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BACKGROUND: Exercise of the spinal muscles is recommended for a variety of rehabilitative 

reasons but it is not always clear whether interventions are effective in improving the 

performance of the muscles or whether their benefit is elicited via other mechanisms. 

OBJECTIVE: To explore the effects of an exercise intervention on the size and exercise 

performance of the lumbar spine extensor muscles. 

METHODS: Eleven healthy participants undertook a four week programme of exercise. 

Magnetic resonance imaging and phosphorus spectroscopy were performed before and 

after the intervention to determine the time to fatigue and phosphocreatine (PCr) depletion 

during a muscle endurance test (modified Biering-Sørensen) together with muscle cross-

sectional area (CSA). 

RESULTS: The post intervention measures were significantly different to the pre-

intervention results for the time to fatigue (post-pre: 20.5 ± 22.7 s (P=0.014)) and PCr 

depletion both at the point of fatigue (post-pre: 9.5 ± 11.9 % (P= 0.024)) and at a matched 

time-point (post-pre: 12.2 ± 11.9 % (P=0.007)). CSA was not significantly different in any 

muscle. 

CONCLUSIONS: Exercise improved the performance of the trunk muscles despite no impact 

on CSA. This demonstrated the importance of obtaining a wide range of measures when 

assessing the effectiveness of exercise intervention programmes. 

 

KEYWORDS: Spine muscles; Exercise intervention ; Cross sectional area; Magnetic 

resonance spectroscopy; Magnetic resonance imaging. 
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1 Introduction 

Exercise interventions targeted at the trunk and spine are recommended in the 

management of a variety of conditions including non-specific low back pain [1, 2], vertebral 

fracture [3, 4], and after surgery for spinal stenosis [5]. There is also some evidence that 

they are effective in reducing pain and improving function in patients with degenerative 

spondylolisthesis [6, 7] and in preventing falls in the elderly [8]. 

The aim of such interventions is to increase the stability of the spine and upper body by 

increasing the strength, endurance and neuromuscular control of the spinal muscles [9]. In 

the lumbar region of the spine, the extensor muscles (erector spinae and multifidus) in 

particular are considered to play an important role in controlling movement of the trunk 

and ensuring spinal stability [10, 11], with the psoas and quadratus lumborum acting 

primarily as flexors and lateral flexors [10]. 

Despite the body of evidence promoting the use of exercise to strengthen the back and 

spine, there is little consensus over the best type of exercise or the intensity, direction and 

frequency at which it should be performed [12]. There are also questions as to whether 

exercise should be tailored to address the specific needs of individual patients or groups of 

patients [13, 14] and debate, particularly in the literature pertaining to non-specific low 

back pain, as to whether exercise has an identifiable effect on the spinal muscles or whether 

improvements in pain and function are mediated by other mechanisms [7, 12, 15]. 

Measurements of muscle performance, including strength and endurance, are often used to 

assess the function of the spine [16] and the efficacy of exercise programs [17]. Measures of 
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strength and endurance are generally reliable [16, 18]; however, their appropriateness for 

assessing patients has been questioned due to their inability to clearly differentiate physical 

function from pain related behaviour [19] and psychological disturbance [20]. More direct 

evaluation of whether exercise interventions are affecting muscles is possible using a variety 

of complementary techniques [21] including electromyography (EMG) to assess muscle 

activity [22-25] and imaging to assess muscle size [26, 27] and function [28]. 

Phosphorous magnetic resonance spectroscopy (31P-MRS) is a further technique that may 

be used to measure the temporal variation in metabolites such as adenosine triphospate 

(ATP), phosocreatine (PCr) and inorganic phosphate, as well as monitor pH, thereby 

providing insight into muscle metabolism [29, 30]. PCr is stored in muscle cells and is used 

during exercise to maintain levels of ATP during periods when energy demand is not being 

met by processes such as oxidative metabolism (when muscles obtain and use oxygen to 

generate ATP) and is thus a useful indicator of muscle oxidative capacity. 

There are a limited number of studies that have investigated back muscle function with 31P-

MRS [24, 31] and, although it has been shown that PCr depletion can be measured reliably 

in the spinal extensor muscles [31], it is not known whether a short term exercise 

intervention produces measureable changes in PCr depletion in these muscles. The aim of 

this study was therefore to perform a small scale study to assess whether changes in PCr 

depletion and cross-sectional area of the lumbar extensor muscles were detectable after a 

four week exercise intervention. 

