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Abstract 

Background  

During steady-state locomotion, symptomatic individuals with low back pain 

demonstrate reduced ability to modulate coordination between the trunk and the pelvis in 

the axial plane. It is unclear if this is also true during functional locomotor perturbations 

such as changing direction, or if this change in coordination adaptability persists between 

symptomatic episodes. The purpose of this study was to compare trunk-pelvis 

coordination during walking turns in healthy individuals and asymptomatic individuals 

with a history of low back pain.  

Methods 

Participants performed multiple ipsilateral turns. Axial plane inter-segmental 

coordination and stride-to-stride coordination variability were quantified using the vector 

coding technique. Frequency of coordination mode and amplitude of coordination 

variability was compared between groups using Wilcoxon signed-ranks tests and paired t-

tests respectively. 

Findings 

During stance phase of the turn, there was no significant difference in either inter-

segmental coordination or coordination variability between groups. Inter-segmental 

coordination between the trunk and the pelvis was predominantly inphase during this part 

of the turn. During swing phase, patterns of coordination were more diversified, and 

individuals with a history of low back pain had significantly greater trunk phase 

coordination than healthy controls. Coordination variability was the same in both groups.  
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Interpretation  

Changes in trunk-pelvis coordination are evident between symptomatic episodes 

in individuals with a history of low back pain. However, previously demonstrated 

decreases in coordination variability were not found between symptomatic episodes in 

individuals with recurrent low back pain and therefore may represent a response to 

concurrent pain rather than a persistent change in motor control. 

 

 

 

Keywords 

Walking turns, trunk, pelvis, coordination, low back pain 
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1. Introduction 

Dynamic control of the trunk is altered in association with low back pain (LBP).
  

This is evident during locomotion, despite the fact that walking is not usually a pain-

provoking activity in individuals with LBP. In particular, existing research suggests that 

individuals with persistent low back pain are less able to modulate phase relations, or 

inter-segmental coordination, between the trunk and the pelvis than healthy individuals.   

Normal trunk-pelvis inter-segmental coordination in the axial plane is 

characterized by a progressive modulation from primarily inphase to primarily antiphase 

coordination as locomotor speed increases
1,2,3

. Antiphase coordination may be important 

to aid fast locomotion by generating elastic recoil between the thorax and the pelvis
4
, and 

to helping to produce arm-swing, which in turn counteracts angular momentum from the 

lower limbs
5-7

. While inter-segmental coordination is not affected by acute experimental 

LBP, persons with ongoing, persistent LBP demonstrate reduced ability to transition to 

antiphase coordination with increasing locomotor speed compared with healthy 

individuals
8-10

. In one study, this reduction in antiphase coordination was correlated 

with pain intensity
1
. Impaired antiphase coordination may contribute to the 

decreased walking speed and reduced step length that is evident in individuals with 

low back pain 
9,11,12

. Increased inphase inter-segmental coordination during running is 

also evident after the resolution of a first episode of LBP
13

. Symptomatic individuals with 

persistent LBP also have significantly reduced stride-to-stride coordination variability 

between the trunk and the pelvis
8,9

. This loss of motor variability may impair 
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maintenance of postural stability under changing environmental constraints
14

 and may 

impede normal adaptation of the mode of coordination as locomotor speed changes
11

.  

However, it is unclear if altered coordination is also evident in individuals with 

persistent but intermittent LBP (recurrent LBP) when they are between symptomatic 

episodes. Therefore it has not been determined if this adaptation is directly related to 

symptoms or represents a persistent change in motor control independent of pain. In order 

to understand the development and persistence of LBP, and to identify appropriate 

interventions, it is vital to understand how changes in trunk postural control evolve over 

time. In part this can be ascertained by investigating individuals with recurrent LBP 

during the periods of time when they are asymptomatic
15

. 

To our knowledge, trunk-pelvis inter-segmental coordination has previously only 

been studied during treadmill walking and running
7,8,13,16

. Therefore it is unclear how 

coordination is modulated during locomotor perturbations that are embedded within the 

locomotor cycle. One such locomotor perturbation is a change in direction, or walking 

turn. Walking turns are made either ipsilateral or contralateral to the turning stance limb. 

The change in direction during ipsilateral turns is accomplished either with a pivot on the 

stance foot during the stance phase of the turn (ipsilateral pivot turn), or with a two-step 

strategy (ipsilateral crossover turn)
17

. As ipsilateral pivot turns are associated with greater 

axial angular velocity in the trunk and pelvis, and greater horizontal displacement of the 

center of mass in comparison with steady-state locomotion
18,19

, they also likely require 

more rapid and complex modulation of trunk-pelvis coordination.  

The purpose of this study was to compare the pattern and stride-to-stride 

variability of axial plane inter-segmental coordination between the trunk and the pelvis 
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during anticipated 90° ipsilateral walking turns in young healthy individuals and 

asymptomatic individuals with a history of recurrent LBP. We hypothesized that 

compared with healthy individuals, asymptomatic individuals with a history of recurrent 

LBP would demonstrate increased inphase coordination, and decreased coordination 

variability during both the stance and swing phases of the turn.  

