
 

  

 

Aalborg Universitet

Medial Prefrontal High-Definition Transcranial Direct Current Stimulation to Improve
Pain Modulation in Chronic Low Back Pain
A Pilot Randomized Double-blinded Placebo-Controlled Crossover Trial

McPhee, Megan E.; Graven-Nielsen, Thomas

Published in:
Journal of Pain

DOI (link to publication from Publisher):
10.1016/j.jpain.2021.02.012

Creative Commons License
CC BY-NC-ND 4.0

Publication date:
2021

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
McPhee, M. E., & Graven-Nielsen, T. (2021). Medial Prefrontal High-Definition Transcranial Direct Current
Stimulation to Improve Pain Modulation in Chronic Low Back Pain: A Pilot Randomized Double-blinded Placebo-
Controlled Crossover Trial. Journal of Pain, 22(8), 952-967. https://doi.org/10.1016/j.jpain.2021.02.012

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1016/j.jpain.2021.02.012
https://vbn.aau.dk/en/publications/9aeba94a-b7df-4dd2-be92-299e233f8efc
https://doi.org/10.1016/j.jpain.2021.02.012


The Journal of Pain
 

Medial Prefrontal High-Definition Transcranial Direct Current Stimulation to Improve
Pain Modulation in Chronic Low Back Pain: A Pilot Randomized Double-blinded

Placebo-Controlled Crossover Trial
--Manuscript Draft--

 
Manuscript Number: JPAIN-D-20-00473R1

Article Type: Human Study

Section/Category: Randomized Clinical Trial *

Keywords: Low back pain;  non-invasive brain stimulation;  conditioned pain modulation;  medial
prefrontal cortex;  randomized crossover trial

Corresponding Author: Thomas Graven-Nielsen
Aalborg University
Aalborg, DENMARK

First Author: Megan Elizabeth McPhee, PhD, M.Sc, BPhty (Hons)

Order of Authors: Megan Elizabeth McPhee, PhD, M.Sc, BPhty (Hons)

Thomas Graven-Nielsen

Abstract: Chronic low back pain (CLBP) is highly disabling, but often without identifiable source.
Focus has been on impaired anti-nociceptive mechanisms contributing to pain
maintenance, though methods of targeting this impairment remain limited. This
randomised-controlled cross-over pilot trial used active versus sham medial prefrontal
cortex (mPFC) high-definition transcranial direct current stimulation (HD-tDCS) for
three-consecutive days to improve descending pain inhibitory function. Twelve CLBP
patients were included with an average visual analogue scale (VAS) pain intensity of
3.0±1.5 and pain duration of 5.3±2.6 years. Pressure pain thresholds (PPTs),
conditioned pain modulation (CPM), and temporal summation of pain (TSP) assessed
by cuff algometry, as well as pain symptomatology (intensity, unpleasantness, quality,
disability) and related psychological features (pain catastrophizing, anxiety, affect),
were assessed on Day1 before three consecutive days of HD-tDCS sessions (each 20
min), at 24-hours (Day4) and 2-weeks (Day21) following final HD-tDCS. Blinding was
successful. No significant differences in psychophysical (PPT, CPM, TSP),
symptomatology or psychological outcomes were observed between active and sham
HD-tDCS on Day4 and Day21. CPM-effects at Day1 negatively correlated with change
in CPM-effect at Day4 following active HD-tDCS (P=0.002). Lack of efficacy was
attributed to several factors, not least that patients did not display impaired CPM at
baseline.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



1 
 

Medial Prefrontal High-Definition Transcranial Direct Current Stimulation to Improve Pain 
Modulation in Chronic Low Back Pain: A Pilot Randomized Double-blinded Placebo-

Controlled Crossover Trial 
Megan E. McPhee & Thomas Graven-Nielsen* 

Center for Neuroplasticity and Pain (CNAP), Aalborg University, Denmark 
 
 
Original paper for: J Pain 
 
Running title: mPFC HD-tDCS for pain modulation in CLBP   
 
Trial registration: ClinicalTrials.gov (NCT03864822) 
 
Disclosures:  
Center for Neuroplasticity and Pain (CNAP) is supported by the Danish National Research 
Foundation (DNRF121). Nocitech is partly owned by Aalborg University. The authors have no 
conflicts of interest to declare. 
 
 
 
 
*Corresponding Author:  
Prof. Thomas Graven-Nielsen Ph.D. DMSc. 
Center for Neuroplasticity and Pain (CNAP) 
Department of Health Science and Technology 
Faculty of Medicine, Aalborg University 
Fredrik Bajers Vej 7 D3, DK-9220 Aalborg, Denmark 
Phone: +45 9940 9832  
E-mail: tgn@hst.aau.dk  
  

Manuscript (revised, marked copy)



2 
 

ABSTRACT 

Chronic low back pain (CLBP) is highly disabling, but often without identifiable source. Focus has 

been on impaired anti-nociceptive mechanisms contributing to pain maintenance, though 

methods of targeting this impairment remain limited. This randomised-controlled cross-over pilot 

trial used active versus sham medial prefrontal cortex (mPFC) high-definition transcranial direct 

current stimulation (HD-tDCS) for three-consecutive days to improve descending pain inhibitory 

function. Twelve CLBP patients were included with an average visual analogue scale (VAS) pain 

intensity of 3.0±1.5 and pain duration of 5.3±2.6 years. Pressure pain thresholds (PPTs), 

conditioned pain modulation (CPM), and temporal summation of pain (TSP) assessed by cuff 

algometry, as well as pain symptomatology (intensity, unpleasantness, quality, disability) and 

related psychological features (pain catastrophizing, anxiety, affect), were assessed on Day1 

before three consecutive days of HD-tDCS sessions (each 20 min), at 24-hours (Day4) and 2-weeks 

(Day21) following final HD-tDCS. Blinding was successful. No significant differences in 

psychophysical (PPT, CPM, TSP), symptomatology or psychological outcomes were observed 

between active and sham HD-tDCS on Day4 and Day21. CPM-effects at Day1 negatively correlated 

with change in CPM-effect at Day4 following active HD-tDCS (P=0.002). Lack of efficacy was 

attributed to several factors, not least that patients did not display impaired CPM at baseline.  

 

Trial registration: ClinicalTrials.gov (NCT03864822) 

 

Perspective: Medial prefrontal HD-tDCS did not alter pain, psychological nor psychophysical 

outcomes, though correlational analysis suggested response may depend on baseline pain 

inhibitory efficacy, with best potential effects in patients with severe impairments in descending 

pain inhibitory mechanisms. Future work should focus on appropriate patient selection and 

optimising stimulation targeting. 

 

Key words: Low back pain, non-invasive brain stimulation, conditioned pain modulation, medial 

prefrontal cortex, randomized crossover trial  
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INTRODUCTION 

Chronic low back pain (CLBP) is well-known to be a costly and disabling condition, for which clear 

pathophysiology is lacking in the majority of cases[33; 43; 89]. HenceAs a result, increased focus 

has been placed on psychosocial factors and central pain processing mechanisms are often 

implicatedas possible contributors to  in the development and maintenance of the condition[26; 

74]. Prior work has shown both that CLBP commonly co-occurs with affective disturbances[17; 47], 

and that CLBP patients generally show impairments in anti-nociceptive mechanisms (e.g. 

Conditioned Pain Modulation (CPM)) related to LBP duration, extent, and severity[15; 22; 52]. 

Although behavioural interventions can be used by experienced clinicians to successfully address 

these affective and psychosocial factors[83], there remains little conclusive evidence on whether 

impaired anti-nociceptive mechanisms can be restored.  

One approach could be to intervene with factors associated to impairments in central pain 

processing mechanismsCPM[28; 55]; e.g. by reducing stress, restoring sleep quality and/or 

increasing physical activity. However, it is difficult to acutely alter these factors in a standardised 

anda repeatable manner. Another more standardised approach to acutely improving anti-

nociceptive mechanisms may be throughlternatively, transcranial direct current stimulation 

(tDCS), which is a non-invasive method of altering cortical excitability, that has been used to 

acutely enhance CPM in healthy individuals[18]. In CLBP populations, tDCS trials have not focussed 

on targeting anti-nociceptive mechanisms specifically, though trials for this purpose in other pain 

populations are ongoing[8]. Instead, most existing clinical studies aim to reduce pain and disability 

by stimulating either the primary motor or dorsolateral prefrontal cortexwhich may be able to 

improve pain inhibitory mechanisms and reduce clinical pain, especially when applied over several 

consecutive days[1; 69]. So far, these approaches have had limited success[1], which could be due 

to the lack of relevant stimulation targeting. In line, studies have shown that anodal tDCS targeted 

at the motor cortex can acutely improve CPM in healthy individuals[18] possibly through 

modulation of thalamic and prefrontal activity, though trials for this purpose in pain patients are 

ongoing[8].  

In the present work, it was therefore hypothesized that targeting cortical regions involved in 

both affective regulation and pain modulation, as commonly shown to be altered in CLBP patients, 

may be more efficaciousof relevance.  

The medial prefrontal cortex (mPFC) has recently been highlighted as a prime locus for 

thisaffect and anti-nociception[37], due to its role in encoding pain affect[70], and its connections 

with the periaqueductal gray (PAG) and thus descending inhibitory circuitry[4; 86]. Among CLBP 
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patients, abnormal functional connectivity has been observed between areas of the mPFC and 

PAG[49; 81; 90; 91], with reduced connectivity seen during clinical LBP exacerbation[90] and 

experimental pain provocation[49]. Such alterations in connectivity have been shown to correlate 

with pain intensity[90] and other clinical parameters[81], and have been speculated to indicate 

impaired cortical initiation of descending inhibition[90].  

So far, no pain studies have targeted the mPFC to enhance anti-nociceptive mechanisms 

using tDCS. However, a prior study used high-definition tDCS (HD-tDCS), posited to enhance focal 

accuracy and current penetration compared to conventional tDCS[84], to target the anterior 

cingulate cortex (ACC, a mPFC subregion), showing differential effects on specific cognitive 

tasks[80]. Computer modelling of this array demonstrates current spreading generally in the 

mPFC[80], hence it was deemed appropriate to use in the present study.  

In this randomized crossover pilot trial, the primary objective was to assess effects of active 

versus sham HD-tDCS, applied to the mPFC for three consecutive days, on descending pain 

inhibition (as measured by CPM. Secondary objectives were to) and assess active HD-tDCS effects 

on other psychophysical testing measures (pressure pain thresholds and temporal summation of 

pain), along with symptomatology (pain severity and disability) and psychological features (affect, 

anxiety, pain catastrophizing). It was hypothesized that active HD-tDCS would improve CPM 

effects, reduce negative affective features, and reduce LBP.   

 

METHODS 

Participants 

Participants with chronic low back pain (CLBP) were recruited through advertisements on social 

media and local noticeboards, and initially screened for eligibility via email and over the phone. 

Using G*Power (v3.1.9.2) an A-priori sample size calculation was performed; assuming a modest 

correlation between repeated measures (R=0.6), with 9 assessment sessions, 12 participants were 

required to detect a moderate effect size (f=0.25) with 80% power at a 0.05 alpha-level. 

Participants were required to be 18-60 years old, speak English fluently, and complain of CLBP, 

defined as: Pain experienced primarily posteriorly between the inferior border of the 12th rib and 

the lower gluteal fold that had been continuously present (>3 days/week) for more than 3 months 

and was of sufficient intensity to limit daily activity. Participants were excluded if they were 

currently seeking active treatment, were  routinely taking analgesics or other neuropsychotropic 

drugs, had red flag symptoms (i.e. fever, malaise, progressive neurologic deficit, significant 

trauma, prolonged corticosteroid use or osteoporosis, urinary or faecal incontinence, or 
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unintended weight loss), had other current or previous neurologic, musculoskeletal, mental or 

pain disorders that may affect the trial, or did not pass the transcranial stimulation safety 

screen[6]. All participants received written and verbal information about the study prior to 

recruitment and provided written informed consent prior to commencing the study. This study 

was pre-registered on ClinicalTrials.gov (NCT03864822), approved by the local ethical committee 

(VN-20170034) and conducted in accordance with the Declaration of Helsinki. All data was 

collected in the laboratories of the Center for Neuroplasticity and Pain (CNAP) at Aalborg 

University throughout 2019 by a trained experimenter (MEM).  

 

Study Design and Procedure 

This pilot study was designed as a randomized double-blind placebo-controlled experimental 

crossover trial. Once enrolled, participants were assigned a treatment order based on a computer-

generated random number sequence and were scheduled for 9 experimental sessions (Fig. 1). This 

was  broken into 2 blocks phases of 5 sessions on Days 1, 2, 3, 4 and 21, where baseline 

assessment on Day 1 of phase 2 acted as the Day 21 session for phase 1. of 4 consecutive days and 

a final follow-up session, with each block separated by at least 14 days (to avoid carry-over 

effects). In each phase, participants received 3 consecutive days of either active or sham HD-tDCS 

for 20 minutes (including 60s ramp on and off, respectively) to the medial prefrontal region. Prior 

to and following stimulation on the first day (Day1) of each phase, as well as immediately 

following stimulation on the third day (Day3), 24 hours after (Day4) and over 2 weeks after 

(Day21) end stimulation, a series of physical examination and psychophysical assessments of pain 

sensitivity were completed. Questionnaire data was obtained at the beginning of each session to 

track daily fluctuations in e.g. pain, mood, and sleep, and before and after each stimulation 

session to capture immediate changes in e.g. pain, anxiety, affective state and arousal 

(supplementary material).  

------- Figure 1 ------- 
 

Demographics and Questionnaire Data 

At the start of the first session, participants reported their age, gender, height, weight, hand and 

leg dominance, and then completed a series of questionnaires. These included basic questions 

about their pain history (e.g. pain onset, duration, aggravating and easing factors, prior healthcare 

utilisation, prior investigations, beliefs), sleep duration (hours slept on preceding night), 

menstruation (current day of cycle) and mood (current and past week on the Face Scale[39]); 
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along with the International Physical Activity Questionnaire[10] (IPAQ, rates daily activity in three 

categories to give an estimate of daily energy expenditure), Pain Catastrophizing Scale[78] (PCS, 

gives an indication of pain-related distress by rating the frequency of 13 catastrophic thought 

patterns), State-Trait Anxiety Inventory[76] (STAI, indicates present state and general trait anxiety 

levels through agreement with 40 self-depictions), Positive and Negative Affective Schedule[88] 

(PANAS, quantifies current positive and negative affect through degree of present experience of 

20 different affective descriptors), and Beck Depression Inventory II[5] (BDI-II, classifies degree of 

depressive symptoms through 20 five-item scales of behaviours). Questionnaires were repeated as 

detailed in Fig. 1.  

 

Low Back Pain and Disability Ratings 

In addition, in the Day1 and Day4 session of each phase, participants rated their current LBP 

intensity and unpleasantness, along with their average and maximum LBP in the preceding 24 

hours, on paper visual analogue scales (VAS, 0 cm: no pain/not unpleasant at all; 10 cm: worst pain 

imaginable/most unpleasant sensation imaginable). Average 24-hour pain ratings were also 

collected at the beginning of sessions on the second and third days, and current pain ratings 

(supplementary material) were obtained immediately prior to and following HD-tDCS. Participants 

also completed the Roland-Morris Disability Questionnaire[73] (RMDQ, quantifies disability based 

on dichotomous responses to 24 statements of functional task impairment), Start-back Screening 

Questionnaire[29] (SBSQ, classifies risk of chronification based on dichotomous response to 9 

statements), and the Pain-DETECT questionnaire[19] (aims to identify presence of neuropathic 

symptoms based on temporal and spatial pain pattern and presence of different sensory qualities), 

and chose pain descriptors from the 72-word table of the McGill Pain Questionnaire[54]. The SBSQ 

and Pain-Detect were only completed in the very first session, whereas the RMDQ and McGill Pain 

Questionnaire wereas repeated on Day1 and Day4 in each phase.  

 

Physical Examination 

Participants underwent a brief patient history to reconfirm eligibility for study inclusion, and 

explore their LBP history, prior investigations or interventions trialled, and beliefs about the 

condition. They then completed a basic physical examination including flexion, extension and 

lateral flexion, straight leg raise testing, and the Back Performance Scale[42; 77] to quantify 

function and movement-evoked pain (BPS, 5 standardised functional tasks with pain during the 

task rated by the participant and performance quality rated by the observer).   
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High-Definition Transcranial Direct Current Stimulation  

Direct current was delivered through five circular Ag/AgCl electrodes, placed with conductive 

electrode gel in 4 x 1 configuration in a neoprene EEG cap (NE056 Headcap in medium or large 

dependent on participant’s head size, Neuroelectrics, Spain), using a battery-powered 

multichannel neurostimulator (Starstim R32, Neuroelectrics, Spain). The Cz channel of the EEG cap 

was placed at the vertex (measured midpoint between nasion and inion, and preauricular points), 

orientation of the cap was checked for symmetry and was secured under the ears of participants.  

