Impaired neural drive in patients with low back pain
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What’s already known about this topic? 
· Low back pain has wide-ranging effects on the central nervous system and peripheral neuromuscular function
· The impact of low back pain on neural drive during exercise is unclear.
What does this study add?
· Patients with low back pain have impaired neural drive to back muscles at high levels of voluntary contraction
· Therapeutic exercise that includes high levels of voluntary contraction may be of added benefit to this population group.
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Abstract
Background: Control of trunk movement relies on the integration between central neuronal circuits and peripheral skeletomuscular activities and it can be altered by pain. There is increasing evidence that there are deficits within the central nervous system controlling the trunk muscles in people with low back pain (LBP). However, it is unclear how LBP impacts upon neural drive to back muscles at different levels of voluntary contraction. Therefore, the purpose was to investigate if neural drive is impaired in these patients.  
Methods: Seventeen patients with LBP and 11 healthy controls were recruited. Bilateral electromyographic (EMG) recordings were obtained from the erector spinae (ES) muscles at two vertebral levels (T12 and L4). Participants performed a series of brief isometric back extensions (50-100% maximum voluntary contraction - MVC) during which transcranial magnetic stimulation was delivered. The size of the evoked (superimposed) twitch was measured using dynamometry.
Results: The size of the superimposed twitch decreased linearly with increasing contraction strength in the controls; however, this linear relationship was not observed in the patients. Additionally, patients had larger superimposed twitches and longer time-to-peak amplitudes during MVCs than those observed in controls. Furthermore, patients had lower MVC and root-mean-square EMG activity of ES muscles during MVCs.  
Conclusions: A decline of central neural drive to the back muscles at the high level of voluntary contraction was observed in patients with LBP. These results suggest that it might be pertinent to include neuromuscular facilitation programs and therapeutic exercise utilising high voluntary contractions for patients with LBP.

1. Introduction 
Pain has profound and wide-ranging effects on motor function. People who experience chronic pain have altered movement patterns (van Dieen et al., 2003; Jacobs et al., 2011), motor coordination (Hodges & Moseley, 2003) and the ability to respond to, and compensate for, postural challenges (Hodges et al., 2003; Jacobs et al., 2010). Low back pain (LBP) is an extremely common musculoskeletal problem in clinics and it has a huge impact, not only on those who suffer it but also on society more widely (Thomsen et al., 2002; Bener et al., 2013). In patients with LBP, the negative impact of pain on motor function can be observed; this includes impaired motor control of trunk movements during postural and functional tasks (Hodges et al., 2003; van Dieen et al., 2003). Since control of trunk movement relies on an elegant integration between central neuronal circuits and peripheral skeletomuscular activities, it is unsurprising that evidence has emerged of  deficits within the central nervous system (CNS) and neuromuscular system controlling the trunk muscles (Hodges et al., 2003; Strutton et al., 2005; Tsao et al., 2011b) associated with LBP. Indeed, it has been reported that there are alterations of the erector spinae (ES) muscles in patients with LBP, including fibre atrophy (Mannion et al., 1997), suppressed corticospinal excitability (Strutton et al., 2005; Tsao et al., 2011a), and altered activity patterns during functional tasks (Dubois et al., 2011; Hanada et al., 2011; D'Hooge et al., 2013). The level of drive from the CNS to contracting muscles can be assessed using a modified version of the twitch interpolation method (Merton, 1954), where transcranial magnetic stimulation (TMS) is delivered to the motor cortex during an isometric voluntary contraction and the magnitude of the extra, superimposed force calculated. This method has been established in a number of different muscles (Todd et al., 2003; Lee et al., 2008; Goodall et al., 2009; Sidhu et al., 2009), including the trunk extensors in healthy adults (Lagan et al., 2008; Bottle & Strutton, 2012). In addition to recordings of force, surface electromyography (sEMG), which is representative of global motor unit recruitment (Zwarts & Stegeman, 2003), has been used to gain further insight into the changes in neuromuscular control during movements (Aagaard et al., 2002; Scott et al., 2011; Buckthorpe et al., 2013). 
