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[#Z] BM: lLE Klippel-Feil 5 & 1iF (Klippel-Feil syndrome , KFS) i1 8 ¥ il & C2/3 filA K =3 [6) B 77 AE B
B 35 28 X R 3B af AR W 1278 Ak . ik BREL 1 44 44 2 B AR B MR R E AT SUHEEE CT B, ORI
Mimics19 ,Geomagic Studio SolidWorks & ANSYS 17.0 %k {4 4& HO I 22 57 1E % CO-C3 I HiME = 4 A IR oo e il
(intact upper cervical spine model , INT B %) I F 774 &M X5 LG 3 iF 76 St BE Rl 38 0o 18 o3 fik 2 s 4 1) O =X
N7 C2/3 A AR (C2-3 A AL ) FERL A BE7Y (model of occipitalization of the atlas, OA 5% ) LI K — 2 [ B}
FEAENY Sandwich 2% (Sandwich deformity model ,SD %) HLEE 4 41REAI /e A4 B fof (1.2Nm, 1.5Nm, 1.8Nm
& 2.1Nm) T C0-C1.C1-C2,C2-C3 5Bt LA Jz CO-C3 1 gh ¥ e AE | M) S s R oG 7R 4518 g RS T i fek
Von Mises JJJ. #5585 INT BB L, KFS B8 (45 SD #iAL OA B8 C2-3 B3 1 CO-C3 KT 3 J&
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Finite element analysis of biomechanical changes in occipitocervical junction caused by atlanto —
occipitocervical fusion and/or C2/3 fusion in Klippel-Feil syndrome/DUAN Shuo, XIAO Bowei, CUI
Wei, et al/Chinese Journal of Spine and Spinal Cord, 2021, 31(6): 540-548, 555

[Abstract] Objectives: To assess the biomechanical kinematic and load alterations due to occipitalization of
the atlas (OA) and/or C2/3 fusion in patients with Klippel-Feil syndrome (KFS). Methods: A 44-year—old
healthy male volunteer was selected and the cervical spine was scanned by thin-slice spiral CT in our
hospital. A nonlinear CO-C3 upper cervical spine three—dimensional finite element (FE) model (intact upper
cervical spine model, INT model) was developed based on the CT scans using the software of Mimics,
Geomagic Studio, SolidWorks, and ANSYS17.0. The validated INT model was altered to include the C2/3
fusion model (C2-3 model), OA model, and Sandwich deformity (SD) model (both OA and C2/3 fusion in one
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patient). The effect of different segments of fusion under different loading (1.2Nm, 1.5Nm, 1.8Nm, and 2.1Nm)
on the range of motion (ROM) of CO-C1, C1-C2, C2-C3, and CO-C3 segment, maximum Von Mises stress in
the transverse ligament and facet of atlantoaxial articulation were examined. Results: Compared with the INT
model, the KFS model (including C2-3 model, OA model and SD model) resulted in a reduction of overall
CO-C3 ROM and an overstress of the transverse ligament and bilateral atlantoaxial joints under the four kinds
of physiological loading. The ROM of cervical flexion decreased 41.2%-49.2% by SD model, 33.8%-42.9%
by OA model and 14.6%-19.2% by C2-3 model, and the ROM of extension decreased 39.8%-48.2%, 29.5%
-35.1%, and 16.3%-30.4%, respectively. The ROM of rotation decreased 20.7%-28.0% by SD model, 10.4%
-20.3% by OA model and 17.3%-34.2% by C2-3 model, and the ROM of lateral bending decreased 50.8%—
56.1%, 40.8%-51.9%, and 23.2%-42.6%, Compared with the INT model,

transverse ligament and atlantoaxial joints increased most significantly in the SD model,

the stress of the
by 65.5% and
123.1% respectively in the flexion and extension loading; which was followed by the OA model, by increasing
45.5% and 38.5% respectively; and that in the C2-3 model came the last, by increasing 18.2% and 15.4%.
The transverse ligament stress of SD model, C2-3 model, and OA model increased respectively by 24.1%,
12.7%, and increased by 206.7%, 166.7%, and 140.0% in lateral bending
loading. The atlantoaxial joint stress of SD model, OA model, and C2-3 model increased by 193.0%, 150.0%,
increased by 63.5%, 39.2%,
loading and 204.3%, 65.2%, and 160.8% in bending loading, respectively. Conclusions: The atlantooccipital

respectively.

and 5.1% in rotation loading,

and 56.0% respectively in the extension loading; and 16.4% in the rotation
fusion and/or C2/3 fusion can significantly increase the stress of the transverse ligament and facet of
atlantoaxial articulation while limiting the ROM of the upper cervical spine, with different biomechanical
kinematic in different number and different fused segments in the upper cervical spine.

