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Abstract 24 

Acute low back pain (ALBP) causes rapid deterioration of paraspinal muscle function. The 25 

underlying neurophysiology is poorly understood. We therefore carried out this observational 26 

study in ALBP patients to characterize motor unit (MU) activity in deep lumbar multifidus 27 

(LM) muscle and compare to our previous findings from pain free subjects. Nine subjects 28 

(1 female; age 26–59 years) with ALBP duration 1–21 days were recruited from outpatient 29 

clinics. Fine wire electromyography (EMG) electrodes were implanted bilaterally at the 30 

painful spinal level under CT guidance. EMG was recorded during spontaneous sitting and 31 

standing, and during voluntary force production. Linear mixed models were utilized to test or 32 

control for the effects of a number of predefined variables. Compared to sitting, standing 33 

increased total duration of EMG activity, median MU discharge rate, interspike interval 34 

variability, and common drive measured as common drive coefficients (CDC) derived from 35 

concurrently active MU pairs. Median discharge rate in 73 MUs was 5.5 and 6.6 pulses per 36 

second (pps) during spontaneous sitting and standing, and 7.2 pps during voluntary force 37 

production. Interspike interval variability was lower during voluntary tasks than during 38 

spontaneous force production. Common drive was less pronounced in bilateral vs. unilateral 39 

unit pairs, also in spontaneous standing. This difference was not seen in our previous pain free 40 

subjects, suggesting altered bilateral control of the spine in ALBP. The distribution of CDC 41 

values was not a homogeneous continuum but could be seen as two partially overlapping 42 

populations of CDC distributions. 43 
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New & Noteworthy 44 

We implanted fine wire electrodes in the deepest part of axial postural muscles in acute low 45 

back pain patients and characterized their motor unit activity. We found less pronounced 46 

common drive to the two sides of the spine compared to pain free subjects, suggesting a 47 

different postural control strategy in acute low back pain patients. An unexpected finding was 48 

that common drive coefficient values appeared to consist of two partially overlapping 49 

populations of Normal distributions. 50 
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Introduction 53 

Low back pain (LBP) is the leading contributor to years lived with disability globally (Vos et 54 

al., 2012). LBP changes a person’s movement pattern in a way that is unique for each 55 

individual (Hodges and Tucker, 2011; Hodges et al., 2013), and the underlying 56 

neurophysiology is complex and poorly understood. Both decreased (Sihvonen et al., 1991; 57 

Cassisi et al., 1993; Lee et al., 1995; Mooney et al., 1997) and increased (Arena et al., 1989; 58 

Indahl et al., 1995; 1997) paraspinal muscle activity as well as trunk muscle reflex latency 59 

(Hodges and Richardson, 1996; Macdonald et al., 2006) have been reported. The net effect is 60 

spine rigidity that limits range of motion. Evidence suggests that the observed 61 

neurophysiological changes are task-dependent, related to the patient’s problem and highly 62 

variable between individuals (van Dieën et al., 2003), and are further complicated by the 63 

strong psychosocial component of LBP that may influence an individual’s pain coping and 64 

modulation abilities (Hartvigsen et al., 2018). In spite of the impact of LBP on individuals and 65 

society it appears that spontaneous activity in motoneurons to deep low back muscles has not 66 

been described in detail. 67 

After onset of LBP there is early atrophy of deep lumbar multifidus (LM) on the side of injury 68 

both in humans (Hides et al., 1994; Zhao et al., 2000; Beneck and Kulig, 2012) and in animals 69 

(Hodges et al., 2006). Furthermore, the activation pattern and timing of the LM in control of 70 

posture in LBP patients is altered (Comerford and Mottram, 2001). Thus, in-depth knowledge 71 

of motor activity in the deep LM in healthy individuals and in patients with LBP seems 72 

relevant to further our understanding of the underlying pathology of LBP and possibly for its 73 

prevention and treatment. 74 

The LM is biomechanically well disposed to extend the spine, and to counteract flexion of the 75 

spine when the internal and external abdominal oblique muscles rotate the trunk (Macintosh 76 

and Bogduk, 1986). The activity of the shortest and innermost, segmentally innervated 77 

fascicles of LM is difficult to assess both clinically and with surface EMG (Stokes et al., 78 

2003). Intramuscular fine-wire EMG electrodes have the advantage of anatomic specificity 79 

but are disadvantaged by their invasive nature, especially when the muscle under study lies 80 

deep. Hence, in spite of its relevance to low back dysfunction, the deep LM has not been 81 

intensively studied by fine-wire EMG. Further, it is unclear whether previous studies using 82 

invasive EMG have discriminated between the deep and superficial layers of LM, which 83 

apparently have different functions (Moseley et al., 2002). 84 
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In a previous study of LM motor unit (MU) activity in a pain free population Lothe et al. 85 

(2015) found that long-lasting tonic activity within narrow firing rate ranges was rotated 86 

between motor units which were also under influence of bilateral common drive, and ascribed 87 

this to activation and inactivation of self-sustained discharge in the motoneurons. This 88 

mechanism would allow stable force production with distribution of activity and rest between 89 

muscle fibers over time. Common drive analysis showed the use of different strategies when 90 

voluntarily attempting to keep a fixed force output as opposed to when force was kept 91 

constant unconsciously, with significantly higher common drive coefficients for MU pairs 92 

during spontaneous than during voluntary force production. We also found no significant 93 

difference in common drive between unilateral and bilateral MU pairs during spontaneous 94 

standing, and argue that this points to the unique role of the bilateral axial back muscles in 95 

working as a functional unit to extend and stabilize the spine while in an upright position. 96 

In the present study we aimed to describe LM MU discharge patterns in acute low back pain 97 

(ALBP) patients during sitting and standing, and relate them to our findings from the pain free 98 

population (Lothe et al., 2015). We hypothesized that ALBP might change total amount of 99 

MU activity, motoneuronal discharge rate and variability, as well as MU coordination within 100 

and between LM on either side of the spine. We also wanted to investigate whether self-101 

sustained firing and rotation of MU activity might be altered. Further, we wanted to develop a 102 

method for high precision implantation of recording electrodes to ensure optimal recording 103 

conditions from the deep LM. 104 
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Materials and methods 105 

