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Abstract

Background—Articular cartilage of young healthy individuals is dynamic and responsive to
loading behaviors. The purpose of this study was to evaluate the relationship of cartilage Ty, and
T, relaxation times with loading kinetics during jumping tasks in healthy young individuals.

Methods—~Fourteen healthy subjects underwent: 1) motion analysis while performing a
unilateral hopping task and bilateral drop jumping task; and 2) quantitative imaging using a 3
Tesla MRI for Ty, and T relaxation time analysis. Three dimensional net joint moments and
angular impulse was calculated using standard inverse dynamics equations. Average Ty, and T
relaxation times and medial-lateral ratios for each were calculated. Multiple regression was used to
identify predictors of cartilage relaxation times.

Findings—Auverage knee flexion moment during hopping was observed to best predict overall
T, (R2=.185) and T, (R?=.154) values. Peak knee adduction moment during a drop jump was the
best predictor of the T, medial-lateral ratio (R2=.220). The T, medial-lateral ratio was best
predicted by average internal rotation moment during the drop jump (R?=.174).

Interpretation—These data suggest that loads across the knee may affect the biochemistry of the
cartilage. In young healthy individuals, higher flexion moments were associated with decreased
T1p and T values, suggesting a potentially beneficial effect. The medial-to-lateral ratio of T, and
T, times appears to be related to the frontal and transverse plane joint mechanics. These data offer
promising findings of potentially modifiable parameters associated with cartilage composition.
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1. Introduction

Osteoarthritis (OA) is a degenerative disease that is characterized by cartilage thinning and
compositional changes. It is estimated that 20 million individuals in the United States are
living with the disease with an annual cost of over 15 billion dollars (Jackson et al., 2001;
Lawrence et al., 1998) and that 20-35% of individuals 60-64 years old will develop knee
OA over the next 10 years. (Holt et al., 2010).

Of particular interest to OA research is the external knee adduction moment (KAM) which
has been found to be elevated in subjects with the disease.(Astephen et al., 2008; Gok et al.,
2002) The KAMis a kinetic variable that describes the frontal plane torque about the knee
joint. Approximately half of the variability in KAMis explained by the tibiofemoral
mechanical axis (Hurwitz et al., 2002), and the other half is related to dynamic variables of
loading. While average and peak KAM have been found to be associated with OA to
varying degrees, Thorp and colleagues (Thorp et al., 2006) have suggested that knee
adduction angular impulse is amore sensitive Kinetic variable at identifying early OA.

Several studies have investigated the relationship of KAM and angular impulse to
morphological characteristics of cartilage in healthy and OA subjects. (Creaby et al., 2010;
Jackson et al., 2004; Koo and Andriacchi, 2007; Vanwanseele et al., 2010) While Jackson
and colleagues (Jackson et al., 2004) reported no relationship between peak KAM and
cartilage thickness in healthy females, Koo and Andriacchi (Koo and Andriacchi, 2007)
reported a significant positive correlation between peak KAM during gait and the medial-
lateral cartilage thickness ratio (M/L ratio) in both the femur and tibia in healthy young
males. Two recent studies reported that KAM is not related to cartilage volume, thickness or
the medial-lateral thickness ratio in subjects with OA. (Creaby et al., 2010; Vanwanseele et
al., 2010). However, one of these studies did observe a significant relationship between the
knee adduction angular impulse and the medial-lateral thickness ratio of femoral cartilage.
(Vanwanseele et al., 2010).

Additional studies have reported that KAM is related to other markers of OA pathology
including medial meniscus tears (Davies-Tuck et al., 2008) and cartilage defects.(Creaby et
al., 2010) Kinematic and kinetic patterns, such as KAM, during functional tasks such as gait
and jumping are remarkably consistent within individuals and have been found to be very
reliable from session to session making them appropriate for these types of investigations
(ICC’s: 0.872-0.959 in the sagittal plane, and 0.675-0.860 in the frontal plane).
(Birmingham et al., 2007; Milner et al., 2011) However, one possible limitation from each
of these studies is that all have limited their investigation to frontal plane knee kinetics
during gait, when loading events are relatively small. Perhaps stronger relationships would
be observed during more dynamic tasks such as running or jumping when the moments
across the knee joint are much larger, and include knee flexion moments as well as
transverse plane moments. Taken together, biomechanical variables such as KAM and knee
adduction angular impulse appear to play a role in cartilage morphology, but further work is
required to clarify the relationship.