The anode was placed at Fz with four surrounding cathodes on the forehead at Fp1, Fp2, F7 and F8 

as well as a reference electrode on the earlobe as determined by the International 10-20 

Electroencephalography System (Fig. 2), and as has been used previously to target subregions of 

the mPFC[80]. Prior to each stimulation session, electrical impedance was checked using the 

Neuroelectrics Instrument Controller (NIC2, Neuroelectrics, Spain) and electrodes were adjusted 

until good impedance (below 10kΩ) was achieved for all stimulating electrodes. During each active 

stimulation session, participants were asked to sit quietly with their eyes open. current Current 

ramped up over 60 s to the target intensity of 2 mA for the anode (and -500µA at each cathode), 

where it remained for 18 minutes, then ramped down again over 60 s (20-minute total stimulation 

period). During each sham stimulation session, the stimulation ramped up over 60 s to 2 mA, then 

immediately ramped down again over 60 s and remained off for the subsequent 18 minutes to 

match the active stimulation period (Fig. 2). The electrical field distribution from this HD-tDCS 

array was modelled on a sample interface (‘Ernie’ dataset with prespecified scalp and cortical 

impedances), using the stimulation and electrode parameters detailed above, in SimNIBS software 

for MatLab as per prior recommendations[79] (Fig. 2).  

------- Figure 2 ------- 
 

Blinding Procedure and Assessment 

Participants and the experimenter (MEM) were blinded to the HD-tDCS protocol applied in each 

phase. The experimenter initially set up the active and sham protocols in the HD-tDCS software 

(Neuroelectrics, Spain), after which a colleague who was not involved in the study, renamed the 

protocols to Protocol 1 and Protocol 2 and turned on the software’s password protected double-

blind feature. This meant the experimenter could select to apply Protocol 1 or Protocol 2 in the 

software but could not see any additional details about the protocol parameters nor any activity in 

the hardware during stimulation that would indicate which protocol was the Active or Sham 
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condition. Participants were informed of the cross-over design and that they would experience 

two different stimulation paradigms, one of which was expected to have an effect (Active) and the 

other of which was not (Sham). Beyond this, participants were informed prior to every stimulation 

session about the likely course of sensations (initially increasing itching, tingling or warmth on the 

top of the head for the first 1-2 minutes, that then fades away slowly), but were not given any 

further details about the stimulation protocol parameters or intended effects.  

At the beginning of the first session in each phase, participants were asked whether they 

expected active HD-tDCS to have positive effects. Participants were further asked to rate which 

protocol they believed that they received immediately following each HD-tDCS session. Following 

assessment on Day 4 of each phase, participants completed a debriefing interview where they 

were asked: which protocol they believed they had received in the present phase, how certain 

(from 1: ‘not at all’ to 5: ‘completely’) they were about their protocol guess, when they recalled 

believing it was that protocol, why they believed this, sensations felt during stimulation, and side 

effects attributed to the stimulation. As this study used a novel montage targeting non-motor 

areas, it was deemed important to ensure that all potential adverse effects were captured and 

reported. Therefore, after these unstructured side effect reports, participants were then explicitly 

asked if they experienced any of the following adverse effects (based on previous HD-tDCS/tDCS 

literature[48; 65; 71]) during the present phase that they attributed to the stimulation: itching, 

tingling, burning, numbness, skin discomfort or redness, headache, change in movement control 

or visual perception, nausea, dizziness, difficulty concentrating, fatigue, nervousness, insomnia, 

mood swings.   

 

Handheld Pressure Algometry  

A 1 cm2 rubber-tipped handheld pressure algometer (Somedic, Sweden) was used to assess 

pressure pain thresholds (PPTs) bilaterally over the extensor carpi radialis (ECR: 3 cm distal to the 

lateral epicondyle along a line toward the radial condyle), upper trapezius (UT: midway between 

the C7 spinous process and the acromion), lumbar extensors at the levels of the first and fifth 

lumbar vertebrae (L1 and L5: 3.5 cm lateral to the L1 and L5 spinous processes, over the erector 

spinae muscle/fascial bulk), and gastrocnemius (GAS: midway between the popliteal line and 

calcaneal tuberosity) muscles. This combination of sites has been used previously in LBP patients 

and healthy individuals[51] and allows for assessment of local (L1/L5) pressure sensitivity, as well 

as pressure sensitivity in regional (GAS), related (UT) and distant (ECR) areas to the low back. 

Further, all tests can be completed with the participant in a relaxed prone position, hence limiting 
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positional changes and potential pain provocation during assessment. Pressure was applied at 30 

kPa/s perpendicular to each muscle belly until the participant indicated that the pressure became 

painful by pressing a button. Two measurements were repeated at each site, with >2 mins interval 

between testing of the same site and were averaged across repetitions and sides for analysis.  

 

Cuff Pressure Algometry 

A computer-controlled cuff algometry system (Nocitech, Denmark), paired with two 10 cm-wide 

tourniquet pressure cuffs (VBM, Germany) and an electronic visual analogue scale (eVAS; 

anchored at 0 cm: ‘no pain’, 10 cm: ‘worst pain imaginable’), was used to assess cuff pressure pain 

detection (cPDT) and tolerance (cPTT) thresholds, along with suprathreshold ratings, TSP and CPM. 

This cuff algometry system offers reliable, validated, user-independent assessment of deep-tissue 

sensitivity[12; 24; 25], assumed to be of relevance to musculoskeletal pain conditions like CLBP. 

Cuffs were placed firmly over the widest portion of each calf, approximately 5-cm distal to the 

tibial tuberosity. For cPDT and cPTT, pressure was increased at a rate of 1 kPa/s to a maximum of 

100 kPa (safety limit) during which participants were asked to begin sliding the VAS dial upward 

when the pressure first became painful (cPDT, extracted at VAS = 1 cm), keep rating the intensity 

of pain on the eVAS as the pressure increased, and then press the ‘stop’ button when the pressure 

became intolerable (cPTT).  

 

Suprathreshold Ratings  

Pressure was applied to the dominant leg at a rate of 100 kPa/s to cPTT intensity 3 times for 1 s 

with a 10 s break between stimuli. Participants were to rate the pain intensity of each stimulus on 

the eVAS then return the dial to 0 before next stimulation, with the maximum eVAS value for each 

stimulus extracted and averaged across repetitions for analysis.  

 

Temporal Summation of Pain 

Ten sequential 1-s cuff inflations were applied to the dominant leg with 1 s interval in-between 

(100 kPa/s inflation rate). Participants were to rate the pain intensity (eVAS) of the first stimulus, 

leave the dial stationary, then adjust from this point if subsequent stimuli were perceived to be 

more or less painful. eVAS ratings after each stimulus were extracted and normalised by 

subtraction to the first stimulus rating, then averaged into three epochs of the second to fourth (I), 

fifth to seventh (II) and eighth to tenth inflations (III).  
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Conditioned Pain Modulation 

Four sequential assessments of cPDT and cPTT were applied on the dominant leg (test stimuli). 

Simultaneous to the third assessment, a conditioning stimulus was applied to the non-dominant 

leg via tonic cuff pressure inflation at 70% of cPTT, as assessed immediately prior to the CPM 

paradigm. Participants were asked to verbally rate the pain intensity of this conditioning stimulus 

on a numeric rating scale anchored in the same manner as the VAS. The second to fourth cPDT and 

cPTT values were normalised by subtraction to the first assessment, with the second ramp 

showing habituation effects of stimulus repetition, and the third (parallel) and fourth (sequential) 

representing CPM effects, as described previously[50; 51].  

 

Statistics 

Using G*Power (v3.1.9.2) an A-priori sample size calculation was performed; assuming a modest 

correlation between repeated measures (R=0.6), with 9 assessment sessions, 12 participants were 

required to detect a moderate effect size (f=0.25) with 80% power at a 0.05 alpha-level. Data were 

checked for normality using Shapiro-Wilks and parametric or non-parametric analysis was then 

used accordingly. Data are presented as mean (standard deviation (SD)) or median (interquartile 

range (IQR)) in tables and mean (+ standard error of the mean (SEM)) in figures. Blinding success 

was checked using a binomial test compared to chance (50%) for dichotomous protocol guesses, 

and using Wilcoxon signed rank tests for guess certainty, timing, and side effect reports. Data 

analyses regarding immediate effects of HD-tDCS on pain, questionnaire, and psychophysical 

outcomes recorded post-stimulation on Day1 and Day3 are reported in supplementary material 

and summarized here. To understand changes in baseline values over time and thus possible 

carry-over effects (regardless of HD-tDCS phase), questionnaire (pain intensity and unpleasantness 

VAS, RMDQ, BPS, sleep, mood, IPAQ, PCS, STAI, PANAS and BDI) and psychophysical data (PPTs, 

cPDT, cPTT, STR, TSP, and CPM) from the first (Day1 first completed phase), fifth (Day1 second 

completed phase) and ninth (Day21) sessions were compared using paired t-test, Wilcoxon signed 

rank test, repeated-measures analysis of variance (RM-ANOVA) or Friedman’s ANOVA as 

appropriate. To investigate effects of HD-tDCS on questionnaire data (average and maximum 24 

hour pain intensity and unpleasantness VAS, RMDQ, BPS, sleep, mood, PCS, STAI, and PANAS) for 

outcomes collected at the beginning of Day1, Day4, and Day21, using ANOVA or Friedman’s 

ANOVA as appropriate. To investigate effects of HD-tDCS on psychophysical (PPTs, cPDT, cPTT, 

STR, TSP-epochs, and CPM-effects) outcomes, data from Day1, Day4, and Day21 in each phase 

were compared using RM-ANOVA or Friedman’s ANOVA as appropriate. Finally, exploratory 
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Spearman’s Rho correlations between CPM-effects at baseline (parallel ramp) and change in CPM 

(Day4 minus Day1 and Day21 minus Day1) due to Active or Sham HD-tDCS were conducted to 

understand variation in responses to stimulation. RM-ANOVAs were Greenhouse-Geisser 

corrected in the event of lacking sphericity on Mauchly’s W testing. All post-hoc comparisons were 

Bonferroni corrected with significance set at P<0.05.  

 

 

RESULTS 

Patient Characteristics 

Twelve chronic LBP patients were included in the study and all completed both 4-day phases. One 

participant did not return for the final follow-up session (Day21) and one participant ceased the 

active stimulation at 10-minutes on Day3 due to intolerable scalp sensation (described as strong 

burning and pulling pain), though remaining data collection was still completed and included for 

this participant. Full analysis was completed on 11 participants, as the inclusion of the 12th 

participant (who did not return for Day21 in the second phase) did not change results for Day1 to 

Day4 comparisons. Generally, these patients were young (Table 1), though reported having had 

LBP for a number of years, with all having sought care for this pain in the past and approximately 

half having had an X-ray and/or MRI of their back taken previously (no abnormalities reported). All 

reported pain primarily in the lower back region with no patients reporting referral into the legs, 

but occasional (n = 4) reports of related pain in the upper back or neck.    

------- Table 1 ------- 
 

Blinding 

Two more participants guessed the protocol correctly in the second phase than the first, and in 

the Active than the Sham HD-tDCS condition, but accuracy was not statistically different to chance 

in any condition (P>0.38, Table 2). No differences were noted for guessing certainty (Z=-0.368, 

P=0.71), guess timing (Z=-0.740, P=0.45), or how commonly sensations (All P>0.18) or side effects 

(P=0.831) were reported between Active and Sham conditions (Table 2). On qualitative 

assessment, participants typically reported guessing they had received Active HD-tDCS when they 

had perceived stronger sensations during and/or a reduction in LBP intensity, but these 

associations were frequently incorrect (Table 2).  

------- Table 2 ------- 
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Questionnaire Data 

Baseline Differences: When baseline pain, disability, sleep, mood, IPAQ, PCS, STAI, PANAS and BDI 

data for the first (Day1, phase 1), fifth (Day1, phase 2) and ninth (Day21, phase 2) session 

(chronological irrespective of stimulation protocol) were compared, only a difference in RMDQ 

was observed (X2=6.9, P<0.04), where disability scores were lower in session 5 than session 1 (Z=-

2.53, P=0.011). No other significant differences were observed between baseline sessions for any 

variable (all P>0.1, Table 3) suggesting no carry-over effects between phases.  

Effects of HD-tDCS: No significant effects of HD-tDCS (active, sham) or days (Day1, Day4, 

Day21) were observed for past 24 hour average pain intensity or unpleasantness VAS scores, 

maximum pain intensity or unpleasantness VAS scores, McGill scores, RMDQ, sleep time, current 

mood, mood over the past week, PCS, STAI-state, STAI-Trait, PANAS-positive or PANAS-negative 

scores (All P>0.1, Table 3). A significant HD-tDCS*Day interaction (F2,20=4.12, P=0.032, h2=0.29, 

Table 3) was observed for BPS pain ratings, reflecting movement-evoked pain in functional tasks, 

whereby pain ratings were higher in the Sham than Active phase at the Day1 baseline assessment 

(P=0.021), and were reduced at Day21 compared to Day1 in the Sham phase (P=0.043). 

------- Table 3 ------- 
 

Psychophysical Data 

Baseline Differences: When the first (Day1, phase 1), fifth (Day1, phase2) and ninth (Day21, phase 

2) sessions were compared, no significant differences were noted in any of the psychophysical 

measures (PPT, cPDT, cPTT, STR, TSP and CPM). Only that TSP-epochs and CPM-effects were both 

present, with significant main effects of Epoch (F2,20=15.33, P<0.001, h2=0.60), showing significant 

increases in ratings in each subsequent epoch (Post-hoc: 1<2<3, P<0.03), and Ramp (F2,20=5.25, 

P=0.015, h2=0.34), showing that cPDT and cPTT were higher on the third than second ramp, (Post-

hoc: 3rd ramp (parallel CPM) > 2nd ramp (habituation), P=0.03), respectively.   

Effects of HD-tDCS: For PPTs, a HD-tDCS*Day interaction was observed (F2,20=3.60, P=0.046, 

h2=0.26). However, no significant differences were observed on post-hoc testing, but this effect 

was likely driven by slightly lower PPTs on Day1 in the sham compared with active (Day1 Active 

minus Sham = 87.2 ± 41.9 kPa, P=0.064, Fig. 3A).   

For cPTT, there was a main effect of Day (F1.2,11.7=7.00, P=0.018, h2=0.41, Fig. 3B), whereby 

cPTT was higher on Day21 than Day1 (Day21 minus Day1 = 3.3 ± 1.1 kPa, P=0.043).  No significant 

effects were observed for cPDT (F<2.17, P>0.14, h2<0.18), nor were any significant effects 

observed for STR (F<0.49, P>0.60, h2<0.05, Fig. 3C).  
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 For TSP, there was a main effect of Epoch (F2,20=11.21, P=0.001, h2<0.53, Fig. 3D), 

showing an increase in eVAS scores on each subsequent Epoch (I<II<III, P<0.04), but no significant 

differences between HD-tDCS or Days were noted.  

There was a main effect of Ramp for CPM effects on both cPDT (F2,20=4.39, P=0.026, h2<0.31) 

and cPTT (F2,20=11.91, P<0.001, h2<0.54, Fig. 3E). Post-hoc tests were non-significant for CPM 

effects on cPDT, but CPM effects on cPTT showed greater inhibition of ramps during (3rd Ramp 

(parallel CPM) > 2nd Ramp (habituation), P=0.005) and following (4th Ramp (sequential CPM) > 2nd 

Ramp (habituation), P=0.005) conditioning compared to the ramp prior, indicating CPM was 

present in these CLBP patients. No significant differences were observed between HD-tDCS or 

Days despite the visual trend evident in Fig. 3.   

------- Figure 3 ------- 
 

Exploratory Correlation Analysis 

A moderate negative correlation was observed between CPM at baseline (absolute first session, 

Day1) and the change in CPM following Active HD-tDCS (Day4, RS=-0.79, P=0.002, Fig. 4), 

suggesting those with the least efficient CPM at baseline responded most positively to the Active 

stimulation. The corresponding correlation analysis for changes in CPM following Sham HD-tDCS 

was in the opposing direction (positive) and non-significant (Day4, RS=0.53, P=0.075, Fig. 4). 

