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Comparison of abnormalities in the sequence of growth stages in the

skeletal maturity index vs cervical vertebral maturation:

A retrospective study

David D. Chunga; Sepand Ghanounib

ABSTRACT
Objectives: To evaluate the frequency of abnormal progression that could ultimately affect the
reliability of the skeletal maturity index (SMI) and the cervical vertebral maturation (CVM) method
that are most commonly used analyses for skeletal age assessment.
Materials and Methods: A retrospective design was used to compare 299 hand-wrist radiographs
with 299 lateral skull radiographs regarding the number of abnormalities in the proposed sequence
of maturation in the SMI and CVM methods.
Results: A significantly greater number of abnormalities occurred in the sequence of CVM
progression compared with SMI (P , .001). Sex and age did not have an effect.
Conclusions: Skeletal age assessment based on SMI is more accurate than CVM regarding the
progressive sequence of stages. (Angle Orthod. 2022;92:353–357.)
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INTRODUCTION

It is important to assess skeletal age of patients
accurately during dentofacial orthopedic treatment.
The skeletal maturity index (SMI) and the cervical
vertebral maturation (CVM) methods are the two most
commonly used analyses for skeletal age assessment
and growth prediction in orthodontics. In recent years,
some orthodontists have favored CVM over SMI to
reduce radiation to patients. The use of CVM has been
supported by some investigators to be as accurate as
SMI.1,2 However, Gabriel et al. found poor reproduc-
ibility of the CVM index.3 Those results were confirmed
by a later study that found a low intra-assessor
repeatability of 54% and an even lower inter-assessor
reproducibility of 42%.4 In addition to low reproducibil-

ity, CVM has been recently criticized for not correlating

with the mandibular growth spurt.5 This is in contrast to

SMI, which has been shown to have a high correlation

with mandibular peak growth.6 Baccetti et al. showed

the CVM method to be accurate.7 However, in that

study, a large number of subjects (i.e., 676) were

excluded from the original sample size of 706 due to

the exclusion criteria. It is conceivable that the small

sample size of that study may not have been fully

representative of the larger population to which CVM

was subsequently applied.

In the CVM and SMI methods, the last stage attained

is used to determine the growth stage. This means that

the assignment of a growth stage assumes a perfect

progression through the stages without any deviation

from the proposed sequence of the stages. The CVM

or SMI stage cannot be assigned if it is deviated from

the proposed sequence. For example, when assessing

a patient’s SMI, capping of the third finger middle

phalanx (SMI 6) may be observed before that of the

distal phalanx (SMI 5): This is abnormal because SMI 6

cannot be reached before SMI 5 in the normal

progression of SMI. Likewise, in the CVM method,

one can encounter the formation of inferior border

concavity in C4 (CVM III) while the shape of C3 is still

trapezoidal (CVM I or CVM II). Such abnormalities

would make the identification of skeletal age very

difficult. The aim of the current study was to evaluate
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the frequency of abnormal progression that could

ultimately affect the reliability of either method.

In the current study, it was regarded as ‘‘normal’’

whenever a growth stage of CVM and SMI could be

assigned properly as proposed by Baccetti et al. and

Fishman, respectively.6,7 However, the term ‘‘excep-

tion’’ or ‘‘abnormal’’ was defined in this study to

describe the maturation sequence when deviated from

the proposed CVM and SMI sequence. The term had

no association with pathological bone development; it

was used only in connection to the proposed sequence

of bone maturation.

MATERIALS AND METHODS

This was a retrospective study using the patient data

bank of Maimonides Medical Center (MMC). The

current study was approved as exempt, as it was

deemed to have satisfied the criteria for exempt review

set forth in federal regulations by the Institutional

Review Board/research chair of MMC. After preliminary

statistical analysis, to achieve a minimum 85% power

with alpha ¼ 0.05, a sample size of about 300 was

recommended. Radiographs of 315 patients were

collected randomly from the MMC data bank. For each

patient, a hand-wrist radiograph and a lateral cepha-

lometric radiograph were collected.

Exclusion criteria were as follows: poor quality

radiographs, hand-wrist radiographs that did not

include key diagnostic components (such as the radial

epiphysis), cervical radiographs that did not include
key diagnostic components (such as C4), and patients
with growth pathology that could potentially interfere
with skeletal age assessment. Based on the exclusion
criteria, 16 sets of radiographs were eliminated, leaving
a sample size of 299 sets of radiographs, including 151
females and 148 males. The average ages of the
subjects at the times of radiographic examination were
13 years and 2.4 months for the lateral cephalometric,
and 13 years and 3.4 months for the hand-wrist,
radiographs. All of the radiographs were taken with the
Sirona Orthophos XG5 imaging system (Charlotte, NC,
USA). The exposure setting was fixed at the manufac-
turer’s recommendation of 9.1 s/64 kV/16 mA for hand-
wrist and 14.9 s/73 kV/15 mA for lateral cephalometric
radiographs.

