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Objective: To investigate the efficacy of repetitive transcranial magnetic stimulation (rTMS) for
attention deficit/hyperactivity disorder (ADHD).

Methods: Randomized sham-controlled trials were identified in major databases from January 1990 to
January 2023. The primary outcome was overall improvement in ADHD symptoms. Subgroup analysis
focused on the efficacy of rTMS in different brain regions. Secondary outcomes were the association
of rTMS with improvement in different ADHD symptoms. Outcomes were expressed as effect size
based on standardized mean difference (SMD)(continuous data), and ORs with 95%CI (categorical
data).

Results: A meta-analysis of six randomized sham-controlled trials involving 169 participants
demonstrated no difference in overall ADHD symptoms between those treated with rTMS and sham
controls (SMD = -0.24, p = 0.17). Subgroup analysis revealed that rTMS was more efficacious than
sham treatment when targeting the right prefrontal cortex (SMD = -0.49, p = 0.03) but not the left
prefrontal cortex (SMD = 0.01, p = 0.67). rTMS treatment was correlated with greater improvement
in inattention (SMD = -0.76, p = 0.0002), but not hyperactivity (p = 0.86), impulsivity (p = 0.41),
or depression symptoms (p = 0.95). The apparently higher risk of dropout in the rTMS group than
the sham control group was not statistically significant (OR = 1.65, p = 0.26).

Conclusion: This review found that rTMS only had therapeutic efficacy for ADHD symptoms
(particularly inattention) when targeting the right prefrontal cortex. Further large-scale randomized
sham-controlled trials are required to verify our findings.

Registration number: PROSPERO CRD42023393713.

Keywords: Repetitive transcranial magnetic stimulation; attention deficit/hyperactivity disorder; meta-
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Introduction more challenging,* not only because accurate ADHD

diagnosis in adulthood can be more difficult,* but the

Attention deficit/hyperactivity disorder (ADHD), one of the
most common neurodevelopmental disorders,! often
presents with behavioral difficulties in attentional function
and impulse control during early development.! Although
ADHD is commonly diagnosed during childhood,” inatten-
tion symptoms can persist into adulthood in nearly half of
the children and adolescents diagnosed with ADHD.?
While behavioral and pharmacological interventions are
generally recommended for both children and adoles-
cents with this condition,® treatment for adults is often
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treatment goals for adults may also involve more complex
psychosocial aspects than merely alleviating core symp-
toms.® There is also a higher risk that adults will misuse
stimulant treatments.® Moreover, adherence to pharma-
cological interventions remains a significant issue due to
concerns about side effects, as well as the stigma of
medication for caregivers of children/adolescents and
adults diagnosed with ADHD.”® However, although
psychosocial interventions and environmental modifica-
tion are generally recommended for anyone with ADHD,?
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a significant portion of patients do respond well to these
interventions.® Therefore, complementary alternative
medicine is becoming more popular among patients with
ADHD and their caregivers.'®'2

Complementary alternative medicine for ADHD ranges
from nutritional supplements' to more advanced brain
technologies, including electroencephalography to assist
neurofeedback training®'® and brain stimulation meth-
ods, such as transcranial direct current stimulation (tDCS)
or repetitive transcranial magnetic stimulation (rTMS) to
specific brain areas.'® Given prior functional magnetic
resonance imaging evidence of under-activation in
several important brain regions related to executive
control (i.e., the fronto-striatal and fronto-cerebellar
systems) in people diagnosed with ADHD,'” stimulation
targeting these regions could be a reasonable therapeutic
alternative for ADHD.'® Two common brain stimulation
approaches are used for individuals diagnosed with
ADHD: tDCS and rTMS. The former passes a weak
direct electric current between two electrodes (i.e., a
positive anode and a negative cathode) placed on the
scalp, while the latter delivers rapid magnetic pulses to
the scalp with a wire coil to generate an electric current in
the brain through electromagnetic induction.'® The major
differences between tDCS and rTMS are the power
source (electric vs. electromagnetic) and the nature of
stimulation (continuous vs. pulsatile), respectively.'®
A previous meta-analysis investigating the efficacy of
tDCS found that stimulation of the dorsolateral prefrontal
cortex (dIPFC), especially the left hemisphere, effectively
improved inhibitory control but not working memory.'®
Another meta-analysis on brain stimulation for ADHD
showed that tDCS was potentially efficacious for enhan-
cing processing speed in children when it mainly targeted
the left dIPFC,'® although the available randomized
control trials were insufficient for a meta-analysis of
rTMS.'® Since both rTMS and tDCS are considered
generally safe and with minimal side effects,'® investigat-
ing the potential therapeutic efficacy of rTMS for patients
with ADHD is also worthwhile.

