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Abstract: 

Study design: cross-sectional 

Background: Chronic low back pain (CLBP) is a global burden with an unknown etiology. It has been 

suggested that Reorganization of the cortical representation of paraspinal muscles in the primary 

motor cortex (M1) may be related to the pathology. Single-pulse transcranial magnetic stimulation 

(TMS), commonly used to map the functional organization of M1, is not potent enough to stimulate 

the cortical maps of paraspinal muscles in M1 in CLBP patients with reduced corticospinal excitability 

(CSE) with intensities even as high as maximum stimulator output (100% MSO). This makes TMS 

mapping impractical for these patients. 

Objective: The aim of this study was to increase the practicality of TMS mapping for people with CLBP. 

Methods: This study included eight men and ten women who had CLBP for over three months. A 

biphasic paired-pulse TMS paradigm, conjunct anticipatory postural adjustment (APA) and maximal 

voluntary activation of paraspinal muscles (MVC) were used to facilitate TMS mapping.  

Results:  TMS mapping was possible in all CLBP participants, with TMS intensities less than 50% of the 

MSO. Reorganization in terms of an anterior and lateral shift of the center of gravity (COG) of the 

cortical maps of paraspinal muscles was observed in all participants with CLBP, and a reduced number 

of discrete peaks was found in 33%. 

Conclusion: The facilitation of the CSE to paraspinal muscles makes TMS mapping more practical and 

tolerable in people with CLBP, lowering the risk of seizure and discomfort associated with high-

intensity TMS pulses.  

Keywords: Brain mapping; Paraspinal muscles; Cortical representation; Transcranial magnetic 

stimulation; Chronic low back pain; Motor evoked potential. 
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1. Introduction: 

Chronic lower back pain (CLBP) is the leading cause of disability worldwide (Vos, Allen et al. 2016), 

with annual health costs estimated to be over 100 billion dollars(Katz 2006). Yet uncertainty about the 

etiology of low back pain (LBP) chronification hampers its proper resolution (Wand and O'Connell 

2008). According to the International Association of Pain, CLBP is defined when the LBP lasts beyond 

normal tissue healing time (Merskey 1986), that is, more than 12 weeks (Hoy, March et al. 2014) and 

previous treatments have been incapable of its management (Wand, Parkitny et al. 2011). More than 

500 theories have been proposed to explain the process of transition from the acute to chronic stage 

in CLBP. In one of these theories, the perpetuation of motor control deficits of back muscles after the 

acute phase of LBP has been blamed for the persistence of LBP (Tsao, Galea et al. 2008). The central 

nervous system (CNS) is in charge of providing the motor control of the back muscles and maintaining 

the stability of the spine(Hodges and Moseley 2003) in terms of  the order of the recruitment of back 

muscles and the rate of force production in them (Vogt, Pfeifer et al. 2003). 

It has been suggested that at least some sort of LBP may happen as a result of shortcomings in the 

CNS to provide suitable motor control of back muscles due to pain syndromes (Janda 1978). It is 

believed that improper control of back muscles can lead to repeated micro trauma, joint injury, and 

ongoing stimulation of the nociceptors in the back (Farfan 1973, Panjabi 1992). Again, of course, there 

is some debate about the origin of these control deficiencies at the CNS. Although changes in 

excitability have been documented at different levels of neuroaxis from motor neurons (Cram and 

Steger 1983) to motor cortex (Strutton, Theodorou et al. 2005) in the presence of experimental LBP , 

inter-individual variability observed in motor control deficits observed among people with CLBP (Van 

Dieën, Reeves et al. 2019) suggests involvement of supraspinal mechanisms in areas involved in motor 

planning in the development of such deficits (Hodges and Moseley 2003). For that matter, as the role 

of the primary motor cortex (M1) has been established in the execution and formulation of 

movements, dysfunction of M1 has also been suggested as a possible culprit for motor control deficits 

observed among people with CLBP (Chang, O'Connell et al. 2018). For decades, knowledge about the 

CNS was provided only by autopsy material (May 2008). Nowadays, functional organization of the M1 

can be studied using transcranial magnetic stimulation (TMS), noninvasively and painlessly in vivo 

(Barker, Jalinous et al. 1985). 

Preliminary studies have demonstrated some alterations in the representational fields of back muscles 

in M1 in people with CLBP, which include a reduced number of discrete peaks and smudging of the 

cortical representation of back muscles in people with CLBP (Tsao, Danneels et al. 2011), which has 

been related to the severity of back pain (Schabrun, Elgueta-Cancino et al. 2017). It is noteworthy to 

mention that cortical maps of back muscles are separated and contain at least two peaks in normal 

healthy volunteers (O’Connell, Maskill et al. 2007, Tsao, Danneels et al. 2011). Although researchers 

argue that these alterations in representational fields of back muscles in M1 in people with CLBP may 

explain loss of differential function in superficial and deep layers of back muscles and their en masse 

recruitment (Tsao, Danneels et al. 2011), the truth is that a definite interpretation of these findings 

warrants further replication of TMS mapping studies targeting representation of back muscles to 

explore their behavioral relevance (Massé‐Alarie, Bergin et al. 2017). However, mapping the cortical 

representation of trunk muscles, especially back muscles, via TMS is challenging (O’Connell, Maskill et 

al. 2007).  

