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Introduction

Chronic pain (CP) affects about 20% of the European population
[1] and has recently begun to be treated as a pathology itself [2,3].
Although there is a very broad spectrum of pathologies characte-

rised by CP, they may share a set of functional and/or structural
alterations of the CNS - mainly affecting the descending nocicep-
tive modulation system - which explain why pain becomes chronic
[4–6]. In fact, very diverse CP conditions are characterized by
impaired conditioned pain modulation [7].

Strategies for managing CP have mainly consisted of pharma-
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Background: Transcranial electrical stimulation has yielded positive results for relieving pain in patients

with chronic pain (CP), but the existing evidence is insufficient. In order to address some gaps in the

literature, we conducted a randomized, double blind, sham-controlled clinical trial aimed at evaluating

the feasibility and efficacy of home-based neurostimulation in a sample of 120 patients.

Methods: The patients completed 15 self-administered home-based sessions of either transcranial direct

current stimulation (tDCS, n = 48), transcranial alternate current stimulation (tACS, n = 48), or sham

stimulation (n = 24). The primary outcome variable, i.e., pain intensity, and related variables were

assessed online (using numerical rating scales from 0 to 10) throughout 45 days (pre-treatment,

treatment, and post-treatment periods each of 15 days).

Results: ANOVA (classical and Bayesian frameworks) and time series analysis consistently showed that

both tDCS and tACS decreased the patients’ daily reported pain intensity (tDCS: tau = �0.553; p < 0.001;

tACS: tau = �0.563; p < 0.001), pain unpleasantness (tDCS: tau = �0.489; p < 0.001; tACS:

tau = �0.537; p < 0.001), interference due to pain (tDCS: tau = �0.368; p < 0.001; tACS: tau = �0.424;

p < 0.001), and other symptoms such as fatigue (tDCS: tau = �0.255; p = 0.02; tACS: tau = �0.556;

p < 0.001) and stress/anxiety (tDCS: tau = �0.245; p = 0.02; tACS: tau = �0.685; p < 0.001). No such

improvement was observed in the group receiving the sham stimulation. The home-based treatment was

associated with low drop-out rates (6.66%) and moderate satisfaction with the procedure (around 5 out of

10 in all groups), and minimal adverse effects of transcranial electrical stimulation were reported.

Conclusions: tDCS and tACS significantly reduced daily-reported pain in chronic pain patients. Home-

based intervention could significantly reduce the high economic burden associated with chronic pain

management in healthcare systems. Inclusion of daily reports assessed by time series analysis can

improve clinical trials in the field of chronic pain.

Study registration: ClinicalTrials.gov ID number: NCT05099406 (https://clinicaltrials.gov/study/

NCT05099406?term=NCT05099406%20&rank=1)
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nalgesics [8–10]. As an alternative or addition, transcranial
lectric stimulation (tES) has been used to correct the defective
entral pain-generating mechanisms. The evidence supports that
ranscranial direct current stimulation (tDCS) over the primary

otor cortex (M1) [11–14] has analgesic effects for a wide variety
f CP pathologies [15,16]. More recently, transcranial alternating
urrent stimulation (tACS) has been used to modify the cortical
etworks involved in pain [17,18], proving effective at reducing
uffering in problems like chronic back pain [19], although the
vidence is scarce and inconclusive [20]. Despite those positive
ndings, the overall evidence is unsound owing to the heteroge-
eity and poor methodological quality of the existing studies [21–
4]. Particularly, it is necessary to improve the assessment of
utcome variables, for instance, using a daily monitoring of
ymptoms, and to control the placebo effect of tES delivered in the
linic, as reported previously [25]. In this respect, home-based tES
nterventions (HB-tES) can reduce the placebo effect and also
ropout rates [26,27]. Although HB-tES is positively perceived by
he patients and families, just a few clinical trials have explored
his modality [14,28,29].

In this study, we conducted a clinical trial aimed at evaluating
he efficacy and feasibility of HB-tES in a large sample of CP
atients. Given that different CP conditions may share common
ysfunctional mechanisms and benefit similarly from tES inter-
entions, patients with refractory pain of diverse nature attending
he pain units were invited to participate. As a first objective, we
ompared the effects of tDCS, tACS, and sham stimulation on pain
nd related symptoms, which were assessed daily for 15 days prior
o treatment, 15 days during the treatment, and 15 days post-
reatment. To evaluate any changes in the symptoms, we
ompared the mean values obtained in each period and conducted
ime series analysis of the data. Our hypothesis was that only
atients receiving active tES would improve clinically. Secondly,
e aimed to assess the feasibility of HB-tES and the patients’

atisfaction with the treatment. We expected a dropout rate of less
han 10% and a positive evaluation of the intervention (>5/10 in a
RS scale).

atients and methods

articipants

The sample comprised 120 patients with CP (23 males,
7 females). The inclusion criteria were as follows: (1) Age
etween 25 and 65 years old; (2) Diagnosis of any CP disease by a
hysician; (3) A mean pain intensity score of 4 or more (on a
umerical rating scale (NRS) of 10) during the last three months;
4) A mean pain intensity score of 5 or more (on a NRS scale of 10)
uring the last week; and (5) Stable pharmacological treatment for
ver 2 months before the trial (except medication for pain that
ould vary depending on the patients status). Also, the patients had
o have access to a smartphone to fill in daily scales and to monitor
reatment. Patients who did not have a personal mobile phone
ompatible with the scales used were also excluded.

Exclusion criteria were the presence of pain caused by a cancer
iagnosis, ongoing or planned pregnancy, history of drug abuse,
nstable medical conditions, implanted intracranial devices or
timulators, history of neurosurgery, brain injury with loss of
onsciousness or cortical lesions, family history of epilepsy or

Lugo (code 2021/021). This study was part of a randomized,
double-blind, sham-controlled clinical trial preregistered at
https://clinicaltrials.gov/ (ID number: NCT05099406) and conduc-
ted in Galicia (NW of Spain) in the period between December
2021 and July 20231 .

