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摘要
踝關節在人體步態與日常生活當中扮演了相當重要之角色，活體三維踝關節運動學之瞭解將有助於其生物力學之認識與
許多臨床相關運用，例如疾病診斷與人工關節之設計與分析。過去已有許多量測技術被運用在踝關節運動學之研究上，
但是尚未有一非侵入且活體三維動態量測方法可精準量測踝關節之運動學。因此本研究旨在運用一以立體像素骨骼模型
為基底之二維/三維影像契合技術搭配單平面動態Ｘ光量測踝關節三維運動學，並且透過屍體實驗來驗證量測方法。結果
顯示影像平面內移動誤差之標準差為 0.78 釐米，出影像平面為 2.22 釐米，三個方向上的旋轉為 1.37̊。驗證結果顯示此
方法之精度將足以被使用在踝關節生物力學與相關臨床運用上。

INTRODUCTION
In vivo three-dimensional (3D) kinematics of the

ankle joint complex (AJC) is essential for a better
understanding of its biomechanics and for many
clinical applications. Several measurement techniques
are available for this data, but few allow non-invasive
measurements with sub-millimetre accuracy. The
purposes of the study were to develop further a voxel-
based 2D to 3D registration method [1] for measuring
3D ankle kinematics with single plane fluoroscopy, and
to determine experimentally the measurement errors in
vitro.
MATERIALS AND METHODS

An ankle specimen was fixed with a fixation frame
of high rigidity and twelve crystal markers at eight
different poses, encompassing the ankle range of
motion during gait as shown in Figure1. The CT data
and images from 20 fluoroscopy trials (Angiography,
Advantx LCA, GE, France) of the specimen were
obtained for each pose. 3D voxel-based models were
derived from the CT data and then precisely registered
to the 2D fluoroscopic images using an improved
version of a voxel-based 2D/3D registration method [1],
shown in Figure2. With the method, the 3D poses of
the tibia, fibula, talus and calcaneus bones at each
fluoroscopic image frame were obtained by searching
the poses of the bone models, using an optimization
procedure, the DRR of which best matched the
fluoroscopic image according to a similarity measure.
The poses obtained from a total of 160 fluoroscopic
trials were compared to those determined by the CT
data for measurement errors.

Figure1. The fixation frame keeps the markers and
specimen as a rigid body during CT scan.

Figure2. An improved 2D/3D registration method for
measurement of AJC kinematics.

RESULTS
High accuracies were found for the global poses of

the tibia/fibula, talus and calcaneus; and the poses of
the ankle and subtalar joints, Tables 1 and 2. The
ensemble means (standard deviations) of the global
tibial pose errors were less than 0.30 (0.55) mm, 1.10
(1.29) mm, and 0.46(0.79 )̊ for the in-plane translation
components, out-of-plane translation component, and
all angular components, respectively. The
corresponding values for the talus were 0.29 (0.57) mm,
0.07 (1.74) mm, and 0.19 (1.16)̊, and those for the
calcaneus were 0.39 (0.76) mm, 0.51 (1.29) mm, and
1.31(0.71) ̊, Table 1.

The ensemble means (standard deviations) of the
pose errors for the subtalar joint were less than 0.39
(0.78) mm, 0.50 (2.22) mm, and 1.38 (1.37)̊ for the in-
plane translation components, out-of-plane translation
component, and all angular components, respectively.
The corresponding values for the ankle joint were 0.04
(0.27) mm, 0.90 (1.50) mm, and 0.53 (1.07) .̊

Table 1. Ensemble means (standard deviations) of the
global pose errors of the ankle bones

Tibia/Fibula Talus Calcaneus
X(mm) 0.31(0.24) 0.29(0.22) 0.13(0.77)
Y(mm) 0.01(0.55) 0.04(0.57) -0.39(0.74)
Z(mm) -1.10(1.29) 0.07(1.74) 0.51(1.29)
θx(̊) -0.46(0.79) 0.07(0.76) -1.32(0.58)
θy(̊) -0.09(0.64) -0.15(1.16) -0.51(0.64)
θz(̊) -0.15(0.50) 0.19(0.62) 0.64(0.72)



Table 2. The ensemble means (standard deviations) of
the pose errors of the talocrural and subtalar joints

Subtalar Joint Talocrural Joint
X(mm) -0.22(0.78) 0.04(0.27)
Y(mm) -0.39(0.59) 0.03(0.21)
Z(mm) 0.51(2.22) 0.91(1.50)
θx(̊) 1.39(1.03) -0.53(0.75)
θy(̊) 0.37(1.37) 0.06(1.07)
θz(̊) 0.44(0.87) -0.33(0.81)

DISCUSSION
The improved method has been shown

experimentally to be accurate for the measurement of
the 3D kinematics of the ankle complex with single
plane fluoroscopy, the ensemble standard deviations of
the errors (indicating the precision) being less than
0.78 mm for the in-plane translations, 2.22 mm for out-
of-plane translation, and 1.37̊ for all rotations. This
suggests that the method will be useful for the study of
the ankle biomechanics and for relevant clinical
applications.
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