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Abstract

Purpose The anterior cruciate ligament is loaded through valgus moment, vertical ground reaction force, and internal rotation
moment. The aim of this study was to compare the timing of force peaks during early stance between youth girls and boys.
Methods One-hundred and twenty-nine team sport athletes aged 9-12 completed a total of 2540 cutting maneuvers captured
with an 8-camera motion capture system. Timing of early force peaks was analyzed within 100 ms after ground contact.
Results Genders showed different mean (95% CI) time to peak valgus—(32 ms (30-33 ms) vs 37 ms (36-38 ms), P <0.001)
and time to peak internal rotation moments (36 ms (35-37 ms) vs 38 ms (37-39 ms), P=0.029) but not time to peak vertical
ground reaction force [38 ms (37—40 ms) vs 37 ms (36-38 ms, n.s.)]. Girls showed a smaller time between vertical ground
reaction force and valgus moment peaks (mean (95% CI) of 1 ms (1-2 ms) vs 7 ms (5-9 ms), P<0.001), and valgus- and
internal rotation moment peaks (0 ms (— 2 to 1.0 ms) vs — 5 ms (— 6 to — 3 ms), P=0.0003) but not between internal rota-
tion moment and vertical ground reaction force.

Conclusions Concurrent force peaks are more common for girls compared with boys, leading to more frequent multi-planar
loading of the knee. Timing may explain sex-dependent risk of ACL injuries. Exposure to repeated cutting movements may
result in greater ACL injury risk due to timing of knee forces as well as magnitude. Such exposure should be minimized for
at-risk athletes.

Level of evidence III.
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Abbreviations
VM Knee valgus moment

progression of knee osteoarthritis [1]. The result is a high
economic price tag on every injury [20] and decreased long-

IRM  Knee internal rotation moment term knee-related quality of life [8]. Young athletes who
vGRF Vertical ground reaction force sustain an ACL injury have been found to return prematurely
ACL  Anterior cruciate ligament to sports [3] with functional deficits persisting for years after
IC Initial contact with the ground injury [10]. The incidence of ACL injuries in soccer matches

has been reported to be 0.2 for every 1000 h for men, and up

to three times higher for females [36]. Females and young
Introduction athletes have an increased risk of sustaining a contralateral

ACL injury following the first injury [33], and recent reports

One of the more serious knee injuries that team sports
athletes suffer are anterior cruciate ligament (ACL) inju-
ries which can result in significant time loss for the athlete
[26], decreased sports performance and career longevity for
adult athletes [11], high risk of re-rupture [27], and rapid
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indicate that frequency of ACL injuries in athletes aged
5-14 years is increasing [29].

The injury is most often a non-contact injury during a land-
ing or cutting maneuver [4]. Cadaver studies, simulating rel-
evant knee joint forces, have demonstrated that the ACL is
primarily loaded through anterior tibial translation in relation
to the femur [17], external knee valgus moment (VM) and
external tibial internal (medial) rotation moment (IRM) [18].
Tibiofemoral joint compression [24] results in anterior tibial
translation and is thus a secondary ACL loading mechanism.
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The resulting load on the ACL is additionally dependent on
the knee joint position, most notably the flexion angle [17, 19],
and anatomic factors such as the tibial slope [23, 37] and ACL
structural properties, both of which are sex-dependant [22, 38].
A combination of forces results in greater strain on the ACL
than individual forces [2, 12, 15], and the ACL injury is, there-
fore, likely a multi-planar event. Prospective risk factor studies
have shown conflicting results of whether the VM and/or the
vertical ground reaction force (vGRF) can predict injury [9,
14]. Although female athletes are at greater risk of injury, our
laboratory has reported that boys, and not girls, demonstrate
greater VM [30]. Furthermore, the magnitude of forces has
been shown to increase with greater training [31], whereas
the incidence of ACL injury is greater in younger athletes who
have had less training compared to the older athletes [36].

