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Abstract Objective: To assess the efficacy, enduring safety, and histocompatibility of the indigenously developed
implantable spinal cord stimulation (SCS) system. Methods: A cohort of nine Small-tailed Han sheep was selected
for the study. Three were subjected to SCS implantation for two weeks (group S). The remaining six sheep
underwent a more prolonged implantation of SCS for 26 weeks (group L). Parameters such as behavioral responses,
laboratory assessments, device electrical impedance, effects of both high and low-frequency stimulation, and the
potential displacement of electrodes were evaluated at pre-operative (T,), 1 week (T,), 2 weeks (T,), 4 weeks (T;),
8 weeks (T,), 12 weeks (Ts), 20 weeks (T,), and 26 weeks (T) after SCS implantation. Additionally, hematoxylin-
eosin staining of tissues surrounding the electrodes, as well as other relevant tissues, were analyzed at 2 weeks and
26 weeks post-SCS. Results: After the implantation of SCS, both the S group and L group exhibited normal
motor functions. Compared to the preoperative period, there were no significant changes in the complete blood
count, liver and kidney functions, and coagulation functions in both the S group and L group (P > 0.05). However,
compared to the preoperative period, the blood glucose levels in the L group animals significantly decreased at

2 weeks, 4 weeks, 8 weeks, 12 weeks (P < 0.05). The impedance values during and after surgery were normal,
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and no electrode displacement was observed. The morphology and structure of the spinal cord at the stimulated

segments appeared normal, with no evident necrosis, edema, ischemia, or inflammation observed. Conclusion:

The study conclusively demonstrates that the domestically developed implantable SCS system possesses robust

functionality, exemplary biocompatibility, and sustained safety over prolonged periods of implantation. These

attributes collectively affirm its potential suitability and applicability for clinical use.

Keywords spinal cord stimulation; biosafety; histocompatibility; Small-tailed Han sheep
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Fig.1 X-ray images of thoracolumbar region after SCS electrode implantation.
(A, B) Anteroposterior and lateral views of the S group, with two percutaneous electrodes implanted; (C, D)
Anteroposterior and lateral views of the L group, with two percutaneous electrodes and one surgical electrode implanted.
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Fig. 2 Traditional suture anchoring method (left) and the new anchoring method (right)
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Fig. 3 X-rays of electrode positions in group L

(A-F) Shows the X-ray follow-up of the electrode positions at different time intervals after surgery for animals in the L
group, numbered 201-206. The X-rays are labeled with the positions of the fifth lumbar vertebra (Ls) and the seventh
lumbar vertebra (L,) of the Small-tailed Han sheep. The white horizontal lines represent the distal end of the puncture
electrode, and the red horizontal line represents the distal end of the surgical electrode.

Ts: Intraoperative; T,: 26 weeks postoperative; Ls: Lumbar vertebra 5, L,: Lumbar vertebra 7
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Changes in perioperative blood counts in two groups of Small-tailed Han sheep

(A-C) Represent the white blood cell count, red blood cell count, and platelet count of group S at different time points,
respectively. Compared to T,, there were no significant changes in white blood cell count, red blood cell count, and platelet
count at T, and T,; (D-F) Represent the white blood cell count, red blood cell count, and platelet count of group L at different
time points, respectively. Compared to T, there were no significant changes in white blood cell count, red blood cell
count, and platelet count from T, to T,.

T,: Preoperative; T,: 1 week postoperative; T,: 2 weeks postoperative; T;: 4 weeks postoperative; T,: 8 weeks postopera-
tive; Ts: 12 weeks postoperative; Tq: 20 weeks postoperative; T,: 26 weeks postoperative
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Fig. 5 Changes of perioperative liver function in two groups of Small-tailed Han sheep

(T

(A, B) Represent the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in group S at different
time points, respectively. Compared to T,, there were no significant changes in the levels of ALT and AST at T, and T; (C, D)
Represent the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in group L at different time points,
respectively. Compared to T,, there were no significant changes in the levels of ALT and AST from T, to T,.

