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SUMMARY

This paper presents a method for calculating stage line diagrams, a novel type of reference diagram
useful for tracking developmental processes over time. Potential fields of applications include: dentistry
(tooth eruption), oncology (tumor grading, cancer staging), virology (HIV infection and disease staging),
psychology (stages of cognitive development), human development (pubertal stages) and chronic diseases
(stages of dementia). Transition probabilities between successive stages are modeled as smoothly varying
functions of age. Age-conditional references are calculated from the modeled probabilities by the mid-P
value. It is possible to eliminate the influence of age by calculating standard deviation scores (SDS). The
method is applied to the empirical data to produce reference charts on secondary sexual maturation. The
mean of the empirical SDS in the reference population is close to zero, whereas the variance depends on
age. The stage line diagram provides quick insight into both status (in SDS) and tempo (in SDS/year) of
development of an individual child. Other measures (e.g. height SDS, body mass index SDS) from the
same child can be added to the chart. Diagrams for sexual maturation are available as a web application at
http://vps.stefvanbuuren.nl/puberty. The stage line diagram expresses status and tempo of discrete changes
on a continuous scale. Wider application of these measures scores opens up new analytic possibilities.
Copyright q 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Age-conditional reference diagrams of height, weight and body mass index are widely being
used to monitor growth and development in children. The methodology to construct diagrams
for continuous outcomes has evolved over the last 15 years and its application is now more or
less standard [1, 2]. In contrast, relatively little work has been done for ordered measures, such
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as indicators of motor and mental development, visual acuity, developmental milestones, clinical
grades, pubertal stages, and so on.

One approach to ordinal data is to construct an aggregate, such as a sum score, and use this
aggregate as an essentially continuous measure. This approach is natural if indicators can be
viewed as different manifestations of the same underlying trait, and if the aggregate provides a
sensible quantification of the trait. Using this approach, Jacobusse et al. fitted a Rasch model to
developmental data in infants, thereby deriving an interval measure of development between ages
0–2 years [3]. Calculating age-conditional references is straightforward by applying conventional
methods for continuous data to the aggregate.

A second approach is to model the probability of the transitions between successive categories.
Aitchison and Silvey extended the binary probit model to ordinal outcomes [4]. They assumed that
the observed data are manifestations of an underlying normal distributed variable, which are linked
to each other by a series of probit models, one for each category transition. Wade et al. applied this
type of modeling to developmental data, where the transitions between categories were modeled
by an asymmetric logistic models. Their method was applied to derive age-conditional references
for the development of visual acuity during childhood and for the recognition of emotions [5–7].
Royston placed this methodology into a general framework, and extended the family of parametric
models to include multiple covariates and more liberal forms of dependencies between the outcome
and the covariates [8]. He advocated his method as being capable of modeling outcome variables
with peculiar distributions (e.g. many zeroes) that are difficult to model in the conventional way.

The present paper provides a third alternative. Our method relies on the assumption of age-
continuity (cf. Section 2). Similar to the above approach, age-conditional references of development
are expressed as transition probabilities whose value smoothly changes with age. Unlike previous
approaches, the reference diagram is calculated from the reference values by the mid-P value.
This results in a novel graph that can be used to track development over time.

Section 2 outlines the substantive problem. Section 3 introduces the methodology for calculating
reference values and stage lines from discrete data. Section 4 provides an example of the new
graphic display and Section 5 contains further quantitative results. Section 6 proposes a way to
implement the method by means of a web application. Section 7 contains conclusions and provides
suggestions for further research.

2. AGE-CONTINUITY OF PUBERTAL DEVELOPMENT

Puberty is a phase of life with important medical and psychosocial consequences. Pubertal matu-
ration is generally classified into distinct stages of secondary sexual characteristics. The system of
‘Tanner stages’ is widely accepted and applied [9]. For boys, there are three types of measures:
genital development (5 stages G1–G5), pubic hair (6 stages PH1–PH6) and testis size (12 stages
T1–T12 corresponding to volumes of 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25ml). For girls, we have
breast development (5 stages B1–B5), pubic hair (6 stages PH1–PH6) and menarche (2 stages
no/yes). Tanner stages form ‘reasonably reliable indicators’ of pubertal development that provide
the most accurate results if scored by a trained health professional [10].

Standards of pubertal maturation are typically published as the ages t10, t50 and t90 at which
respectively, 10, 50 and 90 per cent of the reference population achieves a certain stage. In clinical
practice, the physician examines the child, determines the stage appropriate for the child, and
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compares the child’s age to the ‘normal’ age range t10–t90 for that stage. This procedure outlined
will answer the question ‘Does this child mature ‘early’, ‘normal’ or ‘late’?’