2. Methods 

2.1 Participants 

Twenty-nine young adults between the ages of 22 and 31 years participated in the 

study (12 males, 17 females). They were recruited via study flyers and word of mouth. 

Participants in the control group (CTRL) were individually matched to participants with 

recurrent LBP (RLBP group) by sex, age (within five years), height in m (within 10 %), 

weight in kg (within 10 %) and activity level in metabolic equivalents (METS, within 15 

%; Table 1). As one female participant in the RLBP group did not complete the data 

collection, only the remaining fourteen participants with a history of recurrent LBP were 

matched to control participants. A priori power analyses of preliminary data collected in 

our laboratory indicated that a minimum total sample size of twenty (ten per group) 

would be adequate to determine a statistically significant difference between groups for 

coordination variability at a power of  = 0.8 and statistical significance of  = 0.05. The 

Institutional Review Board of the University of Southern California approved the 

procedures in the study. Participants gave written informed consent after a full 

explanation of the study procedures and the potential benefits and risks of participating.  

Participants were eligible for inclusion in the RLBP group if they were between 

18 and 40 years of age with greater than one-year history of recurrent episodes of LBP, 
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without evidence of significant spinal structural deformity or radiculopathy. The pain had 

to be primarily unilateral and localized to the area between the twelfth rib and the gluteal 

fold. Participants had to report at least two functionally-limiting episodes of pain in the 

preceding year
20

. At the time of data collection, all individuals in the RLBP group were 

in symptom remission (defined as a score of less than 0.5/10 cm on a visual analogue 

scale for current pain). Participants were eligible for inclusion in the control group if they 

could be individually matched to a participant in the RLBP group as previously described 

and did not have any history of LBP requiring modification of activity or medical care. 

Disability due to LBP was quantified using the modified Oswestry Disability Index 

(ODI
21

) and all participants completed a baseline visual analogue scale for current pain 

(VAS
22

).  

2.2 Instrumentation 

Kinematic data were collected using an 11-camera digital motion capture system 

sampling at a frequency of 200 Hz (Qualisys AB, Gothenburg, Sweden). 14 mm retro-

reflective markers were attached to anatomical landmarks to define body segments and 

joint axes. Rigid kinematic models of the pelvis and trunk were tracked using individual 

markers bilaterally on the anterior superior iliac spines, iliac crests and on the L5/S1 disc 

space (pelvis) and a rigid triad of markers over the spinous process of T3 (trunk) 
23-25

. 

The custom-made spinal marker triad was validated by static comparison with known 

angular rotations in all planes and dynamically by comparison with an existing marker 

set. A five-second standing calibration trial was collected for each participant to establish 

local segment coordinate systems relative to the global laboratory coordinate system.  
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Wireless force-sensitive resistor foot switches were attached bilaterally to the sole 

of participants’ shoes under the lateral heel and the first metatarsophalangeal joint 

(TeleMyo DTS Telemetry, Noraxon USA Inc, Scottsdale, USA, response time 2 ms). 

After the foot switches were attached to the shoes, tape was applied to the sole in order to 

ensure similar coefficients of friction at the shoe/floor interface for all participants. Foot 

switch data were transmitted via a wireless receiver (3000 Hz TeleMyo DTS Telemetry, 

Noraxon USA Inc, Scottsdale, USA) and synchronized with the kinematic data using 

photoelectric triggers (Qualisys Track Manager v2.6, Qualisys AB, Gothenburg, 

Sweden). Participants were also instrumented with intramuscular electromyography 

electrodes in the paraspinal musculature. Results from these data are reported 

elsewhere
26

. 

2.3 Experimental task 

 Each locomotor trial consisted of three laps of a walking circuit. The circuit 

required both straight locomotion and a series of turns. Average speed was controlled at 

1.5 m/s (plus or minus 5 %). In each repetition of the circuit, the first turn was made by 

stepping into an outlined 70 cm
 
by 70 cm area with the foot ipsilateral to the turn 

direction (hereafter referred to as the “turn limb”) and turning briskly 90 to the 

ipsilateral side (Figure 1). Cones outlined the turning area. All participants spontaneously 

used a pivot strategy to complete the turn, with the change in direction being 

accomplished by a pivot on the turn limb
17

. Each participant practiced the circuit until 

they were consistently able to achieve the correct average speed and foot placement. At 

least seven successful trials of the circuit were collected for each participant, resulting in 

a total of at least 21 ipsilateral pivot turns in the defined turning area for analysis. 
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Preliminary data indicated minimal differences in kinematic variables with 

different turn directions. Therefore, for consistency each RLBP participant and 

their matched CTRL turned in the opposite direction to their symptomatic side (for 

example, an individual with pain on the left side, and her matched CTRL both 

turned toward the right).  