However, it should be noted, that in the majority of participants CPM was efficient at baseline, so 

mean effects of Active HD-tDCS on CPM in this sample were not significant.  

------- Figure 4 ------- 
 

Immediate Effects of HD-tDCS 

HD-tDCS had an immediate effect on pain intensity and unpleasantness, with a greater reduction 

in pain intensity observed on Day1 than Day2 and Day3 (P<0.03, Supplementary Material).  No 

significant immediate effects were observed for short-form versions of the McGill, PCS, STAI, or 

PANAS, or for Valence and Arousal ratings. PPTs at the ECR showed greater reduction after Active 

than Sham HD-tDCS (P<0.04), and both cPTT and STR showed greater increases on Day3 than Day1 

(P<0.04), but no immediate effects on cPDT, TSP or CPM were observed (P>0.06, Supplementary 

Material).  

 

 

 



14 
 

DISCUSSION  

Active versus sham HD-tDCS was directed at the mPFC in CLBP patients, primarily aiming to 

improve CPM, as well as ,possibly reducing  affective disturbances, and clinical pain. Blinding of 

HD-tDCS protocol was successfully achieved despite the cross-over design. However, even though 

various characteristics were assessed through questionnaire and psychophysical testing, no 

meaningful differences were observed between Active and Sham HD-tDCS. General temporal 

effects on cuff pain tolerance thresholds were evident, as well as immediate reductions in LBP 

ratings following both HD-tDCS paradigms on the first day. An interesting exploratory association 

was identified, suggesting that HD-tDCS paradigms targeting the mPFC may have potential for 

improving CPM in patients with severe impairments in this mechanism, however these findings 

need replication and further validation.   

 

CLBP patient characteristics 

A comprehensive profile of CLBP patients was obtained, including sensory and affective LBP 

features, pain duration, self-reported disability, observer quantified function, state and trait 

psychological factors, past care-seeking behaviours, aggravating and easing factors, and prognostic 

and mechanistic classifications. As no meaningful changes were observed across the study in any 

of these outcomes on a group level, it is unlikely that this HD-tDCS paradigm alone has 

interventional potential in this specific population. Prior trials have suggested that combined tDCS 

and peripheral interventions can provide enhanced and maintained analgesic effects[27], and 

these possibilities remain to be explored with this new stimulation montage. However, there are 

also sample characteristics that are important to consider in relation to the lack of efficacy seen 

here. For example, despite reporting having had CLBP for several years, the patients included here 

reported minimal pain during testing sessions with even maximum past 24-hour pain ratings rarely 

exceeded 6/10; which is considerably lower than CLBP patients attending pain clinics[56]. The 

majority of included CLBP patients also reported levels of pain-catastrophizing[78], anxiety[34], 

and affect[5; 11] consistent with prior control data[51] and mostly below clinical cut-off scores. It 

was not the intention to recruit individuals with low pain scores, as this can produce floor effects, 

where clinically meaningful pain relief is challenging to demonstrate. However, it is possible that a 

relatively low-disability sample should have been expected given the intensive involvement 

required for the study (potentially preventing working individuals and those with reduced mobility 

from participating).    
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Psychophysical assessments of pro- and anti-nociception 

CLBP patient populations have previously been shown to have impaired CPM, facilitated TSP and 

reduced PPTs at local and distant sites, at least on a group level[15; 52]. However, CLBP patients 

represent a highly heterogeneous group, both in terms of symptomatology and regarding CPM 

impairment. Prior studies tend to suggest that CPM may be more impaired in patients with severe, 

widespread and/or longer lasting pain[21-23]. Hence, given the mild localised pain and limited 

disability reported in the present sample, it may be unsurprising that the majority (75%) 

demonstrated efficient CPM. In fact, both mean CPM and TSP observed here are of similar 

magnitude to control participants assessed in prior work usingwith the same methodology[24; 25; 

30; 50]. PPTs over the lumbar sites were low in comparison to prior studies in controls[50; 67; 87], 

but fluctuations in PPT often occur with pain presence[51; 61; 66; 75], especially locally, and do 

not necessarily represent a pathological feature of the broader condition[14]. Based on these 

findings, it may be that these patients simply did not have had the problems usually associated 

with CLBP[53] that the HD-tDCS was intended to target and thus no clear changes could be 

observed.  

 

HD-tDCS targeting in CLBP 

Most prior non-invasive brain stimulation studies in chronic pain conditions have targeted the 

motor cortex[18]. However, it was hypothesized here that better effects might be observed if 

stimulation was directed to areas involved in affective processing and descending pain 

modulation, where impairments have previously been reported in CLBP patients[3; 49; 52; 90]. A 

previous study using similar justification targeted the ACC using conventional unilateral tDCS and 

showed reduced pain interference, intensity and disability after 6-weeks in CLBP patients[44]. 

However, this study did not assess CPM, used 10 sessions (as opposed to 3 here), a cathodal array, 

and a sample population of primarily older adult males with greater pain and disability levels, 

which may explain differences in results.  

Polarity-dependent effects on cortical excitability and experimental pain perception have 

previously been observed for the motor[57; 92], sensory[82] and dorsolateral prefrontal[60] 

cortices, with anodal stimulation considered excitatory and cathodal inhibitory[13]. However, 

polarity effects are not always clear when targeting frontal regions[45; 46; 58] or when assessing 

pain perception in patients, where both cathodal and anodal stimulation may show similar 

effects[40; 85]. Anodal stimulation was selected here to target prefrontal connections to the 

periaqueductal gray[9], theorised to be involved in affective regulation of descending inhibition. 
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However, interplay between prefrontal regions is complex[68] and these regions can exert 

modulatory effects on pain through multiple distinct mechanisms[4; 86], including 

aforementioned PAG-mediated descending inhibition, descending facilitation of nociceptive 

transmission[93], or supraspinal effects on affective pain processing[16; 59]. There are also various 

subregions within the mPFC which show differential activation during pain[37], so although 

current direction is likely important, determining effects on specific subregions is challenging. 

Hence, even though HD-tDCS improves electrical field focality, it is likely that greater specificity in 

targeting is still needed.  

It is also important to consider that alterations in functional connectivity observed between 

the mPFC and PAG in CLBP patients, which were suggested to indicate impaired descending pain 

modulation in these patients[90], seem to depend on current attentional, affective and pain state 

features[36]. As HD-tDCS paradigms are applied at rest, and as conversely heightened mPFC 

activity and connectivity to other pain processing regions has been observed at rest in CLBP 

patients[94], it may instead be more effective to use cathodal HD-tDCS to inhibit the mPFC. This 

approach may better reduce pain perception and/or unpleasantness more generally, consistent 

with the prior CLBP study[44] and with effects seen following brief TMS-induced disruption of the 

mPFC[35], though this would no longer fit with targeting target descending inhibitory connections 

and hence expected effects on CPM are unclear.  

 

Differential effects of HD-tDCS depending on baseline CPM 

It is interesting to consider why opposing effects were seen between patients with differing CPM 

efficacy at baseline. This may be the result of individual differences in resting brain activity and/or 

connectivity prior to the tDCS session, as has previously been shown to influence tDCS 

response[62]. For example, if efficient CPM reflects that mPFC-PAG pathways are already active in 

these patients, an additional excitatory tDCS paradigm may then produce an inhibitory 

homeostatic response[41] and have a negative effect on CPM. Whereas patients with severe CPM 

impairment, potentially reflecting reduced mPFC-PAG activity, may benefit from this HD-tDCS 

paradigm. This, along with the influence of individual brain states prior to treatment, requires 

further exploration.  

Enhanced tDCS effects may also be observed if appropriately targeted stimulation was 

combined with other relevant training[69]. This is currently being tested in a large cohort of CLBP 

patients using tDCS in combination with functional motor and sensory training[2], but results are 

yet to come. In the specific case of CPM, it is possible that combinations of mPFC HD-tDCS 
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paradigms with other strategies to improve descending inhibition, such as tapentadol, duloxetine, 

artificial mood enhancement, stress reduction or sleep restoration could be successful. However, 

future work is needed to explore the efficacy of these combinationsthis and further validate the 

pathophysiological importance of CPM impairment as a treatment target in CLBP. 

 

Blinding  

Unfortunately, dueDue to the small sample size, it was not possible to examine expected/believed 

HD-tDCS protocol effects; however, it appeared that HD-tDCS guesses were often wrong and 

hence blinding was well maintained throughout the trial. This is important to highlight, as this 

isblinding has been reported to be problematic, especially in HD-tDCS studies due to increased 

current density[20; 31], and in cross-over trials where participants are able to compare 

sensations[63; 64]. Prior studies attempting to develop sham strategies have shown clear 

differences in reported sensations during stimulation, unless a shunting technique (i.e. using 

adjacent electrodes to shunt current through the scalp) was used[20; 72]. The central electrode 

array used in the present study was not conducive to this approach, so instead a longer ramp up 

and down phase was used to mimic the sensation-timeline reported during pilots in the active 

condition. Recall accuracy of painful sensations has been suggested to be substantially diminished 

after several days[7], hence the two-three week gap between phases here would have made 

comparison between stimulation paradigms challenging. Other factors likely contributing to 

blinding success here include using a trained investigator to place electrodes, concurrent 

experimenter blinding, neglecting specific information about the stimulation paradigms, and 

providing equally strong reinforcement of expected sensations during both phases. This successful 

blinding strengthens conclusions, and also supports prior work[20] indicating that crossover 

designs, which minimise sample size and thus exposure to experimental treatment, are 

appropriate for pilot testing new HD-tDCS paradigms.  

 

Limitations 

Beyond influences of patient characteristics a few limitations should be noted. This pilot trial was 

adequately powered to show differences in psychophysical testing but only used a small sample of 

heterogeneous CLBP patients. As well, inherent issues with tDCS such as varying head size and hair 

thickness, unknown cognitive processes potentially performed by participants during stimulation, 

and interindividual e.g. anatomical, neurochemical and genetic variation which may influence 

current flow and precise electrode placement, that have been discussed previously[32; 38], were 
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presumably also evident here. Finally, this study only assessed patients on the days during, 

immediately following and on Day21 post-stimulation, so latent effects as observed in prior 

studies may have been missed.  

 

Conclusion 

This study has shown no significant effects of active mPFC HD-tDCS on anti-nociceptive 

mechanisms, nor on other psychophysical tests, clinical LBP features or psychological 

characteristics. Blinding was maintained throughout the trial, despite the crossover design, 

suggesting this a crossoverstudy design is appropriate for pilot testing new experimental 

paradigms. Future work should focus on appropriate patient screening and selection strategies to 

study effects on patients with true deficiencies in anti-nociceptive mechanisms, as well as 

optimising stimulation targeting, exploring different arrays and current directions, and looking at 

effects combined with mechanistically justified complementary interventions. 
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Figure 1: Trial protocol showing (A) timeline of all sessions in the full protocol and (B) procedures 

involved on each day of each phase, as then repeated for alternate HD-tDCS paradigm. FAs seen in 

(A) for the second phase, the first assessment on Day1 acts as Day21 for the first phase, whereas in 

the second phase it is a separate Day21 session. In (A), orange circles indicate sessions with HD-

tDCS and grey circles represent sessions with measurement only. In (B), Ffaded boxes represent 

data either reported in supplementary material (immediate effects on pain, short-form 

questionnaires, and psychophysical testing) or not reported here (grey empty grey boxes 

representing resting-state electroencephalography and affective/attentional outcomes). IPAQ: 

International Physical Activity Questionnaire. PCS: Pain Catastrophizing Scale. STAI: State-Trait 

Anxiety Inventory. PANAS: Positive and Negative Affective Schedule. BDI-II: Beck Depression 

Inventory. MPQ: McGill Pain Questionnaire. RMDQ: Roland-Morris Disability Questionnaire. SBSQ: 

Start Back Screening Questionnaire. SLR: Straight Leg Raise. PPT: Pressure Pain Threshold. ECR: 

extensor carpi radialis. UT: upper trapezius. L1/L5: 1st and 5th lumbar segments. GAS: 

gastrocnemius. PDT/PTT: pain detection/tolerance threshold. STR: suprathreshold rating. TSP: 

temporal summation of pain. CPM: conditioned pain modulation. HD-tDCS: high density 

transcranial direct current stimulation. SFQ: short-form questionnaires. PS: pain sensitivity 

assessment. EX: physical examination.  

 

 

Figure 2: Depiction of A) HD-tDCS stimulation protocol for Active (60 s ramp ON, 18 min anodal 

HD-tDCS, 60s ramp OFF) and Sham (60 s ramp ON, 60 s ramp OFF); B) placement and current 

amplitude for anode, cathodes and reference electrode in relation to the 10-20 International EEG 

System; and C) electrical field modelling of 2mA anodal stimulation paradigm generated with 

SimNIBS as per prior simulations[79].   

 

Figure 3: Mean (+SEM) psychophysical outcomes on Day1, Day4, and Day21 in both Active (yellow) 

and Sham (blue) HD-tDCS conditions: A) pressure pain thresholds, B) cuff pain detection (cPDT) and 

cuff tolerance threshold (cPTT), C) suprathreshold ratings, D) temporal summation of pain, and E) 

conditioned pain modulation. ECR=extensor carpi radialis, UT=upper trapezius, 

GAS=gastrocnemius. R2-4=Ramp 2-4 (2: prior to conditioning, 3: during conditioning, 4: post-

conditioning). Significant between-epoch difference from Epoch I or between-ramp difference from 



25 
 

Ramp 2 is shown (*, P<0.03). Main effect of Day with significant increase compared to Day1 is 

indicated (#, P<0.04).  

 

Figure 4: Spearman’s Rho correlations between mean CPM (parallel, ramp-3 minus ramp-1, 

average of effects on cPDT and cPTT) at baseline Day1 and the change in mean CPM from Day1 to 

Day4 within each HD-tDCS condition (Active/Sham). Individual participant data shown in orange 

for the 6 patients with least efficient CPM and in green for the 6 patients with most efficient CPM 

at baseline.  
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ABSTRACT 

Chronic low back pain (CLBP) is highly disabling, but often without identifiable source. Focus has 

been on impaired anti-nociceptive mechanisms contributing to pain maintenance, though 

methods of targeting this impairment remain limited. This randomised-controlled cross-over pilot 

trial used active versus sham medial prefrontal cortex (mPFC) high-definition transcranial direct 

current stimulation (HD-tDCS) for three-consecutive days to improve descending pain inhibitory 

function. Twelve CLBP patients were included with an average visual analogue scale (VAS) pain 

intensity of 3.0±1.5 and pain duration of 5.3±2.6 years. Pressure pain thresholds (PPTs), 

conditioned pain modulation (CPM), and temporal summation of pain (TSP) assessed by cuff 

algometry, as well as pain symptomatology (intensity, unpleasantness, quality, disability) and 

related psychological features (pain catastrophizing, anxiety, affect), were assessed on Day1 

before three consecutive days of HD-tDCS sessions (each 20 min), at 24-hours (Day4) and 2-weeks 

(Day21) following final HD-tDCS. Blinding was successful. No significant differences in 

psychophysical (PPT, CPM, TSP), symptomatology or psychological outcomes were observed 

between active and sham HD-tDCS on Day4 and Day21. CPM-effects at Day1 negatively correlated 

with change in CPM-effect at Day4 following active HD-tDCS (P=0.002). Lack of efficacy was 

attributed to several factors, not least that patients did not display impaired CPM at baseline.  

 

Trial registration: ClinicalTrials.gov (NCT03864822) 

 

Perspective: Medial prefrontal HD-tDCS did not alter pain, psychological nor psychophysical 

outcomes, though correlational analysis suggested response may depend on baseline pain 

inhibitory efficacy, with best potential effects in patients with severe impairments in descending 

pain inhibitory mechanisms. Future work should focus on appropriate patient selection and 

optimising stimulation targeting. 

 

Key words: Low back pain, non-invasive brain stimulation, conditioned pain modulation, medial 

prefrontal cortex, randomized crossover trial  
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INTRODUCTION 

Chronic low back pain (CLBP) is well-known to be a costly and disabling condition, for which clear 

pathophysiology is lacking in the majority of cases[33; 43; 89]. As a result, increased focus has 

been placed on psychosocial factors and central pain processing mechanisms as possible 

contributors to the development and maintenance of the condition[26; 74]. Prior work has shown 

both that CLBP commonly co-occurs with affective disturbances[17; 47], and that CLBP patients 

generally show impairments in anti-nociceptive mechanisms (e.g. Conditioned Pain Modulation 

(CPM)) related to LBP duration, extent, and severity[15; 22; 52]. Although behavioural 

interventions can be used by experienced clinicians to successfully address these affective and 

psychosocial factors[83], there remains little conclusive evidence on whether impaired anti-

nociceptive mechanisms can be restored.  

