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H . B30 00)ES VT R ZE AR HE AL (Basilar invagination with atlantoaxial dislocation, BI-AAD) )5 ¥ [E &
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FARK =48 R IoRE, 247 Ti/PEEKFITI PR KR BEARAE ST TR Al & 23 0 U BEAX ST R e MR AU R ML
XY AR A SR C2AMR I A FRHE. 48 Ti/PEEKNZATIA B EREXT e RE S8 EL
HARIGITBI-AADJG, SUHETERTE. B, MIZAEEE T T BMXMESCT 1S3 E (Range of motion, ROM)
B BI-AADR R4 B FEAK T 98.76%-97.36%-97.74%-97.97%F199.2%-97.74%-97.74%- 98.07%:;
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Abstract

Objective: To investigate the effect of different materials of atlantoaxial inter-articular cage on the
biomechanical properties of the cervical spine in the posterior internal fixation technique of basi-
lar invagination with atlantoaxial dislocation (BI-AAD). Methods: Based on the morphological struc-
ture of the lateral atlantoaxial joint of BI-AAD patients, a three-dimensional finite element model
of occipital-superior cervical implantation of atlantoaxial inter-articular cage combined with can-
tilever repositioning technique was established, and the effects of Ti/PEEK and Ti inter-articular
cage on the stability of the cervical atlantoaxial joint and the stress distribution characteristics of
the inter-articular cage and C2 endplate were analyzed. Results: After the treatment of BI-AAD
with Ti/PEEK and pure Ti inter-articular cage combined with cantilever repositioning technique,
the range of motion (ROM) of the atlantoaxial joint in forward flexion, back extension, lateral bend-
ing and rotation in the cervical spine was reduced by 98.76%, 97.36%, 97.74%, 97.97% and 98.07 %,
respectively, compared with the BI-AAD lesion model. 99.2%, 97.74%, 97.74%, 98.07%; the peak
stresses of the C2 endplate, the upper and lower braced shells of the inter-articular cage and the
internal support ring showed the lowest Ti/PEEK material, and the risk of shell fracture was rela-
tively small. Conclusions: Both Ti/PEEK and pure Ti inter-articular cage in the atlantoaxial spine
provide stability of the vertebral body after BI-AAD surgery. The overall structure of the Ti/PEEK
inter-articular cage is less stressed, making the risk of subsidence lower and safer and more feasi-
ble.
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i JE [T B8 BE AR AR ST A (BI-AAD) & —Fh & 2 (R M3 A SR IX W 2, R 3s R BRI R al & . pomtls o
HESMUERLE . MR O = BE B2k BRI SERFAE[1]. BI-AAD SALRA AR A EE1)E
JTFB, HA a7 A hA R4 & B S AL [ E BRI R IR T AR R [2], 8 s A OG5 A
Rl 4 %% (cage) 4 & C2 Mk = HUMZAT (C2 Pedicle Screw, C2PS)HJG 4k # (Occipital Plate, OP)3& [F]347 &
E, SRR A I B AXME R B S FEA AR RS o BRI R T A w58 FH ) e A i o 25 45 00 D v FEE AR A 2 o [
SERT, 0T [R] £ PR SRS S DX AN [ e 2 A PEE S it AR B A7 76— 58 B R e, 0T RIRIE A mT i =49 v 5 0
11 TR BERKHE DG 1 T Rl 5 88 o8 I R TR 7 2 (R SIS AR 97 ORI 4 v A B 3 3
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AT i AN A B DR AT R 2 R I PR . FE B AT DAUEAE R =, AT 30UHE B T B A O S5 MR 2 1)
PRPE, R BEAR G  R) RA 5 (4 BE TR 2R B FHCNoT P JE 1L o 8 X AR FE A7 A= 40 70 257 A R S el ) 7 41k 3 A
XD o 5K B 2 S [3] TR BIUE Rl A 2 i B A AR S HERIANTUEC i) &, vt 17—k @ e . RIS
R AR I FMEME AT A B, RIFAT IR T VRN C4-C5 5Bl 3h B M Z8A N ST AT /M iEAl, 9F 3D 4T
EJE AT AR AN R AR S0, 45 R ISMEME & 38 B — @ 2 et SR . TRamA[4]1 55 Be T3 2L iy
J5 N — R 2T S R R A () kA 2 (OLIF + IERC), I REH) L3-S1 A FRyCAHA 4 3 F OLIF F
REEV 1 abn 2R, SRBFTRTAL G2 EY 1R E e HEPURR A 50T B (R4 = B P
RE I T TCURET I i, E b ) e % Lt AR T XUHE 5 RRAT R[] 7 o Lin [5]155 90 A\ A 28 54l 22 v 1) 10 T
ST P MK HE ] i 25 -5 5 A HE (] i 5 SR AE 2 ME TR FLAR & AR (TLIF) FIBIF 72 (3 1440 44 5835 ) EAT 25 3550407,
S5 FR T I ME ) il 5 388 7T 203 TLIF S I ThRE, WREMENR] S MERI LS. Chang [6]5F 454 10 4R ]
{140 22 ME 10) FLAE [0 R /5 A e R Wk, ST T (e 45 R 245 TLIF ME I i 5 388 P TR N O A5 25 485 R AT [ st
M, RATTIZIK TLIF MER fhA 38 50 A ME I Bl & 25 B8 B AF U S MEIR) & B, (B R DTt a .
Gabriel Z[ 71K RSN 11252 9256 T30 BT ELAE T OP 43 5Bk A C2PS Al C2 HERRIRET L3 A [ 52 1) 127
Bk, SRR PR E E 7 R AL AOREE MERILL . Ma Z5[8)K F1 G B 7G 7 v A 4 J3E T P 1) CO-C3 A7
WHFE T C2 MEMR ABRAET 7E b Z5AE R 22 A IR AP0 0 242808, 45 SR W HERR R ET A S BE Y B ) 5 C2PS [ & AH
Bho Bo ZE[1]0 ERLALA A I C2-C3 fllA 1) CO-C3 7 Bi A BRI AT SEARAME J5 % T R ) SR,
HEAL BI-AAD FARSRE T AW J B0 Al . Liu Z5[918 T A PR T4 0T 25, VTAG T B i 4T
(CILMS)FEZRLRD & [E 5 A J1 24, R I CILMS 1958 7 C2 Faseth, AR 1 R a4 Agkks b
Uity [ . 7« Wang S5 [ L0148 B RL B2 515 PR UGB 40 e VAL A, 38 3 T SRS A B A O T R0V 30 5
RS B 7 SR AE S 5 25 208 106 BI-AAD R R HLHIEBEAT TR0 53R . Bo S5 [111F)H Je Rt
BI-AAD B i) =44 IROCARRUBILIGIE T AR FEZRA BI-AAD B35 K H — Rl i .45 17 5] 2 47.(CRD)
BRI AT AT R