Each radiograph received a subject number rather
than being labeled with patient names. Also, all age
information and dates of radiographs were not
included until after the assessment was finished.
One author assessed all radiographs and abnormal-
ities were verified and confirmed by a second author.
Lateral cephalometric radiographs were cropped to
show only the cervical vertebrae for assessment; the
removal of all other areas, including the dentition,
reduced identification bias. For assessment of hand-
wrist radiographs, the current study used Fishman’s
SMI (Figure 1). For assessment of the lateral
cephalometric radiographs, the Baccetti et al. im-
proved method of CVM was used. Baccetti et al.
described their new method by using two sets of
morphological variables of the cervical vertebrae 2, 3,
and 4.7 The first variable was the shape of the
vertebrae: trapezoidal, rectangular horizontal, square,
or rectangular vertical. The second variable was the
presence or absence of an inferior border concavity
(Table 1).

Data were analyzed first to show overall agreement
between SMI and CVM using the Cohen’s Kappa
statistic; this agreement analysis showed whether
there was either association or lack of association
between CVM and SMI regarding the exceptions of
normal progression of skeletal stages. The agreement
analysis was then stratified by gender to determine
whether gender played a role since some previous
studies indicated sexual dimorphism existed in skeletal
maturation.8 Because it appeared that CVM had a
higher rate of exceptions detected, the McNemar’s test
was used to compare the proportions of abnormalities
between the groups SMI and CVM.9 Chi-square
analysis was also used to determine whether the rate
of exceptions detected by either SMI or CVM was
different for males and females. Finally, logistic
regression was used to detect whether age and the
stage of skeletal maturation had any correlation with

Figure 1. Dr. Fishman’s skeletal maturity index (SMI).
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the lack of association between CVM and SMI. Logistic
regression analysis was used to control the effect of age
difference between SMI and CVM groups, using age as
a covariate. All analyses were performed using SAS
Version 9.4 (SAS Institute Inc., Cary, NC, USA) and
SPSS version 23 (IBM Corporation, Armonk, NY, USA).

RESULTS

Out of the 299 individuals, 15 exhibited abnormalities
in their SMI assessments while 56 individuals showed
abnormalities in their CVM (Table 2). Regarding
agreement between CVM and SMI on the abnormal
progression, Cohen’s Kappa statistic was 0.036 (P ¼
.419). This measure indicated very poor agreement
between the CVM and SMI; the abnormal CVM
progression of an individual was not necessarily
followed by that of SMI. When the agreement analysis
was stratified by gender, the Kappa for male was 0.031
(P¼ .660) and for female was 0.044 (P¼ .428). Gender
showed no significant correlation between CVM and
SMI on the abnormal progression. The McNemar
paired analysis showed that the rate of such abnor-
malities was significantly higher for the CVM group
than the SMI group (P¼ .001). Chi-square analysis did
not show any statistically significant difference be-
tween the sexes on the abnormal progression for either
SMI (P¼ .404) or CVM (P¼ .420), as seen in Table 3.
Also, age (P ¼ .626) and the stage of SMI (P ¼ .422)

were determined by logistic regression analysis to not
be significant factors in the lack of association between
CVM and SMI.

DISCUSSION

The results of the current study showed a signifi-
cantly higher rate of exceptions in the proposed
sequence of CVM by almost four times. Given the
findings of previous studies showing low reproducibility
of CVM, the current findings may explain why CVM
assessment did not have a high inter-observer
agreement. Since CVM stages do not always follow
the proposed sequence as Lamparski or Baccetti et al.
suggested,7,10 clinicians would have difficulty assessing
the stages when they encountered an abnormality. For
instance, in the example shown in Figure 2, though the
C4 vertebra has progressed into either a horizontal
rectangle or a square, C2 to C4 vertebrae do not yet
possess inferior border concavity. This example, being
an exception in the normal progression of CVM, can be
interpreted as either CVM 1 or CVM 4, depending on
which set of variables (ie, inferior border concavity or
geometric shape) the clinician used on which to base
their assessment. Another aspect in assessing CVM is
the subjectivity in determining the stages. It was
mentioned in a study by Zhao et al.11 that ‘‘the transition
in the shape of cervical vertebral bodies is a
consecutive and gradual process’’ and this may blur

Table 1. CVM Sequence of Stages Based on Both Variablesa

CVM Stage CVM 1 CVM2 CVM3 CVM4 CVM5

Presence of Concavity Odontoid can be:

flat or concave

Odontoid concave Odontoid concave Odontoid concave Odontoid concave

C3 flat C3 concave C3 concave C3 concave C3 concave

C4 flat C4 flat C4 concave C4 concave C4 concave

Geometric Shape C3 trapezoidal C3 trapezoidal or

horizontal rectangle

C3 horizontal rectangle C3 square C3 vertical rectangle

C4 trapezoidal C4 trapezoidal C4 horizontal rectangle C4 square or

horizontal rectangle

C4 vertical rectangle

or square

a CVM indicates cervical vertebral maturation.

