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Abstract

Persistence of low back pain is thought to be associated with different underly-

ing pain mechanisms, including ongoing nociceptive input and central sensiti-

sation. We hypothesised that primary motor cortex (M1) representations of

back muscles (a measure of motor system adaptation) would differ between

pain mechanisms, with more consistent observations in individuals presumed

to have an ongoing contribution of nociceptive input consistently related to

movement/posture. We tested 28 participants with low back pain sub-grouped

by the presumed underlying pain mechanisms: nociceptive pain, nociplastic

pain and a mixed group with features consistent with both. Transcranial mag-

netic stimulation was used to study M1 organisation of back muscles. M1 maps

of multifidus (deep and superficial) and longissimus erector spinae were

recorded with fine-wire electromyography and thoracic erector spinae with

surface electromyography. The nociplastic pain group had greater variability

in M1 map location (centre of gravity) than other groups (p < .01), which may

suggest less consistency, and perhaps relevance, of motor cortex adaptation for

that group. The mixed group had greater overlap of M1 representations

between deep/superficial muscles than nociceptive pain (deep multifidus/long-

issimus: p = .001, deep multifidus/thoracic erector spinae: p = .008) and

Abbreviation list: AEP, active extension pattern; ANOVA, analysis of variance; CoG, centre of gravity; CSQ, Coping Strategies Questionnaire; DM,
deep fibres of the multifidus muscle; EMG, electromyography; F, female; FP, flexion pattern; fMRI, functional magnetic resonance imaging; LBP, low
back pain; LES, lumbar erector spinae muscle; M, male; M1, primary motor cortex; MCI, motor control impairment; MDCS, multidimensional
classification system; MP, mixed pain; NcP, nociceptive pain; NpP, nocioplastic pain; NRS, numerical rating scale; ODQ, Oswestry low back pain
Disability Questionnaire; ÖMPQ, Örebro Musculoskeletal Pain Screening Questionnaire; PASS-20, Pain Anxiety Symptoms Scale; PCS, Pain
Catastrophizing Scale; PES, peripheral electrical stimulation; PSEQ, Pain Self-Efficacy Questionnaire; RMS, root mean square; SM, superficial fibres
of the multifidus muscle; T9, ninth thoracic vertebrae; SD, standard deviation; TMS, transcranial magnetic stimulation; TrA, transversus abdominis
muscle.
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nociplastic pain (deep multifidus/longissimus: p = .02, deep multifidus/

thoracic erector spinae: p = .02) groups. This study provides preliminary evi-

dence of differences in M1 organisation in subgroups of low back pain classi-

fied by likely underlying pain mechanisms. Despite the sample size,

differences in cortical re-organisation between subgroups were detected. Dif-

ferences in M1 organisation in subgroups of low back pain supports tailoring

of treatment based on pain mechanism and motor adaptation.

KEYWORD S
central sensitisation, low back pain, motor control, nociceptive pain, nociplastic pain,
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1 | INTRODUCTION

Low back pain (LBP) is a leading global cause of disabil-
ity (Hoy et al., 2014), affecting 60%–80% of people at
some point in their lives. The prevalence and economic
burden of LBP continue to rise (Cieza et al., 2020). Fail-
ure to consider the heterogeneity of LBP is likely to con-
tribute (Falla & Hodges, 2017) to the modest effects
(Froholdt et al., 2012) of recommended active physical
interventions (Savigny et al., 2009). Success of interven-
tions, such as those that aim to address how people with
LBP move and function (Macedo et al., 2014), is likely to
be improved if it is tailored to consider the underlying
pain mechanisms.

The persistence of LBP may involve several mecha-
nisms. For some, LBP may be maintained by a contribu-
tion from ongoing nociceptive input (i.e., nociceptive
pain; NcP) from suboptimal tissue loading, which could
be secondary to maladaptive responses of the movement
system (e.g., excessive muscle guarding) (Hodges &
Tucker, 2011). NcP is thought to be characterised by ana-
tomically localised pain, consistently aggravated/relieved
by specific postures and movements, and proportional to
the initial trauma or injury (Shraim et al., 2020). For
others, persistent LBP can be mediated by sensitisation
mechanisms in the central nervous system involved in
nociceptive pain processing or central sensitisation
(Woolf, 2011), which is now referred to as nociplastic
pain (NpP). In NpP, pain may persist in the absence of
nociceptive input and is often linked to maladaptive
cognitions about pain such as catastrophising and
fear-avoidance behaviour (Smart et al., 2012a).

Clinical features of pain presentation differ between
individuals with LBP that is mediated by NcP and NpP
mechanisms (Shraim et al., 2020). From the perspective
of movement, specific kinematic such as, poor control of
spine movements (e.g., dissociation of the thoraco-
lumbar spine) (Hemming et al., 2018; Sheeran

et al., 2012), and muscle activation characteristics
(e.g., asynchronous activation of erector spinae muscles)
(Astfalck et al., 2010) differ between individuals with
different NcP presentations. From the neural perspective,
differences in functional connectivity and neuro-immune
signatures have been correlated with clinical presenta-
tions of NpP (Alshelh et al., 2021). Current clinical
classifications combine assessment of maladaptive
psychosocial features with posture/movement
(O’Sullivan, 2005). None has yet combined consideration
of motor control and detailed analysis of underlying pain
mechanism.

Characteristics of M1 differ between individuals with
and without persistent LBP, and to some extent, between
participants (Elgueta-Cancino et al., 2018; Schabrun
et al., 2015; Tsao, Danneels, & Hodges, 2011a, 2011b).
This variability might be related with individual-specific
responses to pain. Evidence in early stages of LBP shows
that variability in corticospinal excitability and organisa-
tion of the primary motor cortex (M1) (e.g., volume of
muscle representation) can predict pain persistence
(Seminowicz et al., 2019). Further, features of M1 organi-
sation (Tsao, Danneels, & Hodges, 2011b) relate to
impairments of trunk muscles control (e.g., timing of
muscle activation (Tsao et al., 2008)), and coordination of
back movements (Elgueta-Cancino et al., 2018) in persis-
tent LBP. Although the relationship between M1 changes
and clinical outcomes (e.g. pain persistence) remain
unclear, the impact of experimental pain on M1 in motor
learning paradigms has been describe as maladaptive
plasticity (e.g., corsticospinal inhibition, poor sensory–
motor integration) (Rohel et al., 2021), with negative
impact on motor performance (e.g., poor retention of
new motor skills) (Sanderson et al., 2021). It is plausible
that the relationship between M1 changes and movement
might depend on pain mechanism, as NpP is generally
considered maladaptive pain processing (Shraim
et al., 2020), whereas NcP is considered as a proportional
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response to nociceptive neuron activity (Shraim
et al., 2020). The identification of specific characteristics
of cortical organisation in subgroups of pain presenta-
tions could provide insight into underlying mechanisms
of pain and movement dysfunction in LBP.

We aimed to explore whether features of M1 repre-
sentation of the back muscles differ between individuals
with different presumed pain mechanisms of LBP
persistence and movement features. We hypothesised
that features of M1 representations of the back muscles
in individuals with predominant NcP would differ consis-
tently from pain-free individuals, but this may not be
apparent when pain is maintained by NpP. M1 represen-
tation of the back muscles was investigated in four sub-
groups LBP; two groups with presumed NcP, and a
distinct type of motor control impairment, one group
with features consistent with NpP, and a mixed group
with combined features of NcP and NpP.

2 | METHODS

2.1 | Study design

Cross-sectional exploratory experimental study investi-
gating cortical organisation in individuals with LBP with
different presumed underlying pain mechanism; NcP,
NpP and mixed pain pattern (MP).

2.2 | Participants

Participants were recruited from the university commu-
nity, university musculoskeletal clinic and a commercial
recruitment agency using online resources (university
newsletter, webpages and social media) (Figure 1).
Potential participants were eligible if they were aged
between 18 and 65 years with LBP for >8 weeks
that was located between the rib cage and buttocks
(without leg pain) and an intensity of >4/10 on a
numerical rating scale (NRS; no pain = 0, worst pain
imaginable = 10) in the past 7 days. For this exploratory
study, we intended to recruit participants with different
presentations (see below) but acknowledged that the
proportion of participants recruited with each pain type
would differ based on the relative prevalence of specific
pain presentations and the willingness of individuals
with different presentations to volunteer for this invasive
and intensive study. The sample size was based on a
sample of convenience within these constraints and
involved 28 participants.

Potential participants were screened using a question-
naire, telephone interview and safety questionnaire

for use of transcranial magnetic stimulation (TMS)
(Wassermann, 1998). Potential participants were
excluded if they had the following: contraindications for
TMS (stroke, metal in head, epilepsy and use of antide-
pressants); or participation in training that might change
cortical representation of the trunk muscles (e.g., motor
skill training programme for trunk muscles). Participants
with suspected neuropathic pain (involving changes
associated with damage or dysfunction of neural tissue;
Treede et al., 2008) were also excluded. This was
identified by evidence or history of nerve involvement
(e.g., positive straight leg raise test, pain referral below
the buttock line and/or altered sensation [numbness
and/or pins and needles in one or both legs]). Additional
criteria for inclusion of NcP are provided below.
Participants provided written informed consent and the
Institutional Medical Research Ethics Committee
approved the study.

2.3 | Pain mechanism classification

Participants with LBP were classified based on their
clinical presentation of LBP according to the presumed
underlying pain mechanisms, posture and movement
profiles and cognitive/psychological features before the
experimental procedures began (Figure 1). The likely
underlying pain mechanism for LBP was determined
based on detailed assessment of the characteristics of
LBP following recommendations of clinically validated
methods (Nijs et al., 2015; Shraim et al., 2020; Smart
et al., 2012a, 2012b) (Table 1) and an in-depth interview
to explore the clinical indicators of NcP and NpP mecha-
nisms (Smart et al., 2010, 2011; Smart et al., 2012a,
2012b). This included injury history, pain behaviour
(24-hour pattern, aggravating and pain easing factors),
questions about lifestyle, daily habits (work status, exer-
cise habits, leisure activities, family support, etc.). In
addition, physical examination including functional and
physiological movement assessment of the lumbar spine
was conducted by an experienced physiotherapist (LS).
Cognitive/psychosocial aspects of the patient’s pain
(beliefs, fears, stress/anxiety, mood, coping strategies and
work-/home-related factors) were assessed with a series
of standard questionnaires (Table 2). All questionnaires
were administered in the same order to maintain consis-
tency. Pre-determined and validated cut-off points of
those questionnaires were used to identify presence of
abnormal psychosocial features (Macedo et al., 2012).
Participants with features of NcP pattern were further
classified using multidimensional classification system
(MDCS), a system with good validity and reliability
(Dankaerts & O’Sullivan, 2011; Dankaerts, O’Sullivan,
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Straker, et al., 2006; Fersum et al., 2009), to evaluate
features of their motor control impairment (MCI)
type (Dankaerts, O’Sullivan, Burnett, & Straker, 2006a).
Those with flexion pattern (FP) MCI and active
extension pattern (AEP) MCI (Table 3) were included.
These subgroups were selected for their different
presentation of back muscle activity (Dankaerts,
O’Sullivan, Burnett, & Straker, 2006a, 2006b), which we
predicted would be associated with different changes
motor cortex maps.