Goel 5 [12] & K2 tH 7E BI-AAD & 3 T2 MK JC 17 [A] N Rl #8 BXR] B 40, A T — %€ 97 2 Yoshizumi
GBI HE A B B E AR IE R MO BT 78 /0 Al & 22 /% Bl Patkar 45 [14] IUBLIY K 8 i 2 AK
RATTE R T8 R [ M B G Lee SE[15]ME A B ACE B IISIUHE R & 28 167 BEARMEAN R AN 5 26
PRI 2 AH I Bl o AHAE T A RLA B AN 5 AT S8 A7 v B RD A 55 /A DG e 17 5 550 4Dz A i 5 45 B3 B 1)
A o

5T BI-AAD B IR 2558 R A T BEARAE N 7 S W TR AS 54, vt v FEAN A B ] 184 (1) B2 AR AE DG
TR A, AWK ERAEEFRTR, EME - RIS AR LA TEAKHE ST A Al 2
B =G PR CEAY, 3 TIPEEK I Ti PR AR 1) FERKARE 515 1] il G 25 06T SIUHE E A5G 15 Fa e PR 52l
SRATIAN b 28R C2 MR R ) 43 A REAE o R 70 0T U 15 BEAX O 17 [) il -G 25 00 390350 Je Aef 0025 AR e e 1 Bl
WIEEN J15 3808, NI IR TR 7 8 St Fy 7 28 B i S AR B A 48

