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Background: The femoral insertion of the anterior cruciate ligament (ACL) has direct and indirect fiber types located within the
respective high (anterior) and low (posterior) regions of the femoral footprint.

Hypothesis: The fibers in the high region of the ACL footprint carry more force and are more isometric than the fibers in the low
region of the ACL footprint.

Study Design: Controlled laboratory study.

Methods: Ten fresh-frozen cadaveric knees were mounted to a robotic manipulator. A 134-N anterior force at 30° and 90° of
flexion and combined valgus (8 N-m) and internal (4 N-m) rotation torques at 15° of flexion were applied simulating tests of anterior
and rotatory stability. The ACL was sectioned at the femoral footprint by detaching either the higher band of fibers neighboring the
lateral intercondylar ridge in the region of the direct insertion or the posterior, crescent-shaped fibers in the region of the indirect
insertion, followed by the remainder of the ACL. The kinematics of the ACL-intact knee was replayed, and the reduction in force
due to each sectioned portion of insertion fibers was measured. Isometry was assessed at anteromedial, center, and posterolat-
eral locations within the high and low regions of the femoral footprint.

Results: With an anterior tibial force at 30° of flexion, the high fibers carried 83.9% of the total anterior ACL load compared with
16.1% in the low fibers (P < .001). The high fibers also carried more anterior force than the low fibers at 90° of flexion (95.2% vs
4.8%; P < .001). Under combined torques at 15° of flexion, the high fibers carried 84.2% of the anterior ACL force compared with
15.8% in the low fibers (P < .001). Virtual ACL fibers placed at the anteromedial portion of the high region of the femoral footprint
were the most isometric, with a maximum length change of 3.9 + 1.5 mm.

Conclusion: ACL fibers located high within the femoral footprint bear more force during stability testing and are more isometric
during flexion than low fibers.

Clinical Relevance: It may be advantageous to create a “‘higher’’ femoral tunnel during ACL reconstruction at the lateral inter-
condylar ridge.
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The macroscopic anatomy of the femoral attachment of the observations of the femoral insertion by Iwahashi et al'®
anterior cruciate ligament (ACL) has been studied exten- identified distinct direct and indirect insertional anatomy.
sively, including reports of the shape and size of its inser- The direct insertion is located anteriorly or higher on the
tional footprint.®1326:3338 However, the collagen fiber medial aspect of the lateral femoral condyle and is con-
architecture comprising the ACL attachments has received nected to a bony depression parallel to and immediately pos-
less attention despite its critical role in transmitting load terior to the lateral intercondylar ridge.®° The fiber
from the ACL substance to bone.'®3! Previous histological architecture of the direct insertion suggests that it is an

important load-bearing structure consisting of a band of
dense collagen fibers with a zonal architecture transitioning
The American Journal of Sports Medicine, Vol. 44, No. 10 from ligament to ﬁggocartﬂage'to mmerahzed' ﬁbl.focartllage
DOI: 10.1177/0363546516652876 and then to bone.”” These direct fibers exist in a band
© 2016 The Author(s) extending 5.3 = 1.1 mm posteriorly on average or slightly
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more than half of the distance from the lateral intercondylar
ridge to the posterior femoral articular cartilage.3!

The indirect insertion appeared as a fan-like posterior
extension of the ACL in full knee extension that reached
the margin of the articular cartilage of the lateral femoral
condyle and remained adherent to and lower on the wall
of the intercondylar notch during flexion.?® Histologically,
the indirect insertion consisted of Sharpey fibers that
extended posteriorly to blend into the articular cartilage of
the posterior aspect of the lateral femoral condyle.?® This
tissue was located between the direct insertion and the pos-
terior femoral articular cartilage and had an average width
of 4.4 = 0.5 mm in the anteroposterior direction.>!

