-~ 132~ (B TRAERE ) 2026 4F50 47 B4 1] SWIEZFNSHESERETRE

doi: 10. 3969 /j. issn. 1674 - 1242.2026. 01. 026

ZERIBAES O F B E RN Y
i s

ZE RN
GEN AR E A4, TN 341000)

[HWE] FH/DFEIARE LG . SiPLIRsn SR DIRe 280 EEAHE, MR TR 2 AT RS
(8] B AT . ARSI X AN AMIM A& - B2 )2 (dorsolateral prefrontal cortex, DLPFC ), BRIABER N ( default mode network, DMN )
J B I ) VA S W T B S AR OB IR B UIARSG . ©ARYT I AR A8 | TR P IR A E 25 R MAS TR 22 R KRl 2
Ao GfFRER (transcranial magnetic stimulation, TMS) JTAERAET AEHIARRETG YT 4432 56 . FLLAZEMITS MR &
J2JZ (left dorsolateral prefrontal cortex, LDLPFC ) A2 040 5, L JE 1 AR 206 R G0 g F Ak A7+, BT, i T™MS
J%E (accelerated TMS, aTMS) X4 REBET M A H—E A, (B rach TSR MG HARMRE T TMS IR 1E
FHRMTRENLE], B 5N X R E AR A 5. ALk B R MER B D EIMARIE M CIESY, L& PR S aTHF
FERTA S A, I MAERIAI TR 4

[oSHRIR] /D AFAMARIE ; SRR PRI das s i 4%

[FEDES] R749.4 [ScEkdrERR] A NERS: 1674-1242 (2026) 01-0132-07

Research progress of transcranial magnetic stimulation in neuromodulation of
neural circuits in adolescent depression

XU Zhenyu
(Department of Psychiatry and Psychology, Ganzhou People's Hospital, Ganzhou 341000, Jiangxi, China)

[ Abstract] Adolescent depression is mainly characterized by impaired emotional regulation, motivational drive and cognitive
control functions. Such abnormalities often reflect an imbalance among multiple neurofunctional systems. Abnormal connections in
related brain regions, such as the dorsolateral prefrontal cortex (DLPFC), the default mode network (DMN), and the reward pathway,
may be closely related to its core symptoms. The existing treatment methods have many shortcomings, such as slow onset of action,
poor treatment compliance and large individual differences in therapeutic effects. Transcranial magnetic stimulation (TMS) has
attracted much attention in the treatment of adolescent depression in recent years. Targeting the left dorsolateral prefrontal cortex
(LDLPFC) as the core site of intervention, this approach modulates the balance among distinct neural functional systems. Currently,
accelerated TMS (aTMS) has shown certain efficacy in shortening the onset latency, but its long-term therapeutic outcomes remain to
be further observed. Neuroimaging techniques elucidate potential mechanisms underlying the therapeutic effects of TMS, primarily
attributed to the reorganization of functional connectivity patterns in key brain regions. This review aims to systematically sort out the
research related to adolescent depression, comprehensively evaluate the efficacy and safety of current studies, and thereby provide
references for individualized treatment.
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(transcranial magnetic stimulation, TMS ) VE R —Fh
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XTI RE SR R b 2 IR A R AR AN ™ . K
BEXT BONIARAE OB IESE , o 0 A 28 Pt il
( repetitive transcranial magnetic stimulation, rTMS )

Y& FH T 20 M08 S0 i 45 J2 2 (left dorsolateral
prefrontal cortex, LDLPFC ) BEARLEADARIEIR,
HALH SRR A - S RGN IIRE | T BRI
%% ( default mode network, DMN ) 5 BEERELL M
PR B HIEMEA X, Ak, TMS 127570
SEMVERIE S RIS B AL R I, AR R, 1%
HR B 2R . TZERE, AR ZH
— i PR SRR BORPEAR LR AN, N R
AHGE™ Sk AIFEER AR s, TMS THin]
TE—EREHE b 27T DA IR S A s, Xt
SIREIRE P AR R . A OFFE B, TMS T
Je, AEEEETT SO DG RE R G, b
PUATM S (central executive network, CEN) F15& %
2% ( salience network, SN ) [ H BUK B &
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D AERREE AL TR R
1 GRRFGEF
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KK . LA “Transcranial magnetic stimulation”
OR “TMS” OR “rTMS” AND “Adolescent” OR “Youth”
OR “Pediatric” AND “Depression” OR “Major depressive