2 Methods 
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2.1 Participants 

Eleven participants gave consent to take part in this study, which was approved by the 

University of Exeter Sport and Health Sciences ethics committee. Exclusion criteria were: a 

history of LBP, current participation in any exercises programme targeting the lumbar 

region, and having a medical history that would limit the ability to undertake exercise. Six of 

the participants were female (age 33 ± 7 years; body mass 62 ± 5 kg; height 166 ± 7 cm), and 

five were male (age 25± 8 year; body mass 78 ± 5 kg; height 178 ± 5 cm).  

2.2 Exercise training 

The exercise intervention consisted of cat (Figure 1a) and camel (Figure 1b) exercises as a 

warm up, followed by the main exercise routine consisting of superman (Figure 1c), side 

plank (Figure 1d), bridge (Figure 1e) and abdominal curl (Figure 1f) exercises as described by 

McGill [32]. All the exercises were undertaken in conjunction with abdominal bracing and 

hollowing techniques to ensure activation of both superficial and deep spinal muscles [33]. 

Initially, one to one instruction was provided by one of the authors (VJ), a physiotherapist, 

to ensure participants were competent at all exercises. Subsequently, participants 

undertook training without supervision five times a week. Eight repetitions of two sets were 

undertaken for the first two weeks, progressing to ten repetitions of two sets for the 

following two weeks. A diary was used to monitor adherence to the exercise routine. 

2.3 Testing protocol 

The testing was undertaken at the University of Exeter MR Research Centre using a protocol 

previously described [31]. Participants were required to attend on two occasions; once 
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before the exercise intervention and once after the exercise intervention had been 

completed. 

Participants were palpated to determine the location of the L4 spinous process and a cod 

liver oil capsule, visible in MR images, was placed 1 cm cephalically on the right side of the 

processes corresponding to be the approximate location of the L3/L4 disc. The participants 

were then positioned in a supine position within the bore of a 1.5 T superconducting 

magnet (Intera, Philips, The Netherlands) resting on a 5-element spine coil. 

T1-weighted MR images were then acquired in the axial and sagittal places to provide spine 

and muscle anatomical information (turbo spin echo sequence, 1 x 1 mm in-plane, 20 slices, 

4 mm thickness, repetition time 500ms, echo time 8 ms, 6 signal averages). The correct 

location of the cod-liver oil marker was verified from these images. 

Participants were subsequently repositioned in a prone position, head first. A small foam 

wedge was placed directly under the pelvis with an additional larger wedged positioned 

under the head and upper body (see Figure 2a). Thighs and calves were fastened by straps 

to secure the lower body. A 6 cm 31P coil, fitted in a custom made holder, was positioned 

vertically above the location of the L3/L4 disc and the participant moved into the scanner 

such that the L3/L4 disc was located at the isocentre. Matching and tuning of the coil and an 

automatic shimming protocol was then performed within a volume that defined the spinal 

muscle to optimise the signal from the muscle under investigation. 

The foam wedge supporting the upper body and head was removed and the participants 

were instructed to maintain their body position until fatigue at which point the exercise 

duration was recorded. For 60 s prior to the beginning of exercise and continuously during 
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exercise, 31P data were acquired every 1.5 sec with phase cycling with four phase cycles, 

resulting to a spectrum being obtained every 6 seconds. 

2.4 MRI data analysis 

The axial slice closest to the L3/L4 disc level was identified from each data set and saved in 

DICOM format. Images from the two visits were visually compared for each participant to 

ensure the slices obtained at different visits matched as well as possible. The slices were 

viewed in ImageJ (open source software), magnified to 300% and contrast enhanced (via 

histogram equalization and normalization) and the cross-sectional area of the multifidus 

(MF), erector spinae (ES), quadratus lumborum (QL) and, psoas (PS) were determined. Fat 

within a region of interest was not excluded and infiltrations of fat going into a muscle were 

interpolated across. Fat completely outside the muscle was excluded. Measurements were 

determined by one of the authors, blinded to participant and visit information and with the 

order of the images randomized. Areas were determined for both left and right muscles 

separately and the sum calculated. Previous work employing the same methodology 

examining repeated measurements of spinal muscle CSA found the reliability of this method 

(within-subject standard deviation) to be 0.8 cm2 [31]. 

