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Background: As our understanding of anterior cruciate ligament (ACL) anatomy has evolved, surgical techniques to better rep-
licate the native anatomy have been developed. It has been proposed that the introduction of a rectangular socket ACL recon-
struction to replace a ribbon-shaped ACL has the potential to improve knee kinematics after ACL reconstruction.

Purpose: To compare a rectangular femoral tunnel (RFT) with a cylindrical femoral tunnel (CFT) in terms of replicating native ACL
strain and knee kinematics in a time-zero biomechanical anatomic ACL reconstruction model using a bone–patellar tendon–bone
(BTB) graft.

Study Design: Controlled laboratory study.

Methods: In total, 16 fresh-frozen, human cadaveric knees were tested in a 5 degrees of freedom, computed tomography–
compatible joint motion simulator. Knees were tested with the ACL intact before randomization to RFT or CFT ACL reconstruction
using a BTB graft. An anterior translation load and an internal rotation moment were each applied at 0�, 30�, 60�, and 90� of knee
flexion. A simulated pivot shift was performed at 0� and 30� of knee flexion. Ligament strain and knee kinematics were assessed
using computed tomography facilitated by insertion of zirconium dioxide beads placed within the substance of the native ACL and
BTB grafts.

Results: For the ACL-intact state, there were no differences between groups in terms of ACL strain or knee kinematics. After ACL
reconstruction, there were no differences in ACL graft strain when comparing the RFT and CFT groups. At 60� of knee flexion with
anterior translation load, there was significantly reduced strain in the reconstructed state ([mean ±standard deviation] CFT native,
2.82 ± 3.54 vs CFT reconstructed, 0.95 ± 2.69; RFT native, 2.77 ± 1.71 vs RFT reconstructed, 1.40 ± 1.76) independent of the
femoral tunnel type. In terms of knee kinematics, there were no differences when comparing the RFT and CFT groups. Both
reconstructive techniques were mostly effective in restoring native knee kinematics and ligament strain patterns as compared with
the native ACL.

Conclusion: In the time-zero biomechanical environment, similar graft strains and knee kinematics were achieved using RFT and
CFT BTB ACL reconstructions. Both techniques appeared to be equally effective in restoring kinematics associated with the native
ACL state.

Clinical Relevance: These data suggest that in terms of knee kinematics and graft strain, there is no benefit in performing the more
technically challenging RFT as compared with a CFT BTB ACL reconstruction.

Keywords: anterior cruciate ligament reconstruction; rectangular socket; biomechanics; knee kinematics

In the evolution of anterior cruciate ligament (ACL)
reconstruction (ACLR), early nonanatomic reconstructive
procedures have been replaced with modern intra-
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articular reconstructions.12 These techniques aim to repli-
cate the native ACL anatomy, improve knee stability, and
avoid overconstraint by restoring the native ACL dimen-
sions, collagen orientation, and insertion sites.15

As ACLR techniques have continued to be refined,
descriptions of the native ACL anatomy have also contin-
ued to evolve.12,15,22,23,34,36 The double-bundle concept pro-
posed that the anteromedial (AM) and posterolateral (PL)
bundles of the ACL work synergistically to control tibiofe-
moral motion, with the AM bundle primarily resisting ante-
rior tibial translation and the PL bundle providing
rotational stability.1,8,11,18,29 The macroscopic morphology
of the ACL has more recently been described as a flat,
ribbon-like ligament.36 When the surface membrane of the
ACL was removed, discrete bundles were not identified,
thus challenging the previously held notion of AM and PL
bundles. As such, a linear ACL femoral origin arising in
continuity with the posterior femoral cortex was
described.36 With a focus on replicating these anatomic
descriptions, commercially available reconstructive tech-
niques have been developed, typically with hamstring or
quadriceps tendon autograft.1,8,11,24,29,35

Bone–patellar tendon–bone (BTB) autograft is another
common graft choice for ACLR with proposed advantages
including bone-to-bone healing, reduced postoperative
pivot shift, and lower failure rates in some series.28,42 The
BTB graft is also favorable for reconstructing a ribbon-like
ACL because of its flat morphology. Some have proposed it
as a means of replicating a functional double-bundle recon-
struction using a single graft.10,26,32 An important factor in
successful reconstruction is accurate positioning of the ten-
dinous portion of the graft. Traditionally, cylindrical tun-
nels and bone dowels have been utilized in BTB ACLRs.
However, with cylindrical preparations, the tunnel aper-
ture may not represent the functional aperture, as the
patellar tendon is positioned eccentrically on the bone
block. Therefore, the position of the tendon can vary based
on positioning within the socket. This can be technically
difficult to control with precision during surgery. While it
has recently been demonstrated that bone block orientation
within the femoral tunnel affects native ACL femoral foot-
print coverage,2 the editorial accompanying the paper high-
lighted that the effects of graft orientation on knee
kinematics remain unclear.16 It has been proposed that

rectangular tunnels in ACLR may be a way to better control
graft orientation and positioning.30-33

The purpose of the current study was to compare an ana-
tomic rectangular femoral tunnel (RFT) ACLR with an ana-
tomic cylindrical femoral tunnel (CFT) ACLR for
replicating native ACL strain characteristics and knee
kinematics in a cadaveric biomechanical model. We hypoth-
esized that there would be no difference between RFT and
CFT ACLRs in graft strain or knee kinematics in response
to clinically relevant load applications.

