
Abstract Idiopathic scoliosis in-
volves complex spinal intrinsic defor-
mations such as the wedging of verte-
bral bodies (VB) and intervertebral
disks (ID), and it is obvious that the
clinical evaluation obtained by the
spinal projections on the two-dimen-
sional (2D) radiographic planes do not
give a full and accurate interpretation
of scoliotic deformities. This paper
presents a method that allows recon-

struction in 3D of the vertebral body
endplates and measurement of the 3D
wedging angles. This approach was
also used to verify whether 2D radio-
graphic measurements could lead to a
biased evaluation of scoliotic spine
wedging. The 3D reconstruction of
VB contours was done using calibrat-
ed biplanar X-rays and an iterative
projection computer procedure that
fits 3D oriented ellipses of adequate
diameters onto the 3D endplate con-
tours. “3D wedging angles” of the VB
and ID (representing the maximum
angle between adjacent vertebrae) as
well as their angular locations with re-
spect to the vertebral frontal planes
were computed by finding the posi-
tions of the shortest and longest dis-
tances between consecutive endplates
along their contour. This method was
extensively validated using several
approaches: (1) by comparing the 3D
reconstructed endplates of a cadaveric
functional unit (T8-T9) with precise
3D measurements obtained using a
coordinate measuring machine for 11
different combinations of vertebral
angular positions; (2) by a sensitivity
study on 400 different vertebral seg-
ments mathematically generated, with
errors randomly introduced on the
digitized points (standard deviations
of 0.5, 1, 2, and 3 mm); (3) by com-
paring the clinical wedging measure-
ments (on postero-anterior and lateral
radiographs) at the thoracic apical
level of 34 scoliotic patients (15° <
Cobb < 45°) to the computed values.

Mean errors for the 11 vertebral posi-
tions were 0.5 ± 0.4 mm for VB thick-
ness, less than 2.2° for endplate orien-
tation, and about 11° (3 mm) for the
location of the maximum 3D wedging
angle along the endplate contour. The
errors below 2 mm (introduced on the
digitized points) slightly affected the
3D wedging angle (< 2°) and its loca-
tion (< 4°) for the ID. As for the clini-
cal evaluation, average angular errors
were less than 0.4° in the radiographic
frontal and lateral planes. The mean
3D wedged angles were about 4.9° ±
1.9° for the VB and 6.0° ± 1.7° for
the ID. Linear relations were found
between the 2D and the 3D angles,
but the 3D angles were located on di-
agonal planes statistically different
than the radiographic ones (between
100° and 221°). There was no statisti-
cal relation between the 2D radiogra-
phic angles and the locations of the
3D intervertebral wedging angles.
These results clearly indicate that VB
and ID endplates are wedged in 3D,
and that measurements on plain radi-
ographs allow incomplete evaluation
of spinal wedging. Clinicians should
be aware of these limitations while
using wedging measurements from
plain radiographs for diagnosis and/or
research on scoliotic deformities.
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Introduction

Idiopathic scoliosis is a complex three-dimensional (3D)
deformity of the spine and rib cage that involves intrinsic
deformations of the vertebral bodies, the intervertebral
disks, and the ribs. The spinal components are generally
wedged, and the spine results in a complex 3D torsional
S-shape curve [13, 16].

The literature reports few studies that document the
scoliotic spinal wedging in the frontal and sagittal planes
using clinical standard radiographs or cadaveric spine
specimens [5–7, 12, 14, 15, 17, 20]. A 2D evaluation of
the wedging phenomenon was usually made by using the
projection of vertebral body corners (or a best-fitted line
passing through each vertebral endplate) in the frontal or
sagittal plane. In these studies, the angle between two
consecutive projected endplates gives the 2D wedging an-
gle in each of these planes. In the thoracic segment of
moderate and severe scoliosis, the apical vertebrae appear
to be wedged in such a way that the anterior part of the
vertebral body is longer than the posterior part [5–7].

Three-dimensional CT was used by Kojima and
Kurokawa [8] to quantify the deformities of scoliotic ver-
tebral bodies, but the measured angles were computed
from projections on vertebral frontal and sagittal planes.
Only a few studies have tried to document the wedging
phenomenon in other planes with a 3D perspective [10,
12, 14, 15]. These studies were mostly done on dry ca-
daveric adult specimens with severe scoliotic deformities
using a vernier caliper instrument, a magnetic digitizer, or
elective plane radiographs. Perdriolle et al. [14, 15] ob-
served that the smallest vertebral body thickness is pos-
tero-lateral. They also noted that the wedging phenome-
non was more closely related to the intervertebral disk de-
formation for mild scoliosis (Cobb angle < 30°) and tended
to affect more equally the vertebral body and the interver-
tebral disk in severe scoliosis [12]. Two-dimensional ob-
servations obtained by Ronchetti et al. [17] in the radi-
ographic frontal plane showed that as the scoliotic curves
progress, the vertebrae become more wedged with respect
to the disks.

