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Abstract
Background—The initial tension applied to an ACL graft at the time of fixation modulates knee
motion and the tibiofemoral compressive loads.

Purpose—To establish the relationships between initial graft tension, tibiofemoral compressive
force, and the neutral tibiofemoral position in the cadaver knee.

Study Design—Controlled Laboratory Study.

Methods—The tibiofemoral compressive forces and joint positions were determined in the ACL-
intact knee at 0°, 20° and 90° knee flexion. The ACL was excised and reconstructed with a patellar
tendon graft using graft tensions of 1, 15, 30, 60 and 90 N applied at 0°, 20° and 90° knee flexion.
The compressive forces and neutral positions were compared between initial tension conditions and
the ACL-intact knee.

Results—Increasing initial graft tension increased the tibiofemoral compressive forces. The forces
in the medial compartment were 1.8 times those in the lateral compartment. The compressive forces
were dependent on the knee angle at which the tension was applied. The greatest compressive forces
occurred when the graft was tensioned with the knee in extension. An increase in initial graft tension
caused the tibia to rotate externally compared to the ACL-intact knee. Increases in initial graft tension
also caused a significant posterior translation of the tibia relative to the femur.

Conclusions—Different initial graft tension protocols produced predictable changes in the
tibiofemoral compressive forces and joint positions.

Clinical Relevance—The tibiofemoral compressive force and neutral joint position were best
replicated with a low graft tension (1–15 N) when using a patellar tendon graft.
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INTRODUCTION
Clinical studies suggest that 11 to 100% of patients undergoing ACL reconstruction surgery
will develop osteoarthritis (OA) in the reconstructed knee.35, 49, 51 Although the mechanisms
behind post-traumatic OA in the ACL injured and reconstructed patient remain unknown, it
has been hypothesized that altered joint contact mechanics may be responsible.8, 9, 24, 57 It
has been shown that normal knee kinematics are not restored following reconstruction surgery,
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57 and this in turn may alter the tibiofemoral contact mechanics which places the patient at
risk to early OA. 9, 24 Several parameters have been shown to affect knee joint biomechanics
following ACL reconstruction, including the tension applied to the graft at the time of fixation
(“initial graft tension”). The optimal graft tensioning protocol remains controversial.2, 3, 19

Current clinical protocols for graft tensioning vary. In general, they are based on applying an
initial graft tension to restore normal anterior-posterior laxity to the knee.2 It is generally agreed
that the initial graft tension should be applied with the knee close to full extension to control
the excessive rises in graft tension that occur with full extension of the knee after fixation. 1,
2 A surgical textbook recommends that the theoretical tension should be “sufficient to obliterate
the instability (Lachman test)” while avoiding over-tensioning.19 Another approach is to over-
tension the graft at the time of fixation to compensate for the changes in knee laxity that may
occur during healing.2 A graft tension protocol that restores joint contact and optimizes graft
healing may be important to the long-term outcome.

There are two surgical parameters under direct control of the surgeon that will influence knee
kinematics, graft loading, and the tibiofemoral compressive forces; 1) the magnitude of the
tension applied to the graft just prior to fixation, and 2) the knee flexion angle at which the
tension is applied.1, 16, 18, 23, 27, 32, 45, 54

Cadaver studies have been performed to determine which initial graft tension condition best
restores normal knee joint laxity.1, 16, 18, 21, 23, 36, 45, 54, 64, 69 Although many of these
studies are difficult to compare due to differences in anterior-posterior laxity measurement
protocols and variations in intra-operative parameters (e.g. graft type, intra-articular
placement) these studies have generally found that initial graft tensions between 0 and 60 N
performed between full extension and 30° flexion best matched the anterior-posterior laxity
measurements of the ACL-intact knee. In contrast, another study found no significant effect
on laxity when comparing an initial graft tension of 22 N versus 68 N, although the angle at
initial tension application did affect anterior-posterior laxity (0° versus 30° flexion).27 The
focus on anterior-posterior laxity is motivated by the fact that a primary role of the ACL is to
oppose anterior translation of the tibia,17 althouth the ACL is also a restraint to axial rotation.
25, 44 More recent cadaver studies evaluating the relationship between initial graft tension and
axial rotation have determined that the ACL stabilizes the knee against internal-external
rotational torques when the knee is positioned at low angles after the tension is applied, 4 that
increases in initial graft tension cause external rotation of the tibia,52 and that tibial rotation
in the ACL-reconstructed knee may differ from both ACL-deficient and intact knees at low
flexion angles under muscle loads.56, 66

