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Background: Graft-tunnel mismatch is a potential problem during single-incision technique for anterior cruciate ligament
reconstruction with the central third of the patellar tendon. Mismatch is present when the graft is too long to fit appropriately in
the tunnels that have been created. Graft rotation is one method for addressing this problem.
Purpose: To determine the results of graft rotation up to 540° on initial graft biomechanical properties and graft length.
Study Design: Controlled laboratory study.
Methods: Forty porcine bone-patellar tendon-bone constructs were divided into four groups and constructs were rotated to 0°,
90°, 180°, and 540°, respectively, for each group. Biomechanical testing to failure was performed with the constructs under
tension at an elongation rate of 5 cm/sec. Lengths were measured after a 1-kg load was applied to the grafts.
Results: No statistical difference in ultimate failure strength was encountered between any of the groups (P � 0.915). The grafts
that were twisted to 540° shortened an average of 5.41 mm, which represented an average shortening of 10% of the initial
tendon length.
Clinical Relevance: Graft rotation up to 540° does not result in loss of initial graft strength, and may be a solution for graft-tunnel
mismatch.
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Clinical experience with single-incision ACL reconstruc-
tion has shown graft-tunnel mismatch to be a potential
problem.11,23,27 When mismatch occurs, the graft is too
long for the tunnels created and protrudes from the tibial
tunnel after fixation in the femoral tunnel.

Multiple techniques to resolve this issue have been de-
scribed, with most of them involving alternative methods
of fixation. In 1999, a clinical report of graft rotation as a
method of eliminating graft-tunnel mismatch was pub-
lished.2 In that report, the authors described a technique
whereby external rotation of the graft results in an effec-
tive shortening of the ligament portion of the graft, elim-
inating the excess length. Although a few studies have
evaluated the biomechanical properties of the normal ACL
and have established the bone-patellar tendon-bone au-

tograft as an effective graft option,8,9,24 no study has
quantified the amount of shortening or determined the
effect of extreme rotation on initial graft strength. To our
knowledge, the effect of graft rotation has only been eval-
uated at 90° and 180° of rotation.8,9

The objectives of this study were to determine the initial
ultimate load to failure in tension of central-third porcine
bone-patellar tendon-bone composite grafts in various de-
grees of rotation and to quantify the associated graft
shortening. The hypothesis of this study was that graft
rotation would result in decreased load to failure.

MATERIALS AND METHODS

Bone-patellar tendon-bone composite grafts were obtained
from nonmatched porcine knee specimens. Specimens
were obtained from a local meat packing plant and were
from animals processed for food sale at the time of slaugh-
ter (Peoria Packing Company, Chicago, Illinois). All spec-
imens were obtained from the hindlimbs after they had
already been removed from the carcass, so matching was
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not possible. All of the animals were of approximately the
same age at the time of slaughter (11 to 12 months).
Previous studies of porcine bone-patellar tendon-bone con-
structs have demonstrated that the average density of
porcine bone closely approximates that of young human
bone.1,17,22 Grafts were harvested by using a standard
surgical technique. After harvest, specimens were refrig-
erated in saline-soaked gauze overnight until ready for
testing.

A total of 54 specimens were obtained and included in
this study. A pilot study of 11 specimens was performed to
standardize the technique of potting and testing. During
actual testing, 43 knees were used and 3 specimens that
sustained fracture of the bone plugs or failure of the mold
were excluded from the data. The data from the remaining
40 specimens that were tested without technical failure
were included in this study.

During testing, grafts were fixed with clamps that were
modeled after those used by Cooper et al.9 The tibial
tubercle was harvested from the tibia with an oscillating
saw. The patella and entire patellar tendon were left
intact. Two screws were placed through both the patella
and the tibial tubercle in the coronal plane, perpendicular
to the tendon (Fig. 1). The patellar tendon was trimmed to
the desired 10-mm width by using a fresh scalpel blade.
The cross-sectional area of the tendon was determined by
using a previously described area micrometer method.10

Molds were created by using the design described by Coo-
per et al.9 (Irmco Tool Works, Barrington, Illinois). The
patella and tibial tubercle were potted with acrylic poly-
mer cement (Isocryl, Lang Dental, Chicago, Illinois) (Figs.
2 and 3). The patellar tendon was protected from thermal
injury during the potting process, and a phosphate-buff-
ered saline spray was used to keep the tendon moist.

