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engthening of a soft-tissue anterior cruciate ligament (ACL)
raft construct over time, which leads to an increase in anterior
axity following ACL reconstruction, can result from relative mo-
ions between the graft and fixation devices and between the fixa-
ion devices and bone. To determine these relative motions using
oentgen stereophotogrammetry (RSA), it is first necessary to

dentify the axes of the tibial and femoral tunnels. The purpose of
his in vitro study was to determine the error in using markers
njected into the portions of a soft-tissue tendon graft enclosed
ithin the tibial and femoral tunnels to define the axes of these

unnels. Markers were injected into the tibia, femur, and graft in
ix cadaveric legs the knees of which were reconstructed with
ingle-loop tibialis grafts. The axes of the tunnels were defined by
arker pairs that were injected into the bones on lines parallel to

he walls of the tibial and femoral tunnels (i.e., standard). By
sing marker pairs injected into the portions of the graft enclosed
ithin the tibial and femoral tunnels and the marker pairs aligned
ith the tunnel axes, the directions of vectors were determined by
sing RSA, while a 150 N anterior force was transmitted at the
nee. The average and standard deviations of the angle between
he two vectors were 5.5�3.3 deg. This angle translates into an
verage error and standard deviation of the error in lengthening
uantities (i.e., relative motions along the tunnel axes) at the sites
f fixation of �0.6�0.8�%. Identifying the axes of the tunnels by
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using marker pairs in the graft rather than marker pairs in the
walls of the tunnels will shorten the surgical procedure by elimi-
nating the specialized tools and time required to insert marker
pairs in the tunnel walls and will simplify the data analysis in
in vivo studies. �DOI: 10.1115/1.2907766�

Keywords: anterior cruciate ligament graft, RSA, markers, tunnel
axes, tibia, femur

Introduction
Following anterior cruciate ligament �ACL� reconstruction, an-

terior laxity as measured by an anterior displacement of the tibia
when subjected to an anterior force often increases over time and
clinically important increases greater than 3 mm occur in 10–20%
of cases �1–5�. Increased anterior laxity over time can be traced to
lengthening of the graft construct �i.e., graft-fixation-bone com-
plex� over time. Lengthening over time can result from the rela-
tive motion between the graft and the fixation devices, relative
motion between the fixation devices and the bone, and/or length-
ening of the graft substance between the fixations �e.g., due to
remodeling�. For any one of these three sources, lengthening over
time can result either from plastic deformations, which increase
the unloaded or slack length of the graft construct, and/or de-
creases in elastic stiffness, which lead to an additional increase in
the length of the graft construct when loaded. One method that has
been shown to quantify the relative motions is Roentgen ste-
reophotogrammetric analysis �RSA� �6–9�.

To quantify the relative motions between the graft and fixation
devices and between the fixation devices and bone by using RSA,
a vector that is parallel to the tunnel axes in each of the tibia and
femur must be identified �6,9�. Each of the relative motions be-
tween the graft and fixation devices and between the fixation de-
vices and bone will have two components, one parallel and one
perpendicular to the tunnel axis. Because the fixations are either
inside the tunnels or outside on the cortical bone and because the
graft snugly fits in the tunnels, angulation of the graft in the tun-
nels is minimal at the sites of fixation, so that only the parallel
component of any relative motion will cause an increase in the
length of the graft construct. Knowledge of the vectors parallel to
the tunnel axes is essential in determining the parallel component
of each of the relative motions.

One proven method in defining vectors parallel to the tunnel
axes is to inject two markers �i.e., marker pairs� into each bone by
using a specially designed and constructed tool, so that the marker
pairs lie on lines parallel to the axes of the tunnels �9�. An un-
proven method is to inject marker pairs into the portions of a
single strand of a graft enclosed within the tibial and femoral
tunnels and use the lines connecting these marker pairs to define
the tunnel axes. The unproven method would eliminate the need to
use the custom tool, hence simplifying the implantation process
and would save surgical time in any future in vivo study. There-
fore, the objective of this study was to determine the error in the
direction of vectors determined from marker pairs injected into
the portions of the graft enclosed within the tibial and femoral
tunnels.

Materials and Methods

Experiments. Six cadaveric legs �average of 69 yr, range of
53–87 yr� were obtained and stored at −20°C. Radiographs and
inspection of the knees at the time of ACL reconstruction did not
reveal either moderate or severe degenerative arthritis, chondro-
calcinosis, or torn menisci. The intact leg was thawed overnight
before use.

