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Background: Excessively high joint loading during dynamic movements may negatively influence articular cartilage health and
contribute to the development of posttraumatic osteoarthritis after anterior cruciate ligament reconstruction (ACLR). Little is known
regarding the link between aberrant jump-landing biomechanics and articular cartilage health after ACLR.

Purpose/Hypothesis: The purpose of this study was to determine the associations between jump-landing biomechanics and
tibiofemoral articular cartilage composition measured using T1r magnetic resonance imaging (MRI) relaxation times 12 months
postoperatively. We hypothesized that individuals who demonstrate alterations in jump-landing biomechanics, commonly
observed after ACLR, would have longer T1r MRI relaxation times (longer T1r relaxation times associated with less proteoglycan
density).

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

Methods: A total of 27 individuals with unilateral ACLR participated in this cross-sectional study. Jump-landing biomechanics
(peak vertical ground-reaction force [vGRF], peak internal knee extension moment [KEM], peak internal knee adduction moment
[KAM]) and T1r MRI were collected 12 months postoperatively. Mean T1r relaxation times for the entire weightbearing medial
femoral condyle, lateral femoral condyle (global LFC), medial tibial condyle, and lateral tibial condyle (global LTC) were calculated
bilaterally. Global regions of interest were further subsectioned into posterior, central, and anterior regions of interest. All T1r
relaxation times in the ACLR limb were normalized to the uninjured contralateral limb. Linear regressions were used to determine
associations between T1r relaxation times and biomechanics after accounting for meniscal/chondral injury.

Results: Lower ACLR limb KEM was associated with longer T1r relaxation times for the global LTC (DR2¼ 0.24; P¼ .02), posterior
LTC (DR2 ¼ 0.21; P ¼ .03), and anterior LTC (DR2 ¼ 0.18; P ¼ .04). Greater ACLR limb peak vGRF was associated with longer T1r
relaxation times for the global LFC (DR2¼ 0.20; P¼ .02) and central LFC (DR2¼ 0.15; P¼ .05). Peak KAM was not associated with
T1r outcomes.

Conclusion: At 12 months postoperatively, lower peak KEM and greater peak vGRF during jump landing were related to longer
T1r relaxation times, suggesting worse articular cartilage composition.
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Approximately one-third of individuals who sustain an
anterior cruciate ligament (ACL) injury will develop radio-
graphic posttraumatic osteoarthritis (PTOA) within
10 years of ACL reconstruction (ACLR).25 Compositional
changes to the articular cartilage occur within the first
12 months after ACL injury and ACLR,24,48 which may

contribute to PTOA onset.7,40 T1r magnetic resonance
imaging (MRI) is sensitive to proteoglycan density6 and has
been used to evaluate early in vivo compositional changes
in the tibiofemoral articular cartilage after ACLR.49 Indi-
viduals with ACLR also typically demonstrate aberrant
joint biomechanics, which may alter forces imposed on the
tibiofemoral articular cartilage.4,14,31,32,51 Therefore,
understanding the interplay between joint biomechanics
and articular cartilage composition is critical to under-
standing the multifaceted early progression to PTOA.
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Much of the initial research regarding the interplay
between biomechanics and articular cartilage composition
has focused on the influence of low-impact, cyclical loading
such as walking gait.20,36,46 Individuals who sustain ACL
injuries are often young and physically active13 and also
engage in dynamic movements such as jump landing more
commonly in their daily activities. Therefore, it is possible
that alterations in the biomechanicsof these commonlyoccur-
ring dynamic movements (ie, jump landing) may be related to
early changes in cartilage composition early after ACLR.
Additionally, there is evidence to suggest that magnitudes
of joint loading are task dependent, as individuals with an
ACLR who demonstrate the greatest peak loading during
walking do not necessarily demonstrate the greatest loading
during jump landing35; therefore, a relationship between
jump-landing biomechanics and articular cartilage composi-
tion cannotbe inferred frompreviousgait-related biomechan-
ics research. Individuals with ACLR often land from a jump
with lower internal knee extension moments (KEMs) on the
ACLR limb50 likely because of quadriceps inhibition,29 which
has been linked to an impaired capacity to attenuate force in
the lower extremity.30,50 Additionally, greater vertical
ground-reaction force (vGRF) and internal knee adduction
moment (KAM; the internal moment that resists dynamic
knee valgus or compression of the lateral tibiofemoral com-
partment) are often implicated as risk factors for sustaining a
second ACL injury.15,31 Few studies have evaluated how
KEM, vGRF, and KAM during jump landing are associated
with early deleterious changes in articular cartilage compo-
sition that may be linked to the development of PTOA.

