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Background: Bone bruises observed on magnetic resonance imaging (MRI) can provide insight into the mechanisms of noncon-
tact anterior cruciate ligament (ACL) injury. However, it remains unclear whether the position of the knee near the time of injury
differs between patients evaluated with different patterns of bone bruising, particularly with regard to valgus angles.

Hypothesis: The position of the knee near the time of injury is similar between patients evaluated with 2 commonly occurring
patterns of bone bruising.

Study Design: Descriptive laboratory study.

Methods: Clinical T2- and T1-weighted MRI scans obtained within 6 weeks of noncontact ACL rupture were reviewed. Patients
had either 3 (n = 20) or 4 (n = 30) bone bruises. Patients in the 4–bone bruise group had bruising of the medial and lateral compart-
ments of the femur and tibia, whereas patients in the 3–bone bruise group did not have a bruise on the medial femoral condyle.
The outer contours of the bones and associated bruises were segmented from the MRI scans and used to create 3-dimensional
surface models. For each patient, the position of the knee near the time of injury was predicted by moving the tibial model relative
to the femoral model to maximize the overlap of the tibiofemoral bone bruises. Logistic regressions (adjusted for sex, age, and
presence of medial collateral ligament injury) were used to assess relationships between predicted injury position (quantified in
terms of knee flexion angle, valgus angle, internal rotation angle, and anterior tibial translation) and bone bruise group.

Results: The predicted injury position for patients in both groups involved a flexion angle \20�, anterior translation .20 mm, val-
gus angle \10�, and internal rotation angle \10�. The injury position for the 3–bone bruise group involved less flexion (odds ratio
[OR], 0.914; 95% CI, 0.846-0.987; P = .02) and internal rotation (OR, 0.832; 95% CI, 0.739-0.937; P = .002) as compared with
patients with 4 bone bruises.

Conclusion: The predicted position of injury for patients displaying both 3 and 4 bone bruises involved substantial anterior tibial
translation (.20 mm), with the knee in a straight position in both the sagittal (\20�) and the coronal (\10�) planes.

Clinical Relevance: Landing on a straight knee with subsequent anterior tibial translation is a potential mechanism of noncontact
ACL injury.
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An estimated 400,000 anterior cruciate ligament (ACL)
injuries occur annually in the United States.28 Of these
injuries, 70% occur via a noncontact mechanism.5 Cur-
rently, surgical ACL reconstruction and rehabilitation
are a mainstay of treatment. However, pain, knee instabil-
ity, and osteoarthritis may occur regardless of surgical
treatment.1,21,42 Despite efforts at prevention,44,49 the

incidence of ACL injury is increasing.2,7,36,55 Furthermore,
the mechanisms of noncontact ACL injury remain contro-
versial.11,26,41,47 An improved understanding of the mecha-
nisms of noncontact ACL rupture may improve efforts
toward injury prevention, thus reducing injury rates and
the consequences of ACL injury.

Importantly, there are limited in vivo data to describe
the motions that lead to noncontact ACL injury. Studies
have estimated the position of the knee near the time
of ACL rupture by analyzing video footage of inju-
ries.9,27,33,38 Although these studies have provided impor-
tant insight into the position of the knee near the time of
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ACL injury, they are limited by the inherent sensitivity of
these analyses to the position of the camera relative to the
injured knee.16 Furthermore, it is not possible to deter-
mine the exact moment of ACL rupture in these video
analyses.33,38 Therefore, the knee angles observed in
these analyses may be the result of an ACL tear rather
than the cause.38

As an alternative to studying videos of injury, investiga-
tors have analyzed the locations of bone bruises observed
by magnetic resonance imaging (MRI) of ACL-injured
patients.24,35,43,48,53 Bone bruises are hypothesized to rep-
resent edema and trabecular microfracture resulting
from impact between the femur and tibia near the time
of injury.24,48,53 Previous work has suggested that different
patterns of bone bruising may result from different non-
contact ACL injury mechanisms.24,40,48 More recently,
studies of bone bruises in ACL injury patients have quan-
titatively predicted the position of the knee near the time
of ACL injury using 3-dimensional (3D) modeling and
numerical optimization techniques.29,39 Specifically, these
studies predicted knee kinematics near the time of ACL
rupture by positioning the femur and tibia to maximize
the overlap of corresponding bone bruises.29,39

