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Predicting mandibular growth based on CVM stage and gender and with
chronological age as a curvilinear variable

Abstract

Objective: the aim of this study was to develop a prediction model thabinesnthe information
derived from chronologal age (analyzed as a curviinear variable), gender, and\thd method

to predict mandibular growttBettings and sample population: 50 participants (29 females, 21
males) were selected from the AAOF Craniofacial Grokebacy Collection, the Michigan

Growth Study, and the Denver Chid Growth stulljaterials and M ethods: In this investigation,
456 lateral eephalograms were analyzed by applying a mixedt efiodel. The outcome variable
was the annualized»increment in total mandibular length-Gn) during the year following the
lateral cephalogram: on which the cervical stage amoholagical age were evaluated. The
predictive variables were chronologicage up to the fith order, gender, stage of cervical vaitebr
maturation, as wellvas interactions between age amtbgeage and cervical stage, and gender and
cervical stageResults: Cervical stage, chronological age up to the fourth order, geadd the
interaction between age and gender were significardictmes of annualized increments in
mandibular length. The annualized increment in Co-Gnsmgagficantly greater for CS 3 when
compared to all other cervical stages. Further, annualimdments in Co-Gn for CS1 and CS 2
were significantly,.greater when compared to C8d&clusions: Cervical stage, chronological age,
and gender can be'used jointly to predict the annualizedmeat in mandibular growth. Cervical

stage 3 exhibitedsthe greatest annualized increase ndibuéar length.

I ntroduction
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The issue of optimal timing in dentofacial orthopedics lkgeth intimately to the identification of
periods of favorable growth that can contribute to the efficiand effective improvement of
skeletal problems in the individual patient. For example, stbbeen shown that the best timing to
stimulate mandibular growth effectively in Class Il pasiewith mandibular deficiency is during
the pubertalsphaserof developmeat.Cephalometric investigations on longitudinal sampleg ha
identified a pubertal, spurt in mandibular growth that isadtarized by large individual variations

in onset, duration and rate.

Several indicators of individual skeletal maturity haverbproposed over the years to define
treatment timing inyorthodontics. The most commonly usedaitwdis of individual skeletal

maturity are inéreasSe in statural heightskeletal maturation of the hand and wiistland the
maturation of(the cervical vertebrae (CVM methidl! Several studies have investigated the role
of the CVM method in predicting the pubertal growth spurhé rmhandible: 1525

To our knowledgey‘however, there is lack of information erpifedictive power of the CVM
method on mandibular growth in growing subjeét& Thus, the aim of thpresent study was to
develop a prediate model that combes the information derived from chronologicage, gender,
and the CVM 'methad to predict mandibular growth. In thigstigation for the first time to our

knowledge, chronological age was used as a curviinear variable

M aterials and methods

Participans who had not received orthodontic treatment were selectedtfi®mecords of the Fels,
lowa, Mathewsgand Oregon Growth Studies that are aeiiivbugh the American Association of
Orthodontists "Foundation (AAOF) Craniofacial Growth Leg&xlection Project
(www.aaoflegacycollection.org). Moreover, the complete recofdse University of Michigan
Growth Study-(after: having removed the 30 subjects that wsed in the previous study by
Baccetti et &Pto elaborate the CVM method) and of the Denver Chid Grawthly were
screened.

Inclusion criteriawere:

e avaiability ,of a series of at least 6 consecutive anlataial cephalograms from the age of

7 years to 18 years
e the bodies of the second, third, and fourth vertebrae had tadde ws all fims;

e theinterval between 2 consecutive cephalograms had to naomgeaf minimum of 6 months
to a maximum of 18 months
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e the first cephalogram of the series had to show CVM st@§4 or CS Z:8and,
e the last cephalogram of the series had to show at ledgt stage CS 5.8

Exclusion criteria were incomplete records, radiographpoof quality, anomalies in vertebral
morphology, and evidence of orthodontic treatment (except whesivgpapace maintainers were
evident in the"cephalograms). Two operators selected indeplgndiee participants from the

Growth Studies. A third operator was consulted in case oftaimtes.