It has been demonstrated that increasing initial graft tension increases tensile load in the graft
at other angles of flexion.1, 52 The general pattern during active or passive extension is that
graft tensile load remains low while the knee is in flexion but rises sharply when the knee is
moved into full extension in both the cadaver and living knee.1, 13, 46, 52 This has led in part
to the rationale for applying initial graft tension while the leg is close to full extension so that
the surgeon can control the maximal graft tensile load.2 Excessive graft tensile loads are of
clinical significance not only due to altered joint motion but also because of undesirable graft
healing, which has been shown by histological examination in an in vivo dog study comparing
1 N versus 39 N initial graft tension.67

The hallmark of osteoarthritis is loss of articular cartilage. It has been hypothesized that a shift
in the contact location or an alteration in the contact stress may be responsible for producing
local degenerative changes in articular cartilage.9, 15 Clinical studies suggest that abnormal
motion often precedes degenerative changes at the knee, and knees with increased general joint
laxity or ACL deficiency have been associated with increased incidence of osteoarthritis.9
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While there has understandably been a focus on restoring normal kinematics under anterior-
posterior loads with cadaver ACL-reconstruction, the effects of initial graft tension on the joint
contact mechanics in the cadaver knee without muscle loading have not been characterized.
This is an important relationship because initial graft tension and the knee angle at which the
tension is applied will affect the joint contact mechanics (magnitude and location of the joint
contact areas) and could potentially lead to the long-term degradation of the articular cartilage.

The objective of this study was to investigate these baseline relationships and to determine
which initial graft tension condition best restores normal joint contact forces and tibiofemoral
position at the time of surgery. The hypotheses were: 1) tibiofemoral compressive forces
increase with an increase in the initial graft tension, and these tibiofemoral forces are greater
in the medial compartment as compared to the lateral compartment, 2) the tibia rotates
externally and translates posterior with an increase in initial graft tension, and 3) the
relationships between initial graft tension, tibiofemoral compressive load, and tibiofemoral
position are affected by the knee angle at which the graft tension is applied.

MATERIALS & METHODS
Specimens

Twelve fresh frozen human cadaver knees (mean age = 59 (±4.0) years; 4 male/8 female) with
no history of knee injury were stored at −20° C following harvest. The knees included all soft
tissues and bone from the distal third of the femur through the proximal half of the tibia and
fibula. Before testing, the knees were thawed at room temperature and dissected down to the
joint capsule. The femur was potted into a PVC pipe using a quick setting epoxy resin (Smooth-
Cast 300; Smooth-On, Inc., Easton, PA). A threaded steel rod was inserted into the
intramedullary canal of the tibia and secured using the same compound.

Test fixture
A test fixture was designed to rigidly support the femur in the horizontal plane while permitting
quasi-static motion (Figure 1). The tibia was supported by a linkage that could be locked at
any desired knee flexion angle while the remaining five degrees of motion were left
unconstrained. Thus, the natural motion of the tibia was permitted when the knee flexion angle
was passively changed.

Joint position measurements
The Optotrak Image Analysis System (Northern Digital; Waterloo, Ontario) was used to track
the position of the tibia with respect to the femur. Infrared light-emitting diodes were attached
to the tibia and femur to define the respective rigid bodies. For the tibia, three sensors were
attached to a molded plastic component rigidly secured to the tibia with two screws. For the
femur, two sensors were attached to the rigid femur support and one to the femur to ensure that
the femur did not move relative to the support (Figure 1). The Optotrak digitizer was then used
to digitize bony landmarks to establish an anatomically-based coordinate system commonly
used to describe clinical motion.29 The coordinate system was defined for the femur and tibia
with the knee at full extension so that the tibial and femoral origins coincided. The epicondyles
were digitized and the trans-epicondylar axis running between these two points was assigned
as the flexion-extension axis. The axis for internal-external tibial rotation was defined as a line
normal to the flexion-extension axis that passed through a point digitized at the center of the
distal tibia. The varus-valgus axis was calculated as the line normal to both other axes (Figure
1). The Optotrak Image Analysis System software was used to calculate Euler angles and
translation vectors for the rigid body (i.e. tibia) relative to the fixed reference frame (i.e. femur).
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Tibiofemoral pressure sensors
The tibiofemoral compressive forces in the medial and lateral compartments of the knee were
measured using the K-Scan thin-film pressure sensor (4000/2594T1/1500; Tekscan, Inc., South
Boston, MA). The sensor consists of two sensing matrices that could be inserted beneath the
menisci, one in the medial and the other in the lateral compartment. The “I-scan” software
program (Tekscan, Inc., South Boston, MA) was used to acquire sensor data. A new sensor
was used for each knee.

