic SIJ complex pain without
penetrating the joint itself. This was done to protect the participants from sustaining potential
damage to articular structures as intra-articular injections require fluoroscopy guidance because of
an otherwise poor success rate (50% at best) (Rosenberg et al., 2000, Hansen, 2003). Such a method
would also expose the participants to unnecessary radiation and would limit the abilities of
perfoming the testing due to the short duration of experimental pain (see fig. 4.2). The anatomical
construct of the joint is such that intra-articular and extra-articular components of the joint complex
share innervation (see section 2.6) indicating that pain from the superficial structures surrounding
the joint and intra-articular structures would have the same implications in terms of response to
clinical tests and pain referral pattern. Pain was therefore induced by injecting hypertonic saline (0.5
ml, 5.8%) into the LDL. This method has frequently been used to induce a transient pain experience
in different somatic structures such as Hoffa’s fat pad in the knee (Henriksen et al., 2010), spinal
muscles and ligaments (Arendt-Nielsen et al., 1996, Tsao et al., 2010, Kellgren, 1939, Sinclair et
al., 1948), tendons (Gibson et al., 2006b, Slater et al., 2011) and musculotendinous junctions

(Gibson et al., 2006a), and is considered safe and effective (Graven-Nielsen, 2006). Isotonic saline
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(0.5 ml, 0.9%) was used as a control substance to account for the possibility of a volume effect

(Tsao et al., 2010).
3.1.2. Methodological considerations

Injection site

The long posterior sacroiliac ligament
was chosen as it lies relatively superficial
to the skin, making it easily accessible,
and because of its functional importance Spina iliaca

acting as a link in transferring load pISELIOT Ghess

superior

.. maximus
between the trunk and lower extremities

(Vleeming et al., 1996, Vleeming et al.,
1990a, Vleeming et al., 1990b, Vleeming

et al.,, 2002, Eichenseer et al., 2011). Right lower limb

Hypertonic saline causes tonic pain Figure 3.1 Ultrasound image of right lower limb is shown in
resting position. Medial to the posterior superior iliac spine is the

(Graven-Nielsen et al., 1997c) but people  sacral part of multifidus and lateral lies gluteus maximus. These

. . . anatomical landmarks allow access to the LDL by locating the
suffering from clinical SIJ pain usually posterior superior iliac spine and then following the ligaments
orientation in a medial-caudal direction. The ultrasound imaging
was performed with a 5 — 15 MHz linear probe using an LOGIQ
S7 Expert (General electric, Wauwatosa, USA)

have their pain brought on by physical
activity which is relieved by rest. To
account for this, the subjects were asked while the test was performed (pain provocation tests of the
S1J) whether they experienced an increase in the pain they already had from the hypertonic saline
(I). To ensure that the injection hit the target tissue (LDL) (I & II) the following procedure was
conducted; The ligament was identified with manual palpation with the subject in prone position
and its orientation was marked on the skin. Ultrasound imaging was then used to identify the
anatomic landmarks surrounding the LDL and the depth of the ligament relative to the skin (Fig.
3.1). The ligament is not directly visible on ultrasound but the anatomic landmarks (based on
ultrasound) and skin markings (based on palpatory findings) were used to establish its orientation.
First, the subject was asked to extend the back by lifting the upper body off the bed resulting in a
contraction of the sacral part of the multifidus muscle lying immediately medial to the ligament.
The subject was then asked to lower the trunk back to the bed and asked to extend the hip causing a
contraction of the gluteal muscles lying lateral to the ligament. The area in between these two
structures where no movement occurred was assumed to be the target structure but this was

confirmed by comparing the ultrasound findings with the markings on the skin.
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Assessment of pain intensity and pain areas

The pain intensity was assessed using an electronic VAS scale (I & II) and a numeric rating scale
(III). Pain areas were indicated on a body chart. For the electronic VAS (I, II) zero on the 10 cm
line was anchored with ‘no pain’ and the high-end was anchored with ‘worst pain imaginable’ but
the scale has proven useful in clinical (Jensen et al., 1986, Ogon et al., 1996) as well as
experimental pain conditions (Graven-Nielsen et al., 1997b). Pain reported using a numeric rating
scale, as done in study III, or a visual analogue scale has been shown to give fairly consistent
findings (Hjermstad et al., 2011) allowing for a comparison of the results from experimental (I, IT)

and clinical (IIT) pain studies.

Quantitative sensory testing

Quantitative sensory testing (QST) involves non-invasive, psychophysical methods to measure
subjective sensory thresholds to various stimulation modalities. Testing was performed at sites that
were standardised based on anatomical landmarks; at the gastrocnemius (mid-way between the

popliteal line and calcaneus) (I, IL,III), LDL (LILII), lateral to the spinous process of S2 (LILII), 3-5

cm lateral to the spinous process of LS (I, III) and at the deltoideus, mid-way between acromion and

the deltoid tuberosity (III). The measurements from the L5, LDL and S2 sites were considered to
represent pain sensitivity in the lumbopelvic region while the gastrocnemius and deltoideus sites
were included as distant control sites. Pressure algometry (Algometer®, Somedic, Sweden) was used
in all studies and light brush (SENSELab™ — Brush — 05, Somedic, Sweden) and pin-prick
(Optihari2-Set, Marstock Nervtest, Germany) was added to the protocol in study III. A digital
pressure algometer such as used in the current studies I, II and III is considered to give the most
accurate reading (Rolke et al., 2005) but in all of the studies the pressure was increased slowly with
a ramp of 30 kPa/s. The purpose of including light brush and pin-prick to the protocol was to
account for potential sensory disturbances (hyper/hyposensitivity) of superficial structures (Treede
et al., 1992) as opposed to pressure algometry which is considered to give an estimate of deep tissue
sensitivity (Kosek et al., 1995, Graven-Nielsen et al., 2004). It must however be acknowledged that
most of the force from the algometer is absorbed in the upper most layers of subcutaneous tissue
(Finocchietti et al., 2013). Pressure algometry has frequently been used in both clinical (Bajaj et al.,
2001, Bajaj et al., 2002a, Granot et al., 2001, Bajaj et al., 2002b, Schliessbach et al., 2010, Farasyn
and Meeusen, 2005, Giesbrecht and Battié, 2005, O'Neill et al., 2007, Clauw et al., 1999, Giesecke
et al., 2004b) and experimental pain studies (Slater et al., 2003, Gibson et al., 2006a, Graven-
Nielsen et al., 1997, Svensson et al., 2003a) and it is considered reliable (Kosek et al., 1993,
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Chesterton et al., 2007) and shown to correlate with clinically meaningful variables in different pain
conditions (Hooten et al., 2013, O’Neill et al., 2013). Factors such as gender (Chesterton et al.,
2003), the female menstruation cycle (Isselée et al., 2001), and tissue type (Rolke et al., 2005) have
been shown to affect the measurements in healthy subjects. The results of quantitative sensory
testing may also be affected by a range of cognitive, emotional and sleep-related problems (see

section 2.6) but this was accounted for in study III.

Manual clinical tests

The sacroiliac joint pain provocation tests are traditionally performed in prone, side-lying or supine
depending on which test is being performed (Laslett et al., 2005) but to standardize and maintain
consistency in the force applied during each test, the mattress the subject lay on was fitted with a
scale (I). The sacral thrust test is traditionally performed in prone but as it was not possible for all
the pregnant subjects to lie in this position, an adapted version was used where the subjects lay on
the side (III).

Pain provocation tests for the lumbar spine are traditionally performed in prone position but in
study III this was not possible due to the pregnancy. Therefore, a modified version of the test was
performed in side lying in the following manner: The hips and knees were placed in a comfortably
flexed position, maintaining the curvature (lordosis) of the lumbar spine as close as possible to what
was seen in standing position. The examiner placed the thumb over the facet joints of the upper
most L5/S1 segment and applied an anteriorly directed force. The test was considered positive as
per usual clinical best practice based on whether it provoked a painful response (muscle guarding,
apprehension). Whilst applying the pressure the subject was asked whether any pain was detected at
the stimulation site and/or at sites adjacent or distant to the stimulation site. This was repeated for
the L4/L5 segment and then for the consecutive segments above, running the length of the lumbar
spine up to the thoracolumbal junction and then repeated on the other side after the subject had
switched sides. The first instance the stimulation caused pain, the pressure was relieved and the test
registered as being positive but this was done to avoid unnecessary discomfort for the participants
during and/or after the test. Pain provocation tests for the low back have been shown to have
excellent sensitivity and specificity when a verbal response is given (Phillips and Twomey, 1996).
For data analysis the values from both sides were added.

The ASLR test is traditionally performed in supine position where the subject lifts one leg at a
time ~20 cm off the bed, with the ankle in neutral and the knee straight and holding the leg steady

for 5 seconds (Mens et al., 2001). In study II, the test was standardised further in a manner where
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the subject had to lift the lower limb up to 20 degrees of hip flexion. This was done to ensure that
the movement created by the prime movers (hip flexors) and the work load of the stabilizing
muscles (trunk muscles and the posterior thigh muscles on the contralateral side) was comparable
between subjects. A 20 cm distance was kept between the feet at the starting point. The hip angle
was determined with a goniometer and a bar was positioned so that the anterior part of the talocrural
joint would touch it at 20 degrees of hip flexion. During the test, the subjects were instructed to lift
the leg up to the bar, at a self-selected speed and hold it steady for approximately 5 seconds. This
was done three times consecutively with approximately 1 second stop between lifts and then
repeated for the opposite side. When the subjects performed the ASLR test, the motor performance
was measured objectively by using superficial EMG from trunk and lower limb muscles (II) but the
perceived difficulty of performing the task was assessed by using a 6-point Likert scale (0 = not
difficult at all, 1 = minimally difficult, 2 = somewhat difficult, 3 = fairly difficult, 4 = very difficult,
5 = unable to perform) (Il & 1II). In clinical samples the added value of both sides represents the
outcome of the test (Mens et al., 2002) but this procedure was followed in the clinical study III. In
the experimental study (II) however, a separate analysis was run for each side (injected and non-

injected side) as the subjects only had pain on one side.

Emotional, cognitive and qualitative descriptors of pain

To account for the possibility of cognitive and emotional factors as well as sleep disturbance
affecting the measured variables, a set of validated questionnaires were filled out by all participants
(IIT). Also, the quality of pain was assessed in all three studies to investigate if there where common
descriptors of experimental pain and clinical LPP. The SF-36 health survey was used to measure
health related quality of life (Ware, 2000) and DASS-21 was used to measure emotional functioning
(Henry and Crawford, 2005, Osman et al., 2012). To measure sleep quality, the Pittsburgh Sleep
Quality Index (PSQI) was used (Backhaus et al., 2002, Buysse et al., 1989) and the fear of
movement and injury was quantified by using the TAMPA scale of kinesiophobia but the scale has
been validated for low back pain (French et al., 2007, Woby et al., 2005, Roelofs et al., 2004,
Vlaeyen et al., 1995). The extent of catastrophic cognitions in relation to past painful experiences
was quantified by using the Pain Catastrophizing Scale (PCS) (Osman et al., 1997, Sullivan et al.,
1995) and the Pelvic Girdle Questionnaire (PGQ) was included as a validated tool to assess the
disability of subjects in pregnant and post-pregnancy populations (Stuge et al., 2011). Finally, the
quality of pain was assessed using the English (Melzack and Torgerson, 1971) or Danish (Drewes et

al., 1993) versions of the McGill Pain Questionnaire (MBQ) (I, II, III). This is a reliable tool (Byrne

~ 23 ~



et al., 1982) which is widely used in clinical and experimental pain studies to describe the different

aspects of pain (sensory, affective, evaluative and miscellaneous).

Standardization procedures used in the current studies are summarised in table 3.1

Experimental
parameters

Method

Standardization procedure

Injection site

Protocol for injection site based
on anatomical location

Imaging: Ultrasound imaging done prior to injection to
confirm injection site

Injection paradigm

Manual injection

Volume: 0.5 ml (I;I)
Concentration:

e Hypertonic saline (5.8%)

e [sotonic saline (0.9%)
Infusion rate approximately 10 sec

Saline-induced pain
intensity, onset and
duration

Electronic VAS (sampling rate
20Hz)

Computer controlled data collection (LII)

Clinical pain

Numeric rating scale

Questionnaire data (III)

Saline-induced pain
referral (I,IT)
Pain areas (III)

Body chart

e Opverlap of pre-defined pain areas counted and
reported (I,IT)
e Digitized and calculated in arbitrary units (III)

Pain descriptors
(saline-induced, L;II
and clinical, IIT)

McGill Pain Questionnaire
(Danish/English)

Words chosen by > 30% used in data analysis (I;11;I1I)

Tissue sensitivity

Pressure algometer (I;1L;11I)

Light brush and von Frey
filaments for pin-prick (III)

Tissue sensitivity measured at 5
(LIID) or 3 (ID) sites bilaterally

Light brush: (II)

e Rate of application: 2 cm/3-5 sec

Pin-prick: (IIT)

e Stimulation intensity: von Frey filament; bending
force of 512 mN

Algometer: (LILIID)

e stimulation area: 1 cm’

o rate of application: 30 kPa/s to detection of pain
threshold peak value: Average of 3 readings per site

Pain provocation

Sacroiliac joint pain provocation
tests (I;III)

Lumbar spine pain provocation
tests (IIT)

e Scale fitted in mattress under the subject to measure
the force applied (I)

e Verbal response to indicate a positive test

e  Verbal numeric rating scale to indicate pain and
pain intensity

e Force applied registered

Weight transferring
ability across the
pelvis

The active straight leg raise test

Lower limb lifted to 20° of hip flexion

Activity of trunk, hip and thigh muscles recorded
Tremor of leg recorded (II)

Lower limb lifted 20 cm of the bed (III)

Lower limb held steady for 5 seconds

6-point Likert scale to estimate difficulty (IT;11T)

Disability

The Pelvic Girdle Questionnaire

(PGQ)

Questionnaire data (III)

Cognitive profile and
sleep quality

Validated and standardized
questionnaires

SF-36, TAMPA scale of Kinesiophobia, Pain
Catastrophizing Scale, Pittsburgh Sleep Quality Index,
DASS-21.

Table 3.1 Standardization of test procedures and experimental methods in the current clinical and experimental pain
studies of lumbopelvic pain.
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4 SOMATOSENSORY EFFECTS IN CLINICAL AND EXPERIMENTAL
LUMBOPELVIC PAIN

This chapter examines the qualitative and quantitative manifestations of experimental and clinical
lumbopelvic pain.
4.1 Local and referred pain in clinical and experimental sacroiliac joint complex pain

4.1.1 Experimental findings

Hypertonic saline injections

into spinal ligaments (Tsao et i
al., 2010) and muscles (Graven- s
Nielsen, 2006) have been

shown to cause pain of average ’

intensities which is in line with

VAS score (cm)

the current findings from

studies I and II (Fig. 4.1).