The ACL has been shown to mechanically weaken
with fatigue [16]. Lipps et al. subjected cadaveric knees to
repeated loading of 3 or 4 times the bodyweight during a
simulated pivoting motion and found that a large propor-
tion of the ACLs ruptured, with loading magnitude a key
determinant to the number of load repetitions to failure
[16]. Under these conditions, subject sex or tibial slope did
not result in fewer cycles to failure; however, the research-
ers applied compressive and internal rotation loading con-
comitantly while also using relatively few loading cycles at
greater loads compared to soccer match play [16]. If repeated
multi-planar loading resulting in fatigue-failure of the ACL
is the primary injury mechanism, the sex-dependent risk of
ACL injury may be due to females having more frequent
multi-planar loadings due to anatomic or neuromuscular fac-
tors rather than high magnitude of loading. The aim of this
study was, therefore, to identify the timing of early peak
VM, IRM, and vGRF for boys and girls during early stance,
at the age where ACL injuries are beginning to occur [29].
The primary focus was to investigate whether differences
would be found between male and female youth athletes with
respect to the timing of peaks as well as the occurrence of
coincident multi-planar loading. The primary hypothesis is
that at this age, as it is not known if sex-dependent risk of
injury has manifested, both sexes would have similar timing
of peak forces. A secondary aim was to evaluate if the global
stance-phase peak VM and vGRF, which have previously
been linked to risk of ACL injury [9, 14], showed similar
timing and co-occurrence as the early peak VM and vGRF.
The secondary hypothesis is that these peaks would occur
later in the movement and show less co-occurrence com-
pared with the early peak forces.

Materials and methods

This is a cross-sectional laboratory study investigating char-
acteristics of a potential risk factor for ACL injury.

Participants

Participants were recruited from five local soccer and
team handball clubs. Recruitment and measurements took
place between 2012 and 2014 spanning three consecutive
seasons.

Data collection

The study is from the baseline measurements of a prospec-
tive controlled trial. Each athlete performed five repeti-
tions of the cutting maneuver on each leg, before and after
a 5-min fatigue protocol, for a total of ten attempts per leg.
Both fatigue conditions were pooled for this analysis. In
addition to cutting maneuvers, biomechanical data col-
lection included bilateral drop jumps and strength testing
not included in this report. The methods of data collection
are described in detail elsewhere [5]. An 8-camera motion
capture system (Qualisys Corporation, Géteborg, Swe-
den) sampling at 200 Hz was used. Marker placement was
performed by experienced physiotherapists who received
hands-on training from the primary investigator (KB) to
increase reliability. The reliability for 3D kinematic anal-
ysis has been established for a running task, similar to
our protocol [32]. The accuracy of external marker-based
kinematic analysis has been evaluated compared with
radiostereometric analysis and found to be good for flex-
ion—extension movements, but the error of measurements
of rotations are large but systemic, increasingly so as flex-
ion angles increase [35]. No study has compared marker-
based kinematics and radiostereometric analysis during
rotational movements such as the cutting maneuver, and
the cutting maneuver mostly involves low flexion angles
(<50°). While the accuracy of the rotational estimates
may be lacking, the reliability is still excellent and allows
for between-group comparisons. The accuracy of position-
ing the ground reaction force vector has been reported to
be around 0.5-1.0 cm which can result in around 7-14%
errors when estimating the joint moments [21].

