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Measuring three-dimensional (3D) forearm rotational motion is difficult. We aimed to develop and val-
idate a new method for analyzing 3D forearm rotational motion. We proposed biplane fluoroscopic
intensity-based 2D–3D matching, which employs automatic registration processing using the evolution-
ary optimization strategy. Biplane fluoroscopy was conducted for forearm rotation at 12.5 frames per sec-
ond along with computed tomography (CT) at one static position. An arm phantom was embedded with
eight stainless steel spheres (diameter, 1.5 mm), and forearm rotational motion measurements using the
proposed method were compared with those using radiostereometric analysis, which is considered the
ground truth. As for the time resolution analysis, we measured radiohumeral joint motion in a patient
with posterolateral rotatory instability and compared the 2D–3D matching method with the simulated
multiple CT method, which uses CTs at multiple positions and interpolates between the positions.
Rotation errors of the radius and ulna between these two methods were 0.31 ± 0.35� and 0.32 ± 0.33�,
respectively, translation errors were 0.43 ± 0.35 mm and 0.29 ± 0.25 mm, respectively. Although the
2D–3D method could detect joint dislocation, the multiple CT method could not detect quick motion dur-
ing joint dislocation. The proposed method enabled high temporal- and spatial-resolution motion anal-
yses with low radiation exposure. Moreover, it enabled the detection of a sudden motion, such as joint
dislocation, and may contribute to 3D motion analysis, including joint dislocation, which currently can-
not be analyzed using conventional methods.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Forearm supination/pronation is crucial for daily activities
(Morrey et al., 1981). Osseous stability of normal elbow joints dif-
fers with forearm rotational position (Omori et al., 2016). Postero-
lateral rotatory instability (PLRI) of the elbow is characterized by
elbow instability depending on the forearm’s rotational position
(O’Driscoll et al., 1991). Accurate evaluation of dynamic forearm
rotation is necessary to understand PLRI pathology. Conventional
fluoroscopic motion analysis is limited to two-dimensional (2D)
analysis of in vivo motion (Stiehl et al., 1997). However, forearm
rotational motion comprises not only 2D motion but also three-
dimensional (3D) motion (Tay et al., 2010). Althoughmultiple posi-
tion computed tomography (multiple CT) (Abe et al., 2018; Tay
et al., 2008) can analyze 3D motion by interpolation using com-
puter software, it increases radiation exposure, procedure time,
and medical costs. Because we did not dynamically capture the
image using multiple CT in this study, the data generated could
not be used to analyze rapid motions such as joint dislocation.

We hypothesized that 2D–3D matching of fluoroscopy, which
provides high temporal resolution, and CT, which provides high
spatial resolution, would enable accurate 3D motion analysis with
minimal radiation exposure. Biplane fluoroscopic intensity-based
matching reportedly improves matching accuracy compared with
single plane feature-based matching (Hunsche et al., 2017;
Massimini et al., 2011; Otake et al., 2013; Zhu et al., 2012). A pre-
vious feature-based 2D–3D method enabled manually moving the
target bone within virtual fluoroscopic images until the projected
silhouettes aligned with the segmented contour on image planes
(Massimini et al., 2011). We developed a biplane fluoroscopic
intensity-based 2D–3D method using an automatic matching pro-
gram, which could avoid complicated manual procedures.
We aimed to validate the proposed 2D–3D matching method by
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analyzing forearm rotational motion and measuring radiation
exposure. We compared captures of the rapid motion of the radio-
humeral joint in a PLRI patient using 2D–3D and simulated multi-
ple CT methods.
2. Material and methods

The study was approved by our institutional review board
(approval no. 15521-2).

