EONIKO KAI KAMNOAIZTPIAKO MNMANENIZTHMIO AOHNQN
TMHMA OAONTIATPIKHZ
NMPOrPAMMA METANTYXIAKQN zZMOYAQN
EIAIKEYZH 2THN OPOOAONTIKH

«AZIOANONHzH TH2Z ENANAAHWIMOTHTAZ THZ MEOOAOY QPIMANZH2Z
AYXENIKQN ZNONAYAQN (CVM). MNOPEI H CVM NA EKTIMHZEI TH

XPONOAOTIIKH HAIKIA; »

«A REPRODUCIBILITY STUDY OF CERVICAL VERTEBRAL MATURATION
(CVM) METHOD. CAN CHRONOLOGICAL AGE BE ASSESSED BASED ON

CVM METHOD?»

2XOPETZANITH . AYAIA

AOHNA 2016



EmBAETTWY KaBnynTtAg yia Tnv ekTovnon TG MeTatrTuxiaknG AITTAWPATIKAG
Epyaciag: Mapyapita Mdakou, OudTiun Kabnyntpia Epyactnpiou OpBodovTIKAG

TpineAng EmmiTpotn yia TNV agloAdéynon tng Metatrruxiakig AImmAwaTIknG Epyaciag:
1. Mapyapita Mdkou, OuéTiun Kabnyntpia Epyactnpiou OpBodovTikig
2. lwone Zneakdkng, Aéktopag Epyaotnpiou OpBodovTikAg

3. AvaoTaocia MnTtoéa, Aéktopag KAIVIKAG AlayvwoTIKAG Kal AKTIVOAOYIaG  ZTOPOTOG



NMpoAoyog

H mapoloa SutAwuaTiky gpyacia TpoEkuPe wg anotéAeopa oulnNTHoswv Kata tn doitnon
HOU OTO UETAMTUXLOKO TNG OpBodovtiknc. Eva BEUa mou ouxva EMOVEPXOTAV ATAV KOTA
TOoo SLayVWOTLKA £pyaAeia TTOU XPNOLUOTOLOUUE OTNV KABNUEPLVN KALWVIK 0pBOoSOVTIKN
npatn Ba pmopoloav va Bpouv edappoyn kot oe Siadopetika media. H avaykn yla
€KTLUNON TNG NAKiaG o TepUMTWOELS laTpoSIKAoTIKOU evdladEpovtog mou adopouv {wvta
Aatopa aAAG Kol MTWHATIKO UALKG TEBNKe amo tnv Ka Avaotacia Mntoéa, Aéktopa tng
KAwikng Alayvwotikng kot Aktwvoloyiog Ztopatog tou EKMA. H e€eldikevuon tng otnv
latpodikaoTikn, N kKaBodnynon Kal n CUMPETOXN TNG otn Sle€aywyn NG €peuvag €dpacav
KATAAUTIKA. Mo 6Aoug Toug Tapamavw AOYouG Kal yla TNV €EOLPETIKN ouvepyaoia mou

elyape Ba nBela va tnv euxaplotiow and ta BAabn tng Puxng Hou.

Akoun 6a nbeha va euxaplotiow Tov K. lwond Indakakn, Aéktopa tou Epyaotnpiou tng
OpBodovtikig tou EKNA, yia Tn 1aBeor| Tou va polpaoctel amAdxepa TIG YWWOELG Tou pall
HOU. JUVEBAAE ONUOVTIKA oTNV apxlki ocUAANYN tou B£patog, aAAd Kol OTNV EMLTUXNA
oAokAnpwon tng epyaciag, Ue TG CUUPBOUALC KOl TLG EUOTOXEC SLOPBWOELG TOU HEXPL KAl TNV

teleutaia otypn.

H epyaocia 6ev Ba umopolos va €xel ypadel xwplc tnv apwyn Kat tnv Kobnuepwvi
evBappuvon g ko Mapyapitag Mdkou, Opotiung KaBnyntpiag tou Epyactnpiou
OpBodovtikng tou EKMNA. H emiotnuoviki tng ntiPAedin, pe tpomo Kaboplotiko, poodloploe

TV enLtuxn €kfoon TN epyaociag autng.

OL oupPoulég tou K. Anuntpn Xohalwvitn, AvamAnpwtr Kabnynt kot AteuBuvtr tou
Epyactnplou OpBodovtikng tou EKMA, Atav mavta anoAUTwg eUotoxeg Kol Le Bornbnoav

otnVv opyavwon tng Soung TNG €peuvag, KoBwWE Kal 0TV avaAuon Twv amoTeAsouATwY. a



Toug AOyouc auTtoUlC, aAAG Kal yLo TNV EMLOTNHUOVLKN Tou kKaBodnynon oAa autd ta xpovia,

Ba Bela va ekdppadow TNV ELAKPVA EVYVWHOOUVN LOU.

Eniong, Ba nbsAa va suyaplotiow Ttoug K. HAla Mmitodavn kat K. Amoctoho TooAdkn,
Entikoupoug KaBnyntécg tou Epyaotnpiou OpBodovtikig tou EKMA yla T YWWOELG TTOU HOU
TPOCEPEPAV KAL TNV EUMLOTOOUVN TIOU HOU £8€L€aV KATA TNV SLAPKELD TWV UETOMTUXLAKWY

HOU OTIOUSWV.

AlcBavopal, TéAog, TNV avAyKn Vo €UXOPLOTHOW TOUG yovelg pou, Toug diloug Kol Toug
OUMOLTNTEG WOV YL TNV UTIOMOVH KAl Tn oUuumnopaoctacr toug kab’ oAn tn Sldpkela

¢doitnong pou oto petamtuyLoko tng OpBodovTIKAG.



MNepiAnyn

Abstract

Introduction

Aim

Material and Methods

Statistical Analysis

Results

Discussion

Conclusions

References

Appendix A — Statistical Analysis

Appendix B — Raw Data

Contents

12

13

19

24

25

30

47



NepiAnyn

Zkomog: OL okomol tng mapovoag epyaociag Nrav: o) n afloAoynon tng emavoAnPLuotnTag
™TNn¢ neBodou CVM omwe €xel meplypadel and toug Baccetti kot ocuv. 2005, B) n afloAdynon
TNC CUOYETLONG METAEY TNG XPOVOAOYLKAG NALKIAG KOl TNG OKEAETIKNG wPLHavVoNG, OMwG aUTh
npocdlopiletal anod ta otadla WPLHOVONE TWV AUXEVIKWY oTtovOUAwWY, V) 0 TIpooSLOPLOUOG

™G akpiPfelag pe Tnv omola n HEB0SOC AUTA UMOPEL VA EKTLUACEL TN XPOVOAOYLKI nALKLAL.

YAwa kat péBodog: To Selypa tng €peuvag anotedovtav and 474 MAAyLeEG KEDAAOUETPLKES
aktwoypadieg EANvwv acBevwv, nAwkiog amod 6.4 éwg 22.4 xpovwv. OL aktwoypadieg
eTUAEXONKav pe PAon cuykekplpéva kpltrpla. EEL mapatnpntég he SladopeTikn eumelpia
eknaldevtnkav otn péBodo CVM. H afloAdynon tou Selypatog mpaypatonolnonke KAtw
and TG (6leg ouvbnkeg Kol emavoAndBnke adol pecoAdaBnoe SLACTNUA TECCAPWV
eBSopadwv. H evbo- kat Sla- Babuoloyikn aflomiotia eKTIUABNKE PE TOUG OTATLOTLKOUG
Oelkteg ouvadelag Cohen’s weighted kappa kat intraclass correlation coefficient. H
OUCYXETLON TNG XPOVOAOYLKNG NALKLOG pe Ta otadia tng pebodou CVM mpaypatomnolnonke pe
£€\eyxo avaluvong dtakupavong (ANOVA). H akpipela pe tnv omola n péBodog CVM pmopet
VA EKTIUAOEL TN XpovoAoylknl nAlkio eAéyxBnke HE TO YEVIKO HOVTIEAO YPOUULKAG

naAwvépounong.

