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Advance in finite element analysis of the whole lumbar spine based on multimodal image fusion technique
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Abstract: Multimodal image fusion technique is a key technology that combines a variety of medical imaging methods to obtain compre-

hensive diagnostic information, which has been widely used in clinical disease research. Finite element analysis is essentially a numerical

(EETH ] ITIRE R L 0TS (BE2022718)
[EBIE1EE] WkIK5E, E-mail : yaoqinggiang@126. com

[20] Kozlowski MT, Crook CJ, Ku HT. Towards organoid culture without
matrigel [J]. Commun Biol,2021,4(1):1387. doi: 10. 1038/s42003—
021-02910-8.

[21] Sandilya S, Singh S. Development of islet organoids from human
induced pluripotent stem cells in a cross-linked collagen scaffold[J].
Cell Regen,2021,10(1):38. doi: 10. 1186/s13619-021-00099-2.

[22] Capeling MM , Czerwinski M, Huang S, et al. Nonadhesive alginate
hydrogels support growth of pluripotent stem cell-derived intestinal
organoids [J]. Stem Cell Reports, 2019, 12 (2) : 381-394. doi:
10. 1016/j. stemecr. 2018. 12. 001.

[23] Silva S, Bicker J, Falcio A, et al. Air-liquid interface (ALI) impact
on different respiratory cell cultures [J]. Eur J Pharm Biopharm,
2023, 184:62-82. doi: 10. 1016/j. ejpb. 2023. 01. 013.

[24] Kesimer M, Kirkham S, Pickles RJ, et al. Tracheobronchial air-liquid
interface cell culture: a model for innate mucosal defense of the upper
airways? [J]. Am ] Physiol Lung Cell Mol Physiol, 2009, 296 (1) :
1.92-1.100. doi: 10. 1152/ajplung. 90388. 2008.

(25] SZRRHT AR . SRR 0 HORAE SN I S 38 ZR B AE P i
SEPEE ()] R EE T, 2024, 59 (4) : 364-369. doi: 10. 3969/j.
issn. 1008-1070. 2024. 04. 004.

[26] Zhu Y, Sun L, Wang Y, et al. A biomimetic human lung-on-a-chip
with colorful display of microphysiological breath [J]. Adv Mater,
2022,34(13):€2108972. doi: 10. 1002/adma. 202108972.

[27] Zamprogno P, Wiithrich S, Achenbach S, et al. Second-generation
lung-on-a-chip with an array of stretchable alveoli made with a biological

membrane[ ] |. Commun Biol,2021,4(1):168. doi: 10. 1038/s42003—

021-01695-0.

[28] Dmytriw AA, Chibbar R, Chen PPY , et al. Outcomes of acute respira-
tory distress syndrome in COVID-19 patients compared to the general
population: a systematic review and meta-analysis [J]. Expert Rev
Respir Med, 2021, 15 (10) : 1347-1354. doi: 10. 1080/17476348.
2021. 1920927.

[29] Lamers MM, van der Vaart J, Knoops K, et al. An organoid-derived
bronchioalveolar model for SARS-CoV-2 infection of human alveolar
type Il -like cells [J]. EMBO J, 2021, 40 (5) : €105912. doi: 10.
15252/embj. 2020105912.

[30] Leibel SL, Sun X. Halting SARS-CoV-2: lung organoids step up to the
plate[J]. EMBO J,2021,40(5) :e107651. doi: 10. 15252/embj. 2021
107651.

[31] Salahudeen AA, Choi SS, Rustagi A, et al. Progenitor identification
and SARS-CoV-2 infection in human distal lung organoids [J].
Nature, 2020, 588 (7839) : 670-675. doi: 10. 1038/s41586-020—
3014-1.

[32] Song J,Li M, Chen C, et al. Regulator of G protein signaling protein 6
alleviates acute lung injury by inhibiting inflammation and promoting
cell self-renewal in mice[J]. Cell Mol Biol Lett, 2023,28(1) : 102.
doi:10. 1186/s11658-023-00488~z.

[33] Liberti DC, Liberti Tii WA, Kremp MM, et al. KIf5 defines alveolar
epithelial type 1 cell lineage commitment during lung development
and regcneration[.]]. Dev Cell, 2022, 57(14) : 1742-1757. €5. doi:
10. 1016/j. devcel. 2022. 06. 007.

