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Coordination of Axial Trunk Rotations During Gait
in Low Back Pain. A Narrative Review

by
Jaap H. van Dieén!, Maarten R. Prins'?3, Sjoerd M. Bruijn'#°, Wen Hua Wu*®,
Bowei Liang’, Claudine ].C. Lamoth3, Onno G. Meijer'*

Chronic low back pain patients have been observed to show a reduced shift of thorax-pelvis relative phase
towards out-of-phase movement with increasing speed compared to healthy controls. Here, we review the literature on
this phase shift in patients with low back pain and we analyze the results presented in literature in view of the
theoretical motivations to assess this phenomenon. Initially, based on the dynamical systems approach to movement
coordination, the shift in thorax-pelvis relative phase with speed was studied as a self-organizing transition. However,
the phase shift is gradual, which does not match a self-organizing transition. Subsequent emphasis in the literature
therefore shifted to a motivation based on biomechanics. The change in relative phase with low back pain was specifically
linked to expected changes in trunk stiffness due to ‘guarded behavior’. We found that thorax-pelvis relative phase is
affected by several interacting factors, including active drive of thorax rotation through trunk muscle activity, stride
frequency and the magnitude of pelvis rotations. Large pelvis rotations and high stride frequency observed in low back
pain patients may contribute to the difference between patients and controls. This makes thorax-pelvis relative phase a
poor proxy of trunk stiffness. In conclusion, thorax-pelvis relative phase cannot be considered as a collective variable
reflecting the orderly behaviour of a complex underlying system, nor is it a marker of specific changes in trunk
biomechanics. The fact that it is affected by multiple factors may explain the considerable between-subject variance of
this measure in low back pain patients and healthy controls alike.

Key words: low back pain, coordination, gait, trunk, relative phase.

Introduction with non-specific, chronic low back pain, the
_ ) ) relative timing of these rotations appears to be

During normal gait, the thorax and pelvis different, with a reduced shift towards opposite
rotations at higher speeds (Lamoth et al., 2002b;
Selles et al., 2001). This phenomenon has received

substantial attention in our own published work,

rotate more-or-less in the same direction around
the vertical at low gait speed, and more-or-less in
opposite directions at high speed, resulting in
axial torsion of the lumbar spine (Crosbie et al.,

and other published literature, but results have
1997, Wagenaar and Beek, 1992). In individuals

not been consistent and a thorough explanation
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for the findings is still lacking. Here, we review
the literature on relative timing between thorax
and pelvis during gait in patients with low back
pain and the theoretical motivations to assess this
relative timing. We analyze the results presented
in literature in view of these motivations.

The initial impetus for studying relative
timing of thorax and pelvis rotations came from
the idea that the shift in relative timing is a self-
organizing transition (Wagenaar and Beek, 1992),
as understood in the dynamical systems approach
to movement coordination (Haken et al., 1985).
We briefly summarize this approach and show
that the empirical observations reported in
literature do not support the interpretation of this
phenomenon as a self-organizing transition.
Subsequent emphasis in the literature implicitly
shifted from interpretation based on the
dynamical systems theory to one based on
biomechanics, where the change in relative timing
with LBP was assumed to emerge from the
mechanical effects of changes in trunk muscle
activity, specifically an increased trunk stiffness.
We therefore review the relation between trunk
mechanical properties and relative phase. We
show that also this motivation turns out flawed,
since relative timing is affected by several
interacting factors, making thorax-pelvis timing a
poor proxy of the trunk’s mechanical properties.
But, to set the stage, we will first briefly define
measures of relative timing of segment rotations.

Relative timing and relative phase

Thorax and pelvis rotations during gait are
more-or-less periodic signals, completing one
period each gait cycle (Figure 1, upper panel).
Terms like ‘in the same direction” or ‘en bloc’
(Hulbert et al, 2015) versus ‘in opposite
directions’ or ‘counterrotation” (Selles et al., 2001)
describe the timing differences between the cycles
of thorax and pelvis, but not in a very precise
manner. A more exact description can be obtained
by cross-correlating these signals, to obtain the
time lag at which maximal correlation occurs
(Wagenaar and Beek, 1992). However, describing
the difference in timing in absolute time does not
sufficiently =~ capture  the  intersegmental
coordination, because the stride cycle time varies
between and within subjects. For example, a shift
in time of 0.3 seconds describes a different
intersegmental coordination pattern if the stride
time is 1.3 seconds (i.e., more towards ‘en bloc’)
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than if the stride time is 0.7 seconds (i.e., more
towards  counterrotation).  Relative  phase
measures, which have been used in studying self-
organizing transitions (Haken et al., 1985),
account for the effect of cycle duration and may
quantify the shift in timing of pelvis and thorax
rotations with increasing gait speed (Huang et al.,
2011; Huang et al., 2010; Lamoth et al.,, 2006a;
Lamoth et al., 2002b; Prins et al., 2016, 2019a; Prins
et al, 2019b; Selles et al., 2001, Wagenaar and
Beek, 1992).

