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Abstract
BACKGROUND
Paraspinal muscle strength and fatigue are considered important in low back pain (LBP) prevention and rehabilitation. High reliability of paraspinal strength and electromyographic (EMG)-fatigue parameters has not been universally reported. Moreover, the discriminative validity of these parameters requires further exploration, under the threat of potentially poor reliability of the methods examined.

AIM
To investigate the reliability and discriminative validity of paraspinal strength and EMG-related fatigue in subjects with recurrent LBP and healthy participants.

METHODS
Test-retest measurements were performed in 26 healthy and 66 LBP volunteers, for reliability. Paraspinal isometric maximal and mean strength were determined with a maximum voluntary isometric contraction (MVIC) protocol, performed in a custom-made device. For the fatigue test, participants performed a 60% MIVC level continuous isometric contraction of the paraspinals, in conjunction with EMG analysis from 4 muscle sites of the lumbar spine. Initial median frequency (IMF), the median frequency slope (MFslope), as well as the root mean square (RMS) slope EMG parameters were used as fatigue measures. Data were analysed with repeated measures ANOVA for test-retest differences. For reliability, the intraclass correlation coefficient (ICC3,1), standard error of the measurement (SEM) and the smallest detectable difference (SDD) were reported. Group-related differences for fatigue measures were analysed with a Multivariate Analysis of Covariance, with age, weight and strength as covariates.

RESULTS
Isometric strength presented statistically significant between-day differences (P < 0.01), however these did not exceed 10% (healthy: 7.2%/LBP-patients: 9.7%) and ICC reliability values were excellent, yet test-retest error was increased for the patient group (healthy: ICC3,1: 0.92-0.96, SEM: 5.72-5.94 Hz, SDD: 18.51%-18.57%/LBP-patients: ICC3,1: 0.91-0.96, SEM: 6.49-6.96, SDD: 30.75%-31.61%). For the frequency data, IMF reliability was excellent (healthy: ICC3,1: 0.91-0.94, SEM: 3.45-7.27 Hz, SDD: 9.56%-20.14%/patients: ICC3,1: 0.90-0.94, SEM: 6.41-7.59 Hz, SDD: 17.75%-21.02%) and of MF raw and normalised slopes was good (healthy: ICC3,1: 0.78-0.82, SEM: 4.93-6.02 Hz, SDD: 13.66-16.67%/LBP-patients: ICC3,1: 0.83-0.85, SEM: 6.75-7.47 Hz, SDD: 18.69%-20.69%). However, the reliability for RMS data presented unacceptably high SDD values and were not considered further. For discriminative validity, less MVIC and less steep MFslopes were registered for the patient group (P < 0.01).

CONCLUSION
Reliability and discriminative ability of paraspinal strength and EMG-related frequency parameters were demonstrated in healthy participants and patients with LBP.
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Core Tip: Patients with low back pain (LBP) frequently exhibit muscle strength and fatigue impairments. Sixty-six patients with sub-acute recurrent LBP, able to perform a short duration isometric maximal strength evaluation, followed by a brief submaximal endurance performance test of the paraspinals, demonstrated strength deficits, as well as electromyographic (EMG)-fatigue differences in relation to a group of healthy participants. Test-retest reliability examining the level of accuracy of strength and EMG-fatigue measures, and the discriminative validity of frequency data were also reported. There were no adverse effects of the methodology followed. Paraspinal muscle re-training to improve the identified deficits should be emphasised.

INTRODUCTION
Low back pain (LBP) is drawing a lot of research effort worldwide, due to the disability and work loss associated with this health care condition[1]. For approximately 80% of LBP cases labeled as non-specific LBP a precise diagnosis cannot be established and only 15% of cases can be attributed to a specific pathology[1]. The “non-specific” category is the one that presents the greatest challenge, as it forms the largest group but also as there seems to be no apparent etiologic link between pain and structure[2].
Due to the episodic nature of LBP, the condition has been labelled as recurrent, if present on less than half the days (< 6 mo) in a 12-month period, occurring in multiple episodes over the year[3]. Around 2/3 of people who ever had back pain will have some recurrence each year[4]. The causes of recurrence are not clear and may vary for different populations, however both biomechanical and psychosocial factors have been proposed as contributors to LBP disability[1,5], with alterations in muscle structure and function being more evident in chronic LBP (CLBP) than in recurrent LBP (RLBP)[6,7].
The trunk muscle activity functional alterations already evident in people with RLBP even during periods of remission of symptoms compared to healthy controls, have been recently summarized as greater co-contraction, different redistribution of muscle activity, and delayed postural control of deeper trunk muscles[8]. Redistribution of the pattern of activity between different parts of the paraspinal muscles, synergistically contracting in response to the functional demands of spinal movement and stability, has also been described to vary between the upper and lower spinal segments in CLBP and healthy controls, rendering the lower spinal segments of patients with CLBP relatively unprotected upon sustained contractions, registering in parallel deficits in timed endurance[9]. Additionally, patients with RLBP compared to those with CLBP demonstrated a generalised lack of activation ability of the paraspinals while performing a low-load lumbar extension task, corresponding to a lower metabolic activity at both the erector spinae and multifidus and combined with less perceived exertion following completion of the task, possibly due to the lower activation levels of those muscles[6].
Considering the anti-gravity functional role of the paraspinals muscles, good paraspinal muscle endurance (fatigue-resistance), assessed with an isometric time to complete exhaustion test was found to prevent first-time occurrence of back pain in men only[10] and in both men and women, however only for subjects in the lowest performance tertile[11]. Measuring paraspinal fatigue to complete exhaustion possesses inherent limitations, as measurements can be affected by patients’ psychology[12,13], depending on their willingness to perform a test that is physically demanding and potentially having a pain-provocation effect during its execution and afterwards.
Given the significant role of paraspinal muscle fatigue in LBP progression[14,15], alternative fatigue assessment techniques were required, to overcome validity issues in the determination of paraspinal endurance with the classic Sorensen test performed to complete exhaustion, especially in pain populations[16]. Significant metabolic processes within the muscle, associated with a decreasing pattern of motor unit firing frequencies can be detected with electromyographic (EMG) monitoring from the beginning of a contraction, much earlier than the time of mechanical inability to sustain the contraction, with accurate methods required to assess the pattern of these processes[17]. Therefore, brief paraspinal muscle testing, performed at set percentages of a maximum voluntary isometric contraction (MVIC), estimating the fatigue characteristics of contracting muscles from EMG-related parameters have been developed[18]. Indeed, EMG-fatigue data were more reliable under a task performed at a set percentage of an MVIC than a modified Sorensen test of 1 min duration, when directly compared in healthy participants[19].
Besides the brevity of the contractions required and the non-invasive nature of the surface EMG methods involved, it is of high importance to ascertain the reliability and validity level of the EMG-related spectrum and amplitude parameters of the paraspinal muscles, therefore providing an accessible monitoring method for clinicians[17]. However, the random nature of the EMG signal in general, as well as the EMG activity redistribution differences between healthy controls and patients with LBP[9], render these measurement properties difficult to achieve[20-22]. Additionally, the safety of paraspinal muscle maximal strength assessment in healthy and patient populations is important, due to the intense contractions involved. Due to the different physiological and structural changes identified between patients with recurrent and CLBP[6], between patients and healthy controls[9,23] and a possible role of paraspinal EMG-determined fatigue in the prediction of LBP development[15], the measurement of EMG-fatigue parameters of these muscles in different LBP patient subgroups and subjects without LBP requires systematic study.
The aims of this study were to investigate the reliability and discriminative validity of paraspinal strength and EMG-related endurance spectrum and amplitude parameters in subjects with RLBP at the sub-acute stage of symptoms in relation to healthy participants.

