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Abstract Although feasibility of accurate 3D reconstruc-
tion of the proximal epiphysis of the femur from biplanar
X-rays (frontal and lateral) has been assessed, in vivo
application is limited due to bone superposition. The aim of
this study was to propose a specific algorithm to get accurate
and reproducible, low dose in vivo 3D reconstruction. To
achieve this goal, a parametric subject-specific model was
introduced as a priori knowledge. This geometric model was
based on a database based on proximal epiphysis of 60
femurs. The accuracy was estimated using comparisons to
CT scans on 13 cadaveric femurs, then in vivo intra- and
inter- observer reproducibility was assessed using a set of 23
femurs. The mean for the relative difference was 0.2 mm for
the in vitro 3D accuracy. The mean error was 1.0 mm with
maximum value of 5.1 mm in ideal conditions (in vitro).
The confidence interval for the inter-observer reproduc-
ibility was within +2.2 mm. This method gave us a
reproducible tool in order to get in vivo 3D reconstructions
of the femur proximal epiphysis from biplanar X-rays.
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1 Introduction

Accurate patient-specific three dimensional (3D) recon-
structions of bone structures are needed for clinical and
biomechanical applications. For example, in post-operative
evaluation of joint arthroplasty, the position of implants is
evaluated using accurate 3D subject-specific reconstruc-
tions of the knee [1, 2] or the hip [3, 4]. In another kind of
application, evaluation of 3D parameters on the proximal
epiphysis of the femur could lead to a quantification of the
femoral neck mechanical properties [5]. Even if recent
method using low-dose computed tomography [6] were
developed, these 3D models of bone resulted from methods
based on the CT-scan [7, 8] leading to a high radiation dose
for the patient. Consequently, obtaining an accurate, low
dose and in vivo 3D reconstruction of the proximal
epiphysis of the femur is a challenging goal.

The use of low dose bi-planar digital radiographs in
standing position [EOS" low irradiation 2D-3D X-ray
scanner (Biospace Med, Paris, France)] to obtain a subject-
specific 3D model was proposed [9, 10]. An anatomical
atlas model is needed as a priori knowledge to obtain the
3D reconstruction [11, 12]. According to previous meth-
ods, this knowledge could be improved with a parametric
model and a database [13], or from statistical analysis such
as Principal Component Analysis [14, 15]. Regarding the
hip, accurate methods were developed for the pelvis [16]
and the proximal epiphysis of the femur [17]. However,
they were applied and evaluated on excised bone speci-
mens. Moreover, the lack of visibility on the lateral X-ray
makes it difficult to use in vivo due to the femurs’
superimposition.

Therefore, the aim of this study was to propose a spe-
cific algorithm for the 3D reconstruction of the femur from
biplanar X-rays in vivo. To achieve this goal, a parametric
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subject-specific model was introduced. The accuracy and
reproducibility of the technique was then evaluated.

2 Materials and methods
2.1 Subjects

For the accuracy evaluation, proximal epiphysis of 13 in
vitro femurs as part of a previous study [17] was available.
For the in vivo study, 13 subjects (six males and seven
females, 27.9 & 9.1 years old) participated. Subjects did
not have hip or pelvis pathologies, and had bi-planar X-
rays using the EOS device (Biospace Med, Paris, France).
The EOS imaging device takes two perpendicular
radiographs simultaneously using low dose X-Ray detec-
tors. The dose received by the patients is eight to ten times
lower than for conventional X-ray exams [9, 10]. Informed
consent was obtained from each subject (ethical committee
of Paris Saint-Antoine approval No. 02547).

Both femurs of each subject were reconstructed by three
different observers (except for three subjects where only
one femur was reconstructed due to a bad positioning of
these patients). One of the observer reconstructed all the
subjects three times (intra-observer reproducibility). Thus,
proximal epiphyses of 23 femurs were available for the in
vivo evaluation.

2.2 3D reconstruction

The 3D reconstruction method (non stereo corresponding
contours (NSCC) method [12]) was previously described
elsewhere for the proximal epiphysis of the femur [17]. It
can be summarized in three steps:

1. Identification of stereo-corresponding landmarks (seen
in both radiographs; black crosses, Fig. 1).

2. Semi-automatic extraction of 2D contours in the
radiographs (Fig. 1a).

3. Deformation of an anatomical atlas model of femur
according to the identified contours shown in Fig. la
using the NSCC algorithm [12]. This algorithm
matched the identified contours with those derived
from the anatomical atlas model. Then, the optimization

a Invitro

Fig. 1 Selected contours for the
in vivo and in vitro evaluation
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of the initial solution and the optimized object defor-
mation was done to minimize the distances between
X-rays contours and projected 3D contours.

