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Evaluating the agreement of skeletal age
assessment based on hand-wrist and cervical
vertebrae radiography
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Introduction: The aim of this study was to examine the agreement of skeletal age assessment based on
hand-wrist radiographs with cephalogram-based cervical vertebrae evaluation. To circumvent bias and loss
of information from staging, a quantitative approach was applied to determine morphologic changes.
Methods: We analyzed 730 sets of radiographs (cephalogram and hand-wrist) of untreated subjects (352
boys, 378 girls; age range, 6-18 years) from a growth study, each sex as a separate sample. Skeletal age
was determined on the hand-wrist radiographs according to the method of Greulich and Pyle. Morphometric
changes of the vertebral bodies C2 through C4 were measured (concavity, anterior height, and angle) and
tested for correlations with the method of Greulich and Pyle. All correlating variables were included in a
multiple linear regression to generate a calculated skeletal age. To establish the agreement between the
method of Greulich and Pyle and calculated skeletal age, Bland-Altman plots were made, limits of
agreement were identified, and cross-tables (before and after peak height velocity) were computed.
Similarly, the agreement between the method of Greulich and Pyle and each subject's chronologic age was
estimated for comparison. Results: Concavity of C2, C3, and C4; anterior height of C3 and C4; and the angle
of C3 correlated with skeletal age highly significantly (P\0.0001) in both sexes, and calculated skeletal age
was established based on a linear regression. The agreement between the method of Greulich and Pyle and
calculated skeletal age was modest (limits of agreement: boys,63.5 years; girls,63.3 years) and substantially
weaker than the agreement between the method of Greulich and Pyle and chronologic age (limits of agreement:
boys,12.1 to �1.7 years; girls,12.2 to �1.2 years). Similarly, calculated skeletal age resulted in considerably
more false predictions of peak height velocity (boys, 18.9%; girls, 12.9%) than did chronologic age (boys, 7.1%;
girls, 7.4%). Conclusions: Morphometric assessment of age-dependent changes in the cervical spine offers
no advantage over chronologic age, in either assessing skeletal age or predicting the pubertal growth spurt.
(Am J Orthod Dentofacial Orthop 2013;144:838-47)
The evaluation of skeletal age is essential in many
orthodontic treatment approaches, especially
regarding the correction of skeletal imbalance.1

In functional orthopedics, which aims to exploit
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mandibular growth, success is intimately linked to
growth potential. But growth of the mandible is not
linear throughout development.2,3 Chronologic age has
been deemed an inadequate indicator to identify
stages of growth because of individual variations in
timing, velocity, and duration of growth.

The periods of acceleration and deceleration during
growth are based on the complex endocrine regulation
of craniofacial growth.4 Although a novel approach
with insulin-like growth factor I as an indicator for
the pubertal growth spurt has been described in scienti-
fic literature, this method has not yet reached clinical
applicability.5 Thus, the assessment of biologic age re-
mains restricted to 2 approaches: clinical evaluation
based on various secondary indicators (sexual matur-
ation, longitudinal records of body height,3,6 menarche
in girls, or voice change in boys7) and the appraisal
of skeletal maturity based on radiographs (most
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Table I. Descriptive analysis: sample size and distribution according to age

Age group (y)

Boys Girls

Mean age (y) Age range (y) Subjects (n) Mean age (y) Age range (y) Subjects (n)
6 6.0 5.9-6.1 13 6.0 6.0-6.1 9
7 7.0 7.0-7.2 10 7.0 7.0-7.2 7
8 8.0 8.0-8.2 14 8.0 8.0-8.0 15
9 9.0 8.9-9.2 35 9.0 9.0-9.2 41
10 10.0 10.0-10.1 16 10.0 9.9-10.1 23
11 11.0 10.9-11.1 12 11.0 10.9-11.3 31
12 12.0 12.0-12.2 49 12.0 12.0-12.2 47
13 13.0 13.0-13.1 13 13.0 13.0-13.2 35
14 14.0 14.0-14.3 49 14.0 13.9-14.3 63
15 15.0 14.9-15.2 66 15.0 14.9-15.2 57
16 16.0 15.9-16.2 46 16.0 16.0-16.1 32
17 17.0 17.0-17.1 25 17.0 17.0-17.2 15
18 18.0 18.0-18.1 4 18.0 18.0-18.1 3
Total 352 378
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commonly, hand-wrist radiographs8-11 or cervical
vertebral maturation6,12-16).