MATERIALS AND METHODS
Subjects
Adult subjects (> 18 years), without LBP (n = 26) and patients with LBP (n = 66), participated in this study, between January-September 2000. Subjects without LBP were either students or University employees. Patients were recruited from the orthopaedic clinic of a local hospital and several local general practices. Patients were eligible for the study if they had a history of RLBP (repeated episodes of pain in past year collectively lasting for less than 6 mo)[24] of a nonspecific nature, defined as back pain complaints occurring without identifiable specific anatomical or neurophysiological causative factors[2]. To establish this, all patients included had a prior clinical examination by their physician, including a radiograph or a magnetic resonance imaging scan. Patients with previous spinal surgery, “red flags” (i.e., serious spinal pathology or nerve root pain signs), signs and symptoms of instability (radiological diagnosis of spondylolysis or spondylolisthesis corresponding to a symptomatic spinal level; “catching,” “locking,” “giving way,” or “a feeling of instability” in one or multiple directions of spinal movement)[25] were excluded. It was ensured that patients’ symptoms were at a subacute stage, to avoid pain interference with testing. The anthropometric data of patients and healthy participants are presented in Table 1. Additionally, patients had to be medically fit (no cardiovascular, neurological or musculoskeletal inflammatory conditions), no pregnancy for female participants and willing to participate in the experimental procedures and be able to travel independently to the hospital. All subjects were employed at the time of study and were not involved in any current workers’ compensation or litigation procedures.
The local National Health Service (NHS) Trust and University Ethical Committees granted ethical approval for all experiments. All research assessments were conducted in a local research centre. All subjects gave informed consent prior to their participation. All rights of participants were protected at all times, according to the declaration of Helsinki.

Apparatus and procedures for paraspinal strength measurement
Muscle strength was assessed in a custom-made isomyometer designed and manufactured by the Medical Physics Department (St Mary’s Hospital, Central Manchester Healthcare Trust-CMHT). Its design was based on a very similar type of myometer developed in the Boston Neuromuscular Research Centre, the “Back Analysis System”[18,26]. Subjects were put in a standing position in the myometer, with appropriate stabilisation of the lower limbs. Subjects had to pull maximally backwards performing an isometric contraction of their paraspinal muscles and force was registered on an S-type load cell (250-kg Tedea Huntleigh, United Kingdom), positioned directly in front of their chest. A special built-in calibration system of the back myometer was also employed, in order to regularly test the transducer’s linear response between 0-200 kg, with known weights (Medical Physics Dept). An inextensible strap made of nylon linked the transducer to the subjects. The strap was securely fixed on the subjects’ back around the T6-T7 level, through a chest harness (Figure 1). In order to be able to comfortably generate paraspinal muscle strength, the hip, knees and ankle joints were placed in mid-range functional positions. The force transducer was interfaced to a computer and by means of a graphical programming analysis system (LabVIEW 5.0TM, National Instruments, Texas, United States), its output was online displayed on a flat-screen computer monitor placed at participants eye-level for visual feedback purposes.
Paraspinal muscle MVIC was determined in the upright position, in the following manner: three or more MVIC attempts were requested until the efforts were within 5-10% of each other. The best effort was taken as the MVC. Contraction duration was kept as short as possible (3-5 s), to minimise any reduced motivation or pain arising from prolonged contractions. Rest intervals between repeat MVICs were set at 60-s[27,28].

