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engthening of an anterior cruciate ligament (ACL) graft con-
truct can occur as a result of lengthening at the sites of tibial
nd/or femoral fixation and manifests as an increase in anterior
axity. Although lengthening at the site of fixation has been mea-
ured for a variety of fixation devices, it is difficult to place these
esults in a clinical context because the mathematical relationship
etween lengthening of an ACL graft construct and anterior laxity
s unknown. The purpose of our study was to determine empiri-
ally this relationship. Ten cadaveric knees were reconstructed
ith a double-looped tendon graft. With the knee in 25° of flexion,

he position of the proximal end of the graft inside the femoral
unnel was adjusted by moving the femoral fixation device until
he anterior laxity at an applied anterior force of 134 N matched
hat of the intact knee. In random order, the graft construct was
engthened 1, 2, 3, 4, and 5 mm by moving the femoral fixation
evice distally along the femoral tunnel and anterior laxity was
easured. The increase in the length of the graft construct was

elated to the increase in anterior laxity by a simple linear regres-
ion model. Lengthening the graft construct from 1 to 5 mm
aused an equal increase in anterior laxity (slope�1.0 mm/mm,
2=0.800, p�0.0001). Because an anterior laxity increase of
mm or greater in a reconstructed knee is considered unstable

linically and because many fixation devices in widespread use
linically allow 3 mm or greater of lengthening in in vitro tests,
ur empirical relationship indicates that lengthening at the site of
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fixation probably is an important cause of knee instability follow-
ing ACL reconstructive surgery. Our empirical relation also indi-
cates that an important criterion in the design of future fixation
devices is that lengthening at the sites of fixation in in vitro tests
should be limited to less than 3 mm. �DOI: 10.1115/1.2378931�

Introduction
Almost every clinical study has reported that some knees be-

come unstable after anterior cruciate ligament �ACL� reconstruc-
tion, as indicated by the anterior laxity, which often increases over
time postoperatively. The cause of the increase in anterior laxity
often can be traced to an increase in the length of the graft con-
struct �i.e., graft plus fixation devices�. Lengthening of an ACL
graft construct after reconstruction can result from lengthening at
the sites of tibial and femoral fixation �1–4� and/or from length-
ening of the graft between the sites of fixation �1,4–6�.

Knowing the mathematical relationship between lengthening of
an ACL graft construct and increased anterior laxity would be
useful in evaluating structural properties of fixation devices. Ar-
guably the most important structural property of a fixation method
is its ability to resist lengthening at the site of fixation �e.g., slip-
page� under cyclic loading. Lengthening at the site of fixation has
been measured for a variety of fixation devices through in vitro
testing and varies from less than 1 mm to greater than 5 mm
�3,4,7–10�. The amount of lengthening depends on the type of
fixation device, the number of load cycles, the load of each cycle,
the age of the bone, and the species of bone �3,4,7–10�. A 1 to
5 mm increase in graft construct lengthening might occur in vivo
depending on the choice of fixation devices, the bone quality, and
the aggressiveness of the rehabilitation program. Knowing the
mathematical relationship between graft construct lengthening and
increased anterior laxity would improve our understanding of the
effect of lengthening at the site of fixation on the surgical out-
come. Because the mathematical relationship between lengthening
of an ACL graft construct and increases in anterior laxity has not
been determined by any previous study to our knowledge, our
purpose in the present study was to determine empirically this
relationship.

Materials and Methods

Experiments. Ten cadaveric knees �average 72 range 56 to 89
years� were harvested and stored at −20°C. Radiographs and in-
spection of the knee at the time of ACL reconstruction did not
reveal moderate or severe degenerative arthritis, chondrocalcino-
sis, or torn menisci. The intact knee was thawed overnight and
prepared for testing using a previously described technique �11�.
The knee was placed supine in a testing apparatus that allowed
unconstrained motion of the tibia with respect to the femur �Fig.
1�. An aluminum cylinder containing the femur was clamped in
the femoral fixture, with the flexion-extension axis of the knee
perpendicular to the sagittal plane. The length, ankle height,
weight, and center of gravity of the shank-foot complex were
sized to match that of an 81 kg, 180 cm male �12�. The knee was
manually extended until resistance was felt, which defined full
extension �13�. The flexion angle of the knee relative to full ex-
tension was measured with a goniometer �Stryker Howmedica,
Mahwah, NJ, ±1° accuracy�.