AnoteAéoparta: H evbo-Babuoloyikn alomiotia Atav uPnAn kat kupavonke amd 0.857 £wg
0.931. Ta mooootd TG andAutng evéo-fabuoloyikng cupdwviag untodoyicdnkav and 77%
€wg 87.3%. H dwa-Babuoroyikn aflomiotia nrav 0.90, evw To mMOCOOTO TG anodAutng Sla-
Babuoloyikng cuudwviog Bpédnke Alyotepo amnd 50%. EmumAéov, n emavaAnPLuotnta Tou
3% otadiov auxevikAg wpipavong (CS3) ATov N ULKPOTEPN KATA OELPA HETOEY TWV otadiwv.
OL p€ool 6pol tNg Xpovoloylkng nAlkiag kaBe otadiou Stédepav HeTaED TOUG OTATLOTIKA
ONUOVTIKA (ekTtO¢ amd T Stadopd petaly twv otadiwv CS2 kat CS3), evw n nAwkia

auéavotav 000 ta otddla mpoxwpouaoay. Y& KAOs oTAdLo Ta Kopitola NTav UIKPOTEPA Ao



T ayopLa PEXPL KoL €va XPOVo. To YEVIKO HOVTEAO YPAUULIKAG TaAvdpounong £dste OtTL
mapoAo mou to pUAO Kal n nAlkia cuoyetilovial OTATLOTIKA CNUOVILKA HE Ta otadla
wplpavong, autég ol SUO HeTaBANTEC pmopouv va e€nyrioouv oxedov to 60% (adjusted

R2=0.61) tn¢ nAkLakA¢ Stakupavong Tou Ssiypatoc.

Tuunepaocpata: H CVM péBobdog BpeBnke otatioTika aglomotn Kat emavaAnyiun. Qotoco,
Sev pnopel va anoteAéoel eMAPKEG SLayvwoTikd epyaleio yla Tov KaBoplopod tng epnPikng
avénong, epocov n emavaAnPuotnta tou CS3 ATav N HKPOTEPN KOTA OELpA METOED TWV
otadiwv. AKOua, n nAkia auvéavotav 6co ta otadla mpoxwpoloav. TEAOG, lval ePLKTO N
puéBodoc va edappoobel kar oe medla (my latpodikaotikry), OMOU OL OMALTHOELS
npoodloplopol tou otadiou wplpavong elval Alyotepo auotnpeg, TPoodEPOVTAG

TAnpodoplec OYETIKEG Le TNV NALKiaL.



Abstract

Aim: The aims of this study were to 1) assess the reproducibility of Cervical Vertebral
Maturation (CVM) method as described by Baccetti et al., 2) evaluate the relationship
between chronological age and skeletal maturation according to this method and 3)

investigate the potential for age estimation of Bacceti’s CVM method.

Materials and Method: The sample of this cross-sectional study consisted of 474 Greek
patients’ lateral cephalograms, age ranging from 6.4 to 22.4 years, following specific
inclusion criteria. Six raters of various educational backgrounds were trained to CVM
method. All images were assessed twice under the same conditions. Between the two
assessments there was a four week interval. Intra- and inter-rater agreement were assessed
by Cohen’s weighted kappa and intraclass correlation coefficient, respectively. A factorial
(2X6) analysis of variance was fitted to investigate the correlation between chronological age
and cervical maturation stages. The potential for age prediction was tested by general linear

model regression analysis.

Results: Intra-rater reliability was high and ranged from 0.857 to 0.931. Intra-rater absolute
agreement ranged from 77% to 87.3%. Inter-rater reliability was nearly perfect (0.90),
whereas inter-rater absolute agreement was <50%.The lowest reproducibility was found for
the 3" Cervical Maturation Stage (CS3). The differences in mean ages among the 6 CS stages
were statistically significant (with the exception of CS2 and CS3), and increased as the CS
increased. Females reached each stage earlier than males. Linear model regression analysis
showed that although gender and CS are correlated with age statistically significantly, these
two variables could explain roughly 60% (adjusted R?=0.61) of the age variance of the

sample.



Conclusions: CVM method presented with high intra- and inter-rater agreement. However,
CVM cannot by itself predict accurately the pubertal growth spurt, as CS3 was the least
reproducible of all stages. A direct and expected correlation was found between
chronological age and cervical stages. CVM method could be more effectively applied in

other fields (e.g. Forensics), providing information about age.



Introduction

Identification of an unknown deceased person is of major importance not only in sole cases
but also in natural and unnatural mass disasters (Disaster Victim ldentification, DVI). Even
when identification is impossible, it is crucial to reconstruct the profile of the unidentified
person by gathering information about their gender and age. Moreover, age estimation
might be necessary in cases of living individuals without legal documents that verify their
chronological age. Age estimation might be based on dental and skeletal maturity (Beauthier

et al., 2009; Black et al., 2010; Berketa et al., 2012; Timmins et al., 2012).

The evaluation of skeletal maturation is also important in orthodontic treatment. In this
field, it is essential to predict future growth and recognize growth acceleration and
deceleration periods, as well as growth peak and completion, mainly in cases of skeletal
discrepancies. This information is useful in clinical decisions regarding the treatment
initiation time and timing for orthognathic surgery (Baccetti et al., 2005; Gabriel et al., 2009;

Wong et al., 2009; Santiago et al., 2012; Melion et al., 2013; Perinetti et al., 2014).

Several biological indices have been introduced since the early 1900s in order to assess
skeletal maturity. These indices include among others: chronological age, dental age, the
appearance of secondary gender characteristics, stature changes, ossification of hand and
wrist and maturation of the cervical vertebrae (CVM) (Greulich & Pyle, 1959; Lewis & Garm,
1960; Hunter, 1966; Fishman, 1979; Hagg & Taranger, 1982). Lamparski pioneered in 1972
by studying the cervical vertebrae morphology from lateral cephalograms to assess skeletal

maturity (Lamparski, 1972).

Since then, a plethora of CVM studies have been performed varying from qualitative to
guantitative assessment of height, width and depth of the lower concavity of the vertebrae,

to geometric morphometric analysis or linear regression formulae (Chatzigianni &



Halazonetis, 2009; Santiago et al., 2012). The studies conducted by Hassel and Farman in
1995 and by Baccetti et al. in 2005 stand out as the most influential (Hassel & Farman, 1995;
Baccetti et al., 2005). Both describe maturation stages based on the initiation of the

concavity at the lower border of the cervical vertebrae as well as their shape.

CVM method presents with high reliability compared to both the ossification of hand and
wrist method and the increments of the mandible (Lamparski, 1972; O’Reilly & Yannielo,
1988; Hassel & Farman, 1995; Santiago et al., 2012). Specifically, a recent systematic review
concluded that «both CVM methods (Hassel & Farman, 1995, Baccetti et al., 2002) are
reliable to replace the hand-wrist radiograph in predicting the pubertal growth spurt»
(Cericato et al., 2015). Furthermore, an advantage of the CVM method is that the patients
are not exposed to additional radiation, since lateral cephalograms are taken as a part of the

initial orthodontic records.

Unfortunately, the verdict is still out on the method’s accuracy and reproducibility. Some
researchers have reported high percentages of accuracy and reproducibility (Kucukkeles et
al., 1999; Pasciuty et al., 2013; Perinetti et al., 2014) whereas others observed a wide
discrepancy in the definition of the maturation stages among observers (Gabriel et al., 2009;

Nestman et al., 2011; Zhao et al., 2012).

According to recent systematic reviews, most studies present with methodological
deficiencies related to study design (sample size and sample randomization, blinding),
statistical analysis, interpretation of the results (Santiago et al., 2012; Cericato et al., 2015).
Both studies underline the need for further research concerning the reproducibility of CVM

method.

