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Background: Bone bruises observed on magnetic resonance imaging (MRI) after an anterior cruciate ligament (ACL) injury could
provide significant information about ACL injury mechanisms.

Purpose/Hypothesis: The purpose of this study was to investigate common bone bruise patterns after an ACL injury. It was
hypothesized that the most common bone bruise distribution pattern would be only the lateral side of both the femur and tibia.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: Knee MRI scans of patients who underwent acute ACL reconstruction from August 2016 to August 2018 at our institution
were selected. Imaging sequences in the sagittal and coronal planes were used for determining the bone bruise location in the
lateral-medial and anterior-posterior directions, respectively. The presence, location, and intensity of bone bruises within specific
compartments of the tibia and femur were documented. The relative bone bruise patterns of the tibia and femur were classified
and analyzed.

Results: A total of 207 patients (165 men, 42 women) met the inclusion criteria from a total of 4209 ACL reconstruction cases. The
most common relative bone bruise pattern was located on only the lateral side of both the femur and the tibia (44.4%), followed by
the lateral and medial sides of both the femur and tibia (29.0%). For the pattern found on the lateral and medial sides of both the
femur and tibia, the bone bruises on only the lateral side of both the tibia and femur were more severe (P < .001 and P < .001,
respectively) and more anterior (P < .001 and P < .001, respectively) than those on only the medial side.

Conclusion: The most common relative bone bruise pattern observed was on only the lateral side of both the tibia and femur. Bone
bruises on the lateral side were more severe than those on the medial side in patients with bone bruises on the lateral and medial
sides of both the femur and tibia. Anterior translation of the tibia relative to the femur occurred during an ACL injury based on the
location of bone bruises in the anterior-posterior direction.
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An anterior cruciate ligament (ACL) rupture is one of the
most common and devastating injuries in sports.2” The sur-
gical reconstruction cost, length of rehabilitation time, and
risk of long-term disability have generated a significant
interest in preventing ACL injuries.>!"3® Understanding
ACL loading mechanisms and risk factors for the injury is
critical for improving prevention strategies.

Femoral and tibial bone bruises are thought to represent
a footprint of impact at the time of the injury, offering
insight into the mechanisms of an ACL injury.?*3%33 Pre-
vious studies have reported that the most common patterns
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observed in an ACL injury were bone bruises in the lateral
compartment,?>?° which indicated that the valgus load was
the primary mechanism of an ACL injury.?’ Other studies
reported that anterior tibial translation with a small knee
flexion angle may be the primary mechanism of an ACL
injury based on the observed bone bruises on the posterior
tibia and anterior femur,?3436:38

Although many studies have been conducted on the bone
bruise locations of the femur and tibia in patients with ACL
ruptures, these studies separately reported the frequency
and location of tibial and femoral bone bruises in patients
with ACL injuries,>*36 and little is known regarding the
relative bone bruise locations of the tibia and femur. The
relative bone bruise locations of the tibia and femur could
help us better understand loading patterns during an ACL
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Excluded (n = 3618 )

1. MRI > 4 weeks from injury (n = 2487)
2. Age > 40 or < 18 years old (n = 904)
3. Non-sport injuries (n = 227)

Assessed for eligibility
n = 591

Excluded (n = 384)

1. Prior trauma in the lower extremity (n = 214 )

2. PCLinjury (n=2)

3. Medial or lateral collateral ligaments injuries (n =74 )
4. Poor-quality MRI (n = 94)

For final analysis
n =207

Figure 1. Flowchart of patient selection. ACL, anterior cruciate ligament; MRI, magnetic resonance imaging; PCL, posterior

cruciate ligament.

injury. Additionally, most studies have focused on the
lateral-medial direction of bone bruise locations, with little
attention to the anterior-posterior direction.-?1%:19:23.28,31
Further, 2 recent systematic reviews concluded that fur-
ther studies on bone bruise distribution patterns should
be conducted to improve the accuracy of the bone bruise
pattern.25-38

Therefore, the purpose of this study was to investigate
the common bone bruise patterns after an ACL injury. We
hypothesized that the most common bone bruise distribu-
tion pattern would be only the lateral side of both the femur
and tibia. We also hypothesized that there would be ante-
rior translation of the tibia relative to the femur during an
ACL injury based on the location of bone bruises in the
anterior-posterior direction.