All these studies contributed to understand the etiology
and progression of scoliosis. However, in the clinical con-
text of scoliosis management, it is obvious that the spinal
projections on the 2D radiographic planes do not give a
full and accurate interpretation of the complex 3D intrin-
sic deformities of the spine, and it is thought that 2D mea-
surements could lead to a biased evaluation of scoliotic
deformities. In other respects, published methods do not
allow analysis in a routine clinical context of the individ-
ual intrinsic spinal deformities of scoliotic patients in a
3D perspective. This paper presents a method that was de-
veloped and validated to allow the 3D reconstruction of
the contours of vertebral body endplates from two stan-
dard biplanar radiographs, and measurement of the 3D
wedging angles regardless of vertebral position or orienta-

tion in space. This approach has been used to verify
whether 2D radiographic measurements are adequate and
do not lead to biased evaluations of spinal wedging.

Materials and methods

Reconstruction of vertebral endplates and measurement of spinal
3D wedging

The 3D reconstruction of vertebral endplates is based on a multi-
view radiographic technique that has been detailed in previous
publications [1, 3]. This method allows the 3D reconstruction of
corresponding anatomical landmarks on two or more radiographs
using a calibration object and the Direct Linear Transformation
(DLT) algorithm [11]. It has been adapted for the particular recon-
struction of vertebral body endplate contours of any vertebra. Most
of this adapted approach has been presented in Dansereau et al. [4]
and it is outlined in summary below:

1. Take standard PA and lateral radiographs of patients (or any
spine segment) installed in a positioning apparatus containing a
calibration object for 3D reconstruction with the DLT algo-
rithm. This object is composed of two acrylic sheets in which
are embedded 50 radiopaque steel balls of 2-mm diameter,
whose 3D coordinates are known with an accuracy of 0.4 mm
[3] (Fig. 1).

2. Digitize on both radiographs the vertebral body extremities
(non-corresponding points) in addition to the calibration steel
balls and six standard anatomical landmarks: the vertebral end-
plate centers and the tips of both pedicles on each vertebra
(which are usually and routinely taken for the spinal recon-
struction procedure [3]) (Fig. 1).

3. Calculate the 3D coordinates of the six standard anatomical
landmarks using the DLT algorithm [3] (Fig. 1).

4. Calculate the axial rotation. To do so, a local coordinate system
is first defined on each vertebra (the Z and Y axis are respec-
tively constructed with the lines joining the vertebral body end-
plate centroids and the pedicle tips, while the X axis is obtained
by the cross-product of Y and Z). Then, the axial rotation is cal-
culated by interpreting the coefficients of the transformation
matrix, which express the local coordinate system in relation to
the global coordinate system (the latter is the one proposed by
the Scoliosis Research Society [19], where X, Y, and Z are the
anterior, left, and cephalad directions).

5. Project the digitized extremities of the vertebral body on planes
parallel to the frontal and lateral radiographic planes, defined at
the vertebral endplate center, and fit an ellipse through these
points with respect to the calculated vertebral axial rotation
(Fig. 2).

6. Retro-project the new computed extremities of this ellipse onto
the frontal and lateral radiographic planes using in an inverse
way the DLT equations, and correct the vertebral endplate cen-
ter landmarks accordingly (Fig. 2).

7. Repeat steps 3 to 6 until convergence. The convergence crite-
rion is based on the variation of position of the vertebral body
center (which has to be inferior to 0.5 mm). Two or three itera-
tions are normally needed to obtain convergence.

At the end of this 7-step procedure (named “3D reconstruction pro-
cedure”), the vertebral endplates are modeled as 3D-oriented el-
lipses in space and are dimensioned with adequate diameters.

Three-dimensional wedging angles of the vertebral bodies and
intervertebral disks as well as their angular location were then
computed by finding the location of the shortest and longest dis-
tances between two adjacent endplates along their contours (Fig.
3). The “3D wedging angle” represents the maximum angle be-
tween two consecutive vertebral endplate planes, and can be cal-
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culated either for the vertebral body or the intervertebral disk. The
angular location of this maximum 3D wedging angle in space (Fig.
3) is given with respect to the vertebral frontal plane, i.e., the local
plane YZ defined at step 4 of the 3D reconstruction procedure (or
the superior adjacent vertebra in the case of the intervertebral
disk). Two-dimensional wedging angles can also be calculated
with the parallel projection of the reconstructed ellipses on verte-
bral frontal and sagittal planes (Fig. 3), or on the global frontal and
sagittal radiographic planes (as defined by the Scoliosis Research
Society and described at step 4) (Fig. 1).

