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Abstract
Purpose While hamstring autograft is a popular option for the general population, BTB autograft is still significantly more
popular among professional athletes due to concerns of altering knee kinematics with hamstring harvest. This study seeks
to quantify the contribution of the medial hamstrings to knee stability.
Methods Valgus knee laxity, anterior tibial translation, and rotational motion were measured in eight fresh-frozen cadaveric
knees after forces were applied on the tibia in each plane (coronal, sagittal, and axial). Four muscle loading conditions were
tested: (1) physiologic fully loaded pes anserinus, (2) semitendinosus only loaded, (3) gracilis only loaded, and (4) unloaded
pes anserinus. The protocol was then repeated with the ACL transected.
Results In the ACL intact knee, the neutral position of the tibia with an unloaded pes anserinus was significantly more externally rotated (p < 0.01) and anteriorly translated (p < 0.05) at all knee flexion angles than a tibia with a physiologic loaded pes
anserinus. Applying an external rotation torque significantly increased external rotation for the fully unloaded (p < 0.001),
gracilis only loaded (p < 0.001), and semitendinosus only loaded (p < 0.01) conditions at all flexion angles. Applying a valgus
torque resulted in a significant increase in laxity for the fully unloaded condition only at 30° of flexion (p < 0.05). Applying
an anterior tibial force resulted in significant increase in anterior translation for the fully unloaded condition at all flexion
angles (p < 0.01), and for the gracilis only loaded condition in 30° and 60° of flexion (p < 0.05). Similar results were seen
in the ACL deficient model.
Conclusion The medial hamstrings are involved in rotational, translational, and varus/valgus control of the knee. Applying
anterior, external rotation, and valgus forces on the hamstring deficient knee significantly increases motion in those planes.
Harvesting the gracilis and semitendinosus tendons alters native knee kinematics and stability. This is clinically relevant
and should be a consideration when choosing graft source for ACL reconstruction, especially in the elite athlete population.
Keywords Hamstring autograft · Pes anserinus · ACL · Knee stability · Semitendinosus · Gracilis
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Introduction
Both static and dynamic structures contribute to the stability of the knee joint. The important medial structures
include the medial collateral ligament (MCL), capsule,
posterior oblique ligament (POL), semimembranosus, and
the medial hamstrings. The medial hamstrings encompass
the pes anserinus, and include the sartorius, gracilis, and
semitendinosus tendons.
Dynamic function of the hamstrings has long been
documented as being important in neuromuscular control of the knee with or without an intact anterior cruciate
ligament (ACL). Hamstring contraction reduces anterior
tibial shear force and translation [15, 18]. Additionally,
this reduces ACL strain and loading in the cadaveric knee
and in vivo [5, 18, 22].
Current trends show an increase in the use of hamstring
autograft for ACL reconstruction in the general population. Magnussen et al. [19] reported in 2010 that hamstring autograft in the US was utilized in 44% of cases,
as compared to bone-tendon-bone (BTB) autograft being
utilized in 42% cases. There was even a bigger margin in
Norway, where 63% of cases utilized hamstring autograft.
Furthermore, Kvist et al. [14] reported that according to
the Swedish national anterior cruciate ligament register,
95% of primary ACL reconstructions utilized hamstring
autograft in 2012. Duquin et al. [8] reported survey results
in 2009 demonstrating the declining popularity for BTB in
regards to graft choice.
However, the literature shows contrasting results
when analyzing graft choice in the elite athlete population. Erickson et al. [10] reported ACL practice patterns
among pro and college football team physicians. 86% utilized BTB autograft compared to 11% utilizing hamstring
autograft. Mall et al. [20] reported trends among NBA
team physicians. 81% utilized BTB autograft compared
to 16% utilizing hamstring autograft.
The question arises as to whether the outcomes in the
elite athlete population are different when comparing BTB
and hamstring autograft. There is an abundance of literature to show that there are no differences in subjective
or functional outcomes between the two graft choices in
the general population [11, 25, 27, 28]. However, athletes
place a greater demand and stress on their knees. In an
effort to achieve stronger initial fixation and to achieve
bone to bone healing, BTB autograft is often utilized. The
rationale against hamstring use is largely due to the thinking that there is a potential loss of the stabilizing effect of
the hamstrings.
The purpose of this study is to perform a biomechanical
cadaveric study to analyze the contribution of the medial
hamstrings to rotational motion, valgus knee motion, and
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anterior tibial translation. The authors hypothesize that
the medial hamstrings do play a significant role in the
three planes of motion, and that the degree of contribution
would be greater in the ACL deficient knee. The goal is to
provide further insight into the role of hamstring function
in ACL injury prevention and rehabilitation, and additionally insight into the question of ACL graft selection, especially for the elite athlete population. The study is useful
because graft selection is still controversial for the elite,
professional athlete.