Apparatus and procedures for EMG
A four-channel EMG recorder (MP100 WSW, BIOPAC Systems), was used to collect EMG signals from 2 different back muscles bilaterally, the erector spinae (L2/3) and multifidus (L4/5). EMG signals were high-pass and low-pass filtered at 8 and 500 Hz respectively, amplified (× 10, CMRR: 110 dB min, SNR: 65 dB min) and analogue-to-digital converted at a sampling rate of 1024 Hz. An additional sharp 50 Hz notch filter was applied for DC noise removal. The waveforms collected were online analysed by a graphical programming analysis system (LabVIEWTM 5.0) in order to continuously derive the median frequency (MF) of the power density spectrum every second, using a Fast Fourier Transform algorithm. Also, the root mean square (RMS) was calculated every second. A linear regression line was fitted through the MF and RMS 60-s history, to obtain a measure of the rate of MF decrease (Figure 2) and RMS increase.
The bipolar electrode technique was utilised for the acquisition of the EMG signal. Appropriate skin preparation methods were used (light abrasion with fine sandpaper and wiping contact areas with cotton-wool soaked with surgical spirit) to reduce skin resistance to acceptable levels for recording, below 10 KOhms[19]. Four pairs of disposable pregelled surface electrodes (Ag/AgCl, Blue Sensor M-00-S, Medicotest, Ltd.) were applied in the direction of the muscle fibres, according to previous anatomic specifications[27,29]. As no significant differences have been identified between male and female subjects in the fibre orientation of both muscles[30], a uniform procedure was followed for electrode placement in both genders. The reference electrodes for each of the channels were placed on the skin surface, overlying an electrically unrelated tissue to the one the bipolar configuration was recording from[19]. Inter-electrode distance for the recording electrodes was set at 20 mm. The electrode location was reproduced in follow-up assessments by tracing their initial location onto a transparent A4 sheet, along with natural skin blemishes and distinctive marks, at the first assessment[19]. Skin impedance was checked right after the application of electrodes and was generally kept below 10 KOhms. In very few occasions appropriate skin impedance was not achieved and those electrodes had to be replaced and the skin preparation technique to be repeated.

Testing protocol and experimental design
The principal investigator conducted all experiments (test-retest reliability) in healthy participants and patients with LBP, to minimise any between-rater variance. Participants’ paraspinal muscle strength and fatigue performance were assessed on two separate occasions, with a week’s interval between measurements for normal subjects and a 3-5 d interval for patients. During the time interval between the 2 measurements, subjects were asked to maintain normal activities.
Muscle fatigue measurements followed the strength measurements on each of the 2 testing days. All subjects performed a 60% MVIC back muscle contraction in the isomyometer for 60 s, while EMG signal was acquired and online transformed to collect all EMG-fatigue related measurements for subsequent analysis.

Statistical analysis
Sample size was based on an a priori power calculation, estimating that at least 26 participants per group would be required to detect a 6.6%/min between-group difference in normalized MF slopes (MFslopes), at 80% power and a significance level of a = 0.05 (nQuery Advisor, v.3.0, Statistical Solutions, Saugus, MA, United States)[27].
The normality of distribution of all continuous variables was examined with the Kolmogorov-Smirnov test. Demographics were compared between-groups (independent samples t-test), to identify possible significant differences in factors known to affect the EMG-fatigue measures. Significant systematic between-sides differences were examined for the EMG-fatigue parameters (paired samples t-test).
For the reliability study, repeated measures ANOVA analysis was performed to detect any significant between-day systematic differences for each population separately. Test-retest reliability was established with 3 different measures, one of relative reliability, the intraclass correlation coefficient (ICC3,1)[31] and two of absolute reliability, the standard error of measurement (SEM)[32,33] derived from the ANOVA error components and the smallest detectable difference (SDD)[33], to determine the magnitude of change that exceeds the threshold of measurement error at the 95% confidence level and is not to be attributed to test-retest error. The ICC3,1 was chosen, as only one rater was involved in all measurements[31]. ICC values less than 0.50 indicate poor reliability, between 0.50 and 0.75 moderate, between 0.75 and 0.90 good and values greater than 0.90 excellent reliability[31]. The SEM is based only on the within-subject error/variability, it is a measure of the “precision” of measurement, expressed in the same units as the original measurement and can be directly compared against subjects’ values. SDD is considered a “clinical applicability” index, derived from the SEM (SDD = 1.96√2SEM), expressed either in raw terms (actual units of measurement) or as a percentage of the parameter’s grand mean. It is a useful index for diagnostic tests, indicating the level of change in a parameter attributed with 95% certainty to a true change in a subject’s condition, instead of being caused by test-retest errors. A small SDD associated with repeated test application renders a measurement more responsive to change.
For paraspinal strength, two force variables were derived: mean strength (the mean of 3 MVICs within 5%-10% of each other) and maximum strength (the highest of the 3 MVICs) to establish whether any of the two presented an advantage over the other. If EMG-fatigue reliability indices were of good-excellent level, measures were averaged across bilateral muscles within a session, as this practice has been previously reported to increase the reliability of these measures further[34].
For discriminative validity, preliminary analysis was conducted (independent samples t-tests), to determine which of those EMG-fatigue variables that displayed good-excellent reliability also presented significant between-group differences. Subsequently, a one-way Multivariate Analysis of Covariance (MANCOVA) was conducted to determine whether the initially detected statistically significant between-group differences in EMG-fatigue parameters would remain significant, after controlling for factors that could have influenced in parallel the EMG-fatigue parameters. Such factors, according to previous studies, were age[35-38], participants’ body mass[37] and the MVIC levels used for EMG-fatigue testing, with higher force levels resulting in higher fatigue rates[26] and were introduced as covariates. The assumptions required for conducting ANCOVA analysis were checked with relevant statistical procedures[39]. The statistical review of the study was performed by a biomedical statistician.

