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Quantitative analysis of cervical vertebral maturation in Chinese adolescents based on three-dimensional morphology of cervi-
cal vertebrae

WU Yue, TANG Wen, ZHANG Yuyanran, YUAN Weiyu, PAN Yifei, CHEN Xinyu, XU Haiyang, LYU Yunfan, IZADIKHAH Iman,
CAO Dan, XIE Lizhe, YAN Bin. ( Department of Orthodontics, The Affiliated Stomatological Hospital of Nanjing Medical University;
State Key Laboratory Cultivation Base of Research, Prevention and Treatment for Ora Diseases ( Nanjing Medical University) ; Jiangsu
Province Engineering Research Center of Stomatological Translational Medicine, Nanjing 210029, China)

Abstract; Objective To investigate associations between three-dimensional (3D) morphology of cervical vertebrae and skeletal mat-
uration by cone-beam computed tomography( CBCT) and establish corresponding regression models for quantitatively evaluating cervical
vertebral maturation(CVM). Methods The analyzed sample consisted of 358 CBCT images ( 175 male, 183 female) , of which 277
images were randomly selected as the model development group and 81 as the performance test group. Twenty-one 3D morphological pa-
rameters were defined and measured, incorporating all parts of the cervical vertebrae, including the cervical vertebral bodies,
transverse processes, spinous processes, pedicles, lamina, and articular processes. The cervical vertebral maturation index ( CVMI)
was determined by experienced orthodontists as reference standard. Spearman’s rank correlation coefficient and multivariable stepwise
regression analysis were used to identify the associations and build regression models. The performance test group was employed to ex-
amine each model’s reliability. Paired-samples Wilcoxon signed-rank test compared the CVMI of the model prediction with the reference

standard. Results Three-dimensional morphological changes in various parts of the cervical vertebrae correlated with CVMI ( P<

AT 15 [ AFL2E I 4 (82071143,82101079) ; [65 1 4 0.05). Six 3D morphometric parameters were each recognized for male
KR (2022YFC2402103) 5 T 904 DAk Z E 2R & 435 H and female models, three of which were identical. The adjusted R? was
(ZDA2020003 ) ; L7548 5 S WF & 1131 (BE2022795) 5 TLIR A B2 0.899 for males and 0.902 for females, with corresponding accuracies
TR &R 120 H (BE2023836) of 85.0% and 85. 4%, respectively. These models showed no
VB B . T o BE R 2 B T 1 s 5 e A R, 1 B AT 52 5 B
TR EFR YR = AR (B ERE) LA 1R

b2 AR O TEJR R A0 (210029)
TEES T %k F-mail:byan@ njmu.edu.cn vical vertebrae and skeletal maturation. The 3D-driven morphometric
= : - H . .

difference as compared with the reference standard (P>0.05). Con-

clusion New associations were found between 3D morphology of cer-

WEPF  E-mail ; xielizhe@ njmu.edu.cn CVM assessment method and corresponding regression models
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exhibited good credibility and high consistency with experts.
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Tab.1l Definitions of three-dimensional morphological parameters
Sl s EX
LMK AR iy 25 7o B2 aVBH HetRHT M L R4 PR E R
MEAR J5 2% B pVBH Mtk G b R4 h &R EHE R
MER 2K R sVBL MR - 1A 5 2% Hh e J5 BE B
HEAR T K B iVBL HEPR T 2 0115 2% Hh 281 BE B
MEdA 12556 5 sVBW PR T R 1T f5e A 1) B 5
AT 2% 5 L iVBW HEAAR T % i dme A 1) B 5
MEMRT 2% 3% 1HHE 25 iVBSL HEVR T F1H FI S S e /MU 22 ) i 24 B2
MR 98 TPW it 5 f A o S
G SPL S T 2 8 B R i PR S
i/ ATHE S R /IPH i/ A MIHE S AR R S A MI A%
XU =5 AR 2 BPD XUUAE 5 AR R T O s
2/ A AR R 1) B /ILTL WZE Y AT I AMU ST A2/ A iR 1 2 BE B
2/ A AR e r/1LH L/ AR N G P AR
2o/ KT 5T AR 96 BE /liAPW Ao/ 70 AT G R e I T B
YK MEAARTI G 2% 5 8 49 (E apVBH (aVBH+pVBH) /2
MR N AR IE siVBL (sVBL+iVBL) /2
i NI SRl siVBW (sVBW+iVBW) /2
MES AR ZE A B S 4 E IPH (rPH+IPH) /2
R A A B A BE A HLTL (rLTL+ILTL) /2
HEMRZE AT 5 B A fLH (rLH+ILH) /2
KATRIEAT N AR L EH HiAPW (riAPW+LiAPW) /2
1 FH=Z#ESNENETEE
Fig.1 Illustration of three-dimensional morphological parameters
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A B CIbRIAT AKPHRISAR T L C2~ C4 B EH B 53 B b K BAE KOREEIR ;D C3 =4 R R B
B2 Mimics REMNETETE