It has been indicated that ethnicity, environment, diet and socioeconomic status might be

associated with variations in skeletal maturity (Mappes et al., 1992; Mansourvar et al.,


http://www.ncbi.nlm.nih.gov/pubmed/?term=Santiago%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=22417653
http://www.sciencedirect.com/science/article/pii/S1752928X13003144

2014). The skeletal age according to the CVM method as described by Baccetti et al. 2005

has not been assessed hitherto in Greek subjects.

The aims of this study were to 1) assess the reproducibility of CVM method, as described by
Baccetti et al. 2005, 2) evaluate the relationship between chronological age and skeletal
maturation according to this method and 3) investigate the potential for age estimation of

the CVM method.



Aim

The aims of this study were to 1) assess the reproducibility of CVM method, as described by
Baccetti et al. 2005, 2) evaluate the relationship between chronological age and skeletal

maturation according to this method and 3) investigate the potential for age estimation of

the CVM method.



Material and methods

Digital lateral cephalograms from 474 Caucasian patients (217 males and 257 females), with
Greek origin were included in this study. The images were selected from the archives of the
Department of Orthodontics, Dental School, University of Athens and were taken as part of
the Orthodontic treatment planning and not for the purpose of this study. Gender and age

were recorded for each subject.

Lateral cephalograms were included, as long as they fulfilled the following inclusion criteria:
taken from 2005 to 2015, good image quality with the 2", 3" and 4" cervical vertebrae (C2-
C4) visible, belonging to children, adolescent and young adults with Greek origin, with free
medical history, no previous trauma, inherited or acquired craniofacial deformities, and no
previous orthodontic treatment. Cephalograms belonging to subjects with metabolic or
developmental diseases and nutritional problems, syndromes, cleft lip and/or palate, and

receiving any medication were excluded.

All images were performed with the same x-ray equipment Planmenca Promax with max KV
84, 26mm Al filter, 1700 VA (Plamnenca, Helsinki, Finland) using identical source-subject and
subject-film distances. Since vertical and horizontal measurements were not performed,

distortion of the image was not considered.

Skeletal maturation was evaluated according to Baccetti’'s method. This 6-stage method is
based on the assessment of anatomical changes of the 2" 3 and 4™ cervical vertebrae (C2,
C3 and C4). In particular, two parameters are assessed: a) the existence or nonexistence of
the concavity of the lower border of the C2, C3 and C4 and b) the shapes of C2, C3 and C4;
four shapes might be observed: trapezoid, rectangular horizontal, square and rectangular

vertical (Figurel) (Baccetti et al., 2005; Baidas 2012).



CS 1: flat lower
borders of C1,
C2, C3 vertebrae,
trapezoid shape
of the bodies of
both C3 and C4.

CS 2: a concavity
at the lower
borders of C2,
trapezoid shape
of the bodies of
both C3 and C4.

A A

CS 3: concavities
of the lower
border of C2 and
C3, trapezoid or
rectangular
horizontal shape
of the bodies of
both C3 and C4.

CS 4: concavities
of the lower
border of C2, C3
and C4,
rectangular
horizontal shape
of the bodies of
both C3 and C4.

CS 5: concavities
of the lower
border of C2, C3
and C4, at least
one of the
bodies of C3 and
C4dis squarein
shape, the other

CS 6: concavities
of the lower
border of C2, C3
and C4,
rectangular
vertical shape of
the bodies of C3
and C4.

if not square is
rectangular
horizontal.

Figure 1. Cervical vertebral maturation stages according to Baccetti et al. 2005, with example images
from the present study’s sample (Baccetti et al., 2005; Baidas 2012)

A person other than the raters cropped all cephalograms in order to restrict visualization to

the cervical vertebrae and hide the dentition. The random function of Microsoft Excel® was

applied to randomize these cropped images and a database was formed, where gender and

age were not evident. This database was then distributed to the raters.

Two orthodontists (OR1 and OR2), one dentomaxillofacial radiologist (DR), one medical
radiologist (MR), one dentist (D) and one 3™ year orthodontic postgraduate student (OPS)
acted independently and blindly as raters in the study. A detailed calibration session took
place prior to rating, in which raters assessed 40 images (not included in the sample). In this
session raters were given a comprehensive description of this CVM method (Baccetti et al.,
2005) with example images of all stages. Moreover, it was clarified that in case of

uncertainty, the earlier maturation stage between two consecutive stages had to be

10




allocated. A discussion followed the calibration session, where the results were commented
upon by the six raters. All ratings were performed under the same conditions in a diagnostic
monitor, no later than 5 days after the calibration session. There was no time limit on the
rating session’s duration, but no more than 30 images were observed consecutively (without
break) to minimize errors due to raters’ fatigue. Each rater reevaluated all images after an

interval of one month. The images’ order was randomly changed for this second rating.
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Statistical analysis

Statistical analysis was performed using the STATISTICA 10 software package and MedCalc
14 (Ostend, Belgium) for MS Windows, followed by descriptive analysis (mean and standard

deviation). Statistical significance was read at 5% probability level.

Method’s reliability was evaluated based on intra- and inter-rater agreement. Intra-rater
agreement was assessed by Cohen’s weighted kappa. Kappa values indicates the following
levels of agreement: slight agreement (0.01-0.20), fair agreement (0.21-0.40), moderate
agreement (0.41-0.60), substantial agreement (0.61-0.80) and perfect agreement (0.80-1)
(Viera and Garrett, 2005). Moreover, inter-rater agreement was measured using the
intraclass correlation coefficient.

A factorial (2X6) analysis of variance was fitted to investigate the correlation between the
chronological age and the CVM stages, using gender and mean CS (the evaluations by the six
raters combined into an average CS for each image, rounded to the nearest integer) as
grouping factors and chronological age as the dependent variable.

Furthermore, the CVM method’s potential for age estimation was tested by general linear
model regression analysis using age as the dependent variable and gender and mean CS as

the predictor variables (Winer, 1971; Tabachnik & Fidel, 2007).

12



Results

The lateral cephalograms belonged to 474 patients (mean age 13.38 years, range 6.40 -
22.40 years), 217 males (mean age 12.93 years, range 6.90 - 22.30 years) and 257 females
(mean age 13.77, range 6.40 - 22.40 years). Further descriptive statistics of the sample can

be seen in Table 1 (Table 1).

Table 1. Sample descriptive statistics

Gender | n (%) '\:egae" SD SEti' 95% Cl M":g:’m Ma;;";“m
Male | 217 (45.78) | 12.93 | 3.79 | 026 | 12.42-13.43 6.90 22.30
Female | 257 (54.21) | 13.77 | 415 | 026 | 13.26-14.28 6.40 22.40
Total | 474 (100.0) | 13.38 | 401 | 0.18 | 13.02-13.75 6.40 22.40

Intra-rater agreement, assessed by Cohen’s weighted kappa was found high, ranging from
0.857 to 0.931, whereas intra-rater absolute agreement ranged from 77% (367/474) to

87.3% (414/474) (Table 2).

Table 2. Intra-rater agreement and absolute agreement

Rater wei;&tznll:ppa 95% Cl Std. Err ‘ Absolute agreement
n (%)
OR1 0.902 0.880- 0.924 0.011 I 398 (83.9)
OR2 0.931 0.913-0.948 0.009 I 414 (87.3)
oPS 0.916 0.896 - 0.937 0.010 I 408  (86.0)
DR 0.908 0.888 - 0.928 0.010 I 397 (83.7)
D 0.857 0.829 - 0.884 0.014 I 367 (77.0)
MR 0.888 0.864-0.911 0.012 I 384 (81.0)

Furthermore, intra-rater absolute agreement by stage was calculated by dividing the
number of repeated observations of each stage by the sum of this stage’s observations (both

assessments); CS3 was found to be the least reproducible of the six (Table 3).
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Table 3. Intra-rater absolute agreement by stage

OR1

OR2

OPS

DR

D

MR

cs1

120/135=89%

216/222=98%

150/169= 89%

194/211=92%

138/170=81%

170/193=88%

Cs2

104/125=83%

102/117=87%

116/140=83%

96/123=78%

88/123=71%

92/122 =75%

cs3

84/112=75%

56/78=71%

88/105=84%

52/71=73%

64/99 =65%

56/86=65%

cs4

208/235=88%

136/171=79%

154/178=87%

144/176= 82%

148/197=75%

142/168=84%

Cs5

162/200=81%

242/274=89%

204/234=87%

123/284= 86%

160/202=79%

158/198=80%

Csé6

118/141=84%

76/86=88%

104/122=85%

31/83=75%

136/157=87%

150/181=83%

Inter-rater agreement, measured by the intraclass correlation coefficient showed a strong

statistical agreement between raters (Table 4). Inter-rater agreement ranging from absolute

agreement to 5 stages apart disagreement is also presented in Table 4 (Table 4).