) —
L

Furthermore, such injections
200 400 600 800 1000
Time (sec)
consistently been shown to Figure 4.1 Mean visual analog scale (VAS) profiles from studies I & II (+SE,
n = 64 subjects) over time after infusion of hypertonic into the long posterior
cause pain around the sacroiliac ligament.

into deep tissue  have

injection site both in spinal ligaments (Sinclair et al., 1948, Tsao et al., 2010), back muscles
(Arendt-Nielsen et al., 1996, Kellgren, 1939), tendons (Slater et al., 2011, Gibson et al., 2006b) and
orofacial structures (Baad-Hansen et al., 2009, Schmidt-Hansen et al., 2007) with pain referral to
varying degrees. This is also consistent with the findings from studies I and II where a majority of
subjects reported pain outside the injection site with symptoms being felt into the thigh and lower
leg. Interestingly, the percentage of subjects reporting pain at areas distal to the injection site was
almost identical to what has been shown in clinical SIJ pain (Slipman et al., 2000, Fortin et al.,
1994a, van der Wurff et al., 2006a) illustrating the close proximity of the experimental pain model
(I & II) and clinical SIJ pain. The size of the painful area depends on the intensity of the pain
(O'Neill et al., 2009, Graven-Nielsen, 2006) concurring with the present findings (I, II). One of the
most significant findings from studies I and II was that over 70% of subjects experienced proximal
pain referral to the low back. This is not a universal finding in clinical conditions although it has

been reported of (Slipman et al., 2000).
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4.1.2 Clinical findings
It is difficult to diagnose pain from the sacroiliac joint based on medical history and physical
examination alone (Dreyfuss et al., 1996) which may become ever more problematic in pregnancy
with multiple painful sites as seen in study III. Over 1/3 of back pain in non-pregnant populations
originates in the SIJ complex (Maigne and Planchon, 2005, Katz et al., 2003, Liliang et al., 2011,
Schwarzer et al., 1995, Bogduk, 1995) where the pain is usually located in the area overlying the
joint (Merskey and Bogduk, 1994, van der Wurff et al., 2006a); an area referred to as the Fortin area
(Fortin et al., 1994b) but is also felt in areas far beyond its anatomical boundaries (Slipman et al.,
2000, van der Wurff et al., 2006a, Fortin et al., 1994a, Fortin et al., 1994b, Fukui and Nosaka,
2002). This is in line with the current findings (III) where the pregnant subjects indicated a large
area with pain, located both in the low back and pelvic girdle in 56% of cases (Fig. 4.3) (III).
Furthermore, the frequency of referred pain into the low back or lower limb was similar to what is
seen in clinical SIJ pain (van der Wurff et al., 2006a, Slipman et al., 2000, Fortin et al., 1994a) and
experimental S1J pain (I & II) (Fortin et al., 1994b) (Fig. 4.2).

The mechanisms underlying pain referral in general are not fully understood but are
considered to relate to a convergence of nociceptive input from various anatomically unrelated

structures (somatic and visceral) onto

the same spinal segment (Mense, 1994). V/ \R
\ /
In chronic low back pain, an extensive / ‘/\
pain area is well described (Ohnmeiss et ( \} .
‘ ( { \ / area \ /
al., 1999, Mooney and Robertson, 1976, ‘ l \ 26 5
“‘ Low back
. . . \‘ \ 67 ~ area N 77
Schwarzer et al., 1994) which is in \ o \\ ‘ @ - @
. . . area \ 56‘ area ‘ 84
accordance with what is seen in study \“ j o L onea <
/\ 1 \Grom/ | U"‘r\’\\ | ‘\.l.
III. The reason for this may be an W= ‘ =L W W Thigh !
\ 13 Anterior thigh | 21 | 23 — area T 38
. . . \ area /‘\/ /
ongoing bombardment of incoming \ |/ wa
| | \
signals from nociceptive fibres on to the \ j /) Lea
\ { / 15 area 19
second-order neurones of the dorsal horn \\ ‘ \, /
: | f
(Hoheisel et al., 1993, Schadrack and ) \xg
Zieglginsberger, 2000) which lowers Experimental  Clinical Clinical Experimental
pain pain pain pain

their threshold, making them more
Figure 4.2 Frequency of affected areas in the trunk and lower

sensitive to converging input from other limbs in clinical (n = 39) and experimental (n = 64) lumbopelvic

. . pain. The numbers indicate in how many subjects (%) a given area
anatomically unrelated structures. This, yyus affected. Data extracted from studies I, Il & II1.
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along with descending facilitation of incoming signals (Vanegas and Schaible, 2004, Sandkiihler,
2009) may increase the excitability of central mechanisms as has been well described (Latremoliere
and Woolf, 2009, Woolf and Salter, 2000). Such a modulation in responsiveness of the central
nervous system has been suggested in clinical musculoskeletal pain conditions (Kosek and
Januszewska, 2008, O'Neill et al., 2007, Sorensen et al., 1998) where a larger painful area is
reported after a nociceptive stimulus in distant areas to the original pain, supporting the notion that
the nervous system as a whole is affected in long lasting pain conditions.

In pregnancy, it is difficult to determine the exact origin of pain but from studies using intra-
articular blocking protocols in non-pregnant populations (see above) it is evident that the origin of
pain lies in the deeper structures of the low back and pelvic girdle e.g. ligaments and muscle.
Interestingly, the pain areas reported in the present studies (I, II) are similar to what is shown with
stimulation of tender spots in the region (Travell and Simons, 1998) such as the gluteal muscles or
muscles of the low back indicating that several structures from the same region can elicit the same
response in terms of pain referral when exposed to a specific painful stimulation. Furthermore,
when comparing the pain areas from the clinical study (III) and the experimental pain studies (I &
ID) it is clear that the pattern is similar, indicating that nociceptive input from the SIJ complex is one
of the pain generators in pregnancy-related LPP. The small discrepancy in pain areas when
comparing the clinical group with experimental pain (Fig. 4.2) may to some extent be related with
the difference in pain intensity which was on average lower in the clinical group (2.9 + 0.3) than in
experimental pain (4.1 +0.4).

In summary, the pain model developed and presented here is capable of inducing pain referral
patterns similar to what is seen in clinical conditions and the results implicate the SIJ complex as

one of the potential sources of pregnancy-related LPP.
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Figure 4.3 Superimposed body chart pain drawings from healthy subjects after hypertonic saline injection into
the long posterior sacroiliac ligament in healthy subjects (n = 32, I and n = 34, Il) and the habitual pain of
pregnant subjects (n = 39, Ill). Pregnant subjects reported both areas of pregnancy related pain and other pre-
existing pain areas.

4.2 Deep tissue hyperalgesia in clinical and experimental lumbopelvic pain

4.2.1 Experimental findings

Primary hyperalgesia is defined as increased pain from a stimulation that usually is painful (Loeser
et al., 2011) without indicating the underlying mechanism but may be both the cause and
consequence of clinical signs and symptoms (Sandkiihler, 2009). In studies I and II, hyperalgesia
was found in the region surrounding the injection site (Fig. 4.4) which is consistent with other
experimental pain studies (Schliessbach et al., 2010, Slater et al., 2011, Gibson et al., 2006b). No
increase was found in deep tissue sensitivity distal to the stimulation area despite the large area of
pain referral which is in accordance with what has been demonstrated previously (Graven-Nielsen
et al., 1998a, Ge et al., 2003). Interestingly, a decrease in pain sensitivity (hypoalgesia) was found
on the side contralateral to the injection site (I) which has been seen before after hypertonic saline
injections (Ge et al., 2003, Graven-Nielsen et al., 1998b, Slater et al., 2011, Gibson et al., 2006b)
and reflects a possible role of conditioned pain modulation, where specific brainstem-mediated
inhibitory mechanisms modulate the nociceptive and non-nociceptive sensory inputs (Yarnitsky,

2010).
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4.2.2 Clinical findings

Widespread hyperalgesia has been demonstrated in various clinical conditions such as chronic non-
specific low back pain (Clauw et al., 1999, Giesbrecht and Battié, 2005, Giesecke et al., 2004b,
O'Neill et al., 2007), neck pain (Scott et al., 2005, Chien and Sterling, 2010), elbow pain
(Fernandez-Carnero et al., 2009, Slater et al., 2005), and knee pain (Arendt-Nielsen et al., 2010)
which is accordance with what was seen in study III where the pregnant group demonstrated
widespread hyperalgesia reflected by the increased pain sensitivity to pressure at the deltoid and
gastrocnemius muscles. The onset of widespread hyperalgesia has been shown to occur soon after
the initiating painful episode in a clinical sample (Sterling et al., 2003) but the mechanisms
underlying these changes are poorly understood with regards to temporal characteristics and the
intensity of the stimulus needed to develop the sensitisation (Graven-Nielsen and Arendt-Nielsen,
2010). Experimental pain studies have shown that in healthy subjects, low-intensity nociceptive
activity can cause spreading of pain and hyperalgesia (Andersen et al., 2008, Hayashi et al., 2013)
although this is not seen in strong acute pain (I & II). A spreading in sensitivity as a result of an
initiating localized painful stimulus may potentially indicate a system where central processing is
facilitated (Graven-Nielsen et al., 2000, Latremoliere and Woolf, 2009, Woolf and Salter, 2000)
causing hyper-excitability of second-order dorsal horn neurones (Hoheisel et al., 1993, Schadrack
and Zieglgédnsberger, 2000), an opening of latent neuronal synapses at the dorsal horn (Graven-
Nielsen and Mense, 2010), and a changed balance in the supra-spinally mediated descending
control (Vanegas and Schaible, 2004). In the third study, the pregnant subjects where included
solely due to their pregnancy and therefore they had varying degrees of pain and disability. Pain
during pregnancy is a condition which usually evolves over time without a clear onset and it is
therefore only possible to speculate on the pathways through which the sensitisation occurs. One
factor may be the postural changes which naturally occur as pregnancy progresses (Okanishi et al.,
2012) potentially causing a painful overload of the ligamentous and joint structures in the
lumbopelvic region (Snijders et al., 2004, Vleeming et al., 1996, Smith et al., 2008). This process
can then lead to a sensitisation of central mechanisms similar to what has been demonstrated in
other pain syndromes affecting somatic structures in the region (Giesbrecht and Battié, 2005,
Giesecke et al., 2004b). To rule out the possibility of hyperalgesia in the superficial structures
(LaMotte et al., 1991, Magerl et al., 2001), light brush and pin-prick were included in the protocol
(IIT) where no significant difference was found between the groups. The current findings (III) were

therefore considered to be related with hypersensitivity of deeper somatic structures.
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The pelvic organs are also exposed to changes during pregnancy and must be acknowledged
given the relationship between hypersensitivity of visceral structures in the pelvis and somatic
structures which has been demonstrated (Jarrell, 2011, Jarrell, 2010, Bajaj et al., 2003, Giesecke et
al., 2004a). In pregnancy-related pain, such a relationship has also been indicated where regaining
menstruation post-partum caused an increase in a pre-existing musculoskeletal pain condition
(Nielsen, 2010). This is potentially caused by the regular afferent barrage of nociceptive input
accompanying menstruation, converging on similar spinal segments as somatic structures (L1/L2
and S2/S4) (Agur and Dalley, 2013) which may result in increased sensitivity to stimuli in this
region.

Pregnancy-related hormonal changes are frequently implicated as a potential cause of pain but
an up-regulation of gonadal hormones occurs during pregnancy (Abbassi-Ghanavati et al., 2009),
which increases significantly towards the end of the third trimester (Hinson et al., 2010). These
hormones can modulate the sensitivity of the central nervous system (Aloisi and Bonifazi, 2006)
where estrogen and progesterone have been shown able to both increase and decrease pain
sensitivity (de Leeuw et al., 2006, Lee and McEwen, 2001, McRoberts et al., 2007, Stening et al.,
2007) resulting in systemic changes of pain sensitivity potentially contributing to the perceived pain
as previously concluded (Marnach et al., 2003). Although the direct influence of hormones on pain
sensitivity was outside the scope of this project it is possible that these factors add to the sensitivity
of the central nervous system and are important to account for with regards to the interpretation of
the current findings. However, the changes the female body undergoes in relation to a normal
pregnancy (hormonal and postural) are fairly consistent and are therefore unlikely to fully account
for the pain and disability reported of in study III. Furthermore, these changes are highly unlikely
the cause of the persistence of pain after the pregnancy-related changes have returned to normal as
seen in a significant proportion of women (Wu et al., 2004, Rost et al., 2006, Albert et al., 2001).

In the third study presented here, the stage of pregnancy of the participants lay in both the 2nd
and 3" trimester indicating that their bodies had not all undergone the same biomechanical and
hormonal changes but interestingly the stage of pregnancy did not correlate with disability, pain and
hyperalgesia which is in line with previous findings (Gutke et al., 2006). Factors other than
hyperalgesia therefore, seem to affect the pain condition concurring with previous findings where
widespread hyperalgesia has been shown not to predispose for developing chronic back pain
(O’Neill et al., 2011). Furthermore, in line with the current findings (III), pain sensitivity can only

be weakly related to the day-to-day pain experience in a clinical condition (Kamper et al., 2011) and
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it has been questioned whether pain sensitivity is as related with the reported pain and disability as
often assumed (Hiibscher et al., 2013).

In summary, the pain model developed and used in studies I and II reduces the pressure-pain
thresholds in the lumbopelvic region in healthy control subjects towards what is seen in pregnant
subjects (III) (Fig. 4.4). The underlying cause for widedspread hyperalgesia amongst the pregnant
subjects cannot be determined from the current data but is unlikely to be caused and maintained by
physical, pregnancy-related changes alone although these factors may contribute to the overall pain

sensitivity.
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Figure 4.4 Pressure pain thresholds comparing healthy female controls (n=32 for gastrocnemius, LDL and S2. n=15
for deltoid) at baseline (light grey bars), immediately after hypertonic saline injection (black bars) and post-pain (dark
grey bars) with pregnant subjects (n=39)(open bars). Values for experimental pain are shown for the injection side but
for pregnant subjects as an average of left and right side. No significant difference is found in pain sensitivity at any of
the sites (NK: P > 0.05). Data extracted from studies I, Il & III.
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4.3 Qualitative aspects of clinical and experimental lumbopelvic pain

4.3.1 Quality of pain - Experimental and clinical findings
For data analysis, words chosen by more than 30% of subjects were extracted in accordance with
procedures in other experimental pain studies (Graven-Nielsen et al., 1997, Slater et al., 2011,
Gibson et al., 2006b). In the studies I and II, the words chosen most often were ‘pressing” and
“spreading’ which relate to the sensory components of the questionnaire which concurs with what
has previously been described in experimental muscle pain (Slater et al., 2011, Slater et al., 2005)
and tendon pain (Slater et al., 2011). The words most frequently used in clinical LPP (III) were
“sharp”, “hurting”, “tender” and “annoying” but these words belong to the same components of the
McGill Pain questionnaire as the words chosen in studies I and II. The difference in quality
comparing the two pain conditions may reflect the difference in pain generators (where most likely
multiple tissues are affected in clinical pain; see section 2.6), pain intensity and duration of pain.
This is clearly demonstrated when looking at the pain sensitivity (regional and widespread) in the
clinical group (III) and comparing it with the experimental pain groups (I, II) as well as the duration
of pain which is only 10-15 minutes at the most in experimental pain (I, II) (Fig. 4.1).

In summary, although experimental and clinical lumbopelvic pain was described using words
from the sensory component of the McGill pain questionnaire there was little unanimity on the
exact qualitative description of experimental and clinical pain which may to some extent be

explained by the pain intensity and the temporal and spatial characteristics of the pain.

4.3.2 Physical and emotional health — clinical findings
The majority of the pregnant subjects in study III reported disability to some degree which did

however, not seem to be associated with levels of pain or hyperalgesia (see section 4.2.2).
Emotional factors such as depression and anxiety have been shown to account for a significant
proportion of disability during everyday activities in pregnancy (Bindt et al., 2012, Kovacs et al.,
2012) and have been linked with an increased risk of developing LPP in late pregnancy (Robinson
et al., 2010b, Bakker et al., 2013).

In study III, the pregnant women scored significantly higher on variables regarding emotional
factors, sleep and pain-related cognition (except pain catastrophizing) (Table 4.1) which is highly
interesting given the association between pain sensitivity and elevated anxiety and stress levels in
healthy subjects (Schuh-Hofer et al., 2013, Crettaz et al., 2013). This is also in line with findings
from clinical conditions (de Souza et al., 2009, Klauenberg et al., 2008) and may be related with a

lack of supraspinally mediated descending inhibition (Jans et al., 2006) resulting in increased pain
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sensitivity and facilitated
temporal summation as has
been described in clinical
depression  and  stress
(Klauenberg et al., 2008,
Crettaz et al., 2013).

