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Chapter 1
General introduction

Chapter 1

Low-back pain
Low-back pain is very common. More than 50% of the population will
experience one or more episodes of low-back pain in their lives (van Tulder
et al., 2002; Hoy et al., 2014). Research on low-back pain shows that the
amount of tissue damage to for example the intervertebral discs and nerves
is not related to the pain that people experience. In fact, many people have
bulging discs and pinched nerves without experiencing any pain or
discomfort (Jensen et al., 1994). The opposite also occurs; people may
experience severe low-back pain without a detectable pathophysiologal or
anatomical substrate to explain their complaints (Hartvigsen et al., 2018). In
this case, the condition is referred to as non-specific low-back pain. This
label applies to 80-90% of all patients with low-back pain (Waddel, 1996),
although that percentage might be this high because in many cases no
diagnostic imaging or tests are performed.
Most patients with non-specific low-back pain attending to the general
practitioner recover fairly quickly without specific treatment. However, in 6075% of the patients, relapses occur within one year (Pengel et al., 2003)
and in 10% of the patients low-back pain develops into a chronic problem
(van den Hoogen et al., 1997; Itz et al., 2013).
There is evidence that exercise therapy targeting trunk neuromuscular
control is effective in treating patients with chronic non-specific low-back
pain (Macedo et al., 2009). However, the effect size is small and it remains
unknown which type of a wide variety of exercise programs is most effective
(Foster et al., 2018). Furthermore, the changes in trunk neuromuscular
control that occur in low-back pain are diverse and complex (Cholewicki et
al., 2005; MacDonald et al., 2009; van Dieën et al., 2019). Increase,
decrease as well as no difference in muscle activation has been found,
depending on the study, the muscle studied and the test conditions (Hodges
and Mosely, 2003; van Dieën et al., 2019). These changes in neuromuscular
control may cause pain or pain recurrence, due to hyperactive tonic muscle
activity (Roland, 1986) or by negatively affecting spinal stability (Hodges
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and Mosely, 2003; MacDonald et al., 2009). On the other hand, changes in
neuromuscular control might also be protective against pain and re-injury by
stabilizing the spine (van Dieën et al., 2003a) and by limiting the range of
motion and movement velocity (Lund et al., 1991).
Changes in neuromuscular control in patients with low-back pain may cause
(the persistence of) pain, but might also result from pain, since acute pain
stimuli affect reflex gains (Johansson and Sojka et al., 1991; Truini et al.,
2006) and induced pain in the lumbar area causes changes in muscle activity
that resemble those found in chronic low-back pain (Arendt-Nielsen et al.,
1995;

Hodges

experimentally

et

al.,

induced

2003;
fear

Lamoth
of

pain

et

al.,

2004).

Alternatively,

similarly

causes

changes

in

neuromuscular control (Lamoth et al., 2004; Moseley et al., 2004) that
resemble those found in patients and pain-related fear was shown to cause
perpetuation of such changes after resolution of pain (Moseley et al., 2006).
Changes in motor control also seem to increase with higher scores on painrelated cognitions (van der Hulst et al., 2010; Osumi et al., 2010). Painrelated cognitions may thus contribute to the experience of pain itself as well
as the change in lumbar movement in patients with low-back pain.
To get insight in the complex subject of trunk neuromuscular control in lowback pain, static trunk stabilization might be a good starting point, for static
trunk stabilization is required in order to control the trunk during more
dynamic tasks (such as bending, lifting and walking). Assessment of possible
relevant

pain-related

cognitions

(such

as

fear

of

movement

or

catastrophizing) is important to provide a window on their effects on
neuromuscular control in low-back pain.
Low-back stabilization
Low-back stabilization involves a very complex biomechanical system that
counteracts the gravitational downward pull on the large mass of the upper
body balanced over the lumbosacral junction. Without its musculature, the
spine is not structurally stable and in upright posture it would buckle under
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the weight of the upper body (Bergmark, 1989; Crisco and Panjabi, 1991;
Franklin and Granata, 2007). To prevent this from happening, sufficient
spinal stiffness is a necessity and this can be provided by intrinsic
components and reflexive components. Intrinsic components comprise
passive tissue (vertebrae, ligaments, fascia) and pre-activated muscles (coactivation, splinting). Reflexive components comprise muscle activation
initiated by feedback from one or more sensory organs (Panjabi, 1992a).
Increasing spinal stiffness by increasing only one component has drawbacks.
For example, a constant increase of muscle co-contraction is energyconsuming and reliance on reflexes alone may lead to instability given the
presence of time-delays. Therefore, general consensus is that both intrinsic
and reflexive components work together in trunk stabilization. However,
whether this actually occurs and how these components interact is largely
unknown.
Low-back stabilization in low-back pain
Although many studies have been performed on trunk control in low-back
pain, analysis of neuromuscular control impairments in low-back pain and
their underlying causes is hampered by lack of objective and reliable
methodology. There are studies indicating impairment in both intrinsic
(Hodges et al., 2009) and reflexive components (Magnusson et al., 1996;
Radebold et al., 2000) in low-back pain. However, most methods to assess
trunk

stabilization

do

not

allow

both

components

to

be

measured

simultaneously. Contradicting results are seen with an increase as well as
decrease in trunk stiffness (Hodges and Mosely, 2003; van Dieën et al.,
2003b). These inconsistent results could issue from methodological errors,
but they may also suggest that sub-populations of low-back pain patients
show different and even opposite changes in trunk control (Dankaerts et al.,
2006). Van Dieën et al., (2019) proposed the possibility of subgroups
amongst low-back pain patients with on one hand patients that have ‗tight‘
control. These patients increase trunk muscle activation at the cost of higher
loads on the muscles and spine. The other group exerts ‗loose‘ control.
These patients avoid high muscle forces by lower muscle activation at the
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cost of loose control over movement that might result in higher tensile
strains of tissue. These opposite motor control impairments would most
likely benefit from different treatment strategies.
NeuroSIPE
The neuroSIPE (neurophysiological System Identification and Parameter
Estimation) program was a research program performed by a consortium of
Dutch universities and companies, with the aim to improve and develop new
diagnostic tools for neurological disorders, through the use of closed-loop
system identification techniques for the peripheral and central nervous
system. Within NeuroSIPE, the QDISC (Quatitative Diagnostics of Impaired
Spine Control) project was a collaboration between the ‗Vrije Universiteit
Amsterdam‘, the VU university Medical Center and Delft University of
Technology, along with TMSi, McRoberts, Motek Medical and MOOG as
industrial partners and Heliomare Rehabilitation, Reade Amsterdam and the
Military Rehabilitation Center Aardenburg as cooperating rehabilitation
centers.

The

QDISC

program

aimed

to

quantitatively

assess

the

neuromuscular control of the trunk in patients with chronic non-specific lowback pain. This thesis is one of the results of this project.
Problem definition and aim of the thesis
Analysis of trunk stabilization is hampered by a lack of objective and reliable
methodology. Improving the understanding of the difference in trunk
stabilization between healthy subjects and low-back pain patients may
contribute to improved diagnostics and better treatment for chronic low-back
pain patients.
The aim of this thesis is to gain insight in the interaction between trunk
stabilization and low-back pain. To achieve this goal, three main research
questions were formulated:
1. What is currently known in literature on the intrinsic and reflexive
components of trunk stabilization?
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2. Can intrinsic and reflexive contributions to trunk stabilization be
determined reliably?
3. How does trunk stabilization differ between healthy and low-back
pain patients?
To answer these questions, first a thorough analysis of literature was
performed

to

gain

insight

in

the

current

knowledge

of

trunk

stabilization/stiffness in low-back pain and in the methods that have been
used. A new experimental protocol was tested with respect to reliability and
the effects of two possible sample biases (sex and age) were assessed.
Finally, trunk stabilization in non-specific chronic low-back pain patients and
healthy controls was identified and compared.
Thesis outline
We started this thesis by searching the literature for studies that assessed
responses to mechanical trunk perturbations in low-back pain in order to
measure trunk stiffness. The results of this systematic review can be found
in Chapter 2. The results of chapter 2 showed a variety in methods used to
assess trunk stiffness. We conducted another systematic literature search
involving all studies measuring trunk stabilization aiming to assess their
construct validity. Results of this review can be found in Chapter 3.
A method was developed by our team (van Drunen et al., 2013), of which
we assessed test-retest reliability in Chapter 4. The same method was used
throughout the rest of the thesis. The effects of age and sex on trunk
stabilization were tested in Chapter 5. In Chapter 6 the difference in trunk
stabilization between healthy subjects and low-back pain patients was
analyzed. Finally, Chapter 7 draws the conclusions, discusses the findings in
this thesis and gives recommendations for further research.
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Chapter 2
Evidence of splinting in low-back pain?
A systematic review of perturbation studies
M.R. Prins, M. Griffioen, T.T.J. Veeger, H.Kiers, O.G. Meijer,
P. van der Wurff, S.M. Bruijn, J.H. van Dieën

Abstract
The purpose of this systematic review was to assess whether
low-back pain 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 low-back
pain patients and healthy controls in terms of muscle activation,
kinematics, kinetics, and/or mechanical properties. If more than
three 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 low-back pain. 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 low-back pain 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.

Published in European Spine Journal, 2017

Chapter 2

Introduction
It has been suggested that low-back pain (LBP) patients splint or guard their
lumbar spine through co-contraction of trunk muscles (Wolf et al., 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 et al., 1988) and increased coupling of
pelvis and thorax movements during gait (Lamoth 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 et al., 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 position-controlled 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.
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Different muscle recruitment patterns to stabilize the lumbar spine have
been suggested to be present between subjects in the LBP population
(Hodges et al., 2013; van Dieën et al., 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.

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 Appendix 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 inor 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
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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 (non-speciﬁc 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. 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% or more. The
methods and results of pooling of variances are outlined in Appendix 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.
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Screening of the reference lists yielded no extra studies. Ultimately, 19
studies were included in this review. A ﬂow-chart 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 Appendix 2.2.

2

Figure 2.1 Flowchart of the selection process.

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 et al.,
2014; Gotze et al., 2015; Jones et al., 2012; Lariviere et al., 2010; Leinonen
et al., 2001; Leinonen et al., 2003; Liebetrau et al., 2013; Miller et al.,
2013; Mok et al., 2011; Navalgund et al., 2013; Newcomer et al., 2002;
Notzel et al., 2011; Radebold et al., 2000; Radebold et al., 2001;
Ramprasad et al., 2010; Reeves et al., 2005; Shenoy et al., 2013; Stokes et
al., 2016), consisting of 286 LBP patients and 306 healthy controls. Two
cohorts were presented twice ((Freddolini et al., 2014; Freddolini et al.,
2014) and (Leinonen et al., 2001; Leinonen et al., 2003)).
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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 3 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; Leinonen et al., 2003). The other studies included
patients with nonspeciﬁc LBP.

20

Leinonen et
al., 2001c2

Lariviere et
al., 2010

Jones et al.,
2012

20
(15/5)
15
(10/5)

Control

29
(15/14)

Control

LBP

27
(14/13)

78 (16)

74 (13)

175 (9)

37 (12)

78 (9)
63 (7)

175 (7)

147 (7)
165 (9)

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

78 (13)
69 (14)

69 (12)

74 (9)

62 (8)

62 (7)

64 (13)

69 (12)

Weight
in kg

39 (10)

147 (6)
163 (6)

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

171 (7)

33.5 (9.0)

16 (8/8)

Control

LBP

175 (9)

33.9 (6.2)

NR

39.7 (14)

16 (8/8)

10
(0/10)

Control

NR

168
(9.8)

31.7 (8.1)
40.6 (11.6)

169
(8.4)

Height
in cm

36.8 (11.6)

Age

LBP

10
(0/10)

Control

LBP

31
(16/15)

LBP

Freddolini et
al., 2014a,
2014bc1

Gotze et al.,
2015

23
(11/12)

Group

Study

n (m/f)

Table 2.1 Subject characteristics

NR

NR

26 (3)
23 (3)

26 (4)
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

3.8 (1.0)

VAS for severity
of pain

NA

6.1 (1.9)

NA

3.7 (2.2)
3.4 (2.7)

NA

3 (range
0-7)

NA

2.9 (2.1)
3.5 (1.4)

NA

LBP pain
score

Pain score
type

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

Definition LBP
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22

Navalgund
et al., 2013

Mok et al.,
2011

Miller et al.,
2013

32.3 (8.2)

35 (10.1)

13 (7/6)

Control

27.5 (4.3)

13 (7/6)

11
(NR/NR)

Control

28.5 (5.8)

LBP

11
(NR/NR)

81 (20)

85 (20)

175 (12)

71 (13)

74 (14)

71 (7)

73 (3)

59 (8)

62 (9)

↵

NR

Weight
in kg

175 (8)

175 (6)

175 (13)

179 (3)

20.7 (1.0)

8 (8/0)

Control

LBP

183 (5)

20.4 (1.6)

168 (6)

34.0 (11.3)

8 (8/0)

17
(0/17)

Control

167 (6)

↵

NR

Height
in cm

40.9 (11.9)

↵

NR

Age

LBP

17
(0/17)

LBP

↵

Control

Liebetrau et
al., 2013

16
(NR/NR)

LBP

Leinonen et
al., 2003c2

n (m/f)

Group

Study

Table 2.1 Continued

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 and the (2)
best and (3)
worst pain over
the 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
≤8 weeks,
experienced at
least 1 separate
episode in the
past year

Sick leave or
treatment ≥ 18
months with at
least one episode
of LBP in the
preceding 6
months

Recurrent acute
exercise induced
LBP for at least 6
months

Minimum duration
of 6 months

↵

Definition LBP
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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)

17
(12/5)

Control

LBP

17
(12/5)

12
(0/12)

Control

LBP

8 (0/8)

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

176 (9)

177 (9)

174 (9)

172 (12)

38.1 (9.6)

40.7 (10.6)

32.3 (9.6)

NR

NR

38 (10.1)

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

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

168 (6)

27.3 (7.1)

72 (9)

73 (8)

80 (18)

NR

NR

NR

NR

NR

78 (18)
59 (13)
82 (15)

NR

20.4 (2.6)

23.1 (2.4)

NR

NR

BMI in
kg/m2

84 (15)
68 (12)

57 (6)

65 (9)

74 (14)

171 (9)

37 (9.6)
168 (4)

78 (16)

171 (11)

37 (10.1)

42.4 (14.5)

Weight
in kg

Height
in cm

Age

VAS back pain

VAS overall back
pain

VAS extent of
pain

VAS pain after
perturbations

4.7 (range
2.1-7.7)

VAS pain on day
of testing

NA

2.7 (2.4)

NA

2.7 (2.0)

NA

NR

NA

5.2 (3.5)

NA

LBP pain
score

Pain score
type

Chronic or nonspecific
mechanical
recurrent LBP of
>3 months,
without radiation

LBP for periods
ranging from 6
months to 35
years

Periodic back pain
episodes for more
than 6 months

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

Pain between L1
and gluteal folds
for at least 6
months

Definition LBP
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23

24

21
(11/10)

23
(15/8)

Control

25
(17/8)

Control

LBP

24
(16/8)

20
(4/16)

Control

LBP

20
(4/16)

n
(m/f)

LBP

Group

172 (10)

179 (4)
163 (8)
168(4.6)
163 (6)

25.1 (5.1)

m=28.4 (8.4)
f=34.2 (10.4)
m=30.3 (9.1)
f=33.5 (13.2)

179 (7)
164 (10)

m=38.7 (12.1)
f=34.5 (12.8)
174 (11)

177 (10)
164 (7)

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

24.3 (4.7)

Height
in cm

Age

82 (14)
61 (11)

77 (10)
68 (11)

67 (8)

70 (8)

81 (17)
61 (14)

81 (14)
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 pain for at
least 3 months

Experienced back
pain for at least 6
months

Definition LBP

deviations, unless stated otherwise.

numeric rating scale, NA not applicable, VAS = visual analog scale,

↵ = the same value/content as above. Parenthesized values are standard

cn= The subjects described in these studies belong to the same cohort, f = female, m = male, LBP = low back pain, NR = not reported, NRS =

Stokes et
al., 2006

Shenoy et
al., 2013

Reeves et
al., 2005

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, Leinonen et
al., 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; Radebold et al., 2001; Reeves et al., 2005) and seated in three
(Freddolini et al., 2014; Freddolini 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; Radebold et al.,
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; Leinonen et al., 2003; Liebetrau
et al., 2013; Mok et al., 2011; Ramprasad et al., 2010; Shenoy et al., 2013)
or the legs (Freddolini 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 et al., 2014; Freddolini et al., 2014; Lariviere et al., 2010;
Leinonen et al., 2001; Leinonen et al., 2003; Miller et al., 2013; Navalgund
et al., 2013; Radebold et al., 2000; Radebold et al., 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 mediolateral 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 et al., 2014; Freddolini et al., 2014). In the six
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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 et al., 2014;
Jones et al., 2012; Lariviere et al., 2010; Leinonen et al., 2001; Leinonen et
al., 2003; Liebetrau et al., 2013; Navalgund et al., 2013; Newcomer et al.,
2002; Notzel et al., 2011; Radebold et al., 2001; Radebold et al., 2000;
Ramprasad et al., 2010; Reeves et al., 2005; Shenoy et al., 2013; Stokes et
al., 2006), the kinetic response in two studies (Freddolini et al., 2014; Jones
et al., 2012), and the kinematic response in ﬁve studies (Freddolini et al.,
2014; Freddolini et al., 2014; Gotze et al., 2015; Miller et al., 2013; Mok et
al., 2011). Mechanical trunk properties were estimated in two studies
(Freddolini et al., 2014; Miller et al., 2013).

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.

26

Evidence of splinting in low-back pain? A systematic review of perturbation studies

2

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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Standing

Standing

Jones et al.,
2012

Leinonen et al.,
2001c2

Standing

Gotze et al.,
2015

Semiseated

Seated

Freddolini et al.,
2014ac1

Lariviere et al.,
2010

Seated

Subject
position

Freddolini et al.,
2014bc1

Study

Table 2.2 Experimental Setups

Pelvis, T6

Pelvis,
lower
limbs

None

None

Pelvis,
lower
limbs

Pelvis,
lower
limbs

Fixed
segments
Conditions
NA

10 and 20 degrees
backward tilted
starting position

Left arm / right arm

12 perturbation
directions (1-12
o ‗clock)
NA

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

Perturbation
Swingchair release from a
20 degree backwards
tilted position
Swingchair release from a
backwards tilted position

Unilateral downward pull
handled grip

Horizontal position
controlled 10cm
translation of floor
Continuous forward pull at
T4 level with unexpected
additional load

Weight dropped in box
held by participant

3

20

4

5

3

1

nPerturb.
per
condition

NR

NR

Stand
comfortably,
look forward

Stay erect,
look straight
ahead

Achieve
balanced
position

Achieve
balanced
position

Subject
instruction

EMG

EMG

EMG,
kinetics

Kinematics

kinematics,
mechanical
trunk
properties

EMG,
kinematics,
kinetics

Reported
outcomes

Chapter 2

Standing

Standing

Seated

Standing

Liebetrau et al.,
2013

Miller et al., 2013

Mok et al., 2011

Subject
position

Leinonen et al.,
2003c2

Study

Table 2.2 Continued

None

Pelvis

None

Pelvis, T6

Fixed
segments

Maintain equal
weight bearing,
maintain
positions of the
elbows during
perturbation
5

Standing of flat surface
of flat surface or short
base (block of 12cm
anterio-posterior
Length)

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

Kinematics,
kinetics,
mechanical
trunk
properties

Sit upright, do
not resist or
intervene with
perturbations
12

Anterior push /
posterior push

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

EMG

NR

5

NA

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

EMG

Reported
outcomes

NR

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

Weight dropped in box held
by participant

Subject
instruction

3

Conditions

Perturbation

nPerturb.
per
condition
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30
7

Eyes open / closed

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

Lateral perturbation of
surface of approximately 3cm

Sudden load release al T9
level

Sudden load release at T9
level

Standing

Notzel et al., 2011

Semi-seated Pelvis, lower
limbs

Semi-seated Pelvis, lower
limbs

Radebold et al.,
2000

Radebold et al.,
2001

None

3

3

16

None

+/- 36

Horizontal position controlled 1) forward /backward /
translation or rotation surface
rotation
2) Medium / large (only
for translations)

Conditions

Standing

Perturbation

Newcomer et al.,
2002

Fixed
segments

Semi-seated Pelvis, lower Continuous 100N anterior Additional load of + or
limbs
pull at T6-T7 level with force
– 30 N
controlled pseudorandom
perturbations of additional
load

Subject
position

nPerturb.
per
condition

Navalgund et al.,
2013

Study
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NR

NR

NR

NR

NR

Subject
instruction

EMG

EMG

EMG

EMG

EMG

Reported
outcomes

Chapter 2

Standing

Subject
position
Pelvis

Fixed
segments

Standing

Stokes et al., 2006
Pelvis

Pelvis

3

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

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

Flexion / extension /
lateral bending

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

3

3

1) Expected /
unexpected
2) Solid / foam surface

Drop of 3kg steel cylinders
onto the outstretched hand

Drop of 3kg weight into
Expected / unexpected
outstretched hand from 8cm
(blindfolded)
height

3

Conditions

Perturbation

nPerturb.
per
condition

EMG

EMG

Maintain the
target effort until
after the
perturbation

EMG

EMG

Reported
outcomes

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

cn = The subjects described in these studies belong to the same cohort, EMG = electromyography, NA = not applicable, NR = not reported.

Standing

Shenoy et al., 2013

Reeves et al., 2005 Semi-seated Pelvis, lower
limbs

Ramprasad et al.,
2010

Study
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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 et al., 2014; Lariviere et al., 2010; Leinonen et al., 2001;
Leinonen et al., 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). 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 et al., 2014; Lariviere
et al., 2010; Liebetrau et al., 2013; Miller et al., 2013; Navalgund et al.,
2013; Radebold et al., 2000; Radebold et al., 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; 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 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
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signiﬁcant between group difference. Two studies on one cohort found no
between-group differences on visually detected response times (Leinonen et
al., 2001; Leinonen et al., 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
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).

