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Abstract

Objective: To determine whether low back pain (LBP) associates with altered postural stabilization
and concomitant changes in cerebrocortical motor physiology.

Methods: Ten participants with LBP and 10 participants without LBP performed self-initiated,
voluntary arm raises. Electromyographic onset latencies of the bilateral internal oblique and erector
spinae muscles were analyzed relative to that of the deltoid muscle as measures of anticipatory
postural adjustments (APAs). Amplitudes of alpha event-related desynchronization (ERD) and of
Bereitschaftspotentials (BP) were calculated from scalp electroencephalography as measures of
cerebrocortical motor physiology.

Results: The APA was first evident in the trunk muscles contralateral to the arm raise for both
groups. Significant alpha ERD was evident bilaterally at the central and parietal electrodes for
participants with LBP but only at the electrodes contralateral and midline to the arm raise for those
without LBP. The BP amplitudes negatively correlated with APA onset latencies for participants
with (but not for those without) LBP.

Conclusions: Cerebrocortical activity becomes altered prior to arm movements requiring APAS
for individuals with chronic LBP.

Significance: These results support a theoretical model that altered central motor neurophysiology
associates with LBP, thereby implying that rehabilitation strategies should address these neuromotor
impairments.
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INTRODUCTION

Seventy to 85 percent of people experience low back pain (LBP) and yearly expenses due to
LBP are estimated to total 100 billion dollars in the United States (Andersson, 1999; Katz,
2006). Although estimates vary based on the population sampled, up to 85% of people with
LBP experience chronic, recurrent symptoms (Andersson, 1999), demonstrating ineffective
treatment for a large number of patients. Thus, we require a better understanding of the
mechanisms that contribute to LBP in order to develop more effective rehabilitation strategies
and improve treatment outcomes (Ebenbichler et al., 2001).

LBP has been traditionally referred to in terms of mechanical changes to the spine and its
surrounding tissues (Adams, 2004). Alternatively, a ‘kinesiopathologic’ or “functional
pathology” model has recently been proposed, asserting that altered neural control of movement
represents one possible mechanism for the development or persistence of chronic, recurrent
LBP (Sahrmann, 2002; Adams, 2004; Langevin and Sherman, 2007). This model theorizes
that repeated movements and prolonged postures during everyday activities contribute to low
back symptoms and pathology because these repeated movement patterns continually expose
lumbopelvic musculoskeletal tissue to low-magnitude loading in the same manner, thereby
accelerating either deconditioning through under-utilization or cumulative tissue stress and
microtrauma through over-utilization. This pain-inducing trauma is then suggested to affect
central sensory processing, which in turn, continues a cycle of aberrant movement patterns.

With regard to the altered neural functions hypothesized by the kinesiopathologic model,
altered cerebrocortical processing of sensory input has been demonstrated, such that people
with LBP exhibit an altered amplitude and spatial topography of cerebrocortical
somatosensory-evoked potentials to painful or non-painful stimuli (Flor et al., 1997; Wiech et
al., 2000; Schneider et al., 2004; Siddall et al., 2006; Diers et al., 2007). Somatosensory-evoked
potentials in response to pain stimuli are also modified by background muscle activation in
participants with LBP, but not in participants without LBP, suggesting a change with LBP in
the neural interactions of pain perception and motor output (Knost et al., 1999). Changes
associated with LBP in cerebrocortical motor physiology during self-initiated movements,
however, remain unidentified.

In support of the kinesiopathologic model's assertion of altered motor control with LBP,
patients with LBP exhibit altered patterns of postural coordination during voluntary movements
(Hodges and Richardson, 1999; Kuriyama and Ito, 2005; Shum et al., 2005a, 2005b; Kiesel et
al., 2007; Mok et al., 2007), and behavioral modification of a patient's coordination patterns
often decreases or eliminates that patient's symptoms of LBP compared to when performing
the movements with self-selected coordination patterns (Van Dillen et al., 2007). In addition,
people with LBP exhibit postural instability during challenging tasks of stance posture (Mok
et al., 2004; Cacciatore et al., 2005; Leitner et al., 2007; Popa et al., 2007) and in response to
externally induced perturbations to posture (Henry etal., 2006). The timing of muscle responses
to postural perturbations has also been shown to predict future low back injury (Cholewicki et
al., 2005). Despite this evidence to support the kinesiopathologic model, we are not aware of
any studies that directly recorded changes in cerebrocortical motor physiology due to LBP
during self-initiated voluntary movement. Thus, it remains necessary to determine whether
changes in movement coordination associated with LBP also associate with changes in central
motor neurophysiology in order to further validate the kinesiopathologic model.

Hodges and Richardson (1996, 1999) reported that patients with LBP exhibit delayed
anticipatory postural adjustments (APAs) of the abdominal muscles during cued voluntary arm
raises. APAs are defined as muscle activations within supporting body segments to stabilize
and facilitate a voluntary limb movement against the anticipated perturbing forces resulting
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from the limb movement. The study of APAs provides unique insight into the central neural
control of posture because APAs arise prior to when the perturbing forces resulting from the
impending movement actually occur, thereby suggesting that APAs are pre-programmed by
the central nervous system (Massion, 1992). Specific regions of the central nervous system
involved in generating APAs include the supplementary and primary motor cortex (Viallet et
al., 1992). Thus, delayed APA activity during movement in patients with LBP provides indirect
support for the kinesiopathologic model's assertion that altered cerebrocortical motor
physiology contributes to LBP.