Sleep is known to be
an independent predictor of
depression and pain in non-

(Ohayon and
Roth, 2003) and pregnant

pregnant

populations (Okun et al.,
2013, Dgrheim et al., 2012)

which is relevant with
regards to the present
findings where the

pregnant subjects reported
of both poorer sleep quality
and emotional well-being
compared with controls.
Furthermore, it has been
shown that lumbopelvic
pain is associated with

insomnia, but not with

Control group

Pregnant group

(n=22) (n=39)
Characteristics
PGQ Disability (IQR) 010 -0] 27 [13 - 49]*
Average pain (NRS) (IQR) 0[0-0] 3.0([1-4]*
DASS - 21 IQR)
Depression 0[0-2] 2[0-4]*
Anxiety 0[0-2] 2[2-6]*
Stress 410 - 8] 8[4-12]
Sleep quality (PSQI) (IQR)
Duration 0[0-0] 0[0-1]
Disturbance 1[1-1] 2[1-2]*
Onset latency 1[0-1] 1[0-2]
Day dysfunction 1[0-1] 1[1-2]
Efficiency 0[0-0] 1[0-2]
Quality 1[0-1] 1[1-2]
Sleep medication 0[0-0] 0[0-0]
Total sleep quality 3[2-5] 704 -9]*
SF - 36 (SEM)
Physical health 94.6 +1.5 60.8 +2.6*
Emotional health 85.1+2.9 72.8 £2.5%

Table 4.1 Results from questionnaires (IIl) showing disability (Pelvic girdle
questionnaire, PGQ), average pain intensity (numeric rating scale, NRS),
depression, anxiety and stress (DASS-21, Sleep quality (Pittsburgh Sleep Quality
Index, PSQI) and overall physical and emotional health (SF-36). Results are shown
for non-pregnant and pregnant subjects and pregnant subjects reporting low- and
high disability. Significant difference from controls (*, P < 0.05, Bonferroni

corrected).

depressive symptoms (Dgrheim et al., 2012) indicating a self-perpetuating vicious cycle where a

cascade of factors affecting the pregnant subjects can all contribute to the overall pain sensitivity.

Insomnia can increase pain sensitivity directly (Schuh-Hofer et al., 2013, Agargiin et al., 1999) but

the mechanisms through which this occurs are considered to be related with both impairment of

endogenous inhibitory pain control (Smith et al., 2007, Haack et al., 2012) as well as an up-

regulation of pro-inflammatory biomarkers such as prostaglandin (Haack et al., 2009), interleukin-6

(Haack et al., 2007) and TNF-a (Chennaoui et al., 2011). In study III, sleep disturbance was the

factor that contributed most to overall score on the Pittsburgh Sleep Quality Index (table 4.1). This
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is common during pregnancy (NSF, 1998) but sleep disturbance has been shown to mostly affect
endogenous pain inhibition and hence spontaneous pain but not pain thresholds (Smith et al., 2007)
which may explain the lack of correlation between pain sensitivity and sleep quality in the clinical
group (IIT). These findings may indicate that poor sleep quality can affect the pain system and to
some extent account for multiple pain areas and idiopathic, spontaneous pain which is often
reported of in pregnancy (Brown and Johnston, 2013, Borg-Stein et al., 2005).

Emotional, cognitive as well as physical factors may all affect the nociceptive system in a
similar fashion (Sandkiihler, 2009) and may explain the findings in study III where all the pregnant
subjects had poorer outcomes than the controls regarding sleep and emotional health which may,
via similar pathways, sensitize central pain mechanism. The lack of associations between emotional
factors, sleep and other outcome variables may be related with the relatively low levels of emotional
distress measured in study III but also the lack of power. However, aalthough speculative, it is
possible that the absence of significant associations between the factors mentioned above and pain
and hyperalgesia may be caused by different underlying drivers (on an individual level) of the
sensitization, resulting in the widespread hyperalgesia.

It was beyond the scope of this study to investigate the impact of cognitive and emotional
functioning on the sensitivity of pain mechanisms. Nevertheless, the imminent relationship between
psychophysical and psychometric variables measured here (III) forms neurobiological grounds for
assessing patients within a bio-psycho-social framework as it indicates that different individuals
may present with similar clinical symptoms which are driven by different, parallel mechanisms all
capable of priming the nociceptive system and thereby rendering it more susceptible to input
(nociceptive and non-nociceptive).

In summary, emotional health, cognitive functioning and sleep are important factors to
evaluate in pregnancy-related LPP especially because of their shared ability to increase sensitivity
of the pain system. These findings support the need of assessing patients with lumbopelvic pain

within a bio-psycho-social framework.

S OUTCOME OF PAIN PROVOCATION TESTS AND MOTOR FUNCTION

Accurately identifying the source of symptoms is a challenge clinicians are faced with when
examining their clients. Useful additions to the examination process are manual tests which have
been developed, validated and their diagnostic abilities thoroughly described but the mechanisms
underlying the outcomes of the tests are poorly understood. In the current studies the standardized

pain induction protocol described above (section 3.1.2) was used to investigate how and if pain
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would affect the outcome of pain provocation tests of the sacroiliac joint (I), the active straight leg
raise test (II) as well as the relationship between the outcome of the tests with pain sensitivity.
Similar relationships were then investigated in a group of pregnant women where LPP frequently

occurs (III).

5.1 Pain provocation tests

5.1.2 Experimental findings

Manual pain provocation tests of the sacroiliac joint add load to many structures of the SIJ complex
(intra and extra-articular) simultaneously, making it a challenge to identify the painful structure
with accuracy (Laslett, 1998, Szadek et al., 2009). Previous studies have used a multiple
provocation-test regimen (Kokmeyer et al., 2002, Robinson et al., 2007, van der Wurff et al., 2006b,
Laslett et al., 2003) consisting of tests with good inter-examiner reliability (Laslett and Williams,
1994), in detecting pain originating in the sacroiliac joint complex. The tests are considered valid
and reliable to pin-point the location of pain in intra-articular pain conditions (van der Wurff et al.,
2006b, Maigne et al., 1996, Broadhurst and Bond, 1998, Laslett et al., 2003) but fail to account for a
potential extra-articular contribution to the pain (Vleeming et al., 2008, Szadek et al., 2009). By
using the experimental pain model which was developed (I) it was possible to change the outcome
of the pain provocation tests from negative to positive to a significant degree although it did not
reach the diagnostic criteria of 3 or more positive tests (see figure 5.1) which is considered
important for accurate diagnosis (Laslett et al., 2005, van der Wurff et al., 2000, Kokmeyer et al.,
2002, Szadek et al., 2009, Laslett, 2008, Vleeming et al., 2008). The current findings indicate that

not only extra-articular pathologies are detectable with the clinical tests.

5.1.1 Clinical findings

In study III, a set of pain provocation tests for two regions were performed; the SIJ and for the
lumbar spine. The pregnant group demonstrated an increased number of positive tests in both
regions compared with controls but interestingly, no significant relationship was found between the
outcomes of pain provocation tests in the two regions. Furthermore, the outcome of the SIJ tests
correlated positively with disability (PGQ) whereas no such relationship was seen for the tests of
the lumbar spine indicating that the SIJ complex was a larger contributor to perceived disability in

this pregnant cohort.
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In summary, pain from a

*

structure lying superficial to the 51
sacroiliac joint results in a similar *

Z 4
response to pain provocation tests | ‘

(]
of the joint as is seen in pregnancy :E 3
(Fig. 5.1). The outcome of the test é

4 2 A
correlates  significantly  with ;
pregnancy-related disability, &
making the tests useful for clinical . l
purposes. The lumbar spine Fealthy controls E‘:sg:i}l’cgfa“l“;:“ Pregnant subjects

mes mor nsiti in .
becomes ore sensitive to pa Figure 5.1 Median [IQR] Sum of positive SIJ pain provocation tests.

provocation  during pregnancy Summary of findings from experimental (I) and clinical (Ill) study on
lumbopelvic pain. Healthy subjects (n =30) following hypertonic saline-

without being associated with the induced pain (grey box) and pregnant subjects (n = 39)(black box) had
significantly more positive pain provocation tests of the SIJ than baseline

overall pain or disability. values for healthy controls (P < 0.05). No significant difference was
found in sum of positive tests after experimental pain in healthy controls
and pregnant subjects. Data extracted from studies I & I11.

5.2 Active straight leg raise (ASLR)

5.2.1 Experimental findings

By inducing experimental pain into the LDL, a significant increase in both the objective (RMS
EMG) and subjective (Likert-scale) effort during the task was seen (II). In this study the subjects
demonstrated a unilateral muscle activation pattern of trunk and thigh muscles in the pain-free state,
consistent with what has previously been shown in asymptomatic individuals (Hu et al., 2012,
Beales et al., 2009b). Of particular interest however, were the changes in muscle activity in the pain
state where subjects adapted a more bilateral activation of trunk muscles similar to what is seen in
clinical populations (Beales et al., 2009a, de Groot et al., 2008). The participants experienced an
increase in difficulty when lifting the leg on the painful side as seen on the Likert-scale scores (II)
which correlated significantly with both the levels of pain and pain sensitivity in the area
surrounding the injection site. Such a relationship has been indicated indirectly in previous clinical
studies (Vleeming et al., 2002, Mens et al., 2012) which is confirmed here and has implications
with regards to interpreting the outcome of the test. Furthermore, an increase in movement
variability (tremor) was found when lifting the leg on the non-injected side which is in line with

previous findings where experimental pain has been shown to disturb motor performance (Salomoni
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et al., 2013, Salomoni and Graven-Nielsen, 2012) causing difficulty in accurately controlling the
given movement.

It is unclear why the subjects adapted an excessive activation of trunk muscles similar to what
is seen in clinical pain (see section 2.4.3). A plausible explanation is that intense lumbopelvic pain
changes the excitability of corticomotor areas representing the trunk muscles (Tsao et al., 2011b)
which has been shown to cause an increased activation of functionally unrelated areas in acute
(Apkarian et al., 2013) and recurring low back pain (Tsao et al., 2011a). This is interesting as it
demonstrates the ability of the motor system to modulate its activity almost instantly in the presence
of pain as it searches for the most optimal way of performing the task in a less painful manner using
trial and error (Moseley and Hodges, 2006). From a clinical standpoint, this is also important to
note as such a reorganization serves an important role in musculoskeletal conditions (Graven-
Nielsen and Arendt-Nielsen, 2008) as the sufferer adapts a protective movement pattern where the
stress on the injured body part is reduced. Although such a functional adaptation may be beneficial
in the acute phase, it has been suggested that it may be unfavorable in the long term given the
sustained increase in spinal loading and muscle fatigue (Hodges and Tucker, 2011) which may be

highly relevant when investigating the transition from acute to chronic lumbopelvic pain.

5.2.2 Clinical findings

In study III, the pregnant subjects reported increased difficulty performing the ASLR compared
with controls. The outcome of the test did however, not correlate with disability, pain intensity or
hyperalgesia in contrast with experimental (II) and clinical findings (Vgllestad and Stuge, 2009,
Robinson et al., 2010a). No significant relationship was demonstrated between the stage of
pregnancy and outcome of the test, indicating that factors other than an unfavourable length-tension
relationship of the trunk muscles and hormonal-driven instability of the SIJ are the underlying
cause.

The activity of trunk muscles was not assessed in the clinical group. Nevertheless, the
subjective outcome scores (Likert scale) in study III where similar to what has been demonstrated
previously (de Groot et al., 2008) and may potentially be a manifestation of a mixture of
neurological, emotional and cognitive factors which can induce an altered motor output via shared

neurophysiological mechanisms (Hodges and Smeets, 2014).
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In summary, the perceived difficulty of performing the ASLR increases during a short
duration of experimental SIJ pain to an extent where no significant difference is found between
experimental and clinical lumbopelvic pain (Fig. 5.2). In pregnancy, the outcome of the test is not
associated with the stage of pregnancy, disability, pain or hyperalgesia. The findings from studies II
and III challenge previous theories stating that the outcome of the test is related with biomechanical

instability of the pelvic girdle.
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Figure 5.2 Median [IQR] Following hypertonic saline-induced pain, healthy subjects (n =30) and
pregnant subjects (n = 39) reported significantly more difficulty performing the test compared with
baseline values for healthy controls (P < 0.05). No significant difference was found in sum of positive
tests after experimental pain in healthy controls and pregnant (P > 0.05). Data extracted from studies
II & 111

6 SUMMARY AND CLINICAL IMPLICATIONS

In the current thesis, a novel and reliable human in vivo experimental pain model mimicking the
somatosensory and motor characteristics of clinical lumbopelvic pain (LPP) was developed (LII).
The model consisted of pain originating in the long posterior sacroiliac ligament which has
frequently been implicated as an important structural and functional part of normal lumbopelvic
function. The relevance of this pain model for clinical populations was investigated by comparing

experimental findings with pregnant women where LPP is frequently a problem.
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The experimental pain model caused transient sensory-motor changes in healthy subjects
comparable to what is seen in the pregnant group: 1) deep tissue hyperalgesia, 2) referred pain to
the low back and into the lower limb, and 3) a positive response to manual clinical tests.

The sensory changes seen in healthy subjects following a short duration of experimental pain
(I, II) demonstrate similarities between pain originating in the ligamentous structures lying
superficial to the sacroiliac joint, within the sacroiliac joint and the lumbar spine with regards to
pain referral. These findings may be related with an overlap of innervation of somatic structures in
the two areas which converge on the same spinal segments. Amongst the pregnant participants (I1I),
the multiple pain areas and widespread hyperalgesia may reflect a central modulation of afferent
nociceptive and non-nociceptive signals. This may be initiated and modulated by physical,
hormonal, cognitive and emotional factors that increase pain sensitivity via shared pain pathways
including an upregulation of pro-inflammatory biomarkers, changed balance of descending pain
modulation, and increased sensitivity of dorsal horn neurones.

The active straight leg raise tests and pain provocation tests of the sacroiliac joints and the
low back are commonly used in clinical practice and are considered useful in differentiating
between the many potential sources of pain in the area and the ability to transfer load across the
lumbopelvic region. In two experimental studies (I, II) it was shown that pain from the ligamentous
structures superficial to the SIJ facilitates the positive outcome of these tests resembling findings
reported of in the literature as well as what was seen in a clinical population (III). The results
indicate that pain per se can affect the outcome of such tests directly via increased sensitivity of
pain mechanism (central and peripheral) and potentially through supraspinally facilitated sensory-
motor activity. Therefore, the current findings challenge the common assumptions that pain in the
area is a result of a biomechanical dysfunction such as instability of the pelvic girdle joints.

Changing the way pain conditions are managed relies on identifying the mechanisms driving
the condition but in pregnancy this may be challenging as many of the physical changes which
occur (and are considered natural) have frequently been related with LPP. Although most of these
changes revert to normal post-partum, a significant group of women develops a chronic pain
condition after delivery. This may indicate interplay between physical and psychological factors
resulting in a mal-adaptive pain behaviour. Excessive muscle activity, sub-optimal loading, poor
emotional health and sleep quality as well as unfavourable coping strategies are factors which are

frequently found in clinical conditions as well as in the current studies which may all perpetuate the
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condition, add to the pain and pain sensitivity and sustain the disability beyond pregnancy (Fig.
6.1).

Based on the series of studies a model has been developed which may explain how pain and
pain sensitivity alone may affect the outcome of clinical orthopedic tests which are commonly used
for diagnostic purposes. Future studies assessing clinical lumbopelvic pain will benefit from a
deeper understanding of the mechanisms underlying the pain condition and how they can affect the
findings during clinical examination. A battery consisting of physical and psychometric assessment
as well as quantitative sensory testing may be beneficial clinically to monitor the progression of a
clinical pain condition such as pregnancy-related LPP. More importantly though, developing
screening tools for early identification of those at risk of developing severe pain and disability
would improve the management of this condition. Currently it is not known which factors would
have the best predictive value for such purposes but there is evidence suggesting that QST
measurements can be beneficial (Yarnitsky et al., 2008, Weissman-Fogel et al., 2009). More studies
on the topic are therefore clearly warranted where the focus should be on how and if the pain
mechanisms change through the course of clinical LPP and if such changes would be related with

changes in psychometric variables.

S1J complex
pain
(1, 1)

Biomechanical
and hormonal
factors
(1)

Emotional
factors
(1)

Cognitive
factors
(1)

Increased sensitivity of pain mechanisms

Lumbopelvic pain

Manual
orthopedic tests
(LILITD)

Hyperalgesia
(LIL1I])

Figure 6.1 This contemporary model of lumbopelvic pain is based on the current findings and supplemented with
results from other relevant studies. The model indicates that several, parallel factors can increase the sensitivity of
central and peripheral pain mechanisms resulting in lumbopelvic pain. The pain condition can be evaluated by
manual orthopedic tests and an assessment of deep tissue sensitivity.
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7. DANSK SAMMENFATNING

I denne afhandling introduceres en ny og palidelig human eksperimentel smertemodel som blev
udviklet for at efterligne de sensoriske og motoriske faktorer som ses ved klinisk lumbopelvine
smerte (I, II). Modellen inkludere smerte fra det lange dorsale sacroiliac ledband, der ofte er
impliceret som en vigtig strukturel og funktionel del af den normale lumbopelvine funktion.
Relevansen af denne smertemodel for kliniske populationer blev undersggt ved sammenligning af
eksperimentelle resultater med en gruppe af gravide kvinder, hvor lumbopelvine smerte ofte er et
problem.