Increases i mandibular length (Co-Gn, the linear daistdlom Condylion to Gnathion) between
consecutive cephalograms taken annually were calculatethef entire series of cephalograms for
each participant. Inithat the interval between consecut@phalograms asnot always 12 months,
the increases in Co-Gn were annualized. The outcomableanvas the annualized incrememt
mandibular length during the year folowing the latergdhedogram on which the cervical stage
and chronological“age were determined.

Mandibular length was measured on all cephalograms Isathe examiner (L.F.) on the digital
cephalograms  using a cephalometric software (Viewbox 4.0, difalese, Kifissia, Athens,
Greece). The value.@o-Gn was standardized to 0% enlargement (life size) adipistment of the
magnification ‘factor of the different Growth Studies. P@mathion was defined as the most
anteroinferigr=point=on the contour of the bony chin. It wasrda@ted by bisecting the angle

formed by the mandibular and facial (Nasion-Pogonion) planes.

The CVM method used in the present study was the onelmibdsy McNamara and FranéhiThe
intermediate or in-between stages (when the chasictsriof two consecutive stages were present
in a single imagé).were included in the more immature stage, i.e. tharietbiate CS 3-4 was

classified as CS 3.

The predictors used in developing the multivariable prediatimalel first was chronologid age up

to the fith order(the second order, or quadratic term, descripagahbolic curve whie the third
order, or cubic term, indicates the presence of inflectiont poithe curve; in general, the higher

the order, the more;complex the polynomial cufsg. 1). Then gender was considered. The stage
of development of the cervical vertebrae also was dete&nasean ordinal variable (CS 1, CS 2,
CS 3,CS4,CS 5, or CS 6). Interactions among these variables alsevaleated. All

cephalograms were staged according to the CVM method byea sirgert examiner (L.F.).

All participants from the Growth Studies who met all indagexclusion criteria were included in
this study. We followed the TRIPOD stateménbr transparent reporting of a mutivariable
prediction model. This study was conceived as a Type 1la affafgdvelopment of a prediction
model where predictive performance is evaluated direcliyg ube same data).
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Statistical analysis

Intra-examiner reproducibility for the CVM stages andtf@ Co-Gn measurement was calculated
on 30 randomly selected cephalograms after 2-week washout péhothemwveighted kappa
coefficient for ordinal data and with the intraclass datiosn coefficient, respectively. Random

error for the CoGn measurement was assessed with Dahlberg’s formula.

Descriptive statistics were performed for the folowing vessblgender, chronological age and
CVM stage.

As for inferential._statisticsamixed effect model was applied. As mentioner earlier, theoowt
variable was the/annhualized incrememtmandibular length (Co-Gn) during the year following the
lateral cephalogram on which the cervical stage andvage determined. Random effect was the
participant (random effect is the effect that arisemfiuncontrollable variability within the sample,
and it is usually._attributed to the particiggntThe predictive variables (fixed effects) were
chronologic age_up_to the fith order, gender, cervical stémsgorical variable - CS 1, CS 2, CS
3, CS 4, CS 5y0rCS 6), interactions between age and gender, aggnanad stage, and gender
and cervical stage« The interactions and age from sagoial fith order were included in the
model only ‘f:they were statistically significant. Pbsie test for CVM stages was evaluated with

Tukey HSD. Aresidual graphical analysis was performedstontedel assumptions.

The level of statistical significance was set at P<0.08.slhtistical computations for the intra-
examiner reproducibility and for the mixed model were peddrnwith specific software
(MedCalc®, version 19.0.3, MedCalc Software bvba, Ostend, Belgium MRdRJers. 13.0.0,
SAS Institute ‘Inc, Cary, NC, USA

Results

From a parent sample of 1151 subjects a final sample of 50 particifzhfemales and 21 males)
was derived. Six cases (5 females and 1 male) were demmdtife Fels Growth Study, 2 (1
female and 4"male) from the lowa Growth Study, 3 (1 female araled)nirom the Mathews
Growth Study, 2425 females and 9 males) from the Oregon Gwtly, 3 (1 female and 2
males) from theXXXXXX Growth Study and 12 (6 females and 6 males) from the Unweoit
XXXXXX  Growth Study.
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The intra-observer reproducibility for the CVM method andter Co-Gn measurement was
“almost perfect™’ (CVM method: 0.87, 95% Confidence Interval, Cl, 0.77-0.96; Co-Gn: 0.99, 95%

C10.99-1.00). The random error for the Co-Gn measurement was 0.57 mm.

