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Department of Psychiatry, Affiliated Mental Health Center & Hangzhou Seventh People’s Hospital,
Zhejiang University School of Medicine, Hangzhou, Zhejiang, China

Background: Major Depressive Disorder (MDD) is occurring at a progressively
younger age, and suicide is now the second leading cause of death among
adolescents with MDD. Studies have shown that structural magnetic resonance
imaging (sMRI) can improve the positioning accuracy and anti-depressant effects
of repetitive transcranial magnetic stimulation (rTMS), thereby reducing
suicidal ideation.

Objective: To compare the efficacy of sMRI-guided rTMS combined with
pharmacotherapy, surface 5-cm rTMS positioning combined with
pharmacotherapy, and pharmacotherapy alone on reducing depressive
symptoms and suicidal ideation (SI) in MDD adolescents.

Methods: This was an open-label study of adjustable-dose pharmacotherapy
combined with rTMS for the treatment of depressive symptoms and suicidal
ideation in MDD adolescents. The three study groups were as follows: sMRI
navigation for individualized rTMS coordinates targeting the dorsolateral
prefrontal cortex (DLPFC) and in combination with pharmacotherapy for 10
rTMS sessions over two weeks; surface 5-cm positioning for DLPFC in
combination with pharmacotherapy for 10 rTMS sessions over two weeks;
pharmacotherapy. All patients received only one type of SSRIs anti-depressant.
A total of 123 Chinese adolescents aged 13-18 with MDD were enrolled, and
psychological parameters were evaluated in the first and second weeks
of treatment.

Results: Following treatment, the clinical symptoms improved in all three groups.
The sMRI navigation group exhibited significantly more improvement in
depressive symptoms and suicidal ideation, without severe adverse reactions.
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Conclusion: Ten sessions of rTMS treatment are feasible and effective in
improving depressive symptoms and reducing S| in MDD adolescents. The
combination of sMRI navigation rTMS and pharmacotherapy was found to yield

the best outcomes.

Clinical trial registration: https://www.medicalresearch.org.cn/index, identifier

MR-33-24-030536.

adolescent psychiatry, depressive disorders, suicide, magnetic resonance imaging,
transcranial magnetic stimulation

1 Introduction

Major depressive disorder (MDD) is a severe condition
acknowledged worldwide as a major factor for disability and
functional impairment (1). Adolescence and young adulthood are
peak periods for the onset of major depressive disorder (MDD) (2).
Early-onset depression negatively impacts physical and mental
development and is associated with poorer academic, occupational,
and social achievements (3). Furthermore, depressive episodes during
adolescence are linked to an increased risk of suicide, psychiatric and
medical comorbidities, as well as a heightened risk of major
depressive and anxiety episodes later in life (4). Suicide has been
identified as the second most prevalent cause of death among
adolescents with MDD (5). To mitigate the impact of depression
among young individuals, it is essential to select treatments that are
both effective and safe, while also identifying vulnerability factors
early in MDD to inform targeted prevention and early intervention
strategies (6, 7). Despite the proven effectiveness of pharmacotherapy
and psychotherapy (8), challenges remain with the use of
pharmacotherapy in clinical practice (9). These include poor
acceptance by parents, low medication adherence, limited drug
choices for adolescents, and the potential risk of suicide associated
with the use of anti-depressants (10). Although the therapeutic
benefits of modified electroconvulsive therapy (MECT) have been
reported, there is still a lack of comprehensive research on its
application in adolescent patients (11). The efficacy, risk-benefit
ratio, and ethical considerations regarding informed consent for
MECT in this population are the subject of ongoing controversy
(12). Consequently, there is a pressing need to explore alternative
treatment approaches that are both safe and effective in improving
depressive symptoms in minors with MDD.

Repetitive Transcranial Magnetic Stimulation (rTMS) is a non-
invasive therapeutic approach. rTMS is based on the physical
principle of electromagnetic induction, whereby a magnetic field
is generated through a transcranial magnetic stimulation coil. This
leads to the production of an induced electric field within the
cerebral cortex that is sufficient to elicit action potentials in neurons
within the targeted brain region. In 2008, the Food and Drug
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Administration (FDA) approved application of 10 Hz high-
frequency rTMS to the left dorsolateral prefrontal cortex
(DLPFC) in adults with treatment-resistant depression (13). The
DLPEC is primarily associated with negative thought patterns and
feelings of hopelessness. Dysfunction in this region is an integral
part of the pathophysiology of MDD and may lead to deficits in
negative cognitive regulation (14). The activity of the DLPFC is
often suppressed in patients with depression. Numerous clinical
studies have demonstrated that rTMS at this site can help to restore
the function of DLPFC, thereby improving mood and depressive
symptoms (15). In addition to improving depressive symptoms,
some studies have also shown that rTMS on the DLPFC can
significantly decrease suicidal ideation in MDD patients (16).
Several systematic reviews have concluded that traditional rTMS
based on the 5-cm positioning method is a valuable therapeutic
option for adolescent depression (17, 18). A series of
high-frequency rTMS is effective for the treatment of depressive
disorders in adolescents, while also significantly reducing SI. Zhang
(19) reported this treatment has superior anti-depressant efficacy in
adolescents compared to adults. In the evaluation of stimulation
parameters, the study by Wall indicated that applying 10Hz rTMS
at 120% of the motor threshold to the left DLPFC can effectively
reduce the severity of depression in adolescents, without serious
adverse effects (20). High-frequency rTMS can alter the inhibition-
excitation imbalance associated with MDD in the cortical and
limbic brain areas. This results in better efficacy against
depression and reduced SI, with good tolerance and no significant
adverse reactions (21).

The clinical efficacy of rTMS is known to be influenced by
stimulation parameters such as the target site and the intensity,
duration, and frequency of stimulation (22). The most commonly
used strategy to position the DLPFC target site is to place the TMS
coil 5 cm anterior to the primary motor cortex representing the
hand, with measurement along the scalp curvature. This is known
as the 5-cm rule. However, this method may be inaccurate for
several reasons (23). The use of an absolute distance such as 5 cm
introduces significant bias related to head size, since larger heads
have a greater distance between the motor cortex and the DLPFC.
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Herwig et al. showed that the “5-cm rule” accurately positions the
DLPEFC target site in only about 30% of cases, and often positions
the site behind the DLPFC (24). Structural Magnetic Resonance
Imaging (sMRI)-based rTMS effectively addresses the inaccuracy of
the surface 5-cm positioning method and has been adopted for head
positioning treatment in adult MDD patients. A systematic review
found that sMRI-guided TMS treatment gave a response rate of 15%
to 83% in MDD adults, while also reducing SI (25-27). However,
studies on MRI-guided rTMS treatment are very limited for
adolescents. Suicidal behavior in adolescent patients underscores
the need to explore more optimized treatment plans in clinical
settings (28). With this background in mind and based on
high-frequency rTMS positioning in MDD adults, we evaluated
the efficacy of sMRI-guided positioning combined with
pharmacotherapy for the treatment of depressive symptoms and
SI in MDD adolescents. This approach was compared to surface 5-
cm-guided rTMS positioning combined with pharmacotherapy,
and pharmacotherapy alone. The results of this study provide
new insights for the individualized treatment of MDD adolescents.