Den eksperimentelle smertemodel forarsager kortvarige sanse-motoriske @ndringer hos raske
forsggspersoner der er sammenlignelig med tilsvarende set 1 den gravide gruppe: 1) hyperalgesi 1
dybere strukturer, 2) udstralende smerter til lenden og ned i benet, og 3) en positiv respons til
manuelle kliniske tests.

De sensoriske @ndringer, der ses hos raske forsggspersoner efter en eksperimentel smerte (1,
II) demonstrerer ligheder mellem smerte med oprindelse i de ledbandsstrukturer liggende
overfladisk til SI-leddet, i selve SI-leddet og lenderyggen med hensyn til udstralende smerte. Disse
resultater kan vare forbundet med et overlap af innervation fra de somatiske strukturer i de to
omrader, der konvergerer pa de samme spinale segmenter. Blandt de gravide deltagere (III), kan de
mange smerteomrader og udbredt hyperalgesi afspejle en central modulering af afferente
nociceptive og ikke-nociceptive signaler. Dette kan vere udlgst og moduleret af fysiske,
hormonelle, kognitive og emotionelle faktorer, der gger smertefglsomhed via felles smertebaner,
herunder en opregulering af pro-inflammatoriske biomarkgrer, @ndret balance af descenderende
smertemodulation og overfglsomhed af dorsal hornets neuroner.

Aktiv strakt benlgfts test og smerte provokationsteste af bade Sl-leddene og lenden er
almindeligt anvendt i klinisk praksis og betragtes som nyttige til at skelne mellem de mange
potentielle kilder til smerter i omradet, og evnen til at overfgre kraefter i lumbopelvine regionen. To
eksperimentelle studier (I, II) viste, at smerter fra de ledbandsstrukturer overfladisk til SI-leddet
gger forekomsten af positive tests hvor resultaterne er sammenlignelige med litteraturen samt
fundene fra det kliniske studie (III). Resultaterne indikerer, at smerte i sig selv kan pavirke udfaldet
af disse tests direkte via gget overfglsomhed af smertemekanismer (centrale og perifere) og
potentielt gennem @get sanse-motorisk aktivitet pa supraspinal niveau. Disse fund stiller derfor et
spgrgsmalstegn ved de antagelser, at smerte i omradet er et resultat af en biomekanisk dysfunktion

af strukturer i regionen sasom ustabilitet i SI-leddet.
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For at kunne @ndre pa hvordan forskellige smertetilstande behandles og handteres er det
ngdvendigt at identificere de mekanismer, der driver smertetilstanden. Dog kan det veare
udfordrende i forbindelse med graviditet, da mange af de fysiske @ndringer, der sker (og betragtes
som naturlige) ofte er blevet forbundet med lumbopelvine smerter. Selv om de fleste af disse
graviditets-relaterede endringer normaliseres efter overstaet graviditet er der en betydelig andel
kvinder som udvikler en kronisk smertetilstand efter fgdsel. Sammenholdt med fundene 1 denne
athandling, kan dette indikere et samspil mellem fysiske og psykologiske faktorer, som resulterer i
en uhensigtsmessig smerteadferd. @get muskelaktivitet, sub-optimal belastning, darlig emotionel
sundhed, nedsat sgvnkvalitet samt darlige copingstrategier er faktorer, som ofte findes i kliniske
tilstande samt i de studier prasenteret her, der direkte kan gge smerte og smertefglsomhed samt
fastholde et nedsat funktionsniveau (Fig. 6.1).

Ud fra den rzkke studier prasenteret her er en model blevet udviklet, som kan til dels
forklare, hvordan smerte og smertefglsomhed alene kan pavirke responsen til kliniske ortopadiske
tests, som almindeligt anvendes til diagnostiske formal. Fremtidige studier omkring lumbopelvine
smerter vil med fordel inkludere undersggelser af de smertemekanismer, der ligger til grund for
smertetilstanden. Et batteri, bestaende af fysisk og psykometrisk vurdering samt en sensorisk
profilering (QST malinger) kan forbedre den kliniske undersggelse, hvorefter udviklingen af en
klinisk smertetilstand sasom lumbopelvine smerte kan monitoreres. Vigtigere er det dog, at udvikle
screeningvarktgjer som tidligt kan bidrage til at identificere de personer, der risikerer at udvikle
alvorlige smerter og et nedsat funktionsniveau, samt forbedre handteringen af tilstanden. I dag er
det ikke kendt, hvilke faktorer der vil have den bedste prediktive vardi for sadanne et formal men
der er holdepunkter for, at QST malinger kan vere et nyttigt redskab at bruge (Yarnitsky et al.,
2008, Weissman-Fogel et al., 2009). Flere undersggelser er derfor berettiget, hvor fokus bgr vare
pa, hvordan og hvis smertemekanismer @ndres gennem forlgbet af kliniske lumbopelvine smerte og

om sadanne @ndringer kan relateres til @ndringer i psykometriske variabler.
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8. APPENDICES

Appendix 1. A summary of experimental and clinical studies examining pain referral
patterns into the lower limbs originating in the lumbopelvic area

. timulation Target PR
Reference Subjects S . 8 Main findings
paradigms structure
Fascial stimulation gave localised
Gluteal muscle pain but muscle pain was felt over the
and fascia whole buttock
. overlying it
n=3-14 | Tip of a needle/ . L
(Kellgren, 1938) Pain free 0.1-0.3 mL 6% . Pain lying in the? buttoc‘k. and doyvn
. Sacrospinal the lower limb in the injected side
volunteers | saline .
muscle and following the dermatome pattern
multifidus at the
level of L5 and S1 | Injection at the level of S1 gave pain
corresponding to the Fortin area
n=>5 . . . .
. 0.1-0.3 mL Interspinous Widespread pain referral into lower
(Kellgren, 1939) Pain free 6% saline ligaments C5-S2 limb from injection at L.3-S2
volunteers
(Lewis and Kellgren, n= 6 0.3 mL 6% The periosteum Pain in the buttock, and posterior
Pain free . over the upper .
1939) saline aspect of thigh and calf
volunteers part of sacrum
Interspinous
=9 i
Lo n=; 0.3-0.6 mL 6% hggmen@ a Pain located at and in the immediate
(Sinclair et al., 1948) Pain free . various sites and . N .
saline . area surrounding the injection site
volunteer/s depths in the
lumbar spine
Referred pain followed injection into
the interpinous ligament with close
n=28 All interspinous relation to the level of injection and
(Hockaday and . 0.1-0.3 mL . p adjacent, distal segments
. Pain free . ligaments C1/C2 -
Whitty, 1967) volunteers 6% saline Ls/S1
Segments  innervated by  the
lumbosacral plexus seldom caused
sensory changes into the lower limb
Tip of a needle In a non-anaesthetised joint the
n=10 for pain stimuli stimulation gave a vague sensation of
(Fortin et al., 1994b) Pain free 1% lidocaine Sacroiliac joint pain around the stimulation site, into
volunteers | (volume not the buttock and into the posterior
given) thigh
n =16 1% lidocaine iiasi:r(? llrl;chjoglr:d Pain overlying the Forting area and
(Fortin et al., 1994a) | Patients with | (volume not graphy an . ymng . &
. . lumbar facet joint | into the posterior thigh
SIJ pain given)
blocks
Relief of pain in the groin
n=43 distinguished SIJ pain from lumbar
(Schwarzer et al., Patients with | 1 mL 2% Sacroiliac ioint facet joint pain
1995) low back | lignocaine J
pain Pain referral patterns from the SIJ and
lumbar facet joints were similar
0 =50 Pain disappeared from the buttock
Patie;ts with 2 mL 2% (94% of subjects) and low back
(Slipman et al., 2000) lumbobelvic lidocaine Sacroiliac joint (72%), from the posterior thigh
a?n hydrochloride (50%), lower leg (28%), the groin and
p the foot (14%)
(Fukui and Nosaka, n=28 2mL 1% Sacroiliac joint Pain relief overlying the Fortin area
2002) Patients with | mepivacaine J (100% of subjects), the buttock

~ 43 ~




low back and2 mg (69%), posterior (31%) and lateral
pain dexamethazone (38%) thigh
Pain relief in half of the subjects from
an S1J injection where pain
disappeared from an area
corresponding to the Fortin area as
n=60 2 mL 2% well as the buttock, posterior and
(van der Wurff et al., Patients with lidocaine or Sacroiliac ioint anterior thigh, lower leg and lateral
20062) . 0.25% J side of the foot
SIJ pain . .
bupivacaine
Pain referral pattern comparing
responders and non-responders was
similar apart from the spot with most
intense pain
Pain area from thoracolumbal
Electrical junction to mid-lower leg
stimulation
n=13 1.5mA.(5 Hz, 1 Most inFense.paip around t.he
(O'Neill et al., 2009) Pain free ms bidirectional Facet joint L3/L4 stlmqlatlog site, in the groin and
volunteers | Sduare wave anterior thigh

stimulus) above
pain threshold
value

Bilateral pain referral in the
lumbopelvic area and down to the
ipsilateral posterior thigh
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Appendix 2. A summary of clinical intervention studies examining the validity and reliability
of sacroiliac joint pain provocation tests

Tvpe of Implications
Reference Type trial yp Purpose Outcome for clinical
reference test .
practice
Assessment of inter- | 5/7 tests had
rater reliability of 78%-94%
(Laslett and seven pain agreement The tests can be

Cross-sectional

used to detect a

Williams, None provocation tests for o
study (n=51) . o sacroiliac source
1994) pain of sacroiliac Two tests had of low back pain
origin in low back marginal p
pain patients reliability
Fluoroscopy- To determine the
. articular injection P . . . source of low
(Maigne et A prospective of Lidocaine (2 selected population | lasting relief of back pain in a
1. 1996 study mL. 2%) of low back pain pain and 19% had sionificant
al, ) (n=54) a7 patients and to a longer lasting g

Bupivicaine (dose
not given, 0.5%)

assess the response
to pain provocation
tests

relief after intra-
articular block

proportion of
reported cases

Fluoroscopy-
guided intra-

To identify a single

Pain location or

SIJ pain cannot

. . Y SIJ test or ensemble . be identified by
A prospective articular injection response to pain S
. of tests that are . subjective and
(Dreyfuss et | cross-sectional | of 1.5 mL of - .| provocation tests e
. . sufficiently useful in objective
al., 1996) study lignocaine (2%) . . does not have any oo
(n = 85) and 0.5 mL of diagnosing SIJ worthwhile examination
) disorders to be . methods used in
celestone . clinical value .
clinically valuable this study
soluspan
Fluoroscony- When used in
: Py . combination, the
guided Intra- To determine the three tests used in
(B Double-blind articular injection | sensitivity and The tests had
roadhurst . . . e o the study have a
and Bond cross sectional of Lidocaine (4 specificity of specificity 100% high predictive
1998 ’ study mL, 1%) commonly used SIJ | and sensitivity value for pain
) (n=40) pain provocation 77-87% arisin frc?m the
Saline used as tests sacroigliac - oint
control J
Fluoroscopy-
guided intra-
articular injection
with a mixture of The The methods
I mL . hkel.lhOOd used in the study
betamethasone To determine the (positive :
. . i . cannot be used in
. sodium clinical validity of predictive . .
. A prospective . . . isolation to
(Slipman et phosphate S1J pain provocation | value) of SIJ pain | . .
cohort study . . diagnose SIJ pain
al., 1998) (n = 50) and acetate tests to diagnose SIJ | provocation tests but can be used
B suspension pain syndrome determining the for
(6bmg/mL ) and presence of SIJ differential
lidocaine pain is 60% diaenosis
hydrochloride (2 &
-3 mL, 1% -
2%)
(van der Systematic To investigate the No evidence for
Wurff et al., review None reliability of clinical | the use of Not mentioned
2000) (n=11) tests for the SIJ mobility tests of

~ 45 ~




the S1J but
reliable results
for the use of
Gaenslen’s test
and the P4 test

Using a multitest
regimen of 5 pain

To assess the Weighted kappa ovocation fests
A cross- interrater reliability | statistic showed Fs a reliable
(Kokmeyer sectional of multitest regimen | substantial
. None method to assess
et al., 2002) reliability study of 5 agreement: 0.70 .
’ - . SU dysfunction
(n=78) sacroiliac pain (95% CI = 0.45-
. but lacks the
provocation tests 0.95)
assessment of
validity
Fluoroscopy- To assess the
gul.ded intra- d1agno.st.1c accuracy o A specific
articular injection | of a clinical Clinical clinical
of Lidocaine 1.5 examination in examination and examination and
A cross- mL, identifying reasoning was reasOning Process
(Laslett et sectional concentration not | symptomatic and superior to using mng pre
Sy . . . . can differentiate
al., 2003) validation given with asymptomatic SIJ pain between
study (n= 48) Bupivicaine (dose | sacroiliac joints provocation tests svmptomatic and
and concentration | using double alone a}sl Hlj tomatic
not given) used as | diagnostic injections sﬁ/g P
confirmatory as the reference )
block standard
Fluoroscopy-
guided Intra-
articular injection When all six
of Lidocaine 1.5 To examine the Three or more provocation tests
A cross- ml(concentration | diagnostic power of | tests out of six or | do not provoke
(Laslett et sectional not given) pain provocation SIJ | any two of four familiar pain, the
al. validation stu tests sin and 1n selected tests ha can be rule
1., 2005 lidati dy ingly and i lected had | SIJ be ruled
(n=48) Bupivicaine used | various the best out as a source of
as confirmatory combinations predictive power | current low back
block (dose and pain
concentration not
given)
A test regimen
with 3 or more
To compare the I positive tests
Fluoroscopy- diagnostic accuracy Sens'l tvity 85%, is indicative of
. . . specificity 79% )
Prospective guided intra- of a multitest SIJ pain
(van der obseIr)va tonal articular injection | regimen of 5 Slipain | ,, ..
Wurff et al., study of Lidocaine 2 provocation tests predictive value Can be used in
2006b) (n = 60) mL (2%) or with ‘ 77% and negative early 'chnlcal
Bupivacaine fluoroscopically redictive value decision
25% controlled double making to avoi
(0.25%) lled doubl Ig)w king id
S1J blocks v invasive
diagnostic
procedures
To assess inter-rater | Clusters of pain Clinically,
A cross- reliability of one provocation tests | conclusions are
(Robinson et | sectional palpation and six were found to usually based on
1. 2007 reliability stud None pain provocation have good results of several
al, ) (n = 56) y y tests for pain of percentage tests
B sacroiliac agreement, with
origin kappa values Clusters of three
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0.51-0.75

The reliability of
the pain
provocation tests
were moderate to
good, and for the
palpation test,
reliability was
poor

and five tests
used showed
good reliability,
although their
validity needs to
be assessed

(Szadek et
al., 2009)

Systematic
review
n=17)

None

To evaluate the
diagnostic validity
of tests that could be
ascribed to the IASP
criteria for
diagnosing S1J pain

Using a threshold
of 3 or more
positive stressing
tests, the
diagnostic odds
ratio of 3 positive
provocation test
is high in patients
with SIJ pain

Due to the lack of
a gold standard
for SIJ pain, the
diagnostic
validity of tests
related to the
IASP criteria for
S1J pain should
be regarded with
care
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Appendix 3. A summary of clinical studies examining the validity and reliability of the