The anterior translation of the intact knee at 25° of flexion in
response to a 134-N anterior force applied perpendicular to the
longitudinal axis of the tibia was determined with a custom-made
arthrometer �11� �Fig. 1�. A custom-made arthrometer rather than
a commercial arthrometer was used because the knee specimens
did not include a full shank, as required for the attachment of a
commercial arthrometer. The loading protocol of the custom-made
arthrometer matched that of a commercial arthrometer �KT-1000,
MEDmetric Corp., San Diego, CA�. An 89-N posterior force was

applied to the tibia three times and removed between each appli-
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ation. The neutral position of the tibia was the position of the
ibia after the removal of the third posterior force. A 134-N ante-
ior force was applied to the tibia. Anterior laxity was the differ-
nce in the position of the tibia between the 134-N anterior force
nd the neutral position.

The trabecular bone in the metaphysis of the cadaveric tibia
as replaced with polyurethane foam to provide structural prop-

rties of the tibial fixation device �WasherLoc, Arthrotek Inc.,
arsaw, IN� in specimens from elderly donors that are similar to

hose in young human tibia �14�. The ACL was excised and tibial
nd femoral drill holes were made using a previously described
ranstibial technique that positions the graft without roof impinge-

ent, without PCL impingement, and with a tension pattern dur-
ng passive flexion-extension that is similar to that of the intact
CL �11,15�. The details of the technique have been described
reviously �11,15�. The tibial tunnel was drilled to 8 mm in diam-
ter and serially dilated in 0.5 mm increments to 9 mm in diam-
ter. An open-end femoral tunnel was drilled to 16 mm in diam-
ter and a low-friction femoral bushing with an outer diameter of
6 mm and an inner diameter of 9 mm at its distal end was in-
erted into the femoral tunnel until flush with the intercondyler
oof and fixed with bone cement �12�. The foam-reinforced knee
as replaced in the testing apparatus.
Ten double-looped tendon grafts were made from bovine exten-

or tendons �14�. These grafts have structural properties similar to
hose of a young human double-looped semitendinosus and graci-
is graft �5�. The tendons were trimmed until when looped over a
uture they passed snugly through a 9 mm diameter cylinder and
ot through an 8 mm diameter cylinder �Sizing Sleeve, Arthrotek,
nc�. Four centimeters of the end of each strand were whip-
titched using a No. 1, braided, absorbable suture �Polysorb,

ig. 1 Diagram of the reconstructed knee placed in the testing
pparatus in 25° of flexion. The rigidly-fixed femur was aligned
o that the flexion-extension axis is perpendicular to the sagit-
al „i.e., vertical… plane. The origin of the tibial coordinate sys-
em is the point where the longitudinal axis of the tibia „defined
y the axis of the intramedullary rod… intersects a line that is
erpendicular to the longitudinal axis of the tibia at the level of

he joint line and that lies in the sagittal plane. The line lying in
he sagittal plane and perpendicular to the longitudinal axis of
he tibia at the level of the joint line is the A-P axis. The custom-

ade arthrometer was installed on the tibia with the load
andle centered over the knee. Anterior and posterior forces
ere applied by pulling and pushing on the load handle. A load
ell in series with the handle recorded the load. Anterior-
osterior translation was measured with a linear potentiometer
ETI Systems, Carlsbad, CA… connected to a rigid arm, which
as connected to the femoral fixture. The linear potentiometer
as positioned above the tibia so that its axis was collinear
ith the A-P axis. The linear potentiometer was connected

hrough spherical bearings at both ends so that it did not con-
train the motion of the knee
nited States Surgical/Syneture, Norwalk, CT� �14�. A fresh
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double-looped tendon graft was selected at random for each speci-
men and was looped over a crossbar of the femoral fixation device
�stainless steel, 2.4 mm diameter, 10 mm length�. The femoral
fixation device was inserted into the femoral tunnel, and con-
nected to a turnbuckle that was connected to the baseplate of the
testing apparatus. The turnbuckle was adjusted until the crossbar
was positioned 25 mm inside the femoral tunnel �12� �Fig. 1�.

