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ABSTRACT

Predicting the development of chronic low back p@BP) at the time of an acute episode
remains challenging. The Understanding persistairt W/here it ResiDes (UPWaRD) study
aimed to identify neurobiological and psychologigak factors for chronic LBP. Individuals
with acute LBP (N=120) participated in a prospeetohort study with six-month follow-up.
Candidate predictors were selected from the neoladical (e.g. sensorimotor cortical
excitability assessed by sensory and motor evokednpals, Brain Derived Neurotrophic
Factor genotype), psychological (e.g. depressiah amxiety), symptom-related (e.g. LBP
history) and demographic domains. Analyses involvedtivariable linear regression models
with pain intensity or disability degree as contina variables. Secondary analyses involved
a multivariable logistic' model with presence of Idack pain at six months (thresholding
pain intensity and disability degree) as a dichaiosvariable. Lower sensory cortex and
corticomotor excitability, higher baseline painensity, higher depression, stress and pain
catastrophizing were the strongest predictofsQRI7) of pain intensity at six months. Older
age and higher pain catastrophizing were the séstrgredictors (R0.30) of disability at six
months. When LBP outcome was dichotomised, sersmtgx and corticomotor excitability,
BDNF genotype, depression and anxiety, LBP histaryd baseline pain intensity,
discriminated between those who did and did nobntelpBP at six months (c-statistic 0.91).
This study identifies novel risk factors for thevdpment of future LBP. Neurobiological
risk factors, when added to a multivariable linesgression model, explained a further 15%

of the variance in six-month pain intensity.
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INTRODUCTION

Low back pain (LBP) is the leading cause of yearsd with disability worldwide [97]
with approximately 40% of people experiencing painlonger than three months after onset
(termed ‘chronic LBP’) [20]. Clinical strategies signed to ‘treat’ LBP once it has become
chronic show at best, modest effect sizes regardiestervention type [1; 66; 68; 75]. An
alternative approach for a condition with variaplegnosis and treatment response such as
LBP, is stratification of individuals by outcomechtargeted treatment [27; 36; 55; 67; 83]. A

key step in implementing this approach is the ifieation of relevant risk factors [72].

Risk factors are often used as building blockspimgnostic models [72]. Currently, the
models used in clinical practice to determine ahvidual’s risk of developing chronic LBP
(e.g. STarT Back Screening Tool [34], and the sfmrh Orebro Musculoskeletal Pain
Screening Questionnaire [54]) rely on self-rep@yghosocial and symptom-related factors.
Although these models allocate higher predicte#d ssores to individuals who develop
chronic pain, their ability to discriminate betwedrose who will, and will not, develop
chronic pain remains limited [42; 43]. Risk moddlsat integrate psychological (e.qg.
depression and coping strategies) and symptoneckel@ctors (e.g. baseline pain intensity,
history of prior LBP), explain up to 46% of the iaarce in LBP outcome [45]. Together these
data suggest that although psychological and symyp&dated risk factors are associated with
the development of chronic LBP, a large proportadrvariation in outcome is due to risk

factors that are currently unmeasured or unknown43].



Emerging evidence suggests several neurobiologisialfactors with a putative link to
LBP outcome that are yet to be evaluated as ridorffs in longitudinal studies. These include
altered sensory and anterior cingulate cortex akiity [11; 26], altered corticomotor
excitability [12; 78; 89], Brain Derived Neurotraph-actor (BDNF) genotype [5; 15; 46; 81]
and BDNF serum concentration [24; 51]. Prior stadiave shown altered excitability in the
primary sensory (S1) and primary motor (M1) cosicthat is associated with the
development and maintenance of chronic pain [23; 728. Further, a single nucleotide
polymorphism in the human BDNF gene is associatét decreased behavioural driven
changes in corticospinal output and cortical orgation [4; 13; 24; 29; 46; 69]. As serum
BDNF concentration is associated with BDNF. genotjg# both measures are considered

markers of neuroplastic potential [5; 22].

The Understanding persistent Pain Where it Resi@#WaRD) study aimed to
recruit and follow a cohort of ‘adults living in Auaglia who experienced an acute episode of
LBP. The primary aim as reported ‘a priori’ in thidy protocol [38] was to use this cohort
to identify biological (with an emphasis on neurggiblogical factors), psychological and
sociodemographic risk factors of worse LBP outcoate six-month follow-up. The
neurobiological risk factors selected for invediiga in the protocol were those with a
putative link to the development of aberrant cattiand spinal neuroplasticity, hypothesized

to explain why some individuals develop chronioypaiter an acute episode.

1. METHODS

1.1. Study population



Details of the participants, recruitment and praged for this study are reported in the
study protocol [38]. In brief, participants weregdlle for inclusion if they had experienced
acute LBP, reporting pain of at least 2/10 (Nunadriating scale [NRS], 0 = “no pain” and
10 = “worst pain imaginable”) at any time during th days preceding initial screening [62].
Pain must have been present for more than 24 handsless than six weeks duration
following a period of at least one month withoutrnp@2l; 62; 82; 99|. Acute LBP was
defined as pain in the region of the lower baclkpesiorly bound by the thoracolumbar
junction and inferiorly by the gluteal fold. Parfiants remained eligible if they had pain
referred beyond this region that was not causeldiinposacral radiculopathy. Radiculopathy
was suspected if participants reported a history pafn with dermatome-associated
distribution, leg pain worse than back pain, wonsgneg pain during coughing, sneezing or
straining, a positive straight leg raise test othié participant presented with neurological
signs such as dermatome-associated sensory lopgjrémt motor function or attenuated
reflexes. Participants who presented with suspehietbosacral radiculopathy during the
clinical examination were excluded from the studyl aeferred to their general practitioner
for further assessment. Any individual who preseéntih suspected serious spine pathology
(e.g. fracture, tumour, cauda equina syndrome)erotmajor diseases/disorders (e.qg.
schizophrenia, chronic renal disorder, multipleesasis), a history of spine surgery, presence
of active (i.e. being treated) chronic pain comuh$ or contraindications to the use of
transcranial magnetic stimulation (TMS) were exellid44]. Four assessors performed all
study related procedures at laboratories locatedWastern Sydney University or
Neuroscience Research Australia, Sydney, New Sdatles, Australia. All procedures were
approved by Western Sydney University (H10465) &leliroscience Research Australia
(SSA:16/002) Human Research Ethics Committees amdiucted in accordance with the

Declaration of the World Medical Association [2]ll Aarticipants gave written informed



consent. Pre-planned methodology was published [a8H the study registered
(ACTRN12619000002189; Pre-results), adhering tomenendations of the PROGRESS

initiative and TRIPOD statement [72; 85].