Subjects 106 

The subjects received detailed information prior to signing consent forms. All procedures 107 

were performed in accordance with the Declaration of Helsinki and were endorsed by the 108 

Regional Committee for Medical Research Ethics of Southern Norway (S-04054) and the 109 

Data Protection Official for Research at the Norwegian Social Science Data Services (Project 110 

No. 14133). We adhered to the guidelines and checklist in the STROBE statement for cohort 111 

studies (Elm et al., 2007)  112 

Subjects were recruited to the study from two multi-disciplinary private outpatient clinics. 113 

They were required to have ALBP of no more than three weeks duration and to have been 114 

without LBP for the previous six months, to be between 18 and 65 years of age, have 115 

palpation findings of lumbar spine tenderness, no leg pain, no neurological complication, and 116 

no overt findings of pathology on magnetic resonance imaging (MRI). Patients with contained 117 

intervertebral disc protrusion or small prolapse without neurological findings were accepted. 118 

Information was collected on age, sex, handedness, coffee consumption (Walton et al., 2002; 119 

Strøm et al., 2012), and back pain history including duration, level and side of complaint. 120 

A clinical examination was performed. Range of lumbar spine motion was evaluated in three 121 

planes and level of pain was determined by pain provocation on palpation. A neurological 122 

screening ensured that there was no overt neuropathology. Finger to floor distance during full 123 

lumbar flexion was measured before and after implantation of the electrode bundle to assure 124 

that the implant did not hinder lumbar movement. 125 

Procedures 126 

Single motor unit recordings were obtained through flexible fine-wire electromyography 127 

(EMG) electrode bundles, as previously described (Lothe et al., 2015). Briefly, three 25 cm 128 

long, 50 µm diameter polytetrafluoroethylene coated platinum-iridium wires (no. 776000, A-129 

M Systems, Sequim, WA) were twisted tightly together, the distal 1–2 mm of each bundle 130 

was bent back 180° creating a hook and cut transversely, and each wire was tested for 131 

conduction leaks by submerging it partly into a drop of saline and attempting to pass a 10 µA 132 

current through the fluid. All electrode bundles were cleansed by submersion in alcohol and 133 

gas plasma sterilized at 46 °C prior to implantation, the skin was anesthetized with a small 134 

volume of lidocaine 10 mg/ml (Xylocain, AstraZeneca, London, UK) injected subcutaneously 135 
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and two bundles of fine-wire EMG electrodes were inserted under sterile conditions, one on 136 

each side of the lumbar spine at the symptomatic level. 137 

The LM innervation is believed to be strictly segmental from the dorsal rami of the spinal 138 

nerves, only supplying the deepest fascicles which arise from the spinous process and lamina 139 

with the same segmental number as the nerve (Bogduk et al., 1982). The electrodes 140 

consequently have to be inserted deeply into a region close to the inferior half of the spinous 141 

process in order to record from a particular lumbar segment (Valencia and Munro, 1985). An 142 

experienced interventional radiologist performed the implantation under computerized 143 

tomography (CT) guidance (Somatom Volume Zoom, Siemens, Munich, Germany). The level 144 

of complaint was localized by pain provocation on palpation (Seffinger et al., 2004), marked 145 

by felt pen, and anatomical level confirmed by a low-level radiation overview image 146 

(Fig. 1A). A single-use 18G Tuohy epidural needle with depth markers (Portex System 1 147 

Epidural Minipack, Smiths Medical ASD, Inc., Keene, NH) was inserted approximately 2–148 

4 cm lateral to the midline and directed obliquely and medially in an attempt to reach the 149 

deepest fascicles of the LM (Haig et al., 1991). The subjects often reported short-lasting pain 150 

or discomfort as the fascia surrounding the paraspinal muscles was penetrated, signifying that 151 

the small amount of subcutaneous local anesthesia had not affected deeper structures. Only 152 

one attempt at placing the needle was allowed to ensure minimal tissue damage. A multislice 153 

axial CT scan (3 mm thick, 60 mAs, 120 kV) covering 10 mm cranial to and 10 mm caudal to 154 

the needle entry confirmed bilateral needle positioning (Fig. 1B). Adjustments were made if 155 

necessary to position the needle tip in the inner third of the LM. The electrode bundle was fed 156 

all the way through the needle, and the needle was subsequently removed while gentle 157 

pressure was applied to the electrode in order not to pull it out. The subject was asked to flex, 158 

extend, and rotate the back in order for the electrode bundle to settle in the tissue, and to make 159 

sure the implant did not cause discomfort. A final CT image (same parameters as described 160 

above) documented the final position of the electrode bundle placement (Fig. 1C). The 161 

electrodes were fastened to the skin as previously described (Lothe et al., 2015). 162 

After experiments were completed, electrode placement was evaluated qualitatively and 163 

quantitatively in 3D displays of CT images using OsiriX Lite DICOM image viewer software 164 

(Pixmeo SARL, Bernex, Switzerland). The target was defined as the inner 1/3 of the LM and 165 

the distance from skin to target was measured. The electrode length under the skin was 166 

measured upon removal. 167 
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Recording 168 

Differential recordings were made from the electrode pair in the bundle that provided the best 169 

possible discrimination of MU activity. The electrodes were connected to a computer-170 

controlled patient-isolated amplifier (D360, Digitimer Ltd., Welwyn Garden City, UK) with a 171 

50 Hz notch filter. A standard ECG pad was placed in the midline and used as a ground 172 

reference electrode. Applications for data logging were custom developed in LabView 8.0 173 

Real-Time (National Instruments, Austin TX, USA). The applications ran on a PXI-8186 174 

embedded controller in a PXI-1042Q chassis with a PXI 6251 16-bit DAQ card sampling up 175 

to 8 channels at 50 kHz sampling rate per channel. The analogue signals from the amplifier 176 

were fed to the DAQ card through a SCB-68 shielded connector block. The amplifier and 177 

data-logging equipment were controlled from a computer running Windows XP. In each 178 

experiment the subject was videotaped with a conventional digital video camera while the two 179 

EMG channels were fed to the audio channels enabling time-locked synchronization between 180 

EMG signals and movements of the subject. Digitized data was imported into Spike2 software 181 

version 7 (Cambridge Electronic Design, Cambridge, UK) for off-line analyses. 182 

Recordings during lumbar spine movements in flexion, extension, rotation, lateral bending 183 

and hip extension were used to ascertain that the EMG electrode was positioned in the LM. 184 