(G- X 20)



B G A %% ] REG ANAT OPER SURG 2025,34(7)

http://www. jjssxzz. cn 643

method for solving differential equations, which simulates various physiological and pathological scenarios through combining with

multimodal image fusion technique. It has been applied to many medical fields such as the whole lumbar spine, and plays an important role

in anatomical research, biomechanical research, and the occurrence and development of diseases. This combination of technologies can

simulate pathological processes such as vertebral loading, intervertebral disc degeneration and ligament ossification in three-dimensional

space, thereby offering precise support for the elucidation of mechanical mechanisms, assessment of risk and design of surgical plan. This

paper systematically reviewed the advances of finite element analysis based on multimodal image fusion in different anatomical units of the

whole lumbar spine through literature collection and collation, and analyzed its key problems in model construction, material property

assignment, validation methods and clinical transformation. The synergy of finite element analysis and multimodal image fusion provides

clinicians with more basis for the diagnosis and treatment of lumbar spine diseases, and has broad application prospects.

Keywords: multimodal image fusion technique ;finite element analysis ; lumbar spine ; applied anatomy ; biomechanical analysis

IBEAFE P IO D i v 235 4 0000 o B PR A R A
AFE ] FL A R A 22 03 A1 45 , 3 it 1) 45 K 7 NE A ) 12 3y
B Bz sl e 3 SR HIM. DL IEME S
FLFE MEAREAR AT 1 5 1 TR AE ] £ 5% HAE | A 1Y
BeATE AR R VA A0 25 55 REAE B 1 A i ML
SO% AR AT RF SRR AR R E R R R 1 H R
AT, B PR R SR R AR B A vy, T AR Ok B 5
ARt o (BRIT LU AR DT E £
DROER NI, B A9 312 I NG 7 28 G H 2,
TELHE 2 5 A0 4% MBI 1 R P45 45, TE I8 kil
JEtE I, BT 1 B 22 B 2 S AR “E RO M sl 52 4
FROLBEATASIN , LASH B s PRAZ W7 53607 o 8 k0 g
PR RIS TR] £ A 4 g 2 00 Ay S 40 R A/ 3 o e L 2L
UK 2R UL LA 2R AL 5 R A o] 25038 47 P ek
AR TRV AR 235 A T 8 P B8 M I 287 3 7 2 B 97 T A
PR 7= A 9 187 3 ] 48 0 9 B o G Ak T4
15 518 52 0 A P f R o0 Hgh s A ik — 20
i

SR, o T IEME B0 it F 25 4 52 0%, 4% 08 00 Jo 22
S E HAT i JCEE I AR AR A BRI A
HEFEAT R ERA . 1985 4R 2R (5 B RS B, fE—%E
FRJE Lk 73X — e, BEHRHTERIIRA, HAETC T
K th Z RS AR A SF HOR 5 ROt Hra & 197
V5, 38 A s A TR ME AT BR TS TR AL S B3 0, 4 1
HERY A= B i B AT PRGN 45 H PR E sl 45 2
Foft REEAFE A A5 05 LA LA S SR AR BT 28055, LA
Bl RBFFE

1 £EENATHENNESTTE

LI FE] A AT J 852 22 1) 4 WA A= ) g 2 o3 B O
T AL S AR Y 1 RS A ) 0y o SRR
A=) 3 25 8 Ak AR BBl W b A B A A AR 45 D7 5K
AT IEME I3 22 R SRR 2R W) 2 I B A R OT
Iy TSR A R ME LS K 1 1 447 0 X PR 5

20 I 5 A D) RE S At 0 e A= DL i 4t 1 i 2 T B,
X EEAE SR R 2 B SR YT B d s 5
1.1 SE3AdhhFo

NEAHE 12 217 BT IEHE A FR [ FH G2 2l 0 45 1) 76
HE I B E . 20140 90 4FARE , 2 P IR
P i ) 2 0 2 LA, S AR 22 2 il 0 B4
A B AL R E R 4 S A T R KA
& S By iR AN A A 1 2 e B AS 2] T LR
i 2 Ay g Jltoel (B A 2e e vl i sh W 4
S R YR S AR A AR A 1Y R BR A A SRR
i SR AEAE IS 5 SR ARG U AR W) ) RN
564 — 3, 1 AT e M EE 53 AT 08 AE AR PR AR e 4
PRI M. T AN RMEHERR A ME LRI 1 2261
12 PE BRI RN N 7 — 10 AR 3 A A A B Y ) A
P A BB OS2 56 T R LA A A R 1] SR
P 17T % A (B] G 1T B B AR X B o AR Gl ) 2 A
R, METR] DG 1Y 32 24 2 Boie i BT sy I, HoAe K
2Bt i) He i 7 07 TR FHAA B, BT O AE 32 22 K E 45
F o A Li 5520 B, HE 8] OG5 2EAS [R) A A o] 2 A7 B
(R 235 2 S (A G5 T JLART ) ) BE B8 0G 59 58 2 T
AR, X IEGEM A 5 o5 HEE g H 547 o (andz
fil T AR 32 1A A Az s R L X — s B AR 2 T R
T T S 12 SR AR BHIE S AR G0 B RS
FERRAE 1L AR AT I 3 22 Pk, B 4R L 28 S vk LU
B 2 A iy AT S A A ) ) S S ORI S
5 A A AN B AT R R AT R s R B, T
BRI BR A A7 A B B e 9 22, ME LUACERAS [A] AR 18
BLEHENS O s ShAIEMERRAS 52 T80 5 N A1 1 2
25, R w B RNIARAS A SCHR 4150
HORAFAE I 25 9 0] 25 57, ELUAR IR L7 m 28k ok 3
G FAF B AR AR AL B Ty CAE D T 3 AT RE R M S
LRl < W s 1= S B 3 =% ) S e G |
R AT A5 B, ARk N HE T G — 18 o S 5
T, IT45 G M OB MR HOR | 4 B A% I T B A 0t