Previous studies have predicted the position of the knee
near the time of injury in patients evaluated with 4 bone
bruises using these optimization techniques.29,39 Specifi-
cally, this pattern includes bruises on the medial and lat-
eral femoral condyles (MFCs and LFCs, respectively) and
the medial and lateral tibial plateaus (MTPs and LTPs,
respectively). This is the most frequently observed pattern
of bone bruises in noncontact ACL-injured patients and is
identified in approximately 35% of injuries.30 However, it
is possible that different bone bruising patterns are indic-
ative of different mechanisms of injury.12,48

Therefore, the purpose of this study was to determine the
position of the knee near the time of noncontact ACL injury
in patients evaluated with the second most commonly
observed bone bruise pattern.30 This pattern involves 3
bone bruises on the LFC, MTP, and LTP and is observed
in approximately 24% of patients.30 Specifically, we aimed
to compare the predicted position of injury for this pattern
of 3 bone bruises with that predicted for patients evaluated
with 4 bone bruises.29,39 On the basis of previous work,29,39

we hypothesized that the predicted position of injury would
involve a low flexion angle (extended knee) and large ante-
rior tibial translations in patients displaying both of these
patterns of 3 and 4 bone bruises.

METHODS

Inclusion Criteria

With approval from the institutional review board, we ret-
rospectively reviewed clinical MRI scans of patients with
noncontact ACL injuries. Our inclusion criteria were (1)
MRI scan acquired within 6 weeks of injury, (2) noncontact
injury, and (3) bone bruises visible in only the LTP, MTP,
and LFC regions. These inclusion criteria were the same as
those specified by previous studies,29,39 except these
patients had this pattern of 3 bone bruises, rather than 4
bruises. The sample size for this study was determined
using previously collected data, whereby a minimum of
15 participants in each group provided sufficient power
to detect differences of 3� of valgus between groups with
80% power.39 Therefore, 20 patients who displayed the
3–bone bruise pattern and 30 patients from a previous
study39 who displayed the 4–bone bruise pattern were
included in this analysis.

Sagittal plane clinical T2-weighted images with the fol-
lowing specifications were reviewed: magnetic field
strength of 1.5 or 3.0 T, field of view of 140 to 180 mm,
image matrices of 384 3 384 or 512 3 512 pixels, slice
thickness of 3 or 4 mm, repetition time range of 3100 to
6016.7 ms, and echo time range of 63 to 75.4 ms.

Data Analysis

The cortical bone, articular cartilage, and the surfaces of
the bone bruises on the femur and tibia were manually seg-
mented by a single rater (S.Y.K.-W.) from the sagittal T2-
weighted MRI scans of each patient’s injured knee (Figure
1A). All manual bone, cartilage, and bruise surface seg-
mentations were confirmed by the same musculoskeletal
radiologist with more than 30 years of experience
(C.E.S.). Importantly, during the segmentation review pro-
cess, T2-weighted images were cross-referenced with corre-
sponding T1-weighted images to confirm the focal regions
of disruption on the outer margin of the bone (Figure 2).
Segmentations were then compiled into wire frame models,
which were then used to generate 3D surface models of the
femur, tibia, and associated bone bruises (Figure 1B).29,39

To generate the predicted position of the knee near the
time of injury, a numerical optimization algorithm was
used to rigidly translate and rotate the tibia relative to
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the femur in 6 degrees of freedom. The goal of optimization
was to minimize the distances between evenly spaced
points across the surfaces of the tibial and femoral
bruises.29,39 Additionally, the optimization was con-
strained to minimize penetration of the bony surfaces of
the femur and tibia.29,39

