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ABSTRACT

Introduction:  Post-dural puncture headache 
(PDPH) is a common complication of diagnostic 
lumbar puncture (LP), often leading to extended 
hospitalization and additional medication use. 
Clinical studies have shown that anodal tran-
scranial direct current stimulation (a-tDCS) is 
effective against migraine, and thus we decided 

to assess whether a-tDCS was also effective in 
treating and preventing PDPH.
Methods:  In two independent, randomized, 
monocentric controlled trials (RCTs), we 
enrolled 97 hospitalized participants who under-
went LP for diagnostic purposes. Patients were 
randomized to receive either active a-tDCS or 
sham tDCS over the dominant primary motor 
cortex (M1) in a therapeutic tDCS (Th-tDCS) 
or preventive tDCS (Pr-tDCS) study. In the two 
trials, the primary outcome was the severity of 
PDPH measured using the Visual Analogue Scale 
(VAS) for pain. Secondary outcomes included the 
Brief Pain Inventory (BPI) to evaluate other pain-
related symptoms associated with LP.
Results:  In the Th-tDCS study, significant dif-
ferences between groups were observed after 
tDCS in the VAS (F = 17.011, p < 0.001), as well 
as in BPI intensity (F = 17.006, p < 0.001) and 
BPI interference (F = 14.730, p < 0.001). Moreo-
ver, in the Pr-tDCS study, VAS analysis showed a 
significant time × group interaction (F = 6.918, 
p  =  0.002). Significant differences were also 
observed in BPI intensity (F = 17.866, p < 0.001) 
and BPI interference (F = 15.520, p < 0.001).
Conclusions:  Our findings suggest that a-tDCS 
may effectively prevent and treat PDPH and alle-
viate other pain-related symptoms associated 
with LP. Encouraging results have emerged for 
the use of a-tDCS in patients undergoing LP, in 
both experimental research designs (Th-tDCS 
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and Pr-tDCS). A non-invasive brain stimulation 
(NIBS) technique, such as a-tDCS, could have a 
therapeutic and preventive effect on pain result-
ing from a LP.
Trial Registration:  ClinicalTrials.gov (ID: NCT 
06640634) retrospectively registered on Octo-
ber 8, 2024.

PLAIN LANGUAGE SUMMARY

A lumbar puncture can frequently lead to a 
severe headache known as post-dural puncture 
headache, which may result in prolonged hos-
pital stay and increased use of pharmacological 
therapy. We have tested a non-invasive brain 
stimulation technique, called transcranial direct 
current stimulation, to reduce the intensity and 
prevent post-dural puncture headache. Tran-
scranial direct current stimulation may prevent 
and reduce the intensity of post-dural puncture 
headache.

Keywords:  Headache  Neuromodulation; 
Non-invasive brain stimulation; Post-dural 
puncture headache; Transcranial direct current 
stimulation

Key Summary Points 

Why carry out this study?

 Post-dural puncture headache (PDPH) is a 
common complication of diagnostic lumbar 
puncture (LP), often leading to extended hos-
pitalization and additional medication use

 Clinical studies have shown that anodal 
transcranial direct current stimulation 
(a-tDCS) is effective against migraine

 The aim of this study was to explore the 
efficacy of a-tDCS on the intensity of PDPH 
and other pain-related symptoms associated 
with LP

What was learned from this study?

 Our findings suggest that a-tDCS may reduce 
the intensity of PDPH and alleviate other 
pain-related symptoms associated with LP

 A non-invasive brain stimulation (NIBS) 
technique, such as a-tDCS, could have a 
therapeutic and preventive effect on pain 
resulting from a LP

INTRODUCTION

Post-dural puncture headache (PDPH) is the 
most prevalent complication in patients under-
going diagnostic or therapeutic lumbar puncture 
(LP) [1]. The pathophysiology of PDPH is pri-
marily attributed to the mechanical traction on 
pain-sensitive intracranial nerves (e.g., the upper 
cervical, 5th, 9th, and 10th cranial nerves) and 
vascular structures, mediated by persistent dural 
damage leading to cerebrospinal fluid (CSF) leak-
age and subsequent CSF pressure reduction [2].

According to the International Classification 
of Headache Disorders 3rd edition (ICHD3), 
PDPH is classified as a headache subtype due 
to low CSF pressure. It typically manifests as an 
orthostatic headache within a few days post-LP, 
accompanied by symptoms such as neck pain, 
tinnitus, auditory changes, photophobia, and 
nausea [3]. While PDPH usually resolves within 
7–10 days, it can result in extended hospital 
stays and increased need for medication. The 
use of atraumatic needles is the most effective 
preventive measure for PDPH [1], though other 
commonly recommended practices such as bed 
rest, fluid administration, and caffeine have 
questionable efficacy [1, 4].