2 Method
2.1 Inclusion criteria

From April 2022 to December 2023, MDD patients were
recruited at the Hangzhou Seventh People’s Hospital according to
the following inclusion criteria: (1) age 13-18 years (inclusive); (2)
meet the criteria for current MDD according to the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (DSM-1V), as
assessed by two professional psychiatrists using the Mini
International Neuropsychiatric Interview (MINI); (3) Han
ethnicity; (4) right-handed; (5) score of 214 on the 17-item
Hamilton Depression Rating Scale (HAMD-17); (6) score of non-
zero for items four and five of the Beck Scale for Suicide Ideation-
Chinese Version (BSI-CV); (7) no medication taken for two weeks
prior to enrollment, and only one type of SSRIs anti-depressant used
after enrollment, with no change in the type of medication, although
dosage adjustments were made based on clinical conditions.
The exclusion criteria were as follows: (1) contraindications for
MR, such as metal implants; (2) complication with severe somatic
disease, including inflammatory diseases and autoimmune diseases;
(3) current or past neurological diseases or history of brain trauma;
(4) history of manic or hypomanic episodes. Upon enrollment, all
patients must undergo the Structured Clinical Interview for DSM
(SCID) assessment. This study was approved by the Ethics
Committee of the Hangzhou Seventh People’s Hospital [ethics
approval number (078) of 2022]. The study followed the guidelines
of the Declaration of Helsinki. Prior to the study, all participants and
their parents or legal guardians provided written informed consent.

2.2 Enrollment process

All enrolled MDD adolescents were allocated of their own free will
into one of three groups with open labels: sMRI-guided positioning

Frontiers in Psychiatry

10.3389/fpsyt.2024.1485878

combined with pharmacotherapy (sMRI navigation group), surface
5-cm positioning combined with pharmacotherapy (5-cm positioning
group), and pharmacotherapy alone(pharmacotherapy group). All
participants in the sMRI navigation and 5-cm positioning groups
received rTMS treatment once per day and five times per week (total
of 10 rTMS sessions over 2 weeks) in conjunction with
pharmacotherapy, while the pharmacotherapy group received only
the pharmacotherapy regimen. The type of anti-depressant medication
taken during the treatment period was not altered, with the medication
dosage adjusted according to the clinical condition. In addition,
patients with sleep disorders were also given benzodiazepine-class
sleep aids.

2.3 sMRI precise positioning

Patients received an MRI scan at baseline. MRI data were
acquired using the MAGNETOM Prisma 3.0T MRI system and
included three-dimensional (3D), high-resolution T1-weighted
images and dynamic imaging of brain function of the scalp and 1-
mm brain slices. Individual MRI structural and functional images
were used to build the 3D model and to calculate the TMS target area.
3D spatial coordinates of individual target areas were derived using
brain region templates. The relative position of TMS on the brain was
determined by deep learning and image registration with the help of a
navigational 3D camera and TMS locator. The TMS target site and
TMS coil can be monitored visually after 3D rendering, and the coil
focus can be oriented in real-time to the target site. This enables
precise navigational positioning and TMS treatment (Figure 1).

2.4 rTMS protocol

This study utilized a RT-100 magnetic field stimulator (Sichuan
Junjian Wanfeng Medical Equipment) equipped with an integrated
liquid cooling system (internal circulation) and a figure-eight coil
(model CBO085A, coil specification 85 mm). The resting motor
threshold (RMT) for each participant was determined according to
standard clinical practice. The stimulation site was the DLPFC, with
the sMRI navigation group targeting the MNI coordinates (-26; 44;
49), and the 5-cm positioning group targeting 5 cm anterior to the left
MI1. RTMS was conducted at 90% RMT intensity and 10Hz for a total
of 2400 pulses. This included a sequence of 4 seconds on and 16
seconds off, for 19 minutes and 44 seconds. The treatment comprised
10 sessions, with one session per day. RMT was defined as the
minimum rTMS intensity required to induce a motor response in the
contralateral resting abductor pollicis brevis muscle.

2.5 Clinical assessment

The HAMD-17 scale and subscale score was used as the primary
outcome measure and was assessed at baseline, after 5 sessions of
rTMS (1 week), and after 10 sessions of rTMS (2 weeks). The BSI-
CV and subscale was used as the secondary outcome measure and
includes the intensity of SI and the risk of suicide. BSI-CV was also
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FIGURE 1

sMRI precise positioning.

assessed at baseline and after 1 week and 2 weeks of rTMS. The
results for the timeline “at the most despondent, most depressed” in
the BSI-CV scale were almost identical to those prior to treatment
and thus did not show a treatment effect. Data from the second
assessment were therefore analyzed on the “past week” timeline.
Taking into account the impact of medication before and after
treatment, we used changes in medication dosage as a covariate.
Based on the literature (29), we equated 100 mg of sertraline to 20
mg of fluoxetine and 10 mg of escitalopram. This study also
compared the treatment efficacy among three groups of MDD
adolescents, where treatment responders or those with effective
treatment were defined as individuals with a reduction of 50% or
more in HAMD-17 scores post-treatment.

2.6 Statistical analysis

Statistical analyses were conducted using SPSS 27.0 (IBM, USA)
and GraphPad Prism 7.0 (GraphPad Software). Categorical
variables were presented as frequency and proportion, with
comparisons between groups were made using the chi-square test.
Continuous variables with a normal distribution were reported as
means and standard deviations. A two-way repeated measures
ANOVA was used to analyze main and interaction effects across
three treatment groups and three time points for all outcomes.

10.3389/fpsyt.2024.1485878

Additionally, the difference scores from baseline were assessed
using the same method. Post hoc pairwise comparisons were
performed with Bonferroni adjustments for multiple comparisons,
applying a significance level of a=0.05. The Bonferroni-adjusted
significance level for each comparison was set at 0.016.

3 Results
3.1 Clinical and behavioral characteristics

All patients met the preliminary diagnosis of MDD. A total of
130 patients were screened, of which four patients failed the
screening, two failed to complete the MRI examination, and one
withdrew from the study due to early discharge after screening. Of
the final 123 enrolled patients, 44 were complicated with anxiety
disorders, one with obsessive-compulsive disorder, and one with
attention deficit disorder. The final analysis included 33 patients in
the sMRI navigation group, 41 in the 5-cm positioning group, and
49 in the pharmacotherapy group. With all three groups,
assessments were carried out at baseline and after the first and
second weeks of enrollment. The three groups showed no
significant differences (P > 0.05) in baseline clinical characteristics
such as age, gender, education level, disease duration, and family
history of mental illness (Table 1). All enrolled patients took only

TABLE 1 Clinical characteristics of the sMRI navigation, 5-cm positioning, and pharmacotherapy groups.

sMRI navigation

n=33
Age (years) 16.52 + 2.76
Gender (male/female)% 8(24.2)/25(75.8)
Education (years) 7.97 + 1.81
Disease duration (months) 10.78 + 4.39

Family history (positive/negative)% 3(9.0)/30(91.0)

“One-way ANOVA.
"Chi-square test.
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5-cm positioning Pharmacotherapy
n=41 n=49
16.41 +2.53 16.14 + 135 0.068"
9(21.9)/32(78.1) 11(22.0)/38(78.0) 0.971°
7.46 + 1.61 7.78 + 1.55 0.408°
11.65 + 3.58 10.89 + 3.79 0.556"
6(14.6)/35(85.4) 7(14.2)/42(85.8) 0736
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one kind of anti-depressant medication during the rTMS period,
with 113 taking Selective Serotonin Reuptake Inhibitors (SSRIs), 74
taking sertraline (dosage range 50-150 mg), 31 taking fluoxetine
(dosage range 20-60 mg), 18 taking escitalopram (dosage range 10-
20 mg), and 75 patients taking benzodiazepine sleep medication
in addition.