Depending on the frequency of delivery, TMS can either activate or disrupt the activity of cortical 

neurons temporarily (Savoy 2001). Any response to TMS may be used to map the functional 

organization of the brain (Novikov, Nazarova et al. 2018). When TMS is applied to M1 with ample 

intensity, cortical motor neurons depolarize, and when the action potential resulting from this 



 

5 
 

depolarization reaches spinal motor neurons, a motor response ensues in peripheral muscles known 

as motor evoked potential (MEP), which can be recorded by electromyography (EMG) (Zewdie and 

Kirton 2016). The MEP amplitudes are then used to construct the cortical maps of different skeletal 

muscles through outlining the cortical territory at M1 where its stimulation via TMS results in MEP 

production in the corresponding muscle (Rossini, Burke et al. 2015), considering the point where its 

stimulation at M1 evokes the largest and most consistent MEP amplitudes as the peak or hotspot of 

the cortical map (Zewdie and Kirton 2016).  

But MEPs from paraspinal muscles are more polyphasic with fewer evident positive or negative peaks 

(Groppa, Oliviero et al. 2012), which can be easily missed in the background noise of EMG (Fuhr, Cohen 

et al. 1991) compared to MEPs from distal limb muscles. Figure 1 depicts this difference.  On the other 

hand, the area devoted to control of back muscles at M1 or, in other words, their cortical 

representation at M1 is much smaller compared to hand muscles (Penfield and Boldrey 1937), receive 

fewer corticospinal projections(Kiers, Cros et al. 1993) and cortical points which can evoke a MEP in 

paraspinal muscles are situated closer together in M1 (Capaday, Ethier et al. 2013). This item raises 

the motor threshold of the cortical representation of back muscles to TMS, i.e., the TMS intensity 

needed to stimulate the cortical maps of back muscles to evoke measurable MEPs (≥50µv) (Julkunen, 

Järnefelt et al. 2016), which is much higher compared to distal hand muscles (Kiers, Cros et al. 1993).  

To overcome these challenges, previous studies have tried to activate back muscles at 20% of maximal 

voluntary contraction (MVC) and used maximum stimulator output (100% MSO) (Ferbert, Caramia et 

al. 1992, O’Connell, Maskill et al. 2007, Kuppuswamy, Catley et al. 2008, Tsao, Danneels et al. 2011, 

Tsao, Danneels et al. 2011). It has been shown that both increasing the TMS stimulator intensity and 

activating the muscles increase the corticospinal excitability (CSE) toward the muscle that is going to 

be mapped and results in recordings larger and more visible from that muscle (Van De Ruit and Grey 

2016). Despite taking these measures, still, mapping failure in some of the participants has been 

reported in the abovementioned studies because the MTh exceeds the MSO in a subgroup of 

participants. An obvious flaw in these studies appears to be the use of 20% MVC for mapping the 

cortical representation of back muscles, which is based on studies demonstrating that CSE to upper 

(Hess, Mills et al. 1987) and lower limb (Turton and Lemon 1999) muscles peaks at 20% MVC and then 

plateaus. 

Meanwhile, it has been shown that CSE to back muscles has a more linear relationship with MVC% 

and reaches its maximum at 90-100% of MVC (Lagan, Lang et al. 2008, Jaberzadeh, Zoghi et al. 2013). 

Furthermore, increases in MVC have been shown to significantly decrease MEP amplitude 

variability(Kiers, Cros et al. 1993) and increase MEP size in paraspinal muscles(Jaberzadeh, Zoghi et al. 

2013) . Moreover, the results of a recent counterintuitive study have shown that CSE to paraspinal 

muscles is task specific and the largest MEPs can be recorded from these muscles while they are 

engaged in an anticipatory postural adjustment activity (APA) (Chiou, Gottardi et al. 2016). These 

factors, while they can be a game changer for obtaining measurable MEPs from paraspinal muscles 

suitable for cortical mapping, have not been taken into consideration in designing mapping protocols 

for back muscles. 

Finally, single monophasic TMS pulses (spTMS), which are commonly used for brain mapping due to 

their higher recovery rate (Pitkänen, Kallioniemi et al. 2018), have been shown to be impractical and 

not potent enough to stimulate M1 in cases with severely diminished CSE (Sollmann, Zhang et al. 

2020). This can be implied for people with CLBP as lowered CSE has also been documented in this 

group of patients(Strutton, Theodorou et al. 2005). Biphasic TMS pulses which  are stronger and can 

induce similar effects but with less intensity have become available recently (Pitkänen, Kallioniemi et 

al. 2018). In a recent study, a combination of  biphasic TMS pulses with paired pulse (ppTMS) 
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paradigms that induce short-term intracortical facilitation (SICF) (Ortu, Deriu et al. 2008) was 

successfully employed to map the cortical representation of upper extremity muscles in people with 

severely diminished CSE who harbored brain tumors (Sollmann, Zhang et al. 2020). Despite the 

potential advantage of biphasic ppTMS for mapping the cortical representation of back muscles in 

people with CLBP, this method has not been put into trial for people with CLBP. 

In this study, in a pilot attempt to map the cortical representation of back muscles in a cohort of people 

with CLBP, MEPs were not recognizable from the background noise in any of our participants. We 

assumed that it might be due to the double baseline noise reported for the TMS stimulator we were 

using compared to the stimulator used by previous studies (MagVenture vs. Magstim)(Van Doren, 

Langguth et al. 2015), which had possibly obscured the inherently small MEPs from paraspinal muscles 

(Fuhr, Agostino et al. 1991) . We hypothesized that by tailoring a mapping protocol specifically 

designed to meet the unique requirements of the cortical representation of the back muscles, we 

would be able to facilitate mapping the cortical representation of the paraspinal muscles. 

