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Height plays a major role in social integration.1 Most 
adolescents worry about their cosmetic appear-
ance,2 and potential height gain following surgical 

correction of scoliosis is a frequent concern of adolescent 
idiopathic scoliosis patients and of their parents. Several 
studies have quantified the loss of height induced by the 
progression of spinal curvature3–5 or the potential height 
gain due to surgical correction of low thoracic kyphosis.5 
However, prediction of postoperative height gain is still 
controversial. According to our search of the literature, 
5 prediction models have been reported.6–10 Thus far, the 
best predictors of height gain resulting from surgical cor-
rection were the number of fused vertebrae7–10 and the de-

grees of the corrected Cobb angle6,9 or postoperative Cobb 
angle.7,8 Nevertheless, the corrected Cobb angle can only 
be measured after the surgery, when height gain prediction 
is less relevant, especially if the surgeon wants to provide 
an estimation of height gain to those patients considering 
surgery. Furthermore, the authors of those predictive mod-
els measured the radiographic spinal height and did not 
report the clinical height gain, which could be of greater 
interest to the patient. Clinical height measurement is a 
reliable and rapid technique,11,12 which is easily accessible 
in consultation, contrary to measurement on radiographs, 
which require controlling for magnification error.9 The 
aims of this study were to determine the best predictive 
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OBJECTIVE The best predictors of height gain due to surgical correction are the number of fused vertebrae and the 
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did not report the clinical height gain. The aims of this study were to determine the best predictive factors of clinical height 
gain before surgical correction, construct a predictive model using patient population data for machine learning, and test 
the performance of this model on a validation population.
METHODS The authors reviewed 145 medical records of consecutive patients who underwent surgery that included 
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conditions. Multivariate analysis was then performed and the results were used to develop a predictive model for height 
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standing position was 4.2 ± 1.8 cm (range 0–11 cm). The best prediction model was calculated as follows: stand-ing 
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angle (°) + 0.021 × T5–12 kyphosis (°) + 0.14 × number of levels fused. In the validation cohort, 91% of the predicted 
values had an error of less than one-half of the actual height gain.
CONCLUSIONS This predictive model formula for calculating the potential postoperative height gain after surgical treat-
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factors of clinical height gain before surgical correction, 
construct a predictive model using machine learning with 
actual patient population data, and test the performance of 
this model on a validation population.

Methods
Study Design and Setting

This study was approved by the internal review board 
of Lille Catholic Hospitals. A retrospective prognostic 
study was performed between January 2012 and April 
2016. All medical records of idiopathic scoliosis patients 
who were treated for surgical correction at our institute by 
one surgeon (C.M.) were reviewed. Clinical height data 
were collected within 15 days before surgery, as well as 
immediately after and 3 months later. Radiographic stud-
ies were performed 5 days before and 3 months after sur-
gery.

Study Patients
In the reviewed medical records, we identified 145 

consecutive patients with idiopathic adolescent scoliosis 
who underwent surgery during the inclusion period. All 
patients underwent posterior spinal fusion. Patients were 
excluded if any of the following data were not available 
in the database: preoperative and postoperative frontal 
and lateral full-body radiographs, preoperative elongation 
radiographs, and preoperative and postoperative clinical 
height measurements. Elongation radiographs were per-
formed in the supine position with bipolar elongation, with 
a loading of 10 kg. Patients who underwent preoperative 
halo elongation were excluded. All parents signed an in-
formed consent to data processing authorization.

Surgical Technique
All patients underwent a posterior approach surgery 

that included placement of posterior spinal instrumenta-
tion and fusion for idiopathic scoliosis. Fusion was per-
formed using mixed instrumentation with both pedicle 
screw and hook constructs.13

Outcome Measures
Standing (Fig. 1A) and sitting (Fig. 1B) clinical heights 

were determined before surgery and within 15 days and 
at 3 months postoperatively. To limit measurement bias, 
clinical height was measured by the same operator under 
similar conditions: the patient was barefoot in the Frank-
fort horizontal plane,11,14 and the same stadiometer fixed to 
the wall was used for all patients.

Moreover, to corroborate the validity of this clinical 
measurement, the radiographic height gain was mea-
sured for those patients who had frontal and lateral bipla-
nar low-dose radiographs acquired with an EOS system 
(EOS Imaging).15 This technology allows imaging of the 
patient in a calibrated space that can be used to perform 
reliable 3D measurements which are not affected by mag-
nification artifacts. The T1–L5 vertical spinal height was 
measured pre- and postoperatively in 3D from the middle 
of the superior endplate of T1 to the middle of the inferior 
endplate of L5 (Fig. 2). Measurements were performed by 

a fully trained operator who was not the patient’s surgeon 
or the operator who measured the patient’s clinical height.