Using these criteria, participants were classified into
the following groups: (i) nociceptive pain group (NcP);

with likely ongoing nociceptive contribution linked to
flexion pattern (NcP-FP, n = 13) or active extension pat-
tern (NcP-AEP, n = 6) MCI and psychosocial features
within ‘normal’ limits; (ii) nociplastic pain group (NpP,
n = 4), which included those with absence of mechanical
pain behaviour and predominant features of central sen-
sitisation (Smart et al., 2010, 2011; Smart et al., 2012a,
2012b) and psychosocial features above normal limits;
and (iii) mixed pain group (MP) with features of both
NcP and NpP that included psychosocial features outside
normal limits (n = 5). Participants were classified before
the experimental measures began.

F I GURE 1 Recruitment and

classification workflow. NcP-AEP, nociceptive

pain-active extensor pattern group; NcP-FP,

nociceptive pain-flexor pattern group; NpP,

nociplastic pain group; TMS, transcranial

magnetic stimulation
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TAB L E 1 Characteristics used to identify likely underlying mechanism for paina

Criterion Nociceptive pain Nociplastic pain

History of pain Clear history of pain evolution, usually
related with specific events

If onset was gradual—related to change
in the level of activity, etc.

Unclear history, family history of ‘bad
backs’ and or disabling diseases

No clear injury or mechanism for their
pain

Disproportionate to injury mechanism

Clear pattern of easing and pain
provoking movement behaviours

No clear mechanical easing or
provoking pattern

Conceptions about the nature of their
problem related with specific
activities/level of fitness—weak
muscles, muscle imbalance, stress,
work, lack/too much physical
activity, etc.

Pain could be related to change in
activity, but also to personal events
with emotional content.

Moderate control of their symptoms—
able to relate strategies to decrease
pain and factors that aggravate it.

Feel unable to control symptoms, pain
out of their control, usually rely on
family members/others to help.

Clear periods of symptoms and
remission

Some previous benefit from
physiotherapy or other movement
related therapy

Lifestyle Variable, usually active despite pain,
some avoidance of activities that
provoke pain, etc.

Usually relies on family members/
others to help

Working/studying Changed jobs due to LBP

Physically/socially active Unable to work or socialise due to their
LBP

Area of pain Confined to an anatomical region of the
lower lumbar region, can be
unilateral, central bilateral,
swapping sides

Diffuse/variable area of symptoms

Proportional pain response to palpation
affected area

Disproportionate reaction to palpation
of the affected area

Proportional to injury mechanism and
able to relate to specific activity or
change in activity and proportional
pain response to provocative
movements

Unpredictable pattern of pain
provocation

Aggravating postures/activities Proportional to loading applied Disproportionate and inconsistent to
applied load

Depending on the pattern: NP-FP—
flexion-related activities, e.g.,
driving, prolonged sitting, prolonged
cycling, lifting, bending, etc.

Unrelated to the mechanical pattern,
hyperalgesia

NP-AEP—extension-related activities,
e.g., standing/walking/running long
periods of time

(Continues)
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2.4 | Electromyography

Pairs of intramuscular fine-wire electrodes (Teflon-coated
stainless steel wires, 75-um diameter, 1 mm Teflon
removed, tips bent back �1 and �2 mm to form the
hooks) were used to record electromyography (EMG)
from the back muscles on the most painful side or on the
dominant side, when pain was symmetrical. Electrodes
were inserted with guidance of real-time ultrasound
imaging at the level of L4/L5 lamina into the short, deep
fibres of the multifidus muscle (DM), superficial fibres of
multifidus (SM) and lumbar erector spinae (LES). Pairs
of surface EMG electrodes (Ag/AgCl) were placed over
the erector spinae muscle 2–3 cm lateral to T9 spinal pro-
cess (TES). The ground electrode was positioned over the
anterior superior iliac spine. EMG data were pre-
amplified 2000 times, band-pass filtered (20–1000 Hz)
and sampled at 2000 Hz using a Power 1401 Data

Acquisition System with Signal2 software (Cambridge
Electronic Design, CED, UK). Data were exported and
analysed with Matlab 6.5 (The MathWorks, USA).

2.5 | Motor cortex mapping

The representation of outputs to the back muscles at M1
was mapped with TMS using a figure-of-eight coil placed
with the crossover position over the target scalp sites and
the handle orientated posteriorly along the sagittal plane
as described in detail elsewhere (Tsao, Danneels, &
Hodges, 2011b). As 120% of motor threshold of the back
muscles exceeds the maximum stimulator output (Tsao
et al., 2010; Tsao, Tucker, & Hodges, 2011), stimulation
was set to 100% for all participants. Stimuli were deliv-
ered at 40 points on a grid with 5 � 8 stimulation sites
separated by 1 cm over each hemisphere (medio-lateral

TAB L E 1 (Continued)

Criterion Nociceptive pain Nociplastic pain

Easing postures/activities Depending on the pattern: NP-FP—
extension postures/movement—
standing, sitting with back support

NP-AEP—flexion postures/
movements—crook lying, slumped
sitting

Unclear relationship or non-existent
relationship

24-h behaviour Variable and usually related to level
and type of activity

Always present, likely to interfere with
daily activities

aAdapted from Nijs et al. (2015) and Smart et al. (2010).

TAB L E 2 Questionnaires used for classificationa

Questionnaire Domain Description Cut off points

Oswestry low back pain Disability
Questionnaire (ODQ)

Disability 0–20 minimal disability, 21–40
moderate disability, 41–60 severe
disability, 61–80 crippled, 81–100
bed bound

Severe disability
score > 41%

Pain Anxiety Symptoms Scale
(PASS-20)

Psychological—fear and anxiety
related to pain

0–100 point scale Score >43

STarT Back Screening Tool Physical and psychological Risk for developing disabling LBP Score >5

Örebro Musculoskeletal Pain
Screening Questionnaire
(ÖMPQ)

Psychological 24-item score between 11 and 192 Score >103

Pain Catastrophizing Scale (PCS) Psychological—catastrophisation Total score 0–52
Three subscales—rumination,

magnification and helplessness

Score >30

Pain Self-Efficacy Questionnaire
(PSEQ)

Psychological—self-efficacy 10 items; 0–100 point scale Score <41

Coping Strategies Questionnaire
(CSQ)

Psychological—coping Scale 0–36 Score <11

aAdapted from Macedo et al. (2012).
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dimension: midline to 4-cm lateral; antero-posterior
dimension: between 5-cm anterior to the vertex and 2-cm
posterior to this point). TMS mapping was guided using a
Brainsight 2™ navigation system (Rogue Research,
Canada) based on reference points obtained from the
location of the vertex and using an international 10/20
electrode placement system (Jasper, 1958). Participants
performed three maximum voluntary contractions
(MVC) of the back muscles (�3-s duration). With the
participant sitting upright in a chair with a backrest at
90�, arms crossed and feet on the floor, they performed
isometric back extension against manual resistance
applied to the upper thorax. The maximum root mean
square (RMS) amplitude across the trials for DM was
identified. Five TMS pulses were delivered at each point
on the grid (inter-stimulus interval: �5 s) while partici-
pants sustained a contraction of the back muscles by
leaning forward with a straight back to match 10% of the
MVC RMS EMG recorded for DM. Visual feedback was
provided and monitored by the experimenter. Verbal
feedback was provided to make adjustments to EMG
amplitude if necessary. Procedures adhered to the TMS
checklist for methodological quality (Chipchase
et al., 2012).

3 | DATA ANALYSIS

3.1 | Motor cortex map analysis

The onset and offset of the motor evoked potential (MEP)
were visually determined from each individual stimula-
tion, and the RMS EMG of each MEP was calculated
between these points. The background RMS EMG,

calculated between 500 and 5 ms before the TMS pulse,
was subtracted from the corresponding MEP. For each
stimulation site, the MEP onset, offset, and amplitude
(i.e., RMS EMG) were averaged across responses. A topo-
graphical map of MEP amplitudes was generated,
corresponding to the respective scalp sites. The amplitude
of this MEP map was normalised to the highest ampli-
tude (hot spot), and values smaller than 25% of the peak
were removed (Tsao et al., 2008).

The centre of gravity (CoG), or weighted amplitude, of
the map is indicative of the location of the map in M1.
Previous research has shown that changes in CoG loca-
tion represent reorganisation of M1 (Rossini et al., 2003;
Thickbroom Gary et al., 2003). CoG was calculated for
medial–lateral (x-coordinate) and anterior–posterior (y-
coordinate) directions using the formulas: CoGx =

P
zixi

/
P

zi; CoGy =
P

ziyi/
P

zi, where xi and yi refer to individ-
ual scalp sites and zi is the corresponding (normalised)
MEP amplitude (Tsao et al., 2008). Inter-subject variabil-
ity of the location of M1 maps was quantified by sub-
tracting the location of individual CoGs relative to the
group mean CoG location (referred to as CoG variation).
This measure represents the heterogeneity of M1 organi-
sation between participants with similar clinical presen-
tation of pain. It was calculated separately in the medial–
lateral (x) and anterior–posterior (y) directions and as a
vector.

