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Background: Recent studies have emphasized the importance of anatomic tunnel placement during anterior cruciate ligament
(ACL) reconstruction in an effort to restore normal knee kinematics and stability. Secondary to the constraints imposed by a cou-
pled drilling technique, the ability to achieve an anatomic femoral tunnel during transtibial hamstring ACL reconstruction may be
limited.

Hypothesis: The size limitations imposed by the small-diameter tibial tunnel used in hamstring ACL reconstruction would pre-
clude the ability to place an anatomic femoral tunnel.

Study Design: Descriptive laboratory study.

Methods: In a descriptive laboratory study, fresh-frozen human cadaveric knees fixed at 90� of flexion were dissected to expose
the centers of the native femoral and tibial ACL insertions. The geometry and location of each insertion were evaluated. Using
a standardized starting point, tibial tunnels were drilled to the center of the tibial insertion using an 8-mm reamer. Next, a
6-mm over-the-top guide was used to position as close as possible to the anatomic femoral ACL insertion on the lateral wall,
and femoral tunnels were drilled with the 8-mm reamer. For each tunnel, the location, geometry, and percentage overlap with
the native insertion site were evaluated using a 3-dimensional laser scanner.

Results: The reamed tibial tunnel was central within the insertion site, occupying 40.4% 6 2.0% of the native tibial insertion.
Transtibial drilling resulted in femoral tunnels that were superior and posterior compared with the native femoral insertion.
The femoral tunnel had a mean 6 SD overlap of 30.0% 6 12.6% with the femoral insertion, with the center of the tunnel
7.6 6 0.5 mm from the center of the native ACL femoral insertion.

Conclusion: Based on our data using our specific starting point, during hamstring ACL reconstructions, the constraints imposed
by a coupled drilling technique result in nonanatomic femoral tunnels that are superior and posterior to the native femoral
insertion.

Clinical Relevance: Anatomic femoral tunnel placement during hamstring ACL reconstructions may not be possible using a cou-
pled, transtibial drilling approach.
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Secondary to an improved understanding of normal intra-
articular knee anatomy and kinematics coupled with
advances in surgical instrumentation and technique,
ACL reconstruction has evolved considerably over the

past 2 decades.5,14 Although double-bundle ACL recon-
struction has garnered recent interest, the single-bundle
endoscopic transtibial approach remains the gold standard
and most commonly used operative technique among
orthopaedic surgeons in the United States.7,17 In an effort
to replicate the function of both the anteromedial and pos-
terolateral bundles of the ACL with a single-bundle recon-
struction, the surgical goal is to create a single tunnel
positioned within the anatomic center of the native femoral
footprint.

Proper positioning of the femoral tunnel during ACL
reconstruction is paramount, with nonanatomic tunnel
placement cited as the most common cause of clinical fail-
ure secondary to pain and persistent instability.3,10,23

Recent clinical and biomechanical studies have questioned

yAddress correspondence to Nikhil N. Verma, MD, Division of Sports
Medicine, Rush University Medical Center, 1611 West Harrison St, Chi-
cago, IL 60612 (e-mail: nverma@rushortho.com).

*Division of Sports Medicine, Rush University Medical Center, Chi-
cago, Illinois.

The authors declared that they had no conflicts of interest in their
authorship and publication of this contribution.

The American Journal of Sports Medicine, Vol. XX, No. X
DOI: 10.1177/0363546510395488
� 2011 The Author(s)

1

 AJSM PreView, published on February 18, 2011 as doi:10.1177/0363546510395488



the ability of the transtibial operative technique to ade-
quately create an anatomic femoral tunnel secondary to
the dependence and limitation of femoral tunnel position-
ing on the tibial tunnel. Studies by Pearle et al18 and
Brophy et al8 demonstrate that single-bundle reconstruc-
tions performed with a transtibial technique have a ten-
dency for vertical graft orientation secondary to the
constraints imposed by the tibial tunnel. Although modi-
fications to the conventional transtibial technique such
as posterolateral beveling of the tibial tunnel and using
a more colinear, proximal, and medial tibial starting point
have been used to improve femoral tunnel positioning,
these have been employed primarily with the 10- or
11-mm tunnels created for bone-patellar tendon-bone
reconstructions.12,19 At the present time, few data are
available on whether these operative technique modifica-
tions are applicable to the smaller tunnel sizes (7-8 mm)
used for hamstring ACL reconstruction.