644 BB FRFRE

J REG ANAT OPER SURG 2025,34(7)

http://www. jjssxzz. cn

T 28 Ao R A A TORS o W, LA B S E 5T B b o
b, P T A
1.2 BbAYhF o

A R TT o3 B 1 B O v 0 B S i R A T AL
BT R A F G T B e R BT LR A PR B0 G SR
R O RR R R 0 L R G, HA Y SE
PERIAERLME . 7E 1974 4F , Belytschko 25" OB A R
TCA T B AR T R A W 07 24 Sk, B R e A
gl A A ROCER . BEE TR R T TR A
SRR ST B2 B PR A A A R B H B AR
B HE B3 BT RO S L 2 R AT BR G A T B AN
Wr AR 3R, N7 Y = AEBCRY T I LS RS A, HETCAE
A RE R R 1A 5T B 7k

JEEAFE 18 A BIR T 43 AT A2 0o Tt A B 6 34 A By
B SR AL B G B, T B TG IR AR ) A
B A )2 BLSCVE ) = HE IR 24T LA A%
X153 5 04k E PR 2 S5 U SR Al i Be L i i 3
S AR R AT I, K A% BTG M R R R R Ry A
Jey O B R e, S A XoF 1 P A PR G Jy R 2 2 26 4 SR )
FEHRE , IF X B RUS 19 R GER A oo i 4 s s
HEA G AL BB B, % 2 AR B AL B () WA S
J1 50 N HE B AT AT AL G AT SRR TEAR L
SCREIE RBAE W) 1A 451 I

Har, A RT A e R E LA HE
S AR S ST )2 T, T ARG EMEAE A HUIR SR
[ 77 2 RV S FE I PRS2 B 7 T , BB A TR 7 Rkt
FREE 7 RIS 5 s 75 F R VPAS 0
3, AT AN A AR 203 X6 HE AR J5 8502 5 7 B2 7 2 T
RITIH, AT TSR E R 5 A T AR R T e oF
85 MO B Tz N T IEHEE T (S R et S AR
SEVEE T ) A A5 BRS04 9 12 o bt R
EABRICH BT e AR 98 v R 8 2R B A7
TEREAY AT AL R E MR 3 A 15 AN T
R, JEAREA IR Iu A 5 2B AR A A HoR
M5 G 52 BT, X A RlG n] DUBR S R A A B B2
I A 385 FH P, RS TR B 0L 52 4 1 A 0 g 2 R 4™
Bian, B RRICH e & CTRAZH TR F AR TR
il () A Ay A ey A R PR VP A B AL T AT AR A
AR, A SR TSI A ) 2 RS A ) 0T
FEIR R IR] & e

2 SESESHERAESERTANEEREY
S eR g i A

B2 SR R G BOR LHZ IR R B2 05 B AR Tl

PRI E A A% 0 F AR ZEBOR 12 W 567 RS h &
FEOCHEHI™, BB AR AL T CT 4 A )
FEHMEAT FRIT /3 A A Y, AR BE AR LA B 1) =48 LT HE
AR B B2 A , AR 7 5 UM ) 483 4 19 Re ik 5 T A7 A
JRI PR, AR e 2 4n 2 s U JLEEREA A R
TELEARFRIXURE o Rt , 2R R A AR & HORSEAR
15 B EAME 5 ARG SR Ve, R B2 24 5 AR ST AT 5
R, RS E BG4 5 A Roukial, jE
13 B G b 3 o7 R ME S5 1) 52 2% LRI AR , B SORS B Y 45
PR AL, DIASEADUAS [a] i PR 2R 25 4 o 3l ot 22 Uk ) 4
FAOCLE W) 12 2800, AL R AR M RSS2
AT LA ST YA b DT A 235 R 1R B AN 42 4, 7 SR AR 2
J&E U I 7 A R ) e s M A T TR A
BEMH, A, Kikuchi FFPHIESE T B K T 24105
A BRITH M Z AR SR AR D, i BOR By AT SE 1
P TR