 

 

2. Materials and methods:  

Subjects 

This study included eighteen patients (8 males and ten females) aged 36.53±6.52 years (mean ± 

standard deviation) with unilateral non-specific CLBP who had experienced LBP for more than three 

months. Previous studies had suggested that unilateral pain sensations may play a role in the 

reorganization of the motor cortical representation of the affected side through transcallosal 

connections of M1 areas between two hemispheres (Murase, Duque et al. 2004, Krause, 

Förderreuther et al. 2006),   so  the inclusion criteria were having unilateral nonspecific CLBP, defined 

as any pain, muscle tension, or stiffness below the costal margins and above the inferior gluteal folds 

with or without leg pain (sciatica)(Koes, Van Tulder et al. 2006) lasting longer than three months, 

including periods of exacerbation and remission of pain, with pain more intense on one side, severe 

enough to interfere with daily activities (Von Korff, Dworkin et al. 1990). Patients went through a 

medical history taking and brief physical examination (Van Tulder, Becker et al. 2006) and were asked 

to rate their current pain, average pain over the previous week, and the maximum pain they felt at 

the onset of their first episode of low back pain on a 100-mm  visual analog scale (VAS) between 0 and 

10, with zero indicating no pain at all and 10 indicating the maximum perceivable pain. Participants 

were only brain mapped if they were in remission and their current pain was less than 2 on the VAS 

on the trial day, allowing them to withstand the cortical mapping process without exacerbating their 

symptoms. 

The exclusion criteria were non-mechanical low back pain   or specific  LBP which symptoms were 

caused by a specific, recognizable known pathophysiological mechanism such as osteoporosis, tumor, 

infection, malignancy, fracture, rheumatoid arthritis, structural deformities, cauda equina syndrome 

or radicular neuropathies (Koes, Van Tulder et al. 2006),back surgery, recent lumbar infiltration, any 

major circulatory, orthopedic, or neurological disorder, pregnancy, and any contraindication to TMS, 

such as a family history of epilepsy, metallic implants in the head or jaw, a history of brain concussion, 

surgery, ear tinnitus, cardiac implants, or taking any medication that increased the risk of seizure.. 

TMS contraindications are covered in greater detail elsewhere (Rossi, Hallett et al. 2009). Tarbiat 

Modares University's ethics committee approved the study in accordance with the Helsinki 

Declarations. 
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2-1. TMS mapping: 

The MagVenture Company's butterfly coil coolb-65 and MagPro X100 TMS machines were used to 

stimulate M1 in the contralateral hemisphere to the most painful side of the lower back pain in one 

centimeter steps from 2 cm posterior to the vertex (CZ) to 5 cm anterior and from vertex to 5 cm 

lateral on a 5x7cm plastic grid that was assembled on a snug swimming cap worn by participants with 

reference to CZ or point (0, 0). 

The coil handle was positioned along the sagittal plane to create an electrical current in the brain in 

the postero-anterior (PA) direction(Tsao, Danneels et al. 2011). For the purpose of mapping, a paired-

pulse paradigm for SICF was adopted, with a test stimulus (TS) at 100% of resting motor threshold 

(rMT) preceding a conditioning stimulus (CS) at 90% of rMT and an inter-stimulus interval (ISI) of 1 ms 

(Ziemann, Tergau et al. 1998, Ortu, Deriu et al. 2008, Massé-Alarie, Beaulieu et al. 2016).the rMT  was 

defined as the lowest TMS stimulator output or intensity that could evoke MEPs with ≥ 50µv in 5 out 

of ten consecutive TMS trials(Massé-Alarie and Schneider 2016). Because calculating the rMT and/or 

active motor threshold for paravertebral muscles using single monophasic or biphasic TMS pulses via 

butterfly coli cool b65 from Magventure was impossible, instead the rMT for abductor pollicis brevis 

(APB) muscle was calculated ,following the manufacturer's instructions (Tonika Electronic A/S 2010), 

to be used in the paired pulse paradigm for SICF of cortical representation of paraspinal muscles. 

choosing the rMT of APB was based on studies that had used APB rMT as a general reference for CSE 

for mapping multiple muscles (Krieg, Shiban et al. 2012, Krieg, Shiban et al. 2013, Krieg, Sollmann et 

al. 2015, Bulubas, Sabih et al. 2016, Sollmann, Bulubas et al. 2017, Sollmann, Tanigawa et al. 2017).To 

map the cortical representation of paraspinal muscles, three paired-pulse were administered to each 

cross section of the grid with a 10 second time lag, as shorter time lags were associated with a lower 

chance of evoking MEPs demonstrated in the pilot trial. 

Participants were instructed to sit on the edge of an armless chair with their feet flat on the ground 

and arch their back with maximal voluntary contraction i.e., contracting the back muscles by keeping 

them in lordosis with as much effort as possible with minimal pain or discomfort, and simultaneously 

elevating the contralateral arm to the painful side of the back to 90° of shoulder flexion as quickly as 

possible upon hearing the "Go" command from the TMS operator. 

The operator delivered the TMS pulses at pre-marked scalp sites coincident with commanding "GO" 

at time zero. It has been shown that in the time window of 0–120 ms after the "go" command, CSE to 

paraspinal muscles increases, and larger MEPs can be recorded during this period (Petersen, 

Rosenberg et al. 2009) . This is due to the release of cortical inhibition before trunk muscle activation 

onset, which occurs with a time lag of 150–180 ms after the "GO" command (Hodges and Richardson 

1997, Massé-Alarie, Neige et al. 2018). 

Under the supervision of the physiotherapist, the correct form of paravertebral muscles' contraction 

was rehearsed by the participants several times before the initiation of the mapping procedure with 

the help of verbal cues, palpation, and imagery techniques (Massé-Alarie, Beaulieu et al. 2017). 