Biomechanical testing was conducted with an Instron
materials testing device (Instron Corporation, Canton,
Massachusetts) with a 5000-N load cell. The clamps were
attached to both the base and load cell with 1-inch
threaded steel rods.9 Appropriate vertical alignment was

achieved by sliding the molds within the clamps. Because
of the limited width of the molds and the proper alignment
of the clamps, no significant differences in horizontal

Figure 1. Porcine patella-patellar tendon-tibial tubercle con-
struct after screws have been inserted into bone plugs to
prevent pull-out from the acrylic cement during testing.

Figure 2. Preparation of mold on the patellar side of the
construct after the tibial tubercle has already been molded.

Figure 3. Construct just before testing. The length of the soft
tissue varied slightly for each specimen, but averaged near 5 cm.
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alignment were encountered. Rotation was achieved by
removing the mold from the clamp, rotating the graft to
the desired degree, and replacing the mold within the
clamp. Because the orientation of the graft could not al-
ways be determined after potting was completed, the di-
rection of rotation was not standardized.

Graft length was determined by using the Instron ma-
chine. The Instron device was first set in a position-control
mode and calibrated with a zero clamp-to-clamp distance.
The grips were then separated and the molds inserted as
previously described. The Instron device was then set in a
load-control mode with a set point of 1.0 kg. After the
desired set point was achieved, the graft length could be
read directly off the display. This was equal to the length
of nonembedded tendon or clamp-to-clamp distance. This
clamp-to-clamp measurement was used as an approxima-
tion of true tendon length and deformation. Despite the
fact that all specimens tested demonstrated midsubstance
rupture and although this mechanical testing method is
based on past investigations,8–10,21 nonuniform deforma-
tion immediately adjacent to gripped (that is, embedded)
tendon decreased the precision of using clamp-to-clamp
distance as a determinant of deformation. However, the
large strains (typically greater than 4 cm) and sample
lengths tended to minimize this confounding effect on
clamp-to-clamp measurement, which was used in this
study more for comparison purposes between rotated and
nonrotated tendons and less as a determinant of true
tendon mechanical/structural properties. After each de-
sired rotation (that is, treatment) was performed, this
process was repeated and the graft length after rotation
was obtained.

An elongation rate of 5 cm/sec was used to approximate
the 100% per second rate previously described.25 This rate
was chosen to optimize the chance of obtaining a midsub-
stance failure (Fig. 4). A load-elongation curve was gener-
ated for each specimen tested (Fig. 5).

Four groups of 10 specimens each were included in this
study. Group 1 was tested with 0° of rotation, group 2 was
tested with 90° of rotation, and groups 3 and 4 were tested
with 180° and 540° of rotation, respectively.

A power analysis was performed. The use of 10 speci-
mens per group ensured 87% power for detecting a large
effect (F � 0.6) based on a one-way analysis of variance of
the square root transformed load-to-failure meas-
urements.7 A randomization order was used to randomize
the testing with regard to rotation. Data were stored on a
data acquisition computer system and statistical analysis
was then performed. Because the histograms indicated
the data were not normally distributed, the nonparamet-
ric Kruskal-Wallis test was used. If the P value was less
than 0.05 in the Kruskal-Wallis test, we used the Mann-
Whitney test to compare individual groups.

RESULTS

Table 1 includes the measurements of ultimate load,
shortening, percent shortening of initial tendon length,
area, and failure strain for each group. The mean ultimate
load to failure for group 1 was 1983 � 208 N; for group 2,
2017 � 412 N; and for groups 3 and 4, 1981 � 285 N and
2065 � 299 N, respectively. There was no statistically
significant difference between any of the groups with re-
spect to ultimate failure (P � 0.915).

A similar statistical method was used to analyze data
with regard to the other variables. Similarly, no statisti-
cally significant difference was present between any of the
groups with regard to thickness, cross-sectional area, or
initial length. There was a statistically significant in-
crease in strain (P � 0.013) and a statistically significant
decrease in modulus (P � 0.06) between group 4 and the
remaining groups.

With regard to change in length with rotation, the
amount of shortening achieved increased with increasing
degrees of rotation. In group 2, the average shortening
was 0.2 mm (range, 0 to 0.5). In group 3, the average
shortening was 0.42 mm (range, 0 to 1.5). In group 4, the
average shortening was 5.41 mm (range, 5.0 to 8.1). This
degree of shortening represented an average of 11% short-
ening of the initial tendon length. There was a statistically
significant difference between groups 1 and 4, groups 2
and 4, and groups 3 and 4 (P � 0.0005), but not between
groups 1, 2, and 3.

Figure 4. After testing, specimen shows midsubstance
failure.