HEMAE A HEME 1Y) 3= R F 450, H A=W ) 2k
53 KU B UIAROC , A HORIETESS T4 i3
6 o0 P o FE RO M TR SR AT M R e
MER R E Ve, A BRIT /M4l & MRLA]HF B A HAEAR
[) S 187 1 8 A DA R o Ry AR E , BT A i R T
707 R PR AL PTSEAR D A B T4 0
FERGE P v S AR (EHF TS AR 5D, ROk TR
E— PR R EY) Iy 2 R
2.1 AR

JEHE R HER K B, EZ A TE A, 2M2
AR o B e . AT 7, ME AR i SR AR, R R T
HUJE AR, 1 DN 3T 2 M4 K, AR AR A< [1] e A 1] 25
FHIZE o MEARJZ ALY 7 0K, o R AR ) v 2s 1Y
J PRI, Shin S A R 0 HEASIE S, A 1A R Y
23 A K 23 5N R 3 3 A Rk, A4 I WA (R Y
INGALE S TERSREATAE R e A 7 A RN Al
PR J7 o BMZ B 038 T8 )t P AP v e 45 A % P S
P B 7 AR 2R S SR T 3R T T R A 0 T 1
SREALRE T, DTG 5T HEAR X 2 far i 7R Z BB T,
Jot B 55 0 B R 3 (R KA T 459%0~75% 1 AE 1A R
B D BCE SRR R ARl B SRS T L A
PR 2 T W AR BUIE . PR, X e
AR (B AR B BTG AT S8 3 55 ) SR AT HEA T 3 9
W VA 22 DG S, DA hy AR AR A I 9% 1 T ™

H AT, ALAE X 522 W2 O 5 7 (dual-energy X-ray
absorptiometry , DXA ) Fl & ft THHAHLHTZ 494 (quantita-
tive computed tomography , QCT) /2 IIfi K 5 % J& I 1= Y
R W o AHE A RE S WA A N O ) B



B G A %% ] REG ANAT OPER SURG 2025,34(7)

http://www. jjssxzz. cn 645

(P YA, TC vk 4 T PEAG e il S A HEAAR g 27 0 i 4
FIRBOE BT R R . A J12% CT(biomechanical
CT,BCT)HARET QCT, 45 & A BRIT /Wi, ;or %
TS R ML R S 25, JF A S B
AHOCHY B 5 280, A R 516500 DXA KX QCT 454,
Shy s R A B A M 1 DR T B

HEAR I LE W) 1205 B RA B FR
AR AR B R MO R I, U HR TR
IMAHERY A BRIT T B s B 2 o it Ah  HETR] 28
FAOR IR THER, 256 A IR 5 DXA & QCT £
AR A BT UR A MBI S A ) 48 9 s 2 SR AR, I
Tl RO
2.2 AERE

M 5] 5% R 2 L A FIREAZ L . 32 0 S8 B
LM ANREAZ Z (B8] 19 ) 25 R AR U, n] RESE W £ 4E 3811
B ARAEN, 5] & HE ] £ 1R 17 1 ZE (intervertebral disc
degeneration, IVDD) . ZHMEIR] B0 3 5 b BB I,
FRHEIAS R 2T 4R 2R 2 e 28, A% 1 A I 2L DX I A
] 573 25, BB MEM L, S BOEHER 2 ) 122
TE R A2 o A BRIT A3 A PR IR AT P A [ 8 5 T 5
B FEEME, 7T TR LR R O B, a4
AW A ) 02 R LT @IVDD I A= 92 E)
2 R AR ) ) 2 7 TRV s QA W7 IR T ARIA YT 1
ROR

Masni S5l S 7ER RS | ARG -, BT AR
FPER CT ARG B BR TR B
25 0t e e e 45 a2 RS WFFE AR TRl R BE Y TVDD
SER R BRI IR B A ] 350 9 TR A 2R A 1) 28 5¢
R B A R R E B o A i R0 ) i
Bl Ty, M ) 3 2 R O BN R S B v B A
AR EPERTRE T B o i — 2D 9 A B, XA ] 48 A A=
56 4 Wi L w20 2R St N, M A ] %) 2 2 057 B R 5 17D
A S S BN, 2 WIAE [B] 25 41 200 J 25 R (a5 AR
N )RR OC R AR ) TEIR AR R B P B 2 R B, AT
W B A TEME 22 S8 1Y ) 2 A MR T3 3000 A1 5 e Ab,
HE AR 1] 1) S S A3 % 5 5 170 7 A2 1Y . 1 e G s P A
RN AL SRR 2 B A SR IR A, AT
I 535 L 92 oV RN 7 280 B A D) RE 35 I HE 25 4 e B
Y RS o

H T I PR A T HE 1] 28 19 #8702 mT LI
FEBIME M) £ S NS5 i MR, A BRIT /A 2802
BT MRIEG, 0 HI 2 2 L v R v A BROT R
R PR — SN FR S A A A0 B - PR A A AL - H Ak
IR RIS A RO BT LS AT R 2R