33

2

34

Jones et al.,
2012

Freddolini et
al., 2014a,
2014bc1

Study

↵

Response amplitude
(dimensionless) *

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

250-50ms
before
perturbation

Maximal value of
that muscle
measured over all
perturbation
directions

Pre-activation
amplitude
(dimensionless)

All directions
combined

NA

↵

Chair release –
‗balance
achieved‘

Left-right muscle
symmetry (crosscorrelation)

↵

NA

↵

Response time (ms)

↵

20 degrees tilt

Perturbation

↵

↵

Relative duration of
muscle contraction
(%)

Chair release –
‗balance
achieved‘

Time
window

Chair release –
muscle
contraction

3 SD above
baseline activity

Amplitude
normalization
/ Threshold
definition

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

EMG parameters

Table 2.3 Muscle activation

Decreased$
Decreased$

Increased$
Increased$

LES3
LES3

REO

Decreased$

(0.11)
(0.21)
(0.15)
(0.09)

Increased$

0.70
0.75
0.62
0.67

LEO

(0.13)
(0.18)
(0.24)
(0.15)

Each muscle
increased$

Each muscle
decreased$

12.6

Increased$

0.61
0.74
0.69
0.56

Each muscle
decreased$

Each muscle
increased$

35.2

Control
outcome

Decreased$

RA,
EO,
IO,
ES

↵

↵

RA, EO,
IO, ES

Muscle

LBP
outcome

.0062

.030

.019

.044

NS
NS
NS
<.05

Each muscle
<.05

Each muscle
<.05

<.05

p-value
pain
status

Chapter 2

EMG parameters

Pre-activation
amplitude
(dimensionless)

Study

Lariviere et al.,
2010

Table 2.3 Continued

Reference
contraction

Amplitude
normalization
/ Threshold
definition
250-0ms before
perturbation

Time
window
NA

Perturbation
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 (IQR
7-25)
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 1636)

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

L3

L1

T10

RA

EO

Muscle

Control
outcome

LBP
outcome

NS

NS

NS

NS

.017

.038

p-value
pain
status
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36

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 parameters
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↵

30-150ms
after
perturbation

Perturbation
onset –
muscle ‗on‘

↵

Time
window

↵

↵

Forward pull T4

↵

Perturbation

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

m 6 (IQR
4-12)
f 5 (IQR 4-12)
L10

L3

Increased$

Decreased$

Decreased$

Increased$
L3
L5, L1,
T10

All NR

All NR

L5, L1,
T10

All NR

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

m 11 (IQR
4-19)
f 8 (IQR 7-13)

L1

All NR

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

m 5 (IQR 2-8)
f 4 (IQR 3-9)

L3

L5, L3,
L1, T10

m 6 (IQR
5-8)
f 8 (IQR
6-12)

m 10 (IQR 621)
f 11 (IQR
6-20)

L5

Muscle

Control
outcome

LBP
outcome

.008

All NS

.025

All NS

All NS

NS

.009

.019

.042

p-value
pain
status
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None

4 DS above
baseline activity

None

Response time (ms)

↵

Preactivation
amplitude (µVolt)

Response time (ms)

Response amplitude
(µVolt)

Leinonen et
al., 2001c2

Leinonen et
al., 2003c2

Liebetrau et
al., 2013

↵

Visual inspection
rectified signal

EMG parameters

Amplitude
normalization
/ Threshold
definition

Study
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↵

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

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

(1)
(3)
(11)
(2)
(2)
2
6
14
3
2

39 (11)
33 (6)
55 (11)
57 (31)
79 (43)
65 (53)
104 (41)
85 (43)
30 (29)
29 (34)

LBP
outcome
Supported
stance:
47.7 (15)
42.8 (9)
Unsupported:
34.0 (17)
41.9 (11)
NR

(3)
(8)
(13)
(2)
(3)
(11)
(11)
(26)
(39)
(37)
(36)
(53)
(71)
(24)
(25)

4
9
14
2
3
54
39
76
74
85
42
88
79
26
27

Muscle

T12
L5

T12
L5

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

NS
NS
NS
NS
NS

<.01
NS
<.01
NS
NS

NS
NS
NS
NS
NS

NS¥

NS¥
NS¥

NS¥
NS¥

p-value
pain
status

Evidence of splinting in low-back pain? A systematic review of perturbation studies

37

2

38

Navalgund et
al., 2013

Miller et al.,
2013

Study
MVC

2 SD above
baseline activity

2 SD above
baseline activity

Biering-Sorenson
test (BieringSorensen, 1984)

Response time (ms)

Response time (ms)

Response amplitude
(% Sorenson)

Amplitude
normalization
/ Threshold
definition

Pre-activation
amplitude
(dimensionless)

EMG parameters
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↵

Perturbation
onset – muscle
‗on‘

Perturbation
onset – muscle
‗on‘

400-0ms prior
to perturbation
onset

Time
window

↵

Continious 100N
anterior pull at
T6-T7 level with
speudorandom
perturbations of
additional load

10 mm anterior
trunk push in
~40ms

NA

Perturbation

MF (fw)
MF
ES

MF (fw)
MF
ES

↵

L3

Muscle

6.1 (4.1)
7.1 (3.9)
5.3 (3.8)

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

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

Decreased$

Increased$

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

NR

Control
outcome

NR

LBP
outcome

.030
NS
NS

.014
.016
.001

.006

NS

p-value
pain
status
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None

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

Preactivation
amplitude (µVolt)

Response time (ms)

Response amplitude
(AUC)

Response amplitude
(µVolt)

Notzel et al.,
2011

Above 99% Cl
baseline activity

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

EMG parameters

Amplitude
normalization
/ Threshold
definition

Newcomer et
al., 2002

Study
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↵

↵

↵

NR

0-750ms after
perturbation
onset

Time
window

All NR

All NR

All NR

All NR

All NR

All NR

All NR

All NR

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

↵

↵

↵

Forward
Large
Forward
medium
Toes up

↵

↵

Mediolateral

NA

80
90
65
70
75
15

ES
RA
ES
RA

Backward
large
Backward
medium
90
90
70
70
75
50

100
75
90
55

85
65
75
50

Muscle

Perturbation

Control
outcome

LBP
outcome

All NS

All NS

All NS

All NS

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

<.05
<.05
<.05
<.05

p-value
pain
status
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40
↵

↵

↵

↵

↵

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

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)

NR

1.4 DS above
baseline activity
for at least 25 ms

Mean number of
antagonists ‗on‘ (n)

Radebold et
al., 2000

Time
window

EMG parameters

Amplitude
normalization
/ Threshold
definition

Study
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Extension
Flexion
Lateroflexion

Extension
Flexion
Lateroflexion

Extension
Flexion
Lateroflexion

Extension
Flexion
Lateroflexion

Extension
Flexion
Lateroflexion

Sudden release
pull towards:
Extension
Flexion
Lateroflexion

Perturbation

↵

↵

↵

↵

↵

RA, EO,
IO, LD,
T9, L3

Muscle

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
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None

↵

↵

Agonistic muscle
response time OFF
(ms)

Response amplitude
(dimensionless)

1.4 DS below
baseline activity
for at least 44 ms

Mean antagonistic
muscle response
time ON (ms)

Radebold et
al., 2001

Ramprasad et
al., 2010

1.4 DS above
baseline activity
for at least 25 ms

EMG parameters

Amplitude
normalization
/ Threshold
definition

Study

Table 2.3 Continued

Sudden release
of three
kilograms steel
cylinders onto
the outstretched
hand

↵

40ms to 250ms
after
perturbation
onset

Extension
Flexion
Lateroflexion

Sudden release
pull towards:
Extension
Flexion
Lateroflexion

Perturbation

40ms to 120ms
after
perturbation
onset

↵

0-300ms after
perturbation
onset

Time
window

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

Decreased$
Decreased$

74 (15)
80 (20)
80 (16)
63 (27)
68 (40)
57 (21)
Decreased$
Decreased$

Increased$
Increased$

Muscle

RA, EO,
IO, LD,
T9, L3

↵

RA
ES

RA
ES

Control
outcome

LBP
outcome

.05
.05

.05
.02

<.05
<.05
NS

<.05
<.05
<.05

p-value
pain
status
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42
25-250ms after
perturbation
onset
25-150ms
before and after
perturbation
onset

Shewhart method
(Hodges & Bui,
1996)
MEMGD method
(Stokes et al.,
2000)

Muscles activated in

Mean difference
pre- and post
activation
amplitudes
(dimensionless)

↵

↵

Trunk pull in
multiple
directions

↵

↵

RA, EO,
IO, LD,
T9, L5

Muscle

Extension
Flexion
Left
Right

Sudden release
pull towards:
Extension
Flexion
Left
Right

Perturbation

(18)
(67)
(38)
(41)

(28)
(15)
(15)
(32)

0.545

3.5

65
99
81
62

87
82
87
91

LBP
outcome

(11)
(37)
(28)
(22)

(20)
(10)
(27)
(15)

0.548

4.3

44
58
54
45

74
62
78
74

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. Abbreviated values are standard deviations, unless stated otherwise. Underlined words are linked to presented mean values and
levels of significance on the same horizontal level.

perturbation (%)

response to

↵

1.5 SD below
baseline activity

Mean antagonistic
muscle response
time OFF (ms)

Stokes et al.,
2006

0 to 2 seconds
after
perturbation
onset

1.5 SD above
baseline activity

Mean antagonistic
muscle response
time ON (ms)

Reeves et al.,
2005

Time
window

EMG parameters

Amplitude
normalization
/ Threshold
definition

Study

Table 2.3 Continued
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Kinematic response to perturbation
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 et al., 2014;
Freddolini 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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Hip
Lumbar Spine
Chair

20 deg. tilt

10 deg. tilt
20 deg. tilt

10 deg. tilt
20 deg. tilt

10 deg. tilt
20 deg. tilt

Arm pull

↵
At first peak angle
chair

At second peak angle
chair

At balanced position

Chair release to
‗balance achieved‘

Perturbation onset to 1
second after

↵

Spine/hip angle ratio
(dimensionless)

↵

Balancing error (deg)

Time to regain balance
(s)

Gotze et al.,
2015

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

Hip
Lumbar Spine Chair

10 deg. tilt

Chair release to
‗balance achieved‘

Maximum – minimum
angle (deg)

Freddolini et
al., 2014a

↵

↵

10 deg. tilt
20 deg. tilt

NA

↵

Chair

↵

Hip and Lumbar
Spine

Hip
Lumbar Spine

Hip
Lumbar Spine

Maximum – minimum
angular velocity (rad/s)

20 deg. tilt

Chair release to
‗balance achieved‘

RMS angular velocity
(rad/s)

Joint

Freddolini et
al., 2014b

Perturbation

Time Window /
Instant

Kinematic Parameter

Study

Table 2.4 Kinematic response to perturbations

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)

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

8.4
3.3
8.5
8.5

(4.4)
(3.4)
(4.0)
(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)

1.91 (0.56)
0.58 (0.34)

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

0.35 (0.11)
0.16 (0.09)

Control
Outcome

0.44 (0.11)
0.13 (0.07)

LBP
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
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NR

NR

↵
↵

↵

↵

Peak anterior trunk velocity
(mm/s)

Onset anterior
translation of L1 (ms)

Lumbar flexion onset (ms)

Duration between onset
lumbar translation and
lumbar flexion (ms)

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

Total excursion of
lumbar motion (deg)

Miller et al.,
2013

Mok et al., 2011

Flat surface
Short base

↵

Both surfaces

Flat surface
Short base

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

10 mm
anterior trunk
push in ~40 ms

Perturbation

↵

↵

↵

↵

NA

NA

Joint

Control
Outcome
NR

137.4 (45.1)
183.8 (63.8)
108.1 (14.2)
136.1 (18.2)
Shorter$

Sooner$

3.05 (1.45)
3.25 (1.21)

LBP
Outcome
NR

163.7 (38.3)
164.2 (56.7)
164.9 (26.8)
210.6 (51.1)
Longer$

Later$

2.36 (1.41)
2.36 (1.19)

NS¥

<.05

<.001

<.001¥

NS¥

NS

P-value pain
status

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. Abbreviated values are standard deviations. Underlined words are linked to presented mean values and levels of
significance on the same horizontal level.

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 et al.,
2014b), 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 et al., 2014a; 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 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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Peak-to-Peak
(minimum to
maximum
torque)
25-100 ms
after
perturbation
onset

↵

↵
Height and
weight

Height and
weight

Maximum moment
(M/(mxgxl))

Mean RMS Power:
(P/mxg1/2 l2/3))

Maximum-minimum
power
(P/ mxg1/2 l2/3))

Peak torque (?)

Rate of torque
development (?)

Peak torque latency, Height and
initial trunk response
weight
(ms)

25-250 ms
after
perturbation
onset

↵

↵

↵

↵

↵

All directions
with sagittal /
coronal
component

↵

↵

↵

20 deg. tilt

Sagittal
Coronal

Sagittal
Coronal

Sagittal
Coronal

↵

↵

↵

Sagittal

Plane

0.078(0.02) 0.087(0.03)
0.067(0.02) 0.072(0.03)
0.06(0.03)
0.06(0.04)
0.010(0.01) 0.013(0.01)

NR
NR

NR
NR

Later$
Later$

0.19(0.11)
0.04(0.04)

NR
NR

NR
NR

Earlier$
Earlier$

Hip
Lumbar spine
Hip
Lumbar spine

Hip
Lumbar spine

Trunk

↵

↵

0.20(0.14)
0.06(0.05)

0.081(0.03) 0.083(0.04)
0.089(0.03) 0.084(0.05)

Control
Outcome

Hip
Lumbar spine

Joint

LBP
Outcome

.003
<.05

NS

NS

NS
NS

NS
NS

NS
NS

NS
NS

P-value
pain
status

g = gravity acceleration (9.81 m/s 2), 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. Abbreviated values are standard deviations.

Jones et
al., 2012

↵

Mean MRS Moment
(M/(mxgxl))

Freddolini
et al.,
2014b

Chair release
to ‗balance
achieved‘

Weight and
leg length

Kinetic Parameter

Study

Amplitude
normalization
Time Window Perturbation

Table 2.5 Kinetic response to perturbations
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Natural frequency
(rad/s)

↵

↵

↵

↵

Sagittal

↵

10 degrees tilt
20 degrees tilt
1cm anterior
and posterior
push

Sagittal

10 degrees tilt
20 degrees tilt

Plane

↵

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. Abbreviated values are standard deviations.

Effective trunk mass
(kg)

↵

Chair release
to ‗balance
achieved‘

Time Window Perturbation

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

↵

Damping ratio (?)

Freddolini
et al.,
2014a

Trunk stiffness
(N/mm)

Second order

Estimated property

Study

Miller et al.,
2013

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

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
(Appendix 2.3).

2
Table 2.7 Within group variability of reported outcomes
In patients with LBP mean outcome is:

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

Lower/

NRNS or

Shorter

equal*

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¥ %

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%

87,5%

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

0 (0%)
21 (87,5)
6 (75%)
0 (0%)
0 (0%)
3 (30%)
10 (100%)
0 (0%)
0 (0%)
0 (0%)

22%

59%

Mean¥ %
Muscle
activity
amplitude

Higher/

0 (0%)
0 (0%)
0 (0%)
0 (0%)
1 (33%)
7 (70%)
0 (0%)
2 (67%)
2 (50%)
0 (0%)

10%
0 (0%)
0 (0%)
0 (0%)
1 (33%)
0 (0%)
0 (0%)

4 (100%)
3 (12,5%)
2 (25%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
2 (50%)
0 (0%)
19%
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Table 2.7 Continued
In patients with LBP mean outcome is:
Lower/
Shorter
p<.05
NS

NRNS or
equal*
NS

Higher/
Longer
NS
p<.05

Parameter

Study

Muscle
activity
timing

Freddolini et al., 2014b
Lariviere et al., 2010
Leinonen et al., 2001
Leinonen et al., 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¥ %

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%)
10%

0 (0%)
4 (100%)
0 (0%)
↵
0 (0%)
0 (0%)
0 (0%)
5 (100%)
0 (0%)
0 (0%)
0 (0%)
43%

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%)
47%

Kinematics
amplitude

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

2 (50%)
↵
0 (0%)
0 (0%)
0 (0%)

2 (50%)
↵
2 (50%)
2 (100%)
12.5%

0 (0%)
↵
0 (0%)
1 (100%)
0 (0%)
75%

0 (0%)
↵
0 (0%)
0 (0%)

0 (0%)
↵
2 (50%)
0 (0%)
0 (0%)
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. ↵ = the same
value/content as above. 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.
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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 (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 et al., 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 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.
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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 preperturbation 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 to recover from a
perturbation on an unstable seat (Freddolini 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 suboptimal. Summarizing a one-dimensional, 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 et al., 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 timewindow(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 timewindows. One study that assessed the muscular response over two time
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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 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 et al., 2009). A later study reported a signiﬁcant positive
correlation between estimated spinal stiffness and fear of movement in LBP
(Karayannis et al., 2013). This study utilized a control group from the
aforementioned 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 et al., 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 et
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al., 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 et al., 2013) and one-dimensional statistical
parametric mapping (Pataky et al., 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 subcutaneous fat in patients. For
example, the EMG-amplitude 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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Appendices
Appendix 2.1 Search strategy
Database
Academic Search Premier
CINAHL
EMBASE
MEDLINE Premier
ScienceDirect

Date
July 6th
July 6th
July 7th
July 6th
July 6th

2015
2015
2015
2015
2015

Search String
((((Back Pain) OR LumbarPain))
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*))

2

Appendix 2.2 Study selection
Please find the endnote library containing the study selection at:
http://www.dropbox.com/sh/uk13pukpp1ny22y/AABzXCWfWJjGERYbyeUDSL
sda?dl=0
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Appendix 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 (Table 2.3.1).
Appendix Table 2.3.1 Within group variability of EMG outcomes
Parameter
Muscle
activity

Kinematics

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

In patients
Lower
1 (25%)
4 (20%)
3 (75%)
4 (27%)
5 (83%)
0 (0%)
3 (50%)
1 (13%)
37%
12 (75%)
↵
2 (50%)
2 (33%)

with LBP variance is:
Equal
Higher
0 (0%)
3 (75%)
0 (0%)
16 (80%)
1 (25%)
0 (0%)
2 (13%)
9 (60%)
0 (0%)
1 (17%)
2 (11%)
16 (89%)
1 (17%)
2 (33%)
0 (0%)
7 (88%)
8%
1 (6%)
↵
0 (0%)
0 (0%)

54%
3 (19%)
↵
2 (50%)
4 (67%)

Mean¥ %
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. ↵ = the same value/content
as above.
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Chapter 3
Methods for assessment of trunk stabilization: a
systematic review
M. Griffioen*, E. Maaswinkel*, R.S.G.M. Perez, J.H. van Dieën
* Equally contributing first authors

Abstract
Trunk stabilization is achieved differently in patients with lowback pain compared to healthy controls. Many methods exist to
assess trunk stabilization but not all measure the contributions
of co-contraction and reflexes simultaneously. This may pose a
threat to the quality/validity of the study and might lead to
misinterpretation of the results. The aim of this study was to
provide a critical review of previously published methods for
studying trunk stabilization in relation to low-back pain. We
primarily aimed to assess their construct validity to which end
we defined a theoretical framework operationalized in a set of
methodological criteria which would allow identifying the
contributions of co-contraction and reflexes simultaneously. In
addition, the clinimetric properties of the methods were
evaluated. 133 articles were included from which four main
categories of methods were defined; upper limb (un)loading,
moving platform, unloading and loading. Fifty of the 133
selected articles complied with all the criteria of the theoretical
framework, but only four articles provided information about
reliability and/or measurement error of methods to assess trunk
stabilization with test-retest reliability ranging from poor (ICC 0)
to moderate (ICC 0.72). In conclusion, there is a need for
standardization and clinimetric evaluation to contribute to a
higher quality of research and enable better comparisons to be
made between studies.

Published in Journal of Electromyography & Kinesiology, 2016
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Introduction
Trunk stabilization can be defined as maintaining control over trunk posture
and movement, in spite of the disturbing effects of gravity and external and
internal perturbations. Trunk stabilization is dependent on the passive
(osteoligamentous),

active

(muscular)

and

neural

sub-systems

that

contribute mechanically and in terms of acquiring and processing information
to guide mechanical responses (Cholewicki and McGill, 1996). Stabilization of
the trunk is required to control trunk movement during daily activities like
standing, sitting, walking (MacKinnon and Winter, 1993; van der Burg et al.,
2005), and can be limiting in performing precise arm and hand functions
(Kaminski et al., 1995; Pigeon et al., 2000). Importantly, it has been
hypothesized that inadequate trunk stabilization could contribute to low-back
pain (LBP) through high tissue strains and/or impingements (Panjabi, 1992a;
Panjabi, 1992b).
Trunk stabilization is achieved differently in patients with low-back pain
compared to healthy controls. These differences in trunk control have been
interpreted as cause of the persistence of LBP (Hodges et al., 2009;
MacDonald et al., 2010), and were even shown to be prospectively
associated to LBP incidence (Cholewicki et al., 2005). Specifically, several
studies have indicated longer reflex delays after an external mechanical
perturbation of trunk posture in LBP patients than in controls (Magnusson et
al., 1996; Radebold et al., 2000). In apparent contrast, higher trunk
stiffness, i.e. a higher mechanical resistance to such perturbations has also
been reported (Hodges et al., 2009). The latter is probably explained by
findings of increased co-contraction of trunk musculature in patients
compared to controls (van Dieën et al., 2003). This has been interpreted as
an adaptive response to enhance control over trunk movement and
therewith prevent pain (Lund et al., 1991; van Dieën et al., 2003). In fact,
increased trunk stiffness through co-contraction could explain the longer
delays found. With increased stiffness, the same mechanical disturbance will
cause a smaller and slower deviation of trunk posture. Consequently, the
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disturbance would be perceived later and cause a slower and smaller
increase in excitatory drive of the trunk musculature, resulting in an
apparent increase in reflex delays. So paradoxically, the finding of an
increased delay could actually reflect a functional, adaptive response to
enhance trunk stability.
The above indicates that the contributions of co-contraction (intrinsic
stiffness) and reflexes to trunk stabilization need to be assessed jointly. This
is possible using system identification techniques, which apply some form of
external (often mechanical) perturbation and measure responses such as the
trunk kinematics and trunk muscle EMG, from which properties of the
stabilizing system, such as the intrinsic stiffness and reflex delays are
estimated. Many different methods using such an approach have been
reported. However, not all of these appear equally suitable. For example, not
all take into account the intrinsic and reflexive contributions simultaneously.
Furthermore, setups in some studies allow movement corrections in multiple
joints (e.g. ankle, knee and hip), due to which experimental effects or
between-group differences cannot be ascribed solely to the trunk.
To support interpretation of previous literature and to optimize methods for
studying trunk stabilization in relation to LBP, we aimed to provide a critical
review of previously published methods. We primarily aimed to assess their
construct validity, to which end we defined a theoretical framework
operationalized in a set of methodological criteria. This theoretical framework
comprised the two criteria as introduced above as well as the criteria based
on the requirement to allow for linear system identification, since a wide
range of well-established techniques is available for this. The criteria are
further detailed in the methods section. In addition, the clinimetric
properties of the methods were evaluated, to assess their potential value in
a clinical setting.
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Methods
Theoretical framework
To evaluate the methods found in the literature, a theoretical framework was
defined. In the introduction, two major criteria were already introduced: 1)
the necessity of being able to jointly assess intrinsic and reflexive
contributions to trunk stabilization and 2) the necessity to study the trunk in
isolation.
To be able to assess the intrinsic and reflexive contributions to trunk control
jointly through linear identification techniques, the method has to meet the
following criteria:
Unpredictable

Disturbances must be unpredictable, since the presence
of feedforward control to an expected perturbation
renders it impossible to quantify reflexive and intrinsic
components. System identification techniques assume a
closed loop between the output forces and movements
and the control input, e.g. the movement occurring upon
perturbation of a static posture is assumed to be the
basis for reflex inputs. When voluntary movements
through feedforward control occur, this obviously would
lead to a misinterpretation. To prevent feedforward
control, an unpredictable perturbation should be used.

Known

To allow for system identification, the disturbance should

Disturbance

be known (in terms of amplitude and timing). It is
important to note that the disturbance is defined as the
external input, which should be distinguished from the
contact force between a device applying a perturbation
and the subject, as this results from an interaction
between device and subject.
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Perturbation

To permit the use of linear identification techniques,

Type

the disturbance should result in small fluctuations
around a fixed working point, i.e. it should not entail
large force differences and should not result in a
large

trunk

displacement.

To

obtain

sufficiently

reliable information in spite of the limited trunk
displacement and hence low signal to noise ratio,
repeated

perturbations

perturbation

should,

impulse

step

or

are

necessary.
a

The

therefore,

not

be

single

perturbation

but

preferably

a

multisine, repeated impulse or pseudo-random binary
signal.
Force Control

When perturbations are applied directly to the trunk,
a

force

controlled

perturbation

instead

of

a

3

displacement controlled perturbation should be used.
With a fixed trunk displacement relative to the pelvis,
the subject is unable to exert any influence over the
resulting perturbation. Therefore, the subject will not
be motivated to perform and it has been observed
that subjects reduce their efforts to counteract
position controlled perturbations already after several
seconds (de Vlugt et al., 2003a; de Vlugt et al.,
2003b).
The following criteria should be met to study the trunk in isolation:

Pelvic restraint

The pelvis of the subject should be restrained, forcing
motion at the level of the spine, i.e. this assures that
motion does not occur solely at the level of the
pelvis.

Point of

The application of the perturbation should occur at

application

the trunk or at the pelvis.
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These criteria will be used to assess the construct validity of the methods
found in the literature.
Literature identification
To identify relevant literature, we conducted a comprehensive search in
PubMed and Embase from the beginning of the database up to September
2014. To be inclusive, we used a broad search as outlined in Appendix 3.1.
Only articles written in Dutch, German or English were included. Animal and
cadaveric studies were excluded. No restrictions were applied to study
design. Additionally, a snowball technique was applied by scanning the
reference sections of all selected articles for potentially relevant articles that
were not retrieved in the original search.
Study selection
Eligibility of studies was determined independently by two researchers. First,
the studies were selected on the basis of title and abstract. If uncertainty
remained, the full text was reviewed. When discrepancies occurred between
reviewers, the justifications for inclusion or exclusion of these articles was
discussed until consensus was reached. The publications were included
according to the following criteria: 1) trunk stabilization was studied; 2)
external mechanical perturbations were applied; 3) measurements included
trunk kinematics and/or trunk muscle EMG.
Data extraction and assessment of methodological quality
The following data were extracted from the included articles: author, year of
publication, and perturbation technique. The construct validity of the
methods was assessed independently by the two researchers with use of the
theoretical framework as described above. When discrepancies occurred
between reviewers, the justification for scoring on the set of methodological
criteria was discussed until consensus was reached.
If the objective of an included article comprised clinimetric assessment of
reliability
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and/or

measurement

error

of

methods

to

assess

trunk
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stabilization, the methodological quality of the study was assessed by the
two reviewers using box B and C of an adapted version of the the
COnsensus-based Standards for the selection of Health Measurement
INstruments (COSMIN checklist (Terwee et al., 2012), see Appendix 3.2).

