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Abstract

Background: Anxiety disorders such as generalized anxiety disorder (GAD) impact 10% of the US population, and many patients
do not completely respond to first-line treatments (e.g., selective serotonin reuptake inhibitors, serotonin-norepinephrine
reuptake inhibitors, and psychotherapy). Given the dearth of evidence for non-pharmacologic, non-psychotherapeutic
interventions, we performed a systematic review and meta-analysis of repetitive transcranial magnetic stimulation (rTMS)
in adults with GAD.

Methods: A systematic literature review using the Preferred Reporting Items for Systematic reviews and Meta-Analyses
guidelines was conducted. Pre- and post-treatment anxiety scores were extracted, and a random-effects meta-analysis
was conducted to determine the magnitude of improvement (standardized mean difference). Standard assessments of
heterogeneity (e.g., Q-statistic, I?, and 12) and publication bias were performed.

Results: The initial search resulted in 3194 citations, of which 6 studies were included in the meta-analysis. In total, 152
patients were studied, including 97 patients who received active treatment and 55 who received sham treatment, and
heterogeneity was modest (I? 13.32, Q=5.77). In patients with GAD, rTMS produced a standardized mean difference of -1.857
(confidence interval: —2.219 to —1.494; P<.001) with a prediction interval of —2.55 to -1.16.

Conclusions: The results suggest a robust effect of rTMS in GAD in the context of limited, heterogenous studies. Rigorously
designed, randomized controlled trials of rTMS for GAD and related anxiety disorders are urgently needed. These studies will
provide opportunities for biomarker development and integration of concurrent evidence-based psychotherapy to maximize
results.
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One in 10 adults meet DSM-5 criteria for an anxiety disorder in
any given year (American Psychiatric Association, 2013). Anxiety
disorders often emerge in childhood and are associated with
substantial disability. Generalized anxiety disorder (GAD) is
one of the most common anxiety disorders, characterized by
a chronic, recurrent course (Strawn et al., 2021). In the Unite
States, GAD accounts for 110 million disability days annually and
may confer the greatest economic burden related to disability
among all anxiety disorders (Revicki et al., 2012). Pharmacologic
treatment of GAD often involves selective serotonin reuptake
inhibitors and serotonin-norepinephrine reuptake inhibitors.
Importantly, 50% of patients may not respond to the first-line
treatment (Ansara, 2020), and treatment resistance in GAD is
understudied. There are limited data for the second-line or aug-
mentation strategies. Given common, inadequate treatment
outcomes and shortcomings of available treatments (e.g., se-
lective serotonin reuptake inhibitors, serotonin-norepinephrine
reuptake inhibitors, combined use of medications and psycho-
therapy), novel, brain-based, targeted interventions are urgently
needed. One such treatment, repetitive transcranial magnetic
stimulation (rTMS or TMS), was first approved by the US Food
and Drug Administration for major depressive disorder treat-
ment in 2008. Treatment with TMS may have utility in anxiety
disorders (Lisanby et al., 2002).

The initial studies and conceptual models regarding the
application of TMS for GAD are promising. However, there are
substantial knowledge gaps with how and when to dose TMS
for anxiety disorders in adults and youth. Systematic infor-
mation would assist with hypothesis generation, conceptual
models, and pivotal study designs. This study sought to per-
form an exhaustive systematic review and meta-analysis fo-
cused on treating GAD with TMS. It was expected that existing
TMS studies of anxiety would demonstrate comparable effect
sizes with depression trials of TMS. A systematic review was
conducted in accordance with the Preferred Reporting Items
for Systematic reviews and Meta-Analyses guidelines. A med-
ical librarian assisted with the development and execution of a
suitable search strategy. Overall, 5367 citations were identified
by the searches; after deleting the duplicates, this number was
3194, of which 202 potentially eligible articles were retrieved.
Thereafter, 59 were selected based on therapeutic TMS use in
anxiety disorders. The final inclusion step involved selecting
articles that studied GAD as a primary or co-morbid diagnosis
and studied the role of TMS in anxiety disorders, whether done
in a randomized controlled trial or as an open-label trial. Case
reports and case series were excluded. Six studies were finally
included for the meta-analysis.

