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Fig. 1 Schematic illustration of brain regions, circuits, and neurotransmitter systems involved in chronic pain
E1 BHEEEcrmX. REREBEERENTEE
RELEA R T 1R ARSCHY CHEM X, DASC AT a5 04 . D8 eI h /e . mPFC: INIURT&T A2 )2 (medial
prefrontal cortex); OFC: [E#i}ZJZ (orbitofrontal cortex); ACC: Hifl47fZ)Z (anterior cingulate cortex); IC: M} JZ (insular cortex) ;
MT: TN/ L% EE (medial/midline thalamic nuclei) ; NAc: {RFFE4% (nucleus accumbens) ; BLA: A5 4% #MMELEHS (basolateral
amygdala); CeA: { A% 4% (central amygdala); VTA: MEMI#EE5 X (ventral tegmental area) ; PAG: F/KEEFIJKT (periaqueductal
gray); IPBN: ZMMEF5%4% (lateral parabrachial nucleus); LC: #584% (locus coeruleus); RVM: %EH&NE ANMMIMIX (rostral ventromedial
medulla); SpVC: = XHZHHMEN (spinal trigeminal nucleus caudalis); DH: HHE15f (dorsal horn). FF#CH ik (311,

TS . ACCII =S 5P M ARG R
AT W R R, BT AR
mPFC., ACC 5 DMN PN A9 iR X LA Kz HEA i 19 2% 2y
REE S, SRR B L T RE S A O
[FB), ACCHL 2 AT A48 R G0 e 1o o,
X6 W 1) 1 2 R M T o R A B R
BT ACCTEEIR IS 46 m TR S A b iz O fE
L HRAS AR T IR 2N 2 — . R
(nucleus accumbens, NAc) J&¥ B -SNHL RS
DGR, AR UE AR PP A 4 8 5 Sk
gL b E A A Y MR RV, 18
PEPI E NAC IR 280G s i 3 R %, IF S
ACC Z[a] %) Ty g % 72 5 B0, X b AR 4k ] Tt
PR SRR AL, RIS R S RE R
TRIEP 2 AL B ZLALE] ' Ah, NACHZ

L g 2 52 40 TR 55 P PRk 2 SR REA T A
K, MHEAERUEAE T P S AR A T AR
H A X4 )R N AT A B2 JE (medial
prefrontal cortex, mPFC) ff i# 4% DMN 5 it iz
1M 2% (sensorimotor network, SMN) M [& 445
™ %% (emotion regulation network, ERN) ] 5
WL, TEEERIRAS T O ReE AL, T RE
B PRI B 5 I TR A 4, mPFC
Z 550N A - T, I ad 47 g 0E
PAG T, FEINN-16 25 55 e 4 B i sl 3 5 rh
REOCEEVERT, RIS AE R T A

P AR AN R IR Ry Sy A X B 3 i 1 1)
RESEH, FEARIA Z M DX A AT 2 0 25 29
FH, Fiii. INS, ACC K NAc %551y i1
AT 5 % T I B 2O RO W 4 ) fE B A B



"372- EMUFESEYIRHR

Prog. Biochem. Biophys. 2026; 53 (2

5, MRS TR R SR, T iRiE
FE ML R, R AR AR R AT
SRR AT R MR I X, LAYK ST S ki
W ARG B 5 M D e . HARE RN, TI
SR T A o A N R A L SRR i e S M R,
PR U 0T ThE 5 235 R T AN I8 3 R ) 2 B T Y
XL AN GG E T T o ik B2 2 2 % DU A T
SRR, oA 5 S I R 2% I8 A R 5
RN PERSRALSI PR T IR S
1.3 PR ELS ZHERRI

P AR AT R R FR R X 2 B B A A R
P52 B sh A AN . DIRemE LR R (functional
magnetic resonance imaging, fMRI) 5% 3 B ,
SN. DMN 5 # 47 # #l ® 2% (central executive
network, CEN) Z[HWHAE FH, BEmFrsib
R FUAR 2 IR B DG B il 2 R IR B X2
PR T, e TR X Lo T B e I 1)
KN 5% . Hp, mPFC1E A% # DMN,
SMN f CEN By 41y s, H Dy fg 2k 45 5 2 SN X
WTEIR A5 5 1 B 5, [RIITEISS TR
AU E B IR R T, DT R PR T 1Y)
BN S . mPFCTE FATHUR R4 i #5f
2 PAG S H B R ay s, HDhEe ok i H A5
M) A Y5 PR AR A%RE 2. BRI, 145 mPFC-PAG id
A BN -G 4 2 ) BR S . % RS
PIRES H TE M g b G s A 18
PR L NAc IR B4 /)y . mPFC-NAc J) B % 2 4
5, R E-ZHL R R Re R AR 2 Ak
FEHLG . HIL, NAcENEBE SRR SE%R
NIRRT S TR [a) T B4 i 17 ] 47
PRI, A, HIP-mPFC i BRAE TS 2501 59K
SN T A SCHE , BMEPRIRETT, il
DIRem s I rERER it , SEUELRTRES T
B 154 B X2 B TR A R R TR R R
JESIIEBEER , IR E NG 4 RN . AH OGS
PEoR A AR 2 (e A5 Be TI) AT A i
HIP-mPFC [F] 35 5 . AMG 78 K9 B 1R 15 4%
THHEAEER, H5ACC, mPFCMIIfgis%
A BN A IR S BE TR 2 TR A P Bl 5 [
I, ACC-AMG M mPFC-AMG i [ (1) 5 # 455 th
o) B 2 4 B ) Fi T T A . I X SR PR A
1 535 20 AH DG £ S8 S 0y 38 0 S AT R RS DB
SR, 12 PERCIRE S & 0% ik X £ B 9 g e 1 )k