3.2 Main effect test of HAMD total score
and its factor score

Normal and variance homogeneity tests were performed on the
total score and factor scores of HAMD in the 3 groups at different time
points during treatment. The data that met the normal test were tested
by two-way repeated measures ANOVA. After 2 weeks of treatment,
the HAMD scores and their subscale scores were all decreased in the
sMRI navigation group, the 5-cm positioning, and the
pharmacotherapy group compared to baseline. All emotional scores
and their subscale scores were significantly reduced as the
corresponding treatments progressed (Figure 2; Table 2). There was
significant interaction between time and grouping in HAMD score
(F=11.223, p<0.001), somatic/anxiety factor (F=4.151,p<0.001) and
retarding factor score (F=7.262, p<0.001).These results indicate that
the time factor has different effect on the emotional state of patients

10.3389/fpsyt.2024.1485878

with different treatment methods. Therefore, the time effect and the
intergroup effect were tested separately for the three groups of patients.

3.3 Individual effect test of HAMD total
score and subscale scores

Two-way repeated measures ANOVA was used to compare the
changes in HAMD scores and subscale scores at baseline, 1 week
and 2 weeks within the three groups. There were no statistically
significant differences in the total HAMD scores and its subscale
scores among the three groups of patients at baseline (P>0.05). The
total HAMD score and its subscale scores were compared within
each of the three groups, showing significant differences: baseline >
1 week after treatment >2 weeks after treatment (P<0.001). At the
end of the first week of treatment, the total HAMD scores in the
SMRI navigation group were lower than those in the 5-cm
positioning group (P <0.001) and pharmacotherapy alone group
(P <0.001), and the scores in the 5-cm positioning group were lower
than those in the pharmacotherapy alone group (P <0.001). At the
end of the first week, the sMRI navigation group had lower anxiety/
somatization scores than both the 5-cm positioning group and the
pharmacotherapy alone group (P<0.001 for both), and the 5-cm
positioning group scored lower than the pharmacotherapy alone

1) HAMD 2) retardation 3) somatization/anxiety
10 15
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HAMD total score, subscale scores, BSI-CV total score, Sl intensity, and suicide risk score in the three groups at baseline and after one and two
weeks of treatment. Group 1: sMRI navigation group; Group 2: 5-cm positioning group; Group 3: pharmacotherapy group; 1) Trend in HAMD-17
score changes; 2) Trend in HAMD-17 retardation factor score changes; 3) Trend in HAMD-17 anxiety/somatization factor score changes; 4) Trend in
HAMD-17 weight change factor score changes; 5) Trend in HAMD-24 cognitive impairment factor score changes; 6) Trend in HAMD-17 sleep
disturbance factor score changes; 7) Trend in BSI-CV score changes; 8) Trend in Sl score changes; 9) Trend in suicide risk score changes.
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TABLE 2 Comparison of scale scores between the three groups at baseline and after treatment.

10.3389/fpsyt.2024.1485878

Scale Group Baseline First week Second week F P
SMRI navigation 2524 + 4944 12.58 + 2.750%¢ 8.48 + 2.852°%% 96.828 <0.001
5-cm positioning 24.17 + 4.410 15.15 + 3.511999¢ 10.59 + 3.493°°9¢ 22.013 <0.001

HAMD-17 total score Pharmacotherapy 25.92 +5.024 1951 + 3.015%°°7 1359 + 1,936 0.343 <0.001
F 1.483 35.699 23.841
P 0.231 <0.001 <0.001

SMRI navigation 6.88 + 2.859 3.242 + 0.308°°%° 1.697 + 0.220°°%° 13.089 <0.001

5-cm positioning 6.54 + 2.829 4.818 + 0.427°°%° 3.394 + 0.334°°9° 0.557 <0.001

Somatization/Anxiety subscale score Pharmacotherapy 7.33 £ 1.651 6.48 + 0.262°%%° 6.48 + 0.262 0.24 <0.001
F 1.189 25.330 37.195
P 0.308° <0.001 <0.001

SMRI navigation 1.36 + 0.489 0.64 + 0.103 0.51 + 0.149 9.191 <0.001*

5-cm positioning 1.34 £ 0.530 0.68 + 0.150 0.68 + 0.150 7.509 <0.001

Weight change score Pharmacotherapy 1.47 £ 0.544 0.69 + 0.121 0.49 +0.114 11.636 <0.001
F 0.762 1.584 6.191
P 0.469 0.209 0.398

SMRI navigation 5.06 + 1.676 3.64 + 1.055 233 £0.777 0.173 <0.001

5-cm positioning 549 +2.293 4.02 £ 1.753 2.63 +0.428 0.046 <0.001

Cognitive impairment score Pharmacotherapy 541 + 1.257 345+ 1.276 227 £0.974 11.544 <0.001
F 0.590 6.594 4.301
P 0.556 0.153 0.265

SMRI navigation 6.76 + 2.634 3.273 + 0.2807° 2.152 + 0.335"%¢ 25.691 <0.001

5-cm positioning 6.10 + 2.577 3.576 + 0.254° 2.576 + 0.185° 3.715 <0.001

Retardation score Pharmacotherapy 6.576 + 0.268 5.455 + 0.243%9%° 3.939 + 0.1947%%% 0.32 <0.001
F 1.676 18.531 13.371
P 0.191 <0.001 <0.001

SMRI navigation 4.88 + 1.341 3.09 + 0.980 1.67 £ 0.924 171 <0.001

5-cm positioning 4.76 + 1.445 3.20 + 1.346 1.71 £ 0.655 0.032 <0.001

Sleep disorder score Pharmacotherapy 4.53 + 1.569 3.24 +1.283 1.76 + 0.596 1.581 <0.001
F 0.599 0.311 0.373
P 0.551 0.733 0.689

Two-way repeated measures ANOVA.

® Compared with baseline score in the group, P<0.16.

® Compared with 1 week after treatment, P<0.16.
® Compared with 2 weeks after treatment, P <0.16.

@ Compared with the sMRI navigation group, p<0.16.

® Compared with the 5-cm positioning group, p<0.16.

® Compared with the Pharmacotherapy group, p<0.16.
Bolded P-values indicate statistical significance (P < 0.016).

group (P <0.001). For the retardation score, both the sMRI
navigation group and the 5-cm positioning group scored lower
than the pharmacotherapy alone group (P <0.001), but there was no
significant difference between the sMRI navigation group and the 5-
cm positioning group (P =0.092). At the end of the second week, the
sMRI navigation group had lower total HAMD and anxiety/
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somatization scores than both the 5-cm positioning and
pharmacotherapy alone groups (P <0.001 for all comparisons).
The 5-cm positioning group also scored lower than the
pharmacotherapy alone group (P <0.001). For retardation scores,
both the sMRI navigation and 5-cm positioning groups scored
lower than the pharmacotherapy alone group (P <0.001), but there
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was no significant difference between the sMRI navigation and 5-
cm positioning groups (P =0.086). More details can be found in
Table 2 and Figure 2.

3.4 Comparison of antidepressant
treatment efficacy in MDD patients

The proportion of treatment responders in the sMRI navigation
group reached (57.57%, 19/33) in the first week, which was higher
than that in the 5-cm positioning group (31.70%, 13/41) and the
pharmacotherapy group (20.0%, 10/49), showing a significant
difference in treatment efficacy among the three groups (p=0.002).
In the second week of treatment, the proportion of treatment
responders in the sMRI navigation group increased to 84.84% (28/
33), which was higher than that in the 5-cm positioning group
(60.97%, 25/41) and the pharmacotherapy group (46%, 23/49), with
significant differences in treatment efficacy among the groups
(p=0.002). Further comparison revealed significant differences in
the reduction rates of the retardation subscale scores (p<0.001) and
the somatization/anxiety subscale scores (p<0.001) among the groups
in the first week. In the second week, significant differences were
found among the groups [retardation subscale (p<0.001);
somatization/anxiety subscale: (p<0.001)]. Post-hoc pairwise tests
revealed that the differences in reduction rates primarily stemmed
from comparisons between the sMRI navigation group with the 5-cm
positioning and pharmacotherapy groups. The sMRI navigation
group showed significantly higher reduction rates in the
somatization/anxiety and retardation subscale scores in both the
first and second weeks. More details can be found in Figure 3.