Materials and methods
Specimen preparation and mounting
Eight fresh-frozen cadaveric knees (three left, five right;
one male, seven female) obtained from the University of
California, Irvine willed body program were prepared and
tested. The knees were disarticulated after testing and any
specimen with signs of gross knee pathology, such as obvious ligament incompetence, were excluded. Each specimen was dissected free of skin, subcutaneous tissue, and
muscle tissue, while preserving the knee capsule, lateral
collateral ligament, medial collateral ligament, vastus lateralis, vastus medialis, rectus femoris, biceps femoris, and
pes anserine muscles. Krakow locking running stitch using
No. 2 FiberWire suture (Arthrex, Naples, FL) were placed
on the tendinous insertions of each of these muscles for
muscle loading during testing.
The femur and tibia of each specimen were potted in
polyvinyl chloride pipes using plaster of Paris. Each specimen was potted a standardized distance from the joint line
(i.e. 8 cm on the tibia and 9 cm on the femur). A single
bicortical, diaphyseal screw was placed through both femoral and tibial pipes and into the specimen for rigid fixation. For mounting into custom knee testing system, the
femoral and tibial pipes were centered and then secured
in their respective aluminum cylinders using eight fixation
pins so that the cylinder’s long axis would be representative of the bone’s long axis. The custom jig was assembled
on a material testing system (Instron model 1122, Instron
Coproration, Canton, MA). It allowed for 6 degrees of
freedom for both the femur and tibia (Fig. 1).
Muscle loads were applied based on the ratio of the
cross-sectional area of each muscle as reported in literature [30]. A total of 100 N was applied using a cable and
pulley system. The muscle load for each muscle was: Sartorius—2.0 N, semitendinosus—6.0 N, gracilis—2.0 N,
vastus lateralis—36.0 N, rectus femoris—15.0 N, vastus
medialis—25.0 N, and biceps femoris—15.0 N.
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cycles of preconditioning prior to measurement of every
kinematic parameter.
Each knee was tested using the above protocol with the
ACL intact and cut. A tear was made using a sharp scalpel
with the specimen in 60° of flexion. A 3–5 cm longitudinal,
medial parapatellar incision was made to gain access to the
ACL. Synovium and other surrounding tissues were carefully dissected to visualize the ligament. After visualization,
a sharp scalpel was used to make an incision on the tibial
insertion of the ACL. The tear was confirmed via palpation
and by placing an anterior drawer force on the tibia.
This study was waived by our institution for IRB approval
since it was a cadaveric biomechanical study.

Statistical analysis
Statistical analysis of muscle loading was performed using
repeated measures analysis of variance with a Tukey post
hoc test (muscle loading) and paired Student’s t test (comparing intact versus ACL tear) with significance level set at
p < 0.05.

Results

Fig. 1  This custom knee apparatus was used for data collection. This
jig allowed for 6 degrees of freedom for both the femur and tibia.
Using a cable and pulley system, muscle loads and tibial force/torque
were applied

Experimental conditions and measurements
Four pes anserine muscle loading conditions were tested at
each knee flexion angle (0°, 30°, 60°): physiologic loading
of pes anserinus, only semitendinosus loaded, only gracilis
loaded, and fully unloaded pes anserinus. The following
tibial kinematic parameters were measured: valgus laxity,
external rotation, and anterior translation. These parameters were measured before (to obtain neutral position) and
after a torque or force was applied. Specifically, a valgus
torque of 6 Nm, external rotation torque of 3 Nm, and an
anterior force of 30 N were applied using weights and
pulley systems.
To measure tibial kinematics, three markers were placed
in an orthogonal manner on the anterior aspect of tibial aluminum cylinder to be digitized. These digitization markers
were used for each specimen using a Microscribe 3DLX
(Revware Inc, Raleigh, NC). Each specimen underwent ten