For all patients, including those for whom only con-
ventional radiography was available, radiographic mea-
surements were performed with fully integrated, digitally 
calibrated angular and linear measurement instruments 
(Synapse; Fujifilm Medical Systems). On the preoperative 
radiographs, the Cobb angle of the major curves and the 
T5–12 kyphosis were measured with the standard tech-
niques9 (Fig. 3A and B). On elongation radiographs, the 
Cobb angle was measured on the same limit vertebrae as 
those appearing on the preoperative radiograph (Fig. 3C). 
On postoperative radiographs, the number of levels fused 
and the number of implants (screws and hooks) were re-
corded. Scoliotic curves were classified according to the 
Lenke16 method. Radiographic data were collected by a 
single surgeon (T.L.; not the operating surgeon).

Statistical Analysis
For continuous variables, the mean ± standard devia-

tion and range were calculated (clinical standing and sit-
ting heights, preoperative and elongation test Cobb angle, 
and T5–12 kyphosis), and for discrete variables the num-
ber and proportion were calculated (sex, Risser sign, num-
bers of levels fused, and number of implants).

FIG. 1. Measurement of a patient’s standing (A) and sitting (B) clinical 
height with a stadiometer. Figure is available in color online only.



The link between these continuous parameters and the 
patient height gain was studied. For continuous variables, 
the nonparametric Spearman rank correlation coefficient 
was calculated between each variable and patient height 
gain, and a test of the nullity of the coefficient was per-
formed. To assess the influence of the patient’s sex, the 
height gains for male and female patients were compared 
with a Wilcoxon Mann-Whitney test, as the data were not 
normally distributed.

Multivariate analysis was then performed, the aim be-
ing to get a predictive model for the height gain after sur-
gery. All the data for each included patient were randomly 
assigned to a learning set (data for 70% of the patients 
were used for model learning) and a test set (data for 30% 
of the patients were used to independently assess the mod-
el performance).

Data for the various prediction methods were added to 
the machine learning set, with performances being mea-
sured by using the R2 coefficient and estimated by a leave-
one-out strategy, to reduce the risk of overestimation due 
to overfitting. The methods used were linear regression 
(with feature selection based on Akaike and Bayesian in-

formation criteria, and penalized), regression tree, random 
forest, support vector machines, Bayesian tree, and condi-
tional inference tree. The performance of the model that 
most closely matched the actual patient outcome data was 
then measured on the test set.

The comparability of the test and the learning sets was 
assessed by using a Student t-test or Wilcoxon Mann-
Whitney test (in case of nongaussian data). R software 
(version 3.2.5; the R Foundation for Statistical Comput-
ing) was used.

Results
Study Population

In total, 116 patients were included in the analysis. Their 
mean age was 15.8 ± 1.9 years (range 11.9–21.3 years) at 
the time of surgery, with 104 female patients (90%) and 
12 male patients (10%). All Lenke curve types16 were rep-
resented (Lenke 1/2 thoracic curves, 67 patients; Lenke 
3/4/6 thoracic and lumbar curves, 39 patients; Lenke 5 tho-
racolumbar or lumbar curves, 10 patients). Twenty-three 
patients (20%) had a Risser17 stage ≤ 2 and 93 (80%) had 
a Risser stage ≥ 3. The mean preoperative clinical height 
was 160.9 ± 7.5 cm (range 140–179 cm) in the standing 
position and 82.6 ± 4 cm (range 73–92.5 cm) in the sitting 
position. The mean preoperative Cobb angle was 61.6° ± 
13.6° (range 31°–111°, with only 2 major curves < 40°) and 
the mean preoperative T5–12 kyphosis was 26.8° ± 15.8° 
(range −6° to 69°). The apex of thoracic kyphosis was T8 
in 20% of patients, T7 in 38%, T6 in 26%, T5 in 14%, and 
T4 in 2% of patients. The average Cobb angle reduction 
under elongation was 17.6° ± 8.6° (range 0°–38°). On aver-
age, 12.1 ± 2.4 levels were fused (range 7–16 levels) with 
14.9 ± 2.5 implants (range 9–21 implants), with a mean 
number of screws of 7.4 ± 2.3 (range 0–12 screws).

Reliability of Measurement
Forty measurements of the T1–L5 vertical spinal height 

were performed pre- and postoperatively in 20 consecu-
tive patients (2 measurements per patient, 1 preoperatively 
and 1 postoperatively). The Pearson correlation was 0.97 
(95% CI 0.90–0.99) between clinical and radiographic 
height gain. Only 1 patient had a difference in clinical and 
radiographic height gain greater than 1 cm (1.2 cm), while 
the absolute average difference between the methods was 
0.36 ± 0.3 cm.