Additional studies investigating the APAs of people with LBP demonstrated that their delayed
APAs represent changes in coordination strategies rather than pain interference (Moseley and
Hodges, 2005) or delayed neural transmission (Hodges, 2001). Further, people with LBP
exhibit decreased anticipatory lumbopelvic movement in preparation for arm raises, which
associates with increased spinal displacement during the arm raise (Mok et al., 2007).
Therefore, in support of the kinesiopathologic model, chronic LBP associates with delays in
the timing of APAs that are centrally generated and changes in preparatory lumbopelvic
coordination that result in increased spinal displacements that would presumably accelerate
cumulative tissue stress and microtrauma with repetition (Langevin and Sherman, 2007).

Pre-activation of the abdominal muscles during arm raises, however, is not always evident in
people without a history of LBP, thereby causing uncertainty regarding the functional relevance
of delayed APAs with LBP (Allison and Henry, 2002; Marshall and Murphy, 2003); could
abdominal activation after movement onset in people without a history of LBP predispose those
individuals to future LBP, or does it suggest a lack of necessity for pre-movement abdominal
activation in order to maintain a life without LBP? Although inter-individual and inter-trial
variability in APA onset latencies represent hallmarks of the behavior for people without a
history of LBP, it should be noted that inter-trial variability decreases with both a history of
chronic LBP and in response to experimentally induced LBP (Moseley and Hodges, 2006;
Jacobs et al., 2009). In addition, the timing of the abdominal activation related to the APA
correlates with the extent to which the area of that muscle's representation within the motor
cortex becomes remodeled in people with LBP (Tsao et al., 2008). Thus, the change in APA
onset latency appears to represent a functionally relevant change in central motor control
related to the experience of LBP. This study, therefore, seeks to provide a correlation analysis
in order to understand the mechanisms of the inter-individual variability that remain so
enigmatic yet potentially important to our understanding of chronic LBP.

Although observations of delayed, less-variable APAs and related changes in motor
neuroanatomy provide indirect evidence for an altered central neural control of movement with
chronic LBP, no direct measures of central neurophysiology have been recorded to confirm
the hypothesis that LBP associates with altered central motor control during self-initiated
voluntary movement. The Bereitschaftspotential (BP) — a pre-movement
electroencephalographic (EEG) potential characterized by a negative shift in the EEG signal
before voluntary movements — represents a measure of cerebrocortical motor physiology
related to movement preparation (Kornhuber and Deecke, 1964; Shibasaki and Hallett,
2006). In addition, the neural generators of the BP include the supplementary and primary
motor cortex (Shibasaki and Hallett, 2006), thereby implicating the supplementary and primary
motor cortex in the generation of both the BP and the APA. In support of this overlapping
neurophysiology of the BP and the APA, the amplitude of the BP increases at electrodes
overlying the supplementary and primary motor cortex when (1) the EEG signal is time-locked
to the onset of the APA rather than to the prime movement (Saitou et al., 1996), and (2) the
BP is compared between a movement that requires an APA to a movement that does not require
an APA (Yoshida et al., 2008). In addition, transcranial magnetic stimulation of the primary
motor cortex just prior to the onset of an APA (that is, when a BP would have presumably been
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evident) selectively facilitates the motor evoked potentials of a muscle used as part of the APA,
but not of a muscle used as part of the goal-directed limb movement (MacKinnon et al.,
2007). Thus, cerebrocortical motor preparation and, therefore, components of the BP likely
relate specifically to the preparation of the APA. The BP would, therefore, provide insight into
whether the delayed APAs that are evident with LBP associate with changes in central motor
neurophysiology.

In addition to the BP, event-related desynchronization (ERD) of EEG signals within alpha (8-
to 13-Hz) frequencies provides another measure of movement-related cortical activation.
Alpha ERD is defined by a decrease in alpha power just prior to movement onset (Neuper et
al., 2006). Alpha ERD is coincident with increased cortico-cortical and cortico-spinal
excitation of sensory-motor cortex (Rau et al., 2003), suggesting that alpha ERD represents
cerebrocortical activation. When defined by the upper frequencies within the alpha band, alpha
ERD exhibits a spatial topography that is specific to the somatotopic representation of cortex
relevant to the movement task (Pfurtscheller et al., 2000). The BP and alpha ERD, however,
exhibit different spatio-temporal characteristics, suggesting they are not two measures of the
same underlying motor process (Babiloni et al., 1999; Shibasaki and Hallett, 2006). Although
we are unaware of any studies examining alpha ERD in patients with chronic LBP, alpha ERD
has been shown to increase when a movement is expected to correspond with an
experimentally-induced painful stimulus, and alpha ERD amplitudes predict a participant's
subsequent evaluation of the stimulus-induced pain intensity (Babiloni et al., 2005, 2006).
Therefore, in addition to investigating changes in the BP in people with chronic LBP, analyzing
the alpha ERD may also provide insight into potential LBP-related changes in cerebrocortical
motor neurophysiology.