Data are organized based on the three planes of motion (i.e.
external rotation, valgus, and anterior translation). Within
each plane of motion, changes in neutral position and
changes after a force or torque is applied are reported. The
following results pertain to the ACL intact knee.
External rotation increased sequentially as the pes anserinus (pes) was unloaded before any torque was applied.
The statistically significant increases in external rotation
(ER) for the fully unloaded pes as compared to the control (physiologic fully loaded pes) are as follows: + 0.55°
at 0° (p < 0.01); + 1.74° at 30° (p < 0.001); + 2.58° at 60°
(p < 0.001). Significant increases for the gracilis loaded condition were also found at all three flexion angles (Fig. 2a).
Furthermore, after an ER torque of 3 Nm was applied,
ER again increased as the pes was unloaded. Significant
increases were found for the fully unloaded (+ 0.66°,
+ 1.43°, + 0.8°) (p < 0.001), gracilis only loaded (+ 0.55°,
+ 1.1°, + 0.66°) (p < 0.001), and semitendinosus only loaded
conditions (+ 0.34°, + 0.98°, + 0.47°) (p < 0.01) (Fig. 2b).
When analyzing the neutral varus/valgus position, there
were no significant differences among the muscle conditions
in the neutral position at all three flexion angles (Fig. 3a).
After a 6 Nm valgus tibial torque was applied, no significant
changes were seen in varus/valgus motion among the four
muscle conditions at 0° and 60° of flexion. However, at 30°
of flexion, there was a quantitatively small but significant
increase in valgus for the fully unloaded pes muscle condition [+ 0.28° (p < 0.05)] (Fig. 3b).
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Fig. 2  a The graph illustrates
the increase in external rotation
as the pes is unloaded. This is
significant at all three flexion
angles. b After an ER torque is
applied, there is again significant increases in ER as the pes
is unloaded
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In regards to the neutral position in the sagittal plane (i.e.
anterior-posterior), increasing anterior translation was seen
as the pes was unloaded. The significant increases in anterior
translation occur for the fully unloaded pes at all three flexion angles, and are as follows: + 0.18 mm at 0° (p < 0.05);
+ 1.16 mm at 30° (p < 0.01); + 0.91 mm at 60° (p < 0.001)
(Fig. 4a). After a 30 N anterior tibial force was applied,
significant increases in anterior translation were seen for the
fully unloaded pes at all three flexion angles. The quantitative increases are as follows: + 0.29 mm (0°), + 0.85 mm
(30°), + 1.87 mm (60°) (p < 0.01). Significant increases were
also seen for the gracilis loaded condition at 30° and 60° of
flexion (Fig. 4b).
Finally, this protocol was repeated with the ACL transected. Similar significant results were found for all three
flexion angles. These values in the ACL deficient knee were
then compared with the values in the ACL intact knee. No
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significant differences were found when comparing external rotation or valgus motion. However, when comparing
anterior tibial translation, there were statistically significant
increases in anterior translation for ACL deficient knee at
30° of flexion (Fig. 5).

