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Abstract
Purpose—To document the tibiofemoral (TF) compression forces produced during clinical initial
graft tension protocols.

Methods—An image analysis system was used to track the position of the tibia relative to the femur
in 11 cadaver knees. TF compression forces were quantified using thin-film pressure sensors. Prior
to performing ACL reconstructions with patellar tendon grafts, measurements of TF compression
force were obtained from the ACL-intact knee with knee flexion. ACL reconstructions were then
performed using “force-based” and “laxity-based” graft tension approaches. Within each approach,
high- and low-tension conditions were compared to the ACL-intact condition over the range of knee
flexion angles.

Results—The TF compression forces for all initial graft tension conditions were significantly
greater than that of the normal knee when the knee was in full extension (0°). The TF compression
forces when using the laxity-based approach were greater than those produced with the force-based
approach. However the laxity-based approach was necessary to restore normal laxity at the time of
surgery.

Conclusions—The initial graft tension conditions produce different TF compressive force profiles
at the time of surgery. A compromise must be made between restoring knee laxity or TF compressive
forces when reconstructing the ACL with patellar tendon graft.

Clinical Relevance—The TF compression forces were greater in the ACL-reconstructed knee for
all the initial graft tension conditions when compared to the ACL-intact knee, and that clinically
relevant initial graft tension conditions produce different TF compressive forces.
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INTRODUCTION
Although the anterior cruciate ligament (ACL) is the most commonly reconstructed ligament
in the body, there is considerable debate regarding the optimal surgical technique. While ACL
reconstruction improves knee joint function in most patients, increasing evidence suggests that
many patients will develop post-traumatic osteoarthritis (OA) following surgical treatment.1
Knee joint contact mechanics are not fully restored with surgery; this may contribute to OA
progression within the ACL-reconstructed patient population.2

One surgical parameter that is known to control the joint contact mechanics is the amount of
tension applied to the graft at the time of fixation (initial graft tension).3, 4 Initial graft
tensioning is commonly performed using a “force-based” approach, where a discrete tension
level is applied to the graft at the time of surgical fixation, though there is little agreement as
to which tension value is best.5–9 Furthermore, the tension required to restore normal anterior-
posterior (AP) laxity in one patient may differ from that of another. Since one of the functions
of the ACL is to oppose anterior translation of the tibia relative to the femur, “laxity-based”
initial graft tension protocols that adjust the tension to restore the normal AP laxity of the knee
at the time of surgery have also been recommended.3 Others recommend over-constraining
joint laxity, since the initial graft tension can decrease with initial flexion-extension cycling of
the joint after fixation.10 Non-optimal graft tensioning may not only influence AP laxity but
has the potential for long-term damage to the knee articular cartilage. If the initial graft tension
is too great, abnormal tibiofemoral (TF) compression forces may develop across the joint,
hindering knee motion and subjecting the articular surface to increased contact stresses.
However, if the initial tension is too low, the graft may not restore knee kinematics, and
increased joint laxity could result. Either high TF contact stress or increased sliding between
the joint surfaces could induce cartilage degradation.2

The joint contact mechanics of the ACL-reconstructed knee under clinically relevant initial
graft tension protocols have not been established. It has been determined that the amount of
initial graft tension, and the knee flexion angle at which it is applied, modulates the magnitude
of the TF compression forces.4 A low graft tension (1-15N) best replicated normal TF contact
forces when the knee was in extension; however, this tension range was less than that used
clinically. The purpose of the present study was to document the TF compression forces of
clinically relevant laxity- and force-based initial graft tension protocols, and to determine how
the resulting TF compression forces for each protocol change during passive flexion-extension
motion of the knee. We hypothesized that the laxity-based initial graft tension approach that
most closely approximated normal AP laxity at the time of surgery would best restore the TF
compression forces with passive knee extension after graft fixation.

