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Abstract

Introduction Borderline Personality Disorder (BPD) is a complex neuropsychiatric condition characterized by four
main symptom domains: emotion dysregulation, behavioral dysregulation, self-image disturbances, and interpersonal
instability. While psychotherapy remains the primary treatment, there is a need for additional effective interventions.
Given the neuromodulatory effects of non-invasive brain stimulation (NIBS) techniques, such as transcranial magnetic
stimulation (TMS) and transcranial direct current stimulation (tDCS), these methods may hold potential for addressing
BPD symptoms.

Methods A systematic review and network meta-analysis were conducted following PRISMA guidelines. A literature
search (PubMed, Scopus, Web of Science, Cochrane CENTRAL) identified comparative studies assessing the effects
of NIBS in BPD. The primary outcome was impulsivity, measured by the Barratt Impulsivity Scale (BIS-11). Secondary
outcomes included Depressive symptoms, which were evaluated using different scales such as the Hamilton
Depression Rating Scale (HAMD) and the Beck depression Inventory (BDI) scale, and anxiety symptoms were
evaluated using the Hamilton Anxiety Rating Scale (HAMA).

Results Five studies with a total of 103 patients were included. Regarding impulsivity, tDCS 2 mA showed a
significant reduction compared to the control group (MD =-11.67,95% Cl [-21.44, -1.90]). For depressive symptoms,
TMS 20 Hz ranked highest (SMD =-1.97,95% Cl [-3.51,-0.43]), followed by tDCS 2 mA (SMD =-1.65, 95% Cl [-2.97,
-0.34]). In terms of anxiety, both TMS 5 Hz (MD =-12.29, 95% Cl [-24.57,-0.01]) and tDCS 2 mA (MD =-11.81, 95% Cl
[-17.39, -6.23]) showed significant differences.

Conclusion Preliminary evidence suggests potential efficacy of non-invasive brain stimulation for BPD, with well-
tolerated side effects with well-tolerated side effects. Although there are noticeable statistically significant differences
between the interventions and control groups, the results are inconclusive due to the small sample.
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Introduction

Borderline Personality Disorder (BPD) is a complex and
challenging mental health condition characterized by
a pervasive pattern of instability in affect, emotion, and
marked impulsivity [1, 2]. One of the main symptoms of
BPD is emotion dysregulation, which significantly con-
tributes to its psychopathology. Individuals with BPD
often experience unstable moods, impulsive behav-
iors, and turbulent interpersonal relationships [3]. The
etiology of BPD is multifactorial and heterogeneous,
with current theories favoring a stress-diathesis model.
This model posits that BPD arises from an interaction
between genetic predispositions and adverse childhood
experiences, such as sexual abuse or neglect [4, 5]. The
disorder imposes a substantial burden on patients, their
families, and healthcare systems. Despite being histori-
cally viewed as untreatable, advancements in our under-
standing and management of BPD have facilitated earlier
diagnoses and improved treatment outcomes [6]. In the
United States, BPD affects approximately from 1.4 to
5.9% in community samples [7]. The disorder is notably
associated with high rates of suicidal behavior and self-
harm, with an estimated 10% of individuals with BPD
ultimately succumbing to suicide [8]. BPD imposes a sig-
nificant economic burden on society due to the extensive
utilization of treatment services. However, studies indi-
cate that treating BPD with evidence-based psychother-
apy results in a mean cost saving of USD $2,987.82 per
patient per year [9].