One possible explanation for this uncertainty, particularly in the healthy cohorts, is that
morphological degeneration is a fairly late-stage characteristic of OA. Recent MRI
advancements have the potential to identify early biochemical changes in the cartilage
composition such as subtle changes in proteoglycan content, collagen organization and
tissue hydration prior to thickness changes, and include Ty, T, relaxation time mapping,
and delayed gadolinium enhanced MRI of cartilage (lGEMRIC).(Bashir et al., 1997;
Regatte et al., 2006; Stahl et al., 2009) Ty, relaxation time mapping, or spin-lattice
relaxation in the rotating frame, probes the interaction of protons with the macromolecular
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environment, primarily proteoglycans. Loss of proteoglycan within the cartilage matrix has
been reported as the first changes in cartilage degeneration (Aigner et al., 2006), which
results in increased Ty, relaxation times. T, relaxation time mapping, or spin-spin relaxation
is associated with tissue hydration and collagen anisotropy. In early OA, the tissue increases
in water content and the collagen becomes disorganized, both of which result in an elevated
T relaxation time. Acute loading of cartilage has a direct influence on both Ty, and T,
relaxation times in healthy and OA subjects (Souza et al., 2010a), and experimental varus
loading has been shown to significantly reduce medial compartment T, times in porcine
knees. (Shiomi et al., 2010) However, very few studies have investigated the influence of
loading behaviors on these imaging parameters, and no studies to date have evaluated the
relationship of knee kinetics during dynamic tasks with advanced quantitative MRI
relaxation time mapping of cartilage.

Therefore the purpose of this study is to evaluate the relationship of cartilage T;, and T,
relaxation times of the knee with loading kinetics in healthy young individuals during
hopping and jumping tasks. We hypothesize that knee kinetics will be predictive of cartilage
relaxation times, indicating that the biochemical structure of the knee articular cartilage
potentially reflects the magnitude of loads generated across the knee joint during dynamic
tasks.

2. Methods
2.1. Subjects

A total of 28 knees from 14 young healthy subjects were included in the current study
(Table 1). All subjects were recreationally active. Subjects were recruited from the student
population at the University of California, San Francisco.

Exclusion criteria included: 1) current hip, knee, or ankle symptoms (pain, swelling, etc.); 2)
history of knee surgery; 3) history of injury to knee ligaments or menisci; 4) change in
physical activity levels over the preceding 3 months prior to data collection; 5) any
neurologic or vestibular disorders that would influence the subjects ability to perform
hopping or jumping tasks; and 6) implanted biological devices that could interact with the
magnetic field (i.e. pacemakers, cochlear implants, or ferromagnetic cerebral aneurysm

clips).

2.2. Procedures

All subjects participated in two separate data collection sessions (Fig. 1). First, subjects
underwent functional movement testing including a fixed-frequency hopping task and a
fixed-height drop jump task. Next, on a separate day, MR imaging to assess knee cartilage
relaxation times was performed. Data collection sessions were separated to avoid the acute
effects of activity on relaxation time mapping which has been reported in the literature.
(Luke et al., 2010) Furthermore, subjects were instructed to perform “usual” physical
activity on the day prior to MRI acquisition and to refrain from any physical activity (aside
from walking) during the day of MRI acquisition, and all scans were performed in the
morning on the day of data collection to control for the diurnal effects of loading on
cartilage relaxation times. Motion analysis testing was performed at the Human Performance
Center at UCSF’s Orthopaedic Institute, and imaging was performed at the Department of
Radiology and Biomedical Imaging MRI facilities at the University of California, San
Francisco. Prior to testing, all procedures were explained and each subject signed a human
subject’s consent form as approved by the Committee on Human Research at the University
of California, San Francisco. After agreeing to participate, subject age, height and weight
were recorded.
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2.2.1. Kinematic evaluation—Three-dimensional motion analysis was performed using
a computer-aided video motion analysis system (Vicon, Oxford Metrics LTD. Oxford,
England). Retro-reflective marker coordinate data were sampled at 250 Hz and used to
quantify lower extremity kinematics. Ground reaction forces were obtained using two AMTI
force plates (Model #OR6-6-1, Newton, MA) at a rate of 1000 Hz. Net joint moment were
calculated using standard inverse dynamics equations in Visual 3D software(C-Motion,
Rockville, MD).