2-2: Electromyography (EMG) 

MEPs were recorded from paravertebral muscles ipsilateral to the most painful side of the back, using 

the MEP monitor of the MagVenture Magprox100 TMS machine, which has a built-in one-channel 

EMG device mounted on the back of this device, via disposable self-adhesive Ag/Agcl FDA registered 

surface electrodes from INTCO Company. The MEP monitor of Magventure manifests only post-TMS 

stimulus events and not real-time EMG. EMG data was amplified 5000 times, band pass filtered 

between 20 and 1000 Hz, sampled at 100 kHz, and saved to a USB drive for later analysis. 
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With the ground electrode on the sacrum, MEPs from the painful side of the back, were recorded 

using two active electrodes laid parallel to the spine 2 cm lateral to the spinous process of the third 

lumbar vertebra (L3) on the bulk of paravertebral muscles with an inter electrode distance of 2 cm 

(Criswell 2010). 

3. TMS data analysis 

For the purpose of analysis, the most pronounced MEP out of three was chosen. MEPs were not 

averaged due to the enormous variability (Kiers, Cros et al. 1993) seen between trials. MEP latencies, 

expressed in milliseconds, indicated the time it took for TMS-induced descending impulses to reach 

the paraspinal muscles (Abbruzzese and Trompetto 2017) and were defined as the moment of initial 

upward or downward deflection of the MEP response from baseline observed in EMG (Oh, Kim et al. 

2017). MEP amplitudes were calculated as the voltage difference between the most negative and most 

positive peak of the MEP signal in the MEP time window (12-50 msec)(Ferbert, Caramia et al. 1992, 

O’Connell, Maskill et al. 2007, Smith, Maslovat et al. 2019, Jenkins, Chang et al. 2021). MEP amplitudes 

were normalized with respect to the peak MEP amplitude recorded and rescaled between 0 and 100 

(Tsao, Danneels et al. 2011) by a customized MATLAB software. The MEP with the largest amplitude 

was attained by delivering TMS to the hotspot, which is a cortical point that evokes the largest MEP in 

a given muscle (Uy, Ridding et al. 2002). The hotspot was found by moving the stimulating coil to 

different positions on the pre-marked grid on the scalp to find the point with the lowest threshold 

that evoked the largest MEP(Wassermann, McShane et al. 1992).  MEP amplitudes that were less than 

25% of the peak amplitude were discarded, as it has been demonstrated that discarding MEP values 

less than 25% of the peak MEP amplitude doesn’t affect TMS maps significantly (Tsao, Danneels et al. 

2011). Normalized MEP's amplitudes were superimposed on the respective scalp sites for map 

construction (Tsao, Danneels et al. 2011, Tsao, Danneels et al. 2011). For the constructed maps 

following items were calculated:  Map area (number of scalp active sites), a scalp point was considered 

active if it evoked MEPs larger than 25% of the peak MEP (Schabrun, Elgueta-Cancino et al. 2017), map 

volume (sum of MEP amplitudes recorded  from all active scalp sites) (Wassermann, McShane et al. 

1992), coordinates of the  center of gravity (CoG) or amplitude weighted center of the map, which was 

defined as spatial average of the motor cortical maps(Uy, Ridding et al. 2002) which was weighted by 

the  amplitude of the MEPs evoked  from different scalp  sites and was calculated  using the formula  

COG=∑ xivi/vi; ∑ yivi/vi, (where vi is normalized MEP amplitude at each point with coordinate xi -Medio 

lateral direction and yi -anteroposterior direction) (Tsao, Danneels et al. 2011), and the number of 

discrete peaks was calculated, based on the criterion suggested earlier for identification of separate 

peaks (Schabrun, Elgueta-Cancino et al. 2017) . Maps constructed for two representative subjects with 

and without discrete peaks are depicted in figure2. 

 

4. Statistical analysis: 

SPSS version 26 was used for statistical analysis. In the text, continuous data is represented by the 

mean and standard deviation (SD), whereas categorical data is represented by the percentage (%). 

Both average and maximum pain intensity and disability were regarded as continuous data. The 

Shapiro-Wilk normality test was used to assess the normality of our data Where data was not normally 

distributed, the independent t-test was used to compare mapping outcomes between two recognized 

subgroups of CLBP. A Mann-Whitney U test was used as a surrogate for the t-test. Hedges' g was used 

to calculate the effect size for scale data, and odd ratios (Eta squared) were used to calculate the effect 

size for categorical data. The Pearson correlation coefficient was used to assess the possible 

relationships between the mapping outcomes and the continuous demographic characteristics of the 
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participants. In comparing categorical data, the Chi-squared test was used for a similar purpose. The 

level of significance was set at α ≤ 0.05. One sample t-test was used to compare the data with 

normative data provided by previous studies in the domains of latency and position of CoG in people 

with acute low back pain. 

5. Results: 

Mapping the cortical representation of paraspinal muscles was possible in all of the participants with 

CLBP with TMS intensities as low as the motor threshold of the APB muscle, i.e. 49%±.08 MSO. A 

reduced number of discrete peaks was demonstrated in 33% of the participants, while the rest (67%) 

showed discrete peaks in their cortical map of the paraspinal muscles. All variables were normally 

distributed except for the maximum pain experienced at the onset of LBP (p = 0.00) and the mean 

latency at all active sites (p = 0.008). We didn’t find any statistically significant correlation between 

the mapping parameters and symptom related outcomes (pain intensity or duration and self-reported 

disability). 