Activity was predicted in flexion, contralateral rotation, and ipsilateral hip extension 185 

(Valencia and Munro, 1985). As in previous experiments (Lothe et al., 2015) spontaneously 186 

occurring EMG activity was recorded while the subject was watching a film for 187 

approximately 20 minutes sitting without back support, hips and knees bent at 90 degrees, and 188 

for 20 minutes standing in an unsupported, natural posture. Thus, the subject had to 189 

unconsciously hold a steady posture in order to keep the eyes and head still while sitting and 190 

standing. The film also distracted the subject from the experiment, and no auditory or visual 191 

feedback from the LM activity was provided. In contrast, voluntary EMG activity was 192 

recorded during standing while the subject was instructed to wilfully regulate motoneuron 193 

discharge activity to sustain a constant motor-unit action potential (MUAP) audio signal in a 194 

target-matching task while also watching the MUAPs on an oscilloscope (Lothe et al., 2015).  195 

Total time and activity 196 

The total recording time was defined as the time recorded while the subject was quietly 197 

standing or sitting without interference watching a movie, or performing experimenter-198 

controlled voluntary movements. A crude estimate of total LM EMG activity duration was 199 
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obtained using the electrode bundle as a gross electrode where all activity, except periods of 200 

electrical noise, was documented. 201 

Motor unit identification 202 

MUAPs were identified offline in Spike2 (Lothe et al., 2015). A spike train was defined as a 203 

succession of single-motor-unit action potentials where all interspike intervals were shorter 204 

than 500 ms. In order to take into account that interspike intervals are temporally related, 205 

discharge variability was assessed by computing the difference between successive interspike 206 

intervals (ΔISI) and using the inter-quartile range (IQR) of the resulting distribution as a 207 

measure of MU interval-to-interval variability (Eken et al., 2008; Lothe et al., 2015). MU 208 

discharge episodes with doublets were excluded from ∆ISI IQR analysis. Doublets were 209 

defined as two action potentials of same shape and nearly the same amplitude, occurring 210 

consistently in the same relation to each other at an interval of 2.5–20 ms (Simpson, 2002; 211 

Lothe, 2015). 212 

Paired motor unit recordings 213 

Cross correlation between concurrently active MUs was computed off-line in Spike2 to assess 214 

common drive (De Luca and Erim, 1994; Mochizuki et al., 2006; Lothe et al., 2015). Only 215 

activity periods lasting for at least 5 seconds were analyzed, and MU discharge episodes with 216 

doublets were excluded (Lothe et al., 2015). Any unit pair could have several activity periods 217 

in a recording, each with their individual cross correlogram. Therefore, a weighted average of 218 

individual cross correlograms was computed to obtain a single resultant correlogram for each 219 

MU pair in each recording situation, using recording duration as weight. The common drive 220 

coefficient (CDC) was defined as the maximum value within 0±50 ms time lag in the resultant 221 

weighted average cross correlogram (De Luca et al., 1982).  222 

Pairs of concurrently active units with common drive were examined qualitatively for 223 

evidence of self-sustained firing. We looked for cases where a MU (test unit) was recruited 224 

from inactivity to its preferred firing range or was abruptly derecruited while the discharge 225 

rate of other units which were already discharging (reference units) remained unchanged 226 

(Eken and Kiehn, 1989; Kiehn and Eken, 1997; Hornby et al., 2002; Lothe et al., 2015). We 227 

defined rotation between units as occurring when the reference unit subsequently was 228 

derecruited while the more recently recruited test unit continued to fire with little or no 229 

change in discharge rate (Lothe et al., 2015). 230 
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Statistical analyses 231 

Statistical analyses were performed using JMP 11.0.0 and 13.2.0 (SAS Institute Inc., Cary, 232 

NC). Due to asymmetrical distributions all results are given as medians with 25th and 75th 233 

percentiles unless otherwise specified. Mean discharge rates are provided for comparison with 234 

previous literature. 235 

Linear mixed models were utilized to test or control for the effects of a number of predefined 236 

independent variables on median MU discharge rate, ∆ISI IQR, CDC, and total EMG activity 237 

duration, as previously described (Lothe et al., 2015). Spontaneous vs. voluntary activation, 238 

sitting vs. standing, unilateral vs. bilateral MU pair (for CDC), and median MU interspike 239 

interval (for ∆ISI IQR) were always entered as independent variables in the multivariable 240 

model that was tested. Sex, age, daily coffee intake (Walton et al., 2002; Meyers and 241 

Cafarelli, 2005), whether the electrode was implanted on the side of the subject’s dominant 242 

hand, whether the electrode was on a painful or non-painful side, and whether the electrode 243 

was positioned “on target” in the inner third of the LM were entered provided that the P value 244 

for univariate analysis was <0.05. After each run, the single least significant independent 245 

variable was removed and the model was re-run until only variables with P <0.10 remained. 246 

All removed variables were individually retested in the model each time another variable was 247 

removed, and re-entered if significant. Subjects, sides (left/right) nested within subject, and 248 

MU nested within subjects and sides were entered as random effects to account for our 249 

hierarchical data structure with repeated measures. For CDC analyses, left/right side was not 250 

part of the model, as this would preclude analyses of unilateral vs. bilateral MU pairs. 251 

Consequently, MU pair was only nested within subject. MU and spontaneous vs. voluntary 252 

activation were not part of the model for total EMG activity duration. Individual significant 253 

effects are reported as effect size with 95% confidence interval (CI) and P value. The 254 

coefficient of multiple determination (R2) for the whole model is also reported, providing an 255 

estimate of the proportion of variation in the response variable that can be attributed to the 256 

model rather than to random error. 257 

Results were also compared with similar data collected bilaterally at L4 from a group of nine 258 

pain free subjects (range 20–40 years, 3 females) (Lothe et al., 2015). The same model fitting 259 

procedure with nested random effects was utilized to test the effect of belonging to the LBP or 260 

pain-free group on total EMG activity duration, median MU discharge rate, ∆ISI IQR, and 261 

CDC. A P value of <0.05 was considered statistically significant since only a single 262 

independent variable was tested. 263 
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For analysis of CDC distribution in experimental groups, fitting of a single Normal 264 

distribution and a mixture of two Normal distributions  were performed in the JMP 265 

