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II. Evaluation of biological maturation by means of maturity criteria 
A 	 . 	f ?1z K C7Lp1g 	
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INTRODUCTION 

Growth and development are often discussed in three 
dimensions - size, maturity and time. Some general 

remarks on these three concepts have been made in 

the introduction and the first paper in this publication 

(6). In this paper a general approach to the evaluation 

of biological maturation by means of maturity criteria 
will be presented. 

Maturation is often conceived of "as a series of 
successive transformations through time" (2) leading 
to the attainment of the adult state. However, such 
transformations are always going on in the human 
body as part of the life cycle of the organism (7). 

Such age-changes after the individual has reached 

adulthood may thus be considered as "continuing 

maturation". Consequently, successive transforma-

tions through time (maturation) are characteristic of 
every organism from the beginning of the life cycle 

(conception) to the end of it (death). We propose, 

that biological maturation should be used as the com-
prehensive concept to describe these transformation 
and that maturity should be used as a general concept 
for any specified stage - or level - during the process 
of maturation. 

In practice, the maturity level is assessed by in-

vestigating whether various maturity criteria have 

been attained or not. The criteria should be universal, 

i.e. they should be present in all individuals who 
have attained a certain maturity level. As the various 
criteria will represent a specified maturity level, it 
is only during a certain period of time that it will 
be appropriate to include a certain criterion in the 
evaluation. 

Criteria of somatic maturity are often divided into 

three groups, depending on whether they represent 
morphological, physiological or biochemical matura-

tion. In practice, however, these three aspects of so-
matic maturation will he more or less intermingled 
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in the various criteria. The criteria of maturity re-
ferred to in this publication are in principle morpho-

logical in character. 
The criteria used are taken from dental develop-

ment (clinical eruption of deciduous and permanent 

teeth), skeletal development (ossification of the hand 
and wrist) and pubertal development (appearance of 
secondary sex characters, menarche and the pubertal 
growth spurt). Eruption of deciduous teeth may be 
used as a criterion of somatic maturity from the age 

of a few months up to about three years and that 
of permanent teeth from five to sixteen years (14). 

Skeletal development of the hand and wrist may be 

assessed during the first year, but it is not until the 

second year that it can be accurately evaluated (12). 

Among healthy children the first signs of puberty 
can be seen between eight and nine years in girls 
and between nine and ten years in boys, while the 

last adolescents will not exhibit adult secondary sex 
characters until their late teens (15). 

Thus, these criteria of maturity will cover the pe-
riod of postnatal growth, but it is of interest that 

reminiscences of prenatal development can be found, 

for example, in the pattern of deciduous dentition 

(14). It should also be borne in mind, that while ske-

letal development will reflect the maturation of a 
mesodermal organ, there are structures of both cc-
todermal and mesodermal origin involved in dental 
development. The appearance of secondary sex cha-
racters and the pubertal growth spurt are the result 
of complex hormonal processes intitiated from the 

hypothalamus (4). 
In the subsequent papers of this publication dental 

development (14), skeletal development (12, 13) and 

pubertal development (15) will be discussed. In the 

final paper a graphic method of evaluation of bio-
logical maturation will be presented (16). 
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Fig. 1 Graphic representation of various statistical analyses of the attainment of two breast 
stages (B2 and B3) according to Tanner. 
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ANALYSIS OF MATURITY CRITERIA 

As part of the present study a general procedure for 
the descriptions and analysis of biological maturation 
has been elaborated. It will be exemplified by the 
analysis of breast development in girls. Breast de- 
velopment has been assessed every twelve months 
on a scale of five discrete stages according to Tanner 
(10). It is the attainment of stages B2 and B 3 , that 
will be discussed. 

The critiera of the five stages of breast development ac-
cording to Tanner (10) are as follows: 
Stage 1 (B 1). Pre-adolesccnt; elevation of papilla only. 
Stage 2(8 2). Breast bud stage; elevation of breast and papilla 
as small mound. Enlargement of areolar diameter. 
Stage 3 (B 3). Further enlargement and elevation of breast 
and areola, with no separation of their contours. 
Stage 4 (B4). Projection of areola and papilla to form a se-
condary mound above the level of the breast. 
Stage 5 (8 5). Mature stage; projection of papilla only, due 
to recession of the areola to the general contour of the breast. 