2.4 Data processing 

Between 15 and 21 trials were analyzed for each participant. Although there is 

little consensus regarding the minimum number of trials that are required for stable 

estimates of coordination and variability
27-30

, preliminary data indicated that analysis of at 

least 15 trials resulted in the most stable estimates of the primary variables.  

Kinematic data were first processed using Visual3D™ software (C-Motion Inc., 

MD, USA). Marker trajectories were low-pass filtered with a 10 Hz recursive fourth 

order Butterworth filter. This frequency was supported by published data and by analysis 

of the frequency spectrum of preliminary data
31

. The stride cycle, stance phase and swing 

phase of each ipsilateral pivot turn were determined using the voltage signals of the foot 

switches and confirmed with a visual check of the horizontal velocity of the distal heel 

marker. Local coordinate systems for the segments were determined from the static 

calibration trial and then segment rotations were calculated across the turn stride cycle 

using Cardan angles and a rotation order of XYZ (flexion/extension; 

abduction/adduction; axial rotation)
32

. The alignment of the trunk segment was 

normalized to the static standing trial to account for individual postural alignment
23

. For 

each stride cycle, pelvic and total trunk motion in the axial plane relative to the global 
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coordinate system were calculated and time-normalized to 100%
33

. Data were then 

exported to MATLAB
®
 for additional processing (MathWorks, MA, USA).  

2.5 Data analysis 

Inter-segmental coordination between the trunk and the pelvis in the axial plane 

was quantified using the vector coding technique.  Of the several available methods for 

quantifying inter-segmental coordination, the vector coding approach is the most 

appropriate for analyzing walking turns. Unlike other methods, its interpretation is not 

reliant on an assumption of sinusoidal kinematic trajectories and it does not require 

amplitude normalization of the motion data
34,35

. In addition, vector coding facilitates a 

continuous assessment of time-varying coordination across the time-series of the task and 

the relative predominance of motion in one segment or the other
33

 

Vector coding is based on methods originally described by Sparrow et al.,
36

 to 

quantify and compare coordination behavior between two segments or joints using a 

coupling angle. The coupling angle can be visualized as the angle from the right 

horizontal of a vector connecting two consecutive data points on an angle-angle plot of 

the motion of two segments of interest
36,37

. The coupling angle is calculated for each 

successive interval in the time series. The coordination mode between the trunk and the 

pelvis is then defined using 45-degree bin widths
13,25,27,33,37,38

. Coupling angles between 

22.5 and 67.5/202.5 and 247.5 denote inphase coordination (trunk and pelvis rotating in 

the same direction at the same time). Coupling angles between 112.5 and 157.5/292.5 and 

337.5 denote antiphase coordination (trunk and pelvis rotating in opposite directions at 

the same time). Coupling angles between 0 and 22.5, 157.5 and 202.5 and 337 and 360 
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indicate pelvic phase (predominantly motion of the pelvis) and coupling angles between 

67.5 and 112.5/247.5 and 292.5 indicate trunk phase (predominantly motion of the trunk).   

Mean coupling angle and the variability of inter-segmental coordination across 

repeated trials by each participant were calculated using circular statistics
33,37,38

. Circular 

statistics provide measures of central tendency and variance for directional or 

circular data, including angular measures, where there is no true zero. The 

frequency that each coordination mode occurred as a percentage of the total coordination 

was then calculated for the entire stride cycle and for the stance and swing phases of the 

stride cycle for each individual. The variability of the coordination was also calculated 

using the angular deviation of the mean coupling angle at each time interval in the time 

series
34,37

 and the mean angular deviation across the stride cycle, stance phase and swing 

phase was calculated for each individual.  

In addition, the test-retest reliability and between-day standard error of the 

measurement (SEM) of the primary variables was calculated by performing the same data 

collection twice on four healthy individuals, at least three days apart. Intra-class 

correlation coefficients (ICC [3,15]) were calculated for the frequency of each mode of 

coordination and mean angular deviation and the SEM was calculated as SEM = 

        where s is the standard deviation. 

2.6 Statistical analysis 

Data were screened for normality of distribution, homoscedasticity and outliers
39

. 

For parametric data, differences in dependent variables between groups were compared 

using paired t-tests. For non-parametric data, differences between groups were compared 
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using Wilcoxon signed rank tests. To correct for multiple planned comparisons a 

Bonferroni correction was used for each hypothesis, with level of significance set at α = 

.01 (.05/5 comparisons). Effect sizes for parametric data were calculated using Cohen’s d, 

with .8 indicating a large effect size, .5 a medium effect size and .2 a small effect size. 

Effect sizes for non-parametric data were calculated using Cohen’s r with .5 indicating a 

large effect size, .3 a medium effect size and .1 a small effect size
40

. All statistical 

analyses were performed using PASW Statistics (Version 18, IBM Corp., Armonk, NY). 