Pain duration from the onset of the first episode of LBP was longer for CLBP participants with reduced 

cortical peaks (table 1), although this was not statistically significant (P>0.05) and the effect size was 

low to medium (Hedges'g=0.37). BMI was also greater in CLBP participants with reduced cortical peaks 

and disability as measured by the ODI was less in these group of participants (table 1), but again these 

differences were not statistically significant and the effect sizes were lower than medium 

(Hedges'g<0.5).Map volume,  area, peak MEP amplitudes, and  the minimum MEP amplitudes 

recorded at active sites were  relatively larger in people with CLBP with discrete peaks(table 2), and 

Pain duration from the onset of the first episode of LBP was longer for CLBP participants with reduced 

cortical peaks (table 1), although this was not statistically significant (P > 0.05) and the effect size was 

low to medium (Hedges' g = 0.37). BMI was also greater in CLBP participants with reduced cortical 

peaks, and disability as measured by the ODI was less in this group of participants (table 1), but again, 

these differences were not statistically significant, and the effect sizes were lower than medium 

(Hedges'g<0.5).Map volume,  area, peak MEP amplitudes, and  the minimum MEP amplitudes 

recorded at active sites were relatively larger in people with CLBP with discrete peaks (table 2), and 

MEP latencies both at optimal sites and all active sites were relatively shorter for people with CLBP 

without discrete peaks (table 2).  The effect size was large for map volume (Hedges'g = 0.89) and area 

(Hedges'g = 0.86), medium for MEP latency evoked from hot spots (Hedges'g = 0.54), and minimum 

MEP evoked from all active sites (Hedges'g = 0.37), but none of these differences were statistically 

significant (all P > 0.05) (table 2). The large and medium effect sizes demonstrated that there was a 

practically significant difference between two subsets of people with CLBP with and without discrete 

peaks in regards to the aforementioned mapping outcomes such as volume and area, which didn’t 

reach the level of significance in statistical testing. This can be due to the comparison of the two groups 

of participants with CLBP with and without discrete peaks with unequal sample sizes, which could have 

lowered the statistical power of our statistical analysis(Grace-Martin 2017) . It is noteworthy to 

mention that this sampling occurred naturally as a result of TMS data analysis, and we had no control 

over that. 

The only statistically significant difference observed between the two subgroups of participants with 

CLBP, with and without discrete peaks was the dominant sex in each group, as recognized by the Chi-

square test (p = 0.043), so that the number of male participants in the CLBP subgroup without discrete 

peaks was 83% (5 out of 6) versus 25% (3 out of 12) in the CLBP subgroup with discrete peaks. The 

effect size for gender difference between two subgroups of CLBP with and without discrete peaks was 

very large (Eta squared=0.306) 
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 As confirmed by one sample t-test, Latency at the optimal site (22.66±10.15 ms) was not significantly 

different from the normative data presented for healthy humans (19.3±4.78 ms) (O’Connell, Maskill 

et al. 2007),but latency at all the other active sites of our subjects with CLBP(25.87±9.54 ms) 

significantly differed from data provided in this regard for normal subjects (19.72±4.41 

ms)earlier(O’Connell, Maskill et al. 2007),(p=0.013) 

When our mapping results were compared to those from previous studies, we discovered that the 

COG of the cortical map of paraspinal muscles in our CLBP subjects (X= 3.02±0.31cm, Y= 

3.12±0.49cm)was significantly shifted anteriorly and laterally compared to values reported for the 

COG in healthy (X=2.5±0.6 cm, Y=-0.3±0.9 cm), acute LBP ( X=2.3±0.6 cm, Y=-0.1±0.1 cm) (Chang, 

Buscemi et al. 2019) and CLBP patients (x=2.4±0.8cm, Y=1.3±1.1cm) (Elgueta-Cancino, Schabrun et al. 

2018)  cortical maps constructed via spTMS (all P=0.000). 

6. Discussion: 

 

TMS brain  mapping has been underutilized for purposes other than presurgical monitoring of the 

motor and eloquent areas (Krieg 2017), despite the fact that it offers a promising noninvasive 

approach for tracking cortical reorganization in pathologies, after training or surgery, during 

rehabilitation, or any other longitudinal studies (Novikov, Nazarova et al. 2018). This could be due to 

a lack of standardized methodologies (Novikov, Nazarova et al. 2018) that meet the variable and 

unique requirements of different conditions or muscle groups. Using a "one size fits all" method for 

mapping the cortical reorganization in different conditions and muscle groups may encounter 

researchers and clinicians with some difficulties. Addressing these issues may pave the way for further 

mapping studies to discover  the pathophysiological basis of chronic conditions such as CLBP and track 

the cortical plastic changes after rehabilitation and training (Novikov, Nazarova et al. 2018). In this 

study, implementing a paired pulse TMS paradigm with two consecutive TMS pulses with a test (first) 

TMS stimulus set at 100% MTh followed by a subthreshold conditioning (second) TMS pulse set at 90% 

MTh with an interstimulus interval of 1 ms (Ziemann, Tergau et al. 1998, Ortu, Deriu et al. 2008), along 

with  active engagement of paraspinal muscles both in an APA activity (Chiou, Gottardi et al. 2016) 

and MVC (Lagan, Lang et al. 2008, Jaberzadeh, Zoghi et al. 2013), made it possible to decrease the 

energy needed for stimulating/mapping the cortical representation of paraspinal muscles up to 50% 

MSO.   That said, the rMT for APB was used to formulate the paired pulse paradigm, and the rMT for 

