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Abstract—Several 3D reconstruction techniques deriving from stereoradiographic
DLT have been presented during the last 15 years, but these techniques have
usually been limited in accuracy because of the small number of corresponding
anatomical landmarks identified on both radiographs. A new technique has recently
been proposed to perform 3D reconstruction of the spine using not only the stereo-
corresponding anatomical landmarks (seen on both frontal and sagittal X-ray films)
but also some non-stereo-corresponding ones. This technique (called non-stereo-
corresponding points or NSCP) has already been used for cervical dry vertebrae. In
the present study, we focus on the validation of this technique for lumbar vertebrae
by comparing four techniques: direct measurement, CT scan, 3D reconstruction by
stereoradiography using a direct linear transformation (DLT) algorithm and the NSCP
technique. The accuracy of the NSCP technique was also evaluated on different
vertebral regions. The global results show mean errors of 1.1Tmm and maximum of
7.8 mm with regard to direct measurements. These mean errors are close to those
obtained using 3D reconstructions from CT scan using 1Tmm cuts.

Keywords—Stereoradiography, Three-dimensional reconstruction, Vertebra quantita-
tive morphology
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1 Introduction

SPINAL PATHOLOGIES have been widely studied and several
authors have agreed on the importance of the three-dimensional
aspect of vertebral deformations (PERDRIOLLE, 1979;
DANGERFIELD, 1992; DRERUP, 1992; DUBOUSSET, 1992). The
difficulty of corrective surgery planning usually comes from a
lack of a priori information concerning the way that each
specific patient would react to the treatment. Surgery planning
is still mostly based on examination of planar X-ray films while
three-dimensional (3D) shape analysis is possible using CT scan
(computer tomography) reconstruction of some vertebral levels.
These two techniques are far from perfect methods: planar X-ray
films neglect the three-dimensional aspect; CT scans require a
great number of CT slices to visualise the whole spine, which
results in a non-negligible risk concerning the irradiation dose
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(LEVY ef al., 1996). Furthermore, clinical investigation by CT
scan is performed on the patient in a lying position, which
sometimes may bias the clinical interpretation.

Several authors have proposed 3D geometrical and mechan-
ical models to describe the behaviour of the healthy and/or
pathologic spine (SHIRAZI ef al., 1985; UENO and LIU, 1987,
GOEL et al., 1988; LAVASTE ef al., 1992; SKALLI ef al., 1993;
KOUBAA ef al., 1995). Accurate personalised geometrical and
mechanical information concerning one given patient would
allow such models to be used for surgery planning.

Stereoradiographic 3D reconstruction techniques (PEARCY,
1985; DANSEREAU and STOKES, 1988; HATZE, 1988; GAZZANI,
1993; NYSTROM et al., 1994), usually based on the DLT
algorithm (direct linear transformation) (ABDEL-AZIZ and
KARARA, 1972; MARZAN, 1976), can provide a compromise
between irradiation risk and improvement of the evaluation.
Furthermore, adding the kriging technique using the recon-
structed points as control points yields good visualisation of
the vertebral geometry (DELORME, 1996). However, because of
the very small number of reconstructed control points, these
techniques are still not accurate enough to be used on a large
scale in geometric modelling and in surgery planning (AUBIN
et al., 1997). The NSCP (non-sterco corresponding points)
technique was developed to improve the accuracy of the 3D
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reconstruction by using more information contained in the
X-ray film, i.e. anatomical landmarks that are seen on only
one film. However, even though the results of this technique
scem to be satisfactory for isolated dry cervical vertebrae
(VERON, 1997; MITTON et al., 2000), one cannot extrapolate
the accuracy of the 3D reconstruction obtained on upper cervical
vertebrae to lumbar vertebrae, since the geometry and size of the
lumbar vertebrae are quite different from the upper cervical
vertebrac. Moreover, as the anatomical landmarks are easily
identifiable on X-ray films when dealing with dry lumbar
vertebrae, it was considered necessary to evaluate NSCP on
frozen specimens in order to be as close as possible to in vivo
conditions. Thus, the purpose of this study is to validate this new
technique on cadaver non-pathologic lumbar spines.