BB S5 MR AS R AT 5 X A% T 43 5 e, i v A5 AR
{1 A 3L S P I TUINOHG B , (FLIsC T o 23 o S R A
G T A AR A [R], DA R ARSI 5% . Yoon 255
FEZ PP PR R R I & IR BE T 5T MR A PR
JCAM T, BE N MRI = 2k 75 [R5 v PRkt A ol I A, -
5256 TAE AR AS HE 1A BT /i . Z 45 AR GE
FHF A7 AT FH MR SAZ ) LR B 8% A 0 b ) R
(IZ 4746 58 25 10 min DAN A7 B P00 2 b0 05 45 =
gy PR 28 SO ME ) 85995 728 , S I DR s AR w2 1297 O
ES Y NIB S
2.3 i

HEH 22 18] FH BTN RIS A7 MR i i e = 2
PR 2l e A Rk N N R N W I
SRR LI . X SR IR T A Y I S A
IEFAEBRASTT , v A R0k G SR P 2 5 22 45t . Sk
T REAL: By B A A W 71 22 5T, Wiczenbach 257
3 A FRIC AT R 0 15 58 4% 1] S P A LRI
AAEZE R 7 -1 AR AT Ry SEAT B Ak, AT SRR o
b AR UL N AR A A N [R) 28 faf F1T RE AR FH T 19 0 2
M) 1Y

I PR 27, T AF R, BEME S 0 2 BLAR Lt
P2 T ARIATT I R B WA R, BEHE A
PRI A R A il 2 BE TS, G WA o |, B A A
Jei DT AT R i A 2 S OB B 8 S0 g LA R Al
o JF AR, Doi Z1E 3 BT CT A1 DXA YA FROGH
AU B, 0 A S5 M) R A IR
BIK,HTRES 2 G ALEA — 2 M SR,
JEHER A S5 K0 AN D e 52 4%, B JLAH SS9 AR 0T [
Z, ZAE MR SME [ S I R N2 . AFE kR
B, B AN WAFAE S A2 3% X B s i AN U
AEFFNEHE SRR S S50 , T Beid B SO F B AR
FRII e, R UL, AR BT B A A S R
AR AZ RPE W) 1 2 E R AR L R R A R I HE AT B
JCH AR5 (1) 44

3 REERE

A BRI AT B B BT i K TR 7R
PR EIISIT A PR S AR Rl 5 R FROGR L fr
S5, D REREAERT S PR T BRI . H AT
QI — R A FROTHE R, 70 AL 025 A A
I HE ] 23R 72 LA B o i M S5 F) BIE 5 H o
M AHA BROCA A 2 e L AR LR K
TFACKLL, I A RE 5 4 R i A N ECSE s O . R,
FELEN) F1 A R RN i, A3 A7 A 7 22 X LT )£



0646 ABmFARFRE

J REG ANAT OPER SURG 2025,34(7)

http://www. jjssxzz. cn

A, A HE B M A 7 283 2ok T 2 A 2R R
ZRS AR RS B R — P i T R TR
IS 55 28 B AT A BROCAE RS I IE . b AL 2

MR B 9] 28 8 A AE IR HEAT A0 2 Ml . 2 PR T IR

AR SR, RO T AR A IEMEA: 1 ) 2 i %K

Pl =, B T AR A AR A b RS S i

TEZAE IS BEORS e o TR, B A R A P I R 2R

B 25 HEHE T Wi 17 PR A 2R BB, kg A BR TR AL Ak

HEATH e, HADEX 2RI SRR A

A BRIT 3 A 07 2 ) SCBEROR A1 AT A A, OF 4

MR T AR T TE T I 5 S 2 R G AR

458 W R H R e S R E T LA 80 A FRoT

Mriizyr 8 S U EY . Kok, G Z RS E R0 54

AR EGHBRICH T R EE A 5T, X —HOR K

FABENMAL BT O B HEUET AR KA

P S U L G, Ay MM S8 2 O B 1y

RNGUERISYT IR S5 , HESh BBk B~ 00 1) 7 v B

N TR B2 A BR300 o A AR A A
oAb Am S5m0 58, b — 2D /b 2B 3 0 5 O AR B L DA

M2 TF 2 B35 B2 27 AR R HOR S HAT A D7 VA AE I

PR 432 BE R I B . AR, B Z2 R85 A5 il

HHARSHBRITo T B AW & AL, X —H R4

G A BT BEST T ARG U LA AR T Ty

PR R 0 B AR T, DA i 2D 4

HESIR IS Y7 K- AR TS

25 Bk, 2B AR S BOR A RIS/ 2
TENEMES 127 h e B B 2 A S Im R o, B
LR B 1o v T ) o 1) 2 e 5t o

[ ETR

[1] Zheng Z,Ma R, Zhang R, et al. Anatomical study and clinical signifi-
cance of rami communicantes of the lumbar spine (7. Reg Anesth Pain
Med,2022,47(4) :253-258. doi: 10. 1136/rapm—2021-103379.