RESULTS
All data satisfied the normality of distribution criterion and were therefore summarised as means ± SD and analyzed with parametric statistics. The demographic characteristics of each group are presented in Table 1. Significant between-group differences were identified for age (P < 0.001), weight (P = 0.002) and body mass index (P = 0.001). Male and female participants were equally distributed in both groups, thus the effect of gender on EMG parameters was controlled.
Raw data from the two testing occasions are presented in Tables 2 and 3. For strength, the repeated measures ANOVA revealed statistically significant between-day differences in both groups, due to generally better performance on day 2 (Table 2). In clinical terms though, the mean % increase detected was rather insignificant (6.5%-7.2% for healthy and 9.4%-9.7% for patients). Relative reliability ICC indices were excellent for both mean and maximum MVIC, however the SDD was around 18.5% for healthy and 31.0%-31.5% for patients with LBP (Table 4).
For the EMG-fatigue measures (Table 3), only the L2/3 MFslope on the right side (raw) in healthy and L4/5 MFslope on the L side (normalized) in patients were significantly steeper on the second day. Data between sides were pooled, as no apparent R/L differences were present in general. EMG-fatigue reliability was similar in both populations (Table 5). The ICCs for the initial MF (IMF) data from individual channels and for the merged R/L values were excellent and the SDDs were between 9.5%-20.0% for healthy and 17.7%-21.0% for LBP patients. The ICCs for the raw and normalised MFslopes were good and the SDDs were between 13.7%-16.7% for healthy and 18.7%-20.7% for LBP patients. All 3 reliability indices (ICC, SEM, SDD) generally improved for the pooled data. However, the ICCs for the amplitude data (RMSslopes) were poor-moderate and the SDDs were between 41.1%-67.0% for healthy and 30.0%-40.1% for LBP patients, deemed as unacceptably high for clinical applications.
For the discriminative validity, no significant differences were identified for the IMF, therefore this parameter was not tested further, while all MFslopes presented significant between-group differences (P < 0.001). A one-way MANCOVA analysis determined that there was a statistically significant difference between the 2 groups of participants on the combined dependent variables, after controlling for age, weight and MVIC, F(4,84) = 3.95, P = 0.006, Wilks’ Lambda = 0.835, partial η2 = 0.165. Follow up univariate tests revealed that differences between healthy and participants with RLBP were highly significant (P < 0.009) for all the EMG-frequency slope data (raw MFslopes and normalised MFslopes), when controlling for age, weight and MVIC (Table 6). Assumptions for running a one-way MANCOVA were systematically checked prior to its conduct. Linear relationships between pairs of dependent variables and between pairs of dependent variables and covariates within each group of the independent variables were examined with scatterplot matrices. Homogeneity of regression slopes and homogeneity of variances and covariances were equal in all groups of the independent variable (Box’s M Test of equality of covariance matrices, P = 0.06). Homogeneity of error variances of the dependent variables within each group were also equal (Levene’s test of equality of error variances, P > 0.05). No significant univariate outliers were detected in the groups of independent variables for each of the dependent variables, by inspection of the standardised residuals.

DISCUSSION
Back pain is a very prevalent musculoskeletal pathology of recurrent nature[4], and has been associated with a variety of possible causative factors[5]. ‘Previous LBP’ significantly contributes to the condition’s recurrence, having an odds ratio between 1.5-4.5[5]. However, many of the remaining physical impairments from ‘previous LBP’ episodes that possibly contribute to symptoms’ recurrence remain speculative, as in their majority these are not apparent with radiological methods or are masked during clinical assessment by co-existing pain, disability or psychological parameters[1]. Thus LBP is labelled in many instances as ‘non-specific’[2].
Nearly all (14/15) clinical guidelines on the effective management of non-specific LBP in primary care recommend the use of exercise, among other treatment options[40]. The type of exercise should be adapted according to the specific requirements of each LBP stage, however endurance re-training of the trunk muscles is well-placed within the ‘muscle re-education’ algorithm proposed[41]. Periods of pain remission between recurrences should be viewed as opportune timeframes to assess and functionally re-train the neuromuscular and anatomical deficits of trunk muscles, than being periods of rest that progressively lead to deconditioning of the neuromuscular system[8].
Under this framework, the present study aimed to assess the reliability of MVIC and of EMG time-dependent frequency and amplitude parameters of the paraspinals during an isometric fatigue test at 60% MVIC level, in patients with RLBP and healthy controls. Group-related performance differences were also examined.

Paraspinal strength
Many factors need to be carefully considered in a maximal performance test such as the assessment of isometric strength. The upright position of the subjects was selected, as it has been successfully used before in multiple studies of different research centres[23,42,43], without any known contra-indications reported in the literature (safety of test ensured). Also, the intention was to avoid any lifting-type strength assessment activities where the trunk is in forward flexion[44]. Trunk forward flexion may have been the position that some of the LBP participants had “injured” themselves in the past and also it is not a comfortable position for many LBP patients[25], so on these grounds it was avoided. Additionally, no significant benefit over the upright position in EMG-fatigue reliability has been demonstrated with the latter type of experiment[44]. Confirming previous observations, MVIC measurement with the methods used was not associated with any new low back injuries. Only slight discomfort was reported by some participants from the patient group during the performance of the MVICs and for a short period (around 10 min) afterwards.
Similar trends with other strength experiments[43] were observed for the non-LBP as well as the RLBP population used for the paraspinal strength repeated measures, reflecting a learning effect between the 2 measurement sessions. Both groups of participants generally demonstrated increased strength output on the second testing occasion. However, due to the standardised methodology employed[28], the average increase was kept below 10% (between 6.5%-9.7%), a value clinically rather insignificant. Indeed, a similar previous study that conducted 3 measurement sessions, reported no further improvement in isometric MVIC after the second session[34]. In view of this learning effect though, for the discriminative validity analysis, only data from the second testing occasion were utilised.

EMG-Fatigue: initial values and time dependent changes
This reliability study in the patient group was the largest so far in the literature[20]. Results clearly indicate that the technique employed for healthy participants and patients, considering the relative (ICCs) and absolute reliability indices (SEMs/SDDs) together[32,33], demonstrated good-excellent reliability for all the frequency-related parameters and that clinical differences can be reliably detected for values of EMG-fatigue MFslopes that exceed 18.7%-20.7%/min of initial values. Averaging data between sides, as previously suggested[34], increased reliability and decreased measurement error even further. The general trend in participants of this study was that no between-sides imbalances were present. It has to be emphasized, though, that the method of averaging data between-sides renders the technique insensitive in detecting between-sides differences present in some individuals.
Conversely, amplitude related RMS slopes presented with poor-moderate test-retest reliability and were not processed further. It might have been that these indices were either more sensitive to the differences in MVIC levels between-sessions or that they present more variability in day-to-day testing, due to load sharing phenomena present in sustained contractions[9]. However, as a general trend, it can be attested that RMS increases were lower in general for the patients with RLBP than the healthy participants (Table 3), denoting a lower activation of those muscles in RLBP, similar to other studies[6,41].
Similar findings for poor reliability in RMS amplitude slopes have been previously reported for isometric fatigue testing at 60% MVIC level[19,44], however for MFslopes variable reliability levels have been reported[20-22,34].