2.1. Biplane fluoroscopic imaging system and dynamic forearm
rotation data

A biplane C-arm (Allura Clarity FD20/20, Philips Healthcare, The
Netherlands), which acquires X-ray images in both the anterior–
posterior and lateral directions, was used (Fig. 1). Testing condi-
tions were as follows: frames per seconds: 12.5; field-of-view
(FOV): 378 � 378 mm with an image resolution of 1024 � 1024
pixels (pixel size: 0.37 mm) in anterior–posterior view and
292 � 292 mm with 1024 � 1024 pixels (pixel size: 0.29 mm) in
lateral view; and output power ‘‘auto” because tube voltage or tube
current was not manually adjustable in this equipment. To main-
tain synchronicity between the biplane images, the C arm alter-
nated X-ray radiation in the anterior–posterior and lateral
directions every 40 ms at 12.5 fps. The C-arm controls X-ray tube
parameters, kV, mA, and/or exposure time such that the required
dose or dose rate is determined by the entrance plane of image
detector. The C-arm is equipped with flat panel detectors that
can minimize image distortion. The anterior–posterior and lateral
sets of X-ray sources and detectors were perpendicularly posi-
tioned. Before the testing procedure, we acquired biplane images
of a calibration box designed such that the distance between its
corners was 11 cm to calculate the relative position of the two X-
ray sources and distance between the X-ray sources and detector
(Kato and Billinghurst, 1999). Hence, we set the global coordinate
system in the biplane equipment. For validation study, we manu-
factured an entire arm phantom (Fig. 2; Kyoto Kagaku Co. Ltd,
Kyoto, Japan). The palmar side of the phantom was set upward
on the anterior view at the initial frame and manually rotated
approximately 360� (twice of 0�–90�–0�) using a goniometer at a
rate of approximately 40�/s for 10 s (125 images in each anterior-
posterior and lateral views). Because the previous study reported
Fig. 1. The biplane C-arm is shown. The participant set his forearm on the scanning
range of the C-arm. Lateral (Lat.) and anterior-posterior (AP) sources and detector
are shown.
that the required range of motion of forearm rotation was 60–
120� for daily living activities (Aizawa et al., 2010), we set the
range at 40�/s to cover these daily activities in 3 s. The resulting
rotation speed was not completely constant due to manual rota-
tion. We practiced the motion until we could naturally move the
phantom within the FOV and recorded one cycle. We performed
the same experiment on a different day and acquired two data sets.
The two one-sided test (TOST) was performed, and the 95% CI of
the mean difference between trial 1 and 2 was described to assess
repeatability. For in vivo forearm rotational analysis, a PLRI patient
manually rotated the forearm from full pronation toward full
supination with examiner assisting extension and axial compres-
sion and then back toward full pronation (�360�) for approxi-
mately 5 s.

2.2. CT and static data of the forearm

Low-dose CT scanning mode (Oka et al., 2009) of one of two CT
equipments (Aquilion One, Toshiba, Japan; Optima CT 660, GE
Healthcare, USA) was used on the phantom and patient forearm
with the following conditions: slice intervals: 1.25 mm; tube volt-
age: 120 kV; tube current: 10 mA; and helical pitch: 0.562:1. Seg-
mentation and reconstruction of bone surface models were
conducted with the commercial software Bone viewer (Orthree
Co., Ltd, Osaka, Japan). The system-reported accuracy of the bone
model was 0.46 mm (Oka et al., 2009).

2.3. Biplane fluoroscopic intensity-based 2D–3D matching method
(2D–3D method)

Fluoroscopy was performed to obtain dynamic information, and
CT was used to obtain 3D static information. Intensity-based 2D–
3D matching calculates the 3D position of the target bone during
forearm rotation based on image pixel intensity. To remove strong
gradients in 2D and 3D images caused by the stainless-steel
spheres in the phantom, the spheres were erased using the inpaint-
ing technique (Li, 2011) (Fig. 3). The proposed method employs
automatic matching using evolutionary optimization (Otake
et al., 2013), processed by MATLAB (The Mathworks Inc., Natick,
MA, USA). Evolutionary optimization is characterized by its robust-
ness against incorrect local optimum, resulting in a better conver-
gence to the correct matching despite large initialization errors.
Evolutionary optimization searches for optimum transformation
in successive stages called generations. In each generation, the algo-
rithm generates multiple hypotheses (i.e., transformations) and
evaluates their goodness by computing the similarity between
the fluoroscopic findings and digitally reconstructed radiograph
(DRR) generated from CT and the transformation, which is used
to generate better hypotheses in the next generation. The initial
bone position in the first frame was set by manual matching;
matching of the bone was automatically calculated for the subse-
quent frames using the calculated value of the former frame as
the initial value. Six degrees-of-freedom (6 DOF) were calculated
for the rotation and translation of the bones for all frames in the
global coordinate system.

