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Abstract
It is becoming increasingly evident that people with chronic, recurrent low back pain (LBP)
exhibit changes in cerebrocortical activity that associate with altered postural coordination,
suggesting a need for a better understanding of how the experience of LBP alters postural
coordination and cerebrocortical activity. To characterize changes in postural coordination and
pre-movement cerebrocortical activity related to the experience of acutely induced LBP, 14
healthy participants with no history of LBP performed sit-to-stand movements in 3 sequential
conditions: (1) without experimentally induced LBP; NoPain1, (2) with movement-associated
LBP induced by electrocutaneous stimulation; Pain, and (3) again without induced LBP; NoPain2.
The Pain condition elicited altered muscle activation and redistributed forces under the seat and
feet prior to movement, decreased peak vertical force exerted under the feet during weight
transfer, longer movement times, as well as decreased and earlier peak hip extension. Stepwise
regression models demonstrated that electroencephalographic amplitudes of contingent negative
variation during the Pain condition significantly correlated with the participants’ change in sit-to-
stand measures between the NoPain1 and Pain conditions, as well as with the subsequent
difference in sit-to-stand measures between the NoPain1 and NoPain2 conditions. The results,
therefore, identify the contingent negative variation as a correlate for the extent of an individual’s
LBP-related movement modifications and to the subsequent change in movement patterns from
before to after the experience of acutely induced LBP, thereby providing a direction for future
studies aimed to understand the neural mechanisms underlying the development of altered
movement patterns with LBP.
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Introduction
Chronic, recurrent low back pain (LBP) represents a common and costly disorder
(Andersson 1999; Katz 2006) for which a structurally based diagnosis is often unidentified
(Hart et al. 1995; Hiebert et al. 2007a; Hiebert et al. 2007b; Rom and Markowitz 2007),
thereby requiring a better understanding of the mechanisms that contribute to LBP. Altered
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movement patterns have been proposed as one possible mechanism for developing chronic,
recurrent LBP by generating injurious tissue loads that perpetuate pain-inducing
musculoskeletal pathology (Sahrmann 2002; Langevin and Sherman 2007; Hammill et al.
2008). In support of this model, people with LBP exhibit altered postural coordination
during voluntary tasks (Gioftsos and Grieve 1996; Kuriyama and Ito 2005; Shum et al.
2005b; Shum et al. 2005a; Mok et al. 2007; MacDonald et al. 2009; Scholtes et al. 2009),
and correcting their symptom-provoking movement patterns decreases the LBP (Harris-
Hayes et al. 2005; Van Dillen et al. 2005; Van Dillen et al. 2009). In addition, changes in
postural coordination persist when evaluating people with a history of recurrent LBP during
a remission of pain (MacDonald et al. 2009), and these changes in postural coordination are
concomitant with altered motor function within the cerebral cortex (Tsao et al. 2008; Jacobs
et al. 2010). Therefore, the altered postural coordination associated with LBP represents a
long-term modification in the central neural control of posture that may contribute to
chronic, recurrent LBP symptoms.

Models of experimentally induced LBP have provided insight into the mechanisms by which
an acute experience of LBP affects postural coordination (Moseley and Hodges 2005;
Moseley and Hodges 2006), demonstrating that painful stimulation of the lumbar region
elicits changes in postural coordination that are similar to those exhibited by people with a
history of chronic, recurrent LBP (Hodges and Richardson 1999; Jacobs et al. 2009). In
addition, the persistence of the postural modifications following the pain experience
associates with higher pain-related anxiety (Moseley and Hodges 2006). The
neurophysiologic mechanisms associated with acute pain-related modifications of postural
coordination, however, remain unclear.

