Automatic Processing of Growth Data
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INTRODUCTION

In the evaluation of physical growth
and development, growth curves play
an important part. The construction of
such curves is difficult and time-con-
suming and presents theoretical as well
as practical problems. A system for
automatic processing of growth data
with the aid of computers has therefore
been developed at the Department of
Orthodontics of the Royal Dental Col-
lege in Copenhagen.

As is often the case when work which
has previously been carried out man-
ually is adapted for computers, the
automation has given rise to a new
appraisal of the principles and methods
of analysis. The employment of com-
puters has also made possible an ex-
panded and improved statistical de-
scription of the data, particularly with
regard to the evaluation of variability.
Moreover, the availability of automatic
plotting equipment has facilitated the
actual drawing of the growth curves.

An outline of the system for auto-
matic processing of growth data will
be given below, after some aspects in
the collection and analysis of the data
have been considered. The first of these
is concerned with the timing of ex-
aminations in growth studies; the others
relate to the analysis of the data.

TimiNG oF OBSERVATIONS
In the collection of longitudinal and
mixed-longitudinal  information for
growth studies, the observations are
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usually made on the annual or semi-
annual birthdays of the subjects. This
procedure is natural in studies starting
at birth, and has also been applied in
studies commencing at later ages be-
cause it facilitates the subsequent analy-
sis of the data. Close consideration re-
veals, however, a certain disadvantage
in this procedure, The various phases of
maturation, for instance, prepubescent
minimum and pubescent maximum in
growth rates, occur at different dis-
tances from the annual birthday in
different individuals, When the annual
observation is made for all subjects on
the birthday, the information on the
time interval between the annual birth-
day and these phases of maturation is
eliminated. With sufficiently large sam-
ples, this disadvantage can be avoided
by allowing the date of annual observa-
tion to occur at a random distance from
the birthday in different individuals.
This procedure has been followed in
the Growth Study at the Department of
Orthodontics since its inception in
1951.2 The difference between the two
methods is illustrated by Figures 1 and
2.

Figure 1 shows the age distribution of
a hypothetical mixed-longitudinal sam-
ple in which the conventional method
of observing all individuals on their
birthdays has been followed. The com-
position of cross-sectional subsamples
changes only at the birthdays (vertical
lines). In the construction of velocity
curves, minima, maxima, and points of
inflection can therefore be plotted only
to the nearest year.

An example of the distribution of a
sample in which the date of observa-
tion is randomized with respect to birth-
day is given in Figure 2 which shows a
mixed-longitudinal sample of seventy-
six boys followed at the Department of
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Fig. 1 Age distribution of a hypothetical mixed-longitudinal sample in which the

subjects are observed on their birthdays (vertical lines). Horizontal lines indicate
the period of observation for each subject.
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Fig. 2 Age distribution of a mixed-longitudinal sample of 76 Danish boys followed
at the Orthodontic Department and analyzed for growth in height. Horizontal lines
indicate. period of observation for each subject. Timing of observations is indepen-
dent of birthdays (vertical lines).
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Orthodontics. In spite of the interval
between observations for each individ-
ual still being one year, it will here be
possible by a suitable analysis to deter-
mine the time of fluctuations in growth
rhythm to, say, the nearest month.

The disadvantage of employing a
randomized date of observation is that
midpoints and boundaries for the peri-
ods of observation vary from individual
to individual. One subject is observed
at the ages of 10 years 2 months, 11
years 2 months etc., and another at the
ages of 10 years 7 months, 11 years 7
months, etc. Conventional statistical
processing which requires identical class
boundaries for all the subjects cannot,
therefore, be carried out. This diffi-
culty has been eliminated, however,
by the adoption of a technique of mul-
tiple interpolations in the processing of
the data.

MuLTiPLE INTERPOLATIONS

Instead of using the measured values
directly in the calculation of mean and
variability, it was found useful in ther
processing of the data first to construct
individual growth curves. These curves
were not actually drawn, but were
represented in numerical form in the
computer. From the individual curves,
values corresponding to each month of
age could then be read. The further
calculations of mean and variability
were subsequently based upon such
interpolated values.