Map volume is a measure of the total excitability of
the cortical representation (Brasil-Neto et al., 1992;
Wassermann et al., 2008; Wilson et al., 1993); it was
calculated as the sum of normalised MEPs recorded
across all scalp sites. The map area of representation
was determined as the total number of grid sites that
evoked an MEP with an amplitude >25% of the MEP
at the hot spot. The overlap between pairs of represen-
tation maps is an indicator of the discrete location of
representations of different muscles (Dechent &
Frahm, 2003; Devanne et al., 2002). Overlap of repre-
sentations of separate muscles, as revealed by TMS
mapping, has identified: overlap for muscles that
require coordinated activity for specific tasks (Devanne
et al., 2006; Marconi et al., 2007) and greater overlap
for specific muscle representations in chronic pain con-
ditions (Schabrun et al., 2015; Te et al., 2017; Tsao,
Danneels, & Hodges, 2011b). It was quantified for each
combination of muscle pairs as the number of sites
that include an MEP in both muscles, expressed as a
proportion of the total number of active sites summed
across both muscles, minus the area of overlap (Massé-
Alarie et al., 2017). Overlap was calculated for:
DM/SM, DM/LES, DM/TES, SM/LES, SM/TES, and
LES/TES.

TAB L E 3 Multidimensional classification system (MDCS)

Flexion pattern features
Active extension pattern
features

Loss of lumbar lordosis,
tendency towards flexed
lumbar spine

Active lumbar hyperlordosis,
tendency towards actively
adopting extended lumbar
spine.

Pain provoked by
movements/postures
involving lumbar flexion
(e.g., slouched sitting)

Pain provoked by movement/
postures involving lumbar
extension (e.g.,
hyperlordotic standing)

Pain eased by movements/
postures involving
lumbar extension
(bending backwards)

Pain eased by movement/
postures involving lumbar
flexion (e.g., bending
forwards)
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3.2 | Statistical analysis

Normality of distribution of all variables was tested with
Shapiro–Wilk’s test. Parameters of M1 map (CoG loca-
tion, CoG variation, map volume, area and overlap) were
compared between groups (NcP-FP, NcP-AEP, MP, and
NpP) using one-way ANOVA. Welch test was applied
when unequal variances were found. Pair-wise post hoc
comparisons were performed using Duncan’s multiple
range test or Games-Howell test if the variances were
unequally distributed. Spearman’s rank was used to
investigate the relationship between pain intensity and
map parameters for each group. Significance was set at
α < 0.05. Effect sizes were calculated using eta squared,
which measures the proportion of variance associated
with or accounted for by each of the main effects. Consis-
tent with recommendation for exploratory studies
(Perneger, 1998), no adjustment was made for multiple
comparisons. Unless otherwise indicated, data are pres-
ented as mean and standard deviation (mean [SD])
throughout the text, figures and tables.

4 | RESULTS

4.1 | Sample characteristics

One hundred and eighty-three individuals responded to
advertisements. After screening and assessment

(Figure 1), twenty-eight volunteers were recruited and
completed the study. Table 4 presents sample
demographics.

DM MEPs were successfully recorded from all partici-
pants. Despite high-quality EMG recordings, no MEPs
could be elicited from the SM muscle of one NcP-FP par-
ticipant, LES of one NcP-FP and one NpP participant, or
TES of one NcP-AEP participant. Data for an individual
EMG channel were rejected in eight participants due to
poor quality of recordings. These included EMG signals
of SM in one NcP-AEP participant; LES in two NcP-FP
participants and four NcP-AEP participants; and TES in
one NcP-FP participant.

4.2 | Comparison of M1 organisation
between groups

Figure 2 presents the averaged map representation of
DM, SM, LES and TES at M1, for each group. There were
no differences in the location of the CoG between groups
for any muscle in anterior–posterior or medio-lateral
directions (Table 5). No difference was found between
groups in the percentage of overlapped areas of DM/SM
or SM/TES (Table 5). For the overlap between DM/LES,
this was greater for the MP than the NcP-FP (main effect
group: F[1, 15] = 8.1, p = .004, η2 = .522; post-hoc
p = .001) and NpP groups (p = .02). DM/TES overlap
was larger in the MP than NcP-FP (p = .008) and NpP

TAB L E 4 Participant demographics

NcP-FP NcP-AEP MP NpP
n = 13 n = 6 n = 5 n = 4
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Age (years) 32 (10) 41 (12) 38 (6) >30 (5)

Sex (female/male) 4/9 5/1 3/1 >3/2

Weight (kg) 73.5 (14.4) 76.5 (9.7) 71.3 (4.4) >59.6 (8.3)

Height (cm) 175.5 (9.7) 164.5 (11.0) 168 (4.7) >162.8 (5.0)

Pain intensity (NRS) 4.2 (1.7) 5.5 (2.7) 5.0 (2.2) >5.4 (1.7)

OQD 16.5 (8.5) 20.3 (8.5) 30.4 (10.3) >40.5 (11)

STarT Back 2.5 (1.3) 2.7 (1.4) 4 (1.4) >7 (0.8)

ÖMPQ 73.2 (17.0) 78.2 (11.4) 110.6 (22.9) >140.8 (34.0)

PASS-20 24.5 (13.4) 22.8 (11.1) 42.2 (12.9) >57.5 (17.7)

PCS 16 (12.9) 20.8 (7.7) 41.4 (11.9) >32.5 (4.8)

PSEQ 50.8 (6.6) 48.2 (6.4) 34.4 (11.3) >30.8 (8.1)

CSQ 30.8 (11.4) 36.8 (14.1) 53.6 (20.9) 38.8 (11.1)

Abbreviations: CSQ, Coping Strategies Questionnaire; NcP-FP, nociceptive pain-flexion pattern group; NcP-AEP, nociceptive pain-active extension pattern
group; NpP, nociplastic pain group; MP, mixed pain group; NRS, numeric rating scale; ODQ, Oswestry low back pain Disability Questionnaire; PASS-20, Pain
Anxiety Symptoms Scale; ÖMPQ, Örebro Musculoskeletal Pain Screening Questionnaire; PCS, Pain Catastrophizing Scale; PSEQ, Pain Self-Efficacy
Questionnaire.
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(p = .02) groups, but not different from the NcP-AEP
group (p = .07). Overlap of SM/LES was greater for the
MP than NcP-FP (main effect group: F[2, 14] = 4.3,
p = .03, η2 = .403, post hoc p = .02) and NpP (p = .04)
groups; and LES/TES overlap was greater for the MP

than NcP-FP (main effect group: F[2,14] = 7.4, p = .007,
η2 = .513; post hoc p = .004) and NpP (p = .02) groups.

The LES map volume was greater in the MP than
NcP-FP (main effect group: F[2, 15] = 7.3, p = .006, η2

= .492, post hoc p = .002) and NpP (p = .03) groups,
whereas the map volumes of the other muscles were sim-
ilar across all groups, 23% of the variance can be
accounted by the group differences of DM volume. Map
area of DM was greater for participants in the MP than
all other groups (main effect group: F[3, 24] = 4.4, p = .01,
η2 = .357, post hoc: NcP-FP p = .004; NcP-AEP p = .01;
NpP p = .008). Similarly, LES area was significantly
larger for MP than NcP-FP (main effect group: F[2, 15]

= 7.9, p = .005, η2 = .513, post-hoc p = .002) and NpP
(p = .01) groups and accounted for 51% of the variance.
Group effect accounted 22% of the variance of TES maps.
There was no difference between groups in the map area
of SM.

4.3 | Comparison of M1 inter-subject
variation between groups

Average maps generated from individual maps for DM,
SM, LES and TES muscles in M1 revealed differences in
inter-subject variation between groups (Figure 3). Greater
CoG variability in DM map was measured in the NpP
than MP (main effect group: F[3, 10.9] = 15.2, p = .001, η2

= .369, post-hoc p = .002) and NcP-AEP (p = .002)
groups this accounting for a 37% of the variance. In addi-
tion, differences between groups in antero-posterior vari-
ation of DM CoG location accounted by a 38% of the
variance. The variation was greater for NpP than NcP-
AEP (main effect group: F[3, 10.5] = 15.3, p = .001, η2

= .383, post hoc p = .002) and MP (p = .004) groups,
and narrowly missed significance compared with the
NcP-FP group (p = .051). There were no differences in
CoG location in the medio-lateral direction between
groups. The CoG vector variation of SM was similar for
all groups. Although SM showed a similar trend to that
for DM distribution of CoG variability for NpP group in
the anterior–posterior direction and group effects was
accounted for 29% of the variance, the test narrowly mis-
sed significance (main effect group: F[3, 22] = 3.0, p = .05,
η2 = .291). The CoG variation of LES did not differ
between groups (main effect group: F[3, 22] = 4.2,
p = .118, η2 = .365). The CoG vector variation for TES
was greater for the NpP than all other groups (main effect
group: F[3, 22] = 4.2, p = .02, η2 = .245): NcP-FP (post-
hoc p = .006), NcP-AEP (p = .01) and MP (p = .006).
Variation of CoG location of TES between groups
accounted for 50% of the variance and in the antero-
posterior direction were close to significance (main effect

F I GURE 2 Averaged M1 representations of each muscle and

individual CoGs, by CLBP subgroup: nociceptive pain-flexor

pattern group (NcP-FP), nociceptive pain-active extensor pattern

group (NcP-AEP), mixed pain group (MP) and central sensitisation

pain group (nociplastic pain group [NpP]). Maps are shown for

(a) deep fibres of multifidus, (b) superficial fibres of multifidus,

(c) lumbar erector spinae and (d) thoracic erector spinae. Closed

circles represent location of centre of gravity for each participant in

each muscle. As maps are generated from average of individual

maps that were normalised to peak, averaged maps with large

peaks indicate that the location of the highest peak was similar for

all individuals; flatter maps indicate high variation of peak location

between individuals. No data are available for lumbar erector

spinae for the NcP-AEP group because of poor quality of EMG

recordings for four participants
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TAB L E 5 Between-group comparisons of motor cortex organisation

NcP-FP NcP-AEP MP NpP Group effect

Variable Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD) n F p η2

Map volume DM 5.43 (3.31) 13 5.39 (2.81) 6 10.34 (5.91) 5 5.52 (2.8) 4 2.37 0.096 0.228

Map volume SM 5.96 (4.34) 12 6.46 (3.36) 5 11.41 (7.52) 5 7.42 (4.48) 4 1.49 0.244 0.169

Map volume LES 4.30 (3.01) 10 a 10.62 (2.84) 5 5.96 (3.46) 3 7.27 0.006 0.492

Map volume TES 8.75 (4.87) 12 12.84 (3.47) 5 11.55 (5.87) 5 9.19 (4.54) 4 1.06 0.388 0.126

CoG vector DM 3.01 (0.69) 13 2.39 (0.57) 6 2.60 (0.39) 5 2.97 (0.46) 4 1.74 0.186 0.178

