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Background: Recent reports have suggested that a traditional transtibial technique cannot practically accomplish an anatomic
anterior cruciate ligament (ACL) reconstruction.

Hypothesis: The degree to which a transtibial technique can anatomically position both tibial and femoral tunnels is highly depen-
dent on tibial tunnel starting position.

Study Design: Descriptive laboratory study.

Methods: Eight fresh-frozen adult knee specimens were fixed at 90° of flexion and then dissected to expose the femoral and tibial
ACL footprints. After the central third patellar tendon length was measured for each specimen, computer-assisted navigation was
used to identify 2 idealized tibial tunnel starting points, optimizing alignment with the native ligament in the coronal plane but distal
enough on the tibia to provide manageable bone-tendon-bone autograft-tibial tunnel mismatch (point A = 10-mm mismatch; point B
= 0-mm mismatch). Tibial tunnels were then reamed to the center of the tibial insertion using point A in half of the knees and point B
in the other half. Guide pin positioning on the femoral side was then assessed before and after tibial tunnel reaming, after beveling
the posterolateral tibial tunnel rim, and after performing a standard notchplasty. After the femoral tunnel was reamed, the digitized
contours of the native insertions were compared with those of both tibial and femoral tunnels to calculate percentage overlap.

Results: Starting points A and B occurred 15.9 + 4.5 mm and 33.0 = 3.3 mm distal to the joint line, respectively, and 9.8 +
2.4 mm and 8.3 = 4.0 mm from the medial edge of the tibial tubercle, respectively. The anterior and posterior aspects of both
tibial tunnels’ intra-articular exits were within a few millimeters of the native insertion’s respective boundaries. After the tibial tun-
nel was reamed from the more proximal point A, a transtibial guide pin was positioned within 2.1 = 1.6 mm of the femoral inser-
tion’s center (vs 9.3 = 1.9 mm for point B; P = .02). After beveling a mean 2.6 mm from the back of the point A tibial tunnels,
positioning improved to within 0.3 = 0.7 mm from the center of the femoral insertion (vs 4.2 = 1.1 mm for the point B tibial tunnels;
P = .008). Compared with the more distal starting point, use of point A provided significantly greater insertional overlap (tibial:
97.9% * 1.4% vs 71.1% = 15.1%, P = .03; femoral: 87.9% * 9.2% overlap vs 59.6% = 8.5%, P =.008). No significant posterior
femoral or tibial plateau breakthrough occurred in any specimen.

Conclusion: Tibial and femoral tunnels can be positioned in a highly anatomic manner using a transtibial technique but require
careful choice of a proximal tibial starting position and a resulting tibial tunnel that is at the limits of practical. Traditional tibial
tunnel starting points will likely result in less anatomic femoral tunnels.

Clinical Relevance: A transtibial single-bundle technique can accomplish a highly anatomic reconstruction but does require
meticulous positioning of the tibial tunnel with little margin for error and some degree of graft-tunnel mismatch.
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dependence of femoral tunnel position on the tibial tunnel. In
theory, perfect transtibial access to the femur should be pro-
vided by a tibial tunnel that is colinear with a line connecting
the centers of both femoral and tibial insertions. Heming
et al® used a cadaveric model to demonstrate that this trajec-
tory may not be practical, noting that a guide pin drilled
antegrade through the center of both femoral and tibial
ACL insertions will consistently exit the tibia within milli-
meters of the joint line. The implication of this and other
investigations'?? is that traditionally more distal tibial start-
ing points (3-4 cm distal to the joint line) are nonlinear and
will result in less than anatomic graft positioning on the
femur.

Despite these concerns, no reports have fully evaluated
the potential of a transtibial single-bundle technique
because none have simultaneously controlled for both tib-
ial and femoral insertional anatomy, tibial tunnel starting
point, and the increased flexibility that a reamed tibial
tunnel may provide when placing instruments through it.

The purpose of this study was to clarify the true poten-
tial of a transtibial technique by focusing on the impor-
tance of tibial tunnel starting position. We began with
the premise that the ideal transtibial trajectory is defined
by a line connecting the center of the femoral and tibial
insertions, recognizing that this exact trajectory is likely
impractical for the very proximal tibial starting point
that would be required.® Given the potential problems of
tunnel integrity and graft-tunnel mismatch provided by
such a proximal starting point, we identified more distal
tibial tunnel starting positions that mitigated these varia-
bles to determine if the flexibility afforded by the reaming
of a 11-mm tibial tunnel would allow appropriate femoral
tunnel position. Using these starting points, we prepared
tibial and femoral tunnels using a transtibial technique,
and the ultimate intra-articular tunnel positions were
compared with those of the native insertions. Our hypoth-
esis was that anatomic placement of tibial and femoral tun-
nels for transtibial ACL reconstruction could be achieved
with tibial tunnel starting points that were more proximal
than traditional starting positions yet still practical.

METHODS

Eight fresh-frozen adult knee specimens (mid-femur to
mid-tibia, 4 right, 4 left) without ligamentous injury or sig-
nificant degenerative joint disease were thawed over 24
hours. Before any dissection, computer-assisted navigation
sensors (BrainLAB, Munich, Germany) were fixed with
threaded pins to the femur and tibia. Sensor position was
registered using navigation software and C-arm fluoros-
copy, each femur and tibia was then mounted using a cus-
tom mount at 90° of flexion. This flexion angle was chosen
as it is the most common position of the knee during
transtibial reconstruction techniques. Given concerns that
the necessary exposure of the ACL insertions could destabi-
lize the knee and cause abnormal motion of the femur and
tibia relative to each other during the study, a 3-point coor-
dinate system was arbitrarily defined on each specimen by
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choosing and marking a point on the femur, tibia, and labo-
ratory table, the x, y, z coordinates of each point were mea-
sured and recorded with a digitizer (MicroScribe; CNC
Services, Amherst, Virginia), accurate to 0.05 mm. Both
the digitizer and the mount were securely fixed to the
same laboratory table, and for each knee, the 3-point coordi-
nate system was repeatedly referenced with the digitizer
throughout the study to confirm no subsequent motion of
the femur, tibia, and digitizer relative to each other.