The continuous relative phase expresses
the timing difference between two periodic
signals as a phase angle [16]. If the orientation of a
segment follows a periodic pattern, its state at any
point in time is fully specified by its orientation
and is angular velocity. Consider for example the
zero crossings of a periodic signal. These signify
an orientation angle of zero, but in the same
periodic signal, the angular velocity at such a
point can be positive, when the signal moves from
a negative to a positive orientation, or negative
when it moves from a positive to a negative
orientation. Hence both variables are needed to
fully describe the kinematics and more variables
(higher order derivatives e.g. acceleration, jerk)
are only needed for non-periodic signals.
Therefore, to represent the kinematic state, the
time series of the orientation angle of a body
segment during a cyclic movement like walking
can be plotted against its angular velocity. This
yields a more or less round shape (if the
amplitudes of the signals are normalized (Lamb
and Stockl, 2014)), with a complete orbit during
each stride cycle. The angle relative to the
coordinate system of this phase plot expresses the
phase in the cycle at each point in time (Figure 1,
middle panel). The difference between the phase
of thorax rotations and pelvis rotations at any
given point in time is defined as the thorax-pelvis
relative phase (Figure 1, lower panel).

Since segmental movements during gait
do not follow a perfect sinusoidal pattern, a
continuous relative Fourier phase method was
introduced to calculate the relative phase between
thorax and pelvis rotations (Lamoth et al., 2002a).
With this method, the time signal is decomposed
into  its  constituent  frequencies  with
corresponding phase and amplitude, and relative
phase is calculated between segments at the stride
frequency. This filters out possible artefacts in
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relative phase due to higher dominant frequencies
(Lamoth et al., 2002a), which are present in
segment rotations during gait (Lamoth et al.,
2002a; van den Hoorn et al., 2012). A difference in
phase or relative phase of zero degrees indicates
that the two segments move perfectly in-phase. A
relative phase of +/-180 degrees means that the
two segments are perfectly out-of-phase, moving
in opposite directions.

Thorax-pelvis relative phase in gait

As described above, in healthy gait, the
relative phase between thorax and pelvis rotations
in the transverse plane shifts from close to in-
phase at low gait speeds to more out-of-phase at
high speeds. Typical examples of this pattern are
shown in Figure 2. At low speeds the thorax
closely follows the pelvis, at a relative phase of
approximately -20 degrees. With increasing speed
the phase lag increases, resulting in a more out-of-
phase coordination pattern, with thorax-pelvis
relative phase typically reaching values around -
140 degrees at 1.5 m/s (Lamoth et al., 2002a).

The first studies on thorax-pelvis relative
phase during gait did not relate the timing of
these segments to the pendular movements of the
arms and legs. Hence, it was not known how
changes in thorax-pelvis relative phase were
related to the gait cycle. Obviously, the legs tend
to move out-of-phase with respect to each other at
all gait speeds. At (very) low gait speed, generally
below 0.5 m/s, the left and right arm tend to move
in-phase, making two complete cycles each stride
cycle (2:1 ratio with the legs) (Donker et al., 2001;
Wagenaar and van Emmerik, 2000). At higher
speeds, the arms tend to move almost out-of-
phase relative to each other and to the ipsilateral
leg (e.g., while the left arm is swinging forward,
the left leg and right arm swing backward)
(Huang et al., 2010).

In healthy subjects, the timing of the
thorax relative to the legs is relatively constant
over walking speeds, with the thorax rotating
almost perfectly out-of-phase with the pendular
movements of the legs (i.e., the right side of the
thorax moves forward when the right leg moves
backward). At low gait speed, the pelvis rotates
more-or-less out-of-phase with the pendular
movements of the legs (approximately -110
degrees at 0.56 m/s), with the pelvis lagging the
legs. When speeding up, pelvis and leg start to
move more in-phase to approximately -50 degrees
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at 1.44 m/s (Bruijn et al., 2008; Huang et al., 2010).
Hence, the change in thorax-pelvis relative phase
as a function of gait speed is associated with a
change in pelvis-leg timing rather than a change
in thorax-leg timing.
Thorax-pelvis relative phase and low
back pain

The first studies that reported altered
thorax-pelvis relative phase during gait in chronic
low back pain measured patients and healthy
controls over a range of walking speeds (Lamoth
et al., 2002b; Selles et al., 2001). Only at relatively
high walking speeds, from 1.06 m/s upward, a
difference was observed in thorax-pelvis relative
phase between groups. At low gait speeds, thorax
and pelvis rotated more-or-less in-phase in both
groups. At higher speeds, the lag in thorax
rotations, resulting in a more out-of-phase
coordination pattern, was larger in healthy
controls than in patients resulting in significantly
more in-phase (or less out-of-phase) thorax-pelvis
relative phase in low back pain patients than
controls (Figure 3). Lamoth et al. (2002b). reported
that at 1.5 m/s, a relatively high walking speed,
the thorax-pelvis relative phase of healthy
subjects was approximately -140 degrees and in
chronic low back pain patients it was
approximately -110 degrees (Figure 3). In most
previous studies on relative timing of thorax and
pelvis rotations pelvis-thorax relative phase
(pelvis timing relative to the thorax) was reported.
Because thorax rotations lag pelvis rotations, the
pelvis appears to be an important driver of thorax
rotations (and not the other way around). Hence,
in this manuscript we choose to report thorax
timing relative to the pelvis by converting all
these values to thorax-pelvis relative phase
(thorax timing relative to the pelvis) by
multiplying these values by -1. In words, at high
walking speeds the axial thorax rotations were
lagging pelvis rotations in both groups, and this
delay was smaller in low back pain patients: a
more in-phase coordination (Selles et al., 2001)..