The kinesiopathologic model of LBP remains untested regarding whether altered movement
patterns represent a pre-existing condition for the development of LBP or if such changes in
motor control simply contribute to the persistence or recurrence of LBP after an initial injury.
The latter contribution, however, remains important for discerning why some individuals
develop chronic LBP while others do not, and is supported by observations that (1) normalizing
the altered movement patterns performed by people with chronic LBP decreases or resolves
the movement-induced LBP (Van Dillen et al., 2007), and (2) altered motor patterns remain
evident from people with a history of LBP who do not exhibit pain at the time of testing
(Hodges and Richardson, 1999; Jacobs et al., 2009) as well as when people without a history
of LBP perform several trials after the cessation of acute, experimentally induced LBP
(Moseley and Hodges, 2005, 2006). Thus, the kinesiopathologic model would support the
hypothesis that people with chronic LBP exhibit altered cerebrocortical motor neurophysiology
consequent to long-term changes in postural coordination that persist independent of pain state
but which contribute to the persistence or recurrence of pain.

To test the hypothesis that chronic LBP associates with altered cerebrocortical motor
neurophysiology, we recorded the BPs, alpha ERD, and APAs of participants with and without
LBP during voluntary, self-initiated arm raises. We predicted that participants with LBP would
exhibit delayed APAs (Hodges and Richardson, 1996, 1999), altered BP amplitudes, and
significant alpha ERD at electrodes overlying not only sensory-motor cortex of muscles
activated for the arm movement, but also at those overlying the muscles activated for the APA.
We further predicted these changes would be independent of the participants’ pain state, as
these changes in motor control likely represent long-term adaptive changes in motor strategy,
as opposed to a temporary modification in response to current pain. ldentifying changes in
cerebrocortical motor physiology in people with LBP would validate a potential paradigm shift
in the assessment and management of LBP to focus on aspects of motor control impairments
in addition to the impairments of the lumbopelvic musculoskeletal structures. Such a paradigm
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shift would stimulate further study to investigate the effects of targeted movement re-education
in order to improve treatment outcomes.

Ten participants with chronic-recurrent, non-specific, mechanical LBP and 10 participants
without LBP gave written informed consent in compliance with the Declaration of Helsinki to
participate in the protocol, which was approved by the Institutional Review Board of the
University of Vermont. Participants with and without LBP were differentiated by a history of
pain in the lumbar area that has impaired at least three activities of daily living for a minimum
of 12 months. Based on an intake questionnaire and/or clearance by the referring physician or
physical therapist, participants with LBP were included if they reported being active in work,
homemaking, or school, and were not in litigation or seeking/receiving compensation for their
LBP. Further, other than LBP, all participants reported no history of neurological,
cardiovascular, respiratory, or psychiatric disorders, and they reported no history or diagnosis
of neuromuscular or joint disorders, dizziness, diabetes, systemic infection, alcoholism, tumor
or suspected carcinoma, surgery in the previous three months, any back surgery, spinal fracture
or dislocation, herniated disc, stenosis, kyphosis, scoliosis, injections to relieve back pain in
the previous 7 days, as well as pain, numbness or tingling below the knee.

These exclusion criteria were implemented in order to (1) focus on a sub-population of chronic,
recurrent LBP for which there is limited understanding, and (2) strengthen confidence that any
group differences in this cross-sectional study were due to the LBP and not another factor
known to confound posture control or cerebrocortical neurophysiology. We note, however,
that these restrictions on our subject sample limit the generalizability of this study's results to
only this sub-population of chronic, recurrent LBP.

The task was to voluntarily raise the dominant arm as fast as possible while seated (two
participants with LBP and one participant without LBP raised their left arm). Prior to
performing the task, the participants responded to two questionnaires that quantified their pain
and disability: the 0-10 Numeric Pain Rating Scale (Childs et al., 2005), and the Modified
Oswestry Disability Questionnaire (Fritz and Irrgang, 2001). Electrodes were then attached for
EEG, electromyographic (EMG), and electrooculographic (EOG) recordings. To record the
BP and alpha ERD, silver/silver-chloride electrodes were affixed to the scalp at standard
locations described by the 10/20 system (Jasper, 1958). In addition, an electrode at FCz of the
10/10 system (Chatrian et al., 1985) was added to enhance recording coverage over the fronto-
central region, where the BP is most evident (Shibasaki and Hallett, 2006). The EOG electrodes
were placed above the left outer canthus and below the right outer canthus to identify and
remove any trials with eye-movement artifacts that confound EEG signals. The EEG signals
were referenced to linked electrodes placed on the earlobes.