Design

Patients with refractory, pharmaco-resistant pain meeting the
criteria were informed about the study in the Pain Units of the
University Hospitals of Santiago de Compostela (CHUS) and Vigo
(CHUVI) (Galicia, NW Spain), and if they agreed to participate, they
provided consent to contact them by telephone. Other patients
who became aware of the study by other channels (local press,
social media. . .) contacted us by telephone and were also included
in the trial if they fulfilled the criteria for participation. The
evaluations were carried out in the Pain Unit of the CHUVI and in
the facilities of the Brain and Pain Lab of the Faculty of Psychology
(University of Santiago de Compostela).

To calculate the sample size, we considered the effect size of tES
in patients with CP reported in previous studies, the expected
number of dropouts, and the objectives of the present study.
Several reviews and meta-analyses reported the effect sizes of
tDCS produced in specific CP conditions: moderate for fibromyalgia
and neuropathic pain [30–32] and large for migraine [33].
Although the evidence for home-based tDCS is preliminary, a
large effect size has been reported for patients with fibromyalgia
[13]. Regarding tACS, although studies are scarce, the method has
shown promising results for pain management [19]. To determine
the superiority of either technique, a sample with statistical power
sensitive to small effect sizes was needed. Regarding the number of
dropouts, we expected a low dropout rate considering the high
adherence to home-based tES techniques [13,34].

We therefore calculated the sample size in order to have
sufficient power to reach a small-moderate effect size (f = 0.17) by
using a linear mixed model ANOVA with the program G*power (v
3.1.9.3) [35; see Supplementary Material]. The minimum estimat-
ed sample was 117 participants, but we expanded the sample to
120 to assume a low dropout rate. We divided the total sample
(n = 120) into the 3 treatment groups (40% tDCS (n = 48), 40% tACS
(n = 48), and 20% sham (n = 24)). We recruited a smaller number
of participants in the sham group for ethical reasons, as we
considered that a higher proportion of patients should benefit from
the likely effective pain treatment based on tES. This decision does
not affect the robustness of the study, as even with groups of
n = 24 (as in the Sham group), there is sufficient statistical power
to detect small to moderate effects (f = 0.25).

Procedure

Potential participants were contacted by phone, and those who
agreed to participate and fulfilled the selection criteria were
scheduled for an initial evaluation session, during which informed
consent was signed. A randomization list was generated by a
researcher external to the project, who assigned each participant to
the corresponding daily stimulation codes. The researcher who
assessed the patients was blind to the treatment condition.

During the first visit, sociodemographic variables and clinical
status were assessed using a semi-structured interview and NRS
(the full list of variables collected during the clinical interview is
1 A full list of the variables included in the trial is presented in the Supplementary

material. As the objective of this paper was to assess the daily evolution of

symptoms due to the tES intervention, we did not include here variables which

could not be assessed on a daily basis.
ctive epilepsy, and psychiatric disorders (other than depression
nd anxiety).

All participants signed an informed consent form prior to the
tart of the study. Participants’ data were coded for pseudo-
ymization. The study complied with the Declaration of Helsinki
nd was approved by the Research Ethics Committee of Santiago-
2

provided in the Supplementary Material). In addition, the patients

https://clinicaltrials.gov/
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provided a copy of their medical history and current medication
regimen, which was to be kept constant throughout the study
period. To complete the pre-treatment assessment, the patients
were required to provide a series of daily updates on their health
status during a period of 15 days.

After the pretreatment period, the patients returned to our
facilities for a second visit and were randomly and blindly assigned
to the treatment groups (active tDCS, active tACS, sham tES) with
an allocation ratio 2:2:1. The participants undertook the first 20-
minute-long tES session under the supervision of the researcher,
who explained how to use the delivery device. The tES device
(Soterix 1 � 1 tES mini-CT1; https://soterixmedical.com/research/
remote/mini-CT) allowed the staff in charge of delivery to be
blinded to the treatment being applied, as they simply applied the
codes provided by the external researcher without knowing to
which treatment group the patients belonged. After this session,
the patients were sent a code (by WhatsApp) every day for 14 days
to enable them to carry out the treatment at home; they also
received a daily link to an online NRS to rate their symptoms and
side effects.

After the 15-day-long treatment period, the patients visited the
clinical unit for the third assessment. They were then again
required to provide daily updates on the different health variables
for the following 15 days and to complete an ad-hoc questionnaire
about their satisfaction with the treatment. To ensure that the
blinding process was successful, participants were also asked
which treatment group they believed they had been allocated to
(active or sham). Altogether, the patients’ symptoms were
monitored daily for 45 days, in the pre-treatment, treatment,
and post-treatment periods.

Measurements

The main outcome variable was the intensity of pain (‘‘How
intense on average has the pain been today?’’) assessed by a daily
NRS (ranging from 0 – No pain - to 10 - Excruciating pain -). As
secondary variables, we used daily ad-hoc NRS (0�10) for
interference caused by pain (‘‘How much has pain interfered with
your daily activities today?’’), pain unpleasantness (‘‘How un-
pleasant has the pain been today?’’), stress/anxiety (‘‘What level of
stress/anxiety have you experienced today?’’), fatigue (‘‘What has
been your level of fatigue today?’’) and sleep quality (‘‘How would
you rate your quality of sleep/rest last night?’’). Finally, analgesic
intake was scored as a dichotomous variable, in which the
participants had to report daily whether they had taken any
painkillers (1) or not (0). All these variables referred to the previous
24 h and were sent daily throughout the 45 days of the trial.