Active Strai

ght Leg Raise test and the relationship with joint mobility in the pelvic girdle

Type of

Implications for

Reference Type trial reference test Purpose Outcome clinical practice
Pelvic belt
improved the
performance
during the ASLR | The test could be a
gl;erfz:;to(;f To develop a suitable
fron?a elvic clinical test to Greater movement | instrument to
Cross- b quantify and of pubic bones in | quantify and
(Mens et al., . belt and e T : . e T
sectional study o qualify disability weight bearing on | qualify disability in
1999) mobility of the . . .S .
(n=21) ubic bones in women with symptomatic side | diseases related to
Eleasure don x- peri-partum pelvic mobility of the
ra pain Strong correlation | pelvic joints
y between mobility
of pelvic joints
and outcome of
ASLR
The test can
discriminate
between patients
with pelvic girdle
High test-retest pain and healthy
(Mens et al Cross- I;i?iiess;ge reliability (0.87) subjects
2001 7 | sectional study | None reliabii/i tv of the
) (n=250) ASLR tez " Intra-class The test is useful to
correlation (0.83) | assess the ability to
transfer loads
between the
lumbosacral spine
and legs
. . Increased laxity of
Doppler :&éﬁ;’ﬁgﬁate the Asymmetric laxity | the SIJ is not
(Damen et Cross- imaging to between of the S1J was associated with
1. 2001 sectional study | detect reonancy-related related with a outcome of ASLR
al, ) (n=163) movement in the | P8 y positive ASLR whereas
pelvic pain and SIJ T . .
Nt laxity test and disability | asymmetric laxity
is
Compression from .
. . . Compression of the
Doppler To investigate the | a pelvic belt pelvic girdle using
Cross- imaging to effect of . reduced the a pelvic belt
(Mens et al., ) compression from | movement of the S
sectional study | detect . . significantly
2006) . a pelvic belt on S1J which -
(n=25) movement in the . decreases mobility
e movement of the correlated with the ..
sacroiliac joint of the sacroiliac
Nt outcome of the - oints
ASRL ]
To investigate the
effect compression | Activity in
Cross- on the pelvic bones | transversus Indicates that the
Hu et al sectional stud Pelvic belt for had on hip and abdominis and belt increases
2010 (n=17) y compression trunk muscle oblique muscle ‘force closure’ in
B activity during reduced when belt | the pelvic girdle
walking and the was used
ASLR test
(Vgllestad Prospective Serum levels of | To examine the Significant Relaxin contributes
et al., 2012) | cohort study relaxin serum relaxin association to laxity of pelvic
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(n=212)

levels in pregnancy
and a potential
relationship with
symptoms and
clinical tests for
pelvic girdle pain

between serum
relaxin
concentration and
outcome on the
ASLR test, but no
associations to
responses to pain
provocation tests,
pain intensity or

joints in pregnancy
but does not affect
pain or disability

disability
The abdominal
muscles have
multiple tasks
Mainly a Increases the
To investigate unilateral understanding of
Cross- .. .
(Hu et al., sectional study | None normal muscle activation pattern | what is a normal
2012) (n=16) y activity during the | but considerable muscle activation
B ASLR activity on the pattern during the
side contralateral ASLR
to the leg being
lifted contributing
to the ‘force
closure’of the SIJ
Good inter-
examiner
reliability; kappa
coefficient 0.87,
. sensitivity 71%, The ASLR test has
To determine the o .
Cross- nter-rater specificity 91% good inter-rater
Kwong et al | sectional pilot | 3 independent L ASLR scores were | reliability but the
. reliability of the - -
2013 study examiners . . significantly validity of the test
Active Straight- .
(n=31) Lee Raise tost related with needs to be
& Functional Pelvic | established

Pain Scale
(r=0.77) and
disability
(r=0.70)
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The extra-articular sacroiliac joint (SIJ) structure is a potential source for low back and pelvic pain. This
study hypothesised that experimental pain induced in a superficial pelvic ligament causes (1) hyperalge-
sia to pressure, (2) distinct pain referral, and (3) an increased frequency of positive pain provocation tests
of the SIJ complex. Thirty healthy subjects (15 females) participated in this study designed as a random-
ised crossover trial. Pain was induced in the long posterior sacroiliac ligament by injection of hypertonic
saline, with the contralateral ligament injected with isotonic saline as control. Pain intensity was
assessed on an electronic visual analogue scale (VAS). Pressure pain thresholds (PPTs) and pain provoca-
tion tests were assessed on 3 occasions: at baseline, after injection, and when pain had subsided. PPT sites
were located bilaterally at the injection site, lateral to spinous processes of S2 and L5, and at the gluteus
medius and gastrocnemius muscles. Hypertonic saline caused significantly higher VAS scores and more
extended pain referral than isotonic saline (P < 0.001). PPTs at the injection site and lateral to S2 were
significantly reduced after hypertonic saline compared with baseline and isotonic saline (P < 0.002). Sig-
nificantly more subjects had positive pain provocation tests after hypertonic (67% of subjects) compared
with isotonic saline (20%; P < 0.001). These data demonstrate that the extra-articular SIJ structure accom-
modates nociceptors that are capable of inducing pain referral and regional hyperalgesia sensitive to
manual pain provocation tests similar to what previously have been found in pelvic girdle pain patients.

© 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

The prevalence of low back pain originating in the sacroiliac
joint (SIJ) complex has been reported in 16% to 35%
[25,34,38,39,53]. The pain is localised in the area of the SIJ with
some pain referral [10,13,14,38,57,63]; it may be reproduced with
manual pain provocation tests [30] and relieved with intraarticular
anaesthetics [38,53,57]. Intra-articular blocking protocols are con-
sidered the “gold standard” to determine the outcome of SIJ pain
provocation tests and are traditionally used in clinical studies
[2,33,38,64], but this method does not account for extra-articular
structures, which have been shown capable of contributing gener-
ously to SIJ pain [1,6,7,35-37,43]. Manual provocation tests add
load to all structures of the SIJ complex, making it challenging to
differentiate between pain with intra- and extra-articular origin

* Corresponding author. Address: Laboratory for Musculoskeletal Pain and Motor
Control, Center for Sensory-Motor Interaction (SMI), Department of Health Science
and Technology, Faculty of Medicine, Aalborg University, Fredrik Bajers Vej 7D-3,
Aalborg E 9220, Denmark. Tel.: +45 9940 9832; fax: +45 9815 4008.

E-mail address: tgn@hst.aau.dk (T. Graven-Nielsen).

[29,60]. Previous studies have used multiple provocation-test reg-
imens [27,33,48,64] consisting of tests with good interexaminer
reliability [32] in detecting and diagnosing pain originating in
the sacroiliac joint complex.

Calcitonin gene-related peptide and substance P immunoreac-
tive nerve fibres (group IV) are found inside the SIJ [44,58,59],
and substance P immunoreactive nerve fibres are found in the lig-
amentous structures superficial to the joint [11]. Based on mechan-
ical and electrical responses in nerve fibres from the cat SIJ, it was
reported that the majority of units found around the SIJ had the
characteristics of group III fibres [49], and many of them have
high-threshold characteristics [50]. Overloading conditions and
algesic substances may excite and sensitise the extra-articular SIJ
nociceptors [62,68,69], accounting for deep-tissue hyperalgesia
and pain referral in some low back and pelvic pain patients [47].
The question remains whether manual pain provocation tests used
routinely in clinical practise [29] can be used to detect pain and
hyperalgesia from an extra-articular structure.

Experimental pain caused by injection of hypertonic saline in
tendons can cause hyperalgesia in healthy subjects [16,56], and
injections into an interspinous ligament of the vertebral column

0304-3959/$36.00 © 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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causes a spread in pain location [23,26], although it is mostly con-
fined to the area overlying the ligament [54,62] and near surround-
ings without a clearly defined pain referral. Pain from the SIJ in
patients is mainly perceived around the painful joint but can also
spread distally, as far as the foot [10,13,14,57,63]. Whether this
is similar for structures superficial to the SIJ is not known. Such
spreading of pain may be due to central facilitation of nociceptive
input, as seen in patients suffering from chronic low back pain
[3,9,17,18,46,47,51]. The aim of the present study was to seek sup-
port for 2 hypotheses: (1) Acute pain from a superficial structure of
the SIJ complex causes spreading pain similar to pain of intra-artic-
ular origin and hyperalgesia, as has been described in low back
pain patients. (2) Pain and hyperalgesia arising from a superficial
structure of the SIj complex is sensitive to manual pain provocation
tests.

2. Methods
2.1. Subjects

Thirty-five healthy subjects (15 females) participated in this
study. The mean age was 25 years (range 20-34 years), the mean
weight was 68 kg (range 46-88 kg), and the average height was
175 cm (range 160-190 cm). Subjects with any history of recurring
pain syndromes in the lower back, pelvis, or legs were excluded.
None of the participants had any signs of neurological disorder
or rheumatologic diseases that could affect the outcome of the
experimental procedure. Pregnant women were not included in
the study. Two of the participating women had given birth without
any history of pelvic girdle pain pre-/postpartum. One subject was
not included in the study because of 3 positive pain provocation
tests at baseline. Subjects were given a detailed written and verbal
explanation of the experimental procedure prior to giving their in-
formed consent. The study was conducted in accordance with the
Helsinki Declaration and was approved by the local Ethics Commit-
tee (VN 20100096).

2.2. Experimental protocol

The experiment was randomised, single blinded, placebo con-
trolled, and was conducted in one session. All assessments were
performed with subjects lying on a bench in supine and prone
positions. At baseline the subjects were familiarised with the
experimental procedure. Reaction to SIJ pain provocation tests
and recording of pressure-pain thresholds were evaluated before
(baseline), during, and after (post pain) experimental SIJ pain in-
duced by injection of hypertonic saline. Isotonic saline was used
as control injection. The post pain state was determined at 5 min-
utes after the pain had subsided. The subjects received one hyper-
tonic or isotonic saline injection in each side where the order of the
saline type was randomised in a balanced way (left or right) and
blinded (saline type) to the subject. Moreover, the assessment pro-
tocol was balanced, where the pressure pain threshold (PPT)
assessments were acquired first before performing the SIJ provoca-
tion tests in half of the subjects and then vice-versa for the other
half.

2.3. Experimental SIJ pain

Sterile saline (0.5 mL) was injected as either hypertonic (5.8%)
or isotonic (0.9%) solutions into the long posterior sacroiliac liga-
ment over approximately 10 seconds after the skin had been
cleaned with alcohol. Injections were performed using a 2-mL plas-
tic syringe with a disposable needle (27G). The long posterior
sacroiliac ligament was located by manual palpation and its

Thoracic
area

Anterior thigh' Gluteus medius’

area Posterior thigh

area

Injection site
(long posterior sacroiliac ligament)

Leg

area

Gastrocnemius

Fig. 1. Location of injection site, assessment sites for pressure algometry (left), and
outlines of body areas used for quantification of pain distribution following
experimental pain (right). Note that the injection and assessment sites are only
illustrated unilaterally, but assessed bilaterally. The assessment sites are the
gastrocnemius muscle, gluteus medius muscle, long posterior sacroiliac ligament
(injection site), lateral to S2 and lateral to L5.

position/orientation marked on the skin (Fig. 1). The needle pene-
trated the skin at an angle of approximately 30° going from lateral
to medial in relation to the ligament.

The location and alignment of the ligament was confirmed by
real-time ultrasound (Acuson 128XP10, Native; Siemens Medical
Solutions, Malvern, PA, USA): 1) The posterior superior iliac spine
was first located on ultrasound and the probe was then moved
slightly in a caudal and medial direction, following the ligament.
2) The subject was then asked to extend the back by raising the
upper body from the bed. This increased the thickness of the low-
er-most part of the multifidus at its attachment to the sacrum,
while little or no movement was apparent in the area of the liga-
ment, lateral to the multifidus. 3) The subject then relaxed the
upper body and was asked to lift the ipsilateral leg using hip exten-
sion. This increased the thickness of the gluteal musculature, with
relatively little or no movement in the area of the ligament, medial
to the muscle. The area between the 2 muscle groups, where no
movement was apparent, was assumed to be the location of the
ligament and it was confirmed to be in accordance with the mark-
ings on the skin.

The experimental pain intensity was assessed on a 10-cm elec-
tronic visual analogue scale (VAS) with an external handheld slider
to adjust the scale. The VAS was anchored with “no pain” and
“maximum pain,” 0 cm and 10 cm, respectively. The signal from
the VAS was recorded after each injection until all pain was gone
(sample frequency of 0.5 Hz). The peak pain (VAS peak) and area
under VAS-time curve (VAS area) were extracted. The pain dura-
tion was estimated as the difference between the last and first time
the VAS exceeded 0; in cases where VAS scores remained 0, the
pain duration was defined to be 0 seconds.

After the pain had subsided, the quality of pain was assessed by
completion of an English [42] or Danish [5] version of the McGill
Pain Questionnaire. Words chosen by more than 30% of the partic-
ipants were registered for later analysis [16,20,56]. Moreover, sub-
jects were asked to mark the pain distribution by filling out a body
chart. For data analysis, the body chart was divided into 9 different
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areas (Fig. 1) and the occurrence of pain in the different areas was
registered: (1) The Fortin area, a composite area of 3 x 10 cm, just
inferior to the posterior superior iliac spine (PSIS). This area has
been considered likely to represent only the sacroiliac joint [13];
(2) the gluteal area between 2 horizontal lines between the PSIS
and the gluteal line; (3) the lumbar area lying between the PSIS
and the thoracolumbal junction; (4) the thoracic area lying above
the thoracolumbal junction; (5) the posterior thigh area between
the gluteal line and popliteal line; 6) leg area located below the
popliteal line; (7) abdominal area lying above the inguinal liga-
ment; (8) the groin area lying over the inguinal ligament; and (9)
the anterior thigh area lying below the inguinal ligament. Referred
pain was defined as pain occurring outside the injection-pain area.

2.4. Pressure pain sensitivity

A handheld algometer (Somedic, Hérby, Sweden) with a 1-cm?
probe (covered by a disposable latex sheath) was used to record
PPTs at 10 different locations on the body, 5 on each side (Fig. 1).
The locations were: (1) m. gastrocnemius, mid-way between calca-
neus and the popliteal line; (2) m. gluteus medius; (3) long poster-
ior sacroiliac ligament (injection site); (4) 1 cm lateral to the
spinous process of S2; and (5) over the muscle bulk of the parasp-
inal muscles lateral to L5, 3-5 cm lateral to the spinous process. An
interval of a minimum 20 seconds was kept between each PPT
assessment. The PPT was defined to the subject as “the point at
which the pressure sensation just becomes painful.” Pressure
was increased gradually at a rate of 30 kPa/s until the pain thresh-
old was reached and the subject pressed a button. Each measure
was repeated 3 times in the “baseline” state and twice in the “dur-
ing” and “post” injection states. Averages of the measurements
were used for analysis.

2.5. Sacroiliac joint pain provocation tests

The 5 pain provocation tests employed in this study were ap-
plied by a clinically trained experimenter and have been found to
have acceptable inter-rater reliability (0.69-0.88) [32,48] and to
be sensitive and specific for diagnosing SIJ pain (94% and 78%,
respectively) [31] when used together as a group of tests.

Sacral thrust was performed with the subject lying prone. A
force was applied vertically downward on the centre of the sacrum,
causing an anterior shearing force of the sacrum on both ilia. The
compression test was performed with the subject on their side lying
with hips and knees in a comfortable flexed position. The examiner
applied a force vertically downward on the uppermost iliac crest,
causing a bilateral compression on the SIJ. The posterior pelvic pain
provocation test was performed with the subject supine, lying with
the hip and knee flexed at 90° and slightly adducted. With one
hand on the sacrum, the examiner used the other hand to apply
pressure on the knee, along the line of the femur, resulting in a uni-
lateral posterior shearing force to the SIJ. In the gapping test, the
subject lay supine. The examiner applied a posteriorly directed
force to both anterior superior iliac spines, which caused bilateral
distraction of the anterior aspects of the SIJ. The Gaenslen’s test
was performed with the subject supine with one leg hanging over
the edge of the bed and the other one flexed towards the chest.
Firm pressure was applied to the flexed knee, with counter pres-
sure applied to the hanging leg, towards the floor. This was re-
peated on both sides, causing a posterior rotation force to the SIJ
on the side of the flexed knee whilst causing an anterior rotation
force on the extension side. At baseline, the subject was asked
whether any pain was experienced in the pelvic girdle when the
tests were performed. In the presence of experimental pain, the
subject was asked whether the tests increased the pain caused
by the injection of saline. Subjects lay on a firm mattress

incorporated with a scale (SSWBY; Primus, Berkop, Denmark).
The scale had a measuring area of 40 x 35 cm, which was posi-
tioned below the pelvic area. The force applied (kg on the scale)
when performing the tests was registered at baseline for each sub-
ject, and the same amount of force was then used in the “during”
and “post pain” sessions.