The purpose of the current cadaveric study was to
define the location of the center of the anatomic ACL tib-
ial and femoral insertions relative to standard intraoper-
ative landmarks using 3-dimensional imaging and
investigate whether an anatomic femoral tunnel could
be created with a transtibial surgical technique using
the smaller tunnel sizes typically used during hamstring
ACL reconstruction. We hypothesized that the anatomic
center of both the femoral and tibial ACL footprints could
be precisely located and related to available intraopera-
tive structures and that the size limitations imposed by
the small-diameter tibial tunnel used in hamstring ACL
reconstruction would preclude the ability to place an ana-
tomic femoral tunnel.

METHODS

Seven fresh-frozen adult knee specimens (mid-femur to
mid-tibia, 4 right, 3 left) without ligamentous injury or sig-
nificant degenerative joint disease were obtained and
thawed over a 24-hour period before testing. There were 4
male specimens and 3 female specimens with a mean age
of 53.7 years. Each femur and tibia was mounted at 90� of
flexion using a custom testing apparatus (Figure 1). Once
mounted, each specimen had its extra-articular soft tissues
removed along with the patella and patellar tendon. The
medial femoral condyle was then carefully removed using
an oscillating saw exposing the intercondylar notch. Next,
the ACL was sharply removed with a #10 scalpel, leaving
the femoral and tibial insertion sites intact for subsequent
analysis.

Evaluation of the Anterior Cruciate Ligament
Insertion Sites

The anterior-posterior and medial-lateral dimensions of
both the femoral and tibial insertion sites of the ACL
were measured using a digital caliper with a resolution
of 0.1 mm and an accuracy of 0.05 mm (Avenger 6$ Digital
Caliper; Avenger Products, Boulder City, Nevada). The

periphery and center of each insertion site were then
marked using an electrocautery device allowing for the dig-
itization of each site with a NextEngine 3-dimensional
desktop scanner (NextEngine, Inc, Santa Monica, Califor-
nia) (Figure 2). The insertion sites were also sprayed
lightly with an aerosol powder to decrease glare and
enhance the accuracy of the scan, as recommended by
the manufacturer.

Scans were initially viewed using the Scanstudio HD
(NextEngine, Inc) and later analyzed using Rapidform
Explorer software (INUS Technology, Seoul, Korea)
(Figures 3 and 4). According to the manufacturer, the
NextEngine scanner has a resolution of 0.005 inches
when used on the macro setting with the object of interest
placed 6.5 inches from the face of the scanner. We inter-
nally assessed the accuracy of the scanner by creating
a 3-dimensional scan of the digital caliper while measuring
an object of known size and then verified that the dimen-
sions of the object, as measured by the digital caliper,
matched the dimensions as measured by the Rapidform
Explorer software.

The femoral and tibial native insertions on the digitized
images were outlined, and then the surface areas and cent-
roids of the insertions along with the relative distances
between them were measured. Additional anatomic meas-
urements were then made using both the digital caliper
and the digitized, scanned image for each insertion site.
For the tibial insertion of the ACL, measurements included
the distance to the anterior aspect of the posterior cruciate
ligament and the distance to the posterior aspect of the
anterior horn of the lateral meniscus. For the femoral
insertion of the ACL, measurements included the distance
to the posterior wall of the intercondylar notch, the dis-
tance to the roof of the intercondylar notch, the distance
to the inferior aspect of the lateral femoral condyle, and
the distance to the anterior aspect of the lateral femoral
condyle.

