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S U M M A R Y

Background: In clinical routine, preoperative radiographic assessment of lower extremity geometry relies on
conventional X-rays. However, the plane goniometric measuring has several limitations in accurately locating
anatomical landmarks. The purpose of this study is to propose a fast and accurate 3D-reconstruction-method
based on biplanar X-rays with clinical measurements assessment in standing position.
Methods: 50 candidates for HTO or DFO with deformity of the lower extremities were included in this study.
Biplanar X-rays were performed using the EOS imaging system in conventional double-stance full weight-bearing
position (DS) and shifted-foot standing position (SF). The results of hip-knee-ankle angle (HKAA), lateral distal
femoral angle (LDFA), and medial proximal tibial angle (MPTA) were evaluated by either 2D manual goniometer
(MG) based on X-ray in DS standing position or 3D-reconstruction goniometer based on X-rays in SF standing
position.
Results: For the reproducibility study, MG and EOS goniometer were both reliable in repeated measures of HKAA,
LDFA, and MPTA, with average concordance correlation coefficients (CCCs) all above 0.910. The agreements
between MG and EOS measurements were high for HKAA and LDFA with CCCs all above 0.90, while the
agreement was low for MPTA with CCC below 0.75. Further linear regression model analysis also revealed a
significant correlation between MG and EOS measurements for HKAA (all R2 � 0.93) and LDFA (all R2 � 0.90),
but not for MPTA (all R2 � 0.522).
Conclusion: In comparison with the traditional 2D manual goniometer, EOS 3D reconstruction based goniometric
measuring could provide equivalent results of HKAA and LDFA, and potentially a more accurate result of MPTA.
These findings suggest that EOS 3D reconstruction based goniometric measuring is suitable for preoperative
evaluation and planning for HTO/DFO. However, future improvements of the 3D reconstruction method are
needed for better detection of the femoral condyles and tibial plates without the requirement of shifted-foot
standing position.
The translational potential of this article: EOS 3D reconstruction based goniometric measuring could provide
equivalent or even more accurate results of HKAA, LDFA, and MPTA, in comparison with the traditional 2D
manual goniometer, making it suitable for preoperative evaluation and planning for HTO/DFO.
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Figure 1. (A) Radiographs in the ‘SF’ standing position. (B) Conventional radiographs in the ‘DS’ standing position. (C) A detail view from an ‘SF’ lateral radiography
showing less superposition of the femoral condyles and tibial plates. (D) A detail view from a ‘DS’ lateral radiography showing the superposition of the femoral
condyles and tibial plates.
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Introduction

High tibial osteotomy (HTO) and distal femoral osteotomy (DFO)
have gained wide acceptance as treatment options for patients with
tibiofemoral osteoarthritis and extra-articular deformity of the femur or
tibia. Most candidates for HTO/DFO are in the third, fourth, and fifth
decades and wish to avoid unicompartmental or total knee arthroplasty.
The recommendations for these procedures are derived from a careful
evaluation of subjective symptoms, findings on physical examination,
and especially radiographic evidence of malalignment and extra-articular
deformity.

Accurate radiographic assessment of lower extremity geometry has
major importance in clinical routine for diagnosis of arthritis and extra-
articular deformity, surgical planning, and patient follow-up. Typically,
radiographic assessment of lower extremities is based on 2D full-length
radiographs of the lower limb with the patient in the standing position
[1,2]. Double-stance, full-length anteroposterior (AP) radiographs
showing both lower extremities from the femoral heads to the ankle
joints are obtained. The anatomical and mechanical axes of the lower
extremities are assessed based on the full-limb AP view. The angle be-
tween the mechanical axes of the femur and the tibia is defined as the
hip-knee-ankle angle (HKAA), which is used to evaluate the lower limb
alignment. The angle between the femoral mechanical axis and the
97
articular surface of the distal femur is defined as the lateral distal femoral
angle (LDFA), which is used to evaluate the deformity of the femur. The
angle between the tibial mechanical axis and the articular surface of the
proximal tibia is defined as the medial proximal tibial angle (MPTA).
However, we find plane goniometric measurements are very sensitive to
the patient's orientation. Rotational attitudes can affect radiographic
measurements when an excessive degree of femoral bowing is present
[3]. In clinical routine, attention to detail is essential when making the
weight-bearing full-limb X-rays to ensure that both knees are extended
maximally and the patellae are pointing forward. Even though, there still
exist many challenges for accurate locating the center of the distal femur,
the center of the proximal tibia, the articular surface of the distal femur
and the articular surface of the proximal tibia.