EMG-frequency parameters group-related performance differences
For discriminative validity, a one-way MANCOVA determined that there was a statistically significant difference between the 2 groups of participants regarding the EMG-frequency raw or normalised MFslopes from both upper and lower muscle sites, after controlling for age, weight and MVIC. Interestingly, while the EMG time-dependent frequency parameters presented highly significant differences between the two groups, less decline in MFslopes was demonstrated in patients with RLBP.
The rate of decrease in MF, as expressed by the least squares linear regression from the beginning to the end of a sustained contraction (MFslope) has been initially proposed to be mainly related to the endurance capacity of a muscle (Figure 2), with steeper slopes indicating greater muscle fatigue almost invariably present in patients with CLBP[18,45,46]. The rate of fatigue with this type of experiment depends on the level of sub-maximal contraction it is performed, in this instance at 60% MVIC level. Therefore, if patients under-perform during MVIC generation, they will be performing the fatigue test under a lower load level. Thus, in this study, the MVIC was introduced as a covariate in the ANCOVA analysis, to statistically control against this eventuality.
The paraspinals are a characteristic example of a multi-layer multiple muscle system, synergistically activated to perform a variety of tasks under different conditions[8,9] in combination with muscles from adjacent body parts[47]. The initial distribution of activation in their various parts and the progressive re-distribution of activation during sustained activities[6,9], is organised and continuously monitored by the central nervous system (CNS). However, various factors relative to cognitive[12,48] or physiologically-controlled peripheral requirements like inter-individual characteristics[37], task biomechanical demands[19,49], the presence of atrophy related mainly to ongoing disability[7] or pain frequency characteristics (recurrent or continuous)[6] can lead to either steeper MFslopes (in case of selective atrophy of type II fibres[50] or a ‘confronter’ type of patient with LBP[48]) or less steep MFslopes (due to generalised inhibition[6,51], redistribution of muscle activity phenomena[23,28] or ‘avoider’ type of patient with LBP[48]), or even a mixed picture[38,42] compared to healthy participants.
EMG signal estimating the rate of muscle fatigue, through analysis of the frequency and time domain of the signal is rather complex, affected by the anatomical and physiological properties of muscles[6], the control scheme of the CNS[9] and the characteristics of the equipment used to collect the signal[26]. EMG fatigue measures, collected at a certain level of maintained contraction according to the methodology of the experiment conducted, are considered relatively independent of subjects’ volitional effort, as the firing frequency of motor units cannot be perceived nor regulated[18].
However, it can also be logically derived that non-volitional alterations in the organization of the motor commands controlled by the CNS[52], can influence the manifestations of EMG-fatigue time-dependent indices[23,42]. A point to consider in the interpretation of paraspinal muscle behaviour under maximal (strength) or prolonged (fatigue-related) contractions is the present and past history of LBP episodes. If patients are in an acute or even at a sub-acute remission stage of symptoms, local muscle pain inhibition phenomena and redistribution of myoelectric activity are favoured[53]. Recent results show that paraspinal muscles in patients with recurrent or with non-continuous CLBP are not yet infiltrated by fat when compared to patients with continuous CLBP; however, patients with RLBP demonstrate lowered activation ability of the paraspinal muscles in general, compared to patients with CLBP[6]. Our results of decreased MVIC and less time-dependent MFslope decline in both muscle sites (corresponding to iliocostalis and multifidus) in patients with RLBP compared to healthy controls concur with this finding, although derived with different methodology (testing position) and outcomes (strength and EMG-fatigue measures). However, three studies with similar methodology to ours confirm our findings[23,42,54], another two studies that reported ‘mixed’ findings partly confirm our findings, as some participants demonstrated steeper and some less steep MFslopes in relation to healthy counterparts[48,55] and another one registered similar although not statistically significant trends[28]. Indeed, in one of the former three studies that clearly demonstrated between-group differences it was stated that “unexpectedly, healthy men showed higher fatigability than back pain patients”, a result attributed to the smaller absolute load that patients performed the fatigue test[54]. However, the ANCOVA analysis has shown that the MFslope differences in the current study remained highly significant even after controlling for the MVIC values between-groups also, therefore the hypothesis of transient muscle inhibition is favoured. Indeed, given the recurrent nature of LBP in the patients recruited in this study, it is possible that the less steep slopes obtained both at higher (L2/3) and lower (L4/5) segments are due to generalised muscle decreased activation/partial inhibition of normal activity for a given level of contraction, rather than atrophy of type II fibers, more apparent in patients with non-specific CLBP[7].
Additionally, two studies on the redistribution of paraspinal muscle activity under sustained contractions offer complementary support to the findings of this study. The first showed that in healthy participants there was an increase in paraspinal level of contraction at lower spinal segments, whereas patients with CLBP did not demonstrate such shift[56]. In the second, patients with RLBP demonstrated a shift of activity from lower to higher spinal levels in relation to healthy controls and that the extent of this redistribution of activity correlated with lower endurance times[9]. The finding of redistribution of activity between upper and lower segments, at least between the ones (L2/3 vs L4/5) examined herein, is not supported by this study, as similarly less MFslope decline was demonstrated in higher and lower spinal segments. Possible differences in the task employed or as a large array of electrodes was not used in our study could have accounted for the differences between the results of our study and this latter study. The fact remains that in both of those studies a lower activation in lower spinal segments has been supported, a finding concordant with our study for the L4/5 spinal level. A previous study had even documented a shift of muscle activity towards the gluteals in relation to that of lower spinal segments in patients with CLBP relative to controls[47].
Another issue to consider is the direction of a ‘desired improvement’ in the patient group which is a debatable point, as the MFslopes in this group were significantly less steep than in the healthy participants (P < 0.002) across all muscle sites monitored, even after controlling for age, weight and different MVIC levels between the groups (Table 6). Indeed, opposite changes in MF slopes post rehabilitation have been reported, possibly reflecting better activation of paraspinal muscles post-rehabilitation[51]. Pain-related muscle inhibition phenomena and different load-sharing patterns in the back muscles of patients, which may be a possible CNS strategy (non-volitional) to distribute the load “evenly” between all muscle groups involved in the contraction[23,42,48,54,55] may potentially limit the applicability of the frequency spectrum EMG indices as endurance indicators. Alternatively, they may expand the definition of power spectrum frequency parameters, as indicators of neural motor control strategies[42].