The main modification of this algorithm was the defi-
nition of a simplified parametric subject specific model
(SPSSM, Fig. 3) and a morphorealistic parametric subject
specfic model (MPSSM, Fig. 4) instead of the anatomical
atlas model. The whole process is described in Fig. 2.

The contours identification was assessed for the in vivo
situation. Visibility in X-rays (Fig. 1c) was reduced due to
the bone superimposition in the lateral view. Therefore, it
was not possible to differentiate contours such as the tro-
chanters (lesser and greater) and the femoral neck in the
lateral view (Fig. 1a).

A 3D sphere model was adjusted, in terms of position
and radius, on both frontal and sagittal X-rays. The sphere
models provided the radius (femoral head radius, FHR) and
center of the femoral head.

The anatomical atlas model was replaced by a MPSSM.
At first, the 2D contours were used to approximate the shaft
and neck axis. Then the 3D neck-shaft angle (NSA_3D)
was calculated. Thus both the NSA_3D and the FHR were
obtained. A local frame linked to the studied proximal
epiphysis of the femur was also assessed.

These two parameters were used as predictors for the
construction of an initial parametric subject-specific model
from a database (International Patent Number PCT/
FR2004/001394 [18]). Proximal epiphyses of 60 excised
femurs were used to build this database. For each bone, its
3D CT scan reconstruction made with millimetric slices
was available. Then 33 parameters were evaluated,
including NSA_3D, neck length, FHR and neck minimal
section [17]. Parameters correlation was evaluated using
the Pearson’s correlation matrix. Then, a multivariate
linear regression was employed to determine all of the
parameters with the explicative ones (NSA_3D and FHR).
A SPSSM (Fig. 3) was then calculated from the explica-
tive parameters and the database. This 3D model was
made of simple geometric object such as sphere or trun-
cated cone.

The anatomical atlas model was then replaced by a
MPSSM. This model was evaluated from both the SPSSM
and a 3D model extracted from CT scan slices. The

b In vitro with in vive contours ¢ Invivo
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resulting 3D model was used as generic model for the
NSCC algorithm to obtain a subject specific model.

All of the 3D reconstructions were performed with a
custom software package developed in collaboration
between the Laboratoire de recherche en Imagerie et Ort-
hopédie, (ETS-CRCHUM, Montréal, Canada) and the
Laboratoire de Biomécanique (ENSAM-CNRS, Paris,
France).

The reconstruction time for the whole process was
approximately 4 min.

2.3 Comparison protocol
2.3.1 In vitro evaluation

For the in vitro evaluation, 13 femurs were selected from
the database. Consequently, we had to re-calculate the
linear regressions using the database without the selected
femur (a ‘leave-one-out’ procedure). For each femur, the
two reconstructions were performed, using two methods
(the current one and the one proposed by Le Bras et al.
[17]). These reconstructions were made using the reduced
set of contours visible in vivo (Fig. 1b). This accuracy

Subject Specific Model
(SSM)

evaluation was therefore done in the most favorable
conditions.

The evaluation was divided into two steps. In the first
step, a qualitative comparison between the reconstructed
shape and the reference femoral geometry (CT-scan
reconstruction) was performed. In addition, visualization of
the superimposed reconstruction of the same femur made
visible the femoral regions where maximum deviations
may occur.

Quantitative accuracy was then expressed as point to
surface distances: each point of the model (obtained from
stereo-radiography) was projected onto the surface defined
by the reference (obtained from CT-scan) [19, 20]. A
global comparison consisting of computing the mean point
to surface distance, the 2SD (2 x Standard Deviation) and
the maximum distance values was made. The 2SD dis-
tances represent the maxima for 95% of all points, while
the maximum distance values represent the isolated
extreme values obtained for the entire sample. This com-
parison was processed on the entire set of 1,706 points per
femur. Then, a local comparison was evaluated. For the
femur, the areas of interest were the head, the neck, the
trochanters (lesser and greater), and the shaft.
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Fig. 3 Simplified parametric
subject specific model (SPSSM)
for the proximal femur

Finally, the inverse operation was made by evaluating
the point to surface distances with the EOS" 3D recon-
struction used as reference. The Hausdorff distances
(bilateral point to surface distances) were therefore avail-
able using the same evaluation as mentioned above.

2.3.2 In vivo evaluation

The intra- and inter-observer reproducibility was evaluated
for the in vivo evaluation. In order to make comparisons, a
reference object was needed. For each subject, the refer-
ence model was calculated from the mean position (X, Y, Z)
of each of the nodes obtained from the three observer’s
reconstructions.

