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Abstract. This article describes methods used in estimating skeletal age based
both on the evaluation of skeletal maturation of the palm and the wrist
(Greulich and Pyle’s atlas method) and the Cervical Vertebral Maturation
method (CVM). The method of evaluating the skeletal age based on the measurement of cervical vertebrae with equations introduced by A. MachorowskaPieniążek is also mentioned. The article shows results obtained by computer
analysis of the age of cervical vertebrae compared to the results gained from
the implemented equations provided by A. Machorowska-Pieniążek and the results obtained from the atlas method.

Introduction
The estimation of human skeletal age is one of the ways of identifying
the advancement of human biological development. Other characteristics
taken into account while estimating the advancement of human biological
maturity are: the development of secondary sexual characteristics, the age
of ﬁrst menstruation, voice change in the case of boys, the mineralization of
teeth and their eruption, body mass and height. The estimation of biological
maturity is widely used in pediatrics to estimate the child’s development
against the population and to possibly identify any deviations. It is also
used in dentistry, allowing, for example, the right time of an orthodontic
treatment to be chosen.
Bone age is not closely connected with the metrical age of a human.
Among children of the same metrical age there can be signiﬁcant diﬀerences in height and some of them may already have permanent teeth, while
others may still have deciduous teeth. According to the time of maturing,
the youth can be divided into early, moderately, and late maturing (FishISBN 978–83–7431–392–6
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man, 1987). The average age of the beginning of the maximal growth spurt
is about 10 years for girls and 12 for boys, and after 2 years the peak
of the growth spurt is reached (Hägg et al., 1980; Taranger et al., 1980).
A large diﬀerence may also appear in the beginning of the maximal growth
spurt, which usually occurs between the ages of 8 and 11 for girls, and 10
and 14 for boys (Fishman, 1987) and lasts about 5 years in both cases
(Taranger et al., 1980).

Methods Used in the Estimation of Skeletal Age
The methods used in the estimation of skeletal age can be divided into
two groups:
1. Those based on x-ray photos of the palm and the wrist
◦ The atlas method by Greulich and Pyle (Greulich et al., 1959)
◦ TW1-TW2-TW3 (Tanner et al., 1983)
◦ The method of the skeletal age estimation by Björk and Helm
(Helm et al., 1971)
◦ The method by Hägg and Taranger (Hägg et al., 1980; Taranger
et al., 1980)
◦ The method Skeletal Maturation Assessment (SMA) by Fishman
(Fishman, 1987)
2. Those utilizing analysis of the shape and size of the cervical vertebrae
based on the side photos (cephalograms) taken routinely before an orthodontic treatment. An important characteristic of cephalograms is
that besides bone tissue, soft tissue is also visible in them. The photo
also includes the cervical vertebrae.
◦ The method by Lamparski (1972) and its modiﬁcations, e.g.:
– CVMI – cervical vertebrae maturation index (Hassel et al.,
1995)
– The Cervical Vertebral Maturation (CVM) – the estimation of
the maturation of the cervical vertebrae by Baccetti, Franchi,
and McNamara (Baccetti et al., 2002; 2005)
In this article, only the methods that were used in the examination are
presented in detail.
The atlas method by Greulich and Pyle (Greulich et al., 1959) is
a method based on the analysis of the development of the bones of the
left palm and wrist. It consists of the comparison of an x-ray of the palm
with the atlas photos and the choice of the most similar x-ray. This method
allows the skeletal age to be determined.
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The beginnings of the works on the atlas reach back to the year
1931, and were connected to the research conducted under the direction
of Prof. T. W. Todd. The research included a group of healthy children of
the white race, and it consisted of making x-rays of the palm and the wrist.
During the ﬁrst year of life, the x-rays were taken every 3 months, after the
ﬁrst year and until the ﬁfth year every 6 months, and then once a year.
The development of the palm and the wrist consists of many chronological changes until the ﬁnal shape and size are reached. Working on the atlas,
the norm for children in the given age was set based on 100 x-ray photos.
Standards are separate for boys and girls.
The Cervical Vertebral Maturation method (CVM) developed by Baccetti et al. (2002; 2005) is a modiﬁcation of the Lamparski method. In the
CVM method, only three cervical vertebrae are analyzed: C2, C3, C4.
Baccetti developed the scheme of the changes of the size and shape of
the cervical vertebrae. In the initial phase, the C3 and C4 vertebrae are
shaped like trapezoids, and the lower edge of the stem is ﬂat. Next, on the
lower edge of the vertebrae, a deepening concavity appears – ﬁrst on C2,
then C3, and ﬁnally on the C4 vertebra. At the same time, the shape of the
vertebrae changes – gradually from a trapezium, through a rectangle with
longer horizontal edges, than a square, to a rectangle with longer vertical
edges.
Baccetti assigned 6 CVM phases (CS1 to CS6) to the changes in the
shape and size of the cervical vertebrae. By identifying the CVM phase, it
is possible to estimate the time of the maximal growth spurt. According to
Baccetti, the growth spurt begins in the CS3 phase and ends in CS4. Table 1
presents the chronological scheme of the changes of the cervical vertebrae.
Table 1. Chronological scheme of the morphological changes of the C2, C3,
and C4 vertebrae
The CVM phase