Distribution platform (Normal and Normal 2 Mixture, respectively). Plots of fitted probability 266 

versus the data were inspected visually to ascertain goodness of fit. Goodness of fit for single 267 

Normal distributions were also tested with the Shapiro–Wilk W Test. A P value of <0.05 was 268 

considered statistically significant. Significant difference between the location of two Normal 269 

distributions in a mixture was assumed when the 95% confidence intervals for their mean 270 

values (µ1 and µ2) did not overlap. 271 
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Results 272 

Subject and EMG electrode characteristics 273 

Thirteen ALBP patients were screened for participation the same day as presenting to an 274 

outpatient clinic with an acute LBP episode. Two male subjects were excluded due to 275 

pathological findings on MRI, one had same day back pain from heavy repetitive lifting 276 

presenting with a large disc protrusion with nerve root displacement but where leg pain had 277 

not yet developed, and the other had multiple findings at several spinal levels signifying that 278 

the subject did not represent a typical acute LBP case. All but one of the remaining eleven 279 

subjects had MRI findings of disc involvement such as protrusion, prolapse, or annulus 280 

rupture of at least one vertebral level, in spite of no leg pain and no neurological findings of 281 

radiculopathy. Two were described as possibly affecting nerve roots. 282 

Electrodes were implanted in all eleven subjects, but data was lost in one female subject due 283 

to technical problems, and EMG recording was unattainable in another female subject due to 284 

no electrical signal at the electrode tip, possibly caused by extensive fatty infiltration in the 285 

target muscle. The remaining nine ALBP subjects constituted the study population (Table 1). 286 

They had a median pain episode duration of 3 days (range 1–21 days), and a median pain 287 

intensity 6 on 11-point numerical rating scale (range 2–7). Unilateral pain was reported by 4 288 

subjects, and bilateral pain by 5 subjects. None of the subjects reported any change in pain 289 

levels during the experiment. One side was excluded from analysis in each of two subjects, 290 

one due to poor recording quality, and one because the electrode bundle lodged in the needle 291 

as it was being withdrawn. Thus, a total of 16 electrode bundles were recorded from. 292 

Thirteen of the 16 implanted electrodes were successfully positioned on target, defined as the 293 

inner third of the LM (Fig. 1A), at L3, L4, and L5 level (1, 1, and 7 subjects respectively). The 294 

hooked end in the tissue pulled the electrode in as much as 39 mm during the movements after 295 

implantation. Median distance from the skin to target was 49 mm (range 36–82 mm), varying 296 

with muscle bulk, subcutaneous fat thickness, and the angle of the needle trajectory. The 297 

median electrode placement was 67.9% into the muscle (quartiles 49.4–92.1%; range 30.2–298 

100%). In one subject the soft hook failed and the electrode bundle became coiled in the outer 299 

part of the muscle after the subject had moved around for the electrodes to settle. This would 300 

not have been detected without the final CT scan. The electrode bundle was removed after 301 

each experiment, and visual inspection verified that all electrode bundles were undamaged. 302 
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Median electrode length under the skin measured upon removal was 60 mm (range 35–303 

95 mm). 304 

There was no significant difference in total gross EMG activity, discharge rate, ∆ISI IQR or 305 

CDC between recordings from the inner 1/3 (“on target”) and the outer 2/3 (“not on target”) 306 

of the LM. Consequently, recordings from all implanted electrodes were used in further 307 

analysis. Room temperature varied from 21 to 23 °C between different experiment days, but 308 

there was no variation during individual experiments. 309 

Spontaneous gross activity 310 

More than five hours of recording was available for analysis (Table 1). Median total activity 311 

duration estimated from the implanted electrodes was 9% of recording time (range 0–100%) 312 

during spontaneous sitting and 58% (range 0–99%) during spontaneous standing. The changes 313 

in activity duration between sitting and standing followed no specific pattern in our subjects. 314 

This is illustrated in Fig. 2, which also shows previously unpublished data from pain free 315 

subjects (Lothe et al., 2015) for comparison. In those subjects, median total activity duration 316 

was 2% of recording time (range 0–98%) during spontaneous sitting and 12% (range 0–95%) 317 

during spontaneous standing. 318 

A mixed model was used to evaluate effects in the ALBP population of predefined variables 319 

that might have an influence on gross muscle activity duration (see Methods). A significant 320 

effect was only found for standing versus sitting (standing increased activity by 27.9 321 

percentage points relative to sitting; 95% CI 8.5 to 47.4; P = 0.008), R2 = 0.45 for the final 322 

model. 323 

Motoneuron discharge rate 324 

Only interspike intervals from 4 to 500 ms (i.e., discharge rates from 250 to 2 pulses per 325 

second, pps) in MUs with at least 25 interspike intervals were included in discharge rate 326 

analyses (Table 1; Fig. 3). The mixed model utilized to evaluate possible significant effects of 327 

our predefined variables on discharge rate only showed an increase of 1.41 pps from sitting to 328 

standing (95% CI 1.06 to 1.77; P < 0.0001) and an increase of 0.36 pps for each cup of coffee 329 

per day (95% CI 0.10 to 0.61; P = 0.015), R2 = 0.69 for the total model. 330 

To quantify interval-to-interval variability we computed the interquartile range for the 331 

difference between successive interspike intervals (ΔISI IQR; Table 1). The final mixed 332 

model for variables contributing to changes in ∆ISI IQR demonstrated an increase of 0.46 ms 333 
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per ms increase in median interspike interval (95% CI 0.29 to 0.63; P < 0.0001), an increase 334 

of 22.38 ms from sitting to standing (95% CI 13.09 to 31.67; P < 0.0001), and a decrease of 335 

16.86 ms from spontaneous to voluntary (95% CI 6.56 to 27.15; P = 0.002), R2 = 0.89 for the 336 

total model. 337 

Evidence of self-sustained firing was found in several instances, where MUs were either 338 

recruited to or derecruited from stable tonic activity without concomitant changes in discharge 339 

rate in other active MUs. However, rotation of MU activity was only found in a single subject 340 