Biplanar X-rays (EOS imaging system) with the subjects in a standing
position can be an alternative in clinical routine with low radiation dose.
Several previous studies have already explored this technology to
perform 3D-reconstructions of bony structures [4–6]. It has presented an
excellent advantage in dealing with torsional troubles and rotational
troubles. However, 3D reconstructions cannot be completed in the con-
ventional double-stance full weight-bearing standing position. To obtain
better visibility of femoral condyles, tibial plates and the malleoli on the
sagittal radiograph for performing 3D-reconstructions of bony structures,
the examination is performed with one foot slightly shifted to the other



Figure 2. (A) 2D manual goniometric measurements of hip-knee-ankle angle (HKAA, red angle), lateral distal femoral angle (LDFA, blue angle), medial proximal tibial
angle (MPTA, purple angle) were performed using CorelDraw software. (B) 3D reconstruction model was obtained based on X-rays in SF standing position. (C) The
results of clinical measurements were automatically calculated based on the 3D reconstruction model.
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one. This position is called the shifted-foot (SF) standing position.
However, it has been evidenced that weight-bearing status can affect
malalignment measures [2,7]. For the lower limb being ahead, the higher
weight-bearing status is noticed compared to the double-stance position.
For the other lower limb, the lower weight-bearing status is also noticed.
Although Chaibi et al. declared that there was no significant bias in
clinical measurements between shifted-feet and non-shifted-feet position
[8]. However, this study only involved 20 volunteers who did not present
any visible abnormality of the lower limb and the pelvis. The accuracy of
3D reconstruction clinical measurement calculation in patients with
deformity of the lower extremities was still unreported. Furthermore,
both 2D and 3D clinical measurements were both automatically calcu-
lated based on the 3D reconstruction model in this study, without iden-
tification of the agreements between 3D reconstruction calculation and
manual goniometer.
Table 1
Average concordance correlation coefficients (CCC) for Manual Goniometer
(MG) and EOS measurements based on three repeat measures per method and
averaged for MG and EOS measurements.

Angle n MG EOS

CCC 95% CI CCC 95% CI

HKAA
Overall 100 0.999 0.998–0.999 0.993 0.988–0.996
Right leg 50 0.999 0.998–0.999 0.995 0.992–0.997
Left leg 50 0.999 0.999–0.999 0.989 0.979–0.995

LDFA
Overall 100 0.992 0.990–0.994 0.961 0.948–0.970
Right leg 50 0.994 0.991–0.996 0.970 0.955–0.981
Left leg 50 0.991 0.986–0.994 0.950 0.927–0.965

MPTA
Overall 100 0.924 0.900–0.943 0.982 0.975–0.987
Right leg 50 0.914 0.872–0.943 0.980 0.968–0.987
Left leg 50 0.934 0.904–0.955 0.984 0.976–0.989

95% CI ¼ 95% confidence interval
HKAA ¼ hip-knee-ankle angle
LDFA ¼ lateral distal femoral angle
MPTA ¼ medial proximal tibia angle
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To deal with these limitations, the purpose of this study was to
identify the reliability and concurrent validity of the EOS system for
measuring three important angles for HTO and DFO (HKAA, LDFA, and
MPTA).

Materials and methods

Candidates to be measured

50 candidates for HTO and/or DFO with deformity of the lower ex-
tremities were included in this study. There were 18 men and 32 women.
The median age of the candidates was 62 years (26–74).
Radiographic acquisition protocol

Biplanar X-rays were performed using the EOS low dose imaging
Table 2
Concordance correlation coefficients (CCC) assessing agreement between
Manual Goniometer (MG) and EOS measurements based on the averages of three
repeat measurements.