Transcranial direct current stimulation (tDCS) 
is a non-invasive brain stimulation (NIBS) tech-
nique that applies low-voltage electrical cur-
rents through surface electrodes on the scalp [5, 
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6]. Depending on the stimulation type (anodal 
or cathodal), tDCS can induce long-lasting 
increases or decreases in neuronal excitabil-
ity and vascular–neuronal activity coupling. 
Cathodal stimulation leads to hyperpolariza-
tion and a reduction in excitability, whereas 
anodal stimulation induces depolarization and 
enhances excitability [5, 7]. Research has shown 
that anodal tDCS (a-tDCS) applied to the pri-
mary motor cortex (M1) can alleviate various 
pain conditions, including fibromyalgia, neu-
ropathic pain, and headaches [8–10]. The pain-
relieving effects of M1 a-tDCS are believed to 
follow the modulation of intracortical inhibitory 
GABAergic transmission [11], and the descend-
ing connections from M1 to the thalamus and 
periaqueductal gray [12, 13].

Although short-term a-tDCS treatment has 
shown promise in preventing migraine and 
medication-overuse headache [14–18], its role 
in preventing and treating PDPH remains unex-
plored. This study aims to evaluate the efficacy 
of preventive and therapeutic a-tDCS applied to 
M1 in patients undergoing diagnostic LP.

METHODS

Patients and Study Design

A total of 97 patients admitted to the Neurol-
ogy Unit of the Neuromed Research Institute 
between January 2022 and April 2024 were 
enrolled in two independent clinical trials. All 
patients underwent LP as part of their diagnostic 
work-up. The study was approved by the Ethics 
Committee of the IRCCS Neuromed, Pozzilli, 
Italy, in accordance with the Declaration of Hel-
sinki (approval code: 12-17), and was registered 
with clinicaltrials.gov (NCT06640634). Written 
informed consent was obtained from all partici-
pants prior to inclusion in the study.

The inclusion criteria were age between 18 
and 75 years and the indication to undergo diag-
nostic LP. Exclusion criteria included any prior 
exposure to brain stimulation, contraindica-
tions to tDCS, a previous diagnosis of migraine 
or chronic headache, usage of preventive 

medication at the baseline assessment, history 
of depression, obesity, multiple LP attempts, or 
cognitive impairment.

LP was performed after overnight fasting, with 
patients positioned in the lateral decubitus posi-
tion, using a Spinal Needle Quincke-Type Point 
(22 G × 3.50″ × 0.9 mm × 90 mm; Becton Dick-
inson, Madrid, Spain). A total of 5 ml of CSF was 
collected for diagnostic purposes.

Two experimental study designs were 
employed: (1) therapeutic tDCS (Th-tDCS)y and 
(2) preventive tDCS (Pr-tDCS).

In the Th-tDCS study (see Fig. 1A), patients 
were randomized after the diagnosis of PDPH, 
which was made within the first 4 days post-LP 
according to the International Classification of 
Headache Disorders, 3rd edition (ICHD-3) cri-
teria. These patients were assigned to either the 
active a-tDCS group or the sham tDCS group, 
receiving the intervention for 3 consecutive 
days. A total of 29 patients were studied in the 
Th-tDCS study, consisting of 17 females and 12 
males, with a mean age of 45.310 years and a 
standard deviation (SD) of 14.524.

In the Pr-tDCS study (see Fig. 1B), patients 
were randomized immediately after the LP, and 
started the active or sham tDCS on the same day 
(T0), and the treatment continued for 3 consecu-
tive days (T1 and T2). A total of 40 patients were 
studied in the Pr-tDCS study, consisting of 19 
females and 21 males, with a mean age of 51.400 
years and a SD of 14.084.

When necessary, patients were allowed to 
access symptomatic therapy with acetami-
nophen and anti-emetics (metoclopramide 
and levosulpiride), for each patient, the type 
of symptomatic medication, dose, and number 
of administrations were recorded. No prophy-
lactic therapies, such as anti-epileptics, antide-
pressants, benzodiazepines, opioids, or steroid 
drugs, were administered for the treatment of 
PDPH in the patients included in the two trials. 
Additionally, no intravenous fluids were given, 
and the patients included in the two trials were 
instructed to maintain adequate hydration with-
out any fluid restriction.
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Randomization and Blinding

Patients in both Th-tDCS and Pr-tDCS studies 
were randomized (allocation ratio 1:1) into two 
parallel groups: active a-tDCS or sham tDCS. 
Blocked randomization was achieved using a 
computer-generated sequence of binary values 
(i.e., real or sham). Both patients and inves-
tigators involved in clinical evaluations were 

blinded to the stimulation group assignments. 
The effectiveness of the blinding was assessed 
at the end of the stimulation period by ask-
ing patients to indicate which treatment they 
believed they had received (active stimula-
tion, sham stimulation, or do not know). The 
blinding assessment of Th-tDCS and Pr-tDCS is 
depicted in Tables S3 and S4 (see the Electronic 
Supplementary Material).