The K-scan output was calibrated using a representative knee and a new sensor. Known
compressive loads were applied to the joint by a servo hydraulic material tester (model 8521-
S; Instron Corp., Canton, MA). The knee was secured in passive full extension then all
ligaments were released. Next, the lateral femoral condyle was removed with a bone saw. One
of the sensing matrices was then inserted anteriorly through an incision beneath the medial
meniscus and held in place posteriorly with a hemostat clamped to a non-sensing tab. Five
preconditioning load cycles to 180N were applied by the material tester following the
recommended protocol by Tekscan. After the pre-conditioning cycles were completed, a tare
load of 0 N was applied followed by static loads of 50N and 165N. The software converted the
raw pressure values into engineering units by calculating the average applied pressure based
on the area of loaded sensels and the total force applied to the medial femoral condyle by the
material testing system (i.e. 50N and 165N). The calibration was then verified by collecting a
range of compressive load measurements from 0-160 N at 20 N increments. Finally, the medial
femoral condyle was removed and the lateral condyle was reattached with a screw to allow the
same calibration procedure to be repeated for the lateral compartment with the unused sensing
matrix.

Test protocol
Each knee was thawed to room temperature, potted, and placed in the test fixture (Figure 1).
The knee was wrapped in physiologic saline soaked gauze when data were not being obtained
to prevent dehydration. The total time from potting to end of the experiment was approximately
4 hours per knee. Transverse incisions were made beneath the menisci anteriorly and
posteriorly through which the Tekscan sensor was inserted and held in place with a small
hemostat clamped to the non-sensing edge projecting beneath the posterior meniscus. The knee
was first preconditioned with 10 flexion-extension cycles and the anatomical coordinate system
was established using the digitization procedure described above. Within the test fixture, quasi-
static measurements of the tibiofemoral compressive forces and the three-dimensional position
of the tibia relative to the femur were recorded as the ACL-intact knee was positioned at 0°,
20°, and 90° of flexion (randomized). The quasi-static approach was used to allow the pressure
sensor to reach equilibrium due to the creep response inherent to the transducer.50 The pressure
was multiplied by the contact area, which was also measured by the K-Scan, to get the peak
force in the respective compartment.

Next, the ACL was excised and surgically reconstructed using a 10-mm wide bone-patellar
tendon-bone graft. An endoscopic drill guide system (Arthrex; Naples, FL) was used to
standardize anatomic graft tunnel placement. The proximal end of the graft was then fixed
within the femoral bone tunnel using a 9x20 mm interference screw (Arthrex; Naples, FL).
The distal end of the graft was inserted within the tibial tunnel and secured via #2 FiberWire
(Arthrex; Naples, FL) to a tensioning device rigidly mounted on the anterior-medial aspect of
the tibia (Figure 1). 22, 23 The knee was then pre-conditioned with 10 flexion-extension cycles,
the anatomical coordinate system was reestablished, and the graft was preconditioned by
slowly ramping graft tension from 1 to 100N ten times at 20° flexion. The knee was retested
as the initial graft tension was sequentially tensioned to 1, 15, 30, 60, and 90 N at each knee
flexion angle (randomized). When the desired load was obtained, it was allowed to settle and
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then the graft was re-tensioned back to the desired initial graft tension; this was repeated until
the initial graft tension level stabilized to minimize stress relaxation.

Data/statistical analyses
Repeated measures analysis of variances were performed to evaluate the effects of the initial
graft tension condition on the medial and lateral tibiofemoral compressive forces, on the axial
rotation position of the tibia, and on the anterior-posterior position of the tibia relative to the
femur. Pair-wise comparisons were made between tension levels and the ACL-intact specimen
at each knee angle with Dunnett tests.

RESULTS
Tibiofemoral compressive forces

For the ACL-intact knee the mean total tibiofemoral compressive forces were 36 (SD 20) N,
5.4 (SD 3.6) N, and 17 (SD 20) N at 0°, 20° and 90° flexion, respectively. The mean ACL-
intact knee medial compartment force for all angles was 18 (SD 16) N and the mean lateral
compartment force was 7.5 (SD 7.5) N.