      Given the alterations seen in the pathways controlling back muscles in patients with LBP, the purpose of the present study was to investigate neuromuscular control, using the twitch interpolation method, together with EMG recordings in these patients. Furthermore, since LBP has wide-ranging impacts on daily activities, we also examined the relationship between the neuromuscular control, pain, disability and healthy related quality of life in these patients. 
2. Methods
2.1 Participants
[bookmark: _GoBack]With ethical approval and written informed consent 28 subjects participated in the study. Seventeen [7 males: 10 females; mean (SD) age 44.3 (7.0) yrs] with recurrent, mechanical, non-specific low back pain (LBP group) were recruited from the orthopaedic clinic at Charing Cross Hospital and 11 (7 males: 4 females; 44.7 (7.1) yrs.) healthy controls were recruited from the staff working in the hospital and associated university. Only subjects with mechanical LBP were included, those with back pain related to rheumatologic disease or spondylolithesis were excluded. Additional exclusion criteria included pregnancy, spinal tumour, spinal fracture, drug or alcohol abuse, mental illness or constant severe pain. Subjects who met the criteria for exclusion from use of TMS of (metal implants, cardiac pacemaker, history of epilepsy or fits, brain damage, neurosurgery, neurological disorders, psychological disorders, actively taking antidepressants or other neuromodulatory drugs) were also excluded from taking part in the study. 
2.2 Questionnaires
The Edinburgh Handedness Inventory (Oldfield, 1971) was used to identify hand dominance. The international Physical Activity Questionnaire (iPAQ) was used to determine the level of activity of the participants (Craig et al., 2003). In addition, the Oswestry Disability Index (ODI), a disease specific functional measure (Fairbank et al., 1980), the SF-36v2TM, a global measure of health status (Brazier et al., 1992) and a visual analog pain scale were completed by the patients with LBP.
2.3 Torque recordings
Back extensor torque was measured using a Cybex Norm Isokinetic Testing System (Henley Healthcare, USA). Torque was sampled at 500Hz by a data acquisition system (Power 1401 plus and Spike2 v5; Cambridge Electronic Design [CED], UK) connected to a personal laptop.
2.4 Electromyographic (EMG) recordings
Bilateral EMG recordings were obtained from the erector spinae (ES) muscles at vertebral levels T12 [Left (L) ES T12; Right (R) ES T12] and L4 (LES L4; RES L4) and from rectus abdominis (LRA; RRA).  The recording of the activity of the trunk flexors (RA) were carried out to observe any activation of these muscles by the TMS, which could potentially reduce the size of the evoked extensor twitch and cause an overestimation in the level of neural drive to the extensors. Pairs of Ag/AgCl electrodes (self-adhesive, 2 cm diameter, CareFusion, UK) were positioned parallel to the fibre orientation of ES muscles, with an inter-electrode distance of 2cm. For ES, they were positioned 3cm either side of the spinous processes; for RA they were placed 3cm lateral to the linea alba just below the level of the umbilicus. The EMG signals were filtered (10Hz–1kHz), amplified (1000×; Iso-DAM, World Precision Instruments, UK) before being sampled at 4kHz by the data acquisition interface (Power 1401 and Spike2 software; CED, UK) connected to a personal computer for subsequent offline analysis.
2.5 Transcranial magnetic stimulation (TMS)
TMS was delivered to the motor cortex using a Magstim 2002 mono-phasic stimulator (The Magstim Company Ltd., UK) connected to an angled double cone coil (wing outer diameter 12cm), positioned over the vertex and orientated to induce a current in the brain flowing in a posterior-to-anterior direction. 