METHODS

Specimen Preparation

A total of 16 fresh-frozen, cadaveric knee specimens with a
mean (± standard deviation) age of 69 ± 9 years (range, 48-
87 years), comprising 8 male and 5 female specimens, were
procured for use in this study (United Tissue Network). The
use of deidentified specimens does not require research
ethics board review at our institution; however, all
research, tissue storage, and tissue disposal protocols were
reviewed and approved by the United Tissue Network,
which is accredited by the American Association of Tissue
Banks. Once thawed, the specimens were sectioned to
obtain a femoral and tibial length of 20 cm each, measured
from the joint center. All supporting soft tissues surround-
ing the joint were preserved, with special care not to dis-
rupt the joint capsule and ligamentous structures. The
distal tibia was potted within a 5.0 cm–diameter section
of acrylonitrile-butadiene-styrene tubing and secured in
place using dental cement (Denstone Dental Cement;
Hereaus Holdings GmbH). The specimen was then
inverted and held in extension while the proximal femur
was potted into a section of 7.7 cm–diameter acrylonitrile-
butadiene-styrene, with approximately 10 N of compressive
load applied through the tibia during this process to
maintain the knee’s native mechanical angle.5 The
specimens were inspected visually and arthroscopically
and examined clinically to exclude previous ACL or other
ligamentous injury, osteoarthritis, or meniscal pathology.

To track the deformation of the ACL in response to phys-
iologically relevant loading, 14 small-diameter (800 mm)
zirconium dioxide beads (Boca Bearings) were inserted into
the native ACL and BTB grafts (Figure 1). For the native
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ACL, the femur was secured in an arthroscopic extremity
holder (Model 1650 Sawbones; Pacific Research Laborato-
ries), and the beads were inserted arthroscopically using an
18-gauge needle (BD Precision Glide). The beads were
arranged in 2 columns, allowing for the calculation of both
axial and transaxial strain, with an interbead distance of
approximately 3 mm; 4 were positioned at the femoral foot-
print, 6 were positioned in the midsubstance, and 4 were
positioned in the tibial footprint.4 This bead tracking
method to calculate tissue strain has been shown not to
affect the material properties of the tissue, and the beads
do not migrate within the tissue when subjected to cyclic
loading.6

Experimental Setup

Once potted, the intact specimens were secured within a
custom-designed 5 degrees of freedom, computed tomogra-
phy (CT)–compatible joint motion simulator (Figure 2) that
has previously been described.5 The simulator allows pas-
sive control over knee flexion, while active control over com-
pression/distraction, anterior/posterior translation,
internal/external rotation, and varus/valgus rotation is
achieved using the actuating components of the simulator.
The steady-state error of the simulator has been shown to
range from 0% (internal rotation) to 0.11% (anterior trans-
lation).6 The center of the knee joint was aligned with the
center of the CT scanner bore (80 kVp, 50 mA; 745 projec-
tions acquired at 0.48� angular increments around the sam-
ple in 26 seconds; anisotropic voxels measuring 0.207 �
0.207 mm in-plane, and 0.415 mm out-of-plane; O-Arm;
Medtronic).

Sectioning and Surgical Protocols

The specimens were initially tested in the ACL intact state.
Next, the ACL was sectioned, and all remaining remnants
were removed arthroscopically. The specimens were then
randomly assigned to undergo ACLR using a BTB graft
with either a CFT (n ¼ 8) or an RFT (n ¼ 8). Each recon-
struction was tested under the same protocol as that for the
intact ACL condition (described below). For all specimens,
an anatomic transportal single-bundle ACLR was per-
formed using an ipsilateral patellar tendon autograft.