Data processing
Selection of variables to study

In line with the multi-planar nature of ACL injuries, vari-
ables shown to produce strain on the ACL in cadaveric
studies were assessed. All moments are reported as exter-
nal moments, normalized by body mass. The variables
are knee VM (N*m/kg), IRM (N*m/kg) [18], and vertical
GRF (N/kg) [24].
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Data synthesis

Recorded trials were digitized using the Qualisys track
manager software (Qualisys AB, Goteborg, Sweden) and
exported for further analysis in Visual-3D (C-motion Inc.,
Germantown, Maryland, USA). A pipeline of commands
was programmed to identify the following events: (a) Ini-
tial contact (defined as the first frame with vGRF > 15N),
(b) 100 ms after IC (defined as 20 frames after IC), (c) up
to three peaks for each variable of interest between initial
contact and 100 ms. The data were exported as ASCII files
and converted into spreadsheet format using a custom made
computer program. This method has an effective detection
window of 85 ms, from 10 ms after IC until 95 ms after
IC. Using excel, the highest early force peaks were sorted
from the three peaks recorded. Using a three-peak system
was necessary, as often each variable would display mul-
tiple local maxima, the largest of which could be any one
of them and the use of the absolute highest value within
the 100-ms window often resulted in high values occur-
ring at exactly 100 ms and thus not accurately represented
the time frame of ACL injury. The study was approved by
the Icelandic National Bioethics Committee, approval code
VSNb2012020011/03.07.

Statistical analysis

Statistical analysis was done using the SAS statistical
package (SAS Institute, Copenhagen, Denmark). A mixed-
models ANOVA was used to compare sexes and control for
fatigue conditions, limb-differences*, and repeated meas-
urements. An alpha of 0.05 was used to determine statisti-
cal significance. A post-hoc power analysis was performed
using G*Power [6], which showed that with an alpha=0.05
and power of 0.8 the current study is powered to detect a
Cohen’s f=0.26. Results are reported as means with 95%
confidence interval (CI) instead of standardized effect sizes

because Cls are better to evaluate if the zero difference
(force summation) is likely.

Results

Data on 129 athletes (60% female) were processed and avail-
able for analysis, of whom two were excluded due to pro-
cessing errors for a total of 127 athletes. Participants’ mean
(SD) weight, height, and age was 41 (9) kg and 1.5 (0.01 m),
10.5 years (1.2), respectively. Out of 2540 trials, 153 were
excluded due technical errors. A total of 2387 trials entered
the analysis, including both limbs, and both pre- and post-
fatigue trials. The following results are presented as means
with 95% CI.

Time to peak —time between peaks

The timing of the force peaks is reported in Table 1. Most
importantly, females show later force peaks with less spread
compared with males. The time between peaks is reported
in Table 2; most importantly females show lower mean
times between peaks compared with males for the VM and
IRM peaks. There was no difference between sexes in time
between global stance phase peak VM and vGRF [120 ms
(125-110 ms) vs 110 ms (120-100 ms), n.s.].

Discussion

The key findings of this study are that all three forces
displayed peaks during the first 100 ms after IC with the
ground, with differences between sexes where girls’ peaks
occurred later than the boys and with a smaller time between
peak forces compared with boys, but not between global
stance-phase peak VM and vGREF. This is to our knowledge
the first study to report a sex-dependent difference in the

Table 1 Time from initial

. Boys Girls Difference
contact with the ground to peak
force Mean 95% CI Mean 95% CI Mean P for difference
Lower Upper Lower Upper
Early peak (ms)
VM 32 30 33 37 36 38 -5 <0.001
IRM 36 35 37 38 37 39 -2 0.029
vGRF 38 37 40 37 36 38 1 ns
Global peak (ms)
VM 204 195 213 238 230 245 -34 <0.001
vGRF 96 88 98 119 115 124 -23 <0.001

Early peaks occur within 100 ms after initial contact with the ground. Global peaks are maximum of whole

stance phase

VM Valgus moment, vVGRF vertical Ground Reaction Force, IRM knee Internal Rotation Moment
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Tab!e 2 The difference in Time between peaks (ms):  Boys Girls Difference
timing between force peaks
during the first 100 ms after Mean 95% CI Mean 95% CI Mean P for difference
ground contact
Lower Upper Lower Upper