2.5 31P-MRS data analysis 

The acquired 31P spectra were quantified via peak fitting, assuming prior knowledge, using 

the jMRUI (version 3) software package employing the AMARES fitting algorithm [34]. 

Spectra were fitted assuming the presence of the following peaks: Pi, phosphodiester, PCr, 

α-ATP (2 peaks, amplitude ratio 1:1), γ-ATP (2 peaks, amplitude ratio 1:1), and β-ATP (3 

peaks, amplitude ratio 1:2:1). 
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PCr percentage depletion, PCr, during the fatigue test, for each participant, for each visit, 

was fitted with Prism 5 software (GraphPad Software Inc, La Jolla, California) by a single 

exponential of the form shown in Equation 1 where A is the PCr value at time = 0 s (set to 

100%), B is the amplitude change in PCr from time = 0 to the plateau value of the 

exponential, t is time, and  is the depletion time constant. 

∆𝑃𝐶𝑟(𝑡) = 𝐴 − 𝐵 (1 − 𝑒
−𝑡

𝜏 )      Equation 1 

After fitting, values of B and  were determined for each participant at each visit and used to 

calculate the PCr depletion at a given time point. For the pre-intervention tests PCr was 

calculated at the pre-intervention time to fatigue; for the post-intervention tests PCr was 

calculated at both the pre-intervention time to the fatigue and the post-intervention time to 

fatigue. 

2.6 Statistics 

All statistical analysis was carried out in PASW statistics 18 (SPSS Inc., Chicago, USA). Paired 

samples t-tests were used to compare cross-section area, time to fatigue and PCr depletion 

before and after the four week intervention, with statistical significance defined as P< 0.05. 

In addition, the effect size (d) statistic using the pooled SD was used to judge the magnitude 

of change following the intervention. A d of 0.2, 0.5 and 0.8 was judged as a small, 

moderate and large effect, respectively [35]. For PCr depletion two comparisons were 

made: one between the pre-intervention PCr and the post-intervention PCr at the same 

time point (the time to fatigue recorded in the pre-intervention tests) and one between the 
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pre-intervention PCr and post-intervention PCr at different time points (corresponding to 

the time to fatigue recorded in each individual test).  

3 Results 

All participants completed the training protocol, with 100% self-reported adherence. The 

time to fatigue during the endurance test was increased following the exercise intervention 

(Table 1); individual responses are illustrated in Figure 3, showing an improvement in nine of 

the eleven (82 %) participants. No significant differences were determined for the cross-

sectional area of the four spinal muscles as a result of the exercise intervention (Table 1). 

For the exercise induced decrease in PCr levels, fitting a single exponential resulted in good 

fitting of PCr data with no significant residual arising indicative of slow components (a 

representative response is shown in Figure 4). PCr depletion after the training intervention 

was lower than before training; this difference was significant when comparing pre and post 

exercise training depletion calculated at the time equal to fatigue occurrence for the pre-

intervention test and when comparing the depletion calculated at the time to fatigue 

recorded for each individual test. 

4 Discussion 

The aim of this study was to determine whether changes in muscle size and muscle function 

could be observed in the spinal muscles as a result of a short term exercise intervention. The 

main findings of the current study were that, after four weeks of exercise, the time to 

fatigue when performing a muscle endurance test was significantly increased and the 
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depletion of PCr during the test was significantly reduced. No significant changes in cross-

sectional area of the multifidus, erector spinae, quadratus lumborum, or psoas muscles 

were observed. 

The ability of the spinal muscles to sustain contraction is important for maintaining normal 

posture and balance [36]. Endurance of the spinal muscles can be measured using a variety 

of different tests such as the Biering-Sørensen test [37], a modifed Biering-Sørensen test (Ito 

test [38]), or the Timed loaded standing test [39]. Back muscle endurance tests generally 

have high reliability [16, 18, 39] and in our previous work using an identical experimental 

set-up to the current study we found that reliability over period of several weeks was 

excellent [31]. Endurance has been shown to be lower in patients with low back pain in 

many studies [16, 18] and is considered to be a risk factor for low back pain [37]. Training 

that includes exercise for the trunk has also been found to increase endurance in various 

patient groups [27, 36, 40], similar to the results of the current study. 

