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A potential cause of non-contact anterior cruciate ligament (ACL) injury is landing on an extended knee.
In line with this hypothesis, studies have shown that the ACL is elongated with decreasing knee flexion
angle. Furthermore, at low flexion angles the patellar tendon is oriented to increase the anterior shear
component of force acting on the tibia. This indicates that knee extension represents a position in which
the ACL is taut, and thus may have an increased propensity for injury, particularly in the presence of
excessive force acting via the patellar tendon. However, there is very little in vivo data to describe how
patellar tendon orientation and ACL elongation interact during flexion. Therefore, this study measured
Imaging the patellar tendon tibial shaft angle (indicative of the relative magnitude of the shear component of force
Radiography acting via the patellar tendon) and ACL length in vivo as subjects performed a quasi-static lunge at vary-
Injury ing knee flexion angles. Spearman rho rank correlations within each individual revealed that flexion
angles were inversely correlated to both ACL length (rho=-0.94 + 0.07, mean + standard deviation,
p <0.05) and patellar tendon tibial shaft angle (rho = —0.99 + 0.01, p < 0.05). These findings indicate that
when the knee is extended, the ACL is both elongated and the patellar tendon tibial shaft angle is
increased, resulting in a relative increase in anterior shear force on the tibia acting via the patellar tendon.
Therefore, these data support the hypothesis that landing with the knee in extension is a high risk sce-
nario for ACL injury.
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1. Introduction

Anterior cruciate ligament (ACL) injuries primarily affect a
young and active population (Gilchrist et al., 2008; Griffin et al.,
2006), with an estimated 400,000 injuries reported in the United
States each year (Kibler, 2009). In addition to the acute conse-
quences of injury, long-term effects such as post-traumatic
osteoarthritis (Lohmander et al., 2007) can severely affect quality
of life. Therefore, injury prevention is critical (Gilchrist et al.,
2008; Pfeiffer et al., 2006; Steffen et al., 2008; Stevenson et al.,
2015). Research targeted at understanding movements that pre-
sent a high risk for ACL injury may inform training programs to
improve injury prevention.

A scenario that may represent a high risk for ACL injury is land-
ing on an extended knee (Cochrane et al., 2007; DeFrate et al.,
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2007; Malinzak et al, 2001). In support of this mechanism,
in vivo studies have shown that the ACL is elongated when the knee
is extended (Englander et al., 2018; Lamontagne et al., 2008; Li
et al., 2005; Taylor et al.,, 2013; Taylor et al., 2011; Utturkar
et al., 2013). Therefore, these studies suggest that knee extension
represents a position in which the ACL is taut, and thus may have
an increased propensity for injury, particularly in the presence of
excessive anterior shear force acting on the tibia.

Furthermore, previous studies have investigated the orientation
of the patellar tendon relative to the tibia as a function of flexion
(DeFrate et al., 2007; Nunley et al., 2003). Specifically, these studies
have shown that when the knee is positioned at a low flexion
angle, the attachment site of the patellar tendon on the patella is
oriented anterior to its attachment on the tibia. Therefore, at low
flexion angles, the patellar tendon is positioned to increase the
relative magnitude of the shear component of forces acting on
the tibia, which may increase loading on the ACL (Butler et al.,
1980). Thus, in vivo data describing how ACL elongation interacts
with the orientation of the patellar tendon during the flexion path


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2019.04.034&domain=pdf
https://doi.org/10.1016/j.jbiomech.2019.04.034
mailto:lou.defrate@duke.edu
https://doi.org/10.1016/j.jbiomech.2019.04.034
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com

124 Z.A. Englander et al./Journal of Biomechanics 90 (2019) 123-127

would further the understanding of this mechanism of injury. To
address this question, the present study obtained in vivo measure-
ments of the orientation of the patellar tendon as well as the length
of the ACL as subjects performed a single legged quasi-static lunge
at varying knee flexion angles.

