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Chapter 1
General Introduction

Chapter 1

Low back pain
Low back pain is extremely common. More than 50% of the population will experience
one or more episodes of low back pain during their lifetime (van Tulder, Koes, &
Bombardier, 2002). In 2015, the global point prevalence of activity limiting low back pain
was 7.3% (Hartvigsen et al., 2018, data from: Vos et al., 2016). In the Netherlands, the
year prevalence of low back pain in general practice is 6% (Nielen, Boersma-van Dam, &
Schermer, 2019). This means over a million people consult a general practitioner for low
back pain each year, considering a population above 17 million people. Low back pain
is more common in women and the prevalence increases with age (Koes & van Tulder,
2017). As the population ages, the number of individuals with low back pain is likely to
grow substantially over the coming decades (Hoy et al., 2012). In its current incidence,
low back pain is already the number one cause of disability world-wide (Vos et al., 2016)
and because low back pain often leads to sick-leave from work, the economic burden is
equivalent to other major health problems such as cardiovascular disease and cancer
(Mandiakis & Gray, 2000). Although most episodes of low back pain are resolved within
6 weeks, low back pain is increasingly considered a chronic condition with a variable
course rather than episodes of unrelated occurrences (Hartvigsen et al., 2018).
A major challenge for the treatment of low back pain is the absence of a known
pathophysiological or anatomical substrate in the majority of cases (Hartvigsen
et al., 2018). In this case, the condition is referred to as non-specific low back pain.
Evidence suggests low back pain is best treated with exercise, preferably combined
with education. Education alone, shoe insoles or ergonomic interventions are
ineffective and pharmacological treatment and surgery are discouraged as results
are generally disappointing (Foster et al., 2018; Williams et al., 2014). The variance of
exercise programs is large and it remains unknown which type of exercise works best
(Foster et al., 2018). This could explain why guidelines recommend to take personal
preferences of therapist and patient into account (J. J. Wong et al., 2017), as does the
Dutch physiotherapy guideline (Bekkering et al., 2005). Because exercise interventions
generally aim to improve functional impairments (e.g., joint mobility, muscle strength
or movement coordination), fundamental knowledge about coordination of movement
in low back pain might help to improve the effectiveness of low back pain interventions.
Coordination of trunk movement in low back pain
Low back pain patients demonstrate altered trunk movement coordination over a wide
range of functional movements, like bending and twisting of the trunk during stance
(Mokhtarinia, Sanjari, Chehrehrazi, Kahrizi, & Parnianpour, 2016; Shojaei, Vazirian, Salt,
van Dillen, & Bazrgari, 2017; T. K. T. Wong & Lee, 2004), picking up objects (Shum,
Crosbie, & Lee, 2007) and sit-to-stand movements (Ippersiel, Robbins, & Preuss, 2018).
10
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Low back pain patients generally perform trunk movements slower, with a smaller
active range of trunk motion and with altered intersegmental timing of thorax and
pelvis movements. One activity that has received considerable attention in this field of
research is walking (Ebrahimi, Kamali, Razeghi, & Haghpanah, 2017; Huang et al., 2011;
Keefe & Hill, 1985; Lamoth, Meijer, Daffertshofer, Wuisman, & Beek, 2006; Lamoth,
Meijer, et al., 2002; Lamoth, Stins, Pont, Kerckhoff, & Beek, 2008; Müller, Ertelt, &
Blickhan, 2015; Seay, van Emmerik, & Hamill, 2011; Selles, Wagenaar, Smit, & Wuisman,
2001; van den Hoorn, Bruijn, Meijer, Hodges, & van Dieën, 2012).
Walking with low back pain
In 2001, Selles et al. reported altered timing of intersegmental thorax-pelvis rotations
around the vertical axis, henceforth axial rotation, during gait in a small sample of low
back pain patients. The idea to study these coordination patterns was derived from
earlier studies on thorax-pelvis timing in healthy subjects and patients with Parkinson’s
disease (van Emmerik & Wagenaar, 1996; van Emmerik, Wagenaar, Winogrodzka, &
Wolters, 1999; Wagenaar & van Emmerik, 1994). Selles and colleagues (2001) expressed
timing of axial thorax-pelvis rotations in terms of relative phase. A relative phase of
plus or minus 180 degrees corresponds to perfect out-of-phase (i.e., in the opposite
direction) rotation and a value of 0 degrees corresponds to perfect in-phase rotation
(i.e., in the same direction) (Van Emmerik et al., 1999). With timing of thorax rotations
expressed relative to the pelvis (i.e., thorax-pelvis relative phase), negative values
indicate that thorax rotations lag behind pelvis rotations.1 Selles et al. (2001) observed
in four out of six patients with low back pain that the thorax and pelvis rotated more or
less in-phase (<90-degree difference) over a wide range of walking speeds. In healthy
controls, the same coordination pattern was observed at low walking speeds, but at
higher walking speeds (above 1.1 (m/s) (= 3.8 km/h)), thorax and pelvis rotated more
out-of-phase.
One year later, Lamoth et al. (2002) published a study in which axial thorax-pelvis
timing was investigated in a much larger sample of low back pain patients. They studied
the gait pattern of 39 subjects with low back pain and compared it to that of 19 healthy
controls over a wide range of walking speeds. In this study it was reported that, at low
walking speed (0.3 (m/s) (=1.2 km/h)), the thorax and pelvis rotate almost in-phase in
both healthy controls and low back pain patients. At this speed, thorax-pelvis relative
phase was ~-20 degrees indicating that thorax rotations slightly lag behind pelvis
rotations. While speeding up, thorax-pelvis relative phase further decreased towards
1

In most previous studies on relative timing of thorax and pelvis rotations pelvis-thorax relative phase
(pelvis timing relative to the thorax) was reported. In this thesis we converted all these values to thorax-pelvis relative phase (thorax timing relative to the pelvis) by multiplying these values by -1.

11

1

Chapter 1

~-140 degrees at 1.5 (m/s) (=5.4 km/h) in healthy controls. In low back pain patients,
thorax-pelvis relative phase decreased with walking speed as well, but this change
was smaller resulting in a relative phase of ~-110 degrees at 1.5 (m/s). The magnitude
of this difference between low back pain patients and healthy controls is displayed in
Figure 1.1.

Figure 1.1. Simulated data of thorax-pelvis timing at high walking speed in low back pain
patients and healthy controls.
Upper panel: The red and blue lines depict the typical shapes of respectively pelvis and thorax
rotations during gait in both healthy controls and low back pain (LBP) patients with horizontal
error bars indicating standard deviations in timing for each group. Lower panel: the stride
frequency content of axial thorax and pelvis rotations used to calculate the relative phase
between the two segments. The figures depict a thorax-pelvis relative phase of 140 degrees in
healthy subjects and of 110 degrees in subjects with low back pain as observed at 1.5 (m/s) in the
study by Lamoth et al. (2002). Note a considerable overlap between groups in the upper figure.

In 2008, Bruijn et al. reported that, in healthy subjects, the transition from more inphase towards more out-of-phase axial thorax-pelvis timing while speeding up is mainly
caused by a change in pelvis timing relative to the pendular movements of the legs,
henceforward ‘pelvis timing’. The timing of axial thorax rotations relative to the legs
12
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(‘thorax timing’) was relatively constant over gait speeds. Huang et al. (2011) observed,
in both low back pain patients and healthy controls, more-or-less the same pelvis timing
as reported by Bruijn et al (2008). Huang et al. (2011) found more in-phase axial thoraxpelvis timing in low back pain patients while walking fast with large steps, which was
caused by a shift in thorax-timing (Figure 1.2).

1

Figure 1.2. Intersegmental timing during gait in low back pain compared to healthy subjects
At low gait speeds (left) healthy controls (top) and subjects with low back pain (bottom)
demonstrate similar intersegmental timing: the pelvis and thorax rotate in-phase around the
vertical. While the right leg moves forward, the right side of the thorax and pelvis move in the
opposite direction, out-of-phase with the legs. While speeding up towards a high gait speed
(right), the timing of the pelvis relative to the legs switches towards more in-phase timing, both
in healthy controls (top) low back pain patients (bottom). In contrast to healthy controls, the
timing of thorax rotations in low back pain patients changes with gait speed as well, resulting
in more in-phase timing of the thorax relative to the legs. In other words, the difference in axial
thorax-pelvis timing between low back pain patients and healthy controls at high gait speeds is
caused by altered timing of axial thorax rotations relative to leg movements.

During gait, axial thorax and pelvis rotations are, more or less, periodic signals that
repeat each gait cycle. The differences between low back pain patients and healthy
controls in axial thorax-pelvis timing concern these global movement patterns. However,
13
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cyclic movements such as gait show cycle-to-cycle variability by nature (Meijer &
Wagenaar, 1998). In low back pain it has been shown that this variability of axial trunk
rotations is affected during gait (Lamoth, Meijer, et al., 2006; van den Hoorn et al.,
2012).
In 2012 van den Hoorn et al. (2012) compared the stride-to-stride variability of axial
thorax and pelvis rotations in low back pain patients and healthy controls in terms of
residual rotations. Residual rotations describe the deviation of the actual rotation from
the average rotation over strides and could be interpreted as unplanned movements.
Van den Hoorn et al. (2012) found that the average amplitude of residual thorax and
pelvis rotations were not considerably different between low back pain patients and
healthy controls, but the correlation between these residual rotations were higher in
low back pain patients. The effect of these coinciding residual axial thorax and pelvis
rotations is a lower stride-to-stride variability of axial trunk rotations, i.e., the difference
between axial thorax and pelvis rotations (Figure 1.3).

Figure 1.3. Simulated data of residual axial thorax, pelvis and trunk rotations
During gait, the thorax, pelvis and trunk (thorax relative to the pelvis) demonstrate a more-orless periodic axial rotation from stride-to-stride (dotted lines). Residual rotations (lower three
panels) are the deviations of the actual rotation (solid lines) from this average signal. If equal
residual rotations of thorax and pelvis coincide, no residual trunk rotation will occur.
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Control of axial thorax-pelvis rotations during gait
By what mechanisms coordination of axial thorax-pelvis rotations are determined
remains unknown. A possible cause for these altered coordination patterns in chronic
low back pain is abdominal bracing or splinting; co-contraction of trunk muscles and/or
an increase in reflex gains, resulting in a higher (apparent) axial trunk stiffness (Brown &
Potvin, 2007; Lee, Rogers, & Granata, 2006). Stiffness is a parametrization of a system’s
resistance against deformation. A higher apparent axial trunk stiffness would result in a
smaller effect of external perturbations on the thorax or pelvis on axial trunk rotations
(Franklin & Granata, 2007), and less muscle force modulation would be required to
stabilize the trunk after such a perturbation (Stokes, Gardner-Morse, Henry, & Badger,
2000). It has been suggested that increased apparent axial trunk stiffness could cause
more in-phase thorax-pelvis timing (Kubo, Holt, Saltzman, & Wagenaar, 2006; Lamoth,
Meijer, et al., 2006) and reduce the stride-to-stride variability of axial trunk rotations
(van den Hoorn et al., 2012). The benefit of splinting through co-contraction is that
the concomitant increase in trunk stiffness has a direct effect, i.e., without delay, on
trunk movement when an unexpected external mechanical perturbation is imposed.
However, the co-contraction could cause acute muscle soreness (Visser & van Dieën,
2006) and increased compressive spinal load (van Dieën, Flor, & Hodges, 2017) (Figure
1.4). The use of increased reflex gains of trunk muscles would circumvent these negative
consequences to some extent, but the concomitant reaction time of ~200ms (Mueller
et al., 2016; van Dieën, Thissen, van de Ven, & Toussaint, 1991) might be too long to
protect the spine from high-frequency external perturbations.
Besides splinting through co-contraction and/or increased reflex gains, reduced
stride-to-stride variability of axial trunk rotations could be the result of mechanisms
that reduce the stride-to-stride variability of axial thorax and pelvis rotations or increase
the common variance between these two segments. This can be achieved through
cranial sources of variability of axial thorax rotations (i.e., the arms, head and neck),
caudal sources of variability of axial pelvis rotations (i.e., the legs) or intersegmental
sources of variance (trunk muscles) which are not captured by splinting. In contrast to
splinting, these mechanisms would not protect the trunk against large excursions as a
result of external perturbations.

15
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Figure 1.4. Effect of co-contraction of trunk muscles on trunk movement amplitudes and
spinal load
Low levels of co-contraction (left figure) of abdominal muscles (vertical grey arrows) would
result in relatively large movement excursions of the trunk (horizontal double-sided arrow)
in response to perturbations, but low compressive forces on the spine (vertical black arrow)
compared to high levels of co-contraction (right figure).

Aim of the thesis
The aim of this thesis is to determine what mechanisms can determine axial thoraxpelvis coordination during gait and to assess which of these mechanisms are adopted
by patients with low back pain.
Thesis outline
We started this thesis by searching the literature for studies that assessed responses to
mechanical trunk perturbations in low back pain as these studies could provide evidence
for splinting in low back pain. We were primarily interested in axial trunk stiffness during
gait, however, at the time of the search, no studies were published that perturbed low
back pain patients during gait. Studies that described the effect of trunk perturbations
during other activities did not perturb the trunk around the longitudinal axis. Since
splinting might be used by chronic low back pain patients over a wide range of activities
16
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and since splinting could reduce the effect of external perturbations in multiple planes,
we did not restrict our search to the anatomical plane in which perturbations were
imposed or the activity the subjects had to perform during the perturbation. The results
of this systematic literature review are described in Chapter 2.
Since no published data on axial trunk perturbations during gait in low back pain
patients were available, we performed an experiment in which we perturbed the trunk
of fifteen chronic low back pain patients and fifteen healthy controls indirectly using
axial perturbations of the walking surface. This experiment is described in Chapter 3.
To evaluate if increased axial trunk stiffness would cause more in-phase thoraxpelvis timing we constructed a forward dynamic model of the trunk. Using this model,
we could estimate apparent axial trunk stiffness from experimental data and study the
isolated effect of increased axial trunk stiffness on thorax-pelvis timing. The results of
this experiment are described in Chapter 4.
In the first experimental chapter of this thesis (i.e. Chapter 3), we found an
association between axial pelvis range of motion and thorax-pelvis relative phase,
which was previously also reported in a different cohort. To evaluate if increased pelvis
range of motion could cause more in-phase thorax-pelvis timing we performed the
experiment described in Chapter 5, using the model introduced in the previous chapter.
In Chapter 6 we evaluated what mechanisms, among which splinting, reduce strideto-stride variability of axial trunk rotations in low back pain patients during gait.Finally,
in Chapter 7, the results are synthesized, and recommendations for future research and
clinical practice are given.
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Chapter 2

Abstract
The purpose of this systematic review was to assess whether LBP patients demonstrate
signs of splinting by evaluating the reactions to unexpected mechanical perturbations
in terms of (1) trunk muscle activity, (2) kinetic and (3) kinematic trunk responses and
(4) estimated mechanical properties of the trunk. The literature was systematically
reviewed to identify studies that compared responses to mechanical trunk perturbations
between LBP patients and healthy controls in terms of muscle activation, kinematics,
kinetics, and/or mechanical properties. If more than four studies reported an outcome,
the results of these studies were pooled. Nineteen studies were included, of which
sixteen reported muscle activation, five kinematic responses, two kinetic responses, and
two estimated mechanical trunk properties. We found evidence of a longer response
time of muscle activation, which would be in line with splinting behaviour in LBP. No
signs of splinting behaviour were found in any of the other outcome measures. We
conclude that there is currently no convincing evidence for the presence of splinting
behaviour in LBP patients, because we found no indications for splinting in terms of
kinetic and kinematic responses to perturbation and derived mechanical properties
of the trunk. Consistent evidence on delayed onsets of muscle activation in response
to perturbations was found, but this may have other causes than splinting behaviour.
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Background
It has been suggested that low back pain (LBP) patients splint or guard their lumbar spine
through co-contraction of trunk muscles (Wolf, Nacht, & Kelly, 1982). This could explain
observed rigid movement patterns during activities of daily living (Keefe & Hill, 1985),
reduced active range of motion of the lumbar spine (Marras & Wongsam, 1986), the
finding that the spinal muscles do not relax in full flexion (Ahern, Follick, Council, LaserWolston, & Litchman, 1988) and increased coupling of pelvis and thorax movements
during gait (Lamoth, Meijer, et al., 2002; van den Hoorn et al., 2012). Splinting
could protect the spine from large movement excursions as a result of mechanical
perturbations at a cost of an increased axial spinal load, which could negatively affect
spine health in the long term (Hodges & Tucker, 2011). The benefit of splinting through
co-contraction is that the concomitant increase in trunk stiffness results in a direct
effect, i.e., without delay, on trunk movement when an unexpected external mechanical
perturbation is imposed (Moorhouse & Granata, 2007). This would limit the effect of
mechanical perturbations on the trunk (Dideriksen, Negro, & Farina, 2015). Studies on
anticipation of -and in responses to- trunk perturbations can thus provide evidence for
splinting in low back pain patients.
The purpose of this systematic review was to assess whether LBP patients demonstrate
signs of splinting, by evaluating the reactions to unexpected mechanical perturbations
in terms of (1) trunk muscle activity, (2) kinetic and (3) kinematic trunk responses and
(4) estimated mechanical properties of the trunk.
If LBP patients splint their spine, we would expect to find increased trunk muscle
activation prior to perturbations. The resulting increased initial resistance to the
perturbation should increase initial kinetic responses when perturbations are positioncontrolled or decrease the amplitude and rate of change of trunk kinematics when
perturbations are force-controlled. Both would be reflected in higher estimates of trunk
stiffness. Slower trunk movements after force-controlled perturbations would most
likely result in a later detection of movement by the sensory system and consequently
to a later onset of reactive muscle activation.
Different muscle recruitment patterns to stabilize the lumbar spine have been
suggested to be present between subjects in the LBP population (Hodges, Coppieters,
MacDonald, & Cholewicki, 2013; van Dieën, Cholewicki, & Radebold, 2003), which would
result in a higher between subject variance among LBP patients than among controls.
Since this may mask group differences when summary statistics are presented, the
between subject variance of outcomes was also evaluated.
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Methods
Search strategy
The literature was systematically reviewed to identify studies that compared the
response to mechanical trunk perturbations between LBP patients and healthy
controls. The search strategy contained five blocks: (1) low back pain, (2) perturbations,
(3) muscular response, (4) kine(ma)tic response and (5) estimated mechanical trunk
properties. Titles, abstracts or keywords had to contain strings from both first two
blocks and at least one from blocks three to five. The search is outlined in Supplement
2.1.
In July 2015, the systematic search was performed in the following databases:
Academic Search Premier, CINAHL, EMBASE, MEDLINE, and ScienceDirect. No limits
were set for study design or publication date. First, all titles were screened for relevance
by the first (MP) and second (MG) author. Both selections of possibly relevant studies
were combined. The selection of abstracts was performed in the same manner. Studies
were in-or excluded by screening of the selected full-texts using the criteria presented
below. Differences in judgement were resolved during a consensus procedure in which
the first two authors discussed these papers until agreement about inclusion was
reached.
Inclusion and exclusion criteria
Studies had to use experimental setups in which unexpected mechanical perturbations
were imposed to subjects with LBP and to healthy controls. The effect of the
perturbations on the trunk had to be reported in at least one of the four following
terms: (1) muscular response, (2) kinetic response, (3) kinematic response, (4) estimated
mechanical trunk properties. A quantitative or statistical comparison between LBP
patients and healthy controls had to be presented. If subjects could anticipate some
of the imposed perturbations a separate analysis of the reactions to unexpected
perturbations had to be presented. Studies that experimentally induced LBP in healthy
controls were excluded. There were no restrictions on duration or diagnosis (nonspecific or specific) of LBP.
Data extraction
Data extracted by the first author (MP) consisted of subject characteristics, experimental
set-up, normalization procedures, and differences in reported outcomes between
control subjects and LBP patients expressed as means, variances and levels of statistical
significance.

22
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Pooling of results was performed, first, to pinpoint common patterns specific to LBP
patients vs. controls. Outcomes were assigned to one of nine blocks: pre-perturbation
muscle activity, timing and amplitude of muscle, kinetic and kinematic responses, and
estimated trunk stiffness and damping. If three or more studies reported the statistical
significance of between group differences in a block, pooling of results within that block
was performed. The average percentage of significantly higher (or lower) values in
the LBP group within that block was calculated for each study and then averaged over
studies. For each block we considered the evidence for splinting behaviour in LBP to
merit further attention if the average percentage of outcomes that were significantly
higher (or lower) in LBP patients was 40 percent or more. The methods and results of
pooling of variances are outlined in Supplement 2.3.

Results
Systematic search
The search yielded a total of 571 studies. After reviewing titles and abstracts, 36 studies
remained that were subjected to a full-paper review. Screening of the reference lists
yielded no extra studies. Ultimately, 19 studies were included in this review. A flowchart is presented in Figure 2.1. A library (Endnote, Thomson Reuters, New York)
containing the evaluated titles and abstracts of the selection procedure is presented
in Supplement 2.2.

Figure 2.1. Flowchart of the selection process.
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Data extraction
Subject characteristics
An overview of subject characteristics is presented in Table 2.1. The 19 included studies
contain the results of 17 unique cohorts (Freddolini, Strike, S, & Lee, 2014; Freddolini,
Strike, & Lee, 2014; Gotze, Ernst, Koch, & Blickhan, 2015; Jones, Hitt, DeSarno, & Henry,
2012; Lariviere, Forget, Vadeboncoeur, Bilodeau, & Mecheri, 2010; Leinonen et al., 2001,
2003; Liebetrau, Puta, Anders, de Lussanet, & Wagner, 2013; Miller, Bazrgari, Nussbaum,
& Madigan, 2013; Mok, Brauer, & Hodges, 2011; Navalgund, Buford, Briggs, & Givens,
2013; Newcomer et al., 2002; Notzel et al., 2011; Radebold, Cholewicki, Panjabi, & Patel,
2000; Radebold, Cholewicki, Polzhofer, & Greene, 2001; Ramprasad, Shenoy, Singh,
Sankara, & Joseley, 2010; Reeves, Cholewicki, & Milner, 2005; Shenoy, Balachander,
& Sandhu, 2013; Stokes, Fox, & Henry, 2006), consisting of 286 LBP patients and 306
healthy controls. Two cohorts were presented twice ((Freddolini, Strike, S, et al., 2014;
Freddolini, Strike, et al., 2014) and (Leinonen et al., 2001, 2003)). The mean age of
participants was between 20 and 45 years. LBP patients generally had higher body
mass (14 out of 18 studies) and Body Mass Indices than healthy controls (6 out of 7
studies), although none of the studies reported these between group differences to be
significant. Twelve studies included LBP patients that had experienced pain for three
months or more. LBP intensity was assessed using a Visual Analogue Score or a Numeric
Rating Scale and the mean value in LBP subjects varied from 1.7 to 6.1 out of 10. One
study measured patients with disc herniation that were selected for micro-discectomy
because of prolonged LBP with sciatica (Leinonen et al., 2001, 2003). The other studies
included patients with non-specific LBP.
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Leinonen et
al., 2001c2

Lariviere et
al., 2010

Jones et al.,
2012

Gotze et al.,
2015

Freddolini et
al., 2014a,
2014bc1

Study

27
(14/13)

29
(15/14)

20
(15/5)

15
(10/5)

Control

LBP

Control

16 (8/8)

Control

LBP

16 (8/8)

LBP

10
(0/10)

Control

31
(16/15)

Control

10
(0/10)

23
(11/12)

LBP

LBP

n (m/f)

Group

Table 2.1. Subject characteristics.

37 (12)

39 (10)

m=38 (10)
f=39 (10)

m=43 (10)
f=35 (9)

33.5 (9.0)

175 (9)

175 (7)

m=174
(7)
f=165
(9)

m=174
(6)
f=163
(6)

171 (7)

175 (9)

NR

39.7 (14)
33.9 (6.2)

NR

168
(9.8)

169
(8.4)

Height
in cm

40.6 (11.6)

31.7 (8.1)

36.8 (11.6)

Age

74 (13)

78 (16)

m=78 (9)
f=63 (7)

m=78
(13)
f=69 (14)

69 (12)

74 (9)

62 (8)

62 (7)

64 (13)

69 (12)

Weight
in kg

NR

NR

m=26 (3)
f=23 (3)

m=26 (4)
f=26 (5)

23.4 (3.2)

24.3 (2.6)

NR

NR

22.5 (2.7)

24.1 (3.1)

BMI in kg/m2

VAS back pain
intensity

VAS pain
intensity

NRS pain

VAS current LBP
VAS LBP over
the last 4 weeks

VAS for severity
of pain

Pain Score Type

NA

6.1 (1.9)

NA

m=3.7
(2.2)
f=3.4
(2.7)

NA

3 (range
0-7)

NA

2.9 (2.1)
3.5 (1.4)

Disc herniation selected
for microdiscectomy as a
result of prolonged LBP
with sciatica

Daily or almost daily pain
for at least 3 months

Severe enough to seek
treatment

Minimum duration of 2
years

Subacute; > 6 weeks

3.8 (1.0)
NA

Definition LBP

LBP Pain
Score
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25

26

Navalgund et
al., 2013

Mok et al.,
2011

Miller et al.,
2013

13 (7/6)

13 (7/6)

Control

11 (NR/
NR)

Control

LBP

11 (NR/
NR)

LBP

8 (8/0)

17
(0/17)

Control

Control

17
(0/17)

LBP

8 (8/0)

↵

Control

LBP

16 (NR/
NR)

LBP

Leinonen et
al., 2003c2

Liebetrau et
al., 2013

n (m/f)

Group

Study

Table 2.1. Continued

35 (10.1)

32.3 (8.2)

27.5 (4.3)

28.5 (5.8)

20.7 (1.0)

20.4 (1.6)

34.0 (11.3)

40.9 (11.9)

↵

NR

Age

175 (12)

175 (8)

175 (6)

175 (13)

179 (3)

183 (5)

168 (6)

167 (6)

↵

NR

Height
in cm

85 (20)

81 (20)

71 (13)

74 (14)

71 (7)

73 (3)

59 (8)

62 (9)

↵

NR

Weight
in kg

27.3 (4.2)

26.4 (6.0)

23.1 (3.4)

24.0 (2.5)

NR

NR

20.9 (2.7)

22.1 (2.5)

↵

NR

BMI in kg/m2

NRS mean score
of (1) current
pain intensity
and (2) best and
(3) worst pain
over last 24h

VAS level of
pain just before
testing

VAS LBP

NRS Current
pain intensity
before
perturbation

↵

Pain Score Type

NA

3.6 (1.3)

NA

1.7 (1.9)

NA

2.5 (0.9)

NA

3.5 (2.5)

NA

5.2
(range
0.9-8.5)

LBP Pain
Score

Duration of pain less
than or equal to 8 weeks,
experienced at least
1 separate episode in
the past year that had
resolved

Sick leave from usual
occupation or treatment,
which lasted for more
than 18 months with
at least one episode of
LBP in the preceding six
months or pain that was
semi continuous with
periods of greater and
lesser pain.

Recurrent acute exercise
induced LBP for at least
six months

Minimum duration of 6
months

↵

Definition LBP

Chapter 2

Ramprasad et
al., 2010

Radebold et
al., 2001

Radebold et
al., 2000

25
(18/7)

25
(15/10)

Control

14
(13/1)

Control

LBP

16
(15/1)

LBP

17
(12/5)

Control

12
(0/12)

Control

17
(12/5)

8 (0/8)

LBP

LBP

20
(9/11)

Control

Notzel et al.,
2011

20
(9/11)

LBP

Newcomer et
al., 2002

n (m/f)

Group

Study

Table 2.1. Continued

32.2 (9.6)

40.7 (10.6)

38.1 (9.6)

38.8 (10.1)

m=35.9(12.6)
f=45(9.8)

m=35.1(12.4)
f=43.8(7.5)

27.3 (7.1)

42.4 (14.5)

37 (9.6)

37 (10.1)

Age

172 (12)

174 (9)

177 (9)

176 (9)

NR

NR

168 (6)

168 (4)

171 (9)

171 (11)

Height
in cm

72 (9)

73 (8)

80 (18)

82 (15)

m=78
(18)
f=59 (13)

m=84
(15)
f= 68
(12)

57 (6)

65 (9)

74 (14)

78 (16)

Weight
in kg

NR

NR

NR

NR

NR

NR

20.4 (2.6)

23.1 (2.4)

NR

NR

BMI in kg/m2

VAS back pain

VAS overall back
pain

VAS extent of
pain

VAS pain
intensity after
perturbations

VAS pain on day
of testing

Pain Score Type

Pain between L1 and
gluteal folds for at least 6
months

4.7
(range
2.1-7.7)

Periodic back pain
episodes for more than 6
months

NR

Chronic or non-specific
mechanical recurrent LBP
having a pain history of
three months, without
radiation

2.7 (2.4)
NA

NA

LBP for periods ranging
from 6 months to 35
years

2.7 (2.0)

NA

NA

At least 6 months several
times a week or daily
back pain

5.2 (3.5)

NA

Definition LBP

LBP Pain
Score
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27

28

21
(11/10)

23
(15/8)

LBP

Control

25
(17/8)

Control

m= 30.3 (9.1)
f= 33.5 (13.2)

m= 28.4 (8.4)
f= 34.2 (10.4)

25.1 (5.1)

24.3 (4.7)

m= 38.7
(12.1)
f= 34.5 (12.8)

m= 37.3
(10.6)
f= 35.8 (9.0)

Age

m= 168
(4.6)
f=
163(6)

m= 179
(4)
f=163
(8)

172 (10)

174 (11)

m= 179
(7)
f= 164
(10)

m= 177
(10)
f= 164
(7)

Height
in cm

m= 82
(14)
f= 61 (11)

m= 77
(10)
f= 68
(11)

67 (8)

70 (8)

m= 81
(17)
f= 61 (14)

m= 81
(14)
f= 65
(10)

Weight
in kg

NR

NR

NR

NR

NR

NR

BMI in kg/m2

VAS LBP

VAS pain

NR

Pain Score Type

NA

NR

NA

3.2 (1.6)

NA

NR

LBP Pain
Score

Episodic LBP, VAS for LBP
greater than 3/10 on day
of testing

LBP for at least 3 months

Experienced back pain for
at least 6 months

Definition LBP

cn = The subjects described in these studies belong to the same cohort, f = female, LBP = low back pain, m = male, NR = not reported, NRS =
numeric rating scale, NA = not applicable, VAS = visual analog scale, ↵ = the same value/content as above. Parenthesized values are standard
deviations, unless stated otherwise.