In uninjured individuals, lower KEM and greater KAM
during a drop-landing task have been associated with lon-
ger medial femoral T1r MRI relaxation times.44 Longer T1r
relaxation times are interpreted as tissue consisting of
lower proteoglycan density.24 In the only study evaluating
the association between jump-landing biomechanics and
T1r MRI relaxation times in individuals after ACLR, lower
peak vGRF and KEM in the reconstructed limb at 6 months
postoperatively were associated with longer medial femoral
T1r relaxation times between preoperative and 3-year post-
operative time points.42 While the association between less
loading at 6 months after ACLR during jump landing and
an increase in T1r relaxation times is counterintuitive, Shi-
mizu et al42 found in the same study that an increase in

vGRF and KEM between 6 months and 3 years postopera-
tively was associated with an increase in T1r relaxation
times from preinjury to 3 years after ACLR. The dynamic
nature of the relationship between T1r relaxation times
and jump-landing biomechanics suggests that further
study is needed at an intermediate time point, such as 12
months postoperatively, when most individuals have
returned to unrestricted physical activity.2

Previous research has focused on the association between
jump-landing biomechanics and T1r relaxation times in the
medial tibiofemoral compartment, yet tissue of the lateral
tibiofemoral compartment is commonly injured during ACL
injury. T1r relaxation times are greater in the articular
cartilage directly corresponding to areas of the lateral tibio-
femoral compartment where traumatic bone bruising is evi-
dent.16 Assuch, it is possible thataberrant loading of the knee
during dynamic movements may negatively affect the artic-
ular cartilage of the lateral tibiofemoral compartment, which
may be susceptible to further compositional changes because
of traumatic bone bruising after ACLR. Additionally, worse
patient-reported outcomes 12 months postoperatively are
associated with longer T1r relaxation times of the lateral
femoral condyle (LFC). Therefore, an evaluation of the asso-
ciation between jump-landing biomechanics and T1r relaxa-
tion times in both the lateral and medial tibiofemoral
compartments after ACLR is needed in order to comprehen-
sively understand how dynamic movements may be associ-
ated with deleterious joint tissue changes across the joint.

The purpose of this study was to determine associations
between T1r MRI relaxation times (ACLR limb normalized
to the uninjured limb) and peak vGRF, KEM, and KAM at
12 months after ACLR. We hypothesized that individuals
with greater peak vGRF as well as lower KEM and greater
KAM would demonstrate longer T1r relaxation times 12
months postoperatively.

METHODS

Study Design

All participants were recruited into this cross-sectional
study within 14 days of ACL injury but before undergoing
ACLR as part of a larger prospective longitudinal cohort
study. Additionally, 1 of 3 participating orthopaedic
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surgeons confirmed the presence, or lack thereof, of a con-
comitant injury (ie, meniscal, chondral, or concomitant lig-
amentous injury). Jump-landing biomechanics and T1r
MRI scans were assessed 12 months after ACLR (mean,
373 ± 18 days). Additionally, all participants were cleared
for unrestricted physical activity at the time of jump-
landing biomechanics testing and MRI acquisition. All par-
ticipants provided informed consent to participate in the
study and the university’s institutional review board
approved all aspects of the study.

Participants

The current study included 27 individuals who were a part
of a larger prospective study and were retained for both
biomechanics and T1r MRI acquisition at 12 months after
ACLR. We excluded individuals who were not between the
ages of 18 and 35 years, were in need of a multiligamentous
reconstruction, were previously diagnosed with any form of
arthritis, had a previous history of an ACL injury to either
limb, had a body mass index >35, or were pregnant or
planned to become pregnant within 12 months of study
enrollment. Participants completed the Knee injury and
Osteoarthritis Outcome Score questionnaire during the
12-month follow-up in order to quantify self-perceived knee
function for descriptive purposes.41 We expected that the
biomechanical outcomes examined in the current study
(vGRF, KEM, and KAM) would demonstrate a moderate
association (r ¼ 0.5) with T1r relaxation times, as similar
associations have been reported between jump-landing bio-
mechanics and changes in T1r relaxation times early after
ACLR.42 Therefore, we estimated that we would need 26
participants to detect significant associations between
jump-landing biomechanics and T1r relaxations times
using a 2-tailed a level of .05 and 80% power (Version
3.1.9.2; G*Power).11 We recruited 27 individuals for partic-
ipation in this study.

ACLR

All participants underwent a similar ACLR procedure to
that previously described.37 Briefly, all participants under-
went an arthroscopically assisted single-incision ACLR
using a patellar tendon autograft performed by 1 of 3 par-
ticipating orthopaedic surgeons. The autograft was har-
vested from the middle third of the patellar tendon using
an anterior longitudinal incision. A target point on the lat-
eral wall of the intercondylar notch of the femur was iden-
tified, and a femoral tunnel was drilled through an
inframedial arthroscopic portal with the knee flexed to
approximately 120�. While using a targeting guide, a pin
was drilled and overreamed into the ACL footprint to create
a tibial tunnel. Additionally, bone plugs of the graft were
affixed to the femur and tibia using a metal interference
screw. All participants were referred to a licensed physical
therapist or athletic trainer for supervised, structured
rehabilitation, which began during the first week after sur-
gery and progressed over the following 6 months. Partici-
pants completed physical therapy at their clinic of choice

and were cleared to return to unrestricted physical
activity. Time to return to sport was not recorded.