CoG vector SM 2.81 (0.89) 12 2.50 (0.65) 5 2.94 (0.38) 5 3.42 (0.64) 4 1.19 0.336 0.140

CoG vector LES 2.60 (0.71) 10 a 2.73 (0.52) 5 3.32 (0.39) 3 1.54 0.247 0.170

CoG vector TES 2.96 (0.53) 12 2.48 (0.63) 5 2.89 (0.26) 5 3.37 (0.87) 4 1.81 0.175 0.200

CoG DM x-coordinates 2.35 (0.79) 13 2.15 (0.56) 6 2.27 (0.39) 5 2.12 (0.53) 4 0.19 0.901 0.023

CoG SM x-coordinates 2.27 (0.98) 12 2.17 (0.60) 5 2.58 (0.52) 5 2.66 (0.36) 4 0.47 0.706 0.060

CoG LES x-coordinates 2.17 (0.92) 10 a 2.35 (0.53) 5 1.84 (0.95) 3 0.36 0.706 0.045

CoG ES T9 x-coordinates 2.54 (0.56) 12 2.03 (0.83) 5 2.51 (0.54) 5 2.81 (0.61) 4 1.30 0.300 0.150

CoG DM y-coordinates 1.50 (1.13) 13 0.97 (0.45) 6 1.17 (0.56) 5 1.33 (1.82) 4 0.65 0.6033 0.044

CoG SM y-coordinates 1.44 (0.73) 12 1.09 (0.70) 1.29 (0.53) 5 1.6 (1.75) 4 0.29 0.835 0.038

CoG LES y-coordinates 0.85 (1.07) 10 a 1.26 (0.63) 5 2.28 (1.73) 3 1.98 0.173 0.210

CoG TES y-coordinates 1.35 (0.69) 12 1.30 (0.37) 5 1.29 (0.49) 5 1.07 (1.85) 4 0.04 0.958 0.014

Variation of CoG vector
DM

1.15 (0.68) 13 0.60 (0.31) 6 0.56 (0.270 5 1.63 (0.24) 4 15.18 0.0003 0.369

Variation of CoG vector SM 0.79 (0.33) 12 0.73 (0.40) 5 0.62 (0.19) 5 1.53 (0.81) 4 3.01 0.052 0.202

Variation of CoG vector
LES

1.21 (0.60) 10 a 0.71 (0.190) 5 1.52 (0.64) 3 2.47 0.118 0.365

Variation of CoG vector
TES

0.79 (0.33) 12 0.73 (0.40) 5 0.62 (0.19) 5 1.53 (0.81) 4 4.21 0.017 0.248

Variation DM x-
coordinates

0.66 (0.40) 13 0.40 (0.35) 6 0.27 (0.23) 5 0.44 (0.17) 4 1.88 0.160 0.190

Variation SM x-coordinates 0.72 (0.62) 12 0.46 (0.32) 5 0.37 (0.31) 5 0.25 (0.21) 4 1.31 0.297 0.151

Variation LES x-
coordinates

0.73 (0.50) 10 a 0.45 (0.17) 5 0.7 (0.39) 3 0.78 0.478 0.094

Variation TES x-
coordinates

0.43 (0.34) 12 0.65 (0.40) 5 0.47 (0.13) 5 0.45 (0.32) 4 0.62 0.609 0.078

Variation DM y-coordinates 0.85 (0.70) 13 0.34 (0.26) 6 0.44 (0.27) 5 1.56 (0.29) 4 15.31 0.0004 0.383

Variation SM y-coordinates 0.61 (0.35) 12 0.44 (0.49) 5 0.39 (0.30) 5 1.28 (0.93) 4 3.01 0.052 0.291

Variation LES y-
coordinates

0.85 (0.58) 10 a 0.50 (0.29) 5 1.33 (0.58) 3 2.44 0.121 0.245

Variation TES y-
coordinates

0.59 (0.30) 12 0.30 (0.15) 5 0.39 (0.22) 5 1.43 (0.84) 4 3.68 0.059 0.500

Area DM 13.31 (6.93) 13 12.83 (6.82) 6 24.60 (7.370 5 10.5 (4.73) 4 4.43 0.013 0.357

Area SM 14.08 (8.11) 12 14.60 (8.76) 5 23.20 (7.60) 5 14.25 (8.85) 4 1.59 0.219 0.179

Area LES 10.90 (6.59) 10 a 24.80 (5.31) 5 10.33 (9.29) 3 7.89 0.005 0.513

Area TES 21.17 (8.80) 12 24.60 (5.46) 5 24.60 (8.56) 5 18.25 (10.72) 4 0.60 0.620 0.076

Overlap DM/SM 0.44 (0.24) 12 0.34 (0.21) 5 0.65 (0.20) 5 0.33 (0.2) 4 2.10 0.129 0.223

Overlap DM/TES 0.44 (0.22) 12 0.46 (0.18) 5 0.72 (0.15) 5 0.39 (0.16) 4 3.06 0.050 0.294

Overlap SM/TES 0.46 (0.24) 11 0.59 (0.12) 4 0.66 (0.18) 5 0.57 (0.17) 4 1.28 0.308 0.161

(Continues)
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group: F[3, 22] = 3.7, p = .06, η2 = .500), but not in the
medio-lateral direction (main effect group: F[3, 25] = 0.62,
p = .61, η2 = .078).

4.4 | Relationship between M1
organisation of back muscles and pain

In the NcP-FP group, DM/SM overlap was significantly
correlated with pain scores (rho = .58, p = .05), that is,
individuals with larger areas of overlap reported greater
pain. There was a similar relationship for DM/LES over-
lap (rho = .78, p = .007). The individual variation in
location of CoG of SM in antero-posterior direction corre-
lated with pain (rho = .63, p = .02). For the NcP-AEP
group, coordinates in medio-lateral direction and antero-
posterior direction of CoG variation of SM were corre-
lated with pain (x-coordinate: rho = .9, p = .04, y-

coordinate: rho = �.9, p = .04), that is, individuals with
larger SM CoG variation in medio-lateral direction and
those with less variation in antero-posterior direction,
reported greater pain. In the MP group, participants with
smaller map volume of SM also have higher levels of pain
(rho = �.97, p = .005), and CoG of LES was located
more posterior in individuals with higher pain
(rho = �.97, p = .005). Greater variation in the location
of CoG in antero-posterior direction of TES correlated
with worse pain (y-coordinate: rho = .97, p = .005). NpP
group showed no correlation between any of TMS map
variables and intensity of pain (all p > .6).

5 | DISCUSSION

This study provides preliminary evidence of differences
in the M1 organisation between individuals with

TAB L E 5 (Continued)

NcP-FP NcP-AEP MP NpP Group effect

Variable Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD) n F p η2

Overlap DM/LES 0.33 (0.22) 10 a 0.74 (0.12) 5 0.4 (0.11) 3 8.19 0.004 0.522

Overlap SM/LES 0.38 (0.28) 9 a 0.75 (0.11) 5 0.33 (0.2) 3 4.73 0.027 0.403

Overlap LES/TES 0.33 (0.23) 9 a 0.74 (0.13) 5 0.31 (0.2) 3 7.36 0.007 0.513

Note: Significant differences highlighted in bold.
Abbreviations: CoG, centre of gravity; LES, lumbar erector spinae; NcP-FP, nociceptive pain-flexor pattern; NcP-AEP, nociceptive pain-active extensor pattern;
MP, mixed pain; NpP, nociplastic pain; DM, deep fibres of multifidus muscle; SM, superficial fibres of multifidus muscle; TES, erector spinae at level of T9.
aMissing data of LES recordings in the NcP-AEP group—this group was not included on the analyses because of the insufficient amount of data obtained (poor
quality of electromyography recordings determined that maps were only obtained for two out of six participants of the group).

F I GURE 3 Variation in the location of individual centre of gravity (CoG) related to the mean by muscle and group. Data are shown for

the vector (top panel) and y-coordinates (bottom panel). NcP-FP, nociceptive pain-flexor pattern; NcP-AEP, nociceptive pain-active extensor

pattern; MP, mixed pain; NpP, nociplastic pain
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persistent LBP who are classified using clinical criteria
into groups with different presumed pain mechanisms.
Key observations were that the NpP group had greater
variation in CoG location than MP and NcP groups, the
MP group had greater overlap between representations of
separate muscles than NcP and NpP groups, and there
was no difference between individuals with NcP with dif-
ferent MCI patterns (flexion or active extension). Taken
together, these data suggest that M1 organisation of back
muscles depends on the predominant pain mechanism.
These findings provide new insight into possible factors
underlying changes in M1 organisation in LBP with pos-
sible implications for rehabilitation.

5.1 | Differences in variability of M1
organisation between groups

Difference in variation between groups has several possi-
ble interpretations. First, greater inter-individual varia-
tion of M1 map location (CoG) in NpP appears consistent
with variation in motor strategies adopted by people with
some pain presentations (Dankaerts et al., 2009). Several
studies have identified a relationship between specific
motor features and variation in cortical mechanisms. For
instance, the amplitude of delay in activation of TrA is
related to the amplitude of shift of location of M1 CoG in
individual with LBP relative to controls (Tsao
et al., 2008); variation in the ability to voluntarily activate
the multifidus muscle correlates with the reduction of
short interval intracortical inhibition and active motor
threshold (Massé-Alarie et al., 2015), and individuals
with pain provoked in flexion show a relationship
between proprioception and poor precision of movement
control (Tong et al., 2017). Although, pain interference
can induce changes in motor coordination of trunk mus-
cles (Moseley & Hodges, 2005) how pain interference dif-
fers between pain mechanisms is not yet clear. None of
these observations has been considered with respect to
pain mechanism.

Second, differences in variation might relate to use
(or training), which can change motor representations.
Training of deep abdominal muscles shifts the M1 map
CoG anteromedially (Tsao et al., 2010). Further, variation
in the medio-lateral CoG location of upper limb muscles
correlates with strength and coordination patterns
between synergistic muscles (Plow et al., 2014). It is plau-
sible that the more homogeneous CoG location in the
NcP groups might relate to a consistent relationship
between movement and pain, including consistent activa-
tion of specific muscles to avoid pain. Greater variation
in CoG location in NpP group might be expected as for
these individuals pain is unrelated to specific movements.

