In-Vivo Measurement of Dynamic
Joint Motion Using High Speed
Biplane Radiography and CT:
Application to Canine ACL
Deficiency

Dynamic assessment of three-dimensional (3D) skeletal kinematics is essential for under-
Scott Tashman‘ standing normal joint f_unction as Well_as _the_effects of injury or.disease. Thi_s paper

presents a novel technique for measuring in-vivo skeletal kinematics that combines data
William Anderst collected from high-speed biplane radiography and static_ compute_d tomography (CT).

The goals of the present study were to demonstrate that highly precise measurements can
be obtained during dynamic movement studies employing high frame-rate biplane video-
radiography, to develop a method for expressing joint kinematics in an anatomically
relevant coordinate system and to demonstrate the application of this technique by cal-
culating canine tibio-femoral kinematics during dynamic motion. The method consists of
four components: the generation and acquisition of high frame rate biplane radiographs,
identification and 3D tracking of implanted bone markers, CT-based coordinate system
determination, and kinematic analysis routines for determining joint motion in anatomi-
cally based coordinates. Results from dynamic tracking of markers inserted in a phantom
object showed the system bias was insignificar®.02 mm). The average precision in
tracking implanted markers in-vivo was 0.064 mm for the distance between markers and
0.31° for the angles between markers. Across-trial standard deviations for tibio-femoral
translations were similar for all three motion directions, averaging 0.14 mm (range 0.08
to 0.20 mm). Variability in tibio-femoral rotations was more dependent on rotation axis,
with across-trial standard deviations averaging 1.71° for flexion/extension, 0.90° for
internal/external rotation, and 0.40° for varus/valgus rotation. Advantages of this
technique over traditional motion analysis methods include the elimination of skin
motion artifacts, improved tracking precision and the ability to present results in a
consistent anatomical reference framgDOI: 10.1115/1.1559896
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Introduction error varies with bone, marker position, activity and joint angle

and is often correlated with the movement, complicating efforts to

eggvelop algorithms for error correcti¢f]. Techniques have been
veloped combining large numbers of skin markers with algo-

Dynamic assessment of three-dimensiofg) skeletal kine-
matics is essential for understanding normal joint function as w

as th? ef_fects of injury or dlse_ase. Joint mc_>t|o_n IS dr_|ven_ by fthms to detect violations of the rigid body assumption and model
combination of dynamic physical forcegravitational, inertial soft tissue deformatiofi7—9]. In-vivo validation of these tech-

and contagt active muscular forces and constraints imposed unes has been limited, but one study of tibial tracking for a
passive structuresarticular surface geometry, ligaments, btc-single subject performing a low-speed 10 cm step-up demon-
[1,2]. The specific combinations of these forces occurring during,ateq substantially reduced errors in estimated bone mion
most activities are unknown. Thus, natural joint behavior canngtage error 0.8 mm, peak error approx. 2.6 nia0]. However,
be reproduced in cadaveric studies, and can only be revealediRy authors acknowledge that the fixation pins that enabled direct
in-vivo studies of typical movement activities. bone tracking may have reduced skin movement. Additionally,
Conventional motion measurement methods employ either ofivors would likely increase for the femidue to greater soft
toelectronic or video-based systems to track markers attachedi&ue between markers and byrend during more dynamic ac-
the skin. These systems are non-invasive, easy to use and W@fffies (e.g. gait, running, jumpingwhere skin deformation is
well for many clinical and research motion analysis applicationgreater and more difficult to model.
However, studies utilizing implanted bone pins have shown thatwhen fully validated, these advanced surface marker tech-
markers affixed to the skin shift relative to underlying bone by asiques may improve the accuracy of kinematic data from surface
much as 30 mm, particularly during rapid movements or activitigaarkers sufficiently to meet the needs for most clinical and re-
involving impact such as heelstrik@—5]. This marker tracking search motion analysis studies. If the kinematic measurements are
to be used in conjunction with musculoskeletal models to estimate
ICorresponding Author: Scott Tashman, Ph.D., Head, Motion Analysis Sectiolynamic loads and stresses on joint tissues, however, then even
Féinrygligrgel-é%s'p;f)l&'gf; \é\/l- fggrg .Bévgﬁﬁl?tigmaaggig mrl]i%ZOZ - Telephonggrrors as small as 1 mm may be unacceptable. For example, when
( g)ontributed Yby thé Bioengineeriné Divis:c;n for publica{idn iﬁ tft:JRNAL OF estlmat|ng Stra.lns in the ante”or cruciate I|gqm640¢3L), azxl
BIOMECHANICAL ENGINEERING. Manuscript received October 2001; revised manu/TM €rror in tibio-femoral displacement could introduce an uncer-
script received October 2002. Associate Editor: M. L. Hull tainty in the ligament length of approximatety3% (assuming a
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nominal ligament length of 30 mmThis error is similar in mag-
nitude to estimated peak ligament elongation occurring durir Treadmill
common activities such as stair climbifigl]. For investigating (45x152cm)
cartilage deformation, this error magnitude would be even le Q -
acceptable. A 1 mm displacement would be equivalent to a cat /‘ O
lage strain of approximately 25%, relative to the average thickne ‘
of healthy tibio-femoral cartilagg¢l2]. A displacement error of  Image /
this magnitude would translate into huge differences in estimatintensifiers P
of contact forces. and