Stokes et al.,
2006

24
(16/8)

LBP

20
(4/16)

Control

Shenoy et al.,
2013

20
(4/16)

LBP

Reeves et al.,
2005

n (m/f)

Group

Study

Table 2.1. Continued
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Experimental setup
An overview of the experimental setups is presented in Table 2.2. In all experiments,
subjects held the trunk in an upright position before being perturbed. Perturbations
were imposed in a standing position in 11 studies (Gotze et al., 2015; Jones et al., 2012;
Leinonen et al., 2001, 2003; Liebetrau et al., 2013; Mok et al., 2011; Newcomer et al.,
2002; Notzel et al., 2011; Ramprasad et al., 2010; Shenoy et al., 2013; Stokes et al., 2006),
semi-seated, i.e., with the hips bent 45 degrees and knees in 90 degrees, in five (Lariviere
et al., 2010; Navalgund et al., 2013; Radebold et al., 2000, 2001; Reeves et al., 2005) and
seated in three (Freddolini, Strike, S, et al., 2014; Freddolini, Strike, et al., 2014; Miller
et al., 2013) (Figure 2.2). In 7 studies, the perturbations were imposed directly to the
trunk (Lariviere et al., 2010; Navalgund et al., 2013). In only one of these experiments
the perturbation was position controlled (Miller et al., 2013), the other studies imposed
(Lariviere et al., 2010; Navalgund et al., 2013; Stokes et al., 2006) or released (Radebold et
al., 2000, 2001; Reeves et al., 2005) a force. In the other experiments the perturbations
were imposed indirectly to the trunk, either via the arms (Gotze et al., 2015; Leinonen et
al., 2001, 2003; Liebetrau et al., 2013; Mok et al., 2011; Ramprasad et al., 2010; Shenoy
et al., 2013) or the legs (Freddolini, Strike, S, et al., 2014; Freddolini, Strike, et al., 2014;
Jones et al., 2012; Newcomer et al., 2002; Notzel et al., 2011) (Figure 2.3).
In 13 studies, the pelvis of participants was fixated during the experiment (Freddolini,
Strike, S, et al., 2014; Freddolini, Strike, et al., 2014; Lariviere et al., 2010; Leinonen et
al., 2001, 2003; Miller et al., 2013; Navalgund et al., 2013; Radebold et al., 2000, 2001;
Ramprasad et al., 2010; Reeves et al., 2005; Shenoy et al., 2013; Stokes et al., 2006).
In two of these studies (describing one cohort), the lower extremities were fixated to
a ‘swing chair’ that could tilt around a medio-lateral axis allowing movement in the
sagittal plane. This chair was tilted backward to a fixed angle and then released. Subjects
were instructed to regain a balanced upright position (Freddolini, Strike, S, et al., 2014;
Freddolini, Strike, et al., 2014). In the six studies in which the pelvis was not fixated, three
imposed horizontal translations of the standing surface (Jones et al., 2012; Newcomer et
al., 2002; Notzel et al., 2011) and three perturbed the trunk via the arms, either by pulling
one arm downward (Gotze et al., 2015; Liebetrau et al., 2013) or by dropping a weight
in a box held by the participant (Mok et al., 2011). Muscular activation was evaluated
in 15 studies (Freddolini, Strike, S, et al., 2014; Jones et al., 2012; Lariviere et al., 2010;
Leinonen et al., 2001, 2003; Liebetrau et al., 2013; Navalgund et al., 2013; Newcomer et
al., 2002; Notzel et al., 2011; Radebold et al., 2001, 2000; Ramprasad et al., 2010; Reeves
et al., 2005; Shenoy et al., 2013; Stokes et al., 2006), the kinetic response in two studies
(Freddolini, Strike, S, et al., 2014; Jones et al., 2012), and the kinematic response in five
studies (Freddolini, Strike, S, et al., 2014; Freddolini, Strike, et al., 2014; Gotze et al., 2015;
Miller et al., 2013; Mok et al., 2011). Mechanical trunk properties were estimated in two
studies (Freddolini, Strike, et al., 2014; Miller et al., 2013).
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Figure 2.2. Body positions.
Perturbations were imposed to subjects that were in a standing (A), semi-seated
(B), or seated (C) position. The images show e-Verne from wwrichard.net, with
permission.

Figure 2.3. Trunk perturbation types.
Trunk perturbations were imposed directly to the trunk (A), or indirectly, either
via the arms (B) or legs (C). Red arrows indicate the locus of the perturbation;
the direction varies within and between studies. The images show e-Verne from
wwrichard.net, with permission.
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Pelvis,
Lower
Limbs
Pelvis,
Lower
Limbs

Pelvis,
Lower
Limbs
Pelvis, T6

Seated

Seated

Standing

Standing

Semiseated

Standing

Freddolini et al.,
2014bc1

Freddolini et al.,
2014ac1

Gotze et al.,
2015

Jones et al.,
2012

Lariviere et al.,
2010)

Leinonen et al.,
2001c2

None

None

Fixed
Segments

Study

Subject
Position

Table 2.2. Experimental setups.

Weight dropped in box
held by participant

Continuous forward
pull at T4 level with
unexpected additional
load

Horizontal position
controlled 10cm
translation of floor

Unilateral downward pull
handheld grip

Swingchair release from a
backwards tilted position

Swingchair release from
a 20 degrees backwards
tilted position

Perturbation

1) Unexpected (eyes open)
/ expected (eyes closed),
2) supported /
unsupported stance

NA

12 perturbation directions
(1-12 o’clock)

Left arm / right arm

10 and 20 degrees
backward tilted starting
position

NA

Conditions

3

20

4

5

3

1

nPerturb.
per
Condition

Reported
Outcomes
EMG,
Kinematics,
kinetics,
Kinematics,
Mechanical
Trunk
Properties
Kinematics
EMG,
Kinetics
EMG

EMG

Subject
Instruction
Achieve
balanced
position
Achieve
balanced
position
Stay erect, look
straight ahead
Stand
comfortably,
look forward
NR

NR
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32
Pelvis, T6

Standing

Standing

Seated

Standing

Leinonen et al.,
2003c2

Liebetrau et al.,
2013

Miller et al.,
2013

Mok et al., 2011

None

Pelvis

None

Fixed
Segments

Study

Subject
Position

Table 2.2. Continued

Drop 1kg weight from
30cm height in container
held in hands with 90deg
elbow flexion

Position controlled
horizontal push 10mm in
~40ms at T8 level

Force controlled
unilateral downward
pull handheld grip of
150 newton (built up in
100ms), left hand

Weight dropped in box
held by participant

Perturbation

Standing of flat surface or
short base (block of 12cm
antero-posterior length)

Anterior push / posterior
push

NA

1) Unexpected (eyes open)
/ expected (eyes closed),
2) supported /
unsupported stance

Conditions

5

12

5

3

nPerturb.
per
Condition

Maintain equal
weight bearing,
maintain
positions of the
elbows during
perturbation

Sit upright, do
not resist or
intervene with
perturbations

NR

NR

Subject
Instruction

Kinematics

Kinematics,
Kinetics,
Mechanical
Trunk
Properties

EMG

EMG

Reported
Outcomes

Chapter 2

Subject
Position

Semiseated

Standing

Standing

Semiseated

Semiseated

Study

Navalgund et
al., 2013

Newcomer et
al., 2002

Notzel et al.,
2011

Radebold et al.,
2000

Radebold et al.,
2001

Table 2.2. Continued

Pelvis,
Lower
Limbs

Pelvis,
Lower
Limbs

None

None

Pelvis,
Lower
Limbs

Fixed
Segments

Sudden load release at
T9 level

Sudden load release at
T9 level

Lateral perturbation of
surface of approximately
3cm

Horizontal positioncontrolled translation or
rotation of surface

Continuous 100N
anterior pull at T6-T7
level with force
controlled pseudorandom perturbations of
additional load

Perturbation

1) Forward / backward
2) Left / right
3) 20% / 30% of maximal
isometric trunk exertion

1) Forward / backward
2) Left / right
3) 20% / 30% of maximal
isometric trunk exertion

Eyes open / closed

1) Forward / backward /
rotation
2) Medium / large (only for
translations)

Additional load of + or - 30
N

Conditions

3

3

7

16

+/- 36

nPerturb.
per
Condition

Reported
Outcomes
EMG

EMG

EMG

EMG

EMG

Subject
Instruction
NR

NR

NR

NR

NR
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34

Standing

Semiseated

Standing

Reeves et al.,
2005

Shenoy et al.,
2013

Subject
Position

Ramprasad et
al., 2010

Study

Table 2.2. Continued

Pelvis

Pelvis,
Lower
Limbs

Pelvis

Fixed
Segments

Drop of 3kg weight into
outstretched hand from
8cm height

Load release at T9 level
of 40N (females) or 65N
(males)

Drop of 3kg steel
cylinders onto the
outstretched hand

Perturbation

Expected / unexpected
(blindfolded)

Flexion / extension / lateral
bending

1) Expected / unexpected
2) Solid / foam surface

Conditions

3

3

3

nPerturb.
per
Condition

Let go, do
not resist the
perturbation

Keep force
output line
steady at
target and do
not anticipate
release

Do not resist
before the
impact or
let go along
with the
perturbation
after the
impact. Return
to previous
position as
quickly as
possible

Subject
Instruction

EMG

EMG

EMG

Reported
Outcomes

Chapter 2

Standing

Subject
Position
Pelvis

Fixed
Segments
Force controlled
superimposed full
sinewave (80ms) on top
of horizontal preload at
level of T12

Perturbation
1) Pull direction
0/45/90/135/180 degrees
to anterior direction
2) Preload 15/30% of
maximal effort
3) Superimposed
perturbation of 5/10% of
max. effort

Conditions
3

nPerturb.
per
Condition

Reported
Outcomes
EMG

Subject
Instruction
Maintain the
target effort
until after the
perturbation

cn = The subjects described in these studies belong to the same cohort, EMG = electromyography, NA = not applicable, NR = not reported, ↵ = the
same value/content as above.

Stokes et al.,
2006

Study

Table 2.2. Continued
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Muscle activation
An overview of the studies assessing muscle activation is presented in Table 2.3. Of
these sixteen studies, five evaluated the pre-perturbation activity of trunk muscles
(Jones et al., 2012; Lariviere et al., 2010; Liebetrau et al., 2013; Miller et al., 2013; Notzel
et al., 2011). In one study (Lariviere et al., 2010), a significantly higher pre-activation
of several back muscles was reported in LBP patients, both after normalization to a
reference contraction and to a Maximal Voluntary Contraction (MVC). In one study
that normalized to the maximal amplitude of each muscle measured over the entire
experiment, a significantly lower pre-activation of one abdominal muscle was reported
(Jones et al., 2012). In the other three studies, that either used no normalization
(Liebetrau et al., 2013; Notzel et al., 2011) or MVC normalized EMG (Miller et al., 2013),
no significant between group differences were reported for pre-activation of abdominal
or back muscles.
Eleven studies evaluated the response time of trunk muscle activation, i.e., the
time between the perturbation and the first muscular response (Freddolini, Strike, S,
et al., 2014; Lariviere et al., 2010; Leinonen et al., 2001, 2003; Liebetrau et al., 2013;
Miller et al., 2013; Navalgund et al., 2013; Notzel et al., 2011; Radebold et al., 2000,
2001; Shenoy et al., 2013). In eight of these studies, the first muscular response was
defined as the instant at which an EMG signal exceeded a predetermined number of
standard deviations above baseline activity, varying from 1.4 to 3 standard deviations
(Freddolini, Strike, S, et al., 2014; Lariviere et al., 2010; Liebetrau et al., 2013; Miller et
al., 2013; Navalgund et al., 2013; Radebold et al., 2000, 2001; Shenoy et al., 2013). Six
of these studies reported significantly longer response times in multiple trunk muscles
(Liebetrau et al., 2013; Miller et al., 2013; Navalgund et al., 2013; Radebold et al., 2000,
2001; Shenoy et al., 2013). A significantly shorter response time in LBP trunk muscles
was reported in the experiment in which a swing-chair was used (Freddolini, Strike, S, et
al., 2014). One study, additionally used an Approximated Generalized Likelihood-Ratio
(AGLR) method to estimate response times (Lariviere et al., 2010). Neither method
showed a significant between group difference. Two studies on one cohort found no
between-group differences on visually detected response times (Leinonen et al., 2001,
2003). One study did not report how the response time was determined and found no
significant between group differences (Notzel et al., 2011).
The amplitude of trunk muscle activation in response to perturbations was assessed
in six studies (Jones et al., 2012; Lariviere et al., 2010; Liebetrau et al., 2013; Navalgund
et al., 2013; Notzel et al., 2011; Ramprasad et al., 2010). Of the three studies that
did not normalize the EMG signals of back and abdominal muscles (Liebetrau et al.,
2013; Notzel et al., 2011; Ramprasad et al., 2010), two reported no between group
differences (Liebetrau et al., 2013; Notzel et al., 2011). One study found that the
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maximal amplitude of LBP patients’ trunk muscles was lower over a time window of
40-120 ms after perturbation, but higher if this window was increased to 40-250 ms
after perturbation. One study normalized by dividing the linear EMG envelope by the
maximum value measured over all perturbations for that specific muscle, and found
higher activation of both abdominal and back muscles in LBP patients (Jones et al.,
2012). Higher amplitudes of back muscle activation were also found in another study
using either no normalization or a normalization to a reference contraction (Lariviere
et al., 2010). One study reported the opposite, i.e., lower back muscle EMG amplitudes
normalized to a reference contraction in LBP patients (Navalgund et al., 2013).
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Left-Right muscle
symmetry (crosscorrelation)

Response
amplitude
(dimensionless) *

NA

Response time
(ms)

Maximal value
of that muscle
measured over
all perturbation
directions

↵

Relative duration
of muscle
contraction (%)

Pre-activation
amplitude
(dimensionless)

↵

Relative duration
of co-contraction
of all studied
trunk muscles
(%)

Freddolini
et al.,
2014bc1

Jones et al.,
2012

3 SD above baseline
activity

EMG parameter

Amplitude
normalization /
Threshold definition

Study

Table 2.3. Muscle activation.

↵

Chair release
- muscle
contraction

NA

All directions
combined

250-50 ms before
perturbation

100-175 ms after
perturbation
25-100 ms after
perturbation
100-175 ms after
perturbation

↵

↵

Chair release
- ‘balance
achieved’

Muscle

0.61 (0.13)
0.74 (0.18)
0.69 (0.24)
0.56 (0.15)
Decreased$

Increased$
Increased$
Increased$

RA,
EO,
IO,
ES
REO

LEO
LES3
LES3

Decreased$

Decreased$

Decreased$

Increased$

.0062

.030

.019

.044

NS
NS
NS
<.05

Each
muscle
<.05

Each muscle
increased$
Each muscle
decreased$

↵

0.70 (0.11)
0.75 (0.21)
0.62 (0.15)
0.67 (0.09)

Each
muscle
<.05

Each muscle
decreased$

Each muscle
increased$

↵

<.05

12.6

LBP Outcome

p-value
pain
status

35.2

20 degrees tilt RA, EO,
IO, ES

Perturbation

↵

Chair release
- ‘balance
achieved’

Time Window

Control
Outcome
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EMG parameter

Pre-activation
amplitude
(dimensionless)

Study

Lariviere et
al., 2010

Table 2.3. Continued

Reference
contraction

Amplitude
normalization /
Threshold definition
250-0 ms before
perturbation

Time Window
NA

Perturbation
m 20 (IQR
15-27)
f 23 (IQR
14-30)
m 15 (IQR
12-21)
f 24 (IQR
15-27)
m 24 (IQR
14-31)
f 22 (IQR
15-31)
m 25 (IQR
18-33)
f 18 (IQR
12-51)
m 20 (IQR
10-28)
f 24 (IQR
11-35)
m 15 (IQR
8-28)
f 28 (IQR
18-48)

L5

EO

RA

T10

L1

L3

LBP Outcome

Muscle

m 18 (IQR
11-22)
f 21 (IQR
9-30)
m 18 (IQR
10-39)
f 31 (IQR
15-35)
m 19 (IQR
10-34)
f 24 (IQR
16-36)

m 18 (IQR
16-19)
f 17 (IQR
6-19)
m 11 (IQR
9-14)
f 15 (IQR
6-21)
m 20 (IQR
17-23)
f 17 (IQR7-25)

Control
Outcome

NS

NS

NS

NS

.017

.038

p-value
pain
status

Evidence of Splinting in Low Back Pain? A Systematic Review of Perturbation Studies

2

39

40

Study
Maximal voluntary
contraction

‘SD’ (Hodges & Bui,
1996) and ‘AGLR’
(Staude, 2001)
method
Muscle activity
250ms prior to
perturbation
None

Response time
(ms)

Amplitude
first EMG peak
(dimensionless)

Amplitude first
EMG peak
(μVolt)

Amplitude
normalization /
Threshold definition

↵

EMG parameter
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↵

30-150 ms after
perturbation

Perturbation
onset - muscle
‘on’

↵

Time Window

↵

↵

Forward pull
T4

↵

Perturbation
m 10 (IQR
6-21)
f 11 (IQR
6-20)
m 5 (IQR 2-8)
f 4 (IQR 3-9)
m 11 (IQR
4-19)
f 8 (IQR 7-13)
m 6 (IQR
4-12)
f 5 (IQR 4-12)

L5

All NR
Decreased$

Increased$

Increased$
All NR

Decreased$

All NR

L5, L1,
T10
L3
L5, L1,
T10
L3

All NR

All NR

All NR

m 4 (IQR 3-6)
f 5 (IQR 4-7)

m 3 (IQR 2-4)
f 4 (IQR 2-5)
m 5 (IQR 4-7)
f 7 (IQR 4-9)

f 8 (IQR 6-12)

m 6 (IQR 5-8)

L5, L3,
L1, T10

T10

L1

L3

LBP Outcome

Muscle

Control
Outcome

.008

All NS

.025

All NS

All NS

NS

.009

.019

.042

p-value
pain
status

Chapter 2

Response time
(ms)

↵

Leinonen et
al., 2001c2

Leinonen et
al., 2003c2

Liebetrau et
al., 2013

Visual inspection
rectified signal

EMG parameter

Study

None

4 SD above baseline
activity

None

Preactivation
amplitude (μVolt)

Response time
(ms)

Response
amplitude (μVolt)

↵

Amplitude
normalization /
Threshold definition

Table 2.3. Continued

↵

0-200 ms after
perturbation

300-0 ms before
perturbation

↵

Perturbation
onset - muscle
‘on’

Time Window

↵

Left hand
downward
pull

NA

↵

Weight
dropped in
box in hands

Perturbation

NS¥
NS¥
NS¥

NR
2 (1)
6 (3)
14 (11)
3 (2)
2 (2)
39 (11)
33 (6)
55 (11)
57 (31)
79 (43)
65 (53)
104 (41)
85 (43)
30 (29)
29 (34)

NR
4 (3)
9 (8)
14 (13)
2 (2)
3 (3)
54 (11)
39 (11)
76 (26)
74 (39)
85 (37)
42 (36)
88 (53)
79 (71)
26 (24)
27 (25)

RA
OE
OI
ES
MF
RA
OE
OI
ES
MF
RA
OE
OI
ES
MF

↵

T12
L5

NS
NS
NS
NS
NS

<.01
NS
<.01
NS
NS

NS
NS
NS
NS
NS

NS¥
NS¥

Supported
stance:
47.7 (15)
42.8 (9)
Unsupported:
43.0 (17)
41.9 (11)

T12
L5

Supported
stance:
57.2 (36)
41.5 (14)
Unsupported:
41.0 (20)
34.9 (11)

LBP Outcome

Muscle

p-value
pain
status

Control
Outcome
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2

42
2 SD above baseline
activity

Biering-Sorenson
test (BieringSorensen, 1984)

Response
amplitude (%
Sorenson)

Response time
(ms)

Response time
(ms)

2 SD above baseline
activity

Pre-activation
amplitude
(dimensionless)

Miller et al.,
2013

Navalgund
et al., 2013

MVC

EMG parameter

Amplitude
normalization /
Threshold definition

Study

Table 2.3. Continued

↵

Perturbation
onset – muscle
‘on’

Perturbation
onset – muscle
‘on’

400-0ms prior
to perturbation
onset

Time Window

6.1 (4.1)
7.1 (3.9)
5.3 (3.8)
↵

MF(fw)
MF
ES

Increased$

NR

LBP Outcome

44 (9.5)
42.7 (3.0)
43.1 (4.7)

↵

L3

Muscle

Continuous
MF(fw)
100N anterior
MF
pull at T6-T7
ES
level with
pseudorandom
perturbations
of additional
load

10 mm
anterior
trunk push in
~40ms

NA

Perturbation

9.1 (5.1)
9.7 (4.1)
8.6 (4.4)

.030
NS
NS

.014
.016
.001

.006

Decreased$

36.9 (6.8)
37.3 (5.1)
36.4 (5.2)

NS

p-value
pain
status

NR

Control
Outcome

Chapter 2

None

Detected by
matlab and visually
corrected
Detected by
matlab and visually
corrected
None

Subjects in
whom muscle
firing was
detected on at
least 1 side (%)

Preactivation
amplitude (μVolt)

Response time
(ms)

Response
amplitude (AUC)

Response
amplitude (μVolt)

Newcomer
et al., 2002

Notzel et
al., 2011

Above 99% CI
baseline activity

EMG parameter

Amplitude
normalization /
Threshold definition

Study

Table 2.3. Continued

↵

↵

↵

NR

0-750ms after
perturbation
onset

Time Window

All NR

All NR

All NR

All NR

↵

↵

All NR

All NR
↵

↵

↵

Mediolateral

All NR

All NR

RA, OI,
OE, MF,
ES

85
65
75
50
80
90
65
70
75
15

ES
RA
ES
RA
ES
RA
ES
RA
ES
RA

All NS

All NS

All NS

All NS

<.05
<.05
<.05
<.05
<.05
NS
<.05
<.05
<.05
<.05

100
75
90
55
90
90
70
70
75
50

LBP Outcome

Muscle

NA

Backward
large
Backward
medium
Forward large
Forward
medium
Toes up

Perturbation

p-value
pain
status

Control
Outcome
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43

44
1.4 SD above
baseline activity for
at least 25 ms

1.4 SD below
baseline activity for
at least 44 ms
1.4 SD above
baseline activity for
at least 25 ms
1.4 SD below
baseline activity for
at least 44 ms
1.4 SD above
baseline activity for
at least 25 ms
1.4 SD below
baseline activity for
at least 44 ms

EMG parameter

Mean number
of antagonists
‘on’ (n)

Mean number of
agonists ‘off’ (n)

First antagonist
muscle ‘on’ (ms)

First agonist
muscle ‘off’ (ms)

Mean
antagonistic
muscle reaction
time (ms)

Mean agonistic
muscle reaction
time (ms)

Radebold et
al., 2000

Amplitude
normalization /
Threshold definition

Study

Table 2.3. Continued

↵

↵

↵

↵

↵

NR

Time Window

↵
↵
↵
↵
↵

Extension
Flexion
Lateroflexion
Extension
Flexion
Lateroflexion
Extension
Flexion
Lateroflexion
Extension
Flexion
Lateroflexion

RA EO,
IO, LD,
T9, L3

Sudden
release pull
towards:
Extension
Flexion
Lateroflexion
Extension
Flexion
Lateroflexion

Muscle

Perturbation

72 (32)
92 (70)
83 (55)

87 (34)
85 (25)
86 (16)

35 (12)
42 (27)
50 (52)

63 (18)
59 (14)
61 (11)

4.7 (1.1)
3.0 (2.9)
2.5 (1.3)

5.4 (1.1)
5.4 (0.8)
5.2 (1.0)

LBP Outcome

57 (21)
60 (29)
55 (23)

69 (18)
69 (8)
74 (15)

30 (8)
32 (15)
30 (10)

56 (11)
53 (10)
54 (6)

5.1 (1.1)
4.3 (2.1)
3.7 (1.1)

5.8 (0.5)
5.3 (0.8)
5.7 (0.4)

Control
Outcome

<.01
<.01
<.01

<.01
<.01
<.01

<.01
<.01
<.01

<.01
NS
<.01

<.01
<.01
<.01

<.01
NS
<.01

p-value
pain
status

Chapter 2

None

↵

↵

Agonistic muscle
response time
OFF (ms)

Response
amplitude
(dimensionless)

1.4 SD below
baseline activity for
at least 44 ms

Mean
antagonistic
muscle respone
time ON (ms)

Radebold et
al., 2001

Ramprasad
et al., 2010

1.4 SD above
baseline activity for
at least 25 ms

EMG parameter

Amplitude
normalization /
Threshold definition

Study

Table 2.3. Continued

69 (18)
63 (9)
70 (13)
53 (37)
68 (40)
53 (20)
Increased$
Increased$

Decreased$
Decreased$

74 (15)
80 (20)
80 (16)

Sudden
release
of three
kilograms
steel cylinders
onto the
outstretched
hand
↵

40ms to 250
ms after
perturbation
onset

Extension
Flexion
Lateroflexion

63 (27)
68 (40)
57 (21)
Decreased$
Decreased$

Increased$
Increased$

↵
RA
ES

RA
ES

RA EO,
IO, LD,
T9, L3

Sudden
release pull
towards:
Extension
Flexion
Lateroflexion

LBP Outcome

Muscle

Perturbation

40ms to 120
ms after
perturbation
onset

↵

0-300 ms after
perturbation
onset

Time Window

Control
Outcome

.05
.05

.05
.02

<.05
<.05
NS

<.05
<.05
<.05

p-value
pain
status
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46
MEMGD method
(Stokes et al., 2000)

Mean difference
pre- and post
activation
amplitudes
(dimensionless)
25-150 ms
before and after
perturbation
onset

25-150 ms after
perturbation
onset

↵

0 to 2
seconds after
perturbation
onset

Time Window

↵

Trunk pull
in multiple
directions

Extension
Flexion
Left
Right

Sudden
release pull
towards:
Extension
Flexion
Left
Right

Perturbation

↵

↵

↵

RA EO,
IO, LD,
T9, L5

Muscle

0.545

3.5

65 (18)
99 (67)
81 (38)
62 (41)

87 (28)
82 (15)
87 (15)
91 (32)

LBP Outcome

0.548

4.3

44 (11)
58 (37)
54 (28)
45 (22)

74 (20)
62 (10)
78 (27)
74 (15)

Control
Outcome

NS

NS

<.001
.028
.019
NS

NS
<.001
NS
.044

p-value
pain
status

AUC = area under the curve, CI = Confidence Interval, cn = The subjects described in these studies belong to the same cohort, ES = m. erector
spinae, f = female, fw = finewire EMG, IQR = interquartile range (Q1-Q3), LD, m. latissimus dorsi, Ln = lumbar erector spinae at level of n-th
vertebrae, m = male, MEMGD = mean EMG difference, MF = m. multifidus, MVC = maximally voluntary contraction, NS = not significant, OI = m.
obliquus internus, OE = m. obliquus externus, Tn = thoracic erector spinae at level of n-th vertebrae, ↵ = the same value/content as above, $ = no
mean values reported, ¥ = Statistical test was performed with results of expected and unexpected perturbations combined, * = Only significant
results are reported. Parenthesized values are standard deviations, unless stated otherwise. Underlined words are linked to presented mean
values and levels of significance on the same horizontal level.