Skeletal maturation assessed with a hand-wrist
radiograph is considered to be the gold standard.17,18

Its alleged high reliability is due to the fact that a
multitude of hand and wrist bones can be depicted on
1 radiograph, and their various stages of ossification
allow a precise correlation to overall growth.19 Several
methods were described to assess hand-wrist radiog-
raphy, and for endocrinologists, the concordant result
of different methods is considered most reliable.20

Lamparsky16 demonstrated as early as 1975 that,
alternatively, morphologic changes in cervical vertebrae
could also be used to evaluate skeletal maturity. Many
subsequent authors confirmed a correlation between
the maturation of the hand-wrist bones and the cervical
vertebrae, as well as a correlation between the cervical
vertebrae and facial growth.10 Based on these findings
and since cephalograms are routinely taken in orthodon-
tics, it would indeed appear that a hand-wrist radio-
graphic examination becomes superfluous.

Thus, the recommendation to replace hand-wrist
radiographic examination with cervical vertebrae assess-
ment has been widely expressed and has been the subject
of various studies. Although the substitution has been
vastly supported in previous years, recently more studies
have reported poor reproducibility and reliability of the
cervical vertebrae maturation assessment.21-25 This
verdict was based mainly on the difficulty of staging
and classifying the vertebral bodies of C3 and C4
as trapezoidal, rectangular horizontal, square, or
rectangular vertical.22 The difficulty in staging the cervi-
cal vertebrae morphology has rendered its use question-
able as a strict clinical guideline for timing of
orthodontic treatment.22,23
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The aim of this study was therefore to circumvent the
shortcomings of staging and reexamine the agreement
of skeletal age assessment based on hand-wrist radio-
graphs with cephalogram-based cervical vertebrae eval-
uation. To overcome the drawbacks of staging in
common cervical spine assessments, a quantitative
approach of morphologic changes was applied. To verify
the accuracy of the calculated cervical age, the results
were compared with the agreement between skeletal
age assessments based on hand-wrist radiographs and
chronologic age.
MATERIAL AND METHODS

The material of this cross-sectional study consisted
of radiographic records (lateral cephalograms and
hand-wrist radiographs) from the Zurich Craniofacial
Growth Study performed from 1981 to 1984 at the
Department of Orthodontics and Pediatric Dentistry of
the University of Zurich in Switzerland. In the original
study, healthy schoolchildren of white ethnicity from
local public schools with no history of orthodontic
treatment were randomly selected for radiographic rec-
ords (cephalogram and hand-wrist radiograph). All
radiographic records (n 5 1372) of this study were
taken close to each subject's birthday (range, 6-18
years; Table I).

Legal approval for releasing the data was obtained by
the Federal Commission of Experts for Professional
Secrecy in Medical Research.26 All cephalograms included
in this study had to be of sufficient quality, and the cer-
vical spine (C2-C4) had to be clearly visible. Thus, the final
sample consisted of 730 subjects (378 girls, 352 boys).

The lateral cephalograms were taken with the head
stabilized by ear rods and nasal support. The Frankfort
ics December 2013 � Vol 144 � Issue 6



Fig 1. Tracings of cervical vertebrae C2, C3, and C4. The corner points are landmarked as well as the
most cranial point of the vertebrae's caudal border (C2m,C3m,C4m). Abbreviations: u, upper; l, lower;
a, anterior; p, posterior; m, most cranial point. To obtain the measurements used (concavity, anterior
height, and angle), ratios and angles of the following linear measurements were taken: w, width, the
distance between lp and la; c, concavity, perpendicular line tow throughm; h, height, distance between
ua and la; x, line between up and ua.