3. Results  

3.1 Participant characteristics 

 Participant characteristics are shown in Table 1. Individuals in the RLBP reported 

a median (interquartile range) of 5.8 (4.2) years of back pain, but were minimally 

disabled by their symptoms (median (interquartile range) ODI score 18 (15) %.) 

3.2 Standard error of the measurement 

Test-retest reliability for frequency of each mode of coordination and mean 

coordination variability across the stride cycle of the walking turn was generally excellent 

(Table 2).  

3.3 Axial plane inter-segmental coordination 

During stance phase, there was no significant difference in the percentage of any 

coordination mode utilized by each group (Table 3).  Stance was characterized in both 

groups by predominantly inphase coordination (Figure 2). Just prior to toe-off of the 

stance limb, coordination became primarily trunk phase. (Figure 2
33

). During swing 

phase, individuals with a history of LBP had significantly greater trunk phase 

coordination than healthy controls (p = .009, r = .49; Figures 2 & 3, Table 3). This was 
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accompanied by a reduction in inphase and pelvic-phase coordination in individuals with 

RLBP, although these group differences did not achieve statistical significance (Table 3). 

In both groups, the percentage of inphase coordination was lower during swing compared 

with stance whereas the percentage of antiphase, pelvic and trunk coordination increased. 

The first half of swing was dominated by trunk phase coordination. Towards the end of 

swing phase the pattern of relative motion then transitioned into antiphase coordination as 

the trunk rotated opposite to the pelvis and swing limb.  

3.4 Coordination variability 

There was no significant difference between groups for mean coordination 

variability across either the stance and swing phases of the turn (mean (SD) stance RLBP 

8.51 (2.42)°, CTRL 7.26 (1.95)°, p = .176, d = 0.56; swing RLBP 24.89 (9.93)°, CTRL 

22.20 (6.88)°, p = .407, d = 0.31). In all individuals, inter-segmental coordination 

variability between the trunk and the pelvis was lower during stance than during swing 

(Figure 2).  

4. Discussion 

The purpose of this study was to examine the modulation of trunk-pelvis 

coordination in the axial plane during walking turns in individuals with and without a 

history of LBP. We hypothesized that individuals with a history of LBP would 

demonstrate more inphase coordination and reduced coordination variability, suggestive 

of reduced adaptability of coordination, in comparison with healthy controls.  

During the stance phase of the turn, inter-segmental coordination did not differ 

between groups. However, during swing, the percentage of trunk phase coordination was 

significantly larger in the RLBP group than in the CTRL group. Inspection of the single 
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segment kinematic trajectories (Figure 2) indicates that the trunk continues to rotate into 

the direction of the turn through stance and into swing phase. This may be necessary to 

complete the reorientation of the body within a single stride cycle. In healthy individuals, 

pelvic motion is characterized by rapid rotation during stance, with an initial further 

oscillation of the pelvis into the direction of the turn during the first half of swing 

followed by rotation in the opposite direction as the turn limb swings forward prior to its 

second initial contact. The individuals with a history of LBP had smaller amplitude of 

pelvic motion during the early swing phase, resulting in relatively greater trunk phase 

coordination. While the RLBP group rotated the trunk sufficiently to complete the 

reorientation, and could therefore successfully perform the turn, they may have had 

difficulty dissociating the trunk and pelvis adequately to allow for rapid, oscillatory 

pelvic rotation to occur at the same time. This is consistent with the previous studies 

investigating both locomotion and other motor tasks that have indicated reduced trunk-

pelvis dissociation in symptomatic individuals with LBP
41

. This may be due to increased 

trunk stiffness
4,42

. An advantage of vector coding analysis is that it not only quantifies 

if the motion of two segments is in the same direction, but also if motion is primarily 

occurring in one rather than both segments. In comparison, other common methods of 

quantifying coordination such as continuous relative phase or continuous relative Fourier 

phase only determine if the coordination mode is primarily inphase or antiphase.  

This study did not find decreased coordination variability in participants with 

history of recurrent LBP. This is in contrast with previous studies investigating 

symptomatic individuals with chronic LBP
9,11,42

. Seay et al.,
3
 also reported no difference 

in coordination variability in the axial plane during steady-state locomotion in a sample 
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of individuals who had fully recovered from a single bout of LBP. However, in that 

study, group differences were evident during running. This suggests that during tasks 

with greater mechanical demand than steady-state locomotion or turning, changes in 

inter-segmental coordination variability may persist even after the resolution of 

symptoms. Although ipsilateral pivot turns exert a greater postural demand on the trunk 

than steady-state locomotion, it may be that this task is still not sufficiently demanding to 

highlight changes in variability in an asymptomatic population. The size of the subject 

sample in this study is commensurate with previous studies comparing healthy 

individuals and individuals with low back pain
13,42

, and exceeded the target number of 

subjects suggested by a power analysis utilizing pilot data collected in our lab. Therefore, 

the authors believe that the study was adequately powered to detect any group 

differences. While the level of disability due to LBP in participants in the present 

research was similar or greater than that reported in previous studies, our participants 

were substantially younger than those in previous investigations of chronic LBP
11,13,42

. 