Fig. 1   Study design of the two experimental protocols: A 
therapeutic tDCS (Th-tDCS): baseline, interventions and 
assessment time points, B preventive tDCS (Pr-tDCS): 
baseline, interventions and assessment time points. a-tDCS 
anodal transcranial direct current stimulation, BPI Brief 
Pain Inventory, ICHD3 International Classification of 

Headache Disorders 3rd edition, LP lumbar puncture, 
PDPH post-dural puncture headache, PSQI Pittsburgh 
Sleep Quality Index, SAS Zung’s self-rating anxiety scale, 
SDS Zung’s self-rating depression scale, SF-36 36-Item 
Short Form Survey, T timepoint, tDCS transcranial direct 
current stimulation, VAS Visual Analogue Scale
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a‑tDCS Protocol

The tDCS protocol was identical for both the 
Th-tDCS and Pr-tDCS studies. tDCS was deliv-
ered using a battery-driven direct current stim-
ulator (HDCstim-DC stimulator; Newronika, 
Milan, Italy). The current was administered 
through a pair of saline-soaked surface elec-
trodes. The anode, measuring 3 × 3 cm, was 
placed over the M1 in the dominant hemi-
sphere. We chose to target the M1 area rather 
than the primary somatosensory cortex (S1) 
and the dorsolateral prefrontal cortex (DLPFC), 
as it has been reported to be more effective 
[19]. M1 was identified using the International 
10–20 EEG system for C3 (left M1) or C4 (right 
M1). The cathode, measuring 6 × 4 cm, was 
positioned over the contralateral supraorbital 
region, immediately below the Fp (frontal pole) 
position [20].

In the active a-tDCS group, each session con-
sisted of 20-min stimulation with a 2-mA inten-
sity. In the sham tDCS group, the duration and 
electrodes application were the same, but the 
current was stopped after 30 s. The subject felt 
the initial itching sensation, but no changes in 
cortical excitability were produced [21].

Clinical Assessment

All clinical scales were administered by a neu-
rologist and a trained neuropsychologist.

Primary Outcome

The primary outcome was to assess differences 
between the two groups (active a-tDCS and sham 
tDCS) in PDPH-related pain, evaluated using the 
Visual Analogue Scale (VAS) and referred to pain 
intensity at that specific moment. The VAS is a 
self-administered scale in which patients indi-
cate the intensity of pain experienced by select-
ing a point on a continuous line ranging from 0 
to 100 mm, representing the absence of pain to 
the worst pain, respectively. This scale is widely 
used in pain studies, with demonstrated validity 
and reproducibility [22].

In the Th-tDCS study, VAS was administered 
at T0, before starting tDCS, and 2 h before and 

2 h after the tDCS sessions (T1, T2, T3, T4, and 
T5).

In the Pr-tDCS study, VAS was administered 
each day at the end of the tDCS sessions (T0, 
T1, and T2).

Secondary Outcome

As secondary outcome, we analyzed the effects 
of tDCS on other pain-related symptoms asso-
ciated with LP, evaluated using the Brief Pain 
Inventory (BPI). The BPI is a multidimensional 
measurement tool originally developed to assess 
the intensity and interference of pain in patients 
with cancer [23]. In this study, the BPI was used 
to assess painful symptoms associated with LP, 
evaluating both the intensity of pain and its 
interference with affective and activity aspects 
of the patient’s daily life over the past 24 h.

In the Th-tDCS study, the BPI was collected 
before starting tDCS (T0) and 2 h after the last 
tDCS stimulation (T5). In the Pr-tDCS study, the 
BPI was collected before starting tDCS (T0) and 
2 h after the last stimulation (T2).

Psychological and Quality of Life Assessments

At baseline in both Th-tDCS and Pr-tDCS, a 
comprehensive psychological evaluation was 
conducted, including assessments of depression 
and anxiety levels using the Zung Anxiety Self-
Assessment Scale (SAS) and the Zung Self-Rating 
Depression Scale (SDS).

The SAS consists of 20 self-report questions 
measuring anxiety levels across cognitive, auto-
nomic, motor, and central nervous system 
symptoms [24]. The SDS is an established norm-
referenced screening measure used to identify 
the presence of depressive disorders in adults, 
and contains 20 items based on the diagnostic 
criteria for depression [25].

Sleep quality was evaluated using the 19-item 
Pittsburgh Sleep Quality Index (PSQI), which 
measures subjective sleep quality over the past 
month [26]. Quality of life was assessed with 
the 36-Item Short Form Survey (SF-36), cover-
ing eight sections: vitality, physical functioning, 
bodily pain, general health perceptions, physical 
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role functioning, emotional role functioning, 
social role functioning, and mental health [27].

Sample Size

In the Th-tDCS study, the sample size calcula-
tion was based on the primary outcome, the 
VAS scale. The calculation was performed for a 
two independent sample study (active a-tDCS 
vs. sham tDCS). According to the literature, we 
considered the VAS endpoint values reported in 
similar experiments [28, 29].

The computation was made with the fol-
lowing parameters: confidence interval (two-
sided): 95%; alpha: 5%; power: 80%; beta: 
20%; ratio of sample size: 1:1; group 1 mean: 
51; group 2 mean: 27; standard deviation: 
20. The minimum sample size suggested was 
found to be 22 patients. Considering a 15% 
possible drop-out rate, the minimum number 
of patients needed was estimated at 26.

In the Pr-tDCS study, the sample size calcu-
lation was based on the primary outcome, the 
VAS scale. The calculation was performed for a 
two independent sample study (active a-tDCS 
vs. sham tDCS). According to literature [28, 
29], the computation was made with the fol-
lowing parameters: confidence interval (two-
sided): 95%; alpha: 5%; power: 80%; beta: 20%; 
ratio of sample size: 1:1; mean difference: 1; 
standard deviation: 2. The minimum sample 
size suggested was found to be 34 patients. 
Considering a 15% possible drop-out rate, the 
minimum number of patients needed was esti-
mated at 40.