2. Materials and methods

Eight healthy male subjects (mean age 26.5 + 5.5 years) with no
previous history of lower extremity injury or surgery prior to test-
ing were evaluated using an IRB approved protocol. One knee from
each subject (6 right, 2 left) was imaged using a 3 T magnetic res-
onance imaging (MRI) scanner (Trio Tim, Siemens Medical Solu-
tions USA, Malvern, PA). Sagittal, coronal, and axial images were
acquired from the subjects while lying supine, using a double-
echo steady-state sequence (DESS) and an eight-channel knee coil
(resolution: 0.3 x 0.3 x 1 mm; flip angle: 25°, repetition time:
17 ms, echo time: 6 ms). Outlines of the femur, tibia, patella, and
the footprints of the ACL and patellar tendon attachment sites,
were segmented manually using solid-modeling software (Rhino-
ceros 4.0, Robert McNeel and Associates, Seattle, WA) (Fig. 1A).
These segmentations were compiled into 3D models of the joint
(Fig. 1B, C) (Kim et al., 2015; Li et al., 2005; Utturkar et al., 2013;
Widmyer et al., 2013). The positions and shapes of the ligament
attachment sites were confirmed in the three orthogonal imaging
planes. Prior validation studies have demonstrated that this
approach can locate the center of the ACL footprint to within
0.3 mm (Abebe et al., 2009; Taylor et al., 2013).

Following MRI, each subject’s knee was imaged from two
orthogonal directions using biplanar fluoroscopes (BV Pulsera,

Philips, The Netherlands) (Li et al., 2005), each with an image res-
olution of 1024 x 1024 pixels?. The subject posed in a single legged
static lunge position at various flexion angles. For each pose, sub-
jects were guided on how to position their knee with a goniometer.
The orthogonal fluoroscopic images were then imported into the
solid-modeling software and positioned to recreate the biplanar
fluoroscopic imaging setup. The 3D MRI knee model was subse-
quently imported into this reconstructed environment. The model
of each bone was moved separately within 6 degrees of freedom
until its projections onto the two imaging planes from the perspec-
tive of the fluoroscopic sources matched the outlines of bones as
seen in the fluoroscopic images. Therefore, the in vivo positions
of the bones during the lunges were reproduced (DeFrate et al.,
2007; Taylor et al., 2013; Taylor et al., 2011; Utturkar et al,,
2013) (Fig. 1D). Previous validation has shown that this method
can measure 3D kinematics to within 0.1 mm and 0.3° (Caputo
et al., 2009; DeFrate et al., 2006).

After positioning the bones appropriately, knee joint angles
(flexion angle and patellar tendon tibial shaft angle) and the length
of the ACL were measured (DeFrate et al., 2007; Utturkar et al.,
2013) (Fig. 2). Flexion angle represents the angle between the long
axes of the femur and tibia about the femoral transepicondylar axis
(Fig. 2A). Patellar tendon tibial shaft angle represents the angle
between the long axis of the tibia and the line of action of the
patellar tendon (represented by a line connecting the centroid of
its attachment site footprints on the patella and tibia) measured
in the sagittal plane (Fig. 2B). Positive angles indicate that the
patellar tendon attachment site on the patella is oriented anterior
to its attachment site on the tibia (Nunley et al., 2003). ACL length
was measured as the centroid to centroid distance between
the footprints of the femoral and tibial attachment sites. All

Fig. 1. (A) Outer margins of the femur, tibia, patella, and ligament attachment sites were outlined on the MR images. (B) The contours were compiled into wireframe models.
(C) 3D mesh models were created from the wireframe models. (D) The bone models were positioned to match the fluoroscopic images captured during the lunges. (E) The
matched models reproduce the in vivo position of the joint during each quasi-static lunge.
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Fig. 2. Knee joint angles (in degrees) were determined using a standardized
coordinate system based on bony anatomy. (A) Flexion angle represents the angle
between the long axes of the femur and tibia about the femoral transepicondylar
axis. (B) Patellar tendon tibial shaft angle represents the angle between the long
axis of the tibia and the line of action of the patellar tendon (represented by a line
connecting the midpoints of its attachment site footprints on the patella and tibia)
measured in the sagittal plane.

measurements were linearly interpolated from the data to repre-
sent values of each variable at flexion angles between 0° and 90°
in increments in of 15°.