Important demographic and clinical data were ctdléat baseline for the UPWaRD LBP
participants and reported hable 1. Participants reported their age, sex, height, \aeight
which was converted into their body mass index (BNRarticipants were considered to have
no inciting event for their LBP episode if they esgbd “no obvious cause” from a list of
statements including “other”. Participants wereeaksto report if they had experienced LBP in
the past and completed the STarTBack Risk Screérng[35]. Other clinical data reported
by participants were the presence of comorbid heaihditions selected from a list including
“other” (e.g. hypertension) and any current medicet (e.g. Acetaminophen). Participants
also reported how many times in the past three hsomhey had visited their general
practitioner, allied health practitioners, or costpll diagnostic tests in relation to their pain.
Participants completed the Brief Pain Inventory IjgRat was used to rate their average and
worst pain intensity, and the degree pain was fieieig with their life over the previous
seven days using an 11-point numerical rating s@dRS). Low back related disability
during their acute LBP episode was measured ushey Roland-Morris Disability
Questionnaire (RMDQ), and measures of psycholodigaition were obtained including the
21-item Depression, Anxiety and Stress Scale (DR$K+ain Catastrophizing Scale (PCS)

and Pain Self-Efficacy Questionnaire (PSEQ), thatdescribed in more detail below.

1.2.Candidate predictorsrecorded at baseline

Fifteen candidate predictors were selectedgriori’ based on a theoretical association

with the development of chronic pain and supporéuglence from cross-sectional studies [5;



26; 31; 53; 76; 89]. Justification for each vareabhd specific methodology is provided in the

study protocol [38]. In brief:
1.2.1. Sensory and anterior cingulate cortex excitability

Participants were seated comfortably in a chaihvget on the floor and arms relaxed.
Participants were asked to sit still, keep theeseglosed and not to fall asleep for the duration
of the test procedure. A bipolar electrode (sils#ver chloride disposable electrodes, inter-
electrode distance 2.0 cm; Noraxon USA, ArizonaAJY®as positioned 3 cm lateral to the
L3 spinous process, ipsilateral to the side ofvileest LBP and a constant current stimulator
(Digitimer Ltd, Hertfordshire, UK DS7AH) deliveredon-noxious electrical stimuli (single
stimulus; pulse width 1 ms). The testing intensitgs set at three times the perceptual
threshold. If this testing intensity evoked painyas decreased in 1 mA increments until the

stimulus was reported as non-noxious.

Sensory evoked potentials (SEPS) were recordedsponse to two blocks of 500 non-
noxious electrical stimuli (~2 Hz, with random intal schedule of 20% to decrease
accommodation), using gold plated cup electrodestipned over S1 (3 cm lateral and 2 cm
posterior of Cz) on the hemisphere contralateréihéoside of worst LBP and referenced to Fz
using the International 10/20 System [37]. Eleatrachpedance was maintained at <@.k
EEG signals were amplified 50,000 times, band fiiessed between 5-500 Hz, and sampled
at 1,000 Hz using a Microl1401 data acquisitioneysand Signal software (CED Limited,

Cambridge, UK).

Individual SEP traces were inspected and those &yithmovements, muscle artefacts or
electrical interference were rejected. Less thafo 18 all SEP traces were excluded.
Remaining traces from the two SEP blocks were @esetdor each participant and used for

analysis [10]. The averaged wave form was full-weagtified and the area under the rectified



curve (LV) determined for thegh(between the first major downward deflection cf tturve
after stimulus onset and the first pealgg)NN15o (between the first and second peaks &hd
Niso, respectively) and &, (between the second negative peaksoMNand the positive
deflection of the curve starting around 150 msraftenulus onset, By time epochs [23].
Figure 1 displays a rectified trace with time epochs used dnalysis. The SEP area
measurement was chosen for analysis as it is lssegtible to signal-to-noise ratio concerns
[17], and considered superior to peak-based memagareassessing event-related potentials

[23; 41; 70; 100].

1.2.2. Corticomotor excitability

Participants underwent a standardised TMS mappiogeplure as described in the study
protocol and in previous studies [38; 65; 80; &hgle-pulse, monophasic stimuli (Magstim
200 stimulator, 7 cm figure-of-eight coil; Magsti@o. Ltd. Dyfed, UK) were delivered over
the primary motor cortex (M1) contralateral to thide of the worst LBP. The coil was
positioned tangential to the skull with the hanpténting posterior-laterally at 45 degrees
from midline [6; 40; 59]. Electromyography (EMG)aw recorded from the paraspinal
muscles 3 cm lateral to the spinous process ofrid3lacm lateral to the spinous process of
L5 on the side of the worst LBP using disposabléAy¢| surface electrodes (Noraxon USA
Inc, Arizona, USA) [50; 64]. Ground electrodes wetaced over the anterior superior iliac
spine bilaterally. EMG data were amplified 1000kefed between 20-1000 Hz and sampled
at 2000 Hz using a Micro1401 data acquisition systand Spike2 software (CED Limited,
Cambridge, UK)As 120% of active motor threshold often exceedsntlagimum stimulator
output [89], all stimuli were delivered at 100% sfimulator output while participants
activated the paraspinal muscles to 26% of their EMG recorded during a maximum
voluntary contraction (MVC; determined as 20% oé thighest root mean square [RMS]

EMG averaged over 1 s during three, 3-s maximalchleusontractions performed against



manual resistance in sitting) [78; 79; 89]. Realdifeedback of time paraspinal muscle RMS
EMG and the target level was displayed on a moridothe duration of the test procedure

[91]. All TMS procedures adhered to the TMS chestkior methodological quality [14].

TMS motor evoked potentials (MEP) were analysedh@isMATLAB 2019a (The
MathWorks, USA). Onset and offset of the MEPs icheandividual trace were visually
identified then averaged at each scalp site. PaxaddEP amplitudes were normalized to the
largest MEP amplitude across sites and superimposed the respective scalp sites to
generate a topographical map. A scalp site wasideresl active if the normalised MEP
amplitude was equal to or greater than 25% of #@&kpesponse [10]. Normalised values
below 25% of the peak response were removed anckthaining values rescaled from 0 to
100% [80; 90].