To record the timing of muscle activations related to the arm raise, double-differential surface
EMG electrodes were placed 2 cm apart along the length of the contracted muscle belly of the
dominant arm's anterior deltoid muscle (DELT; a shoulder muscle activated for raising the
arm) as well as bilaterally over the internal oblique muscles (10; abdominal muscles used as
part of the APA to stabilize the trunk when the arm is raised) and erector spinae muscles (ESP;
back muscles that are also used as part of the APA to stabilize the trunk when the arm is raised).
Electrodes over the 10 muscles were placed 2.5 cm medial and 2.5 cm cephalad to the anterior-
superior iliac spine, and those for the ESP muscles were placed 2.5 cm lateral to the third lumbar
segment of the spine. Although we recognize that surface EMG activity over the 10 likely also

Clin Neurophysiol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jacobs et al.

Page 6

reflects activity of the underlying transversus abdominis, both muscles become similarly
delayed for participants with chronic LBP during a rapid arm raise task (Hodges and
Richardson, 1999). Therefore, for simplicity, we will refer to this EMG electrode position only
in terms of the more superficial 10 muscle. Because APA characteristics depend on the speed
of the arm raise (Hodges and Richardson, 1999), a tri-axial accelerometer (NeuwGhent
Technology, Lagrangeville, NY) was affixed at the dorsal midpoint between the distal end of
the ulna and radius of the participants' dominant arm to record the acceleration of the arm'’s
movement. An accelerometer was also affixed just below the sternal notch of the manubrium
to record the accelerations of the participants' trunk movements as measures of how well the
APA stabilized trunk orientation.

When performing arm raises, the participants sat upright on a stable, adjustable stool with their
back unsupported, feet on the floor, arms at their sides, and with their gaze fixed on a visual
target placed two meters in front of them at eye level. Joint angles were measured to establish
90-degree flexion at the hip and knee as well as zero-degree plantar-/dorsiflexion at the ankle
in order to ensure similar postural orientations across the participants. This initial position was
intermittently verified during testing by visual inspection with a goniometer. The participants
were instructed to fixate their gaze on the target without blinking their eyes for at least three
seconds prior to raising their arm in order to minimize eye-movement artifacts in the EEG
signal. If the EEG signals appeared to exhibit EMG artifact during data collection, the
participant was instructed to relax their jaw or forehead. The participants were also instructed
to exhale and relax their abdomen prior to raising their arm in order to (1) prevent APA activity
associated with breathing from confounding the APA activity associated with the arm raise,
and (2) minimize background EMG activation, which also facilitated the identification of
muscle onset times. Background EMG activation was monitored online and, if necessary, the
participants were reminded to relax their abdominal or back muscles in order to maintain low
levels of background EMG activity.

With the participants' arms initially positioned in approximately zero degrees of both
glenohumeral flexion and abduction, they flexed their dominant arm 90 degrees as fast as they
could to a horizontal, outstretched position in front of them, and then returned the arm to its
initial position. The participants raised their arm at a self-initiated pace (without cues or
prompting) of approximately once every 10 seconds for a total of 125 trials. Hardware
limitations prevented the simultaneous recording of arm accelerations and EMG activations.
Therefore, the participants performed one set of 25 trials while recording the accelerometer
signals, a second set of 75 trials while recording EMG signals, and then a third set of 25 trials
while recording the accelerometer signals. The participants were not made aware of the
differences in the purpose of each trial set. The participants rested, at minimum, every 25 trials
and were instructed to ask for rest when needed to prevent fatigue or soreness.

Data Collection and Processing

The level of the participants' LBP on the day of testing was quantified just prior to performing
the protocol by the participants' responses to the Numeric Pain Rating Scale: an integer scale
that asks the participants to rate the level of their back pain from zero to 10, zero representing
no pain and 10 representing maximal pain. The level of the participants' disability was also
determined by their responses to the Modified Oswestry Disability Questionnaire. This
questionnaire consists of 10 items related to aspects of daily living and asks the participants to
identify the extent to which their back pain affects these aspects of daily living on a 5-item
ordinal scale. The participants' disability was thus quantified as a percent of maximum
disability by summating the responses from each item's ordinal scale, dividing the sum score
by a maximum score of 50 and then multiplying the result by 100 percent.
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Continuous EEG, EOG, and EMG signals were recorded during the second trial set of 75 arm
raises from a DUO amplifier using Harmonie software (Stellate, Montreal, Canada). Data were
sampled at 1000 Hz with 16-bit resolution and amplified by 1000. The EEG, EOG, and EMG
signals were band-pass filtered at 0.07-60 Hz, 0.1-60 Hz, and 30-400 Hz, respectively. Input
impedance was held under 5 k for the EEG and EOG signals and held under 10 k for the EMG
signals. Signals from the accelerometers were recorded from a direct-current interface box into
the DUO amplifier during the first and third trial sets of 25 arm raises. These accelerometer
signals were recorded at 200 Hz with 16-bit resolution, amplified by 1000 and band-pass
filtered at 0.07-25 Hz.

