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Abstract

Objective: To explore the biomechanical characteristics of atlantoaxial dislocation (BI-AAD) after
treatment with atlantoaxial expandable cageand static cage, respectively, in combination with post-
erior internal fixation systems, to provide a theoretical basis for the design and development of ex-
pandable cage of the atlantoaxial spine. Methods: Based on the postoperative occipital and cervical
CT images of BI-AAD patients combined with the clinical surgical protocol, a posterior atlantoaxial
expandable fusion (7~10 mm height, 5°~8° angle) combined with occipital plate and C2 pedicle
screw (ECage + C2PS + OP) and a static fusion combined with a posterior internal fixation system
(Cage + C2PS + OP) were developed. The three-dimensional finite element models of the upper cer-
vical spine were used to analyze the mobility of the atlantoaxial joint, the stress distribution of the
implanted fusion, the pedicle screw system and the upper and lower endplates. Results: The atlan-
toaxial joint range of motion (ROM) was reduced by 11%, 33.33% and 0.04% in flexion-extension,
lateral bending and rotation for ECage + C2PS + OP compared to Cage + C2PS + OP; the peak stresses
in the C2 endplate were reduced by -0.01%, 58.16%, 47.53% and 67.39% in the four conditions,
respectively. The stresses of the expandable cage were distributed in the middle “H” part of the shell,
and the maximum stress value of the expandable cage decreased under different conditions, with
the maximum value of 21.38 MPa in the posterior extension condition, which was 48.6% lower than
that of the static cage. The overall trend of occipital plate and C2 pedicle screw stresses was greater
than that of the static cage group. Conclusion: The expandable cage can be used to adjust the atlan-
toaxial spine at specific heights and angles, thus allowing adjustment of the cervical physiological
curvature. The designed expandable inter-articular cage has a lower risk of settling rate than the
static fusion, but the fracture risk of the spacer device requires further design optimization.
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1. 5|8

i JER 1] 5 5 MX #E JIi 57 (Basilar invagination and atlantoaxial dislocation, BI-AAD) & —F & 2% F fi 238 A+
X, 8 FERDONERERE . BEARHESMUSC T & R EAXHE AR SRR . BERXHE S5 [A] fi
o 1] LU RO AL ) B MEREAT [ B R, $R s R KOS A E MEI RS 3 . Goel [1] 2004 4F &
RPTHIAE BI-AAD i85 BB 5 51 RAE A SCT TR] ] B, HAG — €7 &L, IFAE 2007 R0 BEAX < 1]
Rt — b ook, Wit TARRIRIHEE RS A8, (A GBI AIBR[2]. Yin (3]0 T\ Xt T &
HEMREGP BI-AAD B3, AN KT EEAY R BEHAKN. 2016 4F, BRFEEM4] S T/
PR B 5 $ T 45 45 )5 B P B AR (Occipital Plate, OP)F1 C2 #E 5 HEMZ4T(C2 Pedicle Screw, C2PS)#EAT J& %
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] e A, T [ i 25 (10 S PTG A N S AKHE 0] 7 2 4 TR B Py v B S BT, i B8 ] 52 AR\ DA S B
JEFTMESAL AAD o PR VIR £ SEARAEAN 77 DG A 98 BRI BR S8 /N 108 AT, SR WR T {0 £ 7
RTHB A 38 W 2 KT IEH ANRE[6], 17 il 2 2% 0 A P 0 v i 5 AR O/ DL T 2 389 o ik 5 2 1 ORN R 2R I
BRI 7] (8], BRI 75 B4R 5 W38 FH T BI-AAD 5535 (0 m i 3 s FE A A 2 ik 2 2%

A 2K Rl & 2% (Expandable Cage, Ecage) Tt i 5 M A b AT DUARSE AR A MEAA S A8 R AR 3R AT 5, AH
Lo Ak Ge i AS Rl 25 58 N REAG RS ANIG N SEARAENN 77 519 3& & 00 I PR = B2, ARV TR, 1 H
REM AR 95 N 10 A1) 27 s b 2 8 00 58 10 S 3R g 2 M R R 5 1 Josha 5[ 933 FLA% 24 A PR
RITENEAE S B A AR & AR b, Al I Al & 35 A0 LA SRS 28 A R FIR A e A IR 2 s 5 . MEM L
J&. Frisch ZF[10]%F 65 4428 4MIBEHEME [A) il & AR JEAMEIRAT P B BT RAAR 2SS, T IR & 28200
TURN 0%, TSR SAH N UIEA 16%. Ak, Murat 2511 BRI A Y 154 TR, W]
T R 25 T 52 (R 2 AR N 7 5 B A i AR AR AL, (FLTE BB 3 MM O 38 o™ R 50 4 7 A R R 28R Y
AR T R 2K B A 21 (] R 2 FRT AT ARG 2D, 3 T2 [R] 2 A 5 X O 1 45 40 PR R TR P S5 P 3

