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Background: Optimal tunnel placement is critical in anterior cruciate ligament reconstructive surgery, yet the method used to
drill the tunnels may compromise their placement.

Hypothesis: An independent drilling method versus a conventional transtibial drilling method will place tunnels in different loca-
tions and produce reconstructions with different kinematics.

Study Design: Controlled laboratory study.

Methods: Ten pairs of knees had anterior cruciate ligament reconstructions produced by either a conventional transtibial drilling
method or an independent drilling method. The location of the tunnels was recorded, and the knees were tested for laxity in the
normal state, with the anterior cruciate ligament removed, and with the anterior cruciate ligament reconstructed. A surgical
navigation system guided the placement of the independently drilled tunnels and measured joint laxity in response to various
combinations of anterior force and rotational torques.

Results: The conventional transtibial drilling method used in this study placed tibial tunnels posterior and femoral tunnels supe-
rior relative to their footprints and resulted in more vertical grafts. In contrast, the independently drilled tibial and femoral tunnels
were more anterior and central in their respective footprints, resulting in more horizontal grafts. The horizontal grafts of the inde-
pendent drilling method were superior to the vertical grafts of this study’s transtibial drilling method in restoring normal anterior
and rotational knee laxity.

Conclusion: An independent drilling method can produce tunnels with superior function compared with tunnels produced by a
conventional transtibial drilling method.

Clinical Relevance: Single-bundle anterior cruciate ligament reconstructions will be improved if grafts are centered in their ana-
tomical insertions by an independent drilling method versus grafts placed by a conventional transtibial drilling method.
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In ACL reconstructive surgery, the transtibial drilling
method has become widely accepted since its introduction
more than 25 years ago.””'*** However, a disadvantage of
the technique is that the trajectory of the tibial tunnel will
determine the placement of the femoral tunnel.} The place-
ment of both tunnels can be compromised because of the
coupled drilling of the tibial and femoral tunnels."
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To address this limitation of transtibial drilling, multiple
strategies have been presented to address graft tunnel
mismatch, graft impingement, graft alignment, and graft
elongation.>"16#*2650344 Degpite these recommendations,
it is controversial whether the limitations of the transtibial
technique prevent even its routine use (D. Chao and T.
David, personal communication, 2008)."

Against this backdrop, advances in ACL surgery have
reemphasized the importance of centering grafts within
their anatomical insertions (D. Chao and T. David, per-
sonal communication, 2008).'%331:4653 There has been evi-
dence that nonanatomical vertical grafts do not provide
adequate knee stability (D. Chao and T. David, personal
communication, 2008).>*2431:38455051 mhare ig evidence
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that tunnels produced by conventional transtibial drilling
will result in overly vertical grafts.”

A very common or conventional transtibial drilling tech-
nique has been to center the intra-articular end of the tibial
tunnel 7 mm anterior to the PCL.** Morgan et al** pre-
sented an anatomical rationale for this tibial tunnel place-
ment and recommended starting the tunnel 1 cm proximal
to the pes anserinus and 1.5 cm posterior to the tibial
tubercle. The concept of centering a tibial tunnel 7 mm or
less from the PCL has been a popular drilling method and
used in many clinical and cadaveric studies.**

Another option for tunnel placement is to uncouple the
drilling of the tibial and femoral tunnels or independently
drill each tunnel (D. Chao and T. David, personal commu-
nication, 2008).'21517233839 Mihia] tunnels can be placed
anterior and medial in the tibial footprint provided
impingement does not occur, and femoral tunnels can be
centered in the femoral footprint (D. Chao and T. David,
personal communication,2008)."1%171926313754 1 qependent
drilling of the femoral tunnel will require drilling through
an anteromedial portal or drilling antegrade through a
lateral thigh incision.'*""*

This study tested the hypothesis that conventional
transtibial drilling as described by Morgan et al* would
produce reconstructions with different kinematics compared
with reconstructions produced with independent drilling.

