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Abstract 

Spinal mobilisation is a common intervention in the treatment of back pain and this review 

describes the positive aspects of spinal mobilisation for reducing pain, reducing excessive 

intrinsic muscle stiffness and muscle activity as well as the potential issue of instability 

arising from reducing intrinsic stiffness.  Intrinsic stiffness is necessary for spinal stability but 

excessive stiffness affects function.  Therefore, minimum intrinsic stiffness along with fast 

muscle reflex response is a more efficient way of providing functional stability.  However, 

delayed reflex response reduces stability and increases the risk of suffering back pain.  The 



effects of spinal alignment on back pain receives little attention in published literature but this 

review examines how correcting alignment could improve muscle reflex response and 

therefore increase spinal stability.  A novel method for correcting spinal alignment by means 

of tapping paraspinal muscles in order to elicit a stretch reflex response is examined.  

Papers were obtained by searches of English language publications in PubMed between 

1950 and 2013 using key search terms of back pain; mobilisation; muscle reflex response; 

paraspinal tapping; and spinal stability in all possible combinations.  An additional manual 

search was made of referenced lists of extracted articles without limitation for year of 

publication. 
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1.  Introduction 

Back pain (BP) is a leading cause of disability in today’s society resulting in a major expense 

for all industrial and developing nations [1,2] with 70 - 85% of all people having BP at some 

point in their life [3].  There is also the debilitating effect on the sufferer with an ever 

decreasing quality of life as duration of pain and disability increases [4].  Spinal mobilisation 

and a proposed technique known as paraspinal tapping, which involves tapping paraspinal 

muscles in order to elicit a stretch reflex response, are treatment techniques that could 

significantly reduce levels of BP and enable patients to achieve normal or significantly 

improved function when they are combined.  

Spinal mobilisation and paraspinal tapping as a combined treatment will be necessary 

because mobilisation on its own will reduce stiffness and help to restore normal function but 

as a consequence reduce stability.  Prescribed exercises to improve muscular endurance [5] 

will help to address this reduction in stability but the role of paraspinal tapping is to improve 

stability whilst at the same time reducing the demands on muscular endurance.  This review 

will provide evidence to demonstrate that this could be a means by which a stable and 

functional spine can be achieved. 

Studies have demonstrated that an increase in muscle activity leads to increased stiffness 

[6,7].  There is support for reducing increased levels of muscle activity due to the effects of 

significantly increased spinal loads.  Marras et al. [8] examined the spinal loads of 22 

individuals with LBP and 22 without and found those with LBP experienced 26% more 

compression and 75% more lateral sheer than those without LBP.  It was demonstrated that 

this was related to increased trunk muscle coactivity.  Increased trunk muscle coactivity may 

also lead to a degradation in postural control where more precise control is needed [6]. 

Although increased stiffness leads to higher compressive forces and has a metabolic cost [9] 

it does increase stability and stability is essential to allow the spine to function properly [10] 

but with too much stiffness, normal function becomes affected.  Clearly there must be a 

balance between too much and too little stiffness and research looking at muscle reflex 

response (MRR) may help to understand how to achieve sufficient stability without the need 



for excessive intrinsic stiffness.  Crucially, this review will demonstrate how a deficiency in 

MRR greatly increases the chances of suffering from BP and discusses what causes this 

deficiency. 

This review will examine the evidence demonstrating that spinal mobilisation can reduce 

muscle activity and stiffness as well as pain levels.  Additionally this review will look at how 

spinal alignment could affect MRR and how paraspinal tapping could be a technique by 

which to improve spinal alignment and therefore MRR. 

2.  Mobilisation effects on muscle activity and spinal stability 

Krekoukias, Petty and Cheek [11] showed the positive effect of posteroanterior (PA) 

mobilisation on the lumbar spine for EMG activity of the erector spinae.  Results, 

investigated using repeated measures of variance with Huynh-Feldt adjustment, showed a 

statistically significant reduction (p<0.05) in the average surface EMG activity of erector 

spinae at L3, L5 and T10 levels when compared with placebo and control treatment, 

although this was performed on asymptomatic subjects.  This is consistent with Sterling, Jull 

and Wright [12], who looked at PA cervical spine mobilisation in patients with neck pain with 

insidious onset and duration of greater than three months, and found a significant decrease 

(p<0.002) in superficial neck flexor muscle activity with two-way within subject, repeated 

measure ANOVA analysis as well as a small reduction in pain scores. Measurements in both 

cases were taken immediately following PA mobilisation with no long term follow up. A 

reduction in pain intensity with PA mobilisation has also been reported in other studies 

[13-16].  This supports the proposition that mobilisation can reduce muscle activity, stiffness 

and pain. 

Whilst reducing excessive muscle activity and stiffness is necessary for functional movement 

there is an associated reduction in stability which has to be addressed.  A reduction in 

stability increases the risk of injury and muscle activity will likely increase again to regain 

stability meaning the effects of mobilisation will be short lived. 



Core stability (CS) exercises have been promoted as the best way to achieve stability [17].  

Despite the widespread adoption of CS exercises, research indicates that they are no more 

effective than other types of exercise and physical therapy and additionally they could 

potentially damage the spine with continuous contraction of muscles [18].  This conscious 

effort of muscle contraction has also been shown to decrease stability in certain 

circumstances [10,19].   