To understand the mechanism of BPD, many neuroim-
aging studies have been done to explore the mechanism
leading to the manifestation of BPD. Functional neuro-
imaging and neuropsychology studies have identified a
dysfunctional frontolimbic network that may be involved
in clinical symptoms, including emotional instability and
impulsivity [10—14]. These studies consistently illustrate
dysfunctions in prefrontal regions, including the orbito-
frontal cortex, ventromedial prefrontal cortex, and dor-
solateral prefrontal cortex (DLPFC). Additionally, BPD
patients exhibit hyperactivity of the amygdala when pro-
cessing emotional stimuli, coupled with reduced func-
tional activity in prefrontal structures responsible for
emotional regulation [15-18]. A recent meta-analysis
concluded that BPD patients’ impairments in the cogni-
tive control of negative stimuli are presumably the result
of blunted activity of the DIPFC along with enhanced
activation of the limbic system [19]. Another meta-anal-
ysis of functional neuroimaging studies exploring neural
correlates of negative emotionality in BPD showed that
patients with BPD display enhanced activity in the insula
and posterior cingulate cortex, but reduced activity in a
network of regions including the medial PFC, subgenual
anterior cingulate cortex, and DLPFC [20-22].
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BPD remains a challenge to treat and manage. From a
therapeutic perspective, although no specific pharmaco-
logical treatment has been licensed, about 75% of BPD
patients regularly take psychotropic medication [23, 24].
Pharmacological treatment results remain equivocal,
and these interventions show some promise in address-
ing impulsive behaviors, but their efficacy remains
uncertain [25, 26]. Psychological interventions, par-
ticularly psychotherapy, are the first-line treatment for
BPD, as recommended by the NICE guidelines. Phar-
macological treatment is generally reserved for cases of
acute decompensation or comorbid psychiatric condi-
tions, although a significant proportion of BPD patients
receive multiple psychotropic medications, (rTMS) and
transcranial Direct Current Stimulation, (tDCS) - rep-
resent ground-breaking tools with a wide range of diag-
nostic, neurophysiological, and therapeutic applications,
reversing maladaptive neurocircuits, inducing changes
in neural tissue and improving abnormal neural connec-
tivity in BPD. tDCS represents one of the new ways to
treat patients with BPD. A simple and presumably effec-
tive way to increase cortical brain activity [27]. tDCS is
a promising, low-risk, non-invasive neuromodulation
technique that relies on the application of a weak direct
current of 1-2 mA to generate regional changes in cor-
tical excitability, which, depending on the duration and
the polarity, can last for several minutes up to a few hours
after stimulation [28, 29]. Experimental studies show that
excitatory DIPFC stimulation improves cognitive control
of aversive stimuli in both healthy individuals and BPD
patients [30]. rTMS is a potentially innovative method
in the treatment of BPD. Some studies targeted the pre-
frontal cortex because it is hypothesized that high-fre-
quency rTMS (typically>5 Hz) can increase prefrontal
excitability and, subsequently, prefrontal-limbic connec-
tivity, whereas low-frequency rTMS (<1 Hz) may exert
inhibitory effects on cortical hyperactivity [31-33]. The
DMPFC-rTMS has been proposed to enhance cognitive
control and reduce impulsivity in patients with BPD.

Given the limitations observed in the current literature,
future studies should aim to establish more standardized
protocols for Non-Invasive Brain Stimulation in BPD.
Specifically, randomized controlled trials (RCTs) with
larger sample sizes, standardized stimulation param-
eters, and long-term follow-up assessments are needed
to determine the sustained effects of interventions such
as repetitive rTMS and tDCS. Moreover, neuroimaging-
guided stimulation protocols could enhance precision
in targeting dysfunctional neural circuits, such as the
frontolimbic network, which is implicated in impulsiv-
ity and affective dysregulation in BPD. Combining NIBS
with established psychotherapeutic approaches may also
improve clinical outcomes, leveraging the potential syn-
ergistic effects of both interventions [30]. Addressing
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these research gaps will be critical to refining the thera-
peutic role of NIBS in BPD and guiding its clinical
application.

Our systematic review and network meta-analysis
aims to synthesize evidence on the efficacy and safety of
Non-Invasive Brain Stimulation (e.g., rTMS, tDCS) in
reducing core BPD symptoms, including emotional dys-
regulation and impulsivity, Compare the effects of differ-
ent NIBS modalities (e.g., high- vs. low-frequency rTMS,
TDCS) and highlight gaps in the literature to guide future
research.

In this context, our study aims to provide a comprehen-
sive synthesis of the available evidence on the safety and
efficacy of NIBS for BPD, using a systematic review and
network meta-analysis approach. By comparing different
NIBS modalities, we seek to identify the most effective
stimulation parameters and assess their impact on key
clinical outcomes, including emotional regulation, impul-
sivity. Our findings will contribute to the development of
evidence-based recommendations for the use of NIBS in
BPD treatment and inform future research directions in
this field.