Although thorax-pelvis relative phase
during gait has been found to be significantly
affected by low back pain in some studies or in
some conditions within studies (Huang et al.,
2011; Lamoth et al., 2006a; Lamoth et al., 2006b;
Lamoth et al, 2002b; Selles et al., 2001), a
considerable variance between subjects (see also
Figure 2), and overlap between low back pain
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patients and controls was present. Moreover,
some studies did not report significant between-
group differences (Prins et al., 2016; Seay et al.,
2011a; Seay et al., 2011b). In addition, we know
from own experience that negative publication
bias has led to not reporting null findings.
Nevertheless, a recent review concluded that the
finding of in-phase coordination is relatively
robust when compared to other aspects of trunk
kinematics in gait that are mostly not different
between patients and controls (Koch and Hansel,
2018). In addition, it is worth noting that more in-
phase thorax-pelvis coordination has been
observed in other pathologies as well, including
Parkinson’s disease (Van Emmerik et al.,, 1999),
stroke (Van Criekinge et al., 2017), cerebral palsy
(Tavernese et al., 2016), pregnancy-related pelvic
girdle pain (Wu et al, 2008a), ankylosing
spondylitis (Mangone et al, 2011), and
transfemoral amputation (Russell Esposito and
Wilken, 2014).

In low back pain patients, the timing of
axial pelvis rotations relative to the pendular
movements of arms and legs is similar to that in
healthy controls (Huang et al., 2011; Prins et al,,
2016). However, unlike in healthy controls, the
timing of thorax rotations relative to the legs
changes with gait speed, towards less out-of-
phase thorax-leg coordination at higher speeds
(Figure 3) (Huang et al., 2011; Prins et al., 2016). In
other words, more in-phase thorax-pelvis relative
phase in low back pain is associated with altered
timing of thorax rotations relative to the gait cycle
as defined by leg movement. Figure 3 depicts this
effect of speed on timing of pelvis rotations
relative to the gait cycle and the effect of
pathology on timing of thorax rotations relative to
the gait cycle.

The relative inconsistency of the literature
regarding differences in thorax-pelvis relative
phase between patients and controls may be due
to the large between-subject variance in this
parameter. Substantial variance between subjects
was already pointed out by Lamoth et al. (2002b),
who reported that about one third of the patients
walked in-phase at all speeds tested (0.33 — 1.50
m/s), about one third showed an effect of speed
on relative phase that was clearly smaller than in
healthy controls and about one third showed a
normal shift towards out-of-phase rotations at
higher speeds. Prins et al (2016) found no
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significant difference in relative phase between
patients and controls walking 1.08 ms/s. In their
controls, thorax-pelvis relative phase was -101 (SD
39) degrees; in their patients, it was -83 (SD 26)
degrees, suggesting similar coefficients of
variation in both groups of about 30-40%. These
findings indicate that less out-of-phase phase
thorax-pelvis coordination at high gait speeds, is
present in some but not all patients, which may be
related to the heterogeneity of motor control
changes in low back pain patients (van Dieén et
al., 2019b). As such, these changes could still be
informative when aiming to identify patients with
(specific) motor control issues to provide more
targeted treatment (van Dieén et al., 2019a).

Dynamical systems approach to

movement coordination

The shift in relative timing of pelvis and
thorax rotations with increasing gait speed first
caught the interest of researchers inspired by
Haken’s (1985) dynamical systems approach
(e.g.Lamoth et al., 2002a; Selles et al., 2001; Van
Emmerik et al., 1999; Wagenaar and Beek, 1992).
This approach aims to phenomenologically model
the behaviour of movement systems, composed of
a large number of interacting neural, vascular,
muscular, and skeletal elements (Beek et al., 1995).
The orderly behaviour of the complex dynamical
system is reflected in its collective variables.
Behaviour of the collective variables emerges
given the values of one or more 'control
parameters'. These affect the number and/or kind
of coordination modes reflected by the collective
variable(s). The dynamical systems approach
attempts to model the system’s dynamics, without
explicit representation of the components of the
system and of the interactions between these
components. Abstract models of the dynamics of
the collective variables allow prediction of
coordinated movement behaviour under varying
conditions. A major impetus to apply the
dynamical systems theory in movement science
was formed by experimental and modelling work
on the coordination of rhythmic finger
movements (Haken et al., 1985; Kelso, 1984; Kelso,
1981). The focus of this work was the transition in
relative timing between two periodically moving
index fingers, induced by increasing movement
frequency. When moving the fingers out-of-phase,
increasing the movement frequency causes a
transition to in-phase movement. A crucial step in