Statistics were performed using Matlab (Mathworks, Natick,
MA) with a significance level of p<0.05. Spearman rho rank
correlations were performed between the variables (ACL length,
flexion angle, and patellar tendon tibial shaft angle) for each sub-
ject individually. Means and standard deviations of the correlation
coefficients across individuals are reported.

3. Results

ACL length decreased linearly with flexion angle, ranging from
an average of 27.8+2.4mm at 0° of flexion to an average of
240+19mm at 90° of flexion (mean *standard deviation).
Furthermore, patellar tendon tibial shaft angle also decreased with
flexion angle, ranging from 23.1 + 4.2° at 0° of flexion to —1.9 + 2.9°
at 90° of flexion. Spearman rho rank correlations within each indi-
vidual revealed that flexion angles were inversely correlated to
both ACL length (rho = —-0.94 £ 0.07, Fig. 3A) and patellar tendon
tibial shaft angle (rho=-0.99 +0.01, Fig. 3B), all with p <0.05.
Furthermore, patellar tendon tibial shaft angle and ACL length
were highly correlated within each subject individually, with the
mean of these correlation coefficients across subjects being
rho = 0.94 + 0.07, all with p < 0.05.

4. Discussion

The present study used biplanar fluoroscopic imaging in combi-
nation with 3D models of the knee joint to measure in vivo ACL
elongation, patellar tendon tibial shaft angle, and knee flexion
angle. The findings of this study indicate that the patellar tendon
tibial shaft angle, which is indicative of the relative magnitude of
the shear component of force acting via the patellar tendon, and
the length of the ACL are maximized as the knee is extended.

The relationship between flexion angle and ACL length observed
in this study is in line with previous data regarding in vivo ACL
function (Englander et al., 2018; Li et al., 2005; Taylor et al.,
2013; Taylor et al., 2011; Utturkar et al., 2013). For example,
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Fig. 3. (A) ACL length was inversely correlated with flexion angle. (B) Patellar
tendon tibial shaft angle was also inversely correlated with flexion angle. (C)
Patellar tendon tibial shaft angle was significantly correlated with ACL length. (D)
Example of the patellar tendon tibial shaft angle with the knee in extension and in
flexion for one subject.

(Li et al., 2005) measured ACL length during knee flexion, and also
determined that the length of the ACL decreased with increased
flexion. Furthermore, (Utturkar et al., 2013) measured ACL length
for various static knee postures, including the knee at full exten-
sion and at 30° of flexion. It was found that the ACL was signifi-
cantly longer with the knee positioned in extension as compared
to when the knee was flexed at 30°. Furthermore, ACL strain during
dynamic activities such as jump landing (Taylor et al., 2011) and
gait (Englander et al., 2018; Taylor et al., 2013) have been charac-
terized in vivo. These studies have found that while different load-
ing conditions may influence ACL function, in general ACL strain is
at its peak when knee flexion is minimal throughout these
dynamic activities. Finally, these findings are also congruent with
studies that have used arthroscopically implanted strain gauges
(Beynnon et al., 1992; Cerulli et al., 2003; Fleming et al., 2001;
Lamontagne et al., 2008), which also demonstrate ACL elongation
with knee extension.