3.5 Main effect test of BSI-CV total score
and subscale scores

Normality and variance homogeneity test were performed on
the total BSI-CV score and subscale scores of the 3 groups of
patients at different time points during treatment, and the results
showed that the total BSI-CV score, SI intensity and suicide risk
score of the 3 groups of patients all followed normal distribution
and variance homogeneity (P >0.05). The baseline BSI-CV scores
among the three groups were not significantly different, indicating
no statistically significant differences in suicide at baseline among
the three groups (p>0.05). The results showed that time and group
had significant interaction on BSI-CV total score (F= 2.031,
P <0.001)and SI intensity(F= 7.626, P <0.001). It shows that the
effect of time on SI intensity with different treatment methods.
Therefore, the time effect and the intergroup effect were tested
separately for the three groups of patients.

3.6 Individual effect test of BSI-CV total
score and its subscale scores

After 2 weeks of treatment, the BSI-CV score and their subscale
scores were all decreased in the sMRI navigation group, the 5-cm
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group, and the pharmacotherapy group compared to baseline. All
subscale scores were significantly reduced as the corresponding
treatments progressed (Figure 2; Table 2). There were no significant
differences in the total BSI score and its factor scores at baseline
among the three groups. The results showed that compared with
before treatment, the total BSI-CV score and its subscale scores in
the 3 groups were significantly reduced with the corresponding
treatment progress. The BSI-CV total and subscale scores decreased
significantly over time in all groups: baseline>1week (P <0.001) > 2
weeks (P <0.001). Further, the total score of BSI-CV, SI intensity
and suicide risk scores of the three groups were compared at the
same time point. There were no significant differences between the
three groups in BSI-CV total score, SI intensity and suicide risk at
first week. At the end of the second week of treatment, the total
score of BSI-CV in sMRI navigation was lower pharmacotherapy
alone group(P<0.001), there was no significant difterence between
the other groups(P=0.023). The SI intensity score of sMRI
navigation group was significantly lower than 5-cm positioning
group (P<0.001) and pharmacotherapy alone group (P<0.001), and
there was no significant difference between 5-cm positioning group
and pharmacotherapy alone(p=0.672). There was no significant
difference in suicide risk among the three groups(P=0.744), detailed
results are shown in Table 3.

3.7 Assessment of adverse reactions in
patients of the sMRI navigation group and
the 5-cm positioning group after treatment

When administering rTMS treatment to adolescents with
depression, the most common side effects include dizziness and
localized headaches, but these symptoms can be alleviated after the
treatment concludes. Seizures are the most severe side effect of
r'TMS, and medication use is a possible cause of seizure induction.
Adolescents, as a special group, may have a lower threshold for
seizure induction compared to adults, making it crucial to
understand the patient’s medication history before conducting
rTMS treatment. Additionally, a study pointed out that
excessively high stimulation intensity of rTMS can also induce
seizures, so timely assessment and adjustment of the stimulation
intensity are important measures to ensure the safety of rTMS (30).
During the treatment process, among all adolescent patients
diagnosed with MDD, three patients reported dizziness after the
first rTMS treatment, with an incidence rate of 2.4%. The dizziness
they experienced was mild and transient, resolving after a short rest,
and did not recur in subsequent treatments. The remaining patients
did not report any significant adverse reactions, and no seizures
occurred, indicating a general tolerance and acceptance of
the treatment.

4 Discussion
This study of adolescent MDD patients utilized sMRI-guided

rTMS for precise positioning, as well as multidimensional
assessment of the emotional state and SI before and after rTMS
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FIGURE 3

Reduction rates of HAMD-17 total scores, retardation scores, and anxiety scores. Groupl: sMRI navigation group; Group2: 5-cm positioning group;
Group3: pharmacotherapy group; *p<0.05; **p<0.01; *** p<0.001; **** p<0.0001; NS P>0.05; 1) Week 1 HAMD-17 total score reduction rate
comparison; 2) Week 1 somatization/anxiety reduction rate comparison; 3) Week 1 retardation reduction rate comparison; 4) Week 2 HAMD-17 total
score reduction rate comparison; 5) Week 2 somatization/anxiety reduction rate comparison; 6) Week 2 retardation reduction rate comparison.

treatment. A pharmacotherapy group served as the control. The
sMRI navigation group showed significant and rapid anti-
depressant efficacy, as well as reduced SI. Moreover, adolescent
MDD patients showed high tolerance to 10Hz sMRI-navigated
rTMS. No severe adverse reactions such as serious headaches,
pain at the stimulation site, or epilepsy were encountered during
the treatment period, thus demonstrating the safety and tolerability
of 10Hz sMRI-guided rTMS treatment in MDD adolescents. In
summary, 10Hz sMRI-guided rTMS is a safe, effective, and feasible
anti-depressant treatment. This opens a new strategy for the clinical
treatment of adolescent MDD.

Analysis of the changes in HAMD-17 scores during treatment
revealed a significant interaction between treatment time and
group. This suggests the improvement of clinical symptoms in the
different treatment groups varied with time. After the first and
second weeks of treatment, The sMRI navigation group showed
lower scores and greater efficacy than other groups, the rTMS
combined with pharmacotherapy groups had significantly lower
HAMD scores than the pharmacotherapy alone group.

This suggests that rTMS is effective at stimulating the rapid
onset of action of anti-depressant drugs. The standard rTMS
protocol approved by the FDA for treating adult depression
targets the L-DLPFC with 10Hz stimulation (31). Given that
younger age is a favorable factor for the effectiveness of rTMS,
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researchers have begun to explore the efficacy and safety of rTMS in
children and adolescents to develop suitable protocols for these age
groups. One study showed that after treatment with 10Hz rTMS,
adolescents showed significant improvement in depression
symptoms, as indicated by scores on the Children’s Depression
Rating Scale-Revised (CDRS-R), and there was also significant
improvement in scores on the Clinical Global Impressions-
Severity scale (CGI-S) (32). The rTMS treatment conducted by
Croarkin on 10 adolescents with treatment-resistant depression
showed an increase in the glutamate/glutamine ratio after
treatment, which was negatively correlated with the severity of
depression. This suggests that rTMS may improve depressive
symptoms by modulating glutamate neurotransmission (33). MRI
study also found that rTMS can induce changes in the amplitude of
low-frequency fluctuations (ALFF), regional homogeneity (ReHo),
and functional connectivity strength (FCS) in brain regions
associated with depression (34). Research on adults indicates that
treatment duration, specifically 10 rTMS sessions within two weeks,
was effective at improving depressive symptoms, highlighting the
importance of treatment duration for TMS efficacy (35). Consistent
with this, the current study also found that minors showed
significant improvement in depressive symptoms after 10 rTMS
sessions. The combination of rTMS with anti-depressant
medication presents notable advantages due to the synergistic
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TABLE 3 Comparison of scale scores among the three groups at baseline and after treatment.