The stabilizing role of the direct and indirect portions of
the femoral attachment of the ACL was reported by
Pathare et al.?” Specifically, arthroscopic debridement of
the posterior aspect of the femoral footprint, which
included fibers in the region of the indirect insertion,
yielded minimal increases in anterior translation in
response to uniplanar anterior loads and multiplanar rota-
tory loads simulating a pivot shift.2” Thus, the direct inser-
tion played a dominant role in resisting anterior
translations. Yet how load was distributed across these 2
aspects of the femoral insertion was not explored.

Sectioning the ACL fibers located closer to the lateral
intercondylar ridge at the central proximal region of the fem-
oral attachment caused the largest drop in load (66%-84%) in
response to anterior displacement of the tibia.'® These cen-
tral proximal fibers within the femoral footprint also resisted
about 10% of the internal rotation torque generated when
internally rotating the tibia by 10°. However, this study did
not assess regional load transfer across the femoral insertion
in response to multiplanar valgus and internal rotation tor-
ques, which impart greater loads in the ACL than internal
rotation alone'” and form an important subset of the loads
applied during the pivot shift.”1%252” Moreover, the same tis-
sue sectioning order was used across specimens; this fails to
account for load sharing (ie, physical interaction) across the
ligament midsubstance as described previously.!%%°

Anatomic grafts placed in a less isometric location may
increase graft loads. In fact, registry data indicate that
anteromedial (AM) portal drilling, which may be associ-
ated with “lower” placement of femoral tunnels,® has led
to increased rates of graft failure.?® Therefore, quantifying
load transfer patterns across the femoral footprint in com-
bination with measurements of graft isometry might help
guide graft placement during ACL reconstruction.

The purpose of this study was to (1) quantify the load
transferred across the higher and lower portions of the
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femoral ACL footprint in the respective regions of the
direct and indirect insertion fibers during stability testing
and (2) determine the changes in length of virtual ACL
fibers placed at different tunnel locations within the direct
and indirect femoral insertions during passive flexion. It
was hypothesized that the fibers in the high (more ante-
rior) region of the ACL footprint carry more force and are
more isometric than the fibers in the low (more posterior)
region of the ACL footprint.

METHODS

Ten fresh-frozen human cadaveric knees were used in this
study. The mean age of the specimens was 52.5 years
(range, 29-65 years). Any specimen with evidence of bony
deformity, ligament damage, cartilage degeneration, or
prior surgery was excluded. Specimens were preserved at
—20°C and thawed at room temperature 24 hours before
testing. All soft tissue was removed from the specimens
beyond 10 cm on either side of the joint line. The skin
was removed from the knee joint, and the specimens
were kept moist with 0.9% saline throughout testing. The
tibial and femoral shafts were secured in bonding cement
(Bondo; 3M), and the fixation was augmented with two
3.5-mm screws drilled transversely across each shaft.
The fibula was stabilized with a 3.5-mm screw across the
proximal syndesmosis, just above the cement fixation.
Before testing, all knees underwent axial computed tomog-
raphy (CT) scanning (Biograph; Siemens). Slice thickness
was 0.625 mm.

The knees were mounted to a 6 degrees of freedom
(DOF) robot (ZX165U; Kawasaki Robotics) equipped with
a universal force-moment sensor (UFS) (Theta; ATI). The
femur was rigidly fixed and the tibia was attached to the
robotic arm. Robotic testing protocols, including coordinate
system definitions, have been described previously.'?

The passive flexion path of the intact knee was first
defined from full extension to 90° of flexion by moving the
tibia in 1°-flexion increments relative to the fixed femur.
All knees were tested with clinically relevant loading condi-
tions to simulate commonly performed stability examina-
tions. Therefore, the Lachman and anterior drawer tests
were simulated by applying a 134-N anterior load at 30°
and 90° of flexion, respectively. Multiplanar valgus
(8 N-m) and internal rotation (4 N-m) torques were applied
at 15° of flexion to capture key aspects of the loads applied
during the pivot-shift test.'®?” This 2-torque model of the
pivot shift causes anterior subluxation of the tibia,”1"?5
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a critical feature of the clinical pivot shift.* We alternated
the order of kinematic testing from knee to knee.