Validation methods for the reconstruction 
and measurement techniques

The method for the 3D reconstruction of vertebral body endplates
and the measurement of 3D wedging angles was evaluated with
three different approaches: (1) an in-vitro comparison with precise
measurements; (2) a mathematical sensitivity study to assess the
influence of reconstruction errors; and (3) a clinical evaluation and
comparison with standard 2D wedging angles.

In-vitro comparison with precise measurements

This first approach consisted of comparing the 3D modeled end-
plates of a functional unit (T8-T9) taken from a normal cadaveric
spine (without evident wedging) to their precise 3D measurements
obtained using a coordinate measuring machine (PH10M Probe

Head mounted on a 3D digitizer G90C, LK Tool USA), the accu-
racy of which is close to 0.1 mm. The functional unit was mounted
on a 3 degrees of freedom (3-DOF) apparatus, which allows the
positioning of the vertebrae with different angles in space (Fig. 4).
The centroid of T8 was approximately placed near the center of ro-
tation of this apparatus. A 15° radio-transparent plastic quoin was
introduced between the two vertebrae to simulate the intervertebral
wedging. Eleven different vertebral angular positions that repre-
sent pure or combined rotations were individually given to the
functional unit (Table 1). These angles represent possible or ex-
treme spatial positions for scoliotic vertebrae. They were intro-
duced using equivalent rotations about the global axis in a given
sequence (Rz, Ry, and Rx) to match the projected angles of Table
1 and to prevent 3D rotation errors [18]. At each position, PA and
lateral X-rays were taken, and the endplates were reconstructed in
3D with the 3D reconstruction procedure. Using the coordinate
measuring machine, the endplate contours were digitized (about 50
points for each endplate, at 2-mm intervals along the contour) as
well as other points on pedicle tips and on the apparatus. The latter
points were used to transform the measured coordinates in the
same referential system as the reconstructions. The reconstructions
were then compared with the 3D measurements by means of geo-
metric parameters (vertebral body thickness, endplate plane orien-
tation, wedging orientation, position of points on endplate con-
tours) calculated with the data obtained by each method.
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Fig. 1 Biplanar radiographic
configuration with the anatom-
ical landmarks (pedicle tips,
vertebral endplate centers, and
corners) identified on postero-
anterior (PA) and lateral radi-
ographs



Sensitivity study

This study was performed to assess the influence of digitizing er-
rors on the reconstructions and on the computation of the 3D
wedging angle and its location. Using the same normal functional
unit (T8-T9 with the imposed 15° intervertebral wedging), differ-
ent errors were randomly generated on the 2D coordinates of all
digitized landmarks. These errors had a normal distribution (cen-
tered at 0 mm), and four different standard deviations (SD) were
tested: 0.5, 1, 2, and 3 mm. These errors correspond to possible or
maximum reconstruction errors that can be found for this recon-
struction technique (cf. results from the first validation and Aubin
et al. [2]). One hundred different functional units were mathemati-
cally generated for each value of SD. In each case, the endplates
were reconstructed using the 3D reconstruction procedure, and the
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Table 1 Nominal angles (in degrees) given to the functional unit
specimen for the in-vitro validation with precise measurements

Case no. Axial rotation Frontal rotation Sagittal rotation
(Rz) (Rx) (Ry)

1 0 0 0
2 –20 0 0
3 40 0 0
4 0 10 0
5 0 –30 0
6 0 0 10
7 0 0 –20
8 –20 10 0
9 –20 0 10

10 0 10 10
11 –20 10 10

Fig. 2 Projection of endplate extremities on planes parallel to X-
rays to generate an ellipse representing the endplate contours, and
retro-projection of the new computed extremities of this ellipse on
X-ray planes

Fig. 3 Two-dimensional (2D) wedging angles in vertebral frontal
and sagittal planes, as well as the maximum 3D wedging angle and
its angular location

Fig. 4 Three degrees of freedom apparatus used for the position-
ing of the vertebrae with different angles in space

3D wedging

2D wedging in vertebral
frontal plane

2D wedging 
in vertebral 

sagittal plane

Location of the 
3D wedging angle 
with respect to 
vertebral frontal plane



3D wedging angles were calculated. For each SD value, the calcu-
lated wedging angles were compared with the original ones (with-
out the introduced errors) and the differences were statistically an-
alyzed using the average, the standard deviation, and the unpaired
Student t-tests.