[2] Yasuhara T, Sasada S, Date 1. Lumbar degenerative disease: key for
diagnosis [J]. No Shinkei Geka, 2021, 49 (6) : 1233-1245. doi:
10. 11477/mf. 1436204510.

(3] XU, FImess AL , 55 . PTED A J7 % B HE ] 45 %€ Hh 1L-6.,
HMGB-1.IL-17 /K- 1 5 W [T ). 53 F2 W0 567 % 5, 2024, 16
(1):149-152. doi: 10. 3969/j. issn. 1674-4926. 2024. 01. 032.

[ i, S0 BIFIL, 5 . 06315 6K S B A7 W e
eBP BN HL L), 7 R R 222441, 2023,45(6) : 619-625. doi:
10. 16050/j. enki. issn1674-6309. 2023. 06. 019.

(5] 3ERR, S B AJRIE, % R ARIRT TP PR RE SR 35 [ T A
10 R BLIPAG ()], PUIAS Bl TL2E L 2017, 30(4) £ 345-347. doi:
10. 3969/}. issn. 1007-3256. 2017. 04. 016.

[6] Stephens ME, O'Neal CM, Westrup AM, et al. Utility of machine
learning algorithms in degenerative cervical and lumbar spine disease :

a systematic review [ J]. Neurosurg Rev, 2022, 45(2) : 965-978. doi:
10. 1007/s10143-021-01598-7.

[7] Naoum S, Vasiliadis AV, Koutserimpas C, et al. Finite element method
for the evaluation of the human spine : a literature overview[J]. J Funct
Biomater,2021,12(3) :43. doi: 10. 3390/jfb12030043.

[8] Watt AA, Callaway AJ, Williams JM. In vivo through-range passive
stiffness of the lumbar spine: a meta-analysis of measurements and
methods [ J]. Med Biol Eng Comput, 2022, 60 (8) : 2133-2157. doi:
10. 1007/s11517-022-02609-w.

[9] Panjabi MM, Goel V,Oxland T, et al. Human lumbar vertebrae: quan-
titative three-dimensional anatomy/[ ] ]. Spine, 1992, 17(3) : 299-306.
doi: 10. 1097/00007632-199203000-00013.

[10] Ghezelbash F, Schmidt H, Shirazi-Adl A, et al. Internal load-sharing
in the human passive lumbar spine : review of in vitro and finite
element model studies [J]. J Biomech, 2019, 102: 109441. doi:
10. 1016/j. jbiomech. 2019. 109441.

[ 11] Panjabi MM, Oxland TR, Takata K, et al. Articular facets of the human
spine: quantitative three-dimensional anatomy [J]. Spine, 1993, 18
(10):1298-1310. doi: 10. 1097/00007632-199308000—-00014.

[12] Bhattacharya S, Dubey DK. A multiscale investigation into the role of
collagen-hyaluronan interface shear on the mechanical behaviour of
collagen fibers in annulus fibrosus-Molecular dynamics-cohesive
finite element-based study [T]. J Mech Behav Biomed Mater, 2023,
147:106147. doi: 10. 1016/j. jmbbm. 2023. 106147.

[13] Miyagi M, Ishikawa T, Kamoda H, et al. ISSLS prize winner: disc
dynamic compression in rats produces long-lasting increases in inflam-
matory mediators in discs and induces long-lasting nerve injury and
regeneration of the afferent fibers innervating discs: a pathomecha-
nism for chronic discogenic [J]. Spine (Phila Pa 1976) , 2012, 37
(21):1810. doi: 10. 1097/BRS. 0b013e31825d1c9a.

[14] Belytschko T, Kulak RF, Schultz AB, et al. Finite element stress
analysis of an intervertebral disc [J]. J Biomech, 1974,7(3) : 277-
285. doi: 10. 1016/0021-9290(74)90020-0.

[15] Qiu S, Shi C, Anbazhagan AN, et al. Absence of VEGFR-1/FIt-1
signaling pathway in mice results in insensitivity to discogenic low
back pain in an established disc injury mouse model [J]. J Cell
Physiol ,2020,235(6) :5305-5317. doi: 10. 1002/jcp. 29431.

[16] Zhao S, Arnold M, Ma S, et al. Standardizing compression testing for
measuring the stiffness of human bone [J]. Bone Joint Res, 2018, 7
(8):524-538. doi: 10. 1302/2046-3758. 78. BJR-2017-0328. R1.