It is possible to avoid skin motion artifacts by directly measur €@meras
ing bone movement, either by physically attaching measureme
devices to the bone or via medical imaging techniques. Accure
in-vivo kinematics studies have been performed using exterr
marker arrays rigidly fixed to bongl3,14. However, the risks
and discomfort associated with this technique are likely to lim 3D Imaging Area e
the number of willing volunteers, and may make serial studies
impossible. Dynamic MRI and CT methods show promis€ig.1 An overhead diagram of the biplane radiographic imag-
[15,16], but are limited by low frame rates and environments tong system, configured for treadmill testing. 3D imaging can
restrictive for most dynamic, weight-bearing activities. Converfccur in the area where the two X-ray beams intersect.
tional fluoroscopy permits direct visualization of bone motion, but
is limited to two-dimensional assessment and is prone to errors
due to parallax and motion blur.

Biplane or stereo radiographic imaging enables accurate quan-
titative 3D motion assessment as well as direct visualization pbne was necessary for 3D analysis; more markers could have
bone motion. Use of biplane radiographic film methéBadios- improved accuracy but also increased the likelihood of marker
tereometric analysis or RSAor 3D studies of static bone position gverlap. As in conventional RSA, tantalum spheres were selected
has been well establish¢d7,18, with precision reported in the pecause of their biocompatibility and high radio-density, though
+£10-250 um range[19]. The goals of the present study weresomewhat larger markefd.6 mm diameter, vs. 0.8 mm typical
threefold as follows: Jlto demonstrate that similar precision carfor film-based RSAwere needed to compensate for the inherently
be obtained during dynamic movement studies by combining higiyorer resolution and contrast of video-radiographs as compared
frame-rate biplane video-radiography with analysis techniques radiographic film. Markers were implanted in the distal femur
similar to RSA, 2 to develop a method for expressing joint kineand proximal tibia(percutaneously with a cannulated drilwith
matics in an anatomica”y relevant coordinate SyStem, 3nﬂb3 the goais of maximizing inter-marker Spaciﬂg terms of dis-
demonstrate the application of this technique by calculating cgmces and included angles to avoid co-linearayd avoiding
nine tibio-femoral kinematics during dynamic motion. marker overlap in the radiographic views. No effort was made to

locate markers at specific anatomical locations.