The C2 vertebra

The C3 vertebra

The C4 vertebra

CS1

– The lower edge is ﬂat – The lower edge is ﬂat – The lower edge is ﬂat
– The vertebra is simi- – The vertebra is similar in shape to a rectlar in shape to a traangular trapezium
pezium

CS2

– A concavity appears – The lower edge is ﬂat – The lower edge is ﬂat
on the lower edge
– The vertebra is simi- – The vertebra is similar in shape to a rectlar in shape to a rectangular trapezium
angular trapezium

CS3

– There is an inden- – A concavity appears – The lower edge is ﬂat
tation on the lower
on the lower edge
– The vertebra is simiedge
– The vertebra is similar in shape to a rectlar in shape to a rectangular trapezium
angular trapezium
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The CVM phase

The C2 vertebra

The C3 vertebra

The C4 vertebra

CS4

– There is an inden- – There is an inden- – A concavity appears
tation on the lower
tation on the lower
on the lower edge
edge
edge
– The vertebra takes
– The vertebra takes
the shape of a rectthe shape of a rectangle
angle

CS5

– There is an inden- – There is an indentation on the lower edge
tation on the lower – Both vertebrae or only one take the shape of
edge
a square

CS6

– There is an inden- – There is an indentation on the lower edge
tation on the lower – Both vertebrae or only one take the shape of
edge
a rectangle with longer vertical edges

A. Machorowska-Pieniążek (2011) undertook research concerned with
identifying the sequences of the changes appearing in the cervical vertebrae.
She selected a group of 256 boys and girls between the ages of 8 and 18,
receiving orthodontic treatment in the years 1993–2003 in the Department
of Orthodontics, Department of Dentistry for Children and Adolescents in
Zabrze, Medical University of Silesia in Katowice. The research consisted
of making vertical and horizontal measurements of the C2, C3, and C4
vertebrae (Figure 1).

Figure 1. The vertical and horizontal measurements of the C2, C3, and C4
vertebrae
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Figure 2. Algorithm identifying the CVM phase