VM and vGRF -7 -9 -5 -1 -2 1 -6 <0.001

VM and IRM -5 -6 -3 0 -2 1 -5 <0.001

IRM and vGRF 2 1 4 0 -1 2 2 n.s

VM Valgus moment, vGRF vertical Ground Reaction Force, IRM knee Internal Rotation Moment

timing of these events. A multi-planar load of anterior tibial
translation, VM, and IRM has been proposed as the mecha-
nism of ACL rupture [28]. Prospective risk factor studies
have hitherto reported single peak variables as risk factors,
most notably VM and vGREF [9, 14], which we have shown
here to occur later in the movement than the ACL injury
[13]. The same studies have also used the drop landing test,
while ACL injuries more commonly occur during pivoting
movements [7] such as the movement used in the current
trial. The results presented here show that early force peaks
are more likely to result in multi-planar load events dur-
ing the estimated time of ACL injuries than are the global
stance phase peaks. Cadaveric studies using repeated loading
have demonstrated a fatigue-effect on the ACL resulting in
a clinically relevant rupture type [16]. Recent studies using
fluoroscopy have found that neither VM [34] nor vGRF [25]
correlate with anterior tibial translation, but that increased
Quadriceps muscle demand leads to higher anterior tibial
translation although within a safe range [25]. Combined with
recent reports from our lab that show that boys, and not gitls,
demonstrate higher peak forces during the first 100 ms after
IC, it stands to reason that these peaks are not useful risk
factors.

The frequency with which VM, IRM, and vGRF coincide
may be one factor that predisposes athletes to more frequent
high loading on the ACL contributing to a fatigue-effect to
a greater extent than these loads do in isolation. Our results
show that girls have a lower time between peak forces, indi-
cating a greater frequency of multi-planar loads occurring
at the knee. The variable timing of forces can be the miss-
ing link between training load, force magnitudes, and ACL
injury risk.

There are some limitations related to the data collection
and analysis process. The global peak values are easy to
identify but occur later in the movement than an ACL injury.
To extract the relevant data points required a more complex
data extraction system due to the inherent variability of the
data. Often, there would be multiple early peaks detectable,
out of which only the largest was used in the analysis. The
method we used is successful in extracting the largest early
peak, however, by doing so secondary peaks large enough
to be relevant for ACL injury risk may have been missed.

The sampling frequency of 200 Hz used in this study
results in a 5-ms interval between frames of measurements.
The results we report here are at the extreme of what a 5-ms
interval can detect, but as no prior study has looked at the
timing of these events, the sampling rate was estimated to be
sufficient. A higher sampling frequency is required to clarify
the temporal relationships between these variables.

The task was performed without a running approach and,
therefore, the force peaks involved are likely of a smaller
magnitude than would be seen during a sporting event. This
is evident in that the early vGRF in the current study aver-
aged 17 N/kg whereas Leppanen et al. [14] reported an aver-
age of 18.5 N/kg (calculation based on the reported sample
mean weight). When scaling the speed and power of the
movement up, it is reasonable to make the assumption that
all forces would scale in a similar fashion. We argue that
this results in a systematic bias where at best all variables
are scaled down, and at worst the early peak forces increase
more in comparison to the global peaks. The temporal rela-
tionships between variables are likely not affected by the
running start to the same extent as the forces, and the results
as reported are unlikely to be affected by this bias.

Conclusions

The primary results are that coincidental summation of early
force peaks are more common in girls compared with boys
aged 9-12 years. Timing of force peaks, most importantly
the co-occurrence, may be a crucial link in a multi-planar
loading event as the cause of ACL injury. Clinically, these
results indicate that athletes at-risk for ACL injury, such
as those previously injured, should limit their exposure to
repetitive cutting movements, as although they may demon-
strate unremarkable magnitudes of forces acting on the knee
joint, the timing of those forces may be important in the risk
of ACL injury.

Acknowledgements We would like to thank Olafur Sverrir Kjartans-
son from the Department of Engineering and Computer Science for
donating his time for writing the custom computer program to convert
data.