Because no MFC bruise was observed in the 3–bone
bruise group, the previously described optimization algo-
rithm used in the 4–bone bruise group29 was modified. Spe-
cifically, the algorithm used in the 3–bone bruise group
assumed that the MTP bruise resulted from contact with
the MFC, rather than contact between the MTP and
MFC bruises as in the 4–bone bruise case.29,39 Thus, the
optimization algorithm sought to minimize the distance
between the MTP bruise and the nearest points on the sur-
face of the MFC. After optimization, flexion angle, valgus

angle, anterior tibial translation, and internal tibial rota-
tion angle were measured relative to the unloaded MRI
position (Figure 1, C and D) using a previously established
coordinate system.29,39

Repeatability of Injury Prediction Algorithm
Based on Locations of 3 Bone Bruises

Previous work assessed the repeatability of predicting the
position of injury based on the locations of 4 bone bruises.29

Here we performed a similar assessment of intrarater
repeatability for this study. Specifically, a single investigator
(S.Y.K.-W.) segmented the surfaces of the bone bruises on
a single patient’s knee in 3 independent trials. The coeffi-
cient of variation of the tibiofemoral bone bruise surface
areas was within 3% of the mean total area. We then pre-
dicted the position of injury for each independent segmenta-
tion trial using the optimization algorithm described
previously. Standard deviations in predicted position of
injury across the 3 trials were flexion angle = 0.8�, valgus
angle = 0.3�, anterior tibial translation = 0.03 mm, and inter-
nal tibial rotation angle = 0.1�. These analyses demonstrate
that this methodology is repeatable in describing bruise
areas, resulting in consistent predictions of the position of
the knee near the time of ACL injury for patients with 3
bone bruises.

In the present study, a single investigator (S.Y.K.-W.) per-
formed the bone bruise segmentations, which were reviewed
by a musculoskeletal radiologist (C.E.S.). Nonetheless, we
performed an additional analysis to assess the interrater
repeatability of our segmentation technique. Specifically, 2
additional investigators (J.A.C., L.E.D.) segmented the bone
bruises of 3 randomly selected participants. Interrater
repeatability was assessed by quantifying the intraclass cor-
relation coefficient (ICC; 2-way mixed-effects, absolute agree-
ment) and the coefficient of variation of bone bruise surface

Figure 1. (A) The cortical bones (beige) and associated bone bruises (purple) were segmented from the T2-weighted magnetic
resonance imaging (MRI). The segmentations were used to create (B) a wire frame and (C, D) 3-dimensional surface models of the
bones and associated bone bruises. The position of the knee was reproduced in the (C) MRI reference position and (D) predicted
position of injury. Blue indicates tibial bone bruises; red, femoral bone bruises.

Figure 2. T2-weighted magnetic resonance imaging (MRI;
left) and corresponding T1-weighted MRI (right). Arrows indi-
cate positions of the femoral and tibial bone bruises. Note
that the epicenters of the bone bruises are more apparent
on the T1 images, whereas the bruises appear more diffuse
on the T2 images.
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areas. Results from this analysis yielded an ICC(2, k) = 0.94
and a coefficient of variation in bruise surface areas within
4% of the mean total area.

Validity of Position of Injury Prediction Algorithm
Based on Locations of 3 Bone Bruises

After establishing the inter- and intrarater repeatability of
the algorithm used in patients with 3 bone bruises, we then
assessed its validity in predicting the injury position. Spe-
cifically, we compared the predicted position of injury
using the 3–bone bruise optimization algorithm with the
position predicted by the 4–bone bruise optimization algo-
rithm within the same patients. To do so, we sampled 8
patients from a previous study who had 4 bone bruises.39

Based on previous work,29 we estimated that for a paired
design, 8 patients would provide 80% power to detect dif-
ferences of .2� in valgus between analyses performed
using 3 versus 4 bone bruises within the same patients.

In each of the patients with 4 bone bruises, we removed
the MFC bruise to simulate the 3–bone bruise pattern of
interest. We then predicted the position of injury using
the 3–bone bruise optimization algorithm as described pre-
viously and compared it with the position of injury as pre-
dicted by 4 bone bruises. Because the position of the knee
was compared in the same knees for the 2 different bone
bruising patterns (4 bone bruises and a simulation of 3
bone bruises), paired t tests were used to compare the
results from both techniques. No statistically significant
differences in the predicted kinematic variables were
detected between the 2 methods (P . .05).