2 Materials and methods

Six frozen non-pathologic lumbar spines (53 to 73-year-old
men) were taken from the Service du don des corps, Laboratoire
d’Anatomie des St. Peres, Paris.

A 3D reconstruction of each vertebra was obtained using four
modalities (previous stereo X-rays DLT + kriging technique and
the new stereo X-rays NSCP + kriging technique, CT scan and
direct measurement) as described below:

2.1 Stereo X-rays

The six cadaver lumbar spines were X-rayed (PA-0: postero-
anterior 0° and LAT: lateral views) in a stercoradiographic
device at the Longjumeau Hospital in Paris.

The 3D reconstruction is obtained using the DLT algorithm
and a kriging technique (TROCHU, 1993; DELORME, 1996,
AUBIN ef al., 1997) (previous reconstruction technique) and
using the NSCP algorithm and a kriging technique.

For stereoradiography, a calibration object derived from one
described by ANDRE e al. (1994) was used (Fig. la); it is
composed of: (1) two Plexiglas plates that contain 45 calibrating
metallic spherical beads (3 mm diameter), of known 3D co-
ordinates, previously measured using a 3D measuring device
(accuracy £ 0.01 mm); (2) a rotating plate that allows rotation of
90°(accuracy =+0.1°). The calibration is a necessary step
to calculate the geometrical parameters of the radiological
environment.

2.1.1 Previous reconstruction technique (DLT + kriging): This
technique consists in reconstructing an object (i.e. vertebra,
pelvis, etc.) by using two or three X-ray films of different
incidences (in our case PA-0 and LAT views). Then the DLT
algorithm is used to obtain the 3D spatial location of six points
per vertebra that can be identified on both X-ray films, termed
stereo-corresponding points. Details of the DLT algorithm have

been published elsewhere by several authors (PEARCY, 1985;
DANSEREAU and STOKES, 1988; HATZE, 1988; ANDRE ef al.,
1994; CHEN et al., 1994; NYSTROM et al., 1994). Up to now the
technique has used the 3D reconstruction of only six points per
vertebra, which can be identified on two X-ray films: superior
and inferior points of the median transverse section of the
pedicles and the centres of the endplates (ANDRE ef al., 1994).

The final step in the 3D reconstruction using this method is the
kriging of a generic shape of vertebra for each level using as
control points the six sterco corresponding points reconstructed
by DLT, to obtain a complete set of 178 points which entirely
describe the vertebral topology (TROCHU, 1993; DELORME,
1996). The generic object considered for each level was the
average of the geometry of 30 vertebrac per vertebral level
previously obtained by direct measurement (SEMAAN, 1997).
The vertebrae used to derive the generic objects were different
from those used in the present protocol.

A geometric model is then constructed for each vertebra,
using basic geometric surfaces, such as triangles and quadran-
gles that link the 178 points.

2.1.2 3D reconstruction using NSCP + kriging technique: The
aim is to obtain complementary control points to improve the
vertebral shape reconstruction using kriging. The NSCP tech-
nique is based on the standard stereoradiographic technique
(DLT) significantly improved by adding new reconstructed
landmarks that are usually seen on only one view (19 points)
termed non-sterco-corresponding points.

The principle of this method consists in taking into account
the 3D positions of DLT reconstructed landmarks, considered
as fix points, then searching the 3D spatial location of non-
stereo-corresponding points by considering that the topology of
the vertebra to be reconstructed is consistent with the observa-
tions made on each X-ray film. i.e. it respects anatomical
landmarks for which the projection is known from only one of
the X-ray films.

Each landmark to be reconstructed is situated on the line
joining its projection on the X-ray film and the source. It is also
situated on the vertebra to be reconstructed. The 3D locations of
the landmarks are then found by an optimisation technique based
on the additional assumption that the topology of the vertebra to
be reconstructed resemble the topology of a generic vertebra.
Details of reconstruction algorithm have been presented by
MITTON et al. (2000). The reconstruction protocol consisted in
digitising the anatomical landmarks and the calibration points on
both X-ray films (Fig. 1b; Fig. 2), then applying the NSCP
algorithm (MITTON ef al., 2000). Twenty-five points per vertebra
were reconstructed as follows:

e six corresponding points: the DLT points, already described
above;

e nineteen non-corresponding points: the posterior point of
the spinous process; the extreme points of the transverse

Fig. 1 Stereoradiographic protocol: (a) Calibration object for stereoradiographic; (b) Stereo X ravs: PA-0 and LAT X-rayv films of lumbar

specimen
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Fig. 2 Anatomical landmarks reconstructed by NSCP: (@) stereo
corresponding landmarks; (W) stereo non-corresponding
landmarks

processes; the left, right, anterior and posterior extreme
points of the endplates and of the median transverse section
of the vertebral body; the left and right extreme points of the
median transverse section of the pedicles.