ARLHET BI-AAD B FERRMEM 7 STl A AR S 45 8, Wit —3KEH T BI-AAD B #H %
X 2K 5 AN i) W FE 9 A8 P R 38 4 1 B R FE O Rl 8% o 454 BI-AAD BB ARG RS CT EUGEE Mk K T
RITFE, GESLEERRAE ST (8] AT K Al & 28 A P B SRR C2 ME 5 ARBRET J5 26 P [ 2 (ECage + C2PS + OP)
A Fl-A BRI 55 5 2R P4 1B 52 R 4 (Cage + C2PS + OP) I _-2UHE = Z4E 47 FR TCRE A, 20 M7 Al I K il 28 HE N
PERR ST A B MESC TG BT L ARG 2% ME S ARIRET RGURT C2 AR 5K von Mises N /J(maximum
von Mises stresses, MVMS) M. /)3 i tE 0L, R 70 SEAKHE AT I IK il & 253 I B AS il 5 98 25 B RS 5 2% N [ 2 &
GUIRTT RN J 1M RE SR, PPAN SEAKHE AT I i & 38 45 M BT AR R £ 55 7 A AE AN 2 .

2. R 55%
2.1. AJERKRLE S

BB v B S T (R A 28 B B R Fe i, BASCHERR, W5 HETUEAS I (A SR 20
Beo FREIFFRARTEALRER, AR, AR T RE AR, R R A R VR AL DA I A
KATIR I BEAE 7, B kR 2R E SRR ST R R AR W M o RSP IR DU P BN RN B BB a2k, adid
AN [F)Jie 1) FHRREE (MR S0, LA S I AT R I Rl /5 5 14D s E R A 5 TR, (] AR S HE R P S TR S0 s i
HA— @M EBRER, o LLORUERA 387218 B B 75 & AR R AR e RS . bR & 28 00 0™ £ R ok T 1Y
287, mERATEEN 7~10 mm. iz F = 4EHIE B Solidworks SKELILEEH 1B TT . Rl G 38 7o M4
R R R B A A A AL P SR R R R (PEEK) A R, (2 iE B AN AVAE K, s - AP aL S, R
BESAERGE; hiE H AT BB RS S (TDM BT, AL PEEK AT SH9R K &A% T 1%
FEZ B# A N A S PR B IR B 12].

2.2. J&3 BI-AAD BEBSNA KRS RS RRITERGEFRIER

TEE 1 A5G T B Rk G W T P X A2 S A B0 57 (%) PR T B i 491, AR B ARJS CT R AR T
RITE, @A EZIKRLG S MRS RE 3 % B ECE 5% A BDE RE T ARIMSH R oA, CT BIUZLL
DICOM 1% F AR ZZ B A Mimics, AT BIE B E . BEEAEANE TAE, JEOL st X FAF
Geomagic12.0 HEATAMA . Heifiis 55402, 1ZH Solidworks HAFHH IwAL M . #hZR2e . 2 EIEThEE
ESTMER B AR HEIA . BEAZ AN R AAR, R BERZ 2 A HE R B AR I 40% [13], JEEEN 0.5 mm 3K
B AR T HENRI R BN . BRI igs THBAN Hypermesh 13.0 4T 2D. 3D ) Sl
WEHEAR T RS BE . a1 =N, W DA Sl AT A, @i g . AR,
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W BEIAIIAHE . B B . AR BUREIA . ST WAL 8 M. B RIE ML 1 BR
[14] [15] [16] [17] [18]. AT ARSI W B, C2~3 /NIy 2 R 4 ik 8 B AR E, B HX O A2 A

AT 5 5 KPR R R B BN Sh it o R, BER N 0.1 [19],

Table 1. Material properties used in the FE model of the occipitocervical spine

F 1. MOMBRTEREH M RIEN

Y AR AL 1 K (MPa) TARA L HE(kgmm”)  BEE A (mm?) LTE it
B JE 12,000 0.3 1.83E-06 C3D4
A E 450 0.29 1.10E-06 C3D4
JE 3500 0.3 1.40E-06 C3D4
R YRR 450 0.3 1.05E-06 C3D4
HE% 1 0.49 1.02E—-06 C3D4
AR 500 0.4 1.83E-06 - C3D6
EIEN ki 10 0.3 1.00E-06 6 T3D2
=Nk 10 0.3 1.00E-06 5 T3D2
B 1.5 0.3 1.00E-06 5 T3D2
Ikt 1.5 0.3 1.00E—-06 10 T3D2
WRIAIB 1.5 0.3 1.00E—06 10 T3D2
il 10 0.3 1.00E—06 6 T3D2
Btk 5k 10 0.3 1.00E-06 46 T3D2
W R 10 0.3 1.00E—06 5 T3D2

AL BI-AAD S AT K Al & S AN S L& 4% 70 A& C2PS + OP HURLE —4EA FRycH A an 4] 1 fir
N, MR R XS T H ARRE FANEM OS T HRIBE, KR & s A RO 2 47, RS 8 mm, HIT)A
KA S ZRSECN: K 18 mm. T8 9 mm FIE 8 mm, #HAMAEERSEN: K 18mm, % 9Imm, &
7 mm; W [EE RGH) U ER S 2SS 8: 1) PoE i K 44.99 mm, & 27.54 mm, J§ 2 mm;
2) C2 MESARIRET: H42 3.5 mm, 24 mm; 3) FUEHIEE]: B2 4 mm, K 8 mm, PPEMERWIEE 2 Fix.
Hufe SRS, AR ST I i A A S A AT AT I S A B R T SR AR LR SR e R AL . R
B 5 E PR MY AN 1R B AR RSB 5, JF R HI LY mORBE L & 4 5 S OGTT IA)  Joish A
A JE HET IR ke 5 I FEAT 2 18] . SCHEIA Sl 5 HE R Z (MR FH 3L T R, SIS BT HIF ek 2 Im]
A JEHETIR e 5 _E R IT e RSO I - PR Ak IS0 E 2R K R .