The data were subsequently reduced and analyzed offline using Matlab software (MathWorks,
Inc., Natick, MA). The continuous data were first spliced into 6-s trials, with three seconds
before and three seconds after the activation onset of the 10 muscle contralateral to the arm
being raised. Trials were time-locked to this onset because the contralateral IO muscle
consistently represented the first activated muscle of the APA, and previous reports suggest
that components of BP activity that are related to the APA can be captured when time-averaging
the data to the onset of the APA (Saitou et al., 1996). The EEG data were further reduced so
as to focus the analysis on the electrode locations known to exhibit maximal BP amplitudes
and alpha ERD; the analysis on BP amplitudes was constrained to the F3, Fz, F4, FCz, C3, Cz,
C4, P3, Pz, and P4 electrodes, and the analysis on alpha ERD was constrained to the C3, Cz,
C4, P3, Pz, and P4 electrodes (Shibasaki and Hallett, 2006; Neuper et al., 2006). For those
participants who performed the task with their left arm, the lateral identification of EEG
electrodes was reversed such that group data could be referred in terms of electrodes placed
ipsilateral or contralateral to the arm movement. Thus, notation for the F3, C3, P3, F4, C4 and
P4 electrodes changes to Fc, Cc, and Pc for electrodes positioned contralateral to the arm
movement, as well as to Fi, Ci, and Pi for electrodes positioned ipsilateral to the arm movement.

Trials with eye-movement or EMG artifact in the EEG were removed if the EOG or EEG
signals exceeded + 50 nV of displacement during the three seconds that preceded the activation
onset of the contralateral IO muscle. The analysis of all variables was subsequently performed
on the first 40 artifact-free trials recorded during the second trial set of 75 trials. Baseline
activity (defined as the average EEG voltage from 3000 to 2900 ms before activation onset of
the 10 muscle contralateral to the arm movement) was subtracted from each trial's EEG voltage
signal. Average EEG traces were then computed from the first 40 artifact-free trials recorded
during the second trial set of 75 trials. Mean BP amplitudes were defined from each participant's
average EEG waveform as the mean voltage amplitude over the final 100 ms that preceded the
onset of the contralateral 10 muscle (Fig. 1).

For calculating alpha ERD (Pfurtscheller and Lopes da Silva, 1999), the EEG signals were
digitally re-referenced to a common average reference that included every cephalic electrode.
Continuous morlet wavelet transforms (within the alpha frequencies of 8-13 Hz) were
performed on each of the 40 artifact-free trials. These morlet coefficients of alpha EEG were
rectified and averaged by participant. To account for individual differences in alpha
oscillations, each participant's peak individual alpha frequency (1AF) was determined by
identifying the wavelet scale (corresponding to a pseudo-frequency within the alpha band) at
which maximum morlet coefficients were evident. Power within the upper alpha band was then
determined from scales representing the IAF to the IAF+2 Hz. The morlet coefficients were
then averaged within these upper alpha frequencies, and the time-varying alpha coefficients
were normalized to a percentage change in alpha power from a baseline average calculated
from 2500 to 2000 ms before activation onset of the contralateral 10 muscle. Mean coefficients
were then binned over the four subsequent 500-ms intervals that preceded the activation onset
of the contralateral 10 muscle (Fig. 1). The size and speed of the arm raises elicited eye blinks
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following movement onset, thereby precluding the analysis of movement-related EEG activity
after movement onset.

Muscle onset times were visually selected from an interactive graphing program that displayed
the rectified EMG traces relative to a threshold activation of 3 standard deviations above the
mean baseline activity of the 6-s epoch'’s first 500 ms. The participant's group assignment was
not identified when selecting onset times. Muscle onset times were selected for each trial, and
those of the DELT muscle were subtracted from those of the 10 and ESP muscles to generate
the APA onset latencies of the 10 and ESP muscles. These APA onset latencies were then
averaged by participant for analysis. For clarity, Figure 1 illustrates the relative timing of the
selected EEG and EMG measures.

Given APA activation depends on the velocity of the associated movement (Hodges and
Richardson, 1999; Bouisset et al., 2000; Bleuse et al., 2005), maximum velocities of the arm
were determined for each trial from the integral of the arm's tangential acceleration in the
sagittal plane. In addition, maximum velocities of trunk movement induced by the arm raises
were determined in the sagittal and frontal planes. The maximum arm and trunk velocities of
these individual trials were then averaged by participant for analysis.

Statistical Analysis

RESULTS

Due to violations of the assumptions that underlie parametric statistics, all analyses were
performed using non-parametric statistics. Bonferroni corrections were applied to alleviate the
potential for type I errors due to multiple comparisons. Differences between the groups with
and without LBP in mean 10 and ESP muscle onset latencies, mean BP amplitudes, baseline
morlet coefficients of upper alpha power, questionnaire scores, demographic characteristics,
as well as arm and trunk velocities were analyzed by Mann-Whitney U tests. To determine the
existence of significant alpha ERD at each electrode and for each group, Friedman's ANOVA
compared the mean normalized alpha coefficients over the four 500-ms intervals that preceded
the activation of the contralateral 10 muscle. To determine whether the participants'
cerebrocortical motor physiology was associated with their APA coordination, Spearman's
correlation coefficients were performed for each group, comparing the APA latencies of the
10 and ESP muscles with the participants' mean BP amplitudes from the electrode of maximal
BP amplitude (Cz). To determine if the cerebrocortical motor physiology of the participants
with LBP associates with their reported pain and disability, Spearman's correlation coefficients
were calculated among the participants' questionnaire scores and their BP as well as alpha ERD
amplitudes.