Then the kriging technique is applied using all 25 points as
control points to obtain a set of 178 points, as described above.

A similar geometric model to that described earlier was then
obtained for each vertebra. Reconstructions from both tech-
niques were evaluated by comparison with the reconstructions
of the same samples using two complementary modalities.

2.2 CT scan

The six cadaver lumbar spines were scanned in a CT scan
device at the Longjumeau Hospital in Paris (thickness of slices:
1 mm). The 3D reconstruction was made by piling the CT slices
of the vertebrae (DE GUISE and MARTEL, 1988; LANDRY ef al.,
1997) using SliceOmatic® software. This software allows one to
automatically segment the C'T scan slices and then to correct the
automatic segmentation manually to distinguish the different
objects in the initial image.

The accuracy of this technique is evaluated at 4+1mm
(LANDRY ef al., 1997) and it allows a 3D reconstruction of the
vertebrae containing up to 4000 points: an infographic method,
described by VERON (1997) was used to identify the 178 points
corresponding to those defined above among the 4000 points
obtained by CT scan. The extraction is made in two steps:

e manual extraction of about 20 easily identifiable landmarks
(e.g. the same anatomical landmarks that were identified on
stereo X-rays);

e automatic extraction of 158 anatomical landmarks.

This extraction is performed as follows: an approximate set of
178 points is obtained by kriging the generic vertebra and using
the 20 manually extracted landmarks as control points. Then
each of the 158 approximate points obtained are projected onto
the 3D reconstructed surface to obtain their real location.

After this semi-automatic extraction of the whole set of
anatomical landmarks corresponding to those contained in the
generic objects, a similar geometric model to that described
carlier was then obtained for each vertebra using the 178 subset
points.

2.3 Direct measurement

Finally, the cadaver lumbar spines were dried and each
vertebra was directly measured by means of an electromagnetic
device, the Fastrak® (Fig. 3) (LEBORGNE et al., 1995), allowing
direct 3D measurement of complex shaped objects by means of
a pointer. The three-dimensional co-ordinates of the pointer
are recorded in a specific reference system.

As the accuracy of the Fastrak device is evaluated at +£0.2 mm
for our protocol (SEMAAN ef al., 1997), these measurements are
considered as the reference for the evaluation of the different
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Fig. 3 Faswrak device: I—transmitter; 2—Fastrak electronic module;
3—measuring pointer

X-ray methods. Since some vertebrac were damaged during the
drying process, they were excluded. Thus only 26 vertebrae out
of 30 were finally used in the study (5 L1,6 L2,5L3,5L4,5L5).

The same 178 anatomic landmarks mentioned above, were
measured using this electromagnetic device, for cach vertebra. A
similar geometric model to that described above was then
obtained for each vertebra.

2.4 Comparison protocol

For each of the 26 vertebrae, 178 points and a geometric
model were obtained by each of the four different methods
(previous stereo X-ray method, current stereo X-ray method, CT
scan, direct measurement). Since the four sets of points have
been obtained by different techniques, each reference system is
different. To compare them, the three-dimensional co-ordinates
of all reconstructed points were first expressed in a common
local vertebral reference system (Fig. 4), which was defined as
described below:

o let Ops and Opi be the ‘centres’ of the superior and inferior
endplates, defined in the sagittal plane, at 1 /3 of the posterior
vertebral wall. The origin of the vertebral reference is situated
atthe middle of the line defined by the two geometrical centres
of the vertebral endplates (Ops and Opi);

e the z axis (vector AV), joining the two centres of the vertebral
endplates, is oriented upwards;

o the transverse plane is defined as the plane perpendicular to
the z axis;

e the x axis (vector iv) is the intersection between the
transverse and sagittal planes, with a postero-anterior
orientation;

e the y axis (vector jv) is defined using the cross-product
v = kv,

[sagittal plane]

Y
[transverse plane]

\rg

Fig. 4 Common referential used for the comparisons
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After drying, some transverse and spinous processes and some
osteophytes were slightly broken. Also the cartilage situated on
the spinous process deteriorated. As these two phenomena may
have biased the comparison, points where vertebrac were
damaged (maximum five points per damaged vertebra out of
178) were excluded from the comparison.