The tibial metaphysis was reinforced with polyurethane foam to
provide fixation structural properties in elderly cadaveric tibia
similar to those in young human tibia �10�. The ACL was excised

and tibial and femoral drill holes were made using a previously
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escribed transtibial technique that positions the graft without roof
mpingement, without PCL impingement, and with a tension pat-
ern during passive flexion-extension �11� that is similar to that of
he intact ACL �12�. A tibial guide �Howell 65 deg tibial guide,
rthrotek Inc., Ontario, CA� was used to place a tibial tunnel, so

hat the following criteria were met: �1� the tunnel axis was cen-
ered between the tibial spines and formed an angle of 65�3 deg
rom the medial joint line of the tibia in the coronal plane, and �2�
he tunnel was 5–6 mm posterior and parallel to the intercondylar
oof at full extension in the sagittal plane. The tibial tunnel was
rilled to the same diameter as the graft by using a tibial drill bit
fully fluted cannulated tibial drills, Arthrotek, Inc.�. A roof and
allplasty were performed to prevent impingement of the graft

gainst the roof and wall of the intercondylar notch by inserting a
etal rod, which has the same diameter as the tibial tunnel, so that

t freely passed into the notch through the tibial tunnel with the
nee in maximum hyperextension.

The femoral tunnel was positioned by inserting an over-the-top
emoral aimer through the tibial tunnel �size-specific femoral
imer, Arthrotek, Inc.�. An open-end femoral tunnel was drilled to
6 mm in diameter and a low-friction femoral bushing with an
uter diameter of 16 mm and an inner diameter of 9 mm at its
istal end was inserted into the femoral tunnel until flush with the
ntercondylar roof and fixed with bone cement �13�. This tech-
ique for endoscopically placing the tibial and femoral tunnels has
ood reproducibility between surgeons �14� and the tension pat-
ern of the graft during passive flexion-extension �11� is similar to
hat of the intact ACL �12�.

To establish a vector that is parallel to the tunnel axes in each of
he tibia and femur �i.e., standard�, two markers were placed in
ach of the tibia and femur. By using a tunnel vector tool �15�,
wo 0.8 mm diameter tantalum markers �Tilly Medical Products
B, Lund, Sweden� spaced 2 cm apart were inserted into the pos-

erior wall of the tibial tunnel �T1 and T2, Fig. 1�. The tunnel

ig. 1 A-P view of the knee showing marker placement. T1–T6
re markers implanted in the tibia, F1–F6 are markers im-
lanted in the femur, G1–G8 are markers implanted in the graft,
L is a marker attached to the femoral fixation, WL1 and WL2
re markers attached to the tibial fixation, PT2/T1 and PF2/F1 are
ectors aligned with the axes of the femoral and tibial tunnels,
espectively, while PG2/G1 is a vector computed using a pair of
raft markers.
ector tool ensured that the markers were inserted on a line that

44503-2 / Vol. 130, AUGUST 2008
was parallel to the axis of the tunnel. Two more markers were
placed in the low-friction femoral bushing to establish a line par-
allel to the axis of the femoral tunnel �F1 and F2, Fig. 1�. Four
more markers were implanted into both the femur and tibia. The
use of six markers in each bone created an overdetermined system
and reduced the error in determining the position of the markers
�16�.

To preserve the weight of the shank and water content in the
specimens, one of the tibialis tendons was harvested from the
previous specimen tested to serve as the graft in the subsequent
specimen to be tested. The midportion of the tendon was exposed
and the skin and surrounding tendon sheath were cut, exposing
both the muscle and the distal insertion of the tendon. The distal
insertion of the tendon was detached and the muscle was removed
until the length of the tendon was a minimum of 27 cm, at which
point the tendon was excised. The diameter of the tendon was
trimmed until it slid without resistance through a 9 mm sizing
sleeve when looped �Arthrotek, Inc.�. Four cm of the end of each
strand were whip stitched with a number-1-braided, absorbable
suture �Polysorb; United States Surgical/ Syneture, Norwalk, CT�
�10�. The tendon was then wrapped in a saline-soaked paper towel
and stored at −20°C.

To determine the vectors defined by pairs of radio-opaque tan-
talum markers implanted into the graft, markers were injected into
the portions of the tendon enclosed within the tibial and femoral
tunnels by using the following techniques. The tendon was looped
through the adjustable femoral fixation device with the thicker
strand medially oriented until the strands were equal in length.
The lengths of both tunnels and the intrarticular space were mea-
sured using a femoral tunnel depth gauge �Arthrotek, Inc.�. The
locations of the femoral and tibial tunnels were marked onto the
graft. On the tibial end of the graft, two 0.8 mm diameter markers
�G8 and G7� were implanted into the thinner strand and two
1.0 mm diameter markers �G1 and G2� were implanted into the
thicker strand 5 mm proximal to the distal tibial tunnel mark and
5 mm distal to the proximal tibial tunnel mark �Fig. 1�. Similarly,
on the femoral end of the graft, two 0.8 mm markers �G5 and G6�
were implanted into the thinner strand and two 1.0 mm markers
�G4 and G3� were implanted into the thicker strand 5 mm distal to
the marker on the femoral fixation �EL� and 5 mm proximal to the
distal femoral tunnel mark �Fig. 1�. Markers were implanted by
injecting them 3

4 of the depth of the diameter of the graft with the
injecting device �Tilly Medical Products AB, Lund, Sweden� per-
pendicular to the longitudinal axis of the tendon �17�. The use of
markers with different diameters allowed the identification of each
strand in the biplanar radiographs.