(@)

/—%‘mm%

Colfifi
C3MEfA
BB IR-C2Af 5 IR IET R 5%
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Figure 1. (a) 3D finite element models of Cage + C2PS + OP and ECage + C2PS + OP; (b) The detail of C2 cervical verte-

bra and cage
1. (a) Cage + C2PS + OP #0 ECage + C2PS + OP Z#HRTIERL; (b) C2 #HEfkRR A ST &

Table 2. Different material properties of expandable cage and implant components

= 2. WIERKRL & SRFMEN S A TR R

A Mk S PR i (MPa) A EE
A Rl A A0 B e PEEK 3600 0.25
AR R 5 s TR R A TI 110,000 0.3
HAmE S PEEK 3600 0.25
[ENEEN LEECS 150 0.3
FTHE RS TI 110,000 0.3
3. &Rt

3.1. BIRHEXTIERE

HHETT B ROM 13RI % I\ 2 P e e i — A2 % K [20]. C2PS + OP #HiX 77 ROM
£ 50 N A AT 1.5 Nom JpFEAE R Nl 2(a) B, FEAH R B0 SR #5645 Liu [14]% 1 Zhao
L1167 PRTH R 25 B AAH — 80, SRS BOR 5 BERXME ALY I T SE VAN A3 B30 E . XF L C2PS
+OP PN [ E AL, FE N PFP Rl G 88 5 XSS 1) ROM 332 [#1k. ECage + C2PS + OP FAY7E JE {1 |
0725 e 6 TR B O (RS Bl EE 205 0.28°. 0.08° 11 0.21°, A EL C2PS + OP 43 S/ T 60%- 88%.
78%; T Cage + C2PS + OP fRAYEHX ST ROM 73774 0.25°1 0.12°F1 0.20°, 7373l /]y 64%- 82%- 79%.
S5 R A R A 25 AN 0T B IK R A 25 28 S AT B AR e A B B B A v, PR RN T AR A
A E L TRl - C2PS + OP. ECage + C2PS + OP Al Cage + C2PS + OP #% fh X 515 ROM [t 5
ZE B 2(b)Fiaw

3.2. RARHEFT I RKRA A S AR SR S R FHN

BI-AAD ¥ 52Jiti ECage + C2PS + OP il Cage + C2PS + OP RAJGLERT . JE . 25 Aljie Lz 5)
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AT %

SRR A A R ER A R A BRI N A A ] 3 R . BT ARG AR S AN IR, N o A LA
HER, WWKBG SR FEETE BT EI AT “H” #AL, IF B R EIF SRR B B T
ISR, TEEME ZEERK, IAF] 14.15 MPa; FAS LA 88 B W A (e fh A 28 DU A, B 73 A
]z e WERANE TN ARG BRI A, RIS B B AR R TN, AR AR Bl 4 R X
B, BEAAMGEM. WEFEREIEaNN, RlE a8 TS R m T8 3 52 0, 8277554 ¥ BT
JEMTTOLN, 2RV RAARHIER, RlE 28 A AT SZ Ho 0 #E B0 1 R SRR B, B A H ] 1]
P IZ TR 5 - Cage + C2PS + OP Hl ECage + C2PS + OP A5 75 vt il 38 it 55 K £85I AB T 4] 4 o o
T T JeE AP0 T 8 ) T i i 5 2 A ) e RS RIS 0K T JE AR 25 . ECage + C2PS + OP R IEAE 73 51
7.83 MPa. 21.38 MPa. 20.73 MPa. 12.47 MPa, XfLt Cage + C2PS + OP {E4-Ff LIl & A FFHE, Hed)s
i Lt N W R IE B 48.6%.

d. b
1.5 Liu etal.2016 10
Zhao et al.2022 . == C2PS+OP
5 — R ~ 08 Cage+C2PS+OP
< 10 < ECage+C2PS+OP
w v
® 0.6
E &
£ s Z o4
: X
" J
# o 0.2
0.0 . _ i 00l : .
R L & R % %
& L & & & ¥
@@

Figure 2. (a) Comparison of calculation results in C2PS + OP atlantoaxial ROM; (b) Comparison of the atlantoaxial ROM in
the C2PS + OP, Cage + C2PS + OP, ECage + C2PS + OP model under flexion-extension, lateral bending and axial rotation
2. (a) C2PS + OP E1R X758 ROM Z5RELES; (b) C2PS + OP. Cage + C2PS + OP F1 ECage + C2PS + OP FA7E[E{H
MTFhEsL E 2R RIR XTI H) ROM ELAR