APB muscle was found to be ≈ 50% MSO (49% ± 7%MSO) (mean± pooled standard deviation) in the 

participants with CLBP in this study (table 2). The intensity of the first pulse was 100% (50% MSO), 

which equaled 50% MSO, and the intensity of the second pulse was 90% (50% MSO), which equaled ≈ 

45% MSO. Consequently it was possible to stimulate the cortical maps of paraspinal muscles with such 

low TMS intensities as rMT for the hand muscles (APB), i.e., ≤ 50% MSO, using this paired pulse TMS 

paradigm, while it was not possible to stimulate the motor cortical maps of the paraspinal muscles 

using single pulse TMS, even at maximum stimulator output, i.e., 100% MSO. As mentioned earlier, 

the rMT of the APB muscle was used because, as mentioned earlier, calculating resting or active motor 

threshold directly for paraspinal muscles was not possible using single pulse TMS, and the APB rMT 

has been implemented as a general estimate of cortical excitability in studies mapping multiple 

muscles (Sollmann, Bulubas et al. 2017). 

This method appears to improve the feasibility of TMS mapping in people with CLBP who have reduced 

CSE (Strutton, Theodorou et al. 2005). It was reflected by no mapping failure in our study as compared 

to previous studies that had reported mapping failure in at least some of their participants (O’Connell, 

Maskill et al. 2007, Kuppuswamy, Catley et al. 2008, Tsao, Danneels et al. 2011, Tsao, Danneels et al. 
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2011), because the MTh to evoke MEPs in paraspinal muscles exceeded the maximum stimulator 

output in those particular subjects,.  The TMS intensity needed to stimulate the cortical maps of 

paraspinal muscles in our study using the paired pulse paradigm was substantially below the maximum 

stimulator output limits. This reduced the potential risk of seizure and discomfort from face and neck 

muscle contractions associated with applying higher TMS pulse intensities (Sollmann, Zhang et al. 

2020), which were inevitable in previous studies using single pulse TMS (Ferbert, Caramia et al. 1992, 

O’Connell, Maskill et al. 2007, Tsao, Danneels et al. 2011, Tsao, Danneels et al. 2011, Schabrun, 

Elgueta-Cancino et al. 2017).  

Analysis of the mapping parameters in the current study demonstrated reorganization of the M1 in 

terms of shift of the COG of the cortical maps of the paraspinal muscles in all the participants with 

CLBP; however, a reduced number of discrete peaks in these maps was only evident in a subset of the 

participants (33%). 

COG is a robust measure of cortical representations (Tsao, Galea et al. 2008) . The COG is closely 

related to the hotspots of the cortical maps. A "hot spot" is an area with higher excitability in the 

cortical maps that contains the highest density of cortico-motor neuronal projections to a given 

muscle(Wassermann, McShane et al. 1992).  The cortical map of each muscle contains one or more 

"hot spots," so-called "optimal stimulation sites," which can evoke MEPs with the largest amplitudes 

in that muscle. The shift of the COG, which can also be regarded as the shift of the optimal stimulation 

site on the scalp to evoke MEPs in a given muscle, is an indicator of cortical reorganization (Uy, Ridding 

et al. 2002). Shift of the COG has been documented in other muscle groups (deep abdominal muscles) 

in CLBP(Tsao, Galea et al. 2008) and other chronic pain conditions such as phantom limb pain(Karl, 

Birbaumer et al. 2001). 

 The location of the COG in the participants with CLBP in our study was shifted more anteriorly and 

laterally when compared to data for healthy and acute LBP (Chang, Buscemi et al. 2019). O'Connell 

and his colleagues, although they didn’t calculate the exact coordinates of the COG for the cortical 

map of the paraspinal muscles, reported two optimal sites for evoking MEPs in paraspinal muscles in 

healthy people: one optimal site at 1 cm anterior and 4 cm lateral to the vertex (point 0), and another 

optimal site at 4 cm anterior and 2 cm lateral (O’Connell, Maskill et al. 2007). As demonstrated in 

figure 2 for two representative participants in our study, the peaks of the cortical maps of the 

paraspinal muscles both in CLBP subjects with and without discrete peaks were more anterior and 

lateral compared to both or one of the optimal sites reported for healthy back subjects by O'Connell 

(O’Connell, Maskill et al. 2007) . Anterior and lateral shifts of the COG were consistent with previous 

studies that have reported anterior shifts in the cortical map of paraspinal muscles using surface EMG 

electrodes(Schabrun, Elgueta-Cancino et al. 2017, Elgueta-Cancino, Schabrun et al. 2018) in people 

with CLBP. But the magnitude of the shift in COG was larger in our study compared to previous ones, 

which may be justified by the use of a paired-pulse biphasic TMS paradigm, which is reported to 

elongate cortical maps in both anterior-posterior and medio-lateral directions (Pitkänen, Kallioniemi 

et al. 2018). Although this may not be an important factor when the goal is simply to investigate the 

cortical reorganization in CLBP, it may have consequences when the precise location of COG is 

required in other  serious conditions, such as in tumor resections (Pitkänen, Kallioniemi et al. 2018).  