Net:1 (2 Group Baseline First week Second week P
SMRI navigation 23.73 +2.719 13.09 + 2.566°° 6.94 + 2.370°%° <0.001
5-cm positioning 23.85 £ 2.744 14.07 + 3.259°° 8.70 + 2.676™° <0.001

BSI-CV total score Pharmacotherapy 23.98 +2.976 14.82 + 3225°° 9.88 + 3.276°% <0.001
F 0.079 1.128 4.523
p 0.924 0.327 0.023

SMRI navigation 7.85 £ 1121 4.64 +0.994°° 1.82 + 0.667°°°¢ <0.001

5-cm positioning 7.85 + 0.963 5.10 + 1.114*° 3.29 + 1.028%%° <0.001

SI intensity Pharmacotherapy 7.69 + 0.962 4.96 + 1.098°° 3.78 + 1.104%° <0.001
F 0.360 1.737 11.834
P 0.698 0.180 <0.001

SMRI navigation 15.88 + 2.329 8.45 + 2.209 5.12 + 1.900% <0.001

5-cm positioning 16.00 + 2.470 8.98 + 2,954 5.41 £ 2.000% <0.001

Suicide risk Pharmacotherapy 15.63 + 2.804 8.84 + 2.860° 543 +2217%° <0.001
F 0.239 0.628 0.257
P 0.788 0.535 0.744

Two-way repeated Measures ANOVA.

® Compared with baseline score in the group, P<.0.016.

@ Compared with 1 week after treatment, P<0.016.

® Compared with 2 weeks after treatment, P <0.016.

@ Compared with the sMRI navigation group, p<0.016.

® Compared with the 5-cm positioning group, p<0.016.

® Compared with the Pharmacotherapy group, p<0.016.
Bolded P-values indicate statistical significance (P < 0.016).

effects. Medication improves mood by regulating neurotransmitter
levels in the brain, while rTMS exerts therapeutic effects by non-
invasively stimulating neural activity in specific brain areas. When
used together, rTMS can target brain areas that are otherwise
challenging for medication alone, thus providing a more
comprehensive treatment approach. The sMRI navigation and 5-
cm positioning groups showed higher rates of reduction in the
anxiety/somatization scores than the pharmacotherapy group.
These scores included depressive mood, loss of interest, anxiety,
and somatic anxiety, reflecting the core symptoms of MDD. The
combination of rTMS with medication may therefore offer notable
benefits in improving depressive symptoms through additive effects,
especially by improving retardation and anxiety and enhancing
interest in activities.

This study also explored whether rTMS treatment improves SI in
MDD adolescents. SI in all three groups improved after treatment,
consistent with previous research findings (36-39). Multifactorial
repeated measures ANOVA revealed a significant interaction
between treatment time and group during the treatment period.
This finding suggests differences between the three treatment groups
in terms of SI changes. After the second week of treatment, the sMRI
navigation group showed significantly lower total BSI-CV scores and
SI severity compared to the 5-cm positioning and pharmacotherapy
groups. A one-week double-blind study found that neuro navigation-
guided high-dose rTMS significantly improved depressive symptoms
and reduced suicidal ideation in MDD patients (40).
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Furthermore, the SI of patients in the sMRI navigation group
decreased notably after the first week of treatment compared to
sham stimulation. Additionally, 3 days of high-frequency rTMS on
the DLPFC area significantly reduced SI in adult MDD patients
(41). The rapid onset of action could be due to the thrice daily 30-
minute sessions of high-frequency rTMS, resulting in a total of
54,000 stimuli. rTMS targets the DLPFC to enhance neural activity
in this area, thereby improving emotion regulation, cognitive
control, and impulse inhibition, which are crucial for reducing
suicidal ideation. Currently, adolescents typically do not undergo
such high-frequency and high-intensity stimulation protocols due
to safety considerations. RTMS can reshape the connectivity of key
neural networks in the brain, including the default mode network
(DMN) and the central executive network (CEN), optimizing brain
functional integration and enhancing emotional and cognitive
processing. Neurotransmitter modulation is also an important
mechanism of rTMS; by affecting levels of neurotransmitters such
as dopamine and glutamate, rTMS provides a biological basis for
improving depressive symptoms and reducing suicidal ideation
(42). More importantly, rTMS promotes neuroplasticity through
repetitive stimulation, leading to adaptive structural and functional
changes in the brain. This helps establish healthier emotional and
behavioral patterns and enhances patients’ psychological resilience.
The combined effects of these mechanisms provide a solid
theoretical foundation and empirical support for the use of rTMS
in intervening in adolescent suicidal ideation (26).Currently, there
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is no consensus on the feasibility and safety of multiple daily
sessions of rTMS in the adolescent population. Due to safety
considerations, we did not apply multiple daily rTMS for our
adolescent patients. This exploratory study in adolescents found
that SI decreased significantly after 10 sessions of rTMS over 2
weeks. Anti-depressant medications typically take effect after 2
weeks. The current study revealed that rTMS combined with
medication can effectively control early-stage SI and improve
clinical symptoms after 2 weeks, leading to a substantial
reduction in early suicide risk. This suggests that the combined
treatment model provides prompt relief of SI in patients, with rapid
onset and a high safety profile. SI is one of the strongest predictors
of suicidal behavior and usually precedes suicide intention and
behavior (43, 44). Active and effective intervention is particularly
critical in ensuring the life safety and quality of life of MDD
patients. The present study not only provides evidence for the
safety of rTMS treatment in adolescents, but also suggests that
rTMS is a potential treatment option for reducing SI.

Overall, the sMRI navigation group showed a greater reduction
of depressive symptoms and SI than both the surface 5-cm
positioning and pharmacotherapy groups. Precision localization
of TMS, such as with the use of a neuro-navigation system, is
superior to traditional surface localization methods because it
allows individualized localization based on sMRI. The
combination of sMRI and neuro-navigation for TMS localization
enables the reconstruction of head models using participant-specific
sMRI data. Compared to the traditional 5-cm positioning method,
this results in a better match of the real head shape of the participant
(24), thereby reducing heterogeneity due to differences in individual
anatomical structures. Precise localization can reduce stimulation of
surrounding non-target areas, enhance the efficacy and response
rate of rTMS, and thus minimize any side effects. Personalized
rTMS/TBS protocols were incorporated with neuroimaging in a
retrospective analysis of the therapeutic effect of individualized
r'TMS for depression (45). By acquiring three-dimensional (3D)
T1-weighted structural MRI data from subjects and inputting it into
a neuronavigation system, brain structures can be visualized, which
has a positive impact on improving the accuracy of target
localization. Fitzgerald (46) conducted a randomized controlled
trial involving 51 patients with treatment-resistant depression, who
were randomly divided into two groups: the “5 cm localization
method” group and the neuronavigation group The results showed
that the neuronavigation group had better outcomes. This
demonstrated the benefits of personalized stimulation parameters
for improving clinical outcomes. Such methods require further
validation in future clinical trials. During the treatment process,
no severe adverse events including severe headaches or epilepsy
were observed (47), and no related adverse reactions such as flashes
of light, blurred vision, or hallucinations occurred. Indeed, only
three patients in the present study experienced dizziness after
treatment. This was alleviated after rest, indicating relatively good
tolerability and few major side effects from the treatment.

As previously mentioned, the enrolled participants in our study
were complicated with other disorders. They were not excluded,
however, because their comorbidities reflect the real-world
conditions of MDD adolescents (48). Although these comorbid
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diseases were not assessed here, previous studies have reported on
the therapeutic effects of rTMS for obsessive-compulsive disorder
and anxiety disorders (49). However, larger study cohorts are
required to allow more comprehensive assessments. The risk of
adolescents with MDD transitioning to bipolar disorder (BD) is
estimated at 45% (50). To address this, we applied strict inclusion
criteria, assessing family history and manic symptoms to minimize
high-risk cases. We also plan long-term follow-up to monitor BD
emergence, identify predictors.