METHODS
Specimen Preparation

Ten pairs of fresh-frozen cadaveric knees were used for the
tests. The specimens were from 4 female, 5 male, and 1 of
unknown gender donors. The mean age was 67 years
(range, 36-88 years), and the mean weight was 68.5 N
(range, 42.5-102.5 N). Knees were stored at —80°C and then
thawed to room temperature for 24 hours before testing.
The right and left knees of a pair were tested on the same
day. The femur, tibia, and fibula were cut at a minimum of
25 cm from the joint line. The knees were dissected free of
soft tissues except for the extensor mechanism, joint cap-
sule, collateral ligaments, and cruciate ligaments. A 10-mm-
wide bone-patellar tendon-bone graft was harvested with
patellar and tibial tubercle bone plugs (25-mm length,
10-mm width). One braided suture (No. 5 Ticron, Ethicon
Inc, New Brunswick, New Jersey) was placed through a
drill hole in the patellar plug, and 2 braided sutures (No. 5
Ticron, Ethicon Inc) were placed through drill holes in the
tibial plug. Anteromedial and anterolateral arthrotomies
were made to visualize the ACL insertions and to perform
all procedures in an open manner.

Testing Protocol

Each knee underwent biomechanical tests with the
ACL intact, with the ACL removed, and with the ACL
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reconstructed. One knee of a pair was reconstructed with
the conventional transtibial drilling technique, and the
opposite knee was reconstructed with the independent
drilling technique. The right/left assignment to either the
conventional transtibial or the independent method was
sequentially alternated between pairs of knees.

The locations of the tibial and femoral tunnels used for
the reconstructions were referenced to the tibial and femo-
ral insertions of the native ACL. This was accomplished by
outlining the tibial and femoral insertions of the ACL with
India ink after the ligament was resected then further
dividing with India ink each insertion into thirds (anterior
to posterior on the tibia and proximal to distal on the
femur). The proximal to distal description of the femoral
tunnels correlates with the high to low description of femo-
ral tunnels used by Amis and Jakob.' The greatest portion
of each tibial and femoral tunnel was identified as lying
within 1 of these partitions.

For displacement tests, the femur was clamped to the
vertical strut of a laboratory workstation 20 cm proximal
to the joint line (Figure 1). The tibia was prepared by
cementing (Palacos, Zimmer Inc, Warsaw, Indiana) a 10-cm
fluted rod into the distal tibia. The tibial rod passed
through the ring of a traction bow that was clamped to the
rim of a laboratory workstation (Figure 1). The vertical
strut was raised or lowered to set a specific knee flexion
angle, whereas the knee motions of anterior-posterior
translation and internal-external rotation were not con-
strained. Anterior displacement forces were applied to the
tibia through the patellar tendon (Figure 1). A hook
attached to a spring gauge (Taylor Precision Instruments,
Oak Brook, Illinois) was placed through the defect in the
patellar tendon to allow application of anterior displace-
ment forces to the tibia. Internal and external torques
were applied to the tibia via the fluted rod with a torque
wrench (Craftsman Torque Wrench, Sears Holding
Corporation, Hoffman Estates, Illinois).

Tests were performed sequentially with 156 N anterior
force, 10 N-m of internal tibial torque, 10 N-m of external
torque, combined 156 N anterior force + 10 N-m of internal
torque, and combined 156 N anterior force + 10 N-m of
external torque. Before each test, the knee was seated in a
neutral position by manually applying a light posterior
force (approximately 5 N) to the proximal tibia.

Image-Guided Technology

Animage-guided navigation system (VectorVision, BrainLab,
Munich, Germany) was used to measure motions and to
direct tunnel placements for the independent drilling meth-
0d.” The system measured knee flexion, anterior-posterior
tibial translation, and internal-external tibial rotation. It
has an accuracy of 0.5 mm for translation measurements
and 0.5° for rotational measurements.””* The system used a
camera that visualized infrared reflective spheres on refer-
ence arrays attached to the femur and tibia. A computer
program computed knee motions based on the relative move-
ments of the reference arrays. The femoral and tibial refer-
ence arrays with their reflective spheres were attached to the
femur and tibia with two 3-mm-diameter threaded pins.
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Figure 1. Testing system. Anterior force was applied with a
spring gauge through the patellar tendon at right angles to
the tibia, and rotational torques were applied with a torque
wrench attached to the rod in the tibia. Reprinted with per-
mission from: Ho JY, Gardiner A, Shah V, Steiner ME. Equal
kinematics between central anatomic single-bundle and
double-bundle anterior cruciate ligament reconstructions.
Arthroscopy. 2009;25(5):464-472.