Statistical Analysis

Routine descriptive characteristics (mean 6 SD) were used
to summarize the data (Table 1). Normality assumptions
and the presence of data outliers were tested via visual
inspection of kernel density plots of the residuals and the
inner and outer fences of the interquartile ranges of the
residuals, respectively. Unpaired Student t tests were used
to detect differences between the 3– and 4–bone bruise
groups in the continuous variables (kinematic variables,

age, body mass index [BMI]). Two-sample proportion tests
were used to detect differences between the 3– and 4–bone
bruise groups in the categorical variables (sex, medial collat-
eral ligament [MCL] injury). Additionally, 4 multiple logistic
regression models were constructed to investigate the rela-
tionship between each kinematic variable and the bruise
patterns, while controlling for potential confounding varia-
bles (age, BMI, sex, MCL injury involvement).

With regard to MCL injury involvement, MRI scans
were used to classify MCL integrity as grade 0 (n = 23),
grade 1 (n = 26), or grade 2 (n = 1).45 We conducted a sen-
sitivity analysis to assess potential effects of differences in
MCL grade by removing the 1 observation of a patient with
a grade 2 MCL sprain and rerunning the logistic regres-
sion models. Removal of this 1 patient from the analyses
resulted in trivial (\10%) changes in the odds ratios.
Thus, the patient with the grade 2 MCL sprain was
included with the grade 1 MCL sprain patients. For all
logistic regression models, the 4-bruise pattern was used
as the reference category. All analyses were conducted in
R (R Core Team, 2020). Alpha was set a priori at P \ .05.

RESULTS

A total of 20 patients (11 female, 9 male) who displayed the
3–bone bruise pattern and 30 patients (15 male, 15 female)
from a previous study39 who displayed the 4–bone bruise
pattern were included in this analysis. Characteristics of
the patient cohorts, including age, BMI, time between
injury and MRI, and presence of MCL injury are presented
in Table 1. No significant differences were detected in the
proportion of male and female participants (P = .70) or the
presence of an MCL injury (‘‘yes’’ vs ‘‘no’’; P = .51) between
groups. We observed a significant difference in BMI
between the 3– and 4–bone bruise patient cohorts (P = .03).

Additional imaging findings in the 3–bone bruise cohort
included (1) MRI evidence45 of grade 1 MCL sprain (intact
ligament with periligamentous edema in 6 female and 3
male participants), (2) MRI evidence of grade 2 MCL injury
(abnormal signal within the ligament with no ligamentous
discontinuity in 1 male participant), (3) lateral meniscal

TABLE 1
Patient Characteristics and Predicted Injury Kinematics by Sex and Bone Bruise Patterna

3 Bruises (n = 20) 4 Bruises (n = 30) P Value

Sex, female/male, n 11/9 15/15 .70
Age, y 25 6 10 22 6 6 .14
BMI 28.0 6 5.6 24.9 6 4.2 .03
Injury to MRI, d 8.4 6 6.1 9.7 6 6.9 .49
MCL injury, yes (%) 10 (50) 17 (57) .51
Flexion, deg 11.6 6 8.4 19.3 6 10.9 .008
Valgus, deg 7.4 6 3.1 8.2 6 4.7 .51
Internal tibial rotation, deg –0.1 6 3.3 6.9 6 7.9 \.001
Anterior tibial translation, mm 23.9 6 5.1 25.7 6 4.7 .20

aData are presented as mean 6 SD unless otherwise indicated. Significance assessed via Student t tests. Boldface type indicates statistical
significance (P \ .05). BMI, body mass index; MCL, medial collateral ligament; MRI, magnetic resonance imaging.
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tear (2 female participants), and (4) medial meniscal tear
(6 female and 8 male participants).

The predicted position of the knee near the time of ACL
rupture is presented in Figure 3. In comparing the pre-
dicted injury positions between groups, the 3-bruise group
demonstrated significantly less flexion (mean difference,
7.7�; P = .008) and internal tibial rotation (mean difference,
7.0�; P \ .001) as compared with the 4-bruise group. No
significant differences between groups were observed in
the other kinematic variables (Table 1).