(Fig. 4). 341 

Common drive 342 

CDC analysis was performed in 77 unilateral and 60 bilateral MU pairs from 7 of the 9 343 

subjects in order to assess common drive to the motoneuron pool (Fig. 5; individual cross 344 

correlograms are shown in Fig. 6; see also Table 1). The final multivariable model 345 

demonstrated significantly increased CDC during standing (by 0.134 relative to sitting; 346 

95% CI 0.066 to 0.201; P = 0.0002), and lower CDC in bilateral MU pairs compared to 347 

unilateral pairs (by 0.132; 95% CI 0.076 to 0.188; P < 0.0001), R2 = 0.38 for the total model. 348 

Median absolute time lag from zero for the total population of MU pairs was 0.038 s 349 

(quartiles 0.012–0.050); mean time lag was 0.032 s (95% CI 0.029 to 0.032). 350 

Since CDC values for unilateral and bilateral MU pairs were not significantly different during 351 

spontaneous standing in pain free subjects (Lothe et al., 2015), implying that the bilateral back 352 

muscles work as a functional unit in stabilization of the spine during standing, CDC during 353 

spontaneous standing was also studied separately for the ALBP subjects. Here, CDC values 354 

were significantly lower for bilateral MU pairs compared to unilateral pairs (by 0.10 relative 355 

to bilateral; 95% CI 0.03 to 0.18; P = 0.009). 356 

The shapes of the cross correlograms were highly variable (Fig. 6). Histograms showing the 357 

distribution of CDC values were therefore constructed to explore the distribution 358 

quantitatively (Fig. 7). The distribution of CDC values from bilateral MU pairs in ALBP 359 

subjects (Fig. 7A) was close to unimodal and relatively symmetrical, and not significantly 360 

different from a Normal distribution (Shapiro–Wilk W Test, P = 0.42). However, the 361 

distribution of CDC values from unilateral MU pairs (Fig. 7B) was clearly skewed and 362 

seemed to consist of two populations. Closer inspection of the individual cross correlograms 363 

(Fig. 6) suggested the existence of two partially overlapping categories, one with lower and 364 

the other with higher CDC values. This finding prompted a re-evaluation of data from the 365 
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pain free population (Lothe et al., 2015), where the phenomenon also seemed to exist (Lothe 366 

et al., 2015 Fig. 7B). The pain free and ALBP populations were therefore combined to 367 

ascertain more robust descriptions (Fig. 7C), and a mixture of two Normal distributions was 368 

fitted to obtain estimates for location (µ, mean) and dispersion (σ, standard deviation) for each 369 

of the two putative sub-distributions. For the combined population (Fig. 7C), parameters for 370 

the lower-CDC sub-distribution were µ1 = 0.167 (95% CI 0.147–0.188), σ1 = 0.143 371 

(95% CI 0.124–0.164), and for the higher-CDC sub-distribution µ2 = 0.542 (95% CI 0.516–372 

0.568), σ2 = 0.096 (95% CI 0.074–0.123). The parameters for the lower-CDC sub-distribution 373 

(µ1 and σ1) were nearly identical to those obtained when fitting a single Normal distribution 374 

to the CDC values from bilateral unit pairs (Fig. 7A; µ = 0.180, 95% CI 0.143–0.216; 375 

σ = 0.148, 95% CI 0.127–0.179), and overlapping 95% confidence intervals confirmed that 376 

they were not significantly different. 377 

The proportion of MUs in the higher-CDC sub-distribution (π2) was estimated for all ALBP 378 

subgroups in Figs. 5 and 6, and for all subgroups in the reanalyzed pain free population 379 

(Lothe et al., 2015). All analyses utilized the fixed location and dispersion values obtained 380 

from the combined pain free and ALBP group (Fig. 7C). Fig. 8 shows all π2 values; 95% CIs 381 

are provided where they could be calculated. In the ALBP group, all π2 values for bilateral 382 

recordings were significantly lower than the corresponding values for unilateral recordings 383 

(non-overlapping 95% CIs). In contrast, unilateral and bilateral π2 values obtained during 384 

spontaneous standing in the pain free group were strikingly similar. Unilateral π2 values 385 

obtained from both groups were not significantly different from each other. 386 

Comparing ALBP patients and pain free subjects 387 

Data from the ALBP group were compared with data collected from the group of pain free 388 

subjects (Lothe et al., 2015) in mixed models as described above. Although median 389 

spontaneous gross activity duration appeared to be higher in the ALBP group than in pain free 390 

subjects (9% vs. 2% of recording time for sitting and 58% vs. 12% for standing respectively), 391 

we did not find a significant effect of ALBP vs. pain free (P = 0.86 for sitting; P = 0.32 for 392 

standing). Likewise, no significant difference between the ALBP and the pain free group was 393 

found for median discharge rate (spontaneous sitting P = 0.75; spontaneous standing P = 0.45; 394 

voluntary standing P = 0.86), ΔISI IQR (spontaneous sitting P = 0.51; spontaneous standing P 395 

= 0.33; voluntary standing P = 0.31), or CDC (unilateral pairs: spontaneous sitting P = 0.76; 396 

spontaneous standing P = 0.52; voluntary standing P = 0.06; bilateral pairs: spontaneous 397 

sitting P = 0.20; spontaneous standing P = 0.07; voluntary standing P = 0.13). 398 
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Discussion 399 

Compared to sitting, standing increased total gross activity duration, median MU discharge 400 

rate, interspike interval variability, and common drive in our ALBP patients. Interspike 401 

interval variability was also increased in spontaneous compared to voluntary activity, and 402 

coffee intake increased median MU discharge rate. Additionally, common drive measured as 403 

CDC was more pronounced in unilateral vs. bilateral unit pairs, also in spontaneous standing 404 

which contrasts with our group of pain free subjects (Lothe et al., 2015). The distribution of 405 

CDC values was not a homogeneous continuum but could be seen as two partially 406 

overlapping categories. Further, concurrently active MUs displayed signs of self-sustained 407 

firing and to a lesser extent rotation.  408 

The pain free and ALBP populations have different demographic characteristics that may not 409 

have been fully adjusted for in our statistical models. The lack of age matching between the 410 

two populations is of particular concern, and statistically significant differences between them 411 

might in part be caused by the only partly overlapping age distributions. Conversely, lack of 412 

significant effects of age within the ALBP population cannot with certainty be extrapolated to 413 

other age groups. This weakness of the study must be kept in mind when interpreting the 414 

results. 415 

EMG electrode implantation 416 

CT guidance enabled precise placement of electrodes in the deep lumbar multifidus, with 417 

unequivocal three-dimensional documentation of the final electrode position. A similar 418 

technique has been described for precision implantation in deep posterior neck muscles 419 