2.6. Statistics

Parametric data are presented as mean and SEM, and nonpara-
metric data as median and interquartile range (0.25-0.75). The VAS
area, peak, and duration did not pass the Kolmogorov-Smirnov test
for normality and was therefore analysed with Wilcoxon paired
test. The PPT data were normalised with the baseline values (“dur-
ing pain” and “post pain” divided by “baseline” values). All the PPT
data passed the Kolmogorov-Smirnov test for normality and were
analysed with a parametric mixed-model analysis of variance (AN-
OVA) for all PPT sites. Gender, saline sequence (isotonic or hyper-
tonic first), and application sequence (PPT measurement or pain
provocation test first) were set as independent factors. Repeated
factors were “saline type” (isotonic or hypertonic), “time” (base-
line, during pain, post pain), and “site” (5 unilateral locations for
PPT measurements). This analysis was used both for the injection
side and the contralateral side. The Newman-Keuls (NK) test was
used for post hoc comparisons incorporating correction for the
multiple comparisons. The response to sacroiliac joint provocation
tests was analysed with the Fisher’s exact and Friedman'’s tests,
and the number of pain areas indicated as locations for experimen-
tal pain was analysed with the Wilcoxon matched-pair test. Finally,
a Spearman rank-order correlation analysis was performed to
determine the relationship between significant reductions in PPT,
VAS scores, and the number of positive pain provocation tests. A
statistical significance level of 5% was accepted.

3. Results

Before complete datasets were obtained from 30 subjects, a to-
tal of 5 participants were excluded due to their misinterpretation
of the use of the VAS scale (n = 1) or because they did not experi-
ence any pain during the experiment (n = 4).

3.1. Experimental extra-articular SIJ pain intensity

The VAS peak, VAS area, and pain duration were significantly
higher after the hypertonic saline injection (4.6 [3.0-6.3] cm;
738.3 [536.6-1114.8] cms; 615.0 [462.5-776.5] s, respectively)
compared with the isotonic saline injection (0.0 [0.0-1.2] cm; 0.0
[0.0-21.8] cm s; 0.0 [0.0-62.5] s; Wilcoxon: P < 0.000002).

3.2. Experimental extra-articular SIJ pain distribution and quality

The saline-induced pain was felt unilaterally around the injec-
tion site, and 77% of subjects (n=23) perceived referred pain to
the lower limb and/or low back (Fig. 2). In order to account for re-
gional spread of pain, the Fortin area and gluteal area were consid-
ered 2 separate areas even though the Fortin area lies within the
gluteal area. Pain felt only at and around the injection site (local
pain) was considered to lie within the Fortin area but not the gluteal
area, and was counted as such. Hypertonic saline-induced pain was
perceived in the Fortin area (83% of subjects), lower lumbar area
(73%), the gluteal area (53%), posterior thigh (37%), calf (20%), groin
(13%), anterior thigh (10%), abdomen (7%), and lower thoracic area
(3%). Isotonic saline mainly caused localised pain around the injec-
tion site. There were significantly more of the predefined areas that
were affected by pain after the injection of hypertonic (2.0 [1.0-4.0]
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Isotonic saline

Hypertonic saline

Fig. 2. Superimposed body chart pain drawings (n = 30) following saline injections into the long posterior sacroiliac ligament. The pain referral pattern after isotonic saline

(left) and hypertonic saline (right) injections are illustrated.

areas) compared with isotonic saline (0.0 [0.0-1.0]) areas; Wilco-
xon: P < 0.001). Three words frequently used to describe the quality
of pain after the hypertonic saline were: pressing (43% of subjects),
spreading (40%), and intense (33%).

3.3. Pressure pain sensitivity

A significant interaction between time, sites, and saline was
found (repeated-measures [RM]-ANOVA: F[8]=3.2; P<0.002;
Fig. 3), with post hoc test showing significantly lower PPTs after
hypertonic saline compared to isotonic saline at the injection site
and at S2 during pain and post pain (NK: P < 0.002). Furthermore,
the PPTs decreased significantly at S2 during pain (NK: P < 0.005)
and post pain (NK: P<0.001) compared with baseline after
hypertonic saline injections. Regardless of saline type, PPTs at the
gastrocnemius muscle demonstrated significantly higher PPTs
immediately after injection compared with baseline on the injection
side (NK: P < 0.001). On the contralateral side, a significant interac-
tion between saline and time was found (RM-ANOVA: F[2] =
P < 0.01; Fig. 3). Post hoc test showed a significant increase in PPTs
at all contralateral sites immediately after injection of hypertonic
and isotonic saline compared with baseline (NK: P <0.0005).
Furthermore, compared with baseline, the PPTs were significantly
elevated post pain after isotonic saline (NK: P < 0.0002).

The order of saline types (isotonic or hypertonic first) did not
have a significant impact on the PPT values and there was no sig-
nificant main effect of gender. No correlation was found between
experimental pain intensity (VAS area or VAS peak) and norma-
lised PPT values “during pain” or “post pain.”

A significant negative correlation was found between VAS area
and PPT on the injection side at S2 during (R=-0.31, P<0.015)
and post pain (R=-0.30; P<0.018). Furthermore, a significant
correlation was found between VAS peak and PPT at S2 on the
injection side (R=-0.30, P <0.02).

3.4. Pain provocation tests
The subjects had significantly more positive provocation tests

after the hypertonic (1.0 [0.0-3.0] tests/person) than isotonic injec-
tions (0.0 [0.0-0.3] tests/person; Wilcoxon: P < 0.001), with the

posterior pelvic pain provocation test test, Gaenslen’s test, and
compression test being most often positive (Fig. 4). All provocation
tests after hypertonic saline, except gapping, were significantly
more often positive than baseline tests or tests after isotonic saline
(Friedman: P<0.034). The order of testing after saline injection
(PPT or SIJ tests first) did not have a significant effect on the
amount of positive pain provocation tests.

A significant, negative correlation was found between number
of positive pain provocation tests and PPT at S2 (R=-0.32;
P <0.014) during pain on the injection side. Furthermore, the num-
ber of positive pain provocation tests correlated significantly with
the VAS area (R=0.42; P<0.001) and VAS peak (R=041;
P <0.001) during pain.

4. Discussion

This study demonstrates that pain arising from a structure
superficial to the sacroiliac joint complex is capable of referring
pain well out of its anatomical boundaries, similar to pain originat-
ing within the joint. Acute experimental pain causes a spread of
hyperalgesia to pressure stimulation. Moreover, the injection of
hypertonic saline causes pain and hyperalgesia, which can be facil-
itated with manual provocation tests, commonly used in clinical
practice.

4.1. Experimental extra-articular SIJ pain

This study is the first to present an experimental model of SIJ
pain. Pain originating within the SIJ has been shown to spread far
from its anatomical boundaries [10,13,14,57,63], similar to the
present findings (Fig. 2) where pain was in most cases felt far be-
yond its origins. The area surrounding the SIJ complex is inner-
vated by converging afferents from multiple spinal levels (L3-S4)
[41,44,58,66], implicating that direct stimulation of nociceptive
afferents potentially reaches the spinal cord at numerous levels.
It is to be expected that stimulating the nerves around the injection
site will cause the greatest pain intensity there (local pain), but it
can hardly explain the extensive pain referral. The pain referral
may be related to opening of latent excitatory synapses at spinal
cord level expanding the receptive field of nociceptive afferent
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Fig. 3. Mean (+ SE, n = 30) pressure pain thresholds (PPT) at the 5 assessment sites ipsilaterally (A) or contralaterally (B) to the injection of either hypertonic or isotonic saline
into the long dorsal sacroiliac ligament. All values are normalised to baseline value and are indicated as percentage changes. The PPTs are shown before (white bars),
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bulk of the paraspinal muscles lateral to L5.

neurons [22], which is possible in the presence of deep-tissue noci-
ceptive input [24]. Upon failure to hit the ligament, the needle
would be expected to penetrate the multifidus muscle, but its lum-
bar part has been shown capable of pain referral to the buttock and
thigh without reaching as far down as the leg [4]. The sacroiliac
joint has previously been demonstrated to refer pain mostly distal
to the joint [12-14,63], although proximal referral has also been
described [57]. In the present study, almost 80% of subjects re-
ported referred pain proximal to the injection site. This supports
the conclusions from previous studies [25,39,53,67], which stated

that the sacroiliac joint must not be overlooked when trying to
identify the source of low back pain.

The quality of pain described is in agreement with results from
studies on muscle pain (for review see Graven-Nielsen [19]) and
tendon pain [56], where the common descriptors after injections
of hypertonic saline are “pressing,” “spreading” (muscle pain)
and “intense” (tendon pain). A recent study compared the quality
of pain between muscle (paravertebral muscle) and ligament
(interspinous ligament) after a hypertonic saline injection [62].
Although the words chosen were different from the current study,
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similar words were used (“aching,” “sharp,” “cramping,” and
“throbbing”) to describe the pain from the 2 different tissues. How-
ever, the words most often used in the current study are not avail-
able in the short-form version of the McGill Pain Questionnaire,
which was used by Tsao et al. [62].

The results from 4 subjects were discarded after data collection
because no pain was felt after the hypertonic saline injection. This
was done because the main purpose of the study was to examine
the effect pain had on the previously described parameters. A pos-
sible explanation for the lack of pain might be that the saline was
injected into subcutaneous adipose tissue instead of the ligamen-
tous structures.

4.2. Deep-tissue hyperalgesia

Hyperalgesia at the injection site and approximately 5 cm away
(S2) was found after the hypertonic saline injection. Peripheral
sensitisation resulting in decreased threshold and augmented
responses to suprathreshold stimuli of nociceptive fibres may
explain the primary hyperalgesia at the injection site, while aug-
mented responsiveness of central pain-signalling neurons to input
from mechanoreceptors is a possible explanation for the secondary
hyperalgesia found at S2 [50]. Injecting hypertonic saline into ten-
dons has been demonstrated to cause localised hyperalgesia
[16,56], and in chronic low back pain patients, experimental pain
has been shown to cause an acute regional increase in pain sensi-
tivity, including areas outside the stimulation site [45,51], without
causing generalised hyperalgesia, which is in accordance with find-
ings of this study. Ligamentous tissue does not have the same vas-
cularity as muscle and is therefore not capable of absorbing or
dissolving the sensitising agents as quickly. This, along with the
fact that most afferent fibres found in the posterior part of the SIJ
complex and the lower lumbar spine have the characteristics of
nociceptors [49,73,74], probably explains the increased sensitivity
after hypertonic saline and the additional drop in PPT values seen
“post pain” at the injection site and at S2 (Fig. 3).

Interestingly, there was a significant increase in PPT at all the
sites on the noninjection side during pain (hypertonic and isotonic
saline), post pain (isotonic saline), and the most distal sites (gas-
trocnemius and gluteus medius muscles) on the injection side after
both saline types (Fig. 3). This is in accordance with previous find-
ings [15,16,21,56] where the decreased pain sensitivity to a pres-
sure stimulus distal to the painful site reflects a possible role of
conditioned pain modulation, where specific brainstem-mediated
inhibitory mechanisms modulate the nociceptive and nonnocicep-
tive sensory inputs [75].

It is also interesting to note the increase in PPT after isotonic
saline at the injection site and S2. Similar response has been de-
scribed previously [16,55] and has been suggested to be an adap-
tive response in the course of repeated assessments [52]. Another
explanation might be that the expectations of pain are inconsistent
with the sensory information from the stimulated area [28,61,70],
that is, a potentially painful stimulus (due to randomisation of
types of saline) turns out to be nonpainful, and the sensitivity to
pain is therefore decreased. This mechanism, placebo analgesia,
has been linked to changes in activity of a functionally diverse
set of brain regions [28,71], depending on whether pain is expected
or not.

4.3. Sacroiliac joint pain provocation tests

Standing alone, individual sacroiliac joint pain provocation tests
are of little use, but employing a multiple-test regimen where the
outcome of 5 or more tests are combined, they are considered to be
useful in detecting and diagnosing pain originating in the sacroiliac
joint complex in a noninvasive manner [27,30,31,60,65]. The meth-
od of standardising the tests, as done in the present study, has not
been described before but seems to be valuable to maintain consis-
tency throughout the testing procedure. A matter of consideration
is that the Gaenslen’s test adds bilateral, counteracting rotational
forces to the SIJ but not a direct vertical force as the other tests
do. An effort was put into moving both hips into end of range
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before applying the pressure, but it is questionable whether that is
sufficient to maintain consistency. A possible explanation for the
variation and relative low frequency in response to pain provoca-
tion tests is that the injection was given at a single depth instead
of multiple depths, which has been shown to be a more effective
method when anaesthetising the area in patients [6,7]. Another
plausible explanation is that the saline dissipates between layers
of the posterior ligamentous structures. This would be in accor-
dance with Dreyfuss et al. [7], who stated that in some cases the
injectate dispersed across the layers of least resistance, for exam-
ple, the subligamentous space, a relatively capacious region of adi-
pose and loose connective tissue [40]. Optimal sensitisation of
small-diameter nociceptive afferents in the target zone might
therefore not be acquired due to the large anatomical variability
[41,72].

The provocation tests are intended to provoke the patients’
habitual pain by adding stress to the joint complex in different
ways. The relative position of the sacrum against the innominate
bones causes the long posterior sacroiliac ligament to either
tighten or slacken [8,67]. In this study, the tests capable of caus-
ing changes in the ligament (through shearing or stretching
forces) were the ones most often positive. The application of
the provocation tests required the participants to evaluate
whether their pain condition worsened when the tests were per-
formed. Due to the stretching nature of the tests, they may alle-
viate the pain sensation [62], but the current data show that
hyperalgesia of the relevant structures was detectable by the
provocation tests.

There is a relationship between the number of positive tests and
pain intensity (VAS area and VAS peak) immediately after injection,
but also the increased sensitivity to pressure. Interestingly, the
relationship is not significant for the injection site, but for S2. This
indicates that spread, regional hyperalgesia plays a role in the out-
come of these pain-provocation tests.

4.4. Conclusion

This study shows, for the first time, that a superficial structure
in the SIJ complex is capable of an extensive pain referral similar
to intra-articular pain. A significant increase in pain sensitivity
was found after injecting hypertonic saline remote from the injec-
tion site, indicating changes in central processing. The study shows
that superficial structures in the SIJ complex can generate hyperal-
gesia that is detectable by commonly used clinical tests. The SIJ
superficial structure is highly relevant as a potential pain source
in pelvic pain patients and should be accounted for in future diag-
nostic processes.
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Objectives: The Active Straight Leg Raise (ASLR) test is widely used clinically to assess severity
of lumbopelvic pain due to decreased stability of the sacroiliac joint (SIJ). This study aimed to
bypass the influence of decreased S1J stability on the ASLR test by investigating the effect of
experimental pelvic pain and hyperalgesia on the outcome of the ASLR test.

Methods: Thirty-four healthy subjects participated in this randomized crossover study. Pelvic pain
was induced by injecting hypertonic saline into the long posterior sacroiliac ligament. Isotonic
saline was injected on the contralateral side as control. Pain intensity was assessed on an electronic
visual analogue scale (VAS). The Likert scores of difficulty performing the ASLR test and
simultaneous electromyography (EMG) of trunk and thigh muscles were recorded before, during
and post-pain. Pressure pain thresholds (PPTs) were assessed bilaterally in the pelvic area and lower
limb.

Results: Compared with the control condition and baseline, hypertonic saline injections caused
(P<0.05): 1) Higher VAS scores of the pain intensity. 2) Reduced PPTs at the injection site and
lateral to S2. 3) Increased difficulty in performing the ASLR rated on the Likert scale. 4) Bilateral
increase in the EMG activity of stabilizing trunk and thigh muscles during pain.