The graft was fixed in the femur and tibia by using the adjust-
able femoral fixation and WasherLoc fixation devices. The distal
ends of the graft were passed from proximal to distal through the
low-friction femoral bushing, intrarticular space, and tibial tunnel.
Tension was distally applied to the graft and the knee was flexed
and extended for 15 cycles. With the knee in maximum extension,
a 110 N load measured using a load cell �Model L1650, Futek
Inc., Irvine, CA� was applied to the distal end of the graft. The
graft was fixed on the tibial side with an 18 mm extended-spiked
WasherLoc �Arthrotek, Warsaw, IN�.

A custom loading apparatus applied posterior and anterior
forces to the proximal tibia of the leg specimens �Fig. 2�. Forces
perpendicular to the tibia at 12.5 cm distal to the joint line were
applied by a pneumatic actuator, controlled to within �1 N and
held within this range for 10–20 s until simultaneous radiographs
�described below� were taken. Three additional markers were
fixed in a line along the pneumatic actuator to enable the identi-
fication of the loading axis from the radiographs.

To standardize the load transmitted at the line of the knee joint
and perpendicular to the tibia in the sagittal plane �hereafter
termed the A-P shear force transmitted at the knee�, two load cells
positioned in line with the attachment at the tibia and the attach-

ment at the ankle were used �Fig. 2�. The weight of the shank foot
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f each specimen was estimated using regression equations �18�.
he sum of the two load cells was equal to the sum of the A-P
hear force transmitted at the knee and the component of the
eight perpendicular to the shank. A 150 N A-P shear force trans-
itted at the knee was standardized. This standardization ensured

hat the A-P shear force transmitted at the knee was the same for
ach specimen independent of the weight of the specimen.

The RSA system included several components. The calibration
age �Tilly Medical Products AB, Lund, Sweden� contained em-
edded markers at known positions. The calibration cage was
odified to hold two X-ray cassettes and two scatter grids �Medi-

al X-Ray Enterprises, Inc., Culver, CA� placed at right angles to
ach other �A-P and lateral views�. The scatter grids were used to
inimize exposure of the radiographic film from scattered X-rays

nd thus improve the image quality. The calibration cage sur-
ounded the tibio-femoral joint such that all markers could be seen
rom each view. The portable X-ray machines �Model HF80H+,

inXray Inc., Northbrook, IL� were positioned perpendicular to,
nd at a distance between 80 cm and 100 cm from, each X-ray
assette. The parameters of the X-ray machines were initially set
o 1.5 mA s and 80 kVp, and the parameters were adjusted until
ell-exposed radiographs were obtained.
Each specimen was inserted into the loading apparatus, the

nee was centered in the calibration cage, and the knee was flexed
o 25 deg, as measured with a goniometer. This flexion angle was
elected because it is in the range where anterior knee laxity is the
reatest �12�. Additionally, the tibia was placed in a position of
eutral rotation because this is the position of greatest laxity �12�.
he 150 N anterior shear force transmitted at the knee was ap-
lied and simultaneous radiographs were taken.

Data Analysis. Analysis of the radiographs was performed us-
ng a customized RSA data analysis system previously described
15�. Briefly, a digital image was obtained for each radiograph by
sing a backlit scanner �Epson 1600, Epson America Inc., Long
each, CA�. The two-dimensional centroid coordinates of the
arkers were measured from the digital image using a software

rogram �SCION IMAGE 1.0, Scion Corporation, Frederick, MD�. A
ustomized computer program written in MATLAB �Version 6.0,
he Mathworks Inc., Natick, MA� was used to determine the two
ectors defined by the two pairs of markers injected into the tun-
el walls and the four vectors defined by the four pairs of markers
njected into the graft. This program initially computed the trans-
ormation of image coordinates to the calibration cage, the posi-
ions of the Roentgen foci, and the 3D position coordinates of all

ig. 2 Photograph of a cadaveric leg specimen in the loading
pparatus. A pneumatic actuator applied either a posterior or
n anterior force to the tibia, while the thigh and ankle were
xed with the specimen in a supine position and the knee
exed to 25 deg. Two load cells measured the applied force and
he reaction force at the ankle joint. The shear force transmitted
t the knee was computed from the measured loads in conjunc-
ion with the weight of the specimen.
he markers in a laboratory coordinate system defined by the cali-

ournal of Biomechanical Engineering
bration cage �19�.
To determine the error in the direction of vectors determined

from marker pairs injected into the tendon, the tendon vectors
�e.g., PG2/G1, defined as the vector to marker G2 from G1� were
computed. The tendon vectors for both pairs of markers in a par-
ticular tunnel �i.e., tibial or femoral� were then averaged by com-
puting the averages of the corresponding coordinates �e.g.,
�PG2/G1+PG7/G8� /2�. To serve as the standard, the vectors defined
by the marker pairs injected using the tunnel vector tool also were
computed �e.g., PT2/T1, defined as the vector to marker T2 from
T1�. The angle � between the average tendon vector and the stan-
dard vector was computed as