The groups were matched for gender and were of similar age [Mann-Whitney Z=0.91, P =
0.36], height [Z = 0.61, P = 0.54], and weight [Z = 1.14, P = 0.26] (Table 1). Participants with
LBP were not in an acute symptom flare-up and reported mild levels of pain and disability at
the time of testing (Table 1). Even so, the group with LBP expectedly reported higher levels
of pain on the Numeric Pain Rating Scale [Z = 2.71, P = 0.0066] and higher levels of disability
on the Modified Oswestry Disability Questionnaire than the group without LBP [Z = 3.69, P
=0.00023].

Although, on average, the group with LBP exhibited delayed APA onset latencies compared
to the group without LBP (Fig. 2), these differences were not statistically significant either
before or after Bonferroni correction [contralateral 10: Z =1.32, Bonferroni-corrected P = 0.76;
ipsilateral 10: Z = 0.04, Bonferroni-corrected P = 1.0; contralateral ESP: Z = 1.89, Bonferroni-
corrected P = 0.24; ipsilateral ESP: Z = 1.32, Bonferroni-corrected P = 0.76]. Likewise, on
average, the group with LBP exhibited larger (more negative) BP amplitudes than the group
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without LBP, but these differences also were not significant over any electrode, either before
or after Bonferroni correction [range of Z = 0.19-1.44, Bonferroni-corrected P = 1.0] (Fig. 3).
For both groups, mean BP amplitudes were largest at the Cz electrode (Fig. 3).

Although BP amplitudes were not significantly different between those with and without LBP,
onset latencies of the contralateral ESP muscle significantly correlated with BP amplitudes for
the group with LBP but not for the group without LBP (Fig. 4). Specifically, the relationship
between BP amplitudes and APA onset latencies was such that earlier APA onset latencies
were associated with larger BP amplitudes, and more delayed APA onset latencies were
associated with smaller BP amplitudes for the group with LBP. The BP amplitudes of the group
with LBP were not significantly correlated at any electrode with questionnaire scores of pain
or disability, either before or after Bonferroni correction [range of Spearman's r = 0.017-0.57,
Bonferroni-corrected P = 1.0].

As illustrated in Fig. 5, significant alpha ERD was evident prior to Bonferroni correction for
the group with LBP at all six central and parietal electrodes; after Bonferroni correction, the
significance of the alpha ERD for the group with LBP remained clearly evident at Cc, Pc, and
Ci, but not at Cz, Pz, or Pi [Cc: Friedman's x* = 21.24, Bonferroni-corrected P = 0.0005; Cz:
2 = 8.03, Bonferroni-corrected P = 0.27; Ci: 2 = 12.94, Bonferroni-corrected P = 0.03; Pc:
Friedman's y2 = 13.08, Bonferroni-corrected P = 0.02; Pz: ¥2 = 9.00, Bonferroni-corrected P
=0.17; Pi: x2 = 8.42, Bonferroni-corrected P = 0.23]. For the group without LBP, significant
alpha ERD was evident prior to Bonferroni correction at Cc, Cz, Pc, and Pz but not at Ci or Pi;
after Bonferroni correction, significant alpha ERD was evident only at Cz and Pc [Cc:
Friedman's y~ = 9.22, Bonferroni-corrected P = 0.16; Cz: x= = 13.36, Bonferroni-corrected P
=0.02; Ci: Xz = 4.24, Bonferroni-corrected P = 1.0; Pc: Friedman's XZ =12.89, Bonferroni-
corrected P = 0.03; Pz: y* = 10.93, Bonferroni-corrected P = 0.07; Pi: x= = 4.77, Bonferroni-
corrected P = 1.0]. It is worthy to note that statistically insignificant results were evident at
electrodes exhibiting larger average alpha ERD than some electrodes found to exhibit
significant alpha ERD, but the inter-individual variability was greater at the electrodes that
were statistically insignificant (Fig. 5). The alpha ERD amplitudes of the group with LBP were
not significantly correlated at any electrode with questionnaire scores of pain or disability,
either before or after Bonferroni correction [range of Spearman's r = 0.00-0.56, range of
Bonferroni-corrected P = 0.72-1.0]. Peak IAFs and baseline morlet coefficients at all six
electrodes were similar between the groups with and without LBP [range of Mann-Whitney Z
= 0.037-0.87, uncorrected P = 0.38-0.97].

Table 2 provides the average maximum velocities of the arm and trunk for the groups with and
without LBP. The maximum velocities of the participants' arm raises were statistically similar
between those with and without LBP, either before or after Bonferroni correction [trial set one:
Z =0.64, Bonferroni-corrected P = 1.0; trial set three: Z = 0.87, Bonferroni-corrected P =0.77].
The maximum velocities of the trunk were statistically similar among those with and without
LBP, either before or after Bonferroni correction [sagittal velocity: Z = 0.12, Bonferroni-
corrected P = 1.0 for trial set one and Z = 0.08, Bonferroni-corrected P = 1.0 for trial set three;
frontal velocity: Z = 0.70, Bonferroni-corrected P = 0.98 for trial set one and Z = 0.82,
Bonferroni-corrected P = 0.82 for trial set three].