Table II. Ratios and angles used in the cephalometric
analysis

Variable Applied on Description
Concavity C2, C3, C4 The ratio between the lower border

(C2/3/4lp – C2/3/4la) of the
vertebra and its perpendicular
distance through C2/3/4m

Anterior
height

C3, C4 The ratio between the anterior border
(C3/4ua – C3/4la) and the lower
border (C3/4lp – C3/4la)

Angle C3, C4 The angle between the upper (C3/4up -
C3/4ua) and lower (C3/4lp – C3/4lp)
borders of the vertebrae

See Figure 1 for abbreviations.
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horizontal plane was set parallel to the floor, and the
teeth were in centric occlusion. The radiographs were
taken with a focus-to-coronal plane distance of
200 cm and an enlargement of 7.5%. Hand-wrist
radiographs were taken in a standardized fashion
with a focus-to-film distance of 215 cm and a 30� angu-
lation of the thumb to allow depiction of the sesamoid
bone.

The 730 lateral cephalograms were traced and land-
marked by 3 dedicated investigators who shared the
workload equally (these landmarks are defined in Table
II and shown in Fig 1). The digitizing was performed
December 2013 � Vol 144 � Issue 6 American
with a tablet digitizer, AccuGrid (Numonics, Landsdale,
Pa), with a resolution of 1 mili-inch. Custom-made soft-
ware was used for the calculation of the cephalometric
values.

Ratios of the linear measurements or angles were
used to account for radiographic enlargement and
interindividual size differences. All analyzed variables
are shown in Figure 1 and correspond to the morpho-
logic changes described in the literature.13 The analysis
included the following parameters: concavity of C2,
C3, and C4; anterior height of C3 and C4; and the
angle between the upper and lower borders of C3
and C4.

To appraise the reliability of the cervical spine evalu-
ation, it was examined against the skeletal age assigned
by the method of Greulich and Pyle,8 the gold standard
chosen for this study.

One of the above-mentioned investigators who
traced the cephalograms repeated the tracings of 38
cephalograms, more than 6 months later; 19 of this in-
vestigator's tracings and an additional 19 tracings of
another investigator were repeated to determine the in-
traobserver and interobserver reproducibilities. Since
only 1 investigator (P.B.) assessed all hand-wrist radio-
graphs, the reliability tests were confined to intraob-
server repeatability. Thirty hand-wrist radiographs were
analyzed a second time, 12 months later, by the same
investigator, to determine intraobserver reliability.
Journal of Orthodontics and Dentofacial Orthopedics



Table III. Pearson correlation of morphometric measurements of the cervical vertebrae (C2, C3, and C4) and skeletal
age: correlation coefficients and P values for each sex

Concavity Anterior height Angle

C2 C3 C4 C3 C4 C3 C4
Boys
Correlation coefficient 0.649 0.676 0.675 0.762 0.706 0.235 0.087
P value 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.102

Girls
Correlation coefficient 0.587 0.690 0.717 0.746 0.750 0.343 0.365
P value 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.102

*Significance level at P\0.01.
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STATISTICAL ANALYSIS

A standard statistical software package (PASW Statis-
tics version 18; IBM, Armonk, New York, NY) was used
for the statistical analysis. The intraclass correlation
coefficient (ICC) for absolute agreement based on a
1-way random-effects analysis of variance (ANOVA)
was calculated to determine intraobserver and interob-
server reliability for every assessment method separately.
Descriptive statistics for the measurements were
computed. The Pearson correlation coefficient was per-
formed to evaluate correlations between the morpho-
logic measurements and the skeletal age by hand-wrist
assessment. Correlating variables were included in a
multiple linear regression to generate a calculated skel-
etal age. To establish the agreement between the Greu-
lich and Pyle8 evaluation and the calculated skeletal age,
Bland-Altman plots27 were performed, and limits of
agreement were identified. Cross-tables (before and
after peak height velocity) with sensitivity, specificity,
positive and negative predictive values, and likelihood
ratios were computed. Similarly, the agreement between
the Greulich and Pyle evaluation and each subject's
chronologic age was estimated for comparison. P values
smaller than 0.05 were considered statistically signifi-
cant.
RESULTS