Figure 5. Sample load-elongation curve for each group
tested.
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DISCUSSION

Graft-tunnel mismatch is a potential problem associated
with single-incision ACL reconstruction surgery with pa-
tellar tendon autograft or allograft. Graft-tunnel mis-
match occurs when incorrect tunnel placement results in
the graft protruding from the tibial tunnel after proper
placement within the femoral tunnel. Accurate intraartic-
ular measurement techniques as well as a thorough
knowledge of ACL anatomy can help prevent occurrence of
this problem.12,16,18–20 Yet, despite the best technique,
problems with tunnel placement and graft-tunnel mis-
match may still occur. An incidence of up to 26% has been
reported.27,28

When graft-tunnel mismatch occurs, there are multiple
methods to choose from for addressing the problem. Black
et al.5 demonstrated that the length required for adequate
interference screw fixation in a porcine hindquarter model
could be decreased to 12.5 mm, with no significant differ-
ence in torque, divergence, stiffness, displacement, or load
to failure. Taylor et al.29 reported no difference in postop-
erative KT-1000 arthrometer (Medmetric Corp., San Di-
ego, California) results at 1-year follow-up in a group of
100 patients managed with femoral plug recession. How-
ever, potential disadvantages of this technique include
graft laceration by the interference screw and an alter-
ation in the femoral isometric point of the graft. Barber3

reported a technique of flipping one bone plug 180° over its
ligamentous insertion, thereby shortening the intraartic-
ular length. At last follow-up, 86% of his 50 patients had
good and excellent results and 92% had stable knees by
arthrometer testing.

Other strategies for correcting graft-tunnel mismatch
problems involve alternate methods of fixation. Initial
graft fixation strength was studied by Novak et al.,23 who
compared a screw-and-post model with free bone block
interference screw fixation. They found the maximum load
to failure of the screw-and-post model to be 374 N, versus
669 N in the free bone block interference screw group in a
bovine knee model. A similar method was used by Fowler
and DiStefano.13 Their technique involved using an au-
tograft cancellous core of bone placed in the tibial tunnel,
followed by interference screw fixation. Other options
used to deal with graft-construct mismatch include screw-
and-post and staple fixation of the graft.15,22

In 1999, Auge and Yifan2 described a technique of graft
rotation for dealing with graft-tunnel mismatch. They re-
ported that up to a 25% shortening of the collagenous

portion of the graft could be achieved with 630° of external
graft rotation. In their clinical series, they reported on
three patients who underwent this technique during their
ACL reconstruction to eliminate graft-tunnel mismatch.
At 1-year follow-up, all patients’ knees were stable, had
KT-1000 arthrometer values less than 3 mm, and no dif-
ference in clinical outcome from controls. The obvious
advantage of this method over previous methods is that it
is quick, technically easy to complete, and maintains os-
seous graft fixation at the articular surface. Use of this
technique alone for minor mismatch differences and com-
bining it with a shorter interference screw for more sig-
nificant differences would allow one to effectively deal
with almost all cases of graft-tunnel mismatch.

To our knowledge, no one has reported on the potential
effect that extremes of rotation may have on the initial
material properties of the graft. Cooper et al.8,9 reported a
statistically significant increase in ultimate load to failure
in graft rotation from 0° to 90° (P � 0.05), with no addi-
tional increase with further rotation to 180°. In their
study of human allograft specimens, the ultimate failure
load in the control group with no rotation (N � 5) was 2664
N.9 In the group with 90° of rotation (N � 5), the ultimate
failure load was 3397 N. In the group with 180° of rotation
(N � 5), the ultimate failure load was 2684 N. Testing at
rotation beyond 180° was not conducted. In another study,
however, investigators reported no change in yield
strength with 90° of pretwist.21

The results of this study indicate that, in a porcine
model, no difference in initial graft strength occurs with
graft rotation. This would suggest that graft rotation
might be used as a method for addressing graft-tunnel
mismatch without compromising the initial stability of the
construct. An obvious limitation to this recommendation
is that it is based on results from an in vitro approxima-
tion of ultimate load to failure. The laboratory testing
methods did not include cyclic loading or angular or rota-
tion force and do not necessarily reflect the forces that are
encountered by the graft in vivo. Second, it is not known
how the biologic process of remodeling and revasculariza-
tion may affect the late biomechanical properties of the
graft, nor is it known whether graft rotation may change
this process and the ultimate outcome. However, if the
initial biomechanics of the graft remain unchanged with
rotation, we would expect similar results in vivo and at
long-term follow-up. A recent clinical report suggests that
the clinical stability of rotated grafts is retained at 1-year