Calibration markers were placed bilaterally on the greater trochanters, medial and lateral
femoral epicondyles, medial and lateral malleoli, and 1st and 5th metatarsal heads, in order
to locate the segment origins. In addition, clusters of rigid reflective tracking markers were
securely placed bilaterally on the lateral surface of the subject’s thighs, legs and heel shoe
counters. Additional tracking markers were placed on each anterior superior iliac spine, iliac
crest, and the Lg/Sq inter-spinous space. Once the markers were placed, a standing trial was
collected. After a standing trial, the calibration markers were removed. The tracking markers
remained on the subject for the remainder of the motion analysis collection session.

All subjects performed two tasks: 1) a 1.67 Hz hopping task, and 2) a 30.5 cm drop jump
task. First, for the hopping task, subjects were positioned on the force platform and
instructed to continuously hop on their left lower extremity. They were instructed to “clear
your foot” on each successive hop and remain within the boundaries of the force platform
(51 cm longx46 cm wide). Tempo was regulated via a digital metronome. Once the subject
reached a steady pace of hopping that matched the metronome beats, data were collected for
20 successive hops. A successful hop was considered one in which the foot of the subject
landed completely within the boundary of the force platform, followed by the foot
completely leaving the force platform(as measured by the ground reaction forces). Three
trials of 20 hops were acquired on each leg.

Next, subjects performed a drop jump task as described by Pollard and colleagues.(Pollard et
al., 2006) Each subject started from a standing position on a 30.5 cm platform and was
instructed to drop onto 2 force plates (1 for each foot) with both feet simultaneously and
upon landing, immediately jump upward as high as possible. Four trials of data were
collected for each subject.

2.2.2. Magnetic resonance imaging—Imaging was performed on both knees of each
subject using a 3 T GE MR scanner (Signa HDx, General Electric, Milwaukee, WI) and an
8-channel phased-array knee coil. The following image sequences were acquired: 1)
morphological images: 3D sagittal high-resolution fat-saturated spoiled-gradient echo
images (SPGR): TR: 20.1 ms, TE: 5.9 ms, FOV: 140mm, matrix: 512x512, slice thickness:
2 mm; 2) sagittal Ty, relaxation time mapping images based on spin-lock magnetization
preparation followed by 3D SPGR acquisition(Li et al., 2004): time of spin-lock: 0, 10, 40,
80 ms, spin-lock frequency: 500 Hz, TR: 9.1 ms, TE: 3.3 ms, magnetization recovery time:
1500ms, FOV: 140mm, matrix: 256x192, slice thickness: 4 mm; and 3) sagittal T,
relaxation time mapping images based on MLEV magnetization preparation followed by 3D
SPGR acquisition(Li et al., 2009): parameters were identical to Ty, parameters with the
exception of preparation TEs: 2.8, 13.2, 23.7, 44.5 ms.

Subjects were positioned in the MR scanner in a supine position. The left knee was
positioned in a phased-array knee coil and supported with cushions to prevent movement.
High-resolution SPGR, Ty, and T, mapping sequences were acquired. All procedures were
repeated on the subjects’ right knee. Total imaging time for bilateral knees was
approximately 50 minutes.
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2.3. Data analysis

Reflective markers were labeled manually within the VICON Nexus software and then
imported into Visual 3D software to quantify three-dimensional kinetics using standard
inverse dynamics equations. The kinetic variables of interest were peak and average external
net joint moments and angular impulse at the knee in the sagittal, frontal and transverse
planes during the stance phase of both the hopping task and the drop jump task. The stance
phase was identified by the presence of a ground reaction force from the force plate data.

Relaxation time maps were calculated on a voxel-by-voxel basis using established fitting
routines.(Li et al., 2007) Cartilage segmentations were performed on downsampled
registered high-resolution SPGR images and overlaid on the relaxation time maps for
quantification. Five cartilage plates were segmented: medial and lateral femoral condyles,
medial and lateral tibiae, and patella. The data was reduced by evaluating two separate
dependent variables for each relaxation time map: 1) Pixel-weighted average Ty, or T, time
across all compartments expressed in ms, and 2) Ty, or T, medial-lateral (M/L) unitless
ratio which was calculated as: (average medial femoral cartilage+ average medial tibia
cartilage) / (average lateral femoral cartilage+ average lateral tibia cartilage).