Questions have been raised, however, over the validity of muscle endurance tests as 

participants can use different strategies when performing them [41] and performance is also 

modified by variety of psychological factors [42].Thus, measures of muscle function that 

help assess whether improvements are due to physiological changes or not are desirable. 

Some of these, such as EMG have been used extensively and provide useful information 

about muscle activity, indicative of fatigue, although there have been questions concerning 

them in assessing the effects of training [43]. Muscle size is another useful measure that is 

related to muscle strength and an increase in muscle size is expected with training [44]. 

Spinal muscle atrophy has been associated with diseases such as low back pain [45-48] but 
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few studies have investigated whether muscle size is increased as a result of exercise 

training. Of those that have investigated this, the findings are equivocal between exercise 

regimes [26] and between studies [26, 27, 49]. A possible reason for the lack of increase in 

muscle cross-sectional areas is that the training regime was insufficient in length or intensity 

to produce significant muscle hypertrophy [26]. It may also be that the participants, similar 

to those in the study by Teyhen et al. [27] were already physically active in comparison to 

those in the study by Hides et al. [49] where the participant’s muscles had atrophied due to 

bed rest. An alternative reason is that the changes in muscle size were less than the 

measurement error; using data from our previous study [31] we estimate the measurement 

error to be around 10 % of the muscle size. 

In the current study, the depletion of PCr following sustained contraction was reduced after 

the four weeks of training. There was a reduction at the end-point of fatigue (even though 

the fatigue time was longer) and there was also a reduction at a matched time-point 

corresponding to the time to fatigue recorded for the pre-intervention test. Studies in the 

leg muscles have shown that depletion of PCr is lower in endurance trained individuals 

compared to sedentary individuals [50]  and is thought to arise from greater oxidative 

capacity as a result of training. As the rate of PCr depletion effectively reflects the shortfall 

between energy (ATP) demands and energy supply from processes such as oxidative 

metabolism, any training induced reductions in PCr depletion are indicative of 

improvements in the ability to maintain muscle contraction. 

There are various possible mechanisms underlying a reduction in PCr depletion. These 

include increase in muscle size, increase in capillary density, increase in mitochondrial 
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density [51, 52], and changes in the predominant fibre type from type II to type I (a fibre 

type more resistant to fatigue) [50, 53]. It is not clear as to which mechanism may have 

occurred in the current study, however, the timescale expected for changes in fibre type 

[54] make this unlikely to have occurred in four weeks. Furthermore, the non-localized 31P-

MRS method used in the current study means that the PCr signal was sampled for all 

muscles within the sensitive region of the coil (of extent approximately 6 cm from the coil 

centre) such that it is not possible to establish where changes may have occurred. Localized 

31P-MRS methods are available [24], however, meaning that this limitation could be 

overcome in future studies. 

It should be stated that the study features a relatively small sample size and one with a 

limited age range of participants. Thus, the results found may not be universally applicable 

to the population as a whole. In addition, given no control group was included it is possible 

that improvement in exercise performance could result from learning effects, such that the 

participant modifies the way they undertake the exercise in order to minimize fatigue in 

subsequent trials. However, a previous study using the same protocol and with a similar 

interval between trial repetitions has indicated no significant time effects to indicate 

learning [31] and resulted in excellent reliability for endurance time and PCr depletion 

(single-measures intra-class correlation coefficient 0.86 for endurance time and 0.73 for PCr 

depletion) [31]. 

5 Conclusion 



13 

 

Changes in endurance time and PCr depletion in the spinal muscles can be detected after a 

four-week exercise training intervention despite no changes in cross-sectional area. The use 

of 31P-MRS as an additional method for assessing baseline muscle function and changes 

induced by training may be useful for determining whether exercise is having an effect on 

targeted muscles and for helping to establish whether there are particular groups of 

patients for who exercise is most suitable for or for tailoring exercise specifically to their 

needs. 

Acknowledgements 

We thank the participants who volunteered to take part in our study and also thank the 

NIHR Clinical Research Facility, University of Exeter for funding J Fulford’s salary. 



14 

 

References 

[1] Choi BK, Verbeek JH, Tam WW, Jiang JY. Exercises for prevention of recurrences of 

low-back pain. Cochrane Database Syst Rev. 2010; Issue(1):Cd006555. 

doi:10.1002/14651858.CD006555.pub2. 