In future studies, combining functional brain imaging (fMRI) and navigated brain stimulation with both 

single and paired pulse TMS mapping is likely to reduce the variability observed in the COG of the 

cortical maps (Tsao, Galea et al. 2008) and determine which one best resembles the reality of COG in 

cortical maps. Nevertheless the best way to accomplish this goal would be to compare paired pulse 

TMS mapping with direct cortical stimulation  (Pitkänen, Kallioniemi et al. 2018). 
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A reduced number of discrete peaks was observed in a smaller subset of CLBP patients (33%), 

compared to a previous study that reported a reduced number of discrete cortical peaks in 67% of 

CLBP patients(Schabrun, Elgueta-Cancino et al. 2017). This could be because our participants' pain was 

mild at the time of experience (less than 2 on the VAS), whereas in the previous study (Schabrun, 

Elgueta-Cancino et al. 2017), a lower number of discrete peaks was reported to be related to the 

severity of LBP at the time of exam. The interesting finding was that the pain duration was longer in 

CLBP patients with overlapped peaks. So one may infer that a reduced number of peaks may suggest 

a more chronic stage of CLBP. This is in line with a study that reported a positive relationship between 

the magnitude of cortical reorganization in the somatosensory cortex and pain chronicity in people 

with the CLBP(Flor, Braun et al. 1997) 

 The mean latency at all active sites was significantly prolonged compared to the normative data 

presented in this regard (O’Connell, Maskill et al. 2007), although it was not significant at the optimal 

site. Prolongation of latency has been implicated in cortico-cortical connections' pathology in some 

conditions (Kallioniemi, Pitkänen et al. 2015), but it cannot be assured that in our study prolongation 

of the latency was due to the pathology because considerably lower amounts of stimulator intensity 

were needed to evoke MEPs via paired pulse TMS (Pitkänen, Kallioniemi et al. 2018), i.e., 50% MSO 

pulse TMS to evoke MEPs (O’Connell, Maskill et al. 2007). It has been demonstrated that stimulator 

intensity has an inverse relationship with MEP latency (Fuhr, Cohen et al. 1991). Also, a greater 

percentage of maximum voluntary contraction of paraspinal muscles was utilized in the present study 

as compared to previous studies (O’Connell, Maskill et al. 2007, Tsao, Danneels et al. 2011, Tsao, 

Danneels et al. 2011) that utilized 20% of MVC and  Kuppuswamy et al have reported a prolongation 

of latency with increased muscle activity (Kuppuswamy, Catley et al. 2008).  

MEP latency at the optimal site in this study did not differ significantly from normative data, which 

may be explained by the fact that MEPs that result from stimulation of the optimal site are mainly 

induced by direct waves (D-waves) (Kallioniemi, Pitkänen et al. 2015), but are not affected by CSE, 

unlike those that result from stimulation of the other active site and are induced by indirect waves (I-

waves), which are enormously impacted by CSE. D-waves result from direct stimulation of the 

corticospinal tract via TMS, while I-waves indirectly stimulate the corticospinal tract through cortical 

interneurons when stimulated by TMS (Zewdie and Kirton 2016). Discovering the exact etiology of the 

prolongation of MEP latencies warrants further mapping studies using the newly introduced method 

with matched healthy controls, which were not included in this study. 

Map volume and area in the subgroup of CLBP without discrete peaks were smaller, and MEP 

amplitudes at all active sites were lower; all of this together reflects the reduced CSE to paraspinal 

muscles in this subgroup of CLBP. Reduced CSE to paraspinal muscles was found earlier in CLBP 

patients compared to normal subjects (Strutton, Theodorou et al. 2005) and has been suggested as a 

causal factor for the transition from acute LBP to CLBP (Jenkins, Chang et al. 2021). Other chronic pain 

conditions, such as complex regional pain syndrome, have been linked to smaller cortical map volumes 

(Krause, Förderreuther et al. 2006) , too. 

A novel finding of this study was that the number of discrete peaks in the cortical map of paraspinal 

muscles in participants with CLBP was related to the categorical demographic variable of gender, 

which has never been reported before. Gender differences have been reported in neuromuscular 

strategies, postural control, and response to treatment (Nelson-Wong, Alex et al. 2012). So one may 

speculate that the number of discrete peaks might be related to different neuromuscular strategies 

that different genders adopt in response to LBP. It has been suggested that the CNS adopts a new 

motor control strategy in response to LBP to minimize the adverse effects of the pain and injury  (Tsao, 

Danneels et al. 2011). The validity of this theory should be further confirmed in future studies 
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comparing neuromuscular strategies adopted by different genders with TMS mapping outcomes for 

different genders. 

No significant relationship was found between symptoms-related outcomes (e.g., pain duration or 

intensity and rated disability on the ODI questionnaire) and mapping outcomes, which was similar to 

the published results of some previous studies in this domain (Tsao, Danneels et al. 2011) and 

contradictory to the findings of others who had reported a relationship between cortical 

representation of paraspinal muscles and pain characteristics (Byl, Merzenich et al. 1997, Schabrun, 

Elgueta-Cancino et al. 2017, Elgueta-Cancino, Schabrun et al. 2018). This could be because our sample 

size was relatively small compared to those who reported a relationship between these items, since 

correlations usually manifest in larger samples.  

Limitations and future directions: first, in this study, we were not able to measure active MTh or 

resting MTh via single monophasic TMS pulses directly from paraspinal muscles. We reasoned that it 

might be due to the double baseline noise reported for the MagVenture TMS machine we used vs.  

the Magstim device (Van Doren, Langguth et al. 2015), which had been used in previous studies that 

obscured the inherently small MEPs from paraspinal muscles evoked by monophasic spTMS pulses 

(Fuhr, Agostino et al. 1991). This shows that the technical differences that exist among the TMS 

stimulators from different brands (Novey 2019) may have a non-negligible impact on cortical mapping 

outcomes and stand in the way of obtaining comparable results from different labs, which has been 

emphasized  as a prerequisite for summing and comparing  data from different sources in an open 

science method. This highlights the importance of future comparative studies between TMS 

stimulators of different brands to determine the impact of technical differences such as field strength, 

wave length, baseline noise, cooling system, etc. on mapping outcomes and controlling for them as a 

covariate. 