Graft Preparation

Using a longitudinal midline skin incision, we harvested a
10 mm–wide strip of patellar tendon with a 20 � 10–mm
bone block from the patella and a 25 � 10–mm bone block
from the proximal tibia. For the CFT graft, the patellar bone
block was fashioned into a 9 mm–diameter � 20 mm–long
cylindrical bone dowel, and the tibial bone block was fash-
ioned into a 10 mm–diameter � 25 mm–long bone dowel. A
No. 5 Ethibond suture (Ethicon Inc) was passed through a
1.8-mm drill hole on the patellar bone block for femoral pas-
sage. Two tension sutures (No. 5 Ethibond) were placed
through 2 � 1.8–mm drill holes on the tibial bone block. For
the RFT graft, the patellar bone plug was also utilized for the
femoral side. This was shaped into a rectangular 5 mm–
thick � 10 mm–wide � 20 mm–long bone block. The tibial
bone block was compressed into a 10 mm � 25 mm cylindri-
cal dowel using 2 No. 5 Ethibond tensioning sutures. Four-
teen zirconium dioxide beads were inserted into each of the
grafts using an 18-gauge needle (BD Precision Glide) in the
same pattern that was used for the intact ACL.

Figure 1. Medial view of 3-dimensional computed tomogra-
phy reformats. The medial femoral condyle and medial tibial
plateau have been subtracted after (A) rectangular and (B)
cylindrical femoral tunnel anterior cruciate ligament (ACL)
reconstruction. Note in both panels the zirconium dioxide
beads within the substance of the ACL graft that were used
to assess ligamentous strain.

Figure 2. Side view of the experimental setup of a specimen,
at 0� of flexion, within the joint simulator centered in the
O-arm’s field of view. The O-arm is open to view the specimen
that is wrapped in a plastic bag to adhere to biohazard
protocols.
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Creation of Bone Tunnels/Sockets

For the CFT, placement was guided by the ACL remnant
and identification of the lateral intercondylar and the bifur-
cate ridge. The midpoint between AM and PL bundles was
targeted and confirmed using visualization from the AM
portal. The knee was flexed to 140�, and a 25 mm–depth
socket was created using a 10-mm cannulated reamer over
a Beath pin from an accessory medial portal (Figure 1).

For the RFT, a similar tunnel position was targeted
using the ACL femoral remnant as a secondary check to
confirm anatomic placement (Figure 1). The RFT cannu-
lated guide (Smith & Nephew Inc) was introduced through
an accessory medial portal. A Beath pin was placed into the
central hole with the knee in deep flexion. The rectangular
guide was aligned parallel to the intercondylar ridge. Two
further Beath pins were inserted into the more proximal
and distal holes of the guide, and the central pin was
removed. The remaining Beath pins were then overdrilled
using a 4.5-mm drill (Smith & Nephew) to a depth of
20 mm. The central pin was reinserted and drilled through
to the far lateral cortex. The central pin was then over-
drilled using the 4.5-mm drill to the far lateral cortex. The
cannulated dilator was then inserted into the three 4.5-mm
drill holes to a depth of 20 mm, creating a rectangular
socket. The dilator was removed, and a passing suture
placed.

Tibial tunnel preparation for both groups was performed
using a tip aimer tibial guide (Smith & Nephew) that was
set to 50� and placed in the middle of the residual tibial
stump. This was cross-referenced with the anterior horn
of the lateral meniscus and the medial tibial spine and
viewed from the anterolateral portal at 90� of flexion and
in extension to confirm appropriate placement. A 10-mm
cannulated cylindrical reamer was used to drill over the
wire. Femoral and tibial tunnel positions were subse-
quently assessed using 3-dimensional CT reconstructions
using the Bernard and Hertel quadrant method.3,9,14,20

Graft Passage and Fixation

For both reconstructive techniques, the graft was passed
from the tibial tunnel into the femoral socket. For the CFT
reconstruction, the cancellous bone side of the dowel was

positioned on the shallow aspect of the femoral tunnel, and
the patellar tendon side of the graft was positioned on the
deep aspect of the femoral tunnel so that fibers would run
parallel with the intercondylar ridge. For the RFT group,
the rectangular bone plug was kept with its cancellous
bone surface maintained anteriorly. In both instances, the

Figure 3. A schematic representation of the loading and
scanning protocol. This was repeated at each of the 4 knee
flexion angles (0�, 30�, 60�, 90�) and for both conditions (intact
and anterior cruciate ligament reconstruction). The strains
were calculated using the images from the loaded and the
preceding zero-load states. AT, anterior translation; IR, inter-
nal rotation.

Figure 4. The change in strain at the reconstructed state
compared with the native state in response to (A) an 88-N
anterior translation load, (B) a 5-N�m internal rotation moment,
and (C) a simulated pivot shift (88-N anterior translation,
5-N�m internal rotation moment, and 10-N�m valgus rotation
moment). *Statistically significant difference between the
native and reconstructed states independent of reconstruc-
tion type (P < .05). CFT, cylindrical femoral tunnel; RFT, rect-
angular femoral tunnel.
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suture was tied over an Endobutton (Smith & Nephew) on the
lateral femoral cortex, accessed through a small skin incision.
After femoral fixation, the graft was rotated within the tibial
tunnel under arthroscopic visualization to replicate an AM
and PL positioning of the patellar tendon within the tibial
tunnel aperture. The knee was then cycled 20 times through
flexion and extension with 80 N of tension applied to the
tibial-sided graft sutures using a fish-scale tensioning device.
The graft was then fixed with 80 N of tension and the knee

flexed to 15�. Tibial fixation for both reconstructive tech-
niques consisted of a 7 mm� 25 mm cannulated PEEK inter-
ference screw (Biosure PK; Smith & Nephew) placed at the
anterolateral aspect of the tibial tunnel.