METHODS
Patient Selection

A total of 4209 ACL reconstruction procedures were per-
formed at our institution from August 2016 to August
2018. Of these, 207 patients met the inclusion criteria and
were entered into the study. The inclusion criteria were as
follows: (1) an ACL rupture confirmed by arthroscopic

examination, (2) magnetic resonance imaging (MRI) per-
formed within 4 weeks of the injury, (3) injury sustained
during sports activities, and (4) patient age 18 to 40 years.
The time from injury to MRI was determined by reviewing
the collected clinical notes, which included the date of
injury as reported by the patient. Contact or noncontact
injury information was also collected routinely through a
personal interview during hospitalization. Although a 6-
week threshold has commonly been used in the literature,
the 4-week threshold was selected to further minimize tim-
ing errors'? and preserve the signal characteristics of bone
bruises. Given that skeletally immature patients demon-
strate unique bone bruise patterns,?® and bone mineral
density decreases gradually in patients aged >40 years,'®
which could affect the signal characteristics of a bone
bruise, only those aged 18 to 40 years were selected. The
exclusion criteria included (1) previous trauma to the
affected knee, (2) posterior cruciate ligament injuries, (3)
medial or lateral collateral ligament injuries, and (4) absent
or poor-quality MRI scans (Figure 1). Clinical notes, oper-
ative reports, and MRI scans were reviewed to provide
detailed injury information. Meniscal and ligamentous
injuries were confirmed by MRI, performed by an experi-
enced radiologist, as well as arthroscopic surgery, per-
formed by sports medicine orthopaedic surgeons.
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Institutional review board approval was obtained before
proceeding with this study, and the requirement for obtain-
ing informed consent from the patients was waived.

MRI and Determination of Bone Bruise Location

All patients underwent MRI of the injured knee using our
standard protocol. Scans were acquired on a 1.5-T scanner
(SIGNA; GE Healthcare) with a 3.5-mm slice space and 512
x 512 matrix in the sagittal, coronal, and axial planes.
Imaging sequences in the sagittal and coronal planes were
used for determining the bone bruise location in the lateral-
medial and anterior-posterior directions, respectively.

A bone bruise was defined as a traumatically involved,
geographic, and nonlinear area of decreased signal inten-
sity on T1-weighted scans and increased signal intensity on
T2-weighted scans.?! Participants were first classified
according to the presence or absence of bone bruises. For
participants with bone bruises, the bone bruise borders
were traced using the freehand region-of-interest function
of ImagedJ software (National Institutes of Health). The
gray values recorded based on imaging pixels range from
0 to 255.18 The maximum gray value of the pixel and area of
the bordered region were measured using functions in
Imaged. As the gray value of a pixel is determined by the
intensity of the MRI signal of the voxel represented,® the
signal intensity on MRI could indicate impact on the bone.*
The gray value was used to evaluate the severity of bone
bruises within 1 imaging sequence in the present study,
and a greater gray value represented a larger signal inten-
sity and thus more severe bone impact. The slice that
showed the maximum gray value was considered where the
bone impacted. In case the different slices of 1 bone bruise
showed the same maximum gray value, the areas of bone
bruises were used to further determine the slice where the
bone impacted. The bone bruise location in the lateral-
medial direction was first determined using the sagittal
imaging sequence (Figure 2A), and the location in the
anterior-posterior direction was then determined using the
coronal imaging sequence (Figure 2B).

The bone bruise locations in the lateral-medial and
anterior-posterior directions of the tibia and femur were
recorded separately. The precise bone bruise location in the
lateral-medial direction was determined using the follow-
ing formula:

Mmax

ML =
M total

* 100%,

where M,,,. is the number of the slice at which the gray
value is maximum among all the slices in the order of lat-
eral to medial sides in the sagittal plane, and M, is the
total number of slices in the sagittal plane based on
the presence of bone segments. ML is a measure of the
location in the lateral-medial direction, and it ranges in
value from 0% (closer to the lateral side of the bone) to
100% (closer to the medial side of the bone).

The precise bone bruise location in the anterior-posterior
direction was determined using the following formula:
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N max

total

AP =

x 100%,

where N,,,. is the number of the slice at which the gray
value is maximum among all the slices in the order of ante-
rior to posterior sides in the coronal plane, and Ny is
the total number of slices in the coronal plane based on the
presence of bone segments. AP is a measure of the location
in the anterior-posterior direction, and it ranges in value
from 0% (closer to the anterior side of the bone) to 100%
(closer to the posterior side of the bone).

