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SUMMARY 

Accurate knowledge of joint kinematics is fundamental for 

research and clinical purposes. Radiologic based joint 

kinematic estimation technique have been recently used to 

study intact joint in-vivo kinematics. Bi-planar methods are 

more accurate but expensive and invasive, while mono-planar 

ones are less reliable but more suitable for the clinical 

practice. The aim of the present work is to quantify the 

performance of a novel alignment algorithm, through a 

comparison of mono- and bi-planar fluoroscopic methods 

using the marker based Roentgen stereophotogrammetric 

analysis as gold-standard. Five repetitions of a simulated 

walking task with bone phantoms were analyzed. The 

dominant source of error for the bi-planar method was the 

longitudinal symmetry of the bones. The mono-planar 

technique was limited in the estimation of the out-of-plane 

pose parameters, but as good as bi-planar for the in-plane pose 

parameters. With error of the order of the millimeter and the 

degree, considering the limited cost and analysis time, mono-

planar fluoroscopy can be sufficient for clinical analysis. 

 

INTRODUCTION 

A better knowledge of kinematics behavior of normal and 

pathologic joints during physiological activity still remains a 

crucial issue for diagnostic purpose, and to evaluate different 

surgical strategies. X-ray imaging tools for the accurate 

measurement of in vivo kinematics of human joints have been 

used to describe the outcome of surgical procedures such as 

ACL replacement [1]. The Roentgen Stereophotogrammetric 

Analysis (RSA) is currently considered as a gold-standard but 

invasive technique. It is based on bi-planar X-ray projections 

and on tantalum beads implanted in the segments to be 

tracked, and it has been used especially to track migration of 

total joint replacements. To avoid markers implantation, 

mono-planar [2] model based techniques have been proposed 

since 1996. Bi-planar methods [3] were then introduced to 

increase the reliability of the measurements. The knowledge of 

the 3-D geometry of the intact bone and a mono-planar 

projection view in a fluoroscopic image were claimed to be 

sufficient to reconstruct the absolute and relative 6 degrees of 

freedom (DOF) pose of the bones, with a mm/deg accuracy 

level [4]. However, it is still not clear how the reduction of 

information introduced by the mono-planar fluoroscopy can 

affect the accuracy and reliability of the technique. In this in-

vitro study we compared the kinematics of knee phantom 

quantified using mono- and bi- planar fluoroscopy, 

considering RSA as a gold standard. 

 

Figure 1: Virtual representation of the system, the femur 

model is tangent to the projection rays connecting the contours 

in the image and the X-rays source. 

 

METHODS 

The alignment algorithm implemented was based on 3-D 

surface models and adaptive distance maps (ADM) [5]. The 

fluoroscopes were represented by two perspective projection 

models. A global system of reference was defined with the x 

and y axis in the image plane of the frontal projection, and the 

z axis perpendicular to the image pointing towards the X-ray 

source, forming a right-hand reference frame. The pose was 

then estimated minimizing the Euclidean root mean square 

distance (RMSD) between each surface model and a beam of 

lines connecting the X-ray sources and the edge of the bone 

extracted in the projected images. The optimization algorithm 

was a completely unsupervised memetic algorithm [6]. Each 

DOF was coded with an 18bit Gray code, the initial population 

(100 chromosomes) spanned the entire domain of field of view 

(FOV) ±100mm for translation, and ±180deg for rotations, and 

evolved to convergence using multipoint crossover, ageing, 

mutation and Lamarckian learning operators. 

 

A Sawbones™ composite bone model of the knee joint 

(composed by tibia and femur) was used for the validation 

study. Images of five repetitions of 10s simulated walking 

tasks were acquired with two synchronized fluoroscopes BV 

Pulsera (Philips Medical Systems) at a frame rate of 30fps 

(Figure 1). Images of calibration devices were acquired and 

used for the distortion correction, and foci and spacing 

calibration [7], but also to determine the pose of each 

fluoroscope in the reference frame. Four tantalum beads were 



implanted in each  segment for the RSA analysis. Surface 

mesh models of the Sawbones™ knee segments were 

generated from CT scans (Lightspeed VCT, GE Medical 

Systems). Due to the absence of soft tissue, a simple 

thresholding was used for the segmentation purpose. The 

relevant relative positions of the tantalum beads clusters were 

also reconstructed from the CT scan. For each mesh model an 

ADM with a resolution of 0.5mm was computed and stored. 