Loading and Imaging Protocols

Before testing at each condition, 10 internal rotation and
10 anterior translation precondition cycles were applied to the

TABLE 1
ACL Strain Between the CFT and RFT Groups by Native and Reconstructed State Across Flexion Angles

and Loading Protocols.a

Variable

Strain, %

P Value (ES)Native State Reconstructed State

Anterior translation
0� of flexion

CFT 2.02 ± 1.12 (–0.3 to 4.4) 0.89 ± 1.31 (0 to 1.8) .39 (0.76)
RFT 2.82 ± 4.22 (0.5 to 5.2) 1.17 ± 1.64 (0.3 to 2.1) .22 (0.58)
P value (ES) .61 (0.26) .64 (0.19)

30� of flexion
CFT 3.41 ± 6.11 (0.8 to 6.1) 2.12 ± 3.57 (0.3 to 4.0) .40 (0.18)
RFT 2.22 ± 2.40 (–0.4 to 4.9) 1.72 ± 1.02 (–0.1 to 3.6) .74 (0.59)
P value (ES) .51 (0.26) .75 (0.15)

60� of flexion
CFT 2.82 ± 3.54 (0.8 to 4.8)b 0.95 ± 2.69 (–0.2 to 2.1) .10 (0.58)
RFT 2.77 ± 1.71 (0.8 to 4.8)b 1.40 ± 1.76 (0.2 to 2.5) .21 (0.89)
P value (ES) .97 (0.02) .58 (0.19)

90� of flexion
CFT 1.06 ± 7.58 (–0.2 to 3.9) 1.31 ± 2.42 (–0.1 to 2.7) .89 (0.05)
RFT 1.20 ± 5.00 (–0.2 to 4.2) 0.85 ± 1.93 (–0.6 to 2.3) .84 (0.08)
P value (ES) .94 (0.02) .63 (0.21)

Internal rotation
0� of flexion

CFT 0.61 ± 2.49 (–1.8 to 3.0) 1.04 ± 1.41 (0.3 to 1.8) .71 (0.19)
RFT 2.76 ± 3.79 (0.4 to 5.2) 1.12 ± 2.02 (0.4 to 1.9) .18 (0.47)
P value (ES) .20 (0.67) .87 (0.04)

30� of flexion
CFT –0.07 ± 3.04 (–2.3 to 2.2) –1.74 ± 5.16 (–4.1 to 0.7) .12 (0.41)
RFT 0.86 ± 3.58 (–1.4 to 3.1) 0.002 ± 1.17 (–2.4 to 2.4) .42 (0.34)
P value (ES) .54 (0.28) .29 (0.46)

60� of flexion
CFT –2.94 ± 4.75 (–6.4 to 0.5) –0.75 ± 4.81 (–3.6 to 2.0) .28 (0.54)
RFT –1.67 ± 4.94 (–5.1 to 1.8) –1.67 ± 2.14 (–4.5 to 1.1) .99 (0.01)
P value (ES) .60 (0.26) .63 (0.24)

90� of flexion
CFT –2.24 ± 3.44 (–4.4 to –0.1) –1.66 ± 3.62 (–8.9 to 5.6) .87 (0.15)
RFT –1.93 ± 2.78 (–4.1 to 0.2) –7.84 ± 14.66 (–15.1 to –0.6) .10 (0.59)
P value (ES) .83 (0.10) .22 (0.58)

Pivot shift
0� of flexion

BTB 3.58 ± 6.39 (0 to 7.1) 1.01 ± 2.64 (–0.6 to 2.6) .26 (0.49)
RFT-BTB 3.55 ± 4.11 (0 to 7.1) 1.35 ± 1.47 (–0.2 to 2.9) .34 (0.64)
P value (ES) .99 (0.01) .75 (0.15)

30� of flexion
BTB 2.85 ± 9.63 (–1.6 to 7.3) 1.73 ± 4.51 (–2.4 to 5.9) .70 (0.11)
RFT-BTB 3.44 ± 3.91 (–1.0 to 7.9) 3.72 ± 6.43 (–0.4 to 7.8) .72 (0.06)
P value (ES) .84 (0.08) .48 (0.36)

aData are reported as mean ± SD (95% CI) unless otherwise indicated. Bold text indicates large pairwise Cohen d effect size (ES). BTB,
bone–patellar tendon–bone; CFT, cylindrical femoral tunnel; RFT, rectangular femoral tunnel.