[17] Seyedhoseinpoor T, Taghipour M, Dadgoo M, et al. Alteration of
lumbar muscle morphology and composition in relation to low back
pain : a systematic review and meta-analysis [ J ]. Spine J, 2022,
22(4):660-676. doi: 10. 1016/j. spinee. 2021. 11. 008.

[18] Lai O, Chen Y, Chen Q, et al. Cadaveric biomechanical analysis of
multilevel lateral lumbar interbody fusion with and without supple-
mental instrumentation[ J ]. BMC Musculoskelet Disord,2021,22(1) :
455. doi: 10. 1186/s12891-021-04031-9.

[19] Mcmains MC, Jain N, Malik AT, et al. A biomechanical analysis of
lateral interbody construct and supplemental fixation in adjacent-
segment disease of the lumbar spine[ J ]. World Neurosurg,2019, 128
€694-€699. doi: 10. 1016/j. wneu. 2019. 04. 237.

[20] Li J, Huang S, Tang Y, et al. Biomechanical analysis of the posterior
bony column of the lumbar spine [ J ].J Orthop Surg Res, 2017,
12(1):132. doi: 10. 1186/s13018-017-0631-y.

[21] Masharawi Y, Rothschild B, Dar G, et al. Facet orientation in the
thoracolumbar spine: three-dimensional anatomic and biomechanical

analysis[J]. Spine (Phila Pa 1976),2004,29(16) : 1755-1763. doi:



B G A %% ] REG ANAT OPER SURG 2025,34(7)

http://www. jjssxzz. cn 647

10. 1097/01. brs. 0000134575. 04084.

[22] Wangsawatwong P, de Andrada Pereira B, Lehrman JN, et al. Biome-
chanical effects of facet joint violation after single-level lumbar fusion
with transpedicular screw and rod instrumentation [J]. Spine (Phila
Pa 1976),2023,48(14) : 1033-1040. doi: 10. 1097/BRS. 000000000
0004698.

[23] Han Y, Yuan W, Sun S, et al. Effect of different loads on facet joint
motion during lumbar lateral bending in sitting position[J]. J Orthop
Surg Res, 2024,19(1):61. doi: 10. 1186/s13018-024-04533-1.

(24] WRPHES B 25, INEMR . B AR 2=t oe i Il i 5 e 28 ) . 1
HI AW J1 %, 2021, 36 (2) : 169-176. doi: 10. 3969/). issn. 1004-
7220. 2021. 02. 008.

[25] Kikuchi Y, Shimada M, Yamaguchi S, et al. Finite element analysis
predictions in the canine lumbar spine are useful and correlate with
ex vivo biomechanical studies [J]. Am J Vet Res, 2023, 84 (11) :
ajvr. 23. 06. 0125. doi: 10. 2460/ajvr. 23. 06. 0125.

[26] Doulgeris J, Lin M, Lee W, et al. Inter-specimen analysis of diverse
finite element models of the lumbar spine [ J ]. Bioengineering
( Basel),2023,11(1):41. doi: 10. 3390/bioengineering1 1010041.

[27]Li S, Xu B, Liu Y, et al. Biomechanical evaluation of spinal column
after percutaneous cement discoplasty: a finite element analysis [J].
Orthop Surg,2022,14(8) : 1853-1863. doi: 10. 1111/0s. 13314.

[28] Jeong JG, Kang S, Jung GH, et al. Biomechanical effect of disc height
on the components of the lumbar column at the same axial load: a
finite-element study [J]. J Healthe Eng, 2022, 2022: 7069448. doi:
10. 1155/2022/7069448.

[29] Huang B, Yang F, Yin M, et al. A review of multimodal medical image
fusion techniques [ J ]. Comput Math Methods Med , 2020, 2020(8) :
1-16. doi: 10. 1155/2020/4380901.

[30] Haribabu M, Guruviah V, Yogarajah P. Recent advancements in
multimodal medical image fusion techniques for better diagnosis: an
overview [J]. Curr Med Imaging, 2023, 19 (7) : 673-694. doi:
10. 2174/1573405618666220606161137.

[31] Bhavani SV, Lonjers Z, Carey KA, et al. The development and valida-
tion of a machine learning model to predict bacteremia and fungemia
in hospitalized patients using electronic health record data [J]. Crit
Care Med, 2020,48(11) :e1020-e1028. doi: 10. 1097/CCM. 000000
0000004556.

[32] Pal GP, Cosio L, Routal RV. Trajectory architecture of the trabecular
bone between the body and the neural arch in human vertebrae [J].
Anat Rec, 1988,222(4) :418-425. doi: 10. 1002/ar. 1092220414.

[33] Che M, Wang Y, Zhao Y, et al. Finite element analysis of a new type
of spinal protection device for the prevention and treatment of osteopo-
rotic vertebral compression fractures [J]. Orthop Surg, 2022, 14(3) :
577-586. doi: 10. 1111/0s. 13220.