While the direct utilization of meas-
ured values would yield one observation
per year for each subject if annual
examination were used, monthly in-
terpolation on the individual curves
yields twelve observations per year for
the same subjects. The considerable in-
crease in the number of observations
thus obtained is of particular value in
a sample where the date of observation
is randomized with respect to birthday.
If, in such a sample, monthly calcula-
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tions were to be based only on the an-
nually measured values, only one twelfth
of the subjects forming part of the sam-
ple at any particular month would be
exploited. When observations are ob-
tained by monthly interpolation, obser-
vations at any particular month are
available from all subjects forming part
of the sample at that time.

It is an important consequence of this
technique that, since at each month a
twelfth of the interpolated observations
change their values due to the ran-
domized date of observation, the grad-
ual change with age of the size and
growth rate in the sample will be re-
flected in the changes of the monthly
means and limits of variability, and an
almost smooth curve will be produced
although no smoothing is performed.

The technique of multiple interpola-
tions may be used also with samples
where observations have been made on
birthdays. The improvement over con-
ventional methods here depends on the
type of individual curve used for in-
terpolation. With zero-order step-curves
no improvement is obtained, but with
first- and higher-order curves a smooth-
ing effect caused by the small class
width is found.

Limits oF VARIABILITY

The calculation of the curves indicat-
ing the limits of variability around the
mean curve presents certain difficulties.
A simple procedure for determining
such curves consists of stating for each
age group * | or 2 standard deviations,
or certain percentiles calculated on the
standard deviation. This procedure re-
quires that the observations of size or
growth rate at each age are normally
distributed about the mean. It has been
demonstrated theoretically’® as well as
in practice,” however, that the observa-
tions are not always symmetrically dis-
tributed about the mean. Variability
curves calculated on the basis of the
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standard deviation consequently do not
always express the true variability of the
observations.

A more exact statement of limits of
variability demands determination of
the true percentiles in the distribution
at each age, and this requires knowl-
edge of the shape of the distribution.
Unfortunately, however, the shape of
the distributions to be described at each
age is unknown, being one of the fac-
tors to be investigated; furthermore, it
changes continuously with age in peri-
ods of acceleration and deceleration of
growth.

To overcome this difficulty one can,
in large samples, arrange the observa-
tions at each age according to size and
choose as percentile the ixN/100'th ob-
servation, where N is the number of
observations and i the desired percen-
tile. In small samples, however, the
method will be rather susceptible to
sampling variations.

A more universally applicable method
consists in determining the percentiles
mathematically through a maximum
utilization of the knowledge of the gen-
eral characteristics of the types of dis-
tribution under examination. Although
the distributions are not always normal
and their exact form not known, we
know that they are unimodal, continu-
ous, more or less skew curves which in
cumulative form will have a sigmoid
shape with an upper and lower asymp-
tote. Small sections of such curves are
described with a curve of the type
y=e3¥+> and determination of a given
percentile can therefore be made by
fitting a curve of this type to the cumu-
lative distribution of observations for
the age in question. Fitting can utilize,
for instance, the least squares method,
and must be repeated for each percen-
tile determination. This method has
been employed in the data processing
to be described. It is less dependent on
random fluctuations than the simple
counting of the ordered observations,
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and has given good results with samples
as small as twenty observations at each
age.

CoMPUTER PROCESSING

The computer program for the auto-
matic processing of growth data was
developed partly in FORTRAN and
partly in FAP for an IBM 7074 com-
puter. In the following an outline will
be given of the various phases in the
data processing.

The basic data for the computer proc-
essing consist of the serial information
on the age at observation and the size
of the variate being studied given for
each subject in the sample. Increments
are calculated automatically by the
computer, but can also be entered di-
rectly instead of the information on size.
This is of interest, for instance, when
growth increments are mecasured di-
rectly from superimposed x-ray ceph-
alometric films oriented after metallic
implants in the jaws as described by
Bjork.?

When the data have been punched
on cards and entered into the computer
the following analysis takes place for
each subject: The set of observations is
given the numerical forms of a distance
curve and a velocity curve. In the
present version of the program a first-
order curve is used for the distance
curve, ie., the points representing the
observations are connected by straight
lines. The velocity curve is constructed
numerically as the corresponding zero-
order curve, a step-curve where the
level of each step indicates the average
velocity in the period between the ob-
servations calculated as

Increment x 12

Interval between observations
(in months)

The subject’s distance and velocity
curves are then interpolated for each
month of the whole period under in-
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Fig. 3 Multiple interpolations on indi-
vidual distance and velocity curves. Small
segments of a distance and a velocity
curve, including one observation point,
are shown. The distance curve is obtained
by connecting observation points with
straight lines. The level of the velocity
curve gives the corresponding average
velocity of growth. Arrows illustrate
monthly interpolation performed by the
computer independent of timing of obser-
vations.

vestigation (Fig. 3). The subsequent
computing of mean and variability
curves is based on these interpolated
values and not on the original, observed
values.