2. MRIE A%
2.1. 37 BI-AAD EFi#E C0-C3 HIRTER

BT AL A R MRS S R X MEBO AL 2 e CO-C3 Bk CT KR, LA Dicom #% 3 A
Mimics19.0 HHEATHRERAIME E S HAE, L STL 4% 03 A2 Geomagic H o Jis AR A5 Y HEAT FL IR AN IR
MNEE I UMK BRI RA L ME R AR, 5 F A BRIC AT AL F 4 F Hypermesh14.0 #£47 2D,
3D MRSy, @SR MERGEIRE, RUE RIS IE) MEBL(ZF4EER, BEAZ AN L) A LA ST
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FEARLI O Fh = LA A (U« G0 S, BRI . B, . SN EERIT. R
Wy FFER AT ) 7E N 1) BI-AAD Ji 28 T 20kE = 484 FR e o b ZiHERS Y 5358 40 #1 K@ A 244 16] [17]
W 1.

Table 1. Material properties of the occipitocervical spine FE model

1 MIMBRTERHMREM

iy 447 e IS s G
B e 12,000 0.30 1.83¢—6
N 450 0.29 1.10e—6
JE A 3500 0.30 1.40e—6
LFYEER 450 0.30 1.05¢—6
LA 1.0 0.49 1.02¢—6
R 500 0.40
GIES G 10 0.30 1.0e-6 6.0
JE P 10 0.30 1.0e-6 5.0
T 1.5 0.30 1.0e-6 5.0
A0 37 15 0.30 1.0e-6 10.0
B 15 0.30 1.0e-6 10.0
R 10 0.30 1.0e-6 6.0
Ptk ik 10 0.30 1.0e-6 46.0
R 10 0.30 1.0e-6 5.0
FUIRBIH 10 0.30 1.0e-6 5.0
RS 110,000 0.30 456

2.2. AIETREXT ERS RS A RAEEFRTREAET

AR BEAR G ) il 25 R T TR AR W TR BERKHE U BROCT 52A8 28R , K 2Dy 18 mm, 6 B2 9 mm,
B R EIF TR, WS, AT MR AR AR R, AR BT N B E TN, B
FATBEA R ™ A I R 5 1Rl SR AE SO T A I, BARES M 1 B, fEERAETR ST,
KA BI-AAD B EAXCTI R ARFELE, M FART WO R G248 M RS 40, mE %S 8 mm,
DA A AR 7] 25 2K 119 1 55 R A P R A 3 A R B 10 T AR B

HELHL T AR BT R FH 1 A [ S El B B d k. C2PS (1 24 mm. E4% 3.5 mm)Al OP (£ 44.99 mm.
27.54 mm. J5 2 mm). 7& =4 B Solidworks 22 1l P [F & 20, AR I R T AR 7 S8 58 1 N i 5 2%
P T (R A 255 BI-AAD BREALFIAEEL, LTI 4 R TR 5 SR AT e, DG4 [] il A 385 75 0L 5 X
FEHTAIKP TN« £E Hypermesh #01: isth B Bt i ) = RS TR 3E47 AR K123, Tn 1] 2 o FRD a3 4 22 K
ARG AR A S % PN [ e A PR O . RS AR S AR R el O B AT ST A B, BRI AL, 0%
RIS ol A TR g TR S S
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Figure 1. Schematic diagram of adjustable atlantoaxial inter-articular cage
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Figure 2. The three-dimensional finite element model. (a) Adjustable atlantoaxial inter-articular cage + C2PS + OP fixation;

(b) Adjustable atlantoaxial inter-articular cage
2. ZHARTER, () AHADHERATERMAS + C2PS+0OP NEE; (b) AETHEHRxHEME S