Discussion: These data demonstrate that pain and hyperalgesia in conditions unaffected by
biomechanical SIJ impairments change the outcome of the ASLR test towards what is seen in
clinical lumbopelvic pain. This may implicate pain-related changes in motor control strategies
potentially relevant for the transition from acute into chronic pain.

Key words: Lumbopelvic pain, Active Straight Leg Raise (ASLR), Hyperalgesia, muscle
stabilization
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INTRODUCTION

Musculoskeletal pain is widely prevalent [1, 2] and is the most common cause of non-malignant
pain in the general community [3]. In lumbopelvic pain (LPP) the sacroiliac joint (S1J) is frequently
implicated as the source of symptoms [4-7]. SIJ pain is most often felt in the area overlying the joint
but can also be referred, mostly distally [8-11] but also proximally [12, 13].

To assess the disease severity in LPP the Active Straight Leg Raise (ASLR) test is commonly
used in clinical practice and research [14-17] and is recommended in guidelines for the diagnosis
and treatment of pelvic girdle pain [18]. Difficulty performing the test is traditionally indicated by
using a 6-point Likert scale where higher scores are considered to indicate a reduced ability to
transfer load across the pelvis [19-22]. The outcome of the test has been related with e.g. serum
relaxin levels [16], mobility of the SIJs [23], and asymmetrical laxity of the SIJ [24] but higher
levels of pain and disability have been shown to affect the outcome of the test [25] as well as
sensitivity to palpation of the long posterior sacroiliac ligament [26]. During the test, healthy
subjects demonstrate an asymmetrical activation of trunk and thigh muscles [21, 27] where trunk
muscles ipsilateral to the leg being lifted are primarily active. The activity of the biceps femoris
muscle on the contralateral side is also increased to resist the anterior rotation forces created by the
hip flexors on the ipsilateral side. In contrast, subjects with clinical LPP demonstrate a more
bilateral activation pattern (bracing) [22, 28] regardless of which leg is being lifted (ipsilateral or
contralateral to the painful side).

Musculoskeletal pain affects the motor output at many levels of the motor control system,
including peripheral, spinal and supraspinal structures involved in planning the motor task [29, 30].
This indicates that pain potentially disrupts the balance between the muscle recruitment required

and the motor output provided to perform a given motor task in a coordinated manner. The typical
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adaptation of the motor system is a reduction of the activity in the affected muscle during deep-
tissue pain [31] with decreased accuracy of movement [32] and occasionally increased activity in
neighboring muscles not related to the activity [33]. Whether pain from structures with non-
contractile elements such as the ligamentous structures around the SIJ increases the activity of
stabilizing muscles around the pelvis is not known but may help explaining the bracing
phenomenon seen in clinical populations [22, 28].

Recently an experimental model mimicking the pain characteristics of LPP was developed
[13] where pain is induced in the long posterior sacroiliac ligament in healthy subjects causing
similar reactions as seen in clinical studies [8, 11, 12] making it useful for research purposes. It is
hypothesized that experimental pelvic pain in healthy subjects will cause regional hyperalgesia,
increase the activity of the trunk muscles during the ASLR and the reported difficulty of performing
the task. Such findings will increase the understanding of mechanisms underlying a positive ASLR

test and how to interpret its outcome clinically.
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METHODS

Subjects

Thirty-five healthy subjects (15 females) participated in this study. The mean age was 24 years
(range 20-31 years), the mean weight was 70 kg (range 45-95 kg), and the average height was 177
cm (range 158-204 cm). All participants were naive to the experimental procedure at inclusion.
Subjects with any history of recurring pain syndromes in the lower back, pelvis or legs were
excluded. None of the participants had signs of neurological disorder or rheumatologic diseases that
could affect the outcome of the experimental procedure. Pregnant women were not included in the
study and all of the participating women were nulliparous. Subjects were given a detailed written
and verbal explanation of the experimental procedure prior to giving their written informed consent.
The study was conducted in accordance with the Helsinki Declaration and was approved by the

local Ethics Committee (N20100096).

Experimental protocol

The experiment was randomized, single blinded, crossover, and was conducted in one session. All
assessments were performed with subjects lying on a bench in supine and prone positions. At
baseline the subjects were familiarized with the experimental procedure. The performance of the
ASLR assessed by subjective Likert scores and electromyography, and recordings of pressure-pain
thresholds (PPTs) were assessed before (baseline), during, and after (post-pain) experimental pain
in the superficial structures of the sacroiliac joint (SIJ) was induced by injection of hypertonic
saline. Isotonic saline was used as control injection. The post-pain state was determined at 5
minutes after the pain had subsided. The subjects received one hypertonic and isotonic saline
injection in each side where the order of the saline type was randomized in a balanced way (left or

right) and blinded (saline type) to the subject. The sequence of assessment parameters was
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randomized and balanced so that half of the subjects had the PPT data collected first before

performing the ASLR test and vice-versa for the other half.

Experimental sacroiliac ligament pain

Pelvic pain was induced by a method previously described [13]. In short, sterile hypertonic saline
(0.5 ml, 5.8%) was injected into the long posterior sacroiliac ligament over a duration of
approximately 10 s. Isotonic saline (0.5 ml, 0.9%) was injected as a control substance on the
opposite side. Prior to injections, the skin was cleaned with alcohol. Injections were performed
using a 2 ml plastic syringe with a disposable needle (27G). When deciding the injection site the
long posterior sacroiliac ligament was located by manual palpation and its position/orientation
marked on the skin (Fig. 1). The ligament was chosen as an injection site to investigate a potential
link between pain and pain sensitivity from the structure as has been indicated in clinical studies
[25, 26]. To minimize the risk of penetrating the SIJ the needle was angled at approximately 30°
going from lateral to medial in relation to the ligament when penetrating the skin.

The location and alignment of the ligament was confirmed by real time ultrasound (Acuson
128XP10, Native™) using a method previously described [13]: 1) The posterior superior iliac spine
was located on ultrasound and the probe was then moved slightly in a caudal and medial direction,
following the ligament. 2) Following this the subject was asked to raise the upper body slightly
from the bed (extension) which increased the thickness of the lower most part of the multifidus
muscle at its attachment to sacrum while little or no movement was apparent in the area of the
ligament, lateral to the multifidus muscle. 3) The subject then relaxed the upper body and was asked
to lift the ipsilateral leg using hip extension increasing the thickness of the gluteal musculature, with
relatively little or no movement in the area of the ligament, medial to the muscle. The area between

the two muscle groups, where no movement was apparent, was identified to be the location of the
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ligament and it was confirmed to be in accordance with the markings on the skin. Due to the short
window of pain created by the hypertonic saline injections, the injection itself was not performed
under ultrasound guidance.

The pain intensity caused by the injection was assessed on a 10-cm electronic visual analogue
scale (VAS) with an external handheld slider to adjust the scale. The VAS was anchored with ‘no
pain’ and ‘maximum pain’, 0 cm and 10 cm, respectively. The signal from the VAS was recorded
continuously after each injection until all pain was gone (sample frequency of 20 Hz). The peak
pain (VAS peak) and area under VAS-time curve (VAS area) were extracted. The pain duration was
estimated as the difference between the last and first time the VAS exceeded 0O; in case VAS scores
remained zero the pain duration was defined to be O s.

After the pain had subsided the subjects were asked to mark the pain distribution by filling out
a body chart. For data analysis, the body chart was divided into 9 different areas (the fortin area, the
gluteal area, lumbar area, thoracic area, posterior thigh area, leg area, abdominal area, groin
area and the anterior thigh area) [13] and the occurrence of pain in the different areas was

registered. Referred pain was defined as pain occurring outside the injection-pain area.

Pressure pain sensitivity

A handheld algometer (Algometer®, Somedic, Sweden) with a 1 cm” probe (covered by a disposable
latex sheath) was used to record PPTs at 6 different locations on the body, three on each side (Fig.
1). The locations were: 1) long posterior sacroiliac ligament (injection site), 2) one cm lateral to the
spinous process of S2 and 3) m. gastrocnemius, mid-way between calcaneus and the popliteal line
An interval of minimum 20 s was kept between each PPT assessment. The pressure pain threshold
was defined to the subject as ‘the point at which the pressure sensation just becomes painful’.

Pressure was increased gradually at a rate of 30 kPa/s until the pain threshold was reached and the
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subject pressed a button. Each measure was repeated three times in the ‘baseline’ state and twice in

the ‘during’ and ‘post’ injection states. Averages of the measurement were used for analysis.

The active straight leg raise test

The ASLR test was performed in supine lying. Traditionally, the subject is asked to lift one leg at a
time approximately 20 cm off the bed and the test is considered positive when the subject
experiences a feeling of difficulty rated on a 6-point Likert scale (0 = not difficult at all, 1 =
minimally difficult, 2 = somewhat difficult, 3 = fairly difficult, 4 = very difficult, 5 = unable to
perform ). The sum score after testing both legs is then used to determine the severity of the load
transfer dysfunction [34]. The subjective scores on the ASLR test correlate well with how much
force subjects can generate with the legs which has been considered to support the validity of the
ASLR test [35].

In this study the ASLR test was standardized further and the subject was asked to raise one
leg with a straight knee and the ankle in neutral position up to 20 degrees of hip flexion. This was
done to standardize the movement created by the muscles acting as prime movers and the work load
of the stabilizing muscles (trunk muscles and the posterior thigh muscles on the contralateral side).
A 20 cm distance was kept between the feet at the starting point. The angle was determined with a
goniometer and a bar was positioned so that the anterior part of the talocrural joint would touch it at
20 degrees of hip flexion (Fig. 2). During the test, a verbal ‘go signal’ indicated to the subject to lift
the leg up to the bar, at a self-selected speed and hold it there for approximately 5 seconds. This was
done three times in a row and then repeated for the other side. The subject was then asked to rate
the difficulty of the task using a 6-point Likert scale as described above. Each measure was repeated
three times in all conditions (baseline, during and post injection states) for both sides (injection side

and contralateral side).
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Kinematic recordings

Two 3-axial accelerometers (¥2g ADXL327, Analog Devices Inc., MA, USA) were mounted
bilaterally on the lateral femoral condyle to record the movement variability (tremor) during the
ASLR. The accelerometer data was amplified (1 — 20 times), band-pass filtered (1 — 500 Hz),
sampled at 1 kHz (14-bit A/D board, PCI — 6221, National Instruments), and synchronized with the
EMG signals. The resultant filtered accelerometer data was used to identify manually (based on
visual inspection) the start and end of each ASLR (Fig. 3). The movement variability of the leg was
assessed in 3 epochs: (1) lifting (1 sec from the movement initiation), (i) holding (2 sec centered
between start and end point), and (ii1) declining (1 sec before the movement was finished). In each
epoch the resultant acceleration magnitude (RAC) vector was calculated as the square root of the
sum of 3 orthogonal acceleration magnitudes (X,y and z) squared. The standard deviation of the
RAC was extracted for each epoch (lifting, holding and declining) across trials (baseline, during
pain and post pain) as an indicator of movement variability while performing the ASLR. The mean

kinematic parameters from the three repetitions were used for further analysis.

Electromyographic recordings

After preparing the skin in accordance with the SENIAM recommendations [36], disposable
Ag/AgCl electrodes (Ambu®, Neuroline 720, Denmark) were placed bilaterally with an inter-
electrode distance of 20 - mm on rectus abdominis [37] , obliqus internus [37] , external oblique [37]
, biceps femoris [38], gluteus maximus [38], erector spinae [38] and latissimus dorsi [37] muscles.
A ground electrode (WS1 OT Bioelettronica, Italy) was placed on the left wrist. The EMG signals
were sampled at 2048 Hz with a gain of 2000 using a 128-channel surface EMG amplifier and
converted to digital form by a 12-bit analogue-to-digital converter (LISiN-OT Bioelettronica,

Torino, Italy; -3 dB bandwidth 10-500 Hz). The digitalized EMG signals were band-pass filtered
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(4th order, zero-phase-lag Butterworth, 25 to 450 Hz) and the root mean square (RMS) value was
extracted from the 2 sec epoch around the mid-point when the subject was holding the leg as
defined by the accelerometer recordings (see above). The mean RMS EMG from the three
repetitions was used for further analysis.

The muscle activity was analyzed with regards to which leg was lifted i.e. the muscle activity
on the injected side and the non-injected side when the leg on the injected side (ipsilateral leg) was

lifted. A similar analysis was performed when the leg contralateral to the injected side was lifted.

Statistics

Parametric data are presented as mean and standard errors of the mean (SEM) and non-parametric
data as median and interquartile range (IQR, 0.25 — 0.75). The VAS data, Likert scale and the
number of areas indicated as locations for experimental pain did not pass the Kolmogorov-Smirnov
test for normality and was therefore analyzed with non-parametric tests (Friedman’s ANOVA and
the Wilcoxon’s paired test, respectively). A Bonferroni correction was applied to account for
multiple comparisons in all post-hoc analyses.

Normalized and raw PPT, RMS EMG and kinematic data passed the Kolmogorov-Smirnov
test for normality and was analyzed with a mixed model ANOVA. Initially, a repeated measure
analysis of variance (RM-ANOVA) was performed for baseline raw RMS EMG data where
repeated factors were ‘baseline’ (first or second), and ‘muscle’. Likewise, for the PPT data factors
‘baseline’ and ‘sites’ and for kinematic data ‘baseline’ and ‘phase’ (referring to the lifting phase:
ascending, holding or descending of the leg) were used. For each side a separate analysis was
performed for all parameters.

Data was normalized with the baseline values (‘during pain’ and ‘post pain’ divided by

‘baseline’ values) and analyzed with ‘gender’ (female, male), ‘saline sequence’ (isotonic or

10
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hypertonic first), and ‘assessment sequence’ (PPT or ASLR test first) set as independent factors. For
the PPT data repeated factors were ‘saline type’ (isotonic or hypertonic), ‘time’ (during pain and
post pain), and ‘site’ (3 unilateral locations for PPT measurements). For RMS EMG data and
kinematic data repeated factors were ‘saline type’ and ‘time’ (during and post pain) where for the
kinematic data a separate analysis was run for the three phases of movement (lifting phase, holding
phase and descending phase). A separate analysis was run for each side for all data during the
lifting of each leg (the painful and non-painful side, respectively). The Newman-Keul’s (NK) test
was used for post-hoc comparisons of parametric data incorporating correction for the multiple
comparisons.

Spearman Rank Order correlation analysis or the parametric Pearson correlation was
performed to determine associations in the total dataset after injections of isotonic and hypertonic

saline. A statistical significance level of 0.05 was accepted.
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RESULTS

One subject of the 35 was excluded because no pain was experienced during the experiment.
Furthermore, it was not possible to extract EMG data from two subjects and kinematic data from 10
subjects due to corrupt data files. In total, data from 32 subjects was available for analysis of EMG
data, 25 for analysis of kinematic data, and from 34 for all other variables. There was no significant
difference between males and females, saline sequence or assessment sequence in any of the

measured parameters.

Experimental extra-articular SIJ pain

The VAS peak, VAS area, and pain duration after the hypertonic saline injection (4.1[2.4 — 5.5] cm;
1376.9 [832.7 — 1853.2] cm:-s; 613.5 [463.0 — 723.0] s, respectively) were significantly increased
compared with the isotonic saline injection (0.0 [0.0 — 0.7] cm; 0.0 [0.0 — 49.7] cm:-s; 0.0 [0.0 —
92.0] s; P <0.001).

The saline-induced pain was mainly felt unilaterally around the injection site and 77% of
subjects perceived referred pain to the lower limb and/or low back (Fig. 1). Pain was felt in
significantly more regions after the injection of hypertonic (3.0 [2.0 — 4.0] areas) compared with
isotonic saline (0.0 [0.0 — 1.0]) areas; P. < 0.001). A significant correlation was found between

number of pain regions and VAS area (r = 0.78; P < 0.001) and VAS peak (r = 0.76; P < 0.001).

Pressure pain sensitivity

No significant difference was found between the two baseline measurements on either side (RM-
ANOVA: F(2,7) = 0.8, P > 0.4; Table 1A). No significant interaction was found between main
factors (saline, time and sites) on the injection side or the contralateral side after injection.