Shewhart method
(Hodges & Bui, 1996)

Mean
antagonistic
muscle response
time OFF (ms)

Muscles
activated in
response to
perturbation (%)

1.5 SD below
baseline activity

Mean
antagonistic
muscle response
time ON (ms)

Reeves et
al., 2005

Stokes et
al., 2006

1.5 SD above
baseline activity

EMG parameter

Amplitude
normalization /
Threshold definition

Study

Table 2.3. Continued
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Kinematic response to perturbations
An overview of the five studies that assessed kinematic outcomes is presented in Table
2.4. Two studies imposed a backwards tilt followed by release of a swing chair in one
cohort of subjects (Freddolini, Strike, S, et al., 2014; Freddolini, Strike, et al., 2014).
These studies reported larger sagittal plane angular velocity of the hip in LBP patients,
but not of the lumbar spine. In patients, the sagittal range of motion (defined as the
maximum minus the minimum angle measured from chair release until the time a
balanced position was achieved) was significantly smaller for the lumbar spine but
larger for the hip. It took subjects between four and five seconds to regain balance
with no significant group difference. One study assessed the effect of a downward arm
pull on trunk kinematics (Gotze et al., 2015). This study reported that subjects with LBP
showed a smaller caudal movement of both posterior superior iliac spines (PSIS) and a
greater anterior position of the ipsilateral PSIS in reaction to the perturbation. In a study
in which a weight was dropped in a container held in the hands of standing subjects
standing on multiple surfaces, it was found that initiation of lumbar flexion occurred
later in LBP patients, without significant differences in the range of motion of the lumbar
spine, or the onset of anterior lumbar translation relative to the environment (Mok et
al., 2011). A study that imposed an anterior push to the trunk reported no significant
between group differences in kinematic outcomes (Miller et al., 2013).
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Gotze et al.,
2015

Perturbation onset to 1
second after

MAPCH (mm)
MAPISIPS (mm)
MCMCSIPS (mm)
MCMISIPS (mm)

Arm pull

NA

↵

10 deg. tilt
20 deg. tilt

Chair release to ‘balance
achieved’

Time to regain balance
(s)

Chair

10 deg. tilt
20 deg. tilt

At balanced position

Balancing error (deg)

↵

10 deg. tilt
20 deg. tilt

At second peak angle
chair

↵

↵

13.0 (5.0)
7.6 (3.8)
6.1 (2.1)
5.6 (2.4)

4.5 (2.1)
4.3 (1.6)

2.6 (2.5)
2.3 (1.7)

0.18 (0.14)
0.31 (0.32)

0.24 (0.16)
0.26 (0.29)

Hip and
Lumbar Spine

10 deg. tilt
20 deg. tilt

At first peak angle chair

Spine/hip angle ratio
(dimensionless)

31.8 (8.6)
9.2 (5.3)
27.5 (6.0)

Hip
Lumbar Spine
Chair

20 deg. tilt

↵

↵

26.6 (9.3)
7.9 (3.5)
22.4 (7.2)

Hip
Lumbar Spine
Chair

10 deg. tilt

Chair release to ‘balance
achieved’

Maximum - minimum
angle (deg)

Freddolini et
al., 2014a

1.91 (0.56)
0.58 (0.34)

Hip
Lumbar Spine

↵

Maximum - minimum
angular velocity (rad/s)

0.44 (0.11)
0.13 (0.07)

20 deg. tilt

Hip
Lumbar Spine

Chair release to ‘balance
achieved’

RMS angular velocity
(rad/s)

Freddolini et
al., 2014bv

LBP Outcome

Perturbation

Joint

Time Window / Instant

Kinematic Parameter

Study

Table 2.4. Kinematic response to perturbations.

8.4 (4.4)
3.3 (3.4)
8.5 (4.0)
8.5 (4.0)

4.3 (1.4)
4.6 (2.0)

1.8 (1.6)
1.9 (2.0)

0.41 (0.35)
0.53 (0.63)

0.47 (0.39)
0.58 (0.67)

25.3 (9.1)
13.3 (7.6)
28.4 (6.3)

20.6 (6.9)
9.9 (5.3)
22.4 (6.1)

1.50 (0.53)
0.71 (0.36)

0.35 (0.11)
0.16 (0.09)

Control
Outcome

.04
.02
NS
NS

NS
NS

NS
NS

NS
NS

NS
NS

<.05
<.05
NS

<.05
<.05
NS

<.05
NS

<.05
NS

p-value
pain
status

Chapter 2

NR

↵

Onset anterior
translation of L1 (ms)

Lumbar flexion onset
(ms)

Mok et al.,
2011

↵
↵

Onset of first lumbar
motion (translation or
flexion) (ms)

Total excursion of
lumbar motion (deg)

<.001

<.05

Shorter$

Sooner$

3.05 (1.45)
3.25 (1.21)

Later$

2.36 (1.41)
2.36 (1.19)

↵
↵

↵
Flat surface
Short base

↵

Longer$

Both surfaces

108.1 (14.2)
136.1 (18.2)

164.9 (26.8)
210.6 (51.1)

↵

Flat surface
Short base

NS¥

<.001¥

NS¥

137.4 (45.1)
183.8 (63.8)

163.7 (38.3)
164.2 (56.7)

NS

NA

NR

Drop 1kg
weight in
hands on:
Flat surface
Short base

NR

LBP Outcome

NA

Joint

p-value
pain
status

10 mm
anterior trunk
push in ~40ms

Perturbation

Control
Outcome

MAPCH = Maximum anterior position of contralateral head, MAPISIPS = Maximum anterior position of ipsilateral SIPS, MCMCSIPS = Maximum
caudal movement of contralateral SIPS, MCMISIPS = Maximum caudal movement of ipsilateral SIPS, NA = not applicable, NR = not reported,
NS = not significant, $ = no mean values reported, ¥ = Statistical test was performed with results of flat surface and short base combined, ↵ = the
same value/content as above. Parenthesized values are standard deviations. Underlined words are linked to presented mean values and levels of
significance on the same horizontal level.

↵

Duration between onset
lumbar translation and
lumbar flexion (ms)

NR

Peak anterior trunk
velocity (mm/s)

Miller et al.,
2013

Time Window / Instant

Kinematic Parameter

Study

Table 2.4. Continued
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Kinetic response to perturbation
An overview of studies that assessed kinetic outcomes is presented in Table 2.5. In
the two studies that reported the kinetic response to perturbations, subjects were
perturbed by release of a swing chair (Freddolini, Strike, S, et al., 2014), or by translation
of the standing surface (Miller et al., 2013). In the swing chair experiments, no significant
between group differences were found in terms of hip and trunk moments and powers.
In the standing surface perturbation experiment, the first peak in trunk moment
(within 25-100 ms after perturbation) occurred earlier in LBP patients. No differences
in maximal trunk moment or the rate of moment development were reported (within
25-250 ms after perturbation).
Estimated mechanical properties of the trunk
An overview of the two studies that assessed estimated mechanical trunk properties
is presented in Table 2.6. Subjects were perturbed in a seated position in both studies
(Freddolini, Strike, et al., 2014; Miller et al., 2013). In the experiment in which a swing
chair was released, no significant between group differences in trunk damping, and
natural frequency of the trunk in the sagittal plane were reported (Freddolini, Strike, et
al., 2014). In an experiment in which the trunk of subjects was pushed in anterior and
posterior directions with the pelvis fixed on a chair, no between group differences in
sagittal trunk stiffness or effective trunk mass were reported (Miller et al., 2013). The
LBP subjects in this experiment suffered from ‘exercise induced LBP’. After recovery
from this LBP the estimated sagittal plane trunk stiffness in this group was significantly
higher than in the control group.
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↵

Height and
weight

Height and
weight

Height and
weight

Maximum-minimum
power (P/(m×g1/2 l3/2))

Peak torque (?)

Rate of torque
development (?)

Peak torque latency,
initial trunk response
(ms)

25-100
ms after
perturbation
onset

Peak-to-Peak
(minimum
to maximum
torque)

25-250
ms after
perturbation
onset

↵

↵

↵

Chair release
to ‘balance
achieved’

↵

↵

↵

Sagittal

Plane

↵

↵

0.087 (0.03)
0.072 (0.03)
0.06 (0.04)
0.013 (0.01)
0.20 (0.14)
0.06 (0.05)
NR
NR

NR
NR

Later$
Later$

0.081 (0.03)
0.089 (0.03)
0.078 (0.02)
0.067 (0.02)
0.06 (0.03)
0.010 (0.01)
0.19 (0.11)
0.04 (0.04)
NR
NR

NR
NR

Earlier$
Earlier$

Hip
Lumbar spine
Hip
Lumbar spine
Hip
Lumbar spine
Hip
Lumbar spine

↵
↵

Sagittal
Coronal

Trunk

0.083 (0.04)
0.084 (0.05)

LBP Outcome

Joint

Sagittal
Coronal

All directions Sagittal
with sagittal/ Coronal
coronal
component

↵

↵

↵

20 deg. tilt

Time Window Perturbation

Control
Outcome

.003
<.05

NS
NS

NS
NS

NS
NS

NS
NS

NS
NS

NS
NS

p-value
pain
status

g = gravity acceleration (9.81 m/s2), l = leg length (m), m = body mass (kg), M = moment, NR = not reported. NS = not significant, P = power, ↵ = the
same value/content as above, $ = no mean values reported. Parenthesized values are standard deviations.

Jones et
al., 2012

Maximum moment
(M / (m×g×l))
↵

↵

Mean RMS
Moment (M/(m×g×l))

Freddolini
et al.,
2014b

Mean RMS
Power: (P/(m×g1/2 l3/2))

Weight and
leg length

Kinematic Parameter

Study

Amplitude
normalization

Table 2.5. Kinetic response to perturbations.
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52
↵

As long as the load
cell measured a
tensile force (while
the trunk was being
pushed)

↵

Chair release to
‘balance achieved’

Time Window

↵

10 degrees tilt
20 degrees tilt

↵

↵

Sagittal

Sagittal

10 degrees tilt
20 degrees tilt

1cm anterior
and posterior
push

Plane

Perturbation

↵

L5-S1

↵

Chair

Joint

NR

NR

3.5 (0.9)
3.5 (0.9)

0.2 (0.1)
0.3 (0.1)

LBP
Outcome

NR = not reported, NS = not significant, ↵ = the same value/content as above. Parenthesized values are standard deviations.

Effective trunk mass ↵
(kg)

Second
order

Natural frequency
(rad/s)

Trunk stiffness (N/
mm)

↵

Damping ratio (?)

Freddolini et
al., 2014a

Miller et al.,
2013

Second
order

Estimated Property

Study

Order
system

Table 2.6. Estimated mechanical properties of the trunk.

NR

NR

3.5 (0.9)
3.5 (0.9)

0.3 (0.1)
0.3 (0.1)

Control
Outcome

NS

NS

NS
NS

NS
NS

p-value
pain
status
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Pooling of results
Statistical comparison of outcomes from four blocks (muscle activity amplitude before
and after perturbation, muscle activity timing and kinematic amplitude) were presented
by three or more studies and hence pooled (Table 2.7). We found that only the evidence
for splinting behaviour in LBP in terms of longer response times of trunk muscles
merits further attention. No indications for altered amplitudes of muscle activation, or
kinematic responses were found. Between-subject variance was pooled for two blocks
of outcomes (muscle activation and kinematics). No indications for variable muscle
activation strategies between LBP patients were found (Supplement 2.3).
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Table 2.7. Within group variability of reported outcomes.
In patients with LBP mean outcome is:
NRNS or
equal*

Lower/
Shorter
Parameter

Study

Preperturbation
muscle
activity
amplitude

Jones et al., 2012
Lariviere et al., 2010
Liebetrau et al., 2013
Miller et al., 2013
Notzel et al., 2011
Mean¥ %

Muscle
activity
amplitude

Freddolini et al.,2014b
Jones et al., 2012
Lariviere et al., 2010
Liebetrau et al., 2013
Navalgund et al., 2013
Newcomer et al., 2002
Notzel et al., 2011
Radebold et al., 2000
Reeves et al., 2005
Stokes et al., 2006
Mean¥ %

Higher/
Longer

p<.05

NS

NS

NS

p<.05

1 (12,5%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

0 (0%)
1 (20%)
-

7 (87,5%)
2 (20%)
1 (20%)
1 (100%)
5 (100%)

3 (30%)
3 (60%)
-

0 (0%)
5 (50%)
0 (0%)
0 (0%)
0 (0%)

2,5%
0 (0%)
0 (0%)
0 (0%)
0 (0%)
1 (33%)
7 (70%)
0 (0%)
2 (67%)
2 (50%)
0 (0%)
22%

87,5%
5 (100%)
2 (67%)
0 (0%)
0 (0%)
0 (0%)
1 100%)

10%

0 (0%)
4 (100%)
21 (87,5)
3 (12,5%)
6 (75%)
2 (25%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
3 (30%)
0 (0%)
0 (0%)
10 (100%)
0 (0%)
0 (0%)
1 (33%)
0 (0%)
0 (0%)
0 (0%)
2 (50%)
0 (0%)
0 (0%)
0 (0%)
59%

19%

53
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Table 2.7. Continued
In patients with LBP mean outcome is:
Lower/
Shorter
Muscle
activity
timing

Freddolini et al., 2014b
Lariviere et al., 2010
Leinonen et al., 2001, 2003
Liebetrau et al., 2013
Miller et al., 2013
Navalgund et al., 2013
Notzel et al., 2011
Radebold et al., 2000
Radebold et al., 2001
Shenoy et al., 2013
Mean¥ %

Kinematics
amplitude

4 (100%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

1 (25%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

0 (0%)
4 (100%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
5 (100%)
0 (0%)
0 (0%)
0 (0%)

2 (50%)
2 (50%)
2 (100%)

0 (0%)
0 (0%)
1 (100%)
0 (0%)

10%

Freddolini et al., 2014a,b
Gotze et al., 2015
Miller et al., 2013
Mok et al., 2011

2 (50%)
0 (0%)
0 (0%)
0 (0%)

Mean¥ %

12.5%

NRNS or
equal*

Higher/
Longer
3 (75%)
3 (60%)
0 (0%)
1 (17%)
0 (0%)
2 (50%)

0 (0%)
0 (0%)
0 (0%)
2 (40%)
1 (100%)
3 (100%)
0 (0%)
5 (83%)
3 (100%)
2 (50%)

0 (0%)
0 (0%)
0 (0%)

0 (0%)
2 (50%)
0 (0%)
0 (0%)

43%

75%

47%

12.5%

The table displays the number of times reported outcomes were significantly higher, not significantly
different or significantly lower in LBP subjects compared to healthy controls. If outcomes were not
significantly different and mean values were provided the table shows if the reported means in the
LBP group were decreased/lower or increased/higher compared to the control group.
NRNS = If mean values are Not Reported and between group differences were Not Significant,
* = Reported mean values were identical between groups, - = Cell empty because mean values were
not reported, only statistical significance of between group differences. ¥ = Calculated by averaging
the percentage of outcomes in each study over studies.

Discussion
The aim of this systematic review was to assess whether LBP patients demonstrate
signs of splinting by evaluating the anticipation and reactions to unexpected mechanical
perturbations in terms of trunk muscle activity, kinetic and kinematic trunk responses
and estimated mechanical properties of the trunk. To test if variability may have masked
group differences within the LBP population, we evaluated within group variances as
well. No sign for increased variance within the LBP group was found. We found evidence
in line with splinting behaviour in LBP in terms of a longer response time of muscle
activation, which merits further attention. No signs of splinting behaviour were found
for any of the other outcome measures.
Longer response time of trunk muscle activation may occur as a result of splinting in
response to LBP, but they have also been identified as a risk factor for developing LBP
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(Cholewicki et al., 2005). It was found that college athletes who showed longer response
times of relaxation of trunk muscles in a sudden release experiment were at higher risk
of developing LBP. Increased latencies of trunk muscles may require higher reactive
muscle forces in reaction to external perturbations (Reeves, Cholewicki, & Narendra,
2009), which could lead to injury and LBP. It could be that the longer response times
present before getting LBP (not explained by splinting behaviour) (Cholewicki et al.,
2005) remain present after LBP develops. In addition, the interpretation of increased
response times of muscle activation in LBP requires some caution. First of all, these
response times should not be interpreted as reflex delays (a term used by many of the
included papers in this review). Response times are dependent on both reflex delays and
the initial conditions of the trunk. If the initial resistance of the trunk to a perturbation
is increased by a higher trunk mass, trunk stiffness or damping, the acceleration of
the trunk will be lower, which may well result in longer response times for a given
reflex delay, due to later detection by the sensory system. Second, it is possible that
longer response times of trunk muscles in LBP patients are the result of a bias in data
analysis. In most studies in which response times of trunk muscles were evaluated, the
first muscular response was defined as the instant at which an EMG signal exceeded
a predetermined number of standard deviations above baseline activity. Hence, the
reported response time is influenced by both the mean and within-subject variance
of baseline muscle activity. Although mean baseline activity was reported in most
studies, none of the included studies reported the within-subject variability of this
baseline activity. Increased variability of trunk muscle activity has been reported in
LBP during gait (Lamoth, Meijer, et al., 2006), but, to the best of our knowledge, has
not been evaluated in this population during static tasks. If mean baseline activity and
the muscular response to a perturbation are identical between subjects, one would
expect to find longer latencies of muscle activation in subjects with higher baseline
variability of muscle activity.
In all of the four blocks of outcomes that were pooled e.g., pre-perturbation
muscle activity, timing and amplitude of muscle activity and amplitude of kinematics,
conflicting significant between group differences were reported by at least two studies
per block. The two most likely explanations for these differences are the usage of
different experimental setups and the methods for data analyses. The study that found
a significantly decreased pre-perturbation muscle activity normalized EMG signals to
the maximum value of that muscle measured over all trials (Jones et al., 2012), whereas
the studies that reported increased amplitudes of back muscles both utilized maximally
voluntary contractions and reference contractions to normalize the data. The one study
that found deviating significant results when compared to the other studies in muscle
activation amplitude and kinematic amplitudes was the only one in which subjects had
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to recover from a perturbation on an unstable seat (Freddolini, Strike, S, et al., 2014).
It is likely that such a condition requires a different motor control strategy because
stiffening of the spine will not result in stabilization of the seat.
It is possible that signs of splinting were present in the investigated LBP cohorts,
but overlooked for at least two reasons. First of all, the performed analyses of the
muscle responses, kinematics and kinetics could be sub-optimal. Summarizing a onedimensional, i.e., time varying, reaction to a perturbation with a discrete value, e.g.,
maximal amplitude, might be an oversimplification of the data. Not only does this
increase the chance of type I errors (Pataky, Vanrenterghem, & Robinson, 2016), it
also has negative consequences on the comparability of results between studies. All
studies evaluated the reactions to perturbations over one or more arbitrarily chosen
time-window(s) and reported discrete outcomes within these windows. The reaction
to a perturbation within a time window can be quite complex. For instance, the EMG
signal can contain multiple peaks, e.g., monosynaptic and polysynaptic reflexes and
voluntary responses. In that case, discrete outcomes are difficult to interpret. For the
same reason, apparently conflicting results between studies could be the consequence
of different adopted time-windows. One study that assessed the muscular response
over two time windows, i.e., 40 – 120 ms and 40 – 250 ms after perturbation onset,
reported a significant decrease in abdominal and back muscle amplitude in LBP patients
over the first time window and a significant increase over the second (Ramprasad et
al., 2010), which underpins that the comparability of studies that applied different
time-windows is limited.
Secondly, the adopted models to estimate the mechanical properties of the trunk
might be over-simplified. The effect of perturbations on the kinematics of the trunk
depends both on intrinsic and reflexive components (Moorhouse & Granata, 2007). In
the two studies that estimated mechanical trunk properties (Freddolini, Strike, et al.,
2014; Miller et al., 2013) only one lumped value (i.e. comprising information on both
the intrinsic and reflexive component) of each parameter was calculated. To determine
whether splinting is present in LBP patients, the intrinsic stiffness of the trunk should
be isolated, which was not done in the included studies.
As a result of the variation in experimental setups and analysis methods, evidence
for splinting behaviour remains inconclusive. Increased estimated spinal stiffness in
LBP was found in a study among patients with recurrent low back pain (in a pain free
episode and therefore not included in this review) (Hodges, van den Hoorn, Dawson,
& Cholewicki, 2009). A later study reported a significant positive correlation between
estimated spinal stiffness and fear of movement in LBP (Karayannis, Smeets, van den
Hoorn, & Hodges, 2013). This study utilized a control group from the aforementioned
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experiment (Hodges et al., 2009) that did not use the same perturbation force.
Therefore, this study was also not included in this review.
Several recommendations for future research on postural control of LBP patients can
be made. First of all, it is recommended to study the trunk in isolation, with a restrained
pelvis and perturbations imposed directly to the trunk (Maaswinkel, Griffioen, Perez, &
van Dieën, 2016). This prevents that other segments of the body influence the results
and makes interpretation of the data more straightforward. Second, instead of using
a lumped model to predict mechanical properties of the trunk, it is recommended to
estimate both intrinsic and reflexive components using system identification (Granata,
Rogers, & Moorhouse, 2005). Third, to statistically compare one-dimensional data,
techniques should be used that are designed for time series analysis like wavelet-based
functional ANOVA’s (McKay, Welch, Vidakovic, & Ting, 2013) and One Dimensional
Statistical Parametric Mapping (Pataky, Robinson, & Vanrenterghem, 2013). Finally,
when reporting EMG results, measurements that are used to normalize the signal, or
to calculate a threshold, should be reported to give more insight in possible biases,
e.g., pain-related inhibition during MVC, increased co-contraction during a reference
contraction and/or thicker sub-cutaneous fat in patients. For example, the EMGamplitude and generated torque during an MVC used for normalization should be
reported and the mean and variability of baseline EMG-signal used to determine
response time to a perturbation as well.
We conclude that there is currently no convincing evidence for the presence of
splinting behaviour in LBP patients, because we found no indications for splinting in
terms of kinetic and kinematic responses to perturbation or the derived mechanical
properties of the trunk. The indication of delayed onset of muscle activation in reaction
to perturbations deserves further attention. Standardized experimental protocols and
more advanced data analyses should be utilized in future research to provide conclusive
evidence for the splinting hypothesis in low back pain.
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Supporting information
Supplement 2.1. Search strategy
Database

Date

Academic SearchPremier
CINAHL
EMBASE
MEDLINE Premier
ScienceDirect

July 6th 2015
July 6th 2015
July 7th 2015
July 6th 2015
July 6th 2015

Search string
((((Back Pain) OR Lumbar Pain))
AND
((((Perturb*) OR
Disturb*) OR
((Sudden) AND ((Loading) OR Unloading))) OR
((((Sitting) OR Seated)) AND Balance)))
AND
(((((Kinematic*) OR
Kinetic*)) OR
(((((Stiffness) OR Damping) OR Mechanic*) OR Dynamic*) OR Biomechanic*)) OR
(((Muscle) OR Muscular) OR Electromyograph*))
Supplement 2.2. Study selection
Please find the endnote library containing the study selection at:
https://www.dropbox.com/sh/uk13pukpp1ny22y/AABzXCWfWJjGERYbyeUDSLsda?dl=0
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Supplement 2.3. Pooling of variances
Methods
A second pooling of results was performed to evaluate whether responses to
perturbations were more variable within the LBP group. The percentage of higher
(or lower) between-subject variances were documented in the same manner as the
first pooling, however, for this analysis the outcomes were not divided in nine blocks,
but in four outcome groups (muscle activation, kinetics, kinematics and mechanical
properties). Variances were not expected to be statistically compared in any of the
included studies. Therefore, we considered the evidence for more variable responses
within the LBP group to be requiring further attention if the average percentage of
variances that were higher (or lower) in LBP patients was 60 percent or more.
Results
Between-subject variance was pooled for two blocks of outcomes (muscle activation
and kinematics). No indications for multiple muscle activation strategies between LBP
patients were found (Supplementary Table 2.3.1).
Supplementary Table 2.3.1 Within group variability of EMG outcomes.
In patients with LBP variance is:
Parameter

Study

Lower

Equal

Higher

Muscle
activity

Freddolini et al.,2014b
Lariviere et al., 2010
Leinonen et al., 2001
Liebetrau et al., 2013
Navalgund et al., 2013
Radebold et al., 2000
Radebold et al., 2001
Shenoy et al., 2013

1 (25%)
4 (20%)
3 (75%)
4 (27%)
5 (83%)
0 (0%)
3 (50%)
1 (13%)

0 (0%)
0 (0%)
1 (25%)
2 (13%)
0 (0%)
2 (11%)
1 (17%)
0 (0%)

3 (75%)
16 (80%)
0 (0%)
9 (60%)
1 (17%)
16 (89%)
2 (33%)
7 (88%)

Mean¥ %
Kinematics

Freddolini et al., 2014a, 2014b
Gotze et al., 2015
Mok et al., 2011
Mean¥ %

37%

8%

54%

12 (75%)
2 (50%)
2 (33%)

1 (6%)
0 (0%)
0 (0%)

3 (19%)
2 (50%)
4 (67%)

53%

2%

45%

The table displays the number of times the between-subject variance of reported outcomes
was higher, equal or lower in the LBP group compared to healthy controls. ¥ = Calculated by
averaging the percentage of outcomes in each study over studies.
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Abstract
Patients with chronic low back pain (CLBP) often demonstrate altered timing of thorax
rotations in the transverse plane during gait. Increased axial trunk stiffness has been
claimed to cause this movement pattern. The objective of this study was to assess
whether axial trunk stiffness is increased in gait in CLBP patients. 15 CLBP patients and
15 healthy controls walked on a treadmill that imposed rotational perturbations in the
transverse plane. The effect of these perturbations on transverse pelvis, thorax and
trunk (thorax relative to pelvis) rotations was evaluated in terms of residual rotations,
i.e., the deviation of these movements from the unperturbed patterns. In view of the
heterogeneity of the CLBP group, we additionally performed a subgroup comparison
between seven patients and seven controls with maximal between-group contrast
for timing of thorax rotations. Rotations of the walking surface had a clear effect on
transverse pelvis, thorax and trunk rotations in all groups. No significant between-group
differences on residual transverse pelvis, thorax and trunk rotations were observed.
Axial trunk stiffness in gait does not appear to be increased in CLBP. Altered timing of
thorax rotations in CLBP does not seem to be a result of increased axial trunk stiffness.
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Introduction
Gait changes in chronic low back pain (CLBP) are generally considered to be responses
to the symptoms of low-back pain, irrespective of underlying pathology. Examples
of such adaptations are that patients with CLBP prefer a lower gait speed, (Lamoth,
Daffertshofer, Meijer, & Beek, 2006; Lamoth, Meijer, et al., 2006, 2002; Lamoth et
al., 2008; Selles et al., 2001; van den Hoorn et al., 2012) take shorter steps, (Lamoth,
Daffertshofer, et al., 2006; Lamoth, Meijer, et al., 2006; Lamoth et al., 2008) and
demonstrate an altered timing of transverse plane thorax rotations (Huang et al., 2011).
If a person walks slow, transverse thorax and pelvis rotations are in-phase, i.e.,
synchronous rotation in the same direction. When speeding up, the timing of pelvis
rotations relative to the pendular movements of the legs changes from out-of-phase,
i.e., in the opposite direction, to in-phase. In healthy subjects, the timing of thorax
rotations relative to the legs remains constantly out-of-phase over gait speeds. The
result is a clear shift towards out-of-phase thorax-pelvis timing. On a group level this
shift in movement pattern occurs less in CLBP patients (Lamoth, Daffertshofer, et al.,
2006; Lamoth, Meijer, et al., 2006, 2002; Lamoth et al., 2008; Seay et al., 2011; Selles
et al., 2001), because they show a gradual change in thorax timing towards in-phase
with the legs with increasing gait speed (Huang et al., 2011). Not all CLBP patients
demonstrate this behaviour. Studies that found significant between group differences
in transverse thorax-pelvis timing reported a high within-group variance (Huang et al.,
2011; Lamoth, Meijer, et al., 2006, 2002).
The underlying mechanism of altered timing of thorax rotations in CLBP gait remains
unknown. One way to attenuate out-of-phase movement of pelvis and thorax would
be to alter the axial stiffness of the trunk (Kubo et al., 2006). By enhancing axial trunk
stiffness, through co-contraction or through increasing reflex gains of trunk muscles,
the spine will be protected against large movement excursions due to mechanical
perturbations. Several studies that investigated trunk kinematics in CLBP gait reported
signs of increased axial trunk stiffness in these patients in terms of altered timing of
transverse thorax rotations and decreased variability of transverse trunk rotations
(Lamoth, Meijer, et al., 2006, 2002; van den Hoorn et al., 2012). However, experimentally
stiffening the spine of healthy subjects did not result in the same alteration of thorax
timing at high gait speeds as seen in patients (W. H. Wu et al., 2014).
The objective of this study was to assess whether axial trunk stiffness is increased
in gait in patients with CLBP. To this end, the effects of external perturbations on
transverse pelvis and thorax rotations in CLBP patients and healthy controls were
assessed. In view of the heterogeneity of the patient population, we also performed a
subgroup analysis, comparing CLBP patients with the thorax moving most in-phase with
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the movements of the legs on one hand to the healthy controls with the thorax moving
most out-of-phase with the legs on the other hand. We expected that CLBP patients
would demonstrate increased axial trunk stiffness. We therefore hypothesised that
rotational perturbations of the walking surface would perturb the pelvis less in CLBP
patients compared to healthy controls (since in CLBP patients effective inertia of the
pelvis would be higher due to stronger coupling between pelvis and thorax), but the
thorax more. We expected all between-group differences to be more pronounced when
comparing CLBP patients with more in-phase rotations of thorax and legs to healthy
controls with more out-of-phase movements of those segments.

