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Abstract

PURPOSE—To identify focal lesions of elevated MRI T and Ty, relaxation times in articular
cartilage of an ACL-injured group using a novel cluster analysis technique.

MATERIALS AND METHODS—Eighteen ACL-injured patients underwent 3T MRI T, and Ty,
relaxometry at baseline, six months and one year and six healthy volunteers at baseline, one day
and one year. Clusters of contiguous pixels above or below T, and Ty, intensity and area
thresholds were identified on a projection map of the 3D femoral cartilage surface. The total area
of femoral cartilage plate covered by clusters (%CA) was split into areas above (%CA+) and
below (%CA-) the thresholds and the differences in %CA(+ or =) over time in the ACL-injured
group were determined using the Wilcoxon signed rank test.
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RESULTS—%CA+ was greater in the ACL-injured patients than the healthy volunteers at six
months and one year with average %CA+ of 5.2 + 4.0% (p=0.0054) and 6.6 + 3.7% (p=0.0041)
for T, and 6.2 £ 7.1% (p = 0.063) and 8.2 + 6.9% (p = 0.042) for Ty, respectively. %CA- at six
months and one year was 3.0 £ 1.8% (p > 0.1) and 5.9 £ 5.0% (p > 0.1) for To and 4.4 £ 4.9% (p >
0.1) and 4.5 + 4.6% (p > 0.1) for Ty, respectively.

CONCLUSION—With the proposed cluster analysis technique, we have quantified cartilage
lesion coverage and demonstrated that the ACL-injured group had greater areas of elevated T, and
T, relaxation times as compared to healthy volunteers.

Keywords
quantitative MRI; cartilage; knee; ACL-injury; projection maps; cluster analysis

INTRODUCTION

Anterior cruciate ligament (ACL) ruptures have an annual incidence of 100,000 to 200,000
in the U.S. in individuals between 15-45 years old and have been shown to increase the risk
of osteoarthritis (OA)}2. Radiographic OA develops in as many as 50% of ACL-injured
knees 10 to 20 years after reconstructive surgery and can only be detected once gross
morphological abnormalities have occurred3-6. Ideally we would detect OA earlier in the
disease process when treatments will likely be more effective. One early characteristic of
OA is the depletion and disorganization of the articular cartilage extracellular matrix
macromolecules, therefore, imaging techniques have been proposed and developed to detect
these changes’~11. Changes in quantitative MRI parameters have been shown at six months
and one-year post ACL injury?!, making this population important for developing
quantitative measures sensitive to these pre-radiographic OA matrix changes.

Advanced MRI techniques offer quantitative assessment of macromolecular changes to the
cartilage matrix’~11. T, and Ty, relaxation time mapping have demonstrated some ability to
track cartilage quality and have been used to study OA%-13. T, measures the transverse
relaxation time and is used to assess the water and collagen content in the cartilage141518.19
while Ty, or relaxation in the rotating frame, probes the slow-motion interaction between
the motion-restricted water molecules and large macromolecules and is used to assess
glycosaminoglycan (GAG) content®12:13.17 Both relaxation parameters have been shown to
increase in the ACL-injured population, 1-2 years after reconstructive surgery20-22,

Previous studies have shown great potential for using quantitative imaging measures to track
cartilage health but technical challenges still limit their widespread adoption. Existing
segmentation techniques are time-consuming and often prevent use of all of the data. As a
result, most studies, especially for 2D imaging, examine only a single slice from the lateral
and medial compartments of the knee, often neglecting the trochlear region2324, The choice
of slice and definition of sub-regions within each slice varies across investigations, making it
hard to compare data across time points or between studies. Averaging within regions or
entire segmented slices is another common practice that leads to loss of spatial localization.
Magic angle effects?® cause increased T in the posterior condyles and trochlear region and
can erroneously increase the mean of a region if not considered. If areas of increased T»
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relaxation time due to magic angle effects are included in one groups ROI and not another,
reported means cannot be compared. Analysis methods that include the whole 3D dataset
and take into consideration magic angle effects will allow for identification of focal defects
and better comparisons over time and across populations.