[2] Savigny P, Kuntze S, Watson P, Underwood M, Ritchie G, Cotterell M, Hill D, Browne 

N, Buchanan E, Coffey P, Dixon P, Drummond C, Flanagan N, Greenough C, Griffiths M, 

Halliday-Bell J, Hettinga D, Vogel S, Walsh D. Low back pain: early management of persistent 

non-specific low back pain. 2009; NICE. 

[3] Riccio I, Tirelli A, Gimigliano F, Iolascon G, Gimigliano R. Rehabilitative approach in 

patients with vertebral fragility fracture. Aging Clin Exp Res. 2013; 25(Suppl 1):S109-S11. 

doi:10.1007/s40520-013-0113-y. 

[4] Giangregorio LM, McGill S, Wark JD, Laprade J, Heinonen A, Ashe MC, MacIntyre NJ, 

Cheung AM, Shipp K, Keller H, Jain R, Papaioannou A. Too fit to fracture: outcomes of a 

Delphi consensus process on physical activity and exercise recommendations for adults with 

osteoporosis with or without vertebral fractures. Osteoporos Int. 2014; 26(3):891-910. 

doi:10.1007/s00198-014-2881-4. 

[5] McGregor AH, Probyn K, Cro S, Dore CJ, Burton AK, Balague F, Pincus T, Fairbank J. 

Rehabilitation following surgery for lumbar spinal stenosis. Cochrane Database Syst Rev. 

2013; Issue(12):Cd009644. doi:10.1002/14651858.CD009644.pub2. 

[6] Nava-Bringas TI, Hernandez-Lopez M, Ramirez-Mora I, Coronado-Zarco R, Israel 

Macias-Hernandez S, Cruz-Medina E, Arellano-Hernandez A, Leon-Hernandez SR. Effects of a 



15 

 

stabilization exercise program in functionality and pain in patients with degenerative 

spondylolisthesis. J Back Musculoskelet Rehabil. 2014; 27(1):41-6. doi:10.3233/bmr-130417. 

[7] Hancock MJ, Maher CG, Laslett M, Hay E, Koes B. Discussion paper: what happened 

to the 'bio' in the bio-psycho-social model of low back pain? Eur Spine J. 2011; 20(12):2105-

10. doi:10.1007/s00586-011-1886-3. 

[8] Granacher U, Gollhofer A, Hortobágyi T, Kressig RW, Muehlbauer T. The importance 

of trunk muscle strength for balance, functional performance, and fall prevention in seniors: 

A systematic review. Sports Med. 2013; 43(7):627-41.  

[9] Standaert CJ, Herring SA. Expert opinion and controversies in musculoskeletal and 

sports medicine: core stabilization as a treatment for low back pain. Arch Phys Med Rehabil. 

2007; 88(12):1734-6. doi:10.1016/j.apmr.2007.10.002. 

[10] Hansen L, de Zee M, Rasmussen J, Andersen TB, Wong C, Simonsen EB. Anatomy and 

biomechanics of the back muscles in the lumbar spine with reference to biomechanical 

modeling. Spine. 2006; 31(17):1888-99. doi:10.1097/01.brs.0000229232.66090.58. 

[11] MacDonald DA, Lorimer Moseley G, Hodges PW. The lumbar multifidus: Does the 

evidence support clinical beliefs? Man Ther. 2006; 11(4):254-63. 

doi:10.1016/j.math.2006.02.004. 

[12] Mayer J, Mooney V, Dagenais S. Evidence-informed management of chronic low back 

pain with lumbar extensor strengthening exercises. Spine J. 2008; 8(1):96-113. 

doi:10.1016/j.spinee.2007.09.008. 



16 

 

[13] van Middelkoop M, Rubinstein SM, Kuijpers T, Verhagen AP, Ostelo R, Koes BW, van 

Tulder MW. A systematic review on the effectiveness of physical and rehabilitation 

interventions for chronic non-specific low back pain. Eur Spine J. 2011; 20(1):19-39. 

doi:10.1007/s00586-010-1518-3. 

[14] Pillastrini P, Gardenghi I, Bonetti F, Capra F, Guccione A, Mugnai R, Violante FS. An 

updated overview of clinical guidelines for chronic low back pain management in primary 

care. Joint Bone Spine. 2012; 79(2):176-85. doi:10.1016/j.jbspin.2011.03.019. 