Thus, patterns of motor adaptation are likely to be highly
variable with different strategies adopted by different
individuals, as proposed by Hodges and Tucker (2011).
There is evidence that ‘strength’ of connectivity between
cortex and periphery differs with pain ‘type’. For
instance, chronic pelvic pain is associated with strength-
ened connectivity of the corticospinal tract from the M1
representation of the pelvic floor muscles (Kutch
et al., 2015). This concurs with overactivity of pelvic floor
muscles as a possible nociceptive input (Asavasopon
et al., 2014). In contrast, individuals with NpP experi-
enced as visceral pain have less connectivity between M1
and pelvic floor when compared with people with
chronic pelvic pain (Huang et al., 2016). These data sup-
port the notion that enhanced corticospinal connectivity
and focal M1 representation may be expected in NcP,
whereas NpP would be associated with more variable M1
representation. An underlying tenet of this hypothesis is
that individuals with NpP would have less consistent/
constrained corticospinal drive to paraspinal muscles.

Third, although, our results were underpowered to
show a clear relationship, greater variability of M1 in
NpP group concurred with the presence of abnormal psy-
chosocial features. This could relate to fear of movement
and anxiety that is commonly a feature of NpP (Smart
et al., 2012a). This could underpin movement avoidance
behaviours and changes in motor control (Karayannis
et al., 2013). Fear to the movement has been shown to be
associated with alterations in motor control features such
as muscle activation (Karayannis et al., 2013) and poor
endurance of lumbar extensor muscles (Larivière
et al., 2010; Mannion et al., 2011). Such negative psycho-
logical factors and pain can interfere with task perfor-
mance secondary to competition of cognitive resources
(Mazaheri et al., 2014). Together, these mechanisms
could increase movement variability and less consistent
M1 output to back muscles.

Fourth, centrally mediated alterations in sensory
input might increase variability in motor system organi-
sation in those with LBP maintained by NpP. Changes in
sensory sensitivity related to central sensitisation
(e.g., reduced pressure pain threshold, Giesecke
et al., 2004, and deep tissue hyperalgesia, O’Neill
et al., 2007) may increase ‘noise’ in the central nervous
system and impact motor performance via interference
with the motor output (Faisal et al., 2008).

Fifth, it is possible that high variability in M1 organi-
sation is explained by differences in brain anatomy
(Ahdab et al., 2013). Previous research has shown moder-
ate evidence that musculoskeletal conditions involving
NpP (e.g., chronic pelvic pain and fibromyalgia) show
morphological alterations (e.g., grey and white matter
volume) in somatosensory, affective-motivational and
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cognitive processing of pain regions (Coppieters
et al., 2016). These changes might have methodological
consequences for interpretation of TMS (e.g., TMS coil
orientation relative to neurons, Inuggi et al., 2010). This
could explain the greater variability of M1 organisation
for the NpP group if this condition is consistently associ-
ated with changes in brain anatomy.

Regardless of the underlying mechanisms, greater
variability of M1 organisation observed in those with a
presumed NpP contribution to LBP has potential impor-
tant implications for interpretation of adaptations to pain
and warrants further investigation.

5.2 | Greater overlap of M1
representations in MP group

All groups showed overlap of M1 maps for superficial
and deep muscles. This concurs with data showing
greater overlap of M1 maps of deep and superficial back
muscles in individuals with than without chronic LBP
(Tsao, Danneels, & Hodges, 2011b). Additionally, our
results described a group effect that accounted for 22% to
52% of differences, where the overlap was greatest for the
MP group. Overlap of M1 representations is thought to
aid coordination of synergist muscle control (Massé-
Alarie et al., 2017), but compromises independent muscle
control (Schabrun et al., 2014). In the context of LBP, the
overlap might be interpreted as negative/problematic for
function, with less potential for discrete control or loss of
independent fine-tuning of these muscles (Tsao,
Danneels, & Hodges, 2011b). This concurs with data that
show individuals with greater overlap have poorer ability
to separately move the thoracic and lumbar spine
(Elgueta-Cancino et al., 2018), which is a feature of indi-
viduals with LBP associated with motor control impair-
ments (Hemming et al., 2018; Sheeran et al., 2012).

Although the MP group showed similar pain provoca-
tion movement patterns to the NcP-FP group, their M1
overlap between superficial (LES and TES) and deep
(DM) back muscles areas was greater than in the NcP
and NpP groups. MP differed from the NcP group in that
they presented with psychological features that were sim-
ilar to the NpP group. Strong negative cognition about
pain might underlie greater consistency of response
(unlike the variation observed in NpP), but a more gener-
alised protective co-activation response (unlike the dis-
crete movement features of NcP-FP group). Previous data
have shown a relationship between fear/anxiety of move-
ment and protective responses to pain such as increased
trunk stiffness (Karayannis et al., 2013) and reduced
flexion–relaxation (Geisser et al., 2004). Based on these
results, we hypothesise that the greater overlap of

individual muscle representations might be explained by
a consistent pattern of protection that is enhanced
by fear.

5.3 | Similar M1 organisation in the NcP
group with different MCI types

The LBP groups with a probable ongoing nociceptive
input were grouped based on movement features. The
NcP-FP group are characterised by a flat lumbar lordosis
associated with less activation of lumbar ES than the
NcP-AEP group (Dankaerts et al., 2009). The NcP-AEP
group are characterised by a hyperextended spine and
greater activation of SM and LES muscles (Dankaerts
et al., 2009). These pain-related differences in motor
behaviour might be expected to be reflected in different
M1 representations of back muscles, yet this was not
observed. This concurs with recent data that have failed
to observe systematic differences in LES EMG between
FP and AEP groups (Sheeran et al., 2012). Alternatively,
the number of participants in the NcP-AEP group may
have provided insufficient statistical power to observe dif-
ferences particularly the absence of LES data, which
showed an important group effect. As well as for the vari-
ability in the map representation of the DM, where the
group effect explained more than a third of the change
and despite the clear difference with NcP-FP, this did not
reach significance.

5.4 | Clinical implications

These results provide foundation to consider that treat-
ments for LBP may need to be tailored to individuals
with contribution of different pain mechanisms to their
symptoms. First, substantial changes in M1 organisation
were observed in those with combined impairment of
motor control and negative psychosocial conceptions.
This implies interventions may need to address both
muscle activation and the psychological features to
address the changes. Second, irrespective of the mecha-
nisms, all groups demonstrated some features of M1 orga-
nisation that differ from the data presented previously for
healthy pain-free individuals. Features of movement con-
trol might need to be considered in each group, but with
different goals and methods.

5.5 | Limitations

These results should be interpreted with consideration
of several methodological limitations. First, the high
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inter-subject variation and small sample size limited
our capacity to identify relationships. Second, given the
unequal gender distribution between groups, we cannot
exclude that some observations might be explained by
gender differences rather than the presumed pain
mechanisms. Interpretation is complicated by the obser-
vation that sex hormones are potential modulators of
brain excitability, but with effects that differ between
women (Fillingim et al., 2009). Third, skilled activities
such as sports (Tyc et al., 2005) or playing a musical
instrument (Pascual-Leone et al., 1995) are known to
influence organisation of the M1. Although our partici-
pants did not declare any involvement of in these
activities, other factors cannot be excluded. Finally, the
current research did not include a control group and
instead related the observations to the cited work that
included comparison between individuals with unclassi-
fied LBP and control participants.

6 | CONCLUSION

This study provides preliminary evidence of differences
in M1 organisation of the back muscles in subgroups
of LBP classified by presumed underlying pain mecha-
nisms. Despite the small sample size, all groups
showed some features of cortical organisation that dif-
fer from those reported in pain-free individuals, but
with differences between subgroups. Notably, NpP was
characterised by greater inter-subject variability of M1
organisation, which appears congruent with the lesser
relevance of the interaction between movement/
postures and pain. Further, the combination of motor
and psychological variables related to pain in the MP
group could explain its unique M1 features. Different
treatments might be required to promote recovery for
subgroups of LBP.

ACKNOWLEDGEMENTS
The study was supported by a Program Grant
(APP1091302) from the National Health and Medical
Research Council (NHMRC) of Australia. P. H. is funded
by a Senior Principal Research Fellowship (APP1102905)
from the NHMRC. L. S. is funded by Arthritis Research
Biomechanics and Bioengineering Centre (CA20781) and
Wellcome Trust International Collaboration Seedcorn
Fund (APP2C2015). E. E. C. received funding from the
National Agency for Research and Development (ANID,
in Spanish)/PFCHA/Doctorado Becas Chile/2013—
72140398.

CONFLICT OF INTEREST
Authors have no conflicts of interest to declare.

AUTHOR CONTRIBUTIONS
E. E. C., L. S. and P. H. conceived and designed research;
E. E. C., L. S., L. H. and P. H. performed experiments;
E. E. C., S. S. and P. H. analysed data; E. E. C., L. S and
P. H. interpreted results of experiments; E. E. C., L. S.
and P. H. drafted manuscript; E. E. C., L. S., L. H., S. S.
and P. H. edited, revised and approved the final version
of manuscript.

PEER REVIEW
The peer review history for this article is available at
https://publons.com/publon/10.1111/ejn.15511.

DATA AVAILABILITY STATEMENT
The datasets generated during and/or analysed during
the current study are available from the corresponding
author on reasonable request.

