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Abstract Predicting the peak growth velocity in an
individual patient with adolescent idiopathic scoliosis is
essential or determining the prognosis of the disorder and
timing of the (surgical) treatment. Until the present time,
no accurate method has been found to predict the timing
and magnitude of the pubertal growth spurt in the indi-
vidual child. A mathematical model was developed in
which the partial individual growth velocity curve was
linked to the generic growth velocity curve. The generic
curve was shifted and stretched or shrunk, both along the
age axis and the height velocity axis. The individual age
and magnitude of the PGV were obtained from the new
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predicted complete growth velocity curve. Predictions were
made using 2, 1.5, 1 and 0.5 years of the available longi-
tudinal data of the individual child, starting at different
ages. The predicted values of 210 boys and 162 girls were
compared to the child’s own original values of the PGV.
The individual differences were compared to differences
obtained when using the generic growth velocity curve as a
standard. Using 2 years of data as input for the model, all
predictions of the age of the PGV in boys and girls were
significantly better in comparison to using the generic
values. Using only 0.5 years of data as input, the predic-
tions with a starting age from 13 to 15.5 years in boys and
from 9.5 to 14.5 years in girls were significantly better.
Similar results were found for the predictions of the mag-
nitude of the PGV. This model showed highly accurate
results in predicting the individual age and magnitude of
the PGV, which can be used in the treatment of patients
with adolescent idiopathic scoliosis.
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Introduction

The major difference between adult and pediatric medicine
is that children still grow. Growth is a volumetric and
longitudinal development and is essential to take into
account when treating children with a wide variety of
disorders. In particular, during the treatment of patients
with adolescent idiopathic scoliosis (AIS), it is important to
understand the growth and future growth of the patient. The
prognosis of the curve progression and the timing of
(surgical) treatment are mainly dependent on the timing of
the pubertal growth spurt [1, 2].
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Several methods for prediction of the growth spurt or
peak growth velocity (PGV) implicate the combination of
different indicators of growth, such as the chronological
age, skeletal age, Risser sign, age of menarche, etc.
However, these methods are often only applicable to large
groups of children and not accurate enough in predictions
for the individual child [3-6]. Furthermore, many growth
indicators, such as the skeletal age of the hand and wrist or
the Tanner stage of sexual maturation need highly trained
judgment to obtain an accurate assessment [7, 8].

A major difficulty in predicting growth of the individual
child is the large variation in growth patterns between
different children. The timing and magnitude of the
pubertal peak growth spurt are highly variable. It is known,
for example, that the PGV of total body height during
puberty typically takes place between 10 and 14 years in
95% of the girls, and between 12 and 16 years in 95% of
the boys. This range is too wide to allow for accurate
predictions in the individual child. Furthermore, it is
known that the magnitude of the peak growth is larger for
individuals with early pubertal maturation as compared to
those with late maturation [9-11]. So, phase and amplitude
differences exist between individual children and therefore
methods for prediction of the growth spurt in groups of
children are not applicable to individuals.

While predictions of individual growth (velocity) curves
are highly difficult to make, growth curves for the general
population are available. Several models were used to
produce representative generic growth and growth velocity
curves taking the phase differences between individual
children into account [12, 13].

In this study, it is proposed to apply a new mathematical
model for prediction of the peak growth velocity in the
individual child. The method fulfills the requirements of
being easy to use, not expensive and generally applicable.
It provides improved accuracy in predicting the timing and
magnitude of the PGV of total body height; as such, it is
useful for the treatment of patients with adolescent idio-
pathic scoliosis.

Patients and methods

It was assumed that a function G(#) for a generic growth
curve and a function V() for a generic growth velocity
curve are available. For the validation of the present
growth model, the generic growth velocity curve for total
body height of a Dutch population was chosen as described
by Gerver and De Bruin [12], since the longitudinal growth
data for validation of the model were obtained from Dutch
children as well.

Using a custom-made program in Matlab® (Mathworks,
Natick MA, USA), a smooth curve was fit through the
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available growth data of each individual child to obtain a
smooth derivative, i.e., the partial growth velocity curve
v(t) of that particular child.

Next, a selected part of the original growth velocity
curve of the child was linked to the known generic growth
velocity curve by shifting and stretching or shrinking the
generic growth velocity curve, both along the age axis (X-
axis) and along the height velocity axis (Y-axis) by use of
four parameters (A4;, T;, ¢;, and k,):

Vl‘(t) :A,V((t + C,)/T,) + ki

where v(?) is the new predicted individual growth velocity
curve, ¢; and k; shift the generic growth curve V() along
the X and Y axes, respectively, and 7; and A; scale the
generic growth curve along the X and Y axes, respectively
(Fig. 1).