T,: Preoperative; T,: 1 week postoperative; T,: 2 weeks postoperative; Ts: 4 weeks postoperative; T,: 8 weeks postoperative;
Ts: 12 weeks postoperative; T,: 20 weeks postoperative; T,: 26 weeks postoperative
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Fig. 6 Changes in perioperative blood glucose and renal function in two groups of Small-tailed Han sheep

(A-C) Represent the values of blood glucose (GLU), urea (UREA), and creatinine (CRE) in group S at different time
points, respectively. Compared to T, there were no significant changes in the levels of GLU, UREA, and CRE at T, and
T,; (D-F) Represent the values of blood glucose (GLU), urea (UREA), and creatinine (CRE) in group L at different time
points, respectively. Compared to T,, the GLU levels showed no significant changes at T,, T, and T, but significantly
decreased from T, to Ty (**P <0.01, ***P <0.001), compared to T,, there were no significant changes in the levels of
UREA and CRE from T, to T.

T,: Preoperative; T,: 1 week postoperative; T,: 2 weeks postoperative; T;: 4 weeks postoperative; T,: 8 weeks
postoperative; Ts: 12 weeks postoperative; Tq: 20 weeks postoperative; T;: 26 weeks postoperative
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Fig. 7 Changes of perioperative coagulation function in two groups of Small-tailed Han sheep
(A-C) Represent the values of prothrombin time (PT), activated partial thromboplastin time (APTT), and thrombin time
(TT) for group S at different time points. Compared to T,, there were no significant changes in PT, APTT, and TT at T,
and T,; (D-F) Represent the values of prothrombin time (PT), activated partial thromboplastin time (APTT), and thrombin
time (TT) for group L at different time points. Compared to T,, there were no significant changes in PT, APTT, and
TT from T, to T,.
T,: Preoperative; T,: 1 week postoperative; T,: 2 weeks postoperative; T;: 4 weeks postoperative; T,: 8 weeks
postoperative; Ts: 12 weeks postoperative; Tq: 20 weeks postoperative; T,: 26 weeks postoperative
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Fig. 8 HE staining of transverse sections of the spinal cord at the electrode implantation site.
(A, B) The transverse sections of the spinal cords for groups S and L under 4 X magnification, with the locations of elec-
trode placement marked by red ellipses; (C, D) The transverse sections of the extradural tissues for groups S and L under
20X magnification, with the locations of electrode placement marked by yellow pentagrams.

W 2024FMsHIN S indd 575 $

2024/8/12 15:17:06 ’7



| T T

W 2024P5FisHIN L indd 576

s 576 -

W Co R F R ARG AN [F] AT (50 Hz
110,000 Hz) R & MRS, 258 R KRN
HEALRERAENE, EEEFEE, R
MARJGEHPEIES, SCS W& isHTIEEYR. Sk
T B LG, B BoE B S S IER, R
B AHMIRSE . AKBh. B, JORESRE A, M
T UE SEAHE 7248 [ 7= SCS 7 f HL & R K I 22
MRS, B E, BIEMT A
Pt FARTFE S I RA B AU A AT e,
A LAY A2 I A T S 36 0K

TEAHEFEH, WSR2 B A 5 79 20 5256 2 1Y) ifi B 7K
PR TR, X IR AT AR A N R A A R R
SURIIN RN A K. EAERNZ, SEEEA
AL, AN AL ) SELG 2E AR A S5 IIRE 7K P B 30
TR PR . IX R 22 5 AT BEVR TR AR N 20 ) K
B EEFARNMBEZ G, RG] T Rk AR B
B TR N2 B SE G 2 AR R S K ) P R T
2R EWIN, S A E LS R, R
MR T MUK AL, ESE A S0 2 A IR R
RO, AR EINE Z HRIATATER . Kk,
M ARG AT RETEIG IR IR E R E R L. KR
SEI6 2EAE AR FT RN A S5 5 I 8] 500 22 TS UG = A A A
REBWS, BERBLLEE L BT,
B Y BT AT RIRE T, XA A AT R 2
XREH RFAREW T ARSI AR 2
Rtk — DR R AT