The above procedure works well if only a classification into ‘early’ vs ‘normal’ vs ‘late’ is needed,
but lacks any sense of continuity between ‘early’ and ‘late’. It is not difficult to imagine pubertal
development as continuous though. Even if the phenomenon under study is a rigid succession
of distinct stages, the timing to go from one stage to the next differs between individuals. This
induces a form of continuity that we call age-continuity. Suppose that two children, one young
and one old, are in the same developmental stage. We can say that, on average, the younger child
matures earlier than the older child. To see why this is the case, consider the fact that the younger
child still has the opportunity to move into the next stage before his/her age reaches that of the
older child, whereas the older child does not have this opportunity anymore. Thus, depending on
age, the same stage is associated with different degrees of maturation. Moreover, the difference in
maturation grows with the age gap.

Reference standards describe the natural variation of a measure in a reference population. For
a discrete measure like the Tanner stages that use five categories, the references take on only five
distinct maturation scores at a given age. These values, however, gradually change with age, thereby
producing a measure that is continuous in age. The new methodology exploits age-continuity to
quantify and compare development of children measured at the different ages.

3. METHOD

Let Y be an ordered stochastic variable whose values Y ∈{1,2, . . . ,m} correspond to stages 1 to
m, and let X be represent the decimal age. We denote P(Y�c|X) as the probability of achieving
stage c (c=2, . . . ,m) at age X , and define P(Y <c|X)=1−P(Y�c|X). For each stage transition,
we model a reference curve conditional on age c by the additive probit model

�−1(P(Y�c|X))=�c+ fc(X), c=2, . . . ,m (1)

where � is the standard normal cumulative distribution function and where fc(X) is a smooth
univariate function of age. The use of fc(X), instead of the linear term X�c, allows for a flexible
and smooth change of the transition probability with age. Models of this type overcome limitations
of probit and logistic regression [11].

The probability of observing stage c at age X is given by

P(Y =c|X)= P(Y <c+1|X)−P(Y <c|X), c=1, . . . ,m (2)

where P(Y <1|X)≡0 and P(Y <m+1|X)≡1, so that P(Y =1|X)+·· ·+P(Y =m|X)=1 for
all X .

In order to assess the relative position of a score Y at age X , we assume that the observable stages
Y =c are a coarse version of a continuous latent variable Ỹ . More specifically, we assume that
Ỹ ∼U(0,1) has a uniform distribution between 0 and 1 that is linked to the observed variable Y as

Y =c if P(Y <c|X)�Ỹ < P(Y <c+1|X), c=1, . . . ,m (3)

The assumption is Ỹ ∼U(0,1)will be reasonable if the reference model adequately fits the reference
data as evaluated through worm plots or Q-statistics [12, 13]. The subset of values of Ỹ that
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correspond to stage c has a uniform distribution Ỹc∼U[P(Y <c|X), P(Y <c+1|X)]. The mean
and variance of Ỹc are given by

�c|X = P(Y <c|X)+P(Y =c|X)/2, c=1, . . . ,m (4)

�2c |X = P(Y =c|X)2/12, c=1, . . . ,m (5)

The quantity �c|X is known as the ‘mid-P value’, and was introduced as an alternative to the
conventional P-value to correct for continuity [14]. Until now, the mid-P value is primarily used
in tests for discrete data such as Fisher’s exact test [15]. Note that a proportion of P(Y =c|X)

subjects will have Ỹ -values between the category boundaries P(Y <c|X) and P(Y <c+1|x). It
is known that the mean of these values is a summary, that is, optimal in the sense that it has the
minimum squared error in a wide variety of situations [16]. Under the uniform distribution, the
mean and mid-P values coincide. A further convenient property is P(Ỹ <�c|X)=�c|X , i.e. for
all X the probability that Ỹ falls below �cis identical to the mid-P value itself, �c.

We interpret the mid-P value �c|X as the location on the Ỹ -scale that optimally represents the
maturity of children in stage c at age X . Reference diagrams for pubertal stages can be drawn as m
stage lines, each of which portrays the development of a stage over age as the mid-P value �c|X .
The vertical axis can be presented in the probability scale, the logistic scale, or the probit scale. In
the sequel, we choose the probit scale because its values correspond to standard deviation scores
(SDS) or Z -scores. The SDS measure is popular in growth and development because it provides
high resolution at the extremes, the areas of most clinical significance. Probabilities are transformed
into SDS by the probit transformation Zc=�−1(�c|X). In the Z -scale, the location Zc corresponds
to a weighted average of Z scores within the interval [�−1(P(Y <c|X)), �−1(P(Y <c+1|X))],
where the weights correspond to the standard normal density.