AR ey

S, Mises

(F149: 75%)
+1.153e+01
+1.000e+01
+9.167e+00

+8.337e-01
+4.539e-04

ekt
1
|

Figure 3. The von Mises stress contour plot of cage in ECage + C2PS + OP model and Cage + C2PS + OP model under
flexion, extension, lateral bending, and axial rotation
3. ECage + C2PS + OP #N Cage + C2PS + OP #AEIZERFIE . /5. MEFIELE ToE RN IR

e
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Figure 4. Comparison of the maximum von Mises stress for cage of Cage + C2PS + OP model and ECage + C2PS + OP model
4. Cage + C2PS + OP 0 ECage + C2PS + OP 15 BIGh & 250 B K F R Stk %

3.3. C2 BiRHEFHR 1

SR BTG R Al AR DR I B R R [21], PRI A0 A €2 ZARNE g T DL BE B ) B 196 o i 75 24 353 P
] §EME . ECage + C2PS + OP Fll Cage + C2PS + OP FAIFEA A T T C2 AN J1 43 A il 5 fios. H
KW W, Cage + C2PS + OP L ECage + C2PS + OP #Htt, AHFEI LA FEA G AR JEH MG . P
BUR) C2 ZMR N F1 o3 AT KA, TENERE T R R0 AG T HEAS C2 284, NSRRI H A T
J 7] F BEALT AR SZ M, SE P EMER AR RTS8, FF& MR I 540 ml: bR B 4 2 25
R B V555 R 4 T i MO B e v [ 22]

i R s ikt

Cage+C2PS+OP

ECage+C2PS+OP

Figure 5. The von Mises stress contour plot of C2 in Cage + C2PS + OP model and ECage + C2PS + OP model under vari-
ous motions

[#] 5. Cage + C2PS + OP F1 ECage + C2PS + OP B ERE TR T C2 KR 5

W %% ECage + C2PS + OP Hl Cage + C2PS + OP BB IR JJUE(H, TERTE ) N WA A0 i & Pk 22
st HAR=F LA Cage + C2PS + OP ] C2 AR S J U fE #R EL ECage + C2PS + OP &, H A {Ejies L
W HIZEE R N . C2 &4 MVMS 7 Cage + C2PS + OP 1 ECage + C2PS + OP AH LA EL 2351l
AE: 0.98:1; JEff: 1.36:1; M. 1.91:1 FIEf:: 3.06:1. 25 FATIA, FEAFZAKAELG BEAY T C2 4
BN AH LU RE N R AS il & AR B B /N, AT DA — 20 M B A A 5 38 1 0 AR KU o

34. STERGHN DS
PR | C2PS. OP Z84T#e R4 k)32 H T1897 BI-AAD B3, TR AHAFEI B & 53 nt, 5T RS
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XA EIE SR 14 R AE M . B 6 9 ECage + C2PS + OP Al Cage + C2PS + OP fAIERT T . Jofd. 25
FEsE T NETRE RGERIN ) o0 A 2 Bl o P o 2 A 28 ke AR R PR 8277 70 AT 91 B AR I 2R A
FAAL, B IS S E AR AL, SRR I T, B AU AR X 35 5 b oy AT AE A R
BB, ZEMUESES, L7k sz M gE, HAUE IBET &2 BT . C2 ME 5 ARIRET fEAR [RIBLAL T
53 A B AN E], ECage + C2PS + OP A AL 43 T- BEANME 5 MRMRET, 1T Cage + C2PS + OP B! 13
WAESE Fin LA STRITE Lot

A& JE
35. 94&[’
6.47MPaq, 6.64MPa >
ECage+C2PS+OP Cage+C2PS+OP ECage+C2PS+OP Cage+C2PS+OP
S TiEk
24.36 MP¢
* 31.73MP, 19.73MP,
27.61MPa
ECage+C2PS+OP Cage+C2PS+OP ECage+C2PS+OP Cage+C2PS+OP

Figure 6. The von Mises stress contour plot of screw-rod system in the ECage + C2PS + OP model and Cage + C2PS + OP

model
[& 6. ECage + C2PS + OP #0 Cage + C2PS + OP #2 & h4TiE RGN H = E

60

Al A2 A3
Bl B2 B3

IS
=)
L

N
o
1

% K BE /7 48 (MPa)
o

N
(=}
1

-40 T T r Y
HiT EL = e

Figure 7. Maximum stress on C2 pedicle screw, occipital plate and titanium rod under ECage + C2PS + OP model, Cage +
C2PS + OP model (A1, A2, A3: ECage + C2PS + OP, B1, B2, B3: Cage + C2PS + OP)

[& 7. ECage + C2PS + OP. Cage + C2PS + OP #R&!fh C2 #SIRIZET, B MFISAERN R AR S1E(ALL A2, A3: ECage
+C2PS +OP 48, Bl, B2, B3: Cage+ C2PS + OP 4H)