After each specimen was secured as described, the
lateral femoral condyle was further secured to the lateral
tibial plateau with 2 divergent K-wires and the extra-
articular soft tissues then removed. Before removal of the
extensor mechanism, the central third patellar tendon
length was measured and the intact nature of both the
articular cartilage and cruciate ligaments was confirmed.

To allow later 3-dimensional analysis, the surface anat-
omy of the femur and tibia was then assessed using the
digitizer to record extensive point cloud arrays of both
bones. The medial femoral condyle was then carefully
removed with an oscillating saw—avoiding any distur-
bance of the femoral insertion site—and the ACL was
sharply removed with care to identify the centers and mar-
gins of both the femoral and tibial insertions, first by mark-
ing them with a pen and then using the digitizer.

BrainLAB computer-assisted navigation was then used
to identify the tibial exit point of a line connecting the cen-
ters of the tibial and femoral ACL insertions (the “ana-
tomic exit point”) as well as points distal to this on the
tibia that corresponded with 10 mm and 0 mm of graft-
tunnel mismatch. Mismatch was calculated using the tibial
tunnel length (TT) for the given starting point (measured
with the digitizer from the external tibia to the center of
the tibial footprint), the measured intra-articular distance
(IAD) between the insertional centers, and the central
third patellar tendon length for that specimen (N), where
Mismatch = (N + 25 mm standard bone-tendon-bone
[BTB] bone plug length) — (TT + IAD). Because the tibial
tunnel length (TT) decreases as the tunnel starting point
moves proximally on the tibia, and because 10 mm of mis-
match was what we considered to be a reasonable upper
limit of manageable, the 10-mm mismatch starting posi-
tion (point A) represented the most proximal and still
practical tibial tunnel starting point. In our opinion,
10 mm of mismatch can be managed by a combination of
femoral tunnel recession and shortening of the tibial
plug. Mismatch beyond 10 mm would require alteration
of standard surgical technique or fixation. The zero mis-
match starting point (point B) was further distal on the
tibia, more closely resembling a traditional starting posi-
tion.'® For each point A and B, an effort was also made to
optimize the coronal plane alignment with the native
ACL, using the BrainLAB navigation to further guide
medial to lateral position of each point on the proximal
tibia (Figure 1).

Guide pins were then drilled using a standard ACL tib-
ial aimer (Smith & Nephew Endoscopy, Andover, Massa-
chusetts) to the center of the marked tibial insertion,
from point A in half of the knees and from point B in the
other half (Figure 2). Guide pin intersection with the

Downloaded from ajs.sagepub.com at Univ of lllinois at Chicago Library on November 21, 2014


http://ajs.sagepub.com/

1308 Piasecki et al

The American Journal of Sports Medicine

5.7+/-2.3mn

Figure 1. Tibial tunnel starting points. A, Point A (lower dot): This starting point was aligned as closely as possible with the native
ACL in the coronal plane but was positioned distal enough on the tibia to prevent greater than 10 mm of bone-tendon-bone (BTB)
autograft mismatch. Upper dot, anatomic exit point; TT, medial edge of the tibial tubercle; MTP, medial tibial plateau edge; Pes,
top of the pes tendons; MCL, anterior edge of the medial collateral ligament. B, Point B (lower dot): Aligned as closely as possible
with the native ligament in the coronal plane but distal enough on the tibia to ensure a tibial tunnel length with zero millimeters of
BTB autograft mismatch (ie, tibial bone plug would be flush with outer tibial cortex), this point corresponded with a more tradi-
tional starting point. Upper dot, anatomic exit point; TT, medial edge of the tibial tubercle; MTP, medial tibial plateau edge; Pes,
top of the pes tendons; MCL, anterior edge of the medial collateral ligament.

Be. Anatomic [l
;- Exit Point [l
e Point A

' st Point B

Figure 2. Guide pins were drilled from point A to the center
of the tibial insertion in half of the knees and from point B in
the other half. An 11-mm reamer was then used to drill tibial
tunnels over the wires. Note anatomic exit point and point
B—the wire is passing through point A.

intercondylar notch wall was noted and recorded. Tibial
tunnels were then reamed with an 11-mm cannulated
reamer.

After the tibial tunnel had been completed, a 7-mm off-
set aimer was inserted through the tibial tunnel and
hooked around the posterior aspect of the intercondylar
notch. An effort was made to take advantage of the maneu-
verability of the 11-mm tibial tunnel diameter by

positioning the aimer in the posterolateral corner of the
tibial tunnel and externally rotating the handle to achieve
the lowest possible pin position on the lateral wall of the
femoral notch. Once the aimer was positioned optimally,
a guide pin was inserted through the aimer and the site
of pin contact with the intercondylar notch marked and
measured with respect to its distance from the center of
the native ACL femoral insertion and surrounding notch
landmarks.