Attainment curve 

The youngest age at which a girl was rated in stage 
B 2 was nine years, while breast development had 

begun in all girls at the age of fourteen years. Thus,1  
the period of the beginning of breast development 
in this group of girls is from eight to fourteen years. 
At eight years 82/90 originally sampled girls still par-
ticipated actively in the study and at fourteen years 
77/90 girls. The beginning of breast development 
could be confined to an interval of twelve months 
in 78 girls. The age distribution of these interval is 
illustrated by means of a histogram and a cumulative 
percentage curve in Fig. 1 (corresponding data for 
stage B3 are also shown in Fig. 1). To judge from 
the form of the histograms and the cumulative per-
centages curves the distribution of age at the attain-
ment of the various breast stages may be Gaussian, 
thus indicating that it might be adequate to use probit 
analysis when evaluating breast development. 

In Fig. 1 the cumulative percentage points have 
been plotted at the end of the intervals, since when 
analyzed as a group some of the ratings in each in-
terval must be considered as having been attained 
at the end of it. However, if individual attainment 
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In this method the percentages representing the 
.middle part of the distribution are given greater 
weightings than those of the tails. The weightings 
are the reciprocals of the variances of the estimates 
of the percentages in an ideal Gaussian distribution. 
Accordingly, allowance is made for the fact, that in 
the tails of the distribution single observations in-
fluence the value of the normal deviate more than 
in the middle of the distribution (e.g. the difference 
of the normal deviate of a cumulative percentage of 
2 and 3 is 0.17 SD-units, while that of 44 % and 
45 % is only 0.03 SD-units). Consequently the per-
centage points of a sampled distribution will not be 
scattered symmetrically around the fitted probit line, 
in constrast to the conditions when fitting a regression 
line, where all observations usually have the same 
weightings. (This can be seen in Fig. 1 by looking 
carefully at the points around the probit lines). 

The goodness of the fit to a probit line is tested 
by chi2  analysis. The chi2  values of the probit lines 
in Fig. 1 are 1.10 (df 5) and 1.15 (df 6) for stage 
B2 and B3, respectively, indicating in both cases 
a good fit to a Gaussian distribution. Logarithmic 
conceptional age has been used as an independent 
variable in the probit analysis. The time concept used 
in the analysis is further discussed below. 

In a longitudinally followed group of children not 
only data on children  actually examined at  a certain4 
aie—but also data on children  not examined at that ( 
age can included in the calculation of the cumu-
lative percentage of that age. If there are missing)  
examinations for children who had already attained 
a certain maturity stage at an earlier age, these 
children should be included in the group of children 
that have attained that stage at all subsequent ages. 
If there are missing examinations for children who 
at a still later age had not attained the maturity stage 
investigated, these children should be included in 
the group of children that have not attained that stage 
at the ages of the missing examinations also. Data 
on children who have left the study can at least be 
included up to the age of the Last examination, but 
if such children have attained the maturity stage in-
vestigated at the last examination, they may be in-
cluded at all later ages. In this ways the maximum 
amount of information is extracted from the sample 
and an unbiased estimate of the mean age at attain-
ment of a certain maturity stage can be obtained. 

The number of girls included in the probit analysis 
of the attainment of stage B2 has varied between 
79 and 82, while the number of girls actually ex- 
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ages are to be estimated, e.g. in order to be used 
in a correlation analysis, they should all be placed 
at the mid-point of the 12 month interval confined 
by the last examination in the preceding stage and 
the first examination in the following stage. 

Two out of 82 girls remaining in the study at eight 
years left the study before showing any signs of breast 
development. At the last examination in the study 
their ages were eight and eleven years. Three more 
girls left the study up to fourteen years of age, but 
in these girls breast development had begun before 
that. In two girls there was a missing examination 
before the first observation of breast development, 
which was at the age or twelve and fourteen years. 
Thus, the 12 month interval during which breast de-
velopment began (the attainment of stage B1) is 
known for 78 girls. If the_mid-ixiiicnithese intervals 
is used as individual ages of attainment t 
the mean age will be 11.04ears (SD =  1.04).  

— _ 
However, in the above calculation observations on 

four girls arc disregarded, which may give a more 
or less biased estimate of the mean age. For example, 
if all four girls had been rated as being in the infantile 
breast stage at the age of thirteen years and none 
of them had been examined after that, then the es-
timation of the mean age would have been signi-
ficantly biased. But if the information on these four 
girls could be included in the statistical analysis, it 
would be possible to get an unbiased estimate of the 
mean age. This can be done by various methods that 
are applicable in probit analysis (9). 