2.3. WETRBXTER S FRES FEAEEARTERENET

SRAT MR A8 1R H TR SR )2 A2 SR R Rk I (PEEK) AR (T), SK& & 4% . JE IRos AR
55 0, (HSRMERT RN R I K, SN A #S R UTURER[18]; PEEK A4 HL St A5 5 A1 ) SR AIE
5 BE AL, RIS PR B B ) BRl, PR ATl & 25 T TR [19]. A0 708 RIEK - SRk
FiF (TI/PEEK) <15 [A] il & 25 BE [F] I e P O0 A, 38 oG5 (Rl b & 28 A2 0 2 WIS, TR bt AnitE PEEK 5

W ORI R A [19]0 PRIIE, O P ik 565 TR il 5 8% 126 TW/PEEK SRR Ti AP RHEATHETE 2047 -

XFBNAS AT A AR ST ]l A A A 7 I AR kL D TIPEEK cage (b R EIT5EiRiE$E PEEK A4

Bl HABZEIEFER G SN A@ Ti cage (B & 2R AR & AR, BARMPEE BT [161407% 2 R

Table 2. Different material properties of an adjustable atlantoaxial inter-articular cage in the three-dimensional FE model

2. ZHBRTER R ETREXT ER S 2R H N EM RS

ups TR M (MPa) MEV/N=d
TR AR 3600 0.25
TI/PEEK 5 &4 58
Hh (] B2 iR A 110,000 0.3
NI A 110,000 0.3
Ti @& 2%
Fp (] R A 110,000 0.3
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24, WEHRRXT EME RS FRAEEARTERREL

YR C3 MR N RIMPTAIESIE, BRFIE 6 NJ7m B hE, Mg LREEE T L7k, it
INTE A A Fo 7E A A F 0 50N 1) 2 B ey LASEDL S0 R g, (MR A0 1.5 N-m FHAR A 0039030 i i
JEMH . BEFEAMN S IZEN[9]. Coa /N Z I B2AM L B 2 52 LIS/ D AT I B, BEAXOGTT SCEMERT 5 5 VIR
SR H) B E B R BON 0.1 [20]f08 sk R . SR ABAQUS #AFRHRERYIEAT T4, 7 M BEHKME
ROM. C2 A 87 7755 ] il & 28 #5350 70 I8 7 43 A 17 o

3. &R
3.1 ERXTEDE

BI-AAD Ji A i R B & C2PS+OP A4\ Ti/PEEK cage (Ti/PEEK cage + C2PS + OP) !l Ti cage (Ti cage
+ C2PS + OP)HAY % THLEEAR ST ROM tH 545 R 5 # Al & #5 (Cage) BALXT LL 414 3 s, BI-AAD
RUEEAX ST AE BT o S5 D25 R 4% T8 R ) ROM 431 Ay: 11.28°. 5.30° 3.54° A1 10.37°, Ti/PEEK cage
fii 2 HX K FT ROM [4MIK T 98.76%. 97.36%-. 97.74%. 97.97%; Ti cage f#i ZHX T ROM [£K T 99.2%.
97.74%. 97.74%. 98.07%; fi Cage + C2PS + OP HLAY L X 515 ROM /N T 98.76%. 97.92%. 96.61%.
98.07%, — RIS EEMXICTT ROM 35 PR,  FRARME AR

14 1 = BI-AAD Model = Cage+C2PS+OP
12- mmm  Ti/PEEK cage mmm Ticage+C2PS+OP

104 I .
84

0.8
0.6
0.4+
0.2+
0.0-

ERXTENE ()

Hil J& Ja 1 = Tes

Figure 3. ROM comparison of atlantoaxial joint between C2PS + OP implanted cage (static cage, Ti/PEEK cage, Ti cage)
model and BI-AAD model

[E] 3. C2PS + OP RFEENFL & 85 (F57S Cage. Ti/PEEK cage. Ticage)iE&IFN BI-AAD #ERIER %15 ROM ELER