The research showed that the horizontal dimensions of the C3 and C4
vertebrae among girls in the ages of 10 to 14 years, and boys to the age
of 16, were larger then the vertical dimensions. Furthermore, the horizontal
dimensions showed lower dynamics of growth than the vertical dimensions.
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The author, thanks to the undertaken research, derived a formula for
the skeletal age for girls (1) and boys (2).
CV M (K) = 2.56 + (0.36 · 3a) + (0.26 · SW ) + (0.09 · 3D)
(1)
CV M (M ) = 3.41 + (0.45 · 4a) + (0.42 · SW ) + (0.08 · 3D)
(2)
where:
– SW – the sum of the lower indentations of the C2, C3, and C4 vertebrae
– 3D – the size of the 3C vertebra (3a+3b+3c+3d)
Based on the Baccetti method, an algorithm for identifying the CVM
phase was developed (Predko-Maliszewska et al., 2011). In the ﬁrst step,
the user marks the characteristic points on the cephalogram, i.e. the points
delineating the lower edge on the C2 vertebra and the indentation on the
base of the stem, and on the C3 and C4 vertebrae, the points delineating the
upper, front, lower, and back edges of the stem, and also the indentations in
the lower edges. Then, the algorithm determines the CVM phase according
to Baccetti’s procedure.
The scheme (Figure 2) presents the algorithm identifying the CVM
phase. The notation refers to Figure 1.
Based on the calculations of the depth of the indentations on the lower
edge of the cervical vertebrae and the length and width of the edges of the
vertebrae obtained by the CVM phase identiﬁcation algorithm, formulas (1)
and (2) to calculate the skeletal age, provided by A. Machorowska-Pieniążek,
were implemented.
Material and Methods
To compare the method of evaluating bone age based on the formulas
developed by A. Machorowska-Pieniążek and the atlas method, based on the
analysis of the x-ray photos of the palm and the wrist, a group of 44 patients
(21 girls and 23 boys), receiving treatment in the Department of Orthodontics LF UP in Olomouc between 1.07.2004 and 11.03.2008, were studied.
Table 2 contains the characteristics of the study group.
Every person from the study group was subjected by A. PredkoEngel to:
– the evaluation of skeletal age using the atlas method by Greulich and
Pyle based on x-rays of the palm and the wrist,
– the identiﬁcation of the CVM phase using the computer algorithm to
evaluate the skeletal age based on the cervical vertebrae,
– the evaluation of skeletal age using the implemented formulas developed
by A. Machorwska-Pieniążek.
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Table 2. Characteristic of the study group
Metrical age

Girls

Boys
Total

Age group

Age range

Quantity

Mean age

11

h10,11)
h11,12)
h12,13)
h13,14)
h14,15)
h15,16)

4

10.5

6

11.5

5

11.6

11

6

12.3

6

12.5

12

5

13.7

3

13.1

8

4

14.3

4

5

15.3

5

12
13
14
15
16
Total

Quantity

Mean age
4

21

23

44

Results
The obtained results allowed us to determine that a correlation between the evaluation using the atlas method and using the formula by
A. Machorowska-Pieniążek exists (Table 3). At the same time, both methods
show a correlation with the CVM phase using the algorithm for computer
identiﬁcation of the CVM phase.
Table 3. The correlation between used methods
Atlas method /
Implemented formulas by
Atlas method / CVM
implemented formulas by A. Machorwska-Pieniążek
phase
A. Machorwska-Pieniążek
/ CVM phase
Correlation
– boys

0.884048

0.768216

0.73584

Correlation
– girls

0.787521

0.843425

0.694544

However, a diﬀerence in the evaluation of the skeletal age exists using
both methods. The obtained results allowed us to determine that the atlas method indicates a higher age compared to the age obtained using the
method by A. Machorowska-Pieniążek (Figure 3, Figure 4).
The largest diﬀerences occurred in the estimation of the skeletal age for
girls; smaller diﬀerences occurred in the group of boys. Among the girls, the
highest noted diﬀerence was the value 3.8 years; in the case of the boys, it
was 1.8 years.
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Figure 3. The skeletal age – girls

Figure 4. The skeletal age – boys

In the estimation of skeletal age for boys, the greatest diﬀerences have
a value at 0.5–1 year. For girls, the greatest diﬀerences have a value of
1–2 years or more (Table 4).
Table 4. The diﬀerences between the atlas method and the A. MachorowskaPieniążek method in the estimation of skeletal age
Diﬀerence to
0.5 years