2.6 Protocol
The protocol used to assess neural drive in trunk muscles has been described previously (Lagan et al., 2008; Bottle & Strutton, 2012). Briefly, subjects were positioned prone on the dynamometer bench, with their ankles and hips strapped securely, to help isolate back muscle movements; the arms were by the sides and the iliac crests were aligned with the pivot of the dynamometer lever arm. The lever arm itself was positioned over the lower edge of the scapulae (see Fig. 1a).  
      Subjects had a gentle warm-up consisting of several push-ups into extension without using their arms. Following this, three brief maximal voluntary contractions (MVCs, approximately 3 s each) of trunk extension were performed with at least 10 seconds interval between each contraction; consistent verbal encouragement was given throughout and the highest of the three torque values was taken as the control MVC value. Submaximal torque levels (75% MVC, 50% MVC and 25% MVC) were calculated and cursors indicating these levels positioned on a computer screen underneath the dynamometer bench, within view of the subjects, to provide them with visual feedback (see Fig. 1b).
      The intensity of TMS to be used for twitch interpolation was then determined while the subject maintained a weak contraction (25% MVC). Two stimuli (separated by at least 2s) were delivered at an intensity of 50% maximum stimulator output (%MSO) and further pairs of stimuli were delivered at increasing intensities (60, 70, 75, 80, 85 and 90% MSO) with approximately 10s rest between pairs of stimuli. A recruitment curve of stimulus intensity (%MSO) against amplitudes of the motor evoked potentials (MEPs) was constructed (see Fig. 2) and the intensity which evoked MEPs in each muscle on the plateau of this curve was used throughout the remainder of the experiment; this is necessary since the multi-segmental innervation of ES muscles precludes the measurement of a Mmax response. The mean (±SD) stimulus intensities used were 78.18±7.50%MSO (range 70-90%MSO) and 78.53±9.64%MSO (range 50-90%MSO) in controls and in patients with LBP (p=0.92), respectively.
      Subjects performed a randomised sequence of 18 contractions, 6 at each of the submaximal levels (50% and 75% MVC) and 6 at 100% MVC. Each contraction was held stable at the correct level, at which point TMS was delivered. Verbal encouragement was provided throughout to ensure the required contraction strength was maintained. An appropriate rest was given between contractions to minimise fatigue. After each maximal contraction, subjects were asked to indicate how much effort they used on a modified Borg scale (from 0, no effort to 10, maximal effort).
2.7 Data analysis
Evoked twitches were identified visually. The twitch amplitudes were then calculated as the difference between the voluntary torque level (at 2 ms following the TMS pulse) and the maximum torque level obtained during the twitch. The time-to-peak (TTP) amplitudes (from the TMS pulse) of the twitches were also established. EMG obtained during MVCs was calculated for each back muscle as the root-mean square amplitude (rmsEMG) in a 200ms window centred on the peak torque during the 3 control MVCs. 
      MEPs from each muscle were identified visually from the averaged (6 trials per level of voluntary torque) traces and the amplitudes were obtained using a custom made script. Fixed cursors were positioned around the MEP identified from the averaged trace. These fixed cursors were then applied to the individual frames of EMG and the amplitudes of individual MEPs were obtained. These were then averaged per contraction strength to give single MEP amplitude per subject, for each level of voluntary torque. For each subject MEP amplitudes were normalised to the maximum obtained from that muscle during the entire experiment (MEPmax), regardless of the level of voluntary torque during which this was obtained. 
2.8 Statistical analysis
Data were analyzed using Statistical Program for the Social Sciences (SPSS) version 21 (IBM Corp, Armonk, NY). 
      Demographic data were compared between the control group and the LBP group using independent-t tests and Chi-Square tests for scale data (e.g. age, body weight, etc) and for nominal data (gender), respectively. Independent-t tests were also applied for inter-group comparisons on TMS intensity and the modified Borg score.