The wire was then provisionally drilled into the femur
in the above location and a 10-mm reamer passed over
the wire and through the tibial tunnel only (ie, the femur
was not yet contacted). The reamer was allowed to remove
bone only from the posterior rim of the tunnel’s entrance
into the joint. Because the guide pin had been placed pos-
terolateral to the center of the tibial tunnel’s entrance into
the joint, passing the reamer over the wire in this position
consistently removed several millimeters of bone from the
posterolateral aspect of the tibial tunnel rim, in a trajectory
defined by the guide wire’s position. After this step was
completed, the guide wire was removed and the new
periphery of the tibial tunnel’s entrance into the joint
was registered with the digitizer to quantify the amount
of bone removed. The offset aimer was then reinserted
through the now modified tibial tunnel and repositioned
in the over-the-top position of the intercondylar notch.
Once again, the aimer was externally rotated to allow the
most favorable pin position relative to the marked center
of the femoral insertion. A guide pin was once again
inserted through the aimer and the position of the new con-
tact point with the intercondylar notch measured. The pin
was then drilled several centimeters into the femur (to
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allow its localization after completion of the notchplasty
[see below]) and then removed with the aimer.

A notchplasty of the lateral intercondylar notch wall
was then performed using a motorized bur, effecting a level
resection of 3 mm. After the notchplasty had been com-
pleted, the distal femoral surface anatomy was once again
registered with extensive point cloud arrays using the dig-
itizer to allow post hoc 3-dimensional analysis (see below).
The offset aimer and guide pin were then reinserted once
again through the tibial tunnel, hooked around the back
wall, and externally rotated. This final contact point was
once again assessed, its distance to the pin tract from the
prior guide wire noted.

Last, femoral tunnels were reamed with a 10-mm can-
nulated reamer and any cortical breakthrough of the
back wall recorded. The digitizer was then used to register
the edges of the femoral tunnel on the notch wall and to
measure the distances of its margins from intercondylar
notch landmarks.

After completion of the above, a number of subsequent
analyses were performed using the spatial information
recorded with the digitizer. Using the point cloud arrays,
Matlab software (Mathworks, Inc, Natick, Massachusetts)
was used to construct lines connecting each of points A and
B with the center of the tibial insertion and to determine
the resulting intersection point of each line with the lateral
intercondylar notch. This analysis was meant to simulate
a guide pin drilled through the tibia and allowed us to com-
pare pin trajectory between the 2 different tibial starting
points without having to actually drill pins from both loca-
tions in each specimen. The distance of these virtual pin
intersections with the femur was then calculated from
the center of the femoral insertion. Similar analysis was
used to assess the amount of bone resected from the poste-
rior aspect of the lateral intercondylar notch during each
simulated notchplasty, using the pre- and postnotchplasty
femoral point cloud arrays.

In addition, the surface areas of each tibial and femoral
insertion were measured using the insertional periphery
data recorded with the digitizer. Similar surface areas
were calculated for the digitized peripheries of the intra-
articular tibial tunnel exit and femoral tunnel. The per-
centage overlap of the tibial tunnel surface area with
that of the native tibial insertion was then directly calcu-
lated. On the femoral side, insertional overlap was calcu-
lated to account for the notchplasty, which had been
performed before reaming the femoral tunnel. The 3-Matic
software (Materialise BV, Leuven, Belgium) was used to
extrude a 3-dimensional shape defined by the femoral tun-
nel contour toward the prenotchplasty femoral point cloud,
along an axis defined by the final guide wire position.
Overlap of this “extruded femoral tunnel” with the native
femoral insertion was then calculated on the prenotch-
plasty femoral point cloud.

Last, given some concerns over the practicality of bevel-
ing the posterior aspect of the tibial tunnel, additional
analysis was performed to estimate the surface area and
overlap of a femoral tunnel drilled prior to beveling of
the tibial tunnel. The 3-Matic software was used to create
a virtual 10-mm cylinder centered on the axis of the guide
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pin positioned just before tibial tunnel beveling, the inter-
section of this cylinder with the prenotchplasty femur was
then quantified based on surface area and overlap with the
native femoral insertion.

Comparison of continuous variables was performed with
t tests, alpha set at 0.05, and P values below this consid-
ered significant. P values were not corrected for multiple
comparisons and should be treated as such. Minimum sam-
ple size for comparison of point A vs B was determined by
a power analysis (G*Power 3.0, Dusseldorf, Germany) with
respect to transtibial pin position on the femoral notch.
This analysis demonstrated a minimum sample size of 4
specimens per group for determining an effect size of
2.46 mm with a power of 82.6%.

RESULTS

All specimens had intact cruciate ligaments and menisci,
and none had significant degenerative joint disease. In
all cases, the 3-point coordinate system used to reference
the tibia, femur, and digitizer remained within 0.1 mm
throughout the testing protocol. Measured anatomic indi-
ces were comparable with the published literature® and
did not differ significantly when comparing specimens in
which point A tibial tunnels were drilled vs specimens in
which point B tunnels were used (P > .05). Insertional
anatomy and other recorded anatomic variables are sum-
marized in Appendix A (available in the online version of
this article at http://ajs.sagepub.com/supplemental/).