Although the exact mechanism of rTMS remains to be
elucidated, prior studies have reported that rTMS could
induce the release of brain dopamine,®® a key neuro-
transmitter in attentional control®' and the targeted
neurotransmitter in stimulant therapies for ADHD.%?
Moreover, previous animal and human studies have
demonstrated that rTMS could induce synaptic plasti-
city,2>2* which was shown to be related to functional
recovery in stroke patients.?® Given that the dIPFC is one
of most important brain regions associated with important
executive control functions, including attention and inhibi-
tion,?® it has frequently been targeted for rTMS stimula-
tion in ADHD patients.?”*° Nevertheless, the results of
previous studies have been mixed.>?”?® Only one
randomized control trial of rTMS that targeted the right
PFC (rPFC) found significantly better therapeutic efficacy
for ADHD symptoms than sham treatment.?® However,
another randomized control trial of rTMS that targeted the
bilateral PFC failed to show significant improvement.?®
A more recent study on the efficacy of rTMS in different
brain regions (rPFC vs. left PFC [IPFC]) also found that
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the rPFC, but not the IPFC, was associated with greater
improvement in inattention symptoms than sham treat-
ment.?” In fact, previous evidence has suggested that
brain dysfunction in ADHD may be more associated with
the right hemisphere, although this concept remains
controversial.’” % Although the efficacy of rTMS targeting
the left or right hemispheres remains unclear,'”°
targeting different brain regions for rTMS stimulation
may have different treatment effects.?” Nevertheless, no
meta-analysis has investigated the efficacy of rTMS for
ADHD symptoms and factors (i.e., stimulation target) that
could influence its efficacy.

Therefore, the present meta-analysis aimed to inves-
tigate the treatment efficacy of rTMS for ADHD symptoms
and identify factors that could affect the therapeutic
efficacy of rTMS through subgroup analysis.

Methods
Protocol and registration

This study followed the Preferred Reporting ltems for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines®' and was registered in the International
prospective register of systematic reviews (PROSPERO
CRD42023393713).

Search strategy and selection criteria

By using the main keywords “rTMS” and “ADHD”
(Supplementary Table S1), randomized sham-controlled
trials were identified in major databases, including
PubMed, Embase, Cochrane CENTRAL, ScienceDirect,
and ClinicalTrials.gov from January 1990 (inception) to
January 2023 without no restrictions on country or
language. The detailed search strategies and keywords
used for each database are provided in Supplementary
Table S1. We also searched for relevant studies from the
reference lists of specific reviews to expand our search
results. Study eligibility was based on the PICO (i.e.,
population, intervention, comparator, and outcomes)
model as follows: 1) Population — randomized controlled
trials of patients diagnosed with ADHD, regardless of
psychiatric comorbidities; 2) Intervention — rTMS; 3)
Comparator — sham rTMS; and 4) Outcome — standar-
dized rating scales for assessing ADHD symptoms and
any other associated psychiatric symptoms, such as
depression. Studies were excluded for 1) not being sham-
controlled randomized controlled trials, 2) not targeting
participants diagnosed with ADHD, and 3) using inter-
ventions unrelated to rTMS.

Data extraction and quality assessment

Using a pre-defined search strategy (Supplementary
Table S1), the titles and abstracts were initially screened
by two independent authors (Y-S Cheng and C-K Sun),
who were also responsible for identifying eligible studies
and data extraction, including study characteristics (e.g.,
number of participants, number of rTMS sessions, and
follow-up duration) and publication details. Inter-rater
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reliability was examined using the kappa coefficient.>? If
any data were missing from eligible studies, the corres-
ponding authors were contacted by email. The quality of
eligible studies was rated according to version 2 of the
Cochrane risk-of-bias tool for randomized trials®® which
assessed five domains of bias, including risk of bias
arising from the randomization process, risk of bias due to
deviations from the intended interventions, risk of bias
due to missing outcome data, risk of bias in outcome
measurement, and risk of bias in reporting the results.
Risk of bias was classified as “low,” “some concern,” or
“high.” The Grading of Recommendations Assessment,
Development and Evaluation framework was also used
to rate the certainty of evidence for individual outcomes
of interest.®* Any disagreements about study eligibility or
quality between the two reviewers were resolved through
discussion with a third author.