Statistical Analysis

The statistical analysis was performed with 
JAMOVI (version 2.3, The Jamovi Project, Syd-
ney, Australia) and was based on the per-pro-
tocol population.

The Shapiro–Wilk test was used to check 
for normality distribution of continuous data. 
Data were presented as mean, mean difference 

(MD), percentage (%), SD, or standard error 
(SE).

Differences between groups in clinical score 
analysis were tested by an independent sam-
ples t test for non-categorical variables and 
chi square for categorical variables. Repeated-
measures ANOVA was performed with group 
(active a-tDCS vs. sham tDCS) as between and 
within subjects factor and time, with Green-
house–Geisser sphericity correction. Post hoc 
tests were employed, the p values were adjusted 
using the Tukey’s method, and all p values 
< 0.05 was considered as significant.

RESULTS

Therapeutic tDCS Study

Clinical Characteristics of the Study 
Population

A total of 42 patients were initially evaluated 
for the Th-tDCS study, of which 36 were rand-
omized to receive active a-tDCS or sham tDCS, 
with 29 completing the study and being ana-
lyzed. The CONSORT flow diagram of the Th-
tDCS study is shown in Fig. 2A. Patient diag-
nosis according to the tDCS group is reported 
in Table S1 (see the Electronic Supplementary 
Material).

No significant differences were found  
between the active a-tDCS and sham tDCS 
groups in age (p = 0.084) or sex (p = 0.786). 
Furthermore, no significant differences were 
found between the two groups in the levels of 
depression (p = 0.362), anxiety (p = 0.371), sleep 
quality (p = 0.601), or in quality of life evaluated 
with the SF-36 (physical functioning p = 0.462, 
role-physical p = 0.554, bodily pain p = 0.668, 
general health p = 0.571, vitality p = 0.523, social 
functioning p = 0.469, role-emotional p = 0.134, 
mental health p  =  0.196). The clinical and 
demographic characteristics of patients in the 
active a-tDCS and sham tDCS groups are shown 
in Table 1.
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Effects of Therapeutic M1 a‑tDCS on PDPH

To explore the effects of a-tDCS on PDPH (main 
outcome), we first compared the VAS scores 
between the two groups (active a-tDCS and 
sham tDCS) (Fig. 3A).

No significant differences were found 
in the VAS scores between the active and 
sham tDCS at T0 (T0 VAS score mean  ±  SD: 
active group  =  65.857  ±  22.698, sham 
group = 60.333 ± 20.903, p = 1.000). Repeated-
measures ANOVA evidenced a significant effect 
of time [(T0, T1, T2, T3, T4, T5): F = 7.335, p 
value  <  0.001], and a significant effect of 
group [(a-tDCS vs. sham tDCS): F  =  8.662, 

p value  =  0.007]. In addition, a significant 
interaction time × group was also evidenced 
(F = 17.011, p value ≤ 0.001). Post hoc com-
parisons, illustrated in Fig. 3A, indicated sig-
nificant differences in VAS scores between 
the two groups at: T3 (VAS score mean ± SD: 
active group  =  39.786  ±  29.548, sham 
group = 72.267 ± 14.464, p = 0.029), T4 (VAS score 
mean ± SD: active group = 30.214 ± 24.944, sham 
group = 66.600 ± 19.257, p = 0.007) and T5 (VAS 
score mean ± SD: active group = 28.571 ± 27.264, 
sham group = 69.600 ± 14.411, p = 0.001).

The frequency and categorization of pain are 
reported in Table 2.

Fig. 2   CONSORT flow diagrams of the two experimen-
tal study: A therapeutic tDCS (Th-tDCS) study; B pre-
ventive tDCS (Pr-tDCS) study. CONSORT consolidated 

standards of reporting trials, a-tDCS anodal transcranial 
direct current stimulation, tDCS transcranial direct current 
stimulation
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The pharmacological therapy administered 
during hospitalization was not statistically dif-
ferent between the two groups for all drugs 
(p > 0.05; Table 1).

To explore the effects of tDCS on other pain-
ful symptoms associated with LP (secondary 
outcome), we compared the BPI intensity and 
interference scores collected at T0 and T2 in the 
two groups (a-tDCS and sham tDCS), and these 
results are shown in Fig. 3B.

No significant differences were found in 
the BPI intensity scores between the active 
and sham tDCS at T0 (T0 BPI intensity score 
mean ± SD: active group = 5.566 ± 1.835, sham 
group = 4.928 ± 2.080, p = 0.819). Repeated-
measures ANOVA did not evidence a signifi-
cant effect of group [(a-tDCS vs. sham-tDCS): 
F = 1.063, p value = 0.312] and of time [(T0, 
T5): F = 0.398, p = 0.533]. Finally, was found a 

significant interaction time x group (F = 17.006, 
p < 0.001).

Post hoc comparisons, illustrated in Fig. 3B, 
indicated significant differences in BPI intensity 
scores between the two groups at: T5 (VAS score 
mean ± SD: active group = 4.064 ± 1.885, sham 
group = 6.031 ± 1.912, p = 0.045).