Point A occurred a mean 15.9 = 4.5 mm below the
medial plateau edge and 9.8 * 2.4 mm posterior to the
medial margin of the tibial tubercle, whereas point B
occurred 33.0 = 3.3 mm below the medial plateau edge
and 8.3 + 4.0 mm posterior to the medial margin of the tib-
ial tubercle (Figures 1 and 2). Tunnels drilled from the
more proximal point A maintained a shorter proximal
bone bridge from the medial plateau edge (12.3 =+
2.3 mm vs 24.7 £ 4.2 mm) and a shorter proximal tunnel
length (23.1 = 2.3 mm vs 32.7 £ 3.3 mm) (Figure 3). The
intra-articular entrance of the point A tibial tunnels very
closely reproduced the native tibial footprint, whereas
the point B tibial tunnels were more circular with less
overlap (97.9% + 1.4% vs 71.1% = 15.1% for point B tun-
nels, P =.03). In no specimen did the tibial tunnel compro-
mise the proximal bone bridge or the medial tibial plateau.
Tibial starting points and tunnel dimensions are depicted
in Tables 1 and 2.

Transtibial femoral access is depicted in Appendix B
(available online). Initial guide pin intersection with the
intercondylar notch (using both actual guide pin data and
virtual guide pin analysis) was significantly closer to the
center of the femoral insertion when tibial tunnel starting
point A was used as compared to point B (6.3 = 2.5 mm
vs 12.7 * 2.6 mm; P = .0007). After reaming the tibial tun-
nel, transtibial guide pin position improved in all specimens
but remained significantly closer to the center of the femoral

SReferences 2, 4-6, 8-10, 12, 14, 16-18, 20, 21, 23.
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TABLE 1
Tibial Tunnel Starting Points
Distance From Distance From Distance From Distance From Distance From Linearity (Exit Point
Anatomic Medial Medial Margin of Superior Border of Anterior Margin of  to Tibial Insertion vs
Exit Plateau Tibial Pes Medial Collateral  Line Connecting Both
Point, mm Edge, mm Tubercle, mm Tendons, mm Ligament, mm  Insertional Centers), deg
Anatomic exit point — 11.1 = 34 8.6 = 3.0 27.3 £ 4.8 31.2 £ 9.5 3.8+ 1.6
Point A 6.9 = 2.7 159 + 4.7 9.8 24 23.0 + 4.1 30.2 =+ 9.8 10.7 = 4.2
Point B 22.9 = 13.9 33.0 = 3.3 8.3 = 4.0 5.7+ 2.3 23.1 =+ 5.8 30.0 = 4.7
TABLE 2

Tibial Tunnel Parameters

Extra-articular Entrance

Proximal Extent to Anterior Extent to Tibial  Posterior Extent to Anterior = Distal Extent to Superior
Medial Plateau Tubercle’s Medial Medial Collateral Border of Pes
Edge, mm Margin, mm Ligament, mm Anserinus, mm
Point A tibial tunnel 12.3 + 2.3 5.46 = 8.4 26.3 = 5.7 14.7 = 2.2
Point B tibial tunnel 24.7 = 4.2 3.2 +25 16.0 £ 7.3 —-2.3*+ 46
P value .02 .67 .03 .001

Intra-articular Exit

Posterior Extent to Anterior Extent to Length of Proximal Length of Distal
Posterior Insertion, mm Anterior Insertion, mm Tunnel, mm Tunnel, mm
Point A tibial tunnel -1.8 = 0.7 0.7 = 0.8 23.1 + 2.3 42.7 + 34
Point B tibial tunnel 3.1=x29 -22*+19 32.7 + 3.3 50.6 = 3.6
P value .04 .04 .01 .02
TABLE 3
Transtibial Guide Pin Position Through the Reamed Tibial Tunnel, Prior to Beveling or Femoral Notchplasty
Distance to Distance to P Value Distance to P Value Distance to P Value (vs Distance to P Value (vs
Center of Back (vs Center  Roof of (vs Center Cartilage Edge of Center of  Anterior Center of
Femoral Wall, of Femoral  Notch, of Femoral Lateral Femoral Femoral Edge of Femoral
Insertion, mm mm Insertion) mm Insertion) Condyle, mm Insertion) Notch, mm Insertion)
Point A 2.1+ 1.6 7.7+ 15 .20 73 1.8 072 7.8 =19 .16 14.6 = 1.8 .35
Point B 9.3 £ 2.0 13.5 £ 1.7 .004 3.3 *+25 .009 13.3 £ 0.7 .002 9.7 = 1.7 .008
P value (point .020 .023 .049 014 125
A vs point B)
TABLE 4
Transtibial Guide Pin Position Through the Reamed Tibial Tunnel, After Beveling
Distance to Distance to P Value Distance to P Value Distance to P Value (vs Distance to P Value (vs
Center of Back (vs Center Roof of  (vs Center Cartilage Edge of Center of Anterior Center of
Femoral Wall, of Femoral = Notch, of Femoral Lateral Femoral Femoral Edge of Femoral
Insertion, mm mm Insertion) mm Insertion) Condyle, mm Insertion) Notch, mm Insertion)
Point A 0.3 = 0.7 6.4 = 0.6 .39 9.8 = 1.0 .23 6.9 = 1.3 .35 15.1 = 2.7 .23
Point B 4.2+ 1.1 8.4+ 1.3 .100 6.4 = 1.5 .005 11.0 = 1.0 .001 14.1 + 3. .680
P value (point .008 121 .061 .022 .576
A vs point B)
insertion using the point A tibial tunnels (2.1 = 1.6 mm not significantly different from that of the center of the fem-
from the center of the femoral insertion vs 9.3 = 2.0 mm oral insertion with respect to distance from the roof, ante-
for the point B tibial tunnels; P = .02), a position that was rior, posterior, and inferior edges of the notch (Table 3).
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TABLE 5
Femoral Tunnel Parameters
Proximal Posterior Inferior Edge to Anterior
Extent to P Value Extent to P Value Cartilage Edge of P Value (vs Extent to P Value (vs
Roof of the (vs Native Back (vs Native Lateral Femoral Native Anterior Edge Native
Notch, mm Insertion) Wall, mm Insertion) Condyle, mm Insertion) of Notch, mm Insertion)
Point A 3.5 +0.7 .34 1.8+ 0.9 .38 1.5+ 1.1 43 10.2 + 1.8 .35
Point B 0.0 = 0.0 .02 3.1+20 .36 75 * 2.6 .03 139 = 1.8 .003
P value (point A .002 .39 .03 .05
vs point B)
Clockface Clockface Clockface Surface Area
Position of P Value Position P Value Overlap With P Value Overlap on
Proximal (vs Native of Distal (vs Native Native Surface (vs Native Prenotchplasty
Extent, min Insertion) Extent, min Insertion) Insertion, % Area, mm? Insertion) Wall, %
Point A 10:52 = 19.4 .39 8:15 + 0 .39 104 + 20.9 110.5 = 17.1 .57 87.9 £ 9.2
Point B 11:26 = 22.5 .02 9:35 = 38.8 .06 55 = 22.0 72.0 £ 9.8 .24 59.6 = 8.5
P value (point A .15 .03 .03 .02 .008
vs point B)