http://www.johk.pl
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modelling is to identify the collective variable(s)
and the control parameter(s) that capture the
behaviour of the system. The hallmarks of a
collective variable are that it shows abrupt
transitions between stable modes of coordination
with a change in what is called an order
parameter and that it shows increased variability
around these transitions. The relative phase of the
finger movements fulfilled these criteria with
movement frequency as the control parameter.
Subsequent modelling work based on these
findings was successful in describing many
features of coordination between fingers, but also
between for example an arm and a leg (Kelso and
Jeka, 1992), and an arm and a visual stimulus
(Byblow et al., 1995), and between leg movements
of two individuals (Schmidt et al., 1990). At first
sight, the shift in relative timing between thorax
and pelvis with increasing gait speed could be
seen as another example of such a phase
transition. If correct, that could provide critical
information on the coordination of gait. But, can
this shift in timing indeed be considered a phase
transition and can the relative phase and gait
speed be considered respectively the collective
variable and control parameter of gait
coordination?

Thorax-pelvis relative phase during gait
has consistently been reported as a function of
gait speed (Huang et al., 2011; Huang et al., 2010;
Lamoth et al., 2002a; Lamoth et al., 2006a; Lamoth
et al., 2002b; Selles et al., 2001; Van Emmerik et al.,
1999; Wagenaar and Beek, 1992). The example of
finger movements described above might,
however, suggest that the related variable stride
frequency is a more likely candidate control
parameter. Since stride frequency generally
increases with speed, the relation between speed
and relative phase could be spurious. Huang et al.
(2010; 2011) manipulated both stride frequency
and gait speed by imposing small, normal and
large steps at three fixed speeds imposed by a
treadmill. In these studies, the expected change in
relative phase with gait speed was confirmed, but
the relationship between stride frequency and
thorax-pelvis coordination was inconsistent. At
each speed, higher stride frequencies (smaller
steps) resulted in more in-phase thorax-pelvis
coordination. At each step length, higher
frequencies (higher speed) resulted in more out-
of-phase thorax pelvis coordination
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(Huang et al., 2011; Huang et al., 2010). These
results indicate that thorax-pelvis relative phase is
more affected by gait speed than stride frequency
(see Figure 2) and hence it makes sense to
consider gait speed as a candidate control
parameter. However, when doing so, the shift in
relative phase between pelvis and thorax rotations
does not fulfil the criteria for a phase transition.
First as was observed already early on (Lamoth et
al., 2002b), the transition in timing occurs
gradually and not abruptly (see Figure 2), which
accidently also applies when analysing relative
phase as a function of stride frequency. This is in
stark contrast with, for example, the changes in
coordination at the transition from walking to
running (Lamoth et al., 2009). In addition, Lamoth
et al. (2002a) showed that no systematic increase
in the variability of the relative phase occurred
around that previous findings reporting such an
increase were likely confounded by not using the
Fourier phase. Other criteria for self-organizing
transitions, the presence of critical slowing down
and hysteresis have to our knowledge also not
been confirmed for the shift in thorax-pelvis
relative phase during gait. These findings indicate
that the relative phase between pelvis and thorax
rotations cannot be considered a collective
variable as defined in Haken’s understanding of
self-organizing transitions. This may explain why
no formal modelling of thorax-pelvis relative
phase within the dynamical systems framework
appears to have been attempted and why in
publications  explanations of the empirical
findings were instead given in terms of the effects
of trunk muscle activity on trunk mechanics.

Biomechanics

The first studies reporting that chronic
low back pain patients demonstrate less out-of-
phase thorax-pelvis coordination at higher
walking speeds (Lamoth et al., 2002b; Selles et al.,
2001) were inspired by findings of the same
phenomenon in some patients with stroke
(Wagenaar and Beek, 1992; Wagenaar and van
Emmerik, 1994) and, more consistently, in
patients with Parkinson’s disease (Wagenaar and
van Emmerik, 1994). Patients with Parkinson’s
disease have difficulty with many functional tasks
involving axial rotation of the trunk (Lakke, 1985).
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Figure 1

Thorax-pelvis relative phase at relatively high walking speed
The figures left from the midline represent realistic thorax-pelvis rotations at a walking speed of + 1.5 m/s. The
figures on the right display the harmonic frequencies of the time-series separated using a Fourier transform (time
domain to frequency domain) and inverse Fourier Transform (harmonic frequency content to time domain).
Upper panel: Time-series of thorax- and pelvis rotations of two complete periods for each signal. The black line with
two circles represents an arbitrary point in time ‘t1’, the black line with two diamonds ‘t2’.
Middle panel: Phase plots of the pelvis (blue) and thorax (red). The angles displayed in the upper panel are now
plotted against the angular velocities of the same signals. The presented phase plots complete two orbits, one per
stride cycle. t1 and t2 from the upper panel are displayed in this panel as well, representing the same points in time.
Note that the left two figures are not perfectly round, which is mainly caused by the higher harmonic frequency
content in the time series (causing a loop in the left and right side of the pelvis phase plot and a dent on the upper and
lower side of the thorax phase plot).
Lower panel: The angle between the phase of the thorax and pelvis at t1 and t2: thorax-pelvis relative phase. Note that
thorax-pelvis relative phase is different between t1 and t2 in the left two figures, which is mainly the result of higher
harmonics, and identical in the right two figures.
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Figure 2
Thorax-pelvis relative phase as a function of gait speed in 5 healthy subjects.