Few studies implement advanced processing techniques that look at the heterogeneity of the
cartilage quantitative data, full 3D analysis as well as registration for within population and
across time-point comparisons. Texture, laminar and Z-score analyses have been used to
examine the spatial distribution and heterogeneously quantitative data within the cartilage,
showing that the natural heterogeneity of quantitative T, and Ty, values in healthy cartilage,
typically increases with OA26:27.28-32 These processing techniques have shown promise but
to date few investigations look at the full cartilage plate, therefore missing important regions
of degeneration, such as the trochlea3%:33. One challenge to carrying out 3D comparisons is
the registration of data between time-points and individuals. One group has proposed a
voxel-based relaxometry technique33 that addresses this issue. This approach was shown to
be more sensitive to local patterns in Ty, relaxation time than traditional ROI-based
approaches. Another potential approach, which has been used to study variations in 3D
cartilage thickness343%, is to use projection maps; these maps could also be used for
registration between time-points and for isolating heterogeneity and focal defects. Capturing
as much information about pathological changes and improving the detection of these
changes is very important for identifying early cartilage degeneration and monitoring
therapy.

Focal defects in cartilage are an important pathological change in OA that has received
relatively little attention in the quantitative cartilage MRI literature; most work to date has
reported mean changes or general heterogeneity. This is important because we know that
later in the OA disease process both general cartilage thinning and focal defects are
observed3®, The aim of this work was therefore to develop a new cluster analysis method
that identifies focal cartilage lesions and evaluate it as a method to identify differences in 3D
T2 and Ty, relaxation time mapping data between ACL-injured and healthy individuals.

METHODS

Study Population

All scans were performed in the sagittal plane using two MR750 3T scanners (GE
Healthcare, Waukesha, WI) and a volume-transmit, 8 channel-receive knee coil (Invivo Inv.,
Gainesville, FL). Eighteen ACL-injured patients were scanned at baseline (8-87 days post-
surgery), six months post baseline and one-year post baseline3’. Six healthy volunteers were
scanned at baseline, one-day post baseline, and one-year post baseline to determine the
reproducibility of the technique and to set the thresholds used for comparing groups. A
radiologist with seventeen years of experience (GEG) excluded any healthy volunteer with
cartilage defects. Informed consent was obtained and the study was conducted in accordance
with the guidelines of the institutional review board.
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Imaging Protocol and Quantitative Mapping

Ty, relaxation times were estimated using a Ty, magnetization-prepared pseudo-steady-state
3D fast spin echo (FSE) sequence (CubeQuant)38. Acquisition parameters: 500 Hz spin-lock
pulse frequency, repetition time (TR) = 1228 ms, 90° flip angle, partial A-space acquisition
using 0.5 averages, a resolution of 0.5 mm x 0.625 mm x 3 mm, 62.5kHz bandwidth, four
spin-lock time (TSL) durations of 1 ms, 10 ms, 30 ms, and 60 ms, and a total scan time of
5:49 min. Ty, relaxation time mapping was carried out by doing a pixel-wise mono-
exponential fit to the series of varying TSL images using the equation S(TSL) ~ exp(-TSL/
T1p) within packaged freeware (OsiriX, Pixmeo Sarl, Bern, Switzerland)3°.