In this study, the sMRI navigation group showed favorable anti-
depressant efficacy and reduction of SI compared to the 5-cm
positioning and pharmacotherapy groups. This combined approach
may be an important way to further enhance the efficacy of treatment
for MDD in adolescents. However, this study also had several
limitations, including the relatively small sample size. Although
information was available for the duration of illness at baseline,
there was a lack of data on the number of episodes and the specific
medication. Therefore, the current results require confirmation by
performing multi-center, randomized controlled trials with a larger
sample size. Considering the heterogeneity of MDD, further
investigation of different MDD subtypes is also required in order to
achieve individualized and precise rTMS intervention strategies. This
is necessary for both clinical symptom and biological subtypes, with
the goal of providing adequate evidence for the application of rTMS
in the treatment of depressive disorders. Additionally, we did not set
up sham control treatment after patient enrollment. Anti-suicidal
treatment in adolescents remains challenging. In particular,
determining the capacity of adolescents to consent to research
intervention is a complex process in the context of emotional
dysregulation, historically suboptimal decision-making, and recent
suicide attempts. Several limitations must be considered in the
current study. Moreover, as part of the study design, participants
were required to use only one type of anti-depressant medication
during treatment and not change the type of medication. Although
we inferred the observed clinical changes as being attributable to
rTMS rather than to previous treatments, we cannot exclude a
possible impact of previous treatments on the clinical outcomes.

5 Conclusion

This study employed an open-label design and combined two
weeks of high-frequency rTMS treatment with anti-depressant
medication. sMRI-guided rTMS treatment was found to be more
effective than the traditional 5-cm positioning method and
pharmacotherapy. Therefore, 10Hz rTMS based on individualized
and precise sSMRI of the DLPFC region can improve the clinical
symptoms and SI of adolescents with MDD. This combined
approach may be a feasible, effective, and safe treatment option
for such patients.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fpsyt.2024.1485878
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Sun et al.

Ethics statement

This study was approved by the Ethics Committee of the
Hangzhou Seventh People’s Hospital (ethics approval number
(078) of 2022). The study followed the guidelines of the
Declaration of Helsinki. Prior to the study, all participants and
their parents or legal guardians provided written informed consent.
The studies were conducted in accordance with the local legislation
and institutional requirements.

Author contributions

YS: Writing - original draft. XL: Formal analysis, Funding
acquisition, Methodology, Writing - original draft. YL: Writing -
original draft, Software. QZ: Investigation, Writing - original
draft. YX: Project administration, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by Hangzhou Municipal Health and Family
Planning Commission. Award Number: A20220133; This study

References

1. Murray CJ, Vos T, Lozano R, Naghavi M, Flaxman AD, Michaud C, et al.
Disability-adjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990-
2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet. (2012)
380:2197-223. doi: 10.1016/S0140-6736(12)61689-4

2. Kessler RC, Amminger GP, Aguilar-Gaxiola S, Alonso J, Lee S, Ustiin TB. Age of
onset of mental disorders: a review of recent literature. Curr Opin Psychiatry. (2007)
20:359-64. doi: 10.1097/YCO.0b013e32816ebc8c

3. Zisook S, Lesser I, Stewart JW, Wisniewski SR, Balasubramani GK, Fava M, et al.
Effect of age at onset on the course of major depressive disorder. Am ] Psychiatry.
(2007) 164:1539-46. doi: 10.1176/appi.ajp.2007.06101757

4. Yang X, Miao J, Bai Y, Li L, Zhuang G. An analysis of risk factors and current
status of depressive mood in mid-to-late adolescence and early adulthood in northern
China. Front Psychiatry. (2024) 15:1370601. doi: 10.3389/fpsyt.2024.1370601

5. Thompson MP, Swartout K. Epidemiology of suicide attempts among youth
transitioning to adulthood. J Youth Adolesc. (2018) 47:807-17. doi: 10.1007/s10964-
017-0674-8

6. LiY, Liu X. Efficacy and safety of non-invasive brain stimulation in combination
with antidepressants in adolescents with depression: a systematic review and meta-
analysis. Front Psychiatry. (2024) 15:1288338. doi: 10.3389/fpsyt.2024.1288338

7. LY, Yin Y, YuY, Hu X, Liu X, Wu S. The potential predictors for treatment-
resistance depression after selective serotonin reuptake inhibitors therapy in Han
Chinese: A resting-state functional magnetic resonance imaging study. Early Interv
Psychiatry. (2024). doi: 10.1111/eip.13509

8. Cuijpers P, Quero S, Dowrick C, Arroll B. Psychological treatment of depression
in primary care: recent developments. Curr Psychiatry Rep. (2019) 21:129. doi: 10.1007/
s11920-019-1117-x

9. Cohen D, Deniau E, Maturana A, Tanguy ML, Bodeau N, Labelle R, et al. Are
child and adolescent responses to placebo higher in major depression than in anxiety
disorders? A systematic review of placebo-controlled trials. PLoS One. (2008) 3:¢2632.
doi: 10.1371/journal.pone.0002632

10. Hetrick SE, McKenzie JE, Bailey AP, Sharma V, Moller CI, Badcock PB, et al.
New generation antidepressants for depression in children and adolescents: a network

Frontiers in Psychiatry

11

10.3389/fpsyt.2024.1485878

was supported by the Medical Science and Technology Project of
Zhejiang Province. Award Number 2023KY980.

Acknowledgments

We would like to acknowledge the invaluable contribution of
four research assistants, the patients who willingly participated in
this study, as well as the volunteers who dedicated their time to
make this research possible. The authors are grateful to the study
participants for their participation and passion for the study.

Conflict of interest

The authors declare that this research was conducted in the
absence of any commercial or financial relationships that could be
construed as potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

meta-analysis. Cochrane Database Syst Rev. (2021) 5:CD013674. doi: 10.1002/
14651858.CD013674.pub2

11. Ghaziuddin N, Dumas S, Hodges E. Use of continuation or maintenance
electroconvulsive therapy in adolescents with severe treatment-resistant depression.
J ECT. (2011) 27:168-74. doi: 10.1097/YCT.0b013e3181f665e4

12. Chakrabarti S, Grover S, Rajagopal R. Electroconvulsive therapy: a review of
knowledge, experience and attitudes of patients concerning the treatment. World ] Biol
Psychiatry. (2010) 11:525-37. doi: 10.3109/15622970903559925

13. McClintock SM, Reti IM, Carpenter LL, McDonald WM, Dubin M, Taylor SF,
et al. Consensus recommendations for the clinical application of repetitive transcranial
magnetic stimulation (rTMS) in the treatment of depression. J Clin Psychiatry. (2018)
79:16¢s10905 [pii]. doi: 10.4088/JCP.16¢s10905

14. Concerto C, Lanza G, Cantone M, Ferri R, Pennisi G, Bella R, et al. Repetitive
transcranial magnetic stimulation in patients with drug-resistant major depression: A
six-month clinical follow-up study. Int J Psychiatry Clin Pract. (2015) 19:252-8.
doi: 10.3109/13651501.2015.1084329

15. Yu T, Chen W, Huo L, Luo X, Wang J, Zhang B. Association between daily dose
and efficacy of rTMS over the left dorsolateral prefrontal cortex in depression: A meta-
analysis. Psychiatry Res. (2023) 325:115260. doi: 10.1016/j.psychres.2023.115260

16. Neuteboom D, Zantvoord JB, Goya-Maldonado R, Wilkening J, Dols A, van Exel
E, etal. Accelerated intermittent theta burst stimulation in major depressive disorder: A
systematic review. Psychiatry Res. (2023) 327:115429. doi: 10.1016/j.psychres.
2023.115429

17. Magavi LR, Reti IM, Vasa RA. A review of repetitive transcranial magnetic
stimulation for adolescents with treatment-resistant depression. Int Rev Psychiatry.
(2017) 29:79-88. doi: 10.1080/09540261.2017.1300574