2.4, Statistical analysis

The relationships of kinetic variables and MRI relaxation time variables were explored using
a linear univariate regression. Any kinetic variables that revealed a significant relationship to
cartilage imaging variables, as well as gender, age, and BMI were entered into a step-wise
multiple regression to determine the best predictors of cartilage relaxation times. All
statistics were performed in SPSS with p<0.05.

3. Results

Average and standard deviations for all kinetic variables for both tasks are presented in
Table 2. Overall Ty, or T, relaxation times for each knee included in the study are presented
in Fig. 2b & c. The average time between MRI and motion analysis acquisition was 15 days
with a range between 1 and 66 days.

3.1. Overall Typ relaxation times

Significant correlations were observed between overall average Ty, times and 1) average
knee flexion moment during hopping and 2) peak knee valgus moment during the drop
jump. (Table 3). When these variables were entered into a stepwise regression model along
with age, gender, and BMI, two significant models were identified as being significant
predictors of overall Ty, values: 1) average knee flexion moment during hopping and 2) a
combination of average knee flexion moment during hopping and peak knee valgus moment
during the drop jump (Table 4).

3.2. T1p MIL ratio

Significant correlations were observed between the M/L ratio of Ty, times and the peak knee
adduction moment during the drop jump, average frontal plane knee moment during the
drop jump, and impulse in the sagittal plane during the drop jump. Stepwise multiple
regression identified peak knee adduction moment as the only predictor of the T,, M/L ratio
(Table 4, Fig. 2).

3.3. Overall T, relaxation times

A significant correlation was observed between overall T, values and average knee flexion
moments during hopping (Table 3). When this was entered into a stepwise multiple
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regression along with age, gender and BMI, two models were identified as being significant
predictors of overall T, relaxation times: 1) average flexion moment during hopping, and 2)
a combination of average flexion moment during the hopping and gender (Table 4).

3.4. To MIL ratio

With regard to the T, M/L ratio, a significant correlation was identified with average
internal rotation moments during the drop jump (Table 3). Regression model identified the
average internal rotation moment during the drop jump as the only significant predictor of
the T, M/L ratio (Table 4).

4. Discussion

This study explored relationships between MR variables of knee cartilage biochemistry and
loading variables during jumping tasks to determine if movement strategies would be
predictive of cartilage composition. We observed significant relationships between several
loading variables and tissue relaxation times in a cohort of young healthy individuals. These
data offer promising findings of potentially modifiable variables associated with cartilage
biochemistry.

Greater sagittal plane loading during hopping was associated with lower Ty, values in our
cohort. The single best predictor of overall Ty, relaxation times was the average knee
flexion moment during hopping. The repeated hopping task allows subjects to utilize various
movement strategies to accomplish the desired result and requires a combination of hip
extension, knee extension, and ankle plantarflexion effort. Previous literature has shown that
differences in these movement strategies exist in the young active population and may be
related to overuse injuries.(Souza et al., 2010b) We observed that subjects that loaded their
knee more, both in the sagittal and frontal plane (valgusmoment), during hopping tended to
have lower Ty, values. As Ty, relaxation time has been linked to proteoglycan content in
articular cartilage (Li et al., 2010; Wheaton et al., 2005), this would suggest that those
individuals with higher loading in the sagittal plane have greater amount of proteoglycan,
which may be protective against cartilage degeneration.