Limitations-Future directions
A single rater experienced in the measurement methods employed was only involved in all measurements, to eliminate any between-rater error. Also, due to the variability of the EMG signal, only isometric examination methods of the paraspinal muscles were employed. However, the test-retest reliability, clinical applicability and discriminative validity of the methods involved was thoroughly examined in an adequate sample of healthy volunteers and in patients with recurrent non-specific LBP at a sub-acute stage of symptoms. An a priori sample size calculation was also performed to ensure sufficient power of the study based on expected between-group differences. Future studies could further examine the inter-rater reliability of the techniques already presented or expand the testing methods to either examine different exercise tasks (intermittent isometric contractions, different MVIC levels, dynamic contractions), including additional muscle groups (abdominals, gluteals) and patients with LBP with a range of neuromuscular deconditioning, disability and cognitive characteristics that affect functional performance.

CONCLUSION
Reliability, clinical applicability and discriminative ability of paraspinal strength and EMG-related frequency parameters were demonstrated in healthy participants and patients with non-specific recurrent sub-acute LBP. The EMG-related amplitude parameters did not present adequate reliability and the IMF parameter did not present significant differences between the groups examined. Further examination of those methods is endorsed.

ARTICLE HIGHLIGHTS
Research background
A significant predictor of low back pain (LBP) recurrence is ‘previous LBP’. Partly, this may be due to persisting neuromuscular system activation deficits linked to strength deficits, as well as endurance deficits in patients with recurrent LBP (RLBP) even during periods of symptoms remission. LBP management clinical guidelines propose muscle re-conditioning as a prerequisite for successful management of recurrences.

Research motivation
Paraspinal muscle strength and endurance deficits require reliable monitoring. To overcome patient motivation or cognitive-related concerns affecting maximal strength testing, as well as endurance testing with prolonged contractions to complete exhaustion, alternative methods have been proposed in patients with RLBP, in order to establish the contribution of those parameters in neuromuscular deconditioning, to limit further recurrences.

Research objectives
As electromyographic (EMG)-based frequency and amplitude domain time dependent alterations, linked to the endurance characteristics of the muscles monitored have not been universally obtained for the paraspinals, a primary objective of this study was to determine the reliability of those measures. The reliability level of maximal paraspinal muscle strength performance was also examined. Furthermore, the discriminative validity of paraspinals muscle strength and time-dependent EMG frequency and amplitude domain alterations was tested.

Research methods
A custom-made isomyometer was utilised to initially assess the maximum voluntary isometric contraction (MVIC) of the paraspinals in the upright trunk position. Subsequently, short duration (60-s) isometric contractions at a submaximal level of contraction (60% of MVIC) were employed, to determine the EMG-time dependent frequency [initial median frequency (IMF) and median frequency (MF) slopes] and amplitude changes [root mean square (RMS) slopes] of the paraspinal muscles with recording electrodes placed at 4 muscle sites (L2/3 and L4/5, bilaterally). The most reliable parameters were used further to test the between populations discriminative ability of the method.

Research results
For both groups, MVIC presented excellent intraclass correlation coefficient (ICC) reliability values, although statistically significant between-day increases (P < 0.01) were recorded, within a margin of 10%; test-retest error was increased for patients compared to healthy participants. The EMG reliability of the frequency parameters was good (MF slopes) to excellent (IMF), however for the amplitude parameter (RMS slope) it was poor, for both groups. Statistically significant less MVIC and less steep MF slopes were registered for the patient group. These findings confirm previous research in the field, however in a larger population of participants with a history of RLBP and a sufficiently large comparison group of healthy participants.

Research conclusions
Although EMG time-dependent frequency parameters presented highly significant differences between the two groups, these were in the opposite than the expected direction. The validity of this finding is enhanced for two reasons; the between-group differences in MF slopes remained after statistically controlling for possible confounders and these differences were confirmed at all muscle sites monitored. Apparently, alterations in the organization of the motor commands in patients with RLBP can additionally influence the manifestations of EMG-related time-dependent indices. Therefore, the alterations in the EMG-frequency spectrum under sustained contractions cannot only be considered as indicators of peripheral fatigue or peripheral muscle atrophy.

Research perspectives
This methodology of EMG-related alterations followed in the current experiment is reliable. The validity of the between-group differences obtained between patients with RLBP and healthy participants requires further study. In order to explain the significance of the current findings, the history of LBP has to be taken into consideration. Therefore, results from patients with varying amounts of LBP-related disability and disease duration are required, in conjunction with detailed imaging methods of peripheral muscle state and recording of the different patterns of activation utilised under controlled experimental conditions or less controlled functional tasks. Furthermore, the effect of exercise on EMG-related frequency parameters and whether the alterations registered post-exercise in the frequency domain correspond to less LBP recurrences requires examination from a clinical viewpoint.
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Figure 1 Performance of the 60-s isometric endurance test.
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Figure 2 Schematic representation of the median frequency decrease with time. Hz: Hertz.