Discussion
The study has shown that the medial hamstrings play a significant role in all planes of knee stability both with and
without the ACL intact. Numerous comparison trials and
systematic reviews have shown that comparable results are
achieved after ACL reconstruction with either hamstring or
BTB autograft [11, 25, 27–29]. However, limited studies
are available specifically looking at elite athletes as the primary patient population. Because these high-level athletes
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place the greatest impact and stress on their knee joints, they
demand the greatest stability. This is especially important
as the trends in the United States and other countries have
shown an increasing popularity for hamstring autograft. This
trend has not yet been seen to that level in professional or
collegiate athlete populations. Thus, the question must be
posed. Do hamstring autograft ACL reconstructions result in
similar comparable outcomes in this population of athletes.
Because the literature lacks data specific to this, we performed this biomechanical study to analyze the contribution
of the medial hamstrings to knee stability.
The results show that unloading of the medial hamstrings,
which simulates a gracilis and semitendinosus tendon harvest, changes native knee kinematics and stability. Looking at the changes in neutral position first, we find that the
tibia sits externally rotated and anteriorly translated from its
native position at all three flexion angles once the hamstrings
are unloaded. Although quantitative differences are small,
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the literature has shown that even small changes in native
kinematics can lead to cartilage degeneration and osteoarthritis [1, 33]. Andriacchi et al. proposed that this change
in kinematics leads to a degenerative cascade whereby the
cartilage is unable to accommodate this shift in loading [2].
The results have confirmed this change in knee kinematics. However, the primary focus of the study is to analyze
differences in knee stability after a force or torque is applied.
The results demonstrate increased external rotation and anterior translation at all three flexion angles once the medial
hamstrings are unloaded. At most, the increase in external rotation approaches 2° (i.e. at 30° of flexion) and the
increase in anterior translation approaches 2 mm (i.e. at 60°
of flexion). Again, these differences may not seem large, but
that does not suggest it is not clinically significant, especially
when looking at high demand patient populations.
Side-to-side differences in anterior-posterior (AP) knee
laxity is one factor used to determine surgical success.
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Daniel et al. assessed AP knee laxity in healthy and ACL
deficient patients, and determined that roughly 90% of
healthy patients have a < 2 mm side-to-side difference
[7]. Other authors have published more conservative data
showing that < 5 mm differences exist in healthy individuals [16, 21]. Thus, a 2–5 mm side-to-side difference
is used today as one factor to define success and failure
of an ACL reconstruction. It is important to note that as
previous clinical studies in the literature have shown no
differences in AP laxity between BTB and hamstring [32],
lachman testing and instrumented laxity measures do not
take into account the increase in anterior translation of the
native tibial position. Ultimately, the literature does not
show agreement on this issue of AP laxity between the
two techniques, as a systematic review [27] in 2004 and
Cochrane review in 2011 [23] reported increased anterior
laxity in the hamstring groups.
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When it comes to external rotatory laxity, there is no consensus on quantitative values that may suggest failure. However, Armour et al. did show that patients who underwent
hamstring autograft ACL reconstructions did have weaker
internal tibial rotation postoperatively at 2 years [3]. The
increase in ER seen in this study is explained by the unloading of the internal rotatory force provided by the medial
hamstrings. Meta-analysis in 2015 comparing hamstring and
BTB did conclude that outcomes after pivot shift tests were
significantly in favor of BTB [32].
Finally, in regards to varus/valgus motion, the study did
show significantly increase valgus after 6 Nm applied torque
in the fully unloaded muscle condition at the 30° flexion
angle. However, this is likely not clinically significant as
the average increase valgus was very minimal at + 0.28°.
Additionally, no other statistically significant differences
were found in the other flexion angles or muscle conditions.
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Fig. 5  Data from the ACL
intact knee were compared with
data from the ACL deficient
knee. When comparing anterior
translation, the graph illustrates
that at 30° of flexion, there was
significantly more translation
for the ACL deficient knee
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Thus, this plane of motion is likely predominately determined by the stabilizing effects of the collateral ligaments
and the native or reconstructed ACL.
This study also analyzed other muscle conditions simulating single tendon harvest. Simulation of the semitendinosus harvest (i.e. gracilis only loaded condition) still resulted
in an increase in external rotation and anterior translation,
although to a lesser extent when comparing it with the fully
unloaded condition. This is clinically important when considering single tendon harvest for ACL reconstruction. It
suggests that the benefits may not be significant when trying
to preserve the gracilis. Recent systematic review concluded
that although there were differences in hamstring strength,
it was not likely clinically relevant [26]. Additionally, anterior knee laxity was not different between semitendinosus
harvest and combined semitendinosus-gracilis harvest [26].
On the other hand, simulation of the gracilis harvest (i.e.
semitendinosus only loaded condition) did not show any
differences with anterior translation but did show a small
increase in external rotation. This is clinically important
when considering gracilis harvest for procedures such as
ulnar collateral ligament reconstruction. Here, the data suggests that native knee kinematics is relatively preserved if
only the gracilis is harvested.
The last part of the study focused on the role of the
medial hamstrings in the ACL deficient knee. Expectedly,
unloading of medial hamstrings showed similar significant results specifically in anterior translation and external
rotation. When the results were compared with the ACL
competent knee, the degree of change was not different
in regards to rotation. However, in regards to anterior
translation at 30°, unloading of the hamstrings resulted in
significantly greater anterior translation. This speaks to
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the importance of rehabilitation of the medial hamstrings
in the preoperative setting before ACL reconstruction, as
well as, in any setting where nonoperative measures are
pursued for ACL insufficiency. Furthermore, the importance of rehabilitation of the medial hamstrings is further
elevated during the immediate postoperative period after
ACL reconstruction. As there is an abundance of literature
to show that hamstring activity is decreased and altered
postoperatively [4, 6, 9, 13, 24], it is also a period where
the newly reconstructed ACL demands minimal strain for
successful graft incorporation and healing.
The authors acknowledge that there are few limitations
to the study. First, this is a cadaveric study, and thus it
is unknown how such findings might be translated in the
clinical setting. Clinical studies comparing hamstring
autograft and BTB autograft in the elite athlete population would be paramount in helping to answer this question. Nevertheless, the study does quantify the role of
the medial hamstrings in each plane of motion. Second,
muscle loading in this protocol was based on physiologic
cross-sectional areas. This makes it difficult for the biomechanical models to account for the dynamic changes in
loads that occur with the type of physical activity being
performed. However, the muscle loads used in this study
for the medial hamstrings were dramatically lower when
compared with the other major muscles. Moreover, if
different loads were studied to represent specific activities such as jumping or squatting, hamstring loads would
likely be higher increasing the degree of significant differences demonstrated in this study. Finally, the study
could not take into account the potential of muscle compensation and hypertrophy. Multiple studies have reported
increased activity [12] and hypertrophy [17, 31] of the
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semimembranosus muscle after hamstring ACL reconstruction. It is unknown if this impacts stability.
Nevertheless, the clinical relevance of this study is significant. Loss of the medial hamstrings alters knee kinematics and leads to a decrease in knee stability in all planes both
with and without the ACL. Although quantitatively small,
this should be a consideration when determining graft source
for high level athletes with an ACL rupture.