A T R 2% RN R A R 2 HH BT M 2R G0 AT 35 AE BT I MVMIS BOHAR T/, S5 At 52 30 B K
B MERETE RGN AW 7 BToR), BREEFILE B 7E ECage + C2PS + OP 5 it i F I AE #5115 T
Cage + C2PS + OP 1 4Y, 7ERTJE . /5 M FHERe TH0 T 705l F+ iy 27.67%, 45.20%, 36.54%F1 47.05%:;
7.90%, 39.24%, 19.90%A1 30.21%. ECage + C2PS + OP 41 C2 #E = #i24] % Cage + C2PS + OP fi#Y, 7
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S RIS 26 R 140 BT T 15.99% A1 22.84%, FERGJEAMNZS THL K T 16.57%1 9.28%.
AN A B K SZ 1R S 380 v T ME S ARRAT AR B AR, U R AE AR 18 30 T BB T i T 7K 52 1R B R R )
NRUEM 2 f5 /5458 48.81 MPa.

4. i1ig

Bl B A ARLENGIR 432 B T i BI-AAD B FEBUS AR I A9 R0 HA EL R4l i) i 6 P o
Cage HIIG N TT LAMY 5 N OGS 2 (8] )5 RO e A e 1, ORIFEEMCHE N = 52, JFTE R gim (R & 5 1R o
TS5 2 i, BNk A 2[23]. 2004 4F Goel [1]5 X ¢ H BI-AAD S35 FE N 4 & 8 7y B AR I 1 I
HOBET [ 58, 280 S T A FIFLEE (9 47 . Chandra 25[24]F1 Salunke £5[25 11 F <5 4T BE R A K 4
1 C1-2 /NRWHEFLE R EAFAT, AT IEEAESE, T AT EMR AAD #A N AT S 1M
AAD. Duan [26]5 2 BT ST A% 5 07 P [E 5 75720 LA R 3 BI-AAD S 16 C2 56T
T, FHRBFARAIR B BUE A . AR Zhao Z5[ 1618 ARG 712, BIE T Cage + C2PS + OP [H @A
AT ARSI AR ST AR e v, i L vl DA BT RARAR (1 Wi A B, $R R SRR E AR . (HAE
AR E SRR, Siemm &2 FUT R, RN, MITCEEAb 78 SRR (] SR A ) s B, TA A H
SALBI I E27]. PTIZAKRLG & CAEEMEF R A A RIRERRNAE, SSRGS, nvrEhs
RETHAFEALY 5K, BN T 5HEA E 2R Ak, s> 7HE SRR N AR SR, BAR
KPR FEVRS A MERT 07 77, (R R AR TF IR A 2R 52 BB KT 7, (71535 MR U R [28] [29]
[30]e ABFFEBETE T — 2T BAAK SEHXME ST )Gl A 88, 8 X w5 B8 R0 A B2 (0 1 154 /5 2% 5 I 5 BI-AAD
S RN 7 DG, PR T8 AT I RN 0 S A OG0 (A1 il & 23 060 T BI-AAD S5 AR W) 2% 1 RR 1) 52,
DR AT R B R D1 [ R 288 PRk — D AR A BT SR A Al

AR T4 R R, *F BI-AAD B2 592 Cage + C2PS + OP Al ECage + C2PS + OP W [ & A J5
- FUME R E B C2PS + OP [ 52 N BI-AAD 3425 . ECage + C2PS + OP [& 5 J5 sU7E M 25 1 A2 1
UF, AR AR E PR Cage + C2PS + OP ff 2%, {H#S LT ROM ZRI/NF 0.1°, XHIEKR EIRERA
AR ENESR.

Cage FEMAEFIZBNRA T HTZ AL, FRADIREMITTREMERR/N22]. T LR A 28 C2
SRR S5 5, BT h (] 2K S AR OG5 (TRl & 28 BTS2 B 38 /N TR S R Gr 2%, BT 3Tl 1
S5 KE) Fy P55 R e P T Y A RS ARG I T Cage 5 b R HEMRZR T AR AR, £E18 BN AT 58 4f BRHE T 52 47 4
ST B MESR . TE &R LT TR A G 2 B K IR 2 8k A A 21.38 MPa, B il A 48 B K 12 2 2
N 40.26 MPa, 5t /N Z 3 4 13.80 MPa, 5 Fh il & 4% B 52 8007 #012 IK T PEEK M KRR 2 fir 95.2 MPa
[27], DS T 7R 52 PR3 mr R R 25 A B A I UL/, AR AR R R T B F Rl 38 8 ) F B e BT
IR “H” #060, BWEEIHMRZE RN S, A W R I AR, 78 5 28 1t
e AT DA P B v FRA R B o A R EAT AR