Two parameters were calculated from the normalieetbr cortical maps. First, L3 and
L5 map volumes were calculated as the sum of nazedhIMEP amplitudes recorded at all
active scalp sites [98]. Second, the centre ofiydC€oG), defined as the amplitude weighted
centre of the map, was calculated for the M1 caltiepresentation of L3 and L5 paraspinal
muscles using the formula: CoG 2Vi - Xi/ZVi, Vi - Yi/ZVi where: Vi=mean MEP
response at each site with the coordinates Xi,92; P8]. Distance between the L3 and L5
CoG (L3/L5 CoG overlap) was calculated as the Eeelh distance (ED) using the formula:
ED =V((Yis — Yis)? + (Xis — Xi5)%), where Y = anterior-posterior coordinates; X =diaé
lateral coordinates of L3 and L5 [94; 95].

1.2.3. BDNF genotyping

Buccal swabs were taken on the day of baselinmte@sohelix DNA Isolation Kit) [15].
Samples were immediately frozen and stored at —8@E€nomic DNA samples were
polymerase chain reaction amplified and sequengedhé Australian Genome Research

Facility (AGRF). Genotyping was performed as recanded by the manufacturer with



reagents included in the iPLEX Gold SNP genotypkitg(Agena) and the software and
equipment provided with the MassARRAY platform (Ag¢ [16]. Consistent with prior
investigations [5; 48; 57], the BDNF gene was codsd dichotomous variable (AA/AG or
GG). The more common G allele encodes Valine (Valhile the A allele encodes
Methionine (Met).

1.2.4. BDNF serum concentration

Peripheral venous blood was drawn into serum t{B& SST Il Advance) through
venepuncture of the median cubital vein at baseliine sample was clotted (30 min, room
temperature) then separated by centrifugation (2p60Q 15 min). The samples were pipetted
into 50 uL aliquots and stored at -80°C. After thawing, Bimple plex Ella™ platform was
used to analyse the specific expression of BDNEfBr 10 uL samples were diluted with 90
uL of sample diluent then added to the cartridgezoeting to the standard procedure
provided by the manufacturers (Protein Simple, CISA). All steps in the immunoassay
procedure were carried out automatically and seceg® processed with no user activity.
Cartridges included built-in lot—specific standardves. Single data (pg/mL) for each sample
were automatically calculated and converted to hgfar statistical analysis. The limit of
detection was 5.25 pg/mL. Fifteen randomly selestmtples were analysed in duplicate and

demonstrated near perfect correlation (r = 0F98,< 0.001).
1.2.5. Psychological status

Three questionnaires were used to assess spespicta of psychological status known to
be of relevance to the development of chronic LBBJ]:[depression and anxiety [8], pain
catastrophising [7] and pain beliefs [52]. The DAZSwas used to assess depression, anxiety
and stress. The 13-item PCS assesses distressunghth related to painful experiences [86].
A total score between 0 and 52 was calculated, evhagher scores represent more severe

catastrophic thoughts about pain [86]. The 10-i8EQ was used to assess an individual's



beliefs in their ability to perform a range of faienal activities while in pain. The DASS-21
(Cronbach’su = 0.88), PCS (Cronbachis= 0.87) and PSEQ (Cronbachis= 0.92) have all

demonstrated high degrees of reliability (interc@isistency) [32; 63; 86].
1.2.6. Symptom-related factors

Baseline pain intensity was drawn from the BrieinPlaventory (BPI) administered on
the day of baseline testing. Participants rated {h&n on average over the previous week
using an 11-point NRS [18]. Participants were co@astd to have a previous history of LBP if

they answered “yes” to the question: “Have you epeed low back pain in the past’?
1.2.7. Demographics
Age and sex were collected from all participantsrenday of baseline testing.
1.3. Primary and secondary outcomes recorded at six-month follow-up

The primary outcome was average pain intensity tverpast week, assessed using the
NRS at six-month follow-up. The secondary outconses wlisability assessed using the 24-
point Roland Morris Disability Questionnaire (RMD@} six-month follow-up [74]. The
primary and secondary outcomes were combined tongissh between those who did and
did not report LBP at six months, defined as an NR&e> 2 on average over the previous
one-week or> 7 on the RMDQ scale at six-month follow-up [35;].88his dichotomised

outcome measure was used in the secondary analgsisjbed in detail below.
1.4. Samplesize

Sample size was calculat&dpriori’ and is described in detail in the study proto&8l]]
Briefly, we assumed that at least five variablesidshow no association with the outcome
and be excluded from analysis, and 20% of partitgavould be lost to follow up. Therefore,
120 participants were required to ensure at least subjects per variable within linear

regression models (95). Sample size for the lagrsgression model was calculated using the



rule of thumb that five events per candidate vaeiafEPV) are required for adequate

statistical power (96).
1.5. Statistical Analyses

All analyses were conducted with the statisticalgpamming language R, version 4.0.3
(R Development Core Team, Vienna, Austria) [19atiStical significance was acceptedPat
< 0.05. Continuous data are presented as mean dasthdeviation (SD) and categorical data
as frequency and percent (%). Candidate predicb@asured on a continuous scale were not
dichotomised as this can increase risk of biasegrassion models [60; 61]. Categorical
candidate predictors were coded as follows: seXdroafemale], previous history of LBP

[yes or no] and BDNF genotype [AA/AG or GG].

All missing data were imputed using the multipleputation by chained equations
(MICE) procedure and thirty imputed data sets wggeerated [93]. Missing data within the
candidate predictors are describedl gible 2. Comparisons were made between participants
who did or did not complete follow-up using indedent samples t-test and Fisher's Exact
test for continuous and categorical data respdgti&pearman’s rank correlation coefficients
were used to determine whether there was any esedehcollinearity between measures of

cortical excitability [28].

Next, the remaining candidate predictors underveenariable selection procedure using
the least absolute shrinkage and selection opeflaisso) technique [87]. This is a variation
from the variable selection procedures describethénpublished study protocol [38]. For a
detailed description about lasso variable selegiimtedure used in this study please refer to
Supplemental File 1 (available at http://links.Mgam/PAIN/B648). For the primary
analysis, outcome variables of pain and disabwgre treated as continuous data and the

strongest risk factors were selected using th@ laasable selection procedure. The results of



the primary analyses are presented using hieraidimear regression. Goodness of fit for the

linear models was assessed using thend adjusted Ralue.