Fig.2 Process of measurements using Mimics software

Ty, T PPk SUME B R AR, SR T
2N Z2 %% (variance inflation factor, VIF) #47 /)
e 1A A3 B DA IS A (%) 22 o 2 )

G UE2H A 1) SUHE = 4B 25 24
A LR T AR T 4 S P Tl A A A | AT A5 R A SR
FIASERITTAL 68 B iR 70 0 P BC X AEAS Wil-
coxon f 5 BAG 55 L B RIIPAN(E 5 S B bR ifE, P<
0.05 NEFHAG 72 L,

FRAEAR (1) TR RIHBERL (A,) BIHER 2R, H
T on RO (2 41 0158 40 Bi)) | g S BERITTAL
8B LS 0 I 5 2 AR — B

A =q/nx100 (1)
SR AR AL 3 I

B3 FHEREE
Fig.3 Flow chart of the present study
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HIHES SE 2 I AEAY ICC YER1R 0.951 ~
0.999 , FIARFGT #H A 50 5 HA K i nl =2 M,
Spearman FRAH G 22 B0 AT 45 3 Wk 7 S0 HE 45 0 A 79
S AAAE CVMI ML (3£ 2) Lo i 4
o U 44 ADSEUA BEE R IR AR A 43 A
(P<0.05) , BYE A RN RS A 41 2%k,
SHA AR AT AS T AT LS SHEMER A i S5
5 CVMI EAsAROCH: AR CHE R B it 0.8,
FIFA =4 2 B0 MEUR 1T J5 2% 5 B 3 (apVBH ) 1Y
FHOCE R R, M (B R 0.907 , 551 Hh BB
90.924, C2~C4 BYREZE 58 (TPW ) FB S K JiE
(SPL) ¥15 CVMI 34 5¢ (P<0.05) , HEM A2 47 =
FEYI(E (fLH ) [RAE L 2 30 38 B 25 2 M e 1k
ANV AR 2 A A ) B 240 (ol LT ) 1 A b
IR B B PR 22 R E B S cvMl
Te BAHZE (P>0.05) , M E L AH I (P<0.05)
SR ) 22 S PR TR AR B AE C2 TP & R T BE 25
S EANAE 5 Lot 80 H M 2% (P<0.05)
XUNE S AR S (BPD) 5 CVMI 9 AH &4 5 4 51 g
K AHARIAE C3.C4 1,
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%<2 Spearman HXREBHMER

Tab.2 Results of Spearman’s rank correlation coefficients

¥ LB ¥ LBy ¥ LB ¥ LISy

HrkE otk B4k ok Tk Ltk Btk Lotk
aVBH3  0.905*" 0.897 || iVBW4  0.238*" 0.251 ™ siVBW3 0.097 -0.148 aVBH4/iVBL4 0.810™  0.849™*
aVBH4  0.886"" 0.885™| TPW2 0.693*"  0.620 " siVBW4 0.173 0.150 iVBSL2/iVBL2 0.057 0.285*"
pVBH3  0.911™ 0.880"*|| TPW3 0.644™  0.627" rlPH3 0.704**  0.468 ** || iVBSL3/iVBL3 0.392"  0.258™"
pVBH4  0.872" 0.890"*| TPW4 0.747**  0.616™" rIPH4 0.738**  0.534""| iVBSL4/iVBL4  0.216* -0.211"
sVBL3  0.350"" 0.430™" SPL2 0.659 " 0.4327 rlLTL2 0.140 0.243 rIPH3XrlLH3 0.795™  0.657™*
sVBL4 0451 0.261" SPL3 0.543"  0.691 " rlLTL3 0.123 0.368 ** rIPH4xr1LH4 0.810™ 0.733™"
iVBL2  0.462™ 0.315™ SPL4 0.351"" 0.588"" rlLTL4 0.111 0.301 rlLH, xSPL2 0.717"  0.575™
iVBL3  0.519""  0.528"" BPD3 0.485*"  0.300"" rlLH, 0.587*  0.532*" rILH3xSPL3 0.691™  0.750 "
iVBL4  0.566" 0.515™ BPD4 0.369 " 0.336™ rlLH3 0.757*  0.684 " rILH4xSP14 0.642™  0.705"*
sVBW3  0.007 -0.153 apVBH3  0.924™*  0.904 " rlLH4 0.782**  0.760 ** || TPW3/siVBW3 0.447"  0.586™"
sVBW4  0.010 0.018 apVBH4  0.908**  0.907 ** tliAPW3 0.441™"  0.484""| TPW4/siVBW4  0.508** 0.377 "
iVBW2 -0.064 -0.163 siVBL3 ~ 0.458**  0.502"" rliAPW4 0.398 "  0.444""| iVBL2/iVBL3  -0.304"* -0.113
iVBW3  0.133  -0.020 siVBL4  0.527""  0.427"" | aVBH3/iVBL3 0.860"*  0.862""