T, relaxation times were estimated using a modified, quantitative 3D double-echo in steady-
state sequence (DESS) technique®C. 3D DESS is an established T, mapping sequence used
and validated in numerous studies?440:41.42  The sequence acquired an echo on either side of
an unbalanced spoiler gradient. The first echo has T1/T, contrast (S) and the second (S7)
has T, and diffusion contrast. The sequence was run twice in succession, first with a small
diffusion spoiler gradient area (34.66 ms*mT/m on all three axes) and a large flip angle
(35°) (DESS Low/S;), and second with a large diffusion spoiler gradient area (138.4
ms*mT/m on all three axes) and small flip angle (18°) (DESS Hi/S,). This results in four
images per subject. Specific parameters include: echo times (TE1) of 9 ms (S*) and TE2 of
43 ms (S7) (TEZ2 is the time between the RF pulse from the prior repetition and the echo
signal), TR = 26 ms, 1 average, a resolution of 0.625 mm x 0.62 mm x 3 mm, a bandwidth
of 32.5kHz and a total scan time of 9:40 min (for both scans). We determined the T,
relaxation time in a voxel-wise manner using three calculated signal ratios (S17/S1*, So7/S,*,
and S1%/S,%) and a dictionary created based on the signal model proposed by Wu and
Buxton?2. The dictionary was created once for specified imaging parameters, a range of
possible T1 and T» relaxation times and apparent diffusion coefficients (processing time: <
1min). It was then searched for the T, relaxation time that minimizes the sum of squared
error between the three signal ratios of the measured and modeled values. This analysis was
carried out using a custom plugin (OsiriX).

MRI Post-processing

Registration—Many of the sagittal scans acquired had some degree of femoral internal or
external rotation, which creates difficulties in registration between time points. Therefore,
the 3D image data was reformatted to create registered, anatomically based sagittal images.
To accomplish this, a line was drawn through the most posterior points of the medial and
lateral femoral condyles. The plane perpendicular to this line was considered the
anatomically based sagittal plane. The images were reformatted in OsiriX into this new
plane using cubic-spline interpolation (Fig. I-ii).

A custom software package (Matlab, the Mathworks, Natwick, MA) was developed to carry
out the modules below:

Segmentation—Slice-by-slice manual segmentation was performed on the T;-weighted
images with spin-lock time (TSL = 10ms) and on the mean of the magnitude DESS Low
images (segmentation time: ~90min/knee). These images provided the best anatomic
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contrast for segmentation. Binary masks created from the segmented data were
superimposed onto their respective parameter maps for the extraction of the full volume
quantitative T and Ty, relaxation times (Fig. I-iB). Some ACL-injured patient data had
metal artifacts due to surgical hardware; in such cases, special care was taken during
segmentation to ensure that the distance to the artifact was sufficient and no signal void or
pileup was captured (Fig. I-iii).

Projection Map—Projection maps were created for visualization and subsequent cluster
analysis. First, the bone-cartilage interface was extracted from each segmented slice and
collapsed into a single sagittal plane. A circle was fit to the data using a least-squares
approach and the center and radius of this circle were used to create a cylinder that was fit
through the femoral condyles (Fig. I-iC). In the original segmented data, the most anterior
proximal point was identified in each slice and then rays were drawn at 1° increments from
this point to 245°, thereby creating 245 angular bins (Fig. 1-iC). This range encompasses all
the cartilage across our two groups. Pixel data from cartilage that fell within the bin were
averaged. In the case were pixels fell within multiple bins, an area-based weighted-average
was used. Projection maps were created by plotting angular bin versus slice number (Fig. I-
iD). To obtain isotropic projection maps, interpolation in the slice direction using a 1x10
interpolation factor was performed. A 1x5 low pass, blurring filter was then used to mitigate
the effect of noise in the angular bin direction.

Difference Maps—Difference maps were created by subtracting projection maps at
different time points. Difference maps decreased magic angle effects still present after the
registration step at a band of about +10° degrees around a +54° angle from the static
magnetic field (46° and 144° in the projection maps). Because there were slight differences
in the segmentation of the cartilage edges, any pixel without a corresponding pixel at another
time point were removed by erosion using a 7 pixel wide disk. Metal artifacts were manually
excluded to reduce through-slice signal pile-up or void artifacts.