The multiple logistic regression analyses (Table 2),
which were adjusted for multiple confounding variables
(age, BMI, sex, MCL involvement), were consistent with
the results obtained from the unpaired t tests (Table 1).
Specifically, a significant predictive relationship was
detected between flexion and the 3–bone bruise pattern
(OR, 0.914; 95% CI, 0.846-0.987; P = .02) and between
internal tibial rotation and the 3–bone bruise pattern
(OR, 0.832; 95% CI, 0.739-0.937; P = .002). These results
suggest that for every 1� increase in knee flexion angle,
there was an approximately 9% decrease in the odds of
being evaluated with a 3–bone bruise pattern versus a 4–

bone bruise pattern. Similarly, for every 1� increase in
internal tibial rotation, there was a 17% decrease in the
odds of being evaluated with the 3–bone bruise pattern
as compared with the 4–bone bruise pattern. No significant
relationships were detected between valgus or anterior tib-
ial translation and bone bruise pattern.

DISCUSSION

The purpose of this study was to compare the predicted posi-
tion of noncontact ACL injury in individuals evaluated with
the 2 most common patterns of bone bruising (LTP/MTP/
LFC and LTP/MTP/LFC/MFC)30 using 3D modeling and
numerical optimization techniques.29,39 Importantly, previ-
ous work has suggested that different patterns of bone
bruising may result from different noncontact ACL injury
mechanisms.24,40,48 However, although some differences
were observed, the present study demonstrates that the
position of the knee near the time of ACL rupture was sim-
ilar in patients evaluated with these 2 patterns of bone
bruises. Specifically, this study indicates that the knee
was in a straight position in both the sagittal (\20� of flex-
ion) and coronal (\10� of valgus) planes and underwent
large anterior tibial translation (.20 mm) near the time
of ACL rupture for both bone bruise patterns.

The predicted position of injury in patients with 3 bone
bruises involved significantly less flexion as compared with
those with 4 bone bruises. Nonetheless, the predictions
using both 3 and 4 bone bruises indicated that the knee
was positioned close to full extension (\20�) near the
time of injury. Previous in vivo studies have suggested
that ACL tension increases with decreasing flexion
angle,3,17 which may increase the ligament’s vulnerability
to injury. For example, studies of healthy participants that
have combined static or high-speed biplanar radiography
with MRI have demonstrated that ACL length and strain
increase with decreasing knee flexion during lunging,17

walking,19 and jumping.15 These studies are consistent
with other in vivo studies that have combined motion cap-
ture, biplanar radiography, and MRI50,51 or have used
arthroscopically implanted strain transducers3,4,10,23 to
demonstrate that ACL strain increases with decreasing
flexion angle. The findings regarding the relationship
between ACL strain and knee flexion can be explained in
part by the orientation of the line of action of the patellar
tendon with respect to the tibia. Specifically, when the
knee is extended, the patellar tendon is oriented to apply
an anteriorly directed shear force to the proximal
tibia.13,17,18,20 As the flexion angle increases, the patellar
tendon applies a posteriorly directed shear force on the
tibia. Together with these investigations of in vivo ACL
strain as a function of knee flexion angle,15,17-19 the find-
ings of the present study suggest that landing on an
extended knee is a high-risk position for ACL rupture for
both those with 3 and 4 bone bruises.

A primary function of the ACL is to resist anterior
translation of the tibia relative to the femur.22 Consistent
with this biomechanical role, the results of this study

TABLE 2
Coefficient Estimations for Each Kinematic Variable

Predicting the Presence of 3 Bone Bruisesa

Kinematic Variable OR (95% CI) P Value

Flexion, deg 0.914 (0.846-0.987) .02
Valgus, deg 0.978 (0.85-1.145) .78
Internal tibial rotation, deg 0.832 (0.739-0.937) .002
Anterior tibial translation, mm 0.946 (0.824-1.087) .44

aReferent: 4 bone bruises. Models were generated for each kine-
matic variable, adjusted for sex, age, body mass index, and medial
collateral ligament involvement. Boldface type indicates statisti-
cal significance (P \ .05). OR, odds ratio.