No significant differences were found in the 
BPI interference scores between the active and 
sham tDCS at T0 (T0 BPI interference score 
mean ± SD: active group = 4.386 ± 1.923, sham 
group = 4.947 ± 2.418, p  = 0.901). Repeated-
measures ANOVA evidenced a significant effect 
of groups [(a-tDCS vs. sham-tDCS): F = 6.409, 
p value = 0.017], while there was no significant 
effect in time [(T0, T5): F = 0.148, p value = 0.716]. 
A significant interaction time × group was also 
evidenced (F = 14.730, p value < 0.001).

Table 1   Therapeutic tDCS (Th-tDCS) study table: baseline demographic–clinical characteristics and pharmacological ther-
apies of patients according to the allocated group

a-tDCS anodal-transcranial direct current stimulation, n number of subjects, NSAIDs non-steroidal anti-inflammatory 
drugs, SD standard deviation, SF-36 36-Item Short Form Survey, tDCS transcranial direct current stimulation
p value by t test and † chi square

Active a-tDCS n = 14 Sham tDCS n = 15 p value

Female, n (%) 11 (78.57) 6 (40) 0.786†

Age, mean (SD) 47.00 (14.17) 43.73 (15.15) 0.084

Zung’s self-rating anxiety scale (SAS), mean (SD) 41.21 (8.78) 44.60 (11.03) 0.371

Zung’s self-rating depression scale (SDS), mean (SD) 40.78 (9.79) 44.93 (13.80) 0.362

Pittsburgh Sleep Quality Index (PSQI), mean (SD) 6.43 (3.89) 7.46 (4.45) 0.601

SF-36 Physical Functioning (PF), mean (SD) 53.92 (33.06) 44.66 (33.67) 0.462

SF-36 Role limitations-physical (RF), mean (SD) 28.57 (41.43) 20.00 (35.60) 0.554

SF-36 Bodily pain (BP), mean (SD) 42.07 (28.61) 47.20 (34.48) 0.668

SF-36 General health (GH), mean (SD) 44.07 (15.39) 48.26 (22.95) 0.571

SF-36 Vitality (VT), mean (SD) 51.42 (18.85) 45.66 (27.89) 0.523

SF-36 Social functioning (SF), mean (SD) 61.500 (24.81) 53.86 (30.55) 0.469

SF-36 Role limitations-emotional (RE), mean (SD) 59.42 (45.64) 33.26 (45.91) 0.134

SF-36 Mental health (MH), mean (SD) 61.14 (21.01) 49.60 (25.46) 0.196

NSAID (acetaminophen), n (%) 11 (78.57) 10 (66.66) 0.474†
Anti-emetic, n (%) 3 (21.42) 3 (20) 0.924†
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Post hoc comparisons, illustrated in Fig. 3B, 
indicated significant differences in BPI interfer-
ence scores between the two groups at: T5 (VAS 
score mean ± SD: active group = 3.231 ± 1.413, 
sham group = 5.900 ± 1.529, p < 0.001).

No significant adverse events were reported and 
no significant differences emerged in the blinding 
check (p > 0.05) as reported in Table S3 (see the 
Electronic Supplementary Material).

Preventive tDCS Study

Clinical Characteristics of the Study 
Population

A total of 55 patients were initially evaluated 
for the Pr-tDCS study, of which 46 were rand-
omized to receive active a-tDCS or sham tDCS, 
with 40 completing the study and being ana-
lyzed. The CONSORT flow diagram of Pr-tDCS 

Fig. 3   Repeated-measures ANOVA analysis in the Thera-
peutic tDCS (Th-tDCS) study evidenced a beneficial effect 
of M1 a-tDCS in VAS-PDPH and BPI in other pain-
related symptoms, in active a-tDCS group versus sham 
tDCS group: A change from baseline in the VAS score; B 
BPI intensity scores change from T0 to T5 and BPI inter-
ference scores change from T0 to T5. The graphs show the 

mean values, standard error (SE) bars, and Tukey’s post 
hoc tests compared to baseline.  *p ≤ 0.05, **p ≤ 0.01, and 
***p  ≤  0.001. a-tDCS anodal transcranial direct current 
stimulation, BPI Brief Pain Inventory, tDCS transcranial 
direct current stimulation, T timepoint, VAS Visual Ana-
logue Scale
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is shown in Fig. 2B. Patient diagnosis according 
to the tDCS group is reported in Table S2 (see 
the Electronic Supplementary Material).

No significant differences were found between 
the active a-tDCS and sham tDCS groups in age 
(p = 0.628) and sex (p = 0.342). Furthermore, 
no significant differences were found between 
the groups in of depression (p = 0.416), anxi-
ety (p = 0.741), sleep quality (p = 0.616), and 
in quality of life evaluated with the SF-36 
(physical functioning p = 0.474, role-physical 
p = 1.000, bodily pain p = 0.443, general health 
p = 0.953, vitality p = 0.228, social function-
ing p = 0.211, role-emotional p = 0.906, mental 
health p = 0.808). The clinical and demographic 

characteristics of patients in the active a-tDCS 
and sham tDCS groups are shown in Table 3.