Angle n CCC 95% CI

HKAA
Overall 100 0.959 0.944–0.970
Right leg 50 0.962 0.942–0.975
Left leg 50 0.956 0.931–0.972

LDFA
Overall 100 0.908 0.876–0.931
Right leg 50 0.904 0.856–0.937
Left leg 50 0.911 0.866–0.941

MPTA
Overall 100 0.682 0.587–0.758
Right leg 50 0.669 0.534–0.771
Left leg 50 0.696 0.556–0.798

95% CI ¼ 95% confidence interval
HKAA ¼ hip-knee-ankle angle
LDFA ¼ lateral distal femoral angle
MPTA ¼ medial proximal tibia angle



Figure 3. A) Agreements between Manual Goniometer (MG) and EOS 3D-reconstruction based goniometer measurements based on the averages of three repeat
measurements in HKAA. (B) Agreements of LDFA. (C) Agreements of MPTA.
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system (EOS imaging, Paris, France). The radiation dose is about
800–1000 times less than CT-scan and 8–10 times less than conventional
radiography [9,10]. This system could perform the simultaneous acqui-
sition of two orthogonal head to feet calibrated X-rays, with the patient in
a standing position.

To identify the influence of the shifted-feet position, two acquisitions
were performed. Each patient was first positioned standing with parallel
feet in conventional double-stance full weight-bearing position (DS po-
sition, Fig. 1B). The femoral condyles and tibial plates are superimposed
in this position (Fig. 1D). Then the second acquisition was performed
with the right foot slightly shifted to the left one (SF position, Fig. 1A), to
obtain better visibility of femoral condyles, tibial plates and the malleoli
on the sagittal radiograph (Fig. 1C).

Examiners

Goniometric measurements using a 2D manual goniometer (MG)
were performed by one qualified radiologist (H.J) with ten years of
radiologic clinical experience and experience with the use of the MG.
EOS 3D-reconstruction based goniometric measurements were also per-
formed by the qualified radiologist (H.J) with qualified experience with
the use of the EOS system. The examiners were asked to complete all the
measurements within two weeks, and two weeks later the examiners
were asked to repeat all the measurements. In total, each examiner
should complete three MG or EOS measurements for all the 50
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candidates.

Recorder

Documentation of all goniometric measurements was performed by
one independent recorder (S.W.D), with twenty years of orthopedic
clinical experience.

Instrumentation and protocol

Manual goniometric measurements were performed by L.J using
CorelDraw (version 12.0) according to the protocol described previously
[11]. Briefly, the first step was to draw a line from the center of the
femoral head to the center of the tibial plafond at the ankle joint. In the
second step, the mechanical axes of the tibia and the femur were drawn.
The femoral mechanical axis was the line between the center of the
femoral head and the center of the distal femur. The tibial mechanical
axis was a line drawn from the center of the tibial plafond to the center of
the proximal tibia. The angle between the mechanical axes of the femur
and the tibia is defined as the hip-knee-ankle angle (HKAA, Fig. 2A, red
angle), which is used to evaluate the lower limb alignment. The third step
of the analysis was to evaluate the deformity of the femur and the tibia.
The angle between the femoral mechanical axis and the articular surface
of the distal femur is defined as the lateral distal femoral angle (LDFA,
Fig. 2A, blue angle), which is used to evaluate the deformity of the femur.



Figure 4. (A) Bland-Altman plot of average versus the difference between
measurements of MG and EOS (MG – EOS) in HKAA. (B) Bland-Altman plot of
LDFA. (C) Bland-Altman plot of MPTA. Red lines: the average of the differences.
Blue lines: the upper and lower horizontal lines marking �1.96 standard de-
viations of the differences.
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The angle between the tibial mechanical axis and the articular surface of
the proximal tibia is defined as the medial proximal tibial angle (MPTA,
Fig. 2A, purple angle).

EOS 3D-reconstruction based goniometric measurements were per-
formed by H.J using the EOS 3D reconstruction system. Briefly, a 3D
reconstruction model was obtained according to the protocol described
by the manufacturer (Fig. 2B). Then, the results of three angles (HKAA,
LDFA, and MPTA) were automatically calculated based on the 3D
reconstruction model (Fig. 2C).

Statistical analysis

The concordance correlation coefficient (CCC) [12] was calculated
using the cccrm 1.2.1 package with R software to assess the reliability of
MG and EOS measurements within each method (three repeat mea-
surements). The agreement between MG and EOS measurements was
assessed using CCC. The results are presented with 95% confidence in-
tervals (95% CI).