One approach could be to intervene with factors associated to impairments in CPM[28; 55]; 

e.g. by reducing stress, restoring sleep quality and/or increasing physical activity. However, it is 

difficult to acutely alter these factors in a repeatable manner. Another more standardised 

approach to acutely improving anti-nociceptive mechanisms may be through transcranial direct 

current stimulation (tDCS), which is a non-invasive method of altering cortical excitability, that has 

been used to acutely enhance CPM in healthy individuals[18]. In CLBP populations, tDCS trials have 

not focussed on targeting anti-nociceptive mechanisms specifically, though trials for this purpose 

in other pain populations are ongoing[8]. Instead, most existing clinical studies aim to reduce pain 

and disability by stimulating either the primary motor or dorsolateral prefrontal cortex[1; 69]. So 

far, these approaches have had limited success[1], which could be due to the lack of relevant 

stimulation targeting. In the present work, it was therefore hypothesized that targeting cortical 

regions involved in both affective regulation and pain modulation, as commonly shown to be 

altered in CLBP patients, may be more efficacious.  

The medial prefrontal cortex (mPFC) has recently been highlighted as a prime locus for affect 

and anti-nociception[37], due to its role in encoding pain affect[70], and its connections with the 

periaqueductal gray (PAG) and thus descending inhibitory circuitry[4; 86]. Among CLBP patients, 

abnormal functional connectivity has been observed between areas of the mPFC and PAG[49; 81; 

90; 91], with reduced connectivity seen during clinical LBP exacerbation[90] and experimental pain 

provocation[49]. Such alterations in connectivity have been shown to correlate with pain 

intensity[90] and other clinical parameters[81], and have been speculated to indicate impaired 

cortical initiation of descending inhibition[90].  
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So far, no pain studies have targeted the mPFC to enhance anti-nociceptive mechanisms 

using tDCS. However, a prior study used high-definition tDCS (HD-tDCS), posited to enhance focal 

accuracy and current penetration compared to conventional tDCS[84], to target the anterior 

cingulate cortex (ACC, a mPFC subregion), showing differential effects on specific cognitive 

tasks[80]. Computer modelling of this array demonstrates current spreading generally in the 

mPFC[80], hence it was deemed appropriate to use in the present study.  

In this randomized crossover pilot trial, the primary objective was to assess effects of active 

versus sham HD-tDCS, applied to the mPFC for three consecutive days, on descending pain 

inhibition as measured by CPM. Secondary objectives were to assess active HD-tDCS effects on 

other psychophysical testing measures (pressure pain thresholds and temporal summation of 

pain), along with symptomatology (pain severity and disability) and psychological features (affect, 

anxiety, pain catastrophizing). It was hypothesized that active HD-tDCS would improve CPM 

effects, reduce negative affective features, and reduce LBP.   

 

METHODS 

Participants 

Participants with chronic low back pain (CLBP) were recruited through advertisements on social 

media and local noticeboards, and initially screened for eligibility via email and over the phone. 

Participants were required to be 18-60 years old, speak English fluently, and complain of CLBP, 

defined as: Pain experienced primarily posteriorly between the inferior border of the 12th rib and 

the lower gluteal fold that had been continuously present (>3 days/week) for more than 3 months 

and was of sufficient intensity to limit daily activity. Participants were excluded if they were 

currently seeking active treatment, were  routinely taking analgesics or other neuropsychotropic 

drugs, had red flag symptoms (i.e. fever, malaise, progressive neurologic deficit, significant 

trauma, prolonged corticosteroid use or osteoporosis, urinary or faecal incontinence, or 

unintended weight loss), had other current or previous neurologic, musculoskeletal, mental or 

pain disorders that may affect the trial, or did not pass the transcranial stimulation safety 

screen[6]. All participants received written and verbal information about the study prior to 

recruitment and provided written informed consent prior to commencing the study. This study 

was pre-registered on ClinicalTrials.gov (NCT03864822), approved by the local ethical committee 

(VN-20170034) and conducted in accordance with the Declaration of Helsinki. All data was 

collected in the laboratories of the Center for Neuroplasticity and Pain (CNAP) at Aalborg 

University throughout 2019 by a trained experimenter (MEM).  
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Study Design and Procedure 

This pilot study was designed as a randomized double-blind placebo-controlled experimental 

crossover trial. Once enrolled, participants were assigned a treatment order based on a computer-

generated random number sequence and were scheduled for 9 experimental sessions (Fig. 1). This 

was broken into 2 phases of 5 sessions on Days 1, 2, 3, 4 and 21, where baseline assessment on 

Day 1 of phase 2 acted as the Day 21 session for phase 1. In each phase, participants received 3 

consecutive days of either active or sham HD-tDCS for 20 minutes (including 60s ramp on and off, 

respectively) to the medial prefrontal region. Prior to and following stimulation on the first day 

(Day1) of each phase, as well as immediately following stimulation on the third day (Day3), 24 

hours after (Day4) and over 2 weeks after (Day21) end stimulation, a series of physical 

examination and psychophysical assessments of pain sensitivity were completed. Questionnaire 

data was obtained at the beginning of each session to track daily fluctuations in e.g. pain, mood, 

and sleep, and before and after each stimulation session to capture immediate changes in e.g. 

pain, anxiety, affective state and arousal (supplementary material).  

------- Figure 1 ------- 
 

Demographics and Questionnaire Data 

At the start of the first session, participants reported their age, gender, height, weight, hand and 

leg dominance, and then completed a series of questionnaires. These included basic questions 

about their pain history (e.g. pain onset, duration, aggravating and easing factors, prior healthcare 

utilisation, prior investigations, beliefs), sleep duration (hours slept on preceding night), 

menstruation (current day of cycle) and mood (current and past week on the Face Scale[39]); 

along with the International Physical Activity Questionnaire[10] (IPAQ, rates daily activity in three 

categories to give an estimate of daily energy expenditure), Pain Catastrophizing Scale[78] (PCS, 

gives an indication of pain-related distress by rating the frequency of 13 catastrophic thought 

patterns), State-Trait Anxiety Inventory[76] (STAI, indicates present state and general trait anxiety 

levels through agreement with 40 self-depictions), Positive and Negative Affective Schedule[88] 

(PANAS, quantifies current positive and negative affect through degree of present experience of 

20 different affective descriptors), and Beck Depression Inventory II[5] (BDI-II, classifies degree of 

depressive symptoms through 20 five-item scales of behaviours). Questionnaires were repeated as 

detailed in Fig. 1.  
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Low Back Pain and Disability Ratings 

In addition, in the Day1 and Day4 session of each phase, participants rated their current LBP 

intensity and unpleasantness, along with their average and maximum LBP in the preceding 24 

hours, on paper visual analogue scales (VAS, 0 cm: no pain/not unpleasant at all; 10 cm: worst pain 

imaginable/most unpleasant sensation imaginable). Average 24-hour pain ratings were also 

collected at the beginning of sessions on the second and third days, and current pain ratings 

(supplementary material) were obtained immediately prior to and following HD-tDCS. Participants 

also completed the Roland-Morris Disability Questionnaire[73] (RMDQ, quantifies disability based 

on dichotomous responses to 24 statements of functional task impairment), Start-back Screening 

Questionnaire[29] (SBSQ, classifies risk of chronification based on dichotomous response to 9 

statements), and the Pain-DETECT questionnaire[19] (aims to identify presence of neuropathic 

symptoms based on temporal and spatial pain pattern and presence of different sensory qualities), 

and chose pain descriptors from the 72-word table of the McGill Pain Questionnaire[54]. The SBSQ 

and Pain-Detect were only completed in the very first session, whereas the RMDQ and McGill Pain 

Questionnaire were repeated on Day1 and Day4 in each phase.  

 

Physical Examination 

Participants underwent a brief patient history to reconfirm eligibility for study inclusion, and 

explore their LBP history, prior investigations or interventions trialled, and beliefs about the 

condition. They then completed a basic physical examination including flexion, extension and 

lateral flexion, straight leg raise testing, and the Back Performance Scale[42; 77] to quantify 

function and movement-evoked pain (BPS, 5 standardised functional tasks with pain during the 

task rated by the participant and performance quality rated by the observer).   

 

High-Definition Transcranial Direct Current Stimulation  

Direct current was delivered through five circular Ag/AgCl electrodes, placed with conductive 

electrode gel in 4 x 1 configuration in a neoprene EEG cap (NE056 Headcap in medium or large 

dependent on participant’s head size, Neuroelectrics, Spain), using a battery-powered 

multichannel neurostimulator (Starstim R32, Neuroelectrics, Spain). The Cz channel of the EEG cap 

was placed at the vertex (measured midpoint between nasion and inion, and preauricular points), 

orientation of the cap was checked for symmetry and was secured under the ears of participants.  

The anode was placed at Fz with four surrounding cathodes on the forehead at Fp1, Fp2, F7 and F8 

as determined by the International 10-20 Electroencephalography System (Fig. 2), and as has been 
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used previously to target subregions of the mPFC[80]. Prior to each stimulation session, electrical 

impedance was checked using the Neuroelectrics Instrument Controller (NIC2, Neuroelectrics, 

Spain) and electrodes were adjusted until good impedance (below 10kΩ) was achieved for all 

stimulating electrodes. During each active stimulation session, participants were asked to sit 

quietly with their eyes open. Current ramped up over 60 s to the target intensity of 2 mA for the 

anode (and -500µA at each cathode), where it remained for 18 minutes, then ramped down again 

over 60 s (20-minute total stimulation period). During each sham stimulation session, the 

stimulation ramped up over 60 s to 2 mA, then immediately ramped down again over 60 s and 

remained off for the subsequent 18 minutes to match the active stimulation period (Fig. 2). The 

electrical field distribution from this HD-tDCS array was modelled on a sample interface (‘Ernie’ 

dataset with prespecified scalp and cortical impedances), using the stimulation and electrode 

parameters detailed above, in SimNIBS software for MatLab as per prior recommendations[79] 

(Fig. 2).  

------- Figure 2 ------- 
 

Blinding Procedure and Assessment 

Participants and the experimenter (MEM) were blinded to the HD-tDCS protocol applied in each 

phase. The experimenter initially set up the active and sham protocols in the HD-tDCS software 

(Neuroelectrics, Spain), after which a colleague who was not involved in the study, renamed the 

protocols to Protocol 1 and Protocol 2 and turned on the software’s password protected double-

blind feature. This meant the experimenter could select to apply Protocol 1 or Protocol 2 in the 

software but could not see any additional details about the protocol parameters nor any activity in 

the hardware during stimulation that would indicate which protocol was the Active or Sham 

condition. Participants were informed of the cross-over design and that they would experience 

two different stimulation paradigms, one of which was expected to have an effect (Active) and the 

other of which was not (Sham). Beyond this, participants were informed prior to every stimulation 

session about the likely course of sensations (initially increasing itching, tingling or warmth on the 

top of the head for the first 1-2 minutes, that then fades away slowly), but were not given any 

further details about the stimulation protocol parameters or intended effects.  

At the beginning of the first session in each phase, participants were asked whether they expected 

active HD-tDCS to have positive effects. Participants were further asked to rate which protocol 

they believed that they received immediately following each HD-tDCS session. Following 

assessment on Day 4 of each phase, participants completed a debriefing interview where they 
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were asked: which protocol they believed they had received in the present phase, how certain 

(from 1: ‘not at all’ to 5: ‘completely’) they were about their protocol guess, when they recalled 

believing it was that protocol, why they believed this, sensations felt during stimulation, and side 

effects attributed to the stimulation. As this study used a novel montage targeting non-motor 

areas, it was deemed important to ensure that all potential adverse effects were captured and 

reported. Therefore, after these unstructured side effect reports participants were then explicitly 

asked if they experienced any of the following adverse effects (based on previous HD-tDCS/tDCS 

literature[48; 65; 71]) during the present phase that they attributed to the stimulation: itching, 

tingling, burning, numbness, skin discomfort or redness, headache, change in movement control 

or visual perception, nausea, dizziness, difficulty concentrating, fatigue, nervousness, insomnia, 

mood swings.   

 

Handheld Pressure Algometry  

A 1 cm2 rubber-tipped handheld pressure algometer (Somedic, Sweden) was used to assess 

pressure pain thresholds (PPTs) bilaterally over the extensor carpi radialis (ECR: 3 cm distal to the 

lateral epicondyle along a line toward the radial condyle), upper trapezius (UT: midway between 

the C7 spinous process and the acromion), lumbar extensors at the levels of the first and fifth 

lumbar vertebrae (L1 and L5: 3.5 cm lateral to the L1 and L5 spinous processes, over the erector 

spinae muscle/fascial bulk), and gastrocnemius (GAS: midway between the popliteal line and 

calcaneal tuberosity) muscles. This combination of sites has been used previously in LBP patients 

and healthy individuals[51] and allows for assessment of local (L1/L5) pressure sensitivity, as well 

as pressure sensitivity in regional (GAS), related (UT) and distant (ECR) areas to the low back. 

Further, all tests can be completed with the participant in a relaxed prone position, hence limiting 

positional changes and potential pain provocation during assessment. Pressure was applied at 30 

kPa/s perpendicular to each muscle belly until the participant indicated that the pressure became 

painful by pressing a button. Two measurements were repeated at each site, with >2 mins interval 

between testing of the same site and were averaged across repetitions and sides for analysis.  

 

Cuff Pressure Algometry 

A computer-controlled cuff algometry system (Nocitech, Denmark), paired with two 10 cm-wide 

tourniquet pressure cuffs (VBM, Germany) and an electronic visual analogue scale (eVAS; 

anchored at 0 cm: ‘no pain’, 10 cm: ‘worst pain imaginable’), was used to assess cuff pressure pain 

detection (cPDT) and tolerance (cPTT) thresholds, along with suprathreshold ratings, TSP and CPM. 
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This cuff algometry system offers reliable, validated, user-independent assessment of deep-tissue 

sensitivity[12; 24; 25], assumed to be of relevance to musculoskeletal pain conditions like CLBP. 

Cuffs were placed firmly over the widest portion of each calf, approximately 5-cm distal to the 

tibial tuberosity. For cPDT and cPTT, pressure was increased at a rate of 1 kPa/s to a maximum of 

100 kPa (safety limit) during which participants were asked to begin sliding the VAS dial upward 

when the pressure first became painful (cPDT, extracted at VAS = 1 cm), keep rating the intensity 

of pain on the eVAS as the pressure increased, and then press the ‘stop’ button when the pressure 

became intolerable (cPTT).  

 

Suprathreshold Ratings  

Pressure was applied to the dominant leg at a rate of 100 kPa/s to cPTT intensity 3 times for 1 s 

with a 10 s break between stimuli. Participants were to rate the pain intensity of each stimulus on 

the eVAS then return the dial to 0 before next stimulation, with the maximum eVAS value for each 

stimulus extracted and averaged across repetitions for analysis.  

 

Temporal Summation of Pain 

Ten sequential 1-s cuff inflations were applied to the dominant leg with 1 s interval in-between 

(100 kPa/s inflation rate). Participants were to rate the pain intensity (eVAS) of the first stimulus, 

leave the dial stationary, then adjust from this point if subsequent stimuli were perceived to be 

more or less painful. eVAS ratings after each stimulus were extracted and normalised by 

subtraction to the first stimulus rating, then averaged into three epochs of the second to fourth (I), 

fifth to seventh (II) and eighth to tenth inflations (III).  

 

Conditioned Pain Modulation 

Four sequential assessments of cPDT and cPTT were applied on the dominant leg (test stimuli). 