In the secondary analysis the lasso variable sefegirocedure was repeated within a
logistic regression model to determine the strongek factors of future LBP at six-months
(dichotomized outcome: NRS 2 or RMDQ> 7). The goodness of fit for the final logistic
regression model was estimated following ten-foltbss-validation as described in

Supplemental File 1 (available at http://links.lww.com/PAIN/B648) amdported as the c-

statistic (i.e. area under the receiver operatirayacteristic curve).

3.RESULTS

3.1. Participant characteristics

Between 14 April 2015 and 23 January 2019, 498iguaaints presented with an acute
episode of LBP for screening and 120 were inclugethe study sampleF{gure 2). Two
hundred and seven participants (41.5%) were ifdédgbecause they had chronic LBP, two
were ineligible because they had previous spinajesy and three were ineligible because
physical examination by the study investigator ssggd a diagnosis of lumbosacral
radiculopathy. Of the 286 eligible participants, @B8R.9%) failed to respond to contact
attempts to organise baseline assessment and 72%P5declined participation after
reviewing the study information sheet. The datéheffinal participant’s six-month follow up
was 25 July 2019. Baseline data were obtainedverage 2.4 weeks (SD 1.4, range 1 day to
6 weeks) after the onset of an acute LBP episoeler@y-two participants (60%) were coded
GG and 48 (40%) were coded AA/AG for BDNF genotypecording to the Hardy—
Weinberg Equilibrium, this observed distributionedonot differ significantly from the
expected ratey{ = 1.27, df = 1P = 0.26).Table 1 shows baseline demographic and clinical

characteristics. Participants with LBP at six-manitere more likely at baseline assessment



to have pain referred below the level of the glufeld and consult more frequently with
general practitioners. These participants also higtier levels of psychological distress,
lower pain self-efficacy, higher average and waqpsain intensity and experience more
disability and pain interference. There were noeptbtatistically significant differences at

baseline assessment between participants who diidl oot experience LBP at six-months.

Follow-up at six months was completed in 96 pagvaats (80%). Missing follow-up
cases were due to the participant failing to redgommultiple contact attempts. The intention
was to determine the presence of LBP at six-moi&3 days), in practice, follow-up
occurred a mean 194 (SD = 20) days after entehagstudy with an acute episode of LBP.
Baseline candidate predictors and their univariaBkociation with chronic LBP are provided
in Table 3. Individual participant data for normalised motortical maps and sensory evoked

potentials are displayed Figure 3 and 4.
3.2. Incidence of chronic LBP

Analysis of complete cases revealed that 54% digyaaints reported LBP at six-month
follow-up (average pain intensity 3.9 [SD = 1. Afeeage RMDQ score 4.8 [SD = 5.4]) and
could be considered to have persistent or reculrBi§. This is comparable to the incidence
of chronicity in previous Australian estimates [38]f the 52 participants deemed to have
LBP, only 12 participants (23%) had an RMDQ scefé The remaining 46% of participants
were classified as recovered (average pain ine@s[SD = 0.5], average RMDQ score 0.9

[SD = 1.6]).
3.3. Continuous data distribution and collinearity

All variables were normally distributed except tHg, Nispand Beo SEP area and these
variables were log-transformed. Baseline charasttesi were then compared between

participants who did (N=96), and did not (N=24)mgmete follow up at six monthg @ble 4).



Apart from Nispand Bgo SEP area measures, no statistically significdferginces at baseline
were identified between participants who did, at dot, complete follow-up, however, the
Ngo SEP area did demonstrate a strong tendeRcy (0.06). Next, spearman’s correlation
coefficients were calculated between all measufesrbical excitability able 5). No strong
correlation was identified between SEP and TMS mness The I and Nso(rs = 0.84, P =<
0.001), and Bb and Bgo (rs = 0.85, P = <0.001) SEP area values were strargghglated. As
the Nisop and Beo SEP area measurements may have impacted the gniasimandom
assumption and demonstrated collinearity with the SEP area they were excluded from
further analyses. The remaining thirteen candigaelictors were subjected to thelse

variable selection procedure to identify relevasit factors.
3.4. Risk factorsassociated with pain intensity at six months

Higher baseline pain intensitl? & <0.001), higher depression and anxiety (DASSP24:
0.31), higher pain catastrophizing (PCS: P = 0.&®8yer Nso SEP areaR = 0.01) and lower
L3 map volume R = < 0.01) were the risk factors demonstrating strengest association
with pain intensity over the previous week (contins outcome) at six months and thus were
entered into a hierarchical regression modiake results of hierarchical regression modelling
are presented ifable 6. Baseline pain intensity explained 22% of the atace in pain
intensity at six-months. Addition of the DASS-21daRCS instruments explained a further
10% of the variance (fzg= 4.99,P = 0.01) and the addition of novel neurobiologidak
factors (No SEP area and L3 map volume) explained a furthés ©bthe variance in six-
month pain intensity (k76 = 8.61, P = < 0.001). In combination, these five variables
explained 47% (R= 0.47 95% CI = 0.31 — 0.60) of the total varianicesix-month pain

intensity.

3.5. Risk factorsassociated with disability at six months



Higher pain catastrophizing (PCS: B = 0.47, 95%=0).30 to 0.64P = < 0.001) and
older age (B = 0.24, 95% CI = 0.08 to 0.42= < 0.01) were the strongest risk factors
associated with disability over the previous wesdn{inuous outcome) at six months. These
two factors explained 30% of the variance in diigbbutcome at six months (R 0.30,

95% CI = 0.14 to 0.46).
3.6. Risk factorsassociated with the presence or not of LBP at six months

When the dichotomous variable of LBP at six-montlas designated on the basis of pain
or disability above a threshold value (NR2 or RMDQ> 7), six risk factors remained in the
multivariable logistic regression model followinglse variable selection and ten-fold cross-
validation(Table 7). Lower primary sensory cortex excitability JNSEP area: P = < 0.01),
lower corticomotor excitability (L3 map volume: P G07), BDNF genotype MET allele
carriers (P = 0.18), higher depression and anX[@8SS-21 score: P = 0.01), no prior history
of LBP (P = 0.11) and higher baseline pain intgn§iR = < 0.01). The c-statistic for the

multivariable model was 0.91 (95% C1 0.84 to 0.95).
3.7. Sengitivity analysis

A sensitivity analysis was conducted to exploredffect of imputing missing six-month
outcome data on study results. Participants whondidreturn for follow-up at six months
were removed from the dataset and the analysisareghe Risk factors included in the
multivariable regression models followiriglse variable selection were identical for all
outcomes. The multivariable linear model predictiidsmonth pain intensity had & Ralue
of 0.45 (95% CI = 0.29 — 0.60) and the linear mgaelicting six-month disability score had
a R value of 0.32 (95% Cl = 0.17 — 0.47). Goodnesditofor the multivariable logistic
regression model was also comparable, demonstrataigtatistic of 0.88 (95% CI = 0.81 to

0.95).