Materials and methods
All measurements were performed at the Military Rehabilitation Centre Aardenburg,
Doorn, The Netherlands. The protocol of this study was approved by the Medical Ethical
Committee of the VU Medical Centre, Amsterdam, The Netherlands (NL 37399.029.12).
Participants
Fifteen male CLBP patients were recruited from the in- and outpatient population
of the rehabilitation centre. Fifteen healthy male controls were recruited from the
personnel of the centre and by word of mouth in the local community. All participants
had to be between 20 and 50 years of age, and have no condition that might interfere
with gait (other than CLBP in the CLBP patients), or any condition that rendered them
unfit to be tested. CLBP patients had to have experienced low back pain in the three
months prior to inclusion and have a minimum current Visual Analogue Score (VAS)
for low back pain intensity of 20 mm at the time of inclusion. Patients were excluded
if they had undergone spinal surgery. Healthy controls were only included if they had
no self-reported history of back pain episodes lasting more than six weeks and had not
experienced back pain during the last three months. Inclusion occurred at least two
weeks before the experimental procedures took place. All participants were asked not
to take any pain-relieving medication 24 hours prior to testing, and all participants
signed an informed consent.
Experimental procedure
Participants were tested in a Computer Assisted Rehabilitation Environment (CAREN,
Motek Forcelink, Amsterdam, The Netherlands). The CAREN system consists of an
instrumented treadmill mounted on a six degrees-of-freedom motion platform.
Participants completed an unperturbed gait trial and a perturbation trial of two and five
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minutes respectively. During all trials participants walked at 1.1 (m/s) (= 3.8 km/h). To
limit head movements, participants were instructed to gaze at non-frightening wildlife
pictures projected at eye level.
During the perturbation trial, participants were exposed to perturbations of the
walking surface. The platform rotated eight degrees to the left or to the right every
five to ten seconds. Two seconds after the perturbation, the platform gently rotated
back to the neutral orientation. The perturbation was timed in such a way that the
rotational velocity of the platform was maximal (28 degrees/s) around heel strike.
An accurate timing of perturbations was achieved using a custom-made algorithm in
D-flow (Motek Forcelink, Amsterdam, The Netherlands) that predicted the timing of an
incoming heel strike based on three preceding heel strikes of the same leg using centre
of pressure data. Perturbations to the left and right were imposed with the left leg either
leading or trailing, resulting in 4 possible perturbations. These perturbations either
increased or decreased trunk rotational excursion. Therefore, we will further refer
to these perturbations as ‘twisting’, i.e., increasing trunk excursion and ‘detwisting’,
i.e., decreasing trunk excursion (Figure 3.1). The exact instant and direction of each
individual perturbation was not predictable for the participants. After 48 perturbations
(2 leading legs × 2 directions × 12 perturbations), the trial was stopped.

Figure 3.1. Imposed perturbations.
Four perturbations were imposed. Two twisting perturbations that increased trunk excursion
and two detwisting perturbations that decreased trunk excursion.
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Data collection
Single markers were placed on both lateral femoral condyles and on both heels. To
determine the orientation of pelvis and thorax, a cluster of three reflective markers
was attached to the dorsal side of the pelvis at the level of the posterior superior iliac
spines and to the dorsal side of the thorax at the level of the 6th thoracic spinous process
using neoprene straps. Platform orientation was measured synchronously with the
movement of the participant by placing one marker on each corner of the platform.
Marker positions were recorded using twelve high-resolution infrared cameras (VICON,
Oxford, UK) at a rate of 100 samples/s.
Data analysis
Marker data were filtered with a fourth order bi-directional (two times second order)
low pass Butterworth filter with a cut-off frequency of 10 Hz. Rotations of the platform,
pelvis, and thorax around the global vertical axis were expressed relative to their
orientation during a calibration trial with the participant standing in the anatomical
position. Trunk rotation was calculated as pelvis rotation minus thorax rotation. Heel
strikes were determined as local maxima in antero-posterior position of the heel
markers.
From the steady-state trial we calculated (inter)segmental ranges of motion (ROM)
and relative timing of segmental movements. Pelvis, thorax and trunk ROMs were
calculated by subtracting the maximal transverse rotation from the minimal value
per stride and then averaging over strides. Relative timing of transverse pelvis and
thorax rotations and antero-posterior excursion of the left knee, i.e., leg-pelvis, legthorax and thorax-pelvis was expressed as average continuous relative Fourier phase
by subtracting the Fourier phase of the lower segment from that of the higher segment.
A relative phase of zero degrees corresponds to perfect synchronous movement of both
segments and a relative phase of 180 degrees to perfect asynchronous movement of
both segments (Lamoth, Beek, & Meijer, 2002).
The effect of platform perturbations on transverse (inter)segmental rotations was
assessed by calculating ‘residual rotations’. The residual rotations of the pelvis, thorax
and trunk were obtained by time-normalizing transverse segmental rotations to stridecycle duration, then subtracting the average value calculated over the unperturbed
trial from each individual stride and then de-normalizing these residual rotations back
to trial-time. Residual segmental rotations were assessed over a time window from 1
second before maximal platform velocity to 1 second after maximal platform velocity.
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Statistical analysis
All statistical analyses were performed twice; once comparing the entire CLBP group
to the entire control group and once comparing two subgroups: CLBP+, the seven
patients with the lowest leg-thorax relative phase and control+, the seven controls
with the highest leg-thorax relative phase. Participants’ age, height and weight were
compared between groups using independent sample t-tests. Relative phases are
circular outcomes, and these values were compared between groups using a twosample Watson-Williams test (Berens, 2009). To evaluate the effect of perturbations on
segmental residual rotations we used one dimensional statistical parametric mapping
(SPM1D) (Pataky et al., 2013). To check if the perturbations had an effect on segmental
rotations and to make sure that segmental rotations were not significantly different
from unperturbed gait, i.e., residual rotation equal to zero, right before the perturbation
was induced, six SPM1D one sample t-tests were used, i.e., 3 segments x 2 perturbation
types. To test for differences between groups a SPM1D mixed model ANOVA with
perturbation type, i.e., twist/detwist, as within-subjects factor, and group, i.e., CLBP/
Control as between-subject factor and residual segmental rotation as independent
variable was performed for each segment. Circular means, circular standard deviations
and the Watson-Williams tests were calculated using the CircStat toolbox in MATLAB
(Berens, 2009). The independent sample t-tests were performed using Statistical
Package for the Social Sciences (SPSS), version 22 and the one-dimensional t statistic
was calculated using the spm1d package version 0.3.1 in MATLAB. The alpha level of
each test was set to 0.05.

Results
At the time of the experiment, CLBP patients reported a mean VAS for current pain of
21 (SD 17) mm and the CLBP+ group of 17 (SD 8) mm. None of the patients showed signs
of radicular pain. The pain intensity of the CLBP patients in the CLBP+ group was not
significantly different from the other CLBP patients. At the time of the experiment, i.e.,
two weeks after inclusion, 8 CLBP patients had a VAS for current pain below 20 mm (5 in
the CLBP+ group), but none were pain-free. There were no significant differences in age,
height or weight between groups. All participants completed the entire experimental
procedure (Table 3.1).
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Table 3.1. Subject characteristics.
n (m/f)
Age in years
Height in cm
Weight in kg
VAS Pain in mm

Control

CLBP

p

Control+

CLBP+

p

15 (5/0)
33 (6)
186 (11)
80 (14)
0 (0)

15 (15/0)
34 (11)
184 (8)
84 (9)
21.4 (17)

NS
NS
NS
-

7 (7/0)
30 (4)
185 (12)
79 (16)
0 (0)

7 (7/0)
38 (11)
186 (9)
89 (11)
17 (8)

NS
NS
NS
-

NS: Not Significant (p-value > .05)

Segmental rotation characteristics during unperturbed gait
The average unperturbed segmental rotations in the upper panel of Figure 3.2 show
clear periodic movements for all segments in all groups. Maximal thorax rotation
occurred around heel strike in all groups with the thorax maximally rotated to the right
around left heel strike and to the left around right heel strike. Trunk rotations peaked
100-200ms after heel strike, which coincided with maximal pelvis excursion.

Figure 3.2. Overview of the average effect of platform perturbations on segmental rotations.
Average pelvis (left panel), thorax (middle panel) and trunk (right panel) rotations during
unperturbed gait (upper panel), twisting perturbations (middle panel) and detwisting
perturbations (lower panel) are shown. The horizontal axis displays time to maximal platform
velocity in seconds. The vertical axis displays segmental rotation in degrees.

The average thorax-pelvis relative phase was lower in the CLBP group than the control
group, although not significantly. Ranges of motion were not significantly different
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between the CLBP and control group. The thorax-pelvis and leg-thorax relative phase
were significantly lower in the CLBP+ group than in the control+ group, but no significant
difference in leg-pelvis relative phase between these groups was observed. Pelvis ROM
was significantly higher in the CLBP+ group compared to the control+ group (Table 3.2).
Table 3.2. Mean (SD) transverse segmental rotation characteristics during unperturbed gait.
Control
Pelvis ROM in deg
4.9 (1.6)
Thorax ROM in deg
3.4 (1.0)
Trunk ROM in deg
6.0 (2.2)
Thorax-Pelvis relative phase in deg -101 (39)
Leg-Thorax relative phase in in deg 240 (37)
Leg-Pelvis relative phase in deg
133 (33)

CLBP

p

Control+

5.3 (2.0)
3.2 (1.5)
6.3 (2.2)
-83 (26)
219 (28)
136 (20)

NS
NS
NS
NS
NS
NS

3.8 (.7)
3.2 (1.2)
5.4 (1.4)
-131 (37)
271 (16)
137 (41)

CLBP+

p

6.4 (2.1) .009
3.0 (2.0)
NS
7.0 (2.9)
NS
-69 (19) .004
195 (13) <.001
126 (16)
NS

Perturbation outcomes
The effect of perturbations on transverse segmental rotations is displayed in Figure 3.2
and 3.3. The onset of platform perturbations occurred approximately 150 milliseconds
before maximal platform velocity. None of the residual segmental rotations were
significant at this instant. Both twisting and detwisting perturbations resulted in
significant residual rotations of pelvis, thorax and trunk (all p<.01), see Supplementary
Figure 3.1 and 3.2. None of the SPM1D mixed model ANOVAs comparing residual pelvis,
thorax and trunk rotations between groups, around platform perturbations, yielded
a significant group effect. In other words, the movements displayed in Figure 3.3 are
not significantly different between CLBP and control nor CLBP+ and control+ at any
instant displayed. The results of the SPM1D mixed model ANOVAs are presented in
Supplementary Figure 3.3 and 3.4.
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Figure 3.3. Overview of the average effect of platform perturbations on residual segmental rotations.
Residual pelvis (left panel), thorax (middle panel) and trunk (right panel) rotations during,
twisting perturbations (upper panel) and detwisting perturbations (lower panel) are shown.
The horizontal axis displays time to maximal platform velocity in seconds. The vertical axis
displays residual segmental rotation in degrees. Note that values for platform excursion are
scaled down by a factor three.

Discussion
We studied whether axial trunk stiffness is increased in gait in patients with CLBP by
assessing the effects of transverse mechanical perturbations of the walking surface on
pelvis and thorax rotations during gait. Both twisting and detwisting perturbations had
a clear effect on transverse pelvis rotations in all participants, so the perturbation of the
pelvis via the walking surface was successful. The effect of perturbations on residual
pelvis, thorax and trunk rotations was similar across groups. Therefore, axial trunk
stiffness does not appear to be altered in gait in CLBP. Hence this would not explain
changes timing of transverse thorax rotations during gait in CLBP. Because altered timing
of thorax rotations is not consistently observed in CLBP patients, and in fact was not
significant in our patient group, we performed a sub-group analysis, comparing healthy
controls with a relatively high leg-thorax relative phase to CLBP patients with a relatively
low leg-thorax relative phase. The timing of thorax rotations during unperturbed gait
was significantly different between these groups whereas timing of pelvis rotations
was not. We did not find significant differences in perturbation effects between these
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groups either. Therefore, altered timing of transverse thorax rotations in gait in CLBP
does not appear to be the result of increased intrinsic axial trunk stiffness.
Because changes in timing of transverse thorax rotations during gait in CLBP do not
seem to be caused by altered axial trunk stiffness, the question arises how CLBP patients
do alter the timing of thorax rotations. One explanation is that differences in reaction
forces in the shoulders, as a result of arm swing, alter timing of thorax rotations.
Although Huang et al. (Huang et al., 2011) found no significant group differences in
timing or amplitude of the antero-posterior movements of the wrist in CLBP compared
to healthy controls, they did not calculate net reaction forces in the shoulders. Because
the arms contribute considerably to the bodies’ angular momentum (Bruijn et al., 2008),
small deviations in movements of the arms may have large effect on movements of
the thorax. Another possible explanation is that the amplitude of transverse pelvis
rotations might influence timing of transverse thorax rotations. We observed that pelvis
excursions in the CLBP+ group were nearly twice as large as those in the control+ group,
even though we selected these two groups based on timing of the thorax. Increased
amplitudes of pelvis rotations during unperturbed gait have been reported in patients
with lumbar disc herniation (Huang et al., 2011) and pelvic girdle pain (W. H. Wu et al.,
2002). Why these patients walk with larger transverse pelvis rotations and how this
might influence timing of thorax rotations remains unknown.
Besides altered kinematics in CLBP gait, other aspects of CLBP have been related
to increased trunk stiffness in the literature. A recent systematic review reported
that the average activity of several trunk muscles is elevated in gait in CLBP patients
(Ghamkhar & Kahlaee, 2015). Co-contraction of trunk muscles can result in increased
trunk stiffness (Lee et al., 2006). However, increased activity of a trunk muscle will not
increase stiffness in all movement directions of the trunk (e.g. flexion/extension and
rotations) equally (Brown & Potvin, 2007). An increase in axial trunk stiffness will mainly
be caused by the external and internal obliques [18]. In the review of Ghamkhar and
Kahlaee [16] increased activity was reported mainly for trunk muscles acting in the
sagittal plane. Only one included study assessed the activity of a clear trunk rotator
(external oblique) and found no increased average activation over strides relative to a
control group [19]. Based on these results one would expect increased trunk stiffness
in the sagittal, but not the transverse plane.
Visual inspection of residual rotations in response to platform perturbations (Figure
3.3) reveals that, on average, some, albeit non-significant, between group differences
in residual pelvis and trunk rotations started to occur 300 ms after maximal platform
velocity. Such differences would be too late to be attributed to differences in stiffness,
and might be the result of subtle group differences in late, possibly voluntary responses
to the perturbation (Weerdesteyn, Nienhuis, Hampsink, & Duysens, 2004).
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This study has several limitations that need to be addressed. First, we did not
estimate actual axial trunk stiffness in our subjects. It is conceivable that kinematics
in reaction to perturbations between groups can be similar despite differences in
axial trunk stiffness. This would imply a higher effective inertia of the thorax resulting
from differences in mass or amplitude of arm-swing. The mass of our subjects did not
differ significantly between groups and we found no indications of differences in armswing (results not presented). Therefore, the measurements of kinematics alone seem
sufficient to determine if considerable differences in axial trunk stiffness exist between
groups. Second, we used only male participants. Women are known to walk with larger
transverse pelvis and thorax rotations (Bruening, Frimenko, Goodyear, Bowden, &
Fullenkamp, 2015). Although we found the same thorax-pelvis coordination patterns
as previous studies that did include women in their sample (Lamoth, Meijer, et al., 2006),
we cannot be sure that this coordination pattern is achieved in the same way in both
sexes. Another issue is the type of perturbation used to impose a rotation of the pelvis.
Although a perturbation of the walking surface enables participants to walk with fewer
constraints compared to experiments with perturbations imposed directly to the thorax
or pelvis, the effect of our perturbation on pelvis rotations depends on the mechanics
of the legs. Fourth, there is a possibility that small consistent differences in axial trunk
stiffness exist between groups that were not detected due to a relatively small sample
size. However, all between group differences were small as can be seen in Figure 3.2 and
3.3 and group effects remained far from statistical significance (Supplementary Figure
3.1 and 3.2). Finally, the duration of the perturbations was quite long (ca. 0.5 seconds),
due to properties of the system used. Therefore, it is possible that measured residual
rotations are partially influenced by voluntary muscle activity, which can occur within
200 milliseconds (Freddolini, Strike, S, et al., 2014). Residual rotations of the thorax are
expected to be in the same direction as the platform. However, directly after the onset
of twisting perturbations, residual thorax rotations were in opposite direction in all
groups (although not significant), which may suggest an active response.

Conclusions
Our results suggest that axial trunk stiffness is not increased in gait in patients with CLBP.
Altered timing of thorax rotations does not seem to be a result of altered trunk stiffness.
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Supplementary Figure 3.1. One dimensional one sample t-test of residual segmental
rotations of the control group compared to the CLBP group.
The one-dimensional t-statistic of residual pelvis (left panel), thorax (middle panel) and trunk
(right panel) rotations of the control group compared to the CLBP group during twisting
(upper panel) and detwisting perturbations (lower panel). The horizontal axis displays time
to maximal platform velocity in seconds. The vertical axis displays the one-dimensional
t-statistic. At instances where the black line is above the dotted red line, the residual
segmental rotations are significantly different from zero.

73

Chapter 3

Supplementary Figure 3.2. One dimensional one sample t-test of residual segmental
rotations of the control+ group compared to the CLBP+ group.
The one-dimensional t-statistic of residual pelvis (left panel), thorax (middle panel) and trunk
(right panel) rotations of the control+ group compared to the CLBP+ group during twisting
(upper panel) and detwisting perturbations (lower panel). The horizontal axis displays time
to maximal platform velocity in seconds. The vertical axis displays the one-dimensional
t-statistic. At instances where the black line is above the dotted red line, the residual
segmental rotations are significantly different from zero.
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Supplementary Figure 3.3. One dimensional repeated measures ANOVA of residual
segmental rotations of the control group compared to the CLBP group.
The one-dimensional F-statistic of residual pelvis (upper panel), thorax (middle panel) and
trunk (lower panel) rotations of the control group compared to the CLBP group during
perturbations. The effect of group (left panel), perturbation type (middle panel) and group
x perturbation type interaction (right panel) are displayed. The horizontal axis displays time
to maximal platform velocity in seconds. The vertical axis displays the one-dimensional
F-statistic. A significant effect is present at instances where the black line is above the dotted
red line.
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Supplementary Figure 3.4. One dimensional repeated measures ANOVA of residual
segmental rotations of the control+ group compared to the CLBP+ group.
The one-dimensional F-statistic of residual pelvis (upper panel), thorax (middle panel) and
trunk (lower panel) rotations of the control+ group compared to the CLBP+ group during
perturbations. The effect of group (left panel), perturbation type (middle panel) and group
x perturbation type interaction (right panel) are displayed. The horizontal axis displays time
to maximal platform velocity in seconds. The vertical axis displays the one-dimensional
F-statistic. A significant effect is present at instances where the black line is above the dotted
red line.
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Chapter 4

Abstract
The coordination of axial thorax and pelvis rotations during gait has been shown to be
affected by several pathologies. This has been interpreted as an indication of increased
apparent axial trunk stiffness, but arm swing may also affect these rotations. The
objectives of this study were to assess the effect of trunk stiffness and arm swing on
the relative timing (‘coordination’) between thorax and pelvis rotations, and to assess
if apparent trunk stiffness can be inferred from thorax-pelvis kinematics. A forward
dynamic model was constructed to estimate apparent trunk stiffness from observed
thorax and pelvis rotations and arm swing moment around the longitudinal axis of the
trunk of 30 subjects. The effect of independent manipulations of trunk stiffness and
arm swing moment on thorax-pelvis timing and gain of axial thorax-pelvis rotations
were assessed using the same forward dynamic model. A linear regression model was
constructed to evaluate whether forward dynamic model-based estimates of axial trunk
stiffness could be inferred directly from thorax-pelvis rotations. The forward dynamic
model revealed that axial trunk stiffness and arm swing moment have opposite effects
on axial thorax-pelvis coordination. Apparent axial trunk stiffness could not be predicted
from observed thorax-pelvis rotations.
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Background
At low gait speed, thorax and pelvis demonstrate synchronous axial rotations (around
the vertical axis) in the same direction, i.e., in-phase rotation. When speeding up, this
pattern gradually changes towards rotations in opposite directions, i.e., out-of-phase
rotation (Lamoth, Meijer, et al., 2002). The relative phase between these segment
rotations can vary from plus to minus 180 degrees. A value of plus or minus 180 degrees
corresponds to perfect out-of-phase rotation and a value of 0 degrees corresponds
to perfect in-phase rotation (van Emmerik et al., 1999). If timing of thorax rotations
is expressed relative to the pelvis (i.e., thorax-pelvis relative phase), negative values
indicate that thorax rotations lag pelvis rotations, and positive values indicate that
thorax rotations lead those of the pelvis. In healthy individuals, thorax-pelvis relative
phase is around minus 20 degrees in slow walking (0.28 (m/s) (= 1 km/h)). The lag of
thorax phase increases with gait speed resulting in a thorax-pelvis relative phase of
minus 150 degrees in fast walking (1.5 (m/s) (= 5.4 km/h)) (Lamoth, Meijer, et al., 2002).
This relative timing of thorax and pelvis rotations can be affected by several pathologies;
for example, the shift from in-phase towards out-of-phase timing was found to be
smaller in patients with Parkinson’s disease (van Emmerik et al., 1999), stroke (van
Criekinge et al., 2017), pregnancy related pelvic-girdle pain (W. H. Wu et al., 2008)
and low-back pain (Lamoth, Meijer, et al., 2002) with a 20 to 30 degree more in-phase
thorax-pelvis timing at higher gait speeds. This has been interpreted as indicative of an
increased axial trunk stiffness in such pathologies (Kubo et al., 2006; Lamoth, Meijer,
et al., 2006).
Axial trunk stiffness, in this context, is a parameterization of the relationship
between axial rotations of thorax and pelvis and axial trunk moments. Trunk muscles
show components of phasic and tonic activity during the gait cycle (Hu et al., 2012)
that, combined with forces from passive structures, generate the net trunk moment.
During gait, this moment shows a close to linear relationship with the angle between
thorax and pelvis (Kubo et al., 2006), as in a torsion spring that pulls thorax and pelvis
towards a neutral relative orientation. Consequently, the mechanical behaviour of the
trunk around the vertical axis during gait can be parameterized as an apparent axial
stiffness (Kubo et al., 2006; van Dieën, Meijer, Lamoth, & Wu, 2005; Zatsiorsky, 2002).
In addition to apparent axial trunk stiffness (Kubo et al., 2006; van Dieën et al., 2005;
W. H. Wu et al., 2014), arm swing amplitude may affect thorax-pelvis kinematics (Bruijn
et al., 2008; Ford, Wagenaar, & Newell, 2007; Johansson, Frykberg, Grip, Broström, &
Häger, 2014; Roggendorf et al., 2012), via shoulder reaction forces acting on the thorax.
These forces result in a moment around the longitudinal axis of the trunk (Kubo et al.,
2006), henceforward ‘arm swing moment’. An increased arm swing moment would pull
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the timing of thorax rotations towards arm swing timing, that is, out-of-phase with axial
pelvis rotations. At given arm swing frequency, accelerations of the arms must increase
with increasing arm swing amplitude and hence the arm swing moment will increase
as well. The axial accelerations of the thorax are driven by the arm swing moment and
by the internal trunk moment, which act in opposite directions, limiting axial thorax
rotations (Kubo et al., 2006). With increasing arm swing amplitudes during gait, internal
axial trunk moment also increase (Angelini, Damm, Zander, Arshad, & Di, 2017).
Some insight into the effect of axial trunk stiffness and arm swing on thorax-pelvis
rotations in gait of healthy subjects can be obtained from previous studies. Two
studies that estimated apparent axial trunk stiffness in healthy subjects’ gait reported
that stiffness changes as a function of gait speed (Kubo et al., 2006; van Dieën et al.,
2005). However, the fact that trunk stiffness is modulated with gait speed, provides no
conclusive evidence that this modulation causes concomitant modifications in thoraxpelvis timing, because changes in, e.g., step length and/or frequency may influence
intersegmental timing as well (Huang et al., 2010). In one study, trunk stiffness of
healthy subjects was increased with an orthopaedic brace on the trunk. This resulted
in more in-phase thorax-pelvis rotations during gait compared to a condition without
the brace (W. H. Wu et al., 2014). However, this was mainly the result of changes in
pelvis timing, whereas changes in thorax-pelvis relative phase in patients are mainly
the result of changes in thorax timing (Huang et al., 2010). The effect of arm swing was
evaluated in a study in which one arm of healthy subjects was constrained. This clearly
resulted in more in-phase axial thorax-pelvis timing at higher gait speeds compared to
the normal arm swing condition. However, the timing and amplitude of the kinematics
of the unconstrained arm were affected as well (Ford et al., 2007), which may have
influenced axial thorax-pelvis coordination.
Indications of increased axial trunk stiffness and decreased arm swing amplitude
have been observed in some of the pathologies in which axial thorax-pelvis coordination
is known to be affected during gait. The relative phase of thorax and pelvis was found
to be less variable in gait of patients with Parkinson’s disease (van Emmerik et al., 1999)
and patients with low-back pain demonstrated lower stride-to-stride variability of axial
rotations between thorax and pelvis (van den Hoorn et al., 2012). Although these less
variable coordination patterns could be the result of an increased apparent axial trunk
stiffness, they might also be the result of modulation of timing and amplitude of muscle
activation to reduce stride-to-stride variability of thorax-pelvis kinematics. External
perturbations did not reveal increased apparent axial trunk stiffness in low-back pain
patients, who demonstrated more in-phase thorax-pelvis timing than healthy controls
(Prins, van der Wurff, Meijer, Bruijn, & van Dieën, 2016). Arm swing amplitude was
found to be lower in gait of patients with Parkinson’s disease (Roggendorf et al., 2012)
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and unilaterally in stroke patients (Johansson et al., 2014), but arm swing amplitude
was found to be unaffected in low-back pain patients with lumbar disc herniation, who
did demonstrate more in-phase axial thorax-pelvis timing compared to healthy controls
(Huang et al., 2011).
Although the aforementioned studies provide some insight into the association
between apparent axial trunk stiffness, arm swing and axial thorax-pelvis coordination
in healthy subjects and patients, the causality remains elusive. A forward dynamic
model could be used to demonstrate how axial trunk stiffness and arm swing moment
modulate thorax-pelvis coordination during gait. The first objective of this study,
therefore, was to assess the effect of axial trunk stiffness and arm swing moment on
axial thorax-pelvis coordination using a forward dynamic model. The second objective
was to evaluate the common variance between apparent axial trunk stiffness and arm
swing moment. The third objective of this study was to assess whether apparent axial
trunk stiffness can be inferred from thorax-pelvis kinematics. We hypothesized that
increased axial trunk stiffness and reduced arm swing moment would result in more
in-phase rotations of thorax and pelvis. Regarding the second objective, given the
associations of both axial trunk stiffness and arm swing moment with gait speed, we
hypothesized that a moderate to high positive correlation is present between these two
variables, which would confound inferences on axial trunk stiffness from thorax-pelvis
kinematics. Given the second hypothesis, estimation of axial trunk stiffness from thoraxpelvis kinematics would be prone to error. Hence, we hypothesized that the predictive
value of thorax-pelvis kinematics to estimate axial trunk stiffness would be limited.