Conclusion
The medial hamstrings are involved in rotational, translational, and valgus stability of the knee. Simulation of semitendinosus and gracilis harvest resulted in altered native
knee kinematics. Specifically, the hamstring deficient knee
experienced increased external rotation and anterior translation before and after an applied force or torque. Simulation
of semitendinosus only harvest also resulted in increased
external rotation and anterior translation. The medial hamstrings contribute to a greater degree in limiting anterior
translation in an ACL deficient knee demonstrating the
importance of hamstring rehabilitation in the preoperative
and postoperative setting. The results of this study should be
taken into consideration when choosing graft source for ACL
reconstruction, specifically in the elite athlete population.
Author contributions AT conceived idea of study, carried out the
cadaveric studies in the laboratory, and wrote significant portion of the
manuscript. OL made substantial contributions in conception, design,
and helped revise manuscript. HI was heavily involved in conducting
the cadaveric studies and writing the methods portion of manuscript.
MM was involved in conducting the cadaveric studies and assembling/organizing the lab setting for experimentation. MB helped with
study conception, revision of manuscript, and conducting studies. TL
supervised the entire cadaveric study, made substantial contribution to
design, and edited final manuscript.
Funding The authors of this study have no relevant financial relationships to disclose.

Compliance with ethical standards
Conflict of interest The authors declare that they have no competing
interests.
Ethical approval The article does not contain any studies with human
participants performed by any of the authors.