Clinical Height Gain and Predictive Factors
The postoperative average clinical height gain in the 

standing position was 4.2 ± 1.8 cm (range 0−11 cm), and in 
the sitting position it was 3.3 ± 1.8 cm (range −1 to 9.5 cm; 
Fig. 4). According to the Spearman correlation test, the 
preoperative Cobb angle (ρ = 0.66, p < 0.0001), number 
of levels fused (ρ = 0.51, p < 0.0001), number of implants 
(ρ = 0.42, p < 0.0001), and T5–12 kyphosis (ρ = 0.4, p <
0.0001) were positive predictive factors of clinical postop-
erative height. There were also negative statistical correla-
tions with sitting preoperative clinical height (ρ = −0.45,
p < 0.0001), Risser stage (ρ = −0.40, p < 0.0001), age (ρ
= −0.38, p < 0.0001), and standing preoperative clinical
height (ρ = −0.22, p < 0.0001). There was no significant

FIG. 2. Preoperative measurement of the T1–L5 distance (vertical line) 
on a biplanar low-dose radiograph. The measurement is performed 
simultaneously in the lateral (A) and frontal (B) radiographs to improve 
accuracy (3D measurement). The horizontal line corresponds to a level 
marker to facilitate simultaneous measurement on the lateral and frontal 
radiographs. Figure is available in color online only.



statistical correlation with the number of screws (ρ = 0.13, 
p < 0.18) and the Cobb angle reduction under elongation 
(ρ = 0.12, p < 0.2). No differences in clinical height gain
by sex (p = 0.22), type of curve (Lenke 1/2, 4.1 ± 1.7 cm;
Lenke 3/4/6, 4.3 ± 2.1 cm; and Lenke 5, 4.1 ± 0.7 cm; p >
0.2), or apex of thoracic kyphosis (T8, 4.0 ± 1.5 cm; T7,
3.9 ± 1.2 cm; T6, 4.4 ± 0.8 cm; T5, 4.7 ± 1.9 cm; and T4,
4.0 ± 1.5 cm; p > 0.3).

Predictive Model
The best prediction model was issued from an elastic 

net penalized regression, with R2 = 0.52 and a leave-one-
out R2 of 0.40. The model was as follows: standing clinical 
height gain (cm) = 1 − 0.023 × sitting clinical height (cm) − 
0.19 × Risser stage + 0.058 × Cobb preoperative angle (°) + 
0.021 × T5–12 kyphosis (°) + 0.14 × number of levels fused.

Test Performance of Model
On the validation cohort, 91% of the predicted values 

had an error less than one-half of the actual height gain, 
and for 50% of the values the error was less than 20% 
(Fig. 5). The R2 computed on the validation set was 0.47 
(error range formula [−1.9; 2.5], mean absolute error 0.93, 
root mean square error 1.1). Moreover, no relationship was 
observed between the percentage of Cobb angle correc-
tion and the model error (correlation coefficient −0.04).

Discussion
In this original study, the predictive factors correlated 

with postsurgery clinical height gain in patients with idio-
pathic adolescent scoliosis were determined. A multilinear 
model for predicting clinical height gain was developed 
and its reliability was determined; its use in the clinical 
routine is straightforward since it is a linear combination 
of clinical (sitting height) and radiological measurements 
(Risser sign, Cobb preoperative angle, kyphosis, and num-
ber of levels fused). We insist on the fact that the clini-
cal height gain does not motivate the surgery but makes it 
possible to answer an important question frequently asked 
by patients and their families.

Preoperative Cobb angle, number of levels fused, and 
preoperative T5–12 kyphosis were correlated with clini-
cal height gain. These correlations have already been 
described in the literature.6–10 However, the correlation 
between kyphosis and lordosis with height gain remains 
controversial in numerous studies.9,10 This is not surpris-
ing, because idiopathic thoracic scoliosis is responsible for 
thoracic lordosis in most cases.

The numbers of implants were also correlated to clini-
cal height gain. To our knowledge, this factor has never 
been described previously.6–9 The surgical technique em-
ployed consisted of hybrid constructs with implants set 
up only at strategic locations previously defined by Cotrel 

FIG. 3. Examples of preoperative Cobb angle measurements performed with the patient in the standing position (A) and in elonga-
tion (C) and measurement of T5–12 kyphosis (B). The white lines indicate limit vertebrae.



and Dubousset.13 The present values of clinical height gain 
(average 4.2 cm) can be compared with the values result-
ing from a construct with implants on all levels. Spencer 
et al.9 used screws at all levels except proximally, where 
hooks were used, obtaining an average height gain of 2.71 
cm. Van Popta et al.10 found a mean gain of 4.6 cm, but
no information was given on the type of constructs used.
Watanabe et al.6 found an average height gain of 3.24 cm
after hybrid instrumentation.