The values of the curves read by the
computer are stored in a table giving
size or growth rate of the variate for
each individual at each month. The
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columns represent the subjects and the
rows, the age in months, Since in a
mixed-longitudinal study each subject
is observed only for a part of the total
span of age studied, table entries out-
side this period of observation are
marked as nonavailable.

When all the subjects have been
processed, and all the columns of the
table filled in, the computer proceeds to
the statistical analysis of the data. This
analysis is carried out for one row at
a time, each row containing a distribu-
tion describing the size or growth rate
of the group at a specific month. The
statistical description of such a distribu-
tion falls into three parts: 1) First, the
conventional measures of mean and
variability are determined. 2) Then
certain parameters describing the shape
of the distribution are calculated ac-
cording to Solow.'” Skewness is ex-
pressed by VBl and kurtosis by b2 and
a (Pearson,®® Geary,®® and Rao').
Tables of 5% and 1% significance
limits for these parameters are given by
Pearson and Hartley.”® 3) Finally, se-
lected percentiles are calculated. The
distribution at the month in question is
first represented cumulatively. The ab-
scissa of the observation closest to a de-
sired percentile is then selected, and one
of the curves y=ea%+P (percentiles be-
low the modal point of the distribution)
or y=l—e—@x+D (percentiles above
the modal point of the distribution) is
fitted by the least squares method to all
the points having the preceding, the
same, and the following abscissae. The
percentile is read from this curve (Fig.
4). The procedure is repeated for each
percentile.

When the above calculations have
been performed for each row in the
table, the statistical description of the
curves can be printed (Fig. 5). The
description of the growth of a variable
during twenty-five years takes up a few
pages of output which can be assembled
directly as a booklet.
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Fig. 4 Calculation of percentiles. Shaded figure indicates distribution of growth
rate at a specific month. Points depict the same distribution cumulatively. X-value of
the observation closest to the desired percentile is selected. The curve y=e(ax+b)
is fitted by the least squares method to all points having the previous, the same and
the next X-value. The percentile is read from this curve.

AGE N M S.E. S.0. RANGE PERCENTILES SKEWNESS KJURTOSIS
YR MO MIN. MAX. LOWER UPPER SQRT(B1) 82 A

13 0 36 7.05 0.36 2.164 3.5 12.5 4.5 3.9 0.496 2.70 0.8305

1 36 7.07 0.35 2.13 3.5 12.5 - 4.5 9.9 0.511 2.73 0.8306

2 35 7.17 0.35 2.09 3.5 12.5 4.8 3.9 0.513 2.81 0.8288

3 34 7.20 0.37 2.19 3.5 12.5 4.7 9.9 0.440 2.45 0.8565

4 34 7.55 0.37 2.15 3.5 12.5 5.0 10.1 0.223 2.33 0.8507

5 34 7.55 0.37 2.15 3.5 12.5 5.0 10.1 0.223 2.33 0.8507

6 34 7.54 0.37 2.18 3.5 12.5 5.0 10.1 0.256 2.24¢ 0.8602

7 35 T.64 0.37 2.19 3.5 12.5 5.0 10.3 0.180 2.17 0.8618

8 36 7.717 0.35 2.11 3.5 12.5 5.1 10.3 0.077 2.30 0.8562

9 36 7.83 0.35 2.13 3.5 12.5 5.1 10.3 0.003 2.24 0.8641

10 36 7.90 0.34 2.02 3.5 12.5 5.1 10.1 =-0.217 2.46 0.8467

11 37 7.75 0.36 2.18 3.4 12.5 4.9 9.9 -0.342 2.47 0.8542

Fig. 5 Part of a page of computer output giving monthly statistical description of
growth rate in height for boys age 13 years 0 months to 13 years 11 months. The
unit is em/year, the sample is the same as in Fig. 2. N = size of subsamples, M
= arithmetical mean, S.E. = standard error of the mean, S.D, = standard devia-
tion. The percentiles given are the 10 and the 90.
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Fig. 6 Distance curves produced by automatic processing of data on height in
the sample shown in Fig. 2. Mean, 10 and 90 percentiles.