The Blande–Altman plots [13] were used to assess agreement visu-
ally. The Blande–Altman plot displayed a scatter plot of the average MG
and EOS measurements versus their differences. If an agreement is good
then the differences should be randomly scattered around the
zero-difference reference line.

We used R software, version 3.5.3 (R Project for Statistical
Computing) for the data analyses. P values < 0.05 were considered sta-
tistically significant.

Results

The results of the goniometric measurements are presented in Sup-
porting information Table 1. The results are presented as
mean� standard deviation (SD). Intra-rater reliability of both MG as well
as EOS measurements was high for HKAA, LDFA, and MPTA, with
average CCCs all above 0.910 (Table 1).

The agreements between MG and EOS measurements were high for
HKAA and LDFA with CCCs all above 0.90, while the agreement was low
for MPTA with CCC below 0.75 (Table 2). Subgroup analyses revealed
that the agreement for MPTA was even lower in the right leg when
compared with that in the left leg (Table 2).

Further linear regression model analysis (Fig. 3) also revealed a sig-
nificant correlation between MG and EOS measurements for HKAA (all
R2 � 0.93) and LDFA (all R2 � 0.90), but not for MPTA (all R2 � 0.522),
which well agrees with the prior results of CCC analysis. The correlations
betweenMG and EOSmeasurements in the right leg were also lower than
those in the left leg.

The Blande–Altman plot showed 94 measurement pairs (94%) to be
in the mean � 1.96 standard deviation range of the differences
(Fig. 4A–C).

Discussion

The potential shortcoming of the manual goniometric measurements
based on the conventional 2D radiography is the use of 2D projections of
3D bony anatomical landmarks for angles calculation. The projected
values are sensitive to the patient's orientation while taking radiographs
(bending and/or rotating) [14,15]. During the radiographic procedure,
we have paid particular attention to ensure that both knees are extended
maximally and the patellae are pointing forward. However, we found
there were obvious deformations of the distal femur and proximal tibia,
and it was really difficult to accurately locate the anatomical landmarks
around the knee.

Several previous studies have already explored CT-scan slices based
3D reconstruction to calculate clinical parameters [16–18]. However,
those studies require all axial CT-scan slices for the whole lower limb
which is rarely used in clinical routine. Moreover, it will increase radi-
ation exposure and cost a lot of time to complete the process of 3D



Figure 5. (A) Conventional 2D X-rays of three
candidates in the ‘DS’ standing position. (B–D) A
detail view from ‘DS’ radiography showing mild
(left), moderate (middle), and significant (right)
deformation of the distal femur and proximal
tibia. The deformation has a minor influence on
locating the center of the distal femur and prox-
imal tibia (C), and the joint line of the distal
femur (D, upper joint line). However, the defor-
mation significantly increases the difficulty to
determine the joint line of the proximal tibia on
2D radiography (D, lower joint line).
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reconstruction. Moreover, we found no automatic methods for clinical
parameters calculation from 3D CT-scan models developed and applied
for clinical routine use. Regarding the biplanar radiography, 3D lower
limb reconstruction methods have been well developed. However, there
is no study reported in the literature that uses 3D models from biplanar
radiography for HKAA, LDFA, and MPTA calculation in patients with
extra-articular deformity. Our study aimed to evaluate the validity and
reliability of EOS 3D reconstruction in the clinical parameter calculation.

To the best of our knowledge, this is the first study to investigate the
reliability of EOS 3D reconstruction system based goniometric applica-
tion for measuring HKAA, LDFA, and MPTA in knee osteoarthritis and
extra-articular deformity. The results showed that both the MG and the
EOS exhibited excellent reliability over repeated measures of HKAA,
LDFA, and MPTA, with a high concordance correlation coefficients
(CCC). Our study found a fair degree of agreement between the EOS and
MG over measures of LDFA and HKAA with high values of CCC. While for
MPTA, the low value of CCC indicated poor agreement between the EOS
and the MG.