disorder” A0 FH# A , K3 PubMed . Web of Science |
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FLGF FRIES (randomized controlled trial, RCT ). BA
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(' dorsolateral prefrontal cortex, DLPFC 1T 17 2
T AAEIARAE B W AAE ECN DUREIRSS , R MTE
BN TR SR e S AT DI RERE S BT
LDLPFC & ECN AYELZET A, =il rTMS A EE
SRIZ XIS, $2TF ECN INERIIRRER:, Mifiek
NSRS 255 B 1™

SN LU &5 AR 40747 [ (anterior cingulate cortex,
ACC) WLy, 25 BFRBI & DMN 5 ECN
Z IR B ST A AFARAE SN X T PR R
FOniHGaR, 5 S BERE O 5 R, ' TMS YEH
TR S, —Jr g ECN DIREfH] SN
X S PRI A B BN, 75— 5 T T BEGE SN 5
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By MG REE R A TIE R, U] SN A RE Syl BERS
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WAk 28 ST AR 15 A1, TMS (/R TR 5 Ko
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o0k AT . MARIER R RS 5-R 6K

( 5-hydroxytryptamine, 5-HT ), Z L} ( dopamine,
DA), EZH'" FIEZE (norepinephrine, NE ) Z5HLf%
Feith R ATA

WFFE AN, R TMS Jl LDLPFC J&, )2 X

CUNZCARIR ) DA BN, AT RE(E SPGB A S
B R A2l ™ ) TMS Sl AT 52 figi X ( 4nig = )5-HT
Kik, PEEEIERES S EY . AR SR, Bt
PRI (magnetic resonance spectroscopy, MRS ) 15
/R TS 87 R TR A IR A y - 5T R

( gamma—aminobutyric acid, GABA ) &% B IR A,
TR B TR bl 224 Sl i P
TMS & 7] fgii o fE gEp 2 n] S M R P E T . A
PEANIMAIIRZS TS B0 SRR 25 1% Xl 280022
A NS fib gD o A, TS AT AE RS il Ak
A P #2828 3 I ( brain—derived neurotrophic
factor, BDNF ) ik, JEmmmfe gt Fis 5 pg s
I, BEEIARAR CREIR
3 TMS &fr L FHMEMERS BRI SRR A

FEORUEZE AR RER E e i TMS Jral, SCHEE
THHRERESE . EWGITHCRN EER R
TERNBEE A . RGBS PR HE S

ilb i
3.1 BRIEESMAMUEEE

DLPFC /E2R TMS 697 BAZC A 5, 2858 1k
AL RFEVER  IVARSE K2 )2 - 2 R GcUIRe kA
R LDLPFC {5 3hisi 55}, 4l DLPFC( right DLPFC,
rDLPFC ) MIFIXHGER™ 3 R IR P 3L T2 %K
Wit o —TXH T DAFANABAERY Meta 20H7#27R : LDLPFC
15k BT AR ABRE TR T B DR A

At ABGEENT IS em BN ELEET 10-20
LRGN F3 A8, 32 A2 S K,
MELLHER XTI D RES H M X B MR8
K, BT AR Rer AR 4 ( functional magnetic
resonance imaging, fMRI) o E AT REZE AL
SRUE N7 BN E M R B SR S IR
HEHEE VI DLPRC W DXAE R Rl o, A 2B
YT RETRHER S X TGS A REAE &K B Y
BRI 7 T RE A B T R T
O Uy v 1
3.2 RIHGEE S5E

R 3 AR PR AR FR B2 3l (B ( motor
threshold, MT) MEHZrbiE, & HWEE R 80%~
120% MT. T5/D4E TMS GIT T, SeERRReR EE v T
Gi—nifE. AU, BAGREAESIE L 2V
[T T U By % WA IR AEsE iR R
SR 120% MT, DIIZRAS I IR & A b 20815 1 A
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RN, TS0 e B 7 2 S I