The electroencephalographic (EEG) potential of contingent negative variation (CNV) offers
a potential measure for understanding the neural mechanisms that underlie pain-related
changes in postural coordination. The CNV potential is a slow negative shift in the EEG
signal that occurs prior to movements performed in response to an imperative stimulus
preceded by a warning stimulus (Walter et al. 1964) and represents cerebrocortical activity
related to the anticipation of the imperative stimulus, pre-movement sensory-motor status,
and motor preparation for the response (Kok 1978; Haagh and Brunia 1985; van Boxtel and
Brunia 1994; Pfeuty et al. 2008). The neural generators of the CNV include motor, cognitive
and sensory components from the primary, premotor and supplementary motor cortex, as
well as the prefrontal and parietal-temporal cortex (Lamarche et al. 1995; Hamano et al.
1997; Bares et al. 2007). The amplitude of the CNV is sensitive to changes in movement
force, speed, and complexity as well as attention and experimentally induced pain (Low and
McSherry 1968; Kok 1978; Grünewald et al. 1979; Cui et al. 2000; Stude et al. 2003;
Babiloni et al. 2004; Babiloni et al. 2005). Thus, the CNV offers a potential measure for
understanding changes in the neural control of posture associated with LBP.

This study investigated the changes in postural coordination and CNV potentials associated
with experimentally induced LBP experienced during a sit-to-stand movement. The sit-to-
stand movement was chosen due to its ecological relevance as a common activity of daily
living, and because people with LBP exhibit altered coordination patterns, movement times,
forces, and energy transfer when performing a sit-to-stand task (Coghlin and McFadyen
1994; Gioftsos and Grieve 1996; Simmonds et al. 1998; Shum et al. 2005a; Shum et al.
2007; Shum et al. 2009). We hypothesized that (A) experimentally induced LBP elicits
changes in postural coordination of the sit-to-stand movement similar to those previously
reported to associate with chronic LBP, and (B) cerebrocortical activity prior to painful
movement, as measured by the CNV potential, associates with pain-related changes in
postural coordination as well as with the extent of postural modification that remains after
pain cessation.
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Methods
Participants

Fourteen healthy participants with no self-reported history of LBP gave written informed
consent in compliance with the Declaration of Helsinki to participate in the protocol, which
was approved by the local Institutional Review Board. The participant sample included 8
females and 6 males with a mean (range) age of 28 (19-47) years, height of 165 (151-178)
cm, and weight of 56 (43-75) kg. Based on an intake questionnaire, participants were
included if they additionally reported no history of neurological, cardiovascular, respiratory,
or psychiatric disorders, as well as 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, or scoliosis.

Protocol
The task was to stand up from a seated position (illustrated in Fig. 1A) in response to an
auditory movement cue that was preceded 2 seconds earlier by a warning cue (each
presented at 2000 Hz for 100 ms and 35 dB above each participant’s hearing threshold). The
participants initially sat on a force plate mounted on an adjustable frame with their feet
placed on another force plate located on the floor. The seat height was adjusted to that of
each participant’s lateral femoral epicondyle. The participants sat with the midpoint of their
thigh (defined from the lateral femoral epicondyle to the greater trochanter) aligned to the
front edge of the seat as well as with their trunk (defined from the greater trochanter to the
acromium) oriented vertically and perpendicular to the seat. The feet were placed in parallel
at a stance width of 10 cm between the medial aspects of the feet and were positioned in the
anterior-posterior plane so as to create 10 degrees of ankle dorsiflexion. The participants
also maintained their arms crossed in front of their torso. This initial seated position was
confirmed prior to every trial.

Once positioned, the participants were instructed to pay attention to the auditory cues,
remain still without blinking their eyes prior to the movement cue, stand up as soon as
possible at a self-selected speed in response to the movement cue, and then to hold their
standing position until asked to be reseated at the end of the trial. The participants performed
5 practice trials prior to recording to ensure they understood the task’s instructions. The
participants then performed the task in 3 conditions presented in the following order: (1)
without induced LBP – the NoPain1 condition, (2) with LBP induced by electrocutaneous
stimulation – the Pain condition, and (3) again without induced LBP – the NoPain2
condition. The NoPain1 and Pain conditions permitted analysis of pain-related changes in
sit-to-stand behavior and CNV amplitudes, and the NoPain2 condition permitted analysis of
persistent or novel modifications in sit-to-stand behavior and CNV amplitudes after the
experience of pain.