Consistent with Koo and Andriacchi (Koo and Andriacchi, 2007), we observed a significant
relationship between the peak KAM and MRM/L ratio variables. While these authors and
other investigators have previously reported correlations of varying strength (R2=0.04 - 0.4)
between KAM and the M/L cartilage thickness ratio during walking, (Koo and Andriacchi,
2007; Vanwanseele et al., 2010) we observed a similar relationship (R?=.22) between KAM
and Ty, M/L relaxation time ratio during a jumping task. Interestingly, the previous studies
data showed that a larger adduction moment was associated with thicker medial cartilage
compared to the lateral side, suggesting that the increased load on the medial compartment
from the adduction moment is associated with a hypertrophic or perhaps a swelling
response. Similarly, our data shows elevated Ty, values in the medial compartment
compared to the lateral compartment in subjects that generated greater adduction moments —
indicative of lower protoeoglycan content and potentially poorer ability to withstand
compressive loads. It is important to reiterate that this relationship was observed between
cartilage composition and a jumping task — something that, while repeatable and consistent,
is performed at a much lower frequency than loading events during walking. Further
research should expand this analysis to include more habitual loading patterns such as
walking to evaluate if an even stronger relationship is observed. Nonetheless, these data
show that loading strategies during dynamic tasks are significantly related to articular
cartilage metrics.
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Similar to overall Ty, relaxation times, overall T times were found to be related to sagittal
plane moments during dynamic tasks. Specifically, an increased knee flexion moment
during hopping was found to be associated with lower T, values. T, times have been related
to collagen content and organization (Xia, 1998) and are observed to be elevated in subjects
with OA (Li et al., 2007; Stahl et al., 2007), suggesting again that increased loading in the
sagittal plane is associated with denser, more organized cartilage composition in young
active adults. A second model was identified for overall T, times which included gender as
an additional predictor along with knee flexion moment during hopping. These are
interesting findings as a gender predisposition for OA has been previously identified (Jiang
et al., 2011) and warrants further investigation. However, the current study with its limited
sample size is unable to make appropriate gender comparisons.

With regard to the T, M/L ratio, it was observed that the average transverse plane moment
during the drop jump task was the only significant predictor of cartilage relaxation times.
This may suggest that collagen organization is related to rotational or shear forces during
functional tasks.

Taken together, the results of the current study suggest that loading strategies during
hopping and jumping tasks, even those performed occasionally are significantly associated
with articular cartilage composition of the knee. However, it should be stressed that on
average, only ~25% of the variability in MR relaxation times of cartilage were explained by
knee kinetic variables during jumping tasks. This implies that 75% of the variability is
related to other variables such as structural characteristics and very likely genetic make-up.
Nonetheless, these data offer a promising source of potential intervention as loading
behaviors have been reported to be modifiable through various strategies. (Noehren et al.,
2010; Snyder et al., 2009) If these data, along with findings from habitual tasks such as
walking, can identify movement patterns as being either injurious or protective of cartilage
degeneration, clinicians can use this information to develop retraining and strengthening
protocols to optimize cartilage health in young adults and prevent or slow cartilage disease
in patients with OA.

Knee impulse in any plane was not observed to be a significant predictor in the current
study. While reported to be a more sensitive predictor of cartilage degeneration than KAM
(Thorp et al., 2006), it does not appear to be a significant predictor of cartilage relaxation
timing in young healthy adults. Additionally, with the exception of a relationship between
gender and overall T, values, demographic variables of age, gender and BMI were not
identified as predictors of cartilage relaxation times. However, given the homogeneous
nature of the sample of young healthy subjects, this is not surprising and is more likely a
reflection of the sample selection. Future studies should continue to consider these variables
as each have been clearly linked to cartilage disease in previous publications. (Jiang et al.,
2011)

Several limitations need to be noted with regard to the current study. First, we investigated
two specific jumping tasks, which may or may not be common tasks for our subjects. All of
our subjects were noted to be recreationally active, but no information of type of activities
performed was recorded. Additionally, while all subjects reported being recreationally
active, we did not gather information about habitual volume of activities performed. It is
likely that subjects that performed several hours of activity per day during development
would have different cartilage composition that subjects that were relatively sedentary.
Another potential limitation is that the MRI and motion analysis collection sessions were not
performed in immediate succession, with an average of about 2 weeks between sessions.
However, as all of these subjects were young and healthy and none sustained injuries during
this time, our experiences with longitudinal data on healthy controls suggests that this time
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lapse would not result in significant change in cartilage relaxation times. Next, we chose to
only report overall relaxation times and compartmental ratios. While several significant
relationships were observed between specific cartilage plates and loading kinetics, we chose
to take a conservative approach in this first investigation in this area as we did not want to
increase our type | error for correlation analysis. Clearly, specific cartilage plates that are
prone to cartilage disease (medial tibia, patella) should be looked at individually in future
investigations. Finally, as noted above, significant limitations are linked to our study sample.
Our small cohort had a very narrow age range and these data are undoubtedly not
generalizable to older or younger populations. Nonetheless, these data offer preliminary
findings that should be verified through larger studies with sufficient power to evaluate
additional variables such as age, gender, and BMI to determine the unique contribution of
loading kinetics to cartilage relaxation times.