The relative bone bruise patterns of the tibia and femur
were further classified based on the documented location in
the lateral-medial direction after the abovementioned
determination of the bone bruise (Figure 2C). For the femur
and tibia, the classification of the bone bruise location was
the (1) lateral (only 1 measure of the location in the lateral-
medial direction [ML value] <50%), (2) medial (only 1 ML
value >50%), or (3) lateral and medial (1 ML value <50%
and another value >50%) parts of the bone. The 7 relative
bone bruise patterns in this study include bone bruises
located on (1) the lateral and medial sides of both the femur
and the tibia (BF + BT), (2) the lateral and medial sides of
the femur and the lateral side only of the tibia (BF + LT),
(3) only the lateral side of both the femur and the tibia (LF
+ LT), (4) only the lateral side of the femur and the lateral
and medial sides of the tibia (LF + BT), (5) only the lateral
side of the femur and only the medial side of the tibia (LF +
MT), (6) only the medial side of the femur and the lateral
and medial sides of the tibia (MF + BT), and (7) only the
medial side of the femur and only the lateral side of the tibia
(MF + LT). Other bone bruise patterns, such as only the
medial side of both the femur and tibia (MF + MT) as well
as the lateral and medial sides of the femur and only the
medial side of the tibia (BF + MT), may also occur. This
study found only the initial 7 relative bone bruise patterns
above.

MRI scans were read by 2 orthopaedic researchers
(1 sports medicine doctor [Z.L.] and 1 physical therapist
[H.S.]). To assess the interrater reliability of bone bruise
assessments, intraclass correlation coefficients (ICCs) were
calculated by randomly selecting 20 sets of MRI scans. The
2 MRI observers separately defined the presence or absence
of bone bruises and the location of femoral bone bruises in
the lateral-medial and anterior-posterior directions. The
interrater ICCs were 1.00 (P < .001) for the presence or
absence of bone bruises. The interrater ICCs also showed
excellent reliability for the location of femoral bone bruises
in the lateral-medial (ICC, 0.954; P < .001) and anterior-
posterior directions (ICC, 0.961; P < .001).

Statistical Analysis

Demographic characteristics of the patients involving cat-
egorical variables were summarized using counts and per-
centages. Continuous variables were reported as means +
SDs. Paired ¢t tests were used to compare the location in the
anterior-posterior direction between the lateral and medial
compartments. Given the discrepancy between the MRI
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Figure 2. Protocol of determining the bone bruise location. (A) Determine the bone bruise location in the lateral-medial direction
using the sagittal imaging sequence. (B) Determine the bone bruise location in the anterior-posterior direction using the coronal

imaging sequence. (C) Classify the relative bone bruise pattern.

scans in pixel size at acquisition as well as the fact that the
signal intensity varied widely among patients, we com-
pared the severity of lateral and medial bone bruises based

on signal intensity only within the same imaging sequence
in the same participant. Paired ¢ tests were used to compare
the maximum gray value of bone bruises between the
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TABLE 1
Patient Demographics (N = 207)*
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With Bone Without Bone
Bruise (n = 169) Bruise (n = 38)

Age, mean + SD, y 28.7+6.3 27.2+6.6
Noncontact/contact injury, n 151/18 33/5

Most common sport of injury Basketball Basketball

Time from injury to MRI, 17.4 (2-28) 16.3 (0-28)
mean (range), d

Meniscal injury, n
No injury 71 7
Medial only 25 21
Lateral only 53 5
Both medial and lateral 20 5

“MRI, magnetic resonance imaging.

lateral and medial sides in patients with BF + BT and
LF + BT patterns. The chi-square test was used to compare
the incidence of meniscal injuries between patients with
and without bone bruises. A type I error rate of 0.05 was
selected as the indication for statistical significance. All
statistical analyses were performed using SPSS (Version
16; IBM).

RESULTS
Demographics and Characteristics

Among the 207 patients, 165 were male and 42 were
female. Overall, 169 (81.6%) of the 207 patients had bone
bruises identified on MRI (Table 1). The most common
sport associated with an ACL injury was basketball
(n = 101; 48.8%). Other common sports related to the
ACL injury were soccer (n = 60; 29.0%), skiing (n = 20;
9.7%), and badminton (n = 15; 7.2%). Statistical analysis
showed that patients without bone bruises had a higher
percentage of meniscal injuries than patients with bone
bruises (P = .009).

Bone Bruise Patterns

Table 2 presents the bone bruise distribution patterns of
our patients. The most common bone bruise pattern
observed among the patients was LF + LT, followed by
BF + BT and LF + BT (Table 2).