Each knee underwent a registration process to record the
specific anatomy of the knee. The process required a custom
fluoroscopic disc attached to a C-arm fluoroscope (Ziehm
7000, Ziehm Inc, Riverside, California). The disc had infra-
red reflective markers around its perimeter, and it placed a
grid of tungsten markers (approximately 75) on acquired
fluoroscopic images. Anteroposterior and lateral fluoroscopic
images were acquired to compute the specific anatomy of
each knee. A pointer with infrared reflective markers was
also scrolled over the intercondylar notch and the tibial pla-
teau to acquire anatomical coordinates relevant to the ACL.

For each displacement test, anterior displacement and
axial rotation were measured by the image-guided system.
Displacement tests were repeated until 2 successive tests
varied by less than 1 mm of translation and by less than 1°
of rotation. The recorded value was the mean of the last
2 tests. No more than 3 or 4 tests were necessary for each
force application.

Reconstructive Procedures

Right and left knees were sequentially alternated between
conventional transtibial drilling and independent drilling.
For both reconstruction methods, a tibial guide pin entered
the tibia 1 cm proximal to the pes anserinus and 1.5 cm
posterior to the tibial tubercle.

The method of Morgan et al** was used for the conven-
tional transtibial reconstructions. A commercial tibial drill
guide (Arthrex, Naples, Florida) with a 55° angle between
the aiming arm and the drilling arm placed a guide pin 7 mm
anterior to the PCL in the center of the intercondylar pla-
teau. A 10-mm-diameter, full threaded reamer created the
tibial tunnel. A 7-mm offset femoral drill guide (Arthrex)
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introduced through the tibial tunnel was seated with its
flange on the posterior wall of the intercondylar notch.
The knee was flexed to the largest angle that allowed
the guide to remain seated (approximately 80°), and the
guide pin was drilled through the lateral cortex of the
femur. A 10-mm endoscopic reamer created a femoral tun-
nel 35 mm in length.

For the independent drilling reconstructions, the place-
ment of the tibial and femoral tunnels was directed by the
algorithm of the surgical guidance system.”” The software
is designed to place the center of the tibial tunnel 44%
medial to the medial cortex in the medial-lateral dimen-
sion and 43% posterior to the anterior cortex in the anterior-
posterior dimension.* ¥ A tibial drill guide with infrared
markers was positioned as directed by the targeting
images of the surgical guidance system to place a guide
pin. As above, a 10-mm tibial tunnel was produced.

The software placed the femoral tunnel based on the
quadrant method of Bernard et al,* with the tunnel cen-
tered 25% inferior to Blumensaat’s line and 25% anterior to
the posterior femoral cortex. For guide wire placement and
reaming, the knee was flexed more than 120°, and a femo-
ral aimer with infrared markers was introduced through
the anteromedial arthrotomy. The guide pin was drilled out
the lateral femoral cortex using the targeting images of the
guidance system, and an endoscopic reamer was used to
produce a 10-mm-diameter tunnel 35 mm in length.

For both the conventional transtibial and independent
drilling reconstructions, the graft passage, graft tension-
ing, and graft fixation techniques were identical. The
patellar bone plug was positioned in the femur with its
cancellous surface toward the anterior notch and its corti-
cal surface toward the posterior notch. The bone-tendon
junction was flush with the wall of the intercondylar notch.
Retrograde placement of a 7 x 25-mm metal interference
screw (Arthrex) provided secure femoral fixation. Before
tibial fixation, 22.5 N of tension was placed on the graft via
the tibial bone plug sutures with the spring gauge (Taylor
Precision Instruments), and the knee was cycled from 0° to
90° ten times. The tibial bone plug was secured with a 9 x
25-mm or 9 x 20-mm interference screw while maintaining
the same tension on the graft and with the knee flexed 10°.
The tibial fixation was reinforced by tying the bone plug
sutures to the pins of the tibial array.

Statistical Analysis

Statistical analysis was performed using StatView soft-
ware (SAS Institute, Cary, North Carolina). Normal knees
were compared between the 2 reconstruction groups, and
no statistically significant differences were found (paired
t tests, all P > .05). Similarly, ACL-deficient knees were
compared between the 2 reconstruction groups, and no
statistically significant differences were found (paired ¢ tests,
all P > .05). Therefore, normal knees were pooled (n = 20)
and ACL-deficient knees (n = 20) were pooled for normal
versus ACL-deficient analysis. Paired ¢ tests were used to
compare normal knees to ACL-deficient knees.