Prior to the Pain condition, we established the intensity of electrocutaneous stimulation for
each participant. The stimulation consisted of a 60-Hz, 100-ms train of 1-ms pulses
delivered bilaterally via surface electrodes that were placed over the posterior superior iliac
spines. The participants were shown a number scale from 0-10, with 0 representing no pain,
3 representing mild pain, 5 representing moderate and uncomfortable pain, 7 representing
awful pain, and 10 representing maximum and unbearable pain. Starting from low stimulus
intensity, stimulations were then presented with incrementally increasing intensity until the
participants rated the pain as a 5 on the scale. We asked the participants to confirm the
intensity of the pain after every 5-10 trials during the Pain condition and, if necessary, the
intensity was increased if the participant reported a value below a 5 in order to re-establish
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the target pain rating. Stimulations were presented 200 ms after the onset of each
participant’s first muscle activation (rectus abdominus or tibialis anterior), which was
determined from the average onset recorded during the NoPain1 condition. Although the
electrocutaneous stimulations may not induce muscular pain as felt with chronic, recurrent
LBP, this model provided precise temporal and spatial control in order to isolate the pain to
the low back and associate the pain with the act of standing up. The painful stimulation
could then be withdrawn in the same session to assess changes in postural coordination after
the cessation of pain. In addition, electrocutaneous stimulations of the same characteristics
were found to induce changes in postural coordination that are also evident in people with a
natural history of chronic, recurrent LBP (Moseley and Hodges 2005; Moseley and Hodges
2006).

The participants performed the minimum number of trials necessary to generate 20 trials in
each condition without ocular artifacts in the EEG signals or without anticipatory movement
prior to the movement cue; up to 40 trials were performed in each condition to reach these
criteria. The participants were aware that no painful stimulations would occur in the
NoPain1 and NoPain2 conditions and that painful stimulations would occur with every trial
in the Pain condition. The participants rested, at minimum, after every 10 trials and were
instructed to request additional rest whenever needed. Following each condition, the
participants rated the level of their anxiety for performing the task on a 0-10 scale, zero
representing no anxiety and 10 representing maximum anxiety.

Data Collection and Processing
All data were recorded with 16-bit resolution and at 1000 Hz from 3 seconds before the
movement cue to 4 seconds after the movement cue.

Forces and Kinematics—To record the ground reaction forces associated with the
participants’ sit-to-stand movement, vertical forces and the anterior-posterior center of
pressure (CoP) were generated from the force plates under the participants’ seat and feet
(Fujiwara et al. 2003). In addition, the participants’ sagittal joint angles were quantified
from the positions of infrared emitting diodes placed on the participants’ joints. Hip angle
was defined from the segments adjoining the diodes placed on the lateral femoral
epicondyle, greater trochanter, and acromium; knee angle was defined from diodes at the
lateral maleolus, lateral femoral epicondyle, and greater trochanter; ankle angle was defined
from diodes at the fifth metatarsal, lateral maleolus, and lateral femoral epicondyle. The
signals were then low-pass filtered offline to 10 Hz. Onset of movement was determined as
the moment the CoP of the seat’s force plate displaced greater than 3 standard deviations
from the mean baseline of the 500-ms interval that immediately preceded the first warning
cue. The end of the sit-to-stand movement was determined as the moment that the velocity
of hip extension first reached zero following peak extension velocity. The time of onset was
then subtracted from that of the end of the movement to calculate the sit-to-stand’s
movement time. The peak and time-to-peak (as a percentage of movement time)
displacements of the vertical forces, CoP, and joint angles additionally quantified the sit-to-
stand movement. Initial forces, CoP positions, and joint angles were quantified from the
100-ms epochs that preceded the warning and movement cues to quantify pain-related
changes in preparatory state.

Electromyography—Surface electromyography (EMG) was recorded from silver/silver-
chloride electrodes placed in a bipolar montage over the right tibialis anterior, gastrocnemius
medialis, rectus femoris, biceps femoris, internal oblique, rectus abdominus, and lumbar
erector spinae. The EMG signals were amplified, band-pass filtered at 30-400 Hz (Drake
and Callaghan 2006), and then rectified for analysis. The onset of EMG activation was
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determined as the moment the rectified EMG signal displaced greater than 3 standard
deviations from baseline, which was defined from the 500-ms interval that immediately
preceded the first warning cue. Amplitudes of initial EMG activity were determined from
the integrated EMG evaluated over the 100-ms epochs that immediately preceded the
warning and movement cues.