ORCID
Edith Elgueta-Cancino https://orcid.org/0000-0003-
4439-7305
Liba Sheeran https://orcid.org/0000-0002-1502-764X
Paul W. Hodges https://orcid.org/0000-0002-1206-9107

REFERENCES
Ahdab, R., Ayache Samar, S., Farhat Wassim, H., Mylius, V.,

Schmidt, S., Brugières, P., & Lefaucheur, J. P. (2013).
Reappraisal of the anatomical landmarks of motor and
premotor cortical regions for image-guided brain navigation in
TMS practice. Human Brain Mapping, 35, 2435–2447. https://
doi.org/10.1002/hbm.22339

Alshelh, Z., Brusaferri, L., Saha, A., Morrissey, E., Knight, P.,
Kim, M., Zhang, Y., Hooker, J. M., Albrecht, D., Torrado-
Carvajal, A., Placzek, M. S., Akeju, O., Price, J.,
Edwards, R. R., Lee, J., Sclocco, R., Catana, C.,
Napadow, V., & Loggia, M. L. (2021). Neuro-immune signa-
tures in chronic low back pain subtypes. Brain, 1, awab336–37.
https://doi.org/10.1093/brain/awab336

Asavasopon, S., Rana, M., Kirages, D. J., Yani, M. S., Fisher, B. E.,
Hwang, D. H., Lohman, E. B., Berk, L. S., & Kutch, J. J. (2014).
Cortical activation associated with muscle synergies of the
human male pelvic floor. The Journal of Neuroscience, 34,
13811–13818. https://doi.org/10.1523/JNEUROSCI.2073-14.
2014

Astfalck, R. G., O’Sullivan, P. B., Straker, L. M., Smith, A. J.,
Burnett, A., Paulo Caneiro, J., & Dankaerts, W. (2010). Sitting
postures and trunk muscle activity in adolescents with and
without nonspecific chronic low back pain: An analysis based
on subclassification. Spine, 35, 1387–1395. https://doi.org/10.
1097/BRS.0b013e3181bd3ea6

Brasil-Neto, J. P., McShane, L. M., Fuhr, P., Hallett, M., &
Cohen, L. G. (1992). Topographic mapping of the human
motor cortex with magnetic stimulation: Factors affecting
accuracy and reproducibility. Electroencephalography and
Clinical Neurophysiology/Evoked Potentials Section, 85, 9–16.
https://doi.org/10.1016/0168-5597(92)90095-S

8002 ELGUETA-CANCINO ET AL.

https://publons.com/publon/10.1111/ejn.15511
https://orcid.org/0000-0003-4439-7305
https://orcid.org/0000-0003-4439-7305
https://orcid.org/0000-0003-4439-7305
https://orcid.org/0000-0002-1502-764X
https://orcid.org/0000-0002-1502-764X
https://orcid.org/0000-0002-1206-9107
https://orcid.org/0000-0002-1206-9107
https://doi.org/10.1002/hbm.22339
https://doi.org/10.1002/hbm.22339
https://doi.org/10.1093/brain/awab336
https://doi.org/10.1523/JNEUROSCI.2073-14.2014
https://doi.org/10.1523/JNEUROSCI.2073-14.2014
https://doi.org/10.1097/BRS.0b013e3181bd3ea6
https://doi.org/10.1097/BRS.0b013e3181bd3ea6
https://doi.org/10.1016/0168-5597(92)90095-S


Chipchase, L., Schabrun, S., Cohen, L., Hodges, P., Ridding, M.,
Rothwell, J., Taylor, J., & Ziemann, U. (2012). A checklist for
assessing the methodological quality of studies using trans-
cranial magnetic stimulation to study the motor system: An
international consensus study. Clinical Neurophysiology, 123,
1698–1704. https://doi.org/10.1016/j.clinph.2012.05.003

Cieza, A., Causey, K., Kamenov, K., Hanson, S. W., Chatterji, S., &
Vos, T. (2020). Global estimates of the need for rehabilitation
based on the global burden of disease study 2019: A systematic
analysis for the Global Burden of Disease Study 2019. The
Lancet, 396, 2006–2017. https://doi.org/10.1016/S0140-6736
(20)32340-0

Coppieters, I., Meeus, M., Kregel, J., Caeyenberghs, K., De
Pauw, R., Goubert, D., & Cagnie, B. (2016). Relations between
brain alterations and clinical pain measures in chronic muscu-
loskeletal pain: A systematic review. The Journal of Pain, 17,
949–962. https://doi.org/10.1016/j.jpain.2016.04.005

Dankaerts, W., & O’Sullivan, P. (2011). The validity of O’Sullivan’s
classification system (CS) for a sub-group of NS-CLBP with
motor control impairment (MCI): Overview of a series of stud-
ies and review of the literature. Manual Therapy, 16, 9–14.
https://doi.org/10.1016/j.math.2010.10.006

Dankaerts, W., O’Sullivan, P., Burnett, A., & Straker, L. (2006a).
Altered patterns of superficial trunk muscle activation during
sitting in nonspecific chronic low back pain patients: Impor-
tance of subclassification. Spine, 31, 2017–2023. https://doi.
org/10.1097/01.brs.0000228728.11076.82

Dankaerts, W., O’Sullivan, P., Burnett, A., & Straker, L. (2006b).
Differences in sitting postures are associated with nonspecific
chronic low back pain disorders when patients are sub-
classified. Spine, 31, 698–704. https://doi.org/10.1097/01.brs.
0000202532.76925.d2

Dankaerts, W., O’Sullivan, P., Burnett, A., Straker, L., Davey, P., &
Gupta, R. (2009). Discriminating healthy controls and two
clinical subgroups of nonspecific chronic low back pain
patients using trunk muscle activation and lumbosacral kine-
matics of postures and movements: A statistical classification
model. Spine, 34, 1610–1618. https://doi.org/10.1097/BRS.
0b013e3181aa6175

Dankaerts, W., O’Sullivan, P., Straker, L., Burnett, A., & Skouen, J.
(2006). The inter-examiner reliability of a classification
method for non-specific chronic low back pain patients with
motor control impairment. Manual Therapy, 11, 28–39.
https://doi.org/10.1016/j.math.2005.02.001

Dechent, P., & Frahm, J. (2003). Functional somatotopy of finger
representations in human primary motor cortex. Human Brain
Mapping, 18, 272–283. https://doi.org/10.1002/hbm.10084

Devanne, H., Cassim, F., Ethier, C., Brizzi, L., Thevenon, A., &
Capaday, C. (2006). The comparable size and overlapping
nature of upper limb distal and proximal muscle representa-
tions in the human motor cortex. European Journal of Neuro-
science, 23, 2467–2476. https://doi.org/10.1111/j.1460-9568.
2006.04760.x

Devanne, H., Cohen, L. G., Kouchtir-Devanne, N., & Capaday, C.
(2002). Integrated motor cortical control of task-related mus-
cles during pointing in humans. Journal of Neurophysiology,
87, 3006–3017. https://doi.org/10.1152/jn.2002.87.6.3006

Elgueta-Cancino, E., Schabrun, S., & Hodges, P. (2018). Is the
organisation of the primary motor cortex in low back pain

related to pain, movement, and/or sensation? The Clinical
Journal of Pain, 34, 207–216. https://doi.org/10.1097/AJP.
0000000000000535

Faisal, A. A., Selen, L. P. J., & Wolpert, D. M. (2008). Noise in the
nervous system. Nature Reviews Neuroscience, 9, 292–303.
https://doi.org/10.1038/nrn2258

Falla, D., & Hodges, P. (2017). Individualized exercise interventions
for spinal pain. Exercise and Sport Sciences Reviews, 45,
105–115. https://doi.org/10.1249/JES.0000000000000103

Fersum, K., O’Sullivan, P., Kvale, A., & Skouen, J. (2009). Inter-
examiner reliability of a classification system for patients with
non-specific low back pain. Manual Therapy, 14, 555–561.
https://doi.org/10.1016/j.math.2008.08.003

Fillingim, R., King, C., Ribeiro-Dasilva, M., Rahim-
Williams, B., & Riley, J. (2009). Sex, gender, and pain: A
review of recent clinical and experimental findings. The
Journal of Pain: Official Journal of the American Pain
Society, 10, 447–485. https://doi.org/10.1016/j.jpain.2008.
12.001

Froholdt, A., Reikeraas, O., Holm, I., Keller, A., & Brox, J. I. (2012).
No difference in 9-year outcome in CLBP patients randomized
to lumbar fusion versus cognitive intervention and exercises.
European Spine Journal, 21, 2531–2538. https://doi.org/10.
1007/s00586-012-2382-0

Geisser, M. E., Haig, A. J., Wallbom, A. S., & Wiggert, E. A. (2004).
Pain-related fear, lumbar flexion, and dynamic EMG among
persons with chronic musculoskeletal low back pain. The Clin-
ical Journal of Pain, 20(2), 61–69.

Giesecke, T., Gracely, R. H., Grant, M. A., Nachemson, A.,
Petzke, F., & Williams, D. A. (2004). Evidence of augmented
central pain processing in idiopathic chronic low back pain.
Arthritis and Rheumatism, 50, 613–623. https://doi.org/10.
1002/art.20063

Hemming, R., Sheeran, L., van Deursen, R., & Sparkes, V. (2018).
Non-specific chronic low back pain: Differences in spinal kine-
matics in subgroups during functional tasks. European Spine
Journal, 27, 163–170. https://doi.org/10.1007/s00586-017-
5217-1

Hodges, P. W., & Tucker, K. (2011). Moving differently in pain: A
new theory to explain the adaptation to pain. Pain, 152,
S90–S98. https://doi.org/10.1016/j.pain.2010.10.020

Hoy, D., March, L., Brooks, P., Blyth, F., Woolf, A., Bain, C.,
Williams, G., Smith, E., Vos, T., Barendregt, J., Murray, C.,
Burstein, R., & Buchbinder, R. (2014). The global burden of
low back pain: Estimates from the Global Burden of
Disease 2010 study. Annals of the Rheumatic Diseases, 73,
968–974. https://doi.org/10.1136/annrheumdis-2013-204428

Huang, L., Kutch, J. J., Ellingson, B. M., Martucci, K. T.,
Harris, R. E., Clauw, D. J., Mackey, S., Mayer, E. A.,
Schaeffer, A. J., Apkarian, A. V., & Farmer, M. A. (2016). Brain
white matter changes associated with urological chronic pelvic
pain syndrome: Multisite neuroimaging from a MAPP case-
control study. Pain, 157, 2782–2791. https://doi.org/10.1097/j.
pain.0000000000000703

Inuggi, A., Filippi, M., Chieffo, R., Agosta, F., Rocca, M. A.,
Gonz�alez-Rosa, J. J., Cursi, M., Comi, G., & Leocani, L. (2010).
Motor area localization using fMRI-constrained cortical cur-
rent density reconstruction of movement-related cortical
potentials, a comparison with fMRI and TMS mapping. Brain