Methods 3D Marker Tracking. The radiographic process introduces

Four components were used to implement the method: a hagignificant defects in the acquired images that must be corrected to
ware system for generation and acquisition of high frame ragginimize 3D tracking errors. In particular, image intensifiers are
biplane radiographs, a software package for identification and aown to introduce geometric distortion of 10% or more, and also
tracking of bone markers, a CT-based system for coordinate sggffer from non-uniform intensity response that can degrade im-
tem determination and a set of kinematic analysis routines fage quality. These defects must be corrected prior to image pro-
determining joint motion in anatomically based coordinates. Thgssing and 3D tracking. Before each motion study, biplane im-
application of this method for studying canine ACL deficiency isges were acquired for bright and dark fields for intensity
described here, though the method has been applied similarlynignuniformity correction. Images were also acquired of a uniform
human studies. 567-marker grid affixed to the face of each image intensifier
moved prior to dynamic imaging studjesThese images were
used to perform aspect ratio and distortion correction for all sub-
sequent video frames, using a previously described metad
A pair of corrected images from a typical motion sequence is
shown in Fig. 2.

Software was developed to search for marker signatures in each
image frame, taking advantage of the known size and density
8'istribution of the markers. Gray-scale weighted centroids were

alculated for each marker with sub-pixel resolution. The resulting
coordinates were stored in a format compatible with commer-

Radiographic Imaging System. The high-speed biplane ra-
diography system consists of two 150 kVp X-ray generatSrs-
madzu Medical Systems, model AI5765HV&nd two 30 cm im-
age intensifier¢Shimadzu Medical Systems, model UD150B-10
optically coupled to synchronized high-speed video camgras
Labs HSC-250, 512 240x 8-bhit pixels, 250 framesJs config-
ured in a custom gantry to enable a variety of motion stucfés
1). This system was set up in a configuration commonly used f
gait testing(60° inter-beam angle, X-ray source to object distan

1.3 m, and object to intensifier distance 0.5 images were ac- cial motion analysis softwar€EVa, Motion Analysis Corp. This
quired with the generators in continuous radiographic mda® Jpocess was ful)lly automated aﬁd required a)|/oproxima.tely 6 sec-
mA, 90 kVp). The video cameras were electronically shutter Snds per frame on an SGI Octafler5 MHz processor

(1/2000 $ to reduce motion blur. To minimize radiation exposure, Before and/or after the dvnamic trials. biplane imade Sequences
short(0.5-1 9 sequences were recorded, with X-ray exposure and y PP 9 q

image acquisition controlled by an electronic timer/sequencer ahg e obtained of a 10 cm acrylic cube containing twelve brass

: g . sphereg3 mm diameter at known locationgwithin the milling
synchronized to the desired phase of movenfesing accelerom- . 7
eters and/or optical sensarsRaw (uncompressedvideo data machine tolerance of/—0.025 mm. The EVa software was used

were captured with two 40 MHz frame grabbei@pix 4MIP to perform 3D camera calibration and coordinate reconstruction,

: .using the calibration cube data and a modified Direct Linear

Model 12, and saved to computer disk for subsequent analysi ransformation methodDLT) [21]. EVa automatically matches
Radiopaque Bone Markers. As with static RSA, implanted marker trajectories from the two views, and provides graphical
radiopaque bone markers were employed to enable accurate itegts for confirming proper tracking. Final 3D marker locations

istration between the two views. A minimum of three markers péor each motion frame were smoothed using"actder, zero-lag
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Fig. 2 Biplane radiographic images of a canine hindlimb, from

a representative frame acquired during treadmill gait. The im-
ages have been corrected for nonuniformity and distortion, as
described in the text. Three implanted tantalum markers can

be clearly seen in each bone. The connector and wire for the
skin mounted accelerometer (used to detect pawstrike ) are
also visible.