The graft was fixed to the foam-reinforced tibia with use of a
WasherLoc. The WasherLoc was used because it slips minimally
under cyclic load �3,4,7�. A 17 mm diameter counter bore was
drilled into the distal end of the tibial tunnel to recess the Wash-
erLoc �16 mm diameter WasherLoc, Arthrotek, Warsaw, IN�. The
sutures from the two strands of each tendon were passed from
proximal to distal through the tibial tunnel. The knee was placed
in full extension. Two tibial load cells �225 N, SM-50, Interface,
Scottsdale, AZ�, each connected to pneumatic cylinder �Illinois
Pneumatics, Rosco, IL�, were used to apply equal tensile force to
each strand of the graft in line with the tibial tunnel. The graft was
tensioned to 110±1 N and fixed in the counterbore with the
WasherLoc and a 6.5 mm diameter cancellous screw that pur-
chased the lateral cortex of the tibia.

Three cyclic loading treatments were applied in succession to
precondition both the knee and graft. Each cyclic loading treat-
ment consisted of flexing the knee to 25° and cyclically loading
the knee 20 times between a posterior force of 26 N and an ante-
rior force of 100 N. A flexion angle of 25° was selected because
this flexion angle is commonly used when testing knee anterior
stability clinically using commercially available knee arthrometers
�e.g., KT-1000, MEDmetric Corp., San Diego, CA�. Thus, the
increases in anterior laxity caused by lengthening of the graft
construct would be meaningful clinically. The anterior force of
100 N generated an intra-articular tension of 170 N in the graft,
which is similar to the tension in the ACL during level walking
�16�. The position of the proximal end of the graft was adjusted
with the turnbuckle to restore the anterior translation to within
±0.1 mm of the intact knee at an applied anterior force of 134 N.

To determine the effect of increasing the length of the double-
looped tendon graft construct on the anterior laxity, the graft was
lengthened within the femoral bushing by 1, 2, 3, 4, or 5 mm in
random order using the turnbuckle. Rotating the turnbuckle
moved the femoral fixation device distally inside the femoral tun-
nel �accuracy of ±0.06 mm�, thus lengthening the graft. Anterior
laxity was measured after each graft lengthening at an applied
anterior force of 134 N.

Statistical Analysis. A simple linear regression was used to
determine the empirical relationship between lengthening the graft
construct and the increase in anterior laxity. The intercept and
slope, the coefficient of determination, and the level of signifi-
cance of both the intercept and slope were calculated with com-
mercially available software �SAS, release 8.0, SAS Institute,
Cary, NC�. Because the graft construct was lengthened 5 mm in
eight specimens and 4 mm in two specimens, 48 data points were
available for the linear regression �Fig. 2�.

Results
The increase in the anterior laxity was linearly related to the

increase in length of the graft construct �Fig. 2�. The slope of the
regression line was 1.0 mm/mm �R2=0.800, p�0.0001�, indicat-
ing that a 1.0 mm increase in graft construct length caused an
equal increase in anterior laxity. The y intercept of 0.4 mm was
not significantly different from zero �p=0.1191� and was within
the acceptable tolerance �±0.5 mm� of matching the anterior lax-
ity to that of the intact knee.

Discussion
Because lengthening of an ACL graft construct causes an in-
crease in anterior knee laxity and because the mathematical rela-
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ionship between lengthening of a graft construct and increases in
axity is unknown, the objective of our study was to determine an
mpirical relationship for lengthening of a double-looped tendon
raft in the range 1–5 mm. The most important result from our
tudy is that lengthening of a double-looped tendon graft from 1
o 5 mm causes an equal increase in anterior laxity. We would like
o discuss how this relationship might be used to improve our
linical understanding of the effect of structural properties of fixa-
ion devices on anterior laxity.

In vitro studies of soft tissue fixation devices have focused on
etermining the amount of lengthening at the site of fixation as an
mportant structural property indicating a fixation device’s perfor-

ance. Surgeons that prefer the use of soft tissue ACL grafts such
s the double-looped semitendinosus and gracilis autograft and/or
he single-looped tibialis allograft recognize the importance of

inimizing lengthening at the sites of fixation �2,3,9,10,17�. Mini-
izing lengthening is especially challenging for these two types

f soft tissue grafts because the tendon heals more slowly to the
unnel wall compared to a bone plug graft �18,19� particularly in
he tibia �20� and because the function of the knee is more quickly
ained as a result of the increased time associated with healing of
he patellar tendon. Thus, lengthening is more likely to occur in a
nee reconstructed with a soft tissue graft than with a bone-
atellar tendon-bone graft �2�. For these reasons, fixation devices
sed with a soft tissue graft must have better structural properties
han fixation devices used with a bone-patellar tendon-bone graft
18�.