Second, we lacked a matched control group, which appears to be required in future studies to provide 

normative data on the outcomes of the paired pulse TMS paradigms in mapping the cortical 

representation of paraspinal muscles in healthy back subjects in order to distinguish differences 

caused by different mapping methods from those caused by pure reorganization.  

7. Conclusion: 

The result of this study showed that facilitation of CSE to paraspinal muscles by engaging them 

conjunctively both in a postural and a maximal voluntary activity, combined with the application of a 

more potent biphasic paired pulse TMS paradigm that induces short-term intracortical facilitation, 

makes TMS mapping more practical in people with CLBP by substantially cutting the TMS energy 

needed to stimulate the cortical representation of paraspinal muscles in M1, and thus makes TMS 

mapping less hazardous in regards to the risk of possible seizures and more tolerable for the patients 

by decreasing the discomfort that results from the contraction of the facial muscles with the 

application of high intensities. 
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Fig1: top: the MEP recorded from a hand muscle (abductor pollicis brevis. Bottom: MEP recorded from paraspinal muscles 
enveloped in background noise in a representative subject.  

 

 

 

Fig 2. Normalized cortical maps of paraspinal muscles Left: a representive volunteer with CLBP with reduced number of 
discrete peaks; Right: a representive volunteer with CLBP with multiple peaks. Note: vertex is point (0, 0). Peaks of the cortical 
maps of the paraspinal muscles both in CLBP subjects with and without discrete peaks were more anterior and lateral with 
respect to one or both of the optimal sites reported by O'Connell et al.,2007 i.e. point (x=1cm, y=4cm) and point (x=2cm, 
y=4cm) 



 

21 
 

TABLE 1.demographic characteristics of participants with chronic low back pain with and without 

discrete peaks(Mean±SD) 

Effect 
size 

p-value  CLBP without 

discrete peaks 

(n=6) 

CLBP with discrete 

peaks 

(n=12) 

 

0.2 0.66 37.50 ± 4.68 35.80 ± 7.81 Age(yrs.) 

0.306 0.043* 5:1 3:9 Sex(male: female) 

 

0.31 0.35 82.08 ± 28.10 75.65 ± 15.64 Weight(kg) 

0.08 0.91 169 ± 8.92 169.90±11.96 Height(cm) 

0.39 0.542 28.67 ± 8.63 26.20 ± 4.82 BMI(kg/m2) 

0.37 0.73 10 ± 5.09 7.65 ± 6.73 Pain duration(yrs.) 

0.000 1.000 3/3 6/6 Pain side(right: left)  

0.19 0.95 7.5 ± 3.14 8 ± 2.21 Maximum spontaneous pain at 

the onset of LBP episode(VAS) 

0.06 0.81 3.83 ± 2.22 3.95 ± 1.53 Average pain experienced over 

last week(VAS) 

0.23 0.48 16.83±10.62 18.79±7.24 Oswestry disability index 

SD denotes standard deviation; kg: kilogram; BMI: body mass index; yrs.: years; VAS: visual 

analogue scale. 

The P-values reported are for the t-test for all parameters except maximum pain experienced at the 

onset of LBP and sex, which have Mann Whitney U and chi-square P-values, respectively. The level 

of significance was set at α ≤ 0.05 for all tests. Average and maximal pain were considered 

continuous data. Since the onset of LBP, the pain duration included both stages of remission and 

exacerbation. Asterisks (*) show significant differences between two subgroups of CLBP. Effect size 

for scale data was measured by Hedges' g, and effect size for categorical data was calculated via an 

odd ratio. 
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Table2: cortical map characteristics of people with CLBP with and without discrete peaks 

 Hedges' 
g 

p-value CLBP without 

discrete peaks 

(Mean±SD) 

CLBP with 

discrete peaks 

(Mean±SD) 

 

0.06 0.92 0.492±0.08 0.497±0.07 APB resting motor threshold (MSO 

%) 

0.54 0.28 19.83±4.11 25.70±12.64 MEP latency of paraspinal muscles 

at the (largest) optimal site(ms) 

0.36 .77 23.55±5.65 27.02±10.91 MEP latency of paraspinal muscles 

at all active sites(ms) 

0.86 0.73 12±0.81 15± 4.13 paraspinal muscles' cortical map 

Area (number of active sites) 

0.89 0.17 641.21±164.90 858.73±271.90 paraspinal muscles' cortical map 

volume (µv) 

0.37 0.6 391.25±180.74 467±214.65 paraspinal muscles' MEP amplitude 

at  the  optimal site/largest peak 

(µv)  

0.58 0.09 89.75±16.07 116±52.82 Minimum MEP amplitude of 

paraspinal muscles recorded at all 

active sites≥25% peak amplitude 

(µv) 

0.07 0.59 3.01±0.35 3.03±0.24 Medio-lateral coordinate of COG of 

paraspinal cortical map(position on 

X axis),(cm) 

0.21 0.35 3.09±0.32 3.17±0.39 Anterior-posterior coordinate of 

COG of paraspinal cortical map( 

position on Y axis) 

SD denotes standard deviation, APB: abductor pollicis brevis muscle, MSO: maximum stimulator 
output, MEP: motor evoked potential, COG: center of gravity, µv: microvolt, cm: centimeter, and 
ms: millisecond. 
The P-value reported is for the t-test for all parameters except for the mean latency at all active 
sites, for which P-values for the Mann-Whitney U test are substituted instead. 
The level of significance was set at α≤0.05 for all tests. 

Hedges' g is reported for the effect sizes.  
 