Creation of the Tibial Tunnel

Using a standardized starting point found in a previous
study to allow anatomic femoral tunnel position with
transtibial drilling using an 11-mm tibial tunnel, a guide
pin was inserted using a tip-aiming device.19 In this previ-
ous cadaveric laboratory study, a digitizer and computer
navigation were used to determine a starting point that
would result in zero mismatch when using a bone-patellar
tendon-bone graft reconstruction. As many orthopaedic
surgeons use their usual bone-patellar tendon-bone surgi-
cal approach for hamstring reconstructions, this zero-
mismatch starting point was chosen to allow for consis-
tency in the current laboratory experiment while reproduc-
ing a clinically relevant situation. This starting point was
33.0 mm below the edge of the medial plateau, 5.7 mm
above the superior border of the pes anserinus tendons,
8.3 mm posterior to the medial margin of the tibial tubercle,
and 23.1 mm from the anterior margin of the medial collat-
eral ligament (Figure 5). The tip-aiming device allowed for
guide pin placement in the center of the native ACL
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insertion. The guide pin was then overreamed using an
8-mm cannulated reamer (Arthrex, Inc, Naples, Florida).

The dimensions of the reamed tibial tunnel were then
measured using the digital caliper and the specimen was

rescanned with the 3-dimensional optical scanner. The dig-
itized, scanned image was then assessed for tunnel dimen-
sions and surface area. The percentage of coverage of the
native ACL tibial insertion site by the reamed tibial tunnel
was then calculated.

Creation of the Femoral Tunnel

A 6-mm offset guide (over-the-top guide) was then inserted
through the reamed tunnel to simulate a transtibial ACL
reconstruction. Once the tip of the guide was hooked

Figure 1. Adult knee specimen mounted at 90� of flexion
using a custom testing apparatus.

Figure 2. Digital image of a mounted specimen after periph-
ery of the anterior cruciate ligament is marked, in addition to
calculated center of the footprint, before guide pin placement.

Figure 4. Image created by NextEngine 3-dimensional desk-
top scanner before calculation of the dimension of the ACL
femoral footprint.

Figure 3. Image created by NextEngine 3-dimensional desk-
top scanner before calculation of the dimension of the ACL
tibal footprint.
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around the posterior wall of the intercondylar notch, the
guide was maximally rotated in an attempt to place the fem-
oral tunnel guide pin as far inferior on the lateral wall of the
intercondylar notch as possible. The guide pin was then
inserted and the offset guide removed. The position of the
guide pin was then assessed with respect to the native cen-
ter point of the ACL femoral insertion. The digital caliper
and 3-dimensional optical scanner were used to measure
the distances between the guide pin and the posterior wall
of the intercondylar notch, the roof of the intercondylar
notch, the inferior aspect of the lateral femoral condyle,
and the anterior aspect of the lateral femoral condyle.

The guide pin was then overreamed transtibially using
an 8-mm reamer (Acorn reamer; Arthrex, Inc) followed by
removal of the guide pin. The dimensions of the reamed
femoral tunnel were then measured using the digital cali-
per in addition to measurement of the distances between
the reamed tunnel and the posterior wall of the intercondy-
lar notch, the roof of the intercondylar notch, the inferior
aspect of the lateral femoral condyle, and the anterior
aspect of the lateral femoral condyle. The specimen was
then rescanned with the 3-dimensional optical scanner,
allowing for these measures to be repeated using the digi-
tized, scanned image in addition to an assessment of the
reamed tunnel’s surface area. The percentage overlap of
the reamed femoral tunnel and the native ACL femoral
insertion site was then calculated.

Data Analysis

For each measurement at each stage of the experimental
model, the mean of the values obtained by each assessment
method (caliper and 3-dimensional optical scanner) was
recorded in millimeters. Mean values for the series of 7
specimens were calculated 6 standard deviations.

RESULTS

The overall surface area of the ACL tibial footprint was
137.8 6 2.6 mm2 with the longest dimension in the
anterior-medial to posterior-lateral plane (15.6 6

0.4 mm). The width (anterior-lateral to posterior-medial)
was 11.1 6 0.4 mm. The distance from the most posterior
aspect of the ACL footprint to the anterior PCL was
5.4 6 0.4 mm (range, 4.7-5.8 mm) and from the center
aspect of the ACL footprint to the anterior PCL was
13.3 6 0.4 mm (range, 12.7-13.7 mm). In regards to the
anterior horn of the lateral meniscus, the periphery was
4.9 6 1.1 mm (range, 4.1-5.7 mm), and the center of the foot-
print was 2.7 6 0.3 mm (range, 2.2-3.1 mm) (Figure 6A).