The shape of each reconstructed object was evaluated by
superimposing it with the reference model. The distances
between the points of the reconstructed models and the
surface of the reference model were computed [19, 20].
Then, the global and local evaluations were done in the
same way as in Vvitro.

A set of 3D parameters was also computed. Each 3D
parameter of the stereo-radiographic model was compared
to the same parameter given by the reference model. These
parameters (3D neck shaft angle, neck length, head diam-
eter, and neck minimal section) were calculated in the same
way as Le Bras et al. [17].

For each pair of radiographs of a subject, three recon-
structions and a reference model were available. The
statistical tests were done as follows. First, a Shapiro-Wilk
normality test was applied to the measures defined in the
comparison protocol. The normality of the values was
tested for each observer. Then, an ANOVA for repeated
measures was applied to the normally distributed values. In
the case of non-normal values, a Friedman test was used.
For normally distributed samples, the 95% limit is equal to
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Fig. 4 Morphorealistic parametric subject specific model (MPSSM)

2SD. For non-gaussian measures, it was defined as the 95th
percentile of all the values.

3 Results
3.1 In vitro evaluation

The results for the in vitro evaluation are given in Table 1.
These results were obtained with the reduced set of con-
tours (Fig. 1b) for both the parametric subject-specific
method and the NSCC methods. The mean relative 3D
reconstruction error for the parametric subject-specific
method was 0.2 mm.

When using the EOS'" 3D model as reference, the mean
absolute error and the RMS were very similar to those
mentioned in Table 1. The maximum were higher reaching
8.5 mm for the parametric subject-specific method with a
reduced set of contours.

3.2 In vivo evaluation

No statistical differences were outlined between the
samples (min(p) > 0.05) for both intra- and inter-repro-
ducibility. The results for the inter-observer reproducibility
are summarized in Fig. 5. The results were given for both
methods as a global evaluation and per area of interest. The
localization of the maximal differences for the entire set of
femurs is shown in Fig. 6. Summarized for the 3D
parameters, the mean values and the coefficient of variation
(CV) in absolute value, and percentage are shown in
Table 2.

Concerning the intra-observer reproducibility, the mean
difference was 0.4 mm (2SD 1.3 mm, max 5.8). For the
local comparison, in the head, shaft and neck areas, the
mean differences were 0.4 mm for all values, the 2SD were
1.3 mm, 1.0 mm, and 1.2 mm, respectively, and finally the
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Table 1 In vitro 3D accuracy:
points to surface absolute
differences (EOS/scan)

Parametric subject-specific
method with a reduced
set of contours

NSCC method with a
reduced set of contours

NSCC method
with the complete
set of contours [17]

Number of Specimens 13
Global

Mean 1.0
2SD 2.5
Max 5.1
Head

Mean 0.9
2SD 23
Max 4.3
Neck

Mean 0.9
2SD 2.4
Max 4.7
Shaft

Mean 1.0
2SD 2.5
Max 4.9
Lesser Trochanter

Mean 1.3
2SD 32
Max 4.8
Greater Trochanter

Mean 1.1
2SD 2.8
Max 5.1

13 25
1.0 0.7
2.6 2.0
7.8 6.7
0.9 0.5
23 1.4
4.7 5.0
1.0 0.7
25 1.8
5.1 44
1.0 0.7
25 2.0
5.4 5.7
13 1.1
34 2.8
7.8 6.7
1.2 0.9
3.1 24
5.9 5.6

maxima were 4.5, 4.3, and 2.9 mm, respectively. The Intra
CV in percentages and absolute values were 1.3%
(0.6 mm), 0.7% (0.6 mm), 1.0% (1.3°) and 3.5%
(20.6 mm2) for the femoral head diameter, the neck length,
the neck shaft angle and the minimal cross section of the
neck, respectively.

4 Discussion

The use of a strict lateral X-ray in vivo was challenging
because some contours were not visible. However, the
study was conducted using the minimal contours available
on all the X-rays (Fig. 1c).

Regarding the femoral head area, the use of a sphere
model allowed precise and reproducible values for both the
center position and the radius. Under no circumstance was
the femoral head area imposed as spherical. The contours
selected by the observer led the reconstruction of the
femoral head.

Moreover, these 3D models were obtained with the
EOS"" device leading to a radiation reduction of eight to
ten times for the patient [9, 10].

Points to surface differences in mm

13.9
14.0 T —
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-~ DGlobal B Head —
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2.2 ==t i
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Fig. 5 Points to surface differences for the inter observer reproduc-
ibility of the proximal femur (the numbers only represented the global
values)
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Fig. 6 Geometrical repartition of the differences between bi-planar
and CT-scan 3D reconstructions (2 standard deviation, SD) (From
white (0 mm) to black (2.2 mm))

A particular and innovative method was therefore, cre-
ated to overcome the mentioned difficulties. The use of a
parametric subject specific model was done. It was the
result of the statistical analysis of a database composed of
60 femurs.