In addition, participants responded to an ad-hoc survey about
their satisfaction with the trial. This included 8 NRS (0�10) items
(total improvement, emotional improvement, physical improve-
ment, pain reduction, global satisfaction with the study, satisfac-
tion with questionnaires, satisfaction with assessments and
repeating the treatment) and 3 dichotomic (Yes/No) items (‘‘Have
you noticed any changes after completing the treatment?’’, ‘‘Do
you think your symptoms have got worse after completing the
treatment?’’ and ‘‘Would you recommend the treatment?’’).

Treatment with transcranial electrical stimulation (tES)

Patients were randomly assigned to one of the following

ramp-up and ramp-down for 15 seconds at the beginning and
end of the stimulation period.

� Transcranial alternating current stimulation (tACS; n = 48) over
the dorsolateral prefrontal cortex (DLPFC; F3 and F4; Return: Pz).
Parameters: 10 Hz, 1 mA intensity (zero-to-peak), 20 min, with
ramp-up and ramp-down periods of 15 seconds.

� Sham stimulation (n = 24) was considered a placebo-control
treatment. Half of the participants received the tDCS montage
and the other half the tACS montage. In this case, the current was
only delivered during the ramp-up and ramp-down moments.

For all conditions, the researchers explained carefully to the
patients how to place the cap using the aid of a mirror and provided
a printed guide with explanations and photographs to ensure a
correct electrode placement. Besides, we had different cap sizes
and selected the ideal one for each patient’s skull, to stimulate as
precisely as possible in the selected areas. The participants were
also instructed to wet the sponge electrodes (5 � 5 cm) with saline
solution in the best way (approx. 2.5 mL), and check the
impedance before starting the session - the equipment used
provides information about the quality of the stimulation, with the
green light signifying that the quality is optimal. To activate the
device, the patients had to key in the code sent daily by the
researcher. After each session, the patients sent back the
finalization codes, which indicated to the researcher whether
the sessions had been fully completed or if any problem had arisen.
Only participants with stimulation sessions who met high-quality
standards were included in the analysis.

Data analysis

To maintain randomization and compensate for loss of data due
to dropouts, we used an intention-to-treat analysis [36,37]. All
randomized subjects (n = 120) were included with their original
assignment. The final dataset exhibited very low levels of
missingness: 82.35% of the variables had no missing values,
5.88% had exactly one missing value, 5.88% had two missing values,
and 5.88% had three missing values. Thus, the overall amount of
missing data was negligible - less than 20% -. The missingness was
assessed to be Missing Completely at Random (MCAR), because
post-study audits confirmed that the data lost were not associated
with participant withdrawal, adverse events, or any study
procedure; and the quality checks that tracked the full data
collection process showed that the missing values were related to
external errors (i.e., technical glitches or errors in data recording),
and not to participant characteristics or trial implementation.
Missing data were imputed using the median method, as it
provided the best adjustment for our data. This method involved
identifying missing values in each column and replacing them with
the respective column’s median. This approach is widely recog-
nized in scientific literature due to its key advantages: robustly
addressing missing values, preserving the original data distribu-
tion, maintaining the study’s content integrity, and being suitable
for various data types, preventing the loss of valuable information.

The three treatment groups (active tDCS, active tACS, and sham
stimulation) were first compared at baseline by using one-way
ANOVAs and Pearson’s Chi-Square tests to verify that the groups
were balanced in the sociodemographic and clinical variables.

Repeated-measures ANOVA was then used to compare the
effectiveness of the treatment, with Phase of assessment (2 levels:
treatment conditions (see Supplementary Material for more
information about the randomization process):

� Transcranial direct current stimulation (tDCS; n = 48), applied
over the left primary motor cortex (M1; Anode: C3; Cathode:
FP2). The parameters for each session were 2 mA for 20 min,
3

pre-treatment and post-treatment) included as an intra-subject
factor and Group (3 levels: tDCS, tACS, and sham stimulation) as an
inter-subject factor. The analyses were performed for the mean of
the daily self-reported NRS in each phase (except for analgesic
intake, where the sum of days was used), and both classical and
Bayesian statistics were used to obtain the most accurate evidence

https://soterixmedical.com/research/remote/mini-CT
https://soterixmedical.com/research/remote/mini-CT
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ossible. We used Bonferroni-Holm correction for multiple post-
oc comparisons.

To analyse the trends or systematic patterns over time due to
he treatment, we also performed a time series analysis for the
aily measures (see Supplementary Material for more information
bout the time-series analysis methodology). We used the
ollowing 3 statistical tests:

The Dickey-Fuller Test: This test examines the stationarity of the
eries, considering unit root properties, which indicate non-
tationarity (i.e., changes in the mean and variance of the series
ver time). A high p-value indicates that the series is non-
tationary and may include a trend or a persistent pattern.

The Kwiatkowski-Phillips-Schmidt-Shin (KPSS) Test: This test
omplements the Dickey–Fuller test by checking for stationarity
round a mean or trend. Unlike the Dickey-Fuller test, in which the
ull hypothesis is the presence of a unit root (indicating non-
tationarity), the KPSS test assumes that the null hypothesis is
tationarity. A low p-value in the KPSS test would lead us to reject
his null hypothesis, indicating that the series is in fact non-
tationary and that the mean or variance is not constant over time.

The Mann-Kendall Test: This non-parametric test was used to
ssess the presence of a monotonic trend within the time series
ata. A monotonic trend implies consistent movement in one
irection, i.e., either an increase or a decrease, but not both. The test
rovides two key pieces of information: the p-value, which

ndicates the significance of the detected trend, and the tau value, a
oefficient that measures the strength of the association. A low p-
alue (typically less than 0.05) indicates that the observed trend is
tatistically significant, while the tau value provides a measure of
he magnitude of the trend.

By applying these tests, we can ascertain the existence or non-
tationarity of trends and also their nature and strength. This
ulti-faceted approach enabled robust analysis of the time series

ata, thereby enhancing our understanding of the impact of the
reatment on pain and its associated symptoms over time. Thus,
he aim of this statistical approach was to detect any sustained
emporal trends due to treatment, which could differ between the
roups.

