ment of Diameter-Pressure Relationship in Carotid Arteries from Normoten-
sive and Spontaneously Hypertensive Rats,” J. Hypertens. Sufié), p.
S27-30.

[29] Stefanadis, C., Dernellis, J., Tsiamis, E., Diamantopoulos, L., Michaelides, A.,
and Toutouzas, P., 2000, “Assessment of Aortic Line of Elasticity Using Poly-
nomial Regression Analysis,” Circulatiod01(15), p. 1819-25.

[30] Hayashi, K., Handa, H., Nagasawa, S., Okumura, A., and Moritake, K., 1980,
“Stiffness and Elastic Behavior of Human Intracranial and Extracranial Arter-
ies,” J. Biomech.13(2), p. 175-84. .

[31] Bank, A. J., Wang, H., Holte, J. E., Mullen, K., Shammas, R., and Kubo, S. H., H‘\_
1996, “Contribution of Collagen, Elastin, and Smooth Muscle to in Vivo Hu-
man Brachial Artery Wall Stress and Elastic Modulus,” Circulati®A(12), p.

3263-70. . .

[32] Zzulliger, M. A., Montorzi, G., and Stergiopulos, N., 2002, “BiomechanicalFIg' 1 The 3-D quo_r(_)s_copy system: (@ .3_D scanning of _the
Adaptation of Porcine Carotid Vascular Smooth Muscle to Hypo and Hyper.—nee’ .anq (b) acquisition of 2-D images with the knee posi-
tension in Vitro,” J. Biomech.35(6), p. 757—65. ioned inside the C-arm.

[33] Hayashi, K., Takamizawa, K., Nakamura, T., Kato, T., and Tsushima, N., 1987,

“Effects of Elastase on the Stiffness and Elastic Properties of Arterial Walls in
Cholesterol-Fed Rabbits,” Atheroscleros&(3), p. 259-67.

[34] Faury, G., Maher, G. M., Li, D. Y., Keating, M. T., Mecham, R. P., and Boyle,

W. A., 1999, “Relation between Outer and Luminal Diameter in CannUIatefhtl’OdUCtion
Arteries,” Am. J. Physiol.277(5 Pt 2, p. H1745-53.

S

Accurately measuring in vivo knee kinematics remains a tech-
nically difficult topic in biomedical engineering. Most gait labo-
ratories measure joint kinematics by using multiple video cameras

I . [1,2]. Due to the relative motion between the skin and the under-
FeaS|b|I|ty of Usmg Orthogonal lying bones, there is a certain degree of inaccuracy inherent to this
: technique. To improve the accuracy of kinematics measurements,
F|UOI‘OSCOpIC Images to Measure In reflective markers have been directly fixed to bone using thin rods
Vivo Joint Kinematics [3]. Roentgen opaque markers have also been imbedded within
the bones and used to measure knee motion using dual X-ray
images[4—7]. In order to improve accuracy without using inva-

Guoan |_i,1 Thomas H. Wuerz,l and sive measurement techniques, a point cluster technique has been
Louis E. DeFratel2 FSr]oposed to reduce the effect of relative skin and bony motions
l . . . . .

Bioengineering Laboratory, Departmept of Orthopaedic Recently, 2-D fluoroscopy has been used to measure in vivo
Surgery, Massachusetts General Hospital and total knee arthroplasty kinematics because of its simplicity and
Harvard Medical School, Boston, MA accessibility{9,10]. In these studies, a single, sagittal plane image
2Department of Mechanical Engineering, Massachusetts of the knee was taken at different flexion angles. The positions of
Institute of Technology, Cambridge, MA 3-D computer models of the prosthesis were manipulated so that