Data synthesis and analysis

The primary outcome was overall improvement in ADHD
symptoms, and secondary outcomes included improve-
ment in ADHD symptom subdomains, such as inattention,
hyperactivity and impulsivity, as well as changes in the
severity of any other associated symptoms (e.g., depres-
sive symptoms). Treatment acceptability was assessed
by the number of participants who withdrew from study
during the intervention and by group comparison. We
chose the outcome assessment immediately following the
final treatment session to investigate the immediate rather
than the chronic effects of rTMS. While the outcomes of
interest for continuous data were quantitatively expressed
as effect size (ES) based on standardized mean
difference (SMD) with 95%CI, those for categorical
variables were presented as odds ratios (OR) with 95%
Cl. We used RevMan 5.4 for data analysis, the Mantel-
Haenszel method for OR, and the generic inverse-
variance method for continuous-variable outcomes.®® If
two rTMS treatment arms targeted different brain regions
(i.e., rPFC and IPFC) in a single study, we combined the
results from the treatment arms into a single SMD. Leave-
one-out sensitivity analysis was used to assess the
reliability of available outcomes. The /? statistic was used
to explore heterogeneity among the included studies,
although the heterogeneity results should be interpreted
with caution if the number of studies included in a meta-
analysis is small.3®%” We also used the chi-square test
to determine the heterogeneity of evidence. Statistical
significance was defined as p < 0.05 for all outcomes.
Finally, publication bias was examined by visual inspec-
tion of a funnel plot.

Results
Study selection and characteristics of the included studies

The study selection process, which followed PRISMA
guidelines,®' is summarized in Figure 1. In brief, of the
782 articles identified by searching major databases (e.qg.,
ClinicalTrials.gov), 748 were excluded after title and
abstract screening. Of the 34 studies eligible for full-text

review, six RCTs involving 169 participants were included
in the meta-analysis®”2°3840 after excluding 28 studies
for a variety of reasons, which are summarized in
Supplementary Table S2. There was no disagreement
between the two reviewers regarding study selection
(kappa coefficient = 1.0).

The characteristics of the included studies are sum-
marized in Table 1. Five of the six eligible studies only
included adults >18 years), while the other also included
adolescents.®® The participants were aged 14-65 (mean
32.67) years and the proportion of women ranged from
33-82.76%. The treatment protocols varied: two studies
reported a treatment duration of ~14 minutes with one
session a day, 5 days a week for 3 weeks?’?; one study
reported a treatment duration of ~20 minutes with one
session a day, 5 days a week for 4 weeks®®; one study
reported a treatment duration of ~26 minutes with one
session a day, 5 days a week for 4 weeks*’; one study
reported one treatment session a day, 5 days a week for 4
weeks, but provided no clear information about individual
session duration®®; and one study only mentioned a single
~22-minute treatment session with no other informa-
tion.®® The median number of rTMS treatment sessions
was 15 (range: 1-20) and the median treatment duration
was 3 weeks (range: 1-4). Three of the six studies only
showed outcome data immediately after treatment,3®4°
while the remaining three provided follow-up data after
cessation of rTMS therapy, ranging from 1-8 weeks after
the last treatment.?”2° Regarding comorbid psychiatric
conditions, the studies primarily focused on participants
experiencing ADHD symptoms but no other psychiatric
conditions, except for two that allowed mild depression or
anxiety.2”*® None of the studies combined rTMS with
other therapies, and most did not allow psychostimulant
use during the study period, although two provided no
such information.’®*® The studies were conducted in
Israel (n=4) and the United States (n=2) (Table 1).
Because one study had three treatment arms (rTMS
targeting the rPFC; rTMS targeting the IPFC; and sham
control),?” data from the two rTMS groups targeting
different brain locations were combined for comparison
with sham treatment in our analysis.