The parameters A;, T;, ¢; and k; were calculated for each
individual child using a least squares optimization (Matlab
function fmincon). Boundary conditions were applied to
the four parameters to prevent outliers in the predictions
(further considered in “Discussion”).

By scaling the complete generic growth velocity curve,
a new complete predicted individual growth velocity curve
can be obtained (Fig. 1), even in cases where the individual
child has not yet reached his or her PGV. From this new
curve, the age of the PGV and the magnitude of the PGV
can be abstracted by the program.

For validation of the model, the longitudinal growth data
of total body height of 210 boys and 162 girls were used.
The children were measured every 6 months in the last
4 years of primary school or the first 4 years of secondary
school. In this way, two cohorts with longitudinal mea-
surements of growth were obtained for children with ages
ranging from 7.6 to 13.7 years; 11.0 to 17.7 years in boys

Growth velocity (cm/year)
NN

Age (years)

Fig. 1 Graphical representation of the predictive model. The original
individual partial growth velocity curve (cyan line), the generic
growth velocity curve (dashed black line), and the new individual
predicted growth velocity curve (red line) are shown. A;, scaling of
the vertical amplitude of the growth velocity curve, T}, scaling of the
width of the velocity curve, c;, shift of the growth velocity along the
age axis, k;, shift of the growth velocity curve along the growth
velocity axis
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Table 1 Number of available children for each prediction of the age and magnitude of the PGV when using only 0.5, 1, 1.5 and 2 years of the

available data, respectively

N Starting age 8 85 9 9.5 10 105 11 11.5 12 125 13 135 14 145 15 155 16
Boys 0.5 year 0 2 5 6 6 6 8 25 119 163 183 189 152 67 22
data
1-year data 0 2 5 6 6 7 4 26 118 161 176 149 67 22
1.5-year 0 2 5 6 5 2 3 25 116 154 136 64 22 6 2
data
2-year data 0 2 5 5 1 2 2 24 111 114 51 19 6 2 0
Girls  0.5-year 1 15 60 107 125 132 121 67 6 7 21 24 25 24 19
data
1-year data 1 15 60 107 126 121 66 16 3 5 22 24 24 20 3
1.5-year 1 15 60 107 115 65 15 3 0 5 21 23 20 3
data

2-year data 1 15 60 96 59 15 2

0 0 4 20 19 3 1 0

Predictions in italics were significantly better for the age of the PGV
PGV in comparison to the use of the generic values

and 7.7 to 13.4 years and 11.0 to 17.3 years in girls. Each
child had measurements over a time span of at least 2 years
(range 2.0-3.9 years, mean time span of boys 3.2 years,
mean time span of girls 3.3 years).

Only growth curves of children were used in this vali-
dation study, which showed a clear pubertal growth spurt in
that the highest peak was not the first or the last mea-
surement. The original age and magnitude of the PGV were
calculated beforehand by determining the highest peak in
the derivative of the smoothed original individual growth
curve.

The original individual age and magnitude of the PGV
were compared to the values of the generic growth velocity
curve, to determine the error that would have resulted when
the generic growth velocity curve rather than the present
model would have been used for predicting the age and
magnitude of the PGV in each individual child.

Next, individual predictions were made with the model
as described above using only 0.5, 1.0, 1.5 and 2.0 years of
the available data of the individual child as input, respec-
tively. Furthermore, these predictions were made starting at
different ages, with an interval of 0.5 years, from 9 to
16 years in boys and 8 to 15 years in girls.

The new predicted ages and magnitudes of the PGV of
the individual child were compared to his or her own ori-
ginal age and magnitude of the PGV of total body height.

Subsequently, average absolute differences were calcu-
lated for the boys and girls to demonstrate the accuracy of
the model.

For both the age and magnitude of the PGV, the absolute
individual differences between the original and predicted
values were compared to the individual differences
between the predicted values and the values of the generic
growth velocity curve, using paired-samples T tests.

and predictions in bold were significantly better for the magnitude of the

Results

The absolute difference between the individual ages of the
PGV and the age of the PGV of the generic growth velocity
curve was on average 0.66 years (SD 0.45) in boys and
1.08 years (SD 0.58) in girls. The magnitude of the PGV
differed on average by 1.45 cm/year (SD 1.16) in boys and
1.59 cm/year (SD 1.13) in girls (Figs. 3, 4).