Results
Results of the search
A total of 133 articles were included (see Figure 3.1 for a flowchart of the
search and selection procedure).

3

Figure 3.1 Flowchart of the search strategy.

Categorization
Four main categories of perturbation methods were distinguished from the
included articles; trunk loading, trunk unloading, moving platform and upper
limb (un-)loading (see Table 3.1). Loading perturbations involve pushes or
pulls applied at the upper back, thorax or pelvis.

Unloading perturbation

methods use a horizontal force applied to the subject‘s thorax, upper back or
pelvis by a cable from which a load is suspended and unexpectedly released.
Alternatively, the subject applies a force, often controlled through visual
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feedback, on a cable that is unexpectedly released. During moving platform
perturbations, subjects sit or stand on a platform, which is translated or
tilted. Finally, in the upper limb (un)loading experiments the subjects stand
while holding an empty receptacle in which a load is dropped. In some
studies, the arms of the subjects are attached to a wire with a load on the
other end which is suddenly dropped, resulting in a sudden force. In one
setup, subjects hold a weighted box, which is suddenly pulled upward by a
cable. In another setup, subjects hold a balloon attached to a load; popping
the balloon results in sudden unloading.
Fifty of the 133 included articles described a method that complied with all
methodological criteria (see Table 3.1). All methods complied with the
―unpredictable‖ criterion. In all but 7 studies, force control was used. None
of the upper limb (un)loading articles met with the ―pelvic restraint‖ and
―point of application‖ criteria.
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Subjects

10
healthy
males

12
healthy
subjects
(6m, 6f)

3 healthy
males

6 healthy
subjects
(3m, 3f)

2 healthy
males, 1
LBP
patient

21
healthy
subjects

4 healthy
males

Andersen
et al., 2004

Bazrgari et
al., 2011a

Bazrgari et
al., 2011b

Bazrgari et
al., 2012

Bazrgari et
al., 2009

Borghuis et
al., 2011

Carlson et
al., 1981

Trunk loading

Author
(year)

LO, MF, RA,
EO

5 kg from 3 cm
(upper back)

Force plate,
angle between
C7-L3 and
vertical line
with motion
system

Angular
velocity of the
balance seat
with
gyroscopes

Potentiometer
and load cell at
T8

Surface: MF
(L5), IC
(lumbar), LO
(L1), RA, EO
Surface: ES
(L3), RA, EO

Displacement
sensor and load
cell at T8

−

Displacement
sensor and load
cell at T8

Displacement
sensor and load
cell at T8

Surface: ES
(L1, L3), RA,
EO

−

Potentiometer
(upper back)

Trunk
kinematics
measurement

Surface: ES
(L3)

Trunk-EMG
measurement

±123 N and
±80 N (upper
back

± 100 N (upper
back)

10 mm (upper
back)

10 mm (upper
back)

10 mm (upper
back)

52 N (upper
back)

Perturbation
magnitude

X

X

X

X

X

X

X

Unpredictable

Perturbation
type

Step

Impulse

Impulse

Impulse

Step

Impulse

Step

Known
disturbance

X

X

X

X

X

X

−

Table 3.1 Overview of studies included with assessment of validity based on the criteria listed in the methods section

X

X

X

−

−

−

X

Force
control

−

−

X

X

X

X

X

Pelvic
restraint

X

X

X

X

X

X

X

Point of
application
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68
X

X

Displacement
of hip and
shoulder with
video-based
system
Kinematics with
optotrak
markers at L1L5, T1, T6 and
T12.
Displacement
and contact
force at T10
with position and force
sensors.
−

Fine-wire:
RA, EO, IO,
TrA, Surface:
ES (L3)
Surface: RA,
IO, EO, LO
(lumbar and
thoracic), IC
(lumbar and
thoracic)

Surface: ES,
EO

Fine-wire:
TrA, EO, RA,
ES (L3).
Surface: RA,
TrA, ES (L3),
IC (lumbar),
EO, IO

5 kg from 25
cm (upper
back)

±35 N (upper
back)

50% of body
mass (upper
back)

10 kg from 40
cm (upper
back)

6 healthy
males

15
healthy
subjects

10
healthy
males

11
healthy
males

van Drunen
et al., 2013

Dupeyron
et al., 2010

Eriksson
Crommert
and
Thorstensson 2009

Potentiometer
from shoulder

X

X

X

Cresswell
et al., 1994

Force – and
displacement
transducer
from chest

Surface: EO,
IO, ES
(lumbar and
thoracic), RA

20% and 30%
of maximal
isometric
lateral bend
moment (upper
back)

Unpredictable

13
healthy
males

Chiang and
Potvin
2001

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author,
year

Table 3.1 Continued

X

X

X

X

X

Known
disturbance

Step

Impulse

Multi-sine

Step

Step

Perturbation
type

X

X

X

X

X

Force
control

X

X

X

−

X

Pelvic
restraint

X

X

X

X

X

Point of
application
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Force plate,
load cell from
pelvis, position
pelvis with
linear motors
Infrared motion
sensors on S1,
L5, T10 and C7

Load cell and
motion sensors
at lower back

Force plate,
load cell and
goniometers at
T10 and SI

−

Surface:
abdominal
and spinal
muscles
Surface: RA,
IO, EO, ES

Surface: IO,
EO, RA

Surface: RA,
EO, IO, ES
(L3)

7.5% and 15%
of maximum
effort (upper
back)

4% of body
weight (pelvis)

75 N (upper
back)

6.2 ± 1.6, 9.3
± 1.4 and 12.0
±1.7 N (upper
back)

14
healthy
subjects
(8m, 6f)

5 healthy
subjects
(3m, 2f)

18
healthy
subjects
(9m, 9f)

10
healthy
males

21
healthy
subjects
(11m,
10f)

GardnerMorse and
Stokes,
2001

Gilles et
al., 1999

Granata et
al., 2005

Granata et
al., 2004a

Granata et
al., 2004b

2.27 kg from
0.5 and 1 m
(upper back)

Potentiometer
from shoulder

Surface: RA,
TrA, ES (L3),
IC

53 N (upper
back)

9 healthy
subjects
(5m, 4f)

Essendrop
et al., 2002

Load cell and
displacement
transducer
from T12

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued

X

X

X

X

X

X

Unpredictable

X

Single sine
wave

Step

Multi-sine

Impulse

Step

X

X

X

X

−

X

X

X

X

X

Step

X

Force
control

Perturbation
type

Known
disturbance

−

X

X

−

X

X

Pelvic
restraint

X

X

X

X

X

X

Point of
application
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70
Muscle
thickness EO,
IO, TrA

15
healthy
males

Kim et al.,
2013a

9 kg from 30
cm (upper
back)

17
healthy
subjects
(9m, 8f)
and 14
LBP
patients
(7m, 7f)

Hodges et
al., 2009
−

ES (L3/L4)

53 N (upper
back)

9 healthy
males

Hjortskov
et al., 2005

12 – 15% of
body mass
(upper back)

Paraspinal
muscles at
L4

170 N (upper
back)

10
healthy
males

Hermann
et al., 2006

−

Trunk
acceleration
with force
transducer
from shoulder

Potentiometers
on shoulder

X

X

X

X

X

Load cell,
encoder on
servomotor ,
displacement
sensor on
frame at T8

Surface: ES
(L1, L3), RA,
EO

±5 mm
anteriorposterior
(upper back)

12
healthy
subjects
(6m, 6f)

Hendershot
et al., 2011

Load cell

X

Load cell,
postural
displacements
with laser
sensor and
servomotor
encoder

Surface: ES
(L3), EO

± 5 mm
anteriorposterior
(upper back)

8 males
with
unilateral
limb
amputati
on and 8
healthy
males

Hendershot
et al., 2013

Unpredictable

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued

X

X

X

−

X

X

Known
disturbance

Step

Step

Step

Impulse

Pseudorando
m binary
step

Pseudorando
m binary
step

Perturbation
type

X

X

X

X

−

−

Force
control

X

X

X

−

X

X

Pelvic
restraint

X

X

X

X

X

X

Point of
application
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Trunk torque
with dynamometer and
trunk displacement with
electromagnetic
sensor at T9
Electromagnetic
positionsensors
at S1 and T10

Surface: LO
(L3/L4), IC
(L3/L4), LD
(T9)

Surface: RA,
ES (lumbar),
IO, EO
Surface: ES
(L3)

Trunk weight at
20⁰ (upper
back)

± 70N anterior
(upper back)

2 kg from 45
cm (upper
back)

6 healthy
males

17
healthy
subjects

11 LBP
patients
(7m, 4f)
and 11
healthy
subjects
(7m, 4f)

Lawrence
et al., 2005

Lee et al.,
2006

Magnusson
et al., 1996

Force plate,
load cell

X

X

X

X

Load cell and
position trunk
with
potentiometer

Surface:MF
(L5), IC (L3),
LO (L1), RA,
EO

50% of the
L5/SI extension
moment (upper
back)

30 LBP
patients
(15m,
15f) and
30
healthy
subjects
(15m,
15f)

Lariviere et
al., 2010

X

Unpredictable

Force- and
displacement
transducer
from shoulder

Surface: ES
(L3, T9), LD,
RA, EO, IO

12% or 24% of
maximum
isometric
extensor
moment (upper
back)

8 healthy
males

Krajkarski
et al., 1999

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued
Perturbation
type
Step

Step

Step

Pseudorando
m binary
step
Step

Known
disturbance
X

X

X

X

X

X

X

X

X

X

Force
control

X

X

X

X

X

Pelvic
restraint

X

X

X

X

X

Point of
application
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72
−

−

±30 N (upper
back)

±2 mm (upper
back)

21
healthy
subjects
(10m,
11f)

11
healthy
males

Moorhouse
and
Granata
2005

Moorhouse
and
Granata
2007

X

X

Trunk angle
with motion
sensor at T6/T8

Surface: Ra,
ES

3,97, 5.96,
7.67, 9, 10.21
N.s (upper
back)

20
healthy
subjects
(10m,
10f)

Miller et
al., 2010

X

Force transducer and trunk
displacement
with optical
encoder

Load cell,
displacement
with encoder on
servomotor

Surface: Ra,
ES

10 mm (upper
back)

8 male
LBP
patients
and 9
healthy
males

Miller et
al., 2013

X

X

−

Surface: ES
(L3), RA, EO,
LD

9.35N (lower
back)

6 healthy
males

McMulkin
et al., 1998

X

X

Unpredictable

Force transducer and trunk
kinematics with
optotrak at S1
and T10

Force plate

−

Unspecified
(upper back)

3 healthy
males

McGill et
al., 1989

−

Surface: RA,
EO, IO, ES
(T9, L3)

131-148N in 8
different
directions
(upper back)

12
healthy
males

Masani et
al., 2009

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued

X

X

X

X

X

−

−

Known
disturbance

Step

Multi-sine

Impulse

Pseudorando
m binary
step

Step

↵

―impulse‖,
manually
applied

Perturbation
type

−

X

X

−

X

X

X

Force
control

X

X

X

X

−

−

−

Pelvic
restraint

X

X

X

X

X

X

X

Point of
application
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X

Movement of
upper back with
potentiometer
Movement of
upper back with
potentiometer

Surfece: ES
(L3)

−

58 N (upper
back)

58 N (upper
back)

37
healthy
subjects

46
healthy
females

10
healthy
males

Pedersen
et al., 2007

Pedersen
et al., 2009

Rietdyk et
al., 1999

Force plate,
segment
positions with
infrared diodes

X

Movement of
upper back with
potentiometer

Surfece: ES
(L3)

58 N (upper
back)

38
healthy
subjects
(8m,30f)

Pedersen
et al., 2004

−

X

Force and
displacement
transducers at
upper back

Surface: ES
(L3, T9), EO,
IO, RA

12%, or 24%
of maximal isometric extensor
moment (upper
back)

13
healthy
males

Parcero
(2000)

122N (±1.3)
(pelvis) and
108.7 (±1.22)
(upper back)

X

Sway of T5

Surface: ES
(T12, L3)

10 or 5 kg
(upper back)

9 healthy
males

Omino and
Hayashi
1992

X

X

X

Torque
transducer at
motor shaft

Surface: ES
(L3), MF (L5)

±30 N (upper
back)

13 LBP
patients
(7m, 6f)
and 13
healthy
subjects
(7m, 6f)

Navalgund
et al., 2013

Unpredictable

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1. Continued
Perturbation
type
Step

Step

Step

Step

Step

Step

―impulse‖
manually
applied

Known
disturbance
X

−

X

X

X

X

−

X

X

X

X

X

X

X

Force
control

−

X

X

X

X

−

X

Pelvic
restraint

X

X

X

X

X

X

X

Point of
application
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73

74

Subjects

25
healthy
subjects
(12m,
13f)

15
healthy
males

19
healthy
males

21 LBP
patients
(11m,
10f) +23
healthy
subjects
(15m,8f)

13
healthy
subjects
(7m, 6f)

20
healthy
subjects
(10m,10f

20
healthy
subjects
(10m,10f

Author
(year)

Rogers and
Granata
2006

Santos et
al., 2001

Skotte et
al., 2004

Stokes et
al., 2006

Stokes et
al., 2000

Thomas et
al., 1998

Thomas et
al., 1999

Table 3.1 Continued

Potentiometer
at T8
Movement
upper back with
potentiometer

Load cell for
unset perturbation and
displacement
transducer at
T12
Trunk
kinematics with
electrogoniometer
Trunk
kinematics with
electrogoniometer

Surface: LO
(L1), ICL
(L3), MF (L5)
Surface: ES
(L3)
Surface: RA,
IO, EO, LO,
IC

Surface: RA,
IO, EO, LO,
IC

Surface: LO
(Thoracic),
ES, EO, RA
Surface: LO
(Thoracic),
ES, EO, RA

58 N (upper
back)

5%, or 10% of
maximum
effort in 80ms
in 5 different
directions
(upper back)

7.5%, or 15%
of maximum
effort in 80ms
in 5 different
directions
(upper back)

5% of maximal
isometric trunk
extensor
strength

5% of maximal
isometric trunk
extensor
strength

35% (upper
back)

Load cell for
unset
perturbation

Electromagnetic
position
sensors in SI,
T10 and
manubrium

Surface: RA,
IO, EO, ES

±75 N (upper
back)

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

X

X

X

X

X

X

X

Unpredictable

−

−

X

X

X

X

X

Known
disturbance

Step

Step

Single sine
wave

Single sine
wave

Step

Step

Multi-sine

Perturbation
type

X

X

X

X

X

X

X

Force
control

X

X

X

X

X

X

X

Pelvic
restraint

X

X

X

X

X

X

X

Point of
application

Chapter 3

Subjects

13
healthy
males

14
healthy
males

12
healthy
males

15
healthy
males

11 LBP
patients
(6m, 5f)

Author
(year)

Thrasher et
al., 2010

VeraGarcia et
al., 2006

VeraGarcia et
al., 2007

Vette et
al., 2014

Wilder et
al., 1996

Table 3.1 Continued

X

X

X

X

Load cell and
trunk kinematics with
electromagnetic
tracking at
sacrum
Load cell and
trunk kinematics with
electromagnetic
tracking at
sacrum
Load cell,
position of T10
with motion
capture system
with markers
6cm above and
below T10
Load cell at T4
and force plate

Surface: RA,
EO, IO, LD,
ES (T9, L3,
L5)

Surface: RA,
EO, IO, LD,
ES (T9, L3,
L5)

−

Surface: ES,
RA

6.8 kg and
9.07 kg from
20 cm (upper
back)

6.8 kg from
5 cm (upper
back)

39.9 ± 2.4 N in
8 different
directions
(upper back)

2 kg from
45 cm (upper
back)

X

Unpredictable

Force
transducer and
trunk position
with optotrak at
SIAS, SIPS, C6,
T9, L3 and
clustermarkers
between C6
and T9 and T9
and L3

Trunk
kinematics
measurement

−

Trunk-EMG
measurement

Varied between
92.2 N and 293
N (upper back)

Perturbation
magnitude

Perturbation
type
―impulse‖
manually
applied

Step

Step

Impulse

Step

Known
disturbance
X

X

X

X

X

X

X

X

X

X

Force
control

X

−

X

X

−

Pelvic
restraint

X

X

X

X

X

Point of
application
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75

76

Subjects

14
healthy
males

4 healthy
males

Brown et
al., 2006

Carlson et
al., 1981

Cholewicki 17 subjects
et al., 2002 (10m, 7f)
with
symptom
free LB
injury, and
17 healthy
subjects
(10m, 7f)

9 healthy
males

Brown &
McGill 2009

Trunk unloading

Author
(year)

Table 3.1 Continued

Force plate,
angle between
C&-L3 and
vertical line
with
optoelectronic
motion system

Surface: LO,
MF, RA, EO

Surface: RA,
EO, IO, LD,
ES (lumbar
and thoracic)

5 kg (upper
back)

20% and 30%
maximal
isometric
activation
(upper back)
−

Angular
displacements
of lumbar spine
with
electromagnetic
tracking

Surface: RA,
EO, IO, LD,
ES (T9, L3,
L5)

8 or 10.3 kg
(upper back)

Angular displacement with
electromagnetic
tracking. Force
on level L4/L5
and upper body
cradle with
force
transducer

Trunk
kinematics
measurement

Surface: RA,
EO, IO, LD,
ES (T9, L3)

Trunk-EMG
measurement

5%, 10% and
15% of
maximal
isometric
activation
(upper back)

Perturbation
magnitude

X

X

X

X

Unpredictable

X

−

X

−

Known
disturbance

Step

Step

Step

Step

Perturbation
type

X

X

X

X

Force
control

X

−

X

X

Pelvic
restraint

X

X

X

X

Point of
application

Chapter 3

Subjects

10
healthy
subjects

20
subjects
(14m,
6f)

14
healthy
subjects
(11m,
3f)

292
subjects
(144m,
148f)

12
healthy
subjects
(6m, 6f)

11
healthy
males

16
healthy
females

Author
(year)

Cholewicki
et al., 1999

Cholewicki
et al.,
2010a

Cholewicki
et al.,
2010b

Cholewicki
et al., 2005

Cholewicki
et al., 2000

Eriksson
Crommert
and
Thorstenss
on 2008

Kim et al.,
2013b

Table 3.1 Continued

−

Displacement
T9 with
inductive
sensor
−

Angular
displacement
bilateral
acromion, T1,
SIPS, S2

−

Surface: RA,
EO, IO, LD,
ES (lumbar
and thoracic)
Surface: RA,
EO, IO, LD,
ES (lumbar
and thoracic)
Surface: RA,
EO, IO, LD,
ES (lumbar
and thoracic)
Fine-wire:
RA, EO, TrA,
ES (L3)

Surface: MF
(L4/L5)

100 N for men,
70 N for
women (upper
body)

115 N for men,
80 N for
women (upper
body)

108 N for men,
72 N for
women (upper
body)

35% maximal
isometric
activation
(upper back)

30, 50 and
70% of
maximal
voluntary
contraction
(upper back)

8 kg (upper
back)

Displacement
T9 with
inductive
sensor

Surface: RA,
EO, IO, LD,
ES (lumbar
and thoracic)

35% maximal
isometric
activation
(upper back)

Displacement
T5 with 3D
electromagnetic
motion device

Trunk
acceleration
with
accelerometer
at T5

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

X

X

X

X

X

X

X

Unpredictable

Perturbation
type
Step

Step

Step

Step

Step

Step

Step

Known
disturbance
X

X

X

X

X

X

X

X

X

X

X

X

X

X

Force
control

X

X

X

X

X

X

X

Pelvic
restraint

X

X

X

X

X

X

X

Point of
application
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77

78
X

Undefined how
trunk angle was
measured

Surface: 12
major trunk
muscles

Undefined
(upper back)

16 LBP
patients
(15m,
1f), 14
healthy
subjects
(13m,
1f)

Radebold
et al., 2001

X

Undefined how
trunk angle was
measured

Surface: RA,
EO, IO, LD,
ES (T9, L3)

65 N and 108 N
for men and 40
N and 72 N for
women (upper
back)

17 LBP
patients
(12m,
5f), 17
healthy
subjects
(12m,
5f)

Radebold
et al., 2000

X

Angular
displacement,
force output
and movement
velocity with
dynamometer

Surface: ES
(L4), RA

65 N for men
and 40 N for
females (upper
back)

12
subjects
with
ankle
instabilit
y (5m,
7f), 12
healthy
subjects
(5m, 7f)

Marshall et
al., 2009

X

Load cell, force
plate

Surface: ES

Unspecified
(upper back)

11 LBP
patients
(7m, 4f),
11
healthy
subjects
(7m, 4f)

Magnusson
et al., 1996

Unpredictable

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued

X

X

X

−

Known
disturbance

Step

Step

Step

Step

Perturbation
type

X

X

X

X

Force
control

X

X

X

X

Pelvic
restraint

X

X

X

X

Point of
application

Chapter 3

35 LBP
patients
(27m,
8f) and
32
healthy
subjects
(22m,
10f)

6 healthy
subjects
(4m, 3f)

Reeves et
al., 2005

Reeves et
al., 2009

43
healthy
subjects,
56 subje
cts with
intellectu
al disability

10
healthy
subjects

17
healthy
subjects
(8m, 9f)

Blomqvist
et al., 2014

Boudreau
et al., 2011

Carpenter
et al., 1999

Moving platform

Subjects

Author
(year)

Table 3.1 Continued

−

Surface: ES
(T12, L2,
L4), EO

Surface:
paraspinals

8 cm, 270
cm/ms anterior
and posterior
and 10⁰,
120⁰/ms
anterior and
posterior tilt

7.5⁰, 50⁰/s tilts
in 12 directions

Force plate,
angular velocity
sternum with
transducers

Accelerometer
on platform

Surface:
ES(L4)

Motion capture
system
markers at T9
and L4/L5

3.5 cm, 55
cm/s, 200
cm/s2 posterior

−

−

Surface: RA,
EO, ES (T9,
L5)

65 N for males,
40 N for
females (upper
back)

20 N (upper
back)

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

X

X

X

X

X

Unpredictable

Perturbation
type
Step

Step

Step

Impulse

Step

Known
disturbance
X

−

X

X

X

X

X

X

X

X

Force
control

−

−

−

X

X

Pelvic
restraint

−

−

−

X

X

Point of
application

Methods for assessment of trunk stabilization: a systematic review

3

79

80

Subjects

12
healthy
males

19
healthy
subjects
(12m,
7f)

7 healthy
males

10
patients
with
whiplash
associate
d disorder
(5m, 5f)
and 10
healthy
subjects
(5m, 5f)

Author
(year)

Carpenter
et al., 2005

Chen et al.,
2014

Cort et al.,
2013

Cote et al.,
2009

Table 3.1 Continued

Surface: RA,
EO, IO, ES
(lumbar and
thoracic),
MF, LD

Surface:
paraspinals
(cervical,
thoracic and
lumbar),
trapezius,
RA, EO

4cm, 4m/s2 left
and right

15cm in 500ms
anterior and
posterior

X

X

Accelerometer
on platform,
kinematics
sacrum and T9
with active
marker system
Kinematics with
motion analysis
system with
markers on
right scapula,
C7, T6, T1, T8,
T12, L1, S1,
SIPS, sacrum,
sternum,
acromia

X

Kinematics with
motion analysis
system with 42
markers at
bony landmarks

Surface:
paraspinals
(cervical,
lumbar
(L2/L3) and
thoracic, RA

70mm,
500mm/s
anterior and
posterior and
7⁰, 50⁰/s
anterior and
posterior tilt

X

Accelerometer
on platform,
trunk rotations
with
optoelectronic
motion system

Surface: ES
(L4), Finewire: RA

8cm, 1.25m/s,
1.7m/s2 and 60
cm, 0.25m/s,
1.3m/s2
anterior and
posterior

Unpredictable

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

X

X

X

X

Known
disturbance

Impulse

Step

Step

Impulse

Perturbation
type

X

X

X

X

Force
control

X

X

−

−

Pelvic
restraint

X

X

−

−

Point of
application

Chapter 3

394 patients
with
adolescent
scoliosis
(83m, 311f)
and 70
healthy
children
(10m, 60f)