Simultaneous to the third assessment, a conditioning stimulus was applied to the non-dominant 

leg via tonic cuff pressure inflation at 70% of cPTT, as assessed immediately prior to the CPM 

paradigm. Participants were asked to verbally rate the pain intensity of this conditioning stimulus 

on a numeric rating scale anchored in the same manner as the VAS. The second to fourth cPDT and 

cPTT values were normalised by subtraction to the first assessment, with the second ramp 

showing habituation effects of stimulus repetition, and the third (parallel) and fourth (sequential) 

representing CPM effects, as described previously[50; 51].  
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Statistics 

Using G*Power (v3.1.9.2) an A-priori sample size calculation was performed; assuming a modest 

correlation between repeated measures (R=0.6), with 9 assessment sessions, 12 participants were 

required to detect a moderate effect size (f=0.25) with 80% power at a 0.05 alpha-level. Data were 

checked for normality using Shapiro-Wilks and parametric or non-parametric analysis was then 

used accordingly. Data are presented as mean (standard deviation (SD)) or median (interquartile 

range (IQR)) in tables and mean (+ standard error of the mean (SEM)) in figures. Blinding success 

was checked using a binomial test compared to chance (50%) for dichotomous protocol guesses, 

and using Wilcoxon signed rank tests for guess certainty, timing, and side effect reports. Data 

analyses regarding immediate effects of HD-tDCS on pain, questionnaire, and psychophysical 

outcomes recorded post-stimulation on Day1 and Day3 are reported in supplementary material 

and summarized here. To understand changes in baseline values over time and thus possible 

carry-over effects (regardless of HD-tDCS phase), questionnaire (pain intensity and unpleasantness 

VAS, RMDQ, BPS, sleep, mood, IPAQ, PCS, STAI, PANAS and BDI) and psychophysical data (PPTs, 

cPDT, cPTT, STR, TSP, and CPM) from the first (Day1 first completed phase), fifth (Day1 second 

completed phase) and ninth (Day21) sessions were compared using paired t-test, Wilcoxon signed 

rank test, repeated-measures analysis of variance (RM-ANOVA) or Friedman’s ANOVA as 

appropriate. To investigate effects of HD-tDCS on questionnaire data (average and maximum 24 

hour pain intensity and unpleasantness VAS, RMDQ, BPS, sleep, mood, PCS, STAI, and PANAS) for 

outcomes collected at the beginning of Day1, Day4, and Day21, using ANOVA or Friedman’s 

ANOVA as appropriate. To investigate effects of HD-tDCS on psychophysical (PPTs, cPDT, cPTT, 

STR, TSP-epochs, and CPM-effects) outcomes, data from Day1, Day4, and Day21 in each phase 

were compared using RM-ANOVA or Friedman’s ANOVA as appropriate. Finally, exploratory 

Spearman’s Rho correlations between CPM-effects at baseline (parallel ramp) and change in CPM 

(Day4 minus Day1 and Day21 minus Day1) due to Active or Sham HD-tDCS were conducted to 

understand variation in responses to stimulation. RM-ANOVAs were Greenhouse-Geisser 

corrected in the event of lacking sphericity on Mauchly’s W testing. All post-hoc comparisons were 

Bonferroni corrected with significance set at P<0.05.  

 

 

RESULTS 

Patient Characteristics 
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Twelve chronic LBP patients were included in the study and all completed both 4-day phases. One 

participant did not return for the final follow-up session (Day21) and one participant ceased the 

active stimulation at 10-minutes on Day3 due to intolerable scalp sensation (described as strong 

burning and pulling pain), though remaining data collection was still completed and included for 

this participant. Full analysis was completed on 11 participants, as the inclusion of the 12th 

participant (who did not return for Day21 in the second phase) did not change results for Day1 to 

Day4 comparisons. Generally, these patients were young (Table 1), though reported having had 

LBP for a number of years, with all having sought care for this pain in the past and approximately 

half having had an X-ray and/or MRI of their back taken previously (no abnormalities reported). All 

reported pain primarily in the lower back region with no patients reporting referral into the legs, 

but occasional (n = 4) reports of related pain in the upper back or neck.    

------- Table 1 ------- 
 

Blinding 

Two more participants guessed the protocol correctly in the second phase than the first, and in 

the Active than the Sham HD-tDCS condition, but accuracy was not statistically different to chance 

in any condition (P>0.38, Table 2). No differences were noted for guessing certainty (Z=-0.368, 

P=0.71), guess timing (Z=-0.740, P=0.45), or how commonly sensations (All P>0.18) or side effects 

(P=0.831) were reported between Active and Sham conditions (Table 2). On qualitative 

assessment, participants typically reported guessing they had received Active HD-tDCS when they 

had perceived stronger sensations during and/or a reduction in LBP intensity, but these 

associations were frequently incorrect (Table 2).  

------- Table 2 ------- 
 

Questionnaire Data 

Baseline Differences: When baseline pain, disability, sleep, mood, IPAQ, PCS, STAI, PANAS and BDI 

data for the first (Day1, phase 1), fifth (Day1, phase 2) and ninth (Day21, phase 2) session 

(chronological irrespective of stimulation protocol) were compared, only a difference in RMDQ 

was observed (X2=6.9, P<0.04), where disability scores were lower in session 5 than session 1 (Z=-

2.53, P=0.011). No other significant differences were observed between baseline sessions for any 

variable (all P>0.1, Table 3) suggesting no carry-over effects between phases.  

Effects of HD-tDCS: No significant effects of HD-tDCS (active, sham) or days (Day1, Day4, 

Day21) were observed for past 24 hour average pain intensity or unpleasantness VAS scores, 
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maximum pain intensity or unpleasantness VAS scores, McGill scores, RMDQ, sleep time, current 

mood, mood over the past week, PCS, STAI-state, STAI-Trait, PANAS-positive or PANAS-negative 

scores (All P>0.1, Table 3). A significant HD-tDCS*Day interaction (F2,20=4.12, P=0.032, 2=0.29, 

Table 3) was observed for BPS pain ratings, reflecting movement-evoked pain in functional tasks, 

whereby pain ratings were higher in the Sham than Active phase at the Day1 baseline assessment 

(P=0.021), and were reduced at Day21 compared to Day1 in the Sham phase (P=0.043). 

------- Table 3 ------- 
 

Psychophysical Data 

Baseline Differences: When the first (Day1, phase 1), fifth (Day1, phase2) and ninth (Day21, phase 

2) sessions were compared, no significant differences were noted in any of the psychophysical 

measures (PPT, cPDT, cPTT, STR, TSP and CPM). Only that TSP-epochs and CPM-effects were both 

present, with significant main effects of Epoch (F2,20=15.33, P<0.001, 2=0.60), showing significant 

increases in ratings in each subsequent epoch (Post-hoc: 1<2<3, P<0.03), and Ramp (F2,20=5.25, 

P=0.015, 2=0.34), showing that cPDT and cPTT were higher on the third than second ramp, (Post-

hoc: 3rd ramp (parallel CPM) > 2nd ramp (habituation), P=0.03), respectively.   

Effects of HD-tDCS: For PPTs, a HD-tDCS*Day interaction was observed (F2,20=3.60, P=0.046, 

2=0.26). However, no significant differences were observed on post-hoc testing, but this effect 

was likely driven by slightly lower PPTs on Day1 in the sham compared with active (Day1 Active 

minus Sham = 87.2 ± 41.9 kPa, P=0.064, Fig. 3A).   

For cPTT, there was a main effect of Day (F1.2,11.7=7.00, P=0.018, 2=0.41, Fig. 3B), whereby 

cPTT was higher on Day21 than Day1 (Day21 minus Day1 = 3.3 ± 1.1 kPa, P=0.043).  No significant 

effects were observed for cPDT (F<2.17, P>0.14, 2<0.18), nor were any significant effects 

observed for STR (F<0.49, P>0.60, 2<0.05, Fig. 3C).  

 For TSP, there was a main effect of Epoch (F2,20=11.21, P=0.001, 2<0.53, Fig. 3D), 

showing an increase in eVAS scores on each subsequent Epoch (I<II<III, P<0.04), but no significant 

differences between HD-tDCS or Days were noted.  

There was a main effect of Ramp for CPM effects on both cPDT (F2,20=4.39, P=0.026, 2<0.31) 

and cPTT (F2,20=11.91, P<0.001, 2<0.54, Fig. 3E). Post-hoc tests were non-significant for CPM 

effects on cPDT, but CPM effects on cPTT showed greater inhibition of ramps during (3rd Ramp 

(parallel CPM) > 2nd Ramp (habituation), P=0.005) and following (4th Ramp (sequential CPM) > 2nd 

Ramp (habituation), P=0.005) conditioning compared to the ramp prior, indicating CPM was 
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present in these CLBP patients. No significant differences were observed between HD-tDCS or 

Days despite the visual trend evident in Fig. 3.   

------- Figure 3 ------- 
 

Exploratory Correlation Analysis 

A moderate negative correlation was observed between CPM at baseline (absolute first session, 

Day1) and the change in CPM following Active HD-tDCS (Day4, RS=-0.79, P=0.002, Fig. 4), 

suggesting those with the least efficient CPM at baseline responded most positively to the Active 

stimulation. The corresponding correlation analysis for changes in CPM following Sham HD-tDCS 

was in the opposing direction (positive) and non-significant (Day4, RS=0.53, P=0.075, Fig. 4). 

However, it should be noted, that in the majority of participants CPM was efficient at baseline, so 

mean effects of Active HD-tDCS on CPM in this sample were not significant.  

------- Figure 4 ------- 
 

Immediate Effects of HD-tDCS 

HD-tDCS had an immediate effect on pain intensity and unpleasantness, with a greater reduction 

in pain intensity observed on Day1 than Day2 and Day3 (P<0.03, Supplementary Material).  No 

significant immediate effects were observed for short-form versions of the McGill, PCS, STAI, or 

PANAS, or for Valence and Arousal ratings. PPTs at the ECR showed greater reduction after Active 

than Sham HD-tDCS (P<0.04), and both cPTT and STR showed greater increases on Day3 than Day1 

(P<0.04), but no immediate effects on cPDT, TSP or CPM were observed (P>0.06, Supplementary 

Material).  

 

 

DISCUSSION  

Active versus sham HD-tDCS was directed at the mPFC in CLBP patients, primarily aiming to 

improve CPM, as well as possibly reducing affective disturbances, and clinical pain. Blinding of HD-

tDCS protocol was successfully achieved despite the cross-over design. However, even though 

various characteristics were assessed through questionnaire and psychophysical testing, no 

meaningful differences were observed between Active and Sham HD-tDCS. General temporal 

effects on cuff pain tolerance thresholds were evident, as well as immediate reductions in LBP 

ratings following both HD-tDCS paradigms on the first day. An interesting exploratory association 

was identified, suggesting that HD-tDCS paradigms targeting the mPFC may have potential for 



14 

 

improving CPM in patients with severe impairments in this mechanism, however these findings 

need replication and further validation.   

 

CLBP patient characteristics 

A comprehensive profile of CLBP patients was obtained, including sensory and affective LBP 

features, pain duration, self-reported disability, observer quantified function, state and trait 

psychological factors, past care-seeking behaviours, aggravating and easing factors, and prognostic 

and mechanistic classifications. As no meaningful changes were observed across the study in any 

of these outcomes on a group level, it is unlikely that this HD-tDCS paradigm alone has 

interventional potential in this specific population. Prior trials have suggested that combined tDCS 

and peripheral interventions can provide enhanced and maintained analgesic effects[27], and 

these possibilities remain to be explored with this new stimulation montage. However, there are 

also sample characteristics that are important to consider in relation to the lack of efficacy seen 

here. For example, despite reporting having had CLBP for several years, the patients included here 

reported minimal pain during testing sessions with even maximum past 24-hour pain ratings rarely 

exceeded 6/10; which is considerably lower than CLBP patients attending pain clinics[56]. The 

majority of included CLBP patients also reported levels of pain-catastrophizing[78], anxiety[34], 

and affect[5; 11] consistent with prior control data[51] and mostly below clinical cut-off scores. It 

was not the intention to recruit individuals with low pain scores, as this can produce floor effects, 

where clinically meaningful pain relief is challenging to demonstrate. However, it is possible that a 

relatively low-disability sample should have been expected given the intensive involvement 

required for the study (potentially preventing working individuals and those with reduced mobility 

from participating).    

 

Psychophysical assessments of pro- and anti-nociception 

CLBP patient populations have previously been shown to have impaired CPM, facilitated TSP and 

reduced PPTs at local and distant sites, at least on a group level[15; 52]. However, CLBP patients 

represent a highly heterogeneous group, both in terms of symptomatology and CPM impairment. 

Prior studies suggest that CPM may be more impaired in patients with severe, widespread and/or 

longer lasting pain[21-23]. Hence, given the mild localised pain and limited disability reported in 

the present sample, it may be unsurprising that the majority (75%) demonstrated efficient CPM. In 

fact, both mean CPM and TSP observed here are of similar magnitude to control participants 

assessed with the same methodology[24; 25; 30; 50]. PPTs over the lumbar sites were low in 



15 

 

comparison to prior studies in controls[50; 67; 87], but fluctuations in PPT often occur with pain 

presence[51; 61; 66; 75], especially locally, and do not necessarily represent a pathological feature 

of the broader condition[14]. Based on these findings, it may be that these patients simply did not 

have the problems usually associated with CLBP[53] that the HD-tDCS was intended to target.  

 

HD-tDCS targeting in CLBP 

Most prior non-invasive brain stimulation studies in chronic pain conditions have targeted the 

motor cortex[18]. However, it was hypothesized here that better effects might be observed if 

stimulation was directed to areas involved in affective processing and descending pain 

modulation, where impairments have previously been reported in CLBP patients[3; 49; 52; 90]. A 

previous study using similar justification targeted the ACC using conventional unilateral tDCS and 

showed reduced pain interference, intensity and disability after 6-weeks in CLBP patients[44]. 

However, this study did not assess CPM, used 10 sessions (as opposed to 3 here), a cathodal array, 

and a sample population of primarily older adult males with greater pain and disability levels, 

which may explain differences in results.  

Polarity-dependent effects on cortical excitability and experimental pain perception have 

previously been observed for the motor[57; 92], sensory[82] and dorsolateral prefrontal[60] 

cortices, with anodal stimulation considered excitatory and cathodal inhibitory[13]. However, 

polarity effects are not always clear when targeting frontal regions[45; 46; 58] or when assessing 

pain perception in patients, where both cathodal and anodal stimulation may show similar 

effects[40; 85]. Anodal stimulation was selected here to target prefrontal connections to the 

periaqueductal gray[9], theorised to be involved in affective regulation of descending inhibition. 

However, interplay between prefrontal regions is complex[68] and these regions can exert 

modulatory effects on pain through multiple distinct mechanisms[4; 86], including 

aforementioned PAG-mediated descending inhibition, descending facilitation of nociceptive 

transmission[93], or supraspinal effects on affective pain processing[16; 59]. There are also various 

subregions within the mPFC which show differential activation during pain[37], so although 

current direction is likely important, determining effects on specific subregions is challenging. 

Hence, even though HD-tDCS improves electrical field focality, it is likely that greater specificity in 

targeting is still needed.  

It is also important to consider that alterations in functional connectivity observed between 

the mPFC and PAG in CLBP patients, which were suggested to indicate impaired descending pain 

modulation in these patients[90], seem to depend on current attentional, affective and pain state 
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features[36]. As HD-tDCS paradigms are applied at rest, and as conversely heightened mPFC 

activity and connectivity to other pain processing regions has been observed at rest in CLBP 

patients[94], it may instead be more effective to use cathodal HD-tDCS to inhibit the mPFC. This 

approach may better reduce pain perception and/or unpleasantness more generally, consistent 

with the prior CLBP study[44] and with effects seen following brief TMS-induced disruption of the 

mPFC[35], though this would no longer target descending inhibitory connections and hence 

expected effects on CPM are unclear.  

 

Differential effects of HD-tDCS depending on baseline CPM 

It is interesting to consider why opposing effects were seen between patients with differing CPM 

efficacy at baseline. This may be the result of individual differences in resting brain activity and/or 

connectivity prior to the tDCS session, as has previously been shown to influence tDCS 

response[62]. For example, if efficient CPM reflects that mPFC-PAG pathways are already active in 

these patients, an additional excitatory tDCS paradigm may then produce an inhibitory 

homeostatic response[41] and have a negative effect on CPM. Whereas patients with severe CPM 

impairment, potentially reflecting reduced mPFC-PAG activity, may benefit from this HD-tDCS 

paradigm. This, along with the influence of individual brain states prior to treatment, requires 

further exploration.  

Enhanced tDCS effects may also be observed if targeted stimulation was combined with 

other relevant training[69]. This is currently being tested in a large cohort of CLBP patients using 

tDCS in combination with functional motor and sensory training[2], but results are yet to come. In 

the specific case of CPM, it is possible that combinations of mPFC HD-tDCS paradigms with other 

strategies to improve descending inhibition, such as tapentadol, duloxetine, artificial mood 

enhancement, stress reduction or sleep restoration could be successful. However, future work is 

needed to explore this and further validate the pathophysiological importance of CPM impairment 

as a treatment target in CLBP. 