Methods

The PRISMA guidelines were used in this systematic
review and network meta-analysis [34]. We established
this study according to the fundamentals of the Cochrane
Handbook of Systematic Reviews of Interventions [35].
This study was previously registered on the International
prospective register of systematic reviews PROSPERO
(CRD42024538574).

Criteria for considering studies in this review
Studies satisfying the following inclusion criteria were
included in the systematic review:

Population: studies on adult patients with a primary
diagnosis of BPD according to DSM-IV / DSM-V criteria.

Intervention: rTMS or tDCS, followed for at least four
weeks of stable pharmacological treatment. All frequen-
cies (Hz) were eligible.

Comparator: studies where the control group received
a Sham-control.

Outcome: Studies reporting at least one of the follow-
ing measures—Depression or Impulsivity, with the latter
assessed using the Barratt Impulsivity Scale (BIS).

Study design: randomized controlled trials (RCTs).

We excluded articles that were case reports/case series,
thesis, conference abstracts, animal studies, secondary
studies, and studies investigated other psychological dis-
orders (Psychosis, drug abusers, and Bipolar disorders)
other than BPD where the patients were not diagnosed
according to the previously mentioned BPD criteria.
Patients with serious or uncontrolled comorbidities, such
as pregnancy, and contraindication to (TMS/tDCS) were
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excluded from completing the experiment in each study
design.

Literature search keywords
We conducted a comprehensive search using various
databases such as PubMed, Scopus, Cochrane CEN-
TRAL, Web of science, and EBESCO for relevant studies
until the 13th of June. The search strategy was:
((Borderline Personality Disorder) OR (Personal-
ity Disorder)) AND ((Non-Invasive brain stimulation)
OR (Transcranial Magnetic Stimulation) OR (TMS) OR
(TansCranial Direct Current Stimulation) OR (tDCS) OR
(Theta Burst Stimulation) OR (TBS) OR ( Transcutane-
ous Vagal Nerve Stimulation) OR (tVNS) OR (Transcra-
nial Alternating Current Stimulation) OR (tACS)).

Screening and study selection process

The process of literature search and screening were done
separately by two authors (MEM and KRE). Eligibility
screening was done using Rayyan [36]. Studies screening
were ongoing in two levels. The first level was screening
the title/abstract to ensure matching for the inclusion cri-
teria. In the second level, we checked the full text for eli-
gibility to our meta-analysis criteria.

Data extraction

All authors participated in the data extraction inde-
pendently using an online data extraction form. The
extracted data consisted of 4 domains: [1] study charac-
teristics [2], characteristics of the study population [3],
risk of bias domains, and [4] study outcomes. Data was
exported as a Microsoft Excel sheet.

Assessment of risk of bias in included studies

We assessed the quality of each included study using
the Cochrane risk of bias (ROB) tool [37]. The Cochrane
ROB tool was designed to assess the probability of bias
based on 7 domains: (a) random sequence generation, (b)
allocation concealment, (c) blinding of the investigators
and patients, (d) blinding of the outcome assessors, (e)
incomplete outcome data, (f) selective outcome report-
ing, and (g) other sources of bias. After careful screen-
ing of the structure and data presented in the published
RCTs. In each domain, each study was stamped as " low
risk of bias “ " high risk of bias “, or " unclear”.

Measures of treatment effect

The primary outcome measurement, in studies assess-
ing efficacy of NIBS on BPD, was the Barratt Impulsive-
ness Scale. It is a widely recognized and influential tool in
the development of current theories on impulse control.
It consists of 30 items that assess three key areas: atten-
tional impulsivity, motor impulsivity, and non-planning
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impulsivity. The scores range from 30 (low impulsivity) to
120 (high impulsivity) [38].

The secondary outcome measurements were Depres-
sion, HAM-A, CGI-BPD, and BPD Severity.

HAM-A (Hamilton Anxiety) scale, which is a 14-item
questionnaire used to rate the severity of a patient’s anxi-
ety. The score takes the range of 0 (the best) to 56 (the
worst) [39].