Motion Analysis of Jump Landing

All participants completed the jump-landing protocol in
their own athletic footwear from a box (standard height,
30 cm) positioned 50% of their height from the front edge
of 2 floor-embedded force plates.28 Participants were
instructed to jump forward off the box to a double-leg land-
ing with 1 foot on each force plate, followed by an immedi-
ate vertical jump for maximum height. A minimum of
3 practice trials was performed, and subsequent practice
trials may have been conducted on an individual basis until
investigators were comfortable that the participants under-
stood how to properly perform the task. A minimum of
30 seconds separated each trial, yet participants were
allowed as much rest time as needed between each jump-
landing trial in order to ensure that the subsequent trials
could be completed with maximal effort. Five successful
jump-landing trials, during which the participant jumped
from the box with both feet at the same time, landed on the
force plates, and performed a subsequent vertical jump,
were collected. In the event of an unsuccessful trial, a sub-
sequent trial was collected and utilized for analysis.

Three-dimensional kinematic data were sampled at
120 Hz using a 10-camera motion capture system (Vicon;
Nexus) and low-pass filtered at 10 Hz (fourth-order recur-
sive Butterworth filter).35 Kinetic data were sampled at
1200 Hz from 2 embedded force plates (FP406010; Bertec
Corp) and low-pass filtered at 75 Hz (fourth-order recursive
Butterworth filter).3 Using a modified Helen Hayes marker
set,17 all participants were outfitted with 25 retroreflective
markers as well as with a cluster of 3 additional markers
secured over the sacrum.35 A static trial was captured while
the participant stood with arms positioned at 90� of shoul-
der abduction to estimate the location of the landmarks
needed to calculate joint centers. Markers placed on the
medial epicondyles and malleoli were removed during data
collection to ensure that medial markers would not contact
each other or influence the usual movements of the parti-
cipants during the jump-landing trials. Knee and ankle
joint centers were defined as the midpoint between the
medial and lateral condyles and malleoli, respectively. The
hip joint center was estimated from the coordinates of the
L4-L5 and right and left anterior superior iliac spine
markers using the Bell method.5 Joint angles were defined
based on the position of the distal segment relative to the
proximal segment using the Euler method,18 with the fol-
lowing planes of rotational motion: sagittal (y-axis), frontal
(x-axis), and transverse (z-axis). Greater knee flexion and
adduction were defined as positive values.

The loading phase of jump landing was defined as the first
100 milliseconds after ground contact (vGRF, >20 N),35

which has previously been reported to be the time period
during which the greatest amount of loading and ACL injury
would most commonly occur.19 All jump-landing biomechan-
ics were extracted during the first 100 milliseconds after
ground contact and averaged across the 5 trials for the
jump-landing task. Additionally, while only jump-landing
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biomechanics for the ACLR limb were used in the primary
analyses, data for the uninjured limb were collected to eval-
uate side-to-side differences for descriptive purposes. Peak
vGRF was normalized to body weight (BW). Peak internal
KEM and KAM were calculated using an inverse dynamics
approach, normalized to the product of BW and height (BW
� height)26 and expressed as internal moments.36

MRI Acquisition

The T1r MRI scans were acquired using either a Siemens
Magnetom TIM Trio 3 T scanner using a 4-channel Siemens
large flex coil (516 mm � 224 mm; Siemens; n ¼ 17) or a
Siemens Magnetom Prisma 3 T PowerPack scanner using a
XR 80/200 gradient coil (60 cm� 213 cm; Siemens; n¼ 10). As
previously reported, these 2 scanners demonstrate high inter-
scanner reliability (intraclass correlation coefficient [ICC],
>0.96; coefficient of variation range, 1.46%-5.02%).36 Upon
arrival to the imaging center, participants remained seated
for 30 minutes to unload the knee articular cartilage. We used
a T1r-prepared 3-dimensional fast low angle shot with a spin-
lock power at 500 Hz, 5 different spin-lock durations (40, 30,
20, 10, 0 milliseconds), and a voxel size of 0.8 � 0.4 � 3 mm
(field of view, 288 mm; slice thickness, 3.0 mm; repetition
time, 9.2 milliseconds; echo time, 4.6 milliseconds; averaging,
1; bandwidth, 350 Hz; acquisition time range, 700-900 sec-
onds [depending on the number of slices]; range of number
of slices acquired, 28-36 slices; 160� 320 matrix; gap, 0 mm;
flip angle, 10�, echo-train duration time, 443 milliseconds;
phase encode direction of anterior-posterior).

Before segmentation of the articular cartilage, an affine
registration technique was utilized to register the
12-month ACLR limb image to the 12-month uninjured
limb image using 3D Slicer software (Version 4.6.2).12 After
the affine registration, a nonrigid, deformable, voxel-by-
voxel, intensity-based registration technique was applied
to account for interlimb differences of specific tissues (eg,
bone, cartilage) and ensure a more accurate alignment of
the ACLR limb to the uninjured limb.36 All registration
procedures were initially performed on the 0-millisecond
spin-lock time [TSL]) image and then subsequently
applied to the relaxation map.