 

Blinding  

Due to the small sample size, it was not possible to examine expected/believed HD-tDCS protocol 

effects; however, it appeared that HD-tDCS guesses were often wrong and hence blinding was well 

maintained throughout the trial. This is important to highlight, as blinding has been reported to be 

problematic, especially in HD-tDCS studies[20; 31], and in cross-over trials where participants are 

able to compare sensations[63; 64]. Prior studies attempting to develop sham strategies have 
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shown clear differences in reported sensations during stimulation, unless a shunting technique 

(using adjacent electrodes to shunt current through the scalp) was used[20; 72]. The central 

electrode array used in the present study was not conducive to this approach, so instead a longer 

ramp up and down phase was used to mimic the sensation-timeline reported during pilots in the 

active condition. Recall accuracy of painful sensations has been suggested to be substantially 

diminished after several days[7], hence the two-three week gap between phases here would have 

made comparison between stimulation paradigms challenging. Other factors likely contributing to 

blinding success here include using a trained investigator to place electrodes, concurrent 

experimenter blinding, neglecting specific information about the stimulation paradigms, and 

providing equally strong reinforcement of expected sensations during both phases. This successful 

blinding strengthens conclusions, and also supports prior work[20] indicating that crossover 

designs, which minimise sample size and exposure to experimental treatment, are appropriate for 

pilot testing new HD-tDCS paradigms.  

 

Limitations 

Beyond influences of patient characteristics a few limitations should be noted. This pilot trial was 

adequately powered to show differences in psychophysical testing but only used a small sample of 

heterogeneous CLBP patients. As well, inherent issues with tDCS such as varying head size and hair 

thickness, unknown cognitive processes potentially performed by participants during stimulation, 

and interindividual e.g. anatomical, neurochemical and genetic variation which may influence 

current flow and precise electrode placement, that have been discussed previously[32; 38], were 

presumably also evident here. Finally, this study only assessed patients on the days during, 

immediately following and on Day21 post-stimulation, so latent effects as observed in prior 

studies may have been missed.  

 

Conclusion 

This study has shown no significant effects of active mPFC HD-tDCS on anti-nociceptive 

mechanisms, nor on other psychophysical tests, clinical LBP features or psychological 

characteristics. Blinding was maintained throughout the trial, suggesting a crossover design is 

appropriate for pilot testing new experimental paradigms. Future work should focus on patient 

screening and selection strategies to study effects on patients with true deficiencies in anti-

nociceptive mechanisms, as well as optimising stimulation targeting, exploring different arrays and 
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current directions, and looking at effects combined with mechanistically justified complementary 

interventions. 

 

Acknowledgements 

Center for Neuroplasticity and Pain (CNAP) is supported by the Danish National Research 

Foundation (DNRF121) and Nocitech is partly owned by Aalborg University. The authors have no 

conflicts of interest to declare but would like to thank Sebastian Kold Sørensen for his assistance in 

blinding the HD-tDCS protocols. 

  



19 

 

REFERENCES 

[1] Alwardat M, Pisani A, Etoom M, Carpenedo R, Chine E, Dauri M, Leonardis F, Natoli S: Is transcranial 
direct current stimulation (tDCS) effective for chronic low back pain? A systematic review and meta-
analysis. J Neural Transm (Vienna);127:1257-1270, 2020. 10.1007/s00702-020-02223-w 

[2] Bagg MK, Hubscher M, Rabey M, Wand BM, O'Hagan E, Moseley GL, Stanton TR, Maher CG, Goodall 
S, Saing S, O'Connell NE, Luomajoki H, McAuley JH: The RESOLVE Trial for people with chronic 
low back pain: protocol for a randomised clinical trial. J Physiother;63:47-48, 2017. 
10.1016/j.jphys.2016.11.001 

[3] Baliki MN, Chialvo DR, Geha PY, Levy RM, Harden RN, Parrish TB, Apkarian AV: Chronic pain and the 
emotional brain: specific brain activity associated with spontaneous fluctuations of intensity of 
chronic back pain. J Neurosci;26:12165-12173, 2006. 10.1523/JNEUROSCI.3576-06.2006 

[4] Bannister K, Dickenson AH: Central Nervous System Targets: Supraspinal Mechanisms of Analgesia. 
Neurotherapeutics, 2020. 10.1007/s13311-020-00887-6 

[5] Beck AT, Guth D, Steer RA, Ball R: Screening for major depression disorders in medical inpatients with 
the Beck Depression Inventory for Primary Care. Behav Res Ther;35:785-791, 1997. 
10.1016/s0005-7967(97)00025-9 

[6] Bornheim S, Croisier JL, Maquet P, Kaux JF: Proposal of a New Transcranial Direct Current Stimulation 
Safety Screening Tool. Am J Phys Med Rehabil;98:e77-e78, 2019. 
10.1097/PHM.0000000000001096 

[7] Broderick JE, Schwartz JE, Vikingstad G, Pribbernow M, Grossman S, Stone AA: The accuracy of pain 
and fatigue items across different reporting periods. Pain;139:146-157, 2008. 
10.1016/j.pain.2008.03.024 

[8] Castelo-Branco L, Uygur Kucukseymen E, Duarte D, El-Hagrassy MM, Bonin Pinto C, Gunduz ME, 
Cardenas-Rojas A, Pacheco-Barrios K, Yang Y, Gonzalez-Mego P, Estudillo-Guerra A, Candido-
Santos L, Mesia-Toledo I, Rafferty H, Caumo W, Fregni F: Optimised transcranial direct current 
stimulation (tDCS) for fibromyalgia-targeting the endogenous pain control system: a randomised, 
double-blind, factorial clinical trial protocol. BMJ Open;9:e032710, 2019. 10.1136/bmjopen-2019-
032710 

[9] Coulombe MA, Erpelding N, Kucyi A, Davis KD: Intrinsic functional connectivity of periaqueductal gray 
subregions in humans. Hum Brain Mapp;37:1514-1530, 2016. 10.1002/hbm.23117 

[10] Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth BE, Pratt M, Ekelund U, Yngve A, 
Sallis JF, Oja P: International physical activity questionnaire: 12-country reliability and validity. Med 
Sci Sports Exerc;35:1381-1395, 2003. 10.1249/01.MSS.0000078924.61453.FB 

[11] Crawford JR, Henry JD: The positive and negative affect schedule (PANAS): construct validity, 
measurement properties and normative data in a large non-clinical sample. Br J Clin 
Psychol;43:245-265, 2004. 10.1348/0144665031752934 

[12] Cummins TM, Kucharczyk MM, Graven-Nielsen T, Bannister K: Activation of the descending pain 
modulatory system using cuff pressure algometry: Back translation from man to rat. Eur J 
Pain;24:1330-1338, 2020. 10.1002/ejp.1580 

[13] DaSilva AF, Volz MS, Bikson M, Fregni F: Electrode positioning and montage in transcranial direct 
current stimulation. J Vis Exp, 2011. 10.3791/2744 

[14] Davis KD, Cheng JC: Differentiating trait pain from state pain: a window into brain mechanisms 
underlying how we experience and cope with pain. Pain Rep;4:e735, 2019. 
10.1097/PR9.0000000000000735 

[15] den Bandt HL, Paulis WD, Beckwee D, Ickmans K, Nijs J, Voogt L: Pain Mechanisms in Low Back Pain: 
A Systematic Review With Meta-analysis of Mechanical Quantitative Sensory Testing Outcomes in 
People With Nonspecific Low Back Pain. J Orthop Sports Phys Ther;49:698-715, 2019. 
10.2519/jospt.2019.8876 

[16] Dickenson AH, Navratilova E, Patel R, Porreca F, Bannister K: Supraspinal Opioid Circuits Differentially 
Modulate Spinal Neuronal Responses in Neuropathic Rats. Anesthesiology;132:881-894, 2020. 
10.1097/ALN.0000000000003120 

[17] Fernandez M, Colodro-Conde L, Hartvigsen J, Ferreira ML, Refshauge KM, Pinheiro MB, Ordonana JR, 
Ferreira PH: Chronic low back pain and the risk of depression or anxiety symptoms: insights from a 
longitudinal twin study. Spine J;17:905-912, 2017. 10.1016/j.spinee.2017.02.009 

[18] Flood A, Waddington G, Cathcart S: High-Definition Transcranial Direct Current Stimulation Enhances 
Conditioned Pain Modulation in Healthy Volunteers: A Randomized Trial. J Pain;17:600-605, 2016. 
10.1016/j.jpain.2016.01.472 

[19] Freynhagen R, Baron R, Gockel U, Tolle TR: painDETECT: a new screening questionnaire to identify 
neuropathic components in patients with back pain. Curr Med Res Opin;22:1911-1920, 2006. 
10.1185/030079906X132488 

[20] Garnett EO, den Ouden DB: Validating a Sham Condition for Use in High Definition Transcranial Direct 
Current Stimulation. Brain Stimul;8:551-554, 2015. 10.1016/j.brs.2015.01.399 



20 

 

[21] Gerhardt A, Eich W, Janke S, Leisner S, Treede RD, Tesarz J: Chronic Widespread Back Pain is 
Distinct from Chronic Local Back Pain. Clinical Journal of Pain;32:568-579, 2016. 
10.1097/AJP.0000000000000300 

[22] Gerhardt A, Eich W, Treede RD, Tesarz J: Conditioned pain modulation in patients with nonspecific 
chronic back pain with chronic local pain, chronic widespread pain, and fibromyalgia. Pain;158:430-
439, 2017. 10.1097/j.pain.0000000000000777 

[23] Goubert D, Danneels L, Graven-Nielsen T, Descheemaeker F, Meeus M: Differences in pain processing 
between patients with chronic low back pain, recurrent low back pain, and fibromyalgia. Pain 
Physician;20:307-318, 2017.  

[24] Graven-Nielsen T, Izumi M, Petersen KK, Arendt-Nielsen L: User-independent assessment of 
conditioning pain modulation by cuff pressure algometry. Eur J Pain;21:552-561, 2017. 
10.1002/ejp.958 

[25] Graven-Nielsen T, Vaegter HB, Finocchietti S, Handberg G, Arendt-Nielsen L: Assessment of 
musculoskeletal pain sensitivity and temporal summation by cuff pressure algometry: a reliability 
study. Pain;156:2193-2202, 2015. 10.1097/j.pain.0000000000000294 

[26] Hartvigsen J, Hancock MJ, Kongsted A, Louw Q, Ferreira ML, Genevay S, Hoy D, Karppinen J, Pransky 
G, Sieper J, Smeets RJ, Underwood M, Lancet Low Back Pain Series Working G: What low back 
pain is and why we need to pay attention. Lancet;391:2356-2367, 2018. 10.1016/S0140-
6736(18)30480-X 

[27] Hazime FA, Baptista AF, de Freitas DG, Monteiro RL, Maretto RL, Hasue RH, Joao SMA: Treating low 
back pain with combined cerebral and peripheral electrical stimulation: A randomized, double-blind, 
factorial clinical trial. Eur J Pain;21:1132-1143, 2017. 10.1002/ejp.1037 

[28] Hermans L, Van Oosterwijck J, Goubert D, Goudman L, Crombez G, Calders P, Meeus M: Inventory of 
Personal Factors Influencing Conditioned Pain Modulation in Healthy People: A Systematic 
Literature Review. Pain Pract;16:758-769, 2016. 10.1111/papr.12305 

[29] Hill JC, Dunn KM, Main CJ, Hay EM: Subgrouping low back pain: a comparison of the STarT Back Tool 
with the Orebro Musculoskeletal Pain Screening Questionnaire. Eur J Pain;14:83-89, 2010. 
10.1016/j.ejpain.2009.01.003 

[30] Hoegh M, Petersen KK, Graven-Nielsen T: Effects of repeated conditioning pain modulation in healthy 
volunteers. Eur J Pain;22:1833-1843, 2018. 10.1002/ejp.1279 

[31] Horvath JC: Are current blinding methods for transcranial direct current stimulation (tDCS) effective in 
healthy populations? Clin Neurophysiol;126:2045-2046, 2015. 10.1016/j.clinph.2015.04.001 

[32] Horvath JC, Carter O, Forte JD: Transcranial direct current stimulation: five important issues we aren't 
discussing (but probably should be). Front Syst Neurosci;8:2, 2014. 10.3389/fnsys.2014.00002 

[33] Hoy D, March L, Brooks P, Woolf A, Blyth F, Vos T, Buchbinder R: Measuring the global burden of low 
back pain. Best Pract Res Clin Rheumatol;24:155-165, 2010. 10.1016/j.berh.2009.11.002 

[34] Julian LJ: Measures of anxiety: State-Trait Anxiety Inventory (STAI), Beck Anxiety Inventory (BAI), and 
Hospital Anxiety and Depression Scale-Anxiety (HADS-A). Arthritis Care Res (Hoboken);63 Suppl 
11:S467-472, 2011. 10.1002/acr.20561 

[35] Kanda M, Mima T, Oga T, Matsuhashi M, Toma K, Hara H, Satow T, Nagamine T, Rothwell JC, 
Shibasaki H: Transcranial magnetic stimulation (TMS) of the sensorimotor cortex and medial frontal 
cortex modifies human pain perception. Clin Neurophysiol;114:860-866, 2003. 10.1016/s1388-
2457(03)00034-8 

[36] Kucyi A, Salomons TV, Davis KD: Mind wandering away from pain dynamically engages antinociceptive 
and default mode brain networks. Proc Natl Acad Sci U S A;110:18692-18697, 2013. 
10.1073/pnas.1312902110 

[37] Kummer KK, Mitric M, Kalpachidou T, Kress M: The Medial Prefrontal Cortex as a Central Hub for 
Mental Comorbidities Associated with Chronic Pain. Int J Mol Sci;21, 2020. 10.3390/ijms21103440 

[38] Li LM, Uehara K, Hanakawa T: The contribution of interindividual factors to variability of response in 
transcranial direct current stimulation studies. Front Cell Neurosci;9:181, 2015. 
10.3389/fncel.2015.00181 

[39] Lorish CD, Maisiak R: The Face Scale: a brief, nonverbal method for assessing patient mood. Arthritis 
Rheum;29:906-909, 1986. 10.1002/art.1780290714 

[40] Luedtke K, May A, Jurgens TP: No effect of a single session of transcranial direct current stimulation on 
experimentally induced pain in patients with chronic low back pain--an exploratory study. PLoS 
One;7:e48857, 2012. 10.1371/journal.pone.0048857 

[41] Magerl W, Hansen N, Treede RD, Klein T: The human pain system exhibits higher-order plasticity 
(metaplasticity). Neurobiol Learn Mem;154:112-120, 2018. 10.1016/j.nlm.2018.04.003 

[42] Magnussen L, Strand LI, Lygren H: Reliability and validity of the back performance scale: observing 
activity limitation in patients with back pain. Spine (Phila Pa 1976);29:903-907, 2004. 
10.1097/00007632-200404150-00017 

[43] Maher C, Underwood M, Buchbinder R: Non-specific low back pain. Lancet;389:736-747, 2017. 
10.1016/S0140-6736(16)30970-9 



21 

 

[44] Mariano TY, Burgess FW, Bowker M, Kirschner J, Van't Wout-Frank M, Jones RN, Halladay CW, Stein 
M, Greenberg BD: Transcranial Direct Current Stimulation for Affective Symptoms and Functioning 
in Chronic Low Back Pain: A Pilot Double-Blinded, Randomized, Placebo-Controlled Trial. Pain 
Med;20:1166-1177, 2019. 10.1093/pm/pny188 

[45] Mariano TY, Van't Wout M, Garnaat SL, Rasmussen SA, Greenberg BD: Transcranial Direct Current 
Stimulation (tDCS) Targeting Left Dorsolateral Prefrontal Cortex Modulates Task-Induced Acute Pain 
in Healthy Volunteers. Pain Med;17:737-745, 2016. 10.1093/pm/pnv042 

[46] Mariano TY, van't Wout M, Jacobson BL, Garnaat SL, Kirschner JL, Rasmussen SA, Greenberg BD: 
Effects of Transcranial Direct Current Stimulation (tDCS) on Pain Distress Tolerance: A Preliminary 
Study. Pain Med;16:1580-1588, 2015. 10.1111/pme.12798 

[47] Martini L, Hoffmann F: Comorbidity of chronic back pain and depression in Germany: Results from the 
GEDA study, 2009 and 2010. Z Evid Fortbild Qual Gesundhwes;137-138:62-68, 2018. 
10.1016/j.zefq.2018.10.003 