DISCUSSION

The results demonstrate that the participants with LBP exhibited a significant correlation
between their BP amplitudes and the APA onset latencies of their contralateral ESP muscle,
which was not evident from the participants without LBP. In addition, the group with LBP
exhibited a different spatial topography of significant alpha ERD than those without LBP. Arm
and trunk velocities demonstrated no evidence that the participants with LBP exhibited a
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protective (slowed) movement strategy, greater fatigue, or increased trunk movement
compared to the participants without LBP. Taken together, these observations are the first to
suggest that individuals with chronic LBP exhibit altered cerebrocortical activity prior to self-
initiated, voluntary arm movements that include APAs.

It remains unclear whether the difference in the alpha ERD's spatial topography between the
participants with and without LBP represent (1) activation of the same somatotopic functional
regions that are of different area, or (2) activation of different somatotopic functional regions.
The difference in the spatial topography of the groups' alpha ERD is consistent, however, with
previous reports of altered sensory-motor topography within the lumbar and abdominal
representations of participants with LBP (Flor et al., 1997; Tsao et al., 2008). Specifically,
using transcranial magnetic stimulation, the area of the primary motor cortex that elicits
activation of the abdominal musculature increases and is centered more laterally for individuals
with chronic LBP than for those without LBP (Tsao et al., 2008). Our task elicited activation
of the 10 and ESP muscles bilaterally (with activation contralateral to arm movement preceding
that ipsilateral to the arm movement). Thus, alpha ERD related to the cortical activation of
these muscles' somatotopic representations might be expected to spread and lateralize, as
demonstrated by bilaterally significant alpha ERD for participants with LBP but at midline and
contralateral electrodes for those without LBP. The results, therefore, most closely support an
interpretation that the group differences in the spatial topography of alpha ERD reflect
activation of the same somatotopic functional regions that are of different areas.

The significant correlation between the APA onset latencies of the contralateral ESP muscle
and BP amplitudes of the group with, but not without, LBP may additionally reflect this change
in somatotopy. Although speculative, the functional significance of this correlation may reflect
amore direct influence of executive motor centers on the coordination of posture and movement
for individuals with LBP, whereas this coordination has been suggested to be automated for
individuals without history of LBP (Tsao et al., 2009), such that sub-cortical centers known to
contribute to the integration of the APA and prime movement (Schepens and Drew, 2004)
perhaps exert greater influence on the coordination of the APA for people without LBP.
Compensation by increased cerebrocortical influence on postural coordination may also
explain why we did not observe a statistically significant difference in APA latencies between
the groups with and without LBP. It is possible that the self-initiated arm raises of our study
permitted the time necessary for the activation of the cerebral cortex to compensate for delayed
APAs, whereas such a compensation was not permitted in the reports by Hodges and
Richardson (1996, 1999) because they studied arm raises in response to unpredictably timed
cues.

Although significant correlations among the participants' pain and disability due to LBP with
their BP amplitudes or alpha ERD would confirm that group differences reflect changes due
to LBP, our results are consistent with the interpretations of previous studies that the changes
in motor control evident from people with chronic LBP represent a long-term adoption of
altered motor strategies rather than an acute change related to momentary pain (Hodges and
Richardson, 1999; Hodges, 2001). Specifically, this study's observed changes in cortical motor
neurophysiology occurred in a sample of participants with chronic LBP who were not
experiencing an acute flare-up of LBP and reported low levels of pain at the time of testing.
Inaddition, alpha ERD as well as BP amplitudes were not correlated to the participants' reported
levels of pain or disability just prior to testing. Therefore, our results concur with previous
studies that demonstrated (1) delayed and less variable APA onset latencies in a sample of
patients with a history of recurrent LBP who were in a quiescent period of pain (Hodges and
Richardson, 1999; Jacobs et al., 2009), and (2) a sustained decrease in the variability of APA
onset times many trials after the cessation of acute, experimentally induced LBP (Moseley and
Hodges, 2006). The dissociation of the participants' altered APAs and cerebrocortical motor
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neurophysiology from their pain at the time of testing thus supports the interpretation of
previous studies that these changes in the motor control of people with chronic LBP represent
long-term changes in motor strategies rather than modifications in response to momentary pain.