Electroencephalography—To record the CNV potential prior to movement, silver/
silver-chloride EEG electrodes were affixed to the scalp at the Fz, Cz, C3, C4, and Pz
locations defined by the 10/20 system of electrode placement (Jasper 1958) and were
referred to linked electrodes affixed to the earlobes. In addition to the EEG electrodes,
electrodes were affixed above and below the left orbit for electrooculographic (EOG)
recordings in order to identify trials with ocular artifacts, remove them from analysis, and
continue to collect trials until 20 artifact-free trials were achieved per condition; trials were
considered to exhibit artifact if an EEG or EOG signal displaced greater than ± 100 μV prior
to the movement cue. The EEG signals were band-pass filtered from 0.05-60 Hz, and the
EOG signals were filtered from 0.05-30 Hz. Electrode impedance was kept below 5 kΩ for
the EEG, EOG, and EMG electrodes. After collection, the 20 artifact-free trials of EEG
signals were then low-pass filtered offline to 5 Hz in order to isolate the CNV signal of
interest and then averaged to generate the mean CNV potential for each participant within
each condition. The amplitude of this mean CNV potential was quantified as the average
amplitude exhibited during the 100-ms epoch immediately preceding the movement cue.

Statistical Analysis
The initial forces, CoP positions, joint angles, and EMG activations were compared over the
100-ms epochs prior to the warning and movement cues as well as across the three sit-to-
stand conditions by 2-factor repeated-measures ANOVA. Peak and time-to-peak force, CoP,
and joint-angle displacements, as well as movement times, were compared across the three
sit-to-stand conditions by 1-factor repeated-measures ANOVA. CNV amplitudes were
compared across the five electrodes and the three sit-to-stand conditions by 2-factor
repeated-measures ANOVA. A Greenhouse-Geisser correction was applied to the repeated-
measures ANOVA statistics. To confirm the EMG patterns of the sit-to-stand movement
(Goulart and Valls-Solé 1999) using the standardized positioning of this study, the EMG
onset times of every muscle were compared by a one-way ANOVA followed by post-hoc
paired comparisons to establish the activation pattern exhibited in the NoPain1 condition.
The EMG onset times were not compared across the experimental conditions, however, due
to artifacts generated by the electrocutaneous stimulations.

In addition to identifying consistent group differences among conditions in postural
coordination and cerebrocortical activity, correlation analysis was expected to be instructive
because multiple strategies are often employed to achieve the sit-to-stand movement
(Coghlin and McFadyen 1994) and because changes in postural coordination associated with
LBP can vary by group or individual; either increases or decreases in movement velocity
and lumbar flexion are evident during a sit-to-stand task (Gioftsos and Grieve 1996; Shum et
al. 2005a) and individuals with LBP can exhibit tendencies for increased lumbo-pelvic
extension, flexion, or rotation across multiple movement tasks (Van Dillen et al. 2003). In
addition, amplitudes of sensory-motor cortical function correlate with measures of postural
coordination (Tsao et al. 2008; Jacobs et al. 2010), even when differences between
participants with and without LBP are not consistent enough to elicit statistical significance
(Jacobs et al. 2010). Thus, due to high inter-individual variability, it may be expected to see
no significant differences in outcome measures across conditions for a group of participants,
but to have pain-related modifications in the individual participants’ postural coordination
correlate with their CNV amplitudes.
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In order to determine whether the participants’ pain-related changes in postural coordination
associate with their CNV amplitudes prior to LBP-inducing movements, stepwise linear
regressions were employed to identify the subset of variables whose changes in the Pain and
NoPain2 conditions from the NoPain1 condition independently associate with the
participants’ CNV amplitudes. Four stepwise models were generated: one each to predict
CNV amplitudes at the CZ and C4 electrodes from differences in outcome measures either
between the Pain and NoPain1 condition or between the NoPain2 and NoPain1 condition.
The variables tested in the model included peak and time-to-peak hip flexion and extension,
knee flexion and extension, ankle plantar-flexion and dorsi-flexion, and vertical force under
the feet, as well as movement time, anxiety scores, and initial EMG amplitudes and forces
under the feet. The models testing CNV amplitudes at the CZ electrode represent planned
analyses because this location elicits the maximum CNV amplitude for this task and overlies
cortex that is somatotopically most relevant to the sit-to-stand task. The models on CNV
amplitudes at the C4 electrode, however, were generated post hoc based on findings that the
Pain condition elicited changes in the CNV potential at that electrode location.