To analyze the reconstruction results, the 2 reconstruc-
tion methods were compared with the normal state within
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each knee using a paired ¢ test. Tunnel locations were com-
pared using the Fisher exact test to evaluate the tibial
tunnel locations, the femoral tunnel locations, and the
relationship between drilling method and tunnel location.

RESULTS
Tunnel Locations

Tunnel locations were determined by direct observation of
tunnel placements in relation to the tibial and femoral
insertions of the ACL (Figures 2 and 3). The conventional
transtibial drilling method placed 7 tibial tunnels in the
posterior third of the tibial footprint and 3 tibial tunnels in
the central third of the tibial footprint. On the femoral
side, the conventional transtibial drilling method placed
all 10 tunnels in the proximal third of the femoral footprint
(Figure 2).

The independent drilling method placed 9 tibial tunnels
in the anterior third of the tibial footprint and 1 tibial tun-
nel in the central third of the tibial footprint. For the
femoral footprint, the independent drilling method placed
3 tunnels in the proximal third, 5 tunnels in the central
third, and 2 tunnels in the distal third (Figure 3).

The difference in tunnel locations between the 2 meth-
ods was significant on the tibial side (P < .001) and on the
femoral side (P < .01) and was related to the drilling
method (P < .001).

Knee Kinematics

Normal versus ACL-deficient knees. Anterior translation
increased after cutting the ACL with anterior force, inter-
nal torque, combined anterior force + internal torque, and
combined anterior force + external torque (P < .01) (Table 1
and Figure 4). The changes in anterior translation were
large compared with the normal state.

Internal rotation also increased after the ACL was
resected but only with internal torque or combined ante-
rior force + internal torque (P < .01) (Table 1 and Figure 5).
The changes in internal rotation were small compared
with the normal state.

Reconstructed knees versus normal knees. Conventional
transtibial reconstruction reduced anterior translation but
not to normal with anterior force, internal torque, and
combined anterior force + internal torque (P < .01) (Table 2
and Figure 4). In contrast, reconstruction by the indepen-
dent drilling technique restored normal anterior transla-
tion for all loading conditions (Table 2 and Figure 4).

Conventional transtibial reconstructions restored nor-
mal internal rotation with combined anterior force + inter-
nal rotation but not with internal rotation. Independent
drilling reconstructions restored normal internal rotation
for all loading conditions (Table 2 and Figure 5).

DISCUSSION

This study compared conventional transtibial drilling as
described by Morgan et al** to independent drilling as
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Transtibial Tunnel Locations

Figure 2. The average location for the tunnels drilled with the
conventional transtibial method.

Independent Tunnel Locations

Figure 3. The average location for the tunnels drilled with the
independent drilling method.

methods for ACL reconstruction. Tests were performed at
30° of flexion, where the greatest anterior translation occurs
in ACL-deficient knees” and where restoration of normal
motion will eliminate the pivot-shift phenomenon.'****%2
The conventional transtibial drilling method was based
on a commonly used method described by Morgan et al.**
The independent drilling method was directed by an
image-guided surgical guidance system (BrainLab Inc).
Independent drilling of a femoral tunnel can be performed
antegrade through a lateral incision or retrograde through
an anteromedial portal just above the medial meniscus.”
The conventional transtibial technique used in this
study placed the majority of tibial tunnels in the posterior
tibial footprint and all the femoral tunnels in the proximal
femoral footprint. The independent drilling technique
placed tunnels using the image guidance system, and the
average tunnels were in the anterior tibial footprint and in
the central femoral footprint. Both the tibial and the femo-
ral tunnel locations were different between the 2 drilling
techniques, and the kinematic results reflect the combined
effects of tibial and femoral tunnel placements. The tunnel
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Figure 4. Mean anterior translations for normal knees (n = 20),
ACL-resected knees (n = 20), and ACL-reconstructed knees
(n = 10) are shown for anterior force (156 N), internal torque
(10 N-m), and combined anterior force + internal torque (156
N + 10 N-m). The bars represent 1 SD. An asterisk denotes a
value greater than the value in the normal knee (P < .01,
paired t test).