their projections on the image plane matched those captured dur-

ing in vivo knee motion. The relative positions of the 3-D com-

ponents therefore represented the in vivo knee kinematics. While
Accurately determining in vivo knee kinematics is still a challengge single fluoroscopic image technique has been shown to have
in biomedical engineering. This paper presents an imaging tecjeod accuracy in determining knee position along the axes paral-
nique using two orthogonal images to measure 6 degree-0& to the image plane, its accuracy in determining knee motion in
freedom (DOF) knee kinematics during weight-bearing flexiothe direction perpendicular to the image plane has been ques-
Using this technique, orthogonal images of the knee were cajpned[11,12. The ability of this technique to accurately measure
tured using a 3-D fluoroscope at different flexion angles during vivo knee kinematics in six degrees of freed@rDOF) has yet
weight-bearing flexion. The two orthogonal images uniquely chage be proved.
acterized the knee position at the specific flexion angle. A virtualIn this paper, we present a technique using two orthogonal im-
fluoroscope was then created in solid modeling software and wages of the knee to measure 6 DOF knee kinematics using a 3-D
used to reproduce the relative positions of the orthogonal imagéiaoroscope. The knee position was determined by matching the
and X-ray sources of the 3-D fluoroscope during the actual imagrojections of a 3-D knee model to the images of the knee on the
ing procedure. Two virtual cameras in the software were used two orthogonal images. This study assessed the accuracy of the
represent the X-ray sources. The 3-D computer model of the kneehnique in measuring the relative position and orientation of two
was then introduced into the virtual fluoroscope and was pr@-D objects and used the technique to measure the 6 DOF kine-
jected onto the orthogonal images by the two virtual cameras. Byatics of the knee joint during weight-bearing flexion.
matching the projections of the knee model to the orthogonal im-

ages of the knee obtained during weight-bearing flexion, the knee

kinematics in 6 DOF were determined. Using regularly shaped

objects with known positions and orientations, this technique was .

shown to have an accuracy of 0.1 mm and 0.1 deg in determiniaterials and Methods

tgeofcl)gltﬁqz /1a£1g9 :&rlesntatlons of the objects, respectively. 3-D Fluoroscope. A 3-D fluoroscope(SIREMOBIL Iso-CP,
[ s : 4 Siemens, Germanyvas used to capture images of the knee joint
in this study(Fig. 1). In order to construct a 3-D knee model, the
C-arm of the fluoroscope was positioned vertically. The C-arm
Corresponding author: Bioengineering Laboratory, 55 Fruit Street, GRJ 121ftated about the knee joint through a range of 190 deg and cap-
BIQng“v tMA 02114. Phone:(617)-726-6472; Fax: (617)-724-4392; e-mail: tyred 100 images using a pulsed imaging sequence to create an
glil@partners. orq. . L . .
Contributed by the Bioengineering Division for publication in tl@U&NAL OF Isotropic Ima.'ge database Of.the jO(rﬁIg. 1(8‘))' Total scan time
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- Was approxm_ately 80s. This d_atabase allowed the knee'to be
sion, June 3, 2003; revision received October 27, 2003. Associate Editor: K. Vaugiewed and sliced from an arbitrary angle to create a series of
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the two orthogonal fluoroscopic images. Each virtual camera pro-
jected the objects onto the corresponding image pl&ige 2(a)).

The software allowed for the adjustment of the positions of the
ball and cylinder models in 6 DOF, including translations along
and rotations about the three axes of the coordinate system of the
virtual space.

After positioning the objects, the two virtual cameras projected
the objects onto the orthogonal images and represented the per-
spective views of the ball-cylinder combination as generated by
the C-arm. Using the two orthogonal images, translation in the
direction perpendicular to one image represented the in-plane mo-

Fig. 2 (a) Reproduction of the relative position of the ball and tion of another image. Therefore, the 6 DOF position of an object
cylinder using two orthogonal images taken from the 3-D fluo- can be accurately determined using the orthogonal images, over-
roscope; (b) Determination of knee positions using 3-D knee coming the limitations of using a single sagittal plane image.
models and orthogonal images of the knee from anteromedial The distance from the center of the ball to the surface of the
and posteromedial views. cylinder and the orientation of the cylinder were determined for

five independent trials by one investigator. These results were

compared to the known data in order to investigate the accuracy
images in DICOM file format. These images were exported toaf this technique in reproducing the relative position of the ball
solid modeling software and used to create 3-D computer modelsd cylinder, and orientation of the cylinder. In order to compare
of the kne€g[13]. the current method with a method using a single sagittal plane