      Linear regression analysis was used to examine the relationship between levels of voluntary torque and superimposed twitch amplitudes as well as TTP amplitudes for each subject. The resulting R-squared values were compared for differences using independent-t test for inter-group comparison. Pearson correlation coefficient analysis was performed between scores of questionnaires (iPAQ, SF-36, ODI, typical pain, and pain at the time of experimentation) and twitch size at 100%MVC, and TTP amplitudes at 100%MVC. 
       Normal distribution was tested by the Shapiro-Wilk test for variables of twitch interpolation, EMG, and amplitudes of MEPs. Since not all of the variables passed the normality test (P > 0.05) and our sample sizes of two groups were not equal, non-parametric tests were applied to assess intra-group differences and inter-group differences. Friedman test with Wilcoxon Signed Ranks tests as a post-hoc test were applied to assess the effects of different levels of voluntary contraction (50% MVC, 75% MVC, and 100% MVC) on TMS-evoked superimposed twitch amplitudes, TTP amplitudes, and MEP amplitudes of back extensors (LES T12, RES T12, LES L4, RES L4) and abdominal muscles (LRA RRA) within each group. In addition, they were also applied to explore the effect of muscle groups (LES T12, RES T12, LES L4, RES L4) on rmsEMG activity at 100% MVC in each group. Mann-Whitney U tests were then used to examine differences in TMS-evoked superimposed twitch amplitudes and TTP amplitudes at different levels of voluntary contraction between groups. Statistical significance was set at p<0.05 and Bonferroni correction was applied to allow for multiple comparisons.   
3. Results
3.1 Group characteristics
Patients with LBP and controls were similar for age, gender, height, weight, and handedness (see Table 1). In addition, the iPAQ scores were similar between groups (LBP: 4135.96±6401.12 MET-min/week; C: 5474.31±4654.28 MET-min/week; p=0.59). However, the MVC (normalized to body weight) of patients was smaller than that of controls (LBP: 2.67±1.14 N/kg; C: 4.14±1.43N/kg; p=0.008). Further, the typical pain reported by patients was 5.41±2.72 and the pain at the time of experimentation was 4.06±2.82; controls reported no pain (i.e. 0). All subjects completed all aspects of the protocol; no data were excluded from analyses.
3.2 Twitch interpolation
Twitches were evoked by TMS in 97.23±9.87% and in 92.30±5.27% of maximal contractions in the LBP patients and in the controls, respectively (p=0.4). Additionally, twitches were evoked in 100% of submaximal contractions (50% and 75% MVC) in both groups. During the MVCs, the modified Borg Scale scores were not different between the groups (LBP: 9.54±0.37% MVC; C: 9.78±0.42% MVC; p=0.14). 
      Figure 3a illustrates TMS-evoked superimposed twitch amplitude against voluntary torque (% MVC) and the linear regression line obtained in a control subject and a patient with LBP. The group results showed that the size of the superimposed twitches decreased linearly with increasing contraction strength for contractions of 50-100% MVC in the controls; however, this relationship was less linear in the patients (LBP: r2=0.47±0.26; C: r2=0.78±0.16; p=0.001).
      In twitches evoked at different levels of voluntary contraction, results of the Friedman test revealed that there was an effect of contraction strength in both groups (LBP: χ2(2)=25.53, p<0.001; C: χ2(2)=22.00, p<0.001). Post-hoc tests revealed that the twitch size at 100%MVC was significantly smaller than that at 75% MVC (LBP: Z=-3.39, p=0.001; C: Z=-2.93, p=0.003) and at 50%MVC (LBP: Z=-3.621, p<0.001; C: Z=-2.93, p=0.003). Additionally, the twitch size at 75% MVC was also significantly smaller than that at 50% MVC (LBP: Z=-2.58, p=0.01; C: Z=-2.93, p=0.003; see Fig. 3b). 
      Further, results of Mann-Whitney U test demonstrated that there was inter-group differences on the twitch size at 100%MVC (U=28; Z=-3.08; p=0.002; Fig. 3b) but not at 75% MVC (U=45; Z=-2.28; p=0.023) or at 50% MVC (U=70; Z=-1.11; p=0.27). 