Depression was measured by different scales:

1. BDI (Beck depression Inventory) scale, which is a
21-item scale designed to detect the presence of
depression and to measure severity of depression.
The least takes the range from (0 to 13) and the most
severe (29 to 63) [40].

2. MADRS (Montgomery—Asberg Depression Rating
Scale) which is a 10-items questionnaire used to
measure the severity of depression and the efficacy of
antidepressant treatment, overall score thus ranges
from (0 to 60) [41].

3. HAM-D (Hamilton Depression Rating scale).
HAM-D contains a 17-item questionnaire used to
measure the severity of depression. Normal (0-7),
and scores over 24 indicate that the symptoms of
depression are severe [42].

The clinical global impression scale for borderline per-
sonality disorder patients (CGI-BPD) is a modified ver-
sion of the Clinical Global Impression (CGI) scale,
specifically created to evaluate the severity and changes
after treatment in patients with BPD. It includes 10 items
that assess the nine key psychopathological aspects of
BPD, along with an overall global score. The score takes
the range of 1 (the best) to 7 (the worst) [43].

BPD severity outcomes: 1- Zanarini Rating Scale for
Borderline Personality Disorder (ZAN-BPD) evaluates
various aspects of BPD symptoms by assessing changes
in symptoms over time. It consists of 10 items and each
item is rated on a scale from 0 (no symptoms) to 4 (severe
symptoms) [44]. 2- Borderline Personality Disorder
Severity Index (BPDSI) is used for assessing the severity
of BPD. It consists of 70 items and each item is rated on a
scale from 0 (no symptoms) to 4 (severe symptoms) [45].
3- Borderline Evaluation of Severity over Time (BEST) is
designed to monitor changes in symptoms and treatment
effects across different time points. It consists of 27 items
and each item is rated on a scale from 0 (no symptoms)
to 4 (severe symptoms) [46].

Data synthesis

For the network meta-analysis, we used Metainsight soft-
ware version 15.4. We conducted a network meta-analy-
sis according to frequentist framework. The MD (Mean
difference) was adopted as the effect estimate with a 95%

Page 4 of 12

confidence interval (CI). All safety outcomes, dichoto-
mous data from prospectively designed studies, were
reported as risk ratio (RR) between the interventions and
control group. The fixed effect model was applied for out-
comes with consistent results, while the random effect
model was applied for outcomes with significant hetero-
geneity. We considered the nearest time point through
the included studies for the primary analysis in the case
of multiple time points.

Assessment of heterogeneity

The Chi-square test (Cochrane Q test) was used to evalu-
ate Statistical heterogeneity among studies. Then, the
chi-square statistic, Cochrane Q, was used to calculate

the I-squared according to the equation: I> = ((qu#)

x100%. The significant heterogeneity was considered
when the Chi-square P value is less than 0.1. sensitiv-
ity analysis and sub-group analysis were performed to
resolve heterogeneity. Heterogeneity in the forest plots
was determined through visual inspection, while the I
and chi-square (x2) tests were employed to quantify it.
The X2 test was used to examine the presence of signifi-
cant heterogeneity, and if heterogeneity was detected,
it was measured using the I? test. The interpretation of
the I” test follows the standards outlined in the Cochrane
Handbook for meta-analysis. According to these guide-
lines, an I? value of 0—40% may not be considered sig-
nificant, 30-60% may indicate moderate heterogeneity,
50-90% may suggest substantial heterogeneity, and
75—-100% may indicate significant heterogeneity.

Certainty of evidence

The Grading of Recommendations, Assessment, Devel-
opment, and Evaluations (GRADE) approach has been
used to rate the power of the evidence for each outcome
based on the risk of bias, imprecision, indirectness,
inconsistency, and publication bias. We assessed the cer-
tainty of evidence using the GRADE approach [47].

Results

Results of literature search

A total of 1184 unique articles were included in the pro-
cess of literature search by two independent authors
(MEM and AEE). Of them, 356 were identified as dupli-
cates by Rayyan. Twelve unique full texts were reviewed
and screened for the eligibility criteria. The included
RCTs in this meta-analysis were five. The PRISMA flow
diagram of the study selection process is shown in Fig. 1.