It is better understood now that stability of the lumbar spine can actually be achieved with 

low levels of coactivation of the paraspinal and abdominal wall muscles in an undeviated 

spine [20].  McGill [5] suggests that spinal stability can therefore be achieved, not by 

increasing muscular strength, but rather by increasing muscular endurance.  This 

relationship between BP and muscular endurance was first successfully demonstrated by 

Biering-Sorensen [21]. 

McGill [22] further considered improving muscle control in addition to muscle endurance as a 

way to provide spinal stability.  Muscle control is achieved by a coordinated effort of muscle 

co-contraction and a break down in this coordination can lead to the spine buckling [20] 

which may result in injury.  

If there is poor control of the spine then it is likely that muscle activity will increase in order to 

provide stability and this increased activity will place greater demands on muscular 

endurance.  Therefore it is important to understand how much muscular control accounts for 

spinal stability and in turn its importance in treatment intervention. 

3.  Muscle reflex response 

MRR allows the paraspinal muscle reflexes to act as a feedback response to disturbances of 

the trunk [23] which means that any disturbance can be stabilised by an almost 

instantaneous response of increased muscle activity.  MRR is one aspect of spinal stability, 

another being the immediate stiffness provided by intrinsic stiffness of actively contracted 



muscles [24].  Reduced levels of intrinsic stiffness can be maintained if there are minimal 

delays in MRR but evidence demonstrates that intrinsic stiffness alone may actually be 

insufficient for stability [24-26].  The role of MRR is often overlooked for spine stabilisation 

although it has been reported that it contributes to 42% of the stabilising effort [25].  

Increases in the delay of the MRR have been shown to lead to impaired postural control of 

the low back [27,28] requiring greater intrinsic muscle activity for stabilisation [29].   

Clear links between delayed MRR and LBP have been reported by researchers [30-32] 

which is supported by Cholewicki et al [33] who investigated the relationship between 

delayed MRR and the increase in low back injuries (LBI) with 292 athletes.  Cholewicki and 

co-workers measured MRR for all athletes at the beginning of the study and at follow up 

found that 11% had sustained a LBI.  From the initial MRR measures they were able to 

correctly predict 74% of the LBI outcomes and found the chance of sustaining a LBI 

increased by 3% for every millisecond of MRR delay with an average delay of 14ms for 

athletes who sustained LBI compared to athletes that did not.  Given that their MRR 

measures remained the same from initial study to follow up suggests the delayed response 

was a pre existing factor rather than a result of the LBI.  Another study [34] also 

demonstrated that muscle responses remain altered even after the LBI has subsided.  The 

results of these studies are critical to understand because they demonstrate that any delay 

in MRR increases the percentage chance of suffering from BP [33] and this review will later 

demonstrate that spinal misalignment could be responsible for delayed MRR.  These studies 

also raise the possibility of preventatively, as well as reactively, treating BP by improving 

MRR.  

Given the apparent importance of MRR for spinal stability it appears ill advised to reduce 

muscle activity/stiffness for individuals suffering from LBP through techniques such as 

manipulation and mobilisation without also improving MRR.  This means that MRR also has 

to be a focus of the treatment plan because it will not improve by itself as the LBI improves.  

Additionally, reducing the intrinsic muscle stiffness in the spine without improving MRR is 

likely to see the high intrinsic stiffness returning as a means to regain control of the spine 

meaning any treatment intervention will only have short term benefits.  It would be 



interesting to investigate the potential risk posed by reduced stiffness and reduced MRR and 

the effect on spine stabilisation, especially where degeneration is present.  With regards to 

degeneration, Panjabi [35] stated that degeneration of the spine would bring about an 

increase in the neutral zone but that the muscles could be capable of controlling motion in 

this zone and decrease it to normal values which experimentation has shown to be correct 

[36,37].  Therefore a higher than normal intrinsic stiffness is necessary in degenerated 

spines to aid in stability around the neutral zone even with an improvement in MRR. 

With MRR accounting for a high percentage of spinal stability, the lack of focus in this area 

may help explain why current interventions by clinicians, including mobilisation and 

manipulation, have only small to moderate effects and why there is often little difference 

between the various interventions [38] with patients experiencing slow recovery with one 

third not recovered within one year [39].  

  

4.  Spinal Alignment 

The effects of spinal alignment on BP receives little attention in published literature, 

potentially due to difficulty in measuring small changes in alignment. Therefore, this review 

will consider how to define normal alignment and how to provide safe and reliable measures 

of alignment.  This review will also examine how correcting spinal alignment has potential to 

bring about improvements in MRR.   

Normal alignment in the coronal and transverse planes of the spinal column should appear 

completely vertical with no rotation when in a neutral posture.  Normal alignment in the 

sagittal plane is more difficult to define but what is known is that positive sagittal balance in 

particular was associated with negative health status [40] with the severity of the symptoms 

increasing in a linear fashion as the sagittal imbalance increased [41].  In this case, positive 

sagittal balance is defined as, "an anterior deviation of the C7 plumb line measurement." 

