Original Research

Interbundle Impingement Pressure

In Individualized and Nonindividualized
Double-Bundle Anterior Cruciate
Ligament Reconstruction

A Cadaveric Study

Bing Wu,* MD, Dagiang Liang,” MD, Lei Yang," MD, Sheng Li,' MD, Zhihe Qiu,” MD,
Qihuang Qin,™ MD, Xinzhi Liang,” MD, Haifeng Liu,™ MD, Kan Ouyang,” MD,
Jianyi Xiong,” MD, PhD, Daping Wang,” MD, PhD, and Wei Lu,™ MD, PhD

Investigation performed at the Department of Sports Medicine, 1st Affiliated Hospital,
Shenzhen University, Shenzhen, China

Background: Graft impingement is one of the main concerns in double-bundle anterior cruciate ligament reconstruction
(DB-ACLR). Impingement between the anteromedial (AM) and posterolateral (PL) bundles has been postulated to cause graft
deterioration or rerupture, but this has not been thoroughly investigated, and the interbundle impingement pressure (IIP) has not
been well researched.

Purpose: To determine the IIP between the AM and PL bundles in the native anterior cruciate ligament (ACL) and in DB-ACLR with
individualized and nonindividualized double-tunnel placement.

Study Design: Controlled laboratory study.

Methods: A total of 30 fresh-frozen, nonpaired, human cadaveric knees were randomly divided into 3 groups of 10 knees: native
intact ACL (NI group), DB-ACLR tunnel placement using the preserved remnant procedure (individualized reconstruction) (PR
group), and DB-ACLR tunnel placement using the bony landmark procedure (nonindividualized reconstruction) (BL group).
Pressure sensors were inserted between the AM and PL bundles. The knee was moved passively from full extension to full flexion,
and the IIP between the 2 ACL bundles was measured every 15°. Similarly, the impingement pressure was measured between the
ACL and intercondylar roof and between the ACL and posterior cruciate ligament (PCL).

Results: No significant differences were found in the maximum, mean, or minimum ACL-roof and ACL-PCL impingement pres-
sures among the 3 groups. The IIP significantly increased when the knee joint was flexed >120° in all 3 groups (P < .001).
Compared with the other 2 groups, the BL group had significantly higher maximum and mean IIP throughout the range of knee
movement (P < .001) and from maximum extension to 120° of flexion (P < .001). The BL group also had significantly higher
minimum IIP than the other 2 groups when knee flexion was >120° (P < .001). No significant differences were seen in maximum,
minimum, or mean |IP between the NI and PR groups.

Conclusion: The PR procedure (individualized DB-ACLR) was more consistent with the interbundle biomechanical conditions of
the native ACL, whereas the BL procedure (nonindividualized DB-ACLR) had higher maximum and mean IIP. The lIP was higher
than the ACL-intercondylar roof or ACL-PCL pressures, and it increased significantly when knee flexion was >120°.

Clinical Relevance: These data suggest that surgeons can perform individualized DB-ACLR using preserved remnants for tunnel
placement as impingement-free DB-ACLR.
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reported in most cadaveric and clinical studies consist of 2
major functional bundles, the anteromedial (AM) and the
posterolateral (PL) bundles.*%%1! However, an increasing
number of studies have questioned the outcomes of DB-
ACLR, as it has shown no significant difference in func-
tional outcomes,?52%2537 incidence of postoperative knee
osteoarthritis,? or risk of revision' compared with single-
bundle (SB) ACLR. Some studies >2¢ have even found more
cases of graft abrasion or rerupture in DB-ACLR during
second-look procedures or on postoperative magnetic reso-
nance imaging. These findings suggest that identifying the
reasons for graft failure and the corresponding unsatisfac-
tory clinical outcomes in DB-ACLR is important to under-
stand the present controversy regarding this technique.