Characteristics of included studies

A total of 103 patients were represented in 5 articles.
Patients were assigned to receive (TMS /tDCS) or SHAM
for at least a session/day. The recruited patients with age
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Fig. 1 The PRISMA flow diagram

range (18-65) years, had a primary diagnosis of BPD
according to DSM-V or DSM-IV. The duration of each
trial ranged from 3 weeks to 3 months and the dose from
(5-20 Hz). A summary of the included studies is shown
in Table 1, and the baseline characteristics of their popu-
lations are shown in Table 2.

Risk of bias of included studies

The quality of each study was assessed according to the
Cochrane Handbook of Systematic Reviews of Interven-
tions by two independent authors (MEM, KRE, MAA).
Four of the included studies were rated as High risk of
bias and one study was rated as some concerns. A sum-
mary of quality assessment domains is shown in (Figure
2).
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Primary outcome

BIS-11

Four studies comprising 97 patients reported the BIS-
11 scale. Figure 3 A showed network estimates of inter-
vention effect on Impulsivity for different techniques
compared to sham control. The top two ranked tech-
niques compared to sham control were TMS 1 Hz (MD
-16.16, 95% CI [-44.74 to 12.42]) followed by tDCS 2 mA
(MD -11.67, 95% CI [-21.44 to -1.90]). Only tDCS 2 mA
showed a statistically significant difference. The network
plot of Impulsivity is shown in Figure (3 a), each node
represents a different technique; the sham control was
the most common intervention well-connected with all
other interventions directly linked to it. So, it has been
used as a reference for comparison.
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Table 1 Summary of the included studies
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Study ID Location = Sam- intervention Control  Population Duration
ple
size
Reyes-Lopez Mexico 29 TMS 5 Hz on left DLPFC Adult patients (18-45 years) who primarily diagnosed 15 sessions in 3 weeks
2018 TMS 1 Hz on right DLPFC by BPD according to DSM-IV and a score > 8 Borderline
[33] Diagnostic Interview
Revised (DIB-R).
Calderon-Moct- Mexico 18 TMS 5 Hz on Sham Adult patients with Mean age 26.03+7.08 yearswho 15 sessions in 3 weeks
ezuma 2021 DMPFC primarily diagnosed by BPD according to DSM-IV and
[48] ascore>7
(DIB-R).
Feffer 2021 Canada 20 TMS 20 Hz Sham Adult patients (18-65 years) who primarily diagnosed 15 daily TMS sessions
[49] on DLPFC by BPD according to DSM-5 and a score > 18 HAM-D over 3 weeks, followed
by a crossover phase
of another 15 daily ses-
sions over 3 weeks.15
sessions in 2 weeks
Cailhol 2014 France 14 TMS 10 Hz Sham Adult patients (20-45 years) who primarily diagnosed 10 sessions in 2 weeks
[50] on DLPFC by BPD according to DSM-IV and
Lisoni 2020 Italy 30 tDCS 2 mA on Sham Adults patients (Mean age 40.3+12.8) who primarily 15 sessions in 3 weeks
[51] DLPFC diagnosed by BPD according to DSM-5
Depression CGI-BPD

Five studies comprising 111 patients reported the BIS-11
scale. Figure 3B showed network estimates of interven-
tion effect on Depression for different techniques com-
pared to sham control. The top two ranked techniques
compared to sham control were TMS 20 Hz (SMD
-1.97, 95% CI [-3.51 to -0.43]) followed by tDCS 2 mA
(SMD -1.65, 95% CI [-2.97 to -0.34]). Both interventions
showed a statistically significant difference. The network
plot of Impulsivity is shown in Figure (3b).

Secondary outcomes

Anxiety

Three studies comprising 77 patients reported the BIS-11
scale. Figure 3 C showed network estimates of interven-
tion effect on Depression for different techniques com-
pared to sham control. The top two ranked techniques
compared to sham control were TMS 5 Hz (MD -12.29,
95% CI [-24.57 to -0.01]) followed by tDCS 2 mA (MD
-11.81, 95% CI [-17.39 to -6.23]). Both interventions
showed a statistically significant difference. The network
plot of Impulsivity is shown in Figure (3c).