[Key words] Klippel-Feil syndrome; Occipitalization of the atlas; C2/3 fusion; Sandwich deformity; Biome-

chanical; Finite element analysis
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Figure 1 Illustration of finite element modeling process
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Table 1 Material parameters used in the finite element

model
454 PR bEEVNEA J5E (mm)
Tissue structure  Young's modulus Poisson’s ratio  Thickness
B BUE
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Figure 2 Ligament stress—displacement curve a Stress—displacement curve of nonlinear ligament (oa: nonlinear region of

ligament, ab: elastic region, be: tramatic region) b FE spring stress—displacement curve of anterior longitudinal ligament



o A 2SR 2021 4E4 31 4855 6 1)

Chinese Journal of Spine and Spinal Cord, 2021, Vol.31, No.6 543

1 CO-C3 =k ROM, DL M i)y B HX e 15 72 45
B R T B 5K Von Mises I 1,

2 H#R
2.1 IR R 5 IR

INT B % A iz h TOL PG sh R 4,5
B A SCHRI $-1228 SLAH Lb 34 76 & S L, A A 26
B, KFS B (f0 45 C2-3 #A OA # K SD
B ) e 76 @il 515 BEAT R 5 I e A A T
TG BEX /N T 0.1°, UL B R Gl &5 Beag shil 2%
BRIAT 3K
2.2 ROM H#

HAEAY CO-C3 7B R f& ROM LK 2, #K

HBLAYLE 40N Pk ff & 1.2.1.5.1.8 2.1Nm 15
YEHI T B9 ROM, & BLARES T INT £ 58  Af [R] ) %6
YERR SD 558 i R i 3 shi b e K (41.2%~
49.2%), HIKHN OA #iA (33.8%~42.9%),C2-3
B /N (14.6%~19.2% ) ; KFS A RULE 5 i 22 47
25 45 3% Sh A R s 2b i ELRL SD AR AR e B
£ 1M OA FltA K& C2-3 flA BRI 2 ROM 2548
A A FIFREE R R 2247 e 5% ROM SD #55 AL s
N Z, HORCOh C2-3 iR & B R[] 35 B
ROM VL& 5,
2.3 BERDAE KOG R T LR

P35 45 SRR )2l 1 7 . RS SD
RURE R AT O 748 INT BB 65.5% ,0A B AL

nE  am
9 Co- 1SS

LE-1 [ L] R L
-2k shil

.- | T
e e &
| -

L& R rere =

= s e
&
b2
L T
W 1] nm -n L

C3-3 iRl

B3 —4EAKITHR a IE% CO-C3 #i% (INT #%) b C2-C3 B A A7 (C2-3 #5171 ¢ FERLAN A B (OA BLRL)
d &HAEEMEE & C2-C3 fl 51 (Sandwich deformity,SD £27) B 4 INT 8L EUH 20 5030

Figure 3 Three—dimensional finite element model a Intact CO-C3 model (INT model) b Model of C2-C3 fusion (C2-3
model) ¢ Model of occipitalization of the atlas(OA model) d Sandwich deformity model(SD model) Figure 4 Validation

of the INT finite element model
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Table 2 Range of motion of CO-C3 of different models at 1.2, 1.5, 1.8 and 2.1Nm moment loading

A o C2-3 i QAR SDA
Loading(Nm) Il\g%’(ﬂ;ﬁ €2-3 model 0A model SD model
)32
m pA pA pA
INT model —grgypr gom  BFHAEL gy oy P gy goy  FHEDIL
ROM 0 Percentage ) Percentage ) Percentage
decline(%) decline (%) decline (%)
1.2 26.59 2222 -16.4 15.18 -42.9 13.60 -48.9
i 1.5 31.20 26.63 -14.6 18.53 -40.6 15.85 -492
Flexion 1.8 34.68 29.00 -16.4 20.82 -40.0 19.03 -45.1
2.1 38.96 31.47 -19.2 25.80 -33.8 22.90 -412
12 22.38 15.58 -30.4 14.61 -34.7 11.82 -472
e i 15 27.87 20.43 -26.7 18.08 -35.1 14.43 -482
Extension 1.8 30.54 25.42 -16.8 21.53 -29.5 16.86 -44.8
2.1 36.77 30.77 -16.3 24.68 -32.9 22.15 -39.8
12 8.49 6.52 -23.2 5.03 -40.8 3.92 -53.8
UK 15 13.20 8.51 -35.5 7.52 -43.0 6.49 -50.8
Lateral
bending 1.8 16.80 9.65 -42.6 8.08 -51.9 7.98 -525
2.1 18.69 11.84 -36.7 10.20 -45.4 8.21 -56.1
12 2261 18.70 -17.3 20.10 -11.1 17.44 -22.9
Kh%l 1.5 36.24 23.84 -34.2 28.89 -20.3 28.73 -20.7
Xi1a:
rotation 1.8 3891 27.79 -28.6 34.85 -10.4 29.45 -243
2.1 4287 31.19 272 35.63 -16.9 30.86 -28.0

TE Ak PP T BT R 140 L4 O 5 INT A7 pE e 4 2

Note: The decrease percentage of ROM of each model in the table is the result of comparison with the INT model
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Figure 5 Range of motion of different models at 1.2, 1.5, 1.8 and 2.INm moment loading
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Figure 6 Von Mises stress of transverse ligament a Flexion —extension b Left rotation —right rotation ¢ left lateral
bending—right lateral bending Figure 7 Von Mises stress of superior facet of axis a Flexion—extension b Left rotation—

right rotation ¢ Left lateral bending-right lateral bending
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Figure 8 Von Mises stress distribution of transverse ligament(a) and atlantiaxial joint facet(b) at 1.2Nm moment loading
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