Segmentation of the Tibiofemoral Articular
Cartilage

After image registration, the articular cartilage of the
weightbearing medial femoral condyle (MFC), LFC, medial
tibial condyle (MTC), and lateral tibial condyle (LTC) was
manually segmented using ITK-Snap software54 on a T1r
MRI scan acquired during the 0-millisecond TSL by 2
separate segmentors (S.J.P. and K.W.). The manual
segmentation technique used in the current study has
demonstrated strong reliability for all regions of interest
(ROIs) (intrarater reliability [n ¼ 8] ICC range, 0.80-0.97;
intersegmentor reliability [n ¼ 10] ICC range, 0.75-
0.98).34,36 Additionally, a fellowship-trained
musculoskeletal radiologist (D.N.) confirmed the anatomic
accuracy of the segmentations.

The mean T1r relaxation times of the weightbearing ROI
of the medial and lateral femur and tibia (global ROI) were
evaluated and used as a primary outcome. Furthermore,
the global ROIs of the femoral and tibial condyles were
subsectioned into 3 ROIs based on the location of the menis-
cus in the sagittal plane (Figure 1).34,36 The 3 subsection
ROIs represent loadbearing regions of the femoral condyle
and included (1) the articular cartilage overlying the pos-
terior horn of the meniscus (posterior MFC/LFC and MTC/
LTC), (2) the central portion of the articular cartilage that
lies between the anterior and posterior horns of the menis-
cus (central MFC/LFC and MTC/LTC), and (3) the articular
cartilage corresponding with the anterior horn of the
meniscus (anterior MFC/LFC and MTC/LTC) (Figure 1).
The weightbearing measure for the femoral and tibial con-
dyles, defined as the mean relaxation time for the 3 subsec-
tion ROIs (posterior, central, and anterior) averaged
together, was used for analysis.

T1r Relaxation Time Quantification

Voxel-by-voxel T1r relaxation maps were constructed from
a 5-image sequence using a MATLAB program (MATLAB
R2014b, 8.4.0; MathWorks) with the following equation:

SðTSLÞ ¼ S0expð�TSL=T1rÞ

where S corresponds to signal intensity, TSL is the dura-
tion of the TSL, S0 is signal intensity when TSL equals 0,
and T1r is the T1 relaxation time in the rotating frame. The
previous segmentation image, performed on the
0-millisecond spin-lock image, was transposed over the
T1r image to establish T1r relaxation times for each ROI.
A mean of the T1r relaxation times for each ROI was
calculated using ITK-SNAP software.54 For analysis, we
normalized T1r relaxation times for each ROI in the
ACLR limb to the same ROI in the uninjured limb (ACLR
limb/uninjured limb).34,36,38 While it is possible that
changes in T1r relaxation times may change over time in
the uninjured limb,33 in the absence of preinjury T1r data,
the normalization procedure is used to assess the amount of
change in tissue of the ACLR limb beyond that which would
be expected in the uninjured limb. A T1r value >1.00
represents longer T1r relaxation times in the ACLR limb
than the uninjured limb, which may be indicative of lower
proteoglycan density in the ACLR limb.34,36

Statistical Analysis

Means and standard deviations (SDs) were calculated for
patient characteristics, jump-landing biomechanical out-
come measures, and T1r outcome measures. Data distribu-
tions were assessed using the Shapiro-Wilk test for
normality, and stem-and-leaf plots were utilized to visually
inspect for potential outliers for all outcomes. Data points
for any outcome that were >3 SDs from the mean were
identified as outliers and removed before the final analysis.

Bonferroni-corrected dependent t tests were utilized to
assess differences in T1r relaxation times (P � [.05/4]) for
each global ROI and subsectioned ROIs within the medial

4 Pfeiffer et al The Orthopaedic Journal of Sports Medicine



and lateral condyles of the femur and tibia, respectively.
Similar Bonferroni-corrected dependent t tests were uti-
lized to assess differences in biomechanical outcomes
between the ACLR and uninjured limbs (P � [.05/3]). Next,
a total of 48 stepwise linear regression models were used to
determine the variance in T1r relaxation times for all ROIs
that were explained by peak vGRF, KEM, and KAM for the
ACLR limb (predictor variables). Previous evidence has
demonstrated that the presence of a meniscal injury47 or
a cartilage lesion45 may influence T1r relaxation times
after ACLR; therefore, a coded variable that represented
the presence of a meniscal injury or cartilage lesion was
entered into the linear regression models before the biome-
chanical variable of interest. The coded variable was
entered based on the location of the ROI that was being
examined in the given regression model (ie, medial menis-
cal or chondral injury coded variable entered for any asso-
ciation involving an ROI on the medial side, while the same
was done for the lateral side). After accounting for the pres-
ence of a meniscal injury or cartilage lesion, we were able to
determine the unique contribution of each predictor vari-
able (vGRF, KEM, KAM) on the T1r relaxation times for
each ROI by entering each biomechanical variable sepa-
rately into its own regression model. The 2-tailed level of
significance was set a priori for the regression analyses at P
� .05, and all analyses were performed using the Statistical
Package for the Social Sciences (Version 25; IBM Corp).