Probit analysis 

When making a probit analysis the children exam- 
Ito two groups, those who have 

attained a certain maturity criterion and those who  
have not.  The percentage of children, who have at-
tained the investigated maturity criteria is calculated 
at each age. These percentages, which are cumulative, 
arc then transformed to normal deviates (standard 
deviation units, i.e. 15.87 % corresponds to – 1 SD, 
84.13 % to + 1 SD etc.). If cumulative percentages 
taken from an ideal Gaussian distribution are plotted 
in a diagram as normal deviates against the inves-
tigated variable, e.g. age at attainment of a certain 
breast stage, they  will lie exactly  on a  straight  line. 
If the cumulative percentages have been taken from 
a sampled distribution, a straight line can be fitted 
by a special method (1). 
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amined at a certain age has varied between 72 and 
80. During the same period the number of girls still 
participating in the study diminished from 82 to 77. 
As mentioned above, the interval, during which stage 

132 was attained could be determined in 78 girls. The 
amount of extra information (cf. the preceding pa-
ragraph), which could be used in the probit analysis 
of stage B2, is evident from the data in Table 1. 

Table 1. Number of girls included in various analyses of 
the attainment of breast stage two (B 2) according to 
Tanner (10). 

Remaining 

Age Included in the Examined 

in in probit study at at each 

years analysis each age age 

8 82 82 80 
9 81 81 80 

10 81 80 77 
11 80 80 77 
12 80 79 76 
13 79 78 72 
14 80 77 73 

The mean age estimated by probit analysis was 
10.99 years with a 95 % confidence interval of 0.36 
year (10.81-11.17), while the mean value of the 78 
individual ages was 11.04 years with a 95 % con-
fidence interval of 0.47 year (10.80-11.27). As a lo-
garithmic age concept has been used in the probit 
analysis, the standard deviations cannot be compared. 

Logarithmic time concept 

Logarithmic conceptional age has been used as the 
time concept in the probit analyses. The goodness 
of the fit of the probit lines is somewhat better in 
a majority of the maturity criteria analysed and within 
each group of sequential criteria the slopes of the 
different probit lines (the standard deviation of each 
distribution) are more similar than with chronological 
age (for details, see subsequent papers in this pub-
lication: 12, 15, 16). Such a similarity of the slopes 
of probit lines has, for example, prompted Moorrees 
et al., (8) to use a common standard deviation (the 
mean) when analysing various dental maturity cri-
teria by means of logarithmic conceptional age. A 
logarithmic time concept also takes into consideration 
the fact that the intensity of growth and development 

decelerates continuously from a few weeks after con-
ception, i.e. the biological clock slows down gradually 
during the course of life (5). 

Evaluation of the individual maturity level 

In Fig. 1 the fitted probit lines of stages B2 and B3 
have been drawn. Since the two stages are sequential, 
the attainment of stage B 3 may be regarded as the 
disappearance of stage B2. Consequently, the area 
between the two probit lines may be regarded as re-
presenting the age period, during which a girl can 
be observed to be within stage B2. When rating 
a girl in a certain stage it can, by definition, neither 
be concluded when the stage has been attained nor 
when it will disappear (i.e. when the next stage will 
be attained). However, in some cases the true ma-
turity level may be very close to one or other of these 
two extreme levels. Accordingly, when trying to eva-
luate a maturity criterion, it must be rememberes1 
that the criterion might just have  been attained or 
be just about to disappear.  The first situation cor-
responds to the least advanced maturity level and 
the second to the most advanced maturity level con-
sistent with the observed criterion. This reasoning 
can be applied at whatever age the observation has 
been made. As no absolute scale of measurement 
is available for maturity criteria, a relative score, e.g. 
SD scores, may be used, called relative maturity level. 

If the exact age of attainment of a maturity criterion 
is known for a child, the SD score can be calculated 
from the population value of the mean age and the 
standard deviation. (The evaluation can also be made 
graphically by plotting probit lines in a diagram. Fig. 1 
may be regarded as such a diagram but the definite 
version of such a diagram presented in a separate 
paper at the end of this publication (16), is somewhat 
different with inverted probit lines). However, the 
exact age at attainment of a maturity criterion is 
usually not known in the individual child. But as 
has been discussed above, even if a girl is only rated 
to be within a certain stage of maturity, it is possible 
to conclude on the least and most advanced relative 
maturity level consistent with the present rating. 