Trying to sort out which fixation devices have an excessive
mount of lengthening is problematic because of differences in the
ge of the bone, species of bone, and cyclic loading protocols
etween studies. The material used in a study should be selected
o that it provides structural properties of fixation devices that are
epresentative of those in young human bone. Material consider-
tions suggest that skeletally mature porcine and bovine bone
hould not be used because the amount of lengthening is under-
stimated, especially for fixation devices that purchase cancellous
one �i.e., interference screws, Intrafix� �3,17�. Similarly, cadav-
ric bone from elderly donors should not be used because the
mount of lengthening is overestimated �14�. This leaves as bone
ptions cadaveric tibia from elderly donors where the trabecular
one has been replaced with foam �14�, bone from calf tibia �age
6–24 months� �21–23�, and bone from young human donors,
hich is difficult to obtain �3�.
The methodology of a study should be designed to provide a

onservative or worst-case measurement of lengthening at the site
f fixation. Thus methodology considerations suggest that a con-
ervative or worst-case cyclic loading protocol requires a peak

ig. 2 Graph of the simple linear regression analysis showing
hat lengthening the graft 1 to 5 mm causes an equal

illimeter-for-millimeter increase in anterior laxity
orce that either matches or exceeds the tensile force in the intact

ournal of Biomechanical Engineering
ACL during level walking �i.e., �170 N�, and that there is a suf-
ficient number of cycles such that lengthening either stabilizes or
fixation fails �24�.

Lengthening at the site of fixation for a variety of devices was
reviewed with these testing criteria in mind. Unfortunately, few of
the published studies met all the testing criteria of �1� the use of
either young human bone, foam bone, or calf bone, �2� the use of
a loading protocol to at least 170 N in the graft, �3� and the use of
a sufficient number of cycles such that lengthening either stabi-
lized or fixation failed. Fixation devices that allowed the graft to
lengthen 3 mm or greater in any type of bone other than elderly
human cadaveric bone were classified as “excessive” based on the
assumption that 3 mm of lengthening renders the reconstructed
knee unstable �25–28�. On the femoral side, lengthening with the
RigidFix �6.0 mm�, and interference screw �5.4 mm� was exces-
sive in bovine tibia �8�, and lengthening with the closed loop
endobutton �3.9 mm�, RigidFix �3.7 mm� and three types of inter-
ference screws �range 3.2 to 4.0 mm� was excessive in porcine
tibia �10�. On the tibial side, sutures tied to a post �4.9 mm�,
double staples �3.3 mm�, and a single-spiked washer �3.5 mm�
was excessive in porcine tibia, an interference screw �3.7 mm,
4.0 mm� was excessive in young human tibia �3,17�, and a clawed
washer �6.7 mm� was excessive in bovine tibia �2�. Considering
the large number of fixation devices that allow lengthening greater
than 3 mm in vitro and the widespread use of these devices clini-
cally, lengthening at the site of fixation probably is an important
cause of knee instability following ACL reconstructive surgery.

Our finding that an increase in graft length causes an equal
increase in anterior laxity at 25° of knee flexion is interesting
physically. Because of the steep angle that the graft makes with
the tibial plateau in both the sagittal and coronal planes �approxi-
mately 70° in each plane�, it might be expected intuitively that the
increase in anterior laxity would be greater than the increase in
graft length. However when anterior force is applied to the tibia,
the graft tension increases by an amount approximately equal to
the anterior force for high stiffness fixations such as those used in
this study �29�. The tension increase causes a corresponding in-
crease in the compressive force on the tibial plateau, which in turn
increases the resistance of the knee to anterior translation �30–32�.
This may explain the one-to-one relationship between an increase
in the graft length and an increase in anterior laxity found in our
study.

To evaluate the effect of graft lengthening on knee kinematics,
we measured the A-P load displacement of the knee under the
application of anterior tibial force. While it is well known that the
ACL is a primary restraint to anterior force applied to the tibia, it
is also effective in resisting internal tibial torque particularly near
full extension �33�. Therefore, it may also be of interest to assess
how graft lengthening affects the response of the knee to rota-
tional loads.

In summary, the empirical relationship reported in this study is
useful in the evaluation of structural properties of fixation devices,
particularly lengthening at the site of fixation after cyclic loading.
In evaluating current fixation devices, our empirical relationship
indicates that lengthening at the site of fixation likely is an impor-
tant cause of knee instability following ACL reconstructive sur-
gery. Also, our empirical relation suggests that an important cri-
terion in the design of future fixation devices is to limit the
lengthening at the sites of fixation in in vitro tests to less than
3 mm.
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