Generally, the DB-ACLR technique is considered a bony
landmark (BL)-dependent technique, because osseous
ridges are usually used as bony landmarks for tunnel place-
ment. The fact that ACL remnants deteriorate after ACL
rupture and cannot be defined clearly to distinguish the AM
and PL insertions or bundle orientations in an old ACL
injury could contribute to the popularity of the BL proce-
dure. Given that there are numerous variations in ACL
footprints, bundle arrangements, and fiber directions?%2°
and that the relationship between the bony landmarks and
the footprints is controversial,2"28:33 DB-reconstructed
grafts that do not match the individual native anatomic
features may cause more impingement than SB-
reconstructed grafts. Although the lack of impingement
between the ACL and intercondylar roof and between the
ACL and posterior cruciate ligament (PCL) is regularly con-
firmed by surgeons intraoperatively, there is another pos-
sibility that abnormal contact pressure exists between the
AM and PL grafts (ie, interbundle impingement). Interbun-
dle impingement might be overlooked and could possibly
result in graft abrasion and rerupture, especially for the
relatively frail PL bundle. To the best of our knowledge,
no published reports have addressed ACL graft interbundle
impingement pressure (IIP) in DB-ACLR.

In contrast to the BL technique, preserved remnant
(PR)-dependent DB-ACLR is an individualized technique
that is customized to the patient based on an objective eval-
uation of the individual ACL footprint, bundle arrange-
ments, and fiber directions. A randomized controlled
clinical trial®® demonstrated that an individualized DB-
ACLR procedure based on the PR technique yielded better
arthroscopic second-look assessment results than the BL
technique for ACL grafts, with no revision cases. However,
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the mechanism by which the PR technique protects grafts
from damage is unclear.

The purpose of this study was to accurately measure the
impingement pressure between the AM and PL bundles in
DB-ACLR with individualized (PR technique) and nonindi-
vidualized (BL technique) tunnel placement. The impinge-
ment pressure was compared with that of the native intact
(NI) ACL to determine whether the contact between the 2
bundles was physiological. We hypothesized that the ITP in
individualized DB-ACLR is more similar to that in NI ACL.

METHODS
Specimen Preparation

This study used 30 fresh-frozen, nonpaired human knee spe-
cimens that satisfied the following conditions: no previous
surgery; no bone fractures, congenital abnormalities, or
arthritis (on radiograph); intact ACL; and no injury to other
ligaments or the meniscus (according to physical examina-
tion and anatomy). The knees were obtained from cadavers
with a mean age of 57.2 £ 11.3 years at the time of death;
there were 18 male specimens, 12 female specimens, 15 left
knees, and 15 right knees. All specimens were obtained
through the cadaver program at Shenzhen University.

Each specimen included sections approximately 20 cm
above and below the knee joint line. The knees were stored
at —20°C and thawed overnight at room temperature before
testing. The mean flexion-extension range of motion of the
intact knees was 0° = 1° to 143.8° + 7°, as assessed using a
digital goniometer (Exploit Inc). During the tests, the spec-
imen was kept moist with saline solution.

Surgical Techniques

The knee specimens were randomly divided into 3 groups of
10 knees in each group. There were no differences in age,
sex, or tunnel size between the 3 groups. All procedures were
performed by a single senior surgeon (W.L.). The knee joints
were opened via both medial and lateral parapatellar
approaches. Adequate exposure of the anterior articular
cavity was obtained by tibial tubercle osteotomy and upturn-
ing of the patella. Infrapatellar fat pads and synovium were
dissected carefully to sufficiently expose the ACL, and the
integrity of all the tendons, meniscus, cartilage, and muscles
was verified and preserved. The AM and PL bundles were
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Figure 1. Interbundle impingement pressure measurement. (A) A 1.0-mm K-wire was inserted between the 2 bundles to help
visually define the 2 bundles and their insertions. The green and blue lines show posterolateral (PL) and anteromedial (AM) bundles,
respectively. (B) Ultra-thin, flexible printed circuit pressure sensors were used for the pressure measurements. (C) The sensors
were trimmed and inserted into the interbundle contact area. (D) Tibial tubercle reduction and suturing of the capsule and patellar
retinaculum were performed to reset the knee to a physiological state.

identified by the difference in the tension pattern across the
entire knee range of motion. With the knee at 90° of flexion,
the relaxed ACL fibers were regarded as the PL bundle,
whereas the taut fibers were regarded as the AM bundle.'>1?
Next, the surface synovial tissue of the ACL was dissected
carefully, and a 1.0-mm K-wire was then inserted between
the 2 bundles to further visually define and mark the bound-
ary of the 2 bundles and their center points on both the
femoral and the tibial sides (Figure 1). Measurement of the
interbundle contact area was performed with a Vernier cal-
iper (Deli) to determine the shape of the pressure sensors.
Technique for the PR Group. Both the AM and the PL
bundles were transected from the midpoint of the ligament,
and the ACL fibers and attachment were preserved to mimic
the remnant fibers and footprints. First, the femoral inser-
tion and center point of the AM and PL bundles were visually
defined and marked with a 1.0-mm K-wire along the bundle
direction. Next, femoral tunnels were drilled along the
native bundle orientations in the femoral footprints of ana-
tomic AM and PL bundles (Figure 2). The femoral tunnels
were drilled from the anterior region of the knee without
using an offset guide system, as in the transportal technique.
A 2.4 mm—diameter guide K-wire was drilled first, and then
the cannulated drill and dilator were used to establish the
tunnel. The knee was positioned at 120° of flexion for the AM