SRR 5 2 ) S R DI IR L
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Z FF ] DLPFC AHXT Ik B TR BR AR A T4k
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B, (AHAET AR R 7oL 24,
TE— A5
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&5 TMS 87— R AR 5 d %42 4~6 J
% MEDFERENT, BRAGT A6
Xof 2l ZEHERT H AR TE R G IR, T AR AR
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aTMS ) B2 BRI . 27 SRl 1 d N2
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FRIR kAL £4 2 000~3 000 YK/ 5 BBURITRGAG, R —E s Jok S il R w52
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WY, XA Zaim KRR AT RS A,
[ HR R RE s T TR 2 R bR, DAaE—20 3y
HAEH DFENREP AR H
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RERGEE VA . WABIRAS T, X LML 2 ] H
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TMS, HF-TMS) fEH T X 35, mrsasph20h

g, R AHICHN M 28 AT RERR &, DA SRR
HASE I R, 2ead 4 JEAE H S TMS I8 T
BF ILEIERTEFE R FMETT IR ( children’s depression
rating scale-revised, CDRS-R WEEI N 44.4%
L6 4 H BT R0 i e A W EAS BRI
Wallman 25 JF RE A REHLGT FRBFSE AN 32 Bl
ZERIR, 230 M TMS YRYT R, BRI 22
fi 0 33.3%, T ORIBALRY 6.3%, $% TMS A
AR TG

Bl PSR R T, TMS X P26 F i 1
VERZ B B 3 28 S . i BT RERG IR
1% ( resting—state functional magnetic resonance image,
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NERIEREIG TR, 22 TMS T-HUG, PP 35 A b
kS, R A T R AR IR, fER
ECN J&H45 58 LDLPFC 5 DMN Z [A]AG fAH 6%
IR, R AFIIEER G Z A 1Y RAPIRAS ] fERS
B, AR, TMS b A G fi A
=i 2% R G0 RS2 A A% 15 3. Appelbaum
U, (TMSIRYT IR, B R TG LN
TS A A S N A, T AT Sl
PRI X 2% R SR RE T AT e Tk &
Zr b, XSS R T RE AL AN N 28 2 T TMS iR
ST D AEIIARIE B R VE PR AL 1 S5 .
4.2 TMS Xt &0 FHIEBEMRERER B9 F TR

PRSI AR AE A D EAR Z —, HRE IR
FEIIRE SR B UIAADOC . B A F 20 MR
X ARBEAZFIIE NIRRT K 22, LDLPFC 5 HAT
FENREBC R o 414} LDLPFC Y TMS 877 1] £ —E it
BE R B AR OGS, ol R X AR IR Y
No BRI, Zat 4 JEE M TMS 16T R, AR
T AE S8 2 07 2% 3y — DU JR i R Jg i % ( Snaith—
Hamilton pleasure scale, SHAPS ) 1430 B, R
INPURBLICRERAG RN R . AR R e Rk —
W1, WRIT R IRIAZ SR, HH S LDLPFC 13
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BB I R R T ARV E R

INFI D RESZ B U TARICAC AN R TG PE
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J& ECN BYEEZAT 05, TMS X% Xl T i Bh
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BB AR R R R R 5 ( Wisconsin card
sorting test, WCST ) FIECT)™ B4 ) 2 Mo B
SRR, RS RGP TARICAZ A 2 s,
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FHE DMN Z [8)53 25 BERS A5G , AT A7 B 142 5
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R, AR ATREXT PR R FA I e 35 = A B U
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O G DX [ 40 5 A O . (BRI AR B 2K
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JAE TMS A —FP AR R AR ROR , 7
TR VR YT b s IV T T, E Y
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(1) BB S AR A TR s
4R TMS W T8 A IIARIE AR RIS, 5 2 A
TEREAR/N, Bz 20 GE. BN BBOHA™
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(2) P RE I EE LG o A RA . BT,
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ST L I ( electroencephalography, EEG ) -0
A5V (heart rate variability, HRV ) A BREHE AL
I, =TI, 45 A i Ik,
ST TMS JRIF 240, SCBL TMS-EEG/HRV HI3F
AT, T AEARAE A SRR RERS AL
EPIQE N