The 5-DOF kinematics in response to these loading con-
ditions applied to the ACL-intact knee were recorded. Sub-
sequently, the medial femoral condyle was removed using
a surgical oscillating saw to visualize the femoral insertion
of the ACL. Membranous tissue covering the ACL was
also removed at this stage.2+3* All subsequent testing was
performed with the robot operating in position control,
and thus the position and orientation of the intact knee joint
were the independent variables while loads measured
across the joint were the dependent, measured variables.
Since kinematics of the ACL-intact knee were determined
before removing the medial femoral condyle, the robot could
be instructed to repeat the motion path of the ACL-intact
knee even after removing this portion of the bony anatomy.

A previous description of the relationship between the
histologic and macroscopic anatomy of the ACL3! was
used to define our sectioning protocol referencing the loca-
tion within the femoral footprint of the ACL (high or low).
This was chosen because femoral tunnel location during
ACL reconstruction is based on geographic location on the
medial wall of the lateral femoral condyle. Sasaki et al®!
reported that the direct insertion bordered the lateral inter-
condylar ridge and measured an average of 5.3 mm in an
anteroposterior direction. The indirect insertion commenced
immediately posterior to the direct insertion and measured
an average of 4.4 mm from the posterior aspect of the direct
insertion to the posterior femoral articular cartilage margin.
We therefore divided the femoral ACL footprint between the
lateral intercondylar ridge and the posterior articular carti-
lage in half along a line perpendicular to the intercondylar
ridge and defined an anterior band in the region of the
direct fibers and a posterior extension in the region of the
indirect fibers (Figure 1). The anterior band included a
rectangular-shaped portion located higher within the ACL
footprint paralleling the lateral intercondylar ridge and the
remaining crescent-shaped tissue lower within the femoral
footprint of the ACL extending along the posterior femoral
cartilage. To divide the femoral footprint into higher and
lower regions, the lateral intercondylar ridge and posterior
articular margin were first identified. By drawing a tangent
to the posterior aspect of the femoral condyle, parallel to the
posterior femoral cortex at the roof of the notch, the maxi-
mum perpendicular distance between the ridge and tangent
was measured using digital calipers (Fowler, Inc; accuracy =
20 pm, resolution = 10 wm, and repeatability = 10 wm). The
midpoint of this line was used to delineate the high and low
regions of the femoral footprint of the ACL. Although this
assumption slightly overestimates the width of the indirect
insertion according to the measurements of Sasaki et al,3!
it ensured that the direct fibers adjacent to the lateral inter-
condylar ridge would be included in the force measurements
for the high region of the femoral footprint. All measure-
ments were performed by a single observer (D.H.N.). All
measurements were repeated 3 times with the measurer
blinded to the individual values and then averaged.

After the high and low regions of the ACL footprint were
identified, one of these regions was first sectioned using
a No. 15 scalpel. The region that was sectioned first was
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Figure 1. A schematic diagram of the lateral wall of the inter-
condylar notch is shown after removal of the medial femoral
condyle. Orientation of the femur is indicated with the knee in
90° of flexion. The anterior band and posterior extension of
the femoral insertion of the ACL are shown along with their
relationship to the intercondylar ridge. The sectioning proto-
col identified the higher and lower fibers in the respective
regions of the direct and indirect insertions of the ACL. This
macroscopic division of the femoral footprint was achieved
by dividing the perpendicular distance from the lateral inter-
condylar ridge to the posterior articular cartilage identified via
a tangent to the posterior articular cartilage (posterior tan-
gent line) in half (50% line).