) . . Fig. 3 Two local coordinate systems for the right femur (a)
Butterworth low-pass filter with a cutoff frequency of 25 Hz. This,q tibia (b) are determined from the CT-generated 3D bone

frequency was determined by residual analysis of several trighgdels. A marker-based orthogonal femur coordinate system

[22]. (FMX, FMy FMZ) is determined using cross products of the

. . A . . vectors defined by the implanted markers. An anatomically
CT-Based Coordinate System Determination. Kinematic ed orthogonal femur coordinate system (FAX, FAY, FAZ) is

data must be_e_xpressed in an anatomically meaningful Coord'ngﬁned using the positions of the lateral and medial femoral
system for clinical relevance. 3D bone models,.developed froggndyleS (Fiatp, Fmedp) and the center of the femoral head  (*P).
computed tomographCT), have been used previously to detery, e tibia, marker-based (™X, ™y, ™z) and anatomical
mine transformatlons_ between |nstrume_nt§1t|on-bas§d and apay TAy TAz) coordinate systems are defined similarly, using
tomically based coorqlnate syste{rm]._ A similar technique Was . |ateral and medial borders of the tibial plateau (Tatp, Tmedp)
employed to determine transformations between marker-basggl 1o center of the distal tibia (Tdistpy.
and anatomical coordinate systems, as shown in Fig. 3 and de-
scribed below.

After radiopaque marker insertion, CT scafrsnsverse-plane,
slice thickness 1 mm in regions containing markers, 5 mm in the
rest of the bone, slice resolution 0.488 mm/pixekre acquired _ ) . ) .
for the tibia and femur. Locations of the tantalum markers within Calculating Joint Rotations. The three body-fixed rotation
the bone volume were determined from the CT slices using tR8gles of the tibial anatomical coordinate system relative to the
public domain NIH Image prograrfdeveloped at the U.S. Na- femoral anatomical coordinate system were calculated for each
tional Institutes of Health and available on the Internet at httpipotion frame in the order flexion/extension, ab/adduction and
rsh.info.nih.gov/nih-imagé/ The location of the center of eachinternal/external rotation, applying the method described by Kane
marker signature was determined to the nearest 1/24§lisenm [26]. Using this convention, flexion/extension occurred about the
with 1 mm slice spacing and the nearest pixel within that slice. Afemur anatomical y-axis(defined by the medial and lateral
local reference frame was constructed for each bone using thassdyle$, internal/external rotation occurred about the tibia ana-
bone markers, describing the orientation of the marker-based tomical z-axis(the long axis of the tibip and ad/abduction oc-
ordinate systems relative to the CT-based coordinate system. curred about a floating intermediate akmsutually perpendicular

The stack of CT image slices was then reconstructed into a 3®the other two axgs The resulting angles corresponded to the
bone model using Delaunay triangulation, as implemented in thetational component of the joint coordinate system described by
Nuages software packaf@5]. The reconstructed 3D bone modelsGrood and Suntaj27].
were viewed on an SGI Octane computer using custom designed ) . . ) o .
Open Inventor-based programs. Locations of anatomical land-Calculating Joint Translations. Joint translation is defined
marks for the femur(center of the lateral and medial condylesas the relative dlsplacgment between specmc points flx_ed to each
and center of the femoral heland the tibia(outermost edge of Pone. No standard exists for the selection of these points on the
the lateral and medial condyles, and center of the distal end of tifgia and femur. Since the primary application for this study was
tibia) were interactively identified in the 3D bone modéfg. 3. ACL injury and repair, the origin and insertion sites of the ACL
Once the anatomical markers were placed in the bone model, #iere selected for displacement determination. Prior to post-
locations of the anatomical markers with respect to the CT volunieortem CT scanning, additional radiopaque markers were fixed to
were known. The orientation of the anatomical coordinate systeitfie bone surface@with cyanoacrylate adhesivat the approxi-
relative to the marker-based coordinate systems could then rbate center of the ACL origin and insertion sites. The locations of
determined for the femur and tibia, using standard rigid-bodye origin and insertion points were calculated from the CT slice
transformations. data using the same process previously described for calculating
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the locations of the tantalum markers in the femur and tibia. T
vector from femoral origin to tibial insertion was defined an
expressed in the tibial anatomical coordinate system. Th\
anterior/posteriol(A/P) translation occurred along the tibia ana-
tomical x-axis, medial/laterdM/L ) translation occurred along the
tibia anatomical y-axis, and proximal/disté/D) translation oc- |
curred along the tibia anatomical z-axis. This coordinate syste
was selected for translations because it was both orthogonal ¢
fixed to the tibia(with the A/P and M/L axes approximately par-
allel to the tibial plateau Thus, the distance between ACL origin
and insertion could be calculated as the magnitude of the vec
defined by the three components of translation. With the AC ‘M ‘
intact, this distance reflected the functional length of the ligamer) 4 :
assuming the ligament was not lax as is generally true for tl