Finally, we checked whether the blinding was correctly
chieved by comparing each participant’s belief about which
roup they belonged to (reported at the end of the treatment) and
he actual group they belonged to, using Cohen’s Kappa test. We
lso analyse the global impression of improvement, the satisfac-
ion with the trial, and the adverse effects, by applying one-way
NOVA (factor: treatment group) and Pearson’s Chi Square tests to

he results of the ad-hoc satisfaction with treatment questionnaire
nd the number of days on which adverse effects were reported
uring the 15-day treatment period.

Data were analysed by an independent researcher who was
linded to treatment allocation. The statistical tests were run using
he SPSS statistical package (v.24.0; IBM Corporation, Armonk, NY,
nited States), JASP (v.0.18; The JASP Team), and R (v.4.3.2).

esults

ample characteristics and randomization

The descriptive statistics of the sociodemographic and clinical
ata and the results of one-way ANOVA tests are summarized in e
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omen (80.8% of the total sample), the 3 treatment groups were
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1 criteria: primary pain (55% of the total sample), musculoskeletal
ain (19.17%), and neuropathic pain (13.3%) were the 3 most
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frequent diagnostic categories. Anyway, the type of CP was
balanced between groups. Also, the groups turned out to be
balanced by marital status, occupation, degree of disability, and
work incapacity. The only significant difference (X2 = 16.71;
p = 0.033) was in educational level (see Table 2). For the clinical
symptoms, no significant differences between the groups at
baseline were found.

Comparison between pre- and post-treatment clinical status

The results of the repeated-measures ANOVA for the daily
reported symptoms (mean of 15 NRS at pre- and post-treatment)
are summarized in Table 3. We found significant effects of Phase
for the primary outcome (pain intensity) (F(1,117) = 23.16;
p < 0.001) and for all other variables under study: pain
unpleasantness (F(1,117) = 21,89; p < 0.001), interference due
to pain (F(1,117)=16.64; p < 0.001), stress/anxiety
(F(1,117) = 29.56; p < 0.001), fatigue (F(1,117) = 9.30;
p = 0.003), sleep quality (F(1,117) = 432.11; p < 0.001) and
analgesic intake (F(1,117) = 20.85; p < 0.001), mostly with large
effect sizes. Only for pain intensity and stress/anxiety we found a
significant Phase x Group interaction (F(2,117) = 3.83; p = 0.025
and F(2,117) = 7.34; p < 0.001, respectively), although for stress
there was also a main effect of Group (F(2,117) = 3.98; p = 0.021)
(see effect sizes in Table 3).

Using Bayesian statistics, we also found clear evidence of pre-
post change for all variables assessed and a Phase x Group
interaction only for pain intensity (BF = 1.992; anecdotal evidence)
and stress/anxiety (BF = 34.545; extreme evidence), with strong
evidence for greater improvement in the tACS group than in the
tDCS group for the latter (BF10 = 24.038).

Time series analysis: clinical evolution of the patients throughout the

clinical trial

To examine the temporal evolution of symptoms, we
performed a time series analysis (see Table 4). The three
statistical tests used (Dickey-Fuller, KPSS, and Mann-Kendall)
yielded consistent results, showing trends (non-stationarity in
the data) in all the daily NRS variables, except in sleep quality and
analgesic intake. The examination revealed notable decreases in
pain-associated indices over time in the tACS and tDCS groups
(see Fig. 1), as highlighted by the results of the Mann–Kendall
test and the negative tau coefficients for pain intensity
(tau = �0.553; p < 0.001 in the tDCS and tau = �0.563;
p < 0.001 in the tACS groups). We found a similar effect for
pain unpleasantness, although with slightly higher values for
tACS (tau = �0.537; p < .001) than tDCS (tau = �0.489;
p < .001). For pain interference, the evidence was still signifi-
cant, although less pronounced, with tau values of �0.424 for

Table 2
Pearson’s x2: sample (n = 120) distribution for the different sociodemographic variables.

Variable Response tDCS (N = 48) tACS (N = 48) Sham (N = 24) Pearson’s x2

N % CI (95%) N % CI (95%) N % CI (95%) x2 Sig.

Sex Women 35 72.9 60.3 – 85.5 41 85.4 75.4 – 95.4 21 87.5 74.3 – 100.7 3.28 .194

Men 13 27.1 14.5 – 39.7 7 14.6 4.6 – 24.6 3 12.5 (�.7) – 25.7

Civil status Single 14 29.2 16.3 – 42.0 8 16.7 6.1 – 27.2 9 37.5 18.1 – 56.9 5.84 .441

Married 24 50 35.9 – 64.1 28 58.3 44.4 – 72.3 13 54.2 34.2 – 74.1

Divorced 8 16.7 6.1 – 27.2 10 20.8 9.3 – 32.3 2 8.3 (�2.7) – 19.4

Widowed 2 4.2 (�1.5) – 9.8 2 4.2 (�1.5) – 9.8 0 0 0

Educational level Elementary school 13 27.1 14.5 – 39.7 6 12.5 3.1 – 21.9 0 0 0 16.71 .033
High school 5 10.4 1.8 – 19.1 7 14.6 4.6 – 24.6 4 16.7 1.8 – 31.6

Bachelors degree 13 27.1 14.5 – 39.7 18 37.5 23.8 – 51.2 6 25 7.7 – 42.3

College degree 16 33.3 20.0 – 46.7 12 25 12.8 – 37.2 13 54.2 34.2 – 74.1

Master’s degree 1 2.1 (�2.0) – 6.1 5 10.4 1.8 – 19.1 1 4.2 (�3.8) – 12.2

Occupation Full-time job 18 37.5 23.8 – 51.2 17 35.4 21.9 – 48.9 4 16.7 1.8 – 31.6 10.64 .387