Results
Initial Conditions Prior to the Sit-to-Stand Movement

The participants maintained similar initial joint angles and CoP positions prior to movement
across the three conditions (main effect of condition: range of F = 0.50-2.07, P = 0.17-0.52;
condition-by-epoch interaction: range of F = 0.01-2.14, P = 0.14-0.98), and only the knee
angle demonstrated a significant shift in initial position between the warning and movement
cues (main effect of epoch: F = 4.68, P = 0.05) (Table 1). The average change in knee angle
from before the warning cue to before the movement cue, however, never exceeded 0.1
degrees for any participant.

Although the initial joint and CoP positions were similar across the 3 conditions, the Pain
condition elicited significant modifications in the distribution of vertical force under the feet
and seat, as well as in the amplitudes of initial EMG activation (Table 1). Specifically, the
participants significantly increased the initial vertical force under their feet and decreased
the force under the seat during the Pain and NoPain2 conditions compared to during the
NoPain1 condition (main effect of condition: F = 25.31, P < 0.000005 for under the feet; F =
6.38, P < 0.05 for under the seat). In addition, initial EMG amplitudes increased in the Pain
condition compared to the other conditions at the rectus femoris (main effect of condition: F
= 14.12, P < 0.0005), biceps femoris (main effect of condition: F = 22.62, P < 0.0005), and
gastrocnemius medialis muscles (main effect of condition: F = 13.84, P < 0.005).

Sit-to-Stand Characteristics Before Experiencing Induced LBP: the NoPain1 Condition
To characterize the sit-to-stand behavior (Fig. 1), the participants began moving by flexing
the hips and slightly redistributing their weight from the feet to the seat. The participants
subsequently loaded their weight under the feet, and extended the hips and knees until they
achieved a standing position. An ankle dorsiflexion and then plantarflexion coincided with
the hip and knee extensions. Some small and slow adjustments in hip-joint angle occurred
after reaching a zero velocity of hip extension at the end of the movement. Thus, maximum
hip extension was not always evident within the defined movement time.

Significant differences in EMG onset times (F = 23.46, P < 0.000001) were evident among
the recorded muscles in the NoPain1 condition. The tibialis anterior, rectus abdominus, and
internal oblique first activated with statistically similar onset times (mean onset ± the
standard deviation = 187 ± 71, 195 ± 91, and 238 ± 144 ms after the movement cue,
respectively). The onset of the tibialis anterior, however, reflects an initially small increase
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in activation amplitude that was later proceeded by a much larger burst of activity. The
rectus femoris and gastrocnemius medialis subsequently activated (mean onset ± the
standard deviation = 298 ± 104 and 384 ± 172 ms, respectively), followed by the erector
spinae (mean onset ± the standard deviation = 483 ± 79 ms) and, lastly, the biceps femoris
(mean onset ± the standard deviation = 555 ± 81 ms).

Differences Among The Sit-To-Stand Conditions
The Pain condition associated with significantly decreased maximum vertical force under
the feet (F = 5.87, P < 0.05) (Fig. 2A), significantly increased movement times (F = 5.26, P
< 0.05) (Fig. 2B), and significantly decreased peak hip extension (F = 4.43, P < 0.05) that
occurred at an earlier time relative to the total movement time (F = 5.24, P < 0.05) (Fig. 2C
and D). The participants all reported no anxiety (rating = 0) after performing the NoPain1
and NoPain2 conditions, and reported a median rating of 3 (range = 0-5) out of 10 after the
Pain condition (F = 53.61, P < 0.000001).