canine kneg¢28]. In the ACL-deficient knee, it provided a single :
measure of the increased motion associated with ACL loss.

Experimental Validation. Accuracy is typically quantified in
terms of bias and precisidr29]. The conditions for performing
accuracy tests should resemble actual testing conditions to ffig 4 A canine test in progress. Acrylic side-rails were used
greatest extent possible to recreate imaging conditions, movem ha'”ta”: proper fh'”d“?‘b pos't'&r_"”g- Note tthe ?pe” naturet
speeds, and other factors that could influence measurement af stetc?feegg r?;%ggri?‘ It(;::e’ i;n;gi rllggs;?a\égne y of movemen
racy. Therefore, precision and repeatability were estimated from '
in-vivo data. Bias was estimated from phantom tests however,

because no alternative method was available for determining triangle were determined. Means and standard deviations of these

vivo inter-marker d_|stances with high accuracy. . easurements for each dog were calculated for the femur and
Measurement bias was assessed by tracking a moving acryjic, tor both ACL-1 and ACL-D tests.

phantom with two 1.6 mm diameter spherical targets placed 30|_yivo precision was evaluated by examining the standard de-
mm apart(using a milling machlne with tolerance of approXi-yiations of inter-marker distances and angles across all frames
mately =0.025 mm. The object was suspended from a stiff elasyithin a trial[29]. Since it was assumed that markers were rigidly
tic band and then dropped, allowing it to twist and bouncxed in bone for any selected trial, these distances/angles should
throughout the field of view. Biplane radiographic images of thge constant. Thus, frame-to-frame variations in these quantities
motion were acquired at 250 frames/s, and 3D marker coordinaigsvide a direct estimate of the three-dimensional precision of the
were determined. No smoothing or filtering was performed. Disneasurement system. This analysis was performed with data from
tance between the markers was calculated for 100 motion framgige ACL-| tests only.
and a t-test was performed to determine if the measured distanc®epeatability of anatomical marker placement was determined
was significantly different from the ‘true’ value of 30 mm. by interactively identifying the locations of the femur anatomical
Precision and repeatability were assessedivo using data markers five times in each subject. Marker placement was per-
from a biplane radiographic study of canine gait. This study wdermed by the same individual during multiple sessions spread
performed previously to investigate the effects of ACL loss oaver several days. The mean 3D location and standard deviation
knee kinematics and joint degeneration. Three or more 1.6 m#ere calculated for each anatomical marker.
tantalum spheres were implanted into the right tibia and femur of Repeatability of the tibio-femoral kinematic measurements was
each dog. One month after marker implantation, tibial-femorassessed by comparing multiple trials acquired during each test
kinematics were assessed during treadmill gait with the ACL i€ssion. Dynamic joint rotations and displacements were calcu-
tact (ACL-1). The ACL was then surgically transected. After allated for three trials, and the resulting curves were synchronized
lowing 2 months for wound healing, the kinematic studies wer@ time by aligning the frames corresponding to paw-strike. Stan-
repeated for the ACL-deficient conditiddCL-D). CT scans of dard deviations were then determined at every frame for each
the limbs were acquiredas described aboye24 months after kinematic variable across the three trials. No_tlme_ normalization
ACL transection. The Henry Ford Health System Institutiondt@S Performed, as it was assumed that stride times would be