[15] Hill JC, Fritz JM. Psychosocial influences on low back pain, disability, and response to 

treatment. Phys Ther. 2011; 91(5):712-21. doi:10.2522/ptj.20100280. 

[16] Keller A, Hellesnes J, Jens I. Brox a. Reliability of the Isokinetic Trunk Extensor Test, 

Biering-Sørensen Test, and Åstrand Bicycle Test: Assessment of Intraclass Correlation 

Coefficient and Critical Difference in Patients With Chronic Low Back Pain and Healthy 

Individuals. Spine. 2001; 26(7):771-7.  

[17] Pieber K, Herceg M, Quittan M, Csapo R, Muller R, Wiesinger GF. Long-term effects 

of an outpatient rehabilitation program in patients with chronic recurrent low back pain. Eur 

Spine J. 2014; 23(4):779-85. doi:10.1007/s00586-013-3156-z. 

[18] Latimer J, Maher CG, Refshauge K, Colaco I. The Reliability and Validity of the 

Biering–Sorensen Test in Asymptomatic Subjects and Subjects Reporting Current or Previous 

Nonspecific Low Back Pain. Spine. 1999; 24(20):2085.  

[19] Huijnen IPJ, Verbunt JA, Wittink HM, Smeets RJEM. Physical performance 

measurement in chronic low back pain: measuring physical capacity or pain-related 



17 

 

behaviour? European Journal of Physiotherapy. 2013; 15(3):103-10. 

doi:10.3109/21679169.2013.830643. 

[20] Mannion AF, O’Riordan D, Dvorak J, Masharawi Y. The relationship between 

psychological factors and performance on the Biering-Sørensen back muscle endurance test. 

Spine J. 2011; 11(9):849-57. doi:10.1016/j.spinee.2011.08.004. 

[21] Demoulin C, Crielaard J-M, Vanderthommen M. Spinal muscle evaluation in healthy 

individuals and low-back-pain patients: a literature review. Joint Bone Spine. 2007; 74(1):9-

13. doi:10.1016/j.jbspin.2006.02.013. 

[22] Dickx N, D'hooge R, Cagnie B, Deschepper E, Verstraete K, Danneels L. Magnetic 

Resonance Imaging and Electromyography to Measure Lumbar Back Muscle Activity. Spine. 

2010; 35(17):E836-E42.  

[23] Yoshitake Y, Ue H, Miyazaki M, Moritani T. Assessment of lower-back muscle fatigue 

using electromyography, mechanomyography, and near-infrared spectroscopy. Eur J Appl 

Physiol. 2001; 84(3):174-9.  

[24] Rzanny R, Grassme R, Reichenbach JR, Rottenbach M, Petrovitch A, Kaiser WA, 

Scholle HC. Simultaneous surface electromyography (SEMG) and 31P-MR spectroscopy 

measurements of the lumbar back muscle during isometric exercise. J Neurosci Methods. 

2004; 133(1–2):143-52. doi:10.1016/j.jneumeth.2003.10.006. 

[25] Beneck GJ, Baker LL, Kulig K. Spectral analysis of EMG using intramuscular electrodes 

reveals non-linear fatigability characteristics in persons with chronic low back pain. J 

Electromyogr Kinesiol. 2013; 23(1):70-7. doi:10.1016/j.jelekin.2012.07.001. 



18 

 

[26] Danneels LA, Vanderstraeten GG, Cambier DC, Witvrouw EE, Bourgois J, Dankaerts 

W, De Cuyper HJ. Effects of three different training modalities on the cross sectional area of 

the lumbar multifidus muscle in patients with chronic low back pain. Br J Sports Med. 2001; 

35(3):186-91.  

[27] Teyhen DS, Childs JD, Dugan JL, Wright AC, Sorge JA, Mello JL, Marmolejo MG, Taylor 

AY, Wu SS, George SZ. Effect of two different exercise regimens on trunk muscle 

morphometry and endurance in soldiers in training. Phys Ther. 2013; 93(9):1211-24. 

doi:10.2522/ptj.20120152. 

[28] Clark BC, Walkowski S, Conatser RR, Eland DC, Howell JN. Muscle functional magnetic 

resonance imaging and acute low back pain: a pilot study to characterize lumbar muscle 

activity asymmetries and examine the effects of osteopathic manipulative treatment. 