The ICC values showed excellent reproducibility for
all cephalometric measurements, with 0.948 (95%
CSA boys 5 4:559 þ 9:897 3 concavity C2 þ 6:866 3 co
þ 10:066 3 concavity C4 þ 6:193 3 anterior

CSA girls 5 5:242 þ 5:758 3 concavity C2 þ 6:629 3 c
þ 9:176 3 concavity C4 þ 2:953 3 anterior h

American Journal of Orthodontics and Dentofacial Orthoped
confidence interval [CI], 0.931-0.966) for intraobserver
repeatability and 0.933 (95% CI, 0.915-0.952) for inter-
observer repeatability. The ICC of 0.992 (95% CI, 0.985-
0.996) for intraobserver repeatability of hand-wrist
radiographs assessment was similarly high.

Possible correlations between morphologic changes
of the vertebrae and skeletal age, as determined by the
method of Greulich and Pyle,8 are shown in Table III.
Excellent correlations were found for concavity of C2,
C3, and C4 as well as for anterior height of C3 and
C4. In contrast, although statistically highly significant,
angle C3 had only a low correlation coefficient
(r 5 0.235), and angle C4 did not correlate at all. Vari-
ables without significant correlations and with a corre-
lation coefficient lower than 0.5 were excluded from
the multiple regression equation. As a result, angles
C3 and C4 were not included in the regression analysis.

A multiple regression equation as a function of the
variables of concavity C2, C3, and C4 as well as anterior
height C3 and C4 was calculated to estimate the skeletal
age, as shown in Table IV. Based on multiple linear
regression analyses, Equations 1 and 2 were established
for the calculated skeletal age (CSA).

The multiple linear regressions are based on highly
significant relationships, as shown in Table IV. More-
over, the adjusted coefficients of determination (boys,
adjusted R25 0.693; girls, adjusted R25 0.671) demon-
strate that the regression lines fit the data fairly well and
indicate that future outcomes are likely to be predictable
by the models.
ncavity C3
height C3 þ 2:844 3 anterior height C4

(Equation 1)

oncavity C3
eight C3 þ 4:306 3 anterior height C4

(Equation 2)

ics December 2013 � Vol 144 � Issue 6



Table IV. Multiple linear regression analysis of the correlating measurements

Independent variable

Concavity Anterior height

C2 C3 C4 C3 C4
Boys
Regression coefficient 4.559 9.897 6.866 10.066 6.193 2.844
SE 0.508 2.148 2.410 2.417 1.022 1.164
t value 8.977 4.608 2.849 4.164 6.062 2.444
Significance 0.000y 0.000y 0.005y 0.000y 0.000y 0.015*

Girls
Regression coefficient 5.242 5.758 6.629 9.176 2.953 4.306
SE 0.481 1.714 2.102 2.071 0.971 1.067
t value 10.891 3.358 3.154 4.430 3.040 4.034
Significance 0.000y 0.001y 0.002y 0.000y 0.003y 0.001y

*Significance level at P\0.05; ysignificance level at P\0.01.

Fig 2. Bland-Altman plots to evaluate the agreement between the calculated skeletal age (CSA), based
on the regression analysis of the cervical vertebrae, and the age evaluated with the method of Greulich
and Pyle8 (GP) for boys (left) and girls (right):middle line, mean; outer lines, limits of agreement.

842 Beit et al
To appraise the reliability, calculated skeletal age was
yet again examined against the gold standard. The
agreement between the calculated skeletal age and the
skeletal age based on the Greulich and Pyle8 assessment
was investigated with Bland-Altman plots27 as shown in
Figure 2. The mean of the differences was 0 years for
both boys and girls, and the limits of agreement
(1.96 3 the standard deviation) were 63.5 years for
boys and 63.3 years for girls. To put these values into
context, additional Bland-Altman plots were performed
to evaluate the agreement between chronologic age and
the skeletal age obtained with the Greulich and Pyle
assessment, as shown in Figure 3. The limits of
December 2013 � Vol 144 � Issue 6 American
agreement were considerably smaller (boys, 12.1 to
�1.7 years; girls, 12.2 to �1.2 years) than in Figure 2.
A discrete bias could be discerned in the difference of
means, accounting for 0.2 years in boys and 0.5 years
in girls.