Equation (4) can be adapted to calculate Zc. Suppose that reference values P(Y�c|X = t) are
available for c=2, . . . ,m at tabulated ages X = t . For a given age X and stage c, the SDS of an
observation is calculated as

Z =�−1
(
1− P(Y�c|X)+P(Y�c+1|X)

2

)
(6)

where P(Y�c|X) is interpolated linearly from the surrounding tabulated ages t1 and t2(t1�X�t2)
by P(Y�c|X)=hP(Y�c|X = t1)+(1−h)P(Y�c|X = t2) and h=(t2−X)/(t2− t1). Equation (6)
allows us to draw a diagram that relates the concept of early/late maturation to the proportion of
children in the reference sample that achieves some stage.

For completeness, we also provide the inverse relations of (4) and (5).

P(Y =c|X) = 2
√
3�c|X (7a)

P(Y <c|X) = �c|X−√
3�c|X (7b)

P(Y <c+1|X) = �c|X+√
3�c|X (7c)

These equations allow us to switch back and forth between the Z -score and probability scales.
Stage lines are estimated from the reference data, and so are subject to sampling variability.

We can study the influence of sample size on the stage lines by the bootstrap [17]. The procedure
involves drawing a random sample with replacement from the reference data, fitting the reference
model (1) to the sample, calculating the set of stage lines by (4), and transforming these to the
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Z -scale by (6). We replicate these steps 1000 times, and calculate confidence bands that contain
80 per cent of the fitted stage lines. The widths of these bands portray the influence of sample size
on the stage lines.

4. A REFERENCE DIAGRAM OF BREAST DEVELOPMENT

Estimates P(Y�c|X) for Tanner stages were available from data of the Fourth Dutch Growth
Study, which measured pubertal development in a group of 2524 boys and 3028 girls [18, 19].
The probabilities were maximum likelihood estimates calculated by local scoring using the S-Plus
gam() function, and where smoothing was done by splines using the s() function. The estimated
probabilities P(Y�c|X) for c=2, . . . ,5 are given as a four numbers at a grid of X -values, which
together form a growth references for breast development, pubic hair and menarche.

Since we cannot directly observe the age at which a transition to a next stage occurs, tabled
references are not directly suited for drawing reference diagrams. The available data measure the
stage in which the child currently resides, so reference diagrams must be based on the probability
of being in a stage given age.

Figure 1 is a stage line diagram of breast development, an age-conditional reference diagram.
The horizontal axis represents age between 8 and 21 years. The vertical axis indicates maturation
status as SDS correcting for age. Lower values indicate delayed development, and higher values
signal early maturation. The diagram contains five stage lines. Each stage line corresponds to one
of five Tanner’s stages of breast development.

The use of the diagram is as follows. A trained observer determines the child’s stage B1–B5
in the usual way, places a mark on the stage line corresponding to the child’s stage at the child’s
age, and connects the mark to the previous measurement. The curve gradually tails off as long as

Figure 1. Stage line diagram of breast development (B-SDS) based on Dutch growth references 1997.
The plotted curve corresponds to longitudinal observations on one patient.
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the child remains in the same stage. A move to the next stage produces a jump in the curve. The
age at which the child reaches the next stage is unknown, and can be anywhere between the two
ages surrounding the jump. Steeper jumps occur for measurements that are closer in time. Jumps
can span two or more stages.

Growth curves of normally developing children are located in the middle region of the diagram,
roughly between −2 SDS and +2 SDS. Early maturing children are placed near the top of the
diagram, while children with developmental delay appear near the bottom. Regions signifying 10,
5 and 1 per cent extreme children are marked at both sides for easy reference. These regions can
be used to set action levels and monitor treatment. The slope of the curve starting from the last
B1-mark is a measure of developmental tempo in SDS/year.

The stage line diagram fully supports the conventional procedure that compares the age of the
child to a stage-specific reference interval. In clinical use, the physician determines the develop-
mental stage of the child, and compares the child’s age to the ‘normal’ age range t10–t90 for that
stage. The age interval t10–t90 of stage B2 can be read off from the diagram as the age t10 at which
line B2 crosses the 10 per cent early region, i.e. t10(B2) =9.01. Age t90 is the age at which line B1
crosses the 10 per cent late region, i.e. t90(B1) =12.16 years. Thus, the new diagram supports the
conventional procedure for classifying children into ‘early’, ‘normal’, ‘late’ by t10 and t90.