@ Springer



2428

Knee Surgery, Sports Traumatology, Arthroscopy (2018) 26:2424-2429

Author contributions KB and PS were involved in planning and execu-
tion of the project. HBS wrote the research hypotheses, performed the
data analysis and wrote the manuscript. All authors were involved in
revising the manuscript and have approved the submitted version of the
manuscript. The work submitted is not under consideration elsewhere,
and will not be submitted elsewhere while under consideration at the
Knee Surgery, Sports Traumatology, Arthroscopy journal.

Compliance with ethical standards

Conflict of interest The authors report no conflict of interest.

Funding Funding for salaries (funding code 120410021) and equip-
ment to conduct measurements [Qualisys motion capture cameras and
software (funding code 903271305), and AMTI force plates (funding
code 120325003 1)] was provided by The Icelandic Centre for Research
(Rannis—Rannis.is). The Football Association of Iceland has provided
travel funds to the lead author to present findings at a conference. No
funding source was involved in the study design, the execution of the
study, the data analysis, writing the report, the decision to publish the
results, or writing the article.

Ethical approval The study was approved by the Icelandic National
Bioethics Committee, approval code VSNb2012020011/03.07.

Informed consent Upon arrival participants and their legal guardian
were informed about the study protocols and risks, after which they
signed an informed consent.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Ajuied A, Wong F, Smith C, Norris M, Earnshaw P, Back D et al
(2014) Anterior cruciate ligament injury and radiologic progres-
sion of knee osteoarthritis: a systematic review and meta-analysis.
Am J Sports Med 42:2242-2252

2. Bates NA, Schilaty ND, Nagelli CV, Krych AJ, Hewett TE (2017)
Novel mechanical impact simulator designed to generate clini-
cally relevant anterior cruciate ligament ruptures. Clin Biomech
(Bristol Avon) 44:36-44

3. Beischer S, Hamrin Senorski E, Thomee C, Samuelsson K, Tho-
mee R (2017) Young athletes return too early to knee-strenuous
sport, without acceptable knee function after anterior cruciate
ligament reconstruction. Knee Surg Sports Traumatol Arthrosc.
https://doi.org/10.1007/s00167-017-4747-8

4. Boden BP, Dean GS, Feagin JA Jr, Garrett WE Jr (2000)
Mechanisms of anterior cruciate ligament injury. Orthopedics
23:573-578

5. Briem K, Jonsdottir KV, Arnason A, Sveinsson T (2017) Effects of
sex and fatigue on biomechanical measures during the drop-jump
task in children. Orthop J Sports Med 5:2325967116679640

6. Faul F, Erdfelder E, Lang AG, Buchner A (2007) G*Power 3: a
flexible statistical power analysis program for the social, behav-
ioral, and biomedical sciences. Behav Res Methods 39:175-191

7. Fauno P, Wulff Jakobsen B (2006) Mechanism of anterior cruciate
ligament injuries in soccer. Int J Sports Med 27:75-79

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Filbay SR, Culvenor AG, Ackerman IN, Russell TG, Crossley
KM (2015) Quality of life in anterior cruciate ligament-deficient
individuals: a systematic review and meta-analysis. Br J Sports
Med 49:1033-1041

Hewett TE, Myer GD, Ford KR, Heidt RS Jr, Colosimo AlJ,
McLean SG et al (2005) Biomechanical measures of neuromuscu-
lar control and valgus loading of the knee predict anterior cruciate
ligament injury risk in female athletes: a prospective study. Am J
Sports Med 33:492-501

Ithurburn MP, Altenburger AR, Thomas S, Hewett TE, Paterno
MYV, Schmitt LC (2017) Young athletes after ACL reconstruc-
tion with quadriceps strength asymmetry at the time of return-
to-sport demonstrate decreased knee function 1 year later. Knee
Surg Sports Traumatol Arthrosc. https://doi.org/10.1007/s0016
7-017-4678-4