Repeated measures of spinal alignment in a clinical setting using the current reference 

standard method of radiographs would be impractical and pose dangers to the patient 



[42,43].  Additionally, this two dimensional analysis of alignment is insufficient because 

vertebrae rotate and translate in all three dimensions [44].  One technique beginning to 

appear is rasterstereography which allows for a three dimensional and radiation free 

analysis of back shape.  This could be a suitable alternative to radiographs when combined 

with a mathematical model developed by Drerup and Hierholzer [45] and showed good 

correlation with radiographic methods [46].  Even more useful would be the calculation of 

spinal positioning under dynamic conditions and early prototype testing indicated that it is 

indeed possible to gather these measurements with adequate accuracy [47] using 

rasterstereography.  Further to this, Betsch et al [48] compared a rasterstereography device 

with the current reference standard in motion analysis.  Results showed that no significant 

differences (P > 0.05) were found between the systems with paired T-tests being used to test 

for statistical differences.  Such technology will make it possible to detect small changes in 

three dimensional spinal alignment as well as additionally capturing important velocity and 

acceleration measurements in order to investigate spinal control. 

5.  Spinal stability 

Before moving onto a discussion about how improvements in spinal alignment could improve 

MRR, and ultimately spinal stability, we must first discuss further what is meant by spinal 

stability.  This discussion is based on the work by Bergmark [49] although for the purposes of 

simplicity, stability can be represented by the analogy of a ball rolling inside a bowl [5].  In 

this simple example, potential energy (PE) is defined at mass * gravity * height.  The ball is 

most stable at the position of least PE at the bottom of the bowl.  This is succinctly noted by 

Bergmark as, "stable equilibrium prevails when the potential energy of the system is 

minimum." 

The position at the bottom of the bowl is a local potential energy minimum (LPEM) [50] and 

when the ball is perturbed and moves up the sides of the bowl, it will return to its LPEM 

when the cause of perturbation is removed.  However, if the perturbation is large enough the 

ball will roll out of the bowl and will find a new LPEM.  Instability can be thought of as the ball 



not resting in its LPEM or exiting its LPEM [50].  The transition from one LPEM to another is 

represented in figure 1. 

In musculoskeletal applications, potential energy is often calculated as a function of the 

stiffness and storage of elastic energy known as elastic potential energy.  This is calculated 

as PE = 1/2kx2 where k is the stiffness and x is the deformation of the elastic element [5].  In 

the case of the spine there is an almost unlimited set of LPEM values at each vertebral 

segment given the potential changes in degeneration, stiffness and alignment but in the 

case of an undeviated spine with no degeneration and minimum stiffness there is a best 

case of what I will term an absolute LPEM.  As spinal degeneration increases, the spine can 

retain stability by increasing muscle stiffness and in this case, each LPEM will have a 

greater value than the absolute LPEM. 

A critical stiffness exists, above which there is stability and below which is instability [49]. 

However Bergmark [49] also noted that stiffness can actually be slightly "lower than the 

critical value since this implies such a slow magnification of a disturbance that there will be 

ample time for the nervous system to arrange necessary corrections".  Much attention has 

been given to the role of muscle stiffness but less consideration has been paid to what 

happens if delays in MRR mean that the muscle can't make necessary corrections in time.   

6.  Effects of spinal misalignment on MRR 

Several studies have noted altered muscle recruitment in patients with LBP in comparison to 

the normal population [27, 51-55].  Additionally, when using a new method of studying 

muscle activity by dynamic topography of surface EMG [56], it was shown that LBP sufferers 

had an asymmetrical surface EMG topography pattern in contrast to a symmetrical pattern in 

the normal population.  A similar pattern of asymmetric muscle activity has been observed in 

other LBP studies [34,57,58].  The mechanism behind this altered muscle recruitment 

pattern does not yet have a satisfactory explanation but further evidence provided in this 



review is intended to show that delayed MRR, as a result of spinal misalignment, could be a 

potential contributor.  

It seems likely that the reason for reduced MRR has a relation to the reduced proprioception 

of LBP patients.  Research into proprioception has shown that precise muscle spindle input 

of paraspinal muscles is essential for accurate positioning [59,60].  Given that poor 

positioning sense is associated with delayed MRR times [27,61]  it is likely that the reduction 

in the precision of the muscle spindle input, causing the poor positioning sense, is 

responsible for a reduction in the responsiveness of the muscle spindles [61,62].  

Considering that a muscle spindle's proprioceptive input is used for reflex adjustments [63], 

this reduced muscle spindle responsiveness will cause a reduction in MRR. 

Given that reduced responsiveness of muscle spindles causes delays in MRR and delayed 

MRR increases the chances of suffering from BP, it is vital for this review to investigate what 

may cause a reduction in muscle spindle responsiveness.  Research on the spines of cats 

has demonstrated that displacement of 1-2mm in vertebral position, held for 2 seconds, 

which lengthens paraspinal muscle causes a decrease in the muscle spindle's position and 

movement sensitivity [64].  Further to this, sensitivity of the lumbar paraspinal muscle 

spindles was greater than that of appendicular muscle spindles [63].  In contrast, shortening 

had the opposite effect and increased spindle position and movement sensitivity, although to 

a lesser degree than lengthening.  Finally, vertebral position that lengthened paraspinal 

muscle decreased spindle velocity sensitivity but shortening had no effect [65].   