In order to generate conventional 2-D x-rays of the knee @hage, only one image was used to define the spatial position of
different flexion angles during in vivo knee flexion, the C-arm ofhe ball. The ball model was then moved along the axis perpen-
the 3-D fluoroscope was positioned in the horizontal pléfig. dicular to the single image plane, and the change in diameter of its
1(b)). The x-ray images could be taken at any specific view angfgojection on the image plane and the change of its projection
around the joint. In the current study, this function of the fluoroposition on the orthogonal image plane were measured.
scope was used to generate images of the knee from two orthogo-
nal directions(anteromedial and anterolateral

The distance between the X-ray source and the image intensi-
fier of the fluoroscope is 988 mm. The size of the acquired 3-Rpplication to the Measurement of In Vivo Knee Joint
data cube is approximately 128 n¥d28 mmx 128 mm. The Kinematics
resolution is approximately equal to a voxel size of 0.4 mm. The
amount of radiation exposure from the 3-D fluoroscope is 30 In order to demonstrate the ability of this technique to measure
times lower than that from a standard CT scan. During the proti+ vivo joint kinematics, we determined in vivo knee kinematics
col used in this study, a subject is exposed to an effective dosedefiing knee flexion under weight-bearing conditions in three
much less than 50 millirems. knees(one left knee from a female and two right knees from

males, with an average age of 26 years)alding a protocol

Validation of Dual Orthogonal Imaging Technique to Mea- approved by the IRB at Massachusetts General Hospital. A 3-D
sure Position of 3-D Objects. Our use of a dual orthogonal computer knee model was constructed for each knee using the
imaging technique to investigate the relative position and orientamages of the knee scanned by the 3-D fluoroscope. One hundred
tion of 3-D objects was validated by scanning a ball-cylinder conprojections of the knee were taken as the fluoroscope rotated
bination with known relative positions. The ball had a diameter @bout the joint. Parallel images were generated from the database
47.6 mm. The cylinder had a diameter of 31.75 mm and length ofeated by the 3-D fluoroscope and imported into the Rhinoceros
88.9 mm. The long axis of the cylinder was positioned perpeseoftware. The outlines of the bones were digitized and used to
dicularly to the ground and the ball was positioned so that it wasnstruct a solid knee modEL3]. This model included the bony
in contact with the side of the cylinder. The shortest distangeometry of both the tibia and fem(Fig. 2(a)).
between the center of the ball and the surface of the cylinder wasSets of two orthogonal images were taken during weight-
the radius of the bal(23.8 mnj. The ball and cylinder were bearing knee flexion at 0, 30, 60, 90 and 120 deg of flexkig.
placed in the center of the C-arm of the 3-D fluoroscégedled 1(b)). Subjects stood upright on a platform and the C-arm was
the isocenter Four laser beams fixed on the C-arm were used fipsitioned in the horizontal plane. In order to allow for the posi-
determine the position of the isocenter in space. The distance fréioning of the subjects near the isocenter without obstructing im-
the X-ray source to the isocenter is 622 mm and from the isage acquisition, subjects spread their legs apart in the anteropos-
center to the image intensifier of the fluoroscope is 366 mm. Twerior direction. Acquiring the two orthogonal images at each
orthogonal images of the ball-cylinder combination were takeffexion angle took less than 4 seconds. The two images for each
with the C-arm in the horizontal plane, representing the balflexion angle were from the posterolateral and anterolateral views
cylinder combination viewed from the two orthogonal directiondor right knees, posteromedial and anteromedial views for left
The outlines of the objects were specified from both images. knees.

The ball and cylinder positions were reproduced in a solid mod- The 3-D knee model and its corresponding dual orthogonal im-
eling software(Rhinoceros®, Robert McNeel & Associates, Seages were imported into the virtual C-arm. The positions of the
attle, WA) using the two orthogonal images and 3-D models of thébial and femoral models were manually adjusted in 6 DOF until
ball and cylinder. First, the two X-ray images of the ball andhe projected outlines of the knee model matched the orthogonal
cylinder were imported into the software and placed in two oimages obtained from the fluoroscoffég. 2(b)). This procedure
thogonal planes. Next, two “virtual C-arms” were created bywvas similar to the techniques used by othdr]. The knee kine-
placing two cameras within the software at an exact distance framatics were then determined using the knee models at each flex-
the plane of the image, based on the geometry of the C-arm. Théseangle. In this study, the knee position at full extension position
two cameras enabled 3-D objects created within the software towas used as a reference. We measured the tibiofemoral contact
viewed from the two orthogonal directions corresponding to theoints on the medial and lateral tibial plateau as well as the
position of the C-arm during imaging. The positions and orientéaternal-external tibial rotation during weight-bearing flexion of
tions of the 3-D models of the ball and cylinder were manuallthe knee. Tibiofemoral contact points were defined as the location
manipulated within the software, so that their projections matchedhere the distances between the femoral condyle and the tibial