For example, if an 11-year-old girls is rated as hav-
ing a breast development of stage B 2, these relative 
maturity levels can be estimated by looking at the 
probit lines in Fig. 1. If stage B2 had just been at-
tained (the least advanced maturity level), it would 
have occurred just about the mean age of the re-
ference  population. If stage 8 2 was just about to dis- 
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appear (the most advance maturity level), stage 8 3 
would have been attained at an earlier age than the 
mean age of the reference population. The advance-
ment would have corresponded to 0.7 SD-units (SD-
scores). By definition, it is not possible to determine 
which of the two relative maturity_leysislukraost 
probable one. Accordingly, the average of the two 
relative maturity levels (in this case an advancement 
of 0.35 SD-units) would have been a statistically valid 
estimate of the true maturity level. This approach 
for evaluation of maturity criteria is further elaborated 
in the paper on the maturogram (16). 

Maturity score 

The approach exemplified in the preceding paragraph 
can be rather laborious when there are many series 
of maturity criteria. For example, when assessing 
skeletal maturity according to Tanner et al. (11) 
twenty bones are included. In such cases a simplified 
approach may be used, in which each stage is given 
a maturity score that is used irrespective of the age 
of the child. 

The maturity score must represent the mean ma-
turity level of the children of the reference population 
rated to be within the corresponding stages. Details 
of a method of calculating this mean maturity level 
will be given in the papers on skeletal development 
in this supplement (12, 13). In principle, the maturity 
score of a certain stage is the average of the mean 
logarithmic conceptional age at the appearance of this 
stage and the mea—n-logiiiikinic conceptional age at 
the disappearance of tie same _stage. 

The individual maturity level is calculated by av-
eraging the maturity scores of the relevant stages of 
the various bones. It is then evaluated in standard 
deviation scores by comparing with the Gaussian fit-
ted distribution of average maturity scores at the age 
of the child examined. 

Maturation may be conceived of as a series of gradual 
transformations through time going on in the human 
body from conception to death as part of the life 
cycle of the organism. Maturity should be used as 
the general concept of any specified stage — or level 
— during the process of maturation. 

The maturity level can be assessed by examining 
the attainment of various maturity criteria relating 

Rate of maturation 

The evaluation of the maturity level attained at a 
certain stage has been discussed above. When making 
such an evaluation, one investigates whether the ma-
turity level attained is within the norms of an ap-
propriate reference population of the same chrono-
logical age as the child being examined. However, 
it would also be of interest to investigate whether 
the maturation of the child is proceeding within the 
norms of the reference population. This can only be 
done if standards for the rate — or velocity — of ma-
turation are available. 

Determination of the velocity presupposes that it 
is possible to calculate the increment, i.e. the actual 
change in the scale of measurement between two ex-
aminations. This requires a scale of measurement 
with the qualities of an interval scale. Unfortunately, 
there is no such scale available for the measurement*  
of maturation. If such a scalE767011coriir—'ucted, 
it would measure what is often called biological age. 

However, it is still possible to obtain an indirect 
evaluation of the rate of maturation by using a relative 
scale of measurement, i.e. by comparing the estimat-
ed SD-scores of the attained maturity level at various 
ages. If the SD-scores have increased during the pe-
riod investigated, the velocity of maturation has been 
greater than average. If the SD-scores have decreased, 
the velocity has been smaller than average. 

This approach is now being investigated on the 
data on somatic development of the children in the 
present study. Factors of possible importance are the 
influence of the length of the interval between two 
examinations and the presence of sequence polymor-
phism, i.e. variations in the age at the attainment 
of various maturity criteria not due to differences 
in the velocity of maturation. For example, in some 
girls the first sign of puberty is breast development, 
while in others it is the appearance of pubic hair. 

to dental development, skeletal development and pu-
bertal development. In a group of children the at-
tainment can be analyzed by probit analysis using 
a logarithmic time concept (logarithmic conceptional 
age). This is exemplified by the attainment of breast 
stages according to Tanner (10) in the girls of the 
present study. 

When examined a child will be rated as being within 

SUMMARY 
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a certain stage of maturity. The least advanced and 

the most advanced maturity level consistent with the 
rating can be established using the probit lines. The 

relative maturity level is then expressed in SD-scores 

of the Gaussian fitted distributions of age at attain-

ment of various maturity criteria in a reference group 
of children. 

This is a laborious approach when there are many 
series of maturity criteria, e.g. in the assessment of 
skeletal maturity. In such cases each stage is instead 

given a certain maturity score. The individual ma-

turity level is calculated by averaging the maturity 
scores of the stages, which are then evaluated in SD-

scores by comparing with the Gaussian fitted dis-

tribution of averaged maturity scores at that age. 
In both approaches discussed in this paper the eva-

luation of individual maturity is made with a relative 
scale of measurement. Accordingly, the rate of ma-
turation can only be assessed indirectly. 
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