The clinical implications of these data are promising but far too preliminary to substantiate
firm conclusions. While we observed that in young healthy subjects, Ty, and T, values
varied significantly between individuals — 30-35% of the average relaxation time —
additional studies are needed to clarify these findings. It may be that individuals that
produce large sagittal plane loads during dynamic tasks have a more densely rich cartilage
matrix (higher proteoglycan and collagen content) as indicated by the observed lower Ty,
and T values. If this were true, it may lead to health and wellness centers offering jumping
re-education programs, similar to those offered for ACL injury prevention strategies in
young athletes. However, further work, including the evaluation of other more habitual
loading tasks such as walking are needed to fully understand the relationship between
loading mechanics and cartilage biochemical structure.

In summary, these data suggest that higher loads across the knee are significantly related to
composition of the articular cartilage. In young healthy individuals, increased flexion
moments during hopping were associated with decreased Ty, and T, values, suggesting a
beneficial effect in this cohort. Additionally, the medial-to-lateral ratio of Ty, and T times
appears to be related to the frontal and transverse plane joint mechanics. These data offer
promising findings of potentially modifiable determinants of cartilage biochemistry.
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Fig. 1.
Photo of a subject performing a hopping task (a), the reconstructed skeleton from motion
analysis data (b), and photo of MRI acquisition set up (c).
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T, time (ms)

Relationship between peak knee adduction moment (KAM) during a drop jump and Ty,
medial-lateral (M/L) ratio (a), and average knee flexion moment during hopping and Ty, (b)

and T times (c).
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Table 1

Subject characteristics.

Demographics

Gender 7 males, 7 females
Age mean (SD)  22.7 (3.3) years
BMI mean (SD)  22.1 (2.3) kg/m?
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Table 2
Kinetic Variables.
Kinetic Variable Average Standard Deviation
Hopping
Average Flexion Moment (Nm/kg) 1.29 0.22
Peak Flexion Moment (Nm/kg) 2.78 0.63
Average Ab/Adduction Moment (Nm/kg) 0.39 0.32
Peak Adduction Moment (Nm/kg) 0.85 0.53
Average Internal /External Rotation Moment (Nm/kg)  0.32 0.13
Peak Internal Rotation Moment (Nm/kg) 0.71 0.32
Sagittal Plane Impulse (Nm*s/kg) 0.52 0.09
Frontal Plane Impulse (Nm*s/kg) 0.13 0.11
Transverse Plane Impulse (Nm*s/kg) 0.12 0.04
Drop Jump
Average Flexion Moment (Nm/kg) 1.15 0.22
Peak Flexion Moment (Nm/kg) 2.09 0.46
Average Ab/Adduction Moment (Nm/kg) —-0.06 0.17
Peak Abduction Moment (Nm/kg) -0.45 0.22
Peak Adduction Moment (Nm/kg) 0.27 0.16
Average Internal /External Rotation Moment (Nm/kg) —0.04 0.11
Peak Internal Rotation Moment (Nm/kg) -0.34 0.18
Peak External Rotation Moment (Nm/kg) 0.22 0.16
Sagittal Plane Impulse (Nm*s/kg) 0.54 0.19
Frontal Plane Impulse (Nm*s/kg) 0.02 0.08
Transverse Plane Impulse (Nm*s/kg) 0.02 0.06
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Correlation analysis of MR relaxation times (only significant relationships shown).

Table 3

MR variables

Kinetic variables

Univariate Analysis

Overall Ty,

T1,MIL ratio

Overall T,
T,MIL ratio

Average flexion moment during hopping
Peak abduction moment during a drop jump
Peak adduction moment during a drop jump
Average frontal moment during a drop jump
Sagittal plane impulse during drop jump
Average flexion moment during hopping

Average rotational moment during a drop jump

—.430
377
470
414
449

—.395
418
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Table 4
Regression analysis of MR relaxation times.

MR variable  Regression model R2value Beta P-value

Overall Ty,  Average knee flexion moment during hopping ~ .185 430 0.022
Average knee flexion moment during hopping 321 423 0.008
+Peak abduction moment during a drop jump .368

T, M/IL Average knee flexion moment during hopping .156 .395 0.037
Average knee flexion moment during hopping .394 .826 0.002
+Gender .650

Overall T, Peak adduction moment during a drop jump .220 470 .012

T, M/L Average rotational moment during a drop jump  .174 418 .027
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