Solid lines represent normal walking, dashed lines represent walking with large steps, i.e. at a lower than normal
stride frequency. Corresponding colors and symbols indicate the same subject. The data illustrate the between-subject
variance in the speed-relative phase relationship and the gradual decrease in relative phase with speed. The fact that
relative phase decreases with speed in spite of the concomitant increase in stride frequency and the consistency of the
relationships between normal and large steps in the same subjects indicate that gait speed affects the relative-phase
more than stride frequency. Data from (Liang et al., 2014).
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Figure 3
Relative timing of thorax and pelvis rotations and arm and leg swing during
slow and fast walking in low back pain patients and healthy controls.

The first harmonic frequency content of each time series is displayed. The timing of most displayed signals is similar
between low back pain patients and healthy controls. Hence, the pelvis, arms and legs are represented by single lines
in both plots, as is the thorax in the upper plot. In the lower plot, the thorax of low back pain patients is represented
by a dotted line. At low gait speed, thorax and pelvis rotate more-or-less out-of-phase with the pendular movements of
the legs. At high gait speed the timing of the pelvis becomes more in-phase with the legs. In healthy controls, the
timing of thorax rotations relative to the legs is relatively constant. In low back pain patients, the timing of thorax
rotations shifts towards more in-phase with the legs with increasing gait speed, resulting in less out-of-phase thorax-
pelvis coordination compared to healthy controls.

HS = Heel Strike
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Figure 4
Forward dynamic models of the trunk that have been used to gain insight in mechanisms
that affect thorax-pelvis coordination during gait.

Left: Two forward dynamic second order linear models that predict time series of thorax rotations from pelvis
rotations, trunk stiffness and damping and shoulder reaction forces. Right: The frequency response function of each
model when provided with actual gait data (black) compared to the actual frequency response function of the provided
data (gray). Thorax-pelvis relative phase as defined in this review relates to the phase of the frequency response
function at the first harmonic frequency (i.e., the stride frequency), indicated with an ‘X’ in each figure. The arms
have a significant effect on thorax-pelvis relative phase, particularly at the first harmonic frequency. Hence, a second
order linear model without the driving force of the arms does not appear a valid model of thorax-pelvis coordination
during gait.
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Figure 5

Effects of five mechanisms affecting thorax-pelvis relative phase during gait,
predicted by a forward dynamic model.
Each figure displays the mean thorax-pelvis relative phase (vertical y-axis) of 30 subjects for different values of each
of the five control parameters. Error bars indicate standard deviations. In the left four figures, the values at 100% on
the x-axis correspond to actual experimental values of that parameter. Increasing stride frequency with a constant
amplitude of arm swing, would increase shoulder reaction forces, which increases the effect on thorax-pelvis timing
(‘Realistic Arm Moment’) compared to a simulation where this effect is neglected (‘Constant Arm Moment’). In the
right figure, the lag of O degrees indicates the average experimental timing of arm swing relative to the pelvis,
negative phase shifts indicate a shift of arm swing timing relative to the experimental pelvis rotations, resulting in
more in-phase movement relative to the pelvis. Details about the methods resulting in this figure are described in the

During these tasks, they rotate the thorax
and pelvis simultaneously, i.e, more ‘en bloc’
(Hulbert et al., 2015), which could be related to
increased axial trunk stiffness (Wagenaar and van
Emmerik, 1994). Also, in the studies on chronic
low back pain, increased axial trunk stiffness was
suggested as a possible cause for altered thorax-
pelvis timing. However, rather than a symptom,
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this was suggested to be a local adaptation
described as protective guarding or splinting
(Lamoth et al., 2002b; Selles et al., 2001). While not
in contradiction with the dynamical systems
theory, these explanations attempt to attribute
changes in coordination to specific components of
the underlying system and do so in explicit
mechanical terminology. In the next section, we
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will review mechanisms that may cause changes
in thorax-pelvis relative phase.

Mechanisms that may underlie the more
in-phase thorax-pelvis coordination in patients
with low back pain as compared to healthy
controls have been addressed in observational
studies, by experimental manipulations of
potential mechanisms, and finally in modelling
studies. These studies will be reviewed in the
subsequent subsections.