Methods
Normalization
In this study, experimental data of 30 subjects were used. To reduce between subject
variability caused by differences in anatomy some outcomes were normalized (Hof,
1996). Normalized internal trunk moment, normalized arm swing moment and
normalized apparent axial trunk stiffness and damping were corrected for subject
height and weight.
Model description and validation
We constructed a model of the trunk in MATLAB® Release 2018a using Simscape™ in
the Simulink® environment (The Mathworks Inc., Natick, MA, USA). All code and data
accompanying this manuscript can be found via the data availability statement. The
thorax and pelvis were modelled as two rigid segments with one joint between them,
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L5S1, which allowed only axial rotation. The model aimed to ‘predict’ a time series of
axial thorax rotations based on observed time series of axial pelvis rotations, arm swing
moment in terms of time series of the moment caused by shoulder reaction forces
around the longitudinal axis of the trunk through L5S1, thorax inertia and estimated
axial trunk stiffness and damping. Axial trunk stiffness and damping coefficients were
estimated using an optimization procedure that minimized the root mean square
error (RMSE) of the observed thorax rotations vs the modelled thorax rotations using
a Nelder-Mead minimization procedure, that searches for a local minimum in a twodimensional space using a triangular simplex (Nelder & Mead, 1965). Initial stiffness
was set to 100 Nm/rad and initial damping was set to 1 Nms/rad. The termination
tolerance for the dependent variable, i.e., the RMSE of thorax rotations, and both
independent variables, i.e., stiffness and damping, was set to 10 -4. Figure 4.1 gives a
visual representation of the model and the optimization function.
Data that were used as input for the model were obtained from a previously
published study (Prins et al., 2016). In this study 15 healthy subjects and 15 patients
with low-back pain were included. Low-back pain patients had to have experienced
low-back pain in the three months prior to inclusion and have a minimum current 100
mm Visual Analogue Score (VAS) for low-back pain intensity of 20 mm at the time of
inclusion. An overview of subject characteristics is presented in Table 4.1.
Table 4.1. Subject characteristics.
N (m/f)
Age (years)
Height (cm)
Weight (kg)
VAS Pain (mm)

Control

CLBP

p

15 (15/0)
33 (6)
186 (11)
80 (14)
0 (0)

15 (15/0)
34 (6)
184 (8)
84 (9)
22 (17)

0.78
0.55
0.33
-

The protocol of the previous study was approved by the Medical Ethical Committee of the
VU Medical Centre, Amsterdam, The Netherlands (NL 37399.029.12) and was in accordance
with the Declaration of Helsinki. An informed consent was obtained from all participants.
In the study, fifteen healthy subjects and fifteen subjects with chronic low-back pain
walked at a speed of 1.1 (m/s) (= 4 km/h) on a treadmill for two minutes. This speed is
high enough for possible differences in thorax-pelvis coordination between patients and
controls to become clearly visible, and not too high for most patients to keep up with the
treadmill (Lamoth, Meijer, et al., 2002).
Whole-body kinematics were captured at a rate of 100 (samples/s). Axial pelvis
rotations were registered and shoulder reaction forces were calculated using top-down
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inverse dynamics (Hof, 1992; G. Wu et al., 2002, 2005). The inertia of the thorax was
estimated from body mass and the circumference and length of the segment (Zatsiorsky,
2002). The forward dynamic model was run for each individual, resulting in thirty predicted
axial trunk stiffness and damping coefficients and thirty predicted time series of thorax
rotations.
For each subject, the goodness of fit of the optimized model prediction was determined
in terms of common variance, i.e., R2, of the observed vs modelled thorax rotations.
To evaluate whether the stiffness values obtained through the optimization procedure
were plausible, we estimated stiffness using inverse dynamics as well (Kubo et al., 2006).
Here, stiffness was estimated as the slope of the regression line between the internal
axial trunk moment, and axial trunk angle. Trunk moment was calculated using the same
principles as used to calculate the shoulder reaction forces (Hof, 1992; G. Wu et al., 2002,
2005). We calculated the % common variance and root mean square error between the
stiffness estimates obtained with both methods.
The focus of the current study was not to compare the subject groups with and without
chronic low-back pain, but to evaluate effects of axial trunk stiffness and arm swing
amplitude on axial thorax-pelvis coordination in both groups. Therefore, after checking
for group differences in apparent axial trunk stiffness and damping, magnitude of shoulder
reaction forces and thorax-pelvis coordination (relative phase and gain, see below) with
independent sample t-tests, the data of both groups were pooled.

Figure 4.1. Visual representation of the model and the optimization function.
For each subject, the model was run with the (fixed) observed parameter and variables and
an initial guess for axial trunk stiffness and damping. Subsequently, axial trunk stiffness and
damping were estimated by minimization of the root mean squared error between observed
and predicted axial thorax rotations.
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How do axial trunk stiffness and arm swing moment affect axial thorax-pelvis coordination?
After estimating the apparent axial trunk stiffness and damping of each subject with
the corresponding modelled time series of thorax rotations, the effects of axial trunk
stiffness and arm swing moment on axial thorax-pelvis coordination were assessed. To
this aim, simulations were run after multiplication of either apparent trunk stiffness or
the experimental arm swing moments by factors of 0.5, 0.75, 1.25 and 1.5., assuming
that the obtained time series of axial thorax rotations would reflect the effects of
decreased or increased axial trunk stiffness or arm swing moment.
The effects of these manipulations on thorax-pelvis coordination were quantified
by calculating the phase and gain of the frequency response function from pelvis to
thorax rotations at the stride frequency. The stride frequency was determined as the
local peak in the power spectrum of the pelvis rotations closest to 1 Hz. A gain of one
reflects equal amplitudes of pelvis and thorax rotations and higher gains correspond
to a larger thorax rotation amplitude for a given pelvis rotation amplitude. No statistics
were performed on these outcomes, because the multiplication factors were chosen
arbitrarily and the level of significance between the different quantities of axial trunk
stiffness and arm swing moment depends on the multiplication factors.
Does arm swing moment confound the association between axial thorax-pelvis
coordination and apparent axial trunk stiffness?
The % common variance between the normalized forward dynamic model-based
estimates of apparent trunk stiffness and normalized observed arm swing moment was
calculated to assess whether arm swing amplitude confounds the association between
axial thorax-pelvis coordination and apparent axial trunk stiffness.
Can observed coordination between axial thorax and pelvis rotations be used to
predict apparent axial trunk stiffness?
A linear regression model was constructed to assess whether observed thorax-pelvis
coordination can be used to predict normalized forward dynamic model-based estimates
of apparent axial trunk stiffness. We tested whether the dependent and independent
variables were normally distributed using a Kolmogorov-Smirnov test. Multicollinearity
between the independent variables was evaluated by calculating the correlation
coefficient. Linearity of the relation between the variables was visually checked using
scatter plots. Subsequently, we constructed a linear regression model with thoraxpelvis relative phase and gain and an interaction term as independent variables and
apparent axial trunk stiffness as dependent variable. Thorax-pelvis relative phase and
gain of each of the thirty subjects were estimated from the observed kinematics. The
goodness of fit of the regression models was evaluated by calculating the % common
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variance between the axial trunk stiffness predicted by the regression model and that
returned by the forward dynamic model.

Results
Model validation
A typical example of observed versus modelled axial thorax rotations of one subject
is presented in Figure 4.2. On average, the % common variance between observed
and modelled thorax rotation time series was 83% (SD 13%). We found no significant
differences in normalized axial trunk stiffness and damping, normalized arm swing
moment or thorax-pelvis relative phase and gain between low-back pain patients and
healthy controls. The average stiffness estimate as obtained by the forward dynamic
model was 124 (SD 54) (Nm/rad) and that as obtained through inverse dynamics was 101
(SD 37) (Nm/rad). The common variance between these values was 89% (R=.94, p<.001)
and the root mean squared error was 23 (Nm/rad). The estimated stiffness values of all
participants using both methods are presented in Supplementary Figure 4.1.

Figure 4.2. Typical example of observed vs modelled axial thorax rotations.
Left: A section of the two-minute time series (39.5-41.5 seconds) of observed axial pelvis
rotations and observed and modelled axial thorax rotations of one subject. Right: Observed
versus modelled axial thorax rotations over the entire time series of the same subject. In this
subject, the common variance was 85%.

How do axial trunk stiffness and arm swing moment affect axial thorax-pelvis
coordination?
A typical example of the simulated effects of axial trunk stiffness and arm swing moment
on thorax-pelvis coordination in one subject is presented in Figure 4.3. In this example,
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a clear effect of both trunk stiffness and arm swing moment on thorax-pelvis relative
phase and gain can be observed.

Figure 4.3. Typical example of the simulated effect of axial trunk stiffness and arm swing
moment on axial thorax rotations.
Only a section of the two-minute trial is shown (40-42 seconds). A clear effect of both axial
trunk stiffness and arm swing moment on thorax-pelvis relative phase and gain is visible.
In the upper graph, high axial trunk stiffness (black line) results in more in-phase thoraxpelvis timing and a smaller amplitude of axial thorax rotations. The opposite effect can be
seen for decreased axial trunk stiffness (light grey line). In the lower graph, increased arm
swing moment (black line) results in more out-of-phase thorax-pelvis timing and an increase
in thorax rotation amplitude. The opposite effect can be seen for decreased arm swing
amplitude (light grey line).

The average modelled effects of axial trunk stiffness and arm swing moment on axial
thorax-pelvis coordination are presented in Figure 4.4. With increasing axial trunk
stiffness, pelvis and thorax become more in-phase and gain decreases. With increasing
arm swing moment, pelvis and thorax become more out-of-phase and gain increases.
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Figure 4.4. The modelled effects of altered axial trunk stiffness and arm swing moment on
thorax-pelvis relative phase and gain.
There is a clear positive relationship between axial trunk stiffness and thorax-pelvis relative
phase and between arm swing moment and thorax-pelvis gain. A negative relationship is
present between axial trunk stiffness and thorax-pelvis gain and between arm swing moment
and thorax-pelvis relative phase.

Does arm swing moment confound the association between axial thorax-pelvis
coordination and apparent axial trunk stiffness?
Observed arm swing moments and forward dynamic model-based estimates of apparent
axial trunk stiffness had a common variance of 22% (p= .008), indicating that effects
of arm swing moment on axial trunk stiffness on axial thorax-pelvis relative phase and
gain is small, albeit significant.
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Can observed coordination between axial thorax and pelvis rotations be used to
predict apparent axial trunk stiffness?
Normalized stiffness and axial thorax-pelvis relative phase and gain were normally
distributed and no collinearity was present. We found no indication for a nonlinear relationship between these the dependent and independent variables in the
scatterplots. Axial thorax-pelvis relative phase did not contribute significantly to the
prediction of apparent axial trunk stiffness (p=.99) nor did gain (p=.32), or the interaction
between phase and gain (p=.65).

Discussion
The first objective of this study was to assess the effects of axial trunk stiffness and arm
swing moment on axial thorax-pelvis coordination using a forward dynamic model. We
found, as hypothesized, that both increased axial trunk stiffness and decreased arm
swing moment resulted in more in-phase axial rotations of thorax and pelvis as seen in
several pathologies (Lamoth, Meijer, et al., 2002; van Criekinge et al., 2017; van Emmerik
et al., 1999), and a lower gain (Figure 4.5). The second objective was to evaluate the
common variance between apparent axial trunk stiffness and arm swing moment. In
contrast to our second hypothesis, we found only a low common variance between
these outcomes. The third objective of this study was to assess whether apparent
axial trunk stiffness can be estimated directly from thorax and pelvis kinematics. In
accordance with our expectations, the predictive value of thorax-pelvis kinematics to
estimate axial trunk stiffness was limited. However, this appears to be caused only for
a small amount by covariance of arm swing moment and axial trunk stiffness.
The forward dynamic trunk model utilized in this study predicted a clear effect
of altered axial trunk stiffness on thorax-pelvis coordination. Still, observation of
thorax and pelvis kinematics in an individual subjects’ gait did not yield a significant
prediction of apparent axial trunk stiffness. We expected observed arm swing moment
and estimated apparent axial trunk stiffness to covary which could (partially) explain
this lack of predictability of trunk stiffness from thorax-pelvis kinematics. However,
we found only a low common variance between these outcomes. Hence, it appears
that in healthy subjects and patients with low-back pain, between subject variance in
thorax-pelvis coordination is mainly caused by other factors than apparent axial trunk
stiffness and arm swing moment.
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Figure 4.5. The effect of axial trunk stiffness and arm swing moment on thorax-pelvis
relative phase and gain.
An increase in axial trunk stiffness results in more in-phase timing of axial thorax and pelvis
rotations and a decrease in thorax-pelvis gain. The opposite effect occurs with increasing arm
swing moment. A small but significant correlation is present between axial trunk stiffness and
arm swing moment.

In previous studies on several pathologies, the relative phase of axial thoraxpelvis rotations during gait was found to be affected (Lamoth, Meijer, et al., 2002; van
Criekinge et al., 2017; van Emmerik et al., 1999; W. H. Wu et al., 2008). However, to the
best of our knowledge, the gain between these segments was not reported in these
studies. An increased range of motion of axial pelvis rotations has been reported in
patients with lumbar disc herniation (Huang et al., 2011), pregnancy related pelvicgirdle pain (W. H. Wu et al., 2008), and in a subgroup of chronic low-back pain patients
with relatively in-phase thorax-pelvis timing (Prins et al., 2016). In these studies, thorax
range of motion was not found to be significantly different between groups. Higher
pelvis range of motion combined with an equal thorax range of motion would imply
a lower transfer from axial pelvis rotations to the thorax. Such combined alterations
in-phase and gain would be in line with increased apparent axial trunk stiffness and/or
decreased arm swing amplitude in these patients according to the present study. In the
study of Huang et al (Huang et al., 2011), no significant differences between patients
and controls were reported for arm swing amplitude. This may imply an increased axial
stiffness in patients with lumbar disc herniation, but alternative strategies that may
alter thorax-pelvis coordination cannot be excluded.
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There are some limitations of this study that need to be addressed. First, the axial
trunk moment was modelled as if provided by a linear passive spring/damper-system.
This was motivated by previous studies in healthy subjects that showed a linear relation
between axial trunk angles and moments during gait and, in the present study, resulted
in a good fit for thorax rotations in both healthy subjects and patients with low-back
pain. However, it is possible that this linear relationship does not exist in patients with
altered thorax-pelvis coordination, when they alter timing of trunk muscle activation.
In this case their behaviour cannot be modelled as a simple passive system. Studies that
estimate trunk moment angle relationships in these patients should be performed to
determine if patient data fit the model approach used here, and if such a model is to
be used for further comparison of trunk coordination between healthy subjects and
patients with altered axial thorax-pelvis coordination. A second limitation is that we
evaluated the effect of arm swing moment on thorax-pelvis coordination as a means
to assess the effect of increased or decreased arm swing amplitude as observed in
some pathologies in which arm swing amplitude is affected (Johansson et al., 2014;
Roggendorf et al., 2012). Although these variables are related (Angelini et al., 2017)
and we found a high common variance, the relationship is not perfect. Other factors,
such as the acceleration and velocity profiles of arm swing could affect arm swing
moment as well.
The focus of this study was on the direction of the effect of simulated altered arm
swing moment and axial trunk stiffness on predicted thorax-pelvis coordination using
a forward dynamic model. The same observed pelvis rotation time series were used
within subjects to simulate these effects. We did not assess any possible effect of
altered arm swing moment or axial trunk stiffness on pelvis kinematics. The silent
assumption that pelvis kinematics would be unaffected is probably unrealistic, but
we assume that this had no effect on our hypotheses. Moreover, we did not study the
effect of pelvis kinematics on thorax-pelvis coordination. In multiple studies, increased
range of motion of axial pelvis rotations was found in combination with more in-phase
thorax-pelvis rotation (Huang et al., 2011; Prins et al., 2016; W. H. Wu et al., 2008).
Possibly, pelvis range of motion could influence thorax-pelvis relative phase. Alterations
in pelvis motion might be caused by altered movement patterns of the lower extremities
(Müller et al., 2015), and this could cause a change in timing of thorax rotations, but
new research is needed to specifically investigate these relationships.
Conclusion
We conclude that both apparent axial trunk stiffness and arm swing moment clearly
affect relative phase and gain of axial thorax-pelvis rotations. The forward dynamic
model predicted that increased axial trunk stiffness and decreased arm swing moment
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result in more in-phase thorax-pelvis rotation, as reported in several patient groups,
and a decreased gain. Apparent axial trunk stiffness could not be predicted from axial
thorax-pelvis coordination.
Data availability
The experimental data is avaiable at https://doi.org/10.17026/dans-xzh-ydsu, the
forward dynamic Simulink model, and MATLAB-code used to calculate all presented
outcomes and plot Figs 2–4 are available at, https://doi.org/10.17026/dans-28q-v6rg.
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Supporting information

Supplementary Figure 4.1. Stiffness obtained by forward and inverse dynamics.
The red dotted lines depict the relation between trunk angle and trunk moment of each
individual over the entire two-minute trial. The fifteen subjects depicted on the left side are
subjects without low back pain (CTRL), the fifteen subjects on the right are subjects with
chronic low back pain (CLBP). The slope of the solid black line is identical to the stiffness
obtained using the optimization procedure of the forward dynamic model used in this study.
The dotted black line is the regression line between trunk angle and trunk moment.
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Abstract
During gait, patients with pelvic girdle pain and low back pain demonstrate an altered
phase relationship between axial thorax and pelvis rotations (thorax-pelvis relative
phase). This could be the result of an increase in axial pelvis range of motion (ROM)
which has been observed in these patients as well. To establish this relationship, we
investigated if altered axial pelvis ROM during gait affects thorax-pelvis relative phase
in 12 healthy subjects. These subjects walked on a treadmill and received real-time
feedback on axial pelvis rotations. Subjects were asked to (1) walk normal, and walk
with (2) decreased and (3) increased pelvis ROM. Gait speed and stride frequency were
matched between trials. Subjects were able to increase pelvis ROM to a large extent, but
the reduction in pelvis ROM was relatively small. Walking with large pelvis ROM resulted
in a change in thorax-pelvis relative phase similar to that in pelvic girdle pain and low
back pain. A forward dynamic model was used to predict the effect of manipulation of
pelvis ROM on timing of thorax rotations independent of apparent axial trunk stiffness
and arm swing amplitude (which can both affect thorax-pelvis relative phase). The
model predicted a similar, even larger, effect of large axial pelvis ROM on thorax-pelvis
relative phase, as observed experimentally. We conclude that walking with actively
increased ROM of axial pelvis rotations in healthy subjects is associated with a shift in
thorax-pelvis relative phase, similar to observations in patients with pelvic girdle pain
and low back pain.
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Introduction
During gait, the relative timing of axial thorax and pelvis rotations (‘thorax-pelvis relative
phase’) changes with gait speed (Huang et al., 2010; Lamoth, Meijer, et al., 2002; Liang
et al., 2014). This timing can be affected by pelvic girdle pain (W. H. Wu et al., 2008) and
low back pain (Huang et al., 2011; Lamoth, Meijer, et al., 2006, 2002). The difference in
timing, expressed as relative phase, can vary from plus to minus 180 degrees. A value
of plus or minus 180 degrees corresponds to perfect out-of-phase (e.g., in the opposite
direction) rotation and a value of 0 degrees corresponds to perfect in-phase rotation
(van Emmerik et al., 1999). With timing of thorax rotations expressed relative to the
pelvis (i.e., thorax-pelvis relative phase), negative values indicate that thorax rotations
lag pelvis rotations.
In healthy individuals, thorax-pelvis relative phase is around minus 20 degrees in
slow walking (1.1 (m/s) (=1 km/h)). While speeding up, a shift occurs in timing of pelvis
rotations relative to the pendular movements of the legs (henceforward ‘pelvis timing’)
(Huang et al., 2011; Liang et al., 2014; W. H. Wu et al., 2014). The timing of the thorax
relative to the legs (‘thorax timing’) does not change with increasing gait speed (Huang
et al., 2011; W. H. Wu et al., 2008). The shift in pelvis timing while speeding up causes
the observed shift in thorax-pelvis relative phase towards minus 150 degrees in fast
walking in healthy subjects (Huang et al., 2011; Lamoth, Meijer, et al., 2002; Liang et
al., 2014; W. H. Wu et al., 2014) (Figure 5.1).
In pelvic girdle pain and low back pain, pelvis timing is comparable to that in healthy
controls over a wide range of gait speeds (Huang et al., 2011; Prins et al., 2016; W. H.
Wu et al., 2008). In these pathologies, thorax timing changes with increasing gait speed,
resulting in less out-of-phase thorax-pelvis timing at high gait speeds (Huang et al.,
2011; W. H. Wu et al., 2008). Less out-of-phase thorax-pelvis timing at high gait speeds
in patients coincides with larger ranges of motion (ROM) of axial pelvis rotations (Huang
et al., 2011; Prins et al., 2016; W. H. Wu et al., 2008) (Figure 5.1).
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Figure 5.1. Thorax-pelvis timing during gait.
Left top: During slow walking in healthy subjects, thorax and pelvis rotate almost in-phase
(white arrows), both almost out-of-phase with the pendular movements of the legs. Left
bottom: Patients with low back pain and pelvic girdle pain demonstrate similar timing of
intersegmental movements, but larger amplitudes of axial pelvis rotation (large white arrow).
Right top: While healthy subjects speed up, the timing of pelvis rotations shifts towards
more in-phase timing relative to the legs, resulting in more out-of-phase thorax-pelvis timing
compared to slow walking speed in the same subjects. Right bottom: in patients, the same
shift in pelvis timing while speeding up as seen in healthy controls occurs, of which the
amplitude remains larger than in patients. In contrast to healthy controls, the timing of thorax
rotations changes with gait speed (dashed arrow), resulting in more in-phase thorax-pelvis
timing at high gait speeds compared to healthy controls.

This study is part of a research-program in which we attempt to determine what differences
exist in intersegmental coordination patterns during gait between healthy subjects and
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patients, to understand how these patterns can be modulated and ultimately understand
why they are affected in patients (Bruijn et al., 2008; Huang et al., 2011, 2010; Lamoth,
Meijer, et al., 2002; Liang et al., 2014; Prins, Bruijn, Meijer, van der Wurff, & van Dieën, 2019;
Prins et al., 2016; W. H. Wu et al., 2014). In recent years we have learned how intersegmental
coordination of thorax and pelvis differ between patients and healthy controls at various
gait speeds (Huang et al., 2011; Lamoth, Meijer, et al., 2002; Prins et al., 2016; W. H. Wu et
al., 2008) and identified mechanisms through which thorax-pelvis relative phase at a given
gait speed can be modulated (Liang et al., 2014; Prins, Bruijn, Meijer, et al., 2019; W. H. Wu et
al., 2014). Despite these efforts, the causation of differences in thorax-pelvis relative phase
between healthy subjects and patients is still a matter of debate. Arm swing amplitude and
apparent axial trunk stiffness were identified as modulators of thorax-pelvis coordination
during gait (Prins, Bruijn, Meijer, et al., 2019; W. H. Wu et al., 2014), but did not account
for differences in thorax-pelvis coordination between patients and controls (Huang et al.,
2011; Prins, Bruijn, Meijer, et al., 2019; Prins et al., 2016). Hence, these patients appear to
reduce thorax-pelvis relative phase at high gait speeds via a different mechanism. Possibly,
the altered thorax-pelvis relative phase at high gait speeds in patients is a consequence of
a gait strategy with larger axial pelvis ROM (W. H. Wu et al., 2008).
The objective of this study was to determine if, and how, the ROM of axial pelvis
rotations affects thorax-pelvis coordination at relatively high gait speed in healthy subjects.
Apparent axial trunk stiffness and arm swing amplitude can modulate thorax-pelvis relative
phase and were thus included in the comparison. To evaluate if increased axial pelvis ROM
directly causes more in-phase thorax-pelvis timing, a forward dynamic simulation was run
in which the observed axial pelvis ROM was manipulated independent of apparent axial
trunk stiffness and arm swing amplitude.
Because large axial pelvis ROM during gait has been found to coincide with more inphase thorax-pelvis timing at high gait speeds in patients (Huang et al., 2011; Lamoth,
Meijer, et al., 2002), we hypothesized that walking with larger (actual or simulated) axial
pelvis ROM would result in more in-phase thorax-pelvis timing. We expected that such more
in-phase thorax-pelvis timing would primarily be the result of changes in thorax timing.

Methods
All measurements were performed at the Military Rehabilitation Centre ‘Aardenburg’
(MRC), Doorn, The Netherlands. The protocol was approved by the ethical committee
of the Vrije Universiteit (VU) Amsterdam, The Netherlands. The study was conducted
according to the principles of the Declaration of Helsinki.
Participants
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Twelve healthy subjects (9 female, 3 male, mean age 26 (SD 6, range 22 - 44) years,
mean height 1.72 (SD .09) meter, mean weight 68 (SD 10) kilograms were recruited by
word of mouth among Human Movement Sciences students of the VU, and personnel
of the MRC. Exclusion criteria were present injuries and complaints of the lower
extremities, cardiovascular problems or other present health related problems that
could affect gait ability, such as low back pain and pelvic girdle pain. Subjects with
uncorrected visual or auditory impairments were also excluded. Presence of exclusion
criteria was checked during a physical examination by a trained physiotherapist (MP)
before inclusion. Participants had to visit the MRC on one occasion for testing. All
subjects gave written informed consent before the measurements.
Experimental manipulation of axial pelvis ROM
The Gait Real-time Analysis Interactive Lab (GRAIL) (Motek, Amsterdam, The
Netherlands) was used for testing. The GRAIL consists of an instrumented split belt
treadmill with a surrounding 210-degrees cylindrical screen. Subjects completed four
gait trials of three minutes each at 1.39 (m/s) (= 5 km/h) during which a virtual road was
projected on the screen in front of them. We selected this speed since we found in pilot
work that 1.39 (m/s) was a comfortable pace for most subjects. At this relatively high
speed significant differences between healthy subjects and patients with pelvic girdle
pain (W. H. Wu et al., 2008) and low back pain have been observed (Huang et al., 2011;
Lamoth, Meijer, et al., 2002). The visual flow matched the speed of the treadmill. During
the first trial, subjects received no feedback and were asked to walk normally. The
average step frequency of the first trial was imposed in consecutive trials using auditory
feedback from a metronome. Since treadmill speed was fixed and stride frequency was
imposed, stride length was similar between subjects as well (if they adhered to the
imposed frequency). The first minute of each trial was used as familiarisation period.
After the first trial, observed axial pelvis rotations were fed back to the subject in
real-time using a bar on the screen at eye level of the subject. The orientation of the
bar around the anteroposterior axis matched the observed axial pelvis rotation of the
subject. Subjects were asked to either try to (1) rotate their pelvis normally, or (2) walk
with small pelvis rotations, or (3) walk with large pelvis rotations. These trials will be
referred to as the Normal, Small and Large Pelvis ROM Trials respectively. The last
three trials were performed in quasi-random order and solely the last two minutes of
each trial were used for data analyses. The experimental setup is shown in Figure 5.2.
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Figure 5.2. Experimental setup.
Left: The GRAIL on which the measurements took place. Right: The presented feedback during
trials. The rotation of the red bar around the anteroposterior axis reflected the axial rotation
of the subjects’ pelvis.

Data collection
Gender, age, body weight, and height of each subject were documented. Reflective
markers were placed (Full Body Plug-in Gait model, VICON) by the same trained
physiotherapist (MP) for each subject before the trials (Vicon, 2017). During trials, ten
infrared cameras (VICON, Oxford, UK) recorded the position of these markers at a rate
of 100 samples/s. The motion capture data were analysed on-line using D-Flow Software
(Motek) to generate real-time feedback.
Data analysis
Experimental data
Marker data were low-pass filtered using a 2nd order unidirectional (forward)
Butterworth filter with a cut-off frequency of 5 Hz. During the first trial, heel strikes
were identified as local peaks in the anteroposterior position of each heel marker. The
average time-interval between these heel strikes was used to calculate the metronomeimposed step frequency for the next trials. The rotation of the presented pelvis feedback
corresponded to the angle between (1) the line connecting the midpoint between both
anterior superior iliac spines and the midpoint between both posterior superior iliac
spines and (2) the line of progression of the treadmill.
After the measurements took place, marker data were filtered using a 4th order
bidirectional (two times 2nd order) low-pass Butterworth filter with a cut-off frequency
of 10 Hz. Stride duration was calculated in the same manner as for the on-line analysis.
Axial pelvis, thorax and trunk (pelvis relative to thorax) rotations and the position of
the centre of mass (COM) of both arms and legs were calculated in agreement with
recommendations of the International Society of Biomechanics (G. Wu et al., 2002,
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2005), using the required anthropometric data (de Leva, 1996). Arm and leg swing were
defined as the anteroposterior trajectories of the COM of each extremity.
The ROM of axial pelvis, thorax and trunk rotations and arm swing were calculated
over each individual stride and then averaged over each trial. The ROM of the
anteroposterior trajectories of the COM of both arms was averaged. Intersegmental
coordination of axial thorax and pelvis rotations, and the anteroposterior movements of
the legs was expressed in terms of the relative phase of the frequency response function
of these signals at the imposed stride frequency (Prins, Bruijn, Meijer, et al., 2019),
resulting in three relative phases (thorax-leg, pelvis-leg, thorax-pelvis) per subject for
each trial. To establish an overall time base of the combined movements of both legs,
the ROM of the anteroposterior trajectories of the COM of the legs were combined for
this analysis (right leg minus left leg). A relative phase of minus and plus 180 degrees
corresponded to perfect out-of-phase movement and 0 degrees to perfect in-phase
movement of two segments. A negative or positive value means, respectively, that the
first segment (e.g. ‘thorax’ in ‘thorax-pelvis’) is lagging or leading the second.
Using top-down inverse dynamics, the net trunk moment (i.e., between thorax
and pelvis, around the vertical axis of L5S1) was calculated (Hof, 1992). Apparent axial
trunk stiffness and damping of each trial of each subject were estimated by fitting a
forward dynamic model (Prins, Bruijn, Meijer, et al., 2019) of which further details are
discussed below. All trunk kinetics (i.e. moment, stiffness and damping) were normalized
to subject height and body weight and arm swing ROM was normalized to subject height
to correct for anatomical differences between subjects (Hof, 1996).
Simulated data
We used a forward dynamic model to simulate the effect of manipulated axial pelvis
ROM on thorax timing independent of trunk kinetics and arm swing amplitude. The
details of the model and this procedure are published elsewhere (Prins, Bruijn, Meijer,
et al., 2019). In brief, the model predicts axial (around L5S1) thorax rotations from
observed axial pelvis rotations, arm swing moment and thorax inertia. Axial trunk
stiffness and damping are estimated using an optimization procedure that minimizes
the root mean square error between predicted and observed axial thorax rotations.
First, the model was used to estimate apparent axial trunk stiffness and damping of
each subject during each trial (Figure 5.3). Then, to predict the independent effect
of manipulated axial pelvis ROM on thorax timing the model was run again with the
observed arm swing and estimated apparent trunk stiffness and damping from the
Normal Pelvis ROM Trial, while axial pelvis rotations were obtained from the Large
Pelvis ROM Trial for each subject (Figure 5.4). Because the effect of the Small Pelvis
ROM Trial on actual pelvis ROM was relatively small (see results), we refrained from
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simulating the effect of walking with small pelvis ROM. The observed time-series from
the Normal and Large Pelvis ROM Trial were synchronised to percentage of gait cycle
by manipulating the time domain of the pelvis rotations of the Large Pelvis ROM Trial,
based on left heel strikes. In other words, left heel strikes of all time-series, as used as
input for the model occurred at the same instance.