Subjects

Surface: ES
(L3-L4 and
T8-T9)

−

8cm, 36cm/s in
4 directions
and 8⁰, 50⁰/s
anterior and
posterior tilt

±4⁰ left and
right tilt

14 healthy
subjects
(7m, 7f)

Goodworth
and
Peterka,
2009

X

X

X

Unpredictable

Hip angular
X
position, rotations
between C6 and T3
and knees with
potentiometer

Platform and trunk
displacement at
C7, T10, L5, SIAS,
TM with 3D
electro-magnetic
motion device

−

Surface: ES
(L3, T10)

10% of body
mass from 70
cm was
dropped to pull
the platform

8 healthy
subjects
(4m, 4f)

−

Surface: ES
(T8, L1, L3)

8⁰ left and light
tilt

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Forssberg
and
Hirschfeld,
1994

Farahpour
10 patients
et al., 2014 with
adolecent
idiopathic
scoliosis
and 10
healthy
subjects

Dobosiewic
z, 1997

Author
(year)

Table 3.1 Continued
Perturbation
type
Step

Step

Step

Pseudorando
m ternary
step

Known
disturbance
X

X

X

X

X

X

X

X

Force
control

X

−

−

−

Pelvic
restraint

X

X

−

−

Point of
application
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81

82
Force plate,
potentiometer
attached to
hips

Surface: RA,
lumbar
paraspinals
ES (L4-L5),
RA

Surface: RA,
lumbar
paraspinals

1.2, 3.6, 6, 9,
12 cm, 10, 15,
35 cm/s
posterior

13 cm/s in 250
ms anterior
and posterior

20
healthy
subjects

10
healthy
subjects
(4m, 6f)

6 healthy
subjects
and 4
subjects
with vestibular loss

Horak et
al., 1989

Horak and
Nasher,
1986

Horak et
al., 1990

6cm, 15cm/s
and 1.2cm,
6cm/s and
12cm, 35cm/s
anerior and
posterior

Force plate
(strain gauge)
and hip angle
with single-frame
analysis of
videotaped
recordings with
wite markers

−

9 cm, 43 cm/s,
127 cm/s2 in
12 directions

Henry et
al., 1989

Surface: RA,
ES

9 cm, 35 m/s
in 12 directions

7 healthy
subjects
(3m, 4f)
24 healthy
subjects
(12m, 12f)
and 26
LBP
patients
(12m, 14f)

Henry et
al., 1998

Force plate,
potentiometer
attached to
hips

Force plate,
trunk positions
with infrared
camera system
and reflexive
markers

Force plate

potentiometer
on force plate,
angular velocity
sternum with
transducers

Surface:
paraspinals
(L1-L2)

7.5⁰, 60⁰/s tilt
in 6 directions

5 healthy
subjects
(3m, 2f)

Gruneberg
et al., 2004

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued

X

X

X

X

X

X

Unpredictable

X

X

X

X

X

X

Known
disturbance

Impulse

Impulse

Impulse

Impulse

Impulse

Step

Perturbation
type

X

X

X

X

X

X

Force
control

−

−

−

−

−

−

Pelvic
restraint

−

−

−

−

−

−

Point of
application

Chapter 3

Subjects

8 healthy
males

9 patients
with lower
extremity
neuropathy
(6m, 3f)
and 8
healthy
subjects

25 LBP
patients
(13m, 11f)
and 21
healthy
subjects
(8m, 13f)

20 LBP
patients
(9m, 11f)
and 21
healthy
subjects
(8m, 13f)

4 male
tetraplegic
s, 4 male
paraplegic
s and 5
healthy
males

Author
(year)

Huang et
al., 2001

Inglis et
al., 1994

Jacobs et
al., 2011

Jones et
al., 2012

Kamper et
al., 1999

Table 3.1 Continued

12⁰ and 23⁰
left tilt
−

X

X

Load cells for
measuring axial
forces between
platform and
wheelchair

Surface: RA,
IO, EO, ES
(L1 and L3)

43 cm/s, 127
cm/s2 in 12
directions

X

X

X

Unpredictable

Force plate, 3D
kinematic data
of hip and
trunk angle
with passive
marker system

−

Surface: ES
(L1, L3), EO,
IO, RA

9cm, 43cm/s,
127 cm/s2 in
12 directions

Force plate,
movement
analysis system
with markers
on L1 and thigh

Trunk
kinematics
measurement

Force plate

−

Trunk-EMG
measurement

Surface:
lumbar
paraspinals

6cm, 10cm/s,
15cm/s, 25cm/s,
35cm/s and
1.2cm, 36.cm,
6cm, 9cm, 9cm,
12cm at 15cm/s
posterior

10cm, 0.5m/s,
10m/s2 left and
right

Perturbation
magnitude

Perturbation
type
Impulse

Impulse

Impulse

Impulse

Step

Known
disturbance
X

X

X

X

X

X

X

X

X

X

Force
control

−

−

−

−

−

Pelvic
restraint

X

−

−

−

−

Point of
application
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83

84

0.7⁰ in 250ms,
1.8⁰ in 300ms
and 3.2⁰ in
400ms anterior
posterior

1.25*patients
height/72 in
300ms and
2.25*patients
height/72 in
400ms and 8⁰ in
80ms anterior
posterior

20 healthy
subjects
(11m, 9f)

20 LBP
patients
(9m, 11f)
and 20
healthy
subjects
(9m, 11f)

8 female
LBP
patients
and 12
healthy
females

Mok and
Hodges,
2013

Newcomer
et al., 2002

Notzel et
al., 2011

Undefined left
and right and
anterior
posterior

−

−

Surface: ES
(L4/L5), RA

Surface: ES,
RA, IO, EO,
MF

X

X

X

Force plate

−

X

Unpredictable

X

Strain gauge
sensors under
platform,
potentiometer
attached to hip

Trunk
kinematics
measurement

Trunk angular
position with
video motion
analysis with
markers on C7
and great
trochanter

−

3cm in 125ms or
250ms anterior
posterior

11
healthy
subjects

Kesher et
al., 1988

Surface:
paraspinals
(L2-L3) and
T4-T5), RA

Trunk-EMG
measurement

10cm, 15cm/s
and 3m,
3.7m/s anterior
posterior

10
healthy
subjects

Kesher et
al., 2004

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued

X

X

X

X

X

Known
disturbance

Impulse

Impulse

Step

Impulse

Impulse

Perturbation
type

X

X

X

X

X

Force
control

−

−

−

−

−

Pelvic
restraint

−

−

−

−

−

Point of
application

Chapter 3

Subjects

8 healthy
males

18
healthy
males

13 scoliotic
children
and 3
healthy
children

13 healthy
males

21 healthy
subjects
(14, 7f)

5 healthy
subjects
(3m, 2f)

Author
(year)

Oddson et
al., 1999

Parnianpou
r et al.,
2001

Perret and
Robert,
2004

Preus and
Fung, 2008

Sayenko et
al., 2012

Zedka et
al., 1998

Table 3.1 Continued

Accelerometer
at
cervicothoracic
junction level

Force plate,
position-data of
trunk with
Vicon markers
at T1-T6, T7T12, L1-L5 and
pelvis

−

Surface:
paraspinals
(T7-10 and
L2-3)

Surface: RA,
IO, EO,
thoracic
spinals, ES
(thoracic and
lumbar, MF

2.5cm with
3cm/s and 4⁰,
2.4⁰/s tilt in 3
directions

8⁰ left and
right tilting

Surface: ES

Surface: ES
(T10, L3),
EO, IO, RA,
LD

10⁰, 50⁰/s,
200⁰/s
backward tilt

10⁰, 20⁰, 8⁰/s
and 26⁰/s in 4
directions

150mm,
0.45m/s in 8
directions

Accelerometer
at L3 and hip
and shoulder
kinematics in
saggital plane
with video
motion analysis

Surface: ES
(L3), RA

0.11m in
300ms anterior
posterior

Angular
displacement of
platform with
potentiometer

Displacement
of C7 and great
trochanter with
laser
displacement
sensors

Force plate,
potentiometers
on hips and
shoulders

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

X

X

X

X

X

X

Unpredictable

Perturbation
type
Impulse

Impulse

Step

Impulse

Step

Step

Known
disturbance
X

X

X

X

X

−

X

X

X

X

X

X

Force
control

X

−

X

−

−

−

Pelvic
restraint

X

−

X

−

−

−

Point of
application
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Subjects

7 healthy
males

11 healthy
males

30 LBP
patients
(19m, 11f)

13 healthy
subjects
(6m, 7f)

15 healthy
females

5 healthy
males

38 healthy
subjects
(21m, 17f)

Aruin and
Latash
(1995)

Brown et
al., 2003

Dupeyron
et al., 2013

Gregory et
al., 2008

Grondin
and Potvin,
2009

Hodges et
al., 2001

Hwang et
al., 2008

Upper limb (un)loading

Author
(year)

Table 3.1 Continued

X

Force plate

Goniometers at
L5 and L3
Angle between
T12 and S1 and
iliac crest and
S1 with optoelectronic
system and
infrared markers
Force plate,
Electromagnetic
tracking system
at T1, L1 and
S1

Surface: ES
(thoracic and
lumbar), RA,
EO
ES (thoracic
and lumbar),
EO, IO
Fine-wire:
TrA, IO, EO,
Surface: RA,
ES (L4)

Surface: ES
(T12-L1), MF
(L5-S1)

6.78 kg from
2 cm

5 kg from
2.5 cm

2 kg with a
wire attached
to hands

1 kg from
minimum of
0.5m)

X

Accelerometer
on box to
determine
perturbation
onset

Surface: ES
(L3), EO, RA

2kg from 40cm

X

X

X

X

Force plate

Surface: ES
(lumbar and
thoracic),
EO, RA

X

Unpredictable

6.8 kg
unloading

Trunk
kinematics
measurement

Force plate,
goniometers for
hip angles

Trunk-EMG
measurement

Surface: RA,
ES

2.2 kg unloading

Perturbation
magnitude

−

−

−

−

−

−

X

Known
disturbance

Step

Step

Step

Step

Step

Step

Step

Perturbation
type

X

X

X

X

X

X

X

Force
control

−

−

−

−

−

−

−

Pelvic
restraint

−

−

−

−

−

−

−

Point of
application
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20 LBP
patients
(15m, 5f)
and
healthy
subjects
(10m, 5f)

Leinonen et
al., 2002

0.68 kg from
eye height

Surface: ES
(L12-L1), MF
(L5-S1)

X

10 healthy
subjects
(5m, 5f)

Lee et al.,
2011

X

Force plate and
marker switch
on load

Force plate,
trunk positions
with magnetic
motion
measurement
system with
sensors on T1,
L1 and S1

Surface: LD
(T7 and
T10), ES
(L3/L4), EO,
RA

7.5% maximal
trunk extension
force from 1 m

18 healthy
subjects
(8m, 10f)

Lavender
et al., 2000

X

X

−

Surface: LD,
ES, RA, EO,
IO

6 kg from
78.4 cm

11 healthy
males

Lavender
et al., 1989

X

X

Unpredictable

Force plate

Force plate,
lumbar motion
(L5-S1) with a
lumbar motion
monitor

Surface: LD,
ES, RA, EO,
IO

53.4 N

4 healthy
males

Lavender
et al., 1993

Fine-wire:
MF, LO (T5,
T8, T11)

Force plate

Surface: ES
(L3/L4), LD,
RA, EO

5.4 kg from
110 cm

4 healthy
males

Lavender
and Marras,
1995

1 kg from
30 cm

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued
Perturbation
type
Step

Step

Step

Step

Step

Step

Known
disturbance
−

−

−

X

−

−

X

X

X

X

X

X

Force
control

−

−

−

−

−

−

Pelvic
restraint

−

−

−

−

−

−

Point of
application
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Surface: ES
(T10 and
L3), RA, EO

Surface: LD,
ES, RA

2, 4 and 6 kg
from 10 cm for
men, 40% less
for women

2.27, 4.54, 6.8
and 9.07 kg
from 83.8 cm

12 healthy
subjects
(6m, 6f)

12 healthy
males

30 healthy
males

3 healthy
males

Mannio et
al., 2000

Marras et
al., 1987

Mawston et
al., 2007

McGill et
al., 1989

Undefined

−

ES (L4/L5
and T9), RA,
IO, EO

Fine-wire: MF
(L5, deep
and
superficial)

1 kg from eye
height

13 LBP
patients
(6m, 7f)
and 14
healthy
subjects
(8m, 6f)

MacDonald
et al., 2010

100 N

Surface: ES
(L12-L1), MF
(L5-S1)

0.69 kg from
minimum of
0.5 m

20 healthy
subjects
(10m, 10f)

Trunk-EMG
measurement

Leinonen et
al., 2003

Perturbation
magnitude

Subjects

Author
(year)

Table 3.1 Continued

Force plate

Hip and lumbosacral angle with
video with
markers on
lateral femoral
condyle, great
trochanter
sacrum and L1

−

Force plate,
load cell, angle
between L1 and
S1 with motion
analysis device

Load contact
with box
started EMG
recordng

Markers with
switch on load

Trunk
kinematics
measurement

X

X

X

X

X

X

Unpredictable

−

−

X

−

−

−

Known
disturbance

Impulse,
manually
applied

Step

Step

Step

Step

Step

Perturbation
type

X

X

X

X

X

X

Force
control

−

−

−

−

−

−

Pelvic
restraint

−

−

−

−

−

−

Point of
application
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−

Accelerometers
at shoulder and
T12
Force plate

Force plate

−

−

Fine-wire: MF,
TrA, Surface:
ES (T7)
Surface: ES
(T12, L4), RA
(L4)
Surface: RA,
ES (L3-4)
Surface: RA,
ES (L3-4)

Surface: MF,
LO (L2)

1 kg from 30 cm

1% body mass
from eye
height

1.25 kg from
undefined
height

3 kg from 8 cm

3 kg from 8 cm

11 LBP
patients
and 11
healthy
subjects

7 healthy
subjects
(5m, 2f)

19 healthy
subjects
(12m, 7f)

25 LBP
patients
(18m, 7f)

25 LBP
patients
(18m, 7f)
and 25
healthy
subjects
(15m, 10f)

10 healthy
males

Mok et al.,
2011

Moseley et
al., 2003

Mullington
et al., 2009

Ramprasad
et al., 2011

Ramprasad
et al., 2010

Shu et al.,
2007

30% maximal
voluntary
contraction

−

Surface: ES
(L3), RA, EO,
LD

18.8 N

6 healthy
males

McMulkin
et al., 1998
Force plate,
Position of
lumbar spine
with
electromagnetic
analysis system
with markers at
L1, S1 and IC

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

Subjects

Author
(year)
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X

X

X

X

X

X

X

Unpredictable

Perturbation
type
Step

Step

Step

Step

Step

Step

Step

Known
disturbance
X

−

X

X

−

−

−

X

X

X

X

X

X

X

Force
control

−

−

−

−

−

−

−

Pelvic
restraint

−

−

−

−

−

−

−

Point of
application
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36 LBP
patients
(18m, 18f)

46 LBP
patients
(22m, 24f)

24 healthy
subjects
(15m, 9f)

10 healthy
males

6 LBP
patients
(4m, 2f)
and 16
healthy
subjects
(6m, 10f)

Sung and
Park, 2009

Sung et al.,
2004

Voglar and
Sarabon,
2014

Wagner et
al., 2005

Wilder et
al., 1996

6.4 N

Unspecified

8% of body
weight loading
or 25% of
maximal
voluntary force
unloading

6.4 N
X

X

X

Onset
perturbation
with load cell
Force sensor at
hand-handle

Load cell, trunk
kinematics with
high-speed
video system
with markers at
shoulders, hip,
between L5 and
C7
Onset
perturbation with
load cell

Surface: ES
(L3) Mf
Surface: RA,
EO, IO, ES,
MF

−

Surface: ES
(L3)

X

X

Force plate and
impact force
with load cell

−

0.7 kg from
1.8 m

Unpredictable

Trunk
kinematics
measurement

Trunk-EMG
measurement

Perturbation
magnitude

−

X

X

X

X

Known
disturbance

Step

Step

Step

Impulse

Impulse

Perturbation
type

X

X

X

X

X

Force
control

−

−

−

−

−

Pelvic
restraint

−

−

−

−

−

Point of
application

The validity assessment scores can be found in the right thick outlined columns with ‗X‘ = criterium is met, ‗–‘ = criterium is not met. ES = Erector Spinae, RA = Rectus
Abdominis, EO = External Oblique, IO = Internal Oblique, MF = Multifidus, IC = Iliocostalis, LO = Longissimus, TrA = Transversus Abdominis, LD = Latisimus Dorsi, 3D =
three dimensional.

Subjects

Author
(year)

Table 3.1 Continued
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Trunk loading perturbations
Among the 55 articles describing trunk loading perturbations, 32 complied
with all criteria (see Table 3.1). Ten articles did not comply with the ―known
disturbance‖ criterion, predominantly due to unknown onset of perturbation
(i.e. timing). All but seven articles complied with the ―force control‖ criterion.
In 13 articles, the pelvis was not restrained. And all articles complied with
the ―point of application‖ criterion. Four types of perturbations were applied:
in 14 studies, an impulse was applied, in 30 a step, in four a pseudorandom
binary step, in three a single sine wave and in four a multi-sine.
Trunk unloading perturbations
Of the 17 articles describing trunk unloading perturbations, 13 complied with
all criteria (see Table 3.1). Four articles failed to comply with the ―known
disturbance‖ criterion while one did not restrain the pelvis. All studies
applied step perturbations.
Moving platform perturbations
Five out of 35 articles describing moving platform perturbations complied
with all criteria (see Table 3.1). In one study, the timing of the disturbance
was not known due to manual application of the perturbation. In only six
articles, the pelvis was restrained. In 27 articles subjects stood on the
platform and therefore these did not comply with the ―point of application‖
criterion. Two types of perturbations were applied: in 15 articles a platform
translation was applied, which equals a force impulse on the subject, while in
the remaining 20, platform rotations/tilts were performed, which equals a
step perturbation.
Upper limb (un)loading
Because all perturbations in this category were applied to the upper limbs,
none of the 31 articles complied with the ―point of application‖ criterion (see
Table 3.1). Furthermore, none of the methods described used a pelvic
restraint. For 21 articles, the perturbation was unknown due to an unknown
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timing. Three studies applied impulse perturbations while the others applied
step perturbations.
Clinimetric assessment
Reliability was tested in three of the included studies (Hodges et al., 2009;
Santos et al., 2011; Voglar and Sarabon, 2014) and one study which used
data from 2 previously published studies (Hendershot et al., 2012).
Measurement error was tested in three studies (Hendershot et al., 2012;
Santos et al., 2011; Voglar and Sarabon, 2014). Hendershot et al., (2012)
described a sudden-loading task with standing subjects, who wore a wooden
or plastic harness attached to a servo-motor, which applied pseudorandom
binary anterior-posterior position perturbations.

Within-day reliability,

between-day reliability and measurement error were calculated for both
harnesses. For both the wooden and plastic harness, the within-day
reliability of trunk stiffness (0.84 and 0.90 respectively) and effective mass
(0.91 and 0.95 respectively) were good (Portney and Watkins, 2000). Reflex
gain (0.55 and 0.85), maximum reflex force (0.65 and 0.85) and timing of
maximum reflex force (0.84 and 0.86) were found less reliable and withinday reliability was found superior to between-day reliability (mean ICC 0.42,
range [0.19-0.72]). The plastic harness also seemed consistently more
reliable than the wooden version.
In the study by Santos et al. (2010), subjects were seated with their pelvis
restrained. A sudden load was applied via a cable connected to a load cell
and attached to a harness worn by the subjects. Three different ways of
analyzing the reflex latencies and amplitudes were used. Reliability of the
method was poor to moderate (ICC 0-0.62).
Hodges et al. (2009) applied sudden loading in a semi-seated position via a
cable attached to a thorax harness. Reliability was assessed in 10 subjects.
For forward perturbations, the ICC‘s for stiffness, damping and mass were
moderate at 0.67 (range [0.12-0.91]), 0.72 (range [0.20-0.92]) and 0.67
(range [0.12-0.91]) respectively. For backward perturbations, the ICC‘s for
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stiffness, damping and mass were poor to moderate at 0.60 (range [0.000.88]),

0.57

(range

[-0.43-0.87])

and

0.31

(range

[-0.36-0.77])

respectively.
In Voglar et al. (2014), postural reflex delays to unexpected loading and
unloading of the arms were assessed in a standing unrestrained position.
The response of five trunk muscles was evaluated, for which a good intrasession (ICC = 0.79, range [0.56-0.96]) and moderate (ICC = 0.64, range
[0.43-0.84]) inter-session reliability were reached.
The methodological quality of these four articles was assessed with use of
Box B and C of the COSMIN checklist (Appendix 3.2). Hendershot et al.,
(2011) scored ‗good‘, Santos et al., (2010) ´fair´ and Voglar et al., (2014)
―poor‖ on both methodological qualities (see Table 3.2 for the results).
Hodges et al., (2009) scored ―poor‖ on reliability.

Table 3.2. Scores of the COSMIN- criteria

B14

Total
Total

B13

C11

B12

E
E
E
E
C10

B11

G
F
P
P

B10

G
G
G

-

E
E
E
E
C9

E
E
E

-

B9

C6

E
E
E

-

E
E
E
E
C8

C5

E
E
E

G
G
G
G
C7

E
E
E
E

B8

B6

E
E
E
E

B7

B5

C3
G
F
P

E
E
E
E
C4

G
F
P
P

B4

G
G
G

B3

G
G
G

G
G
G
G
C2

Hendershot et al., (2012)
Santos et al., (2010)
Voglar et al., (2014)

C1

Measurement Error Criteria

G
G
G
G

B2

Hendershot et al., (2012)
Santos et al., (2010)
Hodges et al., (2009)
Voglar et al., (2014)

B1

Reliability Critera

E
E
E

E
E
E

E
E
E

E
E
E

G
F
P

G
G
G
G

E = Excellent, G = Good, F = Fair, P = Poor. For a further explanation of the different criteria
of the COSMIN-list, see Appendix 3.2.
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Discussion
The aim of the present study was to provide a critical review of previously
published methods for studying trunk stabilization in relation to LBP. Many
different methods exist but many fail to comply with all the criteria of the
theoretical framework as formulated in the methods section. The identified
methods were categorized into four categories: upper limb (un)loading,
moving platform, unloading and loading. Most methods that complied with
all the criteria of the theoretical framework were found in the loading and
unloading categories. Only a few articles from the moving platform category
and none of the upper limb (un)loading complied with all the criteria.
One of the major problems with upper limb (un)loading is the point of
application. When the perturbation is delivered through the hands/arms, the
true extent of the perturbation to the trunk (i.e. timing and amplitude) is
unknown. Therefore, studying

trunk stabilization through upper limb

(un)loading is not the most appropriate method.
Applying the perturbation by a moving/tilting platform is only suitable if the
pelvis of the subject is restrained in either a seated or a standing position.
However, applying the perturbation in a standing position has some
drawbacks. For example, Goodworth & Peterka (2009) applied perturbations
to standing subjects through a sideways tilting platform, but had to discard a
large part of their measurements, due to the inability of many subjects to
keep their knees locked. Bending of the knee(s) made the extent of the
perturbation to the trunk due to the moving platform unknown.
Many of the methods applying trunk unloading perturbations complied with
all the methodological criteria. However, the use of a step perturbation is
inherent to unloading and has two potential drawbacks. First, to reach the
desired level of reliability, either many trials or high levels of pre-load (%
MVC) are required. The combination of many trials and high pre-loads might
not be feasible, especially not in LBP patients, who might not be able to
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produce many repetitions with high force levels without pain. The second
potential drawback of step perturbations is the difficulty in making the
perturbations truly unpredictable. Unloading often occurs within a certain
time period after reaching a desired level of pre-load. However, if this time
period is short, subjects are still able to anticipate on the perturbation by, for
example, co-contracting. Therefore, to negate this possibility, long periods of
uncertainty must be included. These long periods of uncertainty coupled with
high levels of pre-load can be exhaustive and might not be feasible when
studying certain patient populations.
Of the methods applying trunk loading perturbations, many complied with all
the methodological criteria. However, when applying loading perturbations,
the perturbation should not be delivered manually by the experimenter (by
e.g. dropping a weight). This makes the timing of the perturbation (i.e. the
onset) uncertain, in turn, making estimates of reflex delays impossible
and/or inaccurate. Putting a force sensor between the dropped load and the
subject may not be sufficient as this is a measurement of the interaction
between the subject and the load, where the force sensor introduces noise
into the estimation of the onset of the perturbation. Among the methods
using loading perturbations, different perturbation types were applied: single
sine waves, step, impulse and pseudorandom binary perturbations and
multi-sines. Single sine waves are only appropriate when the period of the
sine wave is shorter than the shortest muscle reflex delay and when the
onset of the sine wave is unpredictable. Otherwise, subjects are able to
respond voluntarily and the reflexive and voluntary activation are no longer
distinguishable.