Part-time job 3 6.3 (�0.6) – 13.1 4 8.3 .5 – 16.2 2 8.3 (�2.7) – 19.4

Student 2 4.2 (�1.5) – 9.8 0 0 0 0 0 0

Unemployed 9 18.8 7.7 – 29.8 10 20.8 9.3 – 32.3 3 12.5 (�.7) – 25.7

Retired 9 18.8 7.7 – 29.8 10 20.8 9.3 – 32.3 7 29.2 11.0 – 47.4

Temporary medical leave 7 14.6 4.6 – 24.6 7 14.6 4.6 – 24.6 8 33.3 14.5 – 52.2

Disability Not disabled 29 60.4 46.6 – 74.3 26 54.1 40.1 – 68.3 12 50 30.0 – 70.0 10.72 .218

Grade II 2 4.2 (�1.5) – 9.8 2 4.2 (�1.5) – 9.8 4 16.7 1.8 – 31.6

Grade III 10 20.8 9.3 – 32.3 15 31.3 18.1 – 44.4 5 20.8 4.6 – 37.1

Grade IV 7 14.6 4.6 – 24.6 3 6.3 (�0.6) – 13.1 3 12.5 (�.7) – 25.7

Grade V 0 0 0 2 4.2 (�1.5) – 9.8 0 0 0

Inability to work Absence of inability/DK/NA 41 85.4 75.4 – 95.4 37 77.1 65.2 – 89.0 15 62.5 43.1 – 81.9 5.62 .229

Total permanent disability 5 10.4 1.8 – 19.1 9 18.8 7.7 – 29.8 6 25 7.7 – 42.3

Absolute permanent disability 2 4.2 (�1.5) – 9.8 2 4.2 (�1.5) – 9.8 3 12.5 (�0.7) – 25.7

Type of chronic

pain (ICD-11)

Primary pain 28 58.3 44.4 – 72.3 29 60.4 46.6 – 74.3 9 37.5 18.1 – 56.9 12.74 .388

Postsurgical/Posttraumatic pain 3 6.3 (�0.6) – 13.1 5 10.4 1.8 – 19.1 2 8.3 (�2.7) – 19.4

Neuropathic pain 5 10.4 1.8 – 19.1 5 10.4 1.8 – 19.1 6 25 7.7 – 42.3

Headache/Orofacial pain 1 2.1 (�2.0) – 6.1 1 2.1 (�2.0) – 6.1 1 4.2 (�3.8) – 12.2

Visceral pain 2 4.2 (�1.5) – 9.8 0 0 0 0 0 0

Musculoskeletal pain 9 18.8 7.7 – 29.8 8 16.7 6.1 – 27.2 5 20.8 4.6 – 37.1

NA 0 0 0 0 0 0 1 4.2 (�3.8) – 12.2
Post-hoc tests showed that both tDCS and tACS groups showed
significant improvement from pre- to post-treatment in all the
clinical variables, while for Sham, only an improvement in sleep
quality was observed. Thus, the results showed the superior effects
achieved by active tES, with no significant difference between tDCS
and tACS.
5

tACS and �0.368 for tDCS.
For the other symptoms (see Fig. 2), a pronounced negative

trend in stress/anxiety was observed along the study in the tACS
group (tau = �0.685; p < 0.001), which was more moderate for
the tDCS group (tau = �0.245; p = 0.02). For fatigue, the results
showed significant decreasing trends in both tACS (tau = �0.556;
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p < 0.001) and tDCS (tau = �0.255; p = 0.02). The analysis did not
uncover any significant trends regarding sleep quality.

In the daily monitoring of analgesic intake (see Fig. 3), there was
a decrease in the use of analgesics over time in all groups: sham
stimulation (tau = �0.343; p = 0.001), tACS (tau = �326;
p = 0.002), and tDCS (tau = �.439; p < 0.001).

Feasibility and Satisfaction with the HB-tES treatment

At the end of treatment, the participants answered some
questions about their beliefs about the group assignment and their
global impression of improvement and satisfaction with the HB-
tES. The results confirmed that blinding was very effective: more
than 80% of all participants believed they were undergoing active
treatment, and only 11.1% of those actually in the sham
stimulation group believed they were in that group (see Table
5). Cohen’s Kappa statistic (k = 0.064) made clear the absence of
agreement between membership group and treatment belief,
which is indicative of the high quality of the blind obtained.

In addition, only 8 (6.66%) participants dropped out of the
study, 3 (2.5%) after the pre-treatment assessment phase and 5
(4.16%) during the active treatment phase. No serious adverse
effects were reported. Mild effects such as itching of the scalp or
visualisation of slight flashes during the session, and slight
headaches, fatigue, and dizziness after the session were scarcely
reported (mean below 3 days out of 15). There were no significant
differences (F (2,117) = 1.08; p = 0.344) between the groups.

The groups did not differ in the global impression of
improvement, emotional improvement, or physical improvement
(see Table 6). Regarding the perception of pain reduction, the sham
group (mean: 1.83 � 1.79) was the least satisfied, followed by the
tDCS group (mean: 2.02 � 2.79) and then tACS group (mean:
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Table 4
Results obtained for the different statistical tests used in the time series analysis for

the variables measured on a day-to-day basis.