[34] Greve T, Rayudu NM, Dieckmeyer M, et al. Finite element analysis of
osteoporotic and osteoblastic vertebrae and its association with the
proton density fat fraction from chemical shift encoding-based water-fat
MRI: a preliminary study[J]. Front Endocrinol (Lausanne) , 2022,
13:900356. doi: 10. 3389/fendo. 2022. 900356.

[35] Masni A, Tanaka M. Biomechanical investigation on the influence of
the regional material degeneration of an intervertebral disc in a lower
lumbar spinal unit: a finite element study [J]. Comput Biol Med,
2018,98:26-38. doi: 10. 1016/j. compbiomed. 2018. 05. 001.

[36] Yoon DHE , Weber CI, Easson GWD , et al. Rapid determination of

internal strains in soft tissues using an experimentally calibrated finite

element model derived from magnetic resonance imaging [J]. Quant
Imaging Med Surg, 2020, 10 (1) : 57-65. doi: 10.21037/qims.
2019. 10. 16.

[37] Wiczenbach T, Pachocki L, Daszkiewicz K, et al. Development and
validation of lumbar spine finite element model [J]. Peer J,2023,11:
€15805. doi: 10. 7717/peerj. 15805.

[38] Roiha M, Marjamaa J, Siironen J, et al. Favorable long-term outcome
in young adults undergoing surgery for lumbar disc herniation [J].
Acta Neurochir (Wien) , 2022, 164 (12) : 3155-3164. doi: 10. 1007/
s00701-022-05375-8.

[39] Maigne JY, Ayral X, Guérin-Surville H. Frequency and size of
ossifications in the caudal attachments of the ligamentum flavum of
the thoracic spine. Role of rotatory strains in their development. An
anatomic study of 121 spines[J]. Surg Radiol Anat, 1992, 14(2) :
119-124. doi: 10. 1007/BF01794886.

[40] Kotani Y, Takahata M, Abumi K, et al. Cervical myelopathy resulting
from combined ossification of the ligamentum flavum and posterior
longitudinal ligament: report of two cases and literature review [J].
Spine J,2013,13(1) :el-e6. doi: 10. 1016/j. spinee. 2012. 10. 038.

[41] Peng YX, Zheng ZY, Wang Md WG, et al. Relationship between the
location of ligamentum flavum hypertrophy and its stress in finite
element analysis [J]. Orthop Surg, 2020, 12 (3) : 974-982. doi:
10. 1111/0s. 12675.

[42] Doi T, Hirai S, Kaneko M, et al. Bone strength of the proximal femur
in healthy subjects with ossification of the posterior longitudinal ligament
[J]. Osteoporos Int, 2020, 31 (4) : 757-763. doi: 10. 1007/500198—-
019-05256-0.

[43] Fujita R, Endo T, Takahata M, et al. High whole-body bone mineral
density in ossification of the posterior longitudinal ligament[ ] ]. Spine
1,2023,23(10) : 1461-1470. doi : 10. 1016/j. spinee. 2023. 06. 006.

[44] Fh W, MHRAE , LA % . 2 TRORE DR JA) PRI A 220 25 R0 1 2% 2 11
AL VLIRS (BE 54 L 2016, 26 (6) : 525-528. doi:
10. 13317/j. enki. jdmu. 2016. 06. 018.

[45] Sterba M, Aubin CR, Wagnac E, et al. Effect of impact velocity and
ligament mechanical properties on lumbar spine injuries in posterior-
anterior impact loading conditions: a finite element study [J]. Med
Biol Eng Comput, 2019, 57 (6) : 1381-1392. doi: 10. 1007/511517-
019-01964-5.

[46] Shin DE, Lee Y, An HJ, et al. Trabecular structural difference
between the superior and inferior regions of the vertebral body: a
cadaveric and clinical study[]]. Front Endocrinol (Lausanne),2023,
14:1238654. doi: 10. 3389/fendo. 2023. 1238654.

[47] BOME G RAL, £ 2. NONEAE 3T =4 BROTE B A i 5Y
PRI R B R A AR, 2022, 50 (1) : 4. doi: 10. 3969/j.
issn. 2096-5212. 2022. 01. 002.

[48] Somovilla-Gomez F , Lostado-Lorza R, Corral-Bobadilla M, et al.
Improvement in determining the risk of damage to the human lumbar
functional spinal unit considering age, height, weight and sex using a
combination of FEM and RSM [J]. Biomech Model Mechanobiol,
2020, 19(1):351-387. doi: 10. 1007/s10237-019-01215-4.

[49] Luo C, Jiang T, Tian S, et al. Finite element analysis of lumbar spine
with different backpack positions in parachuting landing[J]. Comput
Methods Biomech Biomed Engin, 2021, 24 (15) : 1679-1686. doi:
10. 1080/10255842. 2021. 1904436.

(Zid X1 2