18. Qiu H, Liang K, Lu L, Gao Y, Li H, Hu X, et al. Efficacy and safety of repetitive
transcranial magnetic stimulation in children and adolescents with depression: A
systematic review and preliminary meta-analysis. ] Affect Disord. (2023) 320:305-12.
doi: 10.1016/j.jad.2022.09.060

19. Zhang T, Zhu ], Xu L, Tang X, Cui H, Wei Y, et al. Add-on rTMS for the acute
treatment of depressive symptoms is probably more effective in adolescents than in

frontiersin.org


https://doi.org/10.1016/S0140-6736(12)61689-4
https://doi.org/10.1097/YCO.0b013e32816ebc8c
https://doi.org/10.1176/appi.ajp.2007.06101757
https://doi.org/10.3389/fpsyt.2024.1370601
https://doi.org/10.1007/s10964-017-0674-8
https://doi.org/10.1007/s10964-017-0674-8
https://doi.org/10.3389/fpsyt.2024.1288338
https://doi.org/10.1111/eip.13509
https://doi.org/10.1007/s11920-019-1117-x
https://doi.org/10.1007/s11920-019-1117-x
https://doi.org/10.1371/journal.pone.0002632
https://doi.org/10.1002/14651858.CD013674.pub2
https://doi.org/10.1002/14651858.CD013674.pub2
https://doi.org/10.1097/YCT.0b013e3181f665e4
https://doi.org/10.3109/15622970903559925
https://doi.org/10.4088/JCP.16cs10905
https://doi.org/10.3109/13651501.2015.1084329
https://doi.org/10.1016/j.psychres.2023.115260
https://doi.org/10.1016/j.psychres.2023.115429
https://doi.org/10.1016/j.psychres.2023.115429
https://doi.org/10.1080/09540261.2017.1300574
https://doi.org/10.1016/j.jad.2022.09.060
https://doi.org/10.3389/fpsyt.2024.1485878
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Sun et al.

adults: Evidence from real-world clinical practice. Brain Stimul. (2019) 12:103-9.
doi: 10.1016/j.brs.2018.09.007

20. Wall CA, Croarkin PE, Maroney-Smith MJ, Haugen LM, Baruth JM, Frye MA,
et al. Magnetic resonance imaging-guided, open-label, high-frequency repetitive
transcranial magnetic stimulation for adolescents with major depressive disorder. J
Child Adolesc Psychopharmacol. (2016) 26:582-9. doi: 10.1089/cap.2015.0217

21. KanR, Padberg F, Giron CG, Lin T, Zhang B, Brunoni AR, et al. Effects of repetitive
transcranial magnetic stimulation of the left dorsolateral prefrontal cortex on symptom
domains in neuropsychiatric disorders: a systematic review and cross-diagnostic meta-
analysis. Lancet Psychiatry. (2023) 10:252-9. doi: 10.1016/52215-0366(23)00026-3

22. Downar J, Daskalakis ZJ. New targets for rTMS in depression: a review of
convergent evidence. Brain Stimul. (2013) 6:231-40. doi: 10.1016/j.brs.2012.08.006

23. Luber BM, Davis S, Bernhardt E, Neacsiu A, Kwapil L, Lisanby SH, et al. Using
neuroimaging to individualize TMS treatment for depression: Toward a new paradigm
for imaging-guided intervention. Neuroimage. (2017) 148:1-7. doi: 10.1016/
jneuroimage.2016.12.083

24. Herwig U, Padberg F, Unger J, Spitzer M, Schonfeldt-Lecuona C. Transcranial
magnetic stimulation in therapy studies: examination of the reliability of "standard" coil
positioning by neuronavigation. Biol Psychiatry. (2001) 50:58-61. doi: 10.1016/S0006-
3223(01)01153-2

25. Huhn M, Tardy M, Spineli LM, Kissling W, Forstl H, Pitschel-Walz G, et al.
Efficacy of pharmacotherapy and psychotherapy for adult psychiatric disorders: a
systematic overview of meta-analyses. JAMA Psychiatry. (2014) 71:706-15.
doi: 10.1001/jamapsychiatry.2014.112

26. Blumberger DM, Vila-Rodriguez F, Thorpe KE, Feffer K, Noda Y, Giacobbe P,
et al. Effectiveness of theta burst versus high-frequency repetitive transcranial magnetic
stimulation in patients with depression (THREE-D): a randomised non-inferiority trial.
Lancet. (2018) 391:1683-92. doi: 10.1016/S0140-6736(18)30295-2

27. Modak A, Fitzgerald PB. Personalising transcranial magnetic stimulation for
depression using neuroimaging: A systematic review. World ] Biol Psychiatry. (2021)
22:647-69. doi: 10.1080/15622975.2021.1907710

28. Zhou SC, Zhou Z, Tang Q, Yu P, Zou H, Liu Q, et al. Prediction of non-suicidal
self-injury in adolescents at the family level using regression methods and machine
learning. ] Affect Disord. (2024) 352:67-75. doi: 10.1016/j.jad.2024.02.039

29. Furukawa TA, Cipriani A, Cowen PJ, Leucht S, Egger M, Salanti G. Optimal dose
of selective serotonin reuptake inhibitors, venlafaxine, and mirtazapine in major
depression: a systematic review and dose-response meta-analysis. Lancet Psychiatry.
(2019) 6:601-9. doi: 10.1016/52215-0366(19)30217-2

30. Stultz DJ, Osburn S, Burns T, Pawlowska-Wajswol S, Walton R. Transcranial
magnetic stimulation (TMS) safety with respect to seizures: A literature review.
Neuropsychiatr Dis Treat. (2020) 16:2989-3000. doi: 10.2147/NDT.S276635

31. George MS, Lisanby SH, Avery D, McDonald WM, Durkalski V, Pavlicova M,
et al. Daily left prefrontal transcranial magnetic stimulation therapy for major
depressive disorder: a sham-controlled randomized trial. Arch Gen Psychiatry. (2010)
67:507-16. doi: 10.1001/archgenpsychiatry.2010.46

32. Bloch Y, Grisaru N, Harel EV, Beitler G, Faivel N, Ratzoni G, et al. Repetitive
transcranial magnetic stimulation in the treatment of depression in adolescents: an
open-label study. J ECT. (2008) 24:156-9. doi: 10.1097/YCT.0b013e318156aa49

33. Croarkin PE, Nakonezny PA, Wall CA, Murphy LL, Sampson SM, Frye MA,
et al. Transcranial magnetic stimulation potentiates glutamatergic neurotransmission
in depressed adolescents. Psychiatry Res Neuroimaging. (2016) 247:25-33. doi: 10.1016/
j.pscychresns.2015.11.005

34. Cheng X, Chen J, Zhang X, Wang T, Sun J, Zhou Y, et al. Characterizing the temporal
dynamics of intrinsic brain activities in depressed adolescents with prior suicide attempts. Eur
Child Adolesc Psychiatry. (2024) 33:1179-91. doi: 10.1007/s00787-023-02242-4

35. Matsuda Y, Sakuma K, Kishi T, Esaki K, Kito S, Shigeta M, et al. Repetitive
transcranial magnetic stimulation for preventing relapse in antidepressant treatment-

Frontiers in Psychiatry

12

10.3389/fpsyt.2024.1485878

resistant depression: A systematic review and meta-analysis of randomized controlled
trials. Brain Stimul. (2023) 16:458-61. doi: 10.1016/j.brs.2023.01.1680

36. Croarkin PE, Nakonezny PA, Deng ZD, Romanowicz M, Voort J, Camsari DD,
et al. High-frequency repetitive TMS for suicidal ideation in adolescents with
depression. J Affect Disord. (2018) 239:282-90. doi: 10.1016/j.jad.2018.06.048