Both step and impulse perturbations are suitable but

require sufficient power (i.e. large perturbation forces) and/or many
repetitions for sufficient reliability. These potential drawbacks can be
circumvented with either a pseudorandom binary signal or with multi-sines,
where trials can last as long as needed, without becoming predictable. A
drawback of multi-sines and pseudorandom sequences is the ―unnatural‖
nature of the task, as the perturbation is continuous and never occurs from
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an unperturbed initial condition. An added benefit of multi-sines is that
power can be selectively included (at selected frequencies).
Only four of the included articles performed a clinimetric assessment by
determining the reliability of the method and only two of those complied with
all the methodological criteria (Santos et al., 2010; Hodges et al., 2009).
The ICC was used as a measure of reliability and ranged from poor (ICC 0)
to moderate (ICC 0.72). Besides these studies on reliability, nothing is
known about the other clinimetric properties.
Considering the methodological criteria and the arguments outlined above,
only

a

limited

selection

of

articles

describe

methods

that

can

be

recommended, both in the trunk loading (Granata et al., 2005; Lee et al.,
2006; Moorhouse and Granata, 2005; Rogers and Granata, 2006; van
Drunen et al., 2013) and in the moving platform category (Cort et al., 2013;
Cote et al., 2009; Preuss and Fung, 2008). None of these articles include a
clinimetric evaluation and it is therefore recommended that future research
focusses ondetermining the reliability and other clinimetric assessments of
these methods.
Several limitations of this review have to be discussed. Beside the ever
present publication bias, a certain amount of selection bias may be present
as well. However, a snowball procedure was applied to minimize this effect.
Furthermore, there is a wide variety of clinimetric assessments that are
important when evaluating the quality of an instrument (e.g. internal
consistency, content validity, structural validity, responsiveness) that we
have not addressed. We have mainly focused on the construct validity for it
is the overarching concern of validity research, subsuming all other types of
validity evidence. Finally, one of the included studies (van Drunen et al.,
2013) was performed by researchers from the same research group as the
authors of the current review. Therefore, a certain amount of bias cannot be
excluded.
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In conclusion, because of the wide variety in methods and the lack of
validation and reliability studies, it is difficult to compare studies and the
interpretation in terms of the underlying mechanisms of trunk stabilization is
limited. Therefore there is a need for standardization and clinimetric
evaluation.

When

considering

construct

validity,

in

line

with

the

methodological criteria as outlined in the methods section, we propose a
method where the trunk is studied in isolation, i.e. the pelvis is restrained
and the perturbation is applied directly to the upper body, either through the
trunk or pelvis. Furthermore, the perturbation should be unpredictable, force
controlled and completely known (in terms of amplitude and timing). Finally,
the perturbation should result in small fluctuations around a fixed working
point. To obtain sufficient reliability, a multi-sine, repeated impulse or
pseudorandom binary signal is preferred. Hopefully, a higher standardization
of methods to study trunk control will contribute to a higher quality of
research and enable better comparisons to be made between studies.
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Appendices
Appendix 3.1 Search strategy
Search conducted in PubMed and Embase on September 1st, 2014:
((perturbat*[tiab] OR "sudden load*"[tiab] OR "quick release"[tiab] OR
"external load*"[tiab] OR ―Unload*‖[tiab] OR ―moving platform‖ [tiab] OR
―moving surface‖ [tiab])
AND
(Human OR Adult OR adults OR Patient OR patients OR Healthy control* OR
Healthy subject* OR "Humans"[Mesh])
AND
("Back"[Mesh] OR spine[tiab] OR spines[tiab] OR spinal[tiab] OR
paraspinal[tiab] OR "low back"[tiab] OR ―posture‖[tiab] OR ―postural‖[tiab]
OR ―motor control‖[tiab] OR "Spine"[Mesh:noexp] OR "Intervertebral
Disc"[Mesh] OR "Lumbar Vertebrae"[Mesh] OR "Sacrum"[Mesh] OR "Thoracic
Vertebrae"[Mesh]))
Appendix 3.2 COSMIN-list (Box B and C)
COSMIN-list (Box B and C)
Box B. Reliability: relative measures (including test-retest reliability, intra-rater
reliability and intra-rater reliability
Design requirements

excellent

good

fair

1. Was the percentage of
missing items given?

Percentage of
missing items
described
Described how
missing items
were handled

Percentage of
missing items
NOT described
Not described
but it can be
deduced how
missing items
were handled
Good sample
size (25-49)

−

−

Not clear how
missing items
were handled

−

Moderate
sample size
(15-24)
−

Small
sample size
(<15)
Only one
measuremen
t
Measuremen
ts were NOT
independent

2. Was there a
description of how
missing items were
handled?
3. Was the sample size
included in the
analysis adequate?
4. Were at least two
measurements available?

Adequate
sample size
(≥50)
At least two
measurements

5. Were the
administrations
independent?

Independent
measurements

6. Was the time interval
stated?
7. Were patients stable in
the interim period on the
construct to be
measured?

Time interval
stated
Patients were
stable
(evidence
provided)

98

−

Assumable
that the
measurements
were
independent

Assumable
that patients
were stable

Doubtful
whether the
measurements
were
independent
Time interval
NOT stated
Unclear if
patients were
stable

poor

Patients
were NOT
stable
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COSMIN-list continued
Design requirements

excellent

good

fair

poor

8. Was the time interval
appropriate?

Time interval
appropriate

−

Doubtful
whether time
interval was
appropriate

Time interval
NOT
appropriate

9. Were the test
conditions similar for
both measurements?

Test conditions
were similar
(evidence
provided)

Assumable
that test
conditions
were similar

Unclear if
test
conditions
were similar

Test
conditions
were NOT
similar

10. Were there any
important flaws in the
design or methods of the
study?

No other
important
methodologica
l flaws in the
design or
execution of
the study

−

Other minor
methodologi
cal flaws in
the design or
execution of
the study

Other
important
methodologica
l flaws in the
design or
execution of
the study

Statistical methods
11. for continuous scores:
Was an intraclass
correlation coefficient
(ICC) calculated?

ICC calculated
and model or
formula of the
ICC described

ICC calculated
but model or
formula of the
ICC not
described or
not optimal.
Pearson or
Spearman
correlation
coefficient
calculated with
evidence
provided that
no systematic
change has
occurred

Pearson or
Spearman
correlation
coefficient
calculated
WITHOUT
evidence
provided
that no
systematic
change has
occurred or
WITH
evidence
that
systematic
change has
occurred.
−

No ICC or
Pearson or
Spearman
correlations
calculated

12. for dichotomous/
nominal/ordinal
scores: Was kappa
calculated?
13. for ordinal scores:
Was weighted kappa
calculated?

Kappa
calculated

−

Weighted
Kappa
calculated

−

Unweighted
Kappa
calculated

14. for ordinal scores:
Was the weighting
scheme described?

Weighting
scheme
described

Weighting
scheme NOT
described

−

3

Only
percentage
agreement
calculated
Only
percentage
agreement
calculated
−

Box C. Measurement error: absolute measures
Design requirements

excellent

good

fair

poor

1. Was the percentage of
missing items given?

Percentage of
missing items
described

−

−

2. Was there a description
of how missing items were
handled?

Described
how missing
items were
handled

Percentage of
missing items
NOT
described
Not described
but it can be
deduced how
missing items
were handled

Not clear how
missing items
were handled

−
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COSMIN-list continued
Design requirements

excellent

good

fair

poor

3. Was the sample size
included in the
analysis adequate?
4. Were at least two
measurements
available?

Adequate
sample size
(≥50)
At least two
measurement
s

Good sample
size (25-49)

Moderate
sample size
(15-24)
−

Small sample
size (<15)

5. Were the
administrations
independent?

Independent
measurement
s
Time interval
stated
Patients were
stable
(evidence
provided)
Time interval
appropriate

Doubtful
whether the
measurement
s were
independent
Time interval
NOT stated
Unclear if
patients were
stable

Measurements
were NOT
independent

6. Was the time interval
stated?
7. Were patients stable in
the interim period on the
construct to be
measured?
8. Was the time interval
appropriate?

Assumable
that the
measurement
s were
independent
−

Time interval
NOT
appropriate

9. Were the test conditions
similar for both
measurements?

Test
conditions
were similar
(evidence
provided)
No other
important
methodologic
al flaws in the
design or
execution of
the study
SEM, SDC, or
LoA
calculated

Doubtful
whether time
interval was
appropriate
Unclear if test
conditions
were similar

10. Were there any
important flaws in the
design or methods of the
study?

−

Assumable
that patients
were stable
−

Assumable
that test
conditions
were similar

Other minor
methodologic
al flaws in the
design or
execution of
the study

−
Patients were
NOT stable

Test
conditions
were NOT
similar

Other
important
methodologica
l flaws in the
design or
execution of
the study
Statistical methods
Possible to
−
SEM
11. for CTT: Was the
calculate LoA
calculated
Standard Error of
from the data
based on
Measurement (SEM) of
presented
Cronbach‘s
Limits of Agreement (LoA)
alpha, or on
calculated?
SD from
another
population
Box B (Reliability) and Box C (Measurement error) of the COSMIN-list. In question B3 and C3
the needed sample size was adjusted for this study.
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Trunk stabilization estimated using pseudorandom force perturbations:
a reliability study
M. Griffioen, E. Maaswinkel, W.W.A. Zuurmond, J.H. van Dieën,
R.S.G.M. Perez

Abstract
Measurement of the quality of trunk stabilization is of great
interest to identify its role in first occurrence, recurrence or
persistence of low-back pain. Our research group has developed
and validated a method to quantify intrinsic and reflex
contributions to trunk stabilization from the frequency response
function
of
thorax
movement
and
trunk
extensor
electromyography to perturbations applied by a linear actuator.
However, the reliability of this method is still unknown.
Therefore, the purpose of this study was to investigate the
between-day reliability of trunk frequency response functions in
healthy subjects and low-back pain patients. The test-retest ICC‘s
in patients were substantial for both admittance and reflex gains
(ICC3,1 >0.73 and 0.67). In healthy subjects, the reliability of
admittance gain was also substantial (ICC3,1 0.66), but the
reliability of the reflexive gain was only moderate (ICC 3,1 0.44).
These results show that trunk stabilization can be measured
reliably, and represent a promising step towards using this
method in further research in low-back pain patients.
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Introduction
Trunk stabilization is needed to maintain control over trunk posture and
movements during daily life activities (MacKinnon and Winter, 1993; van der
Burg et al., 2005). Trunk stabilization is dependent on both active
(muscular) and passive (osteoligamentous) structures and it has been
suggested that low-back pain (LBP) might cause impaired trunk stabilization
(van Dieën et al., 2003; Panjabi, 1992a), which in turn might contribute to
persistence or recurrence of LBP (Hodges and Moseley, 2003; MacDonald et
al., 2009). It has also been suggested that poor trunk stabilization could be
a predictive factor or even primary cause of LBP (Cholewicki et al., 2005).
Therefore, measurement of the quality of trunk stabilization is of great
interest to identify its role in the first occurrence, recurrence or persistence
of LBP.
Specifically, several studies have indicated longer reflex delays after an
external mechanical perturbation of trunk posture in LBP patients than in
controls (Magnusson et al., 1996; Radebold et al., 2000). In apparent
contrast, higher trunk stiffness, i.e. a higher mechanical resistance to such
perturbations, has also been reported (Hodges et al., 2009). In fact,
increased trunk intrinsic stiffness could explain the longer delays found, as
with increased intrinsic stiffness the same mechanical disturbance will cause
a smaller and slower deviation of trunk posture. This could result in a longer
apparent reflex delay, caused by the smaller deviations in combination with
thresholds of sensors signaling these deviations or even in the method
detecting the responses, while the true neural delay could be unaffected.
Protocols to properly identify trunk stabilization (in terms of intrinsic stiffness
and reflexive responses) must be well standardized and reliable to determine
their clinical relevance and to support their use as clinical outcome
measures. Many methods to measure trunk stabilization have been
described in the literature, but documentation on the reliability of these
methods is sparse (Maaswinkel et al., 2016). Hendershot et al. (2012)
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performed a reliability study on a method that used pseudorandom positioncontrolled perturbations and found high within-day and moderate to fair
between-day intraclass correlation coefficients (ICC's) for trunk stiffness
(0.90 and 0.67 respectively) and reflex gain (0.85 and 0.37 respectively). A
potential problem with the position controlled perturbations, is that the
subject is unable to exert any influence over the resulting displacement and
will therefore not be motivated to resist. It has been observed in former
studies on upper extremity control that subjects reduce their efforts to resist
position controlled perturbations after several seconds (de Vlugt et al.,
2003a, 2003b).
In contrast, pseudorandom force perturbations do not have this drawback
and require the subject to actively resist the perturbation during the entire
trial. Our research group has developed and validated a method to assess
both the intrinsic and reflexive component of trunk stabilization by applying
thorax perturbations with a linear actuator while subjects are restrained at
the pelvis in a kneeling-seated position (van Drunen et al., 2013). However,
the reliability of this method is still unknown. Reliability might be influenced
by

LBP

because

of

possible

variability

over

time

in

motor

control

impairments in LBP (Granata et al., 2004). Therefore, the purpose of this
study was to investigate the between-day reliability of a pseudorandom force
perturbation method to measure trunk stability in both healthy subjects and
in LBP patients.

Methods
Subjects
Thirteen healthy subjects (5 males, age range 22-28 years, mean mass: 74
kg (± 13 kg)) and eighteen patients with LBP (10 males, age range 29-69
years, mean mass: 89 kg (±23 kg)) participated in this reliability study. All
participants met the following inclusion and exclusion criteria; the healthy
subjects did not have LBP in the year prior to the experiments. The group of
patients suffered from non-specific LBP, or LBP following back surgery, for at
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least six weeks. They had no radicular pain caused by lumbar nerve root
compression or a hernia nuclei pulposi, nor did they have any neurological
disorders that might interfere with trunk control (e.g. Cerebro Vasculair
Accident, Multiple Sclerosis or Parkinson's disease). All participants read and
signed an informed consent form prior to the experiment according to the
guidelines

of

the

medical

ethical

committee

of

VU

Medical

Center

Amsterdam.
Protocol
To assess the test-retest reliability, two separate measurements were
performed following the procedure described below. The time between
repeated measurements for healthy subjects was 1-3 days. Patients
repeated the protocol after 1-2 weeks. This was done in order to decrease
burden and to prevent influence of possible muscle-soreness after the first
measurement.
The experimental setup was similar to previous studies (van Drunen et al.,
2013; Maaswinkel et al., 2015b). The participants were positioned in a
kneeling-seated posture with their pelvis restrained (Figure 4.1). The
subjects were blindfolded to prevent visual feedback and were asked to cross
their arms during the trials. During trials, a ventral force perturbation was
applied at the T10 level of the spinous process by a magnetically driven
linear actuator (Servotube STB2510S Forcer and Thrustrod TRB25-1380,
Copley Controls, USA). A thermoplastic patch (4x4 cm2) was placed between
the device and the subject for comfort and better force transfer. Each
subject was instructed to ‗sit as still as possible‘ during the perturbations
(resist-task). The patients performed additional trials in which they were
asked to ‗relax, but sit upright‘ (relax-task). Each condition was repeated
three times.
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Figure 4.1 The experimental setup.

The same pseudorandom force perturbation signal was used for each
participant and for both consecutive assessments and consisted of a
pseudorandom dynamic force disturbance of ±35 N combined with a 60 N
baseline preload. The dynamic disturbance was a crested multi-sine (Pintelon
and Schoukens, 2001) that contained 18 logarithmically distributed paired
frequencies within a bandwidth of 0.2-15 Hz (Figure 4.2). Power above 4 Hz
was restricted to 40% to reduce adaptive behavior to high frequency content
(Mugge et al., 2007). Because a random perturbation was applied, subjects
were not expected to voluntarily react to the disturbance. Each run lasted 50
seconds, consisting of a 3 second ramp force increase to the 60 N load level,
a two second stationary load, a start-up period to reduce transient behavior
(the last 5 seconds of the dynamic disturbance), and twice a twenty second
dynamic disturbance.
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Figure 4.2 The power spectrum (above) and time series (below) of the
applied force perturbation.

After each trial, patients were asked for their momentary pain using a 10point numeric pain rating scale (NPRS) (Freyd, 1923). Additionally, patients
filled in a 7-days pain diary, using a 10-point NPRS, prior to both
measurements. Both momentary pain and pain-diary scores were used for
LBP-identification (NPRS-score > 0) and to assess the stability of pain
between the two measurements. To correct for possible changes in severity
between consecutive assessments of known prognostic factors in patients
with low-back pain (i.e.. illness beliefs, fear of movement, catastrophizing,
depression and anxiety), the

Oswestry Low Back Pain Questionnaire

(Fairbank et al., 1980), Back beliefs questionnaire (Symonds et al., 1996),
Tampa scale for kinesiophobia (Kori et al., 1990), Hospital Anxiety and
Depression Scale (Zigmond and Snaith, 1983) and Pain catastrophizing scale
(Sullivan et al., 1995) were used.
Data recording and processing
The horizontal displacement of the thorax and the contact force between the
pushing device and the thorax were measured at 2000 samples/s (Servotube
position sensor & Force sensor FS6-500, AMTI, USA). Activity of the M.
Longissimus at the level of L3 and L4 was bilaterally recorded at 2048
samples/s (surface electromyography (sEMG) REFA, TMSi, the Netherlands).
The electrode placement area were first shaved and cleansed with rubbing
alcohol before applying the electrodes three centimeters lateral to the
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spinous processes by the same researcher on both measurement days. The
M. Longissimus was chosen because of the high coherence between this
muscle‘s activity and thorax displacement (van Drunen et al., 2013). The
EMG data were digitally filtered (first-order, zero-phase, high-pass) at
250 Hz (Staudenmann et al., 2007), rectified and normalized to the
maximum value during the trial.
System identification
Closed loop system identification techniques (van der Helm et al., 2002;
Schouten et al., 2008a; van Drunen et al., 2013; Maaswinkel et al., 2015b)
were used to estimate the translational admittance (Hadm(f)) and reflexes
(Hemg(f)) of the trunk as frequency response functions (FRFs). The
admittance describes the actuator displacement (xA(t)) as a function of the
contact force (FC(t)). The reflexes describe the EMG data (e(t)) as a function
of the actuator displacement (xA(t)). Because the subjects interacted with
the actuator, FRFs were estimated using closed loop methods:

𝑆𝐹

𝐻𝑎𝑑𝑚 𝑓 =

𝑝

𝑆𝐹

𝑝
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(𝑓)

;

(𝑓)
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representing the estimated cross-spectral

densities between the actuator displacement (xA(f)) and Fourier transformed
force-perturbation (FP(f)),contact force (FC(f)) and EMG (e(f)) respectively.
The cross-spectral densities were only evaluated at the frequencies
containing power in the force perturbation. The cross-spectra were averaged
across the six time segments per task (three trials each containing two
segments of 20 seconds) and over two adjacent frequency points to improve
estimates and reduce noise (Jenkins and Watts, 1969). Finally, the crossspectra between EMG and force perturbations were averaged over the left
and right muscles. The coherence of the admittance and reflexes associated
with (γ2adm) and (γ2emg) was derived as:
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Coherence ranges from zero to one, where a coherence of one reflects a
perfect, noise-free relation between input and output. Since spectral
densities were averaged over 12 points, a coherence greater than 0.24 is
significant with P<0.05 (Halliday et al., 1995).
Statistics
To test for any significant differences between the questionnaires and pain
scores between the two measurements in patients, a paired samples t-test
was used. Normality was tested with the Shapiro-Wilk and in case of nonnormality, a Wilcoxon signed-rank test was performed. To satisfy the
assumption of normality, the gains of admittance and reflexes were logtransformed. Sphericity was checked with Mauchly‘s test and if the
assumption of sphericity was violated, a Greenhouse-Geiser correction was
used (Girden, 1992). To investigate whether the admittance or reflexes
between the first measurement and the retest significantly differed, a 2
factor (measurement-day [2] x frequency [18]) repeated measures ANOVA
was performed on the gain of the admittance and on the gain of the reflexes.
Significant main effects were followed up by Bonferroni corrected pair-wise
comparisons and significant interaction effects were followed up by one-way
repeated measures ANOVA's. Effects with P < 0.05 were considered
significant.
Because task-related modulation of admittance and reflex gain mainly occurs
below the natural frequency of about 1.1Hz (van Drunen et al., 2013), the
average of the first five frequency pairs was taken to calculate the reliability
of the low-frequency gains of the admittance and reflexive FRFs. To detect
any significant differences between measurement-days, a paired samples ttest was performed over these low frequency gains.
To test reliability, the intraclass correlation coefficient (ICC (3,1)) was
calculated according to Shrout et al. (1979). The ICC ranges from 0 to 1
where <0.40 indicates a ‗poor‘ to ‗fair‘ agreement, 0.41 to 0.60 represents a
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‗moderate‘ agreement, 0.61-0.80 represents a ‗substantial‘ agreement and
>0.81 represents an ‗almost perfect‘ agreement (Landis and Koch, 1977). To
quantify the absolute reliability, the Standard Error of Measurement (SEM),
Minimal Detectable Change (MDC) and the Limits of Agreement (LoA) were
calculated. The calculation of the SEM and the MDC was performed according
to Weir (2005), the LoA were calculated according to Bland and Altman
(Bland and Altman, 1986). Bland-Altman plots were plotted over all 18
frequency pairs to provide a visual illustration of agreement and to detect
any form of bias. All data recording, processing and system identification
were done using MATLAB, version R2011a (The Mathworks, Inc., Natick,
MA). All statistical analyses were conducted using IBM SPSS statistics 20.

Results
No significant differences were found in momentary pain and other
prognostic

factors

measured

with

the

questionnaires

between

the

measurement-days in the patients. However, there was a significant
difference in pain-diary scores (Table 4.1). The clinical important difference
on a 10-point NPRS for average pain scores is 2.5 points (Farrar et al.,
2010). Two patients showed a decrease of more than 2.5 points in their
pain-diary scores and were therefore excluded from further analysis.
The low-back stability in both healthy subjects and patients is described by
the FRF‘s of admittance and reflexes (Figures. 4.3, 4.4 and 4.5), with high
coherence indicating good input-output correlations. The subject-averaged
coherence exceeded the 0.05 probability level of 0.24 in both groups and
conditions. Therefore, all data were used for further analysis.
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Table 4.1 Averaged of the questionnaires and pain-scores in patients
Mean (±SD)
measurement 1
3.5 [1.8, 6.4]

Mean (±SD)
measurement 2
2.8 [1.2, 5.4]

df

t

p

95% CI

0.513

Effect
size
0.15

-

-0,653*

Pain-Diary

5.7 (±1.5)

5.0 (±1.9)

16

2.260

0.038**

0.49

15

1.205

0.247

0.30

28.3 (±7.4)

15

-0.434

0.671

0.11

39 [33, 44]

37 [32, 43]

-

-0.945*

0.344

0.24

[0.05,
1.46]
[-2.35,
8.48]
[-6.66,
4,41]
-

ODI

33.5 (±16.1)

30.4 (±18.1)

BBQ

27.1 (±7.5)

TSK†*
HADS

10.3(±6.7)

9.3 (±6.5)

15

1.331

0.203

0.33

PCS

17.7 (±9.8)

19.6 (±8.3)

14

-0.997

0.336

0.26

Momentary
pain†*

-

[-0.64,
2.76]
[-5.88,
2.15]

†Median (Interquartile range [IQR])
*Z-score calculated with the Wilcoxon rank-sum test
** Significant differences between measurement-days (P<0.05)
ODI= Oswestry Low Back Pain Disability Questionnaire; BBQ= Back Beliefs Questionnaire; TSK= Tampa
Scale for Kinesiophobia; HADS= Hospital Anxiety and Depression Scale; PCS= Pain Catastrophizing
Scale.