Cluster Analysis—Cluster analysis was used to identify focal lesions in the cartilage
plates of the ACL-injured group. We classified clusters as either increased or decreased by
setting two thresholds — intensity and size. For both T, and Ty, relaxation times, thresholds
for increased and decreased clusters were set at +2o, where o is the mean standard deviation
of the healthy groups’ difference map (Fig. I11-B). A cluster was defined as a contiguous set
of pixels above or below these thresholds, separated by a maximum of one pixel, corner or
edge wise. A histogram of cluster areas within the healthy subjects for both T, and Ty, was
plotted. Percentile values including 80t, 85t 90t and 95t were explored and we chose to
report clusters above the 85™ percentile (12.4mm?2) as representative of change (Fig. 11-C).
While the selection of a cluster area threshold is somewhat arbitrary, the 85t percentile
appeared to remove noise but still identified focal defects. A metric termed percent cluster
area (%CA) was defined as the percent area of the projection map covered by the identified
clusters. This was further classified into %CA+ and %CA-; %CA+ is the area covered by
clusters with values above the intensity threshold, while %CA- is area covered by clusters
with values below the intensity threshold. %CA+ and %CA- were the primary outcome
measures of this study (Fig. 11-C).
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Statistical Analysis

RESULTS

The %CAs calculated from the one-year difference map of the healthy subjects were
compared to the %CAs calculated from the six month and one-year difference maps of the
ACL-injured subjects. A one-tail, two-sample Wilcoxon signed-rank test was used for
comparing the healthy and ACL-injured subjects while a one-tail, one-sample Wilcoxon
signed-rank test was used for within ACL-injured subject comparisons. We used a one-tail
test because we expect that the %CA’s within the ACL-injured population will be greater
than those observed within the healthy subjects and we expect that these values will increase
over time. This analysis was carried out for both %CA+ and %CA-, of both T, and Ty,
relaxation time values. Statistical significance was set at p < 0.05 and analysis was
performed using packaged software (R package stats, R Foundation for Statistical
Computing, Vienna, Austria). Non-parametric analysis was chosen due to the positive skew
of the patient data (which violates the assumption of normal distribution) and small sample
size.

Short-term (between day 1 and day 2) and long-term (between day 1 and year 1) intra-
subject variability as well as intra- (2 repeats) and inter- (2 observers) observer variability
measurements were performed on the healthy subject data. Using the difference maps, the
pixel-wise and global percent coefficient of variation of the root mean square error
(%CVRrmse)* were calculated.

To quantify all sources of variability and to properly identify their origin, we analyzed two
aspects of intra-session variability: a) consecutive scans without repositioning and b)
intrinsic MRI noise. For the first calculation, five additional healthy subjects were scanned
twice consecutively and using the same segmentation and projection map technique the
%CVRmse Was determined. For the second calculation, we determined the base level
variability introduced to our projection maps due to scanner noise. This consisted of adding
repeated measures of appropriately scaled and correlated noise to our acquired data to
simulate back-to-back scanning without motion or other variations*®. First, noise-only data
was acquired by switching off the RF excitation in the MRI sequence. These acquired data
was used to calculate the covariance matrix that described the Gaussian noise and coupling
between the coil elements. We then synthesized Gaussian noise with the same determined
statistic and added it to our acquired images. For each synthesis, a projection map was
created and the mean CVrmse% was calculated for ten back-to-back pairs.

Sensitivity analysis was performed on the healthy subject data to determine the effects of the
different sizes of the condyles as well as bone shape changes over time. The radius of each
determined best-fit cylinder was varied by £5% and projection maps were created. The
CVRrmse% was then calculated for each change.