alternated from specimen to specimen. The fibers within
the low region (ie, low fibers) were sectioned with the
knee extended by gradually dissecting back the crescent-
shaped tissue from the posterior femoral cartilage to the
previously marked 50% line (Figure 2, A and B). The fibers
within the high regions (ie, high fibers) were sectioned by
flexing the knee to 120° and gradually dissecting tissue
from the femoral footprint until the 50% line was reached
(Figure 2, C and D). The 5-DOF kinematics of the intact
knee were repeated and loads across the knee measured
for the simulated clinical examinations before and immedi-
ately after the high and low portions of the femoral insertion
were sectioned. The order that the stability examinations of
the intact knee were repeated was alternated from knee to
knee. The vector difference of the force measured by the
UFS before and after sectioning each portion of the ACL
from its femoral insertion represents the force carried by
the sectioned fibers'®; however, this does not account for
physical interaction between fibers.®?%2° Physical interac-
tion of ACL fibers was accounted for by alternating section-
ing order from specimen to specimen, as others have
done.®% If physical interaction exists, the drop in force
caused by sectioning the high or low regions of the footprint
of the femoral insertion would depend on section order.
The magnitude of the drop in force due to sectioning the
fibers residing in the high and low regions of the femoral
footprint was calculated. Moreover, since a primary function
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Figure 2. The crescent-shaped, low fibers of the femoral
footprint of the ACL in the region of the indirect insertion
(A) held in place with forceps and (B) subsequently flipped
over, exposing the underlying bone. The high portion of the
femoral footprint in the region of the direct fibers (C) before
and (D) after sectioning. Image (C) shows membranous fibers
that were removed to identify the lateral intercondylar ridge.
The black line in image (D) identifies the lateral intercondylar
ridge.

of the ACL is to restrain anterior translations of the tibia,
the anteroposterior (AP) component of force carried by the
high and the low fibers was determined. The AP component
of force carried by the high and low regions of the ACL foot-
print was also reported as a percentage of the anterior load
carried by the entire ACL. The forces carried by the high
and low regions were also reported as a function of section-
ing order to assess the presence of physical interaction
between ACL fibers inserting into these regions.

Footprint Digitization and Validation
of Sectioning Method

The borders of the sectioned areas were digitized using a 3-
dimensional digitizer (MicroScribe G2X; Immersion) with
accuracy of 0.23 mm after sectioning was completed and
mapped onto a CT scan of each knee (Figure 3). Mapping
of the digitized insertion onto the CT scan was performed
via a fiducial marker rigidly fixed to the femur. The maxi-
mum positional error and rotational error of this method
(mean *= SD) was —0.3 = 1.4 mm and —0.1° = 2.2°, respec-
tively. The length of the lateral intercondylar ridge, the max-
imum perpendicular anteroposterior distance from the
lateral intercondylar ridge to the posterior articular cartilage,

The American Journal of Sports Medicine

Figure 3. (A) A representative specimen with the high and
low regions of the femoral footprint marked with ink identify-
ing the geographic locations of the sectioned regions of the
ACL footprint. The rectangular-shaped high portion of the
footprint and the crescent-shaped lower portion of the foot-
print are shown. (B) Corresponding 3-dimensional computed
tomography scan of the representative specimen overlaid
with the manually digitized regions that were sectioned con-
firms the locations from which the high and low fibers were
sectioned.

and the area of the femoral ACL footprint were calculated
from the digitized CT scans (Geomagic Studio; Geomagic,
Inc). The sectioning method was independently evaluated
by 2 experienced observers (A.D.P. and T.L.W.), who con-
firmed that the digitized borders of the sectioned regions
adhered to the sectioning method defined above. Each
observer performed this evaluation while blinded to the
results of the study to mitigate bias.

Isometry of Virtual ACL Fibers

Three-dimensional (3D) geometries of the femur and tibia
were generated from the CT scan of each intact cadaveric
knee (Mimics; Materialise, Inc). The 3D geometries were
linked to their position and orientation along the passive
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HA = High AM
HC = High Center
HP = High PL

LA = Low AM

LC = Low Center

LP = Low PL

Figure 4. The 3 fiber locations each in the high and low
regions of the femoral ACL footprint corresponding to the
location of the direct and indirect insertions, respectively.
The higher and lower regions of the femoral footprint of the
ACL were divided in thirds along their length and the center
of each of these sections was identified as the fiber attach-
ment points. AM, anteromedial; PL, posterolateral.