References
1. Almekinders LC, Pandarinath R, Rahusen FT (2004) Knee stability following anterior cruciate ligament rupture and surgery. The
contribution of irreducible tibial subluxation. J Bone Joint Surg
Am 86-A(5):983–987

13

2. Andriacchi TP, Mundermann A, Smith RL, Alexander EJ, Dyrby
CO, Koo S (2004) A framework for the in vivo pathomechanics
of osteoarthritis at the knee. Ann Biomed Eng 32(3):447–457
3. Armour T, Forwell L, Litchfield R, Kirkley A, Amendola N,
Fowler PJ (2004) Isokinetic evaluation of internal/external
tibial rotation strength after the use of hamstring tendons for
anterior cruciate ligament reconstruction. Am J Sports Med
32(7):1639–1643
4. Arnason SM, Birnir B, Gudmundsson TE, Gudnason G, Briem K
(2014) Medial hamstring muscle activation patterns are affected
1–6 years after ACL reconstruction using hamstring autograft.
Knee Surg Sports Traumatol Arthrosc 22(5):1024–1029
5. Beynnon BD, Fleming BC, Johnson RJ, Nichols CE, Renstrom
PA, Pope MH (1995) Anterior cruciate ligament strain behavior during rehabilitation exercises in vivo. Am J Sports Med
23(1):24–34
6. Briem K, Ragnarsdottir AM, Arnason SI, Sveinsson T (2016)
Altered medial versus lateral hamstring muscle activity during
hop testing in female athletes 1–6 years after anterior cruciate
ligament reconstruction. Knee Surg Sports Traumatol Arthrosc
24(1):12–17
7. Daniel DM, Malcom LL, Losse G, Stone ML, Sachs R, Burks R
(1985) Instrumented measurement of anterior laxity of the knee.
J Bone Joint Surg Am 67(5):720–726
8. Duquin TR, Wind WM, Fineberg MS, Smolinski RJ, Buyea CM
(2009) Current trends in anterior cruciate ligament reconstruction.
J Knee Surg 22(1):7–12
9. Elias AR, Hammill CD, Mizner RL (2015) Changes in quadriceps and hamstring cocontraction following landing instruction in
patients with anterior cruciate ligament reconstruction. J Orthop
Sports Phys Ther 45(4):273–280
10. Erickson BJ, Harris JD, Fillingham YA, Frank RM, Bush-Joseph
CA, Bach BR Jr, Cole BJ, Verma NN (2014) Anterior cruciate
ligament reconstruction practice patterns by NFL and NCAA football team physicians. Arthroscopy 30(6):731–738
11. Forster MC, Forster IW (2005) Patellar tendon or four-strand hamstring? A systematic review of autografts for anterior cruciate
ligament reconstruction. Knee 12(3):225–230
12. Hall M, Stevermer CA, Gillette JC (2015) Muscle activity amplitudes and co-contraction during stair ambulation following anterior cruciate ligament reconstruction. J Electromyogr Kinesiol
25(2):298–304
13. Koutras G, Bernard M, Terzidis IP, Papadopoulos P, Georgoulis
A, Pappas E (2016) Comparison of knee flexion isokinetic deficits between seated and prone positions after ACL reconstruction
with hamstrings graft: Implications for rehabilitation and return
to sports decisions. J Sci Med Sport 19(7):559–562
14. Kvist J, Kartus J, Karlsson J, Forssblad M (2014) Results from the
Swedish national anterior cruciate ligament register. Arthroscopy
30(7):803–810
15. Li G, Rudy TW, Sakane M, Kanamori A, Ma CB, Woo SL (1999)
The importance of quadriceps and hamstring muscle loading
on knee kinematics and in-situ forces in the ACL. J Biomech
32(4):395–400
16. Lin HC, Lai WH, Shih YF, Chang CM, Lo CY, Hsu HC (2009)
Physiological anterior laxity in healthy young females: the effect
of knee hyperextension and dominance. Knee Surg Sports Traumatol Arthrosc 17(9):1083–1088
17. Lindstrom M, Strandberg S, Wredmark T, Fellander-Tsai L, Henriksson M (2013) Functional and muscle morphometric effects of
ACL reconstruction. A prospective CT study with 1 year followup. Scand J Med Sci Sports 23(4):431–442
18. MacWilliams BA, Wilson DR, DesJardins JD, Romero J, Chao
EY (1999) Hamstrings cocontraction reduces internal rotation,
anterior translation, and anterior cruciate ligament load in weightbearing flexion. J Orthop Res 17(6):817–822