With an increase in initial graft tension there was a significant increase in the total tibiofemoral
compressive force when it was applied at all knee flexion angles (p<0.001) (Figure 2). As the
initial graft tension was set to 1 N, 15 N, 30 N, 60 N and 90 N, the total tibiofemoral forces
increased compared to the ACL-intact knee by a mean of -8.8%, 22%, 60%, 136%, and 210%,
respectively, at full extension; 11%, 150%, 340%, 800%, and 1300%, respectively, at 20°
flexion; −54%, −12%, 50%, 180%, and 310%, respectively, at 90° flexion. The tibiofemoral
compressive forces were also dependent on the knee flexion angle at which the graft tension
was applied (p<0.001). The tibiofemoral compressive forces were greatest when the graft was
tensioned at 0° of flexion (Figure 2). Medial compartment compressive forces were greater
than those of the lateral compartment at all knee flexion angles (p < 0.001) and the difference
between the medial and lateral tibiofemoral compressive force increased with increasing initial
graft tension (Figure 3).

Neutral Tibiofemoral Position
Mean anterior translation of the tibia in the ACL-intact knee compared to full extension was
2.4 (SD 4.6) mm at 20° flexion, and 26 (SD 8.9) mm at 90° flexion. Internal-external tibial
rotation in the ACL-intact knee compared to full extension was 1.0 (SD 3.0) degrees internal
rotation at 20° flexion and 11 (SD 6.0) degrees internal rotation at 90° flexion.

The tibia rotated externally with an increase in initial graft tension when applied at all knee
flexion angles (p=0.001) (Figure 4). With an increase in initial graft tension there was a
posterior translation of the tibia relative to the femur (only significant when the graft tension
was applied at 90° of flexion; p=0.001) (Figure 5).

DISCUSSION
This is the first study to directly measure the compressive forces in the medial and lateral
compartments in response to different initial graft tension conditions. In the ACL reconstructed
knee, the tibiofemoral compressive forces were dependent on both the initial graft tension level
and the knee flexion angle at which it was applied. Increasing initial graft tension increased
the total tibiofemoral compressive forces, with the medial compartment forces greater than
those of the lateral compartment. Tibiofemoral compressive forces were dependent on the knee
flexion angle at which the initial graft tensions were applied. These data provide baseline
information quantifying the initial loading conditions of the joint during reconstruction surgery.
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These data will be particularly useful for ongoing studies evaluating the relationship between
tibiofemoral joint compression and the onset of arthritis following ACL reconstruction surgery.

The results of this study verified the three hypotheses: 1) tibiofemoral compressive forces
increased with initial graft tension and those in the medial compartment were greater than the
lateral compartment, 2) the neutral joint position was affected by the initial graft tension, and
3) both the tibiofemoral compressive and neutral joint position were dependent on the knee
flexion angle at which the tension was applied. We found that the tibiofemoral compressive
forces and the position of the tibia relative to the femur were best replicated with a low graft
tension when using a patellar tendon graft. An initial graft tension level between 1 and 15 N
duplicated the total compressive force at the knee when it was applied at all of the knee flexion
angles tested (Figure 2). When applying these tensions with the knee in full extension or at 20°
of flexion, the sensitivity of the neutral tibiofemoral position was minimized. In this study, the
highest compressive forces were generated when 90 N of tension was applied with the knee at
0° of flexion. This produced a tibiofemoral compressive force 3.1 times that of the ACL-intact
knee. It is possible that such high compressive forces could place the knee at risk to OA.

In the intact ACL condition the general trends of anterior translation and internal rotation with
passive knee flexion were similar to those previously described by Li et al.42 Our study used
a comparable anatomical axis system (i.e. registering the flexion-extension axis of the knee
with the trans-epicondylar axis). The anterior tibial translation and internal tibial rotation values
at 90° of passive flexion were comparable for the ACL-intact condition in both experiments.
42 Li also acquired radiographs of the knee showing posterior translation of anatomical and
geometrical flexion-extension axes relative to the tibia with knee flexion, highlighting the
importance of having standard joint coordinate systems when comparing studies.

A cadaver study that adjusted graft tension to restore anterior-posterior laxity found that laxity
was best restored by grafts tensioned to a mean of 9 +/−14 N (range 0–56) at 20° of flexion.
69 Although other ligaments are engaged during anterior-posterior laxity testing, it is a more
clinically relevant measure than quasi-static position and this study supports our observation
that intact kinematics are best restored with a low (1 – 15N) graft tension.