3.3 Time-to-peak amplitude of the superimposed twitch 
A strong linear relationship was found in the controls; however this relationship was significantly lower in patients (C: r2=0.85±0.11; LBP: r2=0.66±0.24; p=0.013), see Fig 4a. 
      Results of the Friedman test showed that there was an effect of contraction strength in both groups (LBP: χ2(2)=30.47, p<0.001; C: χ2(2)=20.18, p<0.001). Post-hoc tests demonstrated that the TTP amplitude at 100%MVC was significantly shorter than that at 75% MVC (LBP: Z=-3.62, p<0.001; C: Z=-2.58, p=0.01) and at 50%MVC (LBP: Z=-3.62, p<0.001; C: Z=-2.93, p=0.003). Additionally, the TTP amplitude at 75% MVC was also significantly shorter than that at 50% MVC (LBP: Z=-3.48, p=0.001; C: Z =-2.93, p=0.003; see Fig. 4b).
Further, results of Mann-Whitney U test revealed that there was an inter-group difference on the TTP amplitude at 100% MVC (U = 37; Z = -2.66; p=0.008; Fig 4b). However, there was no inter-group difference on it at 75% MVC (U = 64.5; Z = -1.37; p=0.17) and at 50% MVC (U = 88; Z = -0.26; p=0.80).
3.4 EMG activity of back muscles 
There was no effect of muscles on rmsEMG activities of bilateral ES muscles in the controls (χ2(3)=0.27, p=0.97), but there was an effect of muscles on rmsEMG activities of bilateral ES muscles (χ2(3)=8.51, p=0.04) in the patients with LBP. Post-hoc tests revealed that the difference of muscle activity occurred between LES T12 and LES L4 (Z=-2.15, p=0.03); however this didn’t reach statistical significance after correction of the p-value for multiple comparisons.
Furthermore, Mann-Whitney U test demonstrated that there was inter-group difference on rmsEMG activities of RES T12 (U = 39.00; Z = -2.56; p=0.01) and LES L4 (U = 40.00; Z = -2.52; p=0.012; Table 2). There was a marginal inter-group on rmsEMG activity of LES T12 (U = 46.00; Z = -2.23; p=0.025) and RES L4 (U = 45.00; Z = -2.28; p=0.023).
3.5 Motor evoked potentials (MEPs) 
The Friedman test demonstrated there was no main effect of contraction strengths on MEP amplitudes of LES T12 (LBP: χ2(2)=1.88, p=0.39; C: χ2(2)=2.36, p=0.31), RES T12 (LBP: χ2(2)=4.59, p=0.10; C: χ2(2)=5.09, p=0.08), LES L4 (LBP: χ2(2)=0.12, p=0.94; C: χ2(2)=1.27, p=0.53), and RES L4 muscles (LBP: χ2(2)=2.24, p=0.33; C: χ2(2)=2.36, p=0.31). The same was found for the RA muscles in both groups; with no significant effect of contraction strength on MEP amplitudes of LRA (LBP: χ2(2)=4.35, p=0.11; C: χ2(2)=2.18, p=0.34),  and RRA muscles (LBP: χ2(2)=2.24, p=0.33; C: χ2(2)=3.46, p=0.18).
3.6 Correlation between neural drive and levels of physical activity and disability in patients
Pearson correlation coefficient analysis showed the scores of iPAQ, ODI, SF-36, typical pain, and the pain at the time of experimentation did not correlate to twitch size at MVC, or TTP amplitudes at MVC (p>0.05 in both cases). 
4. Discussion 
In the present study we report a significant decrease of neural drive to back extensors during high level of contraction strength (100% MVC) in patients with LBP. This was also reflected in the finding that the patients had lower levels of EMG activity of back extensors during 100% MVC than the controls. In addition, TTP amplitude of the superimposed twitches at 100% MVC were significantly longer in the patients with LBP, which may indicate their recruitment of fast-type motor units was less than optimal or that there were anatomical differences in the fibre type composition of the muscles between the two groups. 