bP < .05 between the native and reconstructed states, independent of reconstruction type.
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specimens at 0.25 Hz. After preconditioning and with the knee
in 0� of flexion, the active axes were set to zero load, and a
baseline scan was taken. After the baseline scan, the knee was
loaded, and a second scan was taken when the target load was
achieved. A baseline scan was taken before each of the separate
loading conditions to minimize variability in the strain calcula-
tions (see “Strain Calculation” section) (Figure 3). Each scan
was initiated within seconds of achieving the target load
and took approximately 26 seconds to complete. Intact and
reconstructed knees were tested under 3 simulated condi-
tions: (1) isolated 88-N anterior translation load (25 N/s);
(2) isolated 5-N�m internal rotation moment (1 N�m/s); and
(3) a simulated pivot shift consisting of a combined 88-N ante-
rior translation, 5-N�m internal rotation moment, and
10-N�m valgus moment (2 N�m/s). For all loading conditions,
a 10-N axial compression load was applied. The isolated load-
ing conditions were applied to the specimen at 0�, 30�, 60�,
and 90� of knee flexion, while the simulated pivot shift was
tested at 0� and 30� of flexion only.

Strain Calculation

Beam-hardening correction and metal-artifact reduction
were applied in postprocessing to the CT images, and they
were rescaled into Hounsfield units. The centroid location
(x, y, z coordinate) of each bead was computed using
custom-developed software. A second custom-designed
software program (standard toolkits; MATLAB R2017b;
MathWorks) calculated the graft strain by comparing the
Euclidean distance between the beads in the femoral
insertion and the tibial insertion before (baseline scan)
and after an applied load.4,5 The average strain between
the 2 columns was used in subsequent analyses. It should
be noted again that before each loading condition, a base-
line scan was performed, and this served as each loaded
condition’s initial state (Figure 3). This strain measure-
ment method (at 5-mm interbead distances and 250-mm
CT resolution) is capable of measuring strain as low as
0.007 strain with root-mean-square errors that range

TABLE 2
Anterior Translation and Internal Rotation Between the CFT and RFT Groups by Native and Reconstructed State Across

Flexion Angles and Loading Protocolsa

Variable Native State Reconstructed State P Value (ES)

Anterior translation, mm
0� of flexion

CFT 2.3 ± 1.0 (1.0 to 3.6) 2.3 ± 2.8 (0.4 to 4.2) .95 (0.03)
RFT 3.4 ± 2.3 (2.1 to 4.7) 2.9 ± 2.2 (1.0 to 4.8) .50 (0.40)
P value (ES) .22 (0.64) .65 (0.23)

30� of flexion
CFT 3.6 ± 3.3 (1.2 to 6.0) 2.9 ± 1.8 (1.3 to 4.6) .62 (0.21)
RFT 3.3 ± 2.6 (1.1 to 5.6) 2.9 ± 2.2 (1.3 to 4.5) .74 (0.53)
P value (ES) .85 (0.10) .98 (0.02)

60� of flexion
CFT 4.3 ± 2.0 (2.9 to 5.7) 5.6 ± 3.2 (3.3 to 7.9) .24 (0.61)
RFT 3.4 ± 1.7 (2.0 to 4.8) 4.7 ± 2.9 (2.4 to 7.0) .24 (0.61)
P value (ES) .35 (0.48) .57 (0.29)

90� of flexion
CFT 3.5 ± 3.0 (1.7 to 5.3) 3.5 ± 2.4 (0.5 to 6.4) .98 (0.01)
RFT 1.7 ± 1.3 (–0.1 to 3.4) 5.4 ± 4.9 (2.5 to 8.3) .06 (0.99)
P value (ES) .14 (0.79) .34 (0.50)

Internal rotation, deg
0� of flexion

CFT 11.2 ± 8.3 (4.8 to 17.7) 9.6 ± 9.2 (4.2 to 15.0) .53 (0.27)
RFT 11.3 ± 8.8 (4.8 to 17.8) 10.4 ± 4.4 (5.0 to 15.9) .71 (0.24)
P value (ES) .98 (0.01) .82 (0.11)

30� of flexion
CFT 15.5 ± 11.3 (7.2 to 23.8) 13.7 ± 10.1 (7.6 to 19.8) .89 (0.49)
RFT 14.9 ± 10.5 (6.7 to 23.2) 14.6 ± 5.3 (8.4 to 20.7) .52 (0.06)
P value (ES) .92 (0.05) .84 (0.11)

60� of flexion
CFT 12.2 ± 7.4 (6.8 to 17.6) 16.2 ± 6.2 (12.2 to 20.3) .14 (0.98)
RFT 14.4 ± 6.7 (9.0 to 19.7) 12.5 ± 4.3 (8.4 to 16.5) .47 (0.04)
P value (ES) .55 (0.30) .18 (0.70)