In addition, the diagram can be used to compare maturation across different ages. For individual
use, we recommend plotting all three Tanner measures in the same diagram. This display visualizes
differences in status and tempo of different aspects of pubertal development within the same
individual. Figure 2 shows pubertal development of a girl with Turner Syndrome. Pubic hair
development is normal, and clearly ahead of breast development and menarche. Menarche has only
two stages, so its curve has only one jump. For this girl, menarche occurred very late somewhere
between ages 16.5 and 17. If desired, other measures on the SDS scale, such as height SDS or
body mass index SDS, can be added.

Figure 2. Stage line diagram where B-SDS, PH-SDS and M-SDS are combined on one display.
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Figure 3 plots breast development from 200 girls with TS on the top of each other. Since breast
development is severely delayed in this group, most of the curves occur in the lower region. The
graph also allows us to spot some peculiarities in the data. Nearly all jump lines have positive
slopes, signaling an advance in developmental stage. However, some negative slopes appear which
can only occur if a higher state is followed by a lower state. Whether this represents a genuine
developmental phenomenon, a measurement error, or a data error is not known, but the diagram
allows us to quickly spot anomalies.
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Figure 3. Stage line diagram that superposes longitudinal B-SDS data of 200 girls with Turner Syndrome.

Dutch 1997 references

Figure 4. Stage line diagram of breast development with 80 per cent confidence intervals.
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Figure 4 portrays the influence of sample size on stage lines for breast development. The gray
bands around the stage lines are 80 per cent confidence intervals obtained by bootstrapping. The
sample sizes in the Fourth Dutch Growth Study were large, so the confidence intervals are narrow
most of the time. Though sampling variability grows near the extremes, the differences between
the stage lines remain ‘statistically significant’ almost everywhere. We may therefore safely ignore
sampling variability and adopt the usual view that takes the references as fixed.

5. QUANTITATIVE MEASURE OF MATURATION

Let B-SDS, PH-SDS and M-SDS denote maturation scores for breast, pubic hair and menarche,
respectively, calculated by equation (6). Table I lists the mean and variance of these measures,
split according to age, in the reference girls. Observe that mean B-SDS, PH-SDS and M-SDS are
close to zero, which is expected in the reference population.

In contrast to SDS of continuous data, the variance depends on age and is less than 1. The
variance starts off low around the age of 8 years, reaches its peak around the ages 11–13 years
and gradually tails off at older ages. The explanation of this pattern is as follows. Around the age
of 8 years, the distribution of Tanner scores is highly asymmetrical since most girls are in stage 1.
Likewise, for ages around 20 years, the distribution of Tanner score is skewed in the opposite way.
These distributions represent the floor and ceiling of the scoring system. As age progresses, the
distribution gradually changes from the floor to the ceiling.

The maximum variance found in Table I is 0.82. The variance of categorical data depends on
two factors: the number of categories and the distribution of the measurements over the categories.
The maximal efficiency of a five-category system relative to a truly continuous measure is 92
per cent [20]. Thus, about 8 per cent of the variance is lost because of the inherent discreteness
of the measurement. The maximal efficiency in a five-category system will be achieved only if
the percentages of cases per category are equal to 10.9, 23.7, 30.7, 23.7 and 10.9 per cent. In
fact, at the age of 12.25 years, the empirical distribution for breast development is remarkably

Table I. Summary measures of SDS maturation scores in the reference population.

Breast Pubic hair Menarche

Age N Mean Variance Mean Variance Mean Variance

8–9 63 −0.07 0.05 −0.03 0.07 0.03 0.11
9–10 255 0.09 0.44 0.10 0.40 0.04 0.13
10–11 282 0.01 0.59 0.05 0.51 −0.01 0.06
11–12 273 0.04 0.82 0.01 0.78 0.00 0.18
12–13 243 0.01 0.81 0.00 0.81 0.04 0.41
13–14 243 0.01 0.71 0.00 0.70 0.02 0.42
14–15 227 −0.02 0.58 −0.07 0.57 −0.06 0.34
15 –16 225 −0.07 0.56 −0.04 0.44 −0.02 0.16
16 –17 106 −0.06 0.47 −0.08 0.35 0.00 0.05
17–18 82 0.00 0.39 −0.04 0.29 0.01 0.00
18–19 105 −0.09 0.45 −0.07 0.33 0.00 0.00
19–20 45 −0.01 0.19 −0.12 0.34 −0.06 0.02
20–21 52 −0.03 0.20 0.05 0.00 0.00 0.00
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Figure 5. Scatter diagram of B-SDS and PH-SDS of Dutch reference data. Points are slightly jittered.

close: 9.7, 23.5, 36.3, 22.5 and 7.9 per cent. At this age, the relative efficiency is almost 92 per cent.
The variance is lower at other ages because the asymmetry in the distribution increases as we
move away from the optimum age. For binary data, the maximal efficiency is 64 per cent. This
optimum for menarche is achieved around the P50 in the reference population, i.e. at the age of
13.25 years. The fact that the variance is lower than 1 is not an error, but it reflects the quality of
the measurement at different ages.