SCS N J& At I ARSI 8. FARM
FIFRAENTEESML . BB/ AP st B,
V2% AH 9 RIE F B AR RS A AN B A g U
A G B — B R MAE SCS M i, Y
M7 R " AR A A R G PR AR e
BB WAREIEIELS, B0 N
BB AT B TR AR e T AR AL E O, L4 SCS
R GUK K s F o 2l ) 4% 2R 4T 45 ] e E 4 41
U7 GRS RE™, —BRAER
Aok SECEXFEAR ", AWFFH SCS &4tk
KRR A e =0 P, X Ry s T A
e RE AL (AT g, IF H AT LT A F Rkl AHE
TR, TEKIE 26 FRIWER AN, SERFEEH
IS O R, HEE A F AR A B AR R R AR AT
e WX Fog Al e 7 QR A e R S BRI
BIGIN IAEDINEEAR 55 B

AHF 7 AL SCS R G R R B, SR
2 R g F R BANRHFCFE R, 0 B 7
HIEAEERE. REBRERE. BB AIE LK

——

v [ R B 22 44 & Chinese Journal of Pain Medicine 2024, 30 (8)

(T

ARG AT T AWl . ZRRW, ZR& K
HECAE B ERAE R & TR ER, MRERIR
Uf o I AEAS [ ) A5 H R ik & 2B 2% 3347 FELPT
MR, Fgs & e M IS B g, fil T BT
EIIAF AT 2 A, H e A B R e TR A B
%, RRWESEEBREIET, IR AR X
LGB RS R . hAh, TR RGNS
HOR 2 F AR S EUR, P 1% 1 AR ) A
Gl REA RN ZH R TR ARG A 45 St — B I sk,
HLAR AN 2 J8 5% 26 J& I PR R s, ¥R W 8% F
JE SV B AR A SR R A AR A, Bos
# B RUFHA LY. 284 MR A I 45 5 DA
Rl R A 500, B4 A VRS A IR BT A i SCS
RGHAT R 2 AR st .

2 LRTR, AW IO FEERAT T E PR
FLR R e K T S R NS5, 5 SRR, A
WREKHIE 2N, HRNERDENRRR
R, WARKRIANIRAL . AT TAAERAR L ZAL,
CIEEEARBEAN L. S XA, LR ATEE
PAR A I o s A B A . AR, %
JRE 7 ST AR R LR 4 T M VA 1% R S8 e A PR AN
AR, MRS R S R A 95, BARCR
SRtk — 25 B DY AR PR 2 O 7T

F @R ER . AEFRARALLH BT,

& £ X W

(1] ARER, SRS, BT, 55 . B R R ARBGTTIEEE
T FILIH [I]. P EYRRE R, 2021, 27(6):406-
409.

[2] Jones CMP, Shaheed CA, Ferreira G, et al. Spinal cord
stimulators: an analysis of the adverse events reported
to the australian therapeutic goods administration[J]. J
Patient Saf, 2022, 18(5):507-511.

[3] Niyomsri S, Duarte RV, Eldabe S, et al. A systematic
review of economic evaluations reporting the cost-ef-
fectiveness of spinal cord stimulation[J]. Value Health,
2020, 23(5):656-665.

(4] BB, 600, FE, 5 BB UE 8 R
RGAEF WY Z MBS AT A [J].
PERIE 4478 | 2020, 26(4):265-269, 275.

(51 Ef5, EPTA, HIURAE , S5 . v S0 R R w A X
N RIESE A RE S MR BE 2R S (D], Bk
47, 2019, 28(9):155-163.

[6] B, ARG, frmetit | &5 . 1SS R E I 4n
AL H RS ML R R A (0], R 2
&£, 2018, 54(10):36-39,44.

[7]1 Rajkumar S, Venkatraman V, Zidanyue Yan GL, et al.