bundle and 135° for the PL bundle when the femoral tunnels
were drilled; this technique guarantees the 2 tunnels to be
positioned divergent to each other to prevent tunnel or rear
bone fracture.?® Finally, the tibial insertion and center point
of the AM and PL bundles were defined and marked using
the methods mentioned above. Tibial tunnels were drilled in
the anatomic AM and PL bundle footprints and along the
native fiber directions with an Acufex ACL tip guide (Smith
& Nephew). The PL and AM tibial tunnels were placed at 45°
and 55° of flexion, respectively. The tunnel diameters were
selected according to the graft diameter and ranged from 5 to
7 mm. No tunnel connections were observed in this group.
The semitendinosus and gracilis tendons were harvested
for ACLR in fresh knee specimens used in other studies.
The diameters of the AM and PL bundle grafts (usually
5-8 mm and 5-7 mm, respectively) were selected according
to the native AM and PL bundle diameters to ensure that
the sizes of the native ACL and the grafts were matched.
Both grafts were inserted via the tibial tunnels into the
femoral tunnels. Femoral fixation of the graft was achieved
using a double titanium button (Endobutton CL, 1.5-2.5 cm;
Smith & Nephew), and a preconditioning procedure of
20 cycles of knee joint passive flexion and extension was
performed. Tibial fixation of the graft was accomplished
by applying hydroxyapatite interference screws (BioRCI-



4 Wuetal

The Orthopaedic Journal of Sports Medicine

Figure 2. Tunnel placement in double-bundle anterior cruciate ligament reconstruction using the preserved remnant procedure.
Femoral and tibial tunnels were drilled at the center of the footprint following the orientation of the anteromedial (AM) and
posterolateral (PL) bundles. Proximal and distal segments of the AM bundle (yellow circles) and PL bundle (red circles).

Figure 3. (A) Femoral tunnels were placed directly under the lateral intercondylar ridge (LIR), with the posterolateral (PL) tunnel
anterior and inferior to the anteromedial (AM) tunnel ( black dotted circle show femoral tunnel area, 1 and 2 show AM and PL tunnel
respectively). (B) Tibial tunnels were placed in front of the tibial intercondylar eminence (TIE, the black arrowhead) and between the
medial tibial ridge and lateral tibial ridge (blue tangents), with the AM tunnel anteromedial and the PL tunnel posterolateral (black
dotted circle shows tibial tunnel area; 3 and 4 show AM and PL tunnel, respectively; straight dotted black line shows central axis of
tibial plateau). LIW, lateral intercondylar wall; LTR, lateral tibial ridge; MTR, medial tibial ridge.

HA screws, 6-8 x 25 mm; Smith & Nephew). The PL bundle
was fixed first with the knee at full extension and the AM
bundle fixed next with the knee at 45° of flexion?3; both
bundles were fixed under maximal manual tension.'®
Technique for the BL Group. The native ACL and its
insertions were completely removed to ensure that there were
no indicators from the ACL. When the knee was flexed at 90°,
the lateral intercondylar ridge (LIR), the lateral bifurcate
ridge (LBR), and the entire medial wall of the intercondylar
notch were denoted, and the tunnels were placed below the
LIR separately. The LBR was used as a landmark to separate
the 2 femoral tunnels, with the PL tunnel anterior and infe-
rior to the AM tunnel, 2 to 3 mm apart on the bone bridge. The
tibial tunnels were placed in front of the tibial intercondylar
eminence and between the tibial ridges, with the AM tunnel
anteromedial and the PL tunnel posterolateral®® (Figure 3).

Graft passage, tensioning, and fixation were exactly the same
as those in the PR group.