HLOWEESNVAIIREMIRIERMSG . M. mPFC.,
ACC. NAc, HIP J PAG %577 i d: [RIA4 2 4 v] ¥4
PERIZE, HIRER M i s T et T 229
B Bl IS S ph i i DX B ) D 245 S22 2
VA, TR R AR AR AP AR A R0 SR S P
SIS 45 22 IR AL T AT AR

2 TIWNEEBESHE

21 FEESEYYE

TURIBUE— Rl 24 AR R APE SR PR HR
HAZCHLIAE T8 2 78 3k B2 R TR E X R, it
T R A 22 5 () S E S LR (21 kHz) , 7EAK
A MR S 2 T . 1T
Yt 45 R A6 T 8% 2 2%, 911 2.00 kHz
552.01 kHz FITfE i 10 Hz IR, 76 AL 0
H, A FHLYE 3 I RE I I P R T R R
NEEWME 2R, g A B IE
DEPERRE, R0 B0 L 5% L R AN SR LLSK Sl
ZLTUTH T SRIMT, M AS WE AT A 2 1 L
BE, IR A fEZS () P BUEE X, ffiE
P D355 PN ) o 28 37 30 2 R R s e R I
SR, P oufE R — S T A R S
B, (HAEXUI TR R ESER T, WEELI2E
AT A R AR A, X — R R T R e
R MR OCHER 7 dE— DR R,
T R 2880 HIL I A AR T S %) 49 2 20 e i 37
eot, JUHEZ, R AR R R, B
FE AT R L 1l R AR E R R s 2R T
PEMCH AR AL LA 5, DAY SIS 22355 50 7 0
il 500l SR AR LR RE AL P S R 14 S
T R AL 3 () R S PR N, A4S R 2R TR RS 2K
PEPOTFm AL (E T o AHOCTHAAR AL 5 SR
PR, AhoE b Ben] kA SR A 0 A
JHCE T 2 A i DU AT R AL w3 £ 3 B
[SERGEENE S

WAL, TURI Y 2 (8] SR £R AE 01 5 ph 28 S g 1t
) ECR VA OC . A 5 S0 iE A R W, kHz 200
T PR R R R L %o ik D 2853 0 18 sh A R A7 A 5
E M (401 kHz #0 . 5 Hz 4524955260 V/m) ,
H B REBA = TR, 26 R BT ) 50T 4
X kHz R0, 33 3R W [R]85 450 R sl 2800
oy Canfhse) X T A 04 i il B ke (2