37. Cole EJ, Phillips AL, Bentzley BS, Stimpson KH, Nejad R, Barmak F, et al.
Stanford neuromodulation therapy (SNT): A double-blind randomized controlled trial.
Am ] Psychiatry. (2022) 179:132-41. doi: 10.1176/appi.ajp.2021.20101429

38. Dai L, Wang P, Du H, Guo Q, Li F, He X, et al. High-frequency repetitive
transcranial magnetic stimulation (rTMS) accelerates onset time of beneficial treating
effects and improves clinical symptoms of depression. CNS Neurol Disord Drug Targets.
(2022) 21:500-10. doi: 10.2174/1871527320666211104123343

39. Zhu PA, Xie JY, Liu H, Wen Y, Shao YJ, Bao X. Efficacy of high-frequency
repetitive transcranial magnetic stimulation at 10 Hz in fibromyalgia: A systematic
review and meta-analysis. Arch Phys Med Rehabil. (2023) 104:151-9. doi: 10.1016/
j.apmr.2022.05.006

40. Pan F, Shen Z, Jiao J, Chen J, Li S, Lu J, et al. Neuronavigation-guided rTMS for
the treatment of depressive patients with suicidal ideation: A double-blind,
randomized, sham-controlled trial. Clin Pharmacol Ther. (2020) 108:826-32.
doi: 10.1002/cpt.v108.4

41. George MS, Raman R, Benedek DM, Pelic CG, Grammer GG, Stokes KT, et al. A
two-site pilot randomized 3 day trial of high dose left prefrontal repetitive transcranial
magnetic stimulation (rTMS) for suicidal inpatients. Brain Stimul. (2014) 7:421-31.
doi: 10.1016/j.brs.2014.03.006

42. Lefaucheur JP, Aleman A, Baeken C, Benninger DH, Brunelin J, Di Lazzaro V,
et al. Evidence-based guidelines on the therapeutic use of repetitive transcranial
magnetic stimulation (rTMS): An update (2014-2018). Clin Neurophysiol. (2020)
131:474-528. doi: 10.1016/j.clinph.2019.11.002

43. Ribeiro JD, Huang X, Fox KR, Franklin JC. Depression and hopelessness as risk
factors for suicide ideation, attempts and death: meta-analysis of longitudinal studies.
Br ] Psychiatry. (2018) 212:279-86. doi: 10.1192/bjp.2018.27

44. Engstrom A, Moloney K, Nguyen J, Parker L, Roberts M, Moodliar R, et al. A
pragmatic clinical trial approach to assessing and monitoring suicidal ideation: results
from A national US trauma care system study. Psychiatry. (2022) 85:13-29.
doi: 10.1080/00332747.2021.1991200

45. Fitzgerald PB, Hoy KE, Reynolds J, Singh A, Gunewardene R, Slack C, et al. A
pragmatic randomized controlled trial exploring the relationship between pulse
number and response to repetitive transcranial magnetic stimulation treatment in
depression. Brain Stimul. (2020) 13:145-52. doi: 10.1016/j.brs.2019.09.001

46. Fitzgerald PB, Hoy K, McQueen S, Maller JJ, Herring S, Segrave R, et al. A
randomized trial of rTMS targeted with MRI based neuro-navigation in treatment-
resistant depression. Neuropsychopharmacology. (2009) 34:1255-62. doi: 10.1038/
npp.2008.233

47. Rush AJ, Kraemer HC, Sackeim HA, Fava M, Trivedi MH, Frank E, et al. Report
by the ACNP Task Force on response and remission in major depressive disorder.
Neuropsychopharmacology. (2006) 31:1841-53. doi: 10.1038/sj.npp.1301131

48. BuKenya B, Kasirye R, Lunkuse ], Kinobi M, Vargas SM, Legha R, et al.
Depression, anxiety, and suicide risk among Ugandan youth in vocational training.
Psychiatr Q. (2022) 93:513-26. doi: 10.1007/s11126-021-09959-y

49. Srivastava AV, Brown R, Newport DJ, Rousseau JF, Wagner KD, Guzick A, et al.
The role of resilience in the development of depression, anxiety, and post-traumatic
stress disorder after trauma in children and adolescents. Psychiatry Res. (2024)
334:115772. doi: 10.1016/j.psychres.2024.115772

50. Axelson DA, Birmaher B, Strober MA, Goldstein BI, Ha W, Gill MK, et al.
Course of subthreshold bipolar disorder in youth: diagnostic progression from bipolar
disorder not otherwise specified. ] Am Acad Child Adolesc Psychiatry. (2011) 50:1001—
16.¢3. doi: 10.1016/j.jaac.2011.07.005

frontiersin.org


https://doi.org/10.1016/j.brs.2018.09.007
https://doi.org/10.1089/cap.2015.0217
https://doi.org/10.1016/S2215-0366(23)00026-3
https://doi.org/10.1016/j.brs.2012.08.006
https://doi.org/10.1016/j.neuroimage.2016.12.083
https://doi.org/10.1016/j.neuroimage.2016.12.083
https://doi.org/10.1016/S0006-3223(01)01153-2
https://doi.org/10.1016/S0006-3223(01)01153-2
https://doi.org/10.1001/jamapsychiatry.2014.112
https://doi.org/10.1016/S0140-6736(18)30295-2
https://doi.org/10.1080/15622975.2021.1907710
https://doi.org/10.1016/j.jad.2024.02.039
https://doi.org/10.1016/S2215-0366(19)30217-2
https://doi.org/10.2147/NDT.S276635
https://doi.org/10.1001/archgenpsychiatry.2010.46
https://doi.org/10.1097/YCT.0b013e318156aa49
https://doi.org/10.1016/j.pscychresns.2015.11.005
https://doi.org/10.1016/j.pscychresns.2015.11.005
https://doi.org/10.1007/s00787-023-02242-4
https://doi.org/10.1016/j.brs.2023.01.1680
https://doi.org/10.1016/j.jad.2018.06.048
https://doi.org/10.1176/appi.ajp.2021.20101429
https://doi.org/10.2174/1871527320666211104123343
https://doi.org/10.1016/j.apmr.2022.05.006
https://doi.org/10.1016/j.apmr.2022.05.006
https://doi.org/10.1002/cpt.v108.4
https://doi.org/10.1016/j.brs.2014.03.006
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1192/bjp.2018.27
https://doi.org/10.1080/00332747.2021.1991200
https://doi.org/10.1016/j.brs.2019.09.001
https://doi.org/10.1038/npp.2008.233
https://doi.org/10.1038/npp.2008.233
https://doi.org/10.1038/sj.npp.1301131
https://doi.org/10.1007/s11126-021-09959-y
https://doi.org/10.1016/j.psychres.2024.115772
https://doi.org/10.1016/j.jaac.2011.07.005
https://doi.org/10.3389/fpsyt.2024.1485878
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Effectiveness of individualized rTMS under sMRI guidance in reducing depressive symptoms and suicidal ideation in adolescents with depressive disorders: an open-label study
	1 Introduction
	2 Method
	2.1 Inclusion criteria
	2.2 Enrollment process
	2.3 sMRI precise positioning
	2.4 rTMS protocol
	2.5 Clinical assessment
	2.6 Statistical analysis

	3 Results
	3.1 Clinical and behavioral characteristics
	3.2 Main effect test of HAMD total score and its factor score
	3.3 Individual effect test of HAMD total score and subscale scores
	3.4 Comparison of antidepressant treatment efficacy in MDD patients
	3.5 Main effect test of BSI-CV total score and subscale scores
	3.6 Individual effect test of BSI-CV total score and its subscale scores
	3.7 Assessment of adverse reactions in patients of the sMRI navigation group and the 5-cm positioning group after treatment

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