Statistical test used

Group Dickey-

Fuller

KPSS Mann-

Kendall

tau CI (95%)

Pain intensity tDCS .38 <.01 <.001 �.553 (�.81) – (�.30)

tACS .67 <.01 <.001 �.563 (�.82) – (�.31)

Sham .32 .10 .27 �.117 (�.37) – .14

Pain

unpleasantness

tDCS .38 <.01 <.001 �.489 (�.74) – (�.24)

tACS .72 <.01 <.001 �.537 (�.79) – (�.28)

Sham .09 .10 .07 �.194 (�.45) – .06

Pain

interference

tDCS .21 <.01 <.001 �.368 (�.62) – (�.11)

tACS .69 <.01 <.001 �.424 (�.68) – (�.17)

Sham .31 .09 .08 �.772 (�1.03) – (�.52)

Stress tDCS .58 <.01 .02 �.245 (�.5) – .01

tACS .27 <.01 <.001 �.685 (�.94) – (�.43)

Sham .47 .10 .13 �.159 (�.41) – .09

Fatigue tDCS .46 .05 .02 �.255 (�.51) – 0

tACS .06 .01 <.001 �.556 (�.81) – (�.3)

Sham .45 .10 .60 �.056 (�.31) – .2

Sleep quality tDCS .06 .10 .49 �.007 (�.26) – .25

tACS .17 .10 .24 .012 (�.24) – .27

Sham .69 .10 .41 .008 (�.25) – .26

Analgesic use tDCS .19 .01 <.001 �.439 (�.69) – (�.19)

tACS .52 .01 .002 �.326 (�.58) – (�.07)

Sham .07 .02 .001 �.343 (�.6) – (�.09)
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2.31 � 2.71), although the differences were not statistically signifi-
cant. Although the mean perception of improvement was low (around
2.5–3) the global satisfaction with the study (mean:
sham = 5.13 � 2.51; tACS = 4.75 � 2.96; tDCS = 5 � 3.5) and the
likelihood of continued participation in the study (mean:
sham = 7.21 � 2.99; tACS = 6.46 � 3.46; tDCS = 7.69 � 2.83) were



Fig. 1. Comparison of changes in pain related measures between tDCS, tACS and Sham groups over 45 days. All the variables should be interpreted to mean that the higher the

score (between 0 and 10), the greater the discomfort in the assessed domain. Days 1 to 15 correspond to the pre-treatment period, days 16 to 30 to the treatment period, and

days 31 to 45 to the post-treatment period.
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Fig. 2. Comparison of changes in pain unrelated measures between tDCS, tACS and Sham groups over 45 days. All the variables except Sleep Quality should be interpreted to

mean that the higher the score (between 0 and 10), the greater the discomfort in the assessed domain. Days 1 to 15 correspond to the pre-treatment period, days 16 to 30 to

the treatment period, and days 31 to 45 to the post-treatment period.
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from moderate to high, with no significant differences between the
groups.

The tDCS group included a higher proportion of people who did
not perceive any change (54.2% in sham stimulation, 60.4% in tACS,
and 68.8% in tDCS), but the Chi-Square value was not significant
(see Table 7). Overall, 85% of the participants would recommend
the treatment, and only 5 (4.2% of the 120 participants) reported
feeling worse after the treatment.

Fig. 3. Comparison of changes in analgesic intake between tDCS, tACS and Sham groups over 45 days. This variable reflects the sum of the number of days on which patients

consumed analgesic medication (score between 0 and 15 for this variable). Days 1 to 15 correspond to the pre-treatment period, days 16 to 30 to the treatment period, and

days 31 to 45 to the post-treatment period.

Table 5
Distribution of participants based on their belief of active/sham treatment group

membership at the end of the study (n = 85).

Active

Group

(N = 72)

Sham

Group

(N = 13)

Cohen‘s Kappa

Active belief (N = 49) 40 (81.7%) 9 (18.3%) .064

Sham belief (N = 36) 32 (88.9%) 4 (11.1%)

Table 7
Pearson’s x2: distribution for changes noticed, worsening after treatment and recommendation for others.

tDCS (N = 48) tACS (N = 48) Sham (N = 24) Pearson’s

x2

Response N % CI (95%) N % CI (95%) N % CI (95%) x2 Sig.

Table 6
ANOVA results and descriptive statistics: satisfaction with treatment questionnaire.

tDCS (N = 48) tACS (N = 48) Sham (N = 24) ANOVA

M(SD) Min -

Max

CI (95%) M(SD) Min -

Max

CI (95%) M(SD) Min -

Max

CI (95%) F Sig.

Total improvement 2.67 (3.02) 0 – 9 1.79 – 3.55 2.67 (2.48) 0 – 10 1.95 – 3.39 2.71 (1.9) 0 – 6 1.91 – 3.51 .002 .998

Emotional improvement 2.65 (2.78) 0 – 8 1.84 – 3.46 2.69 (2.71) 0 – 10 1.90 – 3.48 2.96 (2.37) 0 – 8 1.96 – 3.96 .117 .890

Physical improvement 2.19 (2.64) 0 – 8 1.42 – 2.96 2.06 (2.63) 0 – 10 1.30 – 2.82 2.46 (2.4) 0 – 8 1.45 – 3.47 .187 .830

Pain reduction 2.02 (2.79) 0 – 8 1.21 – 2.83 2.31 (2.71) 0 – 9 1.52 – 3.10 1.83 (1.79) 0 – 6 1.07 – 2.59 .310 .734

Global satisfaction with the study 5 (3.5) 0 – 10 3.98 – 6.02 4.75 (2.96) 0 – 10 3.89 – 5.61 5.13 (2.51) 1 – 10 4.07 – 6.19 .139 .870

Satisfaction with questionnaires 6.52 (3.02) 0 – 10 5.64 – 7.40 6.38 (2.55) 0 – 10 5.64 – 7.12 6.21 (2.09) 1 – 10 5.33 – 7.09 .113 .893

Satisfaction with assessments 7.67 (2.74) 0 – 10 6.87 – 8.47 7.94 (2.4) 0 – 10 7.24 – 8.64 8.21 (1.93) 2 – 10 7.40 – 9.02 .407 .667

Would you repeat the treatment? 7.69 (2.83) 0 – 10 6.87 – 8.51 6.46 (3.46) 0 – 10 5.46 – 7.46 7.21 (2.99) 0 – 10 5.95 – 8.47 1.869 .159

Days with reported adverse effects 2.42 (3.72) 0 – 14 1.34 – 3.50 1.69 (2.68) 0 – 12 0.91 – 2.47 2.92 (3.39) 0 – 11 1.49 – 4.35 1.265 .286
Have you noticed any changes after

doing the treatment?