The number of available children for comparisons at
each starting age and follow-up time are shown in Table 1.
The results of the average absolute differences between the
predicted and original age and magnitude of the PGV were
shown when comparisons of more than 15 children were
available. Therefore, only the results were shown from 12.5
to 16 years in boys and 8.5 to 15 years in girls, depending
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Fig. 2 Example of the prediction of a new individual growth velocity
curve. The black curve represents the smooth fit of the original
individual growth curve of total body height. The dashed cyan growth
velocity curve of this individual contains a continuous part, which
was used as input for the model. The gray dashed line represents the
generic growth velocity curve from which the new, predicted
individual growth velocity curve was constructed (red velocity
curve). The vertical dashed lines represent the original (cyan) and
new predicted (red) age of the PGV of this individual
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Fig. 3 Results of the average absolute differences between the
original and predicted age of the PGV (upper graph) or magnitude of
the PGV (lower graph) in boys. The thick black bar represents the
average absolute difference between the values of the generic growth
velocity curve and the original ages or magnitudes of the PGV of the
individual children. The vertical bars represent the SD. Asterisks
indicate significantly smaller difference between the prediction and
the original age or magnitude of the PGV in comparison to the
difference between the values of the generic growth velocity curve
and the original age or magnitude of the PGV

on the amount of data used as input for the prediction
(Figs. 3, 4).

An example of the prediction of the PGV of a girl is
shown in Fig. 2. In this example, 1 year of available data
points were used with a starting age of 9 years.

Results for all predictions of the age of the PGV are
shown in Figs. 3 and 4.

Using 2 years of data as input for the model, the average
absolute difference between the predicted age of the PGV
and the original age of the PGV varied between 0.11 (SD
0.09) and 0.27 (SD 0.26) years in boys and between 0.15
(SD 0.20) and 0.70 (SD 0.54) years in girls, depending on
the starting age. All these predictions were significantly
better in comparison to using the generic values (Figs. 3,
4). When using only 0.5 years of the available data, the
difference between the predicted and actual age of the PGV
increased up to between 0.25 (SD 0.35) and 0.66 years (SD
0.53) in boys and between 0.27 (SD 0.34) and 1.17 (SD
0.50) years in girls (Figs. 3, 4). Here, the predictions with a
starting age ranging from 13 to 15.5 years in boys and from
9.5 to 14.5 years in girls were still significantly better in
comparison to using the generic values of the growth
velocity curve (Figs. 3, 4).
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Fig. 4 Results of the average absolute differences between the
original and predicted age of the PGV (upper graph) or magnitude of
the PGV (lower graph) in girls. The thick black bar represents the
average absolute difference between the values of the generic growth
velocity curve and the original ages or magnitudes of the PGV of the
individual children. The vertical bars represent the SD. Asterisks
indicate significantly smaller difference between the prediction and
the original age or magnitude of the PGV in comparison to the
difference between the values of the generic growth velocity curve
and the original age or magnitude of the PGV

The magnitude of the peak growth velocity differed on
average between 0.14 (SD 0.22) and 0.73 (SD 1.25) cm/
year when using 2 years of data in boys, and between 0.15
(SD 0.20) and 1.24 (SD 0.93) cm/year in girls (Figs. 3, 4).
In boys, all the predictions using 2 years of data were
significantly better in comparison to using the values of the
generic growth velocity curve. In girls, only the prediction
starting from 8.5 years was not significantly better. When
using only 0.5 years of data, the differences between the
predicted and actual PGV increased up to between 0.60
(SD 1.12) and 2.51 (SD 1.65) cm/year in boys and between
0.40 (SD 0.56) and 2.46 (SD 1.31) cm/year in girls. The
predictions starting from 13 to 14.5 years in boys and from
10 to 11.5 years and from 13 to 13.5 years in girls were
still significantly better in comparison to using the generic
growth velocity curve (Figs. 3, 4).

Discussion

This study demonstrated the utility of a new method for
prediction of the peak growth velocity in the individual
child. The analysis showed substantial improvement
regarding the prediction of the age of the PGV, as well as
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the magnitude of the PGV of total body height, when
compared with the use of a generic growth velocity curve.
Previously, the orthopedic surgeon only knew that the
pubertal growth spurt should appear around the age of
14 years in boys and 12 years in girls [7]. The present
analysis showed that the predictions produced by this
model were significantly better in most cases, even when
using just a small amount of data points as input.