Clinical evaluation and comparisons of the 2D 
and 3D wedging angles

This third evaluation was done on 26 scoliotic patients presenting
moderate right thoracic curves (Cobb angles between 25° and 45°,
with a mean at 37°), and 8 patients with small thoracic Cobb an-
gles (between 15° and 25°). The biplanar X-rays were taken during
the scoliosis clinics at Sainte-Justine Hospital. The vertebral end-
plates of the two vertebrae located at the thoracic apical level (in-
cluding the intervertebral disk) were reconstructed in 3D using the
3D reconstruction procedure. On both radiographs, the clinical
wedging angles were measured and compared with the recon-
structed angles projected on the frontal and sagittal planes. The
maximum 3D wedging angles and their angular locations were
then computed for each patient and also compared with the 2D an-
gles using statistical tests.

Results

Figure 5 shows the resulting spinal reconstruction of a
typical patient presenting a right thoracic and a left lum-
bar curve that can be obtained with the 3D reconstruction
procedure. It can be seen that the vertebral endplates are
modeled as 3D-oriented ellipses in space and are dimen-
sioned with adequate and realistic diameters.

Mean errors ( ± SD) for the 11 angular positions of the
two cadaveric vertebrae mounted on the 3-DOF position-
ing apparatus were:

1.7 ± 0.9 mm for the position of points on endplate contours

0.5 ± 0.4 mm for vertebral body thickness

1.3° ± 0.7° for endplate plane sagittal orientation (around
the local Y axis)

1.7° ± 1.2° for endplate plane frontal orientation (around
the local X axis)

2.2° ± 1.4° for endplate plane 3D orientation

11° ± 6° for the location of the 3D wedging angle (about
3 mm along the endplate contour)

The greatest errors occurred when the cadaveric func-
tional unit was oriented with frontal or sagittal rotation
angles superior to 20° (cases 5 and 7, Fig. 6). The errors
on the endplate plane 3D orientation are reduced to 1.7° ±
0.8° when these extreme and infrequent vertebral frontal
and sagittal rotations superior to 20° are excluded. In
other respects, the orientation errors were quite indepen-
dent of the axial rotation for any angle combination or
vertebral spatial position.

As for the sensitivity study, errors inferior to 2 mm on
the digitization of anatomical landmarks affected slightly
the 3D wedging measurements on the 3D reconstructed
endplates of the intervertebral disk (less then 2° for the
wedging angle and less than 4° for its location; Table 2).
The vertebral body 3D wedging angle errors (not shown
in Table 2) were found to be quite similar to those found
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Fig. 5 Antero-posterior (AP)
and lateral views of a typical
scoliotic spine obtained with
the endplate reconstruction
technique

Fig. 6 Endplate orientation errors related to the position of points
taken on endplate contours for the 11 different angular positions
(cf. Table 1)

Table 2 Effect of introducing errors on the two-dimensional (2D)
coordinates of the digitized landmarks (SD standard deviation)

Simulated errors on Mean errors for the intervertebral disks
digitized landmarks
(StD in mm) 3D wedging angle Wedging angle

location

0.5 0.5° ± 0.4° 2.2° ± 1.6°
1.0 1.0° ± 0.8° 4.2° ± 3.3°
2.0 1.9° ± 1.5° 3.8° ± 5.7°
3.0 3.2° ± 2.6° 11.1° ± 9.1°



for the intervertebral disk. However, in this particular
case, the endplates were nearly parallel, and when digitiz-
ing errors superior to 2 mm were introduced, the com-
puter method became unstable. Nevertheless, even in this
case, the wedging measurement errors were quite small 
(< 0.2° for the 2D wedging angles), as found in the group
of eight patients with mild scoliosis.

As for the clinical evaluation on the thoracic apical
functional units of 26 scoliotic patients, average errors
were less than 0.4° in frontal and lateral radiographic
planes. The maximum 3D wedging angles were statisti-
cally greater than the 2D angles measured on radiographs.
Linear relations were found between the 2D angles mea-
sured on radiographs and the maximum 3D wedging an-
gles (for the vertebral bodies: r = 0.92 in frontal plane, r =
0.55 in sagittal plane; for the intervertebral disks: r = 0.83
in frontal plane, r = 0.32 in sagittal plane). However, the
maximum 3D angles were located on diagonal planes sta-
tistically different than the intrinsic frontal and sagittal
planes of the vertebrae (for the vertebral bodies: 167° ±
23°, min 100°, max 211°; for the intervertebral disks:
170° ± 18°, min 142°, max 221°, with respect to the ver-
tebral frontal plane). There was no linear relation between
the 2D radiographic angles and the locations of the 3D in-
tervertebral wedging angles.