5

Figure 5.3. Estimation of apparent axial trunk stiffness and damping using a forward
dynamic model.
For each trial of each subject, the apparent axial trunk stiffness and damping were estimated
using a forward dynamic model. The model predicted axial thorax rotations based on
experimentally obtained thorax inertia, arm swing moment and pelvis rotations. Using an
initial guess for stiffness and damping, the model predicted axial thorax rotations. These
rotations were compared to observed rotations by calculating the root mean square error
(RMSE). Then, stiffness and damping were adjusted and the model was run again. This
iterative process was repeated until a minimum in RMSE was obtained.
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Figure 5.4. Simulation of walking with increased axial pelvis ROM using a forward dynamic model.
The forward dynamic model was used to predict the effect of walking with large pelvis ROM
on axial thorax rotations for each subject by using estimated stiffness and damping and
observed arm swing moment of the Normal Pelvis ROM Trial and axial pelvis rotations of the
Large Pelvis ROM Trial.

Statistical analysis
The alpha level was set to .05 for all analyses. Because some of the statistical tests
required circular statistics, we refrained from using repeated measures analyses. All
comparisons were performed between the Normal and Small Pelvis ROM Trial and
between the Normal and Large Pelvis ROM Trial.
First, we checked whether our manipulations were successful by comparing the axial
pelvis ROM and stride frequency between trials using paired sample t-tests. The same
test was used to compare linear outcomes (ROMs and trunk kinetics) between trials.
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Circular outcomes (relative phases) were compared between conditions using ‘circ_
mtest.m’ from the circular statistics toolbox (Berens, 2009). This function is the circular
equivalent of a one sample t-test. The difference in relative phase between two paired
samples (i.e. thorax-pelvis relative phase of the Large minus that of the Normal Pelvis
ROM Trial) was used as input. The function calculates if this difference significantly
deviates from zero for a given alpha value (Zar, 1999). The function was run multiple
times until the lowest alpha level, with three decimals yielded a significant difference.
This alpha level was documented as the p-value. All statistical analyses were performed
in MATLAB 2018A (The MathWorks, Inc. Natick, MA).

Results
Experimental manipulations
Compared to the Normal Pelvis ROM Trial, subjects succeeded in reducing axial pelvis
ROM in the Small Pelvis ROM Trial (mean difference -1.5 degrees) and in increasing
pelvis ROM in the Large Pelvis ROM Trial (mean difference +13.7 degrees) (Table 5.1).
The difference in stride frequency, and hence stride length, between the Normal and
Small Pelvis ROM Trial was small (0.02 Hz) but significant. The stride frequency did not
significantly differ between the Normal and Large Pelvis ROM Trial.
Table 5.1. Evaluation of the success of experimental manipulations.
Normal Pelvis
ROM Trial
Pelvis ROM (deg)
Stride Frequency (Hz)

Small
Pelvis ROM Trial

Large
Pelvis ROM Trial

Avg (SD)

Avg (SD)

p¥

Avg (SD)

p¥

9.8 (4.6)
.98 (.03)

8.3 (4.0)
1.00 (.04)

.005
.003

23.5 (8.7)
.98 (.03)

<.001
.09

Pelvis ROM Trial = Pelvis Range of Motion Trial, SD = Standard Deviation, ¥ = Compared to
the Normal Pelvis ROM Trial

Effect of experimental manipulation of axial pelvis rom on thorax-pelvis coordination
Below, two individual examples of the effect of the experimental manipulation of
axial pelvis ROM on thorax-pelvis coordination are presented for illustrative purposes,
followed by the overall results.
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Individual examples
The axial segmental rotations of one subject are displayed in the two upper panels
of Figure 5.5. In this subject, axial pelvis ROM was 10.3 degrees in the Normal Pelvis
ROM Trial, slightly smaller in the Small Pelvis ROM Trial (9.6 degrees) and much larger
in the Large Pelvis ROM Trial (28.1 degrees). Axial thorax-pelvis relative phase was
considerably different between the Normal and Large Pelvis ROM Trial (-103 and -18
degrees respectively), which appeared to be mainly caused by a difference in thoraxleg relative phase (-144 vs -40 degrees) and not pelvis-leg relative phase (-40 vs -21
degrees). Not all subjects demonstrated a large difference in thorax-pelvis relative phase
between the Normal and Large Pelvis ROM Trial, as can be seen in the lower two panels
of Figure 5.5. In this subject, increased pelvis ROM (12 degrees difference) in the Large
Pelvis ROM Trial coincided with a small difference in thorax-pelvis relative phase (3
degrees difference).

Figure 5.5. Two individual examples of axial pelvis and thorax rotations in the Normal, Small
and Large Pelvis ROM Trial.
Each graph displays segmental movements averaged over strides of each trial. The horizontal
axis runs from right heel strike (0%) to right heel strike (100%). The vertical axis of the two
graphs displays the axial rotation of pelvis and thorax. A positive value for pelvis or thorax
rotation corresponds to a counter-clockwise rotation, as seen from above.
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Overall results
Compared to the Normal Pelvis ROM Trial, axial thorax-pelvis relative phase was not
significantly different in the Small Pelvis ROM Trial, but significantly more in-phase
in the Large Pelvis ROM Trial (Table 5.2). Note that this latter difference (52 degrees
difference) appeared to be mainly caused by a difference in thorax timing (45 degrees
difference) and not pelvis timing (8 degrees difference), however, neither of these two
reached significance. Compared to the Normal Pelvis ROM Trial, the ROM of axial thorax
and trunk rotations were significantly smaller in the Small Pelvis ROM Trial and larger
in the Large Pelvis ROM Trial.
Table 5.2. Effects of experimental manipulation of pelvis ROM on (inter)segmental ROM and
coordination.
Normal Pelvis
ROM Trial

Small
Pelvis
ROM Trial

Large
Pelvis
ROM Trial

Avg (SD)

Avg (SD)

p¥

Avg (SD)

p¥

Relative Phase
Thorax–Pelvis (deg§)
Thorax–Leg (deg§)
Pelvis–Leg (deg§)

-89 (44)
-146 (32)
-42 (39)

-82 (37)
-139 (31)
-48 (29)

.50
.19
.96

-37 (46)
-101 (68)
-34 (42)

.03
.09
.72

ROM
Thorax (deg§)
Trunk (deg§)

7.1 (1.3)
11.6 (3.4)

5.6 (1.1)
8.9 (3.5)

.005
<.001

14.2 (7.2)
19.5 (3.1)

.008
<.001

ROM = Range of Motion, SD = Standard Deviation, ¥ = Compared to the Normal Pelvis ROM
Trial, § Note that degrees relative phase is a description of phase shift and degrees ROM is a
description of segmental orientation.

Effect of experimental manipulation of axial pelvis ROM on arm swing ROM and
axial trunk kinetics
Individual example
The axial trunk kinetics of one subject are displayed in Figure 5.6. Compared to the
normalized apparent axial trunk stiffness of the Normal Pelvis ROM Trial (0.069), the
stiffness was higher in the Small Pelvis ROM Trial (0.083) and lower in the Large Pelvis
ROM Trial (0.038). Note that a decrease in axial trunk stiffness alone (i.e., if axial pelvis
ROM and anteroposterior arm swing ROM would be identical between trials) would
result in more out-of-phase thorax-pelvis timing (Prins, Bruijn, Meijer, et al., 2019),
whereas this subject demonstrated more in-phase thorax-pelvis timing in the trial with
the lowest axial trunk stiffness (i.e., the Large Pelvis ROM Trial). A consistent result was
found for the Small Pelvis ROM Trial, i.e., changes in the opposite direction. Although
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apparent axial trunk stiffness was lower in the Large than in the Normal Pelvis ROM
Trial, the normalized trunk moment amplitude was larger in the Large Pelvis ROM
Trial (Normal 0.007, Large 0.011). This could be the result of the relatively large trunk
excursions; as trunk moment is a product of apparent axial trunk stiffness and axial
trunk angle.

Figure 5.6. Example of apparent axial trunk stiffness in the Normal, Small and Large Pelvis
ROM Trial in one subject.
Grey scatter plots of trunk angle (horizontal axis) and trunk moment (vertical axis) of each
trial of one subject. The slope of the dashed black line is the apparent axial trunk stiffness.
Apparent axial trunk stiffness was estimated using a forward dynamic model; it is not the
regression line of the actual data. The solid black bars represent the average trunk ROM
(horizontal) and trunk moment amplitude (vertical).

Overall results
Arm swing ROM was significantly smaller in the Small compared to the Normal Pelvis
ROM Trial, but not significantly different between the Normal and Large Pelvis ROM Trial
(Table 5.3). Apparent axial trunk stiffness was significantly lower in the Large compared
to the Normal Pelvis ROM Trial, but not significantly different between the Normal and
Small Pelvis ROM Trial. Trunk moment amplitude was significantly lower in the Small and
larger in the Large Pelvis ROM Trial compared to the Normal Pelvis ROM Trial.
Effect of simulated large axial pelvis ROM on thorax-pelvis coordination
Forward dynamic simulation of an increase of pelvis ROM of the Normal Pelvis ROM
Trial, keeping arm swing and axial trunk stiffness constant, resulted in significantly
more in-phase thorax-pelvis timing (p=.001). In contrast to the experimental Large
Pelvis ROM Trial, trunk ROM was not significantly affected by a simulated increase in
axial pelvis ROM (p=.43).
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Table 5.3. Effects of experimental manipulation of pelvis ROM on trunk kinetics.
Normal
Pelvis
ROM Trial

Small
Pelvis
ROM Trial

Large
Pelvis
ROM Trial

Mean (SD)

Mean (SD)

p¥

Mean (SD)

p¥

Arm Swing ROM§ * 102

1.17 (.24)

.80 (.30)

<.001

1.29 (.21)

.21

Trunk Kinetics
	Apparent Stiffness§§ * 102
	Moment Amplitude§§ * 103

4.39 (1.58)
6.46 (.99)

4.49 (1.89)
5.17 (1.36)

.54
<.001

3.06 (1.04)
7.75 (1.83)

.004
.03

ROM = Range of Motion, SD = Standard Deviation, ¥ = Compared to the Normal Pelvis ROM
Trial, § = Normalized for subject height (m)
Table 5.4. Effects of a simulated increase of pelvis ROM on (inter)segmental ROM and coordination
and trunk kinetics.

ROM¥
Pelvis (deg§)
Thorax (deg§)
Trunk (deg§)
Relative Phase¥
Thorax–Pelvis (deg§)
Thorax–Leg (deg§)

Experimental
Normal
Pelvis
ROM Trial
Mean (SD)

Simulated
Large
Pelvis
ROM Trial
Mean (SD)

p

9.8 (4.6)
7.1 (1.3)
11.6 (3.4)

23.3 (8.8)*
21.6 (7.9)
11.8 (3.6)

<.001
<.001
.43

-89 (44)
-146 (32)

-9 (17)
-44 (56)

.001
.003

ROM = Range of Motion, SD = Standard Deviation, * = Note that this value is derived from
actual axial pelvis rotations in the Large Pelvis ROM Trial, see methods, ¥ = Pelvis timing, arm
swing amplitude and axial trunk stiffness were not manipulated between trials and therefore
not reported in this table, § Note that degrees relative phase is a description of phase shift and
degrees ROM is a description of segmental orientation.

Discussion
The objective of this study was to assess the relationship between the ROM of axial
pelvis rotations and thorax-pelvis coordination during gait in healthy subjects. As
hypothesized, we found that an experimentally induced increase in axial pelvis ROM
resulted in more in-phase thorax-pelvis timing in healthy subjects. This was mainly
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caused by a change in thorax timing and not in pelvis timing, which is similar to the
coordination pattern observed in pelvic girdle pain (W. H. Wu et al., 2008) and low back
pain (Huang et al., 2011; Prins et al., 2016).
More in-phase thorax-pelvis timing in the Large Pelvis ROM Trial coincided with
a lower apparent axial trunk stiffness. At first glance, this appears to contradict the
findings of our previous simulation study where we found that a lower apparent axial
trunk stiffness results in more out-of-phase thorax-pelvis timing (Prins, Bruijn, Meijer,
et al., 2019). However, the simulation of walking with large Pelvis ROM without altering
axial trunk stiffness resulted in an even larger shift in thorax-pelvis coordination than
observed in the experimental data. In other words, in the Large Pelvis ROM Trial, the
increase in pelvis ROM and the reduction in apparent axial trunk stiffness had opposite
effects on thorax-pelvis coordination, whereas the effect of pelvis ROM was larger,
resulting in a net shift towards in-phase thorax-pelvis timing. The reduction in stiffness
limited the effect of pelvis ROM on thorax-pelvis coordination in that trial. This raises the
question how pelvis ROM can affect thorax-pelvis coordination independent of apparent
axial trunk stiffness. In a second order system, the timing between two segments (i.e.,
thorax and pelvis in our paradigm) depends on the oscillation frequency of the driving
segment not on the oscillation amplitude. However, the balance of forces of the arms
acting on the thorax and of forces produced by lumbar connections with the pelvis
change when pelvis amplitude changes, causing an effect of pelvis amplitude on thorax
timing. With a small pelvis ROM, thorax timing is mainly driven by arm swing, whereas
the effect of pelvis rotation on thorax timing increases with increasing axial pelvis ROM.
The increase in axial trunk ROM and reduced apparent trunk stiffness in the Large
Pelvis ROM Trial has not been observed in low back pain patients (Huang et al., 2011;
Lamoth, Meijer, et al., 2002; Prins, Bruijn, Meijer, et al., 2019; Prins et al., 2016).
Forward dynamic simulation of increased axial pelvis ROM without manipulating axial
trunk stiffness (i.e., as observed in low back pain), resulted in more low back pain like
behaviour; more in-phase thorax-pelvis timing with no significant change in ROM of
axial trunk rotations. Possibly, the mechanism that causes patients to walk with larger
pelvis ROM is different than that of healthy subjects that intentionally alter pelvis ROM.
The next step to better understand altered axial thorax-pelvis coordination in
patients, is to discover why and how patients with low back pain walk with increased
pelvis ROM. It has been hypothesized that a reduction in step length as a result of
limited hip flexion mobility (with an extended knee as in the straight leg raise test)
would be compensated by increased axial pelvis ROM (W. H. Wu et al., 2008). However,
the contribution to step length of increased pelvis rotations is small (Liang et al., 2014),
so it is questionable if patients would choose this strategy to increase step length.
Possibly, the increased passive elastic contribution of hip extensors that was found in
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low back pain patients (Hines, Tillin, Luo, & Lee, 2018) causes pelvis ROM to increase
during gait as this would affect hip moments.
Subjects went to great extents to achieve a relatively small reduction of axial pelvis
ROM: arm swing amplitude was reduced by 31%, thorax ROM by 19% and trunk ROM by
25%, coincident with a reduction in pelvis ROM of only 14% (1.5 degree). This reduction
in axial pelvis ROM is small compared to the standard deviation of pelvis ROM between
subjects in the Normal Pelvis ROM Trial (4.6 degrees). If one subject has a ‘natural’
axial pelvis ROM of 5 degrees and another subject of 15 degrees, one may expect that
the subject with small natural pelvis rotations can achieve 15 degrees, but apparently
the subject with large natural pelvis rotations cannot achieve an amplitude close to 5
degrees. These results could indicate that the lower limit in axial pelvis ROM is restricted
by anatomical constraints, such as hip mobility, pelvic width or leg weight.
This study has some limitations that need to be addressed. First, the difference in
pelvis ROM between the Normal and Large Pelvis ROM Trial was considerably larger
than between healthy controls and patients with pelvic girdle pain and low back pain.
If the relation between pelvis ROM and thorax-pelvis coordination is not linear, effects
could be considerably smaller in patients. Second, walking with larger pelvis ROM
did not result in a shift in thorax-pelvis timing in all subjects. This could indicate that
mediators exist between these two variables that we did not measure.
Conclusion
Walking with actively increased ROM of axial pelvis rotations in healthy subjects is
associated with a shift in thorax-pelvis relative phase, similar to observations in patients
with pelvic girdle pain and low back pain.
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Abstract
Patients with Chronic Low Back Pain (CLBP) demonstrate reduced stride-to-stride
variability of axial trunk (pelvis relative to thorax) rotations. The aim of this study was to
determine what mechanisms cause this coordination. Twenty CLBP patients and twenty
healthy controls walked on a treadmill at 1.11 (m/s). Subjects walked normally or with
one or both of the following perturbations; a volitional head rotation (to perturb the
thorax) and unpredictable changes to the treadmill speed (to perturb the pelvis). Trunk
kinematics and kinetics were recorded during each trial. A forward dynamic passive
spring-damper-mass model of the trunk was used to predict axial thorax rotations
during normal walking, which were compared to observed axial thorax rotations.
During normal walking, CLBP patients demonstrated reduced stride-to-stride variability
of axial trunk rotations over a wide range of frequencies, as observed in an earlier
study. Treadmill perturbations had a smaller effect on high-frequency stride-to-stride
variability of axial trunk rotations in CLBP patients than in controls. This appeared to
be caused by splinting; active bracing of the trunk through muscle activity resulting
in increased apparent axial trunk stiffness. Splinting has a negligible effect at low
frequencies. The model predicted low-frequency stride-to-stride variability of axial
trunk rotations better in CLBP patients than in healthy controls, which suggests that
CLBP patients refrain from making volitional trunk rotations during gait, which would
not be captured by the model.
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Introduction
Patients with Chronic Low Back Pain (CLBP) demonstrate reduced stride-to-stride
variability of axial trunk (pelvis relative to thorax) rotations (Lamoth, Meijer, et al.,
2006; van den Hoorn et al., 2012). This has been suggested to be a result of guarded
movement or active bracing of the trunk through muscle activity, henceforth referred
to as splinting (Lamoth, Meijer, et al., 2006; van den Hoorn et al., 2012). Splinting would
avoid uncontrolled trunk rotations due to neuromotor noise or external perturbations
(Dideriksen et al., 2015; Franklin & Granata, 2007; Gardner-Morse & Stokes, 1998; van
Dieën, Kingma, & van der Bug, 2003). Splinting can be achieved through co-contracting
trunk muscles and/or increasing reflex gains of trunk muscles (Franklin & Granata, 2007;
van Drunen, Maaswinkel, van der Helm, van Dieën, & Happee, 2013). The increase
of apparent trunk stiffness and/or damping associated with splinting would facilitate
the transfer of stride-to-stride fluctuations in the repetitive rotation of the pelvis,
henceforward called residual rotations, towards the thorax and vice versa (van den
Hoorn et al., 2012). If the relative amplitude or gain of residual axial thorax and pelvis
rotations is closer to one and the lag or phase closer is to zero, residual thorax and pelvis
rotations are more alike, and residual axial trunk rotations will be smaller (Figure 6.1).
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Figure 6.1. Residual axial rotations.
All graphs depict a short time-window (4 seconds) of axial pelvis and thorax rotation during
normal gait of a pain-free participant in the present study. The upper two graphs depict the
time series of observed thorax and pelvis rotation (solid black line) and thorax and pelvis
rotation averaged over all strides (dashed black line), hence the dashed black line is identical
between strides. The distance between the actual and average rotation is shaded grey. In the
two middle graphs, the black line depicts the residual rotation, i.e., the actual rotation minus
the average rotation. In the lower graph residual thorax rotation is plotted as function of
residual pelvis rotation. If thorax-pelvis gain is closer to one and thorax-pelvis phase is closer
to zero, each point in this graph will be closer to the identity line and the amplitude of residual
trunk rotations will be lower.

When the trunk is modelled as a passive spring-damper-mass system with axial pelvis
rotations driving the thorax via the stiffness and damping of the trunk (Figure 6.2), the
frequency response function of residual pelvis rotations towards the thorax depends on
axial stiffness and damping of the trunk and inertia of the thorax. Data from 15 healthy
participants (Prins, Bruijn, Meijer, et al., 2019; Prins et al., 2016) yield the thorax-pelvis
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frequency response functions (see Supplement 6.1) shown in Figure 6.2 (blue lines).
The effect of increased apparent axial trunk stiffness and damping (by one standard
deviation), yields frequency response functions with a gain closer to one between 1
and 4.5 times the stride frequency and a phase closer to zero from 1.5 times the stride
frequency and up (Figure 6.2 red lines).

Figure 6.2. The effect of splinting on the thorax-pelvis frequency response function.
Left: Representation of the passive spring-damper-mass system used to calculate gain
and phase between axial pelvis and thorax rotations. Middle and right: The thorax-pelvis
frequency response function based on stiffness and damping in 15 healthy subjects without
(blue) and with (red) simulated splinting.

The analysis above suggests that effects of splinting are mainly visible above the stride
frequency. However, most of the power of residual trunk rotations in gait is found below
the stride frequency (van den Hoorn et al., 2012). Reduced stride-to-stride variability
of these low-frequency trunk rotations could be achieved through another mechanism.
The following mechanisms could cause a lower stride-to-stride variability of axial trunk
rotations during gait:
1. Splinting: elevated levels of apparent axial trunk stiffness and/or damping,
2.	reduction of stride-to-stride variability of dynamic inputs on thorax from cranial
sources (reaction forces and moments at shoulders and neck) and pelvis from caudal
sources (reaction forces and moments at hips),
3.	coordination of stride-to-stride variability of dynamic inputs on thorax from cranial
sources and pelvis from caudal sources,
4. reduced stride-to-stride variability of descending drive to trunk muscles.
The first objective of this study was to replicate the finding of a smaller amplitude
of residual axial trunk rotations in CLBP patients compared to healthy controls. To
better understand the changes in trunk kinematics in gait of CLBP patients, our second
objective was to determine by what mechanism this stride-to-stride variability is
reduced in these patients.
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Methods
All measurements were performed at the Military Rehabilitation Centre ‘Aardenburg’
(MRC), Doorn, The Netherlands. The protocol of this study was approved by the Medical
Ethical Committee Brabant, Brabant, The Netherlands (NL 60739.028.17). All participants
provided informed consent.
Participants
Twenty CLBP patients were recruited from the in- and outpatient population of the
rehabilitation center MRC. Twenty sex-matched controls were recruited from the MRC
personnel and by word of mouth in the local community. All participants had to be
between 20 and 50 years of age, and have no condition that might interfere with gait
(other than CLBP in the CLBP group). CLBP patients had to have experienced low back
pain during the three months prior to inclusion and have a minimum pain intensity of
20mm at the time of inclusion measured with a Visual Analogue Score (VAS) for low
back pain, anchored with “no pain” at 0 and “worst pain imaginable” at 100mm.
Experimental procedure
The Gait Real-time Analysis Interactive Lab (GRAIL) (Motek, Amsterdam, The
Netherlands) was used for testing. The GRAIL consists of a treadmill with a surrounding
210-degrees cylindrical screen (Figure 6.3A). During each of the four experimental trials,
a virtual road was projected on the screen in front of the subjects. The visual flow
matched the speed of the treadmill (1.11 (m/s) (= 4 km/h)). During three trials, one
or both of the following walking perturbations were applied; a volitional axial head
rotation (to perturb the thorax) and unpredictable changes to the treadmill speed (to
perturb the pelvis). Axial head rotation was imposed using real-time feedback. A vertical
line was projected on the screen right in front of the subject. If the subject rotated
the head around the longitudinal axis, the vertical line moved with the subject’s head
orientation (Figure 6.3B). Subjects were asked to keep this line within a target area that
moved from left to right on the screen. Subjects were instructed to rotate their head
around the longitudinal axis from 60 degrees left from the line of progression to 60
degrees right of the line of progression and back (Figure 6.3C). The duration of such a
cycle was 10 seconds:
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Target position = 60 sin (0.2 π t) (deg)
where t is trial time in seconds.
Treadmill speed fluctuated between 0.83 and 1.39 (m/s) (= 3 and 5 km/h) at a relatively
high-frequency, well above stride frequency (i.e., ~1Hz) following:
Treadmill speed = 1.11 + 0.14 sin (6 π t) + 0.08 sin (5.1 π t) + 0.06 sin (3.7 π t) (m/s)
All possible combinations of manipulations were presented in random order, resulting
in 4 trials.
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A

B

C

Figure 6.3. Experimental setup and experimental manipulations.
A. Experimental Setup. The picture shows a subject walking on the GRAIL during a head
rotation trial. B. Feedback. The mediolateral position of the vertical white line was directly
related to the orientation of the head of the subject around the longitudinal axis. Subjects
were asked to keep the vertical white line within the purple rectangle. C. Experimental
manipulations. During the Treadmill Perturbation Trials, the speed of the treadmill rapidly
varied between 0.83 and 1.39 (m/s). During the Head Rotation Trials, subjects were asked to
slowly rotate their head around the longitudinal axis over a range of 120 degrees.
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Expected result for each mechanism
To identify which mechanisms reduce stride-to-stride variability of axial trunk rotations
in CLBP patients we tested the assumptions presented in Table 6.1. Sources of strideto-stride variability of axial trunk rotations are depicted in Figure 6.4.
Table 6.1. Expected observations for each mechanism that could reduce stride-to-stride
variability of axial trunk rotations.
Mechanism to reduce stride-to-stride
variability of axial trunk rotations

Expected observation in CLBP compared to
healthy controls

1: S plinting; elevated levels of apparent axial
trunk stiffness and/or damping.

- Modelled thorax-pelvis gain closer to one
-M
 odelled thorax-pelvis phase closer to
zero
- Smaller effect external pelvis-perturbations
on axial trunk rotations

2: Reduction of stride-to-stride variability
of dynamic inputs on thorax from cranial
sources and pelvis from caudal sources.

- L ower stride-to-stride variability of axial
thorax and pelvis rotations

3: C
 oordination of stride-to-stride variability
of dynamic inputs on thorax from cranial
sources and pelvis from caudal sources.

- L arger stride-to-stride variability of axial
pelvis rotations, but smaller stride-tostride variability of residual axial trunk
rotations during volitional residual thorax
rotations.

4: R
 educed stride-to-stride variability of
descending drive to trunk muscles.

-B
 etter fit of a passive spring-dampermass model on experimental gait data (as
variable descending drive to trunk muscles
is not captured by the model).a

This is also expected for mechanisms 2 and 3 (in combination with the expected
observations described for these mechanisms) because dynamic inputs on thorax from
cranial sources is not captured by the model.

a
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Figure 6.4. Sources of stride-to-stride variability of axial trunk rotations during gait.
Between thorax and pelvis from left to right: constant apparent axial trunk damping and
stiffness and axial trunk moments not captured by stiffness and damping (represented by
a variable resistance icon). Blue = Forward dynamic model and sources of stride-to-stride
variability of axial trunk rotation captured by this model. Black = sources of stride-to-stride
variability of axial trunk rotations not captured by the model. Letters represent sources
of stride-to-stride variability: A: Constant descending drive to trunk muscles and constant
setting of trunk muscle reflex sensitivity, B: Dynamic inputs from cranial sources (reaction
forces and moments at shoulders and neck), C: Dynamic inputs from caudal sources (reaction
forces and moments at hips), D: Variable descending drive to trunk muscles. Numbers
represent strategies that can reduce stride-to-stride variability of axial trunk rotations:
1: Higher apparent axial trunk stiffness and/or damping, 2: Reduction of stride-to-stride
variability of B and C, 3: Coordination between stride-to-stride variability of B and C, 4:
Reduction of stride-to-stride variability of D.