The overall bone bruise distribution patterns of the tibia
and femur are shown in the lateral-medial and anterior-
posterior directions (Figure 3). The maximum gray values
on the lateral side of both the tibia (158.73 + 36.97) and the
femur (161.71 = 33.03) were significantly greater than
those on the medial side of both the tibia (137.91 + 33.42)
and femur (139.51 + 37.47) in patients with the BF + BT
pattern (P < .001 and P < .001, respectively). Paired ¢ tests
showed that the bone bruise locations on the lateral side
(femur: 49.8% + 5.3%; tibia: 77.2% + 8.4%) of both the femur
and the tibia were more anterior than those on the medial
side (femur: 60.5% + 5.9%; tibia: 82.2% + 5.3%) in patients

TABLE 2
Bone Bruise Patterns®

n (%)
LF + LT 75 (44.4)
BF + BT 49 (29.0)
BF + LT 5(3.0)
LF + BT 26 (15.4)
LF + MT 1(0.6)
MF + BT 4(2.4)
MF + LT 7(4.1)
Bruising on only the tibia 2(1.2)

“BF + BT, lateral and medial sides of both the femur and the
tibia; BF + LT, lateral and medial sides of the femur and lateral
side only of the tibia; LF + BT, lateral side only of the femur and
lateral and medial sides of the tibia; LF + LT, lateral side only of
both the femur and the tibia; LF + MT, lateral side only of the
femur and medial side only of the tibia; MF + BT, medial side only
of the femur and lateral and medial sides of the tibia; MF + LT,
medial side only of the femur and lateral side only of the tibia.

with the BF + BT pattern (P < .001 and P < .001, respec-
tively). No significant difference in the maximum gray
value between the lateral (146.58 + 39.76) and medial
sides (138.69 + 46.64) of the tibia was observed in patients
with the LF + BT pattern (P = .074). The bone bruises on
the lateral tibial plateau (76.8% = 5.0%) were more ante-
rior than those on the medial tibial plateau (80.6% + 4.4%)
in patients with the LF + BT pattern (P = .001).

DISCUSSION

The results of the present study provide new information
regarding bone bruise locations within specific compart-
ments of the tibia and femur. Our results show that the
most common relative bone bruise pattern was located on
the lateral side only of both the femur and the tibia, which
could help us better understand the loading patterns dur-
ing an ACL injury.

Bone Bruise Patterns

The results of this study support our hypothesis that the
most common bone bruise distribution pattern was the lat-
eral side only of both the femur and the tibia, which was
consistent with the findings of previous investigators who
reported that the proportion of bone bruises in the lateral
compartment was higher than that in the medial compart-
ment.?%3437 The results indicate that impact forces
occurred on the lateral side of both the tibia and the femur
during an ACL injury in patients with the LF + LT pattern.
The results of this study also show that the second most
common bone bruise pattern was BF + BT, and the gray
values on the lateral side of both the femur and the tibia
were greater than those on the medial side. Similarly, pre-
vious investigators have demonstrated that the volume of
lateral compartment bone bruises was larger than that of
the corresponding medial compartment bone bruises.'*
Wittstein et al®® also reported that tibial bone bruises on
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Figure 3. Bone bruise distribution patterns of the femur and tibia. The dots represent different patients, and the red star in each
subfigure represents the mean bone bruise location of those patients. (A) Femoral bone bruise locations of the LF + LT pattern. (B)
Tibial bone bruise locations of the LF + LT pattern. (C) Femoral bone bruise locations of the BF + BT pattern. (D) Tibial bone bruise
locations of the BF + BT pattern. (E) Femoral bone bruise locations of the LF + BT pattern. (F) Tibial bone bruise locations of the
LF + BT pattern. BF, bilateral femur; BT, bilateral tibia; LF, lateral femur; LT, lateral tibia.

the lateral side were more severe than those on the medial the lateral side was more severe than that on the medial
side in the majority of women and men. The more severe side. This pattern may have resulted from the contrecoup
bone bruises on the lateral side suggested that impact on forces on the medial compartment at the resolution of
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valgus forces.!* These results combined together indicate
that knee lateral compression accompanied bone bruise
occurrence during ACL injuries and that valgus loading
in the coronal plane could be an important contributor to
some ACL injuries. Recent studies using cadaveric impact-
simulated landing showed that ACL strain increased with
greater dynamic knee abduction moment.>3° Reducing
high abduction loads during sports activities should be
emphasized in ACL injury prevention programs.

The relative bone bruise patterns of the tibia and femur
in this study are critical for understanding the causes of
ACL injuries, with the assumption that bone bruises are
the result of impact between the femur and tibia at the
event of an ACL injury. If we assume that medial bone
bruises are contrecoup injuries, the LF + LT pattern is the
direct and accurate footprint left behind from the injury
and could provide more valuable clues to the ACL injury
mechanism compared with other bone bruise patterns.
Future studies about the ACL injury mechanism based on
the bone bruise location, such as simulation and position
prediction, should focus more on MRI scans with only 1
bone bruise on the tibia and femur.