Table 1 Anthropometric measures (mean ± SD) of participants
	
	Age (yr)
	Height (cm)
	Body mass (kg)
	BMI (kg/m2)

	Healthy
	
	
	
	

	Male (n = 13)
	27.0 ± 6.8a
	178.4 ± 5.5
	78.9 ± 8.7
	24.7 ± 2.3

	Female (n = 13)
	24.6 ± 5.3b
	163.0 ± 8.0
	56.8 ± 5.7b
	21.5 ± 3.5b

	Total (n = 26)
	25.8 ± 6.1b
	170.7 ± 10.4
	67.8 ± 13.4b
	23.1 ± 3.3b

	Patients
	
	
	
	

	Male (n = 34)
	35.7 ± 10.2
	177.5 ± 6.4
	81.1 ± 10.6
	25.7 ± 2.6

	Female (n = 32)
	39.2 ± 10.9
	166.2 ± 5.8
	74.5 ± 13.6
	26.9 ± 4.4

	Total (n = 66)
	37.4 ± 10.6
	172.1 ± 8.4
	77.9 ± 12.5
	26.3 ± 3.6


[bookmark: _Hlk61022451]Significantly different to patients’ corresponding data: aP = 0.01, bP < 0.01. BMI: Body mass index.

Table 2 Maximum strength (mean ± SD) values in controls and patients
	
	Non-LBP (n = 26)
	LBP (n = 66)

	MVIC (kg)
	Day 1 (practice)
	Day 2
	P value
	Day 1 (practice)
	Day 2
	P value

	Maximum
	85.8 ± 23.7
	91.4 ± 26.7
	0.005b
	58.7 ± 24.8
	63.5 ± 26.5
	0.0005b

	
	
	Mean increase: 6.5%
	
	
	Mean increase: 9.4%
	

	Mean
	82.6 ± 22.7
	88.5 ± 25.5
	0.002b
	56.0 ± 24.1
	61.1 ± 26.0
	0.0005b

	
	
	Mean increase: 7.2%
	
	
	Mean increase: 9.7%
	


bP<0.01. MVIC: Maximum/mean voluntary isometric contraction.

Table 3 Mean ± SD values on 2 separate days for initial median frequency, median frequency-slope and root mean square for the isometric endurance test in both groups
	
	Healthy (n = 26)
	LBP (n = 66)

	Parameter
	Day 1
	Day 2
	P value
	Day 1
	Day 2
	P value

	IMF (Hz)
	
	
	
	
	
	

	L2/3 R
	60.3 ± 10.9
	61.0 ± 11.1
	0.48
	66.5 ± 17.6
	66.1 ± 15.8
	0.82

	L2/3 L
	58.2 ± 9.0
	59.1 ± 12.3
	0.52
	63.5 ± 17.2
	61.9 ± 13.2
	0.18

	L4/5 R
	89.3 ± 20.3
	91.0 ± 16.4
	0.49
	83.2 ± 24.3
	83.0 ± 21.3
	0.89

	L4/5 L
	90.9 ± 20.1
	92.3 ± 17.3
	0.59
	82.7 ± 26.0
	83.5 ± 20.8
	0.59

	L2/3
	59.24 ± 9.7
	60.1 ± 11.4
	0.44
	65.0 ± 16.4
	64.0 ± 13.8
	0.39

	L4/5
	90.1 ± 19.4
	91.6 ± 15.9
	0.49
	82.9 ± 24.3
	83.2 ± 20.0
	0.83

	MF slopes  (raw, Hz/s)
	
	
	

	L2/3 R
	-0.30 ± 0.14
	-0.35 ± 0.12
	0.02a
	-0.12 ± 0.16
	-0.12 ± 0.17
	0.77

	L2/3 L
	-0.30 ± 0.11
	-0.31 ± 0.10
	0.52
	-0.10 ± 0.18
	-0.11 ± 0.14
	0.41

	L4/5 R
	-0.48 ± 0.16
	-0.54 ± 0.22
	0.19
	-0.23 ± 0.25
	-0.22 ± 0.20
	0.62

	L4/5 L
	-0.56 ± 0.21
	-0.61 ± 0.19
	0.19
	-0.21 ± 0.25
	-0.23 ± 0.25
	0.53

	L2/3
	-0.30 ± 0.11
	-0.33 ± 0.10
	0.08
	-0.11 ± 0.16
	-0.11 ± 0.15
	0.51

	L4/5
	-0.52 ± 0.17
	-0.57 ± 0.19
	0.13
	-0.22 ± 0.23
	-0.22 ± 0.20
	0.84

	MF slopes (normalised, %/min)
	
	
	

	L2/3 R
	-28.8 ± 11.5
	-31.5 ± 9.0
	0.14
	-9.0 ± 15.2
	-9.9 ± 15.8
	0.55

	L2/3 L
	-29.9 ± 9.3
	-29.8 ± 8.4
	0.95
	-8.1 ± 15.9
	-10.5 ± 14.8
	0.11

	L4/5 R
	-34.0 ± 11.3
	-34.2 ± 11.9
	0.90
	-15.0 ± 15.7
	-15.0 ± 12.0
	0.98

	L4/5 L
	-36.4 ± 10.7
	-37.7 ± 10.4
	0.58
	-13.2 ± 14.0
	-17.1 ± 13.3
	0.01a

	L2/3
	-29.3 ± 9.8
	-30.6 ± 7.9
	0.39
	-8.6 ± 14.8
	-10.2 ± 14.5
	0.21

	L4/5
	-35.2 ± 9.6
	-36.0 ± 10.2
	0.67
	-14.1 ± 13.7
	-16.1 ± 11.7
	0.10

	RMS slopes  (normalised, %/min)
	
	
	

	L2/3 R
	43.4 ± 45.0
	37.4 ± 35.2
	0.35
	10.4 ± 21.4
	11.3 ± 18.5
	0.72

	L2/3 L
	27.4 ± 30.8
	29.0 ± 28.3
	0.73
	11.3 ± 17.3
	13.9 ± 22.8
	0.17

	L4-5 R
	42.6 ± 35.9
	32.7 ± 29.2
	0.19
	14.3 ± 21.2
	12.6 ± 22.2
	0.43

	L4/5 L
	37.1 ± 36.2
	38.4 ± 34.1
	0.85
	10.3 ± 19.3
	13.9 ± 21.2
	0.07


aP < 0.05. Hz: Hertz; IMF: Initial median frequency; MF: Median frequency; RMS: Root mean square.