S

2024/8/12 15:17:06 ’7



| T T

Fp [ 9 25 2% 244 & Chinese Journal of Pain Medicine 2024, 30 (8)

[12]

[13]

A CIP et Vi o (A

Health care economics of high-frequency spinal cord
stimulation for painful diabetic peripheral neuropathy[J].
J Diabetes Sci Technol, 2022, 2022:19322968221128321.
Kasapovic A, Hischebeth G, Jaenisch M, et al.
Sonication in patients with spinal cord stimulation: a
new approach for infection diagnostics[J]. Neuromodul-
ation, 2023, 29:S1094-7159(23)00107-1.

Rauck RL, Loudermilk E, Thomson SJ, et al. Long-
term safety of spinal cord stimulation systems in a
prospective, global registry of patients with chronic
pain[J]. Pain Manag, 2023, 13(2):115-127.

Cherkalin D, Koushik SS, Dua S, ef al. A comprehen-
sive review of spinal cord stimulator infections[J]. Curr
Pain Headache Rep, 2022, 26(12):877-882.
Papadopoulos DV, Suk MS, Andreychik D, et al. Rates
and causes of reoperations following spinal cord stim-
ulation within a 2-12 year period[J]. Global Spine J,
2023,2023:21925682231194466.

Aman MM, Mahmoud A, Deer T, et al. The American
Society of Pain and Neuroscience (ASPN) best practic-
es and guidelines for the interventional management of
cancer-associated pain[J]. J Pain Res, 2021, 14:2139-
2164.

Fontaine D. Spinal cord stimulation for neuropathic
pain[J]. Rev Neurol (Paris), 2021, 177(7):838-842.

——

[14]

[15]

[16]

(T

e 577

De Agostino R, Federspiel B, Cesnulis E, et al. High-
cervical spinal cord stimulation for medically intrac-
table chronic migraine[J]. Neuromodulation, 2015,
18(4):289-296.

Bendersky D, Yampolsky C. Is spinal cord stimulation
safe? A review of its complications[J]. World Neuro-
surg, 2014, 82(6):1359-1368.

Traeger AC, Gilbert SE, Harris IA, et al. Spinal cord
stimulation for low back pain[J]. Cochrane Database
Syst Rev, 2023, 3(3):CD014789.

F AL . 2 e R AR [M]. JE iR
FHEAL L 2019.

Woodington BJ, Curto VF, Yu YL, et al. Electronics
with shape actuation for minimally invasive spinal cord
stimulation[J]. Sci Adv, 2021, 7(26):eabg7833.

[19] Jeon SY, Ji JY, Yoo SH, et al. Percutaneous adjustment

[20]

(21]

method for transversely migrated spinal cord stimulation
leads: a technical report[J]. J Anesth, 2015, 29(6):953-
956.

Shaparin N, Gritsenko K, Agrawal P, et al. A retrospe-
ctive case series of a novel spinal cord stimulator trial
technique with less displacement and migration of the
trial leads[J]. Pain Res Manag, 2019, 2019:1236430.
Mollica S, Awad M, Teddy PJ. Lead migration in
neuromodulation[J]. J Clin Neurosci, 2021, 90:32-35.

RER (ERINEE) EXLHRR

I, BN E AR B F AU R MR IR R AR K N, BB AER
BERE T HE N 20 REAMABES AL, 30 RAFIHI A TR T K E ALK
MM E . 21540 | 99 7377, 7 NERERR . SRS R FARBARE,
Wb, A RGHE R TSRS RE RS RIS TR, AR T H RTTE

2 [l B _E AT MR 1
i A L S FH R PR b

BHEEFAREAR, T HRAZE. CRDEN P ARRBEGE, 3T L HATFR BB ik 1 e
CERAMRL) WIS, ESORK, EESSH, aTBHERR M2sbel. RRERL BRL M2 AR
REERERIN BN GRS HEA.

W 202475 L indd 577

2024/8/12 15:17:07 ’7