METHODS
Specimens

Eleven fresh frozen human cadaver knees (mean age=59 (±4.0) years; 3 male/8 female) with
no clinical signs of a ligament injury were dissected to the joint capsule and potted for
biomechanical testing.4

Custom Test Fixture
A test fixture was designed to secure the femur in the horizontal plane while permitting the
tibia to be locked at any desired knee flexion angle (Fig. 1).4 The remaining five degrees of
freedom of joint motion were left unconstrained via a sliding universal joint that was attached
to the distal tibia. Thus, the natural motion of the tibia was permitted as the knee was passively
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flexed and extended by the arm of the test fixture while protecting the specimen from out of
plane loads by the examiner. It should be noted that a gravitational load on the tibia was present.

Joint Position Measurements
The Optotrak Motion Analysis System (Northern Digital; Waterloo, Ontario) was used to
record the positions of the tibia relative to the femur. The system utilizes infrared light-emitting
diodes (LEDs), which were attached to the tibia and femur.4 A joint coordinate system was
constructed based on bony landmarks commonly used to describe clinical motion.11 A line
directed through the epicondyles was assigned as the flexion-extension axis. The internal-
external tibial rotation axis was defined by a line originating from the center of the distal tibia
and directed normal to the flexion-extension axis. Euler angles and translation vectors for the
tibia were calculated using the Optotrak Image Analysis System software.

TF Pressure Sensors
The K-Scan thin-film pressure sensor (4000/2594T1/1500; Tekscan, Inc., South Boston, MA)
was used to measure compression forces in the medial and lateral TF compartments of each
knee (Fig. 1). The pressure in each compartment was multiplied by the contact area to get the
average force in each compartment at the respective knee flexion angles. The forces measured
in each compartment were summed to obtain the total TF compressive force. The K-scan output
was calibrated using a cadaver specimen on which known loads were applied through each
condyle with a MTS 810 Material Test System as previously described (Prairie Eden, MN).4

Laxity Testing
When performing laxity-based tensioning protocols, AP laxity was measured by applying AP-
directed shear loads to the proximal tibia relative to the distal femur using a custom hand-held
load applicator (Fig. 1). The load applicator utilizes a 100lb load cell (Sensotec; Model 31/
F210-01-01, Columbus OH) to measure the AP shear loads applied to the knee. The test was
performed between the posterior shear load limit of −90N and an anterior shear load limit of
+130N. During the laxity testing, only the knee flexion angle (20° of flexion) was constrained.
The resulting AP displacement was measured using the Optotrak system. The axis of AP
translation was relative to the tibia and was defined as the line normal to both the flexion-
extension axis and the internal-external tibial rotation axis. All laxity tests were performed
after five knee flexion-extension cycles for preconditioning.

Initial Graft Tension Protocols
Laxity- and force-based initial graft tension approaches were investigated (Fig. 2). With the
“laxity-based” approach, two initial graft tension conditions were compared: 1) a graft tension
level that restored the AP laxity of the reconstructed knee to that of the normal knee (the
“LaxNorm” condition), and 2) a graft tension level that reduced the AP laxity by 2mm in
comparison to the normal knee (the “LaxTight” condition). For the “LaxNorm” condition, the
tension was applied to the graft with the knee at 0° flexion, a position in which the ACL supports
a high load or strain.12 After an initial tension level was selected, the knee was flexed to 20°
and the AP laxity test was repeated and compared to that of the ACL-intact knee. The tension
was adjusted iteratively until the AP laxity of the reconstructed knee matched that of the ACL-
intact knee. For the “LaxTight” condition, the tension was applied with the knee at 30° of
flexion, a position in which the ACL carries very little load.12 The tension was adjusted until
the AP laxity value at 20° of flexion was 2mm less than the ACL-intact knee. The tension
values applied during the laxity-based tensioning procedures were not recorded.

When using the “force-based” approach, two initial graft tension conditions were compared:
1) 25N (the “Ten25” condition) and 2) 50N (the “Ten50” condition). These values were
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selected because they were utilized in a previous clinical study evaluating the effects of initial
graft tension using patellar tendon autografts.6 In this study, the forces were applied to the
distal end of the graft using the tensioning device while the knee was at full extension (0°).