2.4.1 Qualitative comparison: A preliminary qualitative
evaluation of the different reconstruction methods is possible
by visualising the different models. Thus each vertebra recon-
structed using a radiographic method (sterco X-rays or CT scan)
is represented using the basic geometrical model described
above and is then superimposed on the corresponding vertebra
reconstructed using the direct measurement method.

This step is very useful as it allows us to gain an idea of how
adequate the reconstructed shape is, when compared to the
reference vertebral topology; visualisation of superimposed
reconstructions of the same vertebra also makes visible the
vertebral regions where maximum deviations may occur.

2.4.2 Quantitative comparison: To quantify the accuracy of
each technique with regard to direct measurements, the results
of the comparisons will be expressed as ‘point to surface’
distances, that is each point reconstructed by one technique is
projected onto the surface of the corresponding vertebra recon-
structed by another technique and the point—surface distance is
calculated.

Global comparison: The global comparison consists in calcu-
lating the mean point to surface distance, the 2RMS and the
maximum distance values. The 2RMS distances represent the
maxima for 95% of all points, while the maximum distance
values represent isolated extreme values obtained for the entire
sample. This comparison was processed on the entire set of 178
points per vertebra, for all vertebrae of our sample and for each
3D reconstruction method with respect to the direct measure-
ment using the Fastrak device.

Local comparison: A complementary analysis aims to define the
vertebral regions for which the 3D reconstruction is able to give
detailed geometric information. As most of the anatomical
landmarks reconstructed by NSCP, considered as control
points for the kriging algorithm, are situated on the vertebral
body and on the pedicles, the set of 178 points obtained after
kriging was divided into two subgroups:

o vertebral body and pedicles: 78 points;
e posterior arch: 100 points.

To quantify the difference in accuracy between the two
subgroups, the 3D reconstructions of these vertebral regions
obtained by previous stereo X-rays, NSCP stereo X-rays and CT
scan techniques were compared with the direct measurements by
Fastrak. This comparison allows not only quantification of the
variability of accuracy among different vertebral regions, but
also verification of how NSCP can improve geometric modelling
of vertebrae in comparison with the DL'T 4 kriging technique.

2.4.3 Parametrical evaluation of the NSCP technique: A
global analysis of the accuracy of morphometric parameters
obtained from 3D reconstructions by stereoradiography is in
progress. For the entire sample, 12 morphometric linear
parameters were calculated from the direct measurements
and from the 3D reconstructions obtained by NSCP + kriging.
These parameters are related mostly to the dimensions of the
vertebral body and the spinal canal. The focus here was on
only three of them, as they are three-dimensional parameters
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and therefore cannot be obtained directly from 2D X-ray
images:

o two parameters (CA_larg and CA_prof) describe the geo-
metry of the foramen (spinal canal);

e one parameter (VE_ped_prof) represents the transpedicular
length for the left and right sides.

The definitions of these parameters (Fig. 5) have been explained
in SEMAAN (1997) and LAPORTE ef al. (2000).

To strengthen the quantitative evaluation of the NSCP
technique, the three parameters obtained from NSCP + kriging
reconstruction were compared with those obtained from the
direct measurement and the mean and maximum errors
calculated.

3 Results

The NSCP technique allowed the reconstruction of 25 points
on each vertebra (six corresponding points and 19 non-
corresponding points). After kriging 178 points/vertebra
were obtained.

3.1 Qualitative comparison

A qualitative evaluation of two reconstructed vertebrae is
shown in Fig. 6. Examples are shown of typical ‘bad’ and ‘good’
reconstructions using DLT + kriging and NSCP + kriging.