The admittance FRF resembles a second-order system (i.e. a mass-springdamper system) and reflexive responses combined (Schouten et al., 2008b;
van der Helm et al., 2002; Pintelon and Schoukens, 2001). The lower
frequencies (<1.1 Hz) reflect intrinsic stiffness and reflexes, where the highfrequencies (>2 Hz) are mainly influenced by body mass and contact
dynamics. The intermediate frequencies resemble intrinsic damping and
reflexive behavior. The reflexive FRF indicates the presence of position
feedback

(low

frequency

flat

gain),

velocity

feedback

(intermediate

frequencies) and acceleration and/or force feedback (high-frequency second
order ramp-up).
No significant differences (P>0.05) were found between measurement-day
one and measurement-day two in the admittance or reflexive gains (Table
4.2, Figures. 4.3a, 4.3b and 4.3c). Also no significant differences (P>0.05)
were found in the low frequency gains (average of frequency pairs below 1.1
Hz) of the admittance and reflexes (Table 4.3). The Bland Altman Plots of
the admittance and reflexive gains in the resist-task (shown for healthy
subjects and patients in Figure 4.4) showed no forms of bias, meaning that
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differences between the two measurement-days were uniformly distributed
over the means.
The test-retest ICC‘s in patients calculated over the lower frequency gains
were substantial for both admittance and reflex gains (ICC3,1 0.73 and 0.67
for resist-task, 0.80 and 0.70 for relax-task). In healthy subjects, the
reliability of admittance gain in the resist-task was also substantial (ICC3,1
0.66), but the ICC of the reflexive gain was only moderate (ICC3,1 0.44). The
SEM of the reflexive gain, however, showed lower values in healthy subjects
(0.35) then in patients (0.48).
When evaluating the reliability for the 18 separate perturbation frequencies,
high ICC‘s were found for admittance gain over the full range of frequencies
in both healthy subjects and LBP patients (see Figure 4.5, upper graph). The
same consistency can be seen for the reflex gain during the resist-task in
LBP patients. However, there was a decline in ICC's between 1.1 and 3.5 Hz
for the reflex gain in healthy subjects during the resist-task and in patients
during the relax-task and again between 13 and 15 Hz in the resist-task in
healthy subjects (see Figure 4.5, middle graph). Because inter-subject
variability is directly related to reliability, the standard deviations (SD) of the
reflex gain values between subjects were evaluated for all frequencies (de
Vet et al., 2006). The SD's for healthy subjects were lower at almost all
frequencies compared LBP patients and were lowest between 1.1 and 3.5 Hz
(see Figure 4.5, lower graph), explaining the decrease of ICC's in healthy
subjects. The ICC's between 1.1 and 3.5 Hz during the relax-task in patients
could not be explained by inter-subject variability, suggesting that reflex
gains between these frequencies, which most likely reflect velocity feedback
(Schouten et al., 2008b; Pintelon and Schoukens, 2001), cannot be
measured reliably during a relax-task in patients.
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Table 4.2 Main and interaction effects of the repeated measures ANOVA for measurement-days
on the admittance and reflex gains over all 18 paired frequency points
Healthy subjects
Admittance
Measurement-day
Measurement-day
xfrequency*
Reflexes
Measurement-day
Measurement-day x
frequency*

F

Resist
df

P

0.754
1.331

1, 12
3.3, 39.2

0.402
0.278

0.000
1.569

1, 12
4, 48.2

0.984
0.197

F

Resist
df

P

F

Relax
df

P

0.252
1.290

1, 15
2.5, 37.9

0.623
0.291

0.864
2.490

1, 15
3.4, 50.3

0.367
0.065

1.638
1.999

1, 15
4.4, 65.8

0.220
0.099

0.214
1.006

1, 15
6.1, 90.9

0.650
0.427

Patients
Admittance
Measurement-day
Measurement-day x
frequency*
Reflexes
Measurement-day
Measurement-day x
frequency*
*Use of Greenhouse-Geiser
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Figure 4.3a Frequency response functions of the resist-task condition on
measurement-day 1 (□) and measurement-day 2 (∆) in healthy subjects.
Shadings represent one standard deviation. The dashed line in the coherence-plots
represents the significance level for coherence.

4

Figure 4.3b Frequency response functions of the resist-task condition on
measurement-day 1 (□) and measurement-day 2 (∆) in patients.
Shadings represent one standard deviation. The dashed line in the coherence-plots
represents the significance level for coherence.

115

Chapter 4

Figure 4.3c Frequency response functions of the relax-task condition on
measurement-day 1 (□) and measurement-day 2 (∆) in patients.
Shadings represent one standard deviation. The dashed line in the coherence-plots
represents the significance level for coherence.

Table 4. 3 Main effects of measurement-day on the averaged low frequency admittance and reflex
gains calculated with a paired-samples t-test
Mean (±SD)
measurement 1

Mean (±SD)
measurement 2

df

t

p

Resist
Admittance
-8.11 (±0.23)
-8.02 (±0.25)
12
-1.483
0.164
healthy subjects
Reflexes healthy
0.59 (±0.47)
0.59 (±0.40)
12
-0.010
0.992
subjects
Admittance
-8.33 (±0.44)
-8.24 (±0.41)
15
-1.185
0.255
patients
Reflexes
0.46 (±0.83)
0.54 (±0.53)
15
-0.553
0.589
patients
Relax
Admittance
-8.02 (±0.54)
-7.88 (±0.52)
15
-1,730
0.104
patients
Reflexes
0.23 (±0.88)
0.38 (±0.62)
15
-0.973
0.346
patients
df =degrees of freedom, ES = effect size, 95% CI = 95% Confidence interval.
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size
0.394
0.003
0.210
0.096

0.257
0.164

95%
CI
[-0.20,
0.04]
[-0.28,
0.28]
[-0.26,
0.07]
[-0.39,
0.23]
[-0.31,
0.03]
[-0.46,
0.17]
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Figure 4.4 Bland Altman plot of the admittance gain (left) and reflexive
gain (right) during the resist-task in healthy subjects (above) and LBP
patients (below).
The black circles represent the differences in admittance gain or reflex gain
between the two measurement-days in all subjects for all frequency points. The
horizontal line represents the mean difference of the admittance and reflex gains,
where the dotted lines represent the limits of agreements; in healthy subjects
respectively [-0.35, 0.38] for admittance and [-1.47, 1.47] for reflexes and in
patients respectively [-0.51, 0.48] for admittance and [-1.50, 1.17] for reflexes.
Table 4.4 Between-day reliability of the low frequency gains
ICC3,1
p
Resist
Admittance Healthy subjects
0.66 [0.22, 0.88]
0.004*
Reflexes healthy subjects
0.44 [-0.16, 0.79]
0.066
Admittance patients
0.73 [0.39, 0.89]
<0.001*
Reflexes patients
0.67 [0.27, 0.87]
0.002*
Relax
Admittance patients
0.80 [0.51, 0.92]
<0.001*
Reflexes patients
0.70 [0.33, 0.88]
0.001*
*Significant ICC-scores
ICC3,1= Intraclass correlation coefficients [95% confidence interval];
of measurement; LoA= Limits of agreement.

SEM

LoA

0.13
0.35
0.23
0.48

[-0.46,
[-0.92,
[-0.71,
[-1.20,

0.24
0.48

[-0.77, 0.49]
[-1.30, 1.01]

0.30]
0.92]
0.52]
1.05]

SEM= standard error
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Figure 4.5 The upper graph represents the calculated ICC‘s for the admittance
gain (on the Y-axis) for all frequencies [Hz] (on the X-axis). The middle graph
represents the calculated ICC‘s for the reflex gains for all frequencies and intersubject SD‘s for reflex gains for all frequencies are shown in the lower graph.
The dashed lines were used to aid visibility and are not meant to imply
continuous data.
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Discussion
The purpose of the present study was to determine the test- retest reliability
of

a

method

to

measure

trunk

stability

using pseudorandom

force

perturbations. The reliability showed to be satisfactory for healthy subjects
during a resist-task and LBP patients during both a resist-task and relaxtask, with the exception of reflex gains in healthy subjects, for which
reliability was only moderate. The Bland Altman plots for both groups
showed no relationship between the discrepancies of admittance gain and
reflex gain between measurement-days and the mean values in both groups.
These results show that trunk stabilization can be quantified reliably, and
represent a promising step towards using this method in further research in
LBP patients. The small SEM's show that within-person measurement error is
moderate, which holds promise for detection of (small) differences between
assessments.
The admittance gain was consistently more reliable than reflex gain in both
groups across conditions, which can be explained by the inherently noisy
character of EMG-signals. Also, variability in reflex sensitivity might
contribute to a decreased reliability (Granata et al., 2004). To adjust for this
variability and possible measurement error, averaging over more repetitions
could increase the reliability of measuring reflex gains (Voglar and Sarabon,
2014), but might not be feasible for patients with LBP. Remarkably, the
ICC‘s (which are measures of how well subjects can be distinguished from
each other) of both admittance and reflex-gains were higher in patients than
in healthy subjects, which might be explained by the relatively low betweensubject variability and low SEM in the healthy subjects compared to the
patients (Table 4.3) (Portney and Watkins, 2000; de Vet et al., 2006). The
higher between-subject variability in patients might be due to variability of
motor control impairments with LBP, as diverse changes in trunk control
have been found in the literature, with evidence of decreased as well as
increased trunk stiffness and reflexes (Hodges and Moseley, 2003; van
Dieën et al., 2003). In line with the between-subject variability, the SEM‘s
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were also lower in healthy subjects than in patients, which implies a lower
minimal detectable change and, therefore, a higher agreement.
The present study is one of the few evaluating the reliability of measuring
trunk stability (Maaswinkel et al., 2016). One reliability study (interval of
minimal 24 hours) was performed on a method that included pseudorandom
force perturbations applied to the pelvis with a robotic platform (Reeves et
al., 2014). ICC scores on position stabilizing (ICC=0.76), flexion force
stabilizing (ICC=0.89) and extension force stabilizing (ICC=0.83) were all
excellent. Hendershot et al., (2012) performed a short-term reliability study
(between-day interval of 3–14 days approximately) on a method with
position perturbations in healthy subjects, showing similar results on
reliability to the present study. Lariviere et al., (2015) performed a mediumterm reliability study (between-day interval of eight weeks) on a similar
method as Hendershot et al., (2012), showing comparable reliability
(Lariviere et al., 2015). A drawback of position perturbations, however, is
that subjects might not be motivated enough to maximally resist the
perturbation as they would during force perturbations (de Vlugt et al.,
2003a, 2003b). In the present study, a distinction was made between a
resist-task as a measure of the maximal stabilizing capacity and a relax-task
as a more natural stabilizing task. This distinction provides information that
may be relevant to identify neuromuscular control impairments in LBP
patients. In an earlier conducted experiment on healthy subjects, admittance
in the resist task was 61% lower (P=0.02) and reflex gain was 71% higher
(P=0.03) than in the relax task (van Drunen et al., 2013). In the current
study, task modulations in patients were less prominent, with a 3.7% lower
admittance gain and 50% higher reflex gain in the resist task than in the
relax task. Results suggest that patients might be less able to modulate
between tasks than healthy subjects.
Three other studies on the reliability of a trunk stabilization measurement
used sudden loading techniques of the trunk or upper arm on healthy
subjects (Hodges et al., 2009; Voglar and Sarabon, 2014; Santos et al.,
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2011). Even though the ICC‘s were all comparable to those in the present
study, a drawback of sudden loading methods is the inability to selectively
include power in the perturbation signal to allow identification of intrinsic and
reflexive contribution to stabilization, which necessitates a relatively large
perturbation force and a large number of repetitions, which both might not
be feasible for studying trunk control in LBP patients.
There are some limitations to this study. Firstly, a relatively small number of
people (13 healthy subjects and 18 patients) participated in this study.
Despite the low number of subjects, reliability and agreement showed to be
satisfactory. Secondly, no relax-task was performed by the healthy subjects.
However, in line with the results that we found in the patients, we expect the
reliability of the relax-task in healthy subjects to be comparable to the
resist-task in healthy subjects. Also, there was a different time span
between the measurement-days for patients (1–2 weeks) and healthy
subjects (1–3 days). One could expect reliability scores to increase when
time between measurements decreases because within-subject changes that
could be of influence on motor control would be less likely to take place.
However, ICC‘s were not higher in the group of healthy subjects who had
less time between the measurements than the patients. Lastly, two patients
were excluded in this study because of a decrease of >2.5 in pain diary
scores between measurement-days. This was done to ensure similarity
between both measurements. When including these patients, the ICC scores
remained almost the same. Only the ICC score of the reflex-gain for the
relax-task decreased from 0.70 to 0.66. Although reductions are limited, this
may provide an indication of sensitivity of the measurements to change in
disease severity, and therefore of the possibility to monitor disease
trajectories over time. The exact relationship between changes in pain and
changes in admittance and reflex gains, however, still has to be established
for this method. Furthermore, the influence of known confounders such as
fear of movement, illness beliefs or catastrophizing should be established to
be able to interpret the relationship between disease severity and motor
control.

121

4

Chapter 4

In short, the results indicate that the test–retest reliability of admittance
gain estimated using pseudorandom force perturbations is substantial in
both patients and healthy subjects, while the reliability of reflex gains was
substantial in patients and moderate in healthy subjects. Further research
should provide insight in the impairment of motor control in LBP patients and
assess if the method is responsive to changes in severity of LBP.
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Chapter 5
Effects of age and sex on trunk motor control
M. Griffioen, J.H. van Dieën

Abstract
The goal of the present study was to assess the effects of age
and sex on trunk motor control. Fifty healthy adults (aged
between 19 and 67 years, 28 males) participated in this study.
Trunk motor control was assessed using force-controlled
perturbations directly applied to the trunk. Admittance (inverse
of lumped intrinsic and reflexive impedance) decreased with age
and tended to be lower in females than males. The age effect on
admittance was due to increasing intrinsic stiffness and damping
with age, while intrinsic damping and position- and velocity
feedback gains were lower in females than males. Feedback
delays were not dependent on age. The decrease of trunk
admittance with age is most likely due to increasing levels of
antagonistic co-activation. Trunk admittance was (just) not
significantly different between females and males, in spite of
lower feedback gains and damping, possibly due to differences in
trunk mass between sexes. These results imply that age and sex
differences should be considered when assessing the relationship
between back pain and trunk motor control.
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Introduction
Trunk motor control is considered to play an important role in relation to
low-back pain (LBP) (Panjabi, 2003). Poor control has been interpreted as a
cause of onset (Cholewicki et al., 2005) and recurrence of LBP (Hodges and
Moseley, 2003; MacDonald et al., 2009). To understand the role of trunk
control in LBP, we need to understand the variance in control in the healthy
population.
A potential source of variance in trunk motor control is age. Older adults
compared with young adults have been reported to have decreased
proprioception (Shaffer and Harrison, 2007), lower muscle strength (Yassierli
et al., 2007) and slower reflexes (Mattay et al., 2002). Such changes
contribute to age-related impairments in postural control (van Dieën and
Pijnappels, 2017) and may affect trunk control as well (Reeves et al., 2009).
Recently, Vazirian et al. (2016) investigated differences in trunk responses
to transient displacement-controlled perturbations between five age groups
from 20 to 70 years. No age-related differences were found in lumped trunk
stiffness, representing effects of intrinsic (resistance by passive tissues and
pre-activated muscles) and reflexive contributions to trunk control. In
addition to age, sex may be a source of variance in trunk control. While to
our knowledge no data on differences in trunk proprioception or reflex delays
exist, trunk muscle strength is typically lower in females. Vazirian et al.
(2016) reported higher stiffness in males than females. However, in this
study, participants pre-activated the trunk extensor muscles to either 20 or
30 percent of their maximum effort, using either EMG or force feedback.
Given reported differences in muscle strength between age groups and
between males and females, this involved lower absolute forces in the preactivated trunk muscles in the older and female groups. Since muscle
stiffness is a function of absolute muscle force (Cholewicki and McGill, 1995;
Cui et al., 2008), this may have biased group comparisons.
Considering mechanisms underlying trunk control, later and smaller reflex
responses are interpreted as indicative of poor control. Hwang et al. (2008)
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revealed significantly longer trunk muscle reflex latencies after sudden upper
limb loading in older compared to younger adults. In upper limb loading
tasks, however, the true extent (i.e. timing and amplitude) of the
perturbation to the trunk is unknown and may be biased, as the impedance
of the arms may differ between conditions or groups (van der Burg et al.,
2005). When aiming to assess trunk stabilization, the trunk should
preferably be studied in isolation with a force-controlled and unpredictable
perturbation that is exactly measured, allowing for simultaneous assessment
of intrinsic and reflexive contributions to stabilization (Maaswinkel et al.,
2016).
The goal of the present study was to assess the effects of age and sex on
trunk control in a population without a history of low-back pain. We used
force-controlled perturbations directly applied to the trunk and nonparametric and parametric system identification techniques, to assess these
effects at the behavioral level and at the level of the underlying physiological
control mechanisms (van Dieën et al., 2018; van Drunen et al., 2013).
Based on findings cited above, we hypothesized that trunk admittance
(inverse of the lumped intrinsic and reflexive impedance) increases with age,
due to delayed and weaker trunk muscles responses, i.e., longer reflex
delays with lower gains (in terms of force produced) compared to younger
adults. In addition, we hypothesized that females would show higher
admittance than males due to lower reflex gains.

Methods
Subjects
Fifty healthy adults (28 (56%) males, mean age 35 (±16, range 19–67)
years, mean mass 71 (±13) kg, mean height 1.75 (0.09) m) participated in
this study. For separate male and female characteristics, see Table 5.1.
Participants had not experienced episodes of LBP lasting longer than 2 weeks
and had not experienced LBP within one month prior to the experiment.
None of the subjects suffered from disorders, or used medication that could
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affect balance control. All subjects gave informed consent and the protocol
had been approved by the medical ethical committee of the VU Medical
Center (2013/37).
Instrumentation and protocol
The experimental setup was similar to previously published studies (Griffioen
et al., 2016; Maaswinkel et al., 2015; van Dieën et al., 2018; van Drunen et
al., 2013). Subjects were positioned in a semi-kneeling-seated posture with
constrained pelvis and were blindfolded to prevent visual feedback (Figure
5.1). During trials, force perturbations were applied in ventral direction by a
magnetically driven linear actuator (Servotube STB2510S Forcer and
Thrustrod TRB25-1380, Copley Controls, USA) at the level of T10. A
thermoplastic patch (4 x 4 cm) was applied between the subject and the
linear actuator to improve force transfer and comfort. Subjects were asked
to cross their arms during the trials and instructed either to ‗maximally resist
the perturbation‘ by minimizing flexion/extension excursions (resist task), or
to ‗relax but remain sitting upright‘ (relax task). These tasks were performed
in random order and for each task three trials were performed.
Force perturbations consisted of a crested multi-sine signal (sum of sine
waves) (Pintelon and Schoukens, 2001) with an amplitude of 35 N
superimposed on a baseline preload of 60 N. The bandwidth of the signals
ranged from 0.2 to 15 Hz and consisted of 18 pairs of logarithmically spaced
frequency pairs. The perturbation power above 4 Hz was restricted to 40%
relative to the lower frequencies, to reduce motor control modulations due to
high frequency content (Mugge et al., 2007). Each trial had a duration of 50
seconds, consisting of a linear force increase up to 60 N (3 seconds), a
stationary load (2 seconds), a start-up to reduce transient behavior (same
as the last 5 seconds of the force perturbation) and two times 20 seconds of
the actual force perturbations.
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Table 5.1 Separate male and female characteristics
N [percent]
Mean age [years]
Age range [years]
Body Length [cm]
Body weight [kg]

Males
28 (56%)
37 (±16)
19 - 66
179 (±7)
75 (±13)

Females
23 (44%)
34 (±15)
22 - 67
169 (±7)
65 (±10)

p-value
0.627
<0.001
0.003

5
Figure 5.1 The experimental setup.

Data recording and pre-processing
The horizontal displacement of the linear actuator and the contact force
between the device and thorax were measured at 2000

samples/s

(Servotube position sensor & Force sensor FS6-500, AMTI, USA). Bipolar
EMG electrodes (Medicotest, Ambu® Blue Sensor®, type: N-00-S/25;
interelectrode distance, 20 mm) were placed three centimeter lateral to the
spine between the height of the spinous processes L3 and L4, to measure
activity of the left and right M. Longissimus. The EMG data were recorded at
2048 samples/s (REFA, TMSi, the Netherlands; 22 bits AD conversion after
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20 x amplification, input impedance > 1012Ω, CMMR > 100 dB, RMS noise <
1 µV). The M. Longissimus was selected because of the high coherence
between this muscle‘s activity and displacement of the thorax (van Drunen
et al., 2013). The EMG recordings were digitally filtered (first-order, zerophase, high-pass) at 250 Hz (Staudenmann et al., 2007), rectified and
normalized to the maximum value during the trial and averaged over left
and right muscles.
System identification
Closed loop system identification techniques were used to estimate the
translational admittance and reflexes as frequency response functions (FRFs)
(van Dieën et al., 2018; van Drunen et al., 2013). The admittance FRF
describes the linear actuator displacement as a function of the contact force.
The reflex FRF describes the EMG amplitude as a function of the linear
actuator displacement. FRFs were averaged over repeated trials. For
parametric

identification,

a

linear

neuromuscular

control

model

was

constructed to translate the FRFs into physiological elements representing
intrinsic and reflexive contributions (van Dieën et al., 2018; van Drunen et
al., 2013). Model parameters were estimated by optimizing the fit of the
model transfer functions to the transfer functions estimated as described
above, using simulated annealing. The effective mass (m) was estimated as
a single parameter independent from task. The stabilizing properties of
passive tissues and muscle co-contraction and the destabilizing effect of
trunk mass were lumped into two task-dependent parameters, describing
the overall intrinsic stiffness and damping (k, b) of the low-back, which
includes passive tissue properties and the effects of antagonistic coactivation. The reflexive contribution was described by task-dependent
position, velocity and acceleration feedback gains (kp, kv, ka) with a single,
task-independent reflex delay (τref). Fitting reflexive muscle activation to the
EMG data involved optimizing a single EMG to force scaling factor (ES) per
participant. Muscle activation dynamics were implemented as a second order
system (Bobet and Norman, 1990) with a cut-off frequency of 0.75 Hz and a
dimensionless damping of 1.05, as the average activation dynamics in (van
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Drunen et al., 2013). Contact dynamics between the subjects‘ trunk and the
actuator were estimated as a spring and damper.

The

system identification methods used

have

been shown to

have

substantial reliability (Griffioen et al., 2016) and to yield good model fit and
physiologically plausible estimates of model parameters (van Dieën et al.,
2018).
Statistics
To illustrate effects graphically, age was treated as a dichotomous variable
(based on splitting the data above and below the midpoint of the included
age range), for all statistical analyses age was treated as a continuous
variable. Because task-related modulation of admittance and reflex gain
mainly occurs below the natural frequency of about 1.1 Hz (van Drunen et
al., 2013), the average gain and phase over the first five frequency pairs
were used to assess differences in FRFs. Effects of age and sex on nonparametric outcomes (low frequency gain and phase) and parametric
outcomes (k, b, kp, kv, ka) were assessed with generalized estimating
equations (GEE) with task, age, sex and the interaction terms as predictors.
For task independent outcomes (m,

τref, ES), age and sex and their

interaction were the only predictors. Non-significant interaction effects were
removed to construct final GEE models. Preliminary checks were conducted
to ensure no violation of the assumption of normality, linearity, homogeneity
of variances and homogeneity of regression slopes. Where necessary,
logarithmic transformations were used. Statistical analyses were performed
using MATLAB (The Mathworks, Inc., Natick, MA, United States).
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Results
Coherence values were significant and variance accounted for by the
optimized parametric models was in line with previous results (van Dieën et
al., 2018), with very good fit to admittance FRFs but less good fit to EMG
FRFs, especially in the relax task (see Figs. 5.2 and 5.3 and Appendix figures
5.1.1–5.1.6 for a complete overview of the FRFs).