(4) KT, et e K B T



(HEYBE TR ) 2026 FF55 47 28 1] AVEFUHEESREIRE

* 137 -

M PEAG AN o KRB BEDT I (w8
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NG SR GY T B YNAT TR AT R AR SRR
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R REEAILRE I, 4568 R B T B
AR HAEH R . W, AOZEREL TR
FEARIY o2 TR, IR PPEA S HA 7 K5 1
MR . TERIRIEZ SRS, TMS A7
AR D AEARIEIRYT T R M E

(1

[2]

B3]

(4]

[3]

(6]

(7]

(8]

]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

S
SHOREY S, NG ED, WONG CHJ. Global prevalence of depression
and elevated depressive symptoms among adolescents: A systematic
review and meta-analysis[J]. Br J Clin Psychol, 2022, 61(2):287-305.
THAPAR A, COLLISHAW S, PINE D S, et al. Depression in
adolescencel[J]. Lancet, 2012, 379(9820):1056-1067.
LU B, LIN L, SU X. Global burden of depression or depressive
symptoms in children and adolescents: A systematic review and
meta-analysis[J]. J Affect Disord, 2024, 354:553-562.
LI F, CULY, LIY, et al. Prevalence of mental disorders in school
children and adolescents in China: diagnostic data from detailed
clinical assessments of 17,524 individuals[J]. J Child Psychol
Psychiatry, 2022, 63(1):34-46.
TENG T, ZHANG Z, YIN B, et al. Effect of antidepressants on
functioning and quality of life outcomes in children and adolescents
with major depressive disorder: a systematic review and meta-
analysis[J]. Transl Psychiatry, 2022, 12(1):183.
BOADEN K, TOMLINSON A, CORTESE S, et al. Antidepressants
in children and adolescents: meta-review of efficacy, tolerability and
suicidality in acute treatment[J]. Front Psychiatry, 2020, 11:717.
ECKSHTAIN D, KUPPENS S, UGUETO A, et al. Meta-Analysis:
13-Year follow-up of psychotherapy effects on youth depression [J]. J
Am Acad Child Adolesc Psychiatry, 2020, 59(1):45-63.
DE MIRANDA A S, C B TOSCANO E, VENNA V R, et al.
Investigating novel pharmacological strategies for treatment-resistant
depression: focus on new mechanisms and approaches[J]. Expert
Opin Drug Discov, 2025, 20(3):357-371.
TAN X W, GULWANT SINGH H K, JOVI Z J K, et al. Personalised
transcranial magnetic stimulation for treatment-resistant depression,
depression with comorbid anxiety and negative symptoms of
schizophrenia: a narrative review[J]. Singapore Med J, 2024,
65(10):544-551.
NG E, WANG K, NESTOR S M, et al. Deep transcranial magnetic
stimulation and intermittent theta burst stimulation in youth compared
to adults with depression: a retrospective analysis of open-label
treatment[J]. Eur Child Adolesc Psychiatry, 2025, 34(7):2271-2273.
NORRED M A, ZUSCHLAG Z D, MADORE M R, et al. Sleep as a
predictor of improved response to transcranial magnetic stimulation
for depression (SPIRiTeD)[J]. J Affective Disord, 2024, 362:9-13.
CONSTANTIN D A, MONESCU V, CIORICEANU I H, et al. Can
Medication be a Factor that Can Negatively Affect the Effect of
Transcranial Magnetic Stimulation in Depression?[J]. Am J Ther,
2024, 31(1):e30-¢38.
RAJASEKHARAN D, MADORE M R, HOLTZHEIMER P, et al.
Personalized models of Beam/F3 targeting in transcranial magnetic
stimulation for depression: Implications for precision clinical
translation[J]. Brain Stimul, 2025, 18(3):829-837.
HICKSON R, SIMONSEN M W, MILLER K J, et al. Durability of
deep transcranial magnetic stimulation for veterans with treatment
resistant depression with comorbid suicide risk and PTSD
symptoms[J]. Psychiatry Res, 2024, 332:115690.
LI X, CHEN X, YU R, et al. Changes in gray matter volume
following electroconvulsive therapy in adolescent depression with
suicidal ideation: a longitudinal structural magnetic resonance
imaging study[J]. Front Psychiatry, 2022, 13:944520.
ZHANG E, HAUSON A O, POLLARD A A, et al. Lateralized grey
matter volume changes in adolescents versus adults with major
depression: SDM-PSI meta-analysis[J]. Psychiatry Res Neuroimaging,



- 138 -

(HEYBE TR ) 2026 FF55 47 28 1] AVEFUHEESREIRE

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

2023, 335:111691.