[48] Matsumoto H, Ugawa Y: Adverse events of tDCS and tACS: A review. Clin Neurophysiol Pract;2:19-25, 
2017. 10.1016/j.cnp.2016.12.003 

[49] Matsuo Y, Kurata J, Sekiguchi M, Yoshida K, Nikaido T, Konno SI: Attenuation of cortical activity 
triggering descending pain inhibition in chronic low back pain patients: a functional magnetic 
resonance imaging study. J Anesth;31:523-530, 2017. 10.1007/s00540-017-2343-1 

[50] McPhee M, Graven-Nielsen T: Alterations in Temporal Summation of Pain and Conditioned Pain 
Modulation Across an Episode of Experimental Exercise-Induced Low Back Pain. J Pain;20:264-276, 
2019. 10.1016/j.jpain.2018.08.010 

[51] McPhee ME, Graven-Nielsen T: Recurrent low back pain patients demonstrate facilitated pronociceptive 
mechanisms when in pain, and impaired antinociceptive mechanisms with and without pain. 
Pain;160:2866-2876, 2019. 10.1097/j.pain.0000000000001679 

[52] McPhee ME, Vaegter HB, Graven-Nielsen T: Alterations in pro-nociceptive and anti-nociceptive 
mechanisms in patients with low back pain: a systematic review with meta-analysis. Pain, 2019. 
10.1097/j.pain.0000000000001737 

[53] McPhee ME, Vaegter HB, Graven-Nielsen T: Alterations in pronociceptive and antinociceptive 
mechanisms in patients with low back pain: a systematic review with meta-analysis. Pain;161:464-
475, 2020. 10.1097/j.pain.0000000000001737 

[54] Melzack R: The McGill Pain Questionnaire: major properties and scoring methods. Pain;1:277-299, 
1975. 10.1016/0304-3959(75)90044-5 

[55] Mertens MG, Hermans L, Crombez G, Goudman L, Calders P, Van Oosterwijck J, Meeus M: 
Comparison of five conditioned pain modulation paradigms and influencing personal factors in 
healthy adults. Eur J Pain, 2020. 10.1002/ejp.1665 

[56] Mutubuki EN, Beljon Y, Maas ET, Huygen F, Ostelo R, van Tulder MW, van Dongen JM: The 
longitudinal relationships between pain severity and disability versus health-related quality of life and 
costs among chronic low back pain patients. Qual Life Res;29:275-287, 2020. 10.1007/s11136-019-
02302-w 

[57] Naegel S, Biermann J, Theysohn N, Kleinschnitz C, Diener HC, Katsarava Z, Obermann M, Holle D: 
Polarity-specific modulation of pain processing by transcranial direct current stimulation - a blinded 
longitudinal fMRI study. J Headache Pain;19:99, 2018. 10.1186/s10194-018-0924-5 

[58] Nakagawa K, Koyama S, Inui K, Tanaka S, Kakigi R, Sadato N: Polarity-independent effects of 
transcranial direct current stimulation over the bilateral opercular somatosensory region: a 
magnetoencephalography study. Neuroreport;28:838-844, 2017. 10.1097/WNR.0000000000000845 

[59] Navratilova E, Xie JY, Meske D, Qu C, Morimura K, Okun A, Arakawa N, Ossipov M, Fields HL, Porreca 
F: Endogenous opioid activity in the anterior cingulate cortex is required for relief of pain. J 
Neurosci;35:7264-7271, 2015. 10.1523/JNEUROSCI.3862-14.2015 

[60] Naylor JC, Borckardt JJ, Marx CE, Hamer RM, Fredrich S, Reeves ST, George MS: Cathodal and 
anodal left prefrontal tDCS and the perception of control over pain. Clin J Pain;30:693-700, 2014. 
10.1097/AJP.0000000000000025 

[61] Neogi T, Frey-Law L, Scholz J, Niu J, Arendt-Nielsen L, Woolf C, Nevitt M, Bradley L, Felson DT, 
Multicenter Osteoarthritis S: Sensitivity and sensitisation in relation to pain severity in knee 
osteoarthritis: trait or state? Ann Rheum Dis;74:682-688, 2015. 10.1136/annrheumdis-2013-204191 

[62] Nishida K, Koshikawa Y, Morishima Y, Yoshimura M, Katsura K, Ueda S, Ikeda S, Ishii R, Pascual-
Marqui R, Kinoshita T: Pre-stimulus Brain Activity Is Associated With State-Anxiety Changes During 
Single-Session Transcranial Direct Current Stimulation. Front Hum Neurosci;13:266, 2019. 
10.3389/fnhum.2019.00266 

[63] O'Connell NE, Cossar J, Marston L, Wand BM, Bunce D, De Souza LH, Maskill DW, Sharp A, Moseley 
GL: Transcranial direct current stimulation of the motor cortex in the treatment of chronic nonspecific 
low back pain: a randomized, double-blind exploratory study. Clin J Pain;29:26-34, 2013. 
10.1097/AJP.0b013e318247ec09 



22 

 

[64] O'Connell NE, Cossar J, Marston L, Wand BM, Bunce D, Moseley GL, De Souza LH: Rethinking clinical 
trials of transcranial direct current stimulation: participant and assessor blinding is inadequate at 
intensities of 2mA. PLoS One;7:e47514, 2012. 10.1371/journal.pone.0047514 

[65] O'Connell NE, Marston L, Spencer S, DeSouza LH, Wand BM: Non-invasive brain stimulation 
techniques for chronic pain. Cochrane Database Syst Rev;3:CD008208, 2018. 
10.1002/14651858.CD008208.pub4 

[66] O'Neill S, Kjaer P, Graven-Nielsen T, Manniche C, Arendt-Nielsen L: Low pressure pain thresholds are 
associated with, but does not predispose for, low back pain. Eur Spine J;20:2120-2125, 2011. 
10.1007/s00586-011-1796-4 

[67] O'Neill S, Larsen JB, Nim C, Arendt-Nielsen L: Topographic mapping of pain sensitivity of the lower back 
- a comparison of healthy controls and patients with chronic non-specific low back pain. Scand J 
Pain;19:25-37, 2019. 10.1515/sjpain-2018-0113 

[68] Ong WY, Stohler CS, Herr DR: Role of the Prefrontal Cortex in Pain Processing. Mol Neurobiol;56:1137-
1166, 2019. 10.1007/s12035-018-1130-9 

[69] Pinto CB, Teixeira Costa B, Duarte D, Fregni F: Transcranial Direct Current Stimulation as a Therapeutic 
Tool for Chronic Pain. J ECT;34:e36-e50, 2018. 10.1097/YCT.0000000000000518 

[70] Rainville P, Duncan GH, Price DD, Carrier B, Bushnell MC: Pain affect encoded in human anterior 
cingulate but not somatosensory cortex. Science;277:968-971, 1997. 10.1126/science.277.5328.968 

[71] Reckow J, Rahman-Filipiak A, Garcia S, Schlaefflin S, Calhoun O, DaSilva AF, Bikson M, Hampstead 
BM: Tolerability and blinding of 4x1 high-definition transcranial direct current stimulation (HD-tDCS) 
at two and three milliamps. Brain Stimul;11:991-997, 2018. 10.1016/j.brs.2018.04.022 

[72] Richardson JD, Fillmore P, Datta A, Truong D, Bikson M, Fridriksson J: Toward development of sham 
protocols for high-definition transcranial direct current stimulation (HD-tDCS). NeuroRegulation;1:62-
62, 2014.  

[73] Roland M, Morris R: A study of the natural history of back pain. Part I: development of a reliable and 
sensitive measure of disability in low-back pain. Spine (Phila Pa 1976);8:141-144, 1983. 
10.1097/00007632-198303000-00004 

[74] Roussel NA, Nijs J, Meeus M, Mylius V, Fayt C, Oostendorp R: Central sensitization and altered central 
pain processing in chronic low back pain: fact or myth? Clin J Pain;29:625-638, 2013. 
10.1097/AJP.0b013e31826f9a71 

[75] Slade GD, Sanders AE, Ohrbach R, Fillingim RB, Dubner R, Gracely RH, Bair E, Maixner W, Greenspan 
JD: Pressure pain thresholds fluctuate with, but do not usefully predict, the clinical course of painful 
temporomandibular disorder. Pain;155:2134-2143, 2014. 10.1016/j.pain.2014.08.007 

[76] Spielberger CD. Manual for the State-Trait Anxiety Inventory. Palo Alto (CA), 1983. 
[77] Strand LI, Moe-Nilssen R, Ljunggren AE: Back Performance Scale for the assessment of mobility-related 

activities in people with back pain. Physical therapy;82:1213-1223, 2002.  
[78] Sullivan MJ, Bishop SR, Pivik J: The pain catastrophizing scale: development and validation. 

Psychological assessment;7:524, 1995.  
[79] Thielscher A, Antunes A, Saturnino GB: Field modeling for transcranial magnetic stimulation: A useful 

tool to understand the physiological effects of TMS? Conf Proc IEEE Eng Med Biol Soc;2015:222-
225, 2015. 10.1109/EMBC.2015.7318340 

[80] To WT, Eroh J, Hart J, Jr., Vanneste S: Exploring the effects of anodal and cathodal high definition 
transcranial direct current stimulation targeting the dorsal anterior cingulate cortex. Sci Rep;8:4454, 
2018. 10.1038/s41598-018-22730-x 

[81] Tu Y, Jung M, Gollub RL, Napadow V, Gerber J, Ortiz A, Lang C, Mawla I, Shen W, Chan ST, Wasan 
AD, Edwards RR, Kaptchuk TJ, Rosen B, Kong J: Abnormal medial prefrontal cortex functional 
connectivity and its association with clinical symptoms in chronic low back pain. Pain;160:1308-
1318, 2019. 10.1097/j.pain.0000000000001507 

[82] Vaseghi B, Zoghi M, Jaberzadeh S: Differential effects of cathodal transcranial direct current stimulation 
of prefrontal, motor and somatosensory cortices on cortical excitability and pain perception - a 
double-blind randomised sham-controlled study. Eur J Neurosci;42:2426-2437, 2015. 
10.1111/ejn.13043 

[83] Vibe Fersum K, O'Sullivan P, Skouen JS, Smith A, Kvale A: Efficacy of classification-based cognitive 
functional therapy in patients with non-specific chronic low back pain: a randomized controlled trial. 
Eur J Pain;17:916-928, 2013. 10.1002/j.1532-2149.2012.00252.x 

[84] Villamar MF, Volz MS, Bikson M, Datta A, Dasilva AF, Fregni F: Technique and considerations in the 
use of 4x1 ring high-definition transcranial direct current stimulation (HD-tDCS). J Vis Exp:e50309, 
2013. 10.3791/50309 

[85] Villamar MF, Wivatvongvana P, Patumanond J, Bikson M, Truong DQ, Datta A, Fregni F: Focal 
modulation of the primary motor cortex in fibromyalgia using 4x1-ring high-definition transcranial 
direct current stimulation (HD-tDCS): immediate and delayed analgesic effects of cathodal and 
anodal stimulation. J Pain;14:371-383, 2013. 10.1016/j.jpain.2012.12.007 



23 

 

[86] Villemure C, Schweinhardt P: Supraspinal pain processing: distinct roles of emotion and attention. 
Neuroscientist;16:276-284, 2010. 10.1177/1073858409359200 

[87] Waller R, Straker L, O'Sullivan P, Sterling M, Smith A: Reliability of pressure pain threshold testing in 
healthy pain free young adults. Scand J Pain;9:38-41, 2015. 10.1016/j.sjpain.2015.05.004 

[88] Watson D, Clark LA, Tellegen A: Development and validation of brief measures of positive and negative 
affect: the PANAS scales. J Pers Soc Psychol;54:1063-1070, 1988. 10.1037//0022-3514.54.6.1063 

[89] Wu A, March L, Zheng X, Huang J, Wang X, Zhao J, Blyth FM, Smith E, Buchbinder R, Hoy D: Global 
low back pain prevalence and years lived with disability from 1990 to 2017: estimates from the 
Global Burden of Disease Study 2017. Ann Transl Med;8:299, 2020. 10.21037/atm.2020.02.175 

[90] Yu R, Gollub RL, Spaeth R, Napadow V, Wasan A, Kong J: Disrupted functional connectivity of the 
periaqueductal gray in chronic low back pain. Neuroimage Clin;6:100-108, 2014. 
10.1016/j.nicl.2014.08.019 

[91] Yu S, Li W, Shen W, Edwards RR, Gollub RL, Wilson G, Park J, Ortiz A, Cao J, Gerber J, Mawla I, Chan 
ST, Lee J, Wasan AD, Napadow V, Kaptchuk TJ, Rosen B, Kong J: Impaired mesocorticolimbic 
connectivity underlies increased pain sensitivity in chronic low back pain. Neuroimage;218:116969, 
2020. 10.1016/j.neuroimage.2020.116969 

[92] Zandieh A, Parhizgar SE, Fakhri M, Taghvaei M, Miri S, Shahbabaie A, Esteghamati S, Ekhtiari H: 
Modulation of cold pain perception by transcranial direct current stimulation in healthy individuals. 
Neuromodulation : journal of the International Neuromodulation Society;16:345-348; discussion 348, 
2013. 10.1111/ner.12009 

[93] Zhang L, Zhang Y, Zhao ZQ: Anterior cingulate cortex contributes to the descending facilitatory 
modulation of pain via dorsal reticular nucleus. Eur J Neurosci;22:1141-1148, 2005. 10.1111/j.1460-
9568.2005.04302.x 

[94] Zhang L, Zhou L, Ren Q, Mokhtari T, Wan L, Zhou X, Hu L: Evaluating Cortical Alterations in Patients 
With Chronic Back Pain Using Neuroimaging Techniques: Recent Advances and Perspectives. Front 
Psychol;10:2527, 2019. 10.3389/fpsyg.2019.02527 

 

  



24 

 

 

Figure 1: Trial protocol showing (A) timeline of all sessions in the full protocol and (B) procedures 

involved on each day of each phase. As seen in (A) for the second phase, the first assessment on 

Day1 acts as Day21 for the first phase, whereas in the second phase it is a separate Day21 session. 

In (A), orange circles indicate sessions with HD-tDCS and grey circles represent sessions with 

measurement only. In (B), faded boxes represent data either reported in supplementary material 

(immediate effects on pain, short-form questionnaires, and psychophysical testing) or not reported 

here (empty grey boxes representing resting-state electroencephalography and 

affective/attentional outcomes). IPAQ: International Physical Activity Questionnaire. PCS: Pain 

Catastrophizing Scale. STAI: State-Trait Anxiety Inventory. PANAS: Positive and Negative Affective 

Schedule. BDI-II: Beck Depression Inventory. MPQ: McGill Pain Questionnaire. RMDQ: Roland-

Morris Disability Questionnaire. SBSQ: Start Back Screening Questionnaire. SLR: Straight Leg Raise. 

PPT: Pressure Pain Threshold. ECR: extensor carpi radialis. UT: upper trapezius. L1/L5: 1st and 5th 

lumbar segments. GAS: gastrocnemius. PDT/PTT: pain detection/tolerance threshold. STR: 

suprathreshold rating. TSP: temporal summation of pain. CPM: conditioned pain modulation. HD-

tDCS: high density transcranial direct current stimulation. SFQ: short-form questionnaires. PS: pain 

sensitivity assessment. EX: physical examination.  

 

Figure 2: Depiction of A) HD-tDCS stimulation protocol for Active (60 s ramp ON, 18 min anodal 

HD-tDCS, 60s ramp OFF) and Sham (60 s ramp ON, 60 s ramp OFF); B) placement and current 

amplitude for anode, cathodes and reference electrode in relation to the 10-20 International EEG 

System; and C) electrical field modelling of 2mA anodal stimulation paradigm generated with 

SimNIBS as per prior simulations[79].   