Therefore, it is possible that greater changes in coordination variability would have been 

evident in older asymptomatic individuals with a persistent history of LBP.  

Walking turns are a very common locomotor perturbation, with changes in 

direction estimated to occur for four steps out of every ten
43

.  Despite this, the modulation 

in trunk-pelvis coordination that occurs during turning has not previously been 

established. The present study shows for the first time that the stance phase of the turn, 

during which the pivot occurs, is dominated by inphase coordination. Taylor et al., 
19

 

hypothesized that axial plane motion in the trunk and pelvis provides angular momentum 

for the pivot. However, as the pelvis and trunk contribute very little to total angular 
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momentum during steady state locomotion
7
, it may be more likely that the movement of 

the arms that is associated with inphase trunk and pelvis rotation during stance may 

generate some angular momentum
6,16,44

 while the primary power generation for ipsilateral 

pivot turns comes from the plantarflexors and hip abductors and extensors of the turn 

limb
45,46

. All four modes of coordination were evident during the swing phase of the turn. 

Interestingly, the relative frequency of each pattern of coordination during swing phase 

was very similar to that previously described in studies of steady-state walking using the 

vector coding approach
13,47

. The similarity between the frequencies of coordination mode 

in these studies and the swing phase in the present study suggests that the normal 

locomotor phase relations between the trunk and the pelvis are rapidly re-established 

during the turn swing phase prior to the continuation of walking in the new line of 

progression. 

In all participants, coordination variability was low during the stance phase of the 

turn and higher during the swing phase of the turn. The amplitude of variability may 

increase during swing as this part of the turn involves a transition from primarily inphase 

coordination back to the pattern of coordination observed during steady-state locomotion. 

Previous studies investigating coordination variability have suggested that the magnitude 

of variability peaks when the coordination between two oscillating segments transitions 

from one stable pattern or mode of coordination to another
2,48

. However, studies 

investigating limb coordination as the locomotor pattern changes from walking to 

running have not consistently supported this theory
49-51

. The magnitude of coordination 

variability at locomotor transitions may be constrained by the mechanical requirements of 

maintaining postural stability. It is therefore more probable that the increase in 
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coordination variability during swing phase reflects small differences in coordination 

across turn stride cycles that result from corrections of minor errors in the deceleration 

and control of the turn prior to walking in the new line of progression.  

Clinically, this study adds valuable information regarding the development of the 

kinematic changes that occur in association with LBP and how these changes are 

associated with symptoms. This is important to assist in effective sub-grouping of 

individuals with low back pain for the purposes of treatment and research and for 

determining when interventions targeting these altered kinematics is indicated.  In 

particular, our findings suggest that even between symptomatic episodes it may be 

helpful to assess the relationship between trunk-pelvis coordination and 

impairments in walking speed and the ability to rapidly change direction in these 

individuals. To the authors’ knowledge, this is also the first time that the test-retest 

reliability of using the vector coding method to quantify inter-segmental coordination and 

coordination variability has been demonstrated. Our results suggest that these measures 

are robust and stable features of locomotion over time. Therefore, this walking turn 

paradigm may provide a useful method of quantifying impairments in trunk-pelvis 

coordination in other patient populations such as individuals with Parkinson’s disease or 

post-stroke.  

 

5. Conclusions 

The findings from this study clarify the association between altered trunk-pelvis 

coordination and persistent LBP, indicating that changes in coordination in individuals 

with LBP are evident between symptomatic episodes. For the first time this study also 
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establishes the task-dependent modulation of inter-segmental coordination and 

coordination variability during ipsilateral walking turns. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 19 

Acknowledgements 

This work was supported in part by a New Investigator award from the Orthopaedic 

Section of the American Physical Therapy Association, a Student Grant-in Aid award 

from the American Society of Biomechanics, and a Florence P. Kendall Doctoral 

scholarship from the Foundation for Physical Therapy 

 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 20 

6. References 

1. Lamoth CJC, Meijer OG, Wuisman PIJM, van Dieën JH, Levin MF, Beek PJ. 

Pelvis-thorax coordination in the transverse plane during walking in persons with 

nonspecific low back pain. Spine. 2002;27(4):E92–E99. 

2. van Emmerik RE, Wagenaar RC. Effects of walking velocity on relative phase 

dynamics in the trunk in human walking. Journal of Biomechanics. 

1996;29(9):1175–1184. 

3. Seay JF, van Emmerik RE, Hamill J. Low back pain status affects pelvis-trunk 

coordination and variability during walking and running. Clinical Biomechanics. 

2011;26(6):572–578. doi:10.1016/j.clinbiomech.2010.11.012. 

4. Kubo M, Holt KG, Saltzman E, Wagenaar RC. Changes in axial stiffness of the 

trunk as a function of walking speed. Journal of Biomechanics. 2006;39(4):750–

757. doi:10.1016/j.jbiomech.2004.12.024. 