Figure 5.2 Frequency Response Functions (FRFs) of the admittance for the
younger (green) and older (grey) groups.
Left panels show results for the relax task, right panels show results for the resist
task. Shaded areas represent standard deviations.
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Figure 5.3 Frequency Response Functions (FRFs) of the admittance for the
male (blue) and female (red) groups.
Left panels show results for the relax task, right panels show results for the resist
task. Shaded areas represent standard deviations.

In contrast with our hypotheses, the FRFs suggest a lower rather than a
higher admittance in old compared to young participants (Figure 5.2), but in
line with our second hypothesis the admittance appeared higher in females
compared to males (Figure 5.3). The effect of the instruction to maximally
resist the perturbations was as expected a decrease in admittance.
Statistical analysis confirmed that the low-frequency admittance significantly
decreased with age (Table 5.2; Figure 5.4), while the effect of sex fell just
short of statistical significance. In addition, and as expected, the admittance
was significantly smaller in the resist than in the relax task. No interaction
effects on admittance were found. The low frequency reflex gain was higher
in older adults (Table 5.2), but it should be noted that this may reflect
differences in force produced per unit of EMG activity.
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Table 5.2 Final GEE models for effects of task, age, sex on FRF gains and task-dependent model
parameters

Log (low-freq.
admittance (m/N)
Log (low-freq.
reflex gain (mV/m)
Intrinsic damping
(b, NS/m)
Intrinsic stiffness
(k, kN/m)
Acceleration feedback
gain (Ka, Ns2/m)
Velocity feedback
gain (Kv, Ns/m)
Position feedback
gain (Kp, N/m)

constant
B
p
-7.01
<0.001

B
-0.02

age
p
<0.001

B
0.20

sex
p
0.054

B
-0.53

task
p
<0.001

2.58

<0.001

0.03

<0.001

-0.11

0.512

0.51

0.003

5.07

<0.001

0.02

0.003

-0.92

<0.001

-0.18

0.395

-1.13

0.126

0.06

<0.001

1.16

0.026

0.52

0.309

5.64

<0.001

-0.00

0.609

-0.19

0.132

0.33

0.009

6.19

<0.001

-0.02

0.158

-1.63

<0.001

1.54

<0.001

7.13

<0.001

0.01

0.230

-1.06

<0.001

0.53

0.066

Figure 5.4 Low frequency admittance as a function of age for the male (blue
circles) and female (red diamonds) participants.
Top panel shows results for the relax task, bottom panel shows results for the resist
task.
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Considering the task-dependent control parameters (Figure 5.5), an increase
in intrinsic stiffness and damping with age was found (Table 5.2). Females
had lower intrinsic damping, higher intrinsic stiffness and lower velocity and
position feedback gains than males (Table 5.2). Velocity and acceleration
feedback gains were significantly higher in the resist than the relax task, a
similar trend was observed for the position feedback gain (Table 5.2).
For task independent parameters (Figure 5.6), in contrast with our
hypothesis, no significant effect of age was found on the delay of the muscle
spindle reflexes (Table 5.3), nor was there an effect of sex (Table 5.3). The
EMG scaling factor tended to decrease with age and was lower in females
than males (Table 5.3), indicating lower force production per µV of EMG
activity, in older and female participants.

Table 5.3 Results of a GEE for effects of age and sex on task-independent control parameters
age

sex

B

p

B

p

Effective mass (m)

0.01

0.071

0.35

0.121

Muscle spindle feedback delay (τref)

-0.00

0.442

-0.00

0.299

EMG to force scaling (ES)

0.01

0.081

0.41

0.032

5
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Figure 5.5 Mean values of task-dependent control parameters intrinsic
damping (b), and stiffness (k) and acceleration (Ka), velocity (Kv), and
position (Kp) feedback gains for the relax and resist tasks for younger and
older participants and for male and female participants.
Error bars indicate the standard deviation.
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Figure 5.6 Mean values of task-independent control parameters reflex delay
(τref), EMG scaling factor (ES), and effective mass (m) for the relax and resist
tasks for younger andolder participants and for male and female participants.
Error bars indicate the standard deviation.

Discussion
The purpose of the present study was to assess age and sex effects on trunk
admittance and on the intrinsic and reflexive contributions to trunk postural
control. In contrast with our hypothesis, admittance (inverse of the lumped
intrinsic and reflex impedance) decreased with age. Also in contrast with our
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hypothesis, no age effect on the delay of the muscle spindle feedback loop
was found. While admittance was (just) not significantly different between
sexes, females demonstrated lower intrinsic damping and lower velocity and
position feedbacks gain than males.
In an earlier study by Hwang et al. (2008), subjects performed a sudden
hand loading task. Trunk muscle reflex latencies were larger, while flexion
movements were smaller in older adults compared to younger adults. Our
results do not support a between group difference in reflex delay, however,
the smaller flexion movement found in the study of Hwang et al. (2008) in
older adults is in line with the decrease in admittance found in our study.
Also, the longer latencies found by Hwang et al. (2008) may be related to
the decreased admittance. Lower admittance will cause a smaller and slower
change in trunk posture after a perturbation, which combined with
thresholds of mechanoreceptors signaling this change and thresholds in
reflex detection from EMG signals may lead to an increase in the latency of
the response relative to the onset of the perturbation, without any change in
the actual neural delay. While slower nerve action potential propagation and
longer reflex delays are associated with aging (Shaffer and Harrison, 2007),
this will mostly affect reflexes of more distal muscles, due to the longer
neural pathways. Muscles studied here are connected to the spinal cord via
short axons and in addition our oldest participant was 67 years old, whereas
decreased nerve action potential propagation generally appears to occur at
more advanced age (Shaffer and Harrison, 2007). The decrease in
admittance with age, found here, could be a result of changes in intrinsic
stiffness and damping or of changes in reflexive feedback. The results of the
parametric analysis support the former, as main effects of age were found
for intrinsic stiffness and damping but not for feedback gains.
Intrinsic damping and stiffness reflect mechanical properties of passive
tissues providing resistance against bending, such as posterior spinal
ligaments and intervertebral discs (Adams et al., 1980). Generally, stiffness
of spinal segments appears to decrease rather than increase with ageing
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(Benoist, 2003; Ellingson et al., 2013; Quint and Wilke, 2008). Effects on
damping have to our knowledge not been studied. In addition, given their
non-linear properties, passive tissues are expected to have a minimal
contribution to total trunk stiffness in the upright posture studied here
(Dolan et al., 1994). In addition to passive tissues, active muscles contribute
to intrinsic stiffness and damping, and their contribution can be regulated
through antagonistic co-activation (Stokes et al., 2000). There is evidence of
elevated co-activation of antagonist lower extremity muscles in older adults
(Hortobagyi and Devita, 2006). This may be due to a decrease of reciprocal
inhibition with age or an increased spread in activity from the agonist‘s to
the antagonist‘s side of the cortical representation area (Hortobagyi and
Devita, 2006). While this suggests a generalized effect, results of studies on
age effects on trunk muscle co-activation appear somewhat inconsistent (da
Silva et al., 2019; Donath et al., 2016; Lee et al., 2017). Moreover, we
restricted our analysis to a relatively young group (<67 yrs) and it is
unknown at what age such changes in motor control develop. Nevertheless,
our results suggest a change in levels of co-activation with age to be the
most likely explanation for the decreasing admittance. Such an effect could
be mediated by cognitive factors. Psychosocial stress, for example, has been
shown to cause increased co-activation of trunk muscles (Marras et al.,
2000) and other cognitive factors could produce a similar effect.
Admittance was (just) not significantly different between males and females,
but tended to be lower in females. This trend was caused by lower intrinsic
damping and lower reflex gains in females. The fact that the behavioral
outcome, admittance, was not significant may be due to differences in body
mass between sexes. Due to gravity, trunk mass represents a destabilizing
force,

acting

as

a

negative

stiffness,

increasing

admittance

at

low

frequencies. Since the male participants were heavier than the female
participants (75 (±13) vs. 65 (±10) kg) this may have partially offset the
effects of the lower reflex gains and damping. While differences in reflex
gains can easily be explained by differences in muscle strength between
sexes, it is unclear what causes the lower damping. Possibly damping
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reflects effects of the deformation of the abdominal cavity when bending the
trunk. The magnitude of such effects would depend on the cross-sectional
area of the abdomen, which is likely larger in males than females.
Several limitations of this study should be considered when interpreting the
results. First, we did not measure abdominal muscle EMG, so we cannot
confirm differences in co-activation between groups. Second, the oldest
participant was 67 years old and we cannot exclude increased reflex delays
with potential effects on trunk admittance in older groups. Future studies
should assess older adults. Third, we assessed control of the trunk as a
single segment, ignoring potentially relevant differences in control of
intersegmental movements (Reeves et al., 2019). Finally, we only collected
data from participants experiencing small sagittal plane perturbations of an
upright position and therefore will not have captured all relevant aspects of
trunk motor control (Bourdon et al., 2019; Goodworth and Peterka, 2009).
In conclusion, the results of this study indicate that age in the range
between 19 and 67 years and sex affect trunk motor control. Aging coincided
with a decrease in trunk admittance, resulting from an increase in intrinsic
stiffness and damping, most likely due to increased antagonistic coactivation. Females had lower intrinsic damping and lower velocity and
position feedback gains than males, coinciding with a trend towards a lower
admittance. The present results indicate that age and sex effects should be
considered when assessing trunk motor control.
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Appendices
Appendix 5.1

Figure 5.1.1 Frequency Response Functions (FRFs) of the reflexes for the
younger (green) and older (grey) groups. Left panels show results for the relax
task, right panels show results for the resist task. Shaded areas represent standard
deviations.

5

Figure 5.1.2 Mean coherence for the relation between trunk displacement and
force (admittance, top) and for the relation between EMG amplitude and
trunk displacement (reflex, bottom) for the relax (left) and resist (right)
tasks for younger (green) and older (grey) groups. Shaded areas represent
standard deviations. The horizontal black line indicates the threshold for significant
coherence.
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Figure 5.1.3 Frequency Response Functions (FRFs) of the reflexes for the
male (blue) and female (red) groups. Left panels show results for the relax task,
right panels show results for the resist task. Shaded areas represent standard
deviations

Figure 5.1.4 Mean coherence for the relation between trunk displacement and
force (admittance, top) and for the relation between EMG amplitude and
trunk displacement (reflex, bottom) for the relax (left) and resist (right)
tasks for male (blue) and female (red) groups. Shaded areas represent standard
deviations. The horizontal black line indicates the threshold for significant coherence.
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Figure 5.1.5 Boxplots of Variance Accounted For (VAF) by the optimized
parametric models in the time series of trunk displacement (admittance, left)
and EMG amplitude modulation for the relax and resist tasks for younger
(top) and older (bottom) groups. Symbols indicate median (horizontal line),
interquartile range (box), extremes (whiskers) and outliers (+). Outliers are defined
as larger than q3 + 1.5 (q3 – q1) or smaller than q1 – 1.5 (q3 – q1), where q1 and q3 are
the 25th and 75th percentiles (marked by the blue boxes), respectively.
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Figure 5.1.6 Boxplots of Variance Accounted For (VAF) by the optimized
parametric models in the time series of trunk displacement (admittance, left)
and EMG amplitude modulation for the relax and resist tasks for male (top)
and female (bottom) groups. Symbols indicate median (horizontal line),
interquartile range (box), extremes (whiskers) and outliers (+). Outliers are defined
as larger than q3 + 1.5 (q3 – q1) or smaller than q1 – 1.5 (q3 – q1), where q1 and q3 are
the 25th and 75th percentiles (marked by the blue boxes), respectively.
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Chapter 6
Identification of intrinsic and reflexive
contributions to trunk stabilization in patients
with low-back pain: a case-control study
M. Griffioen, P. van Drunen, E. Maaswinkel, R.S.G.M. Perez,
R. Happee, J.H. van Dieën

Abstract
The goal of this study was to assess differences in low-back
stabilization and underlying mechanisms between patients with
low-back pain and healthy controls. It has been hypothesized
that inadequate trunk stabilization could contribute to low-back
pain through high tissue strains and/or impingement. Evidence
to support this is inconsistent, and not all methods that have
been used to study trunk stabilization are equally suitable. We
have recently developed a method to assess intrinsic and
reflexive contributions to trunk stabilization, which aims to
circumvent the limitations of previous studies. Forty-nine
participants suffering from chronic low-back pain and a control
group of fifty healthy subjects participated in this study. Trunk
stabilization was measured using force-controlled perturbations
directly applied to the trunk. The actuator displacement and
contact force between the actuator and subject were measured
as well as electromyography of the M. Longissimus. Underlying
mechanisms were characterized using system identification. Low
back pain patients showed lower admittance, i.e., less
displacement per unit of force applied, mainly due to higher
position, velocity and acceleration feedback gains. Among
patients, lower trunk admittance and higher reflex gains were
associated with more negative pain-related cognitions. Trunk
stabilization differs between low-back pain patients and
controls, with the same perturbations causing less trunk
movement in patients, due to stronger reflexes. We interpret
these changes as reflecting protective behavior.

Published in European Spine Journal, 2020
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Introduction
Inadequate trunk stabilization has been hypothesized to contribute to lowback pain (LBP) (Panjabi, 1992a). Trunk stabilization is often assessed by
studying responses to mechanical perturbations. Using this approach,
several studies have shown longer response delays after external mechanical
perturbations of trunk posture in LBP patients than in controls (Prins et al.,
2018), which has been interpreted as an impairment and a cause of the
incidence and persistence of LBP (Magnusson et al., 1996; MacDonald et al.,
2010;

Cholewicki

et

al.,

2005).

In

apparent

contrast

to

impaired

stabilization, higher trunk stiffness, i.e., a higher mechanical resistance to
perturbations, has been reported (Hodges et al., 2009), possibly due to
altered trunk muscle recruitment patterns in patients compared to controls
(van Dieën et al., 2003). These changes have been interpreted as adaptive
responses to enhance control over trunk movement and therewith prevent
pain provocation (van Dieën et al., 2003). In fact, increased trunk muscle
activity and increased trunk stiffness could explain the longer response
delays found in LBP patients. Higher muscle activity before the perturbation
would render detection of reflex onsets, i.e., the onset of a change in muscle
activity after the perturbation, more difficult causing overestimated delays.
In addition, with increased stiffness, the same mechanical disturbance will
cause a smaller and slower deviation of trunk posture. Consequently, the
perturbation might be sensed later, causing a later change in excitation of
trunk muscles. So paradoxically, the finding of increased response delays
might not reflect a slower reflex loop, but a methodological issue or a
change in the input into the reflex loop resulting from functional, adaptive
responses to enhance trunk stabilization.
We have recently developed a method to assess intrinsic and reflexive
contributions to trunk stabilization, which aims to circumvent the limitations
described above (van Drunen et al., 2013; Griffioen et al., 2016; van Dieën
et al., 2018). The method was shown to have good reliability in healthy
subjects and LBP patients (Griffioen et al., 2016).
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The present study used this method to assess differences in trunk
stabilization between LBP patients and healthy controls when maximally
resist the perturbation or when sitting relaxed but upright, to investigate
their maximal ability, natural behavior and their ability to modulate between
both tasks. Based on findings of changed muscle recruitment (van Dieën et
al., 2003) and intrinsic stiffness (Hodges et al., 2009), we hypothesized that
LBP patients would show lower admittance during the relax task (explained
by higher intrinsic stiffness and damping) and, related to that, less
modulation between the relax task and resist task. Given the methodological
issues regarding onset determination in previous studies, we expected no
difference in reflex delays between the groups.

Materials and methods
Participants
Forty-nine participants suffering from LBP and a control group of fifty healthy
subjects participated in this study. The groups were group matched on sex
and height, but the patient group was significantly older and heavier (Table
6.1). The patients suffered from non-specific LBP for at least 3 months and
were under treatment by physical therapists (9), pain specialists (26) and
rehabilitation centers (14). The healthy participants had not experienced LBP
in the 12 months prior to the experiments. None of the participants suffered
from radicular pain or other (neurological) disorders or used medication that
could

affect

balance

control. All participants gave

informed

consent

according to the guidelines of the medical ethical committee of VU Medical
Center, Amsterdam (2013/37).
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Table 6.1 Information about the patient- and control group
Patients

Controls

t statistic

Gender [#Male/#Female]
28/21
27/23
Age [years]
48±10
35±16
-3.75
Body Length [cm]
176±10
175±09
-0.49
Body weight [kg]
83±19
71±13
-3.53
Momentary pain [-]
4.6 [0.3-9]
Pain Diaries [-]
6.2±1.5
Absence current year [days]
196 [90-365]
Oswestry LBPQ [-]
37±18
Back Beliefs [-]
28±7
Tampa scale [-]
41±10
HADS [-]
13 [2-37]
PCS [-]
20 [2-52]
Average values are given with their standard deviations (±) or range ([xxx]).

P value
<0.001*
0.653
<0.001*

*Significant difference

Throughout the measurements, patients reported momentary pain six times
with a BS-11 score (Jensen et al., 1989). In the week prior to the
measurement, they filled in a pain diary for seven days, containing BS-11
scores in the morning, afternoon, evening, and scoring the lowest and
highest pain level during the day. The LBP patients also filled in the
questionnaires

on

illness

beliefs,

fear

of

movement,

catastrophizing,

depression and anxiety: the Oswestry Disability Index (ODI) (Fairbank et al.,
1980), Back Beliefs Questionnaire (BBQ) (Symonds et al., 1996), Tampa
Scale for Kinesiophobia (TSK) (Kori et al., 1990), Hospital Anxiety and
Depression

Scale

(HADS)

(Zigmond

&

Snaith,

1983)

and

Pain

Catastrophizing Scale (PCS) (Sullivan et al., 1995). Averages of their scores
are found in Table 6.1. In view of high correlations between questionnaire
scores, two composite scores were constructed. A pain and disability score
was calculated as the average of z-normalized momentary pain scores, pain
diary scores and ODI scores, and a pain-related cognition score was
calculated as the average of z-normalized scores on the BBQ, TSK, HADS
and PCS.
Measurements
In the experimental setup, subjects were seated in a kneeling-seated
posture with their pelvis restrained (Figure 6.1).
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Figure 6.1 Experimental setup.

Force perturbations were applied in ventral direction on the T10 spinous
process by a magnetically driven linear actuator (Servotube STB2510S
Forcer and Thrustrod TRB25-1380, Copley Controls, MA, USA), with a
thermoplastic patch (4×4 cm) placed between the subject and the actuator
to improve force transfer and comfort. During the trials, subjects were
instructed to keep their eyes closed, arms crossed in front of the chest, and
to minimize lateral excursions. Task instructions were to ‗maximally resist
the perturbation‘ by minimizing flexion/extension excursions (resist task), or
to ‗relax but remain sitting upright‘ (relax task). Each trial had a duration of
50 seconds and consisted of a linearly increasing force ramp of 3 seconds
from 0 N to 60 N followed by a crested multi-sine signal (Pintelon &
Schoukens, 2001) with a 35 N amplitude superimposed on a 60 N baseline
preload. The actuator displacement and contact force between the actuator
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and subject were measured, as well as surface electromyography (EMG) of
the lumbar part of the bilateral M. Longissimus at level L3 and L4 recorded
at 2048 samples/s (REFA, TMSi, the Netherlands). The M. Longissimus was
chosen because of the high coherence between this muscle‘s activity and
thorax displacement (van Drunen et al., 2013).
System identifcation
Closed loop identification techniques (Pintelon & Schoukens, 2001) were
used to describe the translational low-back admittance and reflexes as
frequency response functions (FRFs). The admittance FRF describes the
actuator displacement as a function of the contact force, representing the
resistance against the perturbation as a function of frequency. The reflex FRF
describes the EMG amplitude of the lumbar part of the M. Longissimus as a
function of the actuator displacement. Coherences of admittance and reflex
FRFs were assessed for the frequencies containing power in the perturbation
signal. Coherence ranges from zero to one, where one reflects a perfect,
noise-free relation between input and output. A coherence greater than 0.24
was considered significant with α ≤ 0.05 (Halliday et al., 1995). Because
task-related modulation of the FRFs mainly occurs below the natural
frequency around 1.1 Hz, and because trunk mass dominates responses at
higher frequencies (van Drunen et al., 2013), low-frequency gains (LF gains)
of the admittance and reflexive FRFs were defined by averaging over the five
frequency pairs within the 0.2–1.1 Hz range.
Parametric identifcation
A linear neuromuscular control model was constructed to translate the FRFs
into physiological elements representing intrinsic and reflexive contributions
(van Drunen et al., 2013; van Dieën et al., 2018). Model parameters were
estimated by optimizing the fit of the model transfer functions to the transfer
functions estimated as described above, using simulated annealing. The
effective trunk mass (m) was fitted. The stabilizing properties of passive
tissues and muscle co-contraction and the destabilizing effect of trunk mass
were lumped into two parameters describing the overall intrinsic stiffness
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and damping (k, b) of the low-back. The reflexive contribution was described
by position, velocity and acceleration feedback gains (kp, kv, ka) with a single
reflex delay (τref). Muscle activation dynamics were implemented as a
second-order system (Bobet & Norman, 1990) with a cutoff frequency and a
dimensionless damping, set to 0.75 Hz and 1.05, respectively, as the
average activation dynamics in van Drunen et al. (2013). Contact dynamics
between the subjects‘ trunk and the actuator were estimated as a spring and
damper (kc, bc). The validity of the optimized model and its parameters was
assessed in the time domain using the variance accounted for (VAF). A VAF
of 100% reflects a perfect description of the measured signal by the model
at the input frequencies.
For more detailed information on the perturbation characteristics, data
recording,

data

processing,

system

identification

and

parametric

identification, see van Drunen et al. (2013) and van Dieën et al. (2018).
Statistics
The FRF gains and LF gains were log-transformed to satisfy the assumption
of normality. To test our hypotheses, nonparametric LF gains and parametric
parameters were compared between tasks and groups with generalized
estimating equations (GEE) with LBP, task, task*LBP, age and LBP*age as
predictors. In this analysis, age was dichotomized based on the median age
of all participants. Preliminary checks were conducted to ensure validity of
the assumption of normality, linearity, homogeneity of variances and
homogeneity of regression slopes. Body mass was not used as a covariate,
since effective mass is accounted for in the parametric estimation.
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Figure. 6.2 Group-averaged frequency response functions (FRFs) of the
admittance (upper two rows) and EMG (lower two rows).
Results for controls (blue lines) and patients (red lines) during the relax task (left) and
resist task (right) were averaged over subjects (with shadows as standard deviation).
The gain (amplitude difference) and phase (time shift) illustrate the transformation of
the input signal into the output signal

Linear correlation analyses were performed to test the relation between
trunk

stabilization

parameters,

pain

and

disability

and

pain-related

cognitions. Pearson‘s R ranges from 0–1 where <0.3 indicates a ‗poor‘
correlation, 0.3–0.5 represents a ‗moderate‘ correlation and >0.5 represents
a ‗strong‘ correlation (Cohen, 1988). For all tests, results with p-values
smaller than 0.05 (two-sided) were considered significant. Processing,
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system identification, parametric identification and statistical analyses of the
data were performed using MATLAB (The Mathworks, Inc., Natick, MA, USA).

Results
Group‑level comparison between LBP patients and controls
Mean admittance coherence was high (average and standard deviation:
0.93±0.05), indicating good input–output correlations, while the mean EMG
coherence (0.73±0.10) was good considering the noisy character of EMG
signals.

6

Figure 6.3 Box plots for admittance (top window) and refexes (bottom
window) showing lower admittance and lower refexes in patients (red
bars) compared to healthy controls (blue bars). Error bars represent one
standard deviation. * denotes signifcance at the p<0.05 level.
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A significant main effect of LBP was found on LF admittance, with as
hypothesized, lower admittance in LBP patients than in healthy subjects
(Figures 6.2, 6.3 and Table 6.2). In contrast to our hypotheses, damping
and stiffness did not differ between groups (Figure 6.4). Position, velocity
and acceleration reflex gains, however, were significantly higher in LBP
patients. The hypothesized larger modulation in healthy controls compared
to LBP patients (task*LBP interaction) was only seen in velocity reflex gains,
and a trend was seen in admittance. As expected, there was no significant
difference in reflex delays between LBP patients and healthy controls.