Impingement Pressure Measurement

Typical double-bundle reconstructed ACL using PR and BL
procedure are shown in Figure 4. A FlexiForce standard
force and load sensor (A201; Tekscan) was used to measure
pressure (Figure 1). The sensor is an ultrathin, flexible
printed circuit with an active sensing size (diameter/width)
of 9.53 mm and a force range of 0 to 100 b (440 N). Before
pressure testing, the sensors were trimmed in accordance
with the shape and size of the AM and PL contact areas. A
piece of tape was applied to both sides of the sensor to create
a seal around the sensor to help keep out water and stains.
Load was converted to pressure according to sensing size.
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Figure 4. Double-bundle reconstructed anterior cruciate ligament (ACL) with different tunnel placement methods. (A, C) Native
intact ACL. (B) Double-bundle reconstructed ACL using bony landmark procedure. (D) Double-bundle reconstructed ACL using the

preserved remnant procedure.

The same method was used to measure the impingement
pressure between the ACL and intercondylar roof and the
PCL (ie, the sensor was inserted between the ACL and inter-
condylar roof and between the ACL and PCL). A pressure
acquisition system (FlexiForce OEM Development Kit; Teks-
can) was used to acquire the impingement pressure data.
The sensor was set to zero before implantation and was cali-
brated before and after the pressure test. Sensor measure-
ments have been proven to be accurate and sensitive
(repeatability, £3.6% of full scale; linearity, +1.2% of full
scale; hysteresis, 3.4% of full scale; drift, 3.4% per log time).

The pressure sensor fit within the contact area over the
entire range of flexion motion was carefully confirmed after
the sensor was implanted. Tibial tubercle reduction and
fixation were performed with a 4-mm lag screw of cancel-
lous bone (Weigao Co Ltd). The knee was reset to physical
conditions by suturing the capsule, patellar retinaculum,
and other soft tissues. Approximately 3 cm of soft tissue
on both the tibial and femoral sides was dissected to expose
the proximal femur and distal tibiofibula, and both ends
were embedded in denture acrylic. The fixture device
allowed natural tibial rotation during the entire range of
knee flexion motion and helped to keep the knee joint in a

specific position. Subsequently, the knee joint was moved
from maximum extension to maximum flexion with 40 N of
force applied to the quadriceps and 10 N to the biceps
femoris (Figure 5), and the impingement pressure was mea-
sured every 15° of flexion. The full range of motion in each
specimen was tested 3 times, and mean values were avail-
able for analysis.

Statistical Analysis

Data are presented as the mean + SD. The obtained
pressure values were compared for different degrees of knee
flexion within the same group and for the same degrees of
knee flexion between different groups. A 2-way analysis of
variance (ANOVA) was used to examine the effects
of group and flexion angle. The initial step was to determine
whether the interaction of independent variables had
statistical significance on the dependent variables. Next, a
1-way ANOVA was performed. Tukey post hoc testing was
used for multiple comparisons when the main effect of the
2-way ANOVA was statistically significant. A P value of
<.05 was accepted as statistically significant. All statistical
data were analyzed with SPSS Version 24.0.
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electric goniometer

Figure 5. A schematic diagram of the custom-made loading device. The tibial side of the specimen was placed in a frame stand
that could prevent extraneous movements and allow natural tibial rotation during the range of knee motion and could be fixed at
specific positions. The femoral side was fixed at the base of this device. A 6 degrees of freedom electric goniometer was affixed to

the lateral side of the knee joint.

Interbundle pressure

-m Native Intact ACL
-~ PR-DB-ACLR
-+ BL-DB-ACLR

0.0*+-—7—"T—"T—T—T—T—T—T T
P PSP E PP

Flexion degrees

Figure 6. All 3 groups showed a rapid increase in the inter-
bundle impingement pressure when the knee joint passed
120° of flexion (P < .001). ACL, anterior cruciate ligament;
ACLR, anterior cruciate ligament reconstruction; BL, bony
landmark procedure; DB, double-bundle; PR, preserved rem-
nant procedure. *P < .001.