Observational studies

Observational studies have helped to identify
possible mechanisms for more in-phase thorax-
pelvis relative phase during gait. In a systematic
review describing six case-control studies that
measured electromyography of trunk muscles
during speed-controlled gait, a higher erector
spinae activity in low back pain patients was
reported (Ghamkhar and Kahlaee, 2015). These
conclusions should be interpreted with caution
because electromyographical signals are difficult
to relate to actual muscle activity and/or
generated force (Staudenmann et al, 2010)
especially if contractions are painful (Graven-
Nielsen et al., 2002), although the effect of pain on
trunk muscle activation appears to be limited in
low back pain (Ng et al., 2002a; Ng et al., 2002b).
Among the studies reviewed (Ghamkhar and
Kahlaee, 2015), only one reported thorax-pelvis
relative phase and found more in-phase
coordination at higher gait speeds in low back
pain (Lamoth et al.,, 2006b). However, in this
study, the shapes of the EMG patterns and not
their amplitudes were assessed. Overall, the
review results (Ghamkhar and Kahlaee, 2015)
indicate that increased trunk muscle activity may
be present in patients with low back pain. This
would likely result in increased trunk stiffness in
these patients (Cholewicki et al., 1999; Gardner-
Morse and Stokes, 1998; Gardner-Morse and
Stokes, 2001), which could be a cause of the more
in-phase coordination.

Wu et al. (Wu et al., 2008b) observed that
patients with pelvic girdle pain walked with
larger axial pelvis rotations than healthy controls
and Huang et al. (2011) found similar results in
patients with lumbar disc herniation. Like chronic
low back pain patients, both these patient groups
walked less out-of-phase at higher speed
compared to healthy controls (Wu et al., 2008a),
although in patients with lumbar disc herniation
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this was significant only when walking with large
steps (Huang et al., 2011). Also, Prins et al. (2016)
reported an association between less out-of-phase
thorax-pelvis coordination in chronic low back
pain patients and larger pelvis amplitudes.
Although the pathologies are different, these
findings might point at a common mechanism.
Finally, low back pain patients have been
reported to walk with a higher stride frequency at
a given speed in multiple studies (Lamoth et al.,
2006a; Vogt et al., 2001). Only one of these studies
reported thorax-pelvis relative phase (Lamoth et
al., 2006a), which was less out-of-phase in patients
than in controls, possibly suggesting a causal
relation of stride frequency with thorax-pelvis
relative phase.
Experimental studies
Although observations can help to identify
possible mechanisms that result in more in-phase
thorax-pelvis
manipulation can provide more insight into the
causality of the relationship between these
outcomes. To evaluate if increased axial trunk
stiffness would result in more in-phase thorax-
pelvis coordination, Wu et al. (2014) studied the
effect of voluntary abdominal co-contraction and
of an orthopaedic abdominal brace during gait in
healthy volunteers. The abdominal brace did
result in  more

coordination, experimental

in-phase
coordination, as observed in low back pain
patients. However the timing of pelvis rotations
relative to the legs changed, and the rotational
amplitude of the trunk decreased, which both are
in contrast with observations in patients (Huang
et al., 2011; Lamoth et al., 2002b; Prins et al., 2016).
These results would suggest that although
increased trunk stiffness does affect thorax-pelvis
relative phase, this might not be the mechanism
causing more in-phase rotations in low back pain
patients. Moreover, in a study in which axial
perturbations of the spine were imposed during
gait, no significant difference in the effect of these
perturbations was observed between low back
pain patients and controls (Prins et al., 2016). This
also held for those patients who showed more in-
phase thorax-pelvis coordination, which suggests
that trunk stiffness did not cause the change in
coordination.

Prins et al. (2019b) manipulated the
amplitude of pelvis rotations during gait of
healthy subjects by asking them to walk with

thorax-pelvis
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small, normal and large pelvis rotations at fixed
speed and a metronome-imposed stride
frequency. Walking with large pelvis rotations
resulted in more in-phase thorax-pelvis
coordination, hence, the relation between large
pelvis rotations and in-phase pelvis thorax
coordination in patients with chronic low back
pain could be causal.

As discussed in section 5, stride frequency
was manipulated in low back pain patients and
healthy controls by Huang et al. (2011; 2010) by
imposing small, normal and large steps at fixed
gait speeds. In these studies, a higher stride
frequency (small steps) resulted in more in-phase
thorax-pelvis coordination (Huang et al., 2011;
Huang et al,, 2010), with a larger effect in low
back pain patients. This could indicate that a
higher stride frequency contributes to the in-
phase thorax-pelvis coordination in patients with
chronic low back pain (Huang et al., 2011).
Modelling studies
The relation between thorax-pelvis relative phase
and stride frequency (i.e., more in-phase with
higher frequency) observed in the studies of
Huang et al. (2011; 2010) was opposite to what
was to be expected from second order linear
dynamics (i.e. more out-of-phase at higher
frequencies) [36]. Huang et al. (2010), therefore,
stated that the rotations of the thorax relative to
the pelvis are actively driven, and not determined
by the passive dynamics of the system. A passive
second order model of the trunk would consist of
two rigid segments (thorax and pelvis), connected
by a torsion spring and a damper (Figure 4). If the
rotation of one segment is imposed in such a
system, the phase of the other segment will lag
the driving segment. Because thorax rotations lag
pelvis rotations, the pelvis would appear to drive
thorax rotations during gait. The thorax-pelvis
relative phase would then depend on (1) trunk
stiffness, becoming more in-phase with higher
stiffness, and (2) the frequency of the pelvis
rotation (i.e., the stride frequency), becoming
more out-of-phase with increasing frequency, in
contrast to what Huang et al. (2011, 2010)
observed experimentally. Although second order
linear models have been used for the mechanical
behaviour of the spine in gait studies (Kubo et al.,
2006; Prins et al., 2019a), there are two issues that,
combined, complicate the interpretations. First,
the arms exert a considerable pull on the thorax
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via the reaction forces in the shoulders (Bruijn et
al., 2008; Ford et al., 2007). If arm swing is added
to the model, this would affect its behaviour. This
could through associations with arm swing
amplitude result in an unexpected effect of stride
frequency, and also introduce new thorax-pelvis
control parameters, such as pelvis amplitude, that
would have no effect on thorax-pelvis relative
phase in a second order linear system. Second, the
experimental manipulation of step length by
Huang et al. (Huang et al., 2011; Huang et al,,
2010) affected the frequencies, amplitudes and
timing of both axial pelvis rotations and arm
swing. If these parameters affect thorax rotations,
the effect of the frequency of pelvis rotations
might be reduced or even inverted. To provide
more insight in the effect of each parameter
individually, computer simulation can be used as
this enables independent manipulation of each
parameter.