5. Pontzer H, Holloway JH, Raichlen DA, Lieberman DE. Control and function of 

arm swing in human walking and running. Journal of Experimental Biology. 

2009;212(6):894–894. doi:10.1242/jeb.030478. 

6. Collins SH, Adamczyk PG, Kuo AD. Dynamic arm swinging in human walking. 

Proceedings of the Royal Society B: Biological Sciences. 2009;276(1673):3679–

3688. doi:10.1002/ajpa.1330930407. 

7. Bruijn SM, Meijer OG, van Dieën JH, Kingma I, Lamoth CJC. Coordination of leg 

swing, thorax rotations, and pelvis rotations during gait: The organisation of total 

body angular momentum. Gait & Posture. 2008;27(3):455–462. 

doi:10.1016/j.gaitpost.2007.05.017. 

8. Lamoth CJC, Meijer OG, Daffertshofer A, Wuisman PIJM, Beek PJ. Effects of 

chronic low back pain on trunk coordination and back muscle activity during 

walking: changes in motor control. European Spine Journal. 2005;15(1):23–40. 

doi:10.1007/s00586-004-0825-y. 

9. Selles RW, Wagenaar RC, Smit TH, Wuisman PI. Disorders in trunk rotation 

during walking in patients with low back pain: a dynamical systems approach. 

Clinical Biomechanics. 2001;16(3):175–181. 

10. Huang YP, Bruijn SM, Lin JH, et al. Gait adaptations in low back pain patients 

with lumbar disc herniation: trunk coordination and arm swing. European Spine 

Journal. 2010;20(3):491–499. doi:10.1007/s00586-010-1639-8. 

11. Lamoth CJC, Daffertshofer A, Meijer OG, Beek PJ. How do persons with chronic 

low back pain speed up and slow down?Trunk–pelvis coordination and lumbar 

erector spinae activity during gait. Gait & Posture. 2006;23(2):230–239. 

doi:10.1016/j.gaitpost.2005.02.006. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 21 

12. Keefe FJ, Hill RW. An objective approach to quantifying pain behavior and gait 

patterns in low back pain patients. Pain.1985:21(2):153–161. 

13. Seay JF, van Emmerik REA, Hamill J. Influence of Low Back Pain Status on 

Pelvis-Trunk Coordination During Walking and Running. Spine. 

2011;36(16):E1070–E1079. doi:10.1097/BRS.0b013e3182015f7c. 

14. Haddad JM, Rietdyk S, Claxton LJ, Huber JE. Task-dependent postural control 

throughout the lifespan. Exercise and Sports Sciences Review. 2013;41(2):123–

132. doi:10.1097/JES.0b013e3182877cc8. 

15. Henry SM, Hitt JR, Jones SL, Bunn JY. Decreased limits of stability in response to 

postural perturbations in subjects with low back pain. Clinical Biomechanics. 

2006;21(9):881–892. doi:10.1016/j.clinbiomech.2006.04.016. 

16. Huang Y, Meijer OG, Lin J, et al. The effects of stride length and stride frequency 

on trunk coordination in human walking. Gait & Posture. 2010;31(4):444–449. 

doi:10.1016/j.gaitpost.2010.01.019. 

17. Taylor MJD, Strike SC, Dabnichki P. Strategies used for unconstrained direction 

change during walking. Perceptual and Motor Skills. 2006;102(2):576–588. 

18. Feipel V, De Mesmaeker T, Klein P, Rooze M. Three-dimensional kinematics of 

the lumbar spine during treadmill walking at different speeds. European Spine 

Journal. 2001;10(1):16–22. 

19. Taylor MJD, Dabnichki P, Strike SC. A three-dimensional biomechanical 

comparison between turning strategies during the stance phase of walking. Human 

Movement Science. 2005;24(4):558–573. doi:10.1016/j.humov.2005.07.005. 

20. Stanton TR, Latimer J, Maher CG, Hancock MJ. How do we define the condition 

“recurrent low back pain?” A systematic review. European Spine Journal. 

2009;19(4):533–539. doi:10.1007/s00586-009-1214-3. 

21. Fritz JM, Irrgang JJ. A comparison of a modified Oswestry low back pain 

disability questionnaire and the Quebec back pain disability scale. Physical 

Therapy. 2001;81(2):776–788. 

http://physicaltherapyjournal.com/content/81/2/776.short. 

22. Carlsson AM. Assessment of chronic pain. I. Aspects of the reliability and validity 

of the visual analogue scale. Pain. 1983;16(1):87–101. 

23. Popovich JM Jr, Kulig K. Lumbopelvic Landing Kinematics and EMG in Women 

with Contrasting Hip Strength. Medicine & Science in Sports & Exercise. 

2012;44(1):146–153. doi:10.1249/MSS.0b013e3182267435. 