Experimental Protocol
First, the ACL-intact cadaver specimens were mounted to the testing jig with the Optotrak
LEDs attached. Each knee underwent five pre-conditioning flexion-extension cycles. The TF
kinematics of the normal knee were measured as the knee was passively flexed from full
extension to 110° of flexion (quasi-static increments of 0°, 20°, 40°, 60°, 90°, and 110°). The
AP laxity of the ACL-intact knee (“ACLint”) was then measured with the knee at 20° of flexion.
It should be noted that it was not possible to implant the pressure sensors to measure the TF
compressive loads generated in the ACL-intact, capsule-intact state.

The bone-tendon-bone graft was then harvested (bone blocks: 10mm × 25mm) from the central
third of the patellar tendon, and the remaining quadriceps tendon, patella, and patellar tendon
were removed to facilitate subsequent pressure sensor insertion. The AP laxity measurement
protocol was repeated for the ACL-intact, capsule-open state (“Open”).

Anterior and posterior incisions were made beneath the rim of both menisci to allow the
pressure sensors to be inserted.4 The AP laxity of the TF joint in the ACL-intact, capsule-open,
sensor-implanted (“Open+Tek”) state was then evaluated to ensure that the sensor did not
significantly change the joint laxity response. The quasi-static flexion-extension joint positions
and TF compressive loads in the “Open+Tek” state were then recorded as described above.

Next, the ACL was excised and surgically reconstructed using the 10mm bone-patellar tendon-
bone graft. A cannulated endoscopic drill guide system (Arthrex; Naples, FL) was used to
standardize anatomic graft tunnel placement. All reconstructions were performed with the
capsule open, permitting direct visualization of the femoral over-the-top position from the
anterior perspective into the notch. A 12mm tibial tunnel was created by drilling obliquely
across the anteromedial tibial metaphysic entering the joint at the center of the anatomic ACL
attachment. An 11mm femoral tunnel was formed at the center of the anatomic ACL attachment
by drilling through the intercondylar notch via the anterior capsulotomy while the knee was
hyperflexed. The tibial tunnel diameter was made 1mm greater to minimize friction with the
ACL bone-tendon-bone graft during the graft tensioning procedure.4 Once the graft was passed
through the joint, the proximal bone block was fixed within the femoral bone tunnel using a
9×20mm titanium interference screw (Arthrex; AR-1390T, Naples, FL). Care was taken to
ensure that the tendinous portion of the bone block was pressed against the posterior aspect of
the femoral tunnel, and that no axial twist was introduced into the graft. The distal end of the
graft was positioned within the tibial tunnel and secured via #2 FiberWire (Arthrex; Naples,
FL) to a custom tensioning device rigidly mounted on the anterior-medial aspect of the tibia.
13 The tensioning device was aligned and attached to the anteromedial tibia at the entrance
site of the tibial tunnel using 1mm k-wires. The graft tension approaches and conditions were
randomized using a random number generator (Fig. 2). The TF compressive forces were
measured for each of the four initial graft tension conditions (LaxNorm, LaxTight, Ten25,
Ten50) when the knee was positioned at 0°, 20°, 40°, 60°, 90°, and 110° of flexion.

Statistical Analysis
A two-way repeated measures ANOVA was employed to compare the TF compressive forces
of the ACL-intact knee (Open+Tek) with those of the reconstructed conditions, and to
determine the difference between tension conditions. The ANOVA was designed to evaluate
TF compression loads as a function of knee joint status and flexion angle within specimens.
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Pair-wise comparisons between treatment groups at specific knee flexion angles were
examined using the Holm-Sidak method (SigmaStat 3.5; Systat Software, Inc., San Jose CA).

For the laxity-based approach, AP laxity values with the knee flexed at 20° were also compared
between initial graft tension conditions and the ACL-intact conditions (ACLint, Open, Open
+Tek) using a one-way repeated measures ANOVA. Pair-wise comparisons between treatment
groups were made using the Holm-Sidak method. This analysis enabled comparisons between
the laxity values of the two ACL reconstruction treatments and the ACL-intact condition
(ACLint), and determined if differences in AP laxity values resulted between the ACLint,
Open, and Open+Tek conditions, ensuring that the sensor had minimal impact on the laxity
measurements.