Osteopath Med Prim Care. 2009; 3( ):7. doi:10.1186/1750-4732-3-7. 

[29] Quistorff B, Johansen L, Sahlin K. Absence of phosphocreatine resynthesis in human 

calf muscle during ischaemic recovery. Biochem J. 1993; 291(Pt 3):681-6.  

[30] Taylor DJ, Bore PJ, Styles P, Gadian DG, Radda GK. Bioenergetics of intact human 

muscle. A 31P nuclear magnetic resonance study. Mol Biol Med. 1983; 1(1):77-94.  

[31] Fulford J, Liepa A, Barker AR, Meakin JR. The reliability of 31P-MRS and NIRS 

measurements of spinal muscle function. Int J Sports Med. 2014; 35(13):1078-83. 

doi:10.1055/s-0034-1372639. 

[32] McGill S. Low Back Disorders: Evidence-based Prevention and Rehabilitation. Leeds: 

Human Kinetics Europe Ltd.; 2007. p.  



19 

 

[33] Gladwell V, Head S, Haggar M. Does a program of Pilates improve chronic non-

specific low back pain? Journal of Sport Rehabilitation. 2006; 15(4):338-50.  

[34] Vanhamme L, van den Boogaart A, Van Huffel S. Improved method for accurate and 

efficient quantification of MRS data with use of prior knowledge. J Magn Reson. 1997; 

129(1):35-43.  

[35] Cohen J. Statistical power analysis for the behavioral sciences. Hove and London: 

Lawrence Erlbaum Associates; 1988. p.  

[36] Suri P, Kiely DK, Leveille SG, Frontera WR, Bean JF. Increased trunk extension 

endurance is associated with meaningful improvement in balance among older adults with 

mobility problems. Arch Phys Med Rehabil. 2011; 92(7):1038-43. 

doi:10.1016/j.apmr.2010.12.044. 

[37] Biering-Sørensen F. Physical measurements as risk indicators for low-back trouble 

over a one-year period. Spine (Phila Pa 1976). 1984; 9(2):106-19.  

[38] Müller R, Strässle K, Wirth B. Isometric back muscle endurance: an EMG study on the 

criterion validity of the Ito test. J Electromyogr Kinesiol. 2010; 20(5):845-50. 

doi:10.1016/j.jelekin.2010.04.004. 

[39] Shipp KM, Purse JL, Gold DT, Pieper CF, Sloane R, Schenkman M, Lyles KW. Timed 

loaded standing: a measure of combined trunk and arm endurance suitable for people with 

vertebral osteoporosis. Osteoporos Int. 2000; 11(11):914-22.  



20 

 

[40] Verna JL, Mayer JM, Mooney V, Pierra EA, Robertson VL, Graves JE. Back Extension 

Endurance and Strength: The Effect of Variable-Angle Roman Chair Exercise Training. Spine. 

2002; 27(16):1772-7.  

[41] Pitcher MJ, Behm DG, MacKinnon SN. Neuromuscular fatigue during a modified 

Biering-Sørensen test in subjects with and without low back pain. Journal of Sports Science 

& Medicine. 2007; 6(4):549-59.  

[42] Cooke A, Kavussanu M, McIntyre D, Ring C. Effects of competition on endurance 

performance and the underlying psychological and physiological mechanisms. Biological 

Psychology. 2011; 86(3):370-8. doi:10.1016/j.biopsycho.2011.01.009. 

[43] Gonzalez-Izal M, Malanda A, Gorostiaga E, Izquierdo M. Electromyographic models 

to assess muscle fatigue. J Electromyogr Kinesiol. 2012; 22(4):501-12. 

doi:10.1016/j.jelekin.2012.02.019. 

[44] Folland J, Williams A. The Adaptations to Strength Training: Morphological and 

Neurological Contributions to Increased Strength. Sports Med. 2007; 37(2):145-68.  

[45] Hides J, Gilmore C, Stanton W, Bohlscheid E. Multifidus size and symmetry among 

chronic LBP and healthy asymptomatic subjects. Man Ther. 2008; 13(1):43-9. 

doi:10.1016/j.math.2006.07.017. 