After the tibial tunnel was reamed with an 8-mm
reamer, the reamed tibial tunnel had a longest dimension
in the anterior-medial to posterior-lateral dimension of
8.1 6 0.1 mm and shortest dimension of 7.6 6 0.2 mm.
The overall surface area of the reamed tunnel was 55.9 6

2.3 mm2 with a percent overlap with the native ACL inser-
tion of 40.4% 6 2.0%.

The longest dimension for the ACL femoral footprint
was proximal-posterior to distal-anterior and measured
14.4 6 0.3 mm. The shortest dimension was 10.0 6

1.2 mm. The overall surface area was 100.6 6 2.3 mm2.
The distance from the periphery of the insertion to the
back wall was 2.9 6 0.3 mm (range, 2.6-3.4 mm), to the
roof (defined as the 12 o’clock position) was 3.2 6 0.8 mm
(2.7-3.8 mm), to the inferior cartilage of the lateral femoral
condyle was 2.6 6 0.8 mm (2.2-2.9 mm), and to the anterior
wall was 7.9 6 0.4 mm (7.3-8.4 mm) (Figure 6B).

In comparing the calculated center of the native femoral
ACL footprint to the position of the transtibial guide pin
prior to reaming, there was overall a 7.6 6 0.5-mm dis-
tance with the transtibial guide pin being located superior
and posterior to the native center. Specifically, the native
center was 8.7 6 1.2 mm from the back wall compared
with 5.7 6 0.5 mm for the guide pin. Distance to the roof
(12 o’clock position) was 8.6 6 0.4 mm for the native center
compared with 4.5 6 0.7 mm for the guide pin. Additional
comparisons between the native ACL femoral center to the
transtibial guide pin location were 6.9 6 1.3 mm vs 8.0 6

0.5 mm for the distance to the inferior cartilage and 15.2
6 0.7 mm vs 21.8 6 1.5 mm for the distance to the anterior
wall, respectively (Table 1).

After being reamed with an 8-mm reamer, the overall
surface area of the femoral tunnel was calculated to be
48.1 6 1.6 mm2. The longest dimension was proximal-
posterior to distal-anterior and measured 8.0 6 0.1 mm,
whereas the shortest dimension was 7.5 6 0.2 mm. The
percent overlap with the native ACL femoral insertion
was 30.0% 6 12.6%, overlapping only the most posterior-
superior portion (Figure 7). The respective distances from
the periphery of the tunnel to intra-articular landmarks
were 2.6 6 0.2 mm to the back wall, 1.9 6 0.4 mm to the
roof (12 o’clock position), 5.9 6 0.8 mm to the inferior car-
tilage, and 16.4 6 1.6 mm to the anterior wall.

DISCUSSION

The principle finding of this study is that transtibial dril-
ling with smaller (8-mm) tunnel sizes results in nonana-
tomic femoral tunnel placement in a posterior, superior
position compared with the native insertion. In addition,
the previous emphasis on minimizing back wall size
when drilling a femoral tunnel may be misguided, as the
native center of the femoral ACL insertion is located an
average of 8.7 mm from the posterior back wall of the
femur. Thus, if a guidewire is to be placed at the center
of the femoral insertion, an 8-mm offset guide would be
required.

The conventional transtibial single-bundle technique
for ACL reconstruction has been the gold standard for
the past 2 decades, resulting in good to excellent outcomes
in 80% to 95% of cases.1,7 Despite this high level of success,
a growing body of literature has questioned whether this
technique sufficiently re-creates the anatomy and function
of the native ACL.7,16,22 Although anteroposterior stability
is typically restored with a single-bundle reconstruction,
rotational instability and a persistent pivot shift may still
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be present postoperatively if the anatomic footprints of the
native ligament are not accurately replicated.5-7,16,18 Recent
biomechanical studies have suggested that grafts positioned
centrally within the native tibial footprint and low on the
lateral wall of the intercondylar notch in the center of the
native femoral footprint will more closely re-create the nor-
mal ligament’s stability and graft-tension relationship than
traditionally oriented single-bundle grafts.16,20