A power analysis was performed a priori to determine the sample size required to detect a
clinically relevant difference between treatment groups using an estimate of the contact force.
The variability (standard deviation) in contact force was assumed to be 22N across specimens
from the TF contact force measurements performed by Singerman et al.14 It is likely that the
variation within a specimen would be less than that value. Thus, it was possible to detect a
difference of 20N between experimental conditions with a sample size of 11 specimens. The
expected difference of 20N seemed reasonable, considering that a difference in initial graft
tension of approximately 25N is required to produce a 2mm difference in AP laxity.15 This
would correspond to a difference in compression force greater than 24N when the knee is in
full extension.16

RESULTS
TF Compression Forces

The TF compressive forces for all of the initial graft tension conditions followed a repeatable
pattern that was consistent with that of the normal ACL during passive extension motion of
the joint (Fig. 3). On average, the TF compressive forces were less than 20N from 110° to
approximately 20° of flexion, and they rapidly increased as the knee was brought into full
extension (0°).

The TF compressive forces produced by the different initial graft tension protocols were knee
flexion angle dependent (interaction p<0.001). The laxity-based tension conditions produced
the highest TF compressive forces (Fig. 3a). On average, the TF compressive forces for the
LaxTight and LaxNorm conditions were 429% (p<0.001) and 159% (p<0.001) more than that
of the ACL-intact knee, respectively, when the knee was in extension (Table 1). The force-
based conditions produced forces that were significantly elevated relative to the ACL-intact
knee (Ten50 = 105% greater; p=0.01) and Ten25 = 50% greater; p=0.03) when the knee was
in extension (Fig. 3b). With the knee at 20° of flexion, only the LaxTight condition was
significantly greater than normal (p=0.002). No differences were found between any tension
condition and the normal knee with the knee at 40°, 60°, 90° or 110° (p>0.64). A post-hoc
power analysis based on the values obtained in this study found that it was 99% powered to
detect the differences in TF compressive loads that were measured.

AP Laxity
The laxity-based tension conditions produced significantly different AP laxity values
(p<0.001). The LaxNorm condition resulted in a joint with 2.8±2.6mm (mean±standard
deviation) greater AP laxity than that of the LaxTight condition (Fig. 4).

On average, the AP laxity values of the LaxTight condition were 11% lower than that of the
ACLint joint, though this was not a significant decrease (p=0.37). The LaxTight condition
produced a joint that was 0.6±1.9mm less than the ACLint joint (Fig. 4).
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The AP laxity values of the LaxNorm condition were 35% greater than that of the ACLint joint
(p=0.004). The LaxNorm condition produced a joint that was 2.1±2.5mm greater than the
ACLint joint (Fig. 4).

No significant differences were found between the three ACL-intact conditions (ACLint, Open,
Open+Tek)(Fig. 4). There was an 8% increase in laxity when the capsule was opened relative
to the ACLint state (p=0.48). When the menisci were violated to insert the pressure sensors,
there was an additional 5% increase (p=0.60). No significant difference was found between
the Open+Tek and ACLint states (p=0.22).

DISCUSSION
We evaluated two laxity-based and two force-based protocols that are used clinically for the
reconstruction of the ACL with bone-patellar tendon-bone graft. We hypothesized that the
laxity-based protocol that restored normal joint kinematics would best approximate the normal
TF compressive forces over the range of passive flexion-extension motion. However, the data
did not support our hypothesis. The laxity-based initial graft tension protocols produced the
highest TF compressive forces with the knee near extension as compared to the two force-
based protocols. All initial graft tension conditions, except for the 25N initial graft tension
condition (Ten25), were significantly greater than normal. In the flexed knee (from 40° to
110°), there were no differences between the four initial graft tension conditions and the ACL-
intact knee (Open+Tek). Although we did not measure the laxity values for the force-based
initial graft tension protocols, the laxity values would be greater than those of the two laxity-
based tension conditions.13 This raises an unresolved conflict: Should surgeons attempt to
restore normal AP laxity, or to restore normal TF contact conditions when performing ACL
reconstruction?