Patient Characteristics and Qualitative Comparisons

Fourteen ACL-injured patients (12 male, 2 female, mean age 32.5 + 9.8 years, mean height
=1.77 + 0.1, mean weight = 81.5 + 9.4, mean BMI = 26.1 + 2.7 kg/m?) were included for
the final T, analysis and seventeen ACL-injured patients (13 male, 4 female, mean age 32.9
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+ 9.5 years, mean height = 1.75 + 0.1, mean weight = 82.2 £ 13.4, mean BMI = 26.7 + 4.3
kg/m2) for the final T, analysis. Five healthy volunteer (4 male, 1 female, mean age 26.6
+ 2.4 years, mean height = 1.79 + 0.0, mean weight = 74.5 + 7.6, mean BMI =23.3+ 2.4
kg/m?) were included for the reproducibility measurements, setting the thresholds and the
between group comparisons. One healthy volunteer had to be excluded due to the presence
of a cartilage lesion. Motion artifacts excluded three subjects from the ACL-injured T,
group and incomplete longitudinal data excluded one subject from the Ty, group.

Intra- and inter-observer reproducibility (CVrumsg%)

All intra- and inter-observer mean global reproducibility measures were less that 9%. The
short- and long-term mean intra-subject global CVrpsg% were less than 9% while the intra-
and inter-observer mean global CVrpmse% were less than 6% (Table. ). Mean pixel-wise
CVRrmse% were less than 15% for the short and long-term intra-subject measures, while the
intra- and inter-observer reproducibility were less than 10%.

Intra-session variability

All intra-session variability measures due to consecutive scans and noise were less that 6%
for global CVrMmse% and less than 11% for pixel-wise CVrmse%. The mean pixel-wise
CVRrmse% for consecutive scans of five healthy subjects was 8.3 £ 1.7% for T, and 6.8
+1.1% for Ty, with their corresponding global CVgrmsg% of 4.5 +1.8% for T, and 3.6
+1.7% for Ty, With added MRI noise and the same segmentation applied to the generated
images, the global CVrpsg% was 0.66% and 0.53% and the pixel-wise CVRrmsg% was
2.1% and 1.5%, for T, and Ty, respectively. Simulated cylinder radius changes of up to
+5% resulted in global CVgr\mse% of less than 1%.

Cluster Analysis

The ACL-injured patients had higher %CA+ for both T, and Ty, relaxation times at six
months and one year than the healthy volunteers at one year. Using the healthy volunteer
data, thresholds for %CA+ and %CA- were identified as area greater than 12.4mm? (Fig. Il-
C) and value +/-9.0ms and +/-10.8ms for T, and T, respectively (Figs. 111-B-C and V).
For T», the six-month (p=0.0054) and one year (p=0.0041) %CA+ of the ACL-injured group
were statistically higher than the one-year %CA+ of the healthy group. For Ty, a statistical
significant difference was observed at one-year between the ACL-injured and the healthy
group (p=0.042) (Fig. I1). In the ACL-injured group, there was an increasing trend from six
months to one year, in mean %CA+, for both T; (5.2 + 4.0% t0 6.6 + 3.7%) and Ty, (6.2

+ 7.1% to 8.2 + 6.9%), which, for the number of individuals tested, was not statistically
significant (p > 0.05).

Overall, for the number of individuals tested, no statistically significant differences in %CA
— between the injured and healthy groups (p > 0.1) and over time within the injured group (p
> 0.1) were observed. The T, %CA- of the ACL-injured group at both six months and one
year was comparable to the T, %CA- of the healthy group (mean %CA-: 3.0 + 1.8% & 5.9
+ 5.0% vs. 4.4 + 4.3%, respectively). ACL-injured patients had higher %CA- at six months
and one year for Ty, than the healthy volunteers (mean %CA-: 4.4 + 4.9% & 4.5 + 4.6% vs.
1.9 + 2.2%, respectively).
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DISCUSSION

In this study, we showed differences in T, and T, %CAs at six months and one year
between the ACL-injured patients and the healthy volunteers. Increasing trends in %CA+ of
the ACL-injured group were observed although, over this short time period, they did not
reach statistical significance. This novel cluster analysis technique appears to be a useful
tool for identifying and tracking focal regions of elevated quantitative MRI values in the
ACL-injured population.