24. Konz RJ, Fatone S, Stine RL, Ganju A, Gard SA, Ondra SL. A kinematic model to 

assess spinal motion during walking. Spine. 2006;31(24):E898–E906. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 22 

doi:10.1097/01.brs.0000245939.97637.ae. 

25. Smith JA, Popovich JM Jr, Kulig K. The influence of hip strength on lower-limb, 

pelvis, and trunk kinematics and coordination patterns during walking and hopping 

in healthy women. Journal of Orthopaedic and Sports Physical Therapy. 

2014;44(7):525–531. doi:10.2519/jospt.2014.5028. 

26. Smith JA, Kulig K. Altered multifidus recruitment during walking in young 

asymptomatic individuals with a history of low back pain. Journal of Orthopaedic 

and Sports Physical Therapy. 2016;46(5):365–374. doi:10.2519/jospt.2016.6230. 

27. Chang R, van Emmerik REA Hamill J. Quantifying rearfoot–forefoot coordination 

in human walking. Journal of Biomechanics. 2008;41(14):3101–3105. 

doi:10.1016/j.jbiomech.2008.07.024. 

28. Wilson C, Simpson SE, van Emmerik REA, Hamill J. Coordination variability and 

skill development in expert triple jumpers. Sports Biomechanics. 2008;7(1):2–9. 

doi:10.1080/14763140701682983. 

29. Heiderscheit B, Hamill J, van Emmerik REA. Variability of Stride Characteristics 

and Joint Coordination Among Individuals With Unilateral Patellofemoral Pain. 

Journal of Applied Biomechanics. 2002;18:110–121. 

30. Hamill J, van Emmerik REA, Heiderscheit BC, Li L. A dynamical systems 

approach to lower extremity running injuries. Clinical Biomechanics. 

1999;14(5):297–308. 

31. Angeloni C, Riley P, Krebs D. Frequency content of whole body gait kinematic 

data. IEEE Transactions on Rehabilitation Engineering.1994;2(1):40–46. 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=296343. 

32. Schache AG, Blanch P, Rath D, Wrigley T, Bennell K. Three-dimensional angular 

kinematics of the lumbar spine and pelvis during running. Human Movement 

Science. 2002;21(2):273–293. 

33. Needham R, Naemi R, Chockalingam N. Quantifying lumbar–pelvis coordination 

during gait using a modified vector coding technique. Journal of Biomechanics. 

2014;47(5):1020–1026. doi:10.1016/j.jbiomech.2013.12.032. 

34. Miller RH, Chang R, Baird JL, van Emmerik REA, Hamill J. Variability in 

kinematic coupling assessed by vector coding and continuous relative phase. 

Journal of Biomechanics. 2010;43(13):2554–2560. 

doi:10.1016/j.jbiomech.2010.05.014. 

35. Peters BT, Haddad JM, Heiderscheit BC, van Emmerik REA, Hamill J. 

Limitations in the use and interpretation of continuous relative phase. Journal of 

Biomechanics. 2003;36(2):271–274. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 23 

36. Sparrow W, Donovan E, van Emmerik REA. Using relative motion plots to 

measure changes in intra-limb and inter-limb coordination. Journal of Motor 

Behavior. 1987:1–8. 

37. Hamill J, Haddad J. Issues in quantifying variability from a dynamical systems 

perspective. Journal of Applied Biomechanics. 2000;16:407–418. 

38. Armour Smith J, Siemienski A, Popovich JMJ, Kulig K. Intra-task variability of 

trunk coordination during a rate-controlled bipedal dance jump. Journal of Sports 

Sciences. 

39. Cohen J, Cohen P, West SG, Aiken LS. Applied Multiple Regression/Correlation 

Analysis for the Behavioral Sciences. Third edition. New York NY: Routledge; 

2012:1–16. 

40. Fritz CO, Morris PE, Richler JJ. Effect size estimates: Current use, calculations, 

and interpretation. Journal of Experimental Psychology: General. 2012;141(1):2–

18. doi:10.1037/a0024338. 

41. Silfies SP, Bhattacharya A, Biely S, Smith SS, Giszter S. Trunk control during 

standing reach: A dynamical system analysis of movement strategies in patients 

with mechanical low back pain. Gait & Posture. 2009;29(3):370–376. 

doi:10.1016/j.gaitpost.2008.10.053. 

42. van den Hoorn W, Bruijn SM, Meijer OG, Hodges PW, van Dieën JH. Mechanical 

coupling between transverse plane pelvis and thorax rotations during gait is higher 

in people with low back pain. Journal of Biomechanics. 2012;45(2):342–347. 

doi:10.1016/j.jbiomech.2011.10.024. 

43. Glaister BC, Bernatz GC, Klute GK, Orendurff MS. Video task analysis of turning 

during activities of daily living. Gait & Posture. 2007;25(2):289–294. 

doi:10.1016/j.gaitpost.2006.04.003. 