Kester BS, Behery OA, Minhas SV, Hsu WK (2017) Athletic per-
formance and career longevity following anterior cruciate liga-
ment reconstruction in the National Basketball Association. Knee
Surg Sports Traumatol Arthrosc 25:3031-3037

Kiapour AM, Demetropoulos CK, Kiapour A, Quatman CE, Wor-
deman SC, Goel VK et al (2016) Strain response of the anterior
cruciate ligament to uniplanar and multiplanar loads during simu-
lated landings: implications for injury mechanism. Am J Sports
Med 44:2087-2096

. Krosshaug T, Nakamae A, Boden BP, Engebretsen L, Smith G,

Slauterbeck JR et al (2007) Mechanisms of anterior cruciate liga-
ment injury in basketball: video analysis of 39 cases. Am J Sports
Med 35:359-367

Leppanen M, Pasanen K, Kujala UM, Vasankari T, Kannus P,
Ayramo S et al (2017) Stiff landings are associated with increased
ACL injury risk in young female basketball and floorball players.
Am J Sports Med 45:386-393

Levine JW, Kiapour AM, Quatman CE, Wordeman SC, Goel VK,
Hewett TE et al (2013) Clinically relevant injury patterns after
an anterior cruciate ligament injury provide insight into injury
mechanisms. Am J Sports Med 41:385-395

Lipps DB, Wojtys EM, Ashton-Miller JA (2013) Anterior cruciate
ligament fatigue failures in knees subjected to repeated simulated
pivot landings. Am J Sports Med 41:1058-1066

Markolf KL, Burchfield DM, Shapiro MM, Shepard MF, Finer-
man GA, Slauterbeck JL (1995) Combined knee loading states
that generate high anterior cruciate ligament forces. J Orthop Res
13:930-935

Markolf KL, Gorek JF, Kabo JM, Shapiro MS (1990) Direct meas-
urement of resultant forces in the anterior cruciate ligament. An
in vitro study performed with a new experimental technique. J
Bone Joint Surg Am 72:557-567

Markolf KL, Jackson SR, Foster B, McAllister DR (2014) ACL
forces and knee kinematics produced by axial tibial compression
during a passive flexion-extension cycle. J Orthop Res 32:89-95
Mather RC, 3rd, Koenig L, Kocher MS, Dall TM, Gallo P, Scott
DJ et al (2013) Societal and economic impact of anterior cruciate
ligament tears. J Bone Joint Surg Am 95:1751-1759

McCaw ST, DeVita P (1995) Errors in alignment of center of pres-
sure and foot coordinates affect predicted lower extremity torques.
J Biomech 28:985-988

McLean SG, Mallett KF, Arruda EM (2015) Deconstructing the
anterior cruciate ligament: what we know and do not know about
function, material properties, and injury mechanics. J] Biomech
Eng 137:020906

McLean SG, Oh YK, Palmer ML, Lucey SM, Lucarelli DG,
Ashton-Miller JA et al (2011) The relationship between anterior
tibial acceleration, tibial slope, and ACL strain during a simulated
jump landing task. J Bone Joint Surg Am 93:1310-1317


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00167-017-4747-8
https://doi.org/10.1007/s00167-017-4678-4
https://doi.org/10.1007/s00167-017-4678-4

Knee Surgery, Sports Traumatology, Arthroscopy (2018) 26:2424-2429

2429

24.

25.

26.

27.

28.

29.

30.

31.