The results of this study support our second hypothesis
that anterior translation of the tibia relative to the femur
also occurs during an ACL injury based on the incidence
and location of bone bruises. Our results demonstrate that
for all of the most common bone bruise patterns in the cur-
rent study, tibial bone bruises occurred in the posterior
section, whereas femoral bone bruises occurred in the cen-
tral section and were consistent with the findings of previ-
ous studies investigating bone bruise patterns using
MRI.®3* These results suggest that during an injury, the
central or anterior section of the femoral condyle impacted
the posterior section of the tibial plateau, which indicated
that a substantial anterior tibial translation relative to the
femur must have occurred during the ACL injury.'®22
Moreover, 2 recent studies demonstrated that a large
anterior tibial translation was measured in patients at the
predicted position of injury.'®2* Given that the ACL is a
primary restraint to anterior shear loading, a large ante-
rior tibial translation could produce large anterior tibial
shear forces and cause an ACL injury.3® Therefore, these
results combined together suggest that anterior tibial
shear force in the sagittal plane could also be a key risk
factor for ACL injuries.

The most common bone bruise distribution pattern indi-
cated that knee abduction and anterior tibial translation
could both be important contributors to the injury mecha-
nism. The findings of this study also demonstrate that the
bone bruise locations on the lateral side of both the femur
and the tibia are significantly more anterior than those on
the medial side for the second most common pattern.
Although it is difficult to infer whether the tibia is internal
or external relative to the femur at the time of injury based
on the location of bone bruises, the asymmetric positions in
the anterior-posterior direction between the lateral and
medial sides indicated that tibial rotation in the axial plane
occurred during the ACL injury. The results of this study
demonstrate that the ACL injury pattern was complex and
that the ACL injury mechanism involved a multiplanar
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loading pattern rather than a uniplanar loading pattern.
Quatman et al®® also reported that tibial abduction rota-
tion combined with anterior tibial translation or external
or internal tibial rotation is the major ACL injury mecha-
nism. These results together suggest that the loading pat-
terns involve multiplanar loading during an ACL injury
and that ACL ruptures may not be the result of uniplanar
loading.

In addition to bone bruise patterns, our study also found
that patients without bone bruises had a greater percent-
age of meniscal injuries than patients with bone bruises.
Similarly, Pezeshki et al?® showed that the existence of
bone bruises on knee MRI was negatively associated with
medial meniscal injuries. In addition to decreasing contact
stress at the articular surface,” the menisci are important
in shock absorption. The meniscal collagen ultrastructure
is oriented circumferentially in the deeper layers with
radial linking fibers, which is ideal for transferring a ver-
tical compressive load into circumferential “hoop” stress.” A
greater percentage of meniscal injuries in patients without
bone bruises may imply that impact forces are absorbed by
the menisci rather than the bone.

This study has some limitations. First, although the cur-
rent study had a large screening sample (4209 patients
with ACL ruptures confirmed by an arthroscopic examina-
tion), the number of female patients was still too small to
compare the sex-specific difference in bone bruise patterns
because of the low proportion of women among the overall
patient cohort. Further studies should include more female
patients to investigate the sex-associated differences in the
ACL injury mechanism based on the bone bruise distribu-
tion pattern. Second, bone bruise patterns at the time of
injury seen on MRI may reflect the forces applied to the
knee by specific sports activities, and the activities leading
to an ACL injury are associated with certain injury pat-
terns.!! Future studies are needed to fully understand the
sports-specific injury patterns based on the bone bruise
patterns. Third, as the bone bruises were more severe in
patients with noncontact injuries than in patients with con-
tact injuries,®* further studies are needed to compare bone
bruise patterns between noncontact and contact groups.
Finally, the medial tibial condyle is concave and longer in
the anterior-posterior direction, whereas the lateral tibial
plateau is smaller and more convex. The lateral bone bruise
location was based on the total anterior-posterior depth of
the tibia, not the lateral side. Thus, the method used in the
present study may bias lateral tibial bone bruises to appear
more anterior than they really are.

CONCLUSION

The most common relative bone bruise pattern was
observed on only the lateral side of both the tibia and the
femur. Bone bruises on the lateral side were more severe
than those on the medial side in patients with bone bruises
on the lateral and medial sides of both the femur and the
tibia. There was anterior translation of the tibia relative to
the femur during an ACL injury based on the location of
bone bruises in the anterior-posterior direction.
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