Identifying changes in motor neurophysiology in patients with LBP has significant clinical
ramifications. To date, the rehabilitation of people with LBP is often unsuccessful, leading to
chronic, unresolved pain or recurrent episodes of pain (Croft, 1997; Andersson, 1999). The
need for more successful rehabilitation strategies may be rooted in the need for a better
understanding of the mechanisms that contribute to an individual's initial and recurrent LBP.
Whereas chronic LBP has long been treated from a mechanical perspective, recent studies have
built support for a kinesiopathologic model, asserting that altered movement coordination
contributes to tissue pathology and LBP (Sahrmann, 2002; Adams, 2004; Langevin and
Sherman, 2007). As a cross-sectional study, this study cannot elucidate the contribution of
altered movement patterns to initial low back injury. This study's results, however, demonstrate
changes in the central motor neurophysiology of participants with recurrent LBP while in a
quiescent period of pain, thereby suggesting that altered central motor control may at least
contribute to the persistence or recurrence of LBP. This study, therefore, provides support for
the rehabilitation of chronic, recurrent LBP to include re-training of postural coordination
(Tsao and Hodges, 2008; Sahrmann 2002).
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Fig. 1.

The relative timing of the selected dependent measures. Traces represent a representative
participant's average traces, low-pass filtered to 15 Hz for illustration. The top trace represents
an average EEG voltage signal from the Cz electrode, demonstrating the epochs in which mean
alpha power and mean BP amplitudes were calculated. This trace is illustrated relative to the
timing of activation onset for the deltoid (DELT), internal oblique (10), and erector spinae
(ESP) muscles. These muscle onset latencies appear similar only due to the lengthened time
scale.
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Fig. 2.

Mean EMG onset latencies for each group. The left chart illustrates the EMG activation of the
DELT, 10, and ESP muscles from an example trial of a participant without LBP. The solid,
black vertical line denotes the onset of the DELT muscle. The right chart illustrates the group
mean (= 95% CI) EMG onset latencies of the 10 and ESP muscles contralateral (contra) and
ipsilateral (ipsi) to the arm movement for the participants with LBP (gray bars) and those
without LBP (open bars).
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Fig. 3.

Grand mean Bereitschaftspotentials (BPs) for each group and electrode location. The top panel
illustrates the grand mean EEG waveforms for participants with LBP (thick, gray traces) and
those without LBP (thin, black traces) at each analyzed electrode location, with the Fc and Cc
electrodes contralateral to the arm movement and the Fi and Ci electrodes ipsilateral to the arm
movement. The bottom, left chart expands the traces from the Cz electrode to better illustrate
the BP potential from its location of maximal amplitude as well as to illustrate the final 100
ms prior to the onset of the contralateral IO muscle (gray bar) from which mean BP amplitudes
were derived for each participant. The bottom, right chart illustrates the grand mean (+ 95%
Cl) BP amplitudes from the Cz electrode for the participants with LBP (gray bar) and those

without LBP (open bar).
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Associations among EMG onset latencies and BP amplitudes. The scatter plots illustrate the
associations among the participants' 10 and ESP muscle onset latencies with their mean BP
amplitudes for those with LBP (left column) and those without LBP (right column). Circles
denote values of individual participants and the solid lines denote the best-fit lines. The R-
values represent the Spearman's correlation coefficients, and the P-values represent the
Bonferroni-corrected levels of significance. Axes were kept constant to facilitate comparisons
between the participant groups but differ for each muscle.
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Fig. 5.

Alpha event-related desynchronization (ERD) at central electrodes for each group. The 2-
dimensional shaded graphs demonstrate each group's grand mean of morlet coefficients (lighter
shades illustrate higher coefficients; darker shades, lower coefficients) across the morlet scales
within the alpha frequencies of 8-13 Hz (vertical axis; which has been reversed to reflect the
pseudo-frequencies of the morlet output rather than the scales of the morlet output) over the
2000 ms that preceded activation of the contralateral 10 muscle (horizontal axis). Color scales
are equal for both groups. The Cc electrode represents the electrode contralateral to the arm
movement; the Ci electrode, ipsilateral to the arm movement. The line charts illustrate each
group's mean (standard deviation) binned and baseline-normalized alpha coefficients across
the three central electrodes and the four successive 500-ms intervals that preceded activation
of the contralateral IO muscle. The lines have been horizontally offset to facilitate visualization
of each line.
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Table 1

Mean (£ 95% CI) Characteristics of Participants With and Without LBP

Group

Characteristic

LBP (N =10) Control (N = 10)
(N male,sel)\i(female) > >
/8/%‘)3 39.20+6.33 3540£525
Hgi]%ht 1.76 £ 0.06 1.81£0.20
V\éiigg)ht 77.93 +6.54 70.92 £ 6.55
Numeriﬁolfeiionsligltg)wg Score 1.78 + 0.92 0.20 +0.26
Oswestry Disability Score 1347 00

(% maximum)
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Table 2

Mean (= 95% CI) of Each Group's Maximal Arm and Trunk Velocities

Group
Measure Trial Set
LBP (N =10) Control (N = 10)

Sagittal Arm Velocity ~ Oné 251+0.39 2.22+0.35

(m/s) Three 254+ 0.29 27240237
Frontal Trunk One 0.074 £ 0.030 0.089 + 0.030
Velocity (m/s) Three 0.087 + 0.027 0112 + 0.025
Sagitt_al Trunk One 0.112 + 0.031 0.118 + 0.030
Velocity (m/s) Three 0.131 +0.027 0.131 + 0.025
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