Journal of Biomechanical Engineering APRIL 2004, Vol. 126 / 315



Cornled Posilion [mm)

] L]

Fig. 3 This figure shows the effects of slightly mismatching
the diameter of the ball in one plane on the position of the ball
in the orthogonal plane. A slight mismatch of the position of the
ball in plane (a) results in a large error in the position of the ball
in the orthogonal plane (b).

Fig. 5 (a Tibiofemoral contact points at different flexion
angles during in-vivo weight-bearing lunge of a typical subject;

(b) Tibiofemoral contact points of the three subjects versus
flexion angle during in-vivo weight bearing lunge (mean
+standard deviation ). Positive values are anterior to the mid-
line of the medial /lateral tibial plateaus and negative values are
posterior to the midline.

plateau were the shortest. The contact points were measured posi-

tive anterior to and negative posterior to the midline of the tibial

plateau. The midline was defined as the line connecting the center

points between the anterior and posterior edges of the medial and

Iateral plateau of the_ tibi_a. Tibial rotation'V\_/as de_fined as the rota-|, Vivo Weight-Bearing Knee Kinematics. The tibiofemo-

tion around the longitudinal axis of the tibia during flexittbl. 4/ contact points on the tibial plateau as a function of flexion for

a typical subject are shown in Fig(ed. Figure §b) depicts the

mean and standard deviation of the positions of the contact points

on the tibial plateau as a function of flexion for the three speci-

mens. At full extension, the contact points in both the medial and
Accuracy of the Orthogonal Image Technique. The models lateral compartments were anterior to the midline of the knee at

of the ball and the cylinder were adjusted in the virtual C-arm dfill extension(Fig. 5. The medial contact point was anterior to

the 3-D fluoroscopéFig. 2(a)). Their projections on the orthogo- the midline by 7.9-5.1 mm (mean standard deviationand the

nal images were compared to the image outlines of the objetageral contact points by 7231.5 mm. The contact points shifted

obtained in the real fluoroscopic scan experimétiy. 3). The posteriorly at 30 deg (292.6 mm and—2.8+1.0 mm for the

average error for the five trials in measuring the distance betwemedial and lateral, respectivelynd 60 deg of flexion £ 3.9

the center of the ball and the surface of the cylinder was within 0.6 mm and—9.1+4.3 mm, respectively Beyond 60 deg of

0.1 mm compared to the known distance value. The orientationftgxion, the medial contact points remained at the same location

the cylinder was determined to have an average accuracy withwith increasing flexion. However, the lateral tibiofemoral contact

0.1 deg. consistently moved posteriorly with increasing flexion. At 120
The sensitivity of using a single image matching technique tteg, the lateral tibiofemoral contact moved to —16106 mm.

determine the ball position was also investigated, as shown in Fighe contact point shifted to the posterior-medial position of the

4. When the ball was initially positioned at the central positiokateral tibial plateau; the lateral femoral condyles moved toward

between the camera and the image intensifier, moving the biile posterior edge of the tibial plateékig. 5a)).

towards and away from the camera by 10 mm caused the diametefhe axial tibial rotation of the subjects during in vivo weight-

of the projection of the ball to increase and decrease by 0.5 mmbtgaring flexion is shown in Fig. 6. The internal tibial rotation

the image plane. When the object was positioned closer to timereased sharply to 12:64.3 deg at 30 deg of flexion. Thereaf-

image intensifie100 mm), moving the object towards and awayter, tibial rotation slightly increased to 15:2.5 deg at 60 deg of

from the camera by 10 mm caused the diameter of the projectitexion. The tibial rotation consistently increased after 60 deg of

to increase and decrease by 0.25 mm. flexion and reached 25:83.7 at 120 deg of flexion.

