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Abstract

Objective—Quantitative T1p MRI has been suggested as a promising tool to detect changes in
cartilage composition that are characteristic of cartilage damage and degeneration. The objective
of this study was to evaluate the capability of MR T1p to detect cartilage lesions as evaluated by
arthroscopy in acutely ACL-injured knees and to compare with the Whole-Organ Magnetic
Resonance Imaging Score (WORMS) using clinical standard MRI.

Method—Ten healthy controls (mean age 35) with no ACL injury or history of osteoarthritis
(OA) and 10 patients with acute ACL injuries (mean age 39) were scanned at 3 Tesla (3T). ACL
patients underwent ACL reconstruction, where focal lesions were graded according to an
Outerbridge grading system during arthroscopic evaluation. Normalized MR T1p values (T1p z-
scores normalized to control values in matched regions) in full thickness, and superficial and deep
layers of cartilage were compared between defined sub-compartments with and without focal
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lesions. Intraclass (ICC) correlation and the root mean square coefficient of variation (RMS-CV)
were performed to evaluate the inter-observer reproducibility of T1p quantification. Sub-
compartments of cartilage were also evaluated using WORMS scoring and compared to their
Outerbridge score respectively.

Results—The inter-observer ICC and the RMS-CV of the sub-compartment T1p quantification
were 0.961 and 3.9%, respectively. The average T1p z-scores were significantly increased in sub-
compartments with focal lesions compared to those without focal lesions and to the control cohort
(p<0.05).

Conclusion—Our results indicate that T1p provided a better diagnostic capability than clinical
standard MRI grading in detecting focal cartilage abnormalities after acute injuries. Quantitative
MRI may have great potential in detecting cartilage abnormalities and degeneration non-
invasively, which are occult with standard morphological MRI.

Keywords

cartilage degeneration; magnetic resonance imaging; T1p quantification; arthroscopy; Outerbridge;
ACL injuries

INTRODUCTION

Anterior cruciate ligament (ACL) rupture is a common and severe knee injury. Studies have
demonstrated that approximately fifty percent of people that have undergone ACL
reconstruction display characteristics of post-traumatic osteoarthritis (OA) ten to fifteen
years after surgery [1-3]. Furthermore, these patients are much younger than patients
diagnosed with primary osteoarthritis [4].

General advances in quantitative MR have allowed for the detection of changes in cartilage
composition that are characteristic of cartilage damage and degeneration. These advances
include Ty, T1p, dGEMRIC, and sodium imaging [5-9]. Among these different imaging
methods, T1p (T1rho) is a promising technique that detects changes in the proteoglycan and
collagen matrix [10,11]. T1p mapping uses parameters that describe the spin-lattice
relaxation time in a rotating frame by relating energy changes between proton spins and the
environment surrounding it [12]. This technique describes how motion-restricted water
molecules interact with the environment around them, such as the extracellular matrix in
articular cartilage. Therefore, changes in the extracellular matrix can be reflected through
Tqp relaxation measurements [13]. Many studies have shown that MR T1p quantification
mapping can be utilized as a non-invasive technique to detect cartilage matrix degeneration
[14-17], where patients with OA obtain higher T1p relaxation times of cartilage compared to
healthy controls [18,19].

Despite promising results, only one study has been documented to correlate quantitative MR
T4p with clinical evaluations of cartilage damage and degeneration using arthroscopy [20].
Thus, the purpose of this study was to evaluate the capability of MR T1p to detect cartilage
lesions as evaluated by arthroscopy and to compare this with clinical standard MRI. We
performed the study in knees that have suffered ACL injuries and had arthroscopic
evaluation available during ACL reconstruction. We hypothesize that cartilage T1p will be
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significantly elevated in regions with arthroscopically confirmed focal lesions and will be a
better indicator of cartilage damage than standard clinical imaging with FSE.

MATERIALS AND METHODS

Subjects

This study was approved by the Committee for Human Research at our institution, and
informed consent was obtained from all subjects after the nature of the examinations had
been fully explained. The study was Health Insurance Portability and Accountability Act
(HIPAA) compliant.

Twenty subjects, 10 patient subjects with acute ACL injuries (5 male, 5 female, mean age =
39 years, range = 28-51 years), and 10 control subjects (8 male, 2 female, mean age = 35
years, range = 29-53 years) were recruited for this study. A t-test was performed to compare
gender, age, and body mass index (BMI) between the two groups, resulting in p=0.178,
0.717, and 0.583 respectively, indicating no significant differences between both cohorts.
Patient subjects were defined as having an acute ACL rupture and in need of ACL
reconstruction. Control subjects were defined as having no knee pain at the time of MRI
examination and no history of osteoarthritis or trauma of the knee.

Magnetic Resonance Imaging Protocol

Patients with acute ACL-injured knees were scanned with T;p MR imaging techniques
before their surgeries. This imaging protocol was performed separate from the usual
standard of care imaging. Patients were scanned with a 3T MR scanner (HDx, GE
Healthcare, Milwaukee, WI) using a transmit/receive quadrature knee coil (Clinical MR
Solutions, Brookfield, WI). The imaging protocol included: sagittal fat-saturated
intermediate-weighted fast spin-echo (FSE) images (TR/TE = 4300/51 ms, field of view
(FOV) = 14 cm, matrix size = 512 x 256, slice thickness (ST) = 2.5 mm, gap = 0.5 mm),
sagittal 3D water excitation high-resolution spoiled gradient-echo (SPGR) images (TR/TE =
15/6.7 ms, flip angle = 12°, FOV = 14 cm, matrix = 512 x 512, slice thickness = 1 mm), 3D
T41p quantification based on spin-lock and SPGR sequences (TR/TE = 9.3/3.7 ms; FOV = 14
cm, matrix size = 256 x 128, slice thickness = 4 mm, view per segment = 64, time of
recovery = 1.5 s, time of spin-lock (TSL)= 0, 10, 40, 80 ms, frequency of spin-lock = 500
Hz). Patients were scanned prior to their ACL reconstruction. The average time between the
date of injury and the scan was 67.8 days with a standard deviation of 31.1. The average
time between the date of injury and ACL reconstruction was 81.0 days with a standard
deviation of 43.1.