Figure 5 is a scattergram of B-SDS vs PH-SDS of Dutch reference girls, a cross-sectional study.
The values are slightly jittered. The correlation is equal to 0.59. Different quadrants correspond
to different maturation patterns. Girls located in the upper right corner are early in both B and
PH development, while those located in the lower left corner are late on both aspects. Girls in the
upper left corner are late on PH and early on B. Girls in the lower right corner are early on PH,
but late on B.

6. WEB APPLICATION

To illustrate how stage line diagrams can be made directly available we implemented
the puberty diagram as a web application. The application is publicly available at
http://vps.stefvanbuuren.nl/puberty, and requires only a standard internet browser on the
client side.

The web site allows the user to enter a series of observed Tanner stages with the corresponding
ages for a patient. These data are sent to a server that dynamically generates the stage plot, and
instantly returns the plot to the client by means of an Ajax request [21]. The server side process of
the application is handled using rapache, a module for the Apache web server that allows adding
R scripts to web pages [22]. The R script calls a function that calculates the SDS scores for the
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observed Tanner data and that draws the appropriate stage line diagram. After the diagram has been
shown to the user, reference lines can be added or removed, and the plot can easily be exported
to high-quality PDF format with a single click.

The concept of dynamically offering server-based statistical tools by use of web applications
can easily be extended to any other method that has a clear input–output form. Moving toward
web-based applications is a clear trend in many fields, both commercial and scientific. The main
advantage above classical client-based software is that new or improved applications can be made
directly available to a wide audience. Furthermore, web applications can easily be connected
to existing services and databases, which makes integration of new statistical tools into for
example diagnostics a small step for the user. Server-based systems make by design more efficient
use of resources and are easier to maintain than client-based software, which makes them less
expensive.

7. CONCLUSION

The stage line diagram is a highly useful instrument for tracking development processes over time.
The diagram itself can be used to monitor the development in both individuals and groups. The
SDS can be used as a continuous early/late score that corrects for age. Both the diagram and the
SDS ease the quantitative analysis of developmental processes.

The process to create the stage line diagram is straightforward. First, we model the probabilities
of successive category transitions in the reference data as functions that are smooth in age. Next,
we calculate the mid-P value for each category, and transform the mid-P values into the Z -scale
by a probit transformation. The resulting scores can be plotted against age to produce the stage
line diagram.

We calculated references by a series of generalized additive models on the transition probabilities.
Our methodology is not limited to this class. In principle, one could apply any method for ordered
data that produces probability estimates that vary smoothly in age. An overview of such models
can be found in Clogg and Shihadeh [23]. The data requirements needed to produce a stage line
diagram are relatively low.

The interpretation of the mid-P value as an optimal quantitative value is new. The key to the
new diagram is the use of the mid-P value to assign scores to categories. The argument for using
the mid-P relies on the property that P-values are uniformly distributed if the model fits the
reference population. Consequently, the middle of the interval, i.e. the mid-P value, is the best
one-number summary. It would be interesting to study the relationships between the mid-P value
and other methods for assigning optimal scores to categories [24, 25].

The stage line diagram expresses status and tempo of discrete changes on a continuous scale. The
diagram provides quick insight into both status (in SDS) and tempo (in SDS/year) of maturation.
Reference standards for tempo do not yet exist, but could play a role in discriminating between
a rapid and slow succession of states. Such standards are likely to depend on the age of the first
transition.

Maturation scores are of interest in their own right. One common approach to compare groups
is to calculate the difference between the average stage numbers in each group. Another common
approach is to compare the average time spent in each stage between groups. Both approaches
are highly problematic if the study groups are observed at different ages, which is often the case.
The maturation score takes age into account and is straightforward to calculate by equation (6).
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We expect that maturation scores will replace stage numbers, ages and time spent in a stage as
the primary outcome of developmental delay. Wider application of maturation measures opens up
new analytic possibilities.
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