3.2 Global comparison

The average point to surface comparison results (26 lumbar
vertebrae, 178 points per vertebra) corresponding to DLT, NSCP
and CT scan techniques versus Fastrak are presented in Table |
as mean, 2RMS and maximum values per vertebral level and for
the entire sample of 26 vertebrae. For the maximum values of the
CT scan versus direct measurements, values are presented
corresponding to the maximum errors obtained without taking
into account the isolated errors due to shape defaults or due to
damage during drying.

VE_ped_prof_R/L:

transpedicular
(right/left)

CA_larg
<
L o R

CA_prof : vertebral foramen width
CA_larg : vertebral foramen thickness

length

Fig. 5 Description of morphometric parameters (SEMA4N, 1997)
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good reconstsruction

bad reconstsruction

NSCP

DLT

NSCP

DLT

Fig. 6 Examples of qualitative evaluation of 3D reconstruction: NSCP and DLT (grev lines) against Fastrak (black lines): good and bad 3D
reconstruction for the 26 vertebrae (comparison NSCP and DLT against Fastrak for the same vertebra)

Table I NSCE DLT and CT scan against direct measurements
(Fastrak)

NSCP/FA DLT/FA CT/FA
Entire sample
Mean (mm) 1.1 2.4 0.8
2RMS (mm) 2.8 7.2 2.2
Max (mm) 7.8 255 39
Vertebral levels
Ll
Mean (mm) 0.9 1.6 0.7
2RMS (mm) 2.3 4.2 1.9
Max (mm) 4.5 15.1 34
L2
Mean (mm) 1.0 1.9 0.7
2RMS (mm) 2.3 4.8 1.9
Max (mm) 6.0 15.8 35
L3
Mean (mm) 1.1 2.0 0.7
2RMS (mm) 2.8 5.8 1.9
Max (mm) 5.9 18.7 39
L4
Mean (mm) 1.2 2.5 0.9
2RMS (mm) 32 6.9 2.6
Max (mm) 7.8 159 38
L5
Mean (mm) 1.3 3.8 0.8
2RMS (mm) 32 11.8 2.0
Max (mm) 6.0 255 38
Vertebral regions
Vertebral body and pedicles
Mean (mm) 0.9 2.1 0.7
2RMS (mm) 2.6 5.3 2.0
Max (mm) 3.6 114 3.6
Posterior arch
Mean (mm) 1.4 33 0.8
2RMS (mm) 4.0 11.6 2.2
Max (mm) 7.8 255 39

NSCP — Non-stereo corresponding points
DLT - Direct linear transformation

CT — CT scan
FA — Fastrak
156

3.3 Local comparison

The results of the analysis concerning the difference of
accuracy between the anterior and the posterior vertebral
regions are also presented in Table 1, as the mean, 2RMS
and maximum values for the three comparisons for the 26
vertebrae.

3.4 Parametrical evaluation

Finally, results of the comparison, for the entire sample,
between the morphometric parameters obtained from the
NSCP + kriging reconstruction and those obtained from direct
measurements are presented. For all 12 morphometric lincar
parameters that were calculated, the maximum errors represent
less than 10% and
they are all smaller than 2.3 mm.

The mean/maximum errors obtained for CA_larg are: 1 mm
(4%)/2.3 mm (9%); for CA_prof: 0.9 mm (2%)/1.7 mm (8%);
and for VE_ped_prof: 1.2 mm (2.2%)/2.2 mm (5%).

4 Discussion

Qualitative evaluation of the reconstructed vertebrae showed
the vertebral shape for the NSCP + kriging reconstruction to
be better than for DLT + kriging (Fig. 6), mainly due to the
increased number of reconstructed points when using the NSCP
technique. Indeed, since these points are then used as control
points for kriging, the more control points that are used, the more
accurate the resulting vertebral shape.

Point to surface comparisons were chosen instead of point to
point comparisons because the Fastrak measurements and X-ray
digitising were made by different operators, which may influ-
ence point fo point comparison results, since two operators may
identify the same anatomical landmark at two different locations.
Even though the inter-operator error in identifying the anato-
mical landmarks might not be very important, point to surface
comparison completely eliminates this error and also enables
better evaluation of the real accuracy of the global shape of the
3D reconstruction.