MIDDEN V V, DEMAR J, PIRTOSEK Z, et al. Exploring neural
pathways: highlighting the effect of taVNS on cortical and cerebellar
circuits using TMS[J]. Brain Stimul, 2025, 18(1):260.

KARIM A A, KAMMER T, LOTZE M, et al. Effects of TMS and
tDCS on the physiological Regulation of cortical excitability in a
Brain-Computer Interface[J]. Biomed Tech/Biomedical Engineering,
2004, 49(1):55-57.

DONATI F L, COUTO B A N, KEIHANI A, et al. Beta-band
hyperconnectivity in early-course schizophrenia revealed by
TMS-EEG of the dorsolateral prefrontal cortex[J]. Brain Stimul, 2025,
18(1):550-551.

DOWNAR J, SIDDIQI S H, MITRA A, et al. Mechanisms of Action
of TMS in the Treatment of Depression[J]. Curr Top Behav Neurosci,
2024, 66:233-277.

MARZETTI L. EEG brain networks identified by Hidden Markov
model and their relation to TMS-evoked MEP amplitudes[J]. Brain
Stimul, 2023, 16:119-120.

LISTON C, CHEN A C, ZEBLEY B D, et al. Default mode network
mechanisms of transcranial magnetic stimulation in depression[J].
Biol Psychiatry, 2014, 76(7):517-526.

MICHALOPOULOU P G, CHOW R T S, FAROOQ N, et al.
TMS-EEG in the Investigation of Excitation-Inhibition Imbalance in
Psychosis and Cognition[J]. BJPsych Open, 2023, 9 (Suppl
1):862-S63.

VLACHOS I, KUGIUMTZIS D, TSALIKAKIS D G, et al.
TMS-induced brain connectivity modulation in Genetic Generalized
Epilepsy[J]. Clin NAeurophysiol, 2022, 133:83-93.

WISCHNEWSKI M, SHIRINPOUR S, ALEKSEICHUK 1, et al.
Real-time TMS-EEG for brain state-controlled research and precision
treatment: a narrative review and guide[J]. J Neural Eng, 2024,
21(6):061001.

SUN S, HAN Y, LIU X, et al. Reduced serum neurotrophic factors
and monoamine neurotransmitters in epilepsy patients with comorbid
depression[J]. Front Neurol, 2024, 15:1480854.

NG E, WONG E H Y, LIPSMAN N, et al. Adverse childhood
experiences and repetitive transcranial magnetic stimulation
outcomes for depression[J]. J Affec Disord, 2023, 320:716-724.
GORDON P C, SONG Y F, JOVELLAR D B, et al. Untangling
TMS-EEG responses caused by TMS versus sensory input using
optimized sham control and GABAergic challenge[J]. J Physiol, 2023,
601(10):1981-1998.

CASH R, COCCHI L, LV J, et al. Functional magnetic resonance
imaging-guided personalization of transcranial magnetic stimulation
treatment for depression[J]. JAMA Psychiatry, 2021, 78(3):337-339.
542, BMR, BTIs, 5. rTMS saEia v o 2E &5 e 4k
B3¢ fn 7 PRL. BDNF. NGF K-F3%5-h[J]. BFRHEAT RS HE,
2024, 51 (1): 66-69.

OZKAN B N, BOZALI K, BOYLU M E, ef al. Correction: Altered
blood parameters in “major depression” patients receiving repetitive
transcranial magnetic stimulation (rTMS) therapy: a randomized
case-control study[J]. Transl Psychiatr, 2024, 14(1):264.

OPIE G M, VOSNAKIS E, RIDDING M C, et al. Priming theta burst
stimulation enhances motor cortex plasticity in young but not old
adults[J]. Brain Stimul, 2017, 10(2):298-304.