Risk of bias assessment

In terms of study quality according to version 2 of the
Cochrane risk-of-bias tool for randomized trials, the risk of
bias due to deviating from the intended intervention and
the risk of bias due to outcome measurement were
considered low in all studies because they were double-
blind RCTs. However, three studies with unclear reporting
about the randomization process were rated as having
“some concern.” Nevertheless, the consistency of the
overall outcome after excluding the impact of each of
these three studies'®?®39 through leave-one-out sensi-
tivity analysis indicated that the randomization process
had a negligible influence on the quality of the final
outcome. The risk of bias for each eligible study is shown
in Figure 2. Overall, the risk of bias was low given the
studies’ strict selection criteria and double-blind rando-
mized sham-controlled design.
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Full-text articles excluded (n=28):

— No rTMS treatment group (n=11)
———» — No patients with ADHD (n=12)

— No sham control group (n=1)

— Not randomized (n=2)

— Not clinical trials (n=2)

v

Studies included in the quantitative synthesis (n=6)

Figure 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses study selection flowchart. ADHD = attention
deficit/hyperactivity disorder; rTMS = repetitive transcranial magnetic stimulation.

Results of the syntheses

The meta-analysis failed to demonstrate greater overall
improvement in ADHD symptoms in the rTMS group than
the control group (SMD = -0.24, 95%CI -0.58 to 0.1, p =
0.17, five studies with 149 participants) (Figure 3). The
robustness of the findings remained unchanged in
sensitivity analysis without significant heterogeneity (/% =
4%, v = 4.18 and p = 0.38). Visual inspection of the funnel
plot revealed no obvious asymmetry, indicating non-
significant publication bias (Supplementary Figure S1).

Subgroup analysis on the efficacy of rTMS targeted at
different brain regions demonstrated that rTMS was
significantly more efficacious than sham treatment when
the rPFC was targeted (SMD = -0.49, 95%CI -0.93 to
-0.06, p = 0.03, three studies with 87 participants) but not
when the IPFC was targeted (SMD = 0.01, 95%CI -0.39 to
0. 60, p =0.67, two studies with 65 participants) (Figure 4),
which suggests that targeting the rPFC may be a more
effective approach. Nevertheless, subgroup comparison
between treatments targeting the rPFC and IPFC failed to
achieve statistical significance (p = 0.07).
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In the secondary outcome results, rTMS was asso-
ciated with greater improvement in inattention symptoms
(SMD = -0.76, 95%CI -1.16 to -0.53, p = 0.0002, three
studies with 104 participants) but not hyperactivity (SMD =
0.04, 95%CI -0.41 to 0.049, p = 0.86, two studies
with 91 participants), impulsivity (SMD = -0.43, 95%CI
-1.46 to 0.6, p = 0.41, two studies with 91 participants),
or depression symptoms (SMD = -0.02, 95%CI -0.58 to
0.55, p = 0.95, three studies with 104 participants)
(Supplementary Figures S2 to S5). There was a higher,
but non-significant, risk of dropout in the rTMS group than
the control group (OR = 1.65, 95%CI 0.69 to 3.97, p =
0.26, five studies with 176 participants) (Supplementary
Figure S6). Sensitivity analysis through the leave-one-out
approach indicated stable results for inattention and
depression symptoms, but it was not performed for
hyperactivity and impulsivity since only two studies were
available for each outcome. Impulsivity was the only
secondary outcome with significant heterogeneity in the
results. Visual inspection of a funnel plot revealed
no obvious asymmetry (Supplementary Figures S7 to
S11).
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The overall certainty of evidence for each outcome of
interest is shown in Supplementary Table S3. Although
most studies had a low risk of bias and no serious
indirectness or inconsistency in most outcomes of
interest, the certainty of evidence was only graded as
moderate for the primary outcome and subgroup findings
due to the limited number of randomized controlled trials
and their small sample sizes. Similarly, although the
certainty of evidence was deemed moderate for most

. Low risk of bias
? Some concern
@ High risk of bias

Bleich-Cohen (2021)

Alyagon (2020)

-~ . . Risk of bias arising from the randomization process

Paz (2018)

Weaver (2012)

‘ ‘ ‘ ‘ ‘ . Risk of bias due to deviations from the intended interventions

Bloch (2010)

-~

. . . ‘ ‘ . Risk of bias due to missing outcome data
. . . . . . Risk of bias in measurement of the outcome
® ® ® @ @ @ Riskofbiasin selection of the reported result

NCT03663179" |

Figure 2 Risk of bias for eligible studies. ¥ Unpublished
clinical trial from clinicaltrials.gov.

secondary outcomes, including inattention, hyperactivity,
and dropout rate, it was downgraded to low for impulsivity
and depressive symptoms due to additional consistency
problems.