The results of the study were also consistent with the work of others. Andersen determined
that a significant decrease in knee motion occurred when the graft tension was higher than
33N, resulting in lower internal-external and varus-valgus rotations with an applied 6Nm
moment, and lower anterior-posterior tibial translation with 140N force compared to the
uninjured knee.5 Although we only report on passive kinematics, our data exhibited the same
trend of decreased anterior-posterior translation and rotation with increased graft tensions.

In another cadaver study ACL graft tensioning caused posterior translation of the tibia (relative
to the femur), which pre-stressed the PCL and compressed the joint even without external
forces applied.1 This joint force was not directly observed in the study but was consistent with
the increased tibiofemoral force we observed with increasing graft tension (Figure 2) even
without muscle loading.

Data relating to the dependence of the tibiofemoral contact point in response to an increase in
initial graft tension has not been previously described in the literature. An MRI study
demonstrated that internal tibial rotation of 20° occurred during passive flexion both in situ,
33 and in vivo in the ACL intact knee.31 The rotations were similar to those measured for the
ACL-intact knee in our study (Figure 4), although we only measured rotations to 90° of flexion.
An in vivo three-dimensional kinematic study of ACL-deficient knees found that the tibia was
rotated internally during the initial swing phase compared to intact-ACL,26 which is consistent
with the trend we observed of decreased ACL graft tension associated with relative internal
tibial rotation. Another cadaver study showed significantly less internal tibial rotation in ACL

Brady et al. Page 6

Am J Sports Med. Author manuscript; available in PMC 2007 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reconstructed knees than the intact knees at low flexion angles under muscle loads,66 consistent
with the finding that the ACL plays a role in controlling axial rotation and the external tibial
rotation with increasing graft tension we observed.4

Several randomized clinical trials have been performed to evaluate outcome in response to
different initial graft tensions.47, 60, 65, 68 Yasuda et al randomized patients into three groups
in which initial graft tensions of 20, 40, and 80 N were applied to double stranded hamstring
grafts connected in series with polyester tape.65 A significant correlation was found between
initial graft tension at the time of fixation and anterior-posterior laxity after 2-years, and the
high-tension group had significantly less anterior laxity than the low-tension group (i.e. closer
to normal). Similar findings were recently reported by Nicholas with patellar tendon grafts. In
contrast, Van Kampen and Yoshiya compared initial graft tension levels of 20 and 40 N,60
and 25 and 50 N,68 using patellar tendon grafts. They found no significant difference in
anterior-posterior laxity values between treatment groups after two years of healing. The
response of articular cartilage to initial graft tension was not assessed in any of these studies,
and is important because we have shown that graft tension alters the compressive load at the
joint.2

Intraoperative initial graft tension is a variable that we know affects tibiofemoral compressive
forces, active and passive knee kinetics, and anterior-posterior joint laxity at the time of surgery.
All of these effects are thought to be potential mechanisms for the development and progression
of osteoarthritis following ACL-reconstruction by changing normal knee kinematics and joint
contact biomechanics. Although cadaver studies are useful in understanding and determining
how best to restore normal knee functioning at the time of surgery, the best procedure for
tensioning ACL grafts to reduce the incidence of osteoarthritis and other untoward clinical
outcomes has not been established. While cadaver specimens allow for a tightly controlled
experimental protocol and accurate data collection, the conclusions drawn from any cadaver
model may be limited in clinical application. Cadaver specimens provide important
information at the time of the ACL reconstruction but do not take into account changes that
may occur during graft healing, such as tunnel expansion,34, 37 graft remodeling,20 histologic
degeneration and decreased vascularity,67 and substantial changes in the initial set tension
despite preconditioning and with flexion-extension in the cadaver.10, 48 Furthermore,
assessing the contribution, if any, of modifiable biomechanical factors to initiation and
progression of OA in vivo is not possible in the cadaver model. These limitations to clinical
applicability can only be overcome with controlled, prospective studies in humans or suitable
animal models.

Specimen age is another potential limitation of generalizing cadaver data to younger age
groups. The ACL is known to weaken with age (decreased linear stiffness, ultimate energy and
energy absorbed), 63 although it is not clear that aging affects knee laxity. The specimens used
in this study had a mean age of 59 (±4.0) years.