4. DISCUSSION

This prospective longitudinal cohort study is thiest to investigate biological
measures of sensorimotor cortical function and o@asticity as risk factors of six-month
outcome after an acute episode of LBP. A novelifigdwvas the identification of lower
primary sensory cortex excitability §NSEP area) and lower corticomotor excitability (L3
map volume) in the acute stage of LBP as risk fadimr higher pain intensity reported at six
months. When these variables were combined witlchpdggical factors (higher emotional
distress) and symptom-related factors (no prior lH#Rory, higher baseline pain intensity),
they explained a similar percentage of the varianceix month pain intensity (47%) as
earlier models that integrate psychological and mpm-related factors (46%) [45], but
uniquely, addition of the novel neurobiologicalkrifactors explained a further 15% of the
variance in six-month pain< intensity. These findingrovide further support for the
importance of assessing diverse phenotypic tratgposs a range of neurobiological,
psychological, symptom-related, and demographicalos) when attempting to predict LBP
outcome. Previous studies utilising cluster anayseve shown stronger associations between
LBP outcome and psychological factors when relevmological factors are considered in
tandem [47;48]. For example, in a longitudinal studing cluster analyses, individuals with
the worst recovery from acute LBP at six-monthdallup displayed higher depression-like
symptoms in conjunction with higher serum conceérmng of tumor necrosis factor [47]. We
caution readers not to infer causal relationshigisvben any of the risk factors identified in
this study and six-month LBP outcome. No attemps waade to identify, or control for,
relevant confounders as the aim of this study waséntify novel risk factors of six-month
LBP outcome, with a clear emphasis on neurobiolgi@riables. As stated within the

PROGRESS Initiative, prognostic factor research masy uses in healthcare and clinical



research [73]. The study data we report here ifiestior the first time novel neurobiological
risk factors of future LBP outcome. Future studésuld assess their predictive value over

established prognostic factors.

The primary analysis aimed to the candidate prediatnost strongly associated with
pain intensity and disability at six months as ocwmius outcomes. These analyses revealed
largely discrete risk factors for the outcomes ainp(strongest risk factors of lower sensory
cortex excitability [No SEP area], lower corticomotor excitability [L3 maplume], higher
baseline pain intensity with a lesser contributitom higher emotional distress and higher
pain catastrophising) and disability (older ageghler pain catastrophizing), with no
neurobiological risk factors identified for disatyl following the lasso variable selection
procedure. Patient-reported outcomes of pain (8RS) and disability (e.g. RMDQ) are
known to be weakly correlated with each other wi&P is chronic [47] and previous
research has shown that disability is more cloaéfgned with psychological risk factors than
is pain intensity. For example, in a large cohadddg of people with chronic LBP,
psychological questionnaires thought to assess-pated distress’ explained 51% of the
variance in disability, but only 35% of the varianin pain intensity [8]. The absence of a
relationship between sensorimotor cortex excitgbidind disability suggests other factors
predict this outcome. This is an important consiten when interpreting the current
findings. People who develop pain-related disabgitcount for a significant proportion of
the total healthcare costs associated with LBPs identifying risk factors of LBP-related
disability is of critical importance [25; 30]. Pieus studies have suggested a link between
pain-related neurobiology (e.g. neuro-endocrinepoases to pain [58]), pain-specific
neurophysiological and psychological processesrttatin turn, drive pain-related disability.
Future research should seek to identify and vaidegurobiological risk factors for LBP-

related disability.



Our findings on the psychological and symptom-ealatisk factors for chronic LBP
are consistent with prior work [31; 53; 71]. We tion previous findings that show higher
emotional distress and higher pain in the acutgestaf LBP are risk factors for the
development of persistent or recurring LBP. Thecalery that lower sensory cortex
excitability and lower corticomotor excitabilityerisk factors for future LBP is novel. When
Ngo SEP area, L3 map volume and BDNF genotype werebtmd with psychological
(higher emotional distress) and symptom-relatedpinor LBP history, higher baseline pain
intensity) factors, the multivariable logistic regsion model could discriminate between

those with and without LBP at 6-months follow-upstatistic 0.91 [0.84 to 0.95]).

The discovery that low primary sensory cortex eulity and low corticomotor
excitability in the acute stage of LBP are riskttais for worse LBP outcome at six-months
builds on a growing body of evidence that suggestasures of brain structure and function
are important risk factors of LBP outcome. For eghemin sub-acute LBP, greater functional
connectivity of corticostriatal circuitry is assatgd with chronic LBP at 1-year [3; 56]. Using
causal inference analyses, we have shown thatdéowosy cortex excitability (§d SEP area)
in acute LBP is a cause, and not an epiphenomeaiainronic pain [39]. Further research is

required to determine if these neurobiological festtors are modifiable.

Despite a robust and rigorous approach to dateaah and analyses, this study has
some limitations. First, MEPs used to quantify ioorotor excitability were obtained by
delivering TMS at 100% of stimulator output ovee thl1l during a sub-maximal paraspinal
muscle contraction. Although this methodology hasrbreported previously [78; 79; 89],
recent methodological developments have shownpdatido-randomly delivering 90 stimuli
over a 5 x 7 cm grid with a high-intensity coil iaddly maps the M1 paraspinal muscle
representation and minimises acquisition times (KE£Q.82 [95% CI 0.66 — 0.91]) [9]. This

approach should be considered in future studiesnaayg decrease participant attrition and