90� of flexion
CFT 9.3 ± 7.1 (4.9 to 12.8) 13.1 ± 9.7 (6.2 to 20.0) .32 (0.52)
RFT 5.6 ± 4.1 (1.2 to 10.0) 9.4 ± 8.4 (2.5 to 16.3) .31 (0.56)
P value (ES) .22 (0.64) .43 (0.40)

aData are reported as mean ± SD (95% CI) unless otherwise indicated. Bold text indicates large pairwise Cohen d effect size (ES). CFT,
cylindrical femoral tunnel; RFT, rectangular femoral tunnel.
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from 0.001 strain to 0.005 strain.7 This method has shown
excellent repeatability in measuring tissue strain (intra-
class correlation coefficients, 0.962-1.00 across 5 cycles).4

Knee Kinematic Assessment

Using the CT images, a set of anatomic landmarks were
selected to create tibial and femoral coordinate systems.
The relevant kinematics were then calculated using the
Grood and Suntay method as recommended by the Interna-
tional Society of Biomechanics.17,41 This method has been
shown to have low interrater error that has a minimal
effect on the joint kinematics.5

Statistical Analysis

An independent t test was used to determine whether there
were statistically significant differences between the posi-
tions of the bone tunnels between the CFTs and RFTs. A 3-
way (2 states [intact vs reconstructed] � 4 regions [tibia
insertion vs proximal midsubstance vs distal midsubstance
vs femoral insertion] � 2 reconstruction methods [CFT vs
RFT]), mixed repeated-measures analysis of variance was
conducted to determine the effect of graft type on the strain
magnitude. The state was the within-specimen variable,
and the type of reconstruction and region were the
between-specimen variables. Separate analyses of variance
were performed for each of the loading conditions and for
each flexion angle. The overall partial Z2 effect sizes were
calculated (large effect, >0.14), while pairwise effect sizes
were assessed using Cohen d (large effect, >0.80).21 All post
hoc testing was accomplished using a Bonferroni adjust-
ment, and a was set at .05 for all statistical tests (IBM SPSS
Version 25).

RESULTS

Tunnel Positioning

When comparing the mean (± standard deviation) CFT and
RFT femoral tunnel placement as measured using the Ber-
nard and Hertel quadrant method, there was no significant
difference in tunnel position for mean femoral tunnel depth
(26.75% ± 5.99% vs 23.50% ± 3.11%; P ¼ .20) or height
(29.75% ± 4.80% vs 26.38% ± 8.09%; P ¼ .33). Similarly,
there was no significant difference in the mean tibial tunnel
anteroposterior (38.63% ± 3.85% vs 37.25% ± 7.91%;
P ¼ .67) or mediolateral (47.75% ± 1.75% vs 46.88% ±
1.36%; P ¼ .28) position. This femoral tunnel positioning
was similar to the intended and actual tunnel positioning of
221 high-volume ACL surgeons.27

ACL Strain

There were no meaningful differences in strain among the
different regions of the ACL or ACL grafts for any of the
loading conditions or at any flexion angle (see Supplemen-
tal Tables S1-S3 for related data). With internal rotation
and pivot-shift testing protocols, there was no significant

difference in the mean ACL strain between the CFT and
RFT groups in either the native or the reconstructed states
at any flexion angle (Figure 4 and Table 1). In response
to the anterior translation load, there was a significant
difference in the mean strain between the native and recon-
structed states at 60� of knee flexion independent of the
type of reconstruction (P ¼ .048; partial Z2 ¼ 0.251) (Table
1 and Figure 4A). This was not seen for other flexion angles
in response to anterior translation load.

Knee Kinematics

For knee kinematics, in response to the isolated anterior
translation load and internal rotation moment, there
were no significant differences in anterior translation
or internal rotation when comparing the RFT and CFT
ACLR groups in the native and reconstructed states at
any flexion angle (Table 2 and Figure 5). With respect to
the simulated pivot-shift loading protocol, there were no
significant differences in anterior translation, internal
rotation, or valgus rotation between the CFT and RFT
ACLRs for either the native or the reconstructed states
at any flexion angle (Table 3 and Figure 6).

Figure 5. Change in (A) anterior translation (AT) and (B) inter-
nal rotation (IR) in response to the respective loading proto-
cols between the native and reconstructed states for each
reconstruction type. CFT, cylindrical femoral tunnel; RFT,
rectangular femoral tunnel.
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DISCUSSION

The main finding of this biomechanical study is that there
were no differences in graft strain or knee kinematics
between RFT and CFT ACLR techniques using a BTB graft
during anterior translation, internal rotation, or simulated
pivot-shift testing protocols across knee flexion angles.
However, at 60� of knee flexion, there was a significant
difference in strain between the native and reconstructed
states independent of the femoral tunnel type. In addition,
both reconstruction techniques were equally efficacious in
the replication of native ACL kinematics and ACL strain
patterns, with no differences observed between the native
and reconstructed states regardless of graft type or flexion
angle.

