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Objectives:  The aim of this study was to compare the reproducibility of skeletal maturation 
assessments by raters with similar orthodontic experience using hand-wrist (HW) and cervical 
vertebral maturation (CVM) methods.
Methods:  HW and lateral cephalometric radiographs from 15 subjects (8 males and 
7 females; ages, 9–16 years) were selected randomly. HW skeletal maturation was evaluated by 
the method of Greulich and Pyle, and CVM staging was evaluated by the method of Baccetti 
et al. Six orthodontic residents evaluated all images at three time periods: T1, initial evaluation; 
T2, re-evaluation after 7 days and T3, final evaluation after 5 weeks. Intra- and interexaminer 
reproducibility was evaluated with the intraclass correlation coefficient; the limits of agree-
ment (LoA) were determined by using the Bland–Altman method.
Results:  The intraexaminer reliability assessed by intraclass correlation coefficient 
was scored as good for both of methods (T1-T2-T3 HW = 0.89 and  CVM = 0.80; T1-T2  
HW = 0.87 and CVM = 0.77; T2-T3 HW0 = 0.90 and CVM = 0.81), as well as the interexam-
iner evaluation, with the exception of HW-T1, which scored excellent (0.92). The width of 
LoA from Bland–Altman plot of cervical vertebra method was narrower (CVM T1-T2: −2.3 
and +1.8; CVM T2-T3: −2.0 and +2.0) than the HW method (HW T1-T2: −3.9 and +4.8; HW 
T2-T3: −4.0 and +3.5).
Conclusions:  Both HW and CVM methods presented good reproducibility for intra- and 
interexaminer correlation assessments. The small LoA indicated that the CVM is a reproduc-
ible method.
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Introduction

The prediction of the pubertal growth spurt is a widely 
used tool for the orthodontic and dentofacial orthopedic 
therapy of growing individuals, in that such knowledge 
helps determine optimal treatment timing when growth 

modification is considered.1,2 In this way, the identification 
of the maturational stage is indispensable for the diag-
nosis and treatment planning of patients with imbalances 
in their facial growth pattern as it determines the favorable 
intervention time and treatment approach.2

Although physiological parameters such as pubertal 
signs, chronological age and dental staging are classic 
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skeletal maturity indicators3,4 that might indicate the 
individual stage of skeletal development, these parame-
ters have not proven to be reliable methods of evaluation 
due to the wide range of individual patterns observed.4,5

Both hand-wrist (HW)6–10 and cervical vertebrae 
maturation (CVM)11–16 methods have been evaluated 
extensively in the literature.1,2,17,18 Previous studies 
demonstrated a significant correlation between HW 
and CVM stages,17,19 supporting the validity of CVM to 
determine the stage of skeletal maturation. In addition 
to validity, it is expected that diagnostic tests demon-
strate adequate reliability, once its measurements can be 
repeated by the same or different observers.20 A recent 
systematic review of the literature on the present study 
topic included studies where intraexaminer and inter-
examiner correlation tests were performed on expert 
examiners.21

The decision to not obtain a HW radiograph should 
be based on a CVM method that is superior to, or at 
least as efficient as the former. Considering that reli-
ability assessments are susceptible to variations in study 
subjects, samples and observers,22 each method should 
be assessed and compared in order to help clinicians 
during the decision-making process, also taking into 
consideration their limitations for predicting individual 
subject’s skeletal maturation in clinical practice.9

Therefore, the objective of the present study was to 
evaluate how orthodontic residents can reproduce a 
method to assess individual skeletal stage of develop-
ment and other for skeletal stage prediction, assessed by 
HW and cervical vertebrae (projections obtained from 
cone beam CT, CBCT) respectively.

Methods and materials

Sample
This project was approved by the research ethics 
committee of the Institute of Collective Health Studies 
from the Universidade Federal do Rio de Janeiro, 
Brazil. The sample included HW radiographs as well 
as lateral cephalograms reconstructed from cone beam 
CT (CBCT) scans of subjects who already had these 
records available due to previous acquisition for ortho-
dontic diagnosis and treatment planning purposes (no 
treatment had been rendered yet at the time of data 
acquisition).