Table 4. Inter-rater agreement

First assessment Second assessment
Intraclass  correlation
coefficient 0.919 0.934
0,
95% ¢l 0.908 - 0.931 0.925-0.943
Absolute agreement

n (%) 203/474 (42,82) 234/474 (49,36)
One stage apart

n (%) 222/474 (46,83) 200/474 (42,19)
Two stages apart

n (%) 31/474 (6,54) 30/474 (6,32)

Three stages apart

n (%) 18/474 (3,79) 10/474 (2,10)
Four stages apart 0 0
Five stages apart 0 0

Taking into account the high intra- and inter-rater reproducibility, it was considered safe to

combine all evaluations from the six raters into an average Cervical Maturation Stage (CS). A

mean age for each CS stage was calculated for the total sample as well as for each gender

separately. Clearly chronological age increased as CVM stages progressed (Table 5, Figure 2).

CS5 was the most frequently observed stage in the total sample (n=123), followed by CS4
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(n=82). In particular, in females CS5 was also the most frequently observed stage (n=82),
followed by CS4 (n=49). On the contrary, in males CS2 was the most frequently observed
stage (n=48), followed by CS1 (n=45). CS3 was the less frequently observed stage in the total
sample (n=53). Females were less frequently observed in CS3 (n=23), whereas males were
less frequently observed in CS6 (n=20). Further descriptive statistics for the sample are
presented in table 5 (Table 5). It was shown that females reach CS3 and CS4 earlier than
males. Males” mean age in CS3 and CS4 was 11.14 years and 14.19 years, respectively, while

females’ mean age in CS3 and CS4 was 10.74 years and 13.22 years, respectively.

Table 5. Sample distribution of chronological age among CVM stages

Stage N | Me | cid.Dev. | std.Err | -95% | +05% | MIn | Max
age Age Age

cs1| 78 | 9.21 1.36 015 | 891 | 952 | 6.40 | 13.20

cs2 | 76 | 1034 | 161 018 | 9.97 | 1071 | 6.40 | 13.80

, |esa] 53 [1007 [ 141 0.19 | 1058 | 11.36 | 6.90 | 16.00
Total  meca 82 | 1361 | 2.90 032 | 12.98 | 14.25 | 7.90 | 20.90
Cs5 | 123 | 16.63 | 3.06 028 | 16.09 | 17.18 | 10.80 | 22.40

CS6 | 62 | 17.68 | 2.89 037 | 16.95 | 1842 | 12.30 | 22.40

cs1 | 45 | 953 1.41 021 | 911 | 9.96 | 7.60 | 13.20

cs2 | 48 | 1063 | 161 023 | 1017 | 11.10 | 7.50 | 13.80
Males |3 30 [ 1114 | 162 029 | 1054 | 11.75 | 6.90 | 16.00
Cs4 | 33 | 1419 | 252 044 | 13.30 | 15.09 | 9.20 | 20.70

cs5 | 41 | 17.06 | 2.83 044 | 16.17 | 17.95 | 11.90 | 22.10

CS6 | 20 | 18.19 | 2.49 0.56 | 17.03 | 19.35 | 13.30 | 22.30

cs1| 33 | 878 1.17 020 | 836 | 9.19 | 6.40 | 11.20

cs2 | 28 | 9.83 1.51 029 | 924 | 1042 | 640 | 12.70
females | €53 | 23 [ 1074 | 1.08 023 | 1028 | 11.21 | 880 | 13.20
cs4 | 49 | 13.22 | 3.09 044 | 1234 | 1411 | 7.90 | 20.90

cs5 | 82 | 1642 | 3.16 035 | 1572 | 17.11 | 10.80 | 22.40

Cs6 | 42 | 17.44 | 3.06 047 | 16.49 | 1840 | 12.30 | 22.40
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Vertical bars denote 0.95 confidence intervals
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Figure 2. Sample distribution of chronological age among CVM stages in both genders

The Age Confidence intervals among CS1, CS2 and CS3 appeared to overlap in the total

sample, as well as in each gender group. The same finding appeared between CS5 and CSé6.

However, a clear distinction among CS3, CS4 and CS5 was observed in the total sample as

well as in each gender group (Figure 2). Accordingly, males aged < 11.75 years and females

aged < 11.21 years belong to CS1 or CS2 or CS3. Males aged 216.17 years, and females aged

>15.72 years belong to CS5 or CS6.

Analysis of variance results are presented in table 6 (Table 6).

Table 6. Analysis of variance

F P

Gender 9.15 0.002629
cs 159.43 <0,001

Gender *CS 0.10 0.992637
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LSD test showed that the differences in mean ages among the 6 CS stages were statistically
significant and increased as the CS increased. The only exception was CS2 and CS3 that did
not show any statistically significant difference, albeit the difference was in the expected

direction as it is presented in Table 7 (Table 7).

Table 7. LSD test; differences in mean ages among the 6 CS stages

CVM {cs1}- {Cs 2}- {Cs3}- {Cs 4} - {Cs 5} - {Cs6}-
stage 9.2128 10.338 10.970 13.612 16.631 17.684
Cs1 0.004118 0.000054 0.000000 0.000000 0.000000
cs2 0.004118 ¢ 0.145620 | 0.000000 0.000000 0.000000
cs3 0.000054 | = 0.145620 0.000000 0.000000 0.000000
csa 0.000000 0.000000 0.000000 0.000000 0.000000
Cs5 0.000000 0.000000 0.000000 0.000000 0.005457
CS6 0.000000 0.000000 0.000000 0.000000 0.005457

* denotes absence of statistical significance

Linear model regression analysis was based on highly significant relationships as shown in

Table 8 (Table 8).

Table 8. Linear model regression analysis

B Std.Err. - of b t p-value

Intercept 6.928794 0.278102 24.91457 <0.001
Gender -0.638936 0.236061 -2.70666 0.007043
CS 1.891935 0.069632 27.17068 0.000000

R=0.78408099, R*= 0.61478299, Adjusted R?= 0.61314725

The adjusted coefficient of determination (adjusted R?>=0.61) reveals that the regression line

fit the data relatively well; gender and CS, could explain 60% of the age variance in the

sample.

The following regression equation for age prediction was calculated:

Predicted age=6.928794-Sex*0.638936+CS5*1.891935
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Predicted ages according to the regression equation are presented in Table 9 (Table 9).

Table 9. Values of predicted age in years

CVM stage Males Females
cs1 8.82 8.18
CcS2 10.71 10.07
Ccs3 12.60 11.96
CS4 14.49 13.85
CS5 16.38 15.74
CS6 18.28 17.64

The accuracy of the age prediction was rather high with only 27 out of the 474 subjects (6%)
appearing as outliers using the +2SD approach. The majority of the 27 outliers (22/27, i.e.
81%) were 220 years old. The residuals were mostly positive indicating a tendency to

underestimate chronological age in the subjects (Figure 3).