      Interpretation of the original technique of twitch interpolation using motor nerve stimulation is based on the finding that the amplitude of the interpolated twitch declines with increasing contraction intensity in a linear fashion (Merton, 1954; Belanger & McComas, 1981; Gandevia et al., 1995; Allen et al., 1998). This linear relationship has also been shown in studies using TMS in limb muscles (Todd et al., 2003; Lee et al., 2008; Goodall et al., 2009; Sidhu et al., 2009) and back muscles (Lagan et al., 2008; Bottle & Strutton, 2012) in which voluntary activation has been derived. In the present study, this relationship was not linear in the patients with LBP; the methodological consequence of this is that the resting twitch cannot be estimated and voluntary activation cannot be readily calculated in this group. An additional requirement of this technique is the undertaking of MVCs by the subjects. According to our methodology, the levels of submaximal contraction were calculated from the level of maximal contraction. If the MVC force was not the patient’s “true” MVC, the inter-group differences in the amplitudes of evoked twitches might be expected to occur across all levels of voluntary contractions. Conversely, the inter-group differences in the twitch sizes were evident only at 100% MVC. In addition, another index relating to the level of contraction strength – the TTP amplitude of the superimposed twitches were found only to be different between the groups at 100% MVC and not across all levels of voluntary force. Furthermore, the average Borg scores reported by the patients following each MVC were 9 (maximum is 10). Accordingly, we believe that our patients were performing their true MVCs during the protocol. 
      During pain, or fear of pain, CNS performance is often reduced because pain is prioritised by the CNS (Mosley et al., 2005). The present findings that the impairment of neural drive in patients with LBP was detected at higher levels of voluntary contractions are in-keeping with this. In addition to these inter-group differences in neural drive, it has also been shown previously (Lagan et al., 2008; Bottle & Strutton, 2012) that voluntary activation measured in back muscles appears less than optimal in comparison to studies on limb muscles (Todd et al., 2003; Lee et al., 2008; Goodall et al., 2009; Sidhu et al., 2009). This is partly explained by the experimental task used to calculate voluntary activation; the performance of MVCs. Since trunk muscles are generally recruited to between 3% and 45% MVC during daily activities (Bouillon et al., 2012; Cuesta-Vargas et al., 2013; Grooten et al., 2013; Lariviere et al., 2013) and the physical activity level in patients was similar to that in the controls, it is not surprising that the neural drive at 50% MVC was not different between the patients and the controls. 
      Moreover, the smaller EMG activity of back extensors at 100% MVC found in the present study echoes previous findings regarding adaptation of muscle activity during pain which reflects an altered strategy in the control of motor units (Farina et al., 2005; Wong et al., 2013). The motor unit recruitments can be altered during pain (e.g. decrease in motor unit discharge rate) and it may be due to decrease central drive to the painful muscle (Farina et al., 2008), which is in accordance with the present finding of impaired neural drive at 100% MVC in patients. 
      Furthermore, corticospinal excitability has been reported to be altered both in chronic low back pain and during experimentally-induced acute LBP (Strutton et al., 2005; Tsao et al., 2008; Tsao et al., 2011b). In the present study, recruitment curves of stimulus intensity against amplitudes of MEPs showed that the patients with LBP had smaller MEP amplitudes (in the four back muscles recorded from) compared to the controls under low level voluntary contraction of back extensors; further evidence of decreased corticospinal excitability in these patients.