Effects of Preventive M1 a‑tDCS on PDPH

Within the first 2 days following LP (T1 and 
T2), 12 patients (30% of the sample) developed 
PDPH. A significant difference in the occur-
rence of PDPH events emerged between the two 
groups, with the active a-tDCS group showing 
a lower incidence compared to the sham tDCS 
group. In the sham tDCS group, 8 patients (40%) 
presented PDPH, while, in the a-tDCS group, 4 
patients (20%) presented PDPH (chi-square, 
p = 0.046).

Table 2   Therapeutic tDCS (Th-tDCS) study table: frequency and categorization of pain, VAS and BPI data was collected 
at T0, T1 and T2

a-tDCS anodal-transcranial direct current stimulation, BPI Brief Pain Inventory, n number of subjects, N/A not applicable, 
PDPH Postdural-puncture headache, tDCS transcranial direct current stimulation, VAS Visual Analogue Scale
p-value by chi square

Active a-tDCS n = 14 Sham tDCS n = 15 p value

Type of PDPH

 Weight/tension pain, n (%) 6 (42.86) 7 (46.66) 0.429

 Sharp stabbing pain, n (%) 4 (28.57) 3 (20) 0.429

 Pulsating pain, n (%) 4 (28.57) 5 (33.34) 0.286

Site of PDPH

 Unilateral, n (%) 3 (21.42) 4 (26.66) 0.214

 Bilateral, n (%) 6 (42.85) 5 (33.33) 0.429

 Widespread, n (%) 5 (35.71) 6 (40) 0.357

Other painful symptoms associated with LP (no PDPH)

 No other symptoms, n (%) 0 (0) 0 (0) N/A

 Neck pain, n (%) 9 (64.28) 10 (66.66) 0.518

 Low back pain, n (%) 6 (42.85) 8 (53.33) 0.593

 Thoracic back pain, n (%) 3 (21.42) 1 (6.66) 0.249

 Leg pain, n (%) 5 (35.71) 4 (26.66) 0.285

 Arm pain, n (%) 2 (14.28) 2 (13.33) 0.941

 Abdominal pain, n (%) 2 (14.28) 3 (20) 0.684
 Chest pain, n (%) 3 (21.42) 1 (6.66) 0.249
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To explore the effects of tDCS on PDPH 
prevention, we first compared the VAS scores 
between the two groups (active a-tDCS and 
sham tDCS) (Fig. 4A).

Repeated-measures ANOVA evidenced 
a significant effect of time [(T0, T1, T2): 
F  =  17.795, p value  <  0.001], and a signifi-
cant effect of group [(a-tDCS vs. sham tDCS): 
F  = 12.057, p value = 0.001]. In addition, a 
significant interaction time x group was also 
evidenced (F = 6.918, p value = 0.002). Post 
hoc comparisons, illustrated in Fig. 4A, indi-
cated significant differences in VAS scores 
between the two groups at: T1 (VAS score 
mean  ±  SD: active group  =  6.750  ±  17.035, 
s h a m  g r o u p   =   3 4 . 1 5 0   ±   3 4 . 2 3 3 , 
p  =  0.030) and T2 (VAS score mean  ±  SD: 
active group  =  10.300  ±  25.375, sham 
group = 41.550 ± 38.403, p = 0.046).

The frequency and categorization of pain are 
reported in Table 4.

The pharmacological therapy administered 
during hospitalization was not statistically dif-
ferent between the two groups for all drugs 
(p > 0.05; Table 3).

To explore the effects of tDCS on other pain-
ful symptoms associated with LP we compared 
the BPI intensity and interference scores col-
lected at T0 and T2 in the two groups (a-tDCS 
and sham tDCS), and these results are shown in 
Fig. 4B.

No significant differences were found in 
the BPI intensity scores between the active 
and sham tDCS at T0 (T0 BPI intensity score 
mean ± SD: active group = 2.425 ± 2.464, sham 
group = 2.063 ± 1.602, p = 0.946). Repeated-
measures ANOVA evidenced a significant effect 
of group [(a-tDCS vs. sham-tDCS): F = 9.158, 

Table 3   Preventive tDCS (Pr-tDCS) study table: baseline demographic-clinical characteristics and pharmacological thera-
pies of patients according to the allocated group

a-tDCS anodal-transcranial direct current stimulation, N number of subjects, NSAIDs non-steroidal anti-inflammatory 
drugs, SD standard deviation, SF-36 the 36-Item Short Form Survey, tDCS transcranial direct current stimulation
p value by t test and † chi square

Active a-tDCS n = 20 Sham tDCS n = 20 p value

Female, n (%) 8 (40) 11 (55) 0.342†

Age, mean (SD) 52.50 (13.94) 50.30 (14.50) 0.628

Zung’s self-rating anxiety scale (SAS), mean (SD) 36.50 (9.77) 37.55 (10.16) 0.741

Zung’s self-rating depression scale (SDS), mean (SD) 36.25 (10.14) 38.80 (9.45) 0.416

Pittsburgh Sleep Quality Index (PSQI), mean (SD) 7.05 (3.65) 8.15 (9.03) 0.616

SF-36 Physical functioning (PF), mean (SD) 60.25 (34.62) 68.00 (33.06) 0.474

SF-36 Role limitations-physical (RF), mean (SD) 37.50 (44.79) 37.50 (40.15) 1.000