Sample size calculation guidelines for reproducibility 
studies was performed according to Walter et al23 where 
ρ0 = 0.5, ρ1 = 0.9, α = 0.05 and β = 0.2. Considering 
the reference values for five examiners at the conditions 
above cited, the minimum sample size required was 4.7, 
or 5 subjects after rounding up. The sample consisted 
of HW radiographs and perspective lateral cephalo-
metric projections of 15 randomly selected patients  
(8 males and 7 females; ages, 9–16 years) from the 
Orthodontic Clinic of the Graduate course in Dentistry 
of the Universidade Federal do Rio de Janeiro in Brazil. 
The study inclusion criteria were: availability of CBCT 

Digital Imaging and Communications in Medicine files 
which field of view included full fourth cervical vertebra 
that allowed generation of lateral cephalograms; HW 
radiographs also had to be available. All subjects were 
in good health with an absence of any craniofacial 
syndrome or systemic growth abnormalities.

HW radiographs acquisition was carried out 
following an established protocol: the left hand was in 
contact with the film with the long axis of the middle 
finger aligned with the forearm. Fingers were separated 
from each other, and the thumb was oriented at approx-
imately 30° relative to the forefinger. The X-ray tube was 
centralized on the third metacarpal.

For CVM assessment, two-dimensional lateral 
cephalometric radiographs perspective projections 
were obtained from the available CBCT scans using 
Dolphin Imaging software (v. 11.5, Dolphin Imaging 
& Management Solutions, Chatsworth, CA). CBCT 
scans were performed on an i-CAT scanner (Imaging 
Sciences International, Hatfield, PA) in accordance 
with standard acquisition parameters (120 kV, 5 mA, 
13 × 17 cm field of  view, 0.4 mm voxel and 20 s scan-
ning time), with the patient in the upright position, 
Frankfort horizontal plane parallel to the ground and 
in maximum intercuspation.

The HW and cephalometric lateral radiographs 
were distributed randomly to six orthodontic residents 
for skeletal stage determination. They were previ-
ously instructed on how to perform both evaluations 
of the HW and cervical vertebra maturation methods. 
The training consisted of explanatory presentations 
containing systematic observational schemes, illustra-
tions and radiographic images referring to examples 
of the maturation stages for each method. They also 
performed the evaluation in five cases not included in 
the sample.

Hand-wrist and cervical vertebrae evaluation
Both HW and lateral cephalometric radiographs images 
were stored as high-resolution image files. Each exam-
iner received the material regarding the three measure-
ments periods: T1, first evaluation; T2, second evaluation 
after 7 days and T3, third evaluation after 5 weeks. The 
sequence of images was altered randomly in consecutive 
evaluations. The observers were blinded for both HW 
and lateral cephalometric radiographs as to patients’ 
information and chronologic ages, with exception of 
their gender. All the exams were analyzed in a desktop 
computer in a darkened room.

The hand and wrist bones of each subject were 
compared visually with the standard radiographs (from 
subjects of the same sex) proposed by the method of 
Greulich and Pyle24. The Greulich and Pyle Atlas24 
provides a series of radiographic standards of the hand 
and wrist from birth to 17/18 years for females and 19 
years for males. The assessment of skeletal maturation 
consists of the comparison between the patient’s radio-
graphic image with the closest matching standard from 
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the Atlas.24 The standards were selected for the study 
according to the sample characteristics and ranged from 
standard 14 to 30 (corresponding to males between 5 
and 18 years of age) and from standard 14 to 27 (corre-
sponding to females in a similar age range; Figure 1).

The morphology of the second, third and fourth 
cervical vertebrae (C2, C3 and C4) were classified visu-
ally according to the method proposed by Baccetti  
et al12 that scores Stages from 1 through 6, referring to 
pre-pubertal (Stages 1 and 2), pubertal growth spurt 
(Stages 3 and 4) and post-pubertal phases (Stages 5 and 
6; Figure 2).

Statistical analysis
Statistical analysis was performed with the MedCalc 
statistical package (v. 14.10.2; MedCalc Soft-
ware,  Ostend, Belgium, http://www.​medcalc.​org). 
Intraexaminer reproducibility was tested using intra-
class correlation coefficient (ICC).