In this investigation, 456 lateral cephalograms wereyzg@l The mean number of cephalograms
per participant was 9.1 £ 1.2 (minimum 6 and maximum 12 cephalogrém$able 1, the
frequencies of the different CVM stages and the correspommiingentages and annualized
increments in_Co-Gn are reported. The mean age atdhedphalogram was 8.2 + 0.5 years (min
7.5, max 9.9 years) whie the mean age at the last cephalogasm6.5 £ 1.1 years (min 14.0, max
20.2 years). The mean interval between 2 consecutive cephadogrvas 1.0 £ 0.1 years [min 0.75,
max 1.49].

As for inferential’ statistics (Table 2), the model showesignificant effect for cervical stage, for
age up to the fourth=order, for gender, and for the interadiistween age and gender. Cervical
stage CS 3 exhibited the greatest annualized increaSe-iBn. The fact that chronologic age was
significant up o the fourth order implied that the annudliferease in Co-Gn varied in a complex

manner as a function of age (see the complex curvegureR2).

As for gender; the annualized increase in Co-Gn wasicantly greater in males. The significant
interaction between: age and gender indicated, howeverthéhdliifference between males and
females varied withrage.s&chronological age increases, the difference betweers raat females
also increased;*favoring males. All other interactiond the fifth order for chronologic age were
not significant and, therefore, not included in the final rmodlee analysis of residuals did not

show any deviation=from assumptions of the model.

Figure 2 was \constructed based on the estimates of ted mifects model reported in Table 2.
Two examples_of.how to derive two points for the curves inr&ig are reported at the bottom of
Table 2.

Table 3 reports the comparisons for the annualized increnmer@®-Gn for each cervical stage.
The annualized means were adjusted for age and gendeaniitedized increment in Co-Gn was
significantly greater.for CS 3 when compared to all othericzdrstages. Also, the annualized

increments gn Co-Gn for CS 1 and CS 2 were significanthatgrewhen compared to CS 5.

Discussion
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The aim of the present study was to develop a predictive modelaindibular growth using

chronologi@l age, gender, and the CVM method as predictive variables.

A unique feature of this study was entering chronollgage in the predictive model as a
curviinear variable (polynomial curve up to the fith orderdegree, Figure 1). Using age as a
curvilinear variable is important when analyzing mandibigeowth changes with age. If age i
entered as a linear variable (Fig. 1A), this means thagxpect that mandibular growth should
increase or_decrease linearly along with age. We know, leowthat mandibular growtis not
inear with age but rather follow a curviinear trendttls characterized, particularly during
adolescence, by an acceleration that reaches a peak,dolboyva deceleration in mandibular

growth rate untilsthe end of active growth.

In the lterature, /there is controversy on the reprodugibdf the CVM method assessment. Some
studies have reported poor reproducibility of the CVM mefodhereas other studies have
reported the agreement for CVM staging to be substattigeasons for the poor reliability have
been attributed to the level of training, clinician expesenand methods of assessniénin the
current study the assessment of the CVM staging wémped by an expert examiner and the

intra-observer' repraducibility was almost perfect.

Summary of thefindings

The results of the present study showed that the rmaturaf the cervical vertebrae, gender, and
chronologi@al age are related to mandibular growth in a significanbnena In particular, the
greatest annualized. increment in mandibular growth aaglfduring the year following the

appearance of,CS3. The smallest increases were found toafiecistages CS 5 and CS 6.