The primary criticism of the transtibial approach dur-
ing ACL reconstruction has been the ability of the surgeon
to obtain an anatomic femoral tunnel position through the
tibia. The limitations of linear surgical instrumentation
coupled with the constraints imposed by the tibial tunnel
have often led to femoral tunnels that are vertical and non-
anatomic.4,6,9,18 The implications of a vertical graft posi-
tion have been reported in recent clinical and
biomechanical studies, demonstrating less effective resis-
tance to applied rotatory loads and lower International
Knee Documentation Committee (IKDC) knee scores com-
pared with lower, more horizontally oriented reconstruc-
tions.13,16 Although modifications to the conventional
surgical technique such as posterolateral beveling of the
tibial tunnel and using a more colinear, proximal, and
medial starting point have been used to improve femoral
tunnel positioning, these have been employed primarily
with the 10- or 11-mm tunnels created for bone-patellar
tendon-bone reconstructions.12,19 We have previously eval-
uated the ability to achieve anatomic femoral tunnel place-
ment with a transtibial technique using an 11-mm tibial
tunnel. We found that using a more proximal starting
point on the tibia resulted in 88% coverage of the native
femoral footprint by the femoral tunnel. It is likely that tib-
ial size in comparison with the offset aimer allows for

Figure 5. Standardized starting point for creation of the tibial
tunnel, 33.0 mm below the edge of the medial plateau,
5.7 mm above the superior border of the pes anserinus ten-
dons, 8.3 mm posterior to the medial margin of the tibial
tubercle, and 23.1 mm from the anterior margin of the medial
collateral ligament.

Figure 6. Measurement of distances to intra-articular land-
marks relative to the tibial (A) and femoral (B) ACL origins.

Figure 7. Reamed femoral tunnel positioned posterior and
superior relative to the native femoral ACL footprint.
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rotation of the femoral aimer into a more distal femoral
position. Our hypothesis for the present study was that
when drilling smaller tunnel sizes typically used during
hamstring reconstruction, the smaller tibial tunnel size
would limit appropriate access to the anatomic femoral
position. At the present time, few data are available on
whether these operative technique modifications are appli-
cable to the smaller tunnel sizes used for hamstring ACL
reconstruction.

Data from the present cadaveric study demonstrate that
when using the smaller tunnel size typically utilized with
hamstring ACL reconstructions, the constraints of the tib-
ial tunnel limit the surgeon’s ability to create an anatomic
femoral tunnel when drilling transtibially. Despite using
a tibial starting point that provided a more colinear
approach to the femoral footprint, transtibial drilling of
the femoral tunnel using an over-the-top drill guide had
a tendency to place the tunnel in a superior and posterior
position relative to the center of the native footprint.
Despite best efforts to bring the over-the-top guide as low
and lateral as possible before guide pin placement, the
resultant reamed femoral tunnel had a mean overlap of
only 30% with the femoral footprint. This limited coverage
is likely due to more vertical tunnel placement in combina-
tion with the smaller oblique tunnel aperture that is cre-
ated with a smaller size reamer in comparison with
larger sizes used during bone-patellar tendon-bone recon-
structions. Because hamstring grafts provide a relatively
smaller restoration of the ACL footprint compared to
bone-patellar tendon-bone grafts, central tunnel placement
is more critical15; this study suggests that to achieve an
anatomic femoral tunnel, an alternative to the transtibial
approach must be used.

In addition, previous recommendations for femoral tun-
nel placement when performing transtibial ACL recon-
struction have emphasized posterior placement of the
femoral tunnel by minimizing the size of offset aimer.21

The goal was to create a 1- to 2-mm back wall to allow
for adequate graft fixation. On the basis of the measure-
ments of the current study, this emphasis on posterior
placement appears misguided. The native center insertion
point of the femoral ACL footprint is nearly 9 mm anterior
to the back wall of the femoral notch. Thus, if a 6-mm offset
guide is selected and an 8-mm tunnel is created, the result-
ing guidewire would be in a posterior position compared
with the native center insertion site. The results of this
study would suggest that a more anterior guidewire posi-
tion is desirable to achieve anatomic tunnel placement.