[46] Wallwork TL, Stanton WR, Freke M, Hides JA. The effect of chronic low back pain on 

size and contraction of the lumbar multifidus muscle. Man Ther. 2009; 14(5):496-500. 

doi:10.1016/j.math.2008.09.006. 



21 

 

[47] Ali I, Ulbricht C, McGregor AH. Degeneration of the extensor muscle group in a 

surgical low back and leg pain population. Journal of Back and Musculoskeletal 

Rehabilitation. 2011; 24(1):23-30.  

[48] Danneels LA, Vanderstraeten GG, Cambier DC, Witvrouw EE, De Cuyper HJ. CT 

imaging of trunk muscles in chronic low back pain patients and healthy control subjects. Eur 

Spine J. 2000; 9(4):266-72.  

[49] Hides JA, Lambrecht G, Richardson CA, Stanton WR, Armbrecht G, Pruett C, Damann 

V, Felsenberg D, Belavy DL. The effects of rehabilitation on the muscles of the trunk 

following prolonged bed rest. Eur Spine J. 2011; 20(5):808-18. doi:10.1007/s00586-010-

1491-x. 

[50] Yoshida T. The rate of phosphocreatine hydrolysis and resynthesis in exercising 

muscle in humans using 31P-MRS. J Physiol Anthropol Appl Human Sci. 2002; 21(5):247-55.  

[51] Hood DA. Invited Review: contractile activity-induced mitochondrial biogenesis in 

skeletal muscle. J Appl Physiol. 2001; 90(3):1137-57.  

[52] Hood DA, Irrcher I, Ljubicic V, Joseph AM. Coordination of metabolic plasticity in 

skeletal muscle. J Exp Biol. 2006; 209(Pt 12):2265-75. doi:10.1242/jeb.02182. 

[53] Schiaffino S, Sandri M, Murgia M. Activity-dependent signaling pathways controlling 

muscle diversity and plasticity. Physiology. 2007; 22(4):269-78. 

doi:10.1152/physiol.00009.2007. 



22 

 

[54] Wilson JM, Loenneke JP, Jo E, Wilson GJ, Zourdos MC, Kim JS. The effects of 

endurance, strength, and power training on muscle fiber type shifting. J Strength Cond Res. 

2012; 26(6):1724-9. doi:10.1519/JSC.0b013e318234eb6f. 

 

  



23 

 

Table 1. Time to fatigue, PCr depletion, and cross-sectional area (CSA) of the spinal muscles. 

MF = multifidus; ES = erector spinae; QL = quadratus lumborum; PS = psoas. 

 
 Pre-

intervention 
Post-
intervention 

P 
value 

Effect 
size, d 

Time to 
fatigue (s) 

 89 ± 32 110 ± 25 0.014 0.73 

CSA (cm2) 

MF 11.0 ± 2.5 10.7 ± 2.9 0.15 0.12 

ES 32.2 ± 7.2 31.5 ± 7.2 0.47 0.14 

QL 10.6 ± 3.3 11.2 ± 4.6 0.26 0.16 

PS 22.2 ± 7.7 22.3 ± 8.1 0.80 0.02 

PCr 
depletion 
(%) 

At time of fatigue 50.1 ± 12.9 40.6 ± 14.3 0.02 0.70 

At time of fatigue for 
pre-intervention trial 

50.1 ± 12.9 37.7 ± 13.6 0.01 0.77 
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Figure 1. Exercises from the intervention programme. (a) Cat, (b) Camel, (c) Superman, (d) 

Side plank, (e) Bridge, (f) Abdominal curl. 

 

Figures 2. Illustration of the set-up of the modified Biering-Sørensen muscle endurance test 

within the MRI scanner. (a) Participant supported by foam wedge, (b) Foam wedge 

removed. 

 

Figure 3. Time to fatigue for each individual participant for the two visits when undertaking 

the modified Biering-Sørensen test. 

 

Figure 4. Representative PCr response during the modified Biering-Sørensen test, before 

and after four weeks intervention together with the fitted with a single exponential of the 

form given in Equation 1. Note that exercise was begun after an initial 60 s baseline data 

collection period. 
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Figure 1a.      Figure 1b.  

  

Figure 1c.      Figure 1d. 

  

Figure 1e.      Figure 1f. 
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Figure 2a.     Figure 2b. 
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Figure 3.  
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Figure 4. 
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