As for gender; In general, the increases in mandibular tigrawmale subjects were greater than in
females. This difference can be visualized easily ior€id® where all the growth curves for males
were higher than those for females for all CVM stageéghe age of 8-9 years all subjects were
either in CVM stage CS 1 or CS 2 and the increases in Ioodardigrowth were similar in males
and females. From‘the age of 9 years onward, females alcaadye in stage CS 3, and they
shoved greater,mandibular increases than males who aré<@ls 1 or CS 2. In general, therefore,
females teneldto grow more than males during the early ages, whidlesrshowed longer and

higher growth increases than females during lates.age

It is interesting to note that the curves CS 1 and CS 2 mldsnand males started from higher

values at 8 years, then they reached a minimum around tlef @gears folowed by an
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acceleration of growth. This observation confirms the exdigt of a prepubertal minimum in
mandibular growth that has been described previdasiyThe greatest increase in mandibular
growth occurred at CS 3 for both females and males withabred values of 3.2-3.3 mm at 12-13
years in females and with annualized values of 4.1 mm-adh@ars in males.

The curves for stages CS 4, CS 5, and CS 6 were charattbyzgrowth deceleration that is
typical of the postpubertal growth phases. Our data also cedfirimat mandibular growth
diminishes substantially earlier in females (around 16-l@GEyd¢han in males (around 18-19

years).
Comparison with other papers

The results of thespresent study differ from those repduyeleingel et at! and Gray et &2 Engel

et al’? assessed the performance of the CVM method in predictindibutr growth in female
subjects with Class, |l malocclusion selected from thendglen Growth Study. A linear mixed
model was applied in order to determine potential associatiomgdreincrements mandibular
growth (evaluated in a 6-month interval) and averagesambservers CVM scoring after adjusting

for age.

A major limitation ,of tle above-mentioned studigs that the CVM stage was considered as a
continuous “variable rather than a qualitative varialoid that chronologel age was evaluated as a
continuous linear~variable (implying that mandibular groafianges linearly along with age). In
contrast to the present study, Engel étabncluded that there is no evidence to support the
hypothesis that the CVM method can predict the amount obéxaial growth in girls with Class

Il malocclusion. Our findings do not agree with this corciusi

Grey and coworkef8 analyzed the CVM method and its relationship to observed chamge
mandibular length~during growth. Mixed model analyses weee W0 determine the relationships
between mandibular length, gender, CVM stage, and chrorelogge. Mandibular length
represented the response variable, with gender and CVBl atégyed as covariates. The
interaction between CVM stage and gender also was adsds® results showed that mandibular
length was associated with chronol@i@ge and to a marginal extent with gender. No significant
associationgwas found between mandibular length and cestages. It should be ol however,
that the differences™with the present study werethligabutcome variable was mandibular length
and not mandibular growth increments and that chronologic agesvaluated as a continuous

inear variable.
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Limitations of the study

It should be noted that the lateral cephalograms weretedllen the various Growth Studies from
the 1930’s to the 1980°s. Thus, these data could be affected by secular trends031

The final sample was relatively small with respechi garent sample analyzed. Moreover, small

samples were gathered from diverse independent growthsstudie

Another limitation=was: the lack of validation of the potidn model. Unfortunately, it was not
possible to valdate the prediction model on a different sampaube all eligible subjects
available through the AAOF Craniofacial Growth Leg&dglection Project, the University of
Michigan Growth Study, and of the Denver Chid Growth Stugye included in this study. No

other growth studyswas avaiable.

Clinical implications

The results of the current study showed that CS 3 correspoiis stage that precedes the year
with the greatest annualized increase in total mandidetath in both males and females. Our data
supports the recommendation that CS 3 represents the idgaltstbegin functional jaw
orthopedics_in_Class |l patients, as has been suggesteiduplg\by other investigationis®> When

a patient starts treatment at CS 3, after 2 years of fuattjaw orthopedics followed by fixed
appliances [or.aligners, it is likely that he/she wil shewostpubertal stage CS 4-CS 5. This aspect
works in favor of a better long-term stabilityOn the contrary, if treatment with functional jaw
orthopedics is started before puberty (CS 1- CS 2) the patient shtemporary acceleration of
mandibular growth that is folowed by a relapse during the rpasittent period with an overall
long-term effectsthat is similar to untreated Classubjects® Therefore, If the aim is to produce
effective skeletal mandibular changes, the start ofntedt with removable functional appliances
should be postponed until puberty. Onthe other hand, if the comrexdtthe Class Il problem

requires mainly_dentoalveolar changes, treatment cantiated before puberty

Conclusions

The present study developed a prediction model that combinedfottmeation derived from
chronologic age, gender, and the CVM methogbredict mandibular growth.