Animal Care and Use CommitteACUC) approved all animal consistent from trial to trial within a test sessi@ince walking
procedures speed was treadmill-controllgd? single repeatability measure for

Kinematic data was collected at 250 frames/s using the bipla QCh set of three trials was determined by averaging the frame-by-

radiographic system described above. Three trials were collec et% th?esé[iﬂgg(d dﬁz\gﬁtlogg grcrrg(s;etrflrea;rg;re range of data valid in
for each test datéACL-I and ACL-D) during treadmill walking at typically,
1.5 m/s(Fig. 4). Elapsed time between ACL-lI and ACL-D testsReSuItS
was 12+ 2 weeks. Paw-strike timing was determined from a light-
weight accelerometer strapped to the lower right hindlimb, and Dynamic tracking of markers inserted in the phantom object
data was acquired from 0.2 s before to 0.3 s after paw-strikghowed the mean inter-marker distance was 29.98 mm
Three-dimensional marker trajectories were calculated from the0.10 mm. Compared to the ‘true’ distance of 30 mm, the system
radiographic image data and low-pass filtel@$ Hz), as de-
scribed above. Five dogs from this study were selected to inves- )
tigate measurement system performance. Table 1 Measurement System Bias

Repeatability and precision were assessed using inter-marker
distance. It was assumed that the location of the implanted mark-
ers within the bone remained constant for the duration of the True 30
study. For each bone, a triangle was formed by selecting three '\Sﬂl%én 20?'1%8
implanted markers. For each frame of movement data, the lengths Range 0.53
of the legs of the triangle as well as the angles included by the

Distance(mm)
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Table 2 Measurement System Precision column a), and the standard deviations of the included angles
averaged 0.31frange 0.20 to 0.48°; Table 2, colunah ACL-D

Within-Trial Within-Trial test results were similafTable 2, columnd andd).
Standard Deviations: Standard Deviations: The standard deviations in anatomical marker placerfittle
Inter-Marker Distancegmm) Inscribed Angledded  3) ayeraged 0.33 mm for the medial femoral condyle, 0.28 mm for
(a) ACL-I (b) ACL-D (c) ACL-l  (d) ACL-D the lateral femoral condyle and 0.35 mm for the center of the head
of the femur.
ggg% 8:822 8:885 gjgg 8:3? Across-trial standard deviations for tibio-femoral translations
dog 3 0.058 0.068 0.48 0.55 (calculated from estimated ACL origin to insertion, as described
gog z51 8.823 8.829 8.%(1) 8%3 above were similar for all three motion directions, averaging 0.14
Average 0.064 mm 0.072 mm 0.51° 0,950 mm (range 0.08 to 0.20 mm; Table 4 and Fig. Variability in

tibio-femoral rotations was more dependent on rotation axis, with
across-trial standard deviations averaging 1.71° for flexion/
extension, 0.90° for internal/external rotation, and 0.40° for varus/
algus rotation. For all dogs, the axis with the largest variability
as also the one with the greatest range of motion during the
recorded movemen(flexion/extension; approximately 50° range

In-vivo inter-marker spacing and relative orientation of imof motion), and the axis with the smallest variability also had the

planted markers varied considerably from dog to dog. On the fi??a"eSt range of motiofvarus/valgus rotation; approximately 7°;

- . . 6).
test day (ACL-l), inter-marker distances averaged 18.3 '9 . S
+5.5 mm (mean: standard deviationwith a range of 5.5 to 31.6 ¢ aLZ?aﬁ;?]?ESt c5hange after ACL loss was increased anterior tibial
L2 g. 53, as would be expected. However, ACL loss

mm. Mean inter-marker distance was nearly identical for the 924 to visible differences in all six degrees of freedom. 3D recon-

(r)nnadrﬁgfttﬁggzl?gﬁg;%)é;t ig&sé T;nz.olncluded angles from thestructions of joint position§100 ms after paw-strike from both