Cross-tables were computed to compare the agree-
ment between calculated skeletal age, skeletal age based
on the method of Greulich and Pyle,8 and chronologic
age. All variables were transformed into binary outcomes
before and after peak height velocity, which was defined
according to the literature at skeletal ages of 14 years in
boys and 12 years in girls,19,28 and the skeletal age
according to Greulich and Pyle was used as a
Journal of Orthodontics and Dentofacial Orthopedics



Fig 3. Bland-Altman plots to evaluate the agreement between chronologic age and the age evaluated
with themethod of Greulich and Pyle8 (GP) for boys (left) and girls (right):middle line, mean; outer lines,
limits of agreement. The unusual distribution is because all records were taken close to each subject's
chronologic birthday.

Table V. Cross-table for binary splitting of the cases
(before vs after peak height velocity), with agreement
of calculated skeletal age (CSA) of the Greulich and
Pyle8 hand-wrist assessment

Skeletal age according to
Greulich and Pyle (y)

CSA (y)

Total\14 .14
Boys

\14 178 14 192
.14 53 107 160
Total 231 121 352

Girls
\12 140 23 163
.12 26 189 215
Total 166 212 378

Table VI. Cross-table for binary splitting of the cases
(before vs after peak height velocity), with agreement
of chronologic age with the Greulich and Pyle8

hand-wrist assessment

Skeletal age according to
Greulich and Pyle (y)

Chronologic
age (y)

Total\14 .14
Boys

\14 173 19 192
.14 6 154 160
Total 179 173 352

Girls
\12 138 25 163
.12 3 212 215
Total 141 237 378
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reference. The agreement between calculated skeletal
age and skeletal age as defined by Greulich and Pyle is
given in Table V. As a comparison, the agreement be-
tween chronologic age and skeletal age as defined by
Greulich and Pyle is given in Table VI.

To evaluate the cross-tables statistically, the chrono-
logic age and the calculated skeletal age were considered
tests, and “peak height velocity not occurred” was
defined as a positive finding. Reliance on the calculated
skeletal age led in boys to 15.0% (n5 53) false-positive
and 3.9% (n 5 14) false-negative results. Conversely,
reliance on chronologic age led to only 1.7% (n 5 6)
false-positive and 5.4% (n 5 19) false-negative results.
American Journal of Orthodontics and Dentofacial Orthoped
The findings were similar for girls. Calculated skeletal
age yielded 6.9% (n 5 26) false-positive and 6% (n 5
23) false-negative results; for chronologic age, there
were 0.8% (n 5 3) false-positive and 6.6% (n 5 25)
false-negative results.

Moreover, sensitivity, specificity, predictive values,
and likelihood ratios were computed and are shown in
Table VII. High positive predictive values to identify
“peak height velocity not occurred” in accordance with
the method of Greulich and Pyle8 were confirmed for
chronologic age (.96%), but not for calculated skeletal
age (boys, 77.0%; girls, 84.3%). Negative predictive
ics December 2013 � Vol 144 � Issue 6



Table VII. Sensitivity, specificity, positive (PPV) and
negative (NPV) predictive values, and likelihood ratios
(LR1 and LR�) for Tables V and VI

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%) LR1 LR�

Calculated skeletal age
Boys 92.71 66.88 77.06 88.43 2.80 0.11
Girls 85.89 87.91 84.33 89.15 7.10 0.16

Chronologic age
Boys 90.10 96.25 96.65 89.02 24.03 0.10
Girls 84.66 98.60 97.87 89.45 60.67 0.16

Calculated skeletal age and chronologic age were termed as tests,
and “peak height velocity not occurred” was defined as a positive
test outcome.