It was demonstrated that:
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- Cervical stages, age up to the fourth order, and gender, igmifieant predictors for the
annualized increments in mandibular growth.
- The annualized increment in Co-Gn was significantlgager for CS 3 when compared to all

other cervical stages.
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Figure legends

Figure 1: In thes prediction model, chronologic agasconsidered as a polynomial up to the fith
order or fiith degree. Graphical representations of polynomild-irst order or first degree
polynomial (linear polynomial or linear function). B. Second ormiequadratic term or second
degree polynomial is represented graphically by a parabolie.cOr. Third order or cubic term or
third-degree polynomial has a single inflection point, (atpehere the functon changes from
being concave. te.cenvex, or vice versa) and 2 extrema (maxiorunnimum). D. Fourth order or
quartic term arfourth degree polynomial has 2 inflection paamd 3 extrema. E. Fith order or

quintic term orfith"degree polynomial has 3 inflection oiahd 4 extrema.

Figure 2: Annualized increments of Co-Gn (y axis) as of functafrage (x axis), gender and

cervical stage.
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Table 1: Frequencies and percentages of the CVM stages with correspondent mean and standard

deviation of the annualized increment in Co-Gn

Annualized increment
Vertebral Frequency
Percentage in CoGn (mm)
Stages (n)

Mean SD
CS1 140 31% 2.3 0.9
CS2 62 14% 2.4 0.9
CS3 86 19% 3.5 2.0
CS4 57 12% 1.8 1.5
CS5 72 16% 1.0 1.0
CS6 39 9% 1.1 0.9
Total 456 100% 2.3 1.5
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Table 2: Mixed effect model. Outcome variable: annualized increment in CoGn. Predictive variables:
CVM stage, age up to the fourth order, gender and interaction age*gender. In presence of CS6 the

estimate is 0. For male subjects the estimate is 0. Age> was not statistically significant.

Variable Estimate | Standard P value
Error

Constant (intercept) 64.9905 25.54

Cs1 0.9211 0.43

Cs2 0.9660 0.44

CS3 1.8190 0.39 <0.0001

Cs4 0.3245 0.37

CS5 -0.0984 0.37

Age (years) -21.2229 8.55 0.0135

Age? 2.5398 1.05 0.0161

Age3 -0.1286 0.06 0.0223

Age? 0.00233 0.001 0.0347

Gender F -0.6640 0.12 <0.0001

(Age-11.87)*gender (F) -0.1556 0.05 0.0037

Formula for CS3.Female subject at 12 years: 64.9905 + 1.81890 - 21.2229*12 + 2.5398*122%-0.1286*
123 + 0.00233*22%=0.6640 — 0.1556 (12 — 11.8714) = 3.27

Formula for CS2 Male subject at 10 years: 64.9905 + 0.9660 - 21.2229*10 + 2.5398*10% - 0.1286*
103 + 0.00233*10%=2:41
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Table 3: Statistical comparison between the cervical stages. The mean of the annualized increment
in Co-Gn was adjusted for age and gender. The column “Diff from CS3” reports the differences
between the CS3 mean and the means for the other CVM stages. The column “Diff” indicates the
statistically significant differences between the stages. In the last column stages with a different

letter indicate a statistically significant difference.

CVM Adjusted Diff from | 95%CI Diff from CS3 | Diff
Mean.(mm) | CS3 (mm)
Cs1 2.4 0.9 0.2;1.6 B
CS2 2.4 0.9 0.2;1.5 B
CS3 3.3 - - A
Cs4 1.8 15 0.8;2.2 BC
CS5 1.4 1.9 1.1; 2.7 C
CS6 1.5 1.8 0.7; 2.9 BC

Diff: Difference
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Annualized increments in CoGn (y axis) as a function of age (x axis)
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