RESULTS

Participant Characteristics

All 27 individuals eligible for the study were retained for a
12-month follow-up visit (Table 1). Three participants
(11%) sustained an isolated ACL injury, while 24 partici-
pants (89%) were evaluated with a secondary concomitant
knee injury that occurred at the time of the ACL injury
(chondral injury [n ¼ 11; 41%], lateral meniscal injury
[n ¼ 19; 70%], medial meniscal injury [n ¼ 8; 30%]).

Mean T1r relaxation times were significantly longer in
the ACLR limb compared with the uninjured limb for every
ROI except for the global, central, and anterior LTC (P �
.0125 for all) (Table 2). Additionally, individuals demon-
strated significantly lower peak vGRF and KEM as well as
greater peak KAM in the ACLR limb compared with the
uninjured limb (P � .014 for all) (Table 3). Two outliers for
peak KEM were detected (>3 SD from the mean) and were
removed from the analyses involving these variables. No
other outliers were detected, and all outcomes were nor-
mally distributed.

Association Between Jump-Landing Biomechanics
and T1r Relaxation Times

The association between jump-landing biomechanics and
lateral compartment T1r relaxation times is shown in

Figure 1. (A) Weightbearing regions of interest (gray-shaded regions) were determined using the position of the meniscus in the
sagittal plane: the articular cartilage overlying the anterior horn (anterior), between the anterior and posterior horns (central), and
overlying the posterior horn (posterior) of the menisci. (B-D) Three-dimensional renderings of voxels determined to correspond to
the segmented (B) femoral and tibial articular cartilage as seen from a lateral view in the sagittal plane, (C) femoral articular cartilage
as seen from a superior view, and (D) tibial articular cartilage as seen from an inferior view. A, anterior; C, central; P, posterior.
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Table 4. After accounting for the presence of a meniscal
injury or cartilage lesion, greater peak vGRF in the ACLR
limb was associated with longer 12-month T1r relaxation
times for the entire weightbearing region of the LFC (global

LFC: DR2¼ 0.20; standardized b coefficient¼ 0.46; P¼ .02).
More specifically, greater peak vGRF in the ACLR limb was
associated with longer 12-month T1r relaxation times for
the central ROI of the LFC (central LFC: DR2 ¼ 0.15; stan-
dardized b coefficient ¼ 0.40; P ¼ .05). Lower peak KEM for
the ACLR limb was associated with longer 12-month T1r
relaxation times for the entire weightbearing region of the
LTC (global LTC: DR2 ¼ 0.24; standardized b coefficient
¼ –0.49; P ¼ .02) as well as the posterior ROI (posterior
LTC: DR2 ¼ 0.21; standardized b coefficient ¼ –0.45;
P ¼ .03) and anterior ROI (anterior LTC: DR2 ¼ 0.18; stan-
dardized b coefficient ¼ –0.42; P ¼ .04). There were no sta-
tistically significant associations between peak KAM and 12-
month T1r relaxation times for any ROI of the LFC and LTC
(Table 3). Jump-landing biomechanics were not significantly
associated with 12-month T1r relaxation times for any ROI
of the MFC or MTC (Table 5). Scatterplots of significant
associations are presented in Figure 2.

DISCUSSION

Consistent with our hypothesis, individuals with greater
peak vGRF and lower peak KEM in the ACLR limb during
jump landing demonstrated longer T1r MRI relaxation
times in the LFC and LTC 12 months after ACLR. Peak
KAM for the injured limb was not significantly associated
with T1r relaxation times for any ROI in either knee com-
partment. To our knowledge, this study is the first to exam-
ine the relationship between biomechanical outcomes
during a dynamic task (eg, jump landing) and T1r relaxa-
tion times in both the medial and the lateral tibiofemoral
compartments. Additionally, this is the only study to eval-
uate the association between jump-landing biomechanics
and articular cartilage composition at 12 months postoper-
atively, which is a time point when individuals are typically
discharged from traditional physical therapy and are par-
ticipating in unrestricted physical activity. These data sug-
gest that greater peak vertical limb loading (ie, vGRF)
during a jump landing, which may be influenced by inade-
quate KEM, is associated with more deleterious composi-
tional changes in the articular cartilage of the lateral
tibiofemoral compartment. Therefore, implementing

TABLE 1
Patient Characteristics (N ¼ 27)a

Variable Value

Sex, male/female, n 13/14
Age, y 22.11 ± 3.88
Height, cm 178.08 ± 11.06
Weight, kg 76.15 ± 13.17
BMI 23.88 ± 2.51
Time between ACL injury and ACLR, d 27.85 ± 13.68
12-mo postoperative KOOS

Symptoms 85.74 ± 10.50
Pain 91.87 ± 7.09
Activities of Daily Living 97.48 ± 3.81
Sports 84.81 ± 15.47
Quality of Life 76.25 ± 17.39

aData are reported as mean ± SD unless otherwise indicated.
ACL, anterior cruciate ligament; ACLR, ACL reconstruction; BMI,
body mass index; KOOS, Knee injury and Osteoarthritis Outcome
Score.