Discussion

Although rTMS has mainly been used as an alternative
therapy for depression,*' positive responses have been
reported for a variety of psychiatric and neurodevelop-
mental disorders.*?> A recent meta-analysis focusing on
adults with autism spectrum disorder reported some
improvements in cognitive outcomes in those treated
with rTMS,*® but no previous meta-analysis has focused
on patients with ADHD. To the best of our knowledge,
ours is the first meta-analysis to investigate the treatment
efficacy of rTMS for ADHD. Although the inclusion of only
six studies might affect the reliability of our findings, rTMS
did not lead to significantly greater improvement in overall
ADHD symptoms than sham treatment. However, in our
subgroup analysis, rTMS targeting the rPFC led to greater
improvement in overall ADHD symptoms than sham
treatment, but rTMS targeting the IPFC led to (non-
significantly) poorer outcomes than sham treatment. Our
secondary analysis showed that rTMS was effective for
inattention symptoms but not hyperactivity, impulsivity,
or depression symptoms in this population. Regarding
treatment acceptability, dropout rates did not differ
significantly between the rTMS and control groups, which
suggests that rTMS was generally well-tolerated.
Although the certainty of evidence was hampered by the
limited number of eligible trials (six RCTs, 169 partici-
pants), our result that rTMS targeting the rPFC was more
efficacious than that targeting the IPFC may serve as an
important reference for further research on the therapeu-
tic efficacy of rTMS for ADHD symptoms. In summary, our
study, which supported rTMS targeting the rPFC but not
the IPFC for ADHD, demonstrated that rTMS was mainly
effective against inattention symptoms. Nevertheless,
these preliminary findings should be confirmed in further
large-scale clinical studies.

Although rTMS was not more efficacious than sham
treatment for overall ADHD symptom improvement, the
results for targeted brain regions were different among
the included studies. It was interesting that targeting the
rPFC generally had better therapeutic effects than sham
treatment.?®3® Conversely, the study focusing on the

TMS Sham Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Std. Mean Difference SE Total Total Weight 1V, Random, 95% CI Year IV, Random, 95% CI
Weaver (2012) -0.48 0.4694 9 9 13.3% -0.48 [-1.40, 0.44] 2012 ™
Paz (2018) -0.07 0.4337 9 13 13.5% -0.07 [-0.92, 0.78] 2018
Alyagon (2020) -0.88 03929 15 14 18.8% -0.88 [-1.65, 0.11] 2020 =
Bleich-Cohen (2021) -0.05 0.2908 46 16 33.2% -0.05 [-0.62, 0.52] 2021
NCT036631791 0.08 03878 14 13 19.2% 0.08 [-0.68, 0.84] unpublished
Total (95% Cl) 93 65 100.0% -0.24 [-0.58, 0.10]

Heterogeneity: Tau?= 0.01; Chi2=4.18, df = 4 (P = 0.38); 12= 4%
Test for overall effect: Z=1.39 (P =0.17)

k + t + i
-10 -5 0 5 10
Favors rTMS Favors Sham control

Figure 3 Forest plot of the effect size for overall attention deficit/hyperactivity disorder symptom improvement between
repetitive transcranial magnetic stimulation (rTMS) and sham control groups. SE = standard error; Std = standardized.

" Unpublished clinical trial from clinicaltrials.gov.
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™S Sham Control  std. Mean Difference Std. Mean Difference
Study or Sub p Std. Mean Difference  SE Total Total Weight IV, Random, 95% CI Year 1V, Random, 95% CI
2.5.1rPFC
Weaver (2012) -0.48 0.4694 9 9 13.6% -0.48 [-1.40, 0.44] 2012 o |
Alyagon (2020) -0.88 0.3929 15 14 18.4% -0.88 [-1.65, 0.11] 2020 -
Bleich-Cohen (2021) -0.23 0.3265 24 16 24.9% -0.23 (-0.87,0.41) 2021 -
Subtotal (95% Cl) 48 39 56.9% -0.49 [-0.93,-0.06] ¢
Heterogeneity: Tau2= 0.00; Chi2= 1.62, df = 2 (P = 0.44); 12= 0%
Test for overall effect: Z=2.22 (P =0.03)
2.5.2 rPFC
Bleich-Cohen (2021) 0.13 0.3316 22 16 243% 0.13 [-0.52, 0.78] 2021 -
NCT036631791 0.08 0.3878 14 13 18.8% 0.08 [-0.68, 0.84] unpublished -
Subtotal (95% Cl) 36 29 43.1% 0.11 [-0.39, 0.60] ’
Heterogeneity: Tau?= 0.00; Chi?= 0.01, df = 1 (P = 0.92); 12= 0%
Test for overall effect: Z=0.43 (P = 0.67)
Total (95% Cl) 84 68 100%