Agreement between the repeated measurements was 
presented graphically via the Bland–Altman method, a 
statistical approach that is based on the quantification 
of the agreement between two quantitative measure-
ments by studying the difference against their mean 
and estimating limits of agreement (LoA). A plot was 
created, with the difference of the two paired measure-
ments plotted against the mean of the two measurements 
(HW and CVM). The analysis is based on calculating 
the standard deviation of differences between repeated 
measurements and the standard deviation of the differ-
ences between the means for each method separately. In 
a normally distributed sample, 95% of the differences 
will lie between the LoA, within ± 2 standard deviations 
from the mean difference.25

The interexaminer reproducibility was evaluated 
with the ICC by comparing their scores considering the 
three measurements periods. The results were classified 
according to the ICC value in: excellent, above 0.9; good, 
between 0.75 and 0.9; moderate, between 0.5 and 0.75; 
and poor, below 0.5.26 The degree of agreement of each 
method was evaluated through the Bland–Altman’s plot 
interpretation.

Results

The results for intraexaminer and interexaminer repro-
ducibility estimated by ICC for each method are shown 
in Table  1. For both intraexaminer and interexaminer 
evaluations, the HW method presented higher ICC 
values in comparison to the cervical vertebra method. 
However, the reliability for both of methods was 
scored as good in all of the intraexaminer evaluations  
(T1-T2-T3 HW = 0.89 and CVM = 0.80; T1-T2 HW = 0.87 
and CVM = 0.77; T2-T3 HW0 = 0.90 and CVM = 0.81). In 
the interexaminer evaluation, with the exception of HW 
in the first measurement, which scored excellent (0.92), 
all of the other evaluations were scored as good (T1  
HW = 0.92 and CVM0 = 0.81; T2 HW = 0.81 and CVM 
= 0.76; T3 = 0.88 and CVM = 0.81).

The results for the Bland–Altman test are shown 
in Figure 3. Both of the methods compared presented 
small LoA for all of the measurements evaluated. The 
width of LoA of cervical vertebra method was narrower 
(CVM T1-T2: −2.3 and +1.8; CVM T2-T3: −2.0 and 
+2.0) than the HW method (HW T1-T2: −3.9 and +4.8; 
HW T2-T3: −4.0 and +3.5).

Most of the differences lied between the mean differ-
ence and ±1.96 SD, indicating a normally distributed 
sample. Also, the mean difference was close to zero 
in both of the methods (HW T1-T2:  +0.5; HW T2-T3: 
−0.2; CVM T1-T2: −0.2; CVM T2-T3: 0.0). The HW 
method presented a higher range of variation through 
the measurements (0.7) in comparison with the CVM 
method (0.2).

Discussion

Of critical importance in the diagnosing and treatment 
planning of an orthodontic patient is the determination 
of maturational stage, particularly during the adoles-
cent period. Two commonly used methods involve either 
comparing radiographs of the hand and wrist to stan-
dardized images in an Atlas24,27 or by assessing indica-
tors related to the pubertal growth curve by evaluating 

Figure 1   Patient’s hand-wrist radiograph and corresponding standard from Greulich and Pyle Atlas.24 (a) 9-year-old subject. (b) 12-year-old 
subject. (c) 15-year-old subject.
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the morphology of the second, third and fourth cervical 
vertebrae.28,29 The progressive modifications in the size 
and shape observed on these three vertebral bodies30,31 
have motivated investigations on the use of lateral ceph-
alometric radiographs for cervical vertebra methods 
of determining skeletal maturation.11–13 A considerable 
advantage of the CVM method is the avoidance of addi-
tional radiation exposure in children, especially when a 
lateral cephalometric radiograph or CBCT imaging has 
been requested.

This study recruited orthodontic residents as 
observers; with the main purpose of investigating how 

reproducible was the skeletal maturation evaluation 
through HW and CVM methods assessed by raters at 
this level of experience. Understanding how reproduc-
ible these methods are when used by orthodontic resi-
dents represents an important issue for their confidence 
when choosing a method for treatment timing planning. 
Also, findings from Rongo et al indicated that the CVM 
method reproducibility was not improved by the level of 
experience in orthodontic practice, as the group with less 
than 1 year of clinical experience yielded better results.32 
The Greulich and Pyle method24 for the HW evalua-
tion and the CVM method of Baccetti and coworkers12 
were chosen due to the quicker and more user-friendly 
approaches.12,33

The validity and reliability of the CVM method in 
comparison with HW assessments have been inves-
tigated in a series of studies over the years, mainly 
through correlation and agreement coefficients, such 
as: ICC, Cohen’s κ coefficient, Kendall’s W coefficient, 
Pearson and Spearman correlation tests.1,2,9,10,16–18,34–37 
Despite these previous studies, results considered the 
CVM maturation stages as valuable indicators of skel-
etal growth changes,1,2,9,10,16–18,34,36,37 the reproducibility 
concerning the difference between repeated measure-
ments of each method against their mean has not been 
assessed directly. For this purpose, we used the Bland–
Altman’s plot25 for evaluating how much the two method 
differed from each other.