For the ACL-I tests, the inter-marker distance standard deviA-C L-intact and ACL-deficient data for the same dagearly

: X show the anterior tibial shiftFig. 7).

tions averaged 0.064 mrrange 0.053 to 0.085 mm; Table 2, Estimated ligament length was nearly constant for the ACL
intact trials (Fig. 8, dashed lines; mean 16:9.26 mm, range
16.2 to 17.4 mm Estimated ACL origin to insertion distance
increased in the ACL-D condition and showed a consistent

Anatomical Marker Placement Standard Deviatiomm) pattern over trials. Similar results were observed in the remaining

bias was—0.02 mm(Table ). This corresponded to a 0.07% error’
in distance, which was not significantly different from zero (
>0.05).

Table 3 Anatomical Marker Placement Repeatability

Medial Femoral Lateral Femoral dogs.
Condyle Condyle Femoral Head Djscussion
309 % ggg 8-§g 8-‘218 A method for accurate assessment of dynaimiajvo 3D bone
g2 017 0.26 0.22 and joint motion has been presented. The method is based on
dog 4 0.33 0.34 0.07 establi_shed prin_ciples and _methoq& including radiostereometric
dog 5 0.48 0.27 0.79 analysis(RSA), rigid-body kinematics and CT-based anatomical
Average 0.33 mm 0.28 mm 0.35mm  modeling. These techniques have been adapted for use with a

Table 4 Kinematic Measure Repeatability

Across-Trial Standard Deviations: Across-Trial Standard Deviations:
Tibio-Femoral Displacementsnm) Tibio-Femoral Rotationsdeg
Ant-Post Med-Lat Prox-Dist Flex-Ext Int-Ext Var-Val
dog 1 0.18 0.20 0.06 1.03 0.98 0.50
dog 2 0.16 0.15 0.14 1.62 1.07 0.38
dog 3 0.12 0.09 0.17 3.46 0.63 0.33
dog 4 0.13 0.08 0.08 1.14 0.61 0.24
dog 5 0.20 0.19 0.09 1.30 1.22 0.54
Average 0.16 mm 0.14 mm 0.11 mm 1.71° 0.90° 0.40°
25 ) . 10 ) . 20 . .
1 (a) Anterior Translation g (b) Prox/Dist Translation 1 (¢) Medial Translation
—_ ] . X ] . R .
£ 20 | 5 |
= | 1
2 15 1 S ————
° ]
- 1 ]
g 10 -5 , 5]
= dist F=" "~ e-=m-==~- 1 i
5S+——tr———T -10t+——F1—1 00—+ _—
-0.1 0 0.1 0.2 -0.1 0 0.1 0.2 -0.1 0 0.1 0.2
Time Post Paw-Strike (s) Time Post Paw-Strike (s) Time Post Paw-Strike (s)
Fig. 5 Kbnee translation vs. time for a typical dog (Dog 1). Translations are of the tibia relative to the femur (from ACL origin
to insertion ), expressed in the tibial anatomical coordinate system. Three ACL-intact trials (dashed lines ) and three ACL-
deficient trials are superimposed. The vertical dashed line indicates pawstrike (the beginning of the stance phase ). Note the

dramatic increase in anterior tibial translation after ACL loss.
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Time Post Paw-Strike (s)

(Dog 1). Rotations are of the tibia relative to the femur, expressed in the joint
coordinate system as defined by Grood and Suntay [27]. Three ACL-intact trials (dashed lines ) and three ACL-deficient
trials are superimposed. The vertical dashed line indicates pawstrike (the beginning of the stance phase ). Note that the
flexion pattern differed between ACL-deficient trials, most likely due to an altered gait pattern during one of the trials.

Fig. 6 Knee rotation vs. time for a typical dog

unique high frame rate biplane radiographic imaging system, pn@cy is attainable on live subjects performing dynamic move-
viding a powerful, precise tool foin-vivo dynamic joint motion ments. Thus, cartilage and ligaments can be studied under truly
measurement. physiological loading.