4.1 In vitro evaluation

This in vitro study was designed to validate the parametric
subject-specific method. There was no introduction of biases
with the use of this method. Indeed, regarding the relative
differences, there were no systematic differences (mean
relative difference 0.2 mm). Therefore, the uncertainty of
measurement for the reconstruction method was given by
the inter-observer reproducibility evaluated in vivo.

The results found in the current study are almost the
same as those reported by Le Bras et al. [17]. The main
differences between the two studies occurred in the in vivo

evaluation, where fewer contours were selected by the
observer in the lateral X-ray. With the use of all of the
contours, both methods are similar in terms of accuracy
(mean absolute difference 0.8 mm, 2SD 2.2 mm, max
5.4 mm). The accuracy slightly decreased using the
reduced set of contours. Nevertheless, the maximum for the
parametric subject-specific method was equivalent to the
NSCC method (5.1 mm compared to 7.8 mm), indicating
that this method was more precise than the previous one
[17]. When using a reverse comparison using the EOS™
model as reference (Hausdorff distances), the results were
consistent with those described above except for the
maximum growing to 8.5 mm. As the mean and RMS
value stayed equal, this only reflected local imperfections
on the 3D models.

The accuracy was assessed in ideal conditions (isolated
femur). For in vivo applications, a higher difference should
be expected.

4.2 In vivo evaluation
4.2.1 Shape evaluation

The mean, 2SD and maximal values were smaller for the
anatomical subject-specific method due to the use of the
statistical database. The maximum value decreased from
13.9 to 7.3 mm.

The mean reproducibility value is 0.8 mm. Ninety five
percent of the differences, representing the variability of
measurement, were within 2.2 mm for the whole femur.
It decreased to 1.6 and +1.9 mm for the head and neck
areas, respectively. Subsequently, a higher quality of
reconstruction was available in the most important areas
used for the study of hip pathologies.

The maximum values were located on either side of the
proximal epiphysis of the femur along an antero-posterior
axis. These results were certainly due to the lack of
information extracted from the sagittal view.

4.2.2 3D parameters

The 3D parameters evaluated in this study were the same as
those measured by Le Bras et al. [17]. In this study [17] the

Table 2 3D parameters values and inter-observer coefficient of variation (CV)

FNAL (mm) NSA_3D (deg) Min CSA (mm?) FHD (mm)

Current Le Bras Current Le Bras Current Le Bras Current Le Bras

method et al. [17] method et al. [17] method et al. [17] method et al. [17]
Value (mean £ 2SD) 92.1 £16.6 915+ 132 129.6 £5.0 1265+ 144 5919 2195 644 £240 42.1+79 427 +6.6
Inter CV (%) 1.8 0.3 1.0 53 4.3 2.2 0.6
Value 1.2 0.3 0.9 22.2 28.0 0.7 0.3
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researchers made the measurement on proximal epiphyses
of 15 excised femurs. In the current study, 13 subjects (i.e.
proximal epiphyses of 23 femurs) with in vivo X-rays were
selected. Using the parametric subject-specific method, the
reproducibility decreased for the measurement of the 3D
parameters. Introducing a parametric subject-specific
model improved the reproducibility without modifying the
accuracy.

For the NSA_3D, Inter CV was 1.0% (0.9°). For the
FHD, it was 2.2% (0.7 mm). These results showed that this
method gave us a reproducible tool to assess the proximal
epiphysis of the femur geometry. This method could also
lead to a quantification of the femoral neck mechanical
properties [5]. Therefore, with this application, from just
two perpendicular X-rays, surgeons will be able to evaluate
both the subject-specific geometry and bone strength.

5 Conclusion

This paper presents the in vitro accuracy and the in vivo
inter- and intra-observer reproducibility for the recon-
struction of the proximal epiphyses of the femur using bi-
planar X-rays. The described method used a database
composed of 60 excised femurs. A MPSSM was then
calculated using multiple linear regressions. This model
was finally adjusted according to the X-ray information to
get a 3D reconstruction.

This method gave us a reproducible tool in order to get 3D
reconstructions of the proximal epiphysis of the femur from
biplanar X-rays, in vivo. The shape evaluation gave mea-
surement variability within +2.2 mm for the whole femur.

This algorithm was developed with frontal and sagittal
views, but could easily be extended to other applications
involving different biplanar projections. Similar methods
could now be developed for other bone structures such as
the pelvis or the whole lower limb.

The current evaluation was made on asymptomatic
subjects. The next step for the validation process will be to
use the parametric subject-specific method for pathological
cases.
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