The spatial distribution of T, and Ty, relaxation times has been studied using texture and
laminar analysis and reports have shown variations in healthy volunteers (up to 5ms from the
deep to the superficial layers and between compartments®29) that increase with OA26:27,
Previous studies have been predominantly limited to one to three slices, usually in the
medial and lateral condyles, which are often then subdivided into compartments2324, The
voxel-based relaxometry technique33 has shown the importance of full 3D analysis by
assessing Ty, z-score voxel based patterns of cartilage data that is morphed onto a common
template. Our 3D cluster analysis technique on the other hand, identifies focal regions of
elevated or decreased quantitative metrics on individual projection maps of averaged pixel
data within angular bins. Threshold values of approximately 10ms for both T and Ty, help
in identifying substantial and important focal degenerative lesions rather than describing the
heterogeneity. Cluster analysis has been used successfully in functional MRI (fMRI) of the
brain to identify activated regions from statistical parametric maps*3; however, to our
knowledge, no previous study has applied this approach to quantitative cartilage data.
Combining these two approaches may prove promising.

We calculated six types of variability and found that our global CVrpmse% are comparable
to those reported in literature and are lower than changes seen in osteoarthritic cartilage
(5ms1h). For Ty, global CVgrmse% of 5.2% for short-term and 9.0% for long-term are
similar to previously reported measurements of between 4-14%2547:48, For Ty, intra-
subject short-term global CVrpmsg% of 6.6% and long-term global CVrpsg% of 5.3% fall
within reported values of 1.7-8.7% in healthy volunteer studies2446:4849, The intra-session
variability demonstrates that there is some baseline lower bound noise introduced by the
scanner and the reported values of 2.1% for T and 1.5% for Ty, are similar to literature
findings for the two sequences of interest?4. The implication of this finding is that we would
expect an underlying contribution of noise to CV% measurements in addition to error due to
segmentation, patient motion, registration and other post-processing steps. Overall, our
projection map produced similar variability values?446-49 as previous studies that looked at
the T, and Ty, quantitative measures.

The proposed cluster analysis uses the difference maps from the healthy population to set the
intensity threshold and cluster size across populations. The difference maps were key in
addressing magic angle effects that could contribute to erroneously identifying regions of
elevated T and, to a lesser extent, Ty, relaxation times. Selecting the 85t percentile cluster
size of 12.4mm? allowed for characterizing focal lesions by mitigating the effects of noise
such as single voxel changes, but still capturing focal lesions. Statistically significant
differences were also observed at percentile values of 80, 90 and 95. We were able to
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demonstrate changes over time within both T and Ty, relaxation time maps despite our
limited healthy volunteer population size. These thresholding values could be better
characterized in the future by tracking particular clusters over time and quantifying the size
and intensity changes of these clusters.

Our finding of elevated %CA+ in the ACL population, as compared to our healthy
volunteers, is similar to those of previous studies?%-22:37_ Changes did not occur across all
patients and were not always consistent when comparing between T and T1,. With OA
changes presenting in approximately 50% of the ACL-injured population3-6, we would only
expect early changes in a subset of our population. Another interesting feature was the
presence of decreased cluster areas in T and Ty, relaxation times over time. Although
calculated changes were not statistically significant between groups, the mean %CA- was
higher in the ACL-injured group for Ty,,. These identified clusters may be worth tracking
over a longer period of time.