Table 4 Maximum strength reliability indices in controls and patients
	
	Controls (n = 26)
	Patients (n = 66)

	Parameter
	ICC3,1
	SEM
	SDD%
	ICC3,1
	SEM
	SDD%

	MVIC (kg)
	
	
	
	
	
	

	Maximum
	0.92 (0.83-0.97)
	5.94
	18.57
	0.91 (0.86-0.94)
	6.96
	31.61

	Mean
	0.96 (0.90-0.98)
	5.72
	18.51
	0.96 (0.93-0.97)
	6.49
	30.75


ICC: Intraclass correlation coefficient; SEM: Standard error of the measurement; SDD: Smallest detectable difference; MVIC: Maximum/mean voluntary isometric contraction.

Table 5 Reliability of initial median frequency, median frequency-slope and root mean square for the isometric endurance test in both groups
	
	Controls (n = 26)
	Patients (n = 66)

	Parameter
	ICC3,1
	SEM
	SDD
	ICC3,1
	SEM
	SDD

	IMF (Hz)
	
	
	
	
	
	

	L2/3 R
	0.91 (0.80-0.96)
	3.32
	9.19
	0.80 (0.69-0.87)
	7.56
	20.95

	L2/3 L
	0.82 (0.63-0.92)
	4.57
	12.66
	0.80 (0.69-0.87)
	6.88
	19.06

	L4/5 R
	0.82 (0.61-0.92)
	7.99
	22.13
	0.82 (0.73-0.89)
	9.64
	26.70

	L4/5 L
	0.81 (0.60-0.91)
	8.31
	23.02
	0.86 (0.79-0.92)
	8.61
	23.85

	L 2/3
	0.94 (0.87-0.98)
	3.45
	9.56
	0.90 (0.84-0.94)
	6.41
	17.75

	L 4/5
	0.91 (0.79-0.96)
	7.27
	20.14
	0.94 (0.90-0.96)
	7.59
	21.02

	MF slopes (raw, Hz/s)
	
	
	

	L2/3 R
	0.61 (0.27-0.81)
	0.07
	0.19
	0.75 (0.62-0.84)
	0.08
	0.22

	L2/3 L
	0.67 (0.36-0.85)
	0.06
	0.17
	0.66 (0.50-0.78)
	0.09
	0.25

	L4/5 R
	0.52 (0.14-0.77)
	0.13
	0.36
	0.73 (0.60-0.83)
	0.12
	0.33

	L4/5 L
	0.55 (0.18-0.78)
	0.13
	0.36
	0.62 (0.45-0.75)
	0.15
	0.41

	L 2/3
	0.77 (0.46-0.90)
	0.06
	0.17
	0.86 (0.77-0.91)
	0.08
	0.22

	L 4/5
	0.73 (0.35-0.89)
	0.11
	0.30
	0.88 (0.80-0.92)
	0.10
	0.28

	MF slopes (normalised, %/min)
	
	
	

	L2/3 R
	0.67 (0.36-0.85)
	5.79
	16.03
	0.69 (0.55-0.80)
	8.59
	23.79

	L2/3 L
	0.65 (0.33-0.84)
	5.36
	14.85
	0.69 (0.54-0.80)
	8.44
	23.38

	L4/5 R
	0.64 (0.31-0.83)
	7.11
	19.69
	0.62 (0.45-0.75)
	8.59
	23.79

	L4/5 L
	0.50 (0.11-0.75)
	7.60
	21.05
	0.57 (0.38-0.71)
	8.66
	23.99

	L 2/3
	0.82 (0.57-0.92)
	4.93
	13.66
	0.85 (0.75-0.91)
	7.47
	20.69

	L 4/5
	0.78 (0.49-0.91)
	6.02
	16.67
	0.83 (0.73-0.90)
	6.75
	18.69

	RMS slopes (normalised, %/min)
	
	
	

	L2/3 R
	0.73 (0.46-0.88)
	21.00
	58.17
	0.48 (0.27-0.65)
	14.48
	40.11

	L2/3 L
	0.76 (0.51-0.89)
	14.83
	41.08
	0.71 (0.56-0.81)
	10.83
	30.00

	L4/5 R
	0.44 (0.04-0.72)
	24.07
	66.67
	0.73 (0.60-0.83)
	11.26
	31.19

	L4/5 L
	0.54 (0.17-0.78)
	24.20
	67.03
	0.61 (0.44-0.74)
	12.44
	34.46


Hz: Hertz; ICC: Intraclass correlation coefficient; SEM: Standard error of the measurement; SDD: Smallest detectable difference; IMF: Initial median frequency; MF: Median frequency; RMS: Root mean square.

Table 6 Adjusted between-group median frequency-slope differences in the isometric endurance test at 60% of maximum voluntary isometric contraction
	
	Healthy (n = 26)
	LBP (n = 66)
	Mean difference
	P value

	Parameter
	Mean
	SE
	Mean
	SE
	
	

	MF slopes  (raw, Hz/s)
	
	
	
	

	L2/3
	-0.25
	0.03
	-0.14
	0.02
	0.12
	0.002b

	L4/5
	-0.44
	0.05
	-0.26
	0.02
	0.18
	0.002b

	MF slopes (normalised, %/min)
	
	
	
	

	L2/3
	-22.4
	2.9
	-13.0
	1.4
	9.4
	0.009b

	L4/5
	-29.4
	2.5
	-18.4
	1.2
	11.0
	0.000b


bP < 0.01. Hz: Hertz; LBP: Low back pain; MF: Median frequency.
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