There are several surgical parameters, including graft placement and graft tension, which are
known to influence the AP laxity3, 13, 17–20 and TF compressive forces of the joint4 at the
time of surgery. The long-term effects of graft placement on surgical outcome have also been
assessed, though the mixed findings are possibly due to the sensitivity of the outcome measures
or the interactions of confounding factors.21–24 Nonetheless, cadaver studies have shown that
graft placement influences the graft tension pattern during passive flexion-extension, while an
increase in graft tension will not alter the shape of the pattern but only shifts the loads higher.
3, 13 Because these two parameters interact with each other, we attempted to control graft
position so we could independently look at the effects of graft tension. A commercially
available trans-tibial drill guide system was used to create the femoral tunnels in all specimens.
The procedure was performed with the joint opened anteriorly so that we were able to visualize
the native insertion of the ACL. A femoral drill guide with a 6 mm offset aimed at the 10:30
or 1:30 positions was used. The resulting TF compressive force patterns of the ACL-
reconstructed knees were consistent with one another (Fig. 3) and thus the changes observed
were primarily due to the initial graft tension conditions. Our finding that the TF compressive
force in the extended knee for the LaxNorm condition was greater than that of the ACL-intact
knee may suggest that small errors in graft placement, at least for single bundle ACL
reconstruction, may have an impact on TF compressive forces.

Little is known about the effects of initial graft tension on TF compressive forces.4 Due to
orientation of the ACL relative to the tibia and femur, it is clear that an increase in initial graft
tension will increase the TF compressive forces while decreasing the laxity of the joint.16
Results from the present study support this hypothesis. A previous study determined that a low
initial graft tension (1-15N with the knee at extension) was sufficient to restore the TF
compressive load when the knee was in full extension.4 Based on our present study, this value
would be insufficient to restore the AP laxity of the joint. For the LaxNorm condition, an initial
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graft tension of 87±38N when applied at 0° of flexion was needed which is significantly greater
that those produced for the two force-based initial graft tension protocols (Fig. 3).

In this study, the relationship between initial graft tension, the TF compressive force and AP
laxity were evaluated at the time of surgery. However, it is well known that the grafts undergo
stress relaxation after fixation due to the viscoelastic response of the tissue. 25–27 Cicconi et
al has shown that the tension and stiffness of hamstring tendon grafts will to approximately
50% and 80% following stress relaxation which in turn would result in an increase in knee
laxity. Likewise, cyclic creep can occur with initial cycling of the knee 10. These viscoelastic
changes will result in an increase in joint laxity. Preconditioning was performed in this study
to minimize these changes, though increases in laxity were still observed. The implications of
this from a biological perspective are not known. A graft that is over-tensioned will produce
higher forces on the articular cartilage. The graft may also be subject to fiber failure during the
initial healing stage as part of the healing process. A graft that is under-tensioned may permit
excessive sliding between the articular surfaces. In a graft that is loose, it is possible that
myofibroblast could improve laxity in the long term.28 Clinical studies are needed to resolve
these questions.

There have been four prospective randomized clinical trials investigating the effects of force-
based initial graft tension protocols on AP laxity and clinical outcome following ACL-
reconstruction.6–9 Caution should be used when comparing the Time 0 results of a cadaver
study to those of a clinical study in which healing is present. Nonetheless, two found significant
differences in AP laxity after two years of healing when comparing high and low initial graft
tensions conditions,8, 9 while two did not.6, 7 It should be noted that in those studies in which
no differences were reported after healing, the differences in initial graft tension conditions
were relatively small (20N to 25N),6, 7 and no differences in AP laxity values were observed
soon after graft fixation.6 A clinical study which evaluates long-term cartilage changes
following different initial graft tension conditions is warranted to settle which initial graft
tensioning technique and condition provides the best profile in terms of knee joint function and
cartilage degeneration.

There are several limitations that should be considered when interpreting our data. In a cadaver
model, the TF compressive forces are relevant to those produced at the time of surgery.
viscoelastic changes occur after fixation. 10, 15, 25–27 We attempted to minimize this effect
by preconditioning the joint by flexing and extending the joint and interatively resetting the
tension until the graft load did not drop off.4 However, increases in laxity were still observed.
The order of testing between the initial tension conditions was also randomized to minimize
these biases.