8 Males Females
)
®
6 ®
. 4
4 ™ e L4

&
s 0 4
7 'Y
x -2} ® @
' [ 4 \d
VAR,
a4l ) °
.!...
-6 I *
-8

4 6 8 10 12 14 16 18 20 22 244 6 & 10 12 14 16 18 20 22 24

age

Figure 3. Scatterplot of Residuals against chronological age; categorized by gender
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Discussion

Although there are several CVM methods, the one described by Baccetti et al. 2005 was
selected for being a simple visual method and easily comprehensible, focusing on just three
cervical vertebrae (C2, C3, C4) (Baccetti et al., 2005; Pichai et al., 2014). Moreover, this
method was selected for comparison purposes since it has been used in previous studies (Lai

et al., 2008; Gabriel et al., 2009; Mellion et al., 2013; Perinetti et al., 2014).

The evaluation of the CVM method’s reliability in predicting the pubertal spurt was not a
direct objective for the present study. Being a cross-sectional study, no reliable results
relative to growth could be obtained (Chen et al., 2008; Soegiharto et al., 2008; Santiago et
al., 2012). Longitudinal studies are generally more suitable to evaluate reliability. However,
such a study would not be feasible due to the lack of longitudinal radiographic databases of
Greek subjects that are not under orthodontic treatment. Besides, taking consecutive

radiographs of a subject without clear medical reasons would be ethically unacceptable.

Recently, CVM method has gained popularity for radiation protection reasons replacing the
hand and wrist method, in evaluating skeletal growth (Lai et al., 2008; Soegiharto et al.,
2008). Since a cephalogram (in which the area of cervical vertebrae is visible by default) is
part of the standard documentation used in orthodontic diagnosis, further radiation
exposure is avoided. However, the thyroid gland is an extremely radiosensitive organ. Since
patient’s exposure doses should be kept as low as reasonably achievable (ALARA), the use of
a thyroid collar or a collimated beam that could exclude the thyroid might be more
beneficial than the information gained from the imaging of the cervical vertebrae. Thus, in
cases where skeletal maturity assessment is required, in addition to an ALARA complied
cephalogram, a hand-wrist radiograph might be preferable (Hassel & Farman, 1995; Baccetti
et al., 2005; Kamal et al., 2006; Chen et al., 2008; Wong et al., 2009; Patcas et al., 2013;

Pichai et al., 2014; EC guidelines, 2015).
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Recent studies call in question the method’s reproducibility (Gabriel et al., 2009; Nestman et
al., 2011; Zhao et al., 2012). Gabriel et al. found moderate scores of CVM reproducibility and
argued that the CVM method “is too variable to be used as a strict clinical guideline”. In a
recent systematic review the need for “further studies to assess the reproducibility of the

method” was stated (Cerricato et al., 2015).

The present study aimed to address the reproducibility issue by redeeming previous
methodological flaws in the literature. A sample consisting of 474 x-rays will likely give a
precise image on the method’s applicability, while strict inclusion and exclusion criteria
guarantee the sample’s homogeneity. In order to avoid overstating results, the rater team in
our study consisted of three of the authors plus an additional three raters. Moreover, a
person not belonging to the rater team cropped the cephalograms and randomized them in
a database. Furthermore, the six raters had different educational backgrounds and clinical

experience.

Raters were in absolute agreement or in only 1 stage-apart disagreement 85% of the times.
Regarding the second rating assessment each rater agreed with their previous assessment at
least 3/4 of the times. The consistency of these results can point to the reproducibility of the
CVM method. Statistical analysis confirms this perspective: inter- and intra-rater agreement
(measured by intraclass correlation coefficient and weighted kappa respectively) were both
found high. Based on the above findings and since a cervical staging can be repeated with
similar results, the reliability of the CVM method appears to be high. This is in agreement

with previous studies (Lai et al., 2008; Soegiharto et al., 2008; Zhao et al., 2012).

However, the level of absolute agreement among raters were lower than 50% and the
reproducibility of CS3, the stage that represents the beginning of pubertal growth (Baccetti
et al., 2005) was the lowest among all stages. Consequently the present data support

Gabriel’s conclusion that CVM is an unsafe method for recognizing the pubertal spurt.
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Unfortunately, the CVM method is not without limitations. Evidently, identification of a
concavity at the lower border of the vertebrae, as well as the assessment of its shape as
rectangular horizontal, square or rectangular vertical enclose subjectivity (Zhao et al., 2012).
Transition between stages is slow and gradual and there can be morphological vertebrae
variations that do not correspond to any of the six stages described above (Figure 4).
Development of a software application that would provide objective criteria for the use of

CVM method and an automatic staging might overcome the aforementioned difficulties.

&
a) C3 and C4 are rectangular in shape, but their inferior borders are still flat
b) C3 and C4 are rectangular in shape, but the inferior border of C4 is still flat
c) A concavity is present at the lower border of CS3, but the inferior border of C2 is still flat

Figure 4. Morphological vertebrae variations that do not correspond to any of the six stages described
by Baccetti et al. 2005

Moreover, during evaluation of the radiographs in this study and in case of doubt, the raters
were instructed to choose the earlier maturation stage between the two consecutive stages.

It is possible that this guideline had an influence on intra- and inter-rater agreement.

A range of +1 CS when assessing agreement, while making statistical sense, might be quite
wide in the context of Orthodontics. However, in potential application of CVM method in

different fields (i.e. Forensics) the same range could be tolerated.
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A direct, and expected, correlation was found between chronological age and cervical stage
(Lamparski, 1972; Baccetti et al., 2005); as cervical stages progress corresponding ages
increase, for males and females alike. The differences in mean chronological age between
CS1-CS2, CS2-CS3 and CS5-CS6 are all about 1 year. However, the difference in mean ages
between CS3-CS4 and CS4-CS5 is almost triple. Thus, the graph reflects a stable and
consistent growth rhythm disrupted and decelerated between CS3 and CS5 (Figure 2). To
avoid any errors affecting results interpretation, the pubertal acceleration in skeletal growth
should be taken into account. This acceleration occurs at different times for different
individuals (Buckler, 1984). The undeniable existence of early and late developers that reach
their pubertal growth spurt years apart is reflected in the increased age range of CS3 and
CS4 and accounts for this inconsistency. Growth rhythm is restored between CS5 and CS6;

being a clear indication that CS5 is beyond the peak of the growth spurt.

Furthermore, ages (with a £95% confidence interval) for CS1, CS2, CS3 and CS5, CS6 overlap,
thus forming two distinct groups. Subjects up to 12 years of age will most likely be in the
CS1-CS3 group, while children over 16 years old will be in the CS5-CS6 group. We can
conclude that in Greek population adult individuals (218 years old) will have a skeletal
maturation of CS6 or at least CS5 and no less.

This study, conducted in Greek population, shows that overall females reach each stage
earlier than males. This comes in accordance with the general developmental pattern stating
that girls mature earlier than boys (Hunter, 1966; Molinari et al., 2013).

Age estimation can be of major importance in Forensic science (Rai et al., 2008; Timmins et
al., 2011). CVM method could provide a framework to gather information about
chronological age and also has the extra advantage of being applicable in various fields,
apart from Orthodontics. Regression analysis of our data was used to determine the CVM

method’s age predicting potential.
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Taking into consideration that this study was carried out in children and young adults, it
seems reasonable that the age prediction will be valid mainly for CS1-CS4. Cephalograms
indicating CS5 and CS6 might belong to adult subjects aged well beyond the predicted values
of this study’s equation. Despite this limitation, given an arbitrary range of +3.5 years,
chronological age can be estimated safely for subjects of both genders and CS1-CS4 (Figure
3). CS4 values of predicted age are 14.49 years and 13.85 years for boys and girls,
respectively. Consequently, subjects with skeletal maturity up to - and including - CS4 will
most likely be underage, even in the +3.5 years margin. This finding might be a practical

guide in Forensic identification or even in determining legal responsibility.

Based on the present analysis, the CVM method, while helpful in providing a broad
estimation about chronological age, should be used in conjunction with other indices if a

more accurate prediction is needed.
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Conclusions

-With appropriate training, the CVM method described by Baccetti et al. 2005 can be used
by professionals without orthodontic background. Thus, CVM could find application in

different scientific fields (e.g. Forensics).

-The CVM method presents high reliability in the present study.

-Reproducibility of the CVM method for absolute agreement and 1 stage apart disagreement

in the present study is over 77%.