Beveling the posterolateral rim of the tibial tunnel’s
entrance into the joint with the cannulated reamer
resulted in 2.6 * 1.3 mm and 7.0 = 2.5 mm of bone
removal from the posterolateral aspect of the point A
and B tibial tunnels, respectively. Compared with the
native insertion’s distance from the anterior edge of the
PCL, this represented a significant posteriorization (P =
.04) for both tunnels. After beveling had been completed
and the offset aimer repositioned, the guide pin moved
closer to the center of the femoral insertion in all knees
but was significantly closer to the center of the insertion
using the point A tibial tunnels (0.3 + 0.7 mm vs 4.2 +
1.1 mm for the point B tunnels; P = .008), a position
that represented perfect centering of the guide pin in 3
of the 4 specimens (Table 4). By contrast, this best-case
pin position for the point B tibial tunnels remained signif-
icantly higher than the center of the native femoral inser-
tion (Table 4).

Volumetric analysis of femoral point clouds before and
after notchplasty demonstrated a mean 3.2 = 1.1 mm of
bone removal from the posterolateral notch. After the
notchplasty had been completed and the offset aimer repo-
sitioned, in all specimens, the guide pin trajectory followed
precisely the same tract it had created immediately after
the beveling stage, indicating that the notchplasty did
not alter transtibial pin positioning.

Femoral tunnels are shown in Figure 4, with parame-
ters summarized in Table 5. In no specimen did any signif-
icant posterior wall breakthrough occur. Compared with
the point B femoral tunnels, point A femoral tunnels had
a significantly larger surface area with a lower position
on the notch wall and an oblique anterior extent that
trended toward being closer to the anterior edge of the
notch. Compared with the native insertion, the margins
of the point A femoral tunnels were not significantly differ-
ent, whereas those of the point B femoral tunnels were
notably more proximal and posterior. Surface area overlap
with the native attachment was also higher for the point A
femoral tunnels (87.9% * 9.2% vs 59.6% * 8.5%; P = .008).
Combined tibial and femoral insertional overlap is

summarized in Appendix C (figures and supplemental
video available online).

During post hoc analysis, when a 10-mm cylinder was
added to the guide pin’s position before performing the
notchplasty and beveling the tibial tunnel, intersection
with the femoral notch produced femoral insertional over-
lap for the point A femoral tunnels that was roughly equiv-
alent to that seen after the beveling step, yet overlap
decreased substantially for the point B femoral tunnels
(81.1% = 12.5% overlap for point A vs 11.4% * 13.0% over-
lap for point B; P = .003).

DISCUSSION

The primary finding of this study is that anatomic transti-
bial positioning of both femoral and tibial tunnels is possi-
ble when a proximal starting point on the anteromedial
tibial cortex is used. We believe these results are timely,
given that the most commonly performed transtibial,
single-bundle ACL reconstruction has come under recent
criticism as several authors have questioned the ability
of this method to anatomically position the femoral tunnel
through the tibia.1®?? In the recent cadaveric study by
Heming et al,” the ideal transtibial trajectory required
a tibial starting point 14.1 mm from the medial plateau
edge, implying that more distal starting positions might
be incapable of providing anatomic femoral access. Other
authors have questioned whether it is even possible to con-
nect the centers of both insertions with a single guide pin.!
In part because of these limitations, transtibial alterna-
tives have garnered attention, including drilling the femo-
ral tunnel through the anteromedial portal”?? or even
abandoning a single-bundle reconstruction altogether for
double-bundle techniques.?*

Despite this widespread criticism, the true potential of
a single-bundle, transtibial technique has not yet been
fully evaluated because prior studies have not objectively
controlled for the tibial tunnel starting point, both tibial
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Figure 3. Tibial tunnels. An 11-mm reamer was passed over the guide wire in each knee, creating a tibial tunnel from either point

A (shown with tunnel dimensions noted) or point B (not shown).