2.4. Radiostereometric analysis (RSA)

To compare the results of the 2D–3D method with the ground
truth, we employed RSA, (de Bruin et al., 2008). RSA uses ray trace
intersections of implanted stainless-steel spheres to determine the
3D spatial position of the bone. The quaternion algorithm (Horn,
1987) was used for pose estimation by RSA. Six DOF were calcu-
lated for the rotation and translation of bones in the global coordi-
nate system.



Fig. 2. An entire arm phantom with bones (CaCO3/BaSO4/epoxy resin; 350 Hounsfield Unit [HU]), soft tissue (polyurethane; 0 HU), and four stainless steel spheres (diameter,
1.5 mm) implanted on anatomical landmarks of the radius and ulna were manufactured (Kyoto Kagaku Co. Ltd, Kyoto, Japan). (a) Photograph of the arm phantom, (b)
anteroposterior x-ray view, and (c) lateral x-ray view. Yellow arrows indicate the position of the stainless steel spheres. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2.5. Phantommotion comparison between the 2D–3Dmethod and RSA

Euler angles were used to compare 6 DOF for the rotation and
translation of the bones between the proposed 2D–3D method
and RSA (Massimini et al., 2011; Wu and Cavanagh, 1995).
Although both methods were performed for the same sequential
image pairs, the aforementioned inpainting technique was per-
formed for the 2D–3D method alone. To analyze the accuracy
based on anatomical landmarks of the bone, we applied the local
coordinate system referencing the International Society of Biome-
chanics (ISB) 2005 recommendations (Wu et al., 2005) (Supple-
mental material 1). The mean absolute error (MAE) with
standard deviation (SD) and root mean square error (RMSE) in 6
DOF of rotation and translation were compared between the 2D–
3D method and RSA in each frame for all 125 frames.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jbiomech.2019.04.
017.

2.6. Motion analysis comparison of measurements between the 2D–3D
and simulated multiple CT methods in a PLRI patient

A 46-year-old male with posttraumatic elbow instability was
diagnosed with PLRI on the basis of positive posterolateral rotatory
instability test (O’Driscoll et al., 1991). After providing informed
consent, a biplane fluoroscopy during forearm rotation was per-
formed for approximately 5 s (60 frames) along with CT at one sta-
tic position. The radial head motion relative to the humerus was
analyzed during forearm rotation when the radial head was dislo-
cated and reduced. The motion of the center of the radial head dur-
ing forearm rotation was calculated using both the 2D–3D and
simulated multiple CT methods. To compare calculations of the
same forearm motion by the two methods, five positions were
selected from 60 frames obtained by the 2D–3D method (1, 15,
30, 45, and 60), and these five positions from 2D–3D matching
were used to perform simulated multiple CT methods. The screw
displacement axis or helical axis method (An et al., 1988; Crisco
et al., 2001; Panjabi et al., 1981), which describes the spatial move-
ment of a rigid body by rotation around a unique axis and transla-
tion along the axis, was adopted for interpolation between two
adjacent positions in the simulated multiple CT method. In the
screw displacement axis methods, the radius and ulna of the initial
frame position were superimposed onto the corresponding bone of
the next frame position and the 6 DOF translational matrix was cal-
culated between the positions. Then, a unique axis called screw
axis was calculated from the translation matrix and the motions
of the bones were described by single rotations around the axis
and translations along the axis. The screw displacement axis
method has been used for kinematic or motion analyses in several
similar studies (Abe et al., 2018; Arimitsu et al., 2009; Miyake et al.,
2012; Moritomo et al., 2006; Tay et al., 2008, 2010). The motion of
the radial head was compared between the twomethods. The coor-
dinate system for the humerus was defined (Supplemental mate-
rial 2).