Data collection
Sex, age, height and weight of each subject were documented. CLBP patients reported
their current pain intensity with a VAS for current pain before the trials. Reflective
markers were placed on each subject using the Full Body Plug-in Gait model (VICON,
Oxford, UK). During trials, ten infrared cameras (VICON) recorded the position of these
markers at a rate of 100 samples/s. The orientation of the head was streamed to the
D-Flow Software (Motek) to generate the real-time feedback.
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Data analysis
Marker-data were low-pass filtered with a bidirectional fourth order (2 times second
order) low-pass Butterworth filter with a cut-off frequency of 10 Hz. Heel strikes were
determined as local peaks in the anteroposterior position of the heel marker and were
visually verified. Stride frequency was calculated as the inverse of the mean duration
between consecutive left heel strikes over each trial.
Axial head, thorax, pelvis and trunk (i.e., thorax relative to pelvis) rotation timeseries were transformed to residuals of these signals as follows. First, the time-series
were normalized to 100 samples per stride, from right heel strike to right heel strike.
To determine the residual rotation for each stride, the average rotation over all strides
was subtracted from the instantaneous rotation in each stride. Finally, residual rotation
was de-normalized to original trial time for each stride. The amplitude of each residual
time series was calculated as the mean absolute value over time. For each subject,
we estimated apparent axial trunk stiffness and damping during normal walking using
a passive forward dynamic spring-damper-mass model described elsewhere (Prins,
Bruijn, Meijer, et al., 2019). In brief, this model predicts time series of axial thorax
rotations based on observed axial pelvis rotations, reaction forces in the shoulders
derived from top-down inverse dynamics, thorax inertia derived from circumference
measures and axial trunk stiffness and damping. The latter two values are manipulated
in an iterative process until the root mean squared difference between observed and
predicted thorax-rotations reaches a minimum. The estimated stiffness and damping
values and the predicted time series of thorax rotations were stored. Stiffness and
damping coefficients were normalized to subject height and weight (Hof, 1996). As a
measure for trunk splinting, we analytically calculated the frequency response function
of a passive spring-damper-mass system with the inertia of the thorax and stiffness
and damping of each subject as system characteristics as described in Supplement 2.1.
Because imposed residual segmental rotations were either high-frequency (treadmill
perturbations) or low-frequency (head rotations), and because a differential effect of
splinting was expected at low vs high frequencies, residual segmental rotations were
analyzed separately for low and high frequencies. The low-frequency content of time
series was calculated by low-pass filtering these signals with a cut-off frequency of 2/3
of the stride frequency. The high-frequency content of these signals was calculated
by band-pass filtering with cut-off frequencies of 2 and 4.5 times the stride frequency
(because an effect of splinting was expected at this specific frequency band). Both
filters were bidirectional fourth order (2 times second order) filters. The low- and highfrequency bands were chosen well outside the stride frequency, because at stride
frequency arm swing amplitude can considerably affect thorax-pelvis phase (Prins,
Bruijn, Meijer, et al., 2019).
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Statistical analysis
Subjects age, height, weight and BMI were compared between groups using independent
sample t-tests.
For the unperturbed walking trial, independent sample t-tests were performed to
evaluate between group differences. The mean amplitude of residual trunk rotations
over all frequencies, low frequencies and high frequencies were compared. Stride
frequency and estimates of axial trunk stiffness and damping were compared. The
gain of the thorax-pelvis frequency response function of each subject was compared
between groups over the three aforementioned frequency bands. The goodness of
fit of the forward dynamic model predicted residual thorax rotations to experimental
values was calculated over the three frequency bands as Fisher-transformed Pearson
correlations of these time-series. These correlations were compared between groups
using independent sample t-tests as well. The phase of the modelled frequency response
function over all three frequency bands and the experimentally observed thorax-pelvis
relative phase at the stride frequency were compared between groups using circular
statistics (Berens, 2009). The effect sizes of these between group differences were
expressed in terms of Cohen’s d.
To evaluate the effect of experimental manipulations on residual segmental
rotations, we used linear mixed effect models with random intercepts (Bates, Mächler,
Bolker, & Walker, 2014). Group (Control/CLBP), head orientation (unconstrained/
rotating) and treadmill perturbation (on/off) were used as factors. Interactions of head
orientation and treadmill perturbation with group were included in each model. All
factors were centered (e.g. Control = -0.5, CLBP = 0.5 instead of Control = 0 CLBP = 1 in
factor ‘group’) to prevent interaction terms affecting the estimated main effects. For
the dependent variables, we used Z-scores, with the values of healthy controls during
unperturbed walking with unconstrained head orientation as reference value. In words,
if the mean (SD) of the control group for a given variable was 4 (1) and the coefficient of
the factor ‘group’ was 1, the average value of the CLBP group was 5 for that variable. To
evaluate if stride frequency was affected by the experimental manipulations, a mixed
model was run for this parameter.
Independent sample t-tests and circular statistics were performed in MATLAB 2018A
(The MathWorks, Inc. Natick, MA). Linear mixed effect models were performed in R
3.5.1 (R Foundation for Statistical Computing, Vienna, Austria). The alpha level was set
to .05 for all analyses. Effect sizes, i.e., Cohen’s d’s and Z-scores, were considered small
to moderate if below 0.8 and large if above 0.8.
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Results
Participants
Sixteen male and four female subjects were recruited in both groups. There were no
significant differences between groups in age, height, weight or BMI (Table 6.2).
Table 6.2. Characteristics of participants.

N
Male
Female
Age (year)
Height (m)
Weight (kg)
BMI (kg/m2)
VAS-pain (mm)

Control
mean (SD)

CLBP
mean (SD)

20
16
4
30.3 (7.3)
180.9 (8.8)
80.8 (11.5)
24.6 (2.5)
0 (0)

20
16
4
30.9 (6.8)
182.0 (8.9)
86.5 (11.0)
26.1 (2.8)
17.3 (16.6)

p

.81
.70
.12
.09

CLBP = Chronic Low Back Pain, SD = Standard Deviation, BMI = Body Mass Index, VAS = Visual
Analogue Scale

Between group differences during normal walking
There was no significant difference in stride frequency during normal walking between
groups (Table 6.3). Residual axial trunk rotations were significantly smaller over all
evaluated frequency bands in CLBP, all with a large effect size. Residual axial thorax and
pelvis rotations were not significantly different between groups. Normalized apparent
axial trunk stiffness and damping were both higher in CLBP, but not significantly so. The
gain of the modelled thorax-pelvis frequency response function was not significantly
different between groups over any of the frequency bands, but the phase was
significantly closer to zero in CLBP patients, with large effect sizes, when averaged over
all frequencies and for the high-frequency band, but not for the low-frequency band
(Table 6.3, Figure 6.5). Experimental thorax-pelvis relative phase (at the stride frequency)
was not significantly different between groups. Note that the experimental thorax-pelvis
relative phase (of actual rotations) and the phase of the modelled transfer function (of
residual rotations) at the stride frequency differ considerably since arm swing has a
considerable effect on thorax rotations at this frequency (Prins, Bruijn, Meijer, et al.,
2019). For the low-frequency band, the model predicted residual axial thorax rotations
significantly better in CLBP patients than in healthy controls, with a large effect size. With
all frequencies combined and at the high-frequency band no significant between group
differences were observed in the goodness-of-fit of the model.
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Table 6.3. Results of independent sample tests for differences between healthy controls and
CLBP patients during normal walking.
Control
mean (SD)

CLBP
mean (SD)

Cohen’s
d

p

0.58 (0.16)
0.39 (0.12)
0.17 (0.04)

0.44 (0.12)
0.28 (0.09)
0.4 (0.04)

1.00
1.06
0.84

0.003
0.002
0.01

0.99 (0.19)
0.73 (0.16)
0.18 (0.04)

0.93 (0.16)
0.67 (0.12)
0.17 (0.04)

0.38
0.43
0.19

0.24
0.19
0.55

0.95 (0.13)
0.68 (0.09)
0.18 (0.04)

0.91 (0.14)
0.65 (0.11)
0.17 (0.04)

0.34
0.29
0.31

0.30
0.38
0.34

Amplitude Residual Trunk Rotations
All Frequencies (deg)
Low-frequency (deg)
High-frequency (deg)
Amplitude Residual Thorax Rotations
All Frequencies (deg)
Low-frequency (deg)
High-frequency (deg)
Amplitude Residual Pelvis Rotations
All Frequencies (deg)
Low-frequency (deg)
High-frequency (deg)
Stride Frequency (Hz)

0.88 (0.04)

0.86 (0.05)

0.23

0.48

Thorax-Pelvis Relative Phase (deg)*

-82.2 (29.7)

-73.9 (34.0)

0.26

0.44

0.47 (0.14)
0.02 (.008)

0.56 (0.19)
0.03 (0.01)

0.51
0.59

0.12
0.07

All Frequencies
Low-frequency
High-frequency

1.36 (0.19)
1.01 (0.00)
1.56 (0.28)

1.28 (0.14)
1.01 (0.00)
1.45 (0.24)

0.32
0.5
0.45

0.31
0.11
0.17

All Frequencies (deg)*
Low-frequency (deg)*
High-frequency (deg)*

-29.7 (7.39)
-0.11 (0.06)
-34.0 (12.1)

-23.0 (6.70)
-0.11 (0.11)
-25.7 (8.5)

0.94
0.00
0.80

0.01
0.89
0.02

1.81 (0.35)
1.33 (0.28)
1.16 (0.40)

2.01 (.037)
1.59 (0.23)
1.15 (0.52)

0.55
1.03
0.03

0.09
.002
0.92

Mechanical Trunk Properties
Normalized Stiffness
Normalized Damping (Hz)
Modelled Thorax-Pelvis Frequency
Response Function
		

Gain

			
			
			
		

Phase

			
			
			

Correlation# Experimental and Modelled
Residual Axial Thorax Rotations
			
			
			

All Frequencies
Low-frequency
High-frequency

Grey values = not significant, black bold values = significant and large effect size (Cohen’s d
> 0.8), * all values (mean, sd, cohen’s D and p) obtained through circular statistics, # = Fisher
transformed values.
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Figure 6.5. Transfer function of axial thorax and pelvis rotations with the trunk modelled as
passive spring-damper-mass system.
The horizontal axis represents the frequency of axial rotations normalized to stride frequency.
In the left and right graph the vertical axes represent respectively the gain and phase of the
transfer function of the two segments. The solid blue line represents the average value of
control subjects, the red line of CLBP subjects. The shaded areas depict the standard error of
the mean.

Experimental manipulations
Experimentally induced perturbations resulted in the intended changes of pelvis
and thorax rotations. The treadmill perturbations significantly increased the residual
amplitude of pelvis rotations in the high-frequency band and volitional head rotations
increased the residual amplitude of thorax rotations in the low-frequency band, all
with large effect sizes. These effects were not significantly different between groups.
The experimental manipulations resulted in significant increases in stride frequency,
which were not different between groups (Table 6.4). This implies that the experimental
manipulations worked equally well in both groups.
Treadmill perturbations resulted in significantly increased high-frequency residual
trunk rotations in both groups, but this effect was smaller in CLBP, as indicated by a
group * manipulation interaction. Voluntary head rotations resulted in large increases
in low-frequency residual thorax, trunk and pelvis rotations in both groups. The increase
of low-frequency pelvis rotations was significantly larger in the CLBP group. No further
significant group * manipulation interactions were found.
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0.01
.002

-1.57
-0.83

0.39 (0.12)
0.17 (0.04)
0.87 (0.05)

Stride Frequency
0.60
0.26

0.21
1.00

0.91
1.40

0.44
1.28

-0.05
0.29

Z

p

<.001

0.54
<.001

0.30
<.001

0.49
<.001

0.605
.03

Perturb

<.001
0.04

17.1
-0.15

0.78

<.001

<.001
<.001

<.001
<.001

14.6
-0.27

5.67
-0.27

<.001
<.001

p

18.4
0.90

Z

Head Rotate

-0.03

-0.13
-0.15

-0.14
-0.08

-0.12
0.00

-0.07
-0.03

Z

p

0.62

0.69
.01

0.87
0.25

0.85
0.97

0.48
0.84

CLBP x
Perturb

0.09

-0.47
0.02

2.36
-0.04

0.89
-0.04

0.15
-0.10

Z

0.19

0.16
0.80

.007
0.61

0.16
0.61

0.13
0.48

p

CLBP x
Head Rotate

Grey values = not significant, black values = significant and small to moderate effect size (Z < 0.8), black bold values = significant and large effect
size (Z > 0.8). ¥ Average (SD) value of healthy controls walking without platform perturbations with no constraint of head orientation. Z = Z-scores
difference relative to reference value. CLBP = Chronic Low Back Pain, Perturb = High frequent treadmill perturbations

-0.18

0.09
0.23

2.19
-0.41

0.68 (0.09)
0.18 (0.04)

0.52
0.64

0.59
-0.16

0.73 (0.16)
0.17 (0.04)

0.47
0.77

p

-0.10
0.09

Z

2.06 (1.79)
0.16 (0.04)

Reference Value¥

Amplitude Residual
Axial Rotations
Head
Low-frequency (deg)
High-frequency (deg)
Thorax
Low-frequency (deg)
High-frequency (deg)
Pelvis
Low-frequency (deg)
High-frequency (deg)
Trunk
Low-frequency (deg)
High-frequency (deg)

Amplitude Residual
Rotations

CLBP

Table 6.4. The effect of CLBP and experimental manipulations on residual axial segmental rotations and stride frequency described using mixed models.
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Evidence per mechanism
We found indications for splinting in low back pain in terms of a lower modelled thoraxpelvis phase, with a large effect size, and a smaller effect of external pelvis perturbations
on axial trunk rotations, with a small effect size. However, thorax-pelvis gain was not
significantly different between groups, which was expected with splinting. We found
no indications for reduced stride to-stride-variability of dynamic inputs on the thorax
from cranial sources and on the pelvis from caudal sources, since residual thorax and
pelvis amplitudes were not different between groups. We found that voluntary head
rotations had a larger effect on residual pelvis rotations in CLBP patients. Although this
would fit with coordination of these dynamic thorax and pelvis inputs, CLBP subjects
did not consistently accomplish a reduction in low-frequency axial trunk rotations by
increasing these residual pelvis rotations. Apparently, the timing of these increased
residual pelvis rotations was not accurately synchronized with and/or scaled to the
low-frequency residual axial thorax rotations. We found indications of a lower strideto-stride variability of descending drive towards trunk muscles, as a passive springmass-damper system predicted observed trunk kinematics during gait better in CLBP
subjects. Table 6.5 summarizes the expected and actual observations supporting each
mechanism.
Table 6.5. Expected and actual observations supporting each mechanism that could reduce
stride-to-stride variability of axial trunk rotations.
Mechanism to reduce stride-to-stride
variability of axial trunk rotations

Expected observation in CLBP compared to
healthy controls

1: S plinting; elevated levels of apparent axial
trunk stiffness and/or damping.

- Modelled thorax-pelvis gain closer to one
-M
 odelled thorax-pelvis phase closer to
zero
- Smaller effect external pelvis-perturbations
on axial trunk rotations

2: Reduction of stride-to-stride variability
of dynamic inputs on thorax from cranial
sources and pelvis from caudal sources.

-Lower stride-to-stride variability of axial
thorax and pelvis rotations

3: C
 oordination of stride-to-stride variability
of dynamic inputs on thorax from cranial
sources and pelvis from caudal sources.

- L arger residual axial pelvis rotations, but
smaller residual axial trunk rotations during
volitional residual thorax rotations.

4: R
 educed stride-to-stride variability of
descending drive to trunk muscles.

-B
 etter fit of a passive spring-dampermass model on experimental gait data
(as variable descending drive to trunk
muscles is not captured by the model)

Grey: no significant between group difference observed. Black: Expected effect observed with
a small to moderate effect size. Black bold: Expected effect observed with a large effect size.
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Discussion
We replicated the finding of decreased stride-to-stride variability of axial trunk rotations
in CLBP patients compared to healthy controls (van den Hoorn et al., 2012). Our second
objective was to determine by what mechanism this difference between groups was
caused. In line with the predicted effects of splinting behaviour, we found that during
unperturbed walking, the phase of the modelled thorax-pelvis frequency response function
was significantly closer to zero, at relatively high frequencies, in CLBP patients compared
to controls. Moreover, we found that rapid treadmill perturbations (too fast for volitional
responses) had a smaller effect on residual high-frequency trunk rotations in CLBP than
control, which could also be the result of splinting. In contrast to our expectations, we found
no significant effect of CLBP on high-frequency thorax-pelvis gain. Possibly, the second order
model of the trunk, used to calculate phase and gain, does not fully capture the effect of
splinting. Although splinting might explain between group differences in stride-to-stride
variability of axial trunk rotations at relatively high frequencies, this behaviour is not likely
to result in large between group differences at low frequencies (Figure 6.2 and 6.5). In line
with this expectation, we found no significant differences in phase and gain of the modelled
thorax-pelvis frequency response function at frequencies well below stride frequency.
Between group differences in stride-to-stride variability of axial trunk rotations at low
frequencies appear to be the result of a different mechanism than splinting. Indications
for three more conceivable strategies that would reduce stride-to-stride variability of axial
trunk rotations were investigated. CLBP patients did not reduce stride-to-stride variability
of dynamic inputs on the thorax from cranial sources and the pelvis from caudal sources,
since the amplitude of residual thorax and pelvis rotations were not significantly different
between groups during normal walking. They did not appear to use pre-planned coupling
of residual thorax and pelvis rotations either, since imposed slow thorax rotations did not
have a significantly smaller effect on residual trunk rotations in CLBP. Moreover, since the
gain and phase of the modelled frequency response function at low frequencies were
close to one and zero respectively in both groups, thorax and pelvis rotations would be
expected to move in synchrony without any supraspinal interference. This would make it
unlikely that adoption of this strategy would cause considerable between group differences
in amplitude of residual trunk rotations. The most plausible explanation for smaller lowfrequency variability of trunk rotations in CLBP patients, is that these patients refrain from
making volitional low-frequency trunk rotations. In line with this reduced stride-to-stride
variability of descending drive to trunk muscles in CLBP, we found a higher correlation
between experimentally observed residual thorax rotations and predicted thorax rotations
using a passive spring-damper-mass system in CLBP, which did not capture variable
descending drive.
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Why CLBP subjects would use trunk splinting and reduce volitional axial trunk rotations
remains unknown. CLBP patients have poorer proprioceptive function (Tong et al.,
2017), demonstrate less accurate motor control (Willigenburg, Kingma, Hoozemans, &
van Dieën, 2013) and often have reduced muscle strength and atrophy of specific trunk
muscles (Kalichman, Carmeli, & Been, 2017). Possibly CLBP patients refrain from volitional
movements, because the control over these movements is affected, which could challenge
the stability of the trunk. Possibly, splinting is used, in similar vein, to increase the intrinsic
stability of the spine, as it would reduce the effect of internal and external perturbations
on the amplitude of trunk movements (Dideriksen et al., 2015; Franklin & Granata, 2007;
Gardner-Morse & Stokes, 1998; van Dieën, Kingma, et al., 2003). A negative consequence
of splinting, if achieved through co-contraction, could be an increased axial spinal load (van
Dieën et al., 2017). Future research should focus on this relationship between trunk splinting
and reduced volitional trunk movements during gait on the one hand and sensorimotor
function of the trunk on the other hand.
This study has some limitations that need to be addressed. We assumed that residual
segmental rotations at frequencies above 2 times the stride frequency were mainly caused
by external perturbations and neuromotor noise, but we cannot be certain that supraspinal
control played no significant role at these frequencies. At 5 times the stride frequency (~
4.4Hz) the phase of the thorax-pelvis frequency response function was below 90 degrees
in both groups, which would correspond to a delay between thorax and pelvis rotations of
~50 ms The delays at lower frequencies would be even shorter. A recent study reported that
treadmill perturbations during gait can evoke trunk muscles responses in ~80 ms (Mueller
et al., 2016). Combined with an electromechanical delay of ~120 milliseconds (van Dieën
et al., 1991), it seems unlikely that between group differences at these frequencies were
caused by differences in volitional control. Finally, we did not measure trunk muscle activity.
Electromyographical data could be an additional tool to investigate our hypotheses about
axial trunk control during gait in CLBP. One would expect to find elevated offsets in trunk
muscle EMG in case of splinting, in line with a systematic review by Ghamkhar and Kahlaee
(2015) and lower levels of low-frequency EMG modulation in case of refraining from making
volitional trunk rotations.
Conclusion
CLBP patients demonstrate reduced stride-to-stride variability of axial trunk rotations
compared to controls over a wide range of frequencies. This reduction appears to be
partially caused by splinting, but splinting has a negligible effect at low frequencies. CLBP
subjects appear to refrain from volitional low-frequency trunk movements, which causes
the lower stride-to-stride variability of axial trunk rotations at low frequencies.
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Supporting Information
Supplement 6.1: Analytical calculation of thorax-pelvis frequency response function
The following calculations were used to obtain the phase and gain of the frequency
response function of axial thorax-pelvis rotations:
k = stiffness (trunk)
I = inertia (thorax)
Ω = driving frequency (pelvis)
The natural frequency of the system:

The damping ratio of the system:

Phase lag between driving rotation (pelvis) and driving moment (trunk):

Phase lag between forcing function (trunk) and rotation of the driven inertia (thorax):

Relative phase between driving rotation (pelvis) and rotation of driven inertia (thorax):

Gain of driven inertia (thorax) relative to driving rotation (pelvis):

These calculations were performed for each subject individually over a range of
frequencies from 0 to five times the stride frequency in steps of one hundredth of the
stride frequency in MATLAB 2018A (The MathWorks, Inc. Natick, MA).
134

Trunk Motor Control in Low Back Pain During Gait

6

135

Chapter 7
Epilogue

Chapter 7

Thesis summary
In Chapter 2, a review of low back pain perturbation studies, a consistently longer
delay in trunk EMG onset in response to perturbations was found in low back pain,
but no other signs of increased apparent trunk stiffness. As a result of methodological
shortcomings in many of the included studies, it is difficult to draw firm conclusions
from this review. The observed delay in EMG onset could be the result of differences
in baseline EMG, used to calculate these onsets. Hopefully, our suggestions to improve
future study designs and data analysis techniques are adopted in future studies, so that
more definitive conclusions about reactive trunk motor control in chronic low back
pain can be drawn.
We found no signs of increased apparent axial trunk stiffness in chronic low back
pain in response to platform perturbations during gait in Chapter 3. More in-phase
thorax-pelvis timing was not associated with a differential effect of external platform
perturbations on trunk movements compared to more out-of-phase thorax-pelvis
timing, which would suggest that more in-phase axial thorax-pelvis coordination is not
the result of increased apparent axial trunk stiffness.
In Chapter 4 we demonstrated that an isolated increase in apparent axial trunk
stiffness would result in more in-phase thorax-pelvis timing during gait, but apparent
axial trunk stiffness could not be predicted from experimentally observed thorax-pelvis
relative phase. This can be partially explained by the large effect of arm swing on thoraxpelvis coordination. We found no significantly higher values of apparent axial trunk
stiffness in low back pain patients compared to healthy controls, and previous studies
reported no significantly altered arm swing amplitude during gait in low back pain.
Therefore, more in-phase thorax-pelvis timing during gait in low back pain appears to
be caused by a different mechanism.
In Chapter 5, we demonstrated that increased pelvis range of motion causes more
in-phase thorax-pelvis timing, regardless of apparent axial trunk stiffness. This is in line
with our findings from Chapter 3, where we observed that subjects with chronic low
back pain with relatively in-phase thorax-pelvis timing demonstrated significantly larger
pelvis range of motion than healthy subjects with relatively out-of-phase thorax-pelvis
timing. Increased pelvis range of motion has been observed in combination with more
in-phase thorax-pelvis timing in other studies as well.
In Chapter 6 we demonstrated that, in contrast to axial thorax-pelvis relative phase,
the reduced stride-to-stride variability of axial trunk rotations during gait in low back
pain does appear to be partially caused by splinting. The (non-significantly) increased
apparent axial trunk stiffness and damping in patients resulted in a larger resistance to
high-frequency external pelvis perturbations, reducing the amplitude of residual trunk
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rotations. Low back pain patients appear to refrain from volitional low-frequency trunk
movements, which causes the lower stride-to-stride variability of axial trunk rotations
at low frequencies.

General discussion
Several conclusions can be drawn from this thesis. More in-phase thorax-pelvis timing
can be the result of walking with increased apparent axial trunk stiffness and/or smaller
arm swing and/or larger range of motion of axial pelvis rotations. Among these, the most
plausible cause of more in-phase thorax-pelvis timing in low back pain patients appears
to be the larger range of motion of axial pelvis rotations. Low back pain patients appear
to reduce stride-to-stride variability of axial trunk rotation during gait by increasing the
axial rigidity of the trunk in terms of apparent stiffness and damping and by refraining
from making volitional trunk rotations.
Relative phase of axial thorax-pelvis rotations and stride-to-stride variability of
axial trunk rotations as characteristic of walking with low back pain
Before we started to work on this thesis, the observations that patients with low back
pain demonstrate more in-phase axial thorax-pelvis timing during gait at relatively high
walking speeds (above 0.83 (m/s) (= 3 km/h)) appeared to be established (Huang et al.,
2011; Lamoth, Daffertshofer, et al., 2006; Lamoth, Meijer, et al., 2002) and the finding
of reduced stride-to-stride variability of axial trunk rotations (van den Hoorn et al.,
2012) still required a confirmation. To our surprise we found no significant difference
in thorax-pelvis relative phase between low back pain patients and healthy controls in
our experiments presented in Chapters 3 and 6. We did find a significantly lower strideto-stride variability of axial trunk rotations in the experiment presented Chapter 6 but
not in that of Chapter 31. Figure 7.1 displays the differences between studies for these
outcomes. Several possible explanations might cause the differences in observations
between studies.

1

Stride-to-stride variability of axial trunk rotations was not presented in Chapter 3, but was calculated
later.
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Figure 7.1. Differences in thorax-pelvis relative phase and the amplitude of residual axial
trunk rotations between healthy controls and low back pain patients in multiple studies.2
The presented outcomes were obtained at a gait velocity of 1.11 m/s (= 4 km/h) in the studies
by Prins et al. and 1.06 m/s (= 3.8 km/h) in the other studies. The values from the studies by
Prins et al. are exact, the values from the other studies are estimated from figures presented
in these papers. Error bars indicate standard deviations.

Out of five studies that investigated thorax-pelvis relative phase during gait in low back
pain (Huang et al., 2011; Lamoth, Daffertshofer, et al., 2006; Lamoth, Meijer, et al., 2002;
Prins, Bruijn, van den Hoorn, et al., 2019; Prins et al., 2016), the largest between group
differences were found in the studies by Lamoth et al. (2006; 2002). In these studies,
the groups of low back pain patients consisted of relatively more women than the
control group (2002; 69 vs 47 percent women, 2006; 58 vs 42 percent women). Women
walk with larger pelvis rotations and greater arm swing (Bruening et al., 2015), which
can both affect thorax-pelvis relative phase. Although no significant effect of gender
on pelvis amplitude was reported in the 2002 study of Lamoth et al., non-significant
gender differences could have increased the between group differences in thorax-pelvis
relative phase. In the study of Huang et al. (2011), low back pain patients walked with
significantly larger pelvis rotations over a range of gait speeds, but, whilst walking
with normal steps, no significant group effect was observed for thorax-pelvis relative
phase. Possibly, the effect of axial pelvis range of motion on thorax-pelvis relative phase
increases more than linearly with pelvis range of motion; while walking with large steps,

2

Only studies that controlled for walking are presented and that reported mean values over groups.
Pelvis-thorax relative phase values were converted to thorax-pelvis relative phase values by multiplication with -1.
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pelvis range of motion increased and thorax-pelvis coordination was significantly more
in-phase in low back pain patients compared to healthy controls (Huang et al., 2011).
Another factor that could explain differences in thorax-pelvis relative phase between
studies is the intensity of low back pain complaints in the investigated subjects. Between
studies, the average pain intensity ranged from 17/100 mm (Prins, Bruijn, van den
Hoorn, et al., 2019) to 56/100 mm (Lamoth, Daffertshofer, et al., 2006). Significant
correlations between thorax-pelvis relative phase and pain intensity of around 0.45
have been reported by Lamoth et al. (2002), which could account for some of the
between study variance.
Finally, walking speed is a known factor that affects thorax-pelvis relative phase; at
higher walking speeds, differences in thorax-pelvis relative phase between low back
pain patients and healthy controls become more pronounced (Lamoth, Daffertshofer, et
al., 2006; Lamoth, Meijer, et al., 2002). Possibly, between group differences in Chapters
3 and 6 would have been significant if the imposed walking speed would have been
higher than 1.11 m/s (= 4 km/h).
A large difference in the amplitude of residual axial thorax rotations was found
between van den Hoorn et al (2012) and the data of Chapters 3 and 6 of this thesis;
the values in this thesis were considerably lower, both in low back pain patients and
healthy controls. This might be caused by the presence of a visual flow in our studies.
The visual flow provided the subjects with an optic attractor that could have limited
head movements. In other words; subjects might have been gazing more in the direction
of progression in the studies of this thesis. In Chapter 6 we demonstrated that volitional
rotations of the head considerably increase residual axial trunk rotations. Direction of
gaze might also explain why we did not find a significant between group difference in
the amplitude of residual trunk rotations in Chapter 3 (this outcome was not presented
in that chapter). In Chapter 3, gaze direction was controlled by asking subjects to look at
wildlife pictures that were projected at eye level in the line of progression. In Chapter 6,
we suggest that healthy controls made more volitional trunk movements during normal
gait. Possibly, healthy controls refrained from these movements in Chapter 3 as a result
of the imposed gaze direction.
The effect of arm swing on thorax-pelvis relative phase
We found that thorax-pelvis relative phase (at stride frequency) is determined by
many factors which makes observed alterations difficult to interpret. In a second order
system, as described in Chapter 5, thorax-pelvis relative phase can only be adjusted by
changing stride frequency, axial trunk stiffness or axial trunk damping. However, arm
swing affects the thorax-pelvis frequency response function. This effect of arm swing
is mainly visible at the stride frequency (Figure 7.2). In Chapter 4 we found that pelvis
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range of motion affects thorax-pelvis relative phase by a shift in thorax timing. This
would not be the case in a (second order) system without arms. For these reasons, the
average pattern of axial thorax-pelvis rotations over strides does not seem to be very
useful to improve our understanding of trunk motor control in low back pain patients.
Therefore, we used residual rotations in Chapter 6, which are less, but still, affected by
arm swing as can be observed in Figure 7.2.