Figure 3. Predicted kinematics near the time of injury (mean
6 95% CI) for the 3–bone bruise (BB) (LTP/MTP/LFC) and 4-
BB (LTP/MTP/LFC/MFC) groups. LFC, lateral femoral
condyle; LTP, lateral tibial plateau; MFC, medial femoral
condyle; MTP, medial tibial plateau. *Statistically significant
at P \ .05.

62 Kim-Wang et al The American Journal of Sports Medicine



demonstrate large anterior tibial translations (24-26 mm)
near the time of injury in both the 3– and 4–bone bruise
groups. Interestingly, a cadaveric model investigating
quadriceps loading on an extended knee as a potential non-
contact ACL injury mechanism measured average anterior
translations of .20 mm when the ACL was completely rup-
tured.14 Together with findings that quadriceps muscle
activation can induce large compressive and anteriorly
directed loads to the ACL when the knee is positioned
near extension,14,20,54 these findings further support the
notion that the ACL may be at high risk of failure via
excessive anterior tibial translation when landing on an
extended knee.

Recent studies25,46 have suggested that bruising results
from impact between the femur and tibia with the knee in
a more flexed position (36�-46�). However, in the present
study we predicted that the knee was positioned closer to
extension (\20�) near the time of injury. These differences
may be due to variations in the techniques used to identify
the extent and epicenter of the bone bruises on the MRI
scans. In this study, we cross-referenced the T2- with the
T1-weighted images to fully characterize the locations of
the bone bruises. Specifically, we identified focal points of
cortical bone disruption and infraction on the T1-weighted
MRI scans in addition to the edema on the T2-weighted
MRI scans. When compared with the T1-weighted images,
the edema seen on the T2-weighted images extends signif-
icantly inferior to the point of cortical abnormality on the
tibial plateau (Figure 2). When this difference is not
accounted for, the perceived epicenter of the tibial impac-
tion zone may be shifted. We hypothesize that this would
result in overestimates of knee flexion in the predicted
position of injury.

To test this hypothesis, we simulated the effect of shift-
ing the perceived epicenter of impact on the predicted posi-
tion of injury in 5 randomly selected patients from the 3-
and 4-bruise groups. In this simulation, the surfaces of
the medial and lateral tibial plateau bone bruises were
extended beyond the articular surface onto the posterior
vertical portion of the tibia. We then compared the position
of injury determined by this shifted position with that
identified by the original bone bruise locations. We found
that extending the bone bruises inferiorly significantly
increased the predicted flexion in both groups to 30� (P =
.006; paired t test), which is similar to the 36� of knee flex-
ion reported previously.46 We believe that the method of
characterizing bone bruise geometries outlined in the pres-
ent study (specifically, cross-referencing the T2-weighted
images with T1-weighted images) is more appropriate
than only using the T2-weighted images and extending
the bruises to the posterior aspect of the tibial plateau,
which is far below the articular surface. Furthermore,
the extended knee position predicted from the bone bruises
characterized by referencing both the T1- and T2-weighted
images is consistent with in vivo studies that have demon-
strated increased ACL strain with knee extension.15,17

We observed a statistically significant difference in inter-
nal rotation between groups, with more internal rotation pre-
dicted near the time of injury in those with 4 bone bruises
relative to those with 3 bone bruises. As previous work has

noted that the tibia rotates internally with increasing flex-
ion,32 the increased internal rotation in those with 4 bone
bruises is likely related to the increased flexion angle in
the predicted position of injury in this group (Figure 3, Table
2). Additionally, there are varied data presented in the liter-
ature regarding the role of internal rotation in ACL injury.
For example, studies that have analyzed video footage of
ACL injuries have implicated both internal and external
rotation of the tibia in the mechanism of injury.31,33,38 On
the other hand, in vivo studies using strain gauges attached
to the anteromedial bundle of the ACL have suggested that
internal rotation increases ACL loading.23 Thus, even though
the role of internal rotation in ACL injury remains to be
investigated further, these data suggest the injury occurred
with \10� of internal rotation in both groups.