Study name Statistics for each study

Std diff Standard Lower  Upper

in means error Variance  limit limit  ZValue p-Value
-1.286  Diefenbach et al., 2016 0.440 0193 -2.148  -0.424 -2.924 0.003
-2.268  Bystritsky et al., 2008 0.598 0.357 -3.440  -1.097 -3.795 0.000
-1.412  Huanget al., 2018 0.373 0139 2142  -0.682 -3.790 0.000
-2.147  White & Tavakoli, 2015 0.504 0254 -3.135  -1.159 -4.258 0.000
-1.907 Luetal, 2018 0.317 0.101 -2529 -1.285 -6.011 0.000
-2.431 Dilkovet al., 2015 0.425 0.181 -3.264  -1.598 -5.721 0.000
-1.857 0.185 0.034 -2219 -1.494 -10.048 0.000
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For each study, the number of patients included in the study
were collected along with the rating scales used to assess the dif-
ferences in anxiety rating pre- and post-treatment. These data
primarily included an anxiety rating scale that was performed
and reported as a mean score SD as well as the same numbers
post-treatment. For example, if anxiety was assessed using
Hamilton Rating Scale for Anxiety, data on mean anxiety score
in each arm (active and sham) at baseline and post-treatment
were collected and used for meta-analysis. In studies that had
a single arm, the data included all patients’ pre- and post-
treatment anxiety ratings. With the inclusion of these 2 types of
data, the overall data included 2 formats: (1) paired outcome data
when studies did not have a comparison arm, and (2) the data in
each arm: active treatment and sham. We used Comprehensive
Meta-Analysis software (Version 3, developed by Biostat Inc., NJ,
USA) to conduct this meta-analysis. The random-effects model
was used (Borenstein et al., 2010), which included the point esti-
mate of effect size, standard error, variance, and 95% confidence
interval of the point estimate (upper limit and lower limit of the
point estimate). Null hypothesis that the treatment with TMS
had no greater benefit than sham was tested with 2-tail Z value
along with the reported P value for the test of null hypothesis.
Statistical heterogeneity was quantified with standard measures:
the Q statistic (i.e., weighted sum of squared differences between
individual study effects and the pooled effect across trials), de-
grees of freedom for Q statistic and a P value for Q statistic, I* (i.e.,
heterogeneity-related variance rather than variance attributed to
sampling error), and 2 (i.e., variance among true effect sizes).

A total of 6 clinical studies were found after the literature
search. Three studies used a 2-arm randomized controlled trial
design with active and sham TMS. Three studies were open-label
in nature as all participants received active TMS. All studies in-
cluded results of mean differences in anxiety rating scores be-
fore and after the TMS treatment. The 6 studies included in the
analysis involved a total of 152 patients and included 97 patients
who received active treatment and 55 who received placebo. The
studies included delivery of total TMS sessions ranging from 6 to
36. All studies were conducted in the outpatients.

The results are in Figure 1. The meta-analytic estimate of
standardized mean difference is -1.857 (confidence interval:
-2.219 to -1.494; P<.001), indicating that, on average, TMS de-
creased anxiety scores by —-1.857 SDs compared with the sham
treatment. There was moderate heterogeneity. Q was 5.768
(P=.329) and I was 13.32%. The variance of true effects, ?, was
0.028. Finally, the prediction interval was —2.55 to -1.16, meaning
that the true effect size in 95% of all comparable populations
falls in this range. The prediction interval range does not include
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Figure 1. Transcranial magnetic stimulation (TMS) in adults with generalized anxiety disorder.
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zero and implies consistent effects across all studies in one dir-
ection, that is, reducing anxiety scores. We would expect that
in some 95% of all populations comparable with those in the
analysis, the true effect size will fall in this range. Collectively,
the results suggest that TMS treatment for GAD reduced anxiety
scores across all populations.

This review and meta-analysis suggest that TMS has promise
as a treatment for adults with GAD and produces large effect sizes
similar to or greater than meta-analyses of TMS in major depres-
sive disorder. Further, TMS has been associated with improved
emotion regulation in GAD, which may have transdiagnostic ap-
plication across other anxiety disorders as well as posttraumatic
stress disorder and obsessive-compulsive disorder, which can
also be characterized by emotional dysregulation (Diefenbach
et al.,, 2016). Last, future studies that incorporate TMS and par-
allel examinations of the pathophysiology of GAD may reveal
novel predictors of treatment response and enhance our under-
standing of the pathoetiology of GAD. While our findings are
not sufficient to change clinical practice, our findings suggest
the potential utility of TMS in GAD. A major question would be
whether TMS could be considered a first-, second-, or third-line
treatment. Overall, safety data are promising. Seizure is one of
the most significant overall risks, and it is important to follow
appropriate treatment guidelines and available evidence to re-
duce the change of seizures (Wassermann, 1998; Rossi et al.,
2009). Our literature search indicates the overall safety of TMS in
those with GAD, and no significant serious adverse events were
noted to be attributable to TMS except for 1 case of generalized
tonic-clonic seizure in 1 of the 6 studies included in our analysis.

The significant limitations of this systematic review and
meta-analysis are (1) only 6 studies were available, each with
relatively small sample sizes; (2) open-label and randomized
controlled studies were combined for the estimated effect sizes
as part of meta-analysis; and (3) studies were conducted in dif-
ferent countries. The following are particular strengths of this
article: (1) since the GAD is not currently US Food and Drug
Administration approved, a meta-analytic approach could guide
researchers in the future and effect size derived from such work
has a value in this regard; and (2) we report the detailed bio-
statistical outcome data previously not presented in the meta-
analysis on this topic.

Although there are limitations as outlined in this article, the
meta-analysis findings indicate robust response in GAD using
TMS. If these can be replicated in satisfactory clinical studies,
there is a potential for indicated TMS use in GAD for the adults
based on this data. At this time, TMS carries no indication in the
adolescent population. In the context of the onset of anxiety
disorders being early in life, adolescent use of TMS is particu-
larly worth exploring. TMS represents an emerging treatment
that may have significant clinical utility in patients with GAD,
a debilitating psychiatric disorder with modest responsiveness
to conventional treatment strategies. Currently, however, there
are few randomized sham-controlled clinical trials, and further
research is warranted, including in the adolescent population.
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