flexion path during robotic testing via the fiducial markers
described above. Three femoral attachment points were
selected in the high and low regions of the femoral foot-
print of the ACL (Figure 4). We subdivided both the high
and low regions into thirds from proximal to distal and
took the center of each of these subsections as the fiber
attachment points on the femur. Virtual fibers were placed
between each femoral attachment point and a tibial point
corresponding to a central tibial tunnel position. The
length of each virtual fiber was calculated at 0°, 15°, 30°,
and 90° of flexion. Subsequently, the difference between
the maximum and minimum length of each virtual fiber
across these 4 flexion angles was determined for each
attachment point as previously reported.'* This yielded
a maximum change in length for each virtual fiber loca-
tion. The maximum change in length was also normalized
relative to the virtual fiber length at full extension as this
flexion angle is commonly used for graft fixation in ACL
reconstruction surgery.

Statistical Methods

Forces carried by the high and low regions of the femoral
ACL footprint and maximum changes in virtual fiber
length were expressed as means * standard deviations.
For each simulated clinical examination, forces were com-
pared between high and low regions using paired ¢ tests.
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Figure 5. Mean resultant load transferred across the high
and low portion of the femoral ACL insertion (high fibers
and low fibers, respectively) when applying an anterior load
at 30° and 90° of flexion (Lachman and anterior drawer tests,
respectively) and a combined valgus and internal rotation
moment at 15° of flexion (pivot-shift test). *Statistically signif-
icant difference (P < .05). Whiskers indicate 1 SD.

Forces carried by the high and low regions were compared
as a function of sectioning order using unpaired ¢ tests. The
maximum changes in length of the virtual graft fibers
across each of the 6 fiber locations within the femoral foot-
print were compared using a 1-way analysis of variance
model with Tukey post hoc adjustment. Statistical signifi-
cance was set to a < .05 for all comparisons.

RESULTS

The net force carried by the ACL in response to an applied
anterior force at 30° of flexion (simulated Lachman test)
averaged 159.5 = 30.4 N with the high fibers carrying
100.1 = 58.9 N more net force than the low fibers (P <
.001) (Figure 5). The high fibers carried 81.3% = 17.0%
of the anterior force carried by the ACL (Figure 6), which
corresponded to 81.7 = 46.5 N more anterior force carried
by the high fibers than the low fibers (P < .001) during this
simulated Lachman test. When the high fibers were sec-
tioned first, the high fibers carried 66.3% * 9.5% of the
anterior force carried by the ACL (P = .019) (Table 1).
When the low fibers were sectioned first, the high fibers
carried 96.2% * 0.7% of the anterior force carried by the
ACL (P < .001).

The net force carried by the ACL in response to an
applied anterior force at 90° of flexion (simulated anterior
drawer test) averaged 109.0 = 28.9 N with the high fibers
carrying 100.4 * 10.4 N more net force than the low fibers
(P < .001) (Figure 5). The high fibers carried 96.0% * 6.0%
of the anterior component of force carried by the ACL (Fig-
ure 6), which corresponded to 95.0 = 31.6 N more anterior
force carried by the high fibers than the low fibers (P <
.001) during this simulated anterior drawer test. When
the high fibers were sectioned first, the high fibers carried
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TABLE 1
Anterior Component of Force Carried by High and Low Fibers Based on Sectioning Order®

High Fibers Sectioned First (n = 5)

Low Fibers Sectioned First (n = 5)

High Fibers, N Low Fibers, N P Value High Fibers, N Low Fibers, N P Value

Lachman test 88.4 + 19.6 46.1 = 20.7 .019 126.0 = 20.3 5.0 1.3 <.001
(71.2 to 105.6) (28.0 to 64.2) (108.2 to 143.8) (3.9 to 6.1)

Anterior drawer test 116.3 = 18.9 2.0 + 2.8 <.001 80.7 + 28.0 5.0+ 6.9 .005
(99.7 to 132.9) (=0.5 to 4.5) (56.2 to 105.2) (-1.0 to 11.0)

Pivot-shift test 33.1 + 15.8 13.8 + 11.6 .041 27.8 5.0 2.9 + 1.7 <.001
(19.3 to 46.9) (3.6 to 24.0) (23.4 to 32.2) (1.4 to 4.4)