missing data. Second, despite some evidence suygest few as five EPV may provide
adequate statistical power for logistic regresgf8i, the most commonly accepted rule for
minimising overfitting encourages EPV of twenty more and our sample size does not
achieve this [61]. As recommended by the TRIPODestant, penalized regression was
applied to address this limitation of the studyd a@sults of the logistic model underwent ten-
fold cross-validation to minimise optimism [60; 6However, additional, large-scale studies
are needed to confirm and validate our findingsrtdihmissing data were present within some
candidate predictors and no outcome data wereadlailfor 24 participants. To limit the
impact of missing data on our findings, missingueal were imputed using the MICE
procedure [84] and a sensitivity analysis idendifie® differences between models developed
with or without imputed outcome data. Fourth, thikcome measures for pain and disability
asked participants to report these features overptist week, and we cannot determine
whether LBP had persisted since the acute episadedefined as chronic) or had reoccurred
as a new discrete episode (i.e., defined as realrr€or this reason, we refer to our
dichotomised results as risk factors for future L&t cannot determine whether risk factors
differ between chronic or recurring LBP. Finalljzetdichotomous outcome of future LBP
was based on a threshold value>d on the NRS or 7 on the RMDQ scale, as used in prior
studies predicting LBP outcome [35; 88]. There rasano widely accepted cut-off for
classifying LBP outcome based upon subjective panh disability scores and transforming a
continuous subjective measure into discrete categjoemains challenging [6]. The arbitrary
cut-off chosen in this study to define recurrentfudure LBP may not optimally reflect the
experience of individuals with LBP and continuougcomes remain preferable, consistent
with our primary analysis [82]. Finally, 0.8 pertef individuals who presented for screening
in the UPWaRD study were deemed ineligible dueht presence of radiculopathy. This

figure is similar to that reported by a large-scaleeption cohort of 973 individuals with



acute, non-specific low back pain presenting totralian primary care (1.2 % of screened
participants excluded due to radiculopathy) [33JheTrelatively low prevalence of

radiculopathy in these studies is likely explaineg the recruitment process. Referring
healthcare practitioners were provided with infotiora on study inclusion criteria and thus,

participants with suspected radiculopathy werekehjito have been referred for screening.

4.1 Conclusion

This study identified novel risk factors relatirgdortical function and neuroplasticity
for the development of future LBP. Neurobiologicatk factors, when added to a
multivariable linear regression model, explainefiidher 15% of the variance in six-month
pain intensity. Future research should seek torehte whether the neurobiological risk

factors identified in this study are modifiable salmechanisms.
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Figure 1. Example of a sensory evoked potential (SEP) recbfien the paraspinal muscles
(average of 500 traces) from a single participiigure 1A shows the Bb, Niso and BgoSEP
peaks.Figure 1B shows the area under the rectified curve for emeb €poch (I, N1so and

Pogoarea) that was used for analysis.
Figure 2. Study flow chart.

*defined as LBP lasting for longer than 6 weeks/andn LBP episode preceded by a period

of less than one-month without pain.

Figure 3. Motor cortical maps for two representative parteifs at the L3 recording site
normalized to peak motor evoked potential (MEP) ktonge. Figure 3A displays large
volume corticomotor excitability during acute lowadk pain (LBP) in a participant who was
recovered at 6-month&igure 3B displays small volume corticomotor excitability thg
acute LBP in another participant who experiencerb/recurrent LBP at 6-months. The
dashed lines indicate the location of the vert@ofdinate 0,0). The coloured scale represents
the proportion of the maximum MEP amplitude. Warmaslours represent higher

excitability.

Figure 4. Sensory evoked potentials (SEP) recorded in regptinstimuli to the paraspinal
muscles at baseline (average of approx. 500 trdoegjvo representative participants. The
black trace displays high SEP excitability in theute stage of low back pain (LBP) in a
participant who was recovered at 6-months. The trade displays low sensory evoked

potential excitability in the acute stage of LBPRaiparticipant who reported LBP at 6-months.



Table 1. Reporting key clinical characteristics of partanips at baseline, compared between those with3R)or without (N = 44) low back pain (LBP) at shonths.

Low back pain present at six months

Characteristic at baseline Yes(N =52) No (N =44) P-Value
Age, years (meah SD) 39 (15) 40(17) 0.82
Sex: Female, n (%) 30 (57.7) 21 (47.7) 0.3
Body mass index, kg/f{meant SD)* 26.5 (6.6) 25.3 (4.7) 0.34
Pain below gluteal fold: No, n (%) 31 (62.0) 36.(83 0.02
Inciting event: No, n (%) 19 (36.5) 14 (32.6) 0.69
Compensable injury/sickness benefits: No, n (%) (9283) 44 (100.0) 0.06
Previous history of LBP: No, n (%) 13 (25.0) 9 @0. 0.87
STarTBack Risk Score, n (%)
Low 32 (62.7) 34 (79.1) 0.06
Medium 14 (27.5) 9 (20.9) '
High 5(9.8) 0 (0.0)
Comorbid health conditions, n (%)
None 33 (66.0) 32 (72.7) 0.48
Heart Disease/Hypertension 7 (14.0) 3 (6.8) 0.26
Lung disease 2 (4.0) 1(2.3) 0.64
Diabetes 2 (4.0) 0 (0.0) 0.18
Ulcer or stomach disease 3 (6.0) 1(2.3) 0.37
Kidney disease 0 (0.0) 0 (0.0) NA
Depression/Anxiety 4 (8.0) 5(11.4) 0.58
Cancer 0 (0.0) 1(2.3) 0.28
Anaemia or other blood disease 1(2.0) 1(2.3) 0.93
Osteoarthritis 3 (6.0) 2 (4.5) 0.75
Inflammatory arthropathy 1(2.0) 0 (0.0) 0.35
Stroke or other neurological condition 0 (0.0) 0 (0.0) NA
Other medical problems 4 (8.0) 3 (6.8) 0.83
Medication use, n (%)
None 26 (50.0) 20 (45.5) 0.66
Not pain-related 14 (26.9) 14 (31.8) 0.60
NSAID 9(17.3) 4(9.1) 0.24
Acetaminophen 9 (17.3) 5 (11.4) 0.41