DAVIDSON R J, IRWIN W. The functional neuroanatomy of
emotion and affective style[J]. Trends Cogn Sci, 1999, 3(1):11-21.

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

FITZGERALD P B, OXLEY T J, LAIRD A R, ef al. An analysis of
functional neuroimaging studies of dorsolateral prefrontal cortical
activity in depression[J]. Psychiatry Res, 2006, 148(1):33-45.

TURI Z, LENZ M, PAULUS W, et al. Selecting stimulation intensity
in repetitive transcranial magnetic stimulation studies: A systematic
review between 1991 and 2020[J]. Eur Neurosci, 2021,
53(10):3404-3415.

QIU H, LIANG K, LU L, et al. Efficacy and safety of repetitive
transcranial magnetic stimulation in children and adolescents with
depression: A systematic review and preliminary meta-analysis[J]. J
Affect Disord, 2023, 320:305-312.

COLE E J, PHILLIPS A L, BENTZLEY B S, et al. Stanford
neuromodulation therapy (SNT): a double-blind randomized
controlled trial[J]. Am J Psychiatry, 2022, 179(2):132-141.

TEFERI M, GURA H, PATEL M, et al. Intermittent theta-burst
stimulation to the right dorsolateral prefrontal cortex may increase
potentiated startle in healthy individuals[J]. Neuropsychopharmacology,
2024, 49(10):1619-1629.

ANGELAKIS E, LIOUTA E. Transcranial Electrical Stimulation:
Methodology 2011,
15(4):337-357.

WU T, YU Q, ZHU X, et al. Embracing Internal States: A Review of
Optimization of Repetitive Transcranial Magnetic Stimulation for
Treating Depression[J]. Neurosci Bull, 2025, 41(5):866-880.
GOLDWASER E, ELBAU I, LYNCH C, et al. Blood-brain barrier

functional improvements after transcranial magnetic stimulation in

and  Applications[J]. J Neurotherapy,

depression treatment outcomes[J]. Brain Stimul, 2025, 18(1):548.

FU L, REN J, LEI X, et al. Effects of repetitive transcranial magnetic
stimulation (rTMS) on cognitive impairment in depression: A
systematic review and meta-analysis[J]. J Affect Disord, 2025,
373:465-477.

NAIR A U, KLIMES-DOUGAN B, SILAMONGKOL T, ef al. Deep
transcranial magnetic stimulation for adolescents with treatment-
resistant depression: Behavioral and neural correlates of clinical
improvement[J]. J Affect Disord, 2025, 372:665-675.

WALLMAN E J, SEGRAVE R A, GORDON M S, et al.
Acceptability, safety and tolerability of antidepressant repetitive
transcranial magnetic stimulation for adolescents: A mixed-methods
investigation[J]. J Affect Disord, 2022, 310:43-51.

DEBOWSKA W, WIEDLOCHA M, DEBOWSKA M, et al.
Transcranial magnetic stimulation and ketamine: implications for
combined treatment Front Neurosci, 2023,
17:1267647.

BEYNEL L, CAMPBELL E, NACLERIO M, et al. The Effects of
Functionally Guided, Connectivity-Based rTMS on Amygdala
Activation[J]. Brain Sci, 2021, 11(4):494.

HAN S, LI XX, WEI S, et al. Orbitofrontal cortex-hippocampus
potentiation mediates relief for depression: A randomized double-
blind trial and TMS-EEG study[J]. Cell Rep Med, 2023, 4(6):101060.
ADU M K, SHALABY R, CHUE P, et al. Assessing the Efficacy of
Repetitive Transcranial Magnetic Stimulation in the Management of

in depression[J].

Treatment Resistant Depression: A Scoping Review[J]. Eur
Psychiatry, 2023, 66(Suppl 1):S837-S838.

LV R, CAI M, TANG N, et al. Active versus sham DLPFC-NAc
rTMS for depressed adolescents with anhedonia using resting-state
functional magnetic resonance imaging (fMRI): a study protocol for a
randomized placebo-controlled trial[J]. Trials, 2024, 25(1):44.