      Another feature of twitch interpolation is that the TTP amplitude is shorter with increasing levels of contraction (Herbert & Gandevia, 1999), this is also true for the back muscles (Lagan et al., 2008; Bottle & Strutton, 2012). This may reflect the increasing recruitment of larger, fast-type II motor units necessary for the production of high forces (Henneman et al., 1965; Milner-Brown et al., 1973). Patients with LBP had longer TTP amplitude at 100% MVC; this may result from changes in motor unit composition, consistent with previous anatomical findings of type II (fast-twitch) atrophy in these patients (Weber et al., 1997). Furthermore, since type II skeletal muscle fibre is capable of generating greater isometric force per unit area than type I (Rall, 1985; Verdijk et al., 2010), our results of lower MVCs in patients with LBP is in-keeping with this. 
      The disability index (ODI), the pain scale, and the health related quality of life score (SF-36) did not correlate with the impaired neural drive in the present study. This may be because the decline of neural drive occurred only at high level of voluntary contraction, levels not routinely required for the performance of daily activities (Bouillon et al., 2012; Cuesta-Vargas et al., 2013; Grooten et al., 2013; Lariviere et al., 2013) and not necessarily reflected in these functional scores.
      The present results have clinical relevance to assessments and rehabilitation of subjects with back pain. Since the impaired neural drive occurs at higher levels of voluntary contraction, it may reveal that motor control problems exist during movements of the back muscles in these patients, especially during activities that require high forces. Therefore, it may be beneficial to include relevant high contraction exercises, neuromuscular facilitation programs, and motor control training as part of the therapeutic intervention, which may improve upon success rates for treating LBP conservatively; approximately 60% to 80% of patients continue to complain of severe back pain in the long-term (Croft et al., 1998; Hestbaek et al., 2003).
5. Conclusion
      In conclusion, reduced central neural drive to the back muscles at the high level of voluntary contraction was observed in patients with LBP. Longer TTP amplitude in the patients may be relevant to the change of motor unit types in the back muscles. These impairments could result in lower MVC force of back extensors and lower EMG activity of the ES muscles. Since the decrease of neural drive occurs at the high level of voluntary contraction, it might be pertinent to include neuromuscular facilitation programs, motor control training, and therapeutic exercise utilising high voluntary contractions for patients with LBP.
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Figure legends
Figure 1. (A) Experimental setup and (B) protocols for twitch interpolation. Subjects performed a randomised sequence of 18 contractions, six maximal voluntary contractions (MVCs) and six at each submaximal level (50%, 75%, 90% MVC; 25% MVC was for determining the stimulus intensity). Transcranial magnetic stimulation (TMS) was delivered to the motor cortex (arrows) once the appropriate torque level had been reached. 
Figure 2. Recruitment curves of stimulus intensity [% of maximal stimulus output (MSO)] against amplitudes of the motor evoked potentials (MEPs) for back muscles at 25% maximal voluntary contraction in the controls and in the patients with low back pain (LBP). Data are presented as mean±SEM. L: left; R: right; ES: erector spinae. T12: 12th thoracic vertebral level; L4: 4th lumbar vertebral level.
Figure 3. Superimposed twitch amplitudes. (A) Data from a control subject (circle) and a patient with low back pain (LBP, triangle) show twitches evoked at different levels of voluntary contraction and their regression lines. (B) Group mean (±SEM) data show twitches evoked at different levels of voluntary contraction in the controls (circle; n=11) and in the patients with LBP (triangle; n=17). a and b indicate significant intra-group differences from 50% MVC, and from 75% MVC, respectively. Asterisks indicate significant inter-group differences. Significance level was set at p<0.017.
Figure 4. Time-to-peak amplitude of the superimposed twitches. (A) Group data show time-to-peak amplitude at different levels of voluntary contraction and their regression line in the controls (circle; n = 11) and in the patients with low back pain (LBP, triangle; n = 17). (B) Group mean (±SEM) data show time-to-peak amplitude at different levels of voluntary contraction in the controls (circle; n=11) and in the patients with LBP (triangle; n=17). a and b indicate significant intra-group differences from 50% MVC, and from 75% MVC, respectively. Asterisks indicate significant inter-group differences. Significance level was set at p<0.017.