“Data are reported as mean * SD (95% CI).
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Figure 6. Mean percentage of anterior load transferred
across the high and low portion of the femoral ACL insertion
(high fibers and low fibers, respectively) relative to the total
anterior load carried by the ACL. Percentages are deter-
mined in response to an applied anterior load at 30° and
90° of flexion (Lachman and anterior drawer tests, respec-
tively) and a combined valgus and internal rotation moment
at 15° of flexion (pivot-shift test). *Statistically significant dif-
ference (P < .05). Whiskers indicate 1 SD.

98.1% * 2.8% of the anterior force carried by the ACL (P =
.001) (Table 1). When the low fibers were sectioned first,
the high fibers carried 94.0% = 8.0% of the anterior force
carried by the ACL (P = .005).

The net force carried by the ACL in response to com-
bined valgus and internal rotation torques at 15° of flexion
was 55.0 = 19.8 N with the high fibers carrying 31.2 *+
19.0 N more force than the low fibers (P = .001) (Figure
5). The high fibers carried 82.5% *= 12.9% of the anterior
component of force carried by the ACL (Figure 6), which
corresponded to 22.1 = 10.5 N more anterior force carried
by the high fibers than the low fibers (P < .001) during this
simulated pivot shift (Figure 5). When the high fibers were
sectioned first, the high fibers carried 74.0% *+ 13.3% of the
anterior force carried by the ACL (P = .041) (Table 1).

When the low fibers were sectioned first, the high fibers
carried 91.0% * 4.3% of the anterior force carried by the
ACL (P = .001).

Isometry of Virtual ACL Fibers

Virtual ACL fibers placed at the high AM location of the
femoral footprint were the most isometric, having a mean
maximum change in length of 3.9 = 1.5 mm (Figure 7)
with a normalized value of 10.9% * 4.6%. The high AM loca-
tion was more isometric than all 3 locations in the low
region of the femoral footprint (P < .001). The mean maxi-
mum length change of virtual fibers placed at the high cen-
ter location was 5.4 = 1.7 mm with a normalized value of
16.3% = 5.9%. The high center location was more isometric
than the mean maximum change in length at the low pos-
terolateral (PL) and low center locations (both P < .001).
The maximum change in length of virtual fibers placed in
the high PL location averaged 7.3 = 1.9 mm with a normal-
ized value of 23.7% *+ 7.3%. This was 3.4 mm less isometric
than the high AM position (P < .001).

Digitization Measurements

The length of the lateral intercondylar ridge ranged from
17.1 to 27.0 mm (Table 2). The maximum distance from
the lateral intercondylar ridge to the posterior femoral
articular cartilage ranged from 10.0 to 14.8 mm. The
area of the femoral ACL footprint ranged from 161.8 to
293.8 mm?.

DISCUSSION

This study has shown that the high fibers of the femoral
footprint of the ACL (anterior band) neighboring the lat-
eral intercondylar ridge carry more force than the low,
crescent-shaped fibers (posterior extension) in response
to simulated Lachman, anterior drawer, and pivot-shift
tests. Furthermore, virtual ACL fibers located in the high
AM portion of the femoral footprint of the ACL are more
isometric than fibers placed in the lower region of the fem-
oral footprint. Although additional biomechanical and clin-
ical data are needed, these results suggest that higher
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Figure 7. Mean maximum elongation of virtual ACL fibers
located at the 3 high and the 3 low tunnel locations. Statisti-
cally significant difference (P < .05) compared with *high
anteromedial (AM), *high center, *high posterolateral (PL),
and *low AM. Whiskers indicate 1 SD. Two fiber locations
with differences in maximum elongation that were more
than twice the uncertainty in our registration method (=1.4
mm) were considered different.

graft placement in the region of the high fibers of the fem-
oral insertion of the ACL could provide the best compro-
mise between reconstructing that portion of the ACL that
bears the most load during stability examinations, yet
remains the most isometric through passive knee flexion.