Furthermore, the significant inverse correlation between flexion
angle and patellar tendon tibial shaft angle observed in this study
is congruent with prior data that shows that the patellar tendon is
aligned to generate anterior shear forces on the tibia when the
knee is positioned at a low flexion angle (DeFrate et al., 2007;
Nunley et al., 2003). The more positive the patellar tendon tibial
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shaft angle, the more anterior the patellar tendon attachment on
the patella is relative to its attachment on the tibia (Fig. 2B). At
higher flexion angles, the patellar tendon tibial shaft angle is neg-
ative, and the patellar tendon is aligned to pull posteriorly on the
tibia, thereby reducing anterior shear forces and loading on the
ACL. Importantly, the strong inverse correlation between flexion
angle and patellar tendon tibial shaft angle observed in this study
(Fig. 3B) and others (DeFrate et al., 2007; Nunley et al., 2003) indi-
cates that when the knee is extended, vulnerability to ACL failure
resulting from ACL elongation is compounded by the increased rel-
ative magnitude of anterior shear forces on the tibia acting via the
patellar tendon.

Additionally, prior studies have indicated that quadriceps
activation may be a main component of anterior shear loading
of the ACL when the knee is positioned at a low flexion angle.
Specifically, multiple studies in cadavers have observed anterior
tibial translation in response to anterior shear forces caused by
simulated quadriceps loading with the knee positioned at low
flexion angles (Arms et al., 1984; Berns et al., 1992; DeMorat
et al., 2004; Draganich and Vahey, 1990). Also to this point, a
study using kinematic analysis, electromyography (EMG), and
inverse dynamics to estimate joint forces and moments found
that an important component of anterior tibial shear force
included the integrated EMG activity of the vastus lateralis dur-
ing a stop jump task (Sell et al, 2007). Furthermore, another
EMG study suggested that greater pre-activity of the rectus
femoris predicted increased peak external anterior shear force
during single legged landings (Brown et al., 2014). Thus, these
studies provide evidence for the hypothesis that the risk for a
non-contact ACL injury increases when the knee is positioned
close to extension, due to increased anterior shear forces on
the tibia originating from the quadriceps. In line with this
hypothesis, analysis of bone bruise patterns in patients with
ACL injury have indicated that substantial anterior tibial transla-
tion may occur at the time of ACL injury, with the knee posi-
tioned at a low flexion angle (Kim et al., 2015; Owusu-Akyaw
et al.,, 2018). Taken together with evidence from the present
study, these findings suggest that in the case of a perturbation
in normal motion patterns when the knee is positioned at a
low flexion angle, there may be an increased likelihood of ACL
injury due to the anterior shear loading on an already elongated
ACL.

Future work toward understanding ACL injury mechanisms
may include measurements of ACL elongation and patellar tendon
orientation during dynamic activity (Englander et al, 2018;
Miranda et al., 2011; Myers et al., 2011), further elucidating the
motions that result in increased ACL loading (Taylor et al., 2011).
Furthermore, consideration of the influence of posterior tibial slope
may further improve understanding ACL injury risk (Marouane
et al,, 2014; Marouane et al., 2015). Finally, the inclusion of female
subjects in addition to males may improve understanding of sex-
based differences in ACL injury risk (Arendt et al., 1999).

To summarize, the results of this study show that the ACL is
both elongated and the patellar tendon is oriented to increase
the anterior shear component of force acting on the tibia when
the knee is extended. Therefore, these findings support the hypoth-
esis that landing with an extended knee is a scenario that puts the
ACL at high risk for rupture (Cochrane et al., 2007; Griffin et al.,
2006; Malinzak et al, 2001; Yu and Garrett, 2007). Further
research aimed at understanding factors that may increase the
likelihood of an individual to utilize high risk motions during activ-
ity may be beneficial toward improving injury prevention.

Acknowledgements

This work was supported by NIH grant AR074800 and AR065527.

Conflict of Interest Statement

The authors of this manuscript have no conflicts of interest per-
taining to this work to disclose.