Table 2. Normal vs. Abnormal Progression of SMI and CVM for the

Total Samplea

Normal CVM

Progression

Abnormal CVM

Progression Total

Normal SMI progression

Count 232 52 284

% 77.6% 17.4% 95.0%

Abnormal SMI progression

Count 11 4 15

% 3.7% 1.3% 5.0%

Total

Count 243 56 299

% 81.3% 18.7% 100%

a CVM indicates cervical vertebral maturation; SMI, skeletal
maturity index.

Table 3. Normal vs Abnormal Progression of SMI and CVM in

Females and Malesa

SMI CVM

TotalNormal Abnormal Normal Abnormal

Female

Count 145 6 120 31 151

% 96.0% 4.0% 79.5% 20.5% (100.0%)

Male

Count 139 9 123 25 148

% 93.9% 6.1% 83.1% 16.9% (100.0%)

Total

Count 284 15 243 56 299

% 95.0% 5.0% 81.3% 18.7% (100.0%)

a CVM indicates cervical vertebral maturation; SMI, skeletal
maturity index.
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the judgment of what constitutes a flat or concave
inferior border. Additionally, even the size and geo-
metric shape is also a matter of the ‘‘researcher’s
arbitrary decision.’’ Consequently, the study found a
wide range of intra-assessor agreement, leading the
authors to suggest that CVM alone should not be used
to assess skeletal age.

The current study found that a significant number of
CVM abnormalities occurred during CVM III (49
individuals). This was mainly due to the presence of
an inferior border concavity in C3 and C4, despite C3
still being trapezoidal in shape. This common occur-
rence in CVM obscures the reading of CVM at stage III,
which is problematic because CVM III is a critical stage
for growth assessment and orthopedic intervention.
Zhao et al. had similar findings regarding CVM III.11

Interestingly, most of the abnormalities in SMI (13
individuals) also occurred during stages that were
critical for growth modification (ie, SMI 4–6). The
apparently high frequency of abnormalities in SMI
during this period may have been due to the difficulty in
identifying the exact time capping first appeared on the
hand wrist x-ray. Fishman described capping as ‘‘the
stage in which the rounded lateral margins of the

epiphysis begin to flatten and point toward the
diaphysis with an acute angle on the side facing the
diaphysis. The time of first appearance of this capping
is applicable as an SMI.’’6 The morphological change of
the epiphysis is also a gradual process and the
transition point is subject to identification bias, though
to a much lesser extent than in the CVM method. It
seems, in the CVM and SMI methods, the attempt to
separate growth stages during a continuous change of
morphology makes the assignment of a growth stage
difficult. However, SMI exhibited only 15 abnormalities
and that was significantly lower than those of CVM.
The reasons for high prevalence of exception in the
proposed sequence during accelerated growth need to
be investigated further in the future study.

Although the CVM and SMI methods are influenced
by the subjective bias of an assessor, another possible
explanation for the higher number of observed abnor-
malities in CVM may be because CVM is based on two
sets of variables (ie, body shapes and inferior border
concavity). Since any single CVM stage is based on
the presence of both variables, it is feasible that the
error of staging may increase because a clinician must
consider both of them for staging. This is in contrast to
SMI where each stage has only one criterion to fulfill. In
other words, each SMI stage is an all-or-nothing
decision for assessment.

The current study showed that the existence of
supporting evidence for CVM requires further valida-
tion. A systematic review published in the year 2012
provides insight into this concern.12 In that review,
Santiago et al. found that all studies in support of CVM
had inherent biases. For example, some studies
assessed the CVM stages after the vertebrae were
traced, thereby influencing the decision of the assessor
which should have been arrived at independently. The
authors stated that most of the supporting CVM studies
suffered from ‘‘serious methodological failures.’’

CONCLUSIONS

� A higher rate of abnormalities was found in the
progression of stages in the CVM method than that of
SMI.

� This may be explanatory of the low rate of
reproducibility of CVM, which has already been
investigated in previous studies.

� Based on these findings, clinicians should be more
cautious in using CVM and use alternative methods
when they encounter stages that are more difficult to
determine.
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Figure 2. CVM exception: C4 appears as either horizontal rectangle

or a square but no inferior concavity is noted at C2–C4.
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