It has previously been suggested that anatomic ACLR
techniques using rectangular tunnels may be more effec-
tive at restoring in vitro ACL kinematics as compared with
an isometric cylindrical tunnel ACLR.38 In a cadaveric bio-
mechanical analysis, it was determined that during passive
flexion and extension, the isometric cylindrical tunnel
ACLR resulted in overconstraint of the knee in terms of
reduced anterior tibial displacement relative to native knee
kinematics.38 This was especially evident at lower flexion
angles. The isometric ACLR using cylindrical tunnels also

demonstrated significantly increased external rotation
with the knee in 0� of flexion relative to the native knee.
It is possible that these differences occurred as a result of
the authors applying a greater initial tension to the cylin-
drical BTB grafts (40 N) than to the rectangular tunnel
ACLR (10 N).38 In the current investigation, a consistent
initial graft tension of 80 N was applied to both the RFT and
the CFT reconstructions (reflective of our clinical practice),
and there were no appreciable differences in the kinematics
between graft types. Further comparisons with the current
study are difficult, as our technique utilized a rectangular
tunnel on the femoral side only. In addition, in the study by
Suzuki et al,38 the cylindrical tunnel surgical technique
positioned the tunnels in the isometric, as opposed to ana-
tomic, position.

The RFT ACLR technique is arguably more technically
demanding to perform and requires specialized equipment.
This study suggests that this may not be warranted in
terms of optimizing kinematics or graft strain patterns.
However, other theoretical benefits to RFT have been pro-
posed. For example, the technique may be associated with
accelerated graft healing due to maximization of the graft-
tunnel interface, and it has been postulated that earlier
graft revascularization and remodeling could be expected.33

When a tibial-sided rectangular tunnel technique is

TABLE 3
Anterior Translation, Internal Rotation, and Valgus Rotation in Response to Simulated Pivot Shift Between the CFT and RFT

Groups by Native and Reconstructed State Across Flexion Anglesa

Variable Native State Reconstructed State P Value (ES)

Anterior translation, mm
0� of flexion

CFT 3.5 ± 2.8 (1.8-5.1) 2.4 ± 1.8 (0.8-3.9) .28 (0.59)
RFT 2.4 ± 1.2 (0.8-4.0) 2.0 ± 2.2 (0.4-3.5) .64 (0.23)
P value (ES) .35 (0.49) .69 (0.20)

30� of flexion
CFT 2.5 ± 2.2 (0-4.0) 2.6 ± 2.4 (0.9-4.2) .89 (0.08)
RFT 2.6 ± 1.7 (1.1-4.2) 2.6 ± 2.0 (0.9-4.3) .94 (0.03)
P value (ES) .88 (0.07) .99 (0.01)

Internal rotation, deg
0� of flexion

CFT 9.1 ± 7.2 (3.6-14.6) 10.9 ± 9.7 (4.6-17.1) .41 (0.32)
RFT 14.6 ± 7.7 (9.1-20.1) 12.0 ± 6.4 (5.8-18.3) .24 (1.09)
P value (ES) .15 (0.76) .79 (0.14)

30� of flexion
CFT 16.2 ± 11.5 (7.9-24.5) 18.4 ± 10.0 (12.4-24.4) .44 (0.70)
RFT 15.7 ± 10.3 (7.4-24.0) 15.2 ± 5.2 (9.1-24.2) .84 (0.08)
P value (ES) .93 (0.04) .43 (0.40)

Valgus rotation
0� of flexion

CFT 2.8 ± 2.4 (0.8-3.6) 2.0 ± 1.8 (0.8-3.1) .79 (0.45)
RFT 1.4 ± 1.1 (0.0-2.8) 1.6 ± 1.2 (0.5-2.8) .75 (0.20)
P value (ES) .42 (0.41) .65 (0.23)

30� of flexion
CFT 1.8 ± 1.2 (0.9-2.6) 3.0 ± 1.4 (1.6-4.3) .11 (0.91)
RFT 1.2 ± 1.1 (0.4-2.1) 2.6 ± 2.1 (1.3-4.0) .06 (0.96)
P value (ES) .38 (0.46) .72 (0.18)

aData are reported as mean ± SD (95% CI) unless otherwise indicated. Bold text indicates large pairwise Cohen d effect size (ES). CFT,
cylindrical femoral tunnel; RFT, rectangular femoral tunnel.
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performed, there is minimization of surplus space adjacent
to the tendinous portion of the graft in the tibial tunnel.33

Ideally, a clinically important difference in terms of stabil-
ity assessments, return-to-sports rates, patient-reported
outcome measures, or graft reinjury rates would be demon-
strated before widespread adoption of this technique. The
present study fails to identify supportive biomechanical
data, but future studies should focus on the other purported
advantages of this graft type.