2.7. Radiation exposure level for in vivo forearm rotation

Six normal male participants (age, 31–53 years; BMI, 22.0–
25.9 kg/m2) who provided informed consent underwent fluo-
roscopy and CT to measure radiation exposure level in fluoroscopic
test (recorded by C-arm detector) and to determine the CT dose
index (CTDI; recorded by CT system).

3. Results

3.1. Phantommotion comparison between the 2D–3D method and RSA

The overall results of trials 1 and 2 indicated that the MAE ± SD
for rotation error of the radius and ulna were 0.31 ± 0.35� and
0.32 ± 0.33�, respectively and the translation errors of the radius
and ulna were 0.43 ± 0.35 mm and 0.29 ± 0.25 mm, respectively.
Additionally, RMSE for rotation of the radius and ulna were 0.47�
and 0.46�, respectively and RMSE for translation of the radius
and ulna were 0.56 mm and 0.39 mm, respectively. TOST indicated
that the 95% CIs of the mean difference between trials 1 and 2 for
the radius and ulna were 0.099–0.168 and 0.105–0.162,

https://doi.org/10.1016/j.jbiomech.2019.04.017
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Fig. 3. Fluorography and computed tomography images of the arm phantom (a) before (original) and (b) after the inpainting technique, in which the intensity of the stainless
spheres was replaced with the intensity that naturally fused with the image patterns around. Insert shows magnification of stainless steel spheres implanted on anatomical
landmarks on the radius and ulna.
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respectively. The two trials achieved an accuracy within 0.2 mm/�.
The detailed error in each direction is shown in Table 1.
Video 2
3.2. Comparison of motion analysis between the 2D–3D and simulated
multiple CT methods in a PLRI patient

Radial head motion relative to the humerus measured by the
two methods is shown in Fig. 4 and Videos 1 and 2. The 2D–3D
method but not the simulated multiple CT method detected the
quick motion of radial head dislocation and reposition during fore-
arm rotation (Fig. 4). The radial head translated approximately 15
and 8 mm in the posterior and lateral directions when the radial
head dislocated within 0.16–0.24 s.
Video 1.
3.3. Radiation exposure for in vivo forearm rotation in the 2D–3D and
multiple CT methods

We demonstrated a representative case of the proposed in vivo
forearm rotation analysis in Video 3. The radiation exposure for
fluoroscopy was 0.23 ± 0.18 mGy, and CTDI was 1.35 mGy for the
CT at one static position. The multiple CT method required
4.05 mGy (1.35 � 3 mGy) for CT acquisition at three positions.

4. Discussion

We proposed a biplane fluoroscopic intensity-based 2D–3D
matching method for forearm rotational analysis and validated
its accuracy and repeatability. This method employed automatic
processing and provided high temporal resolution and spatial
accuracy, enabling detection of rapid motions (Fig. 4, Videos 1



Video 3.

Table 1
Rotation and translation error between the 3D–2D and RSA methods using Euler angles.

Trial 1 Rotation (�) Translation (mm)

Varus–
Valgus

Internal rotation–External
rotation

Flexion–
Extension

Total Anterior–
Posterior

Proximal–
Distal

Medial–
Lateral

Total

Radius MAE ± SD 0.73 ± 0.59 0.34 ± 0.26 0.10 ± 0.08 0.39 ± 0.46 0.39 ± 0.33 0.61 ± 0.42 0.50 ± 0.45 0.50 ± 0.41
RMSE 0.94 0.42 0.13 0.60 0.52 0.74 0.67 0.65

Ulna MAE ± SD 0.11 ± 0.09 0.41 ± 0.31 0.70 ± 0.56 0.41 ± 0.44 0.40 ± 0.28 0.36 ± 0.26 0.36 ± 0.27 0.37 ± 0.27
RMSE 0.14 0.51 0.89 0.60 0.49 0.44 0.45 0.46

Trial 2 Rotation (�) Translation (mm)