Table 6.2 B-values of the effects of LBP, age, task, the interaction effect of task and LBP and the
interaction effect of age and LBP
LBP

Age

task

task*LBP

age*LBP

Bvalue
-0.45

Pvalue
<.000*

Bvalue
-0.60

P
value
<.000*

B
value
-0.53

P
value
0.000*

B
value
0.21

P
value
0.138

B
value
0.55

P
value
<.000*

-0.23

0.326

0.80

<.000*

0.51

0.006*

-0.24

0.363

-0.67

0.017*

0.45

0.099

0.63

0.007*

-0.18

0.395

0.27

0.377

-1.00

0.002*

K [N/m]

-0.45

0.203

0.69

0.021*

-0.30

0,271

0.51

0.191

-0.03

0.935

bc[Ns/m]

29.9

0.412

52.6

0.159

-

-45.6

0.385

kc [N/m]

0.43

0.013*

0.77

-

-0.79

0.001*

Ka [Ns2/m]

0.25

0.049*

-0.16

<0.000
*
0.136

0.33

<.000*

-0.23

0.101

0.03

0.824

Kv [Ns/m]

1.91

<.000*

-0.32

0.446

1.54

<.000*

-1.27

0.019*

-0.66

0.258

Kp [N/m]

0.99

0.011*

0.35

0.287

0.55

0.068

-0.28

0.512

-1.19

0.010*

Reflex
delay [s]

-0.00

0.640

-0.00

0.429

0.01

0.210

Admittance
[m/N]
Reflex
[mV/m]
B [Ns/m]

Age was dichotomized on the median of 43 years.
*Significant difference
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Figure 6.4 Box plots for the parametric parameters for the relax task (left
window) and the resist task (right window) showing differences between
patients (red bars) and healthy controls (blue bars). Error bars represent
one standard deviation. *denotes signifcance at the p<0.05 level
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Task and age effects were found in LF admittance gains (higher in the relax
condition and younger subjects). Also, task effects were found for LF reflex
gains, acceleration and velocity reflex gains (lower in the relax condition).
Interaction effects between LBP and age were found on LF admittance gains,
damping and position reflex gains, showing smaller differences between LBP
patients and healthy controls in the older group. Effective mass was larger in
participants with LBP, in line with their larger body mass. Histograms of the
LF admittance gains (Figure 6.5) illustrate the difference in admittance
between groups, but also show large overlap between LBP patients and
healthy controls in both conditions and do not suggest subgroups among LBP
patients.
Relation of trunk stabilization with pain and disability, and cognition
LF admittance gain in the relax condition was moderately correlated with
pain and disability, but also with pain-related cognitions (Table 6.3).
Moderate correlations of intrinsic damping and velocity reflex gains in both
conditions and of position feedback gains in the relax condition were found
with pain-related cognitions only.
Table 6.3 Correlations between trunk stability parameters and pain and disability and cognitions

LF admittance relax[m/N]
LF admittance resist[m/N]
LF reflex relax[mV/m]
LF reflex resist[mV/m]
B relax[Ns/m]
B resist[Ns/m]
K relax[N/m]
K resist[N/m]
Ka relax[Ns2/m]
Ka resist[Ns2/m]
Kv relax[Ns/m]
Kv resist[Ns/m]
Kp relax[N/m]
Kp resist[N/m]
reflex delay [s]
*Significant correlations

158

Pain and Disability
Pearson’s R
P-value
-0.30
0.037*
-0.05
0.709
0.16
0.262
0.20
0.164
0.16
0.271
0.12
0.384
0.01
0.957
-0.11
0.459
0.19
0.193
0.15
0.308
0.24
0.102
0.22
0.133
0.14
0.334
0.04
0.804
0.08
0.576

Cognitions
Pearson’s R
P-value
-0.31
0.027*
-0.15
0.306
0.14
0.325
0.08
0.572
0.34
0.017*
0.33
0.022*
-0.03
0.862
-0.13
0.378
0.20
0.162
0.10
0.487
0.31
0.032*
0.31
0.033*
0.29
0.045*
0.09
0.533
-0.19
0.194
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Figure 6.5 Histograms of LF admittance gains of LBP patients and healthy
controls in the relax task (top window) and resist task (bottom window)
showing lower values for patients on average, but with substantial overlap between
groups. The blue bars represent the controls, the red bars represent the LBP
patients, and the purple color represents the overlap between the two groups.
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Discussion
We used a novel system identification technique to assess differences in
mechanisms of low-back stabilization between LBP patients and healthy
controls. We hypothesized that LBP patients would show lower admittance
during the relax task, because of higher intrinsic stiffness and damping, and
less modulation between the relax- and resist tasks. In the relax task, we
found the expected lower admittance in patients with LBP, and this effect
was also found in the resist task. The group differences were larger during
the relax task than during the resist task, but modulation between tasks was
not

significantly

different

between

groups.

As

expected,

parametric

identification showed no effects on reflex delays and additionally showed
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that differences in trunk stabilization between LBP patients and healthy
subjects were mostly due to increased position, velocity and acceleration
feedback gains in LBP patients. So, in contrast to our hypothesis, differences
in trunk stabilization between LBP patients and controls were not dependent
on intrinsic stiffness and damping and hence not on feed forward motor
control changes, but on enhanced feedback control.
Johansson and Sojka (1991) introduced a pathophysiological model that
might explain the increase in feedback gains found in our study. The model
describes how nociception activates gamma motor neurons and consequently
enhances muscle spindle feedback. However, in the present study we found
no correlation between pain intensity as rated with the pain and disability
questionnaires and reflex gains. Alternatively, the increased reflex gains in
LBP patients could be a pain-induced behavioral change toward a more
protective or more conservative behavior (van Dieën et al., 2017). This
interpretation is consistent with the associations found between outcomes
reflecting

trunk

stabilization

and

pain-related

cognitions,

whereas

correlations with pain and disability were less strong. Fear of movement,
illness beliefs, catastrophizing and depression results coincided with a tighter
control over trunk posture in LBP patients. This is in line with previously
reported associations of trunk stiffness with fear of movement (Karayannis
et al., 2013) and of the level of trunk muscle activity during walking and
catastrophizing (van der Hulst et al., 2010) in chronic LBP patients. Osumi et
al. (2019) also have recently published a study on the effect of kinesiophobia
on lumbar movements. They divided their LBP group in a ‗high-fear‘ and
‗low-fear‘ group based on their TSK scores and found that in voluntary
lumbar bending movements, the high-fear group took longer on movement
initiation and during the switch in movement direction. No differences were
found between the low-fear group and healthy controls, also pointing toward
a fear-based protective tighter control other than one that results from pain.
We found no evidence to suggest subgroups among LBP patients with ‗tight‘
and ‗loose‘ control as proposed by van Dieën et al. (2019). One might expect
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‗loose‘ control to be most prominent during the relax task, but instead, we
observed a lower admittance in the LBP group in both conditions. It should
be taken in account that our method involves a 60 N baseline preload, which
might make the relax task too demanding to allow ‗loose‘ control.
The age effect and age*LBP interaction effect on admittance found in this
study emphasize the need to take age in account when analyzing trunk
stabilization. We decided to dichotomize age in our analysis because the
effect of age is not necessarily linear, and in this way the interaction is easier
to interpret. Because dichotomization holds the chance of misclassification,
we also performed an analysis without dichotomization. This did not result in
different conclusions.
Some limitations of this study should be considered when interpreting the
results. We only measured EMG from the M. Longissimus as most
representative for the muscle responses to the imposed perturbations, where
other muscles including deep muscles, which would require intramuscular
electromyography recordings, could hold independent information regarding
trunk stabilization. Also, we only collected data from subjects experiencing
small sagittal plane perturbations of an upright position and therefore will
not have captured all relevant aspects of trunk motor control (Bourdon et
al., 2019; Goodworth & Peterka, 2009). Finally, most patients will have had
physiotherapy, which often includes some form of motor control exercise
(often stabilization exercise), and this may have contributed to the lower
admittance. However, stabilization exercise does not specifically address
reflex control and this was found to be the main factor underlying differences
in impedance. Also treatment effects would not offer a full explanation for
decreased admittance during the ‗relax task.‘
As mentioned above, we interpret the difference between healthy subjects
and LBP patients as an adaptation to protect the lower back. However, it is
questionable whether this adaptive behavior is of benefit in the long term.
Van Dieën et al. (2017) suggested that in the long term more rigid control of
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posture and movement can be harmful, because the related muscle activity
causes high compressive loading on the spine, which may contribute to
injury and degeneration, and it reduces variability of the aferent signals from
the lumbar area to the central nervous system, which could cause
neuroplastic changes that impair motor control. Combined with the motor
control diferences found in the present study, this would suggest that motor
control exercises, at least in patients with low admittance, should aim for
increasing admittance, inhibition of lumbar muscle activity and reduction in
adverse pain-related cognitions.
In

conclusion,

LBP

patients

showed

lower

admittance

during

trunk

stabilization tasks based on higher position, velocity and acceleration
feedback gains. Furthermore, our results indicate a relation between low
admittance and adverse cognitions regarding pain in LBP patients. Overall,
these results support interpretation of changes in trunk motor control in LBP
as protective behavior.
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Thesis summary
Improving the understanding of trunk stabilization in healthy subjects and
low-back pain patients may contribute to improved diagnostics and better
treatment for chronic low-back pain. In Chapter 2, a systematic review was
performed on studies comparing effects of trunk perturbations between lowback pain patients and healthy controls. Longer delays in muscular
responses were found in patients with low-back pain, but no other
indications of increased stiffness were found. Methodological shortcomings in
many of the included studies made it difficult to draw firm conclusions from
this review. For example, the observed delay in muscular responses could
also result from differences in baseline EMG, used to calculate these onsets.
However, these were not reported.
In Chapter 3, a systematic review was performed on methods to assess
stunk stabilization. Many perturbation methods were found, however, only a
limited selection of articles described methods that can be recommended
when tested on construct validity (intrinsic and reflexive contributions to
trunk control can be measured simultaneously and the trunk is studied in
isolation). None of these methods, however, were evaluated with respect to
other clinimetric properties such as reliability. One of the recommended
methods, developed by our research team, was tested on test-retest
reliability in Chapter 4. We aimed to investigate the between-day reliability
of both admittance and reflex gains in healthy subjects and low-back pain
patients. The results showed that trunk stabilization can be measured
reliably.
The same method was used to assess the effects of age and sex on trunk
motor control in Chapter 5. Admittance decreased with age and was lower
in females than males. These results on healthy subjects imply that age and
sex differences should be considered when assessing the relationship
between low-back pain and trunk motor control.
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In Chapter 6, the difference in low-back stabilization and underlying
mechanisms between low-back pain patients and healthy controls were
assessed. No differences were found in reflex delays. Low-back pain patients
showed lower admittance, mainly due to higher position-, velocity- and
acceleration feedback gains. These differences were associated with more
negative

pain-related

catastrophizing.

We

cognitions,
interpret

such

these

as

changes

fear
as

of

pain

reflecting

and

pain

protective

behavior.

General discussion
Trunk stabilization in low-back pain
No firm conclusions could be drawn from the review in Chapter 2 on trunk
control in low-back pain. However, pooling the results showed evidence for
longer muscle response times of trunk muscles in low-back pain patients. We
hypothesized that increased trunk stiffness and/or trunk muscle activity
could explain the longer response delays found. Increased stiffness will
cause a smaller and slower deviation of trunk posture with the same
mechanical perturbations. Consequently, the perturbation might be sensed
later, causing a later change in excitation of trunk muscles. So paradoxically,
the finding of longer response delays might not reflect a slower reflex loop,
but a methodological issue. Second, an increased baseline muscle activity
could cause a bias in data analysis. Most studies defined the first muscular
response as the moment when the EMG signal exceeded a certain number of
standard deviations above baseline activity. Hence, the measurement of
response delays is influenced by both the mean and within-subject variance
of baseline muscle activity. The results in Chapter 6 partly confirmed our
hypothesis that there is no difference in reflex delays between low-back pain
patients and healthy controls. However, no increase in stiffness or damping
was found, suggesting that the longer muscle response times found in earlier
studies can not be explained by increased trunk stiffness, but higher baseline
muscle activity could still be an explanation.
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The results from Chapter 6 suggest that low-back pain patients control trunk
posture more rigidly by increasing position- velocity- and acceleration
feedback gains. According to Hodges et al. (2015), changes in motor control
may be either a reaction to pain or injury, or a reaction to a threat of pain or
injury, or secondary to some tertiary factor and contribute to the
development of pain. In our study, admittance and reflex gains in low-back
pain patients were correlated with cognitive functions such as fear of pain
and may hence be mediated by psychological pain responses. Therefore, we
interpret these differences between healthy subjects and low-back pain
patients as an adaptation to protect the lower back. However, it is
questionable whether this adaptive behavior is of benefit in the long term.
Van Dieën et al. (2017), suggested that more rigid control of posture may
have adverse mechanical, physiological and neurological consequences in
the long term. Through reinforcement learning (low-back pain patients
prevent pain provocation through a change in trunk control), less dynamic
motor behavior is developed. This might result in long-term changes in
sensory and motor regions in the cortex. These changes might even limit the
ability to relearn normal motor control even after LBP has receded.
Limitations
The method used throughout this thesis only allows for trunk stabilization to
be measured around a fixed working point, in this case semi-seated in an
upright position for only a short amount of time. Therefore, we will not have
captured all relevant aspects of trunk motor control. Also, the applied trunk
perturbation needed a frontal directed preload to assure that contact was
maintained between the pushing rod and the subject. This probably
diminished abdominal muscle activity and made the relax-task somewhat
un-intuitive, since the preload had to be counteracted at all times.
Furthermore, we only perturbed in anterior-posterior direction, while
perturbations in multiple directions might contribute to our understanding of
trunk stabilization by identifying direction specific reflex activation.
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We only measured EMG from the M. Longissimus as most representative for
the muscle responses to the imposed perturbations (van Drunen et al.,
2013), where other muscles including deep muscles, which would require
intramuscular

electromyography

recordings,

could

hold

independent

information regarding trunk stabilization in low-back pain (Hodges et al.,
2003; MacDonald et al., 2009). De Martino et al., (2020) recently performed
an experiment testing effects of hypogravity on healthy subjects applying
the same method as used in Chapters 4, 5 and 6. Deep and superficial
lumbar muscle activity was measured with intramuscular electromyography
showing coherence between trunk admittance and deep and superficial backmuscle responses, suggesting that these muscles play an important role in
the tests studied here. It thus remains an open question whether using
information from M. Longissimus alone does capture all relevant differences
between patients and controls.
Although we tried to minimize the measurement period, a continuous
perturbation of 50 seconds per trial might cause changes in neuromuscular
behavior, maybe especially when the task is perceived as threatening.
Clinical implications
The results from this thesis would suggest that motor control exercises, at
least in patients with low admittance, should aim for increasing admittance,
inhibition of lumbar muscle activity and reduction in adverse pain-related
cognitions. Although the group-differences in admittance between LBP
patients and healthy subjects were significant, the group of LBP patients
showed large variance and overlapped the group of healthy subjects. Our
method could be a useful diagnostic tool to distinguish patients with low
admittance, and based on this, assign treatment goals and increase chances
of a positive outcome.
Future research
As mentioned in the limitations, an exploration of the contributions of deeper
muscles would further our understanding of low-back stabilization in low-
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back pain. Also the use of perturbations in different directions could be
useful in understanding the difference between low-back pain patients and
healthy subjects.
The differences in trunk control between low-back pain patients and healthy
controls as reported in Chapter 6 are a first step in improving diagnostics.
Longitudinal studies could look further into the relationship between pain,
pain cognitions and trunk stabilization. Longitudinal studies could also
measure treatment effects and their relationship with low-back pain.
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Lage-rugpijn komt erg veel voor. Meer dan 50% van alle mensen in de
westerse samenleving zal een of meerdere keren lage-rugpijn ervaren.
Meestal gaat de pijn binnen zes weken vanzelf weer over, maar een terugval
komt vaak voor en bij een grote minderheid ontwikkelt de lage-rugpijn zich
tot een chronisch probleem. De behandeling van lage-rugpijn wordt
bemoeilijkt doordat er in 80%-90% van alle gevallen geen aanwijsbare
oorzaak is voor de pijn. Deze patiënten vallen onder de groep met
aspecifieke lage-rugpijn. Er zijn indicaties dat oefentherapie gunstig effect
heeft, maar dit succes is erg beperkt en het grootste deel patiënten reageert
niet op de behandeling. Dit beperkte succes wordt vaak toegeschreven aan
een gebrek aan adequate diagnostiek. Inzicht in de bewegingssturing van de
romp bij lage-rugpijn zou kunnen helpen om effectievere oefenprogramma‘s
op te stellen.
Een belangrijk onderdeel van de bewegingssturing van de romp, en tevens
een voorwaarde om complexe bewegingen uit te voeren, is rompstabilisatie.
Rompstabilisatie betreft een complex biomechanisch systeem dat ervoor
zorgt dat de grote romp-massa met al haar wervels op het sacrum
balanceert en niet bezwijkt onder de neerwaarts gerichte zwaartekracht. Om
dit voor elkaar te krijgen is zowel een intrinsiek component (passief weefsel
en spier co-contractie) als reflexief component (spieractivatie op basis van
feedback van sensorische organen) nodig. Hoe deze twee componenten
samenwerken en hoe dit systeem zich gedraagt in lage-rugpijn is nog
onbekend.
Dit proefschrift begint in hoofdstuk 2 met een zoektocht naar studies die de
effecten van mechanische verstoringen van de romp beschrijven in lagerugpijn. De mechanische verstoringen zijn aangebracht om de romp uit
balans te brengen en zo de proefpersonen ertoe aan te zetten om deze
balans

weer

te

hervinden

terwijl

spieractiviteit,

verplaatsing

en/of

uitgeoefende krachten worden gemeten. Deze metingen bevatten informatie
over verschillende componenten van rompstabilisatie. De studies beschrijven
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consistent een vertraagde activatie van de rompspieren bij lage-rugpijn
patiënten. Echter, deze gevonden vertraging kan mogelijk ook verklaard
worden door een verschil in spieractiviteit tijdens de basislijnmetingen welke
gebruikt wordt om het moment van spieractivatie te detecteren. Vanwege de
grote

methodologische

verschillen

tussen

de

studies

en

mogelijke

methodologische tekortkomingen bleek het lastig om eenduidige conclusies
te trekken op basis van deze overzichtstudie.
Hoofdstuk 3 omvat een compleet overzicht van methoden die zijn gebruikt
om de rompstabiliteit te meten, door middel van het aanbrengen van
mechanische verstoringen. Er bleken veel verschillende methoden te
bestaan, echter slechts een select aantal daarvan voldeden aan de eis om
zowel de intrinsieke component als ook de reflexmatige component van
rompstabiliteit gelijktijdig te meten. Geen van de methoden die wel aan deze
eis voldeden was getest op andere klinimetrische eigenschappen zoals
betrouwbaarheid. Hoofdstuk 4 beschrijft een studie naar de test-hertest
betrouwbaarheid van de methode die ons onderzoeksteam heeft ontwikkeld
en die voldeed aan de eisen zoals gesteld in hoofdstuk 3. We hebben de
rompstabilisatie bij een groep gezonde proefpersonen en een groep
patiënten gemeten en deze meting na een aantal dagen herhaald. De
resultaten van de metingen op de twee verschillende dagen kwamen zodanig
overeen dat geconcludeerd kan worden dat de methode een goede testhertest betrouwbaarheid heeft.
Het effect van leeftijd en sekse op rompstabilisatie is onderzocht in
hoofdstuk 5. Er bleek een verhoogde stijfheid te zijn bij een hogere leeftijd
en de reflexen bleken minder sterk bij vrouwen in vergelijking met mannen.
Uit deze resultaten blijkt dat rekening gehouden moet worden met de
effecten van leeftijd en sekse wanneer de relatie tussen lage-rugpijn en
rompstabiliteit wordt onderzocht.
In de laatste studie van deze thesis (hoofdstuk 6) werd de methode gebruikt
om het verschil in rompstabiliteit te meten tussen een groep chronische
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aspecifieke lage-rugpijn patiënten en een groep gezonde proefpersonen.
Opvallend bleek dat er geen vertraagde spieractiviteit gevonden werd. Wel
lieten de lage-rugpijn patiënten een verhoogde reflexmatige spieractiviteit
zien. Deze verschillen bleken ook te correleren met meer negatieve pijngerelateerde cognities (zoals angst voor pijn). We interpreteren deze
resultaten als een beschermingsmechanisme om onverwachte bewegingen
van de onderrug zo veel mogelijk tegen te gaan.
Dit proefschrift omvat een veelbelovende stap naar een meer gerichte
diagnostiek bij aspecifieke lage-rugpijn patiënten. De resultaten suggereren
dat oefentherapieën zich zouden moeten richten op het verminderen van de
reflexmatige

spieractiviteit

en

het

tegengaan

van

negatieve

pijn-

gerelateerde cognities. Echter, onze methode omvat lang niet alle facetten
van de bewegingssturing van de romp die van belang kunnen zijn in lagerugpijn. Een volgende stap zou kunnen zijn om een longitudinale studie uit
te voeren naar behandelingseffecten in relatie tot rompstabiliteit.
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‘De naam des Heren zij geprezen van nu aan tot in eeuwigheid’ (Psalm 113:2)

Roberto, mijn veer is eindelijk neergestreken. Als ik door de gangen van het
VUmc wandel kan ik nog steeds niet beseffen dat je er echt niet meer bent.
Het heeft langer geduurd dan ik je had beloofd, maar ik weet zeker dat je
net zo opgelucht zou zijn geweest als ik dat deze promotie er nu eindelijk is.
Jaap, bedankt voor alle inzet en geweldige begeleiding. Ik heb bewondering
voor je expertise en hoe je ondanks een volle agenda altijd tijd vrij kan
maken. Onze gesprekken waren helder en verduidelijkend en je motiveerde
me telkens weer om door te zetten. Jouw hulp was echt onmisbaar.
Erwin en Paul, wat hebben jullie veel geduld met mij gehad! Bedankt dat
jullie alle technische termen keer op keer weer aan me uit wilden leggen.
Daar waar ik in het begin van het project geen soep kon maken van de
grafieken die ik langs zag komen, durf ik het nu aan om ze uit te leggen aan
geïnteresseerde vrienden en familieleden. Erwin, bedankt voor alle uren dat
we samen metingen hebben uitgevoerd en de (vele) uren dat we samen op
proefpersonen hebben gewacht. Ik heb genoten van de passie die je hebt
voor voeding, bewegen en gezondheid en ben blij dat je hierin je weg hebt
gevonden. Ik vond het echt fijn om met je samen te werken.
Maarten, bedankt voor de fijne samenwerking aan het tweede hoofdstuk van
dit proefschrift. Wat gaaf dat je nu in de leescommissie zit. Ik zie uit naar
jouw vragen tijdens de verdediging.
Dan wil ik graag de mensen bedanken die het ‗kleine, donkere kamertje op
het VUmc‘ een stukje lichter hebben gemaakt. Lieve Sabine, Stefania,
Jimmy, Kyra, Mattanja, Els, Hans, Thomas, Tijn en Sigrid. Bedankt voor al
de fijne gesprekken en leuke momenten die we met elkaar hebben gehad!
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Natuurlijk ben ik ook enorm veel dank verschuldigd aan de proefpersonen
die vrijwillig hebben meegewerkt aan dit onderzoek. Zonder jullie waren er
geen resultaten en dus ook geen boekje. Bedankt dat jullie het hebben
aangedurfd om op de ‗duwmachine‘ plaats te nemen. Het heeft me nederig
en dankbaar gemaakt dat ik mijn dagen zonder pijn door mag brengen. Ik
wens jullie allemaal het allerbeste toe.
Papa en mama, mijn dank aan jullie is groot! Jullie hebben me tijdens mijn
opleiding en mijn promotietraject zonder ophouden gesteund en bemoedigd
om vooral niet op te geven. De uurtjes dat jullie op Naomi wilden passen
zodat ik een ochtend aan mijn artikelen en later aan mijn proefschrift kon
werken zijn onmisbaar geweest. Bedankt voor jullie inzet en liefde.
Alex en Naomi, jullie zijn de liefdes van mijn leven. Bedankt dat jullie er
altijd zijn om het leven in perspectief te blijven zien. Ik hou van jullie!
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