Opioid 4 (7.7) 2 (4.5) 0.53
Benzodiazepine 3(5.8) 0 (0.0) 0.11
Anti-depressant 3(5.8) 4 (9.1) 0.53
Anti-convulsant 2(3.8) 1(2.3) 0.66
Healthcare Utilization, (meahSD)
General practitionef 0.8 (1.6) 0.2 (0.5) 0.02
Allied health 1.3(2.4) 1.4 (2.9) 0.83
Diagnostic tests 0.2 (0.5) 0.1 (0.4) 0.39
21-Item Depression, Anxiety, Stress Scale (meSbD)
Depressioﬁ 8.4 (9.6) 25 (3.2 < 0.001
Anxiety# 5.5 (5.4) 2.3 (3.0) <0.01
Stresd 13.1 (10.2) 5.2 (5.0) <0.001
Pain Catastrophizing Scale (mea8D)
Rumination’ 4.4 (4.2) 2.2 (2.5) <0.01
Magnification” 3.2 (3.0) 1.6 (2.0) <0.01
Helplessnes% 5.7 (5.3) 3.2 (3.3) <0.01
Pain Self Efficacy Questionnaire (measD) 43.8 (13.4) 51.9 (10.0) <0.01
Roland-Morris Disability Questionnaire (me&aisD) 7.0 (4.9) 4.2 (3.5) <0.01
Average pain intensity past week, NRS (m&&8D) 5.0 (1.9) 3.3(1.8) <0.001
Worst pain intensity past week, NRS (meaBD) 6.7 (2.1) 5.9 (1.8) 0.07
Pain Interference, NRS (me&ugD)
General activity 5.0 (2.8) 3.7 (2.7) 0.03
Mood 4.8 (2.8) 3.0(2.7) <0.01
Walking ability 3.7.(3.2) 2.7 (2.5) 0.08
Normal work 4.6 (3.0) 3.2 (2.7) 0.02
Relations with other peopfe 2:8(3.2) 1.3(1.9) 0.01
Sleep® 49 (3.2) 2.8(2.4) <0.001
Enjoyment of life 3.9 (2.8) 2.6 (2.7) 0.02

Variable means were compared between participaitits o without LBP at six-months using t testsr{inuous variable) ak” tests (categorical variables).

#Welch’s t test was performetiOther comorbid health conditions include Meniedigease/Vestibular migraine, T5-T8 thoracic congiresfracture, endometriosis,

hypothyroidism, pituitary microadenoma/prolactingmepetitive strain injury wrists, obstructive giegpnoea.

Statistically significant values are in bold font.

LBP — low back pain; NRS — numerical rating scAl8AID — non-steroidal anti-inflammatory drug.

Table 2. Missing data within candidate predictor variables.




Candidate Predictor

Number of missing data (%)

Reason

SEP N, component area (1V)
SEP N5, component area (UV)
SEP Bg,component area (V)

2 (2%)
2 (2%)
2 (2%)

Equipment failure

L3 map volume (cf)
L5 map volume (cf)
L3/L5 centre of gravity overlap (cm)

31 (25.8%)
31 (25.8%)
31 (25.8%)

Unresolvable noise to signal ratio (N = 5)
Consent not obtained (N = 13)
Participant unable to tolerate (N = 7)
Equipment failure (N = 6)

Researcher error during phlebotomy (N = 10)

BDNF genotype (0 = AA/AG, 1 = GG) 0 (0%) . _

! Consent not obtained (N = 11
BDNF serum concentration (ng/mL) 30 (25%) Simple plex Ella™ ma((:hine er)ror (N=09)
PCS (0 — 52 scale) 2 (2%)
DASS-21 (0 — 63 scale) 7 (5.8%) Incorrect completion of questionnaire
PSEQ (0 — 60 scale) 3 (2.5%)
NRS score at T1 (0-10 scale) 2 (2%) . . :
Previous history of low back pain (0 = no, 1 = yes) 4 (3%) Incorrect completion of questionnaire
Age (years 0 (0%) N/A
Sex (0 = female, 1 = male) 0 (0%)

BDNF, brain-derived neurotrophic factor; DASS-2kdpession, Anxiety and Stress Scale; L3, electrederding site 3cm lateral to the L3 spinous preckS, electrode
recording site 1cm lateral to the L5 spinous pregB€S, Pain Catastrophising Scale; PSEQ, PairEfathicy Questionnaire; SEP, sensory evoked piateritl, within 6
weeks of acute low back pain onset; NRS, 11-paimerical rating scale. All variables were treatedt@ntinuous, with the exception of sex, previoissohy of low back
pain and BDNF genotype.

Table 3. Candidate predictors selected ‘a priori’ and coragdetween participants, with (N = 52) or with@Wt= 44) low back pain (LBP) at six months.



Statistically significant values in bold font; Valsiare numbers (%), means (SD), unadjusted odds (&Rs) with corresponding 95% confidence intex¥85% Cls), and
pCvalues from univariable logistic regression mod¥lalues for each baseline characteristic are cated!from raw data. Odds ratio and P-Values aréedofllowing
multiple imputation. The odds ratio is the increas®dds per unit increase in the predictor. AA/AG allele encodes Val, A allele encodes Met; BDNBrain derived

L ow back pain present at six months
Characteristic at baseline Yes (N =52) No (N = 44) OR (95% CI) P
Gender: Female (%) 30 (58) 21 (48) 0.73 (0.34 8)1.5 0.42
Previous history of LBP: No (%) 13 (25) 9 (20) D(D.27 — 1.86) 0.48
BDNF genotype: AA/AG (%) 23 (44) 12 (27) 0.42 (0-18.99) 0.05
L3 map volume (cf) 7.0 (3.0) 9.9 (4.0) 0.88 (0.78 — 1.00) 0.05
L5 map volume (cf) 7.5 (3.3) 8.3(3.2) 0.96 (0.85 — 1.08) 0.49
L3/L5 CoG Overlap (cm) 0.5(0.5) 0.8 (0.6) 0.52@®- 1.14) 0.10
Log-transformed k) area (p1V) -3.4 (1.4) -1.9.(1.3) 0.49 (0.35-0.68 <0.001
Log-transformed N area (UV) -3.2 (1.3) -1.9(1.3) 0.50 (0.36 — 0.70) <0.001
Log-transformed Ry area (uV) -3.1(1.2) -1.8(1.4) 0.50 (0.35-0.71) <0.001
BDNF serum concentration (ng/mL) 52.1(12.2) 50.2.%) 1.00 (1.00 — 1.00) 0.39
PCS (0 — 52 scale) 13.6 (11.7) 7.0 (7.0) 1.07 (£.023) 0.01
DASS-21 (0 — 63 scale) 26.9 (22.0) 10.1 (8.2) 1.06 (1.02 - 1.10) 0.01
PSEQ (0 — 60 scale) 43.5 (13.5) 51.0 (9.1) 0.9%1(6.0.99) 0.01
Average baseline pain intensity (0-10 scale) | 5.0 (1.9) 3.3(1.8) 1.57 (1.22 - 2.01) <0.001
Age (years) 39 (15) 40 (17) 1.00 (0.97 - 1.02) 0.92

neurotrophic factor; CoG — centre of gravity; DAS8epression, anxiety, stress subscale; NRS — meatheaiting scale; PCS — pain catastrophizing s¢a8EQ — pain self-

efficacy questionnaire.