C2PS + OP HJ LUKt BI-AAD B3 J5 B 2E47 R AP [E €, JF HAHELAESEH) CILMS + C2PS fEF ARy
R BT EAE, R GATREL . BEMEA31]. 27 LLERE NP L& 4 )5 N EE R4,
Cage + C2PS + OP f#E 5 MR N g £ BAE FRfEARET A C2 MER, ME S ARIRAT BIIAZAE R BN e, X—
PR Chen &5 [32] K I MIMEET (1% (7] BT RONMRET, WRET - i FRTH BT 0 B 3% ms, AT S 303
ET9% 55 R AU B T RFIE — 3. ECage + C2PS + OP 5 HAH LLTE J5 R iE i o T BTS2 N Sy Wl 8K, {5
TR I BT A ME AR ARET, 2 KUK /N . ECage + C2PS + OP ARk MIRL B I 32 8 /139 K T Cage +
C2PS + OP, {HIZLZE/NT Zhao [16]5F N ARG & #51¥) C2PS + OP M A A IR ITHLE R, X R MK
R AR A RT LA U 8% 4 [ 8 R R T, PRARAS BRI LR, (H B A R A A LG BT 52 T T R B2 AX

DOI: 10.12677/m0s.2023.123198 2170 e RSE TR


https://doi.org/10.12677/mos.2023.123198

&
0%
&
48

FREDR1Y 18] il 1525 5 20 BO BT A7 SR L 3

AW EREI T : © i TR RUN, IF T IS5 EO R 2%, BRI BT 0 ZEAKAHE
BT [E b 2% MO A 2 A “H” RSN ], M SRR AAEA L @ PR ARIT
RIS B AR (A ) AR, S T R MU TR T R, R 2D e 3 P [ R AR
Wik WrRiiess; @ CO~C3 =4k IRcM 5IEFEMEEE —ENZER, TIEBILA. &
PN LE I LSRN, 5 B3t — 0 B4 P ATAA A (10 S 36 0 1 4 384

5. &t

AW TR T K Rt 4% BE 06 38 I T BEMXHEARS R 1A e EE AN A EZ T IR B, DT S B XT3
PR Z AU o SO AT K B X 5 T 8] il 2R AN R AR UL R AR RS AR, (ER TR B B AT A
AN oSt s A W A5 7

EHEWH

K [ ARFLE I 42 (11502146); W TH @ RRTE 201940249, b 5 B2 B 42 B obCllfs PR B2 27
JE L T4 3 (XMLX202138).

SE

[1] Goel, A. (2004) Treatment of Basilar Invagination by Atlantoaxial Joint Distraction and Direct Lateral Mass Fixation.
Journal of Neurosurgery: Spine, 1, 281-286. https://doi.org/10.3171/spi.2004.1.3.0281

[2] Atul Goel, M.C.H. (2007) Atlantoaxial Joint Jamming as a Treatment for Atlantoaxial Dislocation: A Preliminary Re-
port. Technical Note. Journal of Neurosurgery: Spine, 7, 90-94. https://doi.org/10.3171/SPI1-07/07/090

[3]1 Yin, Y.-H., Yu, X.-G., Qiao, G.-Y., ef al. (2014) C1 Lateral Mass Screw Placement in Occipitalization with Atlan-
toaxial Dislocation and Basilar Invagination: A Report of 146 Cases. Spine, 39, 2013-2018.
https://doi.org/10.1097/BRS.0000000000000611

[4] Chen, Z., Duan, W., Chou, D., ef al. (2020) A Safe and Effective Posterior Intra-Articular Distraction Technique to

Treat Congenital Atlantoaxial Dislocation Associated with Basilar Invagination: Case Series and Technical Nuances.
Operative Neurosurgery (Hagerstown), 20, 334-342. https://doi.org/10.1093/ons/opaa391

[5] Bkggidn, xHRAh, B, 5. NSRS AL A T 50— )5 B TR VE T7 P U0 B 2 A ME Bt A7 I R 75 [ 9],
rRAEARLR &, 2019, 57(10): 782-787.

[6] BNAe, HZuw, BRI, % &M T BI-AAD B3 W REAKHEMI BSOS B& 28 PR AL 5 W], A& b RhE
LI, 2017, 16(6): 485-489.
[71 Mohammad-Shahi, M.H., Nikolaou, V.S., Giannitsios, D., ef al. (2013) The Effect of Angular Mismatch between Ver-

tebral Endplate and Vertebral Body Replacement Endplate on Implant Subsidence. Clinical Spine Surgery, 26,
268-273. https://doi.org/10.1097/BSD.0b013e3182425eab

[8] Tan, J.-S., Bailey, C.S., Dvorak, M.F., et al. (2005) Interbody Device Shape and Size Are Important to Strengthen the
Vertebra-Implant Interface. Spine, 30, 638-644. https://doi.org/10.1097/01.brs.0000155419.24198.35

[9] Woodward, J., Koro, L., Richards, D., et al. (2022) Expandable versus Static Transforaminal Lumbar Interbody Fusion
Cages: 1-Year Radiographic Parameters and Patient-Reported Outcomes. World Neurosurgery, 159, E1-E7.
https://doi.org/10.1016/j.wneu.2021.11.056

[10] Li, Y.M., Frisch, R.F., Huang, Z., et al. (2020) Comparative Effectiveness of Expandable versus Static Interbody
Spacers via MIS LLIF: A 2-Year Radiographic and Clinical Outcomes Study. Global Spine Journal, 10, 998-1005.
https://doi.org/10.1177/2192568219886278