Results
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Fig. 4 The change in diameter of the ball's projection on the 0 30 60 90 120
image intensifier as the ball’s position is changed in perpen- Flexion angle (°)
dicular direction (“—" moving towards and “ <" moving away
from the orthogonal image intensifier ). The center position re-
fers to varying the position of the ball relative to a position Fig. 6 Internal tibial rotation of the three subjects versus flex-
located at the isocenter of the fluoroscope, and the close posi- ion angle during in-vivo weight bearing Ilunge (mean
tion refers to a position 100 mm closer to the image intensifier. +standard deviation )
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Discussion dosage 3-D fluoroscope to acquire an image set of the knee to
create an anatomic knee model. The orthogonal images were

Using a s[ngle ZTD prolectlonal fluoroscopic Image to 'nV.eSt't'aken with the knee joint positioned in the isocenter of the fluo-
gate knee kinematics is a recent development in in vivo biom

chanics researcfo,16]. In this approach, a 3-D knee model is?dscope as the C-arm rotates around the joint in the horizontal
. (®,29]. In tis app ’ ane. The knee was imaged from the anteromedial and anterolat-
manipulated until its projection matches the geometry of the 2-

image[9,17]. The accuracy of determining knee position in th ral directions. The overall imaging procedure for scanning one
9eL,-4. y o d 9 P . ubject took less than 30 minutes. This includes the 80 s required
plane of the 2-D fluoroscopic image has been reported in tl

literature[11,12. However, this method may not be ideal for the . the 3-D scan of the knee and the resting time between weight-

L e B L ; aring flexion angles. Acquiring the two orthogonal images at
determination of joint position in the direction perpendicular tQ f?exion angleg during qweigﬁt-bearing flexio?'] only reguired
plane of the image.

. about 4 s, which makes this technique a useful tool for measuring
The current study measured the change in diameter of the PIQVivo joint kinematics.
jection of a ball on a single image when varying the position of there are several limitations to the current study, which may
the ball along the line perpendicular to the image plane. Theggeq (g pe addressed in the future. The weight-bearing lunge was
data demonstrf_ite_d that a small error in matchln_g an (.)bj.eCt 10 &Sanned statically at each flexion angle in the current study and
2-D flouroscopic image could cause a large variation in its POSkg not measure dynamic motion of the joint. During the test, the
tion in the perpendicular direction of the image. Figure 3 showg,piact had to maintain their position for the four seconds required
that a slight rn_lsm_atch in the diameter of the ball in one imagey imaging. However, none of the subjects had difficulty main-
plane(0.2 mm in Fig. 8a)) caused a much larger translation errofaining a stationary position during the test. Also, the 3-D knee
in the other orthogonal plane imagé mm in Fig. 3b)). There-  oqels were constructed using the images captured by the 3-D
fore, only matching a single planar image to a 3-D knee mOdﬁtljoroscope. The geometry of the cartilage and meniscus could not
may be insufficient to determine 6 DOF joint motion. A recenhe measured by using the 3-D fluoroscope to generate the knee
study using a single sagittal plane image technidi& assumed models. Furthermore, the contact points were determined by find-
that the knee is constrained in medial-lateral direction and Ny the locations where the distances between the femur and the
glected the displacement in the medial-lateral direction. tibia are the shortest. In the future, an MR image based knee
To overcome the disadvantage of the one image technique, thigde| will be used to investigate ligament elongation and carti-
paper used two orthogonal fluoroscopic images to determinefe contact patterns. Despite these limitations, the orthogonal im-
DOF knee joint kinematics. With two orthogonal images, thgge technique using the 3-D fluoroscope presents a useful meth-
translation of the object in the direction perpendicular to one ingsjology for the determination of quasi-static joint kinematics in 6
age is the in-plane motion of the other image. As shown in Fig. BOFs. The entire imaging procedure was completed within 30
the small mismatch in one plari€ig. 3(a)) is enlarged approxi- minutes, making it possible to evaluate patients with knee injuries.
mately 15 times in the orthogonal plan&ig. 3b)). In the This technique is readily applicable to the biomechanical study of

two image technique, this error would be much more appareg| other joints such as the wrist, elbow, shoulder, foot and ankle.

Thus the position of the object in space can be more accurately

determined using the two orthogonal images. The accuracy of

the two orthogonal image technique was shown to be 0.1 mm in

translation and 0.1 deg in orientation using the ball-cylindehcknowledgment

combination.
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