#% . P<0.01; * .P<0.05,
2.2 ARAUHEST

t T 2 5 4 5w, ME R AT S & s
(aVBH,pVBH) %A A FUE AT, BRIk
B 6 ANk A% H AR (P<0.05) « 1
PR R [ A 5 B 50N apVBH3 | tliAPW3 , TPW2 |
iVBW4 BPD3 Hil iVBSIL4/iVBI4, % 1 & apVBH3 |
rlLH2xSPL2  1lLTL3 ,aVBH4/iVBL4 . iVBSL4/iVBL4
M BPD3(#£ 3 & 4), HH apVBH3 ,BPD3 #il iVB-
SL4/iVBLA PRI A R S50, Lot R 1
BRI 8 9% R* 43 514 0.902 Al 0.899, VIF 4%

(VIF<10) RBIFRL A8 5 2 (8] A A TR B 3 4k
ST Y SIUME BB AR o S PP RN TR A (2)
KA (3) s, Horb v, 3278 B HEBCRLEY CVMIT £k
{H, Y RN HERRL Y CVMI %fE

mOME B OB 2 B 4 M ( cervical  vertebral
maturational stage, CVMS) 45 |- 3 [n] [ 455 7 iy 15
CVMI B fi 52 25 707 Fildse/ N T 0 43 3031
LT R B R AR (4) BARK(5) Fis, Ko
CVMS, 2277 J8 M ST (4 S50 5 B2 FE 4001, CVMS,
N A AR Y 1 S0UHE 1 G EE

iVBSLA
Ym=3.445+1.536><apVBH3—O.307><rliAPW3+0.2><TPW2—0.224><iVBW4+0.167><BPD3+0.ISZXI'VBM (2)
1
aVBH4 iVBSLA
Y,=3.6+0.926xapVBH3+0.328xtILH2XSP1.2+0.226 XrlLTL3+0.41x" 0.17x- 0.164xBPD3
: iVBL4 iVBL4
(3)
I, Y €(0,1.69) I, Ye(0,1.50)
I, Y, e[1.69,2.59) I, Y,e[1.50,2.66)
M, Y, e[2.59,3.58) M, Y,e[2.66,3.57)
CVMS, = (4) CVMS, = (5)
IV, v, e[3.58,4.53) IV, ¥,e[3.57,448)
V, Y, e[4.53,5.64) V, Y,e[4.48,5.50)
VI

, Y e[5.64,7)
2.3 A

MRPEAIRY B IE LR A I BME = T8 S22 Sk
P A5 3 T 107 1) 5 AU PEAG Y CVMIL, i — 20 AR 4 4K
LT 0 11 2R A ) O 1) M 1 28 B 3 1
BEXTFEA Wilcoxon £ 5 kA o L A AR Y ify 15 24

=

, Y,e[5.50,7)

BB S 5 S 2 bRk, 45 R 0w g ST 1Y [l )
BRIP4 R 5 S H AR 22 5 RG24 L (B
PE.P=0.983, 1. P=0.406) , 3 W] W5 /> B g ]
5 B 8 0 T 5545 00 05 B R ) o 1 R Ol B
85.0% L1 85.4%
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Tab.3 Results of stepwise multivariable linear regression of CVMI

PR WL AR (EIEES Frifiii t P A R U= Y

Bk Wi 3.445 0.052 66.815 0.000 —
apVBH3 1.536 0.074 20.899 0.000 2.151
rliAPW3 -0.307 0.066 -4.673 0.000 1.679
TPW2 0.200 0.089 2.239 0.027 0.899 3.141
iVBW4 -0.224 0.057 -3.922 0.000 1.285
BPD3 0.167 0.069 2.413 0.018 1.974
iVBSL4/iVBL4 0.152 0.067 2.260 0.026 1.029

Lotk Wk 3.600 0.047 77.038 0.000 —
apVBH3 0.926 0.097 9.577 0.000 4.521
rlLH2xSPL2 0.328 0.050 6.516 0.000 1.246
rlLTL3 0.226 0.052 4.350 0.000 0.902 1.252
aVBH4/iVBL4 0.410 0.090 4.572 0.000 3.676
iVBSLA4/iVBL4 -0.170 0.051 -3.299 0.001 1.167
BPD3 -0.164 0.053 -3.123 0.002 1.284

B4 FEFHAETHEENGSHN=HSHTERE
Fig.4 Three-dimensional parameters in regression models
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— IR =LA RN ) B 5 R B 7 1
FifE = S SHF AR K B I 5Tk

ARG HE ST 1 55 1 B P Il A AL 4 SR A
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G ) HERA P AT A2 T PR SRR TS T I — 4 ST 1 i
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Bl = Ak AR B AR B IS A5 4 S o A
i, CBCT It BRI H AT Sk = 4 25 43 M R ANER 56
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SO RS ME YT TR AR, AR
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WOV ALY n] A 250 D I A A T

AR SR BRAEAE T B TR G2 v [ 75 4R
NBE MR R B ARG 22 520 i g S AR 1Y
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