TABLE 1
Anterior Translation and Rotation in Normal Versus
ACL-Deficient Knees (n = 20)*

Normal ACL Deficient

Mean SD Mean SD

Anterior Force, 156 N

Anterior translation, mm 4.5 2.6 14.7 5.8

Rotation, deg 5.7 4.2 4.0 44
Internal torque, 10 N-m

Anterior translation, mm 5.9 2.4 8.7 2.8

Rotation, deg 21.3 5.5 24.8 6.3°
External torque, 10 N-m

Anterior translation, mm 1.2 3.7 2.3 3.0

Rotation, deg -18.9 7.8 -17.6 5.8

Anterior force (156 N) +
internal torque (10 N-m)
Anterior translation, mm 6.7 2.7 10.8 4.4°
Rotation, deg 20.6 5.8 23.1 6.5°
Anterior force (156 N) +
external torque (10 N-m)

Anterior translation, mm 2.6 2.0 74 67
Rotation, deg -13.1 11.1 -13.6 5.2
“External rotation, (-); internal rotation, (+).

’P < .001.

‘P < .01.

placements of conventional transtibial drilling produced
more vertical grafts, and the tunnel placements of inde-
pendent drilling produced more horizontal grafts.

The vertical grafts produced by conventional transtibial
drilling decreased abnormal anterior translation but not to
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Figure 5. Mean internal rotation in degrees for normal knees
(n=20), ACL-resected knees (n =20), and ACL-reconstructed
knees (n = 10) is shown for internal torque (10 N-m) and com-
bined anterior force + internal torque (156 N + 10 N-m). The
bars represent 1 SD. An asterisk denotes a value greater than
the value in the normal knee (P < .01, paired t test).

TABLE 2
Anterior Translation and Rotation in Conventional
Transtibial Drilling Versus Independent Drilling (n = 10)*

Independent
Drilling

Transtibial
Drilling

Mean SD Mean SD

Anterior force, 156 N

Anterior translation, mm 8.9 3.6 5.0 3.3

Rotation, deg 7.5 5.6 5.5 4.3
Internal torque, 10 N-m

Anterior translation, mm 7.9 3.4° 6.6 2.8

Rotation, deg 23.5 6.1° 22.5 5.2
External torque, 10 N-m

Anterior translation, mm 2.4 4.6 0.3 2.2

Rotation, deg -18.1 6.8 -17.4 4.8

Anterior force (156 N) +
internal torque (10 N-m)
Anterior translation, mm 9.2 3.2° 7.2 3.3
Rotation, deg 20.7 5.7 21.5 4.5
Anterior force (156 N) +
external torque (10 N-m)

Anterior translation, mm 5.9 6.3 2.7 2.6
Rotation, deg -13.9 10.5 -14.2 5.4
“External rotation, (-); internal rotation, (+).

’P <.001.

‘P <.01.

normal when anterior force and/or internal torque were
applied. The horizontal grafts produced by the indepen-
dent drilling method restored normal anterior translation
for all loading conditions. If anterior translation was nor-
mal, then internal rotation was also normal.

The problems with placing anatomical grafts using
transtibial drilling have been independently documented by
Arnold et al” and Heming et al.”® Arnold et al used a stan-
dard femoral aimer through a tibial tunnel and found all
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guide pins to be placed too superior in the notch and out-
side the femoral footprint.” Heming et al documented that
transtibial drilling could center tibial and femoral tunnels
in their footprints, but this required an impractical short
tibial tunnel and a possible violation of the posterior femo-
ral cortex."

Howell et al have extensively studied transtibial drilling
and made recommendations to avoid the method’s tendency
to place vertical graf‘cs.zo'%’46 They have documented that
more horizontal tibial tunnels in the coronal plane will
result in knees with superior stability and better range of
motion.** This method to improve femoral tunnel location
will often require tunneling through the medial collateral
ligament and under the medial tibial plateau. This practice
may centralize the femoral tunnel, but the tibial tunnel will
still lie posterior, and there is risk of tibial plateau articular
injury and medial plateau insufficiency reactions.>*® Kondo
et al®® have also recommended transtibial drilling to place
anatomical femoral tunnels, but this recommendation will
place a tibial tunnel far posterior.