The participants’ CNV amplitudes were not statistically different among the conditions
(main effect of condition: F = 0.05, P = 0.92; condition-by-electrode interaction: F = 0.64, P
= 0.61) and were largest at the Cz electrode (main effect of electrode: F = 13.15, P <
0.000005) (Fig. 3). Although not significant in the ANOVA statistic comparing all
electrodes and conditions, increased average CNV amplitudes were visually evident at the
C4 electrode in the Pain condition (Fig. 3), and a post-hoc comparison by a paired t-test
demonstrated significantly increased CNV amplitudes in the Pain Condition compared to the
NoPain1 condition at the C4 location (T = 2.32; P < 0.05).

Associations Among CNV Amplitudes And Sit-To-Stand Characteristics
When examining changes in sit-to-stand behavior between the NoPain1 and Pain conditions
by stepwise regression, the participants’ maximum vertical force exerted under the feet
provided the only significant independent predictor of CNV amplitudes at the Cz electrode,
whereas the participants’ initial activation of the erector spinae muscle, movement time,
peak hip flexion, relative time of peak ankle dorsiflexion, and maximum vertical force
exerted under the feet all provided significant independent predictors of CNV amplitudes at
the C4 electrode (Table 2). For the regression model on CNV amplitudes at the C4
electrode, single-variable Pearson’s correlations identified maximum vertical force under the
feet as the only variable of the 5 significant independent predictors of the regression model
listed above to be significantly correlated with CNV amplitudes (Table 3). Thus, the other
four variables provided significant independent contributions to predicting CNV amplitudes
only with adjustment for the other variables in the multiple-variable model.

When examining changes in sit-to-stand behavior between the NoPain1 and NoPain2
conditions by stepwise regression, the relative time of the participants’ maximum hip
extension provided the only significant independent predictor of CNV amplitudes at the Cz
electrode, and the participants’ maximum ankle dorsiflexion provided the only significant
independent predictor of CNV amplitudes at the C4 electrode (Table 2).

Discussion
Experimentally induced LBP elicited altered postural coordination during and after the
experience of pain, and this altered coordination associated with CNV amplitudes.
Specifically, the Pain condition elicited smaller peak forces, longer movement times, and
altered hip motion during the sit-to-stand movement, similar to previous reports on people
with chronic, recurrent LBP (Gioftsos and Grieve 1996; Simmonds et al. 1998; Shum et al.
2005a). These movement modifications exhibited in the Pain condition concomitantly
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occurred with increased self-reported anxiety to perform the sit-to-stand movement. A post-
hoc exploratory analysis revealed that amplitudes of CNV potentials at the C4 electrode
increased during the Pain condition compared to the NoPain1 condition, but no significant
effects of condition on CNV amplitudes were evident when analyzed by the omnibus
statistic. As expected, the group exhibited high inter-individual variability in both motor and
neurophysiologic responses to the induced LBP. Amidst the high inter-individual variability
that prevented a significant pain-related change in the CNV response across the group,
however, the participants’ CNV amplitudes in the Pain condition exhibited moderate to very
high coefficients of determination with multiple pain-related changes in movement
parameters. The CNV amplitudes exhibited in the Pain condition also moderately associated
with the extent that movement parameters were modified from before to after the pain
experience. The CNV potential, therefore, provides a neurophysiologic correlate for changes
in postural coordination associated with an acute LBP experience.

The pain-related increase in CNV amplitude at the C4 electrode (located on the dorsolateral
convexity overlying the sensory-motor and premotor cortex) was not as we predicted; we
predicted changes to occur at the Cz electrode, where the CNV potential exhibited its
maximal amplitude and is somatotopically localized over the task-relevant leg and trunk
region of the sensory-motor cortex. Asymmetric pain-related increases in CNV amplitude,
however, have been previously reported at the C4 electrode, but the previous study
examined a model of induced pain and motor responses at the finger (Babiloni et al. 2004),
rendering it unclear whether the lateral asymmetry reflected the motor characteristics of the
task and the somatotopic organization of the sensory-motor cortex rather than
somatotopically non-specific pain-associated activity. The increase at the C4 electrode in
this study, however, would not likely reflect activation of the arm or hand region, or be
asymmetric, because this study’s sit-to-stand task primarily involved bilateral function of the
legs and trunk and utilized a bilateral pain stimulus to the low back.