Discussion and conclusions

The method presented in this paper allows the evaluation
in a clinical routine context of the intrinsic 3D scoliotic
vertebral body and intervertebral disk wedging. Validation
results showed that this approach is fairly accurate for the
reconstruction of vertebral endplates and can allow effi-
cient measurement of the maximum 3D wedging angles
of vertebral endplates. However, the measurement of the
maximum 3D wedging angles and their location may be
altered when the endplates are nearly parallel (very small
wedging angles), because the maximum and minimum
distances between adjacent endplates tend to be equal. In
particular, this measurement was found to be affected by
infrequent digitization errors superior to 2 mm. In reality,
the wedging measurement errors were quite small, as
found for the eight patients with the smallest Cobb angles.
Moreover, in the sensitivity study that was performed us-
ing a normal functional unit (without evident vertebral

body deformation), the errors on the location of the maxi-
mum wedging were relatively small (< 4° for digitization
errors of 2 mm, which corresponds to an error of less than
2 mm on the identification of the location of the maxi-
mum wedging site along the vertebral endplate contour).
Based on the validation results, it can be assumed that the
reconstruction technique could be rightly used to evaluate
intrinsic vertebral and intervertebral changes within the
evolution of scoliotic spinal deformities.

This is one of the first studies that considers the scoli-
otic wedging as a truly 3D-oriented angle in space and
that uses a method which could be utilized routinely in a
clinical context, in contrast to the CT-scan approach of
Kojima and Kurokawa [8]. This approach reveals in a 3D
way how the scoliotic spine is intrinsically deformed and
could also indicate how the scoliotic spine transforma-
tions will occur. It also shows that the projection of the
wedged spine on the 2D radiographic planes does not al-
low a full and accurate interpretation of the complex 3D
wedging of the vertebral bodies and intervertebral disks.

The clinical results clearly indicate that vertebral and
intervertebral wedging in thoracic scoliosis are not 2D de-
formations but a 3D phenomenon because maximum
wedging values at the apex do not occur in a plane paral-
lel to the frontal or sagittal plane, but are oriented
obliquely in a 3D way in space. The large dispersion of re-
sults indicates that the maximum 3D wedging angles at
the apex are scattered and occur in planes other than the
frontal one. These results are consistent with the geomet-
rical shape of the scoliotic curves, but do not completely
agree with published observations and reported values of
Perdriolle et al. [12, 14] for the general location of the
maximum 3D wedging angle. This can be explained by
the fact that Perdriolle’s specimens had very severe lordo-
scoliosis curves as opposed to the moderate hypokyphotic
scoliosis curves included in this study. It was not possible
to reach conclusions for the eight patients with mild scol-
iosis because of the small number of subjects. However,
similar trends to the ones of the group of 26 patients with
moderate scoliosis were found.

The linear relations between the 2D wedging angles
evaluated on radiographic planes and real 3D wedging an-
gles indicate that measurements on radiographs give reli-
able information that allows partial characterization of the
vertebral body wedging. However, radiographic measure-
ments lead to an incomplete evaluation of the intrinsic
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Table 3 Wedging of the verte-
bral bodies and intervertebral
disks at the thoracic apical
level

a With respect to the vertebral
frontal plane

2D wedging angles Maximum 3D
wedging angles

Radiographic planes Intrinsic vertebral planes
Angle Locationa

Frontal Sagittal Frontal Sagittal

Vertebral bodies 4.1° ± 1.9° 2.0° ± 1.5° 4.2° ± 1.8° 2.0° ± 1.4° 4.9° ± 1.9° 167° ± 23°
Intervertebral disks 4.9° ± 1.7° 2.0° ± 1.6° 5.1° ± 1.8° 1.7° ± 1.4° 6.0° ± 1.7° 170° ± 18°



scoliotic 3D wedging of the vertebral bodies and of the in-
tervertebral disks. In addition, the location of the maxi-
mum wedging angle can not be obtained nor deduced
from radiographic measurements. Clinicians should be
aware of these limitations while using wedging measure-
ments from radiographs for diagnosis and/or research on
scoliotic deformities.

Using this validated approach, more clinical evalua-
tions can be made to gain a full understanding of the 3D
wedging phenomenon and its relation to the spinal com-

plex torsional deformities in space. The method presented
in this paper may help clinicians and researchers in their
attempt to study the development of scoliotic deformities
during the clinical course of scoliosis, and to correlate eti-
ology and/or treatment with the scoliotic vertebral end-
plate wedging phenomenon.
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