ELGUETA-CANCINO ET AL. 8003

https://doi.org/10.1016/j.clinph.2012.05.003
https://doi.org/10.1016/S0140-6736(20)32340-0
https://doi.org/10.1016/S0140-6736(20)32340-0
https://doi.org/10.1016/j.jpain.2016.04.005
https://doi.org/10.1016/j.math.2010.10.006
https://doi.org/10.1097/01.brs.0000228728.11076.82
https://doi.org/10.1097/01.brs.0000228728.11076.82
https://doi.org/10.1097/01.brs.0000202532.76925.d2
https://doi.org/10.1097/01.brs.0000202532.76925.d2
https://doi.org/10.1097/BRS.0b013e3181aa6175
https://doi.org/10.1097/BRS.0b013e3181aa6175
https://doi.org/10.1016/j.math.2005.02.001
https://doi.org/10.1002/hbm.10084
https://doi.org/10.1111/j.1460-9568.2006.04760.x
https://doi.org/10.1111/j.1460-9568.2006.04760.x
https://doi.org/10.1152/jn.2002.87.6.3006
https://doi.org/10.1097/AJP.0000000000000535
https://doi.org/10.1097/AJP.0000000000000535
https://doi.org/10.1038/nrn2258
https://doi.org/10.1249/JES.0000000000000103
https://doi.org/10.1016/j.math.2008.08.003
https://doi.org/10.1016/j.jpain.2008.12.001
https://doi.org/10.1016/j.jpain.2008.12.001
https://doi.org/10.1007/s00586-012-2382-0
https://doi.org/10.1007/s00586-012-2382-0
https://doi.org/10.1002/art.20063
https://doi.org/10.1002/art.20063
https://doi.org/10.1007/s00586-017-5217-1
https://doi.org/10.1007/s00586-017-5217-1
https://doi.org/10.1016/j.pain.2010.10.020
https://doi.org/10.1136/annrheumdis-2013-204428
https://doi.org/10.1097/j.pain.0000000000000703
https://doi.org/10.1097/j.pain.0000000000000703


Research, 1308, 68–78. https://doi.org/10.1016/j.brainres.2009.
10.042

Jasper, H. (1958). Report of the committee on methods of clinical
examination in electroencephalography. Electroencephalogra-
phy and Clinical Neurophysiology, 10, 370–375. https://doi.org/
10.1016/0013-4694(58)90053-1

Karayannis, N. V., Smeets, R. J. E. M., van den Hoorn, W., &
Hodges, P. W. (2013). Fear of movement is related to trunk
stiffness in low back pain. PLoS ONE, 8, e67779. https://doi.
org/10.1371/journal.pone.0067779

Kutch, J. J., Yani, M. S., Asavasopon, S., Kirages, D. J., Rana, M.,
Cosand, L., Labus, J. S., Kilpatrick, L. A., Ashe-
McNalley, C., & Farmer, M. A. (2015). Altered resting
state neuromotor connectivity in men with chronic
prostatitis/chronic pelvic pain syndrome: A MAPP: Research
network neuroimaging study. NeuroImage: Clinical, 8,
493–502. https://doi.org/10.1016/j.nicl.2015.05.013

Larivière, C., Bilodeau, M., Forget, R., Vadeboncoeur, R., &
Mecheri, H. (2010). Poor Back muscle endurance is related to
pain catastrophizing in patients with chronic low Back pain.
Spine, 35, E1178–E1186. https://doi.org/10.1097/BRS.
0b013e3181e53334

Macedo, L. G., Latimer, J., Maher, C. G., Hodges, P. W.,
McAuley, J. H., Nicholas, M. K., Tonkin, L., Stanton, C. J.,
Stanton, T. R., & Stafford, R. (2012). Effect of motor control
exercises versus graded activity in patients with chronic non-
specific low back pain: A randomized controlled trial. Physical
Therapy, 92, 363–377. https://doi.org/10.2522/ptj.20110290

Macedo, L. G., Maher, C. G., Hancock, M. J., Kamper, S. J.,
McAuley, J. H., Stanton, T. R., Stafford, R., & Hodges, P. W.
(2014). Predicting response to motor control exercises and
graded activity for patients with low back pain:
Preplanned secondary analysis of a randomized controlled
trial. Physical Therapy, 94, 1543–1554. https://doi.org/10.2522/
ptj.20140014

Mannion, A. F., O’Riordan, D., Dvorak, J., & Masharawi, Y. (2011).
The relationship between psychological factors and perfor-
mance on the Biering–Sørensen back muscle endurance test.
The Spine Journal, 11, 849–857. https://doi.org/10.1016/j.
spinee.2011.08.004

Marconi, B., Pecchioli, C., Koch, G., & Caltagirone, C. (2007). Func-
tional overlap between hand and forearm motor cortical repre-
sentations during motor cognitive tasks. Clinical
Neurophysiology, 118, 1767–1775. https://doi.org/10.1016/j.
clinph.2007.04.028

Massé-Alarie, H., Beaulieu, L.-D., Preuss, R., & Schneider, C.
(2015). Task-specificity of bilateral anticipatory activation of
the deep abdominal muscles in healthy and chronic low back
pain populations. Gait & Posture, 41, 440–447. https://doi.org/
10.1016/j.gaitpost.2014.11.006

Massé-Alarie, H., Bergin, M., Schneider, C., Schabrun, S., &
Hodges, P. (2017). “Discrete peaks” of excitability and map
overlap reveal task-specific organization of primary motor cor-
tex for control of human forearm muscles. Human Brain Map-
ping, 38, 6118–6132. https://doi.org/10.1002/hbm.23816

Mazaheri, M., Heidari, E., Mostamand, J., Negahban, H., & van
Dieen, J. (2014). Competing effects of pain and fear of pain on
postural control in low back pain? Spine, 39, E1518–E1523.
https://doi.org/10.1097/BRS.0000000000000605

Moseley, G. L., & Hodges, P. W. (2005). Are the changes in postural
control associated with low back pain caused by pain interfer-
ence? The Clinical Journal of Pain, 21, 323–329. https://doi.
org/10.1097/01.ajp.0000131414.84596.99

Nijs, J., Apeldoorn, A., Hallegraeff, H., Clark, J., Smeets, R.,
Malfliet, A., Girbes, E. L., De Kooning, M., & Ickmans, K.
(2015). Low back pain: Guidelines for the clinical classification
of predominant neuropathic, nociceptive, or central sensitiza-
tion pain. Pain Physician, 18, E333–E346.

O’Neill, S., Manniche, C., Graven-Nielsen, T., & Arendt-Nielsen, L.
(2007). Generalized deep-tissue hyperalgesia in patients with
chronic low-back pain. European Journal of Pain, 11, 415–420.
https://doi.org/10.1016/j.ejpain.2006.05.009

O’Sullivan, P. (2005). Diagnosis and classification of chronic low
back pain disorders: Maladaptive movement and motor con-
trol impairments as underlying mechanism. Manual Therapy,
10, 242–255. https://doi.org/10.1016/j.math.2005.07.001

Pascual-Leone, A., Nguyet, D., Cohen, L. G., Brasil-Neto, J. P.,
Cammarota, A., & Hallett, M. (1995). Modulation of muscle
responses evoked by transcranial magnetic stimulation during
the acquisition of new fine motor skills. Journal of Neurophysi-
ology, 74, 1037–1045. https://doi.org/10.1152/jn.1995.74.3.1037

Perneger, T. V. (1998). What’s wrong with Bonferroni adjustments.
BMJ, 316, 1236–1238. https://doi.org/10.1136/bmj.316.7139.
1236

Plow, E. B., Varnerin, N., Cunningham, D. A., Janini, D.,
Bonnett, C., Wyant, A., Hou, J., Siemionow, V., Wang, X.-F.,
Machado, A. G., & Yue, G. H. (2014). Age-related weakness of
proximal muscle studied with motor cortical mapping: A TMS
study. PLoS ONE, 9, e89371. https://doi.org/10.1371/journal.
pone.0089371

Rohel, A., Bouffard, J., Patricio, P., Mavromatis, N., Billot, M.,
Roy, J. S., Bouyer, L., Mercier, C., & Masse-Alarie, H. (2021).
The effect of experimental pain on the excitability of the
corticospinal tract in humans: A systematic review and meta-
analysis. European Journal of Pain, 25, 1209–1226. https://doi.
org/10.1002/ejp.1746

Rossini, P. M., Calautti, C., Pauri, F., & Baron, J.-C. (2003). Post-
stroke plastic reorganisation in the adult brain. The Lancet
Neurology, 2, 493–502. https://doi.org/10.1016/S1474-4422(03)
00485-X

Sanderson, A., Wang, S. F., Elgueta-Cancino, E., Martinez-
Valdes, E., Sanchis-Sanchez, E., Liew, B., & Falla, D. (2021).
The effect of experimental and clinical musculoskeletal pain
on spinal and supraspinal projections to motoneurons and
motor unit properties in humans: A systematic review.
European Journal of Pain, 25, 1668–1701. https://doi.org/10.
1002/ejp.1789

Savigny, P., Watson, P., & Underwood, M. (2009). Early manage-
ment of persistent non-specific low back pain: Summary of
NICE guidance. BMJ [British Medical Journal], 338, b1805.
https://doi.org/10.1136/bmj.b1805

Schabrun, S., Elgueta-Cancino, E., & Hodges, P. (2015). Smudg-
ing of the motor cortex is related to the severity of low
back pain. Spine, 42, 1172–1178. https://doi.org/10.1097/
BRS.0000000000000938

Schabrun, S.M., Hodges, P.W., Vicenzino, B., Jones, E., &
Chipchase, L.S. (2014). Novel adaptations in motor cortical
maps: The relationship to persistent elbow pain.