RESULTS
ACL Interbundle Impingement Pressure

A significant increase in the IIP occurred when the knee
was flexed to >120° in all 3 groups (P < .001) (Figure 6).
Compared with the other 2 groups, the BL group had
significantly higher maximum and mean IIP throughout
the entire range of knee movement (P < .001) (Figure 7).
Next, comparisons were performed among the 3 groups in
terms of the maximum, mean, and minimum IIP at differ-
ent flexion intervals. Significantly higher maximum and
mean impingement pressures were seen in the BL group
from maximum extension to 120° of knee flexion (P < .001)
(Figure 7); the most significant increases in pressure
occurred between 0° and 30° and between 75° and 105°.
In addition to the higher maximum and mean impingement
pressures, a significantly higher minimum impingement
pressure was observed in the BL group when the knee was

flexed to >120° (P < .001) (Figure 7). No significant differ-
ences were seen in the maximum, minimum, or mean IIP
between the NI and PR groups in any testing position
(P < .001) (Figure 7).

ACL-Intercondylar Roof and ACL-PCL
Impingement

No significant differences were found in the maximum,
mean, or minimum impingement pressures between the
ACL and intercondylar roof or between the ACL and PCL
among the NI, PR, and BL groups (Figure 8).

Measurement of Tunnel Position

The computed tomography measurements of the different
AM and PL tunnel placements are shown in Figure 9. We
found different AM and PL tunnel placements for the PR
and BL groups. There was a greater distance between both
tibial and femoral tunnels in the BL group. More posterior
tibial placement and more inferior and anterior femoral
placement were found in the BL group.

DISCUSSION

The main finding of the present study was that DB-ACLR
with nonindividualized double-tunnel placement (BL tech-
nique) resulted in a significantly higher IIP versus DB-
ACLR with individualized double-tunnel placement (PR
technique).

Graft impingement is a potentially troubling complica-
tion of ACLR.1®32:35 When the graft is misplaced, ACL
fibers will impinge against surrounding structures during
the range of knee motion. Impingements of the ACL graft
with the femoral intercondylar roof and with the PCL have
been most widely studied in this field.416-26:31:34 Continu-
ous graft impingement can cause graft deterioration or
rerupture and result in persistent knee instability.°
Although the underlying mechanism has not been identi-
fied, it might be explained by the damage of ACL graft
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Figure 7. (A) All 3 groups had a significant increase in the IIP as the knee joint moved beyond 120°. (B and C) Compared with the
other 2 groups, the BL group had significantly higher maximum and mean IIP throughout the range of knee movement and from the
minimum to 120° of knee flexion. (D) The BL group also had a significantly higher minimum IIP than the other 2 groups beyond 120°
of knee flexion. (B, C, and D) There were no significant differences in the maximum, minimum, or mean |IP among the NI and PR
groups in any testing position. ACL, anterior cruciate ligament; ACLR, anterior cruciate ligament reconstruction; BL, bony landmark
procedure; DB, double-bundle; IIP, interbundle impingement pressure; PR, preserved remnant procedure. **P < .001.

caused by a significant increase in maximum and/or mean
impingement pressure, which affects the integrity of the
grafts. Thus, avoiding graft impingement is essential to
achieve optimal graft remodeling and good clinical results
after ACLR.

Despite the goal of restoring the ACL to its original shape
and original position as much as possible, the DB procedure
places the graft at a greater risk of impingement with more
crowding in high-traffic space compared with the SB proce-
dure, unless the DB grafts are placed exactly in positions
mimicking the native ACL. If the 2 tunnels are drilled relying
solely on bony landmarks regardless of the numerous varia-
tions in the ACL footprints and bundle orientations,?!2%2°
the native ACL anatomic features might not be duplicated
in all cases (particularly for the PL bundle).?? Thus, there are
reasonable grounds to believe that the BL procedure could
lead to a condition in which DB-reconstructed grafts do not
match the individual native anatomic features of the ACL.
Therefore, DB-ACLR using the BL technique might cause
more impingement than SB-ACLR, thus resulting in unsat-
isfactory clinical outcomes.

In a previous clinical study, Lu et al*” demonstrated that
the individualized DB-ACLR procedure based on the PR

123

technique yielded better arthroscopic second-look assess-
ment results for ACL grafts, with no revision cases, than
the nonindividualized DB-ACLR procedure based on the
BL technique. However, the mechanism by which the PR
technique protects grafts from damage is still unclear.
Because the lack of impingement between the ACL and
intercondylar roof and between the ACL and PCL is regu-
larly confirmed by surgeons during DB-ACLR, it is possible
that abnormal contact pressure between the AM and PL
grafts (ie, interbundle impingement) may be an underlying
cause of graft failure, especially for the relatively frail PL
bundle. However, no published reports are available com-
paring graft impingement pressures between the PR and
BL procedures. Although a few studies measuring ACL
impingement have been conducted, no studies on the
dynamic status of impingement pressure in ACLR have
been reported. To the best of our knowledge, the present
study is the first report comparing the dynamic status of
impingement pressure between the native ACL and the
DB-reconstructed ACL with different tunnel placement
methods.