Meyer EG, Haut RC (2008) Anterior cruciate ligament injury
induced by internal tibial torsion or tibiofemoral compression. J
Biomech 41:3377-3383

Myers CA, Torry MR, Peterson DS, Shelburne KB, Giphart JE,
Krong JP et al (2011) Measurements of tibiofemoral kinematics
during soft and stiff drop landings using biplane fluoroscopy. Am
J Sports Med 39:1714-1722

Nagelli CV, Hewett TE (2017) Should return to sport be delayed
until 2 years after anterior cruciate ligament reconstruction? Bio-
logical and functional considerations. Sports Med 47:221-232
Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett TE (2012)
Incidence of contralateral and ipsilateral anterior cruciate liga-
ment (ACL) injury after primary ACL reconstruction and return
to sport. Clin J Sport Med 22:116-121

Quatman CE, Kiapour AM, Demetropoulos CK, Kiapour A, Wor-
deman SC, Levine JW et al (2014) Preferential loading of the ACL
compared with the MCL during landing: a novel in sim approach
yields the multiplanar mechanism of dynamic valgus during ACL
injuries. Am J Sports Med 42:177-186

Shaw L, Finch CF (2017) Trends in pediatric and adolescent ante-
rior cruciate ligament injuries in Victoria, Australia 2005-2015.
Int J Environ Res Public Health. https://doi.org/10.3390/ijerp
h14060599

Sigurdsson HJ (2016) Trunk and knee biomechanics in boys and
girls during sidestep cutting maneuver: effect of fatigue and side.
[MSc Thesis]. Reykjavik: School of Health Sciences, University
of Iceland. http://hdl.handle.net/1946/25867. Accessed 15 Dec
2017

Sigward S, Powers CM (2006) The influence of experience on
knee mechanics during side-step cutting in females. Clin Biomech
(Bristol Avon) 21:740-747

32.

33.

34.

35.

36.

37.

38.

Sinclair J, Hebron J, Taylor PJ (2014) The influence of tester
experience on the reliability of 3D kinematic information during
running. Gait Posture 40:707-711

Snaebjornsson T, Hamrin Senorski E, Sundemo D, Svantesson E,
Westin O, Musahl V et al. (2017) Adolescents and female patients
are at increased risk for contralateral anterior cruciate ligament
reconstruction: a cohort study from the Swedish National Knee
Ligament Register based on 17,682 patients. Knee Surg Sports
Traumatol Arthrosc. https://doi.org/10.1007/s00167-017-4517-7
Torry MR, Shelburne KB, Myers C, Giphart JE, Pennington WW,
Krong JP et al (2013) High knee valgus in female subjects does
not yield higher knee translations during drop landings: a biplane
fluoroscopic study. J Orthop Res 31:257-267

Tranberg R, Saari T, Zugner R, Karrholm J (2011) Simultaneous
measurements of knee motion using an optical tracking system
and radiostereometric analysis (RSA). Acta Orthop 82:171-176

Walden M, Hagglund M, Werner J, Ekstrand J (2011) The epide-
miology of anterior cruciate ligament injury in football (soccer):
areview of the literature from a gender-related perspective. Knee
Surg Sports Traumatol Arthrosc 19:3-10

Wang YL, Yang T, Zeng C, Wei J, Xie DX, Yang YH et al (2017)
Association between Tibial plateau slopes and anterior cruciate
ligament injury: a meta-analysis. Arthroscopy 33:1248-1259.
el244

Weinberg DS, Williamson DF, Gebhart JJ, Knapik DM, Voos JE
(2017) Differences in medial and lateral posterior tibial slope: an
osteological review of 1090 Tibiae comparing age, sex, and race.
Am J Sports Med 45:106-113

@ Springer


https://doi.org/10.3390/ijerph14060599
https://doi.org/10.3390/ijerph14060599
http://hdl.handle.net/1946/25867
https://doi.org/10.1007/s00167-017-4517-7

	Timing, not magnitude, of force may explain sex-dependent risk of ACL injury
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 
	Level of evidence 

	Introduction
	Materials and methods
	Participants
	Data collection
	Data processing
	Selection of variables to study
	Data synthesis

	Statistical analysis

	Results
	Time to peak − time between peaks

	Discussion
	Conclusions
	Acknowledgements 
	References