Importantly, we did not identify a difference in valgus
angle near the time of injury between bone bruise groups,
and the predicted position of injury was associated with
valgus angles of 7� to 8� in both groups. In contrast, anal-
yses of 2-dimensional videos of ACL injuries have identi-
fied changes in valgus angle of approximately 40� during
injury scenarios.6,27 However, it is important to note that
valgus angles measured from videos may be influenced
by the perspective of the camera angle relative to the par-
ticipant. Specifically, it has been shown that valgus angle
measurements vary substantially when obtained from
viewing angles that are not aligned with the participant’s
anatomic coordinate system16 and therefore may not be
indicative of true anatomic alignment.33 Furthermore,
although ACL rupture has been estimated to occur within
50 ms of initial ground contact,33 the large valgus angles
observed in video analyses6,27 occurred later than this esti-
mated time of ACL rupture. Moreover, because it remains
unclear exactly when the ACL has ruptured in injury video
footage, it is also possible that these valgus angles are not
a cause of injury but rather a consequence of the knee
buckling after the ligament has torn.37,38 Studies of in
vivo ACL strain as a function of knee position may also pro-
vide insight into the role of valgus in ACL injury. A previ-
ous in vivo imaging study demonstrated that ACL tension
decreased when the knee was positioned to simulate a val-
gus collapse as compared with an extended position.52 This
finding is supported by strain gauge studies that found no
significant influence of valgus moment on ACL strains.23

Together, these findings suggest that valgus angles may
not play as significant a role in the noncontact ACL injury
mechanism as has been previously suggested.

It is important to note that predicting the position of
injury based on the locations of bone bruises assumes
they are formed during impact between the tibia and
femur near the time of ACL injury. This assumption is in
line with previous work that has contended that bone
bruises provide information on the mechanism of ACL
injury.29,34,48,53,56 However, based on the large anterior tib-
ial translations measured in the predicted position of
injury, it is possible that the ACL has already torn before
the impact resulting in the bone bruises.25 As such, it is
possible that these predictions are overestimates of the
motion of the knee at the time of ACL rupture. Addition-
ally, bone bruises may fade with time from injury.8
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Therefore, in this study, we included patients with imaging
obtained within 6 weeks of injury, and we observed no dif-
ference in time from injury between the groups with 3 and
4 bone bruises.

It must be noted that the algorithm used to predict the
position of the knee near the time of injury in patients eval-
uated with 3 bone bruises assumes that the MTP bruise
was formed by contact with its nearest point on the
MFC. To test this assumption, we compared the predicted
position of injury using 4 and 3 bone bruises within the
same patients. In this analysis, we did not observe a differ-
ence in the predicted position of injury when the MFC
bruise was removed from patients with 4 bone bruises.
Future work may assess differences in predicted knee posi-
tion when adopting different assumptions on the origin of
the MFC bruise. Furthermore, in the present study, we
predicted the position of injury based on bone bruise loca-
tion for 2 specific patterns of bone bruises (LTP/MTP/
LFC and LTP/MTP/LFC/MFC). Among a cohort of 136
patients with noncontact ACL injuries, these 2 bone bruis-
ing patterns comprised 59% of the patient cohort.30 How-
ever, predictions from additional patterns of bone
bruising remain to be investigated further.

CONCLUSION

The LTP/MTP/LFC bone bruise pattern is commonly
observed in MRI scans of patients with noncontact ACL rup-
ture.30 Building on previous techniques,29,39 we predicted the
position of the knee near the time of ACL rupture in patients
displaying this pattern of 3 bone bruises. This analysis pre-
dicted that the knee was positioned in extension (flexion
angle, \20�), with minimal valgus angulation (\0�) and
internal rotation (\10�), and underwent significant anterior
translation (.20 mm) near the time of injury. This knee posi-
tion is similar to that reported for ACL injury cases with 4
bone bruises.29,39 Therefore, the findings of this study sup-
port the hypothesis that landing on a straight knee with sub-
sequent anterior tibial translation is a potential mechanism
for noncontact ACL injury in patients evaluated with these
patterns of both 3 and 4 bone bruises.
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