2026; 53 (2) BRE, &: METHRNMEEEAREERHNEN Sk -373-

Fig. 2 Schematic illustration of the principle of temporal
interference (TT) stimulation
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Table 1 Recent animal studies on temporal interference (TI) stimulation
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Af: 2245 (difference frequency); c-Fos: & uififbn&d); CMAP: EA WA ShERN (compound muscle action potential); TENS: £
JZ 22 B )38 (transcutaneous electrical nerve stimulation) ; LFP: Jai#f¥ 47 (local field potential) ; CPP: 2544 & % & (conditioned
place preference) ; Ca*': 58 F; Glu: HF&EM; DA: ZEE; WB: H[IJBENT (Western blot) ; PSD-95: 7% fiflt j5 B %% ) 2 1195
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Table 2 Recent human studies on temporal interference (TI) stimulation
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SEEG: STAKMHE (stereo-electroencephalography); UPDRS-II: MH4: #R5% 174 it 2245 111384 STN: N JIK#% (subthalamic nucleus) ;
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HERAMIF; d: FS5 KBS bR TMS: 2@ 43 (transcranial magnetic stimulation) ; MEP: iz 3% & Hi{iZ (motor evoked
potential); RMT: #tEiazli{H (resting motor threshold); Y-balance: Y F-F#7illiX (Y-balance test) .
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Table 3 Target parameters of key brain regions for pain modulation via DBS and recommended TI parameters
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A JNDBS S8 DBS+ AR TIZHE TEENL B F 7 17
CHEN SR W) CELER /30
Fr A 100~130Hz; BRIV . WSS f,=2 kHz: Af=10~20 Hz; VA - SRR S, IR
60~90 us; 1~4V  iTfk ;=2 kHzEAf SR AE LT fiE
RO Z 130 Hzs 90 pss  ZEARTE PESOR I T &M, fi=2kHz; Af=20 Hz: RIRIE G UERE, S U
2~5V PN 32 =2 kKHzEAf TR
N 130 Hz; 60 ps:  CSCEEPMAR AMAR 5 PRI G 2% fi=2kHz; Af~20~25 Hz; [RTEAEIE BN =
3~5V =2 kKHzEAf I
Hh i K 50~100 Hz; WOE N VR IR R AT fi=2kHz; Af=5~10 Hz; TSR N VR TR RS IR
FEl 2K )52 60~120 ps; 1~3V | ZhBE £=2 kKHzEAf
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Fig. 3 Potential targets of temporal interference ( TI ) stimulation in chronic pain modulation
E3 TIFEEHARRERNEELER
mPFC: WMIFGH#H )7 )Z (medial prefrontal cortex); ACC: [ijfl7r JiZ)JZ (anterior cingulate cortex) ; NAc: fAFf#% (nucleus accumbens) ;
VPL: JiJ5 #MUI#% (ventral posterolateral nucleus) ; VPM: [ J5 P9l #% (ventral posteromedial nucleus) ; CM-Pf: 1 4t - 3855 52 44 &
(centromedian-parafascicular complex); PAG: Hilii /KA BB KB (periaqueductal gray); PVG: ZEJEFJKFE (periventricular gray) .
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Abstract Chronic pain is a complex condition shaped by long-standing alterations in both physiological and
psychological processes. Rather than representing a simple continuation of acute nociceptive signaling, chronic
pain is increasingly understood as the outcome of progressive dysregulation within distributed neural systems that
govern sensation, affect, motivation, and cognitive control. Neuroimaging and electrophysiological studies
indicate that this state is accompanied by extensive plastic changes in deep brain structures and large-scale
networks. Beyond well-described central sensitization processes, chronic pain is characterized by disrupted
oscillatory rhythms and altered connectivity within large-scale brain networks, including thalamo-cortical circuits
and prefrontal-limbic-reward networks. These findings support a conceptual shift from viewing chronic pain as a
focal, lesion-driven phenomenon toward recognizing it as a disorder of distributed network pathology.
Pharmacological treatments remain central to clinical practice, yet their long-term efficacy is often limited and
frequently accompanied by substantial side effects. The ongoing concerns about opioid-related risks and the
inadequate therapeutic response in a subset of patients highlight the need for safe, non-pharmacological

approaches that can address not only pain but also comorbid disturbances in mood, sleep, and social functioning.
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Neuromodulation provides a promising path toward mechanism-based and non-pharmacological management of
chronic pain by employing physical or chemical stimulation to alter the excitability and synchrony of specific
neural populations within central, peripheral, and autonomic systems. While invasive deep brain stimulation
demonstrates that targeting deep brain structures can be effective, its clinical application is restricted by surgical
risks and cost, highlighting the importance of non-invasive techniques capable of reaching deep targets. Current
non-invasive approaches, such as transcranial electric stimulation, are constrained by limited penetration depth
and insufficient spatial precision. These limitations hinder reliable engagement of deep regions implicated in pain,
including the thalamus and nucleus accumbens, and tend to produce broad, non-specific modulation of cross-
network oscillatory activity. Temporal interference (TI) stimulation has emerged as a means of overcoming these
obstacles. By delivering interacting high-frequency currents that generate a low-frequency envelope within the
head, TI enables focal stimulation of deep targets while minimizing superficial current delivery. Recent multiscale
modeling and animal studies indicate that TI exploits the nonlinear rectification properties of neuronal membranes
in response to high-frequency carriers, as well as their phase-locked responses to low-frequency envelopes, to
generate “peak-focused” electric fields in deep regions under relatively low superficial current loads. Moreover,
TI appears to exhibit potential advantages in terms of cell-type selectivity and rhythm-specific engagement,
including differential responses across neuronal subtypes and distinct coupling to 0-, B-, and y-band oscillations.
These features suggest a promising avenue for correcting abnormal rhythms and network dynamics that contribute
to chronic pain. This review summarizes current knowledge of the neural mechanisms underlying chronic pain
and recent advances in TI research. It examines functional disturbances across key pain-related regions and
networks, outlines the principles and technical characteristics of TI, and discusses potential deep-brain targets and
stimulation strategies relevant to chronic pain. Evidence to date indicates that TI, with its non-invasiveness,
tolerability, and capacity for precise deep brain modulation, holds great promise for the management of treatment-
resistant chronic pain and may evolve into a new generation of precise and efficient non-pharmacological

analgesic strategies.

Key words temporal interference, chronic pain, neuromodulation, non-pharmacological analgesia, deep brain
stimulation
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