Cadaver models do not consider the healing response of the graft and the subsequent changes
induced in the cartilage. However, it is important to characterize the time zero response so that
clinical studies can be performed to evaluate these long-term healing effects.

The TF compressive forces were measured during passive extension motion of the joint without
simulating the muscle forces. However, TF motion is guided primarily by the cruciate linkage
when the knee is passively flexed and extended.29 Therefore, passive extension motion
provides a relevant indicator of graft function and baseline data for more complicated in vivo
loading situations.

The TF compressive forces were directly measured using thin-film pressure sensor technology.
Although the sensor elements have a thin profile for easy insertion between the surfaces of the
medial and lateral compartments (thickness = 0.1mm), it is necessary to make incisions in the
anterior and posterior capsule partially detaching the meniscus coronary ligament attachment
from the tibia in order to slide them into place. Because the tibial plateau is not flat, it is possible
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that slight bending or sensors could occur which could introduce artifact. This problem was
minimized however since the calibrations were performed on a knee specimen under similar
conditions. Likewise, comparisons were made between treatments within a specimen. To
ensure that these anterior and posterior incisions had minimal impact, laxity measurements
were performed in the ACL-intact knee with and without the sensors in place. Although there
was a slight increase in joint laxity when the incisions were made, the increase was not
significant. The calibration of these sensors can also be difficult because their output is
dependent on several factors including the stiffness and geometry of the contacting surfaces.
30–32 To minimize these effects, calibrations were performed in a human knee where the
forces could be directly applied and measured using a material testing protocol.4

Finally, graft fixation was different than the clinical situation. Although the proximal bone
block of the graft was secured with an interference screw, the distal bone block was attached
via sutures to the tensioning device rigidly mounted to the anterior aspect of the tibia. FiberWire
was selected since it is relatively non-compliant. Nonetheless, suture compliance could
artificially increase the laxity values and hence reduce the TF compressive force values. Other
sources of increased laxity could be toggling of the 10 mm bone block within the 12 mm tibial
bone tunnel or differences in the linear stiffness of the ACL and patellar tendon graft. Clinically,
firm tension on the graft with the knee at 30° produces a knee that is 2mm less than that of the
contralateral (ACL intact) knee.33 When firmly tensioning it in extension, AP laxity is restored
at the time of surgery.34 In this study, a 2mm difference in laxity was present but the LaxTight
condition was closer to normal and the LaxNorm condition was 2mm greater than normal. This
could be due to the invasiveness of the pressure measurement technique and/or viscoelastic
changes in the graft-suture construct.10, 15, 25 Since the TF compressive forces were greater
than the normal knee, this potential concern is minimized.

CONCLUSIONS
The results of this study demonstrate that initial graft tension conditions influence TF
compressive forces at the time of surgery, and that clinically relevant initial graft tension
conditions produce different TF compressive forces.
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Fig. 1.
A. Schematic showing the test fixture used to support the knee throughout the range of
motion4. B. AP laxity tests were performed with the knee within the same fixture with the knee
locked at 20° of flexion. A load applicator was used to apply the shear loads to the proximal
tibia relative to the femur.
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Fig. 2.
Overview of the experimental design. LaxNorm = Normal Laxity; LaxTight = laxity
constrained by 2mm; Ten25 = 25N tension; Ten50 = 50N tension. The four test conditions
were performed in a random order.
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Fig. 3.
When the knee was at full extension (0°), all of the initial graft tension conditions produced
significantly greater TF compressive forces than the ACL-intact knee. At 20°, only the laxity-
based LaxTight condition was significantly greater than normal (A). On average the force-
based approach more closely restored the TF compressive forces across the joint (B). The error
bars represent 1 standard error. * indicates a significant difference (p<0.03).
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Fig. 4.
A significant difference was found between the two laxity-based tension conditions. No
differences were seen between the ACL-intact (ACLint), ACL-intact with capsule-open
(Open), or ACL-intact with capsule open and tekscan inserted (Open+Tek).
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