Similar to Kawaguchi et al,'® when we sectioned the low
fibers from the ACL footprint first, these low fibers provided
little resistance to applied anterior tibial translations at 30°
and 90° of flexion, while the high fibers contributed most of
the resisting force (Figure 7). Interestingly, at 30° of flexion,
when we switched sectioning order and sectioned the high
fibers first, these high fibers still carried the majority of
force; however, the low fibers carried additional force (Table
1). The dependency of load carried by the high and low
fibers on section order may suggest physical interaction
across the ACL midsubstance. This observation merits fur-
ther investigation with more refined methods for identifying
and sectioning specific ACL fibers. Pathare et al®” reported
limited changes in anterior and rotational kinematics after
isolated sectioning of the low fibers in the region of the indi-
rect insertion. This supports our finding that the high fibers
play a dominant role in resisting loads applied during sim-
ulated clinical examinations.

The isometry analysis performed in this study showed
that the high AM tunnel position was the most isometric
during passive range of motion and is more isometric
than all 3 lower tunnel positions within the region of the
indirect insertion (Figure 7). This finding corroborates
studies that have shown large changes in the length of
ACL grafts placed anatomically.2>3” The classic study by
Artmann and Wirth® showed that the interinsertional dis-
tance between the center of the tibial footprint of the ACL
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TABLE 2
Native ACL Femoral Footprint Dimensions
for All 10 Cadaveric Specimens

Ridge Ridge to Area of

Specimen Length, mm  Cartilage, mm  Footprint, mm?
1 22.6 13.9 255.9

2 27.0 14.8 293.8

3 17.1 13.0 2184

4 23.9 10.0 196.6

5 18.7 12.3 182.5

6 19.7 11.4 206.2

7 18.9 14.3 161.8

8 24.5 12.1 254.5

9 23.5 13.7 244 .2

10 23.7 12.6 246.8
Mean *= SD 219 + 3.2 129 = 2.0 226.1 = 40.0

and “lower” femoral locations can decrease by about 9 mm
as the knee flexes from 0° to 120°. The findings also agree
with previous work that identified the high AM region to
be the most isometric through passive flexion with greater
anisometry near the posterior femoral cartilage in the low
center region defined in this study.'*3%3° Markolf et al®
also showed that a single AM-bundle ACL reconstruction
experienced forces and changes in length that were closest
to the native ACL and lower than an anatomic double-
bundle reconstruction, in which the PL-bundle graft occa-
sionally failed in tests near zero degrees. Thus, “low”
ACL grafts in the region of the indirect femoral ACL inser-
tion may experience greater forces due to greater length
changes.?

Altogether, our data and the previous literature sum-
marized above indicate that the high fibers of the femoral
footprint of the ACL neighboring the lateral intercondylar
ridge (1) take up the majority of force during the Lachman
and pivot examination, (2) play a dominant role in control-
ling translations and rotations during the Lachman and
pivot examination, and (3) represent the most isometric
region of the footprint.

Our results may support avoiding low graft placement
since this region of the femoral footprint bears less force
during stability examinations and is more anisometric
than the high region of the femoral footprint. Indeed, the
trend toward “lower” femoral tunnels may prove detrimen-
tal to the graft as recent biomechanical studies have shown
significantly greater length changes and resultant force in
anatomic (ie, lower) grafts during range of motion.22%37
Of greater concern has been the report from the Danish
Knee Ligament Reconstruction Registry that showed that
the cumulative revision rate for AM portal ACL recon-
struction, which may be associated with “lower” placement
of femoral tunnels,® has led to increased rates of graft fail-
ure after 4 years of 5.16% compared with 3.20% for trans-
tibial techniques in a total of 9239 ACL reconstructions.Z®

This study has limitations. We relied on previously pub-
lished measures of the regional location of the direct and
indirect insertion fibers as our guide to detach portions of
the ACL from the femoral footprint.?! Thus, there may
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have been error in isolating those regions where only direct
and only indirect fibers reside. However, using geographic
locations of the femoral footprint instead of the fiber type is
potentially more clinically applicable since tunnel location
during ACL reconstruction is based on macroscopic visual-
ization of the medial wall of the lateral femoral condyle.
Moreover, ACL rupture disturbs the ligament fibers, which
would make it more difficult to distinguish any specific
fiber type.