There are reasons to believe that the superiority of the
PR technique lies in the fact that it is a complete anatomic



8 Wuetal
A ACL-Roof impingement pressure
i -~ Native Intact ACL
-# PR-DB-ACLR
0.4 -+~ BL-DB-ACLR

Mpa

0.2+

0‘6 | I ) I 1 I L] 1 I 1 1
2 o o - > el °
S ESE S F S S
Flexion degrees

C

ACL-Roof impingement pressure

0.6
mm Native intact ACL
= PR-DB-ACLR
0.4 =3 BL-DB-ACLR
©
[-%
=
0.2
0.0-
Maximum Average Minimum

The Orthopaedic Journal of Sports Medicine

B  ACL-PCL impingement pressure

0.6
-8~ BL-DB-ACLR

- PR-DB-ACLR
0.4 -~ Nalive Intact ACL

H—.—H‘.—'—‘J—‘/.

Mpa

0.2

0.0 T T Ll 1 ] T 1 1 ] I T
L o o o o o o o e
FES PSS SF S8

Flexion degrees

ACL-PCL impingement pressure

0.6
mm Nalive intact ACL
= PR-DB-ACLR
0.4 BL-DB-ACLR
P
=
0.24
0.0-
M H A (s Mini im

Figure 8. . The PR and BL groups did not have significant differences in the roof or PCL impingement pressure compared with the
native intact group. ACL, anterior cruciate ligament; ACLR, anterior cruciate ligament reconstruction; BL, bony landmark proce-
dure; DB, double-bundle; PCL, posterior cruciate ligament; PR, preserved remnant procedure.

reconstruction method that reproduces native ACL inser-
tions and bundle orientations, thus leading to a more nor-
mal contact pressure between the 2 bundles. In contrast,
the BL technique is an approximate simulative tunnel
placement method that is always “off track” relative to the
native bundle positions to some extent. The present study
showed that there was a greater distance between both
tibial and femoral tunnels in the BL group, which means
closer contact of DB grafts in the BL group than the PR
group. Under these circumstances, the 2 bundles will gen-
erate pathological impingement, which includes abnor-
mally increased or prematurely occurring IIP during the
range of knee motion. In our study, the BL group showed
a significantly higher IIP within 120° of flexion than the PR
or NI groups, which can be explained by the premature
occurrence of tense interbundle contact with improper graft
positioning.

Iriuchishima et al'® performed anatomic DB-ACLR
using double-bundle footprints for tunnel placement and
found no significant difference in the ACL-roof, ACL-PCL,
or ITP between the native ACL and DB-reconstructed ACL.
Those investigators therefore concluded that anatomic DB-
ACLR is an impingement-free reconstruction method. Our
results were similar to those of Iriuchishima et al*® regard-
ing individualized DB-ACLR, and moreover we did not find
significant differences in ACL-roof or ACL-PCL impinge-
ment pressures among any of the 3 groups studied. Theo-
retically, spatial displacement from the native ligament
sites could result in abnormal contact between ACL grafts

and surrounding structures, thus producing pathological
ACL-roof and ACL-PCL impingement. The lack of signifi-
cant impingement changes may be explained by the rela-
tive spatial distance of the different structures. The 2
bundles of the ACL tightly impinge against each other
throughout the range of knee motion, so a slight deviation
in the 2 bundles could bring about a significant change in
the interbundle pressure, whereas the intercondylar roof
and PCL are located relatively farther away from the ACL
than the 2 bundles themselves. Consequently, a significant
increase in the ACL-roof and ACL-PCL impingement pres-
sure is relatively rare compared with an increase in the IIP.
This discovery indicates that surgeons should pay careful
attention to interbundle impingement in DB-ACLR, as it is
more likely to be affected by graft displacement.