[11] Pekmezci, M., Tang, J.A., Cheng, L., et al. (2012) Comparison of Expandable and Fixed Interbody Cages in a Human
Cadaver Corpectomy Model, Part I: Endplate Force Characteristics. Journal of Neurosurgery: Spine, 17, 321-326.
https://doi.org/10.3171/2012.7.SPINE 12171

[12] Campbell, P.G., Cavanaugh, D.A., Nunley, P., ef al. (2020) PEEK versus Titanium Cages in Lateral Lumbar Interbody
Fusion: A Comparative Analysis of Subsidence. Neurosurgical Focus, 49, E10.
https://doi.org/10.3171/2020.6.FOCUS20367

DOI: 10.12677/m0s.2023.123198 2171 e RSE TR


https://doi.org/10.12677/mos.2023.123198
https://doi.org/10.3171/spi.2004.1.3.0281
https://doi.org/10.3171/SPI-07/07/090
https://doi.org/10.1097/BRS.0000000000000611
https://doi.org/10.1093/ons/opaa391
https://doi.org/10.1097/BSD.0b013e3182425eab
https://doi.org/10.1097/01.brs.0000155419.24198.35
https://doi.org/10.1016/j.wneu.2021.11.056
https://doi.org/10.1177/2192568219886278
https://doi.org/10.3171/2012.7.SPINE12171
https://doi.org/10.3171/2020.6.FOCUS20367

[13]

[14]

[15]

[16]

[17]

(18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

(27]

[28]

[29]

[30]

[31]

[32]

Zhao, G., Wu, K., Liu, D., et al. (2021) A Biomechanical Study of Proximal Junctional Kyphosis after Posterior Long
Segment Fusion with Vertebral Body Augmentation. Clinical Biomechanics, 87, Article ID: 105415.
https://doi.org/10.1016/j.clinbiomech.2021.105415

Liu, H., Zhang, B., Lei, J., et al. (2016) Biomechanical Role of the C1 Lateral Mass Screws in Occipitoatlantoaxial
Fixation: A Finite Element Analysis. Spine, 41, E1312-E1318. https://doi.org/10.1097/BRS.0000000000001637

Zhang, B.-C., Liu, H.-B., Cai, X.-H., et al. (2015) Biomechanical Comparison of a Novel Transoral Atlantoaxial Anc-
hored Cage with Established Fixation Technique—A Finite Element Analysis. BMC Musculoskeletal Disorders, 16,
Article No. 261. https://doi.org/10.1186/s12891-015-0662-7

Zhao, G., Song, M., Duan, W., ef al. (2022) Biomechanical Investigation of Intra-Articular Cage and Cantilever Tech-
nique in the Treatment of Congenital Basilar Invagination Combined with Atlantoaxial Dislocation: A Finite Element
Analysis. Medical & Biological Engineering & Computing, 60, 2189-2199.
https://doi.org/10.1007/s11517-022-02596-y

Zafarparandeh, 1., Erbulut, D.U. and Ozer, A.F. (2016) Influence of Three-Dimensional Reconstruction Method for
Building a Model of the Cervical Spine on Its Biomechanical Responses: A Finite Element Analysis Study. Advances
in Mechanical Engineering, 8, 1-6. https://doi.org/10.1177/1687814016638809

Lee, S.-H., Im, Y.-J., Kim, K.-T., et al. (2011) Comparison of Cervical Spine Biomechanics after Fixed- and Mo-
bile-Core Artificial Disc Replacement: A Finite Element Analysis. Spine, 36, 700-708.
https://doi.org/10.1097/BRS.0b013e3181{5¢cb87

Helgeson, M.D., Lehman Jr., R.A., Sasso, R.C., et al. (2011) Biomechanical Analysis of Occipitocervical Stability Af-
forded by Three Fixation Techniques. The Spine Journal, 11, 245-250. https://doi.org/10.1016/j.spinee.2011.01.021

Panjabi, M.M. (1992) The Stabilizing System of the Spine. Part I. Function, Dysfunction, Adaptation, and Enhance-
ment. Journal of Spinal Disorders, 5, 383. https://doi.org/10.1097/00002517-199212000-00001

Li, H.-M., Zhang, R.-J. and Shen, C.-L. (2019) Radiographic and Clinical Outcomes of Oblique Lateral Interbody Fu-
sion versus Minimally Invasive Transforaminal Lumbar Interbody Fusion for Degenerative Lumbar Disease. World
Neurosurgery, 122, ¢627-¢638. https://doi.org/10.1016/j.wneu.2018.10.115

Hou, Y. and Luo, Z. (2009) A Study on the Structural Properties of the Lumbar Endplate: Histological Structure, the
Effect of Bone Density, and Spinal Level. Spine, 34, E427-E433. https://doi.org/10.1097/BRS.0b013e3181a2¢eala