TABLE 2
T1r Relaxation Timesa

T1r Relaxation Time,
ms

Region
of Interest

ACLR
Limb

Uninjured
Limb

P
Value

ILR (ACLR/
Uninjured)

Cohen
d

LFC
Global 53.5 ± 3.4 47.9 ± 3.7 <.001 1.13 ± 0.09 1.58
Posterior 57.1 ± 5.8 53.2 ± 5.9 .010 1.08 ± 0.14 0.66
Central 52.8 ± 3.8 47.1 ± 4.3 <.001 1.13 ± 0.12 0.66
Anterior 50.8 ± 3.9 43.4 ± 3.2 <.001 1.17 ± 0.10 2.07

LTC
Global 48.7 ± 2.7 47.3 ± 3.7 .036 1.04 ± 0.07 0.43
Posterior 50.9 ± 3.1 47.5 ± 3.8 <.001 1.08 ± 0.09 0.98
Central 44.6 ± 3.1 43.1 ± 3.8 .034 1.04 ± 0.09 0.43
Anterior 50.6 ± 3.9 51.2 ± 5.6 .413 0.99 ± 0.08 0.12

MFC
Global 54.5 ± 3.8 49.3 ± 2.5 <.001 1.11 ± 0.07 1.62
Posterior 52.8 ± 4.5 50.3 ± 3.0 .005 1.05 ± 0.08 0.65
Central 54.3 ± 4.6 47.8 ± 2.5 <.001 1.14 ± 0.08 1.76
Anterior 56.5 ± 4.6 49.7 ± 3.4 <.001 1.14 ± 0.08 1.68

MTC
Global 48.8 ± 3.8 46.5 ± 3.9 .001 1.05 ± 0.07 1.68
Posterior 47.5 ± 3.9 45.5 ± 4.0 .011 1.05 ± 0.09 0.51
Central 47.1 ± 4.3 44.8 ± 4.9 .002 1.06 ± 0.08 0.50
Anterior 51.9 ± 5.3 49.1 ± 3.9 .006 1.06 ± 0.10 0.60

aData are reported as mean ± SD. Boldface P values indicate a
statistically significant difference between the ACLR and unin-
jured limbs (P � [.05/4]). ACLR, anterior cruciate ligament recon-
struction; ILR, interlimb ratio; LFC, lateral femoral condyle; LTC,
lateral tibial condyle; MFC, medial femoral condyle; MTC, medial
tibial condyle.

TABLE 3
Jump-Landing Biomechanicsa

Variable
ACLR
Limb

Uninjured
Limb

P
Value Cohen d

Peak vGRF, BW 2.24 ± 0.59 2.68 ± 0.69 <.001 0.68
Peak internal KEM,

BW � height
0.12 ± 0.04 0.17 ± 0.07 <.001 0.88

Peak internal KAM,
BW � height

0.02 ± 0.02 0.01 ± 0.01 .014 0.63

aData are reported as mean ± SD. Boldface P values indicate
statistically significant difference between the ACLR and unin-
jured limbs (P � [.05/3]). ACLR, anterior cruciate ligament recon-
struction; BW, body weight; KAM, knee adduction moment; KEM,
knee extension moment; vGRF, vertical ground-reaction force.
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treatment strategies to lower peak vGRF and maximize
KEM during high-energy activities like jump landing may
be beneficial for optimizing articular cartilage tissue health
after ACLR.

Shimizu et al42 demonstrated that medial tibiofemoral
T1r relaxation times increased between a presurgical time
point and 3 years postoperatively in individuals with lower
peak KEM in the ACLR limb at 6 months postoperatively.
Similarly, we found that lower KEM was associated with
longer T1r relaxation times in the lateral tibiofemoral com-
partment at 12 months after ACLR. Together, these data
suggest that lower KEM may affect articular cartilage com-
position in both medial and lateral tibiofemoral compart-
ments at different postoperative time points. Contrary to
our findings, Shimizu et al found that lower peak vGRF at 6
months postoperatively was associated with an increase in
medial tibiofemoral articular cartilage T1r relaxation
times from preinjury to 3 years postoperatively. Those
authors also found that an increase in peak vGRF from 6
months to 3 years postoperatively was significantly associ-
ated with an increase in T1r relaxation times in the medial
femoral compartment from preinjury to 3 years
postoperatively.42

The differences in findings between our study and that of
Shimizu et al42 may be because of the time frames in which
jump-landing biomechanics were measured, as it is

common within the first 6 months postoperatively for indi-
viduals to unload the ACLR limb.43 It is possible that this
early unloading of the ACLR may be because of neuromus-
cular insufficiencies (ie, muscle weakness) and factors
related to psychological readiness (ie, fear avoidance),
which may result in individuals’ shifting greater loads to
the uninjured limb during dynamic tasks. Similar to the
direction of the association in the current study, Shimizu
et al reported that the greater loading between 6 months
and 3 years postoperatively was associated with longer T1r
relaxation times in the medial tibiofemoral compartment at
3 years postoperatively. It is possible that time after ACLR
is a critical factor in the nature of the association between
jump-landing biomechanics and T1r relaxation times.
While greater loading was associated with longer T1r
relaxation times in our study, peak loading variables were
still less on the ACLR limb compared with the uninjured
limb. Therefore, future efforts to improve impact load dis-
sipation during jump landing may need to be directed bilat-
erally, as reduction of impact load only in the ACLR limb
may further exacerbate interlimb loading asymmetries.