844 Beit et al
values to identify “peak height velocity occurred” in
accordance with the method of Greulich and Pyle were
about 89% for both chronologic age and calculated skel-
etal age. Similarly, the likelihood ratio positive differed
substantially between both methods (.24.0 vs \7.1),
but not the likelihood ratio negative.

DISCUSSION

Many radiologic methods to assess skeletal age have
been described and evaluated. Of all methods, hand-wrist
radiography is considered tobe thegold standard for ortho-
pedic purposes.17,18 Nevertheless, the assessment of
skeletal age based on vertebral morphology as depicted
on a lateral cephalogram is also established in the clinical
setting. Many authors and even some orthodontic
societies,29,30 as well as the European Union guidelines in
dental radiology,31 have recommended refraining from
hand-wrist radiography because of the additional radiation
exposure.

However, more recently, skeletal age assessment
based on the cervical spine has been critically reviewed,
and its standing in both reduction of radiation expo-
sure20 and clinical reliability21-25 has been seriously
questioned.

In this study, we aimed to enhance the reliability of
cervical spine assessment by circumventing the problems
associated with staging. Good to excellent correlations
between calculated skeletal age and skeletal age as-
sessed with the method of Greulich and Pyle8 were found
in girls and boys alike, and the adjusted coefficients of
determination suggested that the regression models fit
the data reasonably well.

Yet, the agreement was weak. The limits of agree-
ment were significantly wider when skeletal age, as
assessed by Greulich and Pyle,8 was compared with
calculated skeletal age than when it was compared
with chronologic age. Calculated skeletal age
December 2013 � Vol 144 � Issue 6 American
performed equally poorly when agreement was evalu-
ated for binary splitting (before vs after peak height ve-
locity). Based on the assumption that the Greulich and
Pyle assessment renders the truth, the calculated skel-
etal age generated more false allocations of subjects
than would have been the case had chronologic age
been used.

The results of this investigation clearly imply that
excellent correlations and solid regression models might
still be insufficient to consolidate a robust agreement.
The reason is simple: morphologic changes in the cervi-
cal spine are age-dependent, and it is not surprising that
these changes correlate with everything else that alters
with age.

Therefore, the test of significance will prove that the
2 methods are related, but it would be remarkable if the
2 methods designed to measure age-dependent changes
were not related.27 Regrettably, most previous studies
evaluating the agreement of the cervical vertebral
assessment with any other skeletal age evaluation
restricted their statistical approach to correlations and
regressions. Our study raises concern about the proper
interpretation of these previous studies because it dem-
onstrates that a test of significance can be misleading
and does not reflect the agreement.

The correct approach to identify whether the 2
methods of measurement are interchangeable is to eval-
uate by how much one method is likely to differ from
the other.27,32 We evaluated the agreement in a
twofold manner: the data were assessed as continuous
values with the Bland-Altman method27 and were later
converted into categorical data to obtain predictive
values. Both analyses proved that the agreement be-
tween calculated skeletal age and skeletal age by the
method of Greulich and Pyle8 was lower than
the agreement between chronologic age and the
method of Greulich and Pyle.8

Our findings are supported by a recent study. Using
geometric morphometric evaluation to determine the
relationship of spine anatomy to skeletal maturation,
Chatzigianni and Halazonetis33 noted that the shape
of the vertebrae alone could not predict skeletal matura-
tion. Although their approach differed by using the com-
mon cervical vertebral method (and not calculated
skeletal age), their results showed that the assessment
of the cervical spine is not more informative than simple
chronologic age.

The disagreement between the Greulich and Pyle8

appraisal and the chronologic age was not negligible.
This incongruity could either be based on the polymor-
phism in ossification sequencing of the hand-wrist
bones34 or be the result of the study design. Yet, similar
to our study, Suri et al35 evaluated the agreement
Journal of Orthodontics and Dentofacial Orthopedics
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between chronologic age and skeletal age assessment
based on the method of Greulich and Pyle with Bland-
Altman plots.27 Their results concur with the established
limits of agreement in our study.