Heterogeneity: Tau?= 0.03; Chi?= 4.84, df = 4 (P = 0.30); 12=17%
Test for overall effect: Z = 1.29 (P = 0.20)
Test for subgroup differences: Chi2= 3.21, df = 1 (P = 0.07); 12=68.8%
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Figure 4 Subgroup analysis — forest plot of the effect sizes in different subgroups of studies targeting different brain regions.
rTMS = repetitive transcranial magnetic stimulation; SE = standard error; Std = standardized. * Unpublished clinical trial from

clinicaltrials.gov.

IPFC had a poorer outcome than sham treatment*° (ES =
0.08; a positive ES indicates results favoring sham
control). Moreover, in Bleich-Cohen et al.,?” only rTMS
targeting the rPFC was associated with improvement in
inattention symptoms; there was no significant difference
between rTMS targeting the IPFC and sham treatment for
any outcome. Although the exact mechanism for rTMS’
effect on cognition remains unclear, a previous imaging
study reported that rTMS induced brain dopamine
release,?® which is one of the key neurotransmitters
involved in cognition and attention regulation.?" Given that
the PFC is the most important brain region for executive
control of attention,** it is a reasonable target for brain
stimulation.?” However, previous evidence has suggested
that brain dysfunction in ADHD may be more associated
with the right hemisphere than the left.'”*® Thus, rTMS
targeting different brain regions may have a varied
therapeutic response.?” Our subgroup analysis found
greater overall improvement in ADHD symptoms than
sham treatment when rTMS targeted the rPFC but not the
IPFC. Although subgroup comparison only reached near
significance (p =0.07), probably due to the limited number
of included trials, the large difference and opposite
direction of ES (e.g., SMD = -0.49 vs. 0.11; a negative
ES indicates results in favor of rTMS) suggests that the
targeted brain region may influence the therapeutic
outcome of rTMS.

Regarding secondary outcomes, the therapeutic effi-
cacy of rTMS was only significantly better than sham for
inattention symptoms, not for hyperactivity or impulsivity
symptoms. This is further supported by the results of
several studies, which found that rTMS has a beneficial
impact on attention in patients diagnosed with different
psychiatric disorders, such as autism spectrum disorder
and Alzheimer's disease.*6™*® Of note, only three of the
six studies in our meta-analysis provided analyzable data
for inattention symptoms. Of these, two targeted the
rPFC,2%3% while the outcome of the other was obtained by
combining rPFC- and IPFC-targeted treatment arms.?®
Therefore, our results on the therapeutic efficacy of rTMS
for inattention symptoms may be more representative of
the rPFC than the IPFC. Overall, the subgroup analysis
and secondary outcome results indicated the efficacy of
rPFC-targeted rTMS (moderate ES, moderate quality of

evidence) for ADHD treatment, mainly for inattention
symptoms (moderate-to-large ES, moderate quality of
evidence).

Nevertheless, the therapeutic goals for ADHD include
not only maintaining attention, but sustained concentra-
tion, which involves both motor response suppression and
interference inhibition.’” A previous meta-analysis on
functional magnetic resonance imaging among patients
with ADHD found that the right dIPFC is more related to
attention, while the right inferior frontal junction and the
left caudate head are more associated with motor
response inhibition and interference inhibition, respec-
tively.' Thus, although we failed to find a signifi-
cant correlation between rTMS targeting the IPFC and
improved inattention symptoms, the evidence was not
strong enough to rule out any benefits from targeting the
IPFC in other cognitive dysfunctions. For instance,
another meta-analysis investigating the effects of brain
stimulation on ADHD symptoms found that (mainly)
anodal (i.e., 10 of 12 studies) tDCS targeting the left
dIPFC that was (mainly) administered in a single session
(i.e., 11 of 12 studies) was more efficacious than sham
treatment for the inhibition task but not the attention
task.'® Therefore, it is possible that not only are different
brain regions responsible for various cognitive functions
(i.e., the right dIPFC for attentional function and the right
inferior frontal junction for inhibitory control), but brain
lateralization may also play a part.'”*® Prior evidence
seems to indicate that attentional control is more related
to the right dIPFC, the area immediately beneath the
rTMS stimulation site in the rPFC. Together with our
finding that only rTMS targeting the rPFC could improve
inattention symptoms (but not hyperactivity or impulsivity
symptoms), our results further suggest the importance of
the rTMS site for optimal therapeutic effects.