Although speculative and requiring further study for confirmation, the pain-related increase
at C4 may reflect activity similar to other reports of right-hemisphere lateralized cortical
activity, such as (1) non-motoric right-hemisphere lateralizations of the CNV potential that
represent covert shifts in attention (Van ’t Ent and Apkarian 1998), (2) right-hemisphere
cerebral hemodynamic responses to induced pain stimuli that depend on the individual’s
attention to the painful stimulus (Peyron et al. 1999), and/or (3) the right-hemisphere
cerebral hemodynamic responses of the lateral premotor and dorsolateral prefrontal cortex
during the inter-stimulus interval between a warning cue and a pain stimulus (similar to a
CNV paradigm; López-Solà et al. 2010). In addition, the pain-related changes in pre-
movement EMG activity or movement patterns associated with CNV amplitudes may also
function to alter the perception of pain during the sit-to-stand movement (Le Pera et al.
2007). Whether this study’s observed changes in CNV potentials at the C4 electrode during
the Pain condition reflect these mechanisms, however, remains uncertain.

It is important to recognize that the C4 electrode’s increased CNV amplitudes during the
Pain condition were identified by a post-hoc paired-t test and not by the omnibus statistic.
This result must, therefore, be considered exploratory due to the increased chance of a Type
I error. Because, however, the pain-related changes in sit-to-stand behavior predicted these
CNV amplitudes to a coefficient of determination equal to 0.95, we believe it is unlikely that
the pain-related increase in CNV amplitudes at the C4 electrode represent a chance
phenomenon.

As noted in the introduction, the CNV potential relates to the anticipation of the stimuli and
motor task, sensory-motor status prior to the imperative stimulus, and motor preparation for
the response (Kok 1978; Haagh and Brunia 1985; van Boxtel and Brunia 1994; Pfeuty et al.
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2008), representing activation of a widespread cortical network (Lamarche et al. 1995;
Hamano et al. 1997; Bares et al. 2007). The stepwise regression analyses identified both pre-
movement changes in muscle activation as well as sit-to-stand kinematic and kinetic
response characteristics as significant independent predictors of CNV amplitudes,
suggesting any or all functional aspects of the CNV potential may have been affected in the
Pain condition. Thus, further research is warranted to disentangle the functional role of the
CNV potential in relation to the modification of movement patterns associated with acute
LBP.

To account for methodological considerations, it is possible the changes in CNV amplitudes
in the Pain condition simply reflect the slowed velocity of the sit-to-stand movements, rather
than the more complex motor modifications known to accompany LBP. We believe it is
highly unlikely the pain-related changes in CNV amplitudes solely reflect a slower pace of
movement, however, because: (1) previous comparisons of CNV amplitudes between
movement conditions of slow and fast velocity demonstrated decreased CNV amplitudes
with decreased velocity (Grünewald et al. 1979), whereas this study demonstrated increased
CNV amplitudes in the Pain condition that elicited longer movement times, and (2) only one
of the stepwise regression models identified movement time as a significant predictor of
CNV amplitudes and all models included other variables of force output or joint motion as
significant predictors of CNV amplitudes independent of movement time.