3.2. C2HM N HtEa

RlE A VTR B AR AE S FOM A B P MEAA R I [21], C2 ZRARN ) 0 A A Bh T X Rl & 25 T B
AR FR 07 . 44 TI/PEEK cage + C2PS + OP #1 Ti cage + C2PS + OP [1] C2 Z&Hi i /34341 FlJ3i /7648 5 Cage
+ C2PS + OP @47 LB M tn 8] 4 Fs . FEAHIRI BT 254 R, C2 2R N Ay 0 AT AE BUARABL, = 228 b T4k
A 5% A ZRARCRT S (14 i 8 AELR A7V A8 22 B K. TI/PEEK cage + C2PS + OP HEAUf) C2 AR N 7 W AR B
Hi J T 5008 KT Cage + C2PS + OP 4, A 14.71 MPa, Jofi. {25 AIjEsE T &/, 7354 25.58 MPa.
19.04 MPa A1 12.25 MPa, . fighs THUN J3 o3 At lReik, JUFo0An T34 C2 b, R/ IR
/N Ticage + C2PS + OP #5724 C2 Z AR B /U 7 Jo A N H BB K fE, /2 TI/PEEK cage + C2PS + OP 1%
AIf#) 2.39 f%. TIi/PEEK cage + C2PS + OP #i#4F1 Ti cage + C2PS + OP #5#) C2 LM B S 7E 25 Flfig % 1.
MR /T Cage + C2PS + OP 5 #1,
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S, Mises $, Mises S, Mises S, Mises

(Avg: 75%) (Avg: 75%) (Avg: 75%) (Avg: 75%)
+1.907e+01 +6.115e+01 +3.244e+01 +2.174e+01
10006401 +2.000e+01 +1.500e+01 +1.000e+01
131676400 +1.833e+01 +1.375e+01 +3.167e+00

+1.667e+01 +1.250e+01 +8.3346+00
ij’fﬁ 1? 2332133 +1.500e+01 +1.125e+01 +7.501e+00
e +1.334e+01 +1.000e+01 +6.668e+00

+1. e:
+1.001e+01 +7.503e+00 +5.002¢+00
1aiesei00 +8.340e+00 +6.2548+00 +4.169¢+00
+3.3366+00
&+00 +2.503e+00
+1.668¢+00 +3.343e+00 +2.506+00 +1.6716+00
+8.346e-01 +1.677e+00 +1.256e+00 +8.376e-01
+1.417¢-03 +1.148e-02 +6.698e-03 +4.619¢-03

Figure 4. Stress nephogram of C2 endplate for Ti/PEEK cage + C2PS + OP model. Ti cage + C2PS + OP model and Cage +
C2PS + OP models

4. Ti/PEEK cage + C2PS + OP, Ti cage + C2PS + OP #0 Cage + C2PS + OP #%%! C2 &R h=El

3.3 AFTHERXTEMARE ISR

PRI ARl 5 AR A A R A%, ARG R NL T VAR 32 36 DL B LA R S i 15 2 70 2R
AP 0 2 PR B, DR R R4 X 5 TR Rl 15 4 258 20 S VA 20 7 AT AR ALE S B AL HEAT 70 AT AT L 201

331 ETEAFEN I HIFHE

TI/PEEK cage + C2PS + OP Al Ti cage + C2PS + OP 7 rh ] i 15 B AKX & 1A) i & 2% b N #3211
N353 AR WP 5 iz . TI/PEEK cage + C2PS + OP ZH7E JE i), A M5 (B il & 88 N 45 FF 72 8 S350 A dH Xt
B, FEENE S G IR AL, BJEE Y 21.38 MPa; U2 I e & 45 T #5755 iE
PR At BB B L B e, N JIEE A 20.73 MPa; i i #3528 I (E /A 6.39
MPa, | F#IT5EN M2 1.44 MPa. Ti cage + C2PS + OP Hi7 5c -1 i) fil & 28 T I 584k i) “H” 367
A B BN B JE TS BRI {E R 174.1 MPa, J2 Ti/PEEK cage + C2PS + OP 4H 1] 8.14
£, HER A XIRMEAR THARTH: S TN, FEFFFEARRIEE S 138.3 MPa & FH#F k)
4.93 %, & Ti/lPEEK cage + C2PS + OP ZH[) 6.67 fi%; HIJE LHLT, 7N Ji{E L TI/PEEK cage +
C2PS + OP #H K 2.58 fif; Jies LU N NHEIF SR N JJUE(E Y 74.69 MPa, Ny F#IT 5811 1.94 1%,