As mentioned in “Introduction”, information regarding
the peak growth velocity of the individual patient is highly
important when discussing the prognosis and treatment of
adolescent idiopathic scoliosis. Extensive research has
been done regarding several maturity indicators and their
relationship to curve progression in patients with idiopathic
scoliosis. Many models need specialized training or are
time consuming for the clinical practice. However, few
methods have proven to be useful, like the simplified
Tanner-Whitehouse-III system as described by Sanders
et al. [14].

Although the theory behind this mathematical model can
be somewhat difficult for clinicians, the program which is
used is uncomplicated. The clinician should only fill in the
available data points of length of the child, and the program
calculates the predicted age and magnitude of the peak
growth velocity. These values are the output of the pro-
gram. Therefore, this program will be fast and easy to use
for everyone. The person using the program will not have
to calculate the actual mathematical formula.

A limitation of the present study was that the data were
obtained from two cohorts of primary and secondary school
children. Therefore, the growth curves with a clear pubertal
growth spurt involving the age of around 12 years were
less available. In particular in girls where the average
growth spurt occurs at the age of 12.1 years; this resulted in
small numbers of available children at starting ages ranging
from 11.5 to 12.5 years (Fig. 4).

Other average results for different starting ages were not
shown as well, since a cutoff point of at least 15 compar-
isons was chosen to be relevant for each prediction.
However in boys, 12 out of 21 comparisons, with
N between 2 and 14, were still significantly better when
using the model for predicting the age of the PGV in
comparison to using the generic values. In girls, 7 out of 11
comparisons with N between 2 and 14 were significantly
better in predicting the age of the peak growth velocity of
total body height (Table 1).

The validation of the model was performed with the data
of healthy children without any signs of abnormal growth,
since a reliable generic growth velocity curve was available
for this population. The model should be further tested in
children with adolescent idiopathic scoliosis. Although
Veldhuizen et al. [15] and Duval-Beaupere [16, 17] failed
to demonstrate any deviation of total body height or sitting

height in scoliotic children in comparison to healthy chil-
dren, the predictions of the model should be interpreted
with care by the clinician treating these patients. The
present study group is currently working on collecting
extensive growth data of children with adolescent idio-
pathic scoliosis, but since collecting sufficient data takes
several years, the model is first presented with already
available growth data.

A limitation in the clinical use of the present model is
that, when large errors are made in length measurements
for the individual child, the results of the model prediction
will not be accurate. Obviously, the influence of mea-
surement errors will be greater when fewer measurements
are performed in the individual child.

The accuracy of the PGV predictions was sensitive to
the technique used to fit the original growth data of each
child and to the selection of boundary conditions of the
fitting parameters. While we presented the results using a
fourth polynomial fit, we tested higher and lower order
polynomials and a cubic spline fit as well. However, these
results were always worse than for the fourth-order
polynomial.

The second methodological factor that might influence
the results was the selection of boundary conditions for A;,
T;, c; and k;. Pilot work showed that too wide boundaries
resulted in a larger proportion of curves with obvious errors
that could easily be identified through visual inspection.
After removing these curves, the final results appeared to
be insensitive to the selection of boundary conditions. In
the final set of boundary conditions, A; was allowed to scale
over a wide range, i.e., from 0.01 to 3, but the model did
not reach these values. T; was restricted in its scaling from
0.4 to 1.2. ¢; was restricted mainly in the positive direction
from —4 to +1.25, and k; was restricted from O to +4 to
avoid negative growth velocities.

An advantage of the present prediction model is that it
can theoretically be applied to different body length mea-
sures. Besides the growth spurt of total body length, the
sitting height is also important for the treatment of AIS.
Furthermore, knowing the timing and magnitude of the
PGV of subischial leg length, for example, is essential
when treating patients with leg length differences. There-
fore, the model should be further validated for prediction of
the age and magnitude of the PGV of other body length
dimensions.

This study showed the results of the validation of a new
mathematical model for prediction of the peak growth
velocity in the individual child. The model showed accu-
rate results in predicting the individual age of the PGV as
well as the magnitude of the PGV of total body height,
which can be used in the treatment of patients with ado-
lescent idiopathic scoliosis, as well as other orthopedic
pediatric disorders.
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