-The CVM method is unsafe for recognizing pubertal spurt, as CS3 is the least reproducible

stage.

-A direct, and expected, correlation was found between chronological age and cervical stage;

as cervical stages progress corresponding ages increase.

-Regarding age prediction, gender and CS could roughly explain 60% of the age variance in

our sample.

-Greek subjects with skeletal maturity up to - and including - CS4 will most likely be

underage.
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Appendix A:
Statistical Analysis



Intra-rater agreement (Weighted kappa)

Rater:DR
DR Observation 1
Observation 2 CS1 CS 2 CS 3 CS 4 CS5
CsS1 97 13 1 1 0
CS 2 2 48 4 3 0
CS 3 0 4 26 6 0
CS 4 0 1 4 72 3
CS5 0 0 0 14 123
CS 6 0 0 0 0 7
99 66 35 96 133
(20.9%) (13.9%) (7.4%) (20.3%) (28.1%)
Weighted Kappa® 0.908
Standard error 0.010
95% CI 0.888 to 0.928

? Linear weights

Concordance correlation coefficient (DR)

Sample size 474
Concordance correlation coefficient 0.9645
95% Confidence interval 0.9576 to 0.9702
Pearson p (precision) 0.9649
Bias correction factor C, (accuracy) 0.9996

CS 6
0

0

0

0

14
31

45

(9.5%)

112 (23.6%)
57 (12.0%)
36 (7.6%)
80 (16.9%)
151 (31.9%)
38 (8.0%)

474

31



Rater:D

D
Observation 2 Cs1 CS 2
Cs1 69 15
Cs 2 4 44
CsS 3 0 3
Cs 4 0 1
CS5 0 0
CS 6 0 0
73 63
(15.4%) (13.3%)
Weighted Kappa® 0.857
Standard error 0.014
95% CI 0.829 to 0.884

? Linear weights

Observation 1

CcS 3 CS 4
6 7

8 4
32 6
11 74

0 19

0 0
57 110

(12.0%) (23.2%)

Concordance correlation coefficient (D)

Sample size

Concordance correlation coefficient

95% Confidence interval

Pearson p (precision)

Bias correction factor C, (accuracy)

0.9167 to 0.9407

CS5

80

14

96

(20.3%)

474

0.9297

0.9327

0.9968

CS 6

68

75

(15.8%)

97 (20.5%)
60 (12.7%)
42 (8.9%)
87 (18.4%)
106 (22.4%)
82 (17.3%)

474

32



Observation 2

CsS1

CS 2

CS 3

CS 4

CS 5

CS 6

Rater:MR

MR
CS1 CS 2
85 12
1 46
1 4
0 0
0 0
0 0
87 62
(18.4%) (13.1%)
Weighted Kappa® 0.888
Standard error 0.012

95% CI 0.864 to 0.911

? Linear weights

Concordance correlation coefficient (MR)

Sample size

Concordance correlation coefficient
95% Confidence interval

Pearson p (precision)

Bias correction factor C, (accuracy)

Observation 1

Cs3
6

10
28

4

0

0

48

(10.1%)

CS 4 CS 5 CS 6
3 0 0 106 (22.4%)
3 0 0 60 (12.7%)
4 0 1 38(8.0%)
71 4 1 80 (16.9%)
7 79 19 105 (22.2%)
0 10 75 85 (17.9%)
88 93 96 474
(18.6%) (19.6%)  (20.3%)
474
0.9501

0.9406 to 0.9581

0.9523

0.9977
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Rater:OPS

OPS
Observation Cs1 CSs 2 CS 3
2

CSs1 75 6 2
CsS 2 8 58 2
CsS 3 1 5 44
CS 4 2 2 3
CS5 0 0 0
CS 6 0 0 0
86 71 51
(18.1%) (15.0%) (10.8%)

Weighted Kappa® 0.916

Standard error 0.010

95% CI 0.896 to 0.937

? Linear weights

Concordance correlation coefficient (OPS)
Sample size

Concordance correlation coefficient

95% Confidence interval

Pearson p (precision)

Bias correction factor C, (accuracy)

Observation 1

CS 4 CS 5 CS 6
0 0 0 83(17.5%)
1 0 0 69 (14.6%)
4 0 0 54 (11.4%)
77 4 0 88 (18.6%)
8 102 8 118 (24.9%)
0 10 52 62 (13.1%)
90 116 60 474

(19.0%) (24.5%) (12.7%)

474
0.9633
0.9562 to 0.9693
0.9635

0.9998
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Rater:OR2

OR2

Observation 2 Cs1
Cs1 108
CsS 2 1
CsS 3 0
Cs 4 0
CS5 0
CS 6 0
109

(23.0%)

Weighted Kappa®

Standard error
95% CI

? Linear weights

CS 2

51

0

58

(12.2%)

Observation 1

cS 3 CS 4 CS5 CS6
2 0 0 0 113 (23.8%)
6 1 0 0 59 (12.4%)
28 5 0 0 36 (7.6%)
6 68 5 0 80 (16.9%)
0 17 121 1 139 (29.3%)
0 0 9 38 47 (9.9%)
42 91 135 39 474

(8.9%) : (19.2%) . (28.5%)  (8.2%)
0.931

0.009

0.913 to 0.948

Concordance correlation coefficient (OR2)

Sample size

474

Concordance correlation coefficient 0.9749

95% Confidence interval

Pearson p (precision)

0.9700 to 0.9789

0.9754

Bias correction factor C, (accuracy) 0.9995
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Rater:OR1

OR1
Observation Cs1 CS 2 CS 3
2

Cs 1 60 7 3
Cs 2 1 52 5
Cs 3 3 7 42
CS 4 1 1 4
CS 5 0 0 0
CS 6 0 0 0
65 67 54
(13.7%)  (14.1%) (11.4%)

Weighted Kappa® 0.902

Standard error 0.011

95% CI 0.880 to 0.924

? Linear weights

Concordance correlation coefficient (OR1)

Sample size

Concordance correlation coefficient
95% Confidence interval

Pearson p (precision)

Bias correction factor C, (accuracy)

Observation 1

CS 4 CS5
0 0
0 0
6 0
104 8
7 81
0 10
117 99

(24.7%)  (20.9%)

474
0.9581
0.9500 to 0.9649
0.9581

1.0000

CS 6

o

13
59

72

(15.2%)

70 (14.8%)
58 (12.2%)
58 (12.2%)
118 (24.9%)
101 (21.3%)
69 (14.6%)

474
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Inter-rater agreement (Intraclass correlation coefficient)

Intraclass correlation coefficient (First assessment)

Number of subjects (n) @ 474
Number of raters (k) 6
Model The same raters for all subjects.
Two-way model.
Type Absolute agreement
Measurements AM_1
CR_1
GS_1
LS_1
MM_1

SS 1

Intraclass Correlation Coefficient

Intraclass correlation @ 95% Confidence Interval
Single measures® 0.9198 0.9075 to 0.9308
Average measures © 0.9857 0.9833 to 0.9878

# The degree of absolute agreement among measurements.
b Estimates the reliability of single ratings.

¢ Estimates the reliability of averages of k ratings.
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Intraclass correlation coefficient (Second assessment)

Number of subjects (n) | 474
Number of raters (k) 6
Model The same raters for all subjects.
Two-way model.
Type Absolute agreement
Measurements AM_2
CR_2
GS_2
LS_2
MM_2

SS 2

Intraclass Correlation Coefficient

Intraclass correlation @

Single measures® 0.9348
Average measures © 0.9885
? The degree of absolute agreement among measurements.

b Estimates the reliability of single ratings.

¢ Estimates the reliability of averages of k ratings.

95% Confidence Interval

0.9251 to 0.9435

0.9867 to 0.9901
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Intraclass correlation coefficient (All assessments)

Number of subjects (n) | 474

Number of raters (k) 12

Model The same raters for all subjects.
Two-way model.