Our proposed visualization and cluster analysis tool can provide a standardized method of
capturing and quantifying changes in quantitative MRI metrics; however, there are some
limitations of this study. Motion that could not be corrected using rigid body registration,
excluded data from further analysis. Segmentation was performed twice to account for any
motion in between scans, however this added to the manual processing time. In addition,
registration utilized interpolation, which may introduce some blurring; however, we expect
that the threshold choices in our analysis help mitigate introduced errors. Although the
cylinder was fit to the cartilage-bone boundary, the condyles of the lateral and medial side
are not the same size and some studies have shown that there are changes in bone shape as
early as three months after injury with statistical significant changes observed over five years
in the ACL-injured population®0. However, simulations carried out to understand the
potential effect of the difference in condyle size and bony changes found that CVgpmsg% in
the projection maps was less than 1%. Over longer periods of time, bone shape changes
should be monitored. Some areas of cartilage were not segmented due to metal-induced
artifacts and this lead to incomplete cartilage plates (< 15% removed) with possible clusters
being missed. However, this was not of great concern, as complete cartilage would only
increase the differences observed. Finally, no pre-surgery baseline data was collected for this
study, however it is unclear what the effect of post-surgery edema will have on quantitative
cartilage values.

In conclusion, we have demonstrated that our cluster analysis technique can identify focal
changes in the ACL-injured population over time. Our results show promise for detecting
and tracking early degenerative changes in a robust, objective manner. This tool may further
help with understanding the cartilage degeneration process and serve in monitoring the
effectiveness of therapeutic approaches for OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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i. The methods flow chart shows the image acquisition using the DESS and Cubequant
sequences (A), the pre-processing steps involving registration, quantitative map fitting and
3D manual segmentation (B) and the best fit cylinder and unwrapping of the cartilage using
radial projection lines (C) to create a projection map plotting the angular location of the

cartilage against the slice width in mm (D).

ii. Registration: Axial rotation and re-slicing of the knee to define the anatomically based
sagittal plane perpendicular to the tangential line through the most posterior points of the
femoral condyles and slices of equal longitudinal coverage across the knee. Pre-rotation
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sagittal images demonstrate the misalignment of the posterior condyles (black arrow) that is
corrected after rotation.

iii. Manual Segmentation: Sample ACL-injured patient with a metal artifact in one of the
slices. During segmentation, sufficient distance to the artifact was left so that no signal
pileup or void was captured.
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Cluster map pipeline showing the difference maps (A) used with the determined intensity
(B) and area (C) thresholds to create the final cluster map.
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Figure I11.
% Cluster Areas of projection maps covered by clusters in the ACL-injured population for

both T, and Ty, as compared to the healthy volunteers. A T elevation threshold of +9ms
and a Ty, elevation threshold of +10.8ms was applied at 6 months and 1 year with individual
%CA’s shown in 14 (T) and 17 (Ty,,) ACL-injured patients and averaged %CA’s shown in
both populations.
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Intra-subject (short and long term), intra-observer (short term) and inter-observer (short term) RMSE
Coefficient of Variation (%) of T, and Ty, measurements.

Volunteer

| Intra-subject Short-term | Intra-subject Long-term | Intra-observer Short-term | Inter-observer Short-term

T, Measurements (%CVgmse)

GLOBAL MEAN 5.2 (+0.9) 9.0 (+2.8) 35 (+ 1.5) 53 (+1.2)
GLOBAL RANGE [4.1-6.3] [6.6-13.7] [2.0-5.2] [4.1-6.6]
PIXEL-WISE MEAN 10.8 (+ 1.0) 14.6 (+ 3.0) 5.8 (+1.8) 9.3 (+2.9)
PIXEL-WISE RANGE [9.2-11.8] [11.8-19.6] [4.0-8.3] [6.5-11.1]

T1, Measurements (%CVrmse)

GLOBAL MEAN 6.6 (£ 3.2) 53 (x1.1) 2.3 (£0.5) 3.6 (+0.5)
GLOBAL RANGE [3.6-10.4] [4.3-6.9] [1.6-2.8] [2.8-4.1]
PIXEL-WISE MEAN 12.2 (£ 2.7) 12.3 (+ 2.4) 5.0 (+ 1.6) 7.1(£0.9)
PIXEL-WISE RANGE [9.2-15.0] [9.5-15.3] [3.1-7.5] [5.6-7.9]
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