From the evidence, it is quite possible that spinal misalignment could play a role in 

asymmetric muscle recruitment patterns due to delayed MRR as a result of vertebral 

displacement stretching the paraspinal muscle on one side and shortening on the other.  It is 

interesting to note the results of another study in patients with scoliosis before and after 

fusion [66].  Pre surgery patients displayed asymmetric muscle activity in comparison to the 

normal group and the post surgery group showed improved muscle symmetry compared to 

the pre surgery group.  All scoliosis patients before surgery had a thoracic curve with mean 

Cobb angle of 56° ± 8° and although not stated in the report it is assumed that the Cobb 



angle was improved following surgical fusion.  Again, it is possible that improved alignment 

from surgery was a factor in the improved muscle symmetry.   

It was noted earlier that intrinsic stiffness could be slightly lower than the critical value 

because the nervous system could quickly make corrections but this evidence suggests 

spinal misalignment may limit the ability to make these corrections and cause spinal 

instability as a consequence.  It has been demonstrated that the neuromuscular system will 

respond to a reduction in stability by increasing muscle coactivity [67] so it is quite possible 

that increased levels of muscle activity in BP sufferers may partly be because of the altered 

muscle recruitment patterns, as discussed above, which cause instability and therefore 

greater intrinsic stiffness is required to aid in spinal stability.  

It is worth examining whether it is the effect of pain itself that is the main influence on altered 

muscle recruitment patterns but an examination of the evidence in an extensive literature 

review by Van Dieen, Selen and Cholewicki [68] of both the pain-spasm-pain and pain 

adaption models suggested that neither model adequately explained the effects of back pain 

on muscle activation and that observed changes are likely functional as a means to stabilise 

the spine.  Further to this, MacDonald, Moseley and Hodges [34] demonstrated that muscle 

activity remained altered, in comparison to the normal group, even after the symptoms of 

LBP had diminished.   

It is clear the effect of altered and asymmetric muscle activity has on the overall elastic 

potential energy equation required for spinal stability - remember that PE = 1/2kx2 where k is 

the stiffness and x is the deformation of the elastic element [5].  There will be increases in k 

due to increased intrinsic stiffness required for stability and increases in x due to muscle 

deformation from spinal misalignment.  Therefore, for the spine to be stable, the overall PE 

in a spine with misalignment will be much greater than the PE in an undeviated spine with no 

degeneration. 

Given the importance of MRR in maintaining spinal stability it appears that correcting spinal 

alignment could be a means by which to reduce delays in MRR whilst additionally reducing 



the energy cost to maintain stability as well as reducing increased spinal loading that comes 

from greater muscle activity and stiffness.  

7.  Improve spinal alignment with paraspinal tapping 

Now it has been demonstrated that spinal misalignment could cause delays in MRR it is a 

necessary part of this review to describe how it may be possible to correct misalignment in 

order to improve MRR.  In the example from figure 1, a perturbation caused the ball to move 

from its original LPEM.  This review will now relate this to the spine by the ball being thought 

of as a vertebra and the cause of perturbation by a movement that causes instability in the 

spine.  A second perturbation, by means of paraspinal tapping in order to stimulate spinal 

reflexes, will now be added to this figure.  The idea behind stimulating spinal reflexes is to 

improve spinal alignment and therefore change the current LPEM at each vertebral level to a 

new LPEM that has a lower PE value with the end result of a more stable spine that has 

sufficient MRR for stability and places less importance on muscular endurance to maintain 

stability.  The diagram from figure 1 is extended in figure 2 to illustrate this. 

Figure 2 is a simple model and it may not be possible to fully restore the absolute LPEM 

depending on any degeneration caused by the movement that caused instability but it helps 

to explain the theory. 

Although research into stimulation of spinal reflexes is limited in comparison to other 

reflexes, such as patellar reflexes, there is clear evidence to show that a reflex response to 

paraspinal tapping exists [69-72].   

Paraspinal muscles, when tapped, exhibit characteristics of a monosynaptic stretch reflex 

with facilitatory and inhibitory responses [72] and this could be used to cause a rapid 

momentary displacement of each individual vertebral segment.  Following the displacement, 

the vertebral segment should come to rest at a position that minimises the PE of the 

surrounding muscle.  This idea comes from the principle of minimum total potential energy 

which has its roots in the second law of thermodynamics.  In simple terms, the second law 



dictates that energy, if unhindered, will always disperse and this means that PE will always 

tend towards a minimum.  Take, as an example, the ball moving up the sides of the bowl.  

When the source of the perturbation that caused the ball to move up the sides is removed 

then the ball falls to the bottom again whilst at the same time dispersing energy in the form 

of heat due to friction and will ultimately reside at a LPEM.  Another example, although 

involving a more complex process, is the reflex response from striking the patellar ligament 

with a reflex hammer which obeys the same laws because when the effects of the reflex 

stimulation subside, the leg will come to rest in a position that is a LPEM.  However, 

stimulating just a single paraspinal reflex response will cause the vertebral segment to return 

to approximately the same LPEM as before the reflex stimulation because of the influence of 

the other vertebral segments.  In other words, energy dispersal is being hindered due to 

influences from other vertebral segments.   

Due to  the complexity and connectivity of the muscular system [18,73-75] it is not possible 

to effectively treat areas of the spine in isolation without consideration of the entire structure 

and surrounding musculature.  Mobilisation and paraspinal tapping therefore need to be 

delivered as a full spinal treatment (performing this amount of work by hand alone would not 

be possible and would require development of a technology assisted mobilisation and 

paraspinal tapping device).   Essentially, each spinal segment is part of a kinetic chain [76] in 

that the action of one segment influences the action of the segments above and below.   