Type Absolute agreement

Intraclass Correlation Coefficient

a 95% Confidence Interval

Intraclass correlation

Single measures” 0.9294 0.9199 to 0.9382

Average measures ° 0.9937 0.9928 to 0.9945
% The degree of absolute agreement among measurements.

® Estimates the reliability of single ratings.

¢ Estimates the reliability of averages of k ratings.

Intra observer agreement as assessed by Cohen’s weighted Kappa was high and
ranged from 0.857 to 0.931. Precision was also high (0.9581) and accuracy too

(1.000),

Finally, inter observer agreement as measured by the Intraclass Correlation
Coefficient was nearly perfect (0.9937) In the light of these findings we concluded
it was safe to combine all the evaluations from the six observers into an average
CS rounded to the nearest integer. Thus we used the Mean CS for the final
analysis with age as the dependent variable and Mean CS and Sex as the

predictor variables.
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Sample

Age
Total
Males
Females
Cs1
Cs2
Cs3
Cs4
CSs5
CS6

Males

Females

Cs1
CS2
CS3
CS4
CS5
CS6
Cs1
CS2
CS3
CS4
CS5
CS6

N |Mean |Std.Dev. Std.Err -95% +95%

474
217
257
78
76
53
82
123
62
45
48
30
33
41
20
33
28
23
49
82
42

13.38
12.93
13.77

9.21
10.34
10.97
13.61
16.63
17.68

9.53
10.63
11.14
14.19
17.06
18.19

8.78

9.83
10.74
13.22
16.42
17.44

Analysis of Variance

Intercept

Sex

Mean

CSs

71204.24
53.64
4674.23

Sex*Mean CS
Error

SS

2.84
2708.95

4.01
3.79
4.15
1.36
1.61
1.41
2.90
3.06
2.89
1.41
1.61
1.62
2.52
2.83
2.49
1.17
1.51
1.08
3.09
3.16
3.06

0.18
0.26
0.26
0.15
0.18
0.19
0.32
0.28
0.37
0.21
0.23
0.29
0.44
0.44
0.56
0.20
0.29
0.23
0.44
0.35
0.47

13.02
12.42
13.26

8.91

9.97
10.58
12.98
16.09
16.95

9.11
10.17
10.54
13.30
16.17
17.03

8.36

9.24
10.28
12.34
15.72
16.49

Degr. of - Freedom
1/71204.24(12143.58 |0.000000

1
5
5
462

13.75
13.43
14.28

9.52
10.71
11.36
14.25
17.18
18.42

9.96
11.10
11.75
15.09
17.95
19.35

9.19
10.42
11.21
14.11
17.11
18.40

MS

53.64
934.85
0.57
5.86

Min | Max
6.40(22.40
6.9022.30
6.40(22.40
6.40(13.20
6.40/13.80
6.90/16.00
7.90/20.90
10.80/22.40
12.30/22.40
7.6013.20
7.50/13.80
6.90/16.00
9.20(20.70
11.90/22.10
13.30(22.30
6.40(11.20
6.40(12.70
8.80/13.20
7.90{20.90
10.80|22.40
12.30(22.40

F p

9.15|0.002629
159.43/0.000000
0.10/0.992637
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LSD test; variable Age

MEA {CS1}-  {Cs2}- {Cs3}- {Cs4}- {Cs5}- {Csé6}-
NCS | 9.2128 10.338 10.970 13.612 16.631 17.684

Cs1 0.004118 | 0.000054 | 0.000000 | 0.000000 | 0.000000
CS 2 | 0.004118 0.145620 | 0.000000 | 0.000000 | 0.000000
CS 3 | 0.000054 | 0.145620 0.000000 | 0.000000 | 0.000000
CS 4 | 0.000000 | 0.000000 | 0.000000 0.000000 | 0.000000
CS 5 | 0.000000 | 0.000000 | 0.000000 | 0.000000 0.005457

CS 6 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.005457

As a first step we proceeded with factorial (2X6) Analysis of Variance using Sex
and the Mean CS as grouping factors and Age as the dependent variable. The
results are summarized in the tables above.

The Analysis of Variance table clearly showed a Sex and Mean CS effect (p=0.002
and 0.000 respectively) whereas there was no statistically significant interaction.

Overall boys were slightly younger than girls but only for about one year.
Although this finding was statistically significant we did not consider it to be of
any real significance. However we did use sex as an independent variable in the
regression analysis that followed.

The differences in means (=age mean for each CS stage) between the 6 CS
categories were statistically significant (LSD test) and increased as the CS
increased. The only exception was categories 2 and 3 that did not show
statistically significant difference albeit the difference was in the expected
direction.

Following this analysis we continued with a General Linear Model Regression
Analysis using Age as the dependent variable and Sex and Mean CS categories as
the predictor variables. As it can be seen in the tables below the R value was
rather high (0.78) and the Adjusted R2 was 0.61 meaning that the two variables,
Sex and Mean CS could explain roughly 60% of the age variance in our sample.
Special mention should be made to the totally neutral Durbin-Watson statistic
which was 1.90 indicating no relationship whatsoever between the residuals in
the regression analysis. The results of the regression analysis are summarized in
the table below.
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Regression Summary for Dependent Variable: Age R= 0.78408099 R2=
0.61478299 Adjusted R2= 0.61314725 F(2,471)=375.84 p

b* Std.Ebr:.-of b Std.ELr.-of t(471) p-value
Intetrcep 6.928794 0.278102 24.914? 0.00000
; ; 0.00704

Sex  15.079556 0.029393 | g3g936|  0-236061 5 S0666
Mean CS |0.798621 0.029393|1.891935|  0.069632 27'1702 0.00000

Regression equation: Age=6.928794-Sex*0.638936+CS*1.891935

Durbin-Watson d and serial correlation of residuals
Durbin-Watson d* | Serial - Corr.
Estimate 1.904958 0.047373

Independence of Residuals - Durbin-Watson Statistic: The assumption is that the residuals are not correlated serially from one
observation to the next. This means the size of the residual for one case has no impact on the size of the residual for the next case. The
Durbin-Watson Statistic is used to test for the presence of serial correlation among the residuals. The value of the Durbin-Watson
statistic ranges from 0 to 4. As a general rule of thumb, the residuals are uncorrelated is the Durbin-Watson statistic is approximately 2.
A value close to 0 indicates strong positive correlation, while a value of 4 indicates strong negative correlation. For our problem, the
value of Durbin-Watson is 1.94950, approximately equal to 2, indicating no serial correlation.
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The accuracy of the age prediction was rather high with only 27 out of the 474

subjects (6%) appearing as outliers using the £2SD approach. Of the 22 outliers

the majority (22/27, i.e. 81%) were 20 years old or over. The residuals were
mostly positive indicating a tendency to underestimate age in the subjects.