SF-36 Bodily pain (BP), mean (SD) 59.35 (29.83) 52.05 (29.68) 0.443

SF-36 General health (GH), mean (SD) 53.35 (21.82) 52.95 (21.01) 0.953

SF-36 Vitality (VT), mean (SD) 55.50 (21.27) 47.75 (18.67) 0.228

SF-36 Social functioning (SF), mean (SD) 55.45 (20.44) 64.15 (22.73) 0.211

SF-36 Role limitations-emotional (RE), mean (SD) 49.85 (45.20) 51.50 (42.54) 0.906

SF-36 Mental health (MH), mean (SD) 61.20 (23.07) 62.80 (17.89) 0.808

NSAID (acetaminophen), n (%) 13 (65) 13 (65) 1.000†
Anti-emetic, n (%) 5 (25) 5 (25) 1.000†
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p value = 0.004], while the effect of time was 
not significant [(T0, T2): F = 0.000, p = 0.989]. 
Finally, a significant interaction time x group 
was also found (F = 17.866, p < 0.001).

Post hoc comparisons, illustrated in Fig. 4B, 
indicated significant differences in BPI intensity 
scores between the two groups at: T2 (VAS score 
mean ± SD: active group = 0.588 ± 1.223, sham 
group = 3.913 ± 2.657, p < 0.001).

No significant differences were found in the 
BPI interference scores between the active and 

sham tDCS at T0 (T0 BPI interference score 
mean ± SD: active group = 2.053 ± 2.480, sham 
group = 2.497 ± 2.330, p = 0.937). Repeated-
measures ANOVA evidenced a significant 
effect of groups [(a-tDCS vs. sham-tDCS): 
F = 8.939, p value = 0.005], while there was no 
significant effect in time [(T0, T2): F = 1.169, p 
value = 0.286]. A significant interaction time 
x group was also evidenced (F  =  15.520, p 
value < 0.001).

Fig. 4   Repeated-measures ANOVA analysis in the Preven-
tive tDCS (Pr-tDCS) study evidenced a beneficial effect 
of a-tDCS in VAS-PDPH and BPI in other pain-related 
symptoms, in active a-tDCS group versus sham tDCS 
group: A change from baseline in the VAS score, B BPI 
intensity scores change from T0 to T2 and BPI interfer-
ence scores change from T0 to T2. The graphs show the 

mean values, standard errors (SE) bars, and Tukey’s post-
hoc tests compared to baseline:  *p ≤ 0.05, **p ≤ 0.01, and 
***p  ≤  0.001. T timepoint, a-tDCS anodal transcranial 
direct current stimulation, tDCS transcranial direct current 
stimulation, VAS Visual Analogue Scale, BPI Brief Pain 
Inventory
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Post hoc comparisons, illustrated in Fig. 4B, 
indicated significant differences in BPI interfer-
ence scores between the two groups at: T2 (VAS 
score mean ± SD: active group = 0.918 ± 1.757, 
sham group = 4.490 ± 3.111, p < 0.001).

No significant adverse events were reported 
and no significant differences emerged in the 
blinding check (p > 0.05) as shown in Table S4 
(see the Electronic Supplementary Material).

DISCUSSION

In the present study, we found a preventive and 
therapeutic effect of a-tDCS applied to the M1 
of the dominant hemisphere on PDPH in a het-
erogeneous cohort of patients undergoing diag-
nostic LP.

Converging evidence suggests that a-tDCS 
applied to the M1 of the dominant hemisphere 
may have beneficial effects on pain due to dif-
ferent clinical conditions [8–10]. Recent meta-
analyses have demonstrated that a-tDCS of M1 
is an effective, preventive treatment for migraine 
[30–32]. Accordingly, in patients with episodic 
migraine, preventive M1 a-tDCS has been asso-
ciated with a significant reduction of migraine 
frequency, pain intensity, and analgesic usage 
(NSAIDs and triptans) compared to pharmaco-
therapy alone [16, 33–35]. Similar results have 
been observed in RCTs in patients with chronic 
migraine (CM) and medication-overuse head-
ache (MOH), with and without allodynia [15, 
17, 34, 36]. Specifically, a 3-day consecutive 
treatment with a-tDCS applied to M1 of the 
dominant hemisphere significantly reduced the 
duration, frequency, and intensity of headaches, 
and the use of symptomatic drug therapy [15, 
36]. A recent RCT study in CM patients reported 
a significant reduction (26.4%) of monthly 
migraine attacks and a 50% response rate in 
patients receiving active a-tDCS versus sham 
stimulation [37].