Varus–
Valgus

Internal rotation–External
rotation

Flexion–
Extension

Total Anterior–
Posterior

Proximal–
Distal

Medial–
Lateral

Total

Radius MAE ± SD 0.32 ± 0.27 0.30 ± 0.24 0.13 ± 0.11 0.25 ± 0.23 0.48 ± 0.36 0.34 ± 0.26 0.31 ± 0.23 0.38 ± 0.30
RMSE 0.42 0.38 0.17 0.34 0.61 0.43 0.39 0.48

Ulna MAE ± SD 0.33 ± 0.21 0.29 ± 0.19 0.20 ± 0.13 0.27 ± 0.19 0.12 ± 0.09 0.22 ± 0.19 0.38 ± 0.27 0.24 ± 0.22
RMSE 0.39 0.34 0.23 0.33 0.15 0.29 0.46 0.33

MAE: Mean absolute error.
SD: Standard deviation.
RMSE: Root mean square error.

Fig. 4. Motion of the center of the radial head relative to the humerus in a patient
with posterolateral rotatory instability using both the 2D–3D and multiple CT
methods is shown. The positive X-, Y-, and Z-axes indicate the anterior, proximal,
and lateral directions, respectively. The radial head dislocated between 1 and 2 s
and reduced just before 4 s. Multiple CT method showed the flexion point because it
uses the screw displacement axis method to interpolate between two adjacent
positions.
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and 2). Radiation exposure in the 2D–3D method was lower than
that in the multiple CT method, making the 2D–3D method suit-
able for practical applications in vivo.
Recently, a four-dimensional CT method (Zhao et al., 2015) for
analyzing accurate wrist motion was reported; However, this
method increases the radiation dose (36 mGy), and the FOV is lim-
ited to small regions (38.4 mm for the longitudinal axis), thereby
restricting capture of the entire radius and ulna for forearmmotion
analysis.

A single-plane fluoroscopic feature-based 2D–3D matching
technique using lateral fluoroscopic images for analyzing forearm
rotation was reported (Matsuki et al., 2010); however, its accuracy
was only compared against knee squat motion analysis. Unlike
knee squat motion, forearm rotation comprises more complex 3D
motions, including out-of-plane motion from the lateral view.
Therefore, forearm rotational analysis using a single-plane 2D
image inevitably generates bone overlaps, likely degrading the
matching error. Massimini et al. reported ±0.3 mm translation
and ±0.5� rotation accuracies for a biplane fluoroscopic feature-
based 2D–3D method with manual matching for analyzing shoul-
der joint elevation (Massimini et al., 2011). Compared with their
method, our method uses automatic matching and provides similar
accuracy as reported by Massimini et al.

The study has some limitations. First, quantitative validation of
accuracy was only performed using a phantom. However, image
contrast between cortical bone and soft tissue or cancellous bone
was clearer in the human body than in the phantom (Supplemental
material 3). Therefore, the accuracy of the 2D–3D method in
humans is expected to be equal to or better than that in the phan-
tom. Second, limited FOV of fluoroscopy would restrict the body
size analyzed by this method. Finally, the accuracy of motion anal-
ysis using biplane fluoroscopic 2D–3D matching is affected by the
frame rate, synchrony between the two planes, and motion speed
of the objects. In this study, the RSA method was affected by asyn-
chronous biplane images, but we obtained high accuracy under the
conditions used (i.e. 12.5 fps and 40�/sec speed motion). We found
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that the proposed method could detect joint dislocation or reduc-
tion in PLRI patient.

In conclusion, we proposed a new motion analysis method
using a biplane fluoroscopic intensity-based 2D–3D matching with
high temporal and spatial resolutions, automatic processing, and
low radiation exposure. This method would enable 3D forearm
rotational motion analysis in real time. PLRI of the elbow can cause
bony impingement, leading to early osteoarthritis and bone defi-
cits. The proposed 2D–3D method would uncover the 3D impact
point and clarify the mechanism of osteoarthritis progression after
PLRI. This technique may further the understanding of joint dislo-
cation or subluxation related to future joint osteoarthritis.
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