� = cos−1� �PG2/G1 + PG7/G8�/2 · PT2/T1

��PG2/G1 + PG7/G8�/2��PT2/T1�� �1�

Because only the component of any relative motion between the
fixation devices and graft and/or between the fixation devices and
bone along the tunnel axis contributes to the lengthening of the
graft construct �6�, the error was computed from

error�%� = �1 − cos �� � 100 �2�
Similar equations were written for both strands of the graft in the
femoral tunnel. To quantify the error related to a change in length
of the graft construct, the average error and the standard deviation
of the error were computed. All statistics were computed using the
data from both tunnels in all specimens.

Results
The average and standard deviations of the angle between the

vector computed using the marker pairs injected into the wall of
the tunnels and the average vector computed using the marker
pairs injected into the tendon were 5.5�3.3 deg. This angle trans-
lates into an average error and a standard deviation of the error in
lengthening quantities �i.e., relative motions along the tunnel
axes� at the sites of fixation of �0.6�0.8�%.

Discussion
An increase in the unloaded and/or loaded length of an ACL

graft construct over time causes a corresponding increase in ante-
rior laxity following an ACL reconstruction �20� and a vector that
is parallel to the tunnel axes must be identified to quantify the
relative motions between the graft and fixation devices and be-
tween the fixation devices and bone by using RSA. Therefore, the
objective of this study was to determine the error in using marker
pairs injected into the tendon to determine the axes of the tibial
and femoral tunnels. Our most important finding is that the vec-
tors determined from marker pairs injected into the tendon result
in small errors and therefore can be used to determine the axes of
the tunnels.

The implication of this finding is that it will reduce surgical
time in an in vivo RSA study. In an in vivo RSA study, the sur-
gical time for the ACL reconstruction will be increased due to the
injection of markers into the bone and into the tendon. Therefore,
it is necessary to inject the markers as efficiently as possible. One
way to minimize surgical time is to eliminate any unnecessary
steps or procedures. Because markers will be injected into the
graft for the RSA study, the added time to inject an additional four
markers required to create marker pairs will be inconsequential.
However, the time required to use the tunnel vector tool to place
markers that define the axes of the tibial and femoral tunnels is
substantial, requiring an extra 10–15 min. With an operating
room cost estimated at $50 /min, the extra time translates into a
substantial extra cost.

There are two potential sources of error associated with our
RSA analysis, the inherent error associated with the RSA system
and the migration of markers in the tendon graft under cyclic load.
The inherent error associated with the RSA system is 0.05 mm

�15�, while the migration of markers injected into single-looped

AUGUST 2008, Vol. 130 / 044503-3
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rafts is 0.10 mm �17�. Because both of these sources of error are
inimal, high confidence can be placed in the determination of

he vectors parallel with the axes of the tunnels.
The error in determining the axes of the tibial and femoral

unnels by using marker pairs injected into the tendon would not
e expected to change during cyclic loading. This error could
hange if the markers moved or migrated within the tendon sub-
tance. However, migration of markers in single-loop tendon
rafts subjected to 225,000 load cycles was minimal, as noted
bove �17�.

While this study focused on single-loop tendon grafts, it is of
nterest to consider whether direct injection of marker pairs could
lso be used for double-loop grafts. As discussed previously �17�,
arkers of the size used in our study cannot be reliably injected

erpendicular to the long axis of the tendons used for double-loop
rafts because of their smaller cross-sectional area. Hence, for
ither in vitro or in vivo study of double-looped grafts, the tunnel
xes must be identified by marker pairs injected into the walls of
he tunnels on lines parallel to the tunnel axes.

In conclusion, by using the methods described in this study,
here marker pairs were injected perpendicular to the long axis of
single-loop tendon graft, the marker pairs can be used to deter-
ine vectors parallel with the tunnel axes with an angle difference

f 5.5 deg on average. This angle difference translates into an
verage error of 0.6% when the vectors based on marker pairs
njected into the graft are projected onto the axes of the tunnels.
ence, this angle difference will introduce a minimal error when

omputing the various causes of lengthening of a graft construct
ver time associated with the sites of fixation.
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