Figure 4. Femoral tunnels. A, Starting point A. The tibial tunnel orientation from starting point A allowed positioning of a guide pin
at the center of the femoral insertion. The resulting femoral tunnel appeared to nearly perfectly overlap the native insertion. B,
Starting point B. The tibial tunnel orientation from point B allowed a best-case scenario guide wire position that was above
the center of the femoral insertion. The resulting femoral tunnel is positioned higher in the notch with a portion of the tunnel

on the roof.

and femoral insertional anatomy, or the potential maneu-
verability that a reamed tibial tunnel may provide linear
instrumentation in accessing the femoral insertion. Work-
ing with the assumption that the most anatomic transtibial
reconstruction should be made possible by a tibial tunnel
that closely mirrors a line connecting the center of the fem-
oral and tibial insertions, we reasoned that a tibial tunnel
starting point that is as close as possible to the anatomic
exit point—while also mitigating the graft-tunnel mis-
match and tibial tunnel integrity challenges of a proximal
starting position—would allow the best that a transtibial
technique could practically accomplish. Our study differs
from that of Heming et al® in that our tunnels were drilled

retrograde in a manner similar to the technique used dur-
ing surgery, and we were able to account for the increased
flexibility associated with working through a reamed tibial
tunnel. We also explored the potential value of more prac-
tical tibial starting positions than the single “ideal trajec-
tory” of the study by Heming et al.

We found an optimum starting point (point A) to occur
roughly 16 mm distal to the medial tibial plateau edge
and 9 mm posteromedial to the medial margin of the tibial
tubercle. Use of this tibial tunnel starting position resulted
in tibial tunnels that we believe are practical but leave lit-
tle margin for error and a relatively short tibial tunnel
(average 23.1 mm). Our point A tibial tunnels maintained
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an average 12.3 mm of bone between the upper border of
the tunnel and the edge of the plateau, with no fracture or
compromise in any specimen. In addition, with a coronal
plane orientation closer to the midline than traditional
tunnels, the posteromedial margin of the tunnel main-
tained a midline position that never threatened the tibial
articular surface as the tunnel entered the joint. Last, we
believe the inherent 10 mm of mismatch in these tunnels
is manageable. After recessing the femoral plug 5 to
10 mm, these tunnels—whose 23.1 mm proximal length
could accommodate most standard interference screws—
would provide a worst-case scenario of 15 mm of plug/
tunnel overlap on the tibial side, more than adequate
for interference screw fixation of a bone plug.® Nonethe-
less, from a practical standpoint, use of this starting posi-
tion would require close attention to detail—particularly
with respect to the degree of medialization of the starting
position—as the tunnel’s proximity to the medial plateau
leaves much less margin for error than a more distal
starting position. Furthermore, potential clinical con-
cerns related to hardware placement, plateau fracture,
or potential compromise of subchondral bone do exist
and require further study before this technique could be
recommended.

We also found that tibial tunnels created from point A
allowed near-perfect access to the femoral insertion when
compared with the more traditional point B, which was
much less anatomic. These differences were apparent
with initial guide pin intersection with the notch wall
and became even more pronounced after the tibial tunnels
had been prepared—the point A tibial tunnels allowing
guide pin positioning within 2.1 mm of the insertion’s cen-
ter (vs 9.3 mm for the point B tibial tunnels). These find-
ings suggest that a reamed tibial tunnel provides
substantial maneuverability for the tibial aimer and—
when combined with a more proximal tibial starting point—
allows near anatomic positioning on the femoral side.
Beveling the posterolateral rim of the tibial tunnel
allowed subsequent guide pin positioning directly on the
insertional center for the point A tunnels (vs 4.2 mm
above the center for the point B tunnels), whereas a femo-
ral notchplasty did not improve access in any knee.
Despite most surgeons’ comfort with viewing the ACL in
the coronal plane, these findings underscore that tunnel
obliquity in the sagittal plane—significantly more ana-
tomic with a proximal tibial tunnel starting point—may
be much more important in achieving a lower position
on the notch wall.

We also found that use of the more proximal tibial tun-
nel starting position allowed more anatomic overlap with
the native ACL footprints. Although the ovoid tibial inser-
tion in each knee was reasonably overlapped by the point B
tibial tunnel entrances into the joint (71.1% overlap), there
was near-perfect reconstitution by the point A tibial tun-
nels (97.9% overlap). Overlap on the femoral side was
also significantly greater using the more proximal tibial
tunnel starting point, approaching 90% vs the point B fem-
oral tunnels, which overlapped only the posterosuperior
half of the native footprint. Even without beveling the tib-
ial tunnel or performing a femoral notchplasty, our
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analysis found that use of point A would allow greater
than 80% overlap of the native femoral insertion.

Taken together, these results demonstrate the follow-
ing: (1) Transtibial femoral access is highly dependent on
tibial tunnel orientation, the most important determinant
of which is the external tibial starting point. (2) Tunnel ori-
entation that more closely approximates the normal liga-
ment’s anatomic axis achieves improved femoral
positioning. (3) It is possible to simultaneously create
a practical tibial tunnel that is centered on the native tibial
insertion and—via a transtibial technique—position
a guide wire at or very near the center of the native femo-
ral insertion. (4) Bone tunnels created in this manner will
closely reproduce the native tibial and femoral footprints.
By contrast, our results also suggest that even with fairly
significant tibial-sided modifications, a traditional tibial
tunnel can at best get to a point 4 mm above the center
of the femoral insertion with a resulting overlap of only
50% to 60%. The tendency of traditional, distal tibial tun-
nel starting positions to place the femoral tunnel higher
than the native femoral insertion has also been reported
by other authors.?? Although further study is needed to
evaluate the biomechanical implications of a graft posi-
tioned with the idealized point A, previous biomechanical
studies have demonstrated that close reproduction of the
normal ligament’s axis would bestow more normal kine-
matics than a vertically positioned graft and likely with
minimal pathologic roof impingement.!?2

Our study design is limited by its static evaluation of
the ACL. Although we chose 90° of knee flexion as the
most practical position to evaluate ACL reconstruction,
the potential biomechanical implications of a normally
dynamic ligament cannot be construed from a study design
that evaluates the ligament in one knee position.