Based on the above, it seems that chronologic age
might be more indicative than skeletal age assessment
of the cervical spine. This requires an explanation.

Expanding on this evidence, the following rationale
might be given. Themeasurements used correlated high-
ly significantly to skeletal age and made the use of stag-
ing obsolete. Contrary to the previous belief that the
paucity in accuracy is due to staging, our findings
show that age evaluation based on cervical spine
morphology is unreliable, even without staging. The
most probable explanation is that although vertebral
morphology changes during growth, there is an inherent
problem because it simply does not contain enough in-
formation for accurate age estimation.

The approach of our study—to evaluate the morpho-
logic changes as continuous data without staging—has
recently been attempted in a few other studies.36-39

However, these studies suffer from certain inadequacies.
First, the samples were too small, or various samples were
mixed.37,38 Second, it is methodologically questionable
to use absolute measurements instead of ratios or
angles.39 Third, all used unsuitable statistical evaluations
such as correlation analyses.36-39

In orthopedic planning, knowledge of whether peak
height velocity has occurred is often more important
than an exact skeletal age. Our cross-tables confirm
the weakness of the cervical vertebral assessment. In
general, calculated skeletal age was less reliable than
chronologic age. Of special clinical relevance, however,
is the amount of false-negative results, where the peak
height velocity is still anticipated although it has already
been passed. Using chronologic age results in 0.8% to
1.7% false-negative predictions, whereas applying
calculated skeletal age results in 6.9% to 15.0% false-
negative predictions. To elucidate this point, we termed
the different age assessments as tests to identify whether
the subject was still before peak height velocity. As a
highly specific assessment method (.96%), chronologic
age will rarely miss peak height velocity. Use of chrono-
logic age yielded a higher precision rate (ie, higher pos-
itive predictive values) to identify subjects before peak
height velocity than did the use of calculated skeletal
age, and the likelihood ratios for chronologic age, being
more distant from the value of 1 than calculated skeletal
age, similarly indicate more conclusive results.

This finding is highly relevant for clinicians because it
implies that just knowing the chronologic age will suf-
fice to rarely miss the peak height velocity. Nonetheless,
the evaluation of skeletal age in conjunction with the
American Journal of Orthodontics and Dentofacial Orthoped
timing of the growth spurt is still important in avoiding
premature treatment.

A rationale should be given as to why peak height ve-
locity was defined as occurring at skeletal ages of 14
years in boys and 12 years in girls. There is a strong rela-
tionship between skeletal maturity and somatic growth,
allowing skeletal age to be used to assess development
progress.40 Several studies demonstrate that peak height
velocity is linked to skeletal age.19,28,41 A recent study
showed that the skeletal ages of 14 years in boys and
12 years in girls represent peak height velocity best in
the population evaluated.19 However, peak height veloc-
ity should not be determined based on chronologic age
because it is influenced by many factors such as secular
trend, genetic factors (mediated by environmental fac-
tors), and weight (nutritional status).42,43

For this study, the values obtained with the Greulich
and Pyle8 assessment were used as the ground truth.
Various hand-wrist assessments exist, and there are con-
tradictory reports as to which method is superior.44-47

Although many studies weigh intraobserver and
interobserver reproducibilities of different appraisals
against each other, no study has been performed to
assess the reliability of any method to assign the
correct endocrine maturational stage. The decision to
use the Greulich and Pyle assessment for this study
was based on its ascertained high reproducibility,
sensitivity, and accuracy in assessing peak height
velocity because of the appearance of the sesamoid
bone as a clearly identifiable landmark.45-47
CONCLUSIONS

1. Calculated skeletal age based on cervical vertebral
morphology does not contain enough information
for accurate age estimation (inherent problem).

2. Correlation analyses and regressionmodels are insuf-
ficient to prove that cervical vertebral morphology
assessment can replace other established evaluations.

3. The cervical spine evaluation offers no advantage
over chronologic age in either assessing skeletal
age or predicting the pubertal growth spurt.

4. Based on the examined population, peak height
velocity will be missed in only a few patients if chro-
nologic age is used.
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