To our knowledge, this is the first study to noninvasively
measure the strains in the ACL and ACLR grafts in
response to clinically relevant loading protocols. Overall,
the results suggest that both graft types demonstrated
strain patterns similar to the native ACL. Although not
statistically significant, there was a general trend toward
reduced strain and overconstraint in the ACL recon-
structed knees, regardless of reconstruction technique.
This may be explained by the documented differences in
BTB stiffness and strength when compared with the native
ACL. The native ACL resists a maximum tensile load of
approximately 2150 N and has a stiffness of 240 N/mm.40

A 10-mm isolated BTB graft is capable of resisting tensile
loads of up to 2977 N, with a stiffness of 620 N/mm.13 Noyes
et al25 demonstrated that BTB autografts had a mean
strength 159% to 168% of the native ACL and also found
the BTB graft was 3 to 4 times stiffer. Interestingly, the one
statistically significant difference in the current study was
that the RFT and CFT ACLRs experienced significantly
less strain than did the native ACL when exposed to an
anterior translation load at 60� of flexion. This finding is
consistent with previously reported data that determined
there was a decrease in the elongation of the BTB graft at
60� when compared with the native ACL but at no other
flexion angles.39 Given that the native ACL tends to be
minimally strained around 60�,39 it is likely that there are
anatomic parameters (eg, nonisometric behavior of the
ACL) contributing to this finding and exacerbated by the
BTB stiffness.

Another interesting finding of this study was the obser-
vation of negative strain values in both the native ACL and
the reconstructed groups when exposed to isolated internal
rotation, which was especially evident at higher flexion
angles. In this testing environment, when strain becomes
negative, the magnitude is likely not important, as the graft
is not undergoing a compressive force but rather is repre-
sentative of a relaxation of the structure. This observation
suggests that the ACL may not be the primary structure
responsible for controlling internal rotation in the absence
of concomitant tibial anterior subluxation. This is sup-
ported by the finding that no negative strain values were
seen in response to the simulated pivot shift that utilized a
combination of loads in either the native or the ACL recon-
structed state. This agrees with the findings of other bio-
mechanical studies that have highlighted the role of the
lateral knee structures, namely the iliotibial band and
anterolateral complex, in controlling internal rotation,
especially at higher flexion angles.19

There are limitations to this biomechanical study. This
study is representative of time-zero kinematics, and as
such, this cadaveric model does not consider the important
biological factors (eg, bone incorporation) that have a role in
ACLR outcomes. In addition, we only used the rectangular
tunnel on the femoral side and implemented a traditional
cylindrical tunnel on the tibial side. While this could have
affected the placement and function of the graft, this tech-
nique is what we have been using in the clinical environment
because of the ease of passage of the graft, and we believe the
desirable position of the tendon on the tibial bone block can
be achieved using rotation of the dowel. We also wanted to

Figure 6. The change in (A) anterior translation, (B) internal
rotation, and (C) valgus rotation in response to the simulated
pivot shift between the native and reconstructed states for
each of the reconstruction types. AT, anterior translation;
CFT, cylindrical femoral tunnel; IR, internal rotation; RFT, rect-
angular femoral tunnel.
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reduce trauma to the graft during passage through the tibial
tunnel, which could potentially affect bead placement. How-
ever, this decision makes it difficult to determine any poten-
tial benefits of both femoral and tibial rectangular tunnels
during ACLR, including maximization of graft-tunnel wall
contact within the tibial tunnel.31 We also did not perform
kinematic testing after removal of the native ACL; however,
we used similar methodology to previous studies that have
validated the injury model, demonstrating kinematics con-
sistent with an ACL-deficient knee.37 In addition, our inter-
est was not to validate the efficacy of reconstruction
compared with the injured state but instead to compare the
strain between the native and reconstructed states. Finally,
because of the relatively small sample size, it is possible that
the investigation was underpowered to detect small differ-
ences between reconstruction techniques, particularly in
relation to regional strain measurements.

CONCLUSION

In this time-zero biomechanical environment, similar graft
strains and knee kinematics were achieved using RFT and
CFT anatomic ACLRs using BTB autograft. Both tech-
niques were found to be equally effective in restoring the
native ACL state, with no differences observed between the
intact or reconstructed states regardless of graft type.
There are other potential benefits of RFT ACLR that were
not evaluated in this study; however, these data suggest
that in terms of knee kinematics and graft strain, there is
no benefit to performing the more technically challenging
RFT as compared with a standard CFT ACLR.
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