Li, S., Ni, B., Xie, N., et al. (2010) Biomechanical Evaluation of an Atlantoaxial Lateral Mass Fusion Cage with
C1-C2 Pedicle Fixation. Spine, 35, E624-E632. https://doi.org/10.1097/BRS.0b013e3181cf412b

Chandra, P.S., Prabhu, M., Goyal, N., et al. (2015) Distraction, Compression, Extension, and Reduction Combined
with Joint Remodeling and Extra-Articular Distraction: Description of 2 New Modifications for Its Application in Ba-
silar Invagination and Atlantoaxial Dislocation: Prospective Study in 79 Cases. Neurosurgery, 77, 67-80.
https://doi.org/10.1227/NEU.0000000000000737

Salunke, P., Sahoo, S.K., Deepak, A.N., et al. (2016) Redefining Congenital Atlantoaxial Dislocation: Objective As-
sessment in Each Plane before and after Operation. World Neurosurgery, 95, 156-164.
https://doi.org/10.1016/j.wneu.2016.07.097

Duan, W., Liu, Z., Guan, J., ef al. (2019) Reduction of the Atlantoaxial Dislocation Associated with Basilar Invagina-
tion through Single-Stage Posterior Approach: Using Xuanwu Occipital-Cervical Reduction Surgical Suite. Chinese
Journal of Surgery, 57, 63-68.

SREE, TR, MALFY, % 3D FTE0H L AT SRR R SO R o 2 (K LA B ST (0], BRI,
2021, 36(2): 177-183.

Mulvaney, G., Monk, S., Clemente, J.D., et al. (2020) Expandable Interbody Spacers: A Two-Year Study Evaluating
Radiologic and Clinical Outcomes with Patient-Reported Outcomes. International Journal of Spine Surgery, 14,
S31-S38. https://doi.org/10.14444/7124

Vaishnav, A.S., Saville, P., McAnany, S., et al. (2020) Retrospective Review of Immediate Restoration of Lordosis in
Single-Level Minimally Invasive Transforaminal Lumbar Interbody Fusion: A Comparison of Static and Expandable
Interbody Cages. Operative Neurosurgery, 18, 518-523. https://doi.org/10.1093/ons/opz240

Godzik, J., Lehrman, J.N., Newcomb, A.G., et al. (2019) Tailoring Selection of Transforaminal Interbody Spacers
Based on Biomechanical Characteristics and Surgical Goals: Evaluation of an Expandable Spacer. Journal of Neuro-
surgery: Spine, 32, 383-389. https://doi.org/10.3171/2019.1.SPINE181008

Duan, W., Du, Y., Qi, T., et al. (2019) The Value and Limitation of Cervical Traction in the Evaluation of the Reduci-
bility of Atlantoaxial Dislocation and Basilar Invagination Using the Intraoperative O-Arm. World Neurosurgery, 132,
€324-e332. https://doi.org/10.1016/j.wneu.2019.08.160

Chen, C.S., Chen, W.J., Cheng, C.K., ef al. (2005) Failure Analysis of Broken Pedicle Screws on Spinal Instrumenta-
tion. Medical Engineering & Physics, 27, 487-496. https://doi.org/10.1016/j.medengphy.2004.12.007

DOI: 10.12677/mo0s.2023.123198 2172 e RSE TR


https://doi.org/10.12677/mos.2023.123198
https://doi.org/10.1016/j.clinbiomech.2021.105415
https://doi.org/10.1097/BRS.0000000000001637
https://doi.org/10.1186/s12891-015-0662-7
https://doi.org/10.1007/s11517-022-02596-y
https://doi.org/10.1177/1687814016638809
https://doi.org/10.1097/BRS.0b013e3181f5cb87
https://doi.org/10.1016/j.spinee.2011.01.021
https://doi.org/10.1097/00002517-199212000-00001
https://doi.org/10.1016/j.wneu.2018.10.115
https://doi.org/10.1097/BRS.0b013e3181a2ea0a
https://doi.org/10.1097/BRS.0b013e3181cf412b
https://doi.org/10.1227/NEU.0000000000000737
https://doi.org/10.1016/j.wneu.2016.07.097
https://doi.org/10.14444/7124
https://doi.org/10.1093/ons/opz240
https://doi.org/10.3171/2019.1.SPINE181008
https://doi.org/10.1016/j.wneu.2019.08.160
https://doi.org/10.1016/j.medengphy.2004.12.007

	可膨胀融合器联合后路内固定治疗颅底凹陷寰枢椎脱位的生物力学研究
	摘  要
	关键词
	Biomechanical Study for Treating Basilar Invagination with Atlantoaxial Dislocation by Expandable Cage Combined with Posterior Internal Fixation
	Abstract
	Keywords
	1. 引言
	2. 材料与方法
	2.1. 可膨胀融合器
	2.2. 建立BI-AAD患者静态和可膨胀融合器联合后路钉棒系统手术模型

	3. 结果分析
	3.1. 寰枢椎关节活动度
	3.2. 寰枢椎可膨胀融合器和静态融合器的等效应力
	3.3. C2终板的等效应力
	3.4. 钉棒系统的应力分布

	4. 讨论
	5. 结论
	基金项目
	参考文献