Medical & Biological Engineering & Computing 2001, Vol. 39



The quantitative results of this study confirm that the new 3D
reconstruction technique considerably improves the accuracy of
the 3D reconstruction by NSCP + kriging over the conventional
DLT + kriging technique (1.4 mm mean for NSCP, 2.4 mm for
DLT in the current study and 2.6 mm obtained by AUBIN ef al.,
1997). However, the accuracy of the reconstruction decreases for
the lower vertebral levels (L4, L5), mainly due to reduced
visibility on the X-ray films at these levels, especially for the
L5 where we have to deal with a superimposed image of L5 and
the sacrum.

Nevertheless, it is observed that the global reconstruction by
NSCP is close to the CT scan reconstruction, when compared to
the direct measurement (i.e. Fastrak). The CT scan reconstruc-
tion technique used is a particularly accurate one since it was
performed using 1 mm cuts and a semi-manual segmentation
and reconstruction method. An evaluation of the CT scan
reconstruction method was necessary first of all because of
the extraction step, which is based on a manual identification
technique. The maximum errors obtained for the CT scan
reconstructions with regard to direct measurements are due to
several factors: the identification of anatomical landmarks on
the 3D object and the difference in shape between the frozen
specimen and the dry vertebrae. Indeed, even though intrinsic
resolution of the CT scan image is high, both the 3D reconstruc-
tion technique and the passage from around 4000 ‘blind’ points
with no anatomical significance to 178 labelled points corre-
sponding to anatomical landmarks yields a decrease in accu-
racy. However, as the maximum error is less than 4 mm, it is
considered that the CT scan is a very accurate reference 3D
reconstruction technique to use for in vivo evaluation of the
NSCP technique.

Analysis of the difference in accuracy between the anterior
and posterior vertebral regions shows that the reconstruction
obtained by NSCP + kriging is more accurate than the recon-
struction by DLT + kriging, due to the kriging control points
situated on the posterior arch. Even though we used only a few
points in this region, one may notice that the improvement in
accuracy of the reconstruction is non-negligible. However, some
maximum errors obtained on the posterior arch for the NSCP
reconstruction are still high. Even though these maxima corre-
spond to points with no significant role in surgery planning
(extreme points of the transverse process, posterior point of the
spinous process), they cannot be neglected for geometrical
modelling. Better reconstruction of these points would require
more visibility and probably more control points for kriging
on the posterior arch.

Validation of the NSCP technique on non-pathological
vertebrae suggests that this technique might be used for clinical
analyses of vertebral shape for various spinal deformities as it
yields accurate 3D information on the vertebral shape. Notice
that the three morphometric parameters selected for this study
cannot be obtained from 2D X-rays, even though they are
necessary for clinical analysis and surgical planning as well as
for personalised modelling.

Nevertheless, as some spinal pathologies, such as
scoliosis, are characterised not only by shape parameters
but also by postural parameters, study of the evaluation of
the NSCP reconstruction technique on scoliotic patients is in
progress.

5 Conclusion

The aim of this study was to validate a new stereoradiographic
3D reconstruction technique using stereo-corresponding and
non-stereo-corresponding points on non-pathologic lumbar
specimens, to complement the study of MITTON et al. (2000)
which focused on upper cervical vertebrae.

Medical & Biological Engineering & Computing 2001, Vol. 39

To compare these results for the DL'T and NSCP reconstruc-
tion technique with other existing studies, the evaluation was
made on non-pathologic vertebra, as no study on deformed
vertebrac was available.

The point to surface comparison results presented above show
that this technique is accurate for the reconstruction of cadaver
non-pathologic lumbar vertebraec (mean error= 1.1 mm).
Moreover, when compared to the DLT, the new technique
considerably improves the 3D reconstruction of the posterior
arch. Further improvements of the method can be expected if
image processing is employed to obtain better quality X-ray
images, as in some cases where the reconstruction of the
posterior arch is still less accurate than the reconstruction of
the vertebral body and the pedicles.

However, this new technique has already shown definite
improvements with regard to existing methods and it should
provide a significant aid to clinical studies and finite element
modelling.
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