Standard Residual: Age Outliers

|Observed - Value |P- dicted - Value |

dard - Pred. v. |

idual |Std.Err. - Pred.val

|

[T [ 21.40 | 1575 | 5.65 | 0.75 | 2.27 | 0.17
[Tae e 21.40 | 1639 | 5.01 | 0.96 | 2.01 | 0.21
[Tes e [ 21.50 | 1575 | 5.75 | 0.75 | 2.31 | 0.17
[or e 20.50 | 13.86 |  6.64 | 0.15 | 2.67 | 0.16
[o2 e 21.90 | 1575 | 6.15 | 0.75 | 2.47 | 0.17
[Toa T [ 21.40 | 1575 | 5.65 | 0.75 | 2.27 | 0.17
[ 20.70 | 1450 | 6.20 | 0.35 | 2.49 | 0.18
[120 oo [ 20.80 | 1575 | 5.05 | 0.75 | 2.03 | 0.17
EC I I 20.80 | 13.86 | 6.94 | 0.15 | 2.79 | 0.16
[1a6 . . o 21.40 | 1575 | 5.65 | 0.75 | 2.27 | 0.17
B 22.30 | 1575 | 6.55 | 0.75 | 2.63 | 0.17
[rer 21.70 | 1575 | 5.95 | 0.75 | 2.39 | 0.17
[fa7s e [ 20.90 | 13.86 | 7.04 | 0.15 | 2.83 | 0.16
[1er e 21.40 | 1639 | 5.01 | 0.96 | 2.01 | 0.21
[f220 % [ 12.30 | 17.64 | -5.34 | 1.36 | -2.14 | 0.21
|28 W [ 7.90 | 13.86 |  -5.96 | 0.15 | -2.39 | 0.16
[2a5 [ 6.90 | 12.60 | -5.70 | -0.25 | -2.29 | 0.17
[30s [ 12.30 | 17.64 | -5.34 | 1.36 | -2.14 | 0.21
[3a3 [ 21.80 | 1639 | 5.41 | 0.96 | 217 | 0.21
[37s .o 22.40 | 1575 | 6.65 | 0.75 | 2.67 | 0.17
EE 21.70 | 1575 | 5.95 | 0.75 | 239 | 0.17
[faz o [ 9.20 | 14.50 | -5.30 | 0.35 | -2.13 | 0.18
T E 22.10 | 1639 | 571 0.96 | 2.29 | 0.21
[faze .. [ 20.90 | 1575 | 5.15 | 0.75 | 2.07 | 0.17
[“az1 I* [ 21.60 | 1639 | 521 0.96 | 2.09 | 0.21
[“az7 I* [ 21.10 | 1575 | 535 | 0.75 | 2.15 | 0.17
[“a6s I * [ 21.90 | 1575 | 6.15 | 0.75 | 2.47 | 0.17
[minimum | - 6.90 | 12.60 | -5.96 | -0.25 | -2.39 | 0.16
[Maximum I+ [ 22.40 | 17.64 | 7.04 | 1.36 | 2.83 | 0.21
[mean 1* [ 19.27 | 1552 [ 3.75 | 0.68 | 1.50 | 0.18
[Median 1* [ 21.40 | 1575 | 5.65 | 0.75 | 2.27 | 0.17
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Scatterplot of Residuals against Age; categorized by Sex
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Percentages of correct versus incorrect age prediction within 24months for each CVM stage.
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Appendix B: Raw Data



*Values (1-6) refer to CS

OPSs OPSs DR DR D D MR MR OR1 OR1 OR2 OR2
X-ray No Gender Age 5 nd 1 nd 1 e 1 e - 2 o e | o t
1 M 17,3 5 5 5 5 5 5 5 5 4 4 5 5
2 F 14,8 5 5 5 5 6 6 5 6 5 5 5 5
3 M 14,4 4 4 4 4 4 4 4 4 4 4 4 4
4 M 15,8 5 5 5 5 5 5 5 5 4 4 4 5
5 F 21,6 6 6 6 6 6 6 5 6 6 6 5 6
6 F 21,4 5 5 5 5 5 6 5 6 6 5 5 6
7 M 8,4 1 1 1 1 1 1 1 1 1 1 1 1
8 F 16,4 5 5 5 5 5 5 6 6 5 5 5 5
9 M 12,8 4 4 4 4 3 4 4 4 3 4 3 4
10 M 11,9 5 5 5 5 5 5 5 5 5 5 5 5
11 F 20,1 5 5 5 5 5 5 5 6 5 5 5 5
12 M 10,2 3 3 3 3 3 3 3 3 3 3 3 3
13 F 16 5 6 5 5 5 6 5 6 5 6 5 5
14 M 9,7 2 2 2 1 2 2 2 2 2 2 2 1
15 F 11,5 5 5 5 5 5 5 5 5 5 5 5 5
16 F 10,3 1 1 1 1 1 2 2 2 2 2 2 1
17 M 19,3 6 6 5 5 6 6 6 6 5 6 5 6

48




18

19

22,2

20

9,4

21

14,7

22

23

24

25

26

27

9,8

28

18,6

29

14

30

10,9

31

20,5

32

19,9

33

10,5

34

35

36

37

49




38

39

40

41

42

10,9

43

14,4

44

45

46

21,4

47

48

49

50

16,6

51

10,5

52

12,9

53

54

55

20,8

56

16,9

57

9,9
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58

59

14,2

60

14,7

61

10,4

62

18,8

63

8,9

64

65

66

67

68

69

70

71

72

73

74

75

10,9

76

10,8

77

16,1
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78

79

80

81

82

9,9

83

9,4

84

10,7

85

14

86

9,8

87

16,1

88

21,5

89

9,5

90

14,4

91

20,5

92

21,9

93

94

95

96

16,1

97

16,7
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98

99

100

101

102

103

104

105

106

12,9

107

9,8

108

10,9

109

14,9

110

18,4

112

113

114

115

116

117
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118

119

120

122

123

124

125

126

127

128

129

130

18,3

11,1

132

10,4

133

18,8

134

135

136

137
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138

18,4

139

9,6

140

16,9

141

20,8

142

14,3

143

14,8

144

16

145

11,9

146

21,4

147

14,1

148

149

150

152

153

154

155

156

157
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158

159

22,3

160

10,7

9,4

162

18

163

10,4

164

10

166

167

168

169

170

172

173

174

14,5

175

20,9

176

10,9

177

10,1
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178

16,7

179

16,6

180

10,2

181

21,4

182

183

184

9,6

185

16,2

186

12,6

187

188

189

190

191

192

193

194

195

196

197

57




198

199

200

201

202

203

204

205

206

11,3

207

208

209

210

10,8

211

12,3

13

213

214

215

216

217
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218

219

220

222

223

224

225

14,8

226

10,3

227

10,8

228

229

230

232

12,2

233

234

235

236

12,6

237

12
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238

239

240

10,8

241

14,5

242

9,6

243

10,7

244

8,5

245

6,9

246

11,3

247

10,1

248

12

249

250

251

12,2

253

254

255

256

257
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258

259

260

262

263

264

266

16,1

267

268

269

270

271

13,7

273

10,7

274

10,2

275

276

8,5

277

11,3
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278

279

280

281

282

283

284

285

286

287

288

10,2

289

16,7

290

10,2

291

13,8

292

13,9

293

10,1

294

10,5

295

296

12,5

297

13,7
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298

299

300

301

302

303

304

305

306

307

308

309

310

311

313

314

315

316

10,3

317

13,5
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318

9,3

319

20,9

320

11,3

322

323

324

326

327

328

329

330

332

333

334

335

336

337

14,7
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338

339

340

341

342

18,7

343

21,8

344

8,8

345

7,9

346

14

347

348

349

350

9,8

351

16,7

16,5

353

8,9

354

18,1

355

9,4

356

17,4

357

8,9
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358

359

9,2

360

8,8

362

7,4

363

8,8

364

9,2

365

14,1

366

9,2

367

7,6

368

9,8

369

20,7

370

7,9

371

8,5

373

374

375

22,4

376

7,9

377

19,7
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378

9,7

379

16,3

380

14,7

381

15

382

16,5

383

16,2

384

385

386

8,4

387

16,5

388

14,5

389

16,4

390

16

391

14,1

392

21,6

393

7,4

394

16,7

395

396

8,8

397

14,6
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398

21,7

399

16,1

400

7,4

401

9,9

402

18,7

403

14,9

404

7,5

405

9,8

406

21,2

407

16,3

408

409

410

16,1

411

9,2

412

15,6

413

9,2

414

415

416

20,9

417

9,7
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418

419

420

20,9

421

21,6

422

16

423

424

425

426

16,7

427

21,1

428

16,2

429

430

16,5

431

7,7

432

14,3

433

16,8

434

16

435

436

7,1

437

16
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438

14,1

439

8,6

440

9,4

441

442

443

444

16,9

445

446

447

448

7,9

449

7,9

450

9,7

451

9,3

452

9,3

453

14,2

454

19

455

9,3

456

9,1

457

14,7
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458

8,6

459

8,3

460

9,2

461

14,6

462

9,4

463

9,1

464

465

466

467

468

469

8,5

470

14,1

471

7,8

472

8,5

473

7,9

474

14,3
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