Another study limitation is that the joint was passively flexed and extended without any of the
effects of musculature or dynamic joint loading. While this is an experimental advantage
because it allowed us to isolate the effects of the ligaments and graft, it created a situation
different from what the knee would experience during normal gait in which active muscle
contractions and the loads applied by bodyweight provides a substantial portion of knee joint
stability.7, 53 In vivo studies have shown that the tibial position relative to the femur and
anterior-posterior laxity vary with physiological loads.14, 59 Variations in gait have also been
observed to affect the rate of progression to OA and affect the outcome of treatment for medial
compartment OA.9 While physiological loads and gait biomechanics are important for
answering the ultimate question of best surgical methodology for ACL reconstructions, this
study contributes to the understanding of the baseline relationships between initial graft
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tension, tibiofemoral compressive load, and tibiofemoral position. Future experiments will be
performed to simulate dynamic loading conditions using this technique.

Tekscan pressure sensors have been used in previous studies to measure contact forces in the
knee.6, 28, 30, 41, 55, 61 The system has been previously validated,11, 30, 62 though
calibration of these sensors is complex. We calibrated the sensor in a separate knee and
followed the recommended protocol of the manufacturer. It is the intent of the calibration
procedure to establish the output as a function of the applied load when the sensor is placed
within the geometric constraints and stiffness of the contact surfaces. The calibration was
performed in a separate knee and not the knees that were used in the experiment to eliminate
problems with sensor fatigue and changes due to tissue dehydration that would occur with a
post-experiment calibration. The calibration was then applied to all of Tekscan outputs from
the 12 knees under study. The 0.1mm thickness of the pressure sensors may also affect the
Tekscan readings by changing the relative knee cartilage geometry but we feel the overall effect
on the comparative data analyses will be negligible. Although these concerns may raise some
questions about the accuracy of the absolute compressive force values, the relative changes
would be consistent. Furthermore, each knee served as its own control in the 3-way analysis
of variances to reduce errors between specimens.

The menisci are generally considered to only play a part in stabilizing the ACL deficient knee
but not the ACL-intact knee.12, 39, 40, 58 We were required to violate a portion of the meniscal
attachments to the tibia to insert the pressure sensors. This could have increased tibial
translations and rotations, though this is unlikely to be a major concern since the ACL-deficient
knee was not tested and the menisci were not completely transected. Additionally, it has been
shown that ACL deficiency in the cadaver knee results in insignificant changes in the anterior-
posterior reference position,43 and it has been demonstrated that ACL sectioning has no
significant effect on rotational stability in the unloaded cadaver knee.38 While the lack of
absolute tibia and femur location in our study is not ideal, these other studies support the validity
of reestablishing the coordinate system during the protocol and comparing initial joint position
of the intact ACL condition to the ACL reconstructed condition. If some additional instability
was imparted to the joint coordinate system it would likely increase the kinematic variation
and so strengthen our statistical conclusions.

Frictional losses at the graft-tibial tunnel interface could also introduce errors because the load
measured extra-articularly may be different than that induced intra-articularly. Some studies
have used tibial tunnel sheaths to minimize frictional interactions between the graft and the
tunnel.22 Instead we opted to make the tibial tunnel 2mm greater in diameter than the graft
because we felt that this would allow ample graft movement in the tunnel while mimicking the
procedure as performed in vivo during ACL reconstruction surgery.

In conclusion, we found that a low initial graft tension on the patellar tendon graft (1–15N)
best simulated the tibiofemoral compressive forces and neutral position in the quasi-static,
passively flexed human cadaver knee. An increase in initial graft tension increased the
tibiofemoral compressive force. The compressive forces in the medial compartment were
greater than those in the lateral compartment. An increase in initial graft tension also produced
a posterior neutral shift of the tibia relative to the femur and external rotation of the tibia.
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Figure 1.
Lateral and anterior view of custom jig for quasi-static knee flexion.
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Figure 2.
Mean total tibiofemoral (T-F) compressive force (medial + lateral) versus knee flexion angle
for the intact and ACL reconstructed knee at 1, 15, 30, 60 and 90 N of initial graft tension. (*
= significantly different than that of the ACL intact specimen).
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Figure 3.
Graft tension versus compressive load (pooled by knee flexion angle) showing that the medial
compressive loads are greater than those of the lateral compartment at all initial graft tension
levels (p<0.001).
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Figure 4.
An increase in initial graft tension caused the tibia to rotate externally at all knee flexion angles.
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Figure 5.
An increase in initial graft tension caused a posterior neutral shift of the tibia relative to the
femur at 0°, 20° and 90° flexion.
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