In two studies by Prins et al. (2019a;
2019b), a forward dynamic model was introduced
to predict the effect of multiple gait parameters on
thorax-pelvis relative phase. The model consisted
of the passive spring-damper-mass system as
described above, with the addition of shoulder
reaction forces. Empirically observed pelvis
rotations and shoulder reaction forces were
imposed on the model, which then predicted time
series of thorax rotations. The stiffness and
damping of the trunk were estimated using an
iterative process (see Prins et al. (2019a)), after
which the isolated effect of individual parameters,
such as trunk stiffness, could be simulated. The
addition of shoulder reaction forces clearly
affected the dynamics of the system, compared to
a second order system (Figure 4). While the
addition of shoulder reaction forces made the
model fit the experimental data much better than
a second-order linear model without shoulder
forces, deviations between modelled and actual
behaviour suggest that trunk muscle activity
affects thorax rotations in addition to the
dynamics modelled.

In the first study (Prins et al., 2019a), it
was reported that increased axial trunk stiffness
results in more in-phase thorax-pelvis
coordination, as expected. However, observed
thorax-pelvis relative phase was not predictive of
model-based estimates of axial trunk stiffness in a
cohort of low back pain patients and healthy
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controls obtained from an earlier study (Prins et
al., 2016). Thus, although trunk stiffness affects
thorax-pelvis relative phase, it does not appear to
be the cause of altered thorax-pelvis relative
phase in patients with low back pain. This could
partially be explained by arm swing amplitude:
the model showed that axial trunk stiffness and
arm swing amplitude have opposite effects on
thorax-pelvis relative phase (larger arm swing
amplitude, more out-of-phase coordination).
Model-based estimates of trunk stiffness and
experimentally obtained shoulder reaction forces
were found to be positively correlated thus
counteracting each other’s effect on thorax-pelvis
relative phase.

Surprisingly, in the study in which pelvis
amplitude was manipulated during gait (Prins et
al., 2019b), axial trunk stiffness was lower in the
condition in which subjects walked with large
pelvis amplitudes. In that condition, more in-
phase thorax-pelvis coordination was observed
compared to normal walking, although
simulations predicted that a reduction in stiffness
would result in more out-of-phase thorax-pelvis
coordination (Prins et al., 2019a). It appears that
again two opposing mechanisms were at work
simultaneously: (1) increased pelvis ROM results
in more in-phase thorax-pelvis coordination and
(2) lower apparent trunk stiffness results in more
out-of-phase thorax-pelvis
Apparently, the effect of increased pelvis ROM
was larger than that of reduced stiffness, resulting
in a net shift towards more in-phase thorax-pelvis
coordination. In line with this interpretation, a
forward dynamic simulation of walking with a
larger pelvis amplitude without altering axial
trunk stiffness had an even larger effect on thorax-
pelvis relative phase than observed in the
experiment (Prins et al., 2019b).

The independent effects of stride
frequency and timing of axial pelvis rotations
have been simulated for this review using data
from Prins et al. (2016), see Appendix. In contrast
to the findings of Huang et al. (2011; 2010), higher
stride frequency was predicted to result in more
out-of-phase thorax-pelvis coordination. The
modelled effect of stride frequency on thorax-
pelvis coordination was partially caused by the
arms. If arm swing amplitude is kept constant
with increasing stride frequency, the accelerations
of the arms increase, resulting in larger reaction

coordination.
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forces in the shoulders. If the reaction forces in the
shoulders are kept constant, higher stride
frequency still results in more out-of-phase
thorax-pelvis relative phase, although this effect is
smaller than in a situation with the more realistic
effect of arm swing (Figure 5).