Sectioning the ACL solely from the femoral footprint
allows for potential physical interaction between fibers
within the ACL substance. We accounted for physical
interaction by defining a sectioning method that was cor-
roborated via CT and direct footprint digitization and by
alternating the order of sectioning. This approach has
also been taken by others to assess the level of physical
interaction.!3® Overall, our sectioning method allowed
us to avoid identifying and isolating fibers coursing
through the ACL substance and into the direct and indirect
femoral insertions, which would likely have been difficult
given the complexity of the fibers composing the ACL.%!2
However, failure to section all of the direct fibers when
detaching the high portion of the ACL footprint could con-
tribute to the difference between loading across the high
and low regions of the femoral footprint as a function of
sectioning order. This could specifically account for the
decreased load in the high fibers in the region of the direct
insertion when this tissue was sectioned first compared
with when it was sectioned second (Table 1). Overall, our
approach closely matched but conservatively estimated
the size of the indirect insertion based on the measure-
ments of Sasaki et al.?! Even with this conservative assess-
ment, which would be susceptible to leaving direct fibers in
the low portion of the anatomic footprint of the femoral
insertion of the ACL when sectioning the high region of
the ACL footprint, the majority of load was still carried
by the tissue located in the high region of the anatomic
footprint and does not alter the main conclusion of this
study. More accurate means of identifying specific fibers
residing within the femoral footprint would help to better
isolate the source of the section-order dependency of load
across the fibers residing in the high and low regions of
the femoral footprint. Robot and bone stiffness, as well as
accuracy of the algorithms used to control the robot, may
affect force measurements; however, our repeatability
assessment of ACL force in response to 5 repetitions of
the combined valgus and internal rotation torques was
+4.1 N. This is 4.7 times below the smallest differences
in load between the high and low regions of the femoral
footprint (Table 1). Moreover, the path of passive flexion
defined with our robotic testing protocol agreed with previ-
ous work reporting coupled internal tibial rotation with
flexion primarily from full extension to about 30° of flex-
ion®?; therefore, these data represent a typical passive flex-
ion path. The resultant ACL force was higher than the
applied anterior force; however, this has been reported in
previous studies and likely occurs because the ACL is not
parallel to the applied anterior load.!®2%3° Wrapping is
not accounted for in our assessment of isometry; therefore,
our measurements are a lower estimate of the level of
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anisometry. Even in this conservative scenario, there are
differences in isometry for the insertion points; thus, these
data still help to elucidate how grafts located in these
regions may function. Differences in isometry between
the high AM insertion point and any low insertion (AM,
center, and PL) were 3.4 to 6.9 mm. Thus, the differences
in anisometry between these locations were at least 2.4
times more than the uncertainty in the registration pro-
cess (=1.4 mm) and would not affect our conclusions.

Our speculation on appropriate femoral tunnel location
can only be confirmed by evaluating the biomechanical char-
acteristics of actual grafts placed at the locations suggested
in this study, followed by controlled clinical studies. Finally,
additional biomechanical testing at a wider range of flexion
angles in response to more complex, loading conditions
such as pivoting maneuvers that include rotations coupled
with flexion?” must be performed to further elucidate load
transfer characteristics at these insertion sites and the rele-
vance of any potential intrasubstance fiber interaction.

In conclusion, high ACL fibers within the femoral foot-
print carry more force during stability testing than fibers
in the low region of the femoral footprint. Virtual fibers
placed in the high AM location are more isometric than in
the low location during range of motion. These findings
may suggest that placing a graft in the region of the direct
insertion, encroaching on the lateral intercondylar ridge but
clear of the posterior articular margin, may achieve a com-
promise between reconstructing that portion of the ACL
that bears the most force during stability examinations,
yet remains the most isometric through passive flexion.
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