Yes 15 31.3 18.1 – 44.4 19 39.6 25.7 – 53.4 11 45.8 25.9 – 65.8 1.60 .449

No 33 68.8 55.6 – 81.9 29 60.4 46.6 – 74.3 13 54.2 34.2 – 74.1

Do you think you’ve gotten worse after treatment? Yes 3 6.3 (�.6) – 13.1 2 4.2 (�1.5) – 9.8 0 0 (�3.5) – 7.5 1.57 .457

No 45 93.8 86.9 – 100.6 46 95.8 90.2 – 101.5 24 100 92.5 – 103.5

Would you recommend the treatment? Yes 44 91.7 83.8 – 99.5 40 83.3 72.8 – 93.9 23 95.8 87.8 – 103.8 3.11 .212

No 4 8.3 .5 – 16.2 8 16.7 6.1 – 27.2 1 4.2 (�3.8) – 12.2
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iscussion

We conducted a randomized clinical trial of home-based
ranscranial electric stimulation (HB-tES), as a complementary
reatment to relieve CP, comparing tDCS, tACS, and a sham
ondition. We monitored the symptoms online to minimize the
lacebo effect and biases such as the social desirability effect. To
chieve a more robust main outcome, we measured the variables
aily 15 days before, 15 days during, and 15 days after the
reatment. We analysed daily reported symptoms by two different
pproaches: ANOVAs (classical and Bayesian) to test for any
ifferences in the mean scores for pre- and post-treatment periods,
nd time series analyses to examine the evolution of symptoms
ver time.

For our primary outcome variable (pain intensity), repeated
easures ANOVA revealed a significant phase by group interaction

with a medium effect size), reflected in pain intensity reductions
fter treatment only in the active groups. Post-hoc tests did not
etect any significant difference between tDCS and tACS. Our
esults appear consistent with previous application of tDCS on the

1 area, resulting in pain relief [24,38,39]. Although the
hysiological mechanism by which stimulation in motor areas
auses this effect is not fully understood, it may be due to the close
elationship between the motor and somatosensory regions [40] or
heir projections to the thalamus, which could reduce nociceptive
nputs and modulate the discriminative/sensory dimension of pain
41–43]. In addition, M1 projections to the prefrontal cortex and
egions involved in nociception, such as the insula and cingulate
yrus, and brainstem structures involved in analgesic regulation
44], can influence the affective dimension of pain.

tDCS has proved effective for a wide ranging of pain conditions-
uch as fibromyalgia [13,24,28,29,39,45–48], knee osteoarthritis
12,14,49,50], chronic low back pain [51–54], migraine [33,55,56],
emporomandibular disorders [57], multiple sclerosis [58,59],
hikungunya illness [60], or phantom limb pain [61], suggesting
hat different CP disorders may share common dysfunctional pain

odulation mechanisms [62]. Using a heterogeneous sample in
erms of diagnosis, our results also support the efficacy of tES
echniques in a wide range of CP conditions. As said above, the
vailable evidence suggests that, despite the diagnosis, very
iverse CP pathologies may share common dysfunctional pain
odulation mechanisms, and this could explain why they all can

enefit from tES. In spite of this cumulative evidence for the
nalgesic effect of tDCS over M1, previous studies have questioned
hether the effect found is not always superior to sham or

eripheral stimulation [50,63–65]. In a recent clinical trial with tES
elivered at the clinic [25], we found significant improvements
oth in the active and sham conditions. As the daily visits and
ontact with the researchers could have unspecific therapeutic
ffects, in this trial, we used a home intervention with remote daily
ssessments along a 45-day period and found differences between
he active and sham tES groups. Our results cannot completely rule
ut a placebo effect, but provide insights into how to improve
linical trials in CP.

Regarding tACS over the DLPFC, our results reinforce previous
vidence of a positive effect in pain reduction, in CP conditions
uch as fibromyalgia [66], low back pain [67], and migraine [68].
his effect could be mediated by modulation of brain oscillatory
ctivity in the cortical networks involved in pain perception
17,18,69]. Interestingly, we found similar results to those

evidence must be further strengthened before firmer conclusions
can be drawn.

Besides pain reduction, we found that the intervention had a
positive effect on all the secondary outcome variables. In general,
the analyses did not reveal significant interactions between phase
and group, but post-hoc tests revealed significant improvements in
pain unpleasantness, daily interference due to pain, fatigue, and
analgesic intake only for the active treatment groups, as in
previous research [13,28,71]. For sleep quality, the finding is at
odds with previous research [13,19], as we found an improvement
also in the sham group. Stress/anxiety was the only secondary
variable affected by a significant Phase and Group interaction,
showing a significant decrease after treatment only for the active
tES groups. This result is in line with recent evidence pointing to
the usefulness of tES in reducing anxiety and depression in patients
with CP [72,73].

Also, we performed repeated-measures ANOVA tests with
Bayesian statistics for all the clinical variables, and the results
replicated those of classical statistics. Nevertheless, it should be
noted that the evidence for the Phase and Group interaction in pain
intensity was anecdotal.