We also examined only 2 tibial tunnel starting positions,
although we would argue these are likely to be fair repre-
sentations of the best that a transtibial technique can
accomplish. We are aware that some surgeons prefer to
maintain a distal but very medial starting position (ie,
close to the anterior edge of the MCL)—essentially maxi-
mizing coronal plane obliquity to get lower on the femoral
notch. Although not directly evaluating these starting
points, our results suggest tibial tunnels created from
those locations are probably not allowing anatomic recon-
structions. Without beveling substantial bone from the
posterior aspect of our point B tibial tunnels, transtibial
guide pin positioning was 13 mm from the back wall,
implying that the sagittal plane obliquity of these distal
starting points—which would only worsen with more post-
eromedial starting positions—would make it impossible for
a 7-mm offset guide to reach the posterior wall without
extending the knee, a maneuver that would likely risk pos-
terior wall blowout.? We believe one of the notable findings
of our study, which accounted for both tibial and femoral
insertional anatomy, is the critical importance of sagittal
plane obliquity in achieving lower notch positions. We
believe obliquity in the sagittal plane is much more impor-
tant than in the coronal plane and that tibial tunnels that
lack this obliquity must compromise either on the tibial
side (ie, with a more posteriorized entrance into the joint)
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or on the femoral side (ie, with nonanatomic positioning
and/or posterior wall blowout). It is worth noting, however,
that we have not evaluated the practical use of our findings
in an operative setting. Reproducible identification of the
appropriate tibial starting point may be difficult in a true
clinical scenario without the use of navigation.

Another potential criticism of our study protocol is the
degree to which the posterolateral aspect of the tibial tun-
nel’s intra-articular entrance was altered during the bevel-
ing stage. Beveling, which was performed at the tunnel rim
only, had the effect of positioning the posterolateral aspects
of both point A and B tibial tunnels an average of 3 to 4 mm
posterior to the back of the native tibial insertion, which
could be theorized to posteriorize the graft. The effect of bev-
eling on the tibial tunnel aperture position does require fur-
ther study. We believe it is important, however, that
beveling was noted to occur at the tunnel rim only—not
over a substantial span of the tunnel’s length. The portion
of the tunnel involved in BTB fixation and the central axis
of the graft would thus not be expected to change signifi-
cantly, particularly for point A tibial tunnels where the
resulting gap between the posterolateral rim and the graft
would be only 2 to 3 mm. Likewise, the ultimate difference
in femoral tunnel positioning using this modification is min-
imal (<2 mm difference in pin positioning and ~6% change
in femoral insertional overlap), suggesting that, like the
notchplasty, it is probably not an essential part of femoral
positioning in properly oriented tibial tunnels anyway.
Nonetheless, our study did not evaluate graft fixation or
healing, and therefore we can only speculate as to the con-
sequences of this particular tunnel modification.

Our study design also could be criticized for the degree of
dissection required to expose the ACL’s insertions. As noted
in the Methods section, soft tissues were removed en masse
from each knee joint along with the medial femoral condyle
to fully expose the insertions and could be theorized to
have altered tibiofemoral orientation during the subsequent
measurements. If present, we believe this effect was quite
minimal. Each femur and tibia was registered against a static
3-point coordinate system after fixation at 90° and before any
dissection. Subsequent measurements throughout the study
protocol confirmed essentially no motion between femur,
tibia, and digitizer. We would also point out that similar
methods have been employed by other authors.?

Last, it is noteworthy that our model examined tunnel
diameters typically used for BTB grafts (ie, 10-11 mm),
given their common use and potential technical limits (ie,
graft-tunnel mismatch). Although our results suggest
that a proximal tibial tunnel starting point would improve
transtibial femoral access for any size tunnel, the potential
implications of a narrower tunnel (ie, 7-9 mm for a soft tis-
sue graft) are currently unknown and are the subject of
ongoing investigation.

CONCLUSION

Despite recent criticisms, a transtibial single-bundle tech-
nique can provide a highly anatomic reconstruction of the
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ACL. The most important factor in determining femoral
access with a transtibial technique appears to be the tibial
starting point. Traditional tibial starting points may indeed
limit access on the femoral side, resulting in less than 60%
overlap of the native femoral insertion. However, when the
tibial starting point is meticulously aligned with the native
ligament’s axis and moved to a more proximal position,
a transtibial single-bundle technique can center a graft along
the central axis of both tibial and femoral insertions with
roughly 90+% insertional overlap, a manageable amount of
graft-tunnel mismatch, and maintenance of tunnel integrity.

REFERENCES

1. Arnold MP, Kooloos J, van Kampen A. Single-incision technique
misses the anatomical femoral anterior cruciate ligament insertion:
a cadaver study. Knee Surg Sports Traumatol Arthrosc.
2001;9(4):194-199.

2. Bernard M, Hertel P, Hornung H, Cierpinski T. Femoral insertion of
the ACL: radiographic quadrant method. Am J Knee Surg.
1997;10(1):14-21; discussion 21-22.