 

Figure 3: Mean (+SEM) psychophysical outcomes on Day1, Day4, and Day21 in both Active (yellow) 

and Sham (blue) HD-tDCS conditions: A) pressure pain thresholds, B) cuff pain detection (cPDT) and 

cuff tolerance threshold (cPTT), C) suprathreshold ratings, D) temporal summation of pain, and E) 

conditioned pain modulation. ECR=extensor carpi radialis, UT=upper trapezius, 

GAS=gastrocnemius. R2-4=Ramp 2-4 (2: prior to conditioning, 3: during conditioning, 4: post-

conditioning). Significant between-epoch difference from Epoch I or between-ramp difference from 

Ramp 2 is shown (*, P<0.03). Main effect of Day with significant increase compared to Day1 is 

indicated (#, P<0.04).  
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Figure 4: Spearman’s Rho correlations between mean CPM (parallel, ramp-3 minus ramp-1, 

average of effects on cPDT and cPTT) at baseline Day1 and the change in mean CPM from Day1 to 

Day4 within each HD-tDCS condition (Active/Sham). Individual participant data shown in orange 

for the 6 patients with least efficient CPM and in green for the 6 patients with most efficient CPM 

at baseline.  
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Table 1: Baseline Demographics and Low Back Pain Characteristics 

Characteristic (units) CLBP Patients (n = 12) 

Age (years) 28.6 ± 5.9 

Gender (female : male) 9 : 3 

Height (cm) 172.6 ± 9.4 

Weight (kg) 75.4 ± 16.1 

Duration with Chronic LBP (years) 5.3 ± 2.6 

Past healthcare sought (n [%]): 

General Practitioner 

Physiotherapist 

Chiropractor 

Other (Massage / Acupuncture / etc.)  

 

8 [67] 

5 [42] 

4 [33] 

3 [25] 

Investigations (n [%]): 

Imaging offered but not obtained 

Plain radiographs (X-ray) 

Magnetic Resonance Imaging (MRI) 

Surgical investigation or treatment 

 

2 [17] 

5 [42] 

6 [50] 

0 [0] 

Beliefs about Low Back Pain (n [%]): 

Resolution: Yes, I believe (or hope) it will go away 

Fear of exacerbation: I avoid X because of my back 

 

5 [42] 

6 [50] 

Start Back Questionnaire (Low / Moderate / High) 7 / 4 / 1 

Pain DETECT 9.4 ± 5.0 
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Table 2: Results of blinding and side effect assessment separated by phases (chronological) and HD-tDCS 

(Active/Sham). Median (Interquartile range). 

 Phase One 

N = 12 

Phase Two  

N = 12 

Active HD-tDCS 

N = 12 

Sham HD-tDCS 

N = 12 

Protocol Assignment 

Protocol Actually Applied (Active / Sham) 

Participant Belief of Protocol Applied (Active / 

Sham) 

Percentage Correct (% Overall) 

 

6 / 6 

6 / 6 

50% 

 

6 / 6 

8 / 4 

67% 

 

12 / 0 

8 / 4 

67% 

 

0 / 12 

6 / 6 

50% 

Participant Certainty of Protocol Guess  

1: not at all certain – 5: completely certain 

 

2 (1) 

 

3 (1.25) 

 

2 (1) 

 

3 (1.25) 

Time when Protocol Guess Decided  

n, Day1 /Day 2 / Day3 / Day4 when forced to 

choose 

 

3 / 1 / 3 / 5 

 

6 / 3 / 0 / 3 

 

3 / 3 / 2 / 4 

 

6 / 1 / 1 / 4 

Reasons for Protocol Guessed 

Active Guessed 

 

 

 

 

 

 

Sham Guessed 

 

Felt burning/ 

other scalp 

sensation during 

(n = 4), no reason 

(n = 2) 

 

 

Did not feel much 

during (n = 3), no 

change in back 

pain  (n = 2), bad 

luck (n = 1) 

 

Felt longer or 

more intense 

sensation during 

(n = 5), reduced 

back pain (n = 2), 

no reason (n = 1) 

 

Less sensation felt 

during stimulation  

(n = 4) 

*CORRECT* 

Felt stimulation/ 

more intense 

sensation during 

(n = 4), reduced 

back pain (n = 2), 

no reason (n = 2) 

*INCORRECT* 

Did not feel 

stimulation or less 

felt during (n = 2), 

bad luck (n = 1), 

no change in back 

pain (n = 1) 

*INCORRECT* 

Felt burning/ 

more intense 

sensation during 

(n = 3), reduced 

back pain (n = 2), 

no reason (n =1) 

*CORRECT* 

Did not feel 

stimulation or less 

felt during (n = 5), 

no change in back 

pain (n = 1) 

Sensations Reported During Stimulation (N[%]) 

Heat / warmth / burning 

Itching 

Tingling 

Pins and needles / pricking 

Nothing felt 

 

5 [42] 

9 [75] 

6 [50] 

0 [0] 

1 [8] 

 

4 [33] 

8 [67] 

2 [17] 

2 [17] 

2 [17] 

 

4 [33] 

10 [83] 

6 [50] 

0 [0] 

1 [8] 

 

5 [42] 

7 [58] 

2 [17] 

2 [17] 

2 [17] 

Side Effects Reported Post-Stimulation* (N[%]) 

Skin discomfort / hypersensitivity 

Skin redness 

Headache 

Nausea 

Dizziness 

Difficulty concentrating 

Increased fatigue 

Increased energy 

Difficulty sleeping / increased nightly waking 

Increased sleep 

 

4 [33] 

1 [8] 

4 [33] 

1 [8] 

1 [8] 

2 [17] 

2 [17] 

1 [8] 

2 [17] 

1 [8] 

 

0 [0] 

1 [8] 

2 [17] 

0 [0] 

0 [0] 

1 [8] 

1 [8] 

0 [0] 

1 [8] 

0 [0] 

 

3 [25] 

1 [8] 

4 [33] 

0 [0] 

0 [0] 

1 [8] 

1 [8] 

1 [8] 

1 [8] 

1 [8] 

 

1 [8] 

1 [8] 

2 [17] 

1 [8] 

1 [8] 

2 [17] 

2 [17] 

0 [0] 

2 [17] 

0 [0] 

Expectation of Positive Effect if Active (Yes, N[%]) 6 [50] 6 [50] 7 [58] 5 [42] 

*When initially questioned for unstructured responses, participants did not report any side effects 

beyond the sensations described during stimulation 

 

 

 

  



Table 3: Individual characteristics organised by Session (Chronological baselines) and HD-tDCS (Active/Sham) as Mean ± Standard Deviation or Median (Interquartile range) 

  Chronological Order Characteristics by HD-tDCS 

  

Session 1 Session 5  Session 9  

Statistics 

Active Sham 

Statistics (Day1) (Day1) (Day21) Day 1 Day 4 Day 21 Day 1 Day 4 Day 21 

N = 12 N = 12 N = 11 N = 12 N = 12 N = 11 N = 12 N = 12 N = 11 

Low Back Pain VAS Ratings (Past 24 hours):              

Average Pain Intensity (cm) 3.0 ± 1.5 2.9 ± 1.0 2.2 ± 1.2 F<1.8, P>0.2 2.9 ± 1.4 2.3 ± 2.3 2.8 ± 1.2 2.9 ± 1.2 2.4 ± 1.9 2.2 ±1.0 F<2.1, P>0.1 

Average Pain Unpleasantness (cm) 3.1 ± 1.8 3.1 ± 1.6 3.4 ± 1.2 F<1.1, P>0.3 3.2 ± 1.7 2.6 ± 2.7 3.0 ± 1.6 3.0 ± 1.7 2.6 ± 2.0 2.6 ± 1.3 F<1.1, P>0.3 

Maximum Pain Intensity (cm) 3.8 ± 1.3 4.0 ± 1.4 3.8 ± 1.3 F<0.7, P>0.9 3.8 ± 1.2 3.7 ± 2.8 4.0 ±1.5 4.0 ± 1.5 3.8 ± 2.2 2.7 ± 1.1 F<0.6, P>0.6 

Maximum Pain Unpleasantness (cm) 4.0 ± 1.6 4.1 ± 1.9 4.2 ± 1.4 F<0.6, P>0.9 3.9 ± 1.8 3.8 ± 3.1 4.4 ± 1.7 4.2 ± 1.7 4.1 ± 2.1 3.8 ± 1.7 F<0.6, P>0.5 

McGill Pain Score 16 (7) 10.5 (9.5) 17 (14.5) X2=4.1, P=0.1 14 (8.5) 11 (9.5) 
11 

(11.3) 
13.5 (9.25) 11 (12.5) 10 (12.5) X2=7.3, P=0.2 

Roland-Morris Disability Questionnaire (/24) 5 (3) 3 (1.75)* 4 (3.5) X2=6.9, P<0.04 4 (2.25) 4 (2.25) 3.5 (2.5) 3 (2.25) 4.5 (3.5) 3 (2.5) X2=6.1, P=0.3 

Back Performance Scale              

Score (Sum) 2.5 (2.5) 2.5 (3) 2 (3.5) X2=0.1, P=0.96 2 (3) 2 (3) 2 (4) 2 (4) 2 (3) 1 (3) X2=7.5, P=0.2 

Pain Ratings (mean across movement tasks)  1.2 ± 1.5 1.4 ± 1.9 1.4 ± 2.3 F<0.4, P>0.9 1.0 ± 1.4# 1.5 ± 2.4 2.0 ± 2.6 1.6 ± 1.9 1.3 ± 1.7 
0.7 ± 
1.0* 

F=4.1, P=0.03 

Sleep Duration (hours)  6.7 ± 1.2 6.8 ± 1.9 6.6 ± 0.8 F=0.0, P=1.0 7.2 ± 1.0 7.8 ± 1.1 6.2 ± 1.7 6.2 ± 1.8 7.4 ± 1.3 7.0 ± 1.2 F<4.1, P>0.07 

Mood (/20)              

Current 5 (3.5) 4 (3.3) 4 (4.5) X2=3.9, P=0.1 4 (4) 5 (4) 4 (4) 5 (4) 4 (4) 4 (4) X2=10.6, P=0.06 

Past week 3.5 (4.3) 3.5 (3.8) 5 (3.5) X2=0.5, P=0.7 4 (3) 4 (7) 4 (3) 5 (5) 6 (5) 4 (8) X2=3.3, P=0.6 

IPAQ Physical Activity (MET-mins/week) 
6100.1 ± 
4399.5 

5210.2 ± 
5994.5 

3755.9 ± 
2959.6 

F<3.2, P>0.6 
4441.1 ± 
3407.0 

- - 
6869.2 ± 
6395.2 

- - t=-1.4, P=0.2 

IPAQ Weekday Sitting Time (mins) 385.0 ± 206.6 362.5 ± 194.2 368.2 ± 187.9 F<0.6, P>0.9 380.0 ± 186.4 - - 367.5 ± 214.1 - - t=0.2, P=0.8 

Pain Catastrophizing Scale (/52)  13.9 ± 8.2 11.8 ± 8.5 12.6 ± 9.1 F<0.6, P>0.5 13.7 ± 7.2 
13.3 ± 
10.5 

  12.0 ± 9.4 11.9 ± 8.2   F<1.5, P>0.2 

State-Trait Anxiety Inventory              

State Anxiety 34.9 ± 8.4 36.5 ± 10.4 39.0 ± 10.9 F<0.8, P>0.4 36.4 ± 8.6 
38.5 ± 
13.2 

 35.0 ± 10.3 
35.9 ± 
10.1 

 F<1.8, P>0.1 

Trait Anxiety 41.2 ± 6.1 39.4 ± 6.5 41.7 ± 8.1 F<0.9, P>0.4 40.9 ± 7.2 41.5 ± 7.3   39.7 ± 5.4 41.2 ± 6.3   F<2.2, P>0.1 

Positive and Negative Affective Schedule               

Positive Affect 26.5 ± 7.8 23.8 ± 7.8 23.8 ± 11.3 F<0.8, P>0.4 24.3 ± 8.9 
22.3 ± 
11.5 

 26.0 ± 6.8 25.3 ± 9.0  F<2.5, P>0.1 

Negative Affect 12.9 ± 3.1 12.5 ± 2.9 11.4 ± 5.2 F<0.3, P>0.7 12.8 ± 3.0 12.1 ± 2.3   12.7 ± 2.9 11.9 ± 2.8   F<0.8, P>0.4 

Beck Depression Inventory:              

Total score 8.7 ± 4.2 8.9 ± 5.0 6.4 ± 4.1 F<2.2, P>0.1 8.1 ± 3.8 - - 9.5 ± 5.2 - - t=-1.0, P=0.3 

Classification (Min. / Mild / Mod. / Sev.) 10 / 2 / 0 / 0 10 / 2 / 0 / 0 11 / 0 / 0 / 0   11 / 1 / 0 / 0     9 / 3 / 0 / 0       

*Denotes significant differences between Sessions/Days (P<0.05), #denotes significant difference between Active/Sham HD-tDCS (P<0.03). VAS: visual analogue scale. 
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Methods for Capturing Immediate Effects of HD-tDCS 

To capture immediate changes in response to HD-tDCS, ratings of current pain intensity and 

pain unpleasantness on a paper visual analogue scale (VAS) were collected. As well, validated 

short-form versions of the McGill pain descriptors, PCS, STAI, PANAS, along with a 9-point 

rating of valence (1: most negative to 9: most positive) and arousal (1: most calm to 9: most 

aroused) from the Self-Assessment Mannikin were used to assess psychological state 

immediately prior to and following HD-tDCS stimulation. In all cases, pre-HD-tDCS ratings were 

subtracted from post-HD-tDCS ratings on Day1, Day2, and Day3, and analysed using repeated 

measures analysis of variance (ANOVA) or Friedman’s ANOVAs as appropriate. ANOVAs 

were Greenhouse-Geisser corrected in the event of lacking sphericity on Mauchly’s W testing. 

All post-hoc comparisons were Bonferroni corrected with significance set at P<0.05. 

 

Immediate Effects of HD-tDCS on Current State (Short-form Pain Scores and Questionnaires)  

Short-form data collected prior to HD-tDCS were subtracted from data recorded immediately 

following each HD-tDCS session and compared across days (Day1, Day2, Day3) and HD-

tDCS protocol (Active vs Sham). A main effect of Day on pain intensity (F2,22=7.96, P=0.003, 

2=0.42) and pain unpleasantness (F2,22=3.89, P=0.036, 2=0.26) VAS scores was noted, with 

greater reduction in VAS scores on Day1 than Day2 (P=0.028) and Day3 (P=0.030) for pain 

intensity, but no significant post-hoc findings for pain unpleasantness (Fig. 3). No significant 

differences were observed between HD-tDCS protocols. Further, no significant differential 

effects of HD-tDCS protocol were noted for McGill, PCS, STAI, PANAS, Valence or Arousal 

scores (P>0.05, Fig. 1). 

 

Supplementary Figure 1: Change in pain intensity and unpleasantness VAS scores following and 

scores from short-form questionnaires immediately prior to and following Active and Sham HD-tDCS 

sessions. PCS = Pain Catastrophizing Scale (6-item). STAI = State Trait Anxiety Scale (4-item). 

PANAS = Positive (Pos) and Negative (Neg) Affective Schedule (6-item). SAM = Self-Assessment 

Mannikin. Val = Valence. Ar = Arousal. Significantly greater reduction in pain intensity VAS scores 

following stimulation on Day1 compared to Day2 and Day3 (*, P<0.03).   



Immediate Effects of HD-tDCS on Psychophysical Outcomes 

Psychophysical outcomes collected in the first session (Day1-Pre) were subtracted from 
outcomes collected immediately following HD-tDCS on Day1 and Day3 in the Active and Sham 
conditions and compared across days and HD-tDCS protocol (active/sham). PPTs at the ECR 

site showed a main effect of HD-tDCS protocol (F1,11=5.64, P=0.037, 2=0.33) whereby 
reduction of PPTs was observed in the Active phase compared to Sham. No other significant 
differences in PPTs were noted (All P>0.15). For cuff thresholds, no differences were observed 

for cPDT, but cPTT showed a main effect of Day (F1,11=8.19, P=0.015, 2=0.43, Fig. 2) with 
greater increase in cPTT on Day3 compared to Day1. STR also showed a main effect of Day 

(F1,11=5.72, P=0.036, 2=0.34, Fig. 2) with greater increase in eVAS ratings on Day3 than 
Day1. No significant effects or interactions were observed for TSP (P>0.06) or CPM (P>0.15).  

 

Supplementary Figure 2: Mean (+SEM) immediate change in psychophysical outcomes from Day1 

to Day1-post and Day3 for both Active and Sham protocols. ECR=extensor carpi radialis. UT=upper 

trapezius. GAS=gastrocnemius. cPDT/cPTT=cuff pain detection/tolerance threshold. TSP=temporal 

summation of pain. CPM=conditioned pain modulation. R2-4=Ramp 2-4 (2: prior to conditioning, 3: 

during conditioning, 4: post-conditioning). Significant between-protocol difference (*, P<0.04). 

Significant main effect of Day with larger increase in cPTT and STR at Day3 than Day1 overall (#, 

P<0.04).  
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