On the other hand, we analysed the changes in the daily-
reported symptoms by time series analysis. While ANOVA provides
a "static" view of mean differences, analysis of the changes in the
trends of symptoms can give a more approximate picture of the
real responses. For pain intensity, the results indicated a change in
trend in the active treatment groups, not observed in the sham. We
observed a similar effect for pain unpleasantness, pain interfer-
ence, and fatigue. Altogether, the results confirmed that the
treatment led to an improvement in the pain felt and related
effects. This pattern was not confirmed for sleep quality, as the
values remained quite stable over time in all the groups, with a
slight improvement in the sham. For stress/anxiety, this trend was
only significant in the tACS group. Finally, for analgesic intake, we
found a significant decline for all groups, which could be due to a
placebo effect caused by the patient’s participation in the study.

Considering all the above, the results obtained using different
statistical approaches are robust and support the effectiveness of
active tES. As far as we know, this is the only study to date using
daily assessment for such a long period and applying time series
analysis to the data. This approach allows us to assess the
subjectivity of the painful experience, but largely solving the
problems of low reliability or stability over time that characterize
self-report-based pain indices [74]. Time-series analysis allows
researchers to see how variables evolve daily across the interven-
tion phases, revealing progressive trends, such as steady impro-
vements, delayed effects, plateaus, or rebounds, that simple pre-
post analyses would have missed. Thus, with its implementation in
clinical trials, it would be possible to address many existing gaps in
the field, complementing the traditional data analyses in clinical
trials.

Lastly, the results obtained supported the feasibility of HB-tES
for patients with CP. The patients reported minimal adverse effects
after the stimulation sessions. We obtained low rates of attrition
and moderate satisfaction with the treatment, even though the
perception of improvement was low. It is possible that only a
percentage of the participants responded to the treatment, and
thus it would be interesting to delve into their profiles. This
modality of treatment (HB-tES) reduces the time spent and enables
the patients to be more independent. Home-based interventions
btained with tDCS, despite the different type of current and
ontage. Both types of stimulation affect modulation of the
LPFC, suggesting a role of this region in modifying the activity of
reas involved in the affective processing of pain or in
escendent inhibitory regulation [70]. Nevertheless, despite
he positive and encouraging results obtained with tACS, the
1

with remote online monitoring, such as the one we have carried
out, could lead to a significant improvement in intervention
efficiency, reducing the number of medical appointments and
travel times, and providing greater flexibility for professionals and
patients through continuous follow-ups and effective communi-
cation. Thus, such protocols could improve access to care for CP
0
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populations, with mobility difficulties or living in geographically
dispersed regions, and enhance treatment adherence, as well as
reduce the high medical and social costs associated with CP
management in healthcare systems [75].

Regarding the study limitations, there is an over-representation
of women - although this is in line with the gender imbalance of CP
prevalence [76] - and patients with primary pain in the sample –
using the ICD-11 classification [77], based on diagnostic categories
-, which may reduce the generalizability of results to men and
other CP types. Perhaps using another type of classification or with
a broader and more balanced sample, it would have been possible
to analyse subgroups and arrive at more individualised conclusions
on the effectiveness of treatment in relation to these subgroups. In
addition, although we conducted daily monitoring to determine
whether the stimulation session had been completed, we cannot
discard that some factors beyond our control may have influenced
the treatment implementation and consequently the results.
Although the daily trend clearly indicated a reduction in pain in
the active groups, we cannot rule out a placebo effect. Finally, the
measurement of ‘‘analgesic intake’’ - consisting of a question about
the daily use of painkillers but not whether intake increased or
decreased from the baseline level- may explain the lack of
differences between sham and active groups. In future trials, a
standardised scale such as the Medication Quantification Scale
(MQS-4.0) [78] should be used.

Conclusions

Our results indicate that the HB-tES techniques are feasible and
effective for treating pain in patients with CP. Using an innovative
two-pronged approach combining ANOVAs and time series
analysis, we obtained robust evidence that the tES treatments
decrease patients’ daily pain intensity and other core CP symptoms
such as pain interference, pain unpleasantness, fatigue, and stress,
relative to sham-tES stimulation. Both tDCS and tACS treatments
produced similar results, although the characteristics and area of
stimulation were different.
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engaging neuronal oscillations by transcranial alternating current stimulation
in patients with chronic low back pain: a randomized, crossover, double-blind,
sham-controlled pilot study. J Pain 2018;20(3):277.e1–277.e11. http://
dx.doi.org/10.1016/j.jpain.2018.09.004.
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daño-Coy J. Efficacy of transcranial direct current stimulation on pain intensity
and functionality in patients with knee osteoarthritis: a systematic review and
meta-analysis. Am J Phys Med Rehabil 2023;10:1097. http://dx.doi.org/
10.1097/phm.0000000000002386.

[51] Straudi S, Buja S, Baroni A, Pavarelli C, Pranovi G, Fregni F, et al. The effects of
transcranial direct current stimulation (tDCS) combined with group exercise
treatment in subjects with chronic low back pain: a pilot randomized control
trial. Clin Rehabil 2018;32(10):1348–56. http://dx.doi.org/10.1177/
0269215518777881.

[52] Jafarzadeh A, Ehsani F, Yosephi MH, Zoghi M, Jaberzadeh S. Concurrent
postural training and M1 anodal transcranial direct current stimulation
improve postural impairment in patients with chronic low back pain. J Clin
Neurosci 2019;68:224–34. http://dx.doi.org/10.1016/j.jocn.2019.07.017.

[53] Jiang N, Wei J, Li G, Wei B, Zhu FF, Hu Y. Effect of dry-electrode-based
transcranial direct current stimulation on chronic low back pain and low
back muscle activities: a double-blind sham-controlled study. Restor Neurol
Neurosci 2020;38(1):41–54. http://dx.doi.org/10.3233/RNN-190922.

[54] Hazime FA, Baptista AF, De Freitas DG, Monteiro RL, Maretto RL, Hasue RH,
et al. Treating low back pain with combined cerebral and peripheral electrical
stimulation: a randomized, double-blind, factorial clinical trial. Eur J Pain
2017;21(7):1132–43. http://dx.doi.org/10.1002/ejp.1037.
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