Conclusions

Thorax-pelvis relative phase at high gait speeds
has been found to be more in-phase in some low
back pain patients compared to healthy controls
but not in all. This finding was initially made in
studies motivated by the dynamical systems
theory that considered this relative phase as a
potential collective variable representing the
orderly behavior of the complex motor control
system. However, it was found that thorax-pelvis
relative phase cannot usefully be considered a
collective variable. Nevertheless, the empirical
finding of more in-phase coordination was fairly
robust, albeit with large between-subject variance,
certainly when compared to other aspects of trunk
kinematics that are mostly not different between
patients and controls (Koch and Hansel, 2018).
Subsequent emphasis in the literature therefore
shifted from a motivation based on the dynamical
systems approach to one based on biomechanics.
The change in relative phase was linked to
changes specifically in trunk stiffness. We found
that thorax-pelvis relative phase is affected by
several interacting factors, making it a poor proxy
of all of these factors including trunk stiffness.
More specifically, the findings presented in this
review suggest that pelvis rotations and arm
swing are significant drivers of thorax rotations.
At high gait speed, the arms and pelvis move out-
of-phase, causing these drivers to pull the timing
of thorax rotations in opposite directions. The
timing of thorax rotations shifts towards the
timing of a given driver if:

- The amount of force that driver exerts on the
thorax increases. This can be caused by
increased movement amplitudes of the pelvis
or arms, or, for the pelvis, by an increased
axial trunk stiffness.

- The relative phase between the two drivers
becomes smaller (i.e., arm-pelvis relative
phase towards zero): when the arms and
pelvis move more or less in-phase, thorax
timing will be similar to that of these
segments (i.e., in-phase with pelvis and
arms), when the arms and pelvis are out-of-
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phase, thorax timing will be between that of
the pelvis and that of the arms.
The combined observations of higher stride
frequency and more in-phase thorax-pelvis
coordination (Huang et al., 2010; Lamoth et al.,
2006a) might have indirect causes through these
mechanisms.

Although recent studies have provided
more insight in the potential causes of more in-
phase thorax-pelvis coordination in low back
pain, research questions have shifted rather than
that the problem of altered thorax-pelvis
coordination during gait has been solved. It seems
unlikely that altered trunk coordination as seen in
patients with low back pain is the result of
splinting or guarding against lumbar movement.
Walking with large pelvis rotations appears to be
a more likely cause for more in-phase thorax-
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pelvis coordination in this group. However, the
cause or goal of these large pelvis rotations is
unknown. Possibly, altered timing or amplitude
of hip muscle activation plays a role (Vogt et al.,
2001), or flexibility of passive elastic tissues of the
hip joint (Hines et al., 2018). The higher stride
frequency observed in patients (Lamoth et al.,
2006a; Vogt et al., 2001) may also contribute to the
more in-phase coordination. In conclusion,
thorax-pelvis relative phase cannot be considered
as a collective variable reflecting the orderly
behaviour of a complex underlying system, nor is
it a marker of specific changes in trunk
biomechanics. The fact that it is affected by
multiple factors could be the cause of considerable
between-subject variance of this measure in low
back pain patients and healthy controls alike.
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Appendix

A forward dynamic model was used to evaluate the effects of axial trunk stiffness, arm swing
amplitude, pelvis amplitude, stride frequency and timing of pelvis rotations relative to the arms on thorax-
pelvis relative phase during gait. The details of the model are described in Prins et al. (2019a). In brief, the
model predicts axial (around L5S1) thorax rotations from observed axial pelvis rotations, shoulder reaction
forces and thorax inertia. Axial trunk stiffness and damping are estimated using an optimization procedure
that minimizes the root mean square error between predicted and observed axial thorax rotations.
Experimental data of 15 low back pain patients and 15 healthy controls that walked on a treadmill at 4
(km/h) were used. Details of the experimental procedure are described in Prins et al. (2016).

After estimating the apparent axial trunk stiffness and damping of each subject with the
corresponding modelled time series of thorax rotations, the effects of the aforementioned parameters on
thorax-pelvis relative phase was assessed. To this aim, simulations were run after multiplication of these
parameters by factors of 0.5, 0.75, 1.25 and 1.5., assuming that the differences in obtained time series of axial
thorax rotations would reflect the effects of these parameters on thorax-pelvis coordination. Increasing stride
frequency while keeping arm swing amplitude constant, would increase shoulder reaction forces in the
shoulder. When stride frequency was multiplied by a factor B, shoulder reaction forces were multiplied by a
factor B2 (because if f(t) = sin(Bt), then f”’(t) = -B2cos(Bt)). To evaluate the contribution of this effect of arm
swing, simulations were run with unaltered shoulder reaction forces as well. The effects of these
manipulations on thorax-pelvis coordination were quantified by calculating the phase of the frequency
response function from pelvis to thorax rotations at the stride frequency. The stride frequency was
determined as the local peak in the power spectrum of the pelvis rotations closest to 1 (Hz).

The effects of arm swing, axial trunk stiffness and pelvis amplitude were evaluated in a similar
manner in previous research (Prins et al., 2019a; Prins et al., 2019b), while the effect of stride frequency and
arm-pelvis relative phase had not been assessed before.
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