BPD severity

Four studies comprising 73 patients reported BPD Sever-
ity. Figure 3 C showed network estimates of intervention
effect on Depression for different techniques compared
to sham control. The top two ranked techniques com-
pared to sham control were TMS 1 Hz (SMD -18.46,
95% CI [-38.30 to 1.38]) followed by TMS 5 Hz (SMD
-12.46, 95% CI [-29.06 to 3.54]). The network model did
not show a statistically significant difference among all
interventions. The network plot of Impulsivity is shown
in Figure (3d).

Two studies comprising 43 patients reported CGI-BPD.
Figure 3 C showed network estimates of intervention
effect on Depression for different techniques compared
to sham control. The network model did not show a
statistically significant difference among all interven-
tions. The network plot of Impulsivity is shown in Figure.
Among the nine domains of BPD-CGI, TMS 1 Hz was
top-ranked in Abandonment, Anger, Emptiness, Impul-
siveness, Paranoid, and Suicidal Ideation. The network
model did not show a statistically significant difference
among all interventions except Impulsiveness and Para-
noid ideation both interventions showed substantial dif-
ferences, TMS 1 Hz (MD -3.11, 95% CI [-4.37 to -1.85])
followed by TMS 5 Hz (MD -2.71, 95% CI [-3.91 to -1.51])
However TMS 1 Hz was top ranked in for Paranoid ide-
ation, only TMS 5 Hz showed significant difference (MD
-2.28, 95% CI [-4.47 to -0.09]). All forest plots of behav-
ioral domains are shown in Supplementary (S1-S9).

Safety

It is important to note that no severe side effects were
observed in any of the included studies. In Lisonia et al,
only five patients showed tingling, and itching sensations
during stimulation due to tDCS 2 mA. Non-invasive
brain stimulation techniques are well-tolerated treatment
options for BPD patients.

The GRADE approach of outcomes
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Table 2 Baseline characteristics of included studies

Study

BPD Severity
(Mean, SD)

BEST

309+156 41£145

Depression

CGI-BPD

BIS-11 HAM-A
(Mean, SD) (Mean, SD)

Education
(years)

Sex (%

male)

Age, years
(Mean, SD)

Intervention

(Mean, SD)
HAM-D
N/A

(Mean, SD)

BPDSI

ZAN-BPD

N/A

BDI

MADRS
N/A

(Mean, SD)
N/A

411147
402+6
23.71+£7.76 4029+9.75

20.2+6.8
155+64

702+12.0
73.1+£142

6143+

8%
7%

309+76
296+738
24+6.29

TMS 1 Hz

Reyes-Lopez

2018

31.9+146 428+9.7

TMS 5 Hz

4443£13.07 N/A

N/A

27+9.34

19

1543+528
15294197

28.57%
42.85%

TMS 5 Hz
Sham

Calderon-

37.71+£895

64.29+13.07 2371+492 3671+£1278 2586+7.05

28.14£831

Moctezuma

2021

N/A

16.3+3.1

N/A

23.1+£26
23.0+3.7

N/A

67.1+£5.8
68.0£7.3
N/A

TMS 20 Hz 339+98 All female 16+2.7
Sham

Feffer 2021

178433

143£3.0

All female

2981154

19.9£6.6
24.06+11.3

N/A

64+72

TMS 10 Hz
Sham

Cailhol 2014

187+14.8

16.66+4.27 N/A
14.26+4.89

(2025) 24:24

2560£596 N/A
19.66+6.49

38+109 7(46.7%) 126+38 76+14.34

tDCS 2 mA
Sham

Lisoni 2020

72.33+9.67
Abbreviations MD, Mean Difference; SD, Standard Deviation; BIS-11, Barratt Impulsiveness Scale; HAM-A, Hamilton Anxiety Rating Scale; CGI-BPD, Clinical Global Impressions Scale for Borderline Personality Disorder; BIS-11,

11.8+11.8

5 (33.3%)