Accuracy of the system was expressed in terms of bias andThe interactive placing of anatomical markers, although rela-
precision. Dynamic bias measuremet0.02 mm were within  tively imprecise, has only a minor effect on kinematic measure-
the accuracy of the precision milling equipment0.025 mm  ments. The average distance between the femoral condyle ana-
used to construct the phantom object, and were not significanthmical markers was 21.99 mm, so a change in femoral condyle
different from zero. This result was predictable, as there is riocation of 0.33 mm would correspond to a change of only 0.86°
physical reason to expect measurement bias in the radiographithe orientation of the anatomical flexion/extension axis through
system. the femoral condyléanatomical y-axis Additionally, because in

The method used to determine bias was less than ideal becausestice these markers are only placed once in each bone, the
the accuracy of marker placement within the test phantom was location of these markers relative to the implanted tantalum mark-
the order of the accuracy of the system under evaluation. Thus, #18 is held constant throughout any long-term studies. Thus, small
difference between expected and actual distafd@2 mmn) rep- inaccuracies in their placement would produce a constant bias
resents an upper bound rather than an absolute measure ofviithin a particular subject.
system bias. These estimates of accuracy are based on the assumption that

The precision of then-vivo dynamic marker tracking processall differences in inter-marker distances were the result of mea-
averaged 0.064 mm for intermarker distances and 0.31° for isurement errors. However, the two radiographic téA6GL-l and
scribed angles. While this level of precision may not be necessakgL-D) were typically performed 3 months apart and the CT
for conventional motion studies, it is essential for studies of ligamages were obtained 2 years after the first radiographic test.
ment and cartilage deformation. Furthermore, this level of accu-

304 ACL Origin-Insertion Distance

o
T

== :
mEC g 25 ‘t;g.‘:‘------.—g-v—._

Distance (mm)
N
2

-
-4-1."'_,'_:_.

TTe

—
ik

o
-0.1 0 0.1 0.2
Time Post Paw-Strike (s)

Fig. 8 ACL origin-insertion distance vs. time for a typical dog
(Dog 1). The origin and insertion of the ACL were identified and
marked on the 3D CT bone models. This enabled dynamic
tracking of these bone locations from the marker kinematic
data, and subsequent calculation of the 3D distance between

Fig. 7 3D reconstruction of tibio-femoral position for a typical

dog (Dog 1). Subject-specific bone geometry was combined
with kinematic data (from RSA ) at 100 ms after paw-strike. After
ACL loss (right image ), the tibia is shifted anteriorly relative to
the femur.
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these points for every motion frame. With the ACL intact
(dashed lines ), this distance remained nearly constant. After
ACL loss, a consistent displacement between these points was

observed. Three trials are superimposed for each condition.
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Thus, some of these observed differences could actually haaed insertion points, length changes in soft tissue structures can be

been due to migration of the markers within the bone over time estimated to a high degree of accuracy. Thus, this approach is

remodeling-based changes in bone geometry, though no clear @articularly well suited for the development, validation and imple-

dence of marker migration was found. mentation of dynamic musculoskeletal models for estimaiing
Because the studies were perforniedivo, it was not possible Vivo behavior of internal joint structures. This method is also well

to isolate errors in the different measurement axis directions.lited for studies involving rapid acceleration or deceleration,

more controlled experiment could have been performednby Where surface marker technlques are pa_rycular_ly prone to skln

vitro tracking of a bone or other object moving through a knowrinovement error. Such motions may be critically important to in-

prescribed motion(e.g. via robotic or stepper-motor control Vestigate, since damage to biological tissues is rate-dependant and

However, it would have been difficult to recreate aspects of thiapid changes in movement direction are often implicated in ath-

in-vivo tests that may contribute to measurement error, such !g§¢ injury.

complex multi-axis motion, soft tissue effects, varying movement
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