44. Stokes V, Andersson C, Forssberg H. Rotational and translational movement 

features of the pelvis and thorax during adult human locomotion. Journal of 

Biomechanics. 1989;22(1):43–50. 

45. Hase K, Stein RB. Turning strategies during human walking. Journal of 

Neurophysiology. 1999;81(6):2914–2922. 

46. Jindrich DL, Qiao M. Maneuvers during legged locomotion. Chaos. 

2009;19(2):026105. doi:10.1063/1.3143031. 

47. Yang YT, Yoshida Y, Hortobágyi T, Suziki S. Interaction between thorax, lumbar 

and pelvis movements in the transverse plane during gait at three velocities. 

Journal of Applied Biomechanics. August 2012:1–27. 

48. Kelso J, Buchanan J, DeGuzman G, Ding M. Spontaneous recruitment and 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 24 

annihilation of degrees of freedom in biological coordination. Physics Letters A. 

1993;179:364–371. 

49. Diedrich FJ, Warren WH. Why change gaits? Dynamics of the walk-run transition. 

Journal of Experimental Psychology: Human Perception and Performance.  

1995;21(1):183–202. 

50. Kao JC, Ringenbach SDR, Martin PE. Gait transitions are not dependent on 

changes in intralimb coordination variability. Journal of Motor Behavior. 

2003;35(3):211–214. 

51. Seay JF, Haddad JM, Van Emmerik REA, Hamill J. Coordination variability 

around the walk to run transition during human locomotion. Motor Control. 

2006;10(2):178–196. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 25 

Table 1 

Participant demographics: median (inter-quartile range) 

 CTRL
a 

RLBP
a
 p 

Age (years) 24.5 (1.75) 26.5 (4.75) .068 

Height (m) 1.73 (0.05) 1.73 (0.09) .664 

Mass (kg) 66.68 (14.97) 67.70 (23.42) .152 

PAS score (MET-time) 47.60 (5.00) 48.20 (7.55) .470 

Duration of LBP (years) - 5.8 (4.2) - 

Baseline VAS (cm) 0.00 0.12 (0.24) - 

ODI (%) - 18.0 (15)  

        a
n = 14 in each group, 8 females, 6 males 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 26 

Table 2 

Between-day reliability and SEM for primary variables (ICC – intra-class correlation 

coefficient, SD = standard deviation, SEM = standard error of the measurement) 

 ICC
 

SD SEM 

% antiphase coordination  0.78 0.77 0.36% 

% inphase  coordination 0.96 10.18 2.04% 

% pelvic phase coordination 0.43 1.28 0.97% 

% trunk phase coordination 0.95 9.4 2.10% 

Mean coordination variability 0.98 1.62 0.23° 
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Table 3 

Mode of coordination: frequency of coordination as a % of stance/swing phase, median 

(inter-quartile range) 

 CTRL RLBP p Cohen’s r 

Antiphase coordination     

 stance 0.00 (0.00) 0.00 (0.00) .686 0.08 

 swing 16.91 (15.50) 20.18 (15.08) .683 0.08 

Inphase coordination     

 stance 93.39 (13.01) 91.76 (13.31) .182 0.25 

 swing 42.04 (17.64) 34.31 (15.88) .249 0.22 

Pelvic phase coordination     

 stance 0.00 (0.00) 0.00 (0.00) .593 0.10 

 swing 12.87 (14.33) 7.86 (9.15) .347 0.18 

Trunk phase coordination     

 stance 3.13 (9.15) 6.75 (7.01) .388 0.16 

 swing 24.34 (15.54) 34.46 (20.72) .009 0.49 
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Figure legends 

Figure 1. Stride cycle of an ipsilateral walking turn to the right. Stride cycle commences 

with initial contact of foot ipsilateral to turn direction (turn limb). Re-orientation is 

achieved in part by a pivot on the turn limb. The stance phase of the turn ends with the 

initial contact of the foot contralateral to the turn direction and toe-off of the turn limb, 

and the stride cycle is completed by the second initial contact of the turn limb.  

Figure 2. Time series of the turn stride cycle. Trunk and pelvis segment axial rotation 

relative to the global coordinate system, coupling angle between the trunk and the pelvis, 

and mean coordination variability. IC = initial contact of turn limb TO = toe-off of turn 

limb. a) Exemplar data from one CTRL individual (participant # CTRL5). b) Exemplar 

data from matched individual with RLBP (participant # RLBP5). 

Figure 3. Frequency that each coordination pattern occurred, as a percentage of stance 

and swing. CTRL group n = 14, RLBP n = 14. Paired t-tests revealed a significant 

difference between groups for trunk phase coordination during swing, with a large effect 

size.  
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Figure 1 
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Figure 2 
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Figure 3 
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Highlights 

We investigated axial plane trunk-pelvic coordination during walking turns. 

We compared asymptomatic young adults with and without a history of low back pain.  

During swing, individuals with low back pain had greater trunk phase coordination. 

Coordination variability did not differ between groups.  
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