Figure 7.2. The effect of arm-swing on the phase lag of (residual) axial thorax rotations
relative to the pelvis. The average transfer functions of the unperturbed walking trial over
all 40 subjects of Chapter 6 are displayed.
Blue: Experimental thorax and pelvis rotations. Red: Experimental pelvis rotations and
forward dynamic model predictions of thorax rotations based on experimental pelvis
rotations and arm swing and axial trunk stiffness and damping. Black: The same comparison as
the red line, but now the effect of arm swing was removed from the forward dynamic model.
Left: The transfer functions are clearly affected by the presence of arm swing, predominantly
at the stride frequency. Right: for the residual rotations, the large effect of arm swing at the
stride frequency is smaller, but an effect over a large frequency band remains present.

The pelvis as driver of axial thorax rotations
In the forward dynamic model used in this thesis, we assumed that thorax rotations are
driven by pelvis rotations. However, pelvis rotations are not position/angle-controlled;
forces acting on the pelvis will affect its position and/or orientation. In other words,
although a rotation of the pelvis will transfer towards the thorax, thorax movements
will affect the pelvis as well. This raises the question how valid a model with anglecontrolled pelvis rotations is. Before our experiments took place, we assumed that
pelvis rotations would be less prone to influences of the thorax than the other way
around, since the pelvis is connected to a solid base, the ground, via the legs during
walking. The arms connected to the thorax swing freely in space. Inspection of Figure
7.2 shows that our assumptions appear to be, for an important part, justified. Thorax
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rotations lag pelvis rotations over a wide range of frequencies, which would imply
that thorax rotations are mainly driven by the pelvis and not the other way around.
Despite this, some effect of the thorax on the pelvis will be present and this was not
incorporated in our forward dynamic model, which may have reduced the accuracy of
our predictions.
Sources of stride-to-stride variability of axial trunk rotations during gait
In (the title of) Chapter 3 we claimed to have revealed that subjects with low back
pain do not demonstrate increased apparent axial trunk stiffness during gait. Although
this was confirmed using the same data in our forward dynamic model calculations of
Chapter 4, the results of Chapter 6 suggest that our conclusions should be toned down.
In Chapter 6, we claimed that low back pain patients increase the axial rigidity of the
trunk through a combination of increased apparent axial trunk stiffness and damping,
which results in a reduction of stride-to-stride variability of axial trunk rotations at
relatively high frequencies. As we pointed out in Chapter 3, the perturbations of the
walking surface were relatively slow, which could have caused minor between group
differences in residual trunk rotations in response to these perturbations, in the
presence of a considerable between group difference in axial trunk rigidity.
In Chapter 6, we found low-frequency between group differences in stride-to-stride
variability of axial trunk rotations as well, so why did these not become visible during
the perturbations of Chapter 3? We hypothesize in Chapter 6 that, in contrast to healthy
controls, low back pain patients refrain from volitional trunk rotations during gait. In
other words, healthy controls volitionally rotate the trunk left and right during gait
and low back pain patients do not. During the perturbations described in Chapter 3,
volitional reactions to the perturbation might have occurred given the duration of the
perturbation (~300ms). Even if low back pain patients would not initiate volitional trunk
movements during unperturbed gait, volitional responses to external perturbations
might be comparable to those of healthy controls (although a small effect of low back
pain may be visible after 300 ms in Figure 7.3. of that Chapter).
Why subjects with low back pain would refrain from volitional trunk movements
remains unknown. A conceivable cause is an affected sensorimotor system. Patients
with low back pain demonstrate less accurate control of volitional trunk movements
(Willigenburg et al., 2013), which appears to be related to poor proprioception of the
trunk (Tong et al., 2017). Any volitional trunk movement during gait would be less
accurate, which would result in a larger variability and higher peak excursions. Possibly,
low back pain patients refrain from making these inaccurate movements to protect
the spine from these large movements that could provoke pain. Another possibility is
that low back pain patients reduce stride-to-stride variability of movement through
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reinforcement learning, resulting from (perceived) threat of pain that could occur with
large variations in stride-to-stride movements (van Dieën et al., 2017).
Clinical implications
In the general introduction, we described that fundamental knowledge about trunk
motor control in low back pain might help to improve exercise interventions. We
have found indications of increased trunk rigidity in terms of apparent axial trunk
stiffness and damping and reduced volitional twisting of the trunk in low back pain
patients during gait. These changes could be an adaptation to less accurate control
of trunk movements. Possibly, motor control exercise aimed at improving control of
trunk movements could reduce the need for active splinting of the spine, and reduce
spinal compression (van Dieën et al., 2017) and muscle soreness (Visser & van Dieën,
2006). There are several studies published on motor control exercise in low back pain
that demonstrate a small effect on pain intensity, however, these studies mainly aim
at improving selective control of abdominal and spinal muscles (the m. transversus
abdominis and mm. multifidi specifically) instead of actual trunk movement control
(Saragiotto et al., 2016).
How these trunk control exercises should be performed remains a question.
Functional tasks like bringing a spoon of soup to the mouth or kicking a ball with the
foot can be used to improve selective control of distal joints. The success of the task
(i.e., eating the soup or scoring a goal) can be used as an indication of selective control
over a joint. However, providing meaningful feedback on control of spinal movements is
more challenging. Sensors that measure trunk orientation combined with an exergame
could help in this respect. Several solutions are available in the market, but intervention
studies are lacking.
Future research
Many questions remain unanswered after this thesis, and some new questions have
arisen that might be answered in future research. Although we have learned that more
in-phase thorax-pelvis timing during gait can be caused by a larger axial pelvis range of
motion, the cause of larger pelvis range of motion remains unknown. Altered kinematics
and kinetics of the lower extremities during low back pain gait have been observed in
previous research (Hines et al., 2018; Müller et al., 2015), but these outcomes were
not correlated to axial pelvis range of motion. Knowledge about these relationships
might help to clarify why some patients with low back pain demonstrate more in-phase
thorax-pelvis timing.
Secondly, although this thesis provides input for possible treatment interventions for
low back pain, it should be investigated if altered trunk coordination patterns observed
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during gait in low back pain can be reversed through motor control exercise. Even if
this is the case, the ultimate question is whether this could help to further reduce pain
levels and/or prevent recurrence.
Finally, researchers and therapists should keep in mind that the studied phenomena
in this thesis are highly variable between subjects. Possibly, outcomes such as apparent
trunk stiffness and damping and stride-to-stride variability of axial trunk rotations
during gait might help to indicate subgroups of low back pain patients that may benefit
from motor control exercise, which could help to improve care through personalized
treatment protocols.
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Lage-rugpijn
Lage-rugpijn komt extreem veel voor. Meer dan 50% van de bevolking zal een of meer
episodes van lage-rugpijn ervaren tijdens het leven. De meeste episodes van lagerugpijn houden binnen 6 weken vanzelf weer op, maar in sommige gevallen keren
de klachten regelmatig terug. Er is dan sprake van een chronische aandoening met
een variabel beloop. Doordat lage-rugpijn geregeld leidt tot ziekteverlof en omdat de
aandoening zo vaak voorkomt is de economische last vergelijkbaar met andere grote
gezondheidsproblemen zoals cardiovasculaire aandoeningen en kanker.
De behandeling van lage-rugpijn wordt bemoeilijkt omdat er in de meeste
gevallen geen aanwijsbare bron van de pijn is. Volgens de huidige evidentie bestaat
de beste behandeling uit lichaamsbeweging in combinatie met educatie. De variatie
in oefenprogramma’s is groot en het is nog onduidelijk welke oefeningen het
meest effectief zijn. Behandelrichtlijnen zijn ook niet specifiek over de inhoud van
oefenprogramma’s. Inzicht in de bewegingssturing van de romp (schoudergordel of
thorax ten opzichte van het bekken of pelvis) bij lage-rugpijn zou kunnen helpen om
effectievere oefenprogramma’s te ontwerpen.
Lopen met lage-rugpijn
Eerdere studies hebben aangetoond dat patiënten met lage-rugpijn de romp anders
bewegen tijdens het lopen dan gezonde controles. Bij lage-rugpijn draaien thorax en
pelvis op hogere loopsnelheden meer in dezelfde richting (in-fase) rondom de verticale
as (axiaal) in vergelijking met gezonde controles waarbij deze segmenten meer in
tegengestelde richting draaien (uit-fase), zoals te zien in Figuur 1.1. Daarnaast is het
patroon van romprotaties dat zich iedere 2 stappen herhaalt bij lage-rugpijn minder
variabel. In figuur 1.2 is een voorbeeld te zien van de afwijkingen van het gemiddelde
patroon (residuele rotaties).
Het is niet bekend door welke mechanismen veranderingen in axiale rotaties
tijdens het lopen met lage-rugpijn veroorzaakt worden. Een mogelijke verklaring is
dat patiënten met lage-rugpijn de rug actief vastzetten door middel van cocontractie
van rug- en buikspieren. Een voordeel van actief vastzetten van de romp is dat de
romp beschermd wordt tegen grote bewegingsuitslagen als gevolg van mechanische
verstoringen, ook als deze heel snel zijn. Een nadeel van cocontractie is dat de axiale
druk op de wervelkolom toeneemt, wat pijnklachten zou kunnen verergeren. Naast
actief vastzetten door middel van co-contractie kan de romp ook beschermd worden
tegen externe verstoringen door middel van spinale of supraspinale reflexen. Het
voordeel van deze mechanismen is dat verhoogde axiale druk op de wervelkolom
(deels) wordt vermeden, maar een nadelig gevolg is dat de reactie op een verstoring

160

Nederlandse Samenvatting

enige vertraging heeft, waardoor deze mechanismen minder invloed zullen hebben op
relatief snelle verstoringen.
Doel van dit proefschrift
Het doel van dit proefschrift is om vast te stellen welke mechanismen axiale thoraxpelvis coördinatie tijdens het lopen bepalen en om te evalueren welke van deze
mechanismen aanwezig zijn bij patiënten met lage-rugpijn.
Hoofdstukken
We begonnen met een zoektocht naar studies die de effecten van mechanische
verstoringen op de romp beschreven bij rugklachten. Cocontractie van buik- en
rugspieren leidt immers tot een hogere stijfheid van de romp. De effecten van
stijfheid, de weerstand tegen vervorming, zou zichtbaar moeten worden door de romp
mechanisch te verstoren. We waren primair geïnteresseerd in axiale rompstijfheid
tijdens het lopen, maar er waren op het moment van onze zoektocht beschreven in
Hoofdstuk 2 geen studies gepubliceerd waarin patiënten met lage-rugpijn werden
verstoord tijdens het lopen. Aangezien het actief vastzetten van de romp gebruikt zou
kunnen worden over een grote range van activiteiten en omdat de effecten zichtbaar
zouden moeten zijn rondom meerdere assen (niet alleen om de verticale as) hebben we
deze zoektocht niet beperkt tot type activiteit of anatomisch vlak. We vonden in totaal
19 studies. Deze studies beschreven consistent een grotere vertraging in rompspier
activatie in reactie op mechanische verstoringen bij patiënten met lage-rugpijn. Deze
grotere vertraging zou veroorzaakt kunnen worden door cocontractie, maar we vonden
geen andere tekenen van actief vastzetten van de romp. De grotere vertraging in
spieractiviteit kan ook veroorzaakt zijn door verschillen in spieractiviteit tijdens de
basislijnmetingen, die gebruikt worden om spieractivatie te detecteren. Gezien de grote
methodologische verschillen tussen studies is het lastig eenduidige conclusies aan dit
review te verbinden.
Aangezien we geen studies vonden waarin axiale mechanische perturbaties
tijdens het lopen werden uitgevoerd bij patiënten met lage-rugpijn, hebben we dit
experiment zelf uitgevoerd bij 15 patiënten met lage-rugpijn en 15 gezonde controles.
Dit experiment is beschreven in Hoofdstuk 3. In dit experiment legden we indirecte
mechanische verstoringen op aan de pelvis via de loopband waar de proefpersonen
op liepen. Het effect van deze verstoringen op axiale pelvis en thorax rotaties was
niet significant verschillend tussen groepen. Bovendien was meer in-fase roteren van
thorax en pelvis niet geassocieerd met een differentieel effect van deze mechanische
verstoringen op segmentale rotaties. Deze resultaten suggereren dat veranderingen
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in coördinatie van axiale thorax-pelvis rotaties bij lage-rugpijn geen effect zijn van
verhoogde axiale rompstijfheid.
Om te bepalen of axiale rompstijfheid zou leiden tot meer in-fase roteren van
thorax en pelvis hebben we een voorwaarts dynamisch model van de romp ontworpen
dat beschreven is in Hoofdstuk 4. Het model voorspelt axiale thorax rotaties aan de
hand van mechanische eigenschappen van de romp (stijfheid, demping en inertie)
en inwerkende krachten (reactiekrachten tussen thorax en pelvis en tussen thorax
en armen). Met dit model konden we het effect van variërende axiale rompstijfheid
op axiale thorax-pelvis coördinatie voorspellen. We vonden dat verhoogde axiale
rompstijfheid inderdaad leidt tot meer in-fase roteren van thorax en pelvis, maar deze
stijfheid kon niet voorspeld worden vanuit geobserveerde thorax-pelvis rotaties. Dit
kan gedeeltelijk verklaard worden vanuit het grote effect van armzwaai op thorax-pelvis
coördinatie. We vonden geen significant hogere waardes voor axiale rompstijfheid bij
patiënten met lage-rugpijn vergeleken met controles en in eerdere studies werd ook
geen afwijkende armzwaai gevonden tijdens het lopen met lage-rugpijn. Meer in-fase
roteren van thorax en pelvis tijdens het lopen met lage-rugpijn lijkt dus veroorzaakt te
worden door een ander mechanisme dan een verhoogde axiale stijfheid van de romp
of veranderde armzwaai.
In onze eerste experimentele studie (Hoofdstuk 3), vonden we een associatie tussen
lopen met grotere axiale pelvis rotaties en meer in-fase roteren van thorax en pelvis,
hoewel we daar niet naar op zoek waren. Deze associatie was ook al gerapporteerd
in een ander cohort. In Hoofdstuk 5 zijn we nagegaan of er een oorzakelijk verband
zou kunnen zijn door personen zonder rugklachten te laten lopen met kleine, normale
en grote axiale pelvisrotaties. We vonden dat lopen met grotere axiale pelvisrotaties
inderdaad leidde tot meer in-fase roteren van thorax en pelvis. Tijdens deze conditie
vonden we bij gezonde proefpersonen ook een significant lagere axiale rompstijfheid
wat dit effect mogelijk beperkt zou hebben. Met het voorwaarts dynamisch model uit
hoofdstuk 3 vonden we inderdaad een nog groter effect van lopen met grote axiale
pelvis rotaties op timing van axiale thorax-pelvis rotaties als de rompstijfheid constant
werd gehouden.
In Hoofdstuk 6 zijn we nagegaan welke mechanismen, naast actief vastzetten van de
romp, een verlaging van variabiliteit van romprotaties tijdens het lopen met lage-rugpijn
zou kunnen veroorzaken. In dat hoofdstuk laten we zien dat een lagere amplitude
van residuele axiale romprotaties bij lopen met lage-rugpijn deels veroorzaakt wordt
door axiale rompstijfheid, in tegenstelling tot het meer in-fase roteren van thorax en
pelvis. De (niet-significante) verhoogde axiale romp stijfheid en demping in patiënten
resulteerde in een significant sterkere mechanische koppeling tussen pelvis en thorax,
met een grotere weerstand tegen hoogfrequente mechanische perturbaties. Naast
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deze versterkte mechanische koppeling lijken patiënten met lage-rugpijn minder actieve
draaibewegingen van de romp te maken tijdens het lopen, wat leidt tot een lagere
amplitude van residuele axiale romprotaties op lage frequenties.
Conclusies
Er kunnen een aantal conclusies getrokken worden uit dit proefschrift. Meer in-fase
roteren van thorax en pelvis tijdens het lopen kan het gevolg van een hogere axiale
rompstijfheid en/of kleinere armzwaai en/of grotere axiale pelvis rotaties. Dat laatste
mechanisme lijkt de meest waarschijnlijke oorzaak voor het meer in-fase zijn van
axiale thorax en pelvis rotaties tijdens het lopen bij patiënten met lage-rugpijn te zijn.
Patiënten met lage-rugpijn verlagen de variabiliteit van axiale romprotaties tijdens het
lopen door een verhoogde mechanische weerstand van de romp in termen van stijfheid
en demping en door het achterwege laten van vrijwillige axiale romprotaties.
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Na zes jaar is mijn proefschrift dan eindelijk af. Het voelt wat vreemd dat alleen mijn
naam op de kaft pronkt, want er zit heel veel werk, kennis en kunde van anderen
verwerkt in dit proefschrift. Ik ben gezegend met collega’s, vrienden en familie die met
me hebben meegeleefd de afgelopen jaren, waardoor ik met heel veel plezier terugkijk
op dit hele traject.
Allereerst wil ik mijn promotie-team bedanken. Jaap van Dieën, Peter van der Wurff
en Sjoerd Bruijn. Als ik alles nog een keer opnieuw zou moeten doen, zou ik niets willen
veranderen aan de samenstelling van ons team. Ik vond het een feest met jullie samen
te werken. Onze besprekingen waren altijd gezellig, we namen beslissingen samen en
onze gesprekken gingen over de inhoud. Dat we in onze eerste experimentele studie
niet vonden waar we naar zochten maakte jullie niets uit. We waren immers op zoek
naar hoe het zit en niet naar significante resultaten. Dat is waar wetenschap over gaat.
Die instelling heb ik van jullie geleerd en overgenomen en ik zal hem meenemen in al
het onderzoek dat ik nog mag doen.
Jaap, je kan bijna niet kloppen. Je reageerde bijna altijd als eerst op een nieuwe draft
van een paper. Je had altijd binnen een week tijd voor een uitgebreid overleg als ik
daarom vroeg en tijdens die besprekingen was je altijd precies op de hoogte van de
status en inhoud van de lopende onderzoeken. Ik heb daardoor de afgelopen zes jaar
steeds de ervaring gehad je belangrijkste promovendus te zijn. Maar als ik een van je
vele andere promovendi sprak kreeg ik steeds datzelfde verhaal te horen. Daarnaast
heb je nog vele andere taken en tijdens mijn promotie zijn er nog even 5 first author
papers van je verschenen. Hoe je dat allemaal voor elkaar krijgt is mij een raadsel, maar
ik heb ervan genoten. Ik gun iedere promovendus van harte een Jaap.
Peter, bedankt dat je me de ruimte hebt gegeven me te ontwikkelen tot de onderzoeker
die ik vandaag ben. 11 Jaar geleden vroeg je me even mee te lopen naar je kamer tijdens
mijn afstudeerstage fysiotherapie bij het MRC. Ik had je tot die tijd nog nauwelijks
gesproken en vroeg me af of ik iets fout gedaan zou hebben. Je bood me een baan aan
als onderzoeker. Het leek me verschrikkelijk. Ik wist nog niet eens wat een p-waarde
of een t-toets eigenlijk was. Toch heb ik meteen ‘ja’ gezegd, want een uitdaging wilde
ik niet uit de weg gaan. De jaren erop heb ik veel tijd besteed op Google en PubMed,
maar vooral de uren die ik per dag op jouw kamer uit het raam heb mogen staren zijn
heel kostbaar geweest. Jij hebt mij, en veel andere jonge intellectuelen op het MRC
gegeven wat heel belangrijk is voor een beginnend onderzoeker: tijd.
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Sjoerd, van jou heb ik leren delen. Ik heb altijd volledige toegang gehad tot alle
software die je hebt ontwikkeld, zonder dat daar eisen aan werden gesteld. Op jouw
aanmoediging heb ik alle code van het voorwaarts dynamisch model uit dit proefschrift
online gepubliceerd. Als ik een ‘typisch voorbeeld’ van een bepaald fenomeen op wilde
nemen in een paper, drong jij er op aan daar ook minder rooskleurige voorbeelden aan
toe te voegen, zodat de lezer een eerlijk beeld zou krijgen. Veel nieuwe studies leerde
ik kennen via jouw tweets en retweets. Ik geloof dat deze open houding heel belangrijk
is voor goede en eerlijke wetenschap. Ik zal dat blijven doorgeven.
‘Dit fenomeen is jarenlang bestudeerd en niemand heeft het ooit begrepen. Nu heb
jij het jarenlang bestudeerd en jij begrijpt het ook niet. Goedemorgen.’ Als officieus
teamlid zorgde jij, Onno G Meijer (voorheen zaliger), ervoor dat ik altijd met beide
benen op de grond bleef staan. Ik heb ontzettend veel geleerd van onze verschillende
samenwerkingen. Onze cursussen over rugklachten en chronische pijn hielpen me om
mijn onderzoek in perspectief te plaatsen. Je wees me er keer op keer op dat ik lang
niet altijd letterlijk opschreef wat ik eigenlijk wilde zeggen. Je vriendschap is me erg
dierbaar en ik hoop nog vele jaren gore details (alles wat niet met ons gezamenlijke
werk te maken heeft) met je uit te kunnen wisselen in je kantoor (het rookhok buiten).
Ik wil alle proefpersonen die hebben meegewerkt aan de metingen voor de verschillende
onderzoeken hartelijk danken. Het is hartverwarmend te zien hoeveel mensen bereid
zijn om op deze manier een steentje bij te dragen aan de wetenschap.
Ik wil graag de leden van de lees-commissie, Claudine Lamoth, Henri Kiers, Peter
Beek, Ilse Jonkers en Lieven Danneels, bedanken voor de tijd en moeite die zij hebben
gestoken in het bestuderen van dit proefschrift.
Dank aan alle co-auteurs die geen deel uitmaakte van mijn promotie-team. Thom
Veeger, dank voor al je verkennende werk in de literatuur. Leuk om te zien dat je nu
ook met een first author paper op PubMed te vinden bent. Mariëtte Griffioen, bedankt
voor al je hulp bij het uitpluizen van een berg aan studies, ik hoop dat je binnenkort
zelf ook zal promoveren. Wolbert van den Hoorn, dank voor het grondig meedenken
over het laatste paper van dit proefschrift. Luca Cornelisse, ontzettend bedankt voor al
het werk dat je in ons bekkenrotatie paper hebt gestoken. Ik kijk uit naar onze verdere
samenwerking en hoop dat we de bevindingen van jouw onderzoek ook samen zullen
publiceren.
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Als beginnend onderzoeker heb ik heel veel geleerd door mee te kijken met andere
onderzoekers. Laura Hak, door mee te helpen met jouw metingen heb ik voor het eerst
ervaren hoe lastig het is om het gedrag van een groep individuen te vangen in één
paper. Bedankt voor de kans die je me gaf door me uit te nodigen als co-auteur van twee
van je papers. Erik Prinsen, hoewel ik weinig hulp heb geboden tijdens je metingen op
het MRC, heb je me de afgelopen jaren wel betrokken bij het schrijven van meerdere
papers en abstracts, waarvoor dank. Ik bewonderde hoe volkomen relaxed je bleef toen
tijdens je promotie het vuur aan de schenen werd gelegd en hoop dat ik dat ook kan.
Ik heb de afgelopen jaren op een fantastische plek mogen werken, het Militair
Revalidatie Centrum ‘Aardenburg’ in Doorn. Ik ben ontzettend gelukkig met al mijn
collega (para)medici die samen geweldige zorg geven aan al onze revalidanten. Ook
alle mensen die ons werk mogelijk maken: de schoonmakers, receptionisten, parestomedewerkers, het facilitair bedrijf en het management, ik waardeer jullie vriendelijke
en geïnteresseerde houding naar elkaar en onze revalidanten. Door de vele gesprekken,
lunches en sportieve momenten met jullie is mijn promotie-tijd voorbijgevlogen. Ik wil
een aantal van jullie in het bijzonder bedanken. Peter Tolk en Willemijn van Breda,
bedankt voor jullie vriendschap tijdens mijn fysiotherapie stage en al jullie uitleg over
revalidatie. Nienke Feddes, Hans van de Ven en Jeroen Hulst bedankt dat jullie mij de
tijd, ruimte en vrijheid hebben gegeven om mijn promotie-onderzoek uit te kunnen
voeren. Denise de Miranda en Leon Jans, dank voor het voortzetten van de persoonlijke
interesse en ondersteuning van jullie voorgangers. Niels Jonkergouw, als orthopedisch
instrumentmaker met een master op zak heb je een enorme uitdaging voor je liggen als
PhD student in een werkveld met weinig wetenschappelijk geschoolde collegae. Ik heb
met heel veel plezier samengewerkt aan je voorgaande onderzoeken en hoop dat we
nog veel onderzoek samen kunnen doen. Het ontbreekt de wetenschappelijke wereld
nogal eens aan praktisch inzicht.
De afdeling VR Revalidatie is altijd een hele bijzondere afdeling geweest om te mogen
werken. Niet alleen kreeg en krijg ik hier de mogelijkheid om met de meest geavanceerde
revalidatie-apparatuur te werken, ik werk en werkte hier ook met geweldige collega’s.
Lammert Vos, je bent nog maar net bij ons, maar met je nuchtere blik en opgeruimde
karakter ben je nu al een waardevolle toevoeging aan ons team. Marieke Buitenhuis,
jouw droge humor en pragmatische houding missen we nog geregeld op de afdeling.
Wieteke Sauter, wat is het fijn om een co-onderzoeker op de afdeling te hebben die
begrijpt wat een tijd en inspanning er kunnen zitten in een paar A4-tjes. Waar ik buiten
het centrum netwerk, doe jij dat binnen het centrum. Je kent iedereen, niet alleen
bij naam, maar weet ook over ieders werk en interesses. Ik maak daarom vaak graag
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gebruik van je hulp om zaken geregeld te krijgen binnen het centrum en ben je heel
dankbaar dat je altijd bereid bent om te helpen. Ik vind het knap dat het je gelukt is bij 5
revalidatiecentra data te verzamelen voor je onderzoek en kijk uit naar je bevindingen.
Roos van der Lint, ik begrijp dat we vaak gezien worden als broer en zus, ik zou het
zelf soms ook denken. We hoeven maar één blik uit te wisselen om hele verhalen aan
elkaar over te brengen. Ik hoop dat we nog heel lang kunnen genieten van elkaars
verknipte humor. Ik vind je een geweldig therapeut en wil je bedanken dat je me hebt
geleerd beter naar de persoonlijkheid van een revalidant te kijken en niet alleen naar
zijn of haar aandoening.
Binnen een tijdsbestek van minder dan 30 dagen werden wij geboren Sebastiaan van
Wijk en Koen Belgers. We ontmoetten elkaar tijdens het eerste jaar van de studie
farmacie en we hadden één ding met elkaar gemeen: apotheker worden was niks voor
ons. We hebben alle drie een heel ander pad bewandeld, maar zijn elkaar nooit meer
uit het oog verloren. Ik vind het een grote eer mijn proefschrift te mogen verdedigen
met jullie als paranimfen aan mijn zijde. Koen, ik waardeer de moeite die jij in onze
vriendschap steekt enorm. Meestal ben jij degene die de telefoon oppakt om af te
spreken, waardoor we elkaar geregeld zien, bedankt daarvoor. Het is mooi om te zien
hoe jij en Jorien Wattel genieten én strijden met jullie jonge gezin. Die herkenning is
fijn en ik hoop onze jongens verder samen te zien opgroeien. Sebas, wij kennen elkaar
zo goed dat ik me niet meer voor kan stellen dat er een tijd is geweest dat jij nog niet in
mijn leven was. Bij al onze life events in de afgelopen vijftien jaar stonden we schouder
aan schouder. Ik weet dat wij altijd terecht kunnen bij jou en Linn van Wijk, in goede
en slechte tijden.
Ik geniet altijd met volle teugen van onze etentjes met goede vrienden. Ons farmacluppie is niet compleet zonder Kenny van Deventer en Sabine van Essen. Hoewel we
elkaar niet vaak zien, hoop ik dat we onze jaarlijkse paasbrunch nog lang volhouden en
elkaar geregeld zien bij verjaardagen. Colin en Sanne Maring-de Haas wat vind ik het
leuk dat we nog regelmatig afspreken voor een stevige lunch. Nu jullie ook getrouwd
zijn kijk ik al uit naar ons jaarlijkse trouwjurken-diner. Anne Krajnc en Ron Huis in ’t
Veld wat vind ik het heel gezellig dat we elkaar zo geregeld zien. Bedankt dat jullie bijna
altijd onze kant opkomen sinds de geboorte van onze Stijn.
Sinds ik Annemarijn ken heb ik er een hele familie bijgekregen. Ik ben ontzettend blij
met de open armen waarmee ik ontvangen ben door de families James en van Ginkel.
Tako en Marjon van Ginkel ik voel me ontzettend welkom bij jullie. Ik geniet altijd
enorm van onze vakanties in Italië. Jullie betrokkenheid en enthousiasme waardeer
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ik ontzettend. Het is geweldig om te zien hoe blij Stijn altijd is om jullie weer te zien.
Myrthe van Ginkel en Mathijs Ruikes, bedankt voor jullie betrokkenheid en de moeite
die jullie nemen om elkaar met enige regelmaat te blijven zien.
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