In an attempt to better re-create the anatomic femoral
footprint, some authors have advocated using an antero-
medial portal for femoral tunnel drilling. In a recent cadav-
eric study, Gavriilidis et al11 demonstrated that tunnels
drilled through the anteromedial portal more accurately
re-created the native femoral footprint than those drilled
through the standard transtibial technique. Improved
positioning of the femoral tunnel using an anteromedial
portal approach was confirmed radiographically by Dargel
et al9 in their series of 70 patients. The authors demon-
strated that in patients whose ACL reconstruction was
performed with a transtibial technique, the femoral tunnel
was in the ideal position in 57% of cases compared to 86%
of cases when the anteromedial approach was used. Clini-
cal benefits of improved femoral tunnel placement with an
anteromedial portal drilling technique were reported by
Alentorn-Geli et al2 in their retrospective review of 47
patients whose ACL reconstructions were performed using
either the standard transtibial technique (21 cases) or the
anteromedial portal approach (26 cases). In that study,
patients in the anteromedial portal group had significantly
better anteroposterior and rotational knee stability com-
pared with those in the conventional transtibial group, in
addition to higher postoperative IKDC knee scores and
a shorter time to return to athletic activity.

Limitations of the current study include its use of a rel-
atively small number of specimens and its static evaluation
of the ACL. Although we chose 90� of flexion as the most
practical position to evaluate the ACL reconstruction, the
potential biomechanical implications of a normally
dynamic ligament cannot fully be elucidated from a study
design that employs a single knee position. However, we
believe that our findings are clinically applicable as
many surgeons keep the knee in approximately 90� of flex-
ion during drilling of their tunnels for ACL reconstruction.
We are unable to comment on whether different knee flex-
ion angles would have resulted in a more anatomic femoral
tunnel placement as no other position was tested. In addi-
tion, the purpose of this study was to assess the anatomic
position of tunnels in relation to normal ACL footprints,
not the biomechanical performance of the reconstruction.
In addition, in our experimental model, we used a stan-
dardized tibial starting point for creation of the tibial tun-
nel, which was based on previous work in our laboratory
for optimization of tunnel positioning using bone-patellar
tendon-bone graft reconstructions. Although a slightly
more proximal and medial starting point may improve
transtibial access to the native femoral insertion,

TABLE 1
Center of ACL Femoral Footprint vs Transtibial Guide Pin Position (in millimeters, mean 6 standard deviation)

Center of Femoral
Footprint

Transtibial Guide Pin
Position

Center of footprint to back wall 8.7 6 1.2 5.7 6 0.5
Center of footprint to roof (12 o’clock position) 8.6 6 0.4 4.5 6 0.7
Center of footprint to inferior articular margin of lateral femoral condyle 6.9 6 1.3 8.0 6 0.5
Center of footprint to anterior wall of lateral femoral condyle 15.2 6 0.7 21.8 6 1.5
Distance of transtibial guide pin to center of femoral footprint 7.6 6 0.5
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limitations imposed by the skin incision for hamstring har-
vest and concern for fracture into the medial tibial plateau
limit the applicability of significant changes in the starting
point position. In addition, we believe that our experimen-
tal model accurately replicated the common current
practice of surgeons, where typical landmarks for bone-
patellar tendon-bone reconstructions are applied to ham-
string reconstructions.

CONCLUSION

Anatomic placement of the femoral tunnel during ACL
reconstruction is paramount, enabling the surgeon to
restore both anteroposterior and rotational stability to
the injured knee. Findings from the current study using
our specific starting point demonstrate that when using
the smaller tunnels necessary for hamstring graft recon-
struction, the transtibial drilling technique does not allow
the surgeon to position the femoral tunnel within the
native femoral footprint. The constraints imposed by the
small tibial tunnels lead to femoral tunnels that are supe-
rior and posterior to the center of the femoral footprint
with a transtibial drilling technique. Despite best efforts
to rotate the over-the-top guide to improve guide pin posi-
tioning, resultant femoral tunnels had a mean 30% over-
lap with the native femoral insertion site. Future studies
are needed to evaluate whether an alternative method
such as an independent drilling technique through the
anteromedial portal can improve the likelihood of ana-
tomic femoral tunnel positioning when using the smaller
tunnel sizes necessary for hamstring ACL reconstruction.
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