Rather than stimulating a single reflex response, it is possible that artificial stimulation of 

spinal reflexes at all vertebral levels can interrupt the chain by momentarily disengaging 

every spinal segment from the kinetic chain simultaneously meaning that they are no longer 

as reliant on the actions of the segments above and below for the time the reflex response is 

felt.  It is worth noting here that although reflex stimulation would take place at all vertebral 

levels it should only occur over the paraspinal muscle on one side at each vertebral level at 

a time given that it is logical to assume that two reflex actions on opposite sides at the same 

vertebral level would cancel each other out.  Additionally, stimulating reflexes at all vertebral 

levels simultaneously could be technically challenging, therefore a paraspinal tapping 

stimulus could be moved quickly up and down the length of the spine that would achieve 



similar results but may take longer as it would be an iterative and incremental improvement.  

The more vertebral segments that can be stimulated at once, the quicker spinal alignment 

should be achieved.   

Clearly there can't be complete separation from the kinetic chain because there is coupling 

between the vertebral segments, provided by ligaments and contact between the vertebral 

segments for example, but in theory the reflex response will greatly reduce the muscular 

coupling.  In this way all spinal segments would now be less reliant on the action of others, 

allowing the LPEM to approach an absolute minimum (or as close as feasibly possible 

depending on degeneration of vertebrae, joints, discs, etc) with each vertebral segment able 

to come to rest after the reflex response in improved alignment and stability.  Stimulation of 

spinal reflexes therefore takes advantage of the fact that the tendency is to decrease the 

LPEM value by returning each vertebral segment to its optimal alignment. 

This natural tendency to decrease the LPEM means that in theory paraspinal tapping should 

be much more effective at achieving optimal alignment than attempting to manually force the 

vertebrae into alignment or using muscle balancing exercises, both of which are less 

accurate and have potential to move in the wrong direction if administered incorrectly.  It 

would be useful for future studies to explore exactly why misalignment occurs.  Possible 

reasons include direct trauma, muscle spasm, pelvic disorders and the elastic limit of the 

paraspinal muscles being exceeded to name but a few. 

The evidence in this review does lead to some interesting questions about the role of spinal 

alignment for the stability of the spine given the apparent correlation to MRR.  It is quite 

likely that the majority of BP suffers will present with spinal misalignment but given that it 

increases the chances of BP rather than guaranteeing it, healthy people may also present 

with misalignment and suffer no ill effects.  Given that misalignment appears to increase the 

possibility of suffering from BP at some point in the future, it is very important to resolve it 

quickly and because of this a spinal mobilisation and paraspinal tapping technique could be 

used to treat preventatively as well as reactively. 



8.  Conclusion 

Research indicates that spinal mobilisation can reduce muscle activity, stiffness and pain 

and although to date there is no direct link between spinal misalignment and BP this review 

has identified that it could play a significant role. 

Even small displacements of vertebral position from spinal misalignment could alter the 

responsiveness of paraspinal muscle spindles which, in turn, can delay MRR.  Although 

intrinsic stiffness plays a role in spinal stability, any delay in MRR can have a significant 

impact on spinal stability given that MRR can account for up to 42% of the stabilising effort 

of the spine.  Every millisecond of delay increases the odds of sustaining a LBI by 3% and 

one study of 292 athletes found the latency was on average 14ms longer for athletes who 

sustained LBI compared to athletes that did not.  This percentage increase for every 

millisecond of delay has important consequences on the impact of spinal misalignment 

because misalignment doesn't guarantee suffering from BP but instead increases the 

chances of suffering from BP due to the associated delay in MRR. 

Therefore a treatment could have two aspects, paraspinal tapping and spinal mobilisation.  

Paraspinal tapping could improve MRR by taking advantage of the natural tendency to 

reduce elastic potential energy in order to return the spine to correct alignment.  This is 

achieved by stimulating the paraspinal reflexes which in turn increases spinal stability.  

Spinal mobilisation demonstrates good potential to reduce muscle activity, stiffness and pain.  

Whilst spinal mobilisation showed potential to reduce pain levels immediately following 

treatment, it is more likely that long term reduction in pain comes from an improvement in 

spinal stability that prevents sudden loading and uncontrolled movements. 



Acknowledgements 

The helpful suggestions of Martin Haines, Biomechanics Coach and Chartered 

Physiotherapist, founder and director of Brytespark Limited are gratefully acknowledged. 

The authors report no conflict of interest 



References 

1. Anders C, Scholle HC, Wagner H, Puta C, Grassme R and Petrovitch A. Trunk 

muscle coordination during gait: relationship between muscle function and acute low 

back pain. Pathophysiology. 2005; 12(4): 243–247. 

2. Lahiri S, Gold J and Levenstein C. Estimation of  Net-Costs for Prevention of 

Occupational Low Back Pain: Three Case Studies from the US.  Am J Ind Med. 

2005; 48(6): 530-541. 

3. Andersson GBJ. Epidemiological Features of Chronic Low-Back Pain.  Lancet. 1999; 

354(9178): 581-585. 

4. Kovacs FM, Abraira V, Zamora J, Gil de Real MT, Llobera J, Fernandez C and the 

Kovacs-Atencion Primaria Group. Correlation between pain, disability and quality of 

life in patients with common low back pain. Spine. 2004; 29(2): 206-210. 