(Raven et al., 2018). It would have been optimal to verify ideal electrode placement 420 

throughout the experiment through an additional CT scan immediately before removal of the 421 

electrodes. However, we judged the additional radiation dose from this scan not to be 422 

justified. 423 

Electrodes unintentionally placed superficially in the LM did not yield significantly different 424 

results from deeply placed electrodes. However, the recordings classified as “not on target” 425 

were few in number and an experimental design with more recordings from the superficial 426 

LM may yield different results. 427 
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Gross activity 428 

Our gross activity data must be interpreted with caution, since the method used provides only 429 

a crude estimate of muscle activity close to the electrodes. However, the large scatter of total 430 

gross EMG activity durations observed in our subjects may be a consequence of different 431 

postural strategies utilized by individual ALBP patients (van Dieën et al., 2003). Comparable 432 

results were found in pain free subjects (Lothe et al., 2015) (Fig. 2). Different standing and 433 

sitting postures have been reported to affect trunk muscles differently; during sway standing 434 

and slump sitting there is less muscle activity than during a more active posture (O'Sullivan et 435 

al., 2002). O’Sullivan (2000) has proposed a set of specific pathological patterns in chronic 436 

LBP which can be active or passive and are thought to represent different activation patterns 437 

of the stabilizing muscles of the spine. Similar to our findings, Dankaerts (2006) found no 438 

difference in trunk muscle surface EMG between pain free and nonspecific chronic LBP 439 

patients during sitting. However, significant differences in muscle activation patterns were 440 

revealed when a two-level postural classification system was applied to the chronic LBP 441 

group. The authors propose that these differences represent maladaptive postural patterns with 442 

the potential to provoke strain and pain. 443 

It is likely that the postural patterns seen in chronic LBP may already be evident in the acute 444 

phase, and further that the activation pattern seen in the acute phase is influenced by the 445 

natural posture of that individual prior to developing ALBP. Load sharing between passive 446 

and active structures in different postures may predispose different structures to injury 447 

(Panjabi, 1992). The wide range of activation patterns in ALBP subjects in the present study 448 

may therefore represent a wide range of compensatory muscle activation strategies to a large 449 

extent derived from the natural posture of the individual (van Dieën et al., 2003). 450 

Discharge rate 451 

Discharge variability 452 

Increased discharge variability, measured as coefficient of variation, has been found by other 453 

investigators during induced muscle pain (Farina et al., 2012), in women with neck pain 454 

(Muceli et al., 2011), and in relation to stress (Christou et al., 2004). The coefficient of 455 

variation does not take into account that interspike intervals are temporally related, and would 456 

report the same value for a spike train with smoothly graded changes in discharge rate as 457 

when the same interspike intervals were produced completely at random. Thus, we decided to 458 

use the interquartile range for the difference between successive interspike intervals 459 

(∆ISI IQR) (Eken et al., 2008). We found no significant difference between pain free subjects 460 
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(Lothe et al., 2015) and ALBP patients. As in the pain free subjects, the variability was larger 461 

with longer interspike intervals (Matthews, 1996) and in standing vs. sitting. A different 462 

finding in the ALBP group was that variability was significantly lower during voluntary tasks 463 

than during spontaneous force production. 464 

Discharge variability has been linked to diminished force output in a modeled muscle 465 

compared to the force that would have been exerted had units discharged with constant ISIs 466 

(Fuglevand et al., 1993). Stein (2005) has postulated that variability or neuronal “noise” in the 467 

motor system causes inconsistency in force output: According to Henneman’s size principle 468 

of neuronal discharge (Henneman, 1957), small MUs are initially recruited to fire at low force 469 

levels that together produce relatively small force fluctuations. With increasing force, 470 

progressively larger MUs are recruited that inevitably produce larger fluctuations. Stein 471 

(2005) hypothesized that the motor system compensates for these force fluctuations with 472 

lower spike-to-spike variability. This would be consistent with our finding of lower ∆ISI IQR 473 

in voluntary activity. An alternative explanation could be that saturation or “rate limiting” due 474 

to persistent inward currents (Heckman et al., 2008) blunts spike-to-spike variability more at 475 

the higher discharge rates in voluntary tasks. 476 

Caffeine and discharge rate 477 

It was not the intention of this study, nor did we use an appropriate study design, to test the 478 

effect of caffeine concentration on LM discharge characteristics. Nevertheless, since coffee 479 

has been linked to muscle pain attenuation during eccentric exercise (Maridakis et al., 2007), 480 

endurance exercises (Motl et al., 2003), and computer-based office work (Strøm et al., 2012), 481 

as well as to self-sustained firing (Walton et al., 2002), we asked subjects about their coffee 482 

drinking habits to be able to control for possible effects of caffeine in our multivariable 483 

analyses. We did not quantify coffee intake before the experiments nor perform blood tests to 484 

measure caffeine levels, but think it likely that the habitual coffee drinkers would have 485 

ingested their morning coffee dose before the experiment. The experiment was undertaken 486 

early in the day and within the 2.5–4.5 hours that is the half-life of caffeine (Fredholm, 1995). 487 

Overall discharge rate increased 0.36 pps for each cup of coffee normally ingested during a 488 

day. The effect on discharge rate contradicts other studies which did not find single MU firing 489 

rate differences between placebo and caffeine in randomized controlled trials when measuring 490 

submaximal voluntary contraction of the quadriceps (Kalmar and Cafarelli, 1999; Meyers and 491 