426+136

Barratt Impulsiveness Scale; HAM-D, Hamilton Depression Rating Scale; MADRS, Montgomery—/—\sberg Depression Rating Scale; BDI, Beck Depression Inventory; BEST, Borderline Evaluation of Severity Over Time; ZAN-BPD,

Zanarini Rating Scale for Borderline Personality Disorder; BPDSI, Borderline Personality Disorder Severity Index
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Outcome Partici- Risk Incon- Indi- Im- Pub- Overall
pants of  sis- rect- pre- lica- cer-
(studies) bias tency ness ci- tion tainty of
Follow-up sion bias evidence
BIS-11 Serious®  not not not not none HPO
seri- serious seri-  seri- Moderate
ous ous  ous
Depres-  Serious® not not not not none @HDO
sion seri- serious seri- seri- Moderate
ous ous  ous
HAM-A  Serious® not not not not none @HDO
seri- serious seri-  seri- Moderate
ous ous  ous
BDA Serious®  not not not Seri- none @HOO
Severity seri- serious seri- ous Low
ous ous P
CGI-BPD  Serious®  not not not Seri- none @HOO
seri- serious seri- ous Low
ous ous P

Cl: confidence interval
Explanations:
a. Presence of studies with a high risk of bias.

b. The confidence interval in each intervention is wide which includes clinically
important values.

Discussion

Significance of the study

To the best of our knowledge, this is the first system-
atic review and network meta-analysis comparing the
efficacy of TMS and tDCS in BPD. This study evaluates
the efficacy of different non-invasive brain stimulation
techniques and ranks them by effectiveness across fre-
quencies. Therefore, encourage of conducting future tri-
als involving different techniques such as Theta Burst
Stimulation (TBS), Trans Alternating current stimulation
(tACS), and Percutaneous Vagal Stimulation.

Summary of the findings

A total of 103 patients with BPD were included in 5 RCTs
comparing TMS, tDCS, and Sham-controlled were evalu-
ated in this study. We found that each outcome demon-
strates the highest efficacy of specific frequency each
time. So, that means that each frequency intervention
is effective in specific domain in the disease. These dif-
ferences in results could be due to the variation of each
technique which can be implicated in the pathophysiol-
ogy of the disease in different ways.

BIS

Although TMS 1 Hz did not show a significant difference
in the analysis model, it was the top-ranked protocol in
this outcome. TMS 1 Hz, there are several explanations
which could explain the results. Recently, research indi-
cated that the low-frequency protocol has led to the suc-
cessful induction of anticorrelated connectivity between
the DLPFC and medial prefrontal default mode network
(DMN) node [52]. The DMN node is an area found to
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Fig. 2 Quality assessment using Cochrane risk of bias tool

be active when the individual is engaged in internal
thoughts and self-reflection. Also, conducting TMS 1 Hz
was found to be associated with a notable alteration in
the asymmetry of alpha power towards the right lobes
[53]. Alpha power is a neural oscillation (brain wave)
measured in different brain activities. It is characterized
by waves (8—12 Hz) and it has been suggested that the
alpha wave may be involved in the attentional process
and prominent during relaxed wakefulness [54].However
tDCS 2 mA was ranked secondary in the analysis model,
tDCS 2 mA showed significant difference. Conducting
tDCS 2 mA plays a crucial role in increasing top-down
regulation of the lower-level processes which is the ability
of the brain to regulate lower-level cognitive and behav-
ioral processes. In addition, stimulating the right DLPFC
by tDCS 2 mA may lead to restoring the interhemispheric
disruption [55]. Based on all of that, tDCS 2 mA becomes
efficient in reducing impulsivity in BPD. There are some
technical factors that could explain the results. In Lopez
et al, the technicians used the highest angulation angle
(150°). A higher angulation angle of the device could alter
the stimulation focus and depth, potentially affecting the
targeted neural circuits involved in impulse control [56].
In addition, authos used high motor threshold (100%)
[56].
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Depression and anxiety