References

Abebe, E.S., Moorman III, C., Dziedzic, T.S., Spritzer, C.E., Cothran, R.L., Taylor, D.C.,
Garrett Jr, W.E., DeFrate, L.E., 2009. Femoral tunnel placement during anterior
cruciate ligament reconstruction: an in vivo imaging analysis comparing
transtibial and 2-incision tibial tunnel-independent techniques. American ]
Sports Med 37, 1904-1911.

Arendt, E.A., Agel, J., Dick, R, 1999. Anterior cruciate ligament injury patterns
among collegiate men and women. | Athlet Training 34, 86.

Arms, S.W., Pope, M.H., Johnson, R/]., Fischer, R.A., Arvidsson, I., Eriksson, E., 1984.
The biomechanics of anterior cruciate ligament rehabilitation and
reconstruction. American ] Sports Med 12, 8-18.

Berns, G.S., Hull, M., Patterson, H.A., 1992. Strain in the anteromedial bundle of the
anterior cruciate ligament under combination loading. ] Orthop Res 10, 167-176.

Beynnon, B., Howe, ]., Pope, M.H., Johnson, RJ., Fleming, B., 1992. The measurement
of anterior cruciate ligament strain in vivo. Int Orthop 16, 1-12.

Brown, T.N., McLean, S.G., Palmieri-Smith, R.M., 2014. Associations between lower
limb muscle activation strategies and resultant multi-planar knee kinetics
during single leg landings. J Sci Med Sport 17, 408-413.

Butler, D.L., Noyes, F., Grood, E., 1980. Ligamentous restraints to anterior-posterior
drawer in the human knee. A Biomech Study. JBJS 62, 259-270.

Caputo, A.M,, Lee, ].Y., Spritzer, C.E., Easley, M.E., DeOrio, J.K., Nunley, J.A., DeFrate, L.
E., 2009. In vivo kinematics of the tibiotalar joint after lateral ankle instability.
American ] Sports Med 37, 2241-2248.

Cerulli, G., Benoit, D., Lamontagne, M., Caraffa, A., Liti, A., 2003. In vivo anterior
cruciate ligament strain behaviour during a rapid deceleration movement: case
report. Knee Surg Sports Traumatol Arthrosc 11, 307-311.

Cochrane, J.L., Lloyd, D.G., Buttfield, A., Seward, H., McGivern, ]., 2007.
Characteristics of anterior cruciate ligament injuries in Australian football. ]
Sci Med Sport 10, 96-104.

DeFrate, L.E., Nha, KW., Papannagari, R., Moses, ].M., Gill, TJ., Li, G., 2007. The
biomechanical function of the patellar tendon during in-vivo weight-bearing
flexion. | Biomech 40, 1716-1722.

DeFrate, L.E., Papannagari, R., Gill, TJ., Moses, ].M., Pathare, N.P., Li, G., 2006. The 6
degrees of freedom kinematics of the knee after anterior cruciate ligament
deficiency. American ] Sports Med 34, 1240-1246.

DeMorat, G., Weinhold, P., Blackburn, T., Chudik, S., Garrett, W., 2004. Aggressive
quadriceps loading can induce noncontact anterior cruciate ligament injury.
American ] Sports Med 32, 477-483.

Draganich, L., Vahey, J., 1990. An in vitro study of anterior cruciate ligament strain
induced by quadriceps and hamstrings forces. ] Orthop Res 8, 57-63.

Englander, Z.A., Martin, J.T., Ganapathy, P.K., Garrett, W.E., DeFrate, LE., 2018.
Automatic registration of MRI-based joint models to high-speed biplanar
radiographs for precise quantification of in vivo anterior cruciate ligament
deformation during gait. ] Biomech 81, 36-44.

Fleming, B.C., Renstrom, P.A., Beynnon, B.D., Engstrom, B., Peura, G.D., Badger, G.J.,
Johnson, RJ., 2001. The effect of weightbearing and external loading on anterior
cruciate ligament strain. ] Biomech 34, 163-170.