Although we found that the Risser stage was negatively 
correlated with height gain, no correlation was observed 
between the reducibility of the curvature of the elonga-
tion test and height gain. First, this could be due to the fact 
that in adolescent idiopathic scoliosis the spine is relatively 
flexible and therefore the elongation factor did not have a 
significant effect on height gain. Second, younger patients 
with a lower Risser stage gained more height after surgery 
because they had more severe deformities at the time of 

surgery (Cobb angle 70° ± 13° in Risser 0–3 vs 57° ± 11° in 
Risser 4–5; the difference was not statistically significant). 
Therefore, earlier surgery was indicated for these patients.

The predictive model of clinical standing height gain 
(cm) after posterior correction fusion only depends on
preoperative factors, unlike previous models found in the
literature which were based on the percentage of frontal6,9

or sagittal correction obtained,8 or on the presence of os-
teotomies.8 The model reported by Spencer et al.9 focuses
on the height gain with good reliability (R2 = 0.85) but in-
cludes the degree of correction of the frontal Cobb angle,
which is a measure taken from postoperative data. The
model reported by Watanabe et al.6 is also based on analy-
sis of the corrected Cobb angle. The present model was
built to inform the patient quickly and easily in preopera-
tive consultation; it showed a lower adjusted R2 (0.47), but
we can predict the height gain. In the van Popta et al.10

study, the authors aimed to predict postoperative height

FIG. 4. Example of clinical height gain after a correction with fusion of T5–L1 (A), with frontal (B) and sagittal (C) pre- and postop-
erative radiographs. Figure is available in color online only.

FIG. 5. A: Prediction based on the observed clinical height gain for the validation population. The x-axis corresponds to the actual 
height gain in centimeters and the y-axis corresponds to the predicted height gain in centimeters. B and C: Box plots representing 
the prediction mistake (error; B) and the ratio between the prediction error and the actual height gain for the validation population 
(C). Grey boxes correspond to IQRs, box boundaries to 25% and 75% quantiles, and black horizontal lines to medians. Vertical 
lines show ranges from minimum to maximum values, not including outliers.



but not height gain. This difference makes it possible to 
obtain a high adjusted R2 (0.76) because the postoperative 
height is strongly correlated with the preoperative height.

The present work is original because the model was 
built on a learning population and tested on a validation 
population. In order to inform patients of the possible er-
ror in the preoperative estimate of the postoperative height 
gain, a margin of error was established for this prediction 
model. This margin of error reflects the difficulty of find-
ing a reliable and accurate model due to the relatively high 
variability of the different variables at play.

On the one hand, clinical and radiological measure-
ments are affected by nonnegligible uncertainties. On the 
other hand, height gain depends on the surgical approach, 
which is never 100% reproducible.

To our knowledge, this is the first reported study that 
uses clinical height measured with a fixed stadiometer as 
a criterion for evaluation rather than measurements per-
formed on radiographic images. The measurement method 
used in the present study reflects the daily clinical reality 
and the patient’s everyday life. To evaluate the reliability 
of this measurement, biplanar radiographs were used to 
overcome the effects due to enlargement and the distance 
of the patient from the transmitter. In the EOS booth (EOS 
Imaging), the patient’s position can be reliably estimated 
and accounted for, and the vertical T1–L5 distance can be 
measured accurately between vertebral endplates.

Study Limitations
This study has some limitations. Patient inclusion was 

retrospective, but inclusions were consecutive and homo-
geneous. Radiographic measurements were performed 
only once by a trained operator, who was blinded to the 
clinical measurements; although measurement reliability 
was not established, such radiographic measurements are 
well known. Another limitation is that no assessments of 
quality of life and self-esteem were performed. Finally, re-
sults should be generalized with care because all surgeries 
in the presented series were performed by the same ortho-
pedic surgeons. Different surgical approaches might result 
in higher or lower average height gains.

Conclusions
In conclusion, this study showed that more frontal and 

kyphotic deformities affect height gain after a posterior 
fusion correction of idiopathic scoliosis, and that younger 
patients (smaller Risser sign) can expect higher clinical 
height gain. The preoperative predictive model of postop-
erative clinical height gain was 1 − 0.023 × sitting clinical 
height (cm) − 0.19 × Risser stage + 0.058 × Cobb preop-
erative angle (°) + 0.021 × T5–12 kyphosis (°) + 0.14 × 
numbers of levels fused. The model can be calculated for 
any patient preoperatively to inform them of their potential 
height gain (taking into consideration the model’s uncer-
tainty). Further work should aim at validating this formula 
for use with different surgical approaches.
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