However, a significant interaction between saline and sites was found (RM-ANOVA: F(2,7) = 19.2,
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P < 0.001; Table 1B) with post-hoc testing showing significantly lower PPTs after hypertonic saline
compared with isotonic saline at the injection site and at S2 (P < 0.001). No significant change in

PPTs was demonstrated on the contralateral side.

Self-perceived performance of the active straight leg raise test
At baseline 23 subjects (68% of subjects) rated the difficulty of performing the ASLR as 1 (n = 16),
2 (n=26) or 3 (n=1) on the Likert scale on the side to be injected and 25 subjects (74%) scored 1 (n
= 17) or 2 (n = 8) when lifting the contralateral leg. Significantly more difficulty was reported when
lifting the leg on the injection side during pain after hypertonic saline (Friedman’s ANOVA:
X2(5)=35.6, P < 0.001) compared with baseline (P < 0.002) and isotonic saline (P < 0.02; Fig. 4).
No difference (comparing saline types or condition) was found in Likert scale scores when lifting
the contralateral leg.

The score on the Likert scale correlated significantly with the VAS area and VAS peak (r =
0.53; P < 0.001) immediately after injection when the ipsilateral leg was lifted. Furthermore, a
significant relation was demonstrated between the PPT at S2 and the score on the Likert scale (r = -

0.35; P <0.003).

Kinematics of the active straight leg raise test

The standard deviation of the resultant acceleration vector magnitude was affected by the
experimental pain. A significant difference between main factors was found with 12% increase in
movement variability (tremor) after hypertonic saline compared with isotonic saline lifting the

contralateral leg up (RM-ANOVA: F(1,2) =7.7, P <0.01; Table 2).
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The muscle activity during the active straight leg raise test

No significant difference was found when comparing raw RMS EMG values during ASLR at the
first and second baseline recordings at any of the muscles when lifting the leg ipsilateral or
contralateral to the injection side (Fig. 5).

Lifting the leg on the injected side: Significant interactions between time and saline were

found for the normalized RMS EMG at several muscles on the injection side and contralateral side
during the ALSR test (Fig. 6). When the leg ipsilateral to the injection was lifted, a significant
interaction between time and saline was found (RM-ANOVA: F(1,3) = 8.1, P < 0.01) for the
normalized RMS EMG recorded at ipsilateral internal oblique and latissimus dorsi muscles
demonstrating increased activity immediately after hypertonic saline compared with isotonic saline,
(P < 0.001). Moreover, on the side contralateral to the injection a significant interaction was
demonstrated between time and saline for the normalized RMS EMG (RM-ANOVA: F(1,3) = 5.0,
P < 0.03) at external oblique, latissimus dorsi, and biceps femoris muscles showing increased
activity when lifting the leg on the injected side immediately after injections of hypertonic
compared with isotonic saline (P < 0.01).

Lifting the leg on the side contralateral to the injection side: The analysis of normalized RMS

EMG after lifting the leg contralateral to the injection showed a significant interaction between time
and saline (RM-ANOVA: F(1,3) = 5.0, P < 0.001) with increased activity at external oblique,
internal oblique, and rectus abdominis muscles on the injected side immediately after hypertonic
compared with isotonic saline injections (P < 0.001; Fig. 6). Furthermore, a significant interaction
between time and saline (RM-ANOVA: F(1,3) = 5.7, P < 0.004) was found for the normalized
RMS EMG at external oblique and rectus abdominis muscles (P < 0.001) on the side contralateral
to injections (i.e. here the side for leg lifting) with increased activity after hypertonic compared with

1sotonic saline.
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A significant correlation between normalized RMS EMG and VAS scores (VAS area) was
found at m. latissimus dorsi (r = 0.47; P < 0.0001) on the injected side when the ipsilateral leg was
lifted immediately after injections. Furthermore, when the contralateral leg was lifted immediately
after injections, a significant correlation between normalized RMS EMG and VAS scores was
found at the m. rectus abdominis (r = 0.46; P < 0.0001) on the injected side and at m. external
oblique (r = 0.44; P < 0.0003) on the side contralateral to injections.

A significant correlation was demonstrated between the Likert scores and RMS EMG values
at the external oblique muscle on the side contralateral to injections (r = 0.39; P < 0.002) when
lifting the ipsilateral leg immediately after the injections.

No relationship was found between hyperalgesia and RMS EMG values.

15
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DISCUSSION

This study demonstrates for the first time that pain and hyperalgesia arising from a structure
superficial to the sacroiliac joint complex increases the subjective effort, activity in stabilizing
muscles, and lifting quality during the active straight leg raise test. Moreover, the pain caused by
hypertonic saline is related with the increase in perceived difficulty and muscle activity during the
test. These data indicate that pain and hyperalgesia per se can give similar responses to the ASLR

test as seen in different clinical groups and challenge the diagnostic value of the test.

Experimental extra-articular SIJ pain and hyperalgesia

The frequency of proximal pain referral (77% of cases) seen in the current study is consistent with
previous studies on extra- and intra-articular SIJ pain [12, 13] and together with the EMG data
underlines the close sensory and motor relationship between the low back and pelvic girdle. Such
widespread changes may be related to the abundance of neural elements with nociceptive capacities
found within the SIJ complex ligamentous structures which reach the spinal cord at multiple levels
(L3-S4) [39-42]. A powerful nociceptive stimulus may expand the receptive field causing the
extensive pain referral via an opening of latent excitatory synapses due to the intensity of the
nociceptive stimulus [43].

The results from one subject were discarded after data collection because no pain was felt
after the hypertonic saline injection. This was done because the main purpose of the study was to
examine the effect pain had on the ASLR test. A possible explanation for the lack of pain might be
that the injectate got dispersed between layers of sub-cutaneous adipose and connective tissue
leading to sub-optimal excitation of small nociceptive afferents [44].

Hyperalgesia at the injection site and approximately 5 cm away (S2) was found after the

hypertonic saline injection which is in accordance with recent findings [13]. The peripheral
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sensitization resulting in decreased threshold and augmented responses to suprathreshold stimuli of
nociceptive fibers may explain the primary hyperalgesia at the injection site while augmented
responsiveness of central pain-signaling neurons to input from mechanoreceptors is a possible
explanation for the secondary hyperalgesia found at S2 [45]. Interestingly, no changes where seen
on the side contralateral to the injection side or at the distal site (gastrocnemius) as seen previously

[13] but this may relate to lower pain intensity (VAS Peak) in the current study.

The active straight leg raise test during experimental pain

In clinical lumbopelvic pain conditions such as during pregnancy and in post-partum women the
outcome of the ASLR has been related with an increased movement of the pelvic bones potentially
caused by laxity of the SIJ [24, 46]. The subjects participating in this study were of both genders,
the females non-pregnant and all entered the study without pain. No difference was found between
males and females reducing the possibility of the test results being related to hormonal-related
ligamentous laxity of the SIJ. Furthermore, the study investigated the changes in response to
experimental pain within-subjects within the same session which further negates the potential role
of hormones or increased mobility of the SIJ. The current findings, where the response to the test
changes during a short bout of experimental pain, therefore challenge the notions of the ASLR test
being related with a regional dysfunction such as the stability of the SIJ as previously suggested
[16, 24, 46]. In light of this, it is interesting to note the significant relationship which was found
between experimental pain intensity, reduced PPTs and the increased subjective (Likert) and
objective (RMS EMG) difficulties in performing the ASLR test. These findings indicate that the
outcome of the test may depend on regional pain and sensitivity of the superficial ligamentous
structures of the SIJ which is in accordance with previous findings [25, 26] where pain intensity and

pain sensitivity in clinical samples were linked with the outcome of the ASLR. Furthermore, a
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significant relationship was demonstrated between the subjective Likert score and the muscle
activity during the ASLR which is in line with the findings of Mens et al. [35] where the force
production capacity during the ASLR correlated significantly with the reported difficulty of the
task. However, it must be acknowledged that the shared variance shown here is relatively small,
ranging between 12% and 28% indicating that the outcome of the ASLR test is only to a limited
extent related with the measured variables.

In the current study pain was induced into a structure with no contractile elements far away
from the muscles driving the movement (hip flexion) but generally the experimental pain disturbs
the motor performance [32, 47] demonstrated as increased trunk and thigh muscle activity and
movement variability (tremor) in the ASLR as seen in this study. Previously, a short bout of
experimentally induced low back pain in healthy subjects has been shown to cause an increase in
trunk muscle activity during [48, 49] and there is evidence suggesting that such changes may be
related with cortical reorganization with increased corticomotor excitability of areas representing
the superficial trunk muscles [50]. Pain alone can therefore potentially disrupt the planning of trunk
muscle activity resulting in an ‘overshoot’ in muscle activation as seen by the increase of RMS
EMG values and the increase in tremor seen in the kinematic data. This may also affect the
perceived difficulty of performing the task as seen by the higher Likert scale scores but interestingly
only a relative weak link (r = 0.39) was found between RMS EMG and the Likert scale. A study
comparing the corticomotor activation and the subjective difficulty of performing the ASLR during
experimental pain would help clarify such a potential relationship .

This study demonstrates a muscle activation pattern during the ASLR consistent with what
has been shown in clinical populations [28, 51] where subjects use an aberrant (bracing) activation
pattern with a bilateral trunk muscle activation when performing the test instead of a unilateral

pattern as seen in a healthy population [21, 27, 52]. A common finding in chronic non-specific LPP
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is excessive trunk muscle activity (bracing) during low load tasks [53, 54], reduced accuracy of
movement [55, 56], and different strategies to maintain postural control [57, 58] which can be
enhanced by reducing the pain intensity [59]. Higher pain scores and elevated levels of disability
have been shown to affect the outcome of the ASLR [60, 61] but the link with pain per se is
underlined even further in this study by detecting the increased muscle activity only ‘during pain’
whereas in ‘post pain’ the muscle activity has returned to normal. It has been suggested that an on-
going pain condition with changes in motor recruitment patterns as described here may be the
mechanism maintaining the pain and disability in clinical conditions [28, 30, 62-64]. From a clinical
perspective, such reorganization within the motor system plays an important role in musculoskeletal
pain conditions [31], serving the purpose of a functional adaptation to the pain and thereby
protecting the body segment subject to nociceptive activity. This may however lead to increased
spinal loading through long lasting hyperactivity of the trunk muscles which can become the driver
maintaining the pain condition when tissue healing has run its course [30] and may be relevant for
the transition from an acute pain state into a chronic pain condition such as non-specific
lumbopelvic pain.

In this present study, over 2/3 the subjects reported 1 to 3 on the Likert scale at baseline
measurements which is interesting in light of recent findings where a score of 1 was considered the
best cut-off score for diagnostic use in pregnancy [25]. The current findings inevitably raise the
question whether it should be considered abnormal to find the task ‘minimally’ or ‘somewhat

difficult’ as the lower spectrum of the Likert scale indicates.

Conclusion
This study shows that pain and hyperalgesia induced in a superficial structure of the SIJ complex

increased the difficulty of performing the ASLR test towards what is usually described in clinical
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populations. Pain alone seems to have a significant impact on the subjective and objective outcome

of the ASLR test and should be accounted for when the test is used in research and clinical practice.
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FIGURE LEGENDS

Figure 1. Location of injection site, and assessment sites for pressure algometry (left). The
assessment sites are only illustrated unilaterally but assessed bilaterally. The assessment sites are:
(1) the long posterior sacroiliac ligament (injection site), (2) immediately lateral to the spinous
process of S2 and (2) the gastrocnemius muscle, mid-way between linea poplitea and calcaneus.
Figures in the middle and to the right show a superimposed body chart pain drawings (n = 34)
following saline injections into the long posterior sacroiliac ligament. The pain referral pattern after
isotonic (middle) and hypertonic (right) saline injections are illustrated. The injection side for
hypertonic saline was randomized between subjects but on this figure all pain areas after hypertonic

saline injections are projected to the right side.

Figure 2. The active straight leg raise test was performed with the knee in full extension and the
ankle in a neutral position. The subject was asked to lift his/her leg up to a bar which had been

adjusted so that the hip was in 20° of flexion when the talocrural joint made contact with the bar.

Figure 3. Representative rectified electromyographic (EMG) and accelerometer data when
performing three active straight leg raise (ASLR) tests on the ipsilateral side at baseline. The
accelerometer profile is shown on the top and indicated in arbitrary units (a.u.). Within a two
second window where the subject held the leg steady (shaded area) the root-mean-square (RMS)

EMG values where extracted from the seven muscles bilaterally to the leg being lifted.

Figure 4. Median (£IQR, n=34) Likert scale values after performing the active straight leg raise
(ASLR) test at baseline, during pain, and post pain. Values are presented as raw values and the
reactions to the ASLR test after hypertonic saline (black bars) and isotonic saline (open bars) are
shown. Significantly increased compared with isotonic saline (*, MWU: P < 0.05) and baseline (#,

MWU: P <0.05).

Figure 5. Mean (+SEM, n=32) baseline RMS EMG values from the 14 muscles during lift of the
leg (A) ipsilateral and (B) contralateral to the side to be injected. All values are presented as raw

values. The RMS EMG values are shown at baseline 1 (black bars) and baseline 2 (open bars). EO:
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External oblique, 10: Internal oblique, RA: Rectus abdominis, LD: Latissimus dorsi, GM: Gluteus

maximus, ES: Erector spinae, BF: Biceps femoris.

Figure 6. Mean (+ SEM, n=32) normalized RMS EMG during the active straight leg raise test from
muscles on the injected side and contralateral to the injection while the leg on the injection side (left
column) and the contralateral leg (right column) was lifted. All values are normalized to baseline
value (100%). The normalized RMS EMG values are shown immediately after (black bars) and

post-injection (open bars). Significantly increased compared with isotonic saline (*, NK: P < 0.05).
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Table 1 Mean (£SEM, n=34) baseline values of pressure pain thresholds (PPTs) at the 3 assessment
sites (injection site, S2 and gastrocnemius) on the ipsilateral and contralateral side to the injection of
either hypertonic or isotonic saline into the long posterior sacroiliac ligament. Baseline values are
presented as raw values (kPa). After injection, all PPT values are normalized to baseline value
(100%) and are shown during pain and post pain.Significantly reduced compared with injection of

isotonic saline (*, NK: P < 0.05).

Injection side Contralateral side

Baseline measurements

Inj.site S2 Gastroc. | Inj. site S2 Gastroc.

Baseline 4912+ 5012+ 3934+ | 4883+ 5105+ 3889+
1 23.8 25.7 18.3 22.2 27.8 17.2

Baseline 4638+ 5023+ 370.6+ | 4463+ 4621+ 3700+
2 25.6 32.0 19.5 29.6 31.1 20.8

PPT (kPa)

After injection

Hypertoni  83.8 + 81.1 + 99.1 + 101.2+ 1005+ 104.1+

% E ¢ saline 3.9% 3.7* 2.5 3.2 2.9 2.5
=PI T—J
RN )
~ _g Isotonic 98.4 + 994 + 96.3 + 102.7 + 103.1 + 98.0 +
saline 2.7 2.7 2.1 2.7 2.6 2.6
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Table 2. Mean (+SEM, n=25) movement variability during the active straight leg raise (ASLR) of
the leg on the injection side and non-injection side to the injection of hypertonic or isotonic saline
into the long posterior sacroiliac ligament. All values are normalized to baseline value (100%).

Significantly increased compared with injection of isotonic saline (*, NK: P < 0.05).

Injection side

Lifting phase Holding phase Descending phase
Dur'mg Post pain Dur}ng Post pain Dur_lng Post pain
pain pain pain
Hyvertonic 97.9 + 99.1 £ 1075+ 1022+ 1075+ 1042+
et 4.1 3.2 3.5 4.5 6.5 7.7
saline
Isotonic 103.0+ 110.0+ 1067+ 1035+  109.8 + 92.8 +
. 4.1 4.5 33 4.3 ) 4.2
saline

Non-injection side

106.5+ 1168+ 1075+ 1054+ 100.1+ 1029+

Hypertonic = &, 4.7% 3.5 2.4 46 42
saline
Isotonic 975+ 999 + 101.7 £ 102.7 + 953 + 92.8 +
. 3.1 2.8 2.5 7.3 5.8 4.2
saline
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