Gilchrist, J., Mandelbaum, B.R., Melancon, H., Ryan, G.W., Silvers, H.J., Griffin, LY.,
Watanabe, D.S., Dick, RW., Dvorak, J., 2008. A randomized controlled trial to
prevent noncontact anterior cruciate ligament injury in female collegiate soccer
players. Am ] Sports Med 36, 1476-1483.

Griffin, LY., Albohm, M.]., Arendt, E.A., Bahr, R., Beynnon, B.D., DeMaio, M., Dick, R.
W., Engebretsen, L., Garrett, W.E., Hannafin, J.A., 2006. Understanding and
preventing noncontact anterior cruciate ligament injuries a review of the Hunt
Valley Il meeting, January 2005. The American journal of sports medicine 34,
1512-1532.

Kibler, W.B., 2009. OKU Orthopaedic Knowledge Update: Sports Medicine 4.
American Academy of Orthopaedic Surgeons.

Kim, S.Y., Spritzer, C.E., Utturkar, G.M., Toth, A.P., Garrett, W.E., DeFrate, L.E., 2015.
Knee kinematics during noncontact anterior cruciate ligament injury as
determined from bone bruise location. American J Sports Med 43, 2515-2521.

Lamontagne, M., Benoit, D., Ramsey, D., Caraffa, A., Cerulli, G., 2008. Year What can
we learn from in vivo biomechanical investigations of lower extremity? ISBS-
Conference Proceedings Archive.

Li, G., DeFrate, L.E., Rubash, H.E., Gill, T.J., 2005. In vivo kinematics of the ACL during
weight-bearing knee flexion. ] Orthop Res 23, 340-344.

Lohmander, LS., Englund, P.M., Dahl, LL. Roos, EMM., 2007. The long-term
consequence of anterior cruciate ligament and meniscus injuries. American ]
Sports Med 35, 1756-1769.

Malinzak, R.A., Colby, S.M., Kirkendall, D.T., Yu, B., Garrett, W.E., 2001. A comparison
of knee joint motion patterns between men and women in selected athletic
tasks. Clin Biomech 16, 438-445.

Marouane, H., Shirazi-Adl, A., Adouni, M., Hashemi, J., 2014. Steeper posterior tibial
slope markedly increases ACL force in both active gait and passive knee joint
under compression. ] Biomech 47, 1353-1359.

Marouane, H., Shirazi-Adl, A., Hashemi, J., 2015. Quantification of the role of tibial
posterior slope in knee joint mechanics and ACL force in simulated gait. ]
Biomech 48, 1899-1905.


http://refhub.elsevier.com/S0021-9290(19)30310-0/h0005
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0005
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0005
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0005
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0005
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0010
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0010
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0015
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0015
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0015
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0020
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0020
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0025
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0025
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0030
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0030
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0030
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0035
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0035
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0040
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0040
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0040
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0045
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0045
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0045
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0050
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0050
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0050
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0055
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0055
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0055
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0060
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0060
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0060
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0065
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0065
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0065
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0070
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0070
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0075
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0075
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0075
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0075
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0080
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0080
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0080
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0085
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0085
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0085
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0085
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0090
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0090
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0090
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0090
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0090
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0095
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0095
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0100
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0100
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0100
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0105
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0105
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0105
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0110
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0110
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0115
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0115
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0115
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0120
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0120
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0120
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0125
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0125
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0125
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0130
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0130
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0130

Z.A. Englander et al./Journal of Biomechanics 90 (2019) 123-127 127

Miranda, D.L., Schwartz, ].B., Loomis, A.C., Brainerd, E.L., Fleming, B.C., Crisco, ].J.,
2011. Static and dynamic error of a biplanar videoradiography system using
marker-based and markerless tracking techniques. ] Biomech Eng 133, 121002.

Myers, C.A., Torry, M.R., Peterson, D.S., Shelburne, K.B., Giphart, ].E., Krong, ].P., Woo,
S.L., Steadman, J.R., 2011. Measurements of tibiofemoral kinematics during soft
and stiff drop landings using biplane fluoroscopy. American ] Sports Med 39,
1714-1723.