When considering the use of the EOS and MG for measuring the value
of HKAA, it's not hard to locate the center of the hip, and ankle joints.
However, locating the center of the knee joint is the major challenge. Due
to unexpected patient's rotating and/or bending while taking
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radiographs, it is hard to accurately locate the anatomical landmarks
around the knee joint. Fig. 5B shows that the patient's rotation could
cause deformation of the distal femur and proximal tibia on conventional
2D radiography. The deformation will certainly increase the difficulty to
accurately locate the center of the distal femur and proximal tibia
(Fig. 5C). Whereas, EOS 3D reconstruction could accurately locate the
center of either hip, knee, or ankle joint based on three-dimensional
localization algorithms, in spite of the influence of the patient's
rotating and/or bending. However, the value of 1.96SD ¼ 2.29� for the
HKAA on the signed difference between MG and EOS measurements
showed a minor influence of the patient's orientation on HKAA calcula-
tion. The linear regression model analysis also revealed a significant
correlation between MG and EOS measurements for HKAA.

When considering the use of the EOS and MG for measuring the value
of LDFA and MPTA, the determination of the articular surface of the
distal femur and proximal tibia is extremely important. It's usually not
difficult to determine the joint line of the distal femur on 2D radiography
(Fig. 5D, upper joint line). Fig. 3B showed a good correlation between
EOS and MG measurements for LDFA. The value of 1.96SD ¼ 1.81�

(Fig. 4B) for the LDFA on the signed difference between EOS and MG
measurements showed nearly no influence of the patient's orientation on
LDFA calculation. However, the rotation and flexion of the knee joint
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make it hard to determine the articular surface of the proximal tibia.
Fig. 5B and D showed that the deformation of proximal tibia significantly
increases the difficulty to determine the joint line of the proximal tibia on
2D radiography (lower joint line). Whereas, EOS 3D reconstruction could
build accurate 3D models and then accurately locate the joint line of the
proximal tibia. Fig. 3C showed a poor correlation between EOS and MG
measurements for MPTA. A low value of CCC (<0.75) and a high value of
1.96SD (4.36�, Fig. 4C) also indicated a poor agreement between EOS
and MG measurements for MPTA. To further assess the reason of the
differences in the measurement of MPTA, the validation of the EOS 3D-
reconstruction model is of great concern. The shape accuracy of EOS
3D-reconstruction model has been validated by Y. Chaibi et al. [8] The
EOS 3D-reconstruction models were compared with 3D CT-scan ones.
The comparison between two models was made by calculating the dis-
tance between each point of the 3D model reconstructed with the EOS
3D-reconstruction method and the surface of the CT-scan corresponding
model. The results showed mean difference of 1.0 mm (95%
CI ¼ 2.4 mm) between EOS 3D-reconstruction models and CT-scan ones.
This result gave us great confidence on the validation of EOS 3D-recon-
struction based angle measurements.

Finally, when considering the influence of shifted-foot standing po-
sition on EOS 3D reconstruction based goniometric measurements, it has
been evidenced that weight-bearing status can affect malalignment
measures [2,7]. In this study, all candidates were asked to position their
right foot shifted backward to the left foot. In this situation, either a
higher weight-bearing status could be noticed in the left lower limb, or a
lower weight-bearing status could be noticed in the right lower limb. The
influence of the changes of weight-bearing status on clinical parameter
calculation was evidenced by the result of higher intra-rater reliability
and agreement between EOS and MG measurements in the left lower
limb when compared with that in the right low limb.

In conclusion, accurate evaluation of the deformity of the lower ex-
tremities is critical to preoperative planning before HTO and DFO. Using
the EOS 3D reconstruction method, we were able to obtain an accurate
lower limb shape and clinical measurements in a fast way and with
excellent reproducibility. In comparison with the traditional 2D manual
goniometer, EOS 3D reconstruction based goniometric measuring could
provide equivalent results of HKAA and LDFA, and potentially a more
accurate result of MPTA. These findings suggest that EOS 3D recon-
struction based goniometric measuring is suitable for preoperative
evaluation and planning for HTO/DFO. However, due to the limitation of
the current 3D reconstruction method, it is still not able to complete 3D
reconstruction based on radiography in the conventional double-stance
full weight-bearing position. Future improvements of the 3D recon-
struction method are needed for better detection of the femoral condyles
and tibial plates without the requirement of the shifted-foot standing
position.
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