Another important finding of the present study is that the
interbundle pressure of the ACL increased significantly at
knee flexion angles of >120°. The ACL is not always isometric
during knee motion. In the cadaveric study reported by Smith
et al,° anatomic ACL positioning resulted in anisometry
comparable with that of the native ACL. Lee et al?? also found
that the anatomic femoral tunnel was nonisometric. Kim
et al'® evaluated intraoperative graft isometry in anatomic
SB-ACLR in vivo and found that the reconstructed ACL graft
was isometric when the flexion angle of the knee was <90°
and nonisometric when the flexion angle was >90°. Ebersole
et al” compared the ACL graft length and tension throughout
the knee range of motion among transtibial, AM portal, and
all-epiphyseal >120° drilling techniques and found that all
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Figure 9. Postoperative computed tomography scans showing different anteromedial (AM) and posterolateral (PL) tunnel place-
ments in the cadaveric knee. (A, C) Tunnel placements for preserved remnant group. (B, D) Tunnel placements for the bony

landmark group.

techniques demonstrated decreased graft length and tension
with knee flexion up to 60°, after which the graft length and
tension increased with further knee flexion. Our results are
in line with the results of these studies. The interbundle
pressure remained basically unchanged under knee flexion
up to 90° and increased past 90° of flexion, and the most
significant increase in the impingement pressure occurred
at knee flexion angles of >120°.

This phenomenon could be explained by the isometry
of the ACL. Previous studies'?!® have indicated that the
PL bundle is taut at 0° of knee flexion, when the AM
bundle is relaxed, whereas the AM bundle is taut at
90° of knee flexion, when the PL relaxed. From 0° to
90° of knee flexion, 1 bundle remains tense while
another bundle remains relaxed, which leads to a rela-
tively low interbundle pressure and basically no varia-
tion in the native ACL or PR-reconstructed grafts. With
increasing degrees of flexion, more ACL fibers tend to be
nonisometric, and there are reasons to conclude that
both the AM and PL bundles become nonisometric under
extreme flexion (>120°). However, BL-reconstructed
grafts may break the rule of ACL isometry with

prematurely occurring anisometry of the 2 bundles,
which results in a significantly higher interbundle pres-
sure than that of the native ACL within 120° of flexion.
Our practice is to avoid flexion >120° for 6 weeks after
ACLR with the BL technique.

DB-ACLR has not shown definite clinical superiority over
SB-ACLR. There may be a theoretical advantage of PR DB-
ACLR over SB-ACLR, but that has not been proven. Regard-
ing clinical relevance, surgeons can perform SB-ACLR or
individualized DB-ACLR using preserved remnants for tun-
nel placement as an interbundle impingement-free recon-
struction method when the remnant ACL footprint and
bundle orientation can be clearly defined during the opera-
tion. Otherwise, to reduce the risk of graft failure caused by
interbundle impingement, SB-ACLR is more advisable than
nonindividualized DB-ACLR based on uniform landmark
tunnel placement.

This study has some limitations. First, although the
knees were reset to a physiological biomechanical status
before the pressure test as much as possible, the knees
were not loaded with a force comparable with that of a
normal knee joint. However, Iriuchishima et al'® verified
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that a small load on the quadriceps and flexion muscle was
sufficient to study impingement pressure with natural tib-
ial rotation during the range of passive knee motion. Sec-
ond, all tunnel placement procedures were performed only
by macroscopic evaluation and careful dissection.
Although an experienced surgeon performed the proce-
dures, human error and bias might still have existed.
Third, the average age of the cadaveric specimens was
significantly higher than the average age of patients who
undergo ACLR, and an effect of age on the impingement
pressure cannot be eliminated. Fourth, the sensitivity of
the pressure measurements may be another limitation of
the study. Fifth, this was a time-zero study. Sixth, both
bundles were fixed under maximal manual tension in the
present study, and fixation tension might affect the IIP.
Further investigation is needed to determine the IIP
under different fixation tensions. Seventh, although
the physiological IIP has been measured in the native
ACL, we did not explore how much pressure increase
would cause a pathological impingement.

CONCLUSION

This study evaluated the effect of 2 different double-tunnel
placement methods on the ITP after DB-ACLR. The PR pro-
cedure (individualized DB-ACLR) was more consistent
with the interbundle biomechanical conditions of the native
ACL, whereas the BL procedure (nonindividualized DB-
ACLR) had higher maximum and mean IIP. Interbundle
pressure was higher than that of ACL-roof or ACL-PCL
impingement pressures, and it increased significantly
when knee flexion was >120°. Findings are valid only at
the time of surgery, given that the effects of graft healing
were not considered.
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