Our analysis did not show significantly greater improve-
ment in depressive symptoms in the rTMS group than the
control group despite the fact that alleviating depressive
symptoms is the most important indication for rTMS in the
general population.*® However, because only three
studies provided data on depressive symptoms,2”:2%:39
our evidence is inconclusive. More importantly, since
depressive symptom improvement was not the primary
outcome in all of the included studies that reported a
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minimal baseline depression score for most participants
(i.e., below the cut-off scores for mild depressive
symptoms),2”:2%39 the lack of correlation between rTMS
and depressive symptom improvement should not be
applied to individuals with comorbid clinically diagnosed
depression. In terms of treatment acceptability, there was
no significant difference in the OR of dropout between the
rTMS and control groups, despite an apparently higher
risk in the rTMS group, indicating comparable accept-
ability. The only reported adverse effects of rTMS
treatment were mild discomfort, including transient head-
aches and scalp discomfort. Overall, rTMS treatment
seemed well-tolerated in most participants.

Regarding the impact of age on treatment efficacy, the
study that primarily enrolled adolescents (i.e., mean age
18.11 [range 14-21] years)® had a larger ES (0.48) than
all six studies combined (0.24). Considering the mean
overall participant age of 32.67 years in our review, one
study that recruited relatively young participants (mean
age 27.1 years)?® also had a relatively larger ES (0.88)
than the others.?”283942 Thys age may have affected
the efficacy of rTMS for ADHD. Indeed, brain develop-
ment varies with age in the normal population, and slower
development has been observed in individuals diagnosed
with ADHD.*° Considering the advantage of stimulating
the brain while it still has a high level of neuroplasticity,®" it
is possible that rTMS therapy may have better outcomes
in in younger populations than older populations. Since a
reliable meta-regression analysis was impossible in this
review due to the limited number of eligible trials (i.e., <
10) further clinical investigations are needed to verify our
findings.

The current meta-analysis had several important
strengths. Considering the notable placebo effect asso-
ciated with rTMS in a previous meta-analysis,*® we only
included RCTs with sham controls to minimize this risk.
Moreover, our inclusion of studies with similar rTMS
protocols, such as high frequency (> 10 Hz), reduced
heterogeneity and enabled more reliable comparison
between IPFC and rPFC treatment. One of the most
important findings was the large discrepancy in thera-
peutic efficacy of rTMS targeting the rPFC and the IPFC.
However, our meta-analysis has some limitations. First,
our findings, which are based on only six RCTs with a
total of 169 participants, may not be robust enough to
provide solid evidence. Second, because four of the six
included trials were conducted in Israel and the remaining
two in the United States, our results may not apply to
populations from other regions. Third, all of included
studies enrolled adults, with five focusing exclusively on
adults. Although the other study also recruited adoles-
cents, the mean participant age was 18.11 years.®®
Therefore, our results may be more representative of
the adult population. Fourth, since we used only self-rated
assessment tools for outcome measurements, our results
may not reflect improved neurocognitive ability. Fifth,
because only two studies provided information on follow-
up efficacy > 4 weeks after treatment,?”*° we only
analyzed treatment outcomes immediately after the final
treatment session. Thus, the long-term effects of rTMS
on ADHD symptoms remain unclear. Finally, the limited
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number of eligible trials precluded a reliable meta-
regression analysis to identify other factors (i.e., age
and sex) that could influence the therapeutic efficacy of
rTMS for ADHD symptoms. Further large-scale clinical
trials are needed to determine the best rTMS protocols for
ADHD.

This review found that rTMS only had therapeutic
efficacy for ADHD symptoms (particularly inattention)
when targeting the rPFC, not the IPFC. However, due to
the limited number of included trials and that factors such
as age and brain stimulation region may have influenced
the therapeutic efficacy of rTMS, further large-scale RCTs
with younger participants that separately target the rPFC
and IPFC are needed.
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