TABLE 1
Results of Mechanical Testing for Each Group Tested

Group Rotation Load to
failure (N)

Shortening
(mm)

Percent
shortening of
initial tendon

length (%)

Area (mm2) Failure
strain (%) Modulus

1 0° 1983 � 208 0 0 39.3 � 10.4 31.8 � 8.6 242.2 � 89.6
2 90° 2017 � 412 0.21 � 0.16 0.36 � 0.28 43.3 � 12.0 32.2 � 5.3 226.8 � 54.0
3 180° 1981 � 285 0.42 � 0.45 0.92 � 0.86 44.9 � 7.6 32.1 � 3.8 214.9 � 46.7
4 540° 2065 � 299 5.41 � 1.3a 11.0 � 4.2a 41.6 � 6.5 44.2 � 9.6 172.3 � 31.6a

a Statistically different from the other groups.
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follow-up,2 but larger studies are needed to confirm this
result.

An interesting finding of this study is that failure strain
(percent elongation) was significantly increased in the
540° rotation group and that modulus was significantly
decreased in the 540° group. Although in this study the
mean failure strain of the untwisted group reported was
higher than that reported by Cooper et al.9 in a similar
study, the results do fall within a range reported by other
authors.4,24,25 No significant difference was noted be-
tween the 0°, 90°, and 180° groups (Table 1), which is
similar to results reported by others.8,9,21 A decreased
modulus represents a less stiff material, resulting in an
increased displacement for any given force. One concern is
whether the observed decrease in modulus would result in
increased potential for instability at physiologic loads.
Further clinical follow-up studies are needed to address
this concern.

A porcine model was chosen for this study because of the
limited availability of human cadaveric specimens. Because
we wanted to control for a very specific variable, in this case
rotation, we thought that the large variation in age, sex, and
physical condition that would be present in human speci-
mens would be unacceptable. Furthermore, if we had used
younger cadaveric specimens, it would have been difficult to
obtain the large number of specimens necessary to achieve
statistical significance. The porcine model has been used
extensively in the past to study the ACL, and the biome-
chanical properties of porcine soft tissue have been found to
closely approximate that of young humans.14,15,22

Matched specimens were not available in this study. If
we had been able to directly compare two bone-patellar
tendon-bone grafts from the same animal at different de-
grees of rotation, it might have eliminated a potential
source of variation in the study. However, given that these
animals were all male, all of the same age, and all raised
in similar environmental conditions, we believed that the
variation among specimens was still minimized.

In the second part of this study we quantified the
amount of shortening that could be achieved with rota-
tion. As expected, the amount of shortening increased
with the degree of rotation. At 540°, an average shortening
of 5.4 mm was observed. This represented an average of
10% of initial tendon length. These results suggest that
there may be a relationship between graft shortening and
the degree of rotation.

One factor that was not addressed in our study is the
direction of graft rotation. It has been determined that
natural rotation is evident in collagen stuctures, both
macroscopically and microscopically.6 In the ACL, this
rotation has been found to average about 55° in an exter-
nal direction.26 In a canine model, the patellar tendon has
also shown a natural external rotation of about 5°.21 Auge
and Yifan2 consistently demonstrated increased shorten-
ing with external rotation compared with internal rota-
tion. We were unable to control for external versus inter-
nal rotation because of our potting technique. However,
the difference in direction may account for our wide range
of results in the 540° rotation group (range, 3.4 to 8.1 mm),
and consistent external rotation may provide an average

shortening greater than the 5.4 mm we observed. On the
basis of these data, we recommend an external direction of
rotation to most closely replicate native ACL anatomy and
to maximize shortening.

In conclusion, graft-tunnel mismatch is a problem that
may be encountered during ACL reconstructions in which
a single-incision endoscopic technique is used with bone-
patellar tendon-bone autograft or allograft material. Var-
ious techniques, mostly involving alternative methods of
fixation, have been used to deal with this problem. Clini-
cal experience has revealed that graft rotation may be a
technically simple approach for correcting this deficiency.
Previously, however, the effect of graft rotation on the
biomechanical properties of the graft was unknown. This
study showed that graft rotation to 540° shortens the soft
tissue portion of the graft by an average of 5.4 mm, or 10%
of the initial graft length. However, the rotation did ap-
pear to decrease the stiffness of the graft and increase the
strain to failure. This suggests that graft rotation may be
an effective solution for graft-tunnel mismatch, although
it is possible that the observed decrease in graft stiffness
might result in an increased potential for laxity at physi-
ologic loads. Further clinical studies are needed to evalu-
ate the long-term clinical stability achieved with rotated
grafts.
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