Depression episodes are the most common comorbid-
ity of BPD. TMS protocols have been widely explored
in depression and they are approved for major depres-
sive disorder. The role of TMS 20 Hz in Neuroplasticity
Induction leads to long-lasting changes in neural circuits.
Also, normalization of the brain activity. All of these
can explain the top ranking of TMS 20 Hz for depres-
sion symptoms [57, 58]. As TMS 1 Hz in our result is the
third-ranked protocol, using the previous suggestion on
BPD could be more efficient. As impulsiveness, tDCS
2 mA also achieved the second rank. The efficacy of tDCS
2 mA in depression remains inclusive with unclear evi-
dence in recent years. However, tDCS 2 mA was noticed
to stimulate the electric field in the left anterior cingulate
cortex, a region of the frontal lobes which implicated in
emotion, cognition, and motor control [59]. In addition,
tDCS 2 mA might be associated with the regulation of
negative effects after DLRPC stimulation [60]. There-
fore, future studies should study the actual role of tDCS
2 mA in the pathophysiology of depression, especially in
BPD patients. Some technical differences could also give
reasons for these results. In Feffer et al, authors used the
heighst number of pulses per session (3000) over the
other trials. Higher pulses could show better antidepres-
sant and antianxious effects rather than lower number of
pulses [61].
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CGI-BPD and BPD severity

In our study, no interventions showed significant differ-
ence, however TMS 1 Hz was top ranked over TMS 5 Hz
in both outcomes. This can be explained by several fac-
tors such as the limited number of included studies and
patients making it difficult to synthesize significant evi-
dence. So, further studies are needed to show the certain
effect of each intervention.

A critical aspect of NIBS interventions in BPD that
warrants further exploration is the impact of lateral-
ity (right vs. left hemisphere stimulation) on clinical
outcomes. While our meta-analysis primarily focused
on differences in stimulation protocols, accumulating
evidence suggests that right prefrontal cortex stimula-
tion, particularly over the right DLPFC, may be associ-
ated with greater improvements in impulsivity control,
aligning with neurobiological models that link right
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hemisphere dysfunction with impaired inhibitory control
(Brevet-Aeby et al., 2016). Conversely, left hemisphere
stimulation, often targeted for affective symptoms, may
exert differential effects on mood regulation. Prior sys-
tematic reviews, particularly Lisoni et al. (2022, 2024),
have emphasized a symptoms-based approach to NIBS in
BPD, highlighting the need for standardized protocols to
determine whether the observed effects are attributable
to laterality or other stimulation parameters. The hetero-
geneity in stimulation protocols across the included stud-
ies, such as differences in frequency, intensity, session
duration, and stimulation site, limits direct comparisons
and makes it difficult to disentangle the effects of stimu-
lation site from other variables.

Strength points and limitations

This network meta-analysis has several strengths. It is
the first systematic review and Network meta-analysis
studying the different non-invasive brain stimulation
techniques for BPD. We used the GRADE qualification to
assess the quality of evidence for the efficacy outcomes.
The studies spanned a wide geographical range with a
variety of populations. The most prominent limitation
of the study was the low sample size due to the limited
number of the included trials. So, our results are not
conclusive. Although there were various including popu-
lations, they were all from Western countries with high
or middle income. Some studies used different scales
for depressive symptoms and BPD severity. We suggest
future trials to confirm their effectiveness with all these
limitations corrected.

Implications for future research

This meta-analysis supposes that non-invasive techniques
could be beneficial treatment for patients primarily diag-
nosed with BPD. Since the only available treatment of
BPD is psychotherapy with limited treatment options. So,
exploring newt interventions becomes essential for a bet-
ter quality of life for patients and to reduce the economic
burden on the health care system. Future trials should
consider the other non-invasive techniques such as TBS,
tACS, and Vagal that showed promising results in other
meant diseases.

Conclusion

In conclusion, this systematic review and network meta-
analysis demonstrate that non-invasive brain stimula-
tion techniques, particularly TMS 20 Hz, TMS 5 Hz and
tDCS 2 mA, suggest potential benefits for BPD. These
techniques were found to significantly improve symp-
toms related to impulsivity, depression, and anxiety,
with specific frequencies of stimulation proving more
effective for outcomes. While the findings highlight the
potential of these interventions, the limited sample size
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and heterogeneity across studies underscore the need for
larger, more robust clinical trials to validate these results.
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