Cafarelli, 2005). However, the effect of coffee on discharge rate that we have found in ALBP 492 

subjects may be associated with our experimental setup with emphasis on long-lasting 493 
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spontaneous discharge. We did not find any effect of caffeine on discharge rate in our pain 494 

free, younger population with a reported low coffee consumption (Lothe et al., 2015). Long-495 

term use of caffeine is known to have different or opposite effects compared to acute 496 

administration (Fredholm, 1995) and any conclusions from our findings on the effect of 497 

caffeine on single MU activity would be speculative. Still, our findings suggest that coffee 498 

consumption should be controlled for in studies of muscle activity. 499 

Common drive 500 

While the LM muscles on each side of the spine act as antagonists during walking or rotation 501 

of the trunk, they act as agonists to extend the spine against gravity during quiet, balanced 502 

standing. Therefore, one would expect neutral standing in healthy subjects to be mediated by 503 

a relatively strong bilateral common drive (Marsden et al., 1999). In agreement with this, our 504 

previous study of LM motor units in pain free subjects (Lothe et al., 2015) did not reveal any 505 

significant difference in CDC between unilateral and bilateral MU pairs during spontaneous 506 

standing. In contrast, CDC analysis in ALBP subjects in the present material demonstrated a 507 

highly significant difference between uni- and bilateral pairs also during spontaneous 508 

standing. Our novel approach to CDC analysis confirms and extends this finding, ascribing 509 

the reduced CDC in bilateral MU pairs in ALBP subjects to a reduced proportion of motor 510 

unit pairs in a specific high-CDC population. 511 

We have previously argued that the equally strong bilateral common drive during spontaneous 512 

standing in pain free subjects points to the unique role of the bilateral axial back muscles in 513 

working as a functional unit to extend and stabilize the spine while in an upright position 514 

(Lothe et al., 2015). Our results from ALBP subjects may indicate a change in control strategy 515 

caused by pain. Alternatively, it could be speculated that individuals with a control strategy in 516 

which the back muscles are less tightly coordinated, are predisposed to ALBP. 517 

Self-sustained firing and rotation between active motor units 518 

It is widely accepted that the central nervous system has exquisite control of the repetitive 519 

discharge of motoneurons through persistent inward currents underlying self-sustained firing 520 

(Brownstone, 2006). Self-sustained discharge enables the motoneuron to sustain an elevated 521 

discharge rate after a brief depolarizing current (for review see Kiehn and Eken, 1998; 522 

Heckman et al., 2008), and is probably the source of the long-lasting activity exerted by slow 523 

MUs to maintain posture (Eken and Kiehn, 1989; Kiehn and Eken, 1998). We have previously 524 
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found evidence for the existence of self-sustained discharge in LM MUs in pain free subjects 525 

(Lothe et al., 2015). 526 

Although self-sustained firing of LM MUs was not studied quantitatively, the impression was 527 

that the phenomenon was not as evident in the current ALBP population as in the pain free 528 

subjects (Lothe et al., 2015), and rotation of activity between MUs was only seen in one 529 

ALBP patient (Fig. 4). Rotation between tonically discharging units has been suggested as a 530 

way for the nervous system to alternate both activity and rest between motor units (Forbes, 531 

1922; Eken, 1998; Bawa et al., 2006). MUAPs tend to change their shape and amplitude 532 

when muscle fibers move relative to the recording surfaces, e.g. due to slight changes in force 533 

production. Certain identification of individual MUAPs under those conditions can be 534 

challenging, in particular when several MUs are discharging at the same time. Identifying 535 

units at recruitment and derecruitment was particularly challenging in the present material, 536 

and this may be an underlying cause for our inability to find rotation in more than one case. 537 

Therefore, we are reluctant do draw any firm conclusions about the amount of rotation in 538 

ALBP.  539 

Conclusions 540 

We have described a method that enables successful implantation of fine wire EMG 541 

electrodes and verification of their position in the deep lumbar multifidus. We have also 542 

described and used a novel approach for analysis of common drive coefficients, pointing to 543 

the existence of two distinct populations of CDC distributions. Our main finding was the 544 

significant difference in common drive between uni- and bilateral MU pairs in ALBP subjects 545 

that was not seen during spontaneous standing in pain free subjects. This suggests altered 546 

bilateral control of the spine in ALBP. 547 
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Figure legends 709 

Fig. 1. CT guided electrode implantation method. All images seen from inferior with patient 710 

in prone position. A: low-level radiation image of the target area. Guide wires taped to the 711 

skin parallel to the spine facilitated placement of skin puncture. B: a second scan was 712 

obtained to assist in final placement of the two needles. C: a final scan showed the position of 713 

the electrodes after the needles had been removed and the subject had moved around for the 714 

electrodes to settle in the tissues. Abbreviations: L, left; R, right; A, anterior; P, posterior; M, 715 

multifidus; ES, erector spinae; QL, quadratus lumborum; VB, vertebral body; SP, spinous 716 

process; TvP, transverse process. 717 

Fig. 2. Duration of spontaneous gross EMG activity in lumbar multifidus as percentage of 718 

total recording time during sitting and standing. Left, data from 17 recordings in 9 pain free 719 

subjects (Lothe et al., 2015); right, data from 16 recordings in 9 acute low back pain (ALBP) 720 

subjects. Each line connects recordings from the same subject and side. Boxes show medians 721 

and quartiles; whiskers denote 10 and 90 percentiles. 722 

Fig. 3. Distribution of median motor unit discharge rates for spontaneous activity during 723 

sitting, and for spontaneous and voluntary activity during standing. Boxes show medians and 724 

quartiles (cf. Table 1); whiskers denote 10 and 90 percentiles. Coffee consumption reported as 725 

average number of cups per day is shown in gray scale. Median discharge rates were 726 

significantly increased by standing and by reported coffee consumption. 727 

Fig. 4. Unilateral recording showing concurrently active MUs during 4 minutes of 728 

spontaneous standing. From bottom to top: Unprocessed analog signal (black), discriminated 729 

motor unit action potentials (color coded), superimposed smoothed discharge rates, and 730 

instantaneous discharge rates for individual MUs. Smoothed discharge rates were calculated 731 

by replacing each discharge event with a 600 ms wide raised cosine waveform of unit area 732 

symmetrical about the event time. Synchrony in discharge rate fluctuations between 733 

concurrently active MUs indicates a common drive. Still, all MUs are recruited without 734 

increase in discharge rate of one or two already active units (e.g. at approximately 55 and 735 

72 seconds). Rotation of activity is evident, as the initially active MU (reference; red) 736 

continued to fire with little or no change in discharge rate when the second and third MUs 737 

(test units; blue and green) were recruited from inactivity to stable tonic firing, and the 738 

reference unit subsequently was derecruited while the more recently recruited test units 739 

continued to fire with little or no change in discharge rate. 740 
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Fig. 5. Distribution of common drive coefficients (CDCs) in 77 unilateral and 60 bilateral MU 741 

pairs. Boxes show medians and quartiles (cf. Table 1); whiskers denote 10 and 90 percentiles. 742 