We demonstrated significant associations between jump-
landing biomechanics and T1r relaxation times in the
lateral tibiofemoral compartment at 12 months postopera-
tively. After ACLR, compositional changes to articular car-
tilage can occur over time in both the medial and the lateral

TABLE 4
Association Between Jump-Landing Biomechanics and Lateral T1r Relaxation Times After Accounting for the Presence of

Meniscal Tear and/or Cartilage Lesiona

LFC, DR2, b LTC, DR2, b

Variable Global Posterior Central Anterior Global Posterior Central Anterior

Injured vGRF 0.20, 0.46 0.12, 0.36 0.15, 0.40 0.06, 0.24 0.01, 0.08 0.04, 0.21 0.01, 0.05 0.01, –0.08
P value .02 .08 .05 .24 .70 .30 .79 .69

Injured KEM (n ¼ 25) 0.01, –0.03 0.01, –0.03 0.01, –0.04 0.01, –0.01 0.24, –0.49 0.21, –0.45 0.14, –0.37 0.18, –0.42
P value .88 .89 .87 .99 .02 .03 .07 .04

Injured KAM 0.01, 0.01 0.01, –0.11 0.01, –0.03 0.05, 0.23 0.01, 0.09 0.01, –0.01 0.01, 0.04 0.04, 0.20
P value .95 .58 .90 .25 .66 .98 .84 .32

aBoldface P values indicate statistical significance (P � .05). KAM, peak internal knee adduction moment; KEM, peak internal knee
extension moment; LFC, lateral femoral condyle; LTC, lateral tibial condyle; vGRF, vertical ground-reaction force.

TABLE 5
Association Between Jump-Landing Biomechanics and Medial T1r Relaxation Times After Accounting for the Presence of

Meniscal Tear and/or Cartilage Lesiona

MFC, DR2, b MTC, DR2, b

Variable Global Posterior Central Anterior Global Posterior Central Anterior

Injured vGRF 0.07, 0.26 0.09, 0.30 0.04, 0.20 0.02, 0.13 0.01, –0.04 0.06, –0.25 0.02, –0.13 0.01, –0.08
P value .20 .13 .33 .52 .84 .23 .52 .69

Injured KEM (n ¼ 25) 0.01, –0.07 0.02, 0.14 0.03, –0.16 0.03, –0.15 0.02, 0.15 0.01, –0.07 0.05, 0.21 0.03, 0.17
P value .76 .51 .46 .48 .49 .75 .32 .42

Injured KAM 0.03, 0.19 0.01, –0.08 0.04, 0.21 0.11, 0.34 0.03, –0.17 0.01, –0.11 0.01, –0.08 0.04, –0.20
P value .38 .69 .31 .10 .41 .60 .72 .33

aKAM, peak internal knee adduction moment; KEM, peak internal knee extension moment; MFC, medial femoral condyle; MTC, medial
tibial condyle; vGRF, vertical ground-reaction force.
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tibiofemoral compartments.33 Additionally, previous
research has demonstrated that individuals commonly sus-
tain traumatic bone contusions to the LFT and LTC at the
time of ACL injury.16 As such, it is possible that the artic-
ular cartilage of the lateral tibiofemoral compartment may
be at risk for alterations in articular cartilage composition
that can influence long-term articular cartilage health and
potential PTOA risk. Within the current study, 70% (n ¼
19) of participants sustained a concomitant lateral menis-
cal injury at the time of ACL injury. While we accounted for
the presence of a meniscal injury during our analysis, it is
possible that the number of individuals who sustained a
concomitant injury to the lateral tibiofemoral compartment
within our cohort may have affected our findings. Simi-
larly, peak KAM was not significantly associated with
T1r relaxation times for any ROI in the femur or tibia. It
is possible that a high percentage of individuals with a
concomitant lateral meniscal injury may have influenced
our findings related to peak KAM as well. Future research
should seek to evaluate whether increases in peak KAM
during jump landing are associated with alterations in car-
tilage composition in individuals without a concomitant
injury to the lateral tibiofemoral compartment.

The results of the current study indicate that greater
peak vGRF and lower peak KEM during jump landing are

significantly associated with longer T1r relaxation times
for the LFC and LTC 12 months postoperatively. Previous
research has demonstrated that feedback interventions,
both internal and expert provided, have the capacity to
reduce peak vGRF during jump-landing tasks.8-10 The find-
ings of the current study may suggest that reducing peak
vGRF during dynamic movements, such as jump landing,
may be critical to the long-term preservation of articular
cartilage health after ACLR. Feedback interventions may
serve as a viable clinical intervention for eliciting these
reductions in peak vGRF.