Multiple cadaveric studies have documented the poor
function of vertical grafts produced by nonanatomical
proximal or high femoral tunnels.’’*****® Taken collec-
tively, the studies of Woo et al,?? Yagi et al,”® Loh et al,*!
and Yamamoto et al** support the thesis that grafts placed
lower in the femoral footprint best restore normal motion
at flexion angles below 60°. From another laboratory,
Scopp et al* placed grafts with either a high or low femo-
ral tunnel using a transtibial technique. Neither method
restored normal anterior translation, but knees with lower
femoral tunnels had better stability with internal rotation.
Interestingly, Mae et al,** in a cadaveric study, placed
grafts in the center of the tibial insertion and in the proxi-
mal femoral insertion with independent drilling and found
normal anterior translation between 0° and 90° flexion.

Clinical data supporting the use of independent drilling
come from multiple sources. Using MRIs, Chao and David
(personal communication) found graft alignments to be
more horizontal and anatomical and better laxity mea-
surements with independent drilling versus transtibial
drilling. Hantes et al' also evaluated MRIs of ACL recon-
structions and found grafts placed with independent drill-
ing to have better horizontal alignments compared to
grafts placed with transtibial drilling. Paessler et al®®
attempted transtibial versus independent drilling in 77
ACL reconstructions and found that in only 3 knees could
transtibial drilling place guide pins within the superior
margin of the femoral footprint. With use of independent
drilling, all femoral tunnels were centered in the foot-
prints.®® Harner et al'’ have recommended independent
drilling because it allows placing the femoral tunnel cor-
rectly. Interestingly, greater femoral tunnel widening has
been documented with transtibial drilling versus antero-
medial tunnel drilling.®

The image-guided navigation system used in this study
is accurate in measuring joint laxity, but some variability
was observed in the tunnel placements relative to the
footprints.””*° This may be owing to variability in the ref-
erencing process or to variability in the operator’s place-
ment of drill guides based on computer images. Also, the
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algorithm of the system is based on anatomical averages,
and variability in knee anatomy may be a factor. It is pos-
sible that drill guides designed to center grafts in their
central footprints may be more reliable than is image-
guided technology in placing tunnels.

There was a clear statistical difference in tunnel loca-
tions between the 2 drilling methods. Whether it was the
tibial or femoral tunnels that were more critical to the
observed kinematic differences cannot be answered, but
prior studies have indicated that the femoral tunnel is the
more critical.'*'*%’

The relatively more anterior tibial tunnel of the inde-
pendent drilling method could predispose a graft to notch
impingement.”*** However, the lower femoral tunnel of
the independent drilling method will diminish this
possibilit}7.24’27’36 Clinically, each reconstruction has to be
carefully evaluated for graft impingement and the tibial
tunnel placed to avoid this possibility.

The results of this study bear upon recent concerns with
single-bundle ACL reconstructions and their ability to
restore normal knee function.*****>® These concerns are
largely based on tests of cadaveric reconstructions and
motion analyses of knees after reconstruction.” It is clear
from these studies that many knees still function with
abnormal anterior translation and rotation after recon-
struction.'****! What is controversial is whether it is the
placement of single-bundle grafts that needs improvement
or whether 2-bundle grafts are needed.>5:5%33:35.55.56.,58

Whether the changes in transtibial drilling methodology
suggested by Howell and Kondo can salvage the method
was not evaluated in this study. Fundamentally, this study
evaluated only the transtibial drilling technique described
by Morgan et al,** and it may be possible with a more
horizontal tibial tunnel to place a better functioning graft
using the transtibial technique. However, horizontal tibial
tunnels in the coronal plane are not without problems, and
their success compared with independently drilled tunnels
has not been documented.®?**14446:50

We suggest that tunnels in ACL reconstructions be
drilled independently. The tibial tunnel should be placed
anterior and medial in the footprint, provided it does not
impinge the graft. The femoral tunnel should be placed in
the center of the femoral footprint. These tunnel place-
ments require drilling the femoral tunnel either through an
anteromedial portal or through a lateral thigh incision.’*!"
In a cadaveric model, a single-bundle ACL construct with
tunnels placed by independent drilling was very successful
at restoring physiologic motion to the knee.
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