8004 ELGUETA-CANCINO ET AL.

https://doi.org/10.1016/j.brainres.2009.10.042
https://doi.org/10.1016/j.brainres.2009.10.042
https://doi.org/10.1016/0013-4694(58)90053-1
https://doi.org/10.1016/0013-4694(58)90053-1
https://doi.org/10.1371/journal.pone.0067779
https://doi.org/10.1371/journal.pone.0067779
https://doi.org/10.1016/j.nicl.2015.05.013
https://doi.org/10.1097/BRS.0b013e3181e53334
https://doi.org/10.1097/BRS.0b013e3181e53334
https://doi.org/10.2522/ptj.20110290
https://doi.org/10.2522/ptj.20140014
https://doi.org/10.2522/ptj.20140014
https://doi.org/10.1016/j.spinee.2011.08.004
https://doi.org/10.1016/j.spinee.2011.08.004
https://doi.org/10.1016/j.clinph.2007.04.028
https://doi.org/10.1016/j.clinph.2007.04.028
https://doi.org/10.1016/j.gaitpost.2014.11.006
https://doi.org/10.1016/j.gaitpost.2014.11.006
https://doi.org/10.1002/hbm.23816
https://doi.org/10.1097/BRS.0000000000000605
https://doi.org/10.1097/01.ajp.0000131414.84596.99
https://doi.org/10.1097/01.ajp.0000131414.84596.99
https://doi.org/10.1016/j.ejpain.2006.05.009
https://doi.org/10.1016/j.math.2005.07.001
https://doi.org/10.1152/jn.1995.74.3.1037
https://doi.org/10.1136/bmj.316.7139.1236
https://doi.org/10.1136/bmj.316.7139.1236
https://doi.org/10.1371/journal.pone.0089371
https://doi.org/10.1371/journal.pone.0089371
https://doi.org/10.1002/ejp.1746
https://doi.org/10.1002/ejp.1746
https://doi.org/10.1016/S1474-4422(03)00485-X
https://doi.org/10.1016/S1474-4422(03)00485-X
https://doi.org/10.1002/ejp.1789
https://doi.org/10.1002/ejp.1789
https://doi.org/10.1136/bmj.b1805
https://doi.org/10.1097/BRS.0000000000000938
https://doi.org/10.1097/BRS.0000000000000938


Seminowicz, D. A., Thapa, T., & Schabrun, S. M. (2019).
Corticomotor depression is associated with higher pain sever-
ity in the transition to sustained pain: A longitudinal explor-
atory study of individual differences. The Journal of Pain, 20,
1498–1506. https://doi.org/10.1016/j.jpain.2019.06.005

Sheeran, L., Sparkes, V., Caterson, B., Busse-Morris, M., & van
Deursen, R. (2012). Spinal position sense and trunk muscle
activity during sitting and standing in nonspecific chronic low
back pain: Classification analysis. Spine, 37, E486–E495.
https://doi.org/10.1097/BRS.0b013e31823b00ce

Shraim, M. A., Massé-Alarie, H., Hall, L. M., & Hodges, P. W.
(2020). Systematic review and synthesis of mechanism-based
classification systems for pain experienced in the musculoskel-
etal system. The Clinical Journal of Pain, 36, 793–812. https://
doi.org/10.1097/AJP.0000000000000860

Smart, K. M., Blake, C., Staines, A., & Doody, C. (2010). Clinical
indicators of ‘nociceptive’, ‘peripheral neuropathic’ and ‘cen-
tral’ mechanisms of musculoskeletal pain. A Delphi survey of
expert clinicians. Manual Therapy, 15, 80–87. https://doi.org/
10.1016/j.math.2009.07.005

Smart, K. M., Blake, C., Staines, A., & Doody, C. (2011). The dis-
criminative validity of “nociceptive,” “peripheral
neuropathic,” and “central sensitization” as mechanisms-
based classifications of musculoskeletal pain. The Clinical
Journal of Pain, 27(8), 655–563.

Smart, K. M., Blake, C., Staines, A., Thacker, M., & Doody, C.
(2012a). Mechanisms-based classifications of musculoskeletal
pain: Part 1 of 3: Symptoms and signs of central sensitisation
in patients with low back (�leg) pain. Manual Therapy, 17,
336–344. https://doi.org/10.1016/j.math.2012.03.013

Smart, K. M., Blake, C., Staines, A., Thacker, M., & Doody, C.
(2012b). Mechanisms-based classifications of musculoskeletal
pain: Part 3 of 3: Symptoms and signs of nociceptive pain in
patients with low back (�leg) pain. Manual Therapy, 17,
352–357. https://doi.org/10.1016/j.math.2012.03.002

Te, M., Baptista, A., Chipchase, L., & Schabrun, S. (2017). Primary
motor cortex organization is altered in persistent
patellofemoral pain. Pain Medicine, 18, 2224–2234. https://doi.
org/10.1093/pm/pnx036

Thickbroom Gary, W., Byrnes Michelle, L., Stell, R., & Mastaglia
Frank, L. (2003). Reversible reorganisation of the motor corti-
cal representation of the hand in cervical dystonia. Movement
Disorders, 18, 395–402. https://doi.org/10.1002/mds.10383

Tong, M. H., Mousavi, S. J., Kiers, H., Ferreira, P., Refshauge, K., &
van Dieën, J. (2017). Is there a relationship between lumbar
proprioception and low back pain? A systematic review with
meta-analysis. Archives of Physical Medicine and Rehabilita-
tion, 98(1), 120–136. https://doi.org/10.1016/j.apmr.2016.
05.016

Treede, R. D. M., Jensen, T. S. M. D. P., Campbell, J. N. M.,
Cruccu, G. M., Dostrovsky, J. O. P., Griffin, J. W. M.,
Hansson, P. M. D. D. D. D. S., Hughes, R. M., Nurmikko, T. M.
D. P., & Serra, J. M. (2008). Neuropathic pain: Redefinition
and a grading system for clinical and research purposes.
Neurology, 70, 1630–1635. https://doi.org/10.1212/01.wnl.
0000282763.29778.59

Tsao, H., Danneels, L., & Hodges, P. (2011a). Individual fascicles of
the paraspinal muscles are activated by discrete cortical net-
works in humans. Clinical Neurophysiology, 122, 1580–1587.
https://doi.org/10.1016/j.clinph.2011.01.048

Tsao, H., Danneels, L., & Hodges, P. (2011b). Smudging the motor
brain in young adults with recurrent low back pain. Spine, 36,
1721–1727. https://doi.org/10.1097/BRS.0b013e31821c4267

Tsao, H., Galea, M., & Hodges, P. (2008). Reorganization of the
motor cortex is associated with postural control deficits in
recurrent low back pain. Brain, 131, 2161–2171. https://doi.
org/10.1093/brain/awn154

Tsao, H., Tucker, K., Coppieters, M., & Hodges, P. (2010). Experi-
mentally induced low back pain from hypertonic saline injec-
tions into lumbar interspinous ligament and erector spinae
muscle. Pain, 150, 167–172. https://doi.org/10.1016/j.pain.
2010.04.023

Tsao, H., Tucker, K., & Hodges, P. (2011). Changes in excitability of
corticomotor inputs to the trunk muscles during
experimentally-induced acute low back pain. Neuroscience,
181, 127–133. https://doi.org/10.1016/j.neuroscience.2011.
02.033

Tyc, F., Boyadjian, A., & Devanne, H. (2005). Motor cortex plasticity
induced by extensive training revealed by transcranial mag-
netic stimulation in human. The European Journal of Neurosci-
ence, 21(1), 259–266.

Wassermann, E., Epstein, C. M., & Ziemann, U. (2008). The Oxford
handbook of transcranial stimulation (p. 747). Oxford Univer-
sity Press.

Wassermann, E. M. (1998). Risk and safety of repetitive transcranial
magnetic stimulation: Report and suggested guidelines from
the International Workshop on the Safety of Repetitive Trans-
cranial Magnetic Stimulation, June 5–7, 1996. Electroencepha-
lography and Clinical Neurophysiology, 108, 1–16. https://doi.
org/10.1016/S0168-5597(97)00096-8

Wilson, S., Thickbroom, G., & Mastaglia, F. (1993). Transcranial
magnetic stimulation mapping of the motor cortex in normal
subjects: The representation of two intrinsic hand muscles.
Journal of the Neurological Sciences, 118, 134–144. https://doi.
org/10.1016/0022-510X(93)90102-5

Woolf, C. J. (2011). Central sensitization: Implications for the diag-
nosis and treatment of pain. Pain, 152, S2–S15. https://doi.org/
10.1016/j.pain.2010.09.030

How to cite this article: Elgueta-Cancino, E.,
Sheeran, L., Salomoni, S., Hall, L., & Hodges, P. W.
(2021). Characterisation of motor cortex
organisation in patients with different
presentations of persistent low back pain.
European Journal of Neuroscience, 54(11),
7989–8005. https://doi.org/10.1111/ejn.15511

ELGUETA-CANCINO ET AL. 8005

https://doi.org/10.1016/j.jpain.2019.06.005
https://doi.org/10.1097/BRS.0b013e31823b00ce
https://doi.org/10.1097/AJP.0000000000000860
https://doi.org/10.1097/AJP.0000000000000860
https://doi.org/10.1016/j.math.2009.07.005
https://doi.org/10.1016/j.math.2009.07.005
https://doi.org/10.1016/j.math.2012.03.013
https://doi.org/10.1016/j.math.2012.03.002
https://doi.org/10.1093/pm/pnx036
https://doi.org/10.1093/pm/pnx036
https://doi.org/10.1002/mds.10383
https://doi.org/10.1016/j.apmr.2016.05.016
https://doi.org/10.1016/j.apmr.2016.05.016
https://doi.org/10.1212/01.wnl.0000282763.29778.59
https://doi.org/10.1212/01.wnl.0000282763.29778.59
https://doi.org/10.1016/j.clinph.2011.01.048
https://doi.org/10.1097/BRS.0b013e31821c4267
https://doi.org/10.1093/brain/awn154
https://doi.org/10.1093/brain/awn154
https://doi.org/10.1016/j.pain.2010.04.023
https://doi.org/10.1016/j.pain.2010.04.023
https://doi.org/10.1016/j.neuroscience.2011.02.033
https://doi.org/10.1016/j.neuroscience.2011.02.033
https://doi.org/10.1016/S0168-5597(97)00096-8
https://doi.org/10.1016/S0168-5597(97)00096-8
https://doi.org/10.1016/0022-510X(93)90102-5
https://doi.org/10.1016/0022-510X(93)90102-5
https://doi.org/10.1016/j.pain.2010.09.030
https://doi.org/10.1016/j.pain.2010.09.030
https://doi.org/10.1111/ejn.15511

	Characterisation of motor cortex organisation in patients with different presentations of persistent low back pain
	1  INTRODUCTION
	2  METHODS
	2.1  Study design
	2.2  Participants
	2.3  Pain mechanism classification
	2.4  Electromyography
	2.5  Motor cortex mapping

	3  DATA ANALYSIS
	3.1  Motor cortex map analysis
	3.2  Statistical analysis

	4  RESULTS
	4.1  Sample characteristics
	4.2  Comparison of M1 organisation between groups
	4.3  Comparison of M1 inter-subject variation between groups
	4.4  Relationship between M1 organisation of back muscles and pain

	5  DISCUSSION
	5.1  Differences in variability of M1 organisation between groups
	5.2  Greater overlap of M1 representations in MP group
	5.3  Similar M1 organisation in the NcP group with different MCI types
	5.4  Clinical implications
	5.5  Limitations

	6  CONCLUSION
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  PEER REVIEW
	  DATA AVAILABILITY STATEMENT

	REFERENCES