3.3.2. WS HEIFRN 115 FE

WM %% Ti/PEEK cage + C2PS + OP Hl Ti cage + C2PS + OP H 7Y rhv ai] iff 15 BE A 56 75 7] ik & 2% £ JeE A6 L {11]
RNt iz B A A5 PN DG [R] Rl 2 N SCEERR R R J) a3 AR W] 6 Bl e N SCRERR IR g o A a4 — 3K
LT AE A SCHERE B iR, HUR AL R B TE B, TI/PEEK A Ti G IRIfl& &4 2 4
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N P SZPE IR AR AR 7E F A 00 A0 52 B A KN A, T SR TR il 2 2 A P S 3R T R Ak 97 9 {0 B
181.30 MPa, s 4 I[1) 2.49 fi, TI/PEEK J<15 [B] il & 28 5 i L0 7E P SCHERR AR K B 7 AF A2 I 25 1) 1Y) 3.47
B e IE BN, R A N P T AR Y A A AN S T BRI s T DG A Rl A N S
RO AR B IR R . R DRGSR S R TRV, BRIERS BN, S A A T e
VRS N SCHERR, HAR O 35 T 1R Mk 5 IR a5 i e i A

TR
AU E /JJ'J‘JﬁTA?% A A7

Eﬁﬂﬁm/‘*%%

Ti/PEEK % m
ARGV
.
Ti cage J [
|

oy

Ti/PEEK cage J ] {
|

Figure 5. Stress nephogram of the adjustable atlantoaxial inter-articular cage superior and inferior shells under different mo-
tion conditions in Ti/PEEK cage + C2PS + OP model and Ti cage + C2PS + OP model

5. TI/PEEK cage + C2PS + OP # Ti cage + C2PS + OP #R B AT RIR A AR &R L TEATARE TR T
hz=E

s, Mises
(Avg: 75%)
+1.741e+02

+1.6676+01
+1.5006+01

+5.002e+00
+3.336€+00
+1.669e+00
+2.944e-03

Ti cage Ti/PEEK cage

(2)
(b)

L L X I ]
Ll

Figure 6. Stress nephogram of the supporting ring in adjustable atlantoaxial inter-articular cage under all conditions in
TIi/PEEK cage + C2PS + OP model and Ti cage + C2PS + OP model, e represents left, f represents right: (a) Flexion; (b)
Extension; (c) Lateral bending; (d) Axial rotation; (¢) Comparison of the maximum equivalent stress of the supporting ring in
Ti cage and Ti/PEEK cage models

6. TI/PEEK cage + C2PS + OP #%BUF Ti cage + C2PS + OP # R h Al ER A a4 R AT EARR LA T
N NEZERNAER, e REREAM, FREREGM: () AIE; (b) BH; () ME; (d) EdE; (o) AMNZEREKRSF
MM SIEEER

mek

Ti cageli IR THRN
wZ

=

) ANRANAON
Ti cageZ STHEER P

Ti/PEEK cage£iZHF MMM
v

Ti/PEEK cage’ ZHFE )

0 50 100 150 200

B K55 F1(MPa)
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4. WRELER

KATI LG 28X BI-AAD #HTIRYT SOOI IR EA RF AR5k, AHEGER Al Ja B P [ e, 1 [H]
Rl 25 T R B RHE SR A T S (R RS P RN SOME A 3 B K 5T, B T A[22]« AR SCHKHE BI-AAD FE B AKX
M 75 R T AT LS Tl vt 7 — s B RN A B T T B AROG T RIS 88, PRIEE AT B ml A 282 e %
SR TR B 5 P55 R AR P AT HEAT R, A OCT RNk A A8 NG A T HEAR bR SR, BRI R BB XU .

EE SR AR, AT RS TI/PEEK AT Ti @& 2% ROM FRARIEZE AL, B 511 8] (1)
VESNTE SRS, SRR SE ARG TR AT BI-AAD A B IR, AR TR G (Al Al B N B
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