Knee Surgery, Sports Traumatology, Arthroscopy
19. Magnussen RA, Granan LP et al (2010) Cross-cultural comparison
of patients undergoing ACL reconstruction in the United States
and Norway. Knee Surg Sports Traumatol Arthrosc 18(1):98–105
20. Mall NA, Abrams GD, Azar FM, Traina SM, Allen AA, Parker R,
Cole BJ (2014) Trends in primary and revision anterior cruciate
ligament reconstruction among National Basketball Association
team physicians. Am J Orthop (Belle Mead NJ) 43(6):267–271
21. Markolf KL, Graff-Radford A, Amstutz HC (1978) In vivo knee
stability. A quantitative assessment using an instrumented clinical
testing apparatus. J Bone Joint Surg Am 60(5):664–674
22. Markolf KL, O’Neill G, Jackson SR, McAllister DR (2004)
Effects of applied quadriceps and hamstrings muscle loads on
forces in the anterior and posterior cruciate ligaments. Am J
Sports Med 32(5):1144–1149
23. Mohtadi NG, Chan DS, Dainty KN, Whelan DB (2011) Patellar tendon versus hamstring tendon autograft for anterior cruciate ligament rupture in adults. Cochrane Database Syst Rev
9:CD005960
24. Ortiz A, Capo-Lugo CE, Venegas-Rios HL (2014) Biomechanical deficiencies in women with semitendinosus-gracilis anterior cruciate ligament reconstruction during drop jumps. PM R
6(12):1097–1106
25. Shaieb MD, Kan DM, Chang SK, Marumoto JM, Richardson AB
(2002) A prospective randomized comparison of patellar tendon
versus semitendinosus and gracilis tendon autografts for anterior
cruciate ligament reconstruction. Am J Sports Med 30(2):214–220
26. Sharma A, Flanigan DC, Randall K, Magnussen RA (2016) Does
gracilis preservation matter in anterior cruciate ligament reconstruction? Syst Rev Arthrosc 32(6):1165–1173

27. Spindler KP, Kuhn JE, Freedman KB, Matthews CE, Dittus
RS, Harrell FE Jr (2004) Anterior cruciate ligament reconstruction autograft choice: bone-tendon-bone versus hamstring:
does it really matter? A systematic review. Am J Sports Med
32(8):1986–1995
28. Struewer J, Ziring E, Oberkircher L, Schuttler KF, Efe T (2013)
Isolated anterior cruciate ligament reconstruction in patients aged
fifty years: comparison of hamstring graft versus bone-patellar
tendon-bone graft. Int Orthop 37(5):809–817
29. Webster KE, Feller JA, Hartnett N, Leigh WB, Richmond AK
(2016) Comparison of patellar tendon and hamstring tendon anterior cruciate ligament reconstruction: a 15-year follow-up of a
randomized controlled trial. Am J Sports Med 44(1):83–90
30. Wickiewicz TL, Roy RR, Powell PL, Edgerton VR (1983) Muscle architecture of the human lower limb. Clin Orthop Relat Res
179:275–283
31. Williams GN, Snyder-Mackler L, Barrance PJ, Axe MJ, Buchanan
TS (2004) Muscle and tendon morphology after reconstruction of
the anterior cruciate ligament with autologous semitendinosusgracilis graft. J Bone Joint Surg Am 86-A(9):1936–1946
32. Xie X, Liu X, Chen Z, Yu Y, Peng S, Li Q (2015) A meta-analysis
of bone-patellar tendon-bone autograft versus four-strand hamstring tendon autograft for anterior cruciate ligament reconstruction. Knee 22(2):100–110
33. Zaid M, Lansdown D, Su F, Pedoia V, Tufts L, Rizzo S, Souza
RB, Li X, Ma CB (2015) Abnormal tibial position is correlated to
early degenerative changes 1 year following ACL reconstruction.
J Orthop Res 33(7):1079–1086

13