In addition, individuals have demonstrated quadriceps
weakness as early as 6 months after ACLR,21-23,27 which
has been shown to persist as long as 7 years postopera-
tively.53 A reduction in quadriceps strength and function
can directly influence the KEM during a jump-landing
task, which may alter knee-joint motion and reduce the
capacity for attenuating forces at the knee.30,50 It is possible
that underlying quadriceps dysfunction is a factor leading
to the lower peak KEM and longer T1r relaxation times for
the LTC in the ACLR limb. This hypothesis is consistent
with previous research that demonstrated that less quad-
riceps strength was significantly associated with longer
T1r relaxation times at 6 months postoperatively.39 A
reduction in peak KEM during a jump-landing task can

Figure 2. Scatterplots of significant associations between variables of mechanical loading during jump landing and T1r relaxation
times for specific regions of interest within the tibiofemoral joint. ACLR, anterior cruciate ligament reconstruction; BW, body weight;
h, height; KEM, knee extension moment; LFC, lateral femoral condyle; LTC, lateral tibial condyle; MRI, magnetic resonance
imaging; vGRF, vertical ground-reaction force.
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cause individuals to land with a stiffened knee strategy,
which may shift contact forces to portions of the articular
cartilage that are unaccustomed to such loads. Together,
these findings illustrate the importance of maximizing
quadriceps strength throughout rehabilitation and return
to activity after ACLR, as strength may be critical to pro-
moting proper sagittal plane biomechanics during jump
landing and maintaining long-term articular cartilage
health postoperatively. However, further research is also
needed to determine whether underlying issues such as
pain and joint effusion as a result of early cartilage altera-
tions may inhibit quadriceps strength and function, leading
to alterations in jump-landing biomechanics commonly
observed after ACLR.

The findings of the current study provide a novel insight
into the association between jump-landing biomechanics
and changes in articular cartilage composition 12 months
postoperatively. However, there are limitations that need
to be considered when interpreting these results. We chose
to only evaluate individuals with unilateral ACLR; there-
fore, further research may be warranted to examine the
relationship between mechanical loading during dynamic
movements and articular cartilage health in individuals
with multiple ACL injuries, as well as individuals with
injuries to the contralateral limb. Furthermore, we did not
evaluate the effects of a concomitant bone bruise on the T1r
relaxation times for these individuals, and we did not
account for differences in treatment strategies (ie, menis-
cectomy vs repair) for concomitant meniscal or chondral
injuries, which may warrant further exploration. Future
research should also evaluate associations between limb
symmetry indices in both jump-landing outcomes and T1r
relaxation times.

In addition, the current study evaluated outcome mea-
sures at 12 months postoperatively. Future longitudinal
studies are needed to determine if this relationship
between jump-landing biomechanics and T1r relaxation
times may assist in predicting which individuals will go
on to develop radiographic PTOA after ACLR. Similarly,
because of the cross-sectional nature of the current study,
we did not acquire baseline preinjury T1r MRI data for
these individuals. As previous research has demonstrated
that the injured and uninjured limbs undergo composi-
tional changes after ACLR,33 normalization of T1r MRI to
the uninjured limb provided an estimate of differences in
composition of the injured limb in addition to changes that
may have occurred in the uninjured limb. For the current
study, we did not evaluate associations between biome-
chanical and T1r MRI outcomes for the superficial and deep
layers of the cartilage separately. Future research should
assess whether the nature of these associations is dictated
by the layer of cartilage that is being evaluated.

The statistically significant associations that were iden-
tified indicate that vGRF and KEM accounted for between
15% and 24% of the variance in T1r relaxation times of the
lateral tibiofemoral compartment, suggesting that the
majority of the variance in articular cartilage T1r relaxa-
tion times of the lateral tibiofemoral compartment is asso-
ciated with variables other than the knee loading outcomes
measured during jump landing. Future research should

seek to determine the other variables associated with artic-
ular cartilage T1r relaxation times in the lateral tibio-
femoral compartment 12 months after ACLR. As with
previous research,52 the longest TSL used for the current
study during T1r MRI acquisition was 40 milliseconds,
which is shorter than were our mean T1r relaxation
times. Future studies with longer TSLs during acquisition
may better estimate the T1r relaxation times of cartilage
with relatively longer relaxation times.

The statistical approach used in the current study was
consistent with that of other rigorous studies1,36,42,44 using
a similar sample size to evaluate a comparable number of
associations between biomechanical outcomes and MRI
outcomes. However, we acknowledge that performing a cor-
rection for multiple comparisons using a smaller sample
size would potentially result in fewer associations present-
ing as statistically significant. Conversely, we note that
utilizing a nonoperative correction for multiple compari-
sons with a small sample size may also increase the risk
of an underpowered assessment of these associations and,
therefore, an increased risk for type 2 error. Therefore, the
findings from the current study should be considered
hypothesis generating and justify the need for future stud-
ies to confirm these findings using larger sample sizes and
more conservative statistical approaches.

CONCLUSION

This study demonstrated that greater ACLR limb peak
vGRF and lower peak KEM during jump landing were asso-
ciated with longer T1r relaxation times in the articular
cartilage of the LFC and LTC at 12 months postoperatively.
These findings provide evidence that jump-landing biome-
chanics early after ACLR are related to compositional
changes within the tibiofemoral articular cartilage, which
may be associated with tissue health and PTOA develop-
ment. Interventions that seek to reduce peak vGRF and
increase peak KEM during jump landing may be important
for maintaining long-term articular cartilage health.
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