Nunley, RM., Wright, D., Renner, J.B,, Yu, B. Garrett Jr, W.E., 2003. Gender
comparison of patellar tendon tibial shaft angle with weight bearing. Res Sports
Med 11, 173-185.

Owusu-Akyaw, K.A.,, Kim, S.Y., Spritzer, C.E., Collins, A.T., Englander, Z.A., Utturkar,
G.M.,, Garrett, W.E., DeFrate, L.E., 2018. Determination of the position of the
knee at the time of an anterior cruciate ligament rupture for male versus female
patients by an analysis of bone bruises. American ] Sports Med 46, 1559-1565.

Pfeiffer, R.P., Shea, K.G., Roberts, D., Grandstrand, S., Bond, L., 2006. Lack of effect of a
knee ligament injury prevention program on the incidence of noncontact
anterior cruciate ligament injury. ] Bone Joint Surg Am 88, 1769-1774.

Sell, T.C., Ferris, C.M., Abt, J.P.,, Tsai, Y.-S., Myers, J.B., Fu, F.H., Lephart, S.M., 2007.
Predictors of proximal tibia anterior shear force during a vertical stop-jump. ]
Orthop Res 25, 1589-1597.

Steffen, K., Myklebust, G., Olsen, O.E., Holme, L., Bahr, R., 2008. Preventing injuries in
female youth football-a cluster-randomized controlled trial. Scand ] Med Sci
Sports 18, 605-614.

Stevenson, J.H., Beattie, C.S., Schwartz, ].B., Busconi, B.D., 2015. Assessing the
effectiveness of neuromuscular training programs in reducing the incidence of
anterior cruciate ligament injuries in female athletes: a systematic review. Am |
Sports Med 43, 482-490.

Taylor, K., Cutcliffe, H., Queen, R., Utturkar, G., Spritzer, C., Garrett, W., DeFrate, L.,
2013. In vivo measurement of ACL length and relative strain during walking. ]
Biomech 46, 478-483.

Taylor, K., Terry, M., Utturkar, G., Spritzer, C., Queen, R, Irribarra, L., Garrett, W.,
DeFrate, L., 2011. Measurement of in vivo anterior cruciate ligament strain
during dynamic jump landing. ] Biomech 44, 365-371.

Utturkar, G., Irribarra, L., Taylor, K., Spritzer, C., Taylor, D., Garrett, W., DeFrate, L.E.,
2013. The effects of a valgus collapse knee position on in vivo ACL elongation.
Ann Biomed Eng 41, 123-130.

Widmyer, M.R., Utturkar, G.M., Leddy, H.A., Coleman, J.L., Spritzer, C.E., Moorman, C.
T., DeFrate, L.E., Guilak, F., 2013. High body mass index is associated with
increased diurnal strains in the articular cartilage of the knee. Arthritis Rheum
65, 2615-2622.

Yu, B., Garrett, W.E., 2007. Mechanisms of non-contact ACL injuries. Br ] Sports Med
41, i47-i51.


http://refhub.elsevier.com/S0021-9290(19)30310-0/h0135
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0135
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0135
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0140
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0140
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0140
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0140
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0145
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0145
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0145
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0150
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0150
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0150
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0150
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0155
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0155
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0155
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0160
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0160
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0160
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0165
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0165
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0165
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0170
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0170
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0170
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0170
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0175
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0175
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0175
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0180
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0180
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0180
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0185
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0185
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0185
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0190
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0190
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0190
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0190
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0195
http://refhub.elsevier.com/S0021-9290(19)30310-0/h0195

	In vivo assessment of the interaction of patellar tendon tibial shaft angle and anterior cruciate ligament elongation during flexion
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	ack6
	Acknowledgements
	Conflict of Interest Statement
	References