In addition, the generalizability of this study’s results should be tempered on the basis that
electrocutaneous stimulations might not accurately model the pain experience of chronic,
recurrent LBP. We argue, however, that this model of painful electrocutaneous stimulation
to the low back has previously elicited changes in postural coordination that parallel those
demonstrated by people with chronic, recurrent LBP (Hodges and Richardson 1999;
Moseley and Hodges 2005; Moseley and Hodges 2006; Jacobs et al. 2009), and this study’s
results likewise elicited changes in coordination during the sit-to-stand task exhibited by
people with a history of chronic, recurrent LBP (Gioftsos and Grieve 1996; Simmonds et al.
1998; Shum et al. 2005a). In addition, experimentally induced LBP and clinical pain
populations exhibit changes in cerebral activation within many shared regions (Peyron et al.
2000). Despite these arguments, some differences appear to exist between the cerebral
hemodynamic responses associated with the experience of spontaneous pain in a chronic
LBP population and those associated with experimentally induced LBP (Baliki et al. 2006).
Further, although induced pain elicits changes in CNV amplitudes prior to movement (Stude
et al. 2003; Babiloni et al. 2004; Babiloni et al. 2005), people with chronic LBP do not
exhibit consistent differences in pre-movement cortical potentials such as the CNV or
bereitschaftspotential (although, similar to this study, inter-individual differences in the
bereitschaftspotential correlated with differences in postural coordination) (Tandon and
Kumar 1996; Jacobs et al. 2010). Nevertheless, the results provide insight into how an acute
LBP experience could elicit changes in movement patterns that are also exhibited by people
with a history of chronic, recurrent LBP.

In summary, the present study demonstrates that acute, experimentally induced LBP elicits
modifications in sit-to-stand movement patterns similar to those reported for people with
chronic, recurrent LBP, thereby further supporting the face validity of this induced-pain
model for study on LBP. In addition, this study identified the CNV potential as a
neurophysiologic correlate for modified sit-to-stand behavior associated with acutely
induced LBP. Thus, future studies investigating the effects of acute LBP on the CNV
potential and motor coordination have promise to improve our understanding of the
neurophysiologic mechanisms that govern the long-term behavioral changes in movement
patterns associated with LBP.
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Fig. 1.
Illustration of the task and representative behavior. (A) The participants performed the sit-
to-stand task amidst EEG, EMG, kinematic, and kinetic recordings. (B) Average sagittal
kinematics of a representative participant from markers placed on the shoulder, hip, knee,
ankle, and foot during the NoPain1 and Pain conditions. The lines span the total movement
time and are separated by 100 ms (more lines denote a longer movement time). The thick
line for the Pain condition’s example demonstrates this participant’s position when the
painful stimulation occurred. (C) The graphs on the left illustrate average traces of a
representative participant’s center of pressure under the seat (sCOP) and feet (fCOP),
vertical forces under the seat (sFZ) and feet (fFZ), as well as joint angles of the hip, knee,
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and ankle during the NoPain1 (black traces) and Pain (gray traces) conditions. The vertical
dotted lines denote the time of the warning and movement cues, and the arrowheads denote
maxima and minima. The chart on the right illustrates representative EMG responses of the
rectus abdominus (RA), internal oblique (IO), erector spinae (ES), rectus femoris (RF),
biceps femoris (BF), tibialis anterior (TA), and gastrocnemius medialis (GM). The square-
wave artifacts in the gray traces were generated by the electrocutaneous stimulations of the
Pain condition.
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Fig. 2.
Mean differences among conditions in the (A) maximum vertical force under the feet, (B)
movement time, (C) maximum angle of hip extension, and (D) the time of maximum hip
extension as a percentage of the total movement time. The thin gray lines represent average
values for each participant, and the thick black line represents the group mean. All of the
illustrated variables exhibited significant (P < 0.05) changes in the Pain condition relative to
one or both of the NoPain conditions. Notice the variability in the participants’ absolute
values and in the extent of the condition-related changes in behavior.
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Fig. 3.
Grand mean CNV potentials. (A) Grand average EEG waveforms at frontal, central, and
parietal midline electrodes (Fz, Cz, and Pz, respectively) as well as left-hemisphere and
right-hemisphere dorsolateral central electrodes (C3 and C4, respectively) during the
NoPain1 (thin black traces), Pain (thick gray traces), and NoPain2 (dotted black traces)
conditions. The time scale is relative to the movement cue, with the warning cue illustrated
at −2 s by a vertical line. The gray rectangle denotes the final 100-ms epoch prior to the
movement cue used to calculate the average CNV amplitude. (B) Group mean CNV
amplitudes calculated from the mean EEG amplitude of the final 100-ms epoch preceding
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the movement cue for each electrode and condition. Color and name schemes are the same
as in (A) except the NoPain2 condition is represented by white bars.
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