GrowTH CURVES

The amount of detail in the statisti-
cal description provides an excellent
basis for a further mathematical or
statistical analysis of details in the shape
of the curve, but makes manual tracing
of the growth curves difficult. Most
university computers are, however,
equipped with plotting equipment,
automatic pens, the movement of which
in a coordinate system is directed by the
computer. By suitable programming the
plotter can be employed to present the
statistical description of the growth
graphically. There is naturally a free
choice of which of the computed para-
meters to plot, and we have decided to
let the computer trace a mean curve
and two variability curves; for example,
the arithmetic mean and the 10% and
909% percentiles, If “growth channels”
are desired, it is quite easy to program

the computer to draw four or six varia-
bility curves, Distance and velocity
curves obtained by using this system are
shown in Figures 6 and 7.

DiscussioN

The construction of growth curves
raises several problems of a theoretical
nature. The relation between individual
curves which describe the growth of a
dimension in the individual subjects,
and group curves which characterize
the growth in a group of subjects is
complicated. For both types of curves,
moreover, there are difficulties in trans-
forming the irregular curves represent-
ing the raw data into smooth curves
that may be used for further analysis.

Individual curves are essential for the
detailed study of the various phases of
maturation, for instance, in the analysis
of the timing and magnitude of pre-
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Fig. 7 Velocity curves produced by automatic processing of data on height in the
sample shown in Fig. 2. Mean, 10 and 90 percentiles.

pubescent minimum and pubescent
maximum in growth as well as the tim-
ing of the termination of growth.??
The detailed shape of the individual
curves is difficult to determine because
the error of measurement sets a lower
limit for the length of the interval be-
tween observations. In order to obtain
a more efficient description of the indi-
vidual curves, attempts have been made
to fit different mathematical curves to
the observed data.*5%* The fitted
curves are effective in describing
marked fluctuations in growth, but suf-
fer from the drawback that the number
of minima, maxima, and points of in-
flection must be determined in advance.

Group curves which show the mean
and variability in growth are of interest
as norms when growth of the individual
subject is assessed clinically. The prob-
lems involved in the construction of

such curves have been discussed by
Merrell,”*  Shuttleworth,’® Tanner,!8
and Tanner, Whitechouse and Takai-
shi.*® Construction of group curves may
be based on a chronological scale or a
maturation scale by superimposing on
maximum pubescent growth. The two
types of group curves have different
properties, and both types are of interest
when the growth of the individual sub-
ject is to be appraised. The mean and
variability curves determined by the
method described above are those based
on a chronological scale.

As previously mentioned, interpola-
tion on the individual curves was used
in the calculation of group curves. The
values obtained by this interpolation
obviously depend upon the method
used in the construction of individual
curves from the annual observations. A
wide range of curve-fitting procedures
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is available for obtaining such curves.
Unfortunately, however, any choice of
a particular higher-order curve implies
some form of predetermination of the
number of minima, maxima, and points
of inflection to be found in the fitted
curve. In a subsequent analysis of the
group curves it would be difficult, there-
fore, to decide whether particular de-
tails in the shapes of the curves were
due to properties exhibited by the sam-
ple or merely reflected the assumptions
made in the curve-fitting procedure.

To avoid this disadvantage it was
decided not to fit higher-order individ-
ual curves to the observed data at the
present stage of the project. Instead,
the simplest possible types of individual
curves were used, namely, a first-order
curve for size and the corresponding
zero-order step-curve for growth rate
(Fig. 3). No assumptions thus were
made concerning the presence of mini-
ma, maxima, and points of inflection in
the individual curves, and any such fea-
tures found in the group curves conse-
quently can be considered to reflect
properties of the sample, The method,
moreover, has the advantage that it
may be used also with variables for
which the shapes of the growth curves
are more or less unknown, for instance,
angular dimensions used in the study of
craniofacial growth, dimensions of the
dental arch, etc.

If, on the other hand, higher-order
curve-fitting is considered desirable in
a particular project, the design of the
system is such that a curve-fitting: pro-
cedure may readily be inserted.