Arthroscopic Assessment of Cartilage

During ACL reconstruction, cartilage sub-compartments of the knee were evaluated using
arthroscopy by an orthopedic surgeon at UCSF (C.B.M., with 8 years of experience) and
then re-evaluated by the same surgeon post-surgery based on the video taken in the surgery
room. A total number of 49 sub-compartments were defined, with 9, 18, 18, and 4 sub-
compartments defined in the patella, tibia, femoral condyle, and trochlea, respectively
(Figure 1). The sub-compartments were defined as seen in Figure 1, which comes from the
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ICRS Evaluation Package. The Outerbridge grading score was used to grade the cartilage in
each defined sub-compartment (Figure 1): Grade 0 — normal; Grade | - cartilage with
softening and swelling; Grade Il - a partial-thickness defect with fissures on the surface that
do not reach subchondral bone or exceed 1.5 cm in diameter; Grade 11 - fissuring to the
level of subchondral bone in an area with a diameter more than 1.5 cm; Grade IV - exposed
subchondral bone [21].

MR Images and Clinical Gradings of Cartilage

Modified sub-scores of the Whole-Organ Magnetic Resonance Imaging Score (WORMS)
system were obtained by two experienced musculoskeletal radiologists (T.M.L. and W.V.)
using intermediate-weighted fast spin-echo (FSE) images. FSE images were used as the
primary images for WORMS grading as these images provide the optimal contrast for any
intrasubstance lesions within cartilage. SPGR images were also used in regards to assess
cartilage thickness. The cartilage was graded using a modified WORMS score of the knee as
follows: 0 — normal thickness and signal; 1 — normal thickness but increased signal on the
To-weighted FSE image; 2 — partial thickness focal defect less than 1.0 cm in width; 3 -
multiple areas of partial thickness defects intermixed with areas of normal thickness or a
Grade 2 defect wider than 1.0 cm but in less than 75% of the region; 4 — diffuse (greater
than or equal to 75% of the region) partial thickness loss; 5 — multiple areas of full thickness
loss or a grade 2.5 lesion wider than 1.0 cm but in less than 75% of the region; 6 — diffuse
(greater than 75% of the region) full-thickness loss [22].

Image Processing

All baseline MR images were transferred to a Sun Workstation (Sun Microsystems, Palo
Alto, CA) for data processing and quantification of T1p relaxation measurements. Cartilage
compartments were segmented semi-automatically in high resolution SPGR images (Figure
2A) through IPP, an in-house software developed with MATLAB (Mathworks, Natick, MA,
USA) [23]. Cartilage of the lateral/medial femoral condyles (LFC/MFC), lateral/medial tibia
(LT/MT), and the patella (P) were defined (Figure 2B).

The cartilage in the LFC/MFC, the LT/MT, and the patella were regarded as regions of
interest (ROIs), and were further divided manually into sub-compartments analogous to the
Outerbridge compartments. These were labeled accoring to facet (LFC, MFC, LT, MT, or
P), side (lateral, central, medial), and orientation (anterior, central, posterior), with a total of
49 sub-compartments in every ACL and control subject (Figure 2C) as in arthroscopy. The
sub-compartments were divided on a slice-by-slice basis and by anatomical markers,
specifically by the meniscus of the knee. For example, considering cartilage in a patella that
was nine slices thick, three slices would represent the lateral side, three would represent the
central side, and three would represent the medial side. Then, taking each of these three
sides individually, the orientation (proximal, central, distal) would be manually divided in-
plane into three equivalent portions. A slice of a sub-compartmentalized knee is seen in
Figure 2C.

T1p maps were generated on a voxel-by-voxel basis using a Levenberg-Marquardt algorithm
that was developed by an in-house program. The equation Eq. (1) was of the form:
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S(TSL) x Spexp(—TSL/Tq1p) (1)

where TSL is the time of spin lock, S is the signal intensity in a T1p-weighted image with a
certain TSL, and Sy is the signal intensity in that image when TSL = 0 ms. T1p maps were
registered rigidly to SPGR images using the Visualization Toolkit Computational Science
Group (VTK CISG) Registration Toolkit [24].

Tqp relaxation times were quantified in each of the 49 sub-compartments of all twenty
subjects. To reduce artifacts caused by synovial fluid, relaxation times above 130 ms for
T1p-weighted images were manually removed from data. These average relaxation times
were designated as “full thickness” values.

In order to evaluate inter-observer reproducibility of cartilage T1p quantification in these
manually defined sub-compartments, sub-compartmentalization was performed
independently by two observers (R.G. and F.S.) on 4 ACL subjects and 4 control subjects.
The intraclass (ICC) correlation for these 8 subjects was determined through the software R
(www..r-project.org). The root mean square (RMS) CV% (coefficient of variation) was
calculated using Eq. (2):

SD34+SD32+..+5D2,

RMS—CV= ‘/ _m @
X

Tqp cartilage laminar analysis was performed on a slice-by-slice basis using IPP. Laminar
analysis automatically divides cartilage into two layers of equal thickness termed as deep
and