In the current investigation, the HW method of Greu-
lich and Pyle presented a notably larger number of matu-
ration stages compared to the CVM method by Baccetti 
et al12 The HW stages, in fact, were almost triple the CVM 
stages. Considering that differences in scale of measure-
ments certainly affects agreement but does not affect the 
correlation,25 we also opted for evaluating intraexaminer 
and interexaminer reproducibility by  (ICCs.

The results for the Bland–Altman assessment indicated 
that both HW and CVM presented a small LoA for all 
of the measurements evaluated. In addition, the CVM 
presented even a narrower LoA (CVM T1-T2: −2.3 and 
+1.8; CVM T2-T3: −2.0 and +2.0) in comparison with the 
HW method (HW T1-T2: −3.9 and +4.8; HW T2-T3: −4.0 
and +3.5), but this result does not represent a better repro-
ducibility when compared to the HW method due to their 
difference in above-mentioned stage scales.

Results for intra- and interexaminer reproducibility 
estimated by ICC for each method revealed that the HW 
method presented higher correlation values of repeated 
measurements in comparison with the cervical vertebra 
method, however, reproducibility for both of methods was 
scored as good for the majority of evaluations. It is also 
important to notice that since 95% confidence intervals 
ranged from 0.07 to 0.29, the estimate of subject’s skel-
etal maturation stage may change from good to moderate, 
indicating its limited predictive value for use in individual 
patients. According to our findings, Flores-Mir  et al9 
pointed out the assessment of skeletal maturation as a 

Figure 2   Patient’s lateral cephalometric radiograph (full size and 
closer view) with the correspondent schematic stage from Baccetti 
et al.12(a) 9-year-old subject. (b) 12-year-old subject. (c,) 15-year-old 
subject.
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valuable tool for orthodontic research field rather than in 
clinical situations, considering it limitations.

The present study showed that there was no significant 
difference when comparing the reproducibility of HW and 
CVM assessments of skeletal maturation. This means that 
both of the methods are considered adequate for clinical use 

by orthodontic residents. The availability of lateral cepha-
lometric radiographs (routinely requested as orthodontic 
records or obtained from CBCTs) represents an advantage 
for CVM methods. However, HW may be used as an addi-
tional method to solve any doubt and help to confirm the 
treatment timing relative to the pubertal growth spurt.

Table 1   Intra- and interexaminer reliability with 95% confidence intervals estimated for each measurement, by the ICC method

Method Intraexaminer reproducibility

T1-T2-T3 T1-T2 T2-T3

ICC Lower 95% CI Upper 95% CI ICC Lower 95% CI Upper 95% CI ICC Lower 95% CI Upper 95% CI

Hand-wrist 0.89 0.85 0.92 0.87 0.81 0.91 0.90 0.85 0.93

CVM 0.80 0.73 0.85 0.77 0.68 0.84 0.81 0.72 0.87

Interexaminer reproducibility

T1 T2 T3

ICC Lower 95% CI Upper 95% CI ICC Lower 95% CI Upper 95% CI ICC Lower 95% CI Upper 95% CI

Hand-wrist 0.92 0.86 0.97 0.81 0.66 0.92 0.88 0.77 0.91

CVM 0.81 0.67 0.92 0.76 0.60 0.89 0.81 0.67 0.92

CI, confidence interval; CVM, cervical vertebrae maturation;  ICC, intraclass correlation coefficient;  T1, first measurement; T2, second 
measurement; T3, third measurement.

Figure 3   Bland–Altman plots for intraexaminer HW and cervical vertebra methods comparison of agreement. Dotted lines represent 95% limits 
of agreement. (a) HW method in T1 and T2. (b) HW method in T2 and T3. (c) Cervical vertebra method in T1 and T2. (d) Cervical vertebra method 
in T2 and T3. T1, first measurement; T2, second measurement; T3, third measurement; HW, hand-wrist; CVM, cervical vertebra; SD, standard 
deviation.
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