Diﬀerence between Diﬀerence between
0.5 and 1 year
1 and 2 years

Diﬀerence over
2 years

Boys

30.43%

39.13%

30.43%

–

Girls

20.00%

15.00%

35.00%

30.00%
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Figure 5. The cephalogram estimated for 11.2 years of skeletal age and
the CVM phase 5

The greatest obtained diﬀerence in the estimation of the skeletal age in
the girl population was found in the x-ray photos of the palm (Figure 6)
and in the cephalograms (Figure 5) taken at the age of 11.9 years.
Using the atlas method, the skeletal age was estimated to be 15 years,
using the implemented formula it was evaluated to be 11.2 years, while
the CVM phase was estimated to be CS5. The diﬀerence between those
two methods is 3.8 years. The cephalometric photo was an element of research used to determine the repetition of the estimation of the CVM phase
(Predko-Engel et al., 2012). The research consisted of the double estimation of the CVM phase made by six doctors in the intervals from 2 weeks
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Figure 6. The x-ray of the palm and the wrist estimated for 15 years

to 2 months. The discussed photo was estimated to be in the phase CS1,
CS5, CS6 in the ﬁrst examination, and to be in the phase CS1, CS2, CS6
in the second one. In the ﬁrst series, two researchers evaluated the photo to
be in the CS1, and in the second one, to be in CS6.

Discussion and Conclusions
The analysis of the results allows us to conclude that both methods of
evaluating skeletal age generate similar results. However, the implemented
method by A. Machorowska-Pieniążek gives a lower result. In the case
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of boys, the diﬀerences are lower (0.8 years on average), and they are higher
in the case of girls (1.4 years on average). The greatest diﬀerences between
the results of both methods concern boys at the age of 14 years (1.4 years
on average) and girls at 11–12 years (2 years on average). It is worth noting
that in both the case of girls and boys, the age overlaps the time of the
maximal growth spurt.
While analysing the obtained results, one should take into consideration the fact that the estimated skeletal age is important information for
a doctor. An evaluation of the skeletal age that is incorrect by 2 years or
more may lead to making wrong treatment decisions concerning the patient’s plan of treatment and may eventually have a negative eﬀect on the
results of a treatment.
The method proposed by A. Machorowska-Pieniążek is based on the
size of the cervical vertebrae and the depth of the indentation appearing on
the cervical vertebrae. Those same elements are taken into consideration in
the method provided by Baccetti with the evaluation of the CVM phase.
Therefore, the evaluation using the implemented methods gives a high correlation. However, as it was shown (Predko-Engel et al., 2011), Baccetti’s
method doesn’t correlate highly with Björk’s method to estimate the time
of the maximal growth spurt.
Also noteworthy is the earlier described case that was evaluated very
diﬀerently by the researchers using the CVM method. The result provided
by A. Machorowska-Pieniążek’s method is also diﬀerent from the evaluation
using the atlas method in this case. The obtained diﬀerence is signiﬁcant
and is 3.8 years. It is also important that in 30% of the girls’ cases, the
results obtained by both methods provided diﬀerences over 2 years. In this
case, A. Machorowska-Pieniążek’s method should be recognized as one of
the methods of evaluating skeletal age, but it cannot replace other used
methods. In the cases where the eﬀect of the treatment depends on the
phase of the growth spurt, in which the treatment is undertaken or not, it
is recommended to use a few methods of evaluation of the skeletal maturity,
because none of the methods are distinctly more precise than the rest.
It should also be taken into consideration that the determination of
the characteristic points is not very precise, and even a minimal shift of
a point may change the result. However, this is more important in the
case of evaluating the CVM phase, than estimating the skeletal age using A. Machorowska-Pieniążek’s method. It is also due to the fact that in
the developed algorithm of the evaluation of skeletal age using the CVM
method, the shift of a characteristic point may result in the change of the
proportions of the size of the vertebrae, or reduce or increase the concavity
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at the base of the vertebra, which may lead to the photo being qualiﬁed
as a diﬀerent CVM phase. In the case of the method by A. MachorowskaPieniążek, a minimal shift of the characteristic point changes the result only
in the decimals.
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