Characteristic Completed follow-up (N = 96) Did not complete follow-up (N = 24) P-value
Gender: Female (%) 53.1 33.3 0.08
Previous history of LBP: No (%) 22.9 12.5 0.32
BDNF genotype: AA/AG (%) 36.5 54.2 0.11
L3 map volume (cf) 8.4 (4.0) 10.0 (5.5) 0.13
L5 map volume (cf) 7.8 (3.5) 8.5(4.2) 0.43
L3/L5 CoG Overlap (cm) 0.7 (0.6) 0.5 (0.4) 0.21
Log-transformed k) area (uV) -1.2 (0.7) -1.5 (0.6) 0.06
Log-transformed N area (UV) -1.1 (0.6) -1.4 (0.6) 0.04
Log-transformed Ry area (uV) -1.1 (0.6) -1.4 (0.6) 0.03
BDNF serum concentration (ng/mL) 52.2 (13.7) 503.7) 0.71
PCS (0 — 52 scale) 10.6 (10.3) 12.6 (8.9) 0.35
DASS-21 (0 — 63 scale) 19.1 (19.3) 27.2 (24.7) 0.17
PSEQ (0 — 60 scale) 47.1 (12.1) 425 (11.5) 0.10
Average baseline pain intensity (0-10 scale) 4.9)(2 4.6 (1.3) 0.37
Age (years) 40 (16) 40 (12) 0.91

Table 4. Comparison of candidate predictors selected ‘aripeaad compared between participants who did, @didchot, complete six-month follow-up.

Statistically significant values in bold font; Valsl are numbers (%), means (SD) compared betweehdolpain (LBP) participants who did, and did fudow-up, at 6
months follow-up using t tests (continuous datayaly distributed) or Fishers exact test (categmrdata). All values are calculated from raw d&A/AG - G allele
encodes Val, A allele encodes Met; BDNF — brainveer neurotrophic factor; CoG — centre of graviDASS — depression, anxiety, stress subscale; NR8nerical rating
scale; LBP — low back pain; PCS — pain catastropigcale; PSEQ — pain self-efficacy questionnaire.



Table 5. Spearman’s correlation coefficients between measufreortical excitability during acute low backimpa

L3 map volume

L5 map volume

Log-transformed

Log-transformed

Log-transformed

L3/L5 CoG Overlap

(cn) (cn) Ngoarea (1V) Nisoarea (|1V) Pygoarea (LV) (cm)
L3 map volume (cf) - 0.82" 0.02 0.07 0.07 -0.15
L5 map volume (cf) - -0.05 -0.06 -0.02 -0.29
Log-transformed Bharea (uV) - 0.84 0.85 0.20
Log-transformed Noarea (1V) - 0.90 0.21
Log-transformed Roarea (uV) - 0.20

L3/L5 CoG Overlap (cm)

All values are calculated from raw data. ** Cortaa is significant at the 0.01 level (2-tailed)Correlation is significant at the 0.05 level (Hed).



Table 6. Hierarchical linear regression model predictingmsianth pain intensity.

R? Adjusted R? Significance of B (95% ClI)
Variablesentered Significance of B
Adjusted R? change (final model)
Step 1 | Average baseline pain intensity (0-10 scale 0.22 0.22 0.33(0.17 t0 0.48) <0.001
Step 2 DASS-21 (0 — 63 scale) 0.14 (-0.13td)0.4 0.31
PCS (0 — 52 scale) 0.32 0.30 0.01 0.10 (-0.13 t0 0.35) 0.39
Step 3 | L3 map volume (én -0.29 (-0.48 to -0.10) <0.01
Log-transformed jharea (uV) 0.47 0.44 <0.01 -0.25 (-0.42 to -0.07) 0.01

Statistically significanP-values in bold font. Hierarchical linear regresswas performed with six-month pain intensity as dependent variable. Predictors identified from
the A-1se variable selection procedure were enteredtireamodel. Step 1 included average baseline pamsity, step 2 included psychological risk fastand step 3
included measures of sensorimotor cortical exditgbilhe significance of the adjusted Bhange was calculated using a one-way ANOVA. édiults reported in this table
are pooled across the imputed datasets. B — ursttindd beta coefficient; Cl — confidence intenlaASS-21 — 21 item depression, anxiety, stresscsidsPCS — pain
catastrophizing scale.



Table 7. Multivariate logistic prediction model of risk &dfw back pain at six months.

Predictor B OddsRatio (95% CI) Significance of B
Log-transformed k) area (p1V) -0.79 0.45(0.27 t0. 0.75) <0.01

L3 map volume (cf) -0.21 0.81 (0.65 to 1.01) 0.07
BDNF genotype (0 = AA/AG, 1 = GG) -0.87 0.41 (0fb0L.69) 0.22
DASS-21 (0 — 63 scale) 0.07 1.07 (1.02 to 1.23) 0.01
Average baseline pain intensity (0-10 scale) 0.54 .7111.17 to 2.50) 0.01
Previous history of LBP (0 = no, 1 = yes) -1.29 70@.05 - 1.61) 0.15

Statistically significant values in bold font. Aksults reported in this table are pooled acrossrtiputed datasets. The odds ratio is the incri@agdds per unit increase in
the predictor. AA/AG - G allele encodes Val, A &lencodes Met; B — unstandardized beta coefficBDNF — brain derived neurotrophic factor; Cl -nidence interval;
DASS-21 — 21 item depression, anxiety, stress sldsGG — G allele encodes Val; LBP — low back pain
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Figure 2.

Participants screened N =498
Excluded
Sub-acute or chronic LBP* N =207
” Previous spinal surgery N=2
Radiculopathy N=3
A 4
Participants met eligibility criteria N =286
R Lost contact N=9%
] Declined to participate N=72
\ 4
Eligible participants completed baseline assessment N=120
» Lost to follow up N=24
A 4
Six month follow up completed N=96
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