3. Black KP, Saunders MM, Stube KC, Moulton MJ, Jacobs CR. Effects
of interference fit screw length on tibial tunnel fixation for anterior cru-
ciate ligament reconstruction. Am J Sports Med. 2000;28(6):846-849.

4. Colombet P, Robinson J, Christel P, et al. Morphology of anterior cru-
ciate ligament attachments for anatomic reconstruction: a cadaveric
dissection and radiographic study. Arthroscopy. 2006;22(9):984-992.

5. Dargel J, Pohl P, Tzikaras P, Koebke J. Morphometric side-to-side
differences in human cruciate ligament insertions. Surg Radiol Anat.
2006;28(4):398-402.

6. Dodds JA, Arnoczky SP. Anatomy of the anterior cruciate ligament:
a blueprint for repair and reconstruction. Arthroscopy. 1994;10(2):
132-139.

7. Gauvriilidis 1, Motsis EK, Pakos EE, Georgoulis AD, Mitsionis G, Xena-
kis TA. Transtibial versus anteromedial portal of the femoral tunnel in
ACL reconstruction: a cadaveric study. Knee. 2008;15(5):364-367.

8. Guo L, Yang L, Wang AM, Wang XY, Dai G. Roentgenographic mea-
surement study for locating femoral insertion site of anterior cruciate
ligament: a cadaveric study with X-Caliper. Int Orthop. 2009;33(1):
133-137.

9. Heming JF, Rand J, Steiner ME. Anatomical limitations of transtibial
drilling in anterior cruciate ligament reconstruction. Am J Sports
Med. 2007;35(10):1708-1715.

10. Hutchinson MR, Bae TS. Reproducibility of anatomic tibial landmarks
for anterior cruciate ligament reconstructions. Am J Sports Med.
2001;29(6):777-780.

11. Iriuchishima T, Tajima G, Ingham SJ, et al. Intercondylar roof
impingement pressure after anterior cruciate ligament reconstruction
in a porcine model. Knee Surg Sports Traumatol Arthrosc.
2009;17(6):590-594.

12. Jackson DW, Gasser Sl. Tibial tunnel placement in ACL reconstruc-
tion. Arthroscopy. 1994;10(2):124-131.

13. Loh JC, Fukuda Y, Tsuda E, Steadman RJ, Fu FH, Woo SL. Knee sta-
bility and graft function following anterior cruciate ligament recon-
struction: comparison between 11 o’clock and 10 o’clock femoral
tunnel placement. 2002 Richard O’Connor Award paper. Arthros-
copy. 2003;19(3):297-304.

14. Miller MD, Olszewski AD. Cruciate ligament graft intra-articular dis-
tances. Arthroscopy. 1997;13(3):291-295.

15. Morgan CD, Kalman VR, Grawl DM. Definitive landmarks for repro-
ducible tibial tunnel placement in anterior cruciate ligament recon-
struction. Arthroscopy. 1995;11(3):275-288.

16. Musahl V, Burkart A, Debski RE, Van Scyoc A, Fu FH, Woo SL. Accu-
racy of anterior cruciate ligament tunnel placement with an active
robotic system: a cadaveric study. Arthroscopy. 2002;18(9):968-973.

Downloaded from ajs.sagepub.com at Univ of lllinois at Chicago Library on November 21, 2014


http://ajs.sagepub.com/

Vol. 39, No. 6, 2011

17.

18.

19.

20.

Musahl V, Burkart A, Debski RE, Van Scyoc A, Fu FH, Woo SL. Ante-
rior cruciate ligament tunnel placement: Comparison of insertion site
anatomy with the guidelines of a computer-assisted surgical system.
Arthroscopy. 2003;19(2):154-160.

Odensten M, Gillquist J. Functional anatomy of the anterior cruciate
ligament and a rationale for reconstruction. J Bone Joint Surg Am.
1985;67(2):257-262.

Scopp JM, Jasper LE, Belkoff SM, Moorman CT lIl. The effect of obli-
que femoral tunnel placement on rotational constraint of the knee
reconstructed using patellar tendon autografts. Arthroscopy.
2004;20(3):294-299.

Shea KG, Apel PJ, Pfeiffer RP, Showalter LD, Traughber PD. The tib-
ial attachment of the anterior cruciate ligament in children and ado-
lescents: analysis of magnetic resonance imaging. Knee Surg
Sports Traumatol Arthrosc. 2002;10(2):102-108.

21.

22.

23.

24.

ACL Reconstruction 1315

Staubli HU, Rauschning W. Tibial attachment area of the anterior cru-
ciate ligament in the extended knee position: anatomy and cryosec-
tions in vitro complemented by magnetic resonance arthrography in
vivo. Knee Surg Sports Traumatol Arthrosc. 1994;2(3):138-146.
Steiner ME, Battaglia TC, Heming JF, Rand JD, Festa A, Baria M.
Independent drilling outperforms conventional transtibial drilling in
anterior cruciate ligament reconstruction. Am J Sports Med.
2009;37(10):1912-1919.

Tallay A, Lim MH, Bartlett J. Anatomical study of the human anterior
cruciate ligament stump’s tibial insertion footprint. Knee Surg Sports
Traumatol Arthrosc. 2008;16(8):741-746.

Yasuda K, Kondo E, Ichiyama H, et al. Anatomic reconstruction of the
anteromedial and posterolateral bundles of the anterior cruciate liga-
ment using hamstring tendon grafts. Arthroscopy. 2004;20(10):1015-
1025.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav

Downloaded from ajs.sagepub.com at Univ of lllinois at Chicago Library on November 21, 2014