Several experimental studies have investigated 
the physiological mechanisms underlying the 
beneficial effects of M1 a-tDCS for migraine [14, 
17, 37–41]. It has been evidenced that a-tDCS 
of M1 can modulate the activity of several corti-
cal and subcortical brain areas involved in the 
pain matrix, such as cingulate gyrus, insular cor-
tex, thalamic nuclei, brainstem, supplementary 
motor area, and prefrontal and orbitofrontal 
cortices [12, 13, 17]. Functional magnetic reso-
nance imaging studies have shown an alteration 

Table 4   Preventive tDCS (Pr-tDCS) study table: fre-
quency and categorization of pain, VAS and BPI data was 
collected at T0, T1 and T2

a-tDCS anodal-transcranial direct current stimulation, BPI 
Brief Pain Inventory, n number of subjects, N/A not appli-
cable, PDPH Postdural-puncture headache, tDCS transcra-
nial direct current stimulation, VAS Visual Analogue Scale
p-value by † chi square

Active 
a-tDCS 
n = 20

Sham 
tDCS 
n = 20

p-value

Type of PDPH

 No PDPH, n (%) 16 (80) 12 (60) 0.533†

 Weight/tension pain, 
n (%)

3 (15) 4 (20) 0.283†

 Sharp stabbing pain, 
n (%)

1 (5) 2 (10) 0.117†

 Pulsating pain, n (%) 0 (0) 2 (10) 0.067†

Site of PDPH

 Unilateral, n (%) 0 (0) 2 (10) 0.067†

 Bilateral, n (%) 2 (10) 4 (20) 0.233†

 Widespread, n (%) 2 (10) 2 (10) 0.167†

Other painful symptoms associated with LP (no PDPH)

 No other symptoms, 
n (%)

9 (45) 4 (20) 0.091†

 Neck pain, n (%) 9 (45) 5 (25) 0.185†

 Low back pain, n (%) 11 (55) 14 (70) 0.327†

 Thoracic back pain, 
n (%)

2 (10) 2 (10) 1.000†

 Leg pain, n (%) 1 (5) 2 (10) 0.548†

 Arm pain, n (%) 0 (0) 0 (0) N/A

 Abdominal pain, n 
(%)

0 (0) 1 (5) 0.311†

 Chest pain, n (%) 0 (0) 0 (0) N/A
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of thalamo-cortical connectivity involving the 
motor cortex during migraine attacks [38]. 
A-tDCS of M1 can also strengthen or restore the 
descending inhibitory controls of nociceptive 
information transmission, a pathway described 
as the descending pain modulatory system [39, 
40]. Moreover, a-tDCS of M1 may increase the 
release of endogenous opioids in the nucleus 
accumbens, in anterior cingulate cortex, in the 
insula, in the periaqueductal grey matter and in 
the thalamus in chronic neuropathic and non-
cancerous pain [42, 43]. NIBS studies also sug-
gest that other brain areas, such as the DLPFC, 
may represent an important target for improving 
pain and the emotional aspects linked to pain 
[21, 44–46]. Notably, a previous study showed 
that a-tDCS of M1 induced a greater increase of 
sensory threshold and pain threshold compared 
with stimulation of the primary somatosensory 
cortex (S1) and DLPFC [19].

In our study, 3-day consecutive treatment 
with a-tDCS applied to M1 of the dominant 
hemisphere significantly improved pain symp-
toms in patients with PDPH, as evidenced 
by reduced VAS scores and BPI intensity and 
interference scores. In addition, we found that 
a-tDCS administered prior to the onset of pain 
symptoms for 3 consecutive days reduced the 
frequency, and intensity of PDPH.

Based on our results from the Tr-tDCS study, 
it can be inferred that a-tDCS may serve as an 
effective symptomatic treatment for PDPH. In 
addition, the results from the Pr-tDCS study are 
encouraging in supporting the hypothesis that 
a-tDCS may have a preventive effect on PDPH, 
given the significant difference in the occur-
rence of PDPH events between the two groups.

To our knowledge, this is the first study inves-
tigating the role of M1 a-tDCS in the prevention 
and treatment of PDPH.

The extensive literature on the use of M1 
a-tDCS in headache prophylaxis encouraged 
us to develop a treatment protocol for PDPH. 
Considering that approximately 90% of PDPHs 
occur within 72 h after dural puncture, it was 
essential to use a rapidly effective prophylactic 
a-tDCS protocol [1, 4, 47, 48]. Without treat-
ment, most PDPH resolve within 1 week, and 
one-half resolve by 4–5 days after dural puncture 
[49, 50]. Given that 3 consecutive days of a-tDCS 

treatment applied to M1 has been reported to 
be effective [15], we used a 3-day a-tDCS proto-
col to examine the difference between the two 
groups in terms of pain onset and severity.

The present study has some important limi-
tations including the low number of patients, 
a heterogeneous study population including by 
both central and peripheral nervous system dis-
orders, and the lack of longitudinal follow-up. 
Further studies are required to clarify the poten-
tial therapeutic and preventive effects of a-tDCS, 
including its application prior to LP, in the treat-
ment of PDPH.

CONCLUSIONS

During the two RCTs with sham-control groups 
in a population of hospitalized patients with 
neurological conditions who underwent a diag-
nostic LP, a-tDCS significantly improved the 
severity, intensity, and frequency of PDPH and 
other pain-related symptoms associated with LP.

Encouraging results have emerged for the use 
of a-tDCS in patients undergoing LP in both 
experimental research designs, Th-tDCS and 
Pr-tDCS.

NIBS technique, such as a-tDCS, could have a 
therapeutic and preventive effect on pain result-
ing from a LP.
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