MU pairs where one or both units were on a pain free side are shown with red and blue 743 

symbols respectively. 744 

Fig. 6. Cross correlograms underlying common drive coefficients (CDCs) shown in Fig. 5. 745 

CDC was defined as the maximum value of the cross correlogram within 0 ± 50 ms time lag 746 

(De Luca et al., 1982); hatched vertical lines. Data obtained from MU pairs where one or both 747 

units were on a pain free side are shown in red and blue respectively (cf. Fig. 5). 748 

Fig. 7. Distribution of common drive coefficients (CDCs) in MU pairs (cf. Figs. 5 and 6). 749 

Single Normal distributions fitted for each panel are shown as red curves; fitted mixtures of 750 

two Normal distributions with fixed locations (µ1 and µ2; dashed green lines) and dispersions 751 

obtained from (C) are shown as green curves. A: all bilateral MU unit pairs (66 CDC values 752 

obtained from 60 pairs, see Table 1). Proportions (π) of observations in the lower- and higher-753 

CDC sub-distributions were π1 = 1.000; π2 = 0.000 respectively. This was the only 754 

distribution of CDCs that could be appropriately described by a single fitted Normal 755 

distribution, however it was also well described by the lower of the two Normal distributions 756 

obtained from (C). B: all unilateral MU unit pairs (89 CDC values obtained from 77 pairs, see 757 

Table 1), π1 = 0.640 (95% CI 0.515–0.748); π2 = 0.360 (95% CI 0.278–0.451). C: combined 758 

pain free (Lothe et al., 2015) and acute low back pain (ALBP) populations constructed to 759 

obtain parameters for the two Normal distributions 243 CDC values obtained from 224 pairs, 760 

see Table 1 here and Table 1 in (Lothe et al., 2015), π1 = 0.784 (95% CI 0.695–0.852); 761 

π2 = 0.216 (95% CI 0.178–0.260). 762 

Fig. 8. Proportions of MU pairs in the higher-CDC sub-distribution (π2), with 95% 763 

confidence intervals (CIs). Solid symbols denote unilateral MU pairs, open symbols denote 764 

bilateral MU pairs. CIs could not be computed when π2 was 0, and for unilateral pairs in non-765 

pain subjects during voluntary standing. *Proportions for spontaneous sitting in non-pain 766 

subjects could not be computed due to small sample size (unilateral n = 3, bilateral n = 4). 767 



Table 1. Statistics, grouped data  Total  Spontaneous  Spontaneous  Voluntary 
    Sitting  Standing  Standing 
Subjects         
Number (male:female) 9 (8:1)       
Age, yr (median; range) 38 (26–59)       
Dominant side (right:left:missing)  7:1:1       
Coffee consumption, cups/day (median; range) 3 (0–8)       
         
Electrodes recorded from (on target:off target) 16 (13:3)       
Recording time, min (sum; range) 322 (26–42) 169 (15–21) 148 (6–24) 5 (0.5–1.3) 
         
Gross muscle activity         
Gross activity recordings, subjects and sides, total material (n) 16  16  16  11  
Duration of gross activity, subjects and sides, total material, min 232  75  148  9  
Duration of gross activity, per subject and side, s (median; range)   102 (0–1,233) 511 (0–1,282) 48 (6–80) 
Duration of gross activity, per subject and side, %recording time (range)   9 (0–100) 58 (0–99) 100 (18–100) 
         
Single-unit activity within spike trains*         
Units, total material† (n) (on target:off target)  73 (70:3) 29 (29:0) 48 (45:3) 20 (20:0) 
Duration of analyzed single-unit activity, total material, min 313  92  209  11  
Duration of analyzed single-unit activity, per unit, s   132 (35–263) 178 (121–399) 33 (24–42) 
Duration of analyzed single-unit activity, per unit, %recording time   11 (3–23) 19 (10–35) 61 (38–95) 
         
Intervals, total material (n) 113,063  28,575  79,728  4,760  
Intervals, per unit (n)   658 (184–1,289) 1199 (540–2,241) 228 (141–302) 
Median discharge rate, per unit, pulses/s   5.53 (5.09–5.92) 6.64 (5.02–7.65) 7.21 (6.77–7.85) 
Mean discharge rate, per unit, pulses/s   5.60 (4.97–5.95) 6.72 (5.04–8.30) 7.15 (6.76–7.79) 
Interquartile range for difference between  
successive interspike intervals (∆ISI IQR), ms   42.9 (32.4–49.7) 52.7 (40.1–64.5) 27.2 (21.4–32.2] 
Coefficient of variation for interspike intervals, per unit, %   29.0 (26.7–31.6) 31.6 (26.4–38.1) 23.9 (17.0–33.7) 
         
Common drive coefficients         
Unit pairs,‡ unilateral (n) 77  26  48  15  
Unit pairs,¶ bilateral (n) 60  11  38  17  
CDC, unilateral   0.18 (0.13–0.42) 0.32 (0.14–0.51) 0.30 (0.23–0.58) 
CDC, bilateral   0.08 (-0.07–0.17) 0.19 (0.12–0.32) 0.17 (0.12–0.29) 
 
Numbers are medians and quartiles unless otherwise specified. * Spike trains are defined as consecutive spikes with intervals <500 ms. All analyses of firing frequencies 
and ∆ISI IQR are in trains with ≥25 intervals; discharge rates >250 pulses/s are excluded. †20 units were recorded from in more than one task: 17 in spontaneous sitting 
and spontaneous standing; 7 in spontaneous standing and voluntary standing; 4 in voluntary standing and spontaneous sitting. Four of those units were recorded from in 
all three tasks. ‡11 unit pairs were recorded from in more than one task: 10 in spontaneous sitting and spontaneous standing; 2 in spontaneous standing and voluntary 
standing; 1 in voluntary standing and spontaneous sitting. One of those units were recorded from in all three tasks. ¶4 unit pairs were recorded from in more than one task: 
2 in spontaneous sitting and spontaneous standing; 3 in spontaneous standing and voluntary standing; 3 in voluntary standing and spontaneous sitting. Two of those units 
were recorded from in all three tasks. 
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