Although no smoothing of the ob-
served or processed data has been car-
ried out, and despite the simple type of
individual curves used, it will be ap-
parent from Figure 7 that the com-
puted and plotted curves appear al-
most continuous. This is due to the
combination of two factors, the very
small class width used in the interpola-
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tion, and the method of sampling where
the date of observation in different in-
dividuals lies at a random distance from
the annual birthday. The effect of the
latter factor can be seen by selecting
the annual observations from longi-
tudinal material measured on annual
and semiannual birthdays** and sub-
jecting these data to the same auto-
matic processing as has been described
above (Fig. 8). The mixed-longitudinal
material used in Figure 6 produces a
considerably more detailed curve than
the longitudinal material used in Figure
8, thus indicating that in studies based
upon annual observations a considera-
ble amount of information is lost when
the observations are made on the sub-
jects’ birthdays.

The smoothness of the curves which
have been based on data sampled at a
randomized distance from the birthday
facilitates the construction of charts for
clinical purposes. The necessary further
smoothing can be made free-hand with
very small bias. Figure 9 shows a chart
produced by manual smoothing of the
computer output, The curves show the
growth rate in height for Danish boys
and are based on the mixed-longitudi-
nal sample shown in Figure 2. This
chart can be used in the clinic as an aid
in evaluating the growth of the indi-
vidual subject in relation to chronolog-
ical age.

Besides the theoretical advantages of
the method of randomizing the date of
observation with respect to birthday,
this method has the practical advantage
that the randomizing procedure may
consist in observing the subjects on, for
instance, the date of their first visit to
the growth clinic. The visits therefore
can be planned to fit the most con-
venient working periods of the institu-
tion.

One of the most commonly en-
countered problems in the analysis of
growth data has been how to “adjust”



Vol. 39, No. 3 Growth Data 195
0 2 4 6 8 10 12 14 16 18
Cm/yr 1 1 1 1 1 L. 1 1 B S WS U I N E— | N 1
26 r—ZG
2‘} HEIGHT, CALIFORNIA BOYS 2
2241 22
204 - - 20
1Bj 18
’lij 16 16
3 "] [
,J_: 11.1 [ 14
§ 12: [ 12
© 104 L 10
8- r 8
6] [:6
4 -4
2 2
0 T T T T T Ll T LS T T T T L LI B | T 0
0 2 4 6 8 10 12 14 16 18 yr
AGE

Fig. 8 Velocity curves produced by automatic processing of data on height obtained
from Tuddenham & Snyder (1954). The sample consists of 66 California boys, all
followed from birth to 18 years and measured on their birthdays. Mean, 10 and 90

percentiles.

the data to compensate for the slight
variations in the intervals between ob-
servations which arise when the sub-
jects sometimes cannot be measured on
the appointed date. In distance curves
the procedure has often been used to
determine the size of the variate at the
desired date by means of interpolation,
and to use the “adjusted” value in the
further calculations. In the velocity
curves similar “adjustments” of incre-
ments and observation intervals were
used.

In the program described, the need
for such “adjustments” of the data has
been entirely eliminated by means of
the technique of multiple interpolations.
No “adjustments” of observation dates
are called for, because the timing of the
interpolations is independent of the

dates of observations, and no ‘“‘adjust-
ments” of increments are needed in the
velocity curve, because the length of
the observation interval has been taken
into consideration in the formula for
calculating the velocity. The elimination
of these difficulties constitutes a con-
siderable advantage in relation to con-
ventional techniques of handling data
for growth studies.

In conclusion it may be said that the
system described for automatic proc-
essing of growth data has several theo-
retical as well as practical advantages
as compared with conventional tech-
niques. It may be used with all types of
growth data, and practical experience
with the system has shown it to be par-
ticularly suited for handling of data
from mixed-longitudinal studies of
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Fig. 9 Growth rate in height for Danish boys. Chart obtained by manual smoothing
of computer output for the sample shown in Fig. 2.

craniofacial growth where a relatvely
limited number of subjects is followed
with annual observations.

SUMMARY

A method for automatic processing
of growth data by means of computers
and automatic plotting equipment is
described.

As input, serial information on the
ages at observation and the correspond-
ing sizes of the variate being studied is
given for each subject in a group. The
output presents the size or growth rate
of the group and consists of tables giv-
ing mean, variability, percentiles, and
form of distribution for each month
over the period studied, as well as
graphs presenting mean and selected
percentiles.

It is demonstrated that sampling on
birthdays may be undesirable because

much information is thereby eliminated
from the data. The advantage is demon-
strated of a technique of sampling in
which the annual observation occurs at
different time intervals from the annual
birthday in different subjects although
constant intervals between observations
are maintained.

A method for calculation of percen-
tiles is described which is suitable for
use with growth data because it does
not require normality of the distribution.

Jagtve; 160
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