5. McGill SM. Low back stability: from formal description to issues for performance and 

rehabilitation.  Exerc Sport Sci Rev. 2001; 29(1): 26-31. 

6. Reeves NP, Everding VQ, Cholewicki J and Morrisette DC. The effects of trunk 

stiffness on postural control during unstable seated balance. Exp Brain Res. 2006; 

174(4): 694-700. 

7. Hu Y, Wong YL, Lu WW and Kawchuk GN. Creation of an asymmetrical gradient of 

back muscle activity and spinal stiffness during asymmetrical hip extension.  Clin 

Biomech (Bristol Avon). 2009; 24(10): 799-806.  

8. Marras WS, Davis K, Ferguson SA, Lucas BR and Gupta P. Spine loading 

characteristics of patients with low back pain compared with asymptomatic 

individuals. Spine. 2001; 26(23): 2566-2574. 

9. Hatze H. A myocybernetic control model of skeletal muscle.  Biol Cybern. 1977; 25: 

103-119. 



10. Reeves NP, Narendra KS and Cholewicki J. Spine stability: The six blind men and 

the elephant. Clin Biomech (Bristol Avon). 2007; 22(3): 266-274. 

11. Krekoukias G, Petty NJ and Cheek L. Comparison of surface electromyographic 

activity of erector spinae before and after the application of central posteroanterior 

mobilisation on the lumbar spine. J Electromyogr Kinesiol. 2009; 19(1): 39-45.  

12. Sterling M, Jull G and Wright A. Cervical mobilisation: concurrent effects on pain, 

sympathetic nervous system activity and motor activity. Man Ther. 2001; 6(2): 72-81. 

13. Goodsell M, Lee M and Latimer J. Short-term effects of lumbar posteroanterior 

mobilization in individuals with low-back pain. J Manipulative Physiol Ther. 2000; 

23(5): 332-342.  

14. Chiradejnant A, Latimer J, Maher CG and Stepkovitch N. Does the choice of spinal 

level treated during posteroanterior (PA) mobilisation affect treatment outcome? 

Physiother Theory Pract. 2002; 18: 165-174. 

15. Hanrahan S, Van Lunen BL, Tamburello M and Walker ML. The short-term effects of 

joint mobilisations on acute mechanical low back dysfunction in collegiate athletes. J  

Athl Train. 2005; 40(2): 88-93. 

16. Powers CM, Beneck GJ, Kulig K, Ladel RF and Fredericson M. Effects of a single 

session of posterior-to-anterior spinal mobilization and press-up exercise on pain 

response and lumbar spine extension in people with nonspecific low back pain. Phys 

Ther. 2008; 88(4): 485-493. 

17. Jull GA and Richardson CA. Motor control problems in patients with spinal pain: A 

new direction for therapeutic exercise. Journal of Manipulative and J Manipulative 

Physiol Ther. 2000; 23(2): 115-117. 

18. Lederman E. The myth of core stability. J Bodyw Mov Ther. 2010; 14(1): 84-98.  



19. Brown SHM, Vera-Garcia FJ and McGill SM. Effects of abdominal muscle 

coactivation on the externally preloaded trunk: Variations in motor control and its 

effect on spine stability. Spine. 2006; 31(13): 387-393. 

20. Cholewicki J, McGill SM. Mechanical stability of the in vivo lumbar spine: implications 

for injury and chronic low back pain. Clin Biomech (Bristol Avon). 1996; 11(1): 1-15. 

21. Biering-Sorensen F. Physical measurements as risk indicators for low-back trouble 

over a one-year period.  Spine. 1984; 9(2): 106-119. 

22. McGill SM. Coordination of muscle activity to assure stability of the lumbar spine.  J 

Electromyogr and Kinesiol. 2003; 13(4): 353-359.  

23. Granata KP, Slota GP and Bennett BC. Paraspinal muscle reflex dynamics. J 

Biomech. 2004; 37(2): 241-247. 

24. Moorhouse KM. Virginia Tech [Internet]. Virginia: Virginia Polytechnic Institute & State 

University; 2005 September 30 [2005 September 30]. Available from: http://

scholar.lib.vt.edu/theses/available/etd-10132005-163032/unrestricted/

Kevin_Moorhouse_Dissertation.pdf 

25. Moorhouse KM and Granata KP. Role of reflex dynamics in spinal stability: Intrinsic 

muscle stiffness alone is insufficient for stability. J Biomech. 2007; 40(5): 1058-1065. 

26. Brown SHM and McGill SM. The intrinsic stiffness of the in vivo lumbar spine in 

response to quick releases: Implications for reflexive requirements. J Electromyogr 

and Kinesiol. 2009; 19(5): 727-736. 

27. Radebold A, Cholewicki J, Polzhofer GK and Greene HS. Impaired postural control of 

the lumbar spine is associated with delayed muscle response times in patients with 

chronic idiopathic low back pain.  Spine. 2001; 26(7): 724-730. 



28. Henry SM, Hitt JR, Jones SL and Bunn JY. Decreased limits of stability in response 

to postural perturbations in subjects with low back pain. Clin Biomech (Bristol Avon). 

2006; 21(9): 881-892. 

29. Franklin TC and Granata KP. Role of reflex gain and reflex delay in spinal stability - A 

dynamic simulation.  J Biomech. 2007; 40(8): 1762-1767 

30. Radebold A, Cholewicki J, Panjabi MM and Patel TC. Muscle response pattern to 

sudden trunk loading in healthy individuals and in patients with chronic low back 

pain. Spine. 2000; 25(8): 947-954. 

31. Reeves NP, Cholewicki J and Milner TE. Muscle reflex classification of low back pain. 

J Electromyogr and Kinesiol. 2005; 15(1): 5-60. 

32. Thomas JS, France CR, Sha D, Vander Wiele N, Moenter S and Swank K. The effect 

of chronic low back pain on trunk muscle activations in target reaching movements 

with various loads. Spine. 2007; 32(26): 801-808. 

33. Cholewicki J, Silfies SP, Shah RA, Greene HS, Reeves NP, Alvi, et al. Delayed trunk 

muscle reflex responses increase the risk of low back injuries. Spine. 2005; 30(23): 

2614-2620. 

34. MacDonald D, Moseley GL, Hodges PW. Why do some patients keep hurting their 

back? Evidence of ongoing back muscle dysfunction during remission from recurrent 

back pain. Pain. 2009; 142(3): 183-188. 

35. Panjabi M. The stabilizing system of the spine: Part II: Neutral zone and instability 

hypothesis. J Spinal Disord. 1992; 5(4): 390-397. 

36. Panjabi M, Abumi K, Duranceau J and Oxland T. Spinal stability and intersegmental 

muscle forces: A biomechanical model. Spine. 1989; 14(2): 194-200. 



37. Goel VK, Kong W, Hans JS, Weinstein JN and Gilbertson LG. A combined finite 

element and optimization investigation of lumbar spine mechanics with and without 

muscles. Spine. 1993; 18(11): 1531-1541. 

38. Foster NE, Hill JC and Hay EM. Subgrouping patients with low back pain in primary 

care: Are we getting any better at it? Man Ther. 2011; 16(1): 3-8. 

39. Henschke N, Maher CG, Refshauge KM, Herbert RD, Cumming RG, Bleasel J, et al. 

Prognosis in patients with recent onset low back pain in Australian primary care: 

inception cohort study. BMJ. 2008; 19(337): 154-157. 

40. Glassman SD, Berven S, Bridwell K, Horton W and Dimar JR. Correlation of 

radiographic parameters and clinical symptoms in adult scoliosis. Spine. 2005; 30(6): 

682-688. 

41. Glassman SD, Bridwell K, Dimar JR, Horton W and Berven S. The impact of positive 

sagittal balance in adult spinal deformity. Spine. 2005; 30(18): 2024-2029. 

42. Bone C and Hsieh GH. The risk of carcinogenesis from radiographs to pediatric 

orthopaedic patients. J Pediatr Orthop. 2000; 20(2): 251-254. 

43. Berrington de Gonzalez A and Darby S. Risk of cancer from diagnostic X-rays: 

estimates for the UK and 14 other countries. Lancet. 2004; 363(9406): 345-351. 

44. Harrison DE, Harrison DD and Troyanovich SJ. Three-dimensional spinal coupling 

mechanics: part I.  A review of the literature.  J Manipulative Physiol Ther. 1998; 

21(2): 101-113. 

45. Drerup B and Hierholzer E. Assessment of scoliotic deformity from back shape 

asymmetry using an improved mathematical model. Clin Biomech (Bristol Avon). 

1996; 11(7): 376-383. 

46. Mangone M, Raimondi P, Paoloni M, Pellanera S, Di Michele A, Di Renzo S, et al. 

Vertebral rotation in adolescent idiopathic scoliosis calculated by radiograph and 



back surface analysis-based methods: correlation between the Raimondi method 

and rasterstereography. Eur Spine J. 2013; 22(2): 367-371. 

47. Betsch M, Wild M, Jungbluth P, Hakimi M, Windolf J, Haex B, et al. Reliability and 

validity of 4D rasterstereography under dynamic conditions. Comput Biol Med. 2011; 

41(6): 308-312. 

48. Betsch M, Wild M, Johnstone B, Jungbluth P, Hakimi M, Kuhlmann B, Rapp W. 

Evalutation of a novel spine and surface topography system for dynamic spinal 

curvature analysis during gait. PLoS ONE [Internet]. 2013 July 23 [2013 July 23]; 

8(7). Available from: http://www.plosone.org/article/info%3Adoi

%2F10.1371%2Fjournal.pone.0070581 

49. Bergmark A. Stability of the lumbar spine. A study in mechanical engineering.  Acta 

Orthop Scand Suppl. 1989; 230: 1-54.  

50. Howarth SJ, Allison AE, Grenier SG, Cholewicki J, McGill SM. On the implications of 

interpreting the stability index: a spine example. J Biomech. 2004; 37(8): 1147-1154. 

51. Sihvonen T, Partanen J, Hanninen O, Soimakallio S. Electric behaviour of low back 

muscles during lumbar pelvic rhythm in low back pain patients and healthy controls. 

Arch Phys Med Rehabil. 1991; 72(13): 1080-1087. 

52. Shirado O, Ito T, Kaneda K, Strax TE. Flexion-relaxation phenomenon in the back 

muscles.  A comparative study between healthy subjects and patients with chronic 

low back pain.  Am J Phys Med Rehabil. 1995; 74(2): 139-144. 

53. Kaigle AM, Wessberg P, Hansson TH. Muscular and kinematic behaviour of the 

lumbar spine during flexion-extension. J Spinal Disord. 1998; 11(2): 163-174. 

54. Lariviere C, Gagnon D, Loisel P. The comparison of trunk muscles EMG activation 

between subjects with and without chronic low back pain during flexion-extension 

and lateral bending tasks.  J Electromyogr Kinesiol. 2000; 10(2): 79-91. 



55. Van Dieen JH, Cholewicki J and Radebold A. Trunk muscle recruitment patterns in 

patients with low back pain enhance the stability of the lumbar spine. Spine. 2003; 

28(8): 834-841. 

56. Hu Y, Siu SH, Mak JN and Luk KD. Lumbar muscle electromyographic dynamic 

topography during flexion-extension. Journal J Electromyogr Kinesiol. 2010; 20(2): 

246-255. 

57. Lu WW, Luk KDK, Cheung KM, Wa Wong Y and Leong JCY. Back muscle 

contraction patterns of patients with low back pain before and after rehabilitation 

treatment: an electromyographic evaluation. J Spinal Disord. 2001; 14(4): 277-282. 

58. Finneran MT, Mazanec D, Marsolais ME, Marsolais EB and Pease WS. Large-array 

surface electromyography in low back pain: a pilot study.  Spine. 2003; 28(13): 

1447-1454. 

59. Gill KP and Callaghan MJ. The measurement of lumbar proprioception in individuals 

with and without low back pain. Spine. 1998; 23(3): 371-377. 

60. Brumagne S, Cordo P, Lysens R, Verschueren S and Swinnen S. The role of 

paraspinal muscle spindles in lumbosacral position sense in individuals with and 

without low back pain. Spine. 2000; 25(8): 989-994. 

61. Leinonen V, Kankaanpa M, Luukkonen M, Kansanen M, Hanninen O, Airaksinen, et 

al. Lumbar paraspinal muscle function, perception of lumbar position, and postural 

control in disc herniation-related back pain.  Spine. 2003; 28(8): 842-848. 

62. O'Sullivan PB, Burnett A, Floyd AN, Gadsdon K, Logiudice J, Miller D, et al. Lumbar 

repositioning deficit in a specific low back pain population. Spine. 2003; 28(10): 

1074-1079. 



63. Cao DY, Pickar JG, Ge W, Ianuzzi A and Khalsa PS. Position Sensitivity of feline 

paraspinal muscle spindls to vertebral movement in the lumbar spine. J 

Neurophysiol. 2009; 101(4): 1722-1729. 

64. Ge W, Long CR and Pickar JG. Vertebral position alters spinal muscle spindle 

responsiveness in the feline spine: effect of positioning duration. J Physiol. 2005; 

569(2): 655-665. 

65. Cao DY and Pickar JG. Lengthening but not shortening history of paraspinal muscle 

spindles in the low back alters their dynamic sensitivity. J Neurophysiol. 2011; 105(1): 

434-441. 

66. Lu WW, Hu Y, Luk KD, Cheung KM and Leong JC. Paraspinal muscle activities of 

patients with scoliosis after spine fusion: an electromyographic study. Spine. 2002; 

27(11): 1180-1185. 

67. Granata KP and Orishimo KF. Response of trunk muscle coactivation to changes in 

spinal stability. J Biomech. 2001; 34(9): 1117-1123. 

68. Van Dieen JH, Selen LPJ and Cholewicki J. Trunk muscle activation in low-back 

patients, an analysis of the literature.  J Electromyogr Kinesiol. 2003; 13(4): 333-351. 

69. Dimitrijevic MR, Gregoric MR, Sherwood AM and Spencer WA. Reflex responses of 

paraspinal muscles to tapping. J Neurol, Neurosurg Psychiatry. 1980; 43(12): 

1112-1118. 

70. Tani T, Yamamoto H, Ichimiya M and Kimura J. Reflexes evoked in human erector 

spinae muscles by tapping during voluntary activity. Electroencephalogr Clin 

Neurophysiol. 1997; 105(3): 194-200. 

71. Skotte J, Hjortskov N, Essendrop M, Schibye B and Fallentin N. Short latency stretch 

reflex in human lumbar paraspinal muscles. J Neurosci Methods. 2005; 145(1-2): 

145-150. 



72. Goss DA, Thomas JS and Clark BC. Novel methods for quantifying neurophysiologic 

properties of the human lumbar paraspinal muscles. J Neurosci Methods. 2011; 

194(2): 329-335. 

73. Cholewicki J, Ivancic PC and Radebold A. Can increased intra-abdominal pressure in 

humans be decoupled from trunk muscle co-contraction during steady state isometric 

exertions?  Eur J Appl Physiol. 2002; 87(2): 127-133. 

74. Beith DI and Harrison PJ. Stretch reflexes in human abdominal muscles. Exp Brain 

Res. 2004; 159(2): 206-213. 

75. Georgopoulos AP. Neural aspects of cognitive motor control.  Curr Opin Neurobiol. 

2000; 10(2): 238-241. 

76. Steindler A. Kinesiology of the human body. Postgrad Med J. 1955; 31(361): 585. 



Figure 1 

!  



Figure 2 

!