 

Each dataset of images was analyzed with different methods, 

using both or only one of the fluoroscopic projections. The 

contours for the alignments were semi-automatically 

generated using a hybrid region growing and Malladi-Sethian 

level-set method [8].  

 

The coordinate of each marker were obtained with a Hough 

transform and manually labeled in the first frame. The labeling 

was then propagated to the whole dataset automatically. The 

RSA 3-D kinematics was computed using the method 

described by Valstar et al. in [9]. The frames in which less 

than three markers per images were visible, were excluded 

from the analysis.  

 

For each estimated DOF the deviation from gold standard 

kinematics was quantified and the accuracy and precision of 

the estimate were expressed as the median (m) and 

interquartile range (iqr) of the distributions.  

 

RESULTS AND DISCUSSION 

The differences in the alignments of the mono-planar and the 

bi-planar analysis compared to the RSA gold standard were 

quantified. Similar results were obtained both for the femur 

and for the tibia, moreover no significant differences were 

obtained among the repetitions. All the data were then 

analyzed together and reported in Table 1. 

 

Due to the limitation of the investigation volume in a bi-planar 

setup, about 20% of the frames were excluded from the 

analysis because not all the tantalum markers necessary for the 

RSA pose reconstruction were visible inside the FOV. For the 

bi-planar alignment, excellent results were obtained: the 

translation error was in the order of magnitude of the lower 

bound determined by the fluoroscopic image pixel spacing 

(equal to 0.3mm as quantified with the calibration process) 

with the worst iqr for the translation in the x direction 

(0.3mm). Unbiased results were obtained also for rotations, 

with the worst case for the estimation of the rotation around 

the bones longitudinal y axis due to the cylindrical symmetries 

of the their shapes. 

Two different mono-planar alignments were carried out 

considering each of the two fluoroscopes. The laboratory 

reference frame was centered in the middle of the fluoroscope 

F1 with the xy axis parallel to image plane and the z axis 

coincident with the projection direction. Unbiased results were 

obtained for the in plane pose parameters (Tx, Ty, θz). In this 

configuration, the out of plane translation (Tz) is the most 

critical with iqr≈5mm, and, differently from the bi-planar 

alignment, the error related to the out of plane rotation (θx) is 

dominant over the inter-intra rotation error (θy). The 

fluoroscope F2 was not aligned with global reference frame, 

thus the error was not condensed in the estimation of Tz but 

spread among the DOF. 

 

CONCLUSIONS 

The bi-planar alignment proved to be extremely accurate and 

precise, but it is limited by the significant reduction of the 

investigable volume. However, when a bone is projected at the 

border of the FOV, the mono-planar reliability is limited, 

while the bi-planar manages to obtain accurate results 

exploiting the information of the second fluoroscope. The bi-

planar reliability is then best suited for research purposes. 

Nonetheless, the mono-planar setup has halved costs, halved 

analysis time and halved ionizing radiation dose for the 

patient. Notwithstanding its accuracy limitations, we can 

finally conclude that the reliability of the mono-planar 

alignment can be sufficient for clinical analysis, provided that 

the clinically significant information are not gathered in the 

out-of-plane direction. 
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Table 1: Pose estimation error relative to the comparison of the kinematic quantifications carried out considering the mono-planar 

projection of the fluoroscope 1, of the fluoroscope 2, and the bi-planar projection with the RSA gold-standard. 

Method 
Tx [mm] Ty [mm] Tz [mm] Θx [deg] Θy [deg] Θz [deg] 

m iqr m iqr m iqr m iqr m iqr m iqr 

Mono-planar F1 -0.1 0.3 ~0 0.4 -3.1 4.9 -1.2 1.3 0.3 1.1 ~0 0.2 

Mono-planar F2 1.4 1.2 0.6 0.4 -1.5 1.0 -0.4 0.4 0.2 0.6 0.2 0.4 

Bi-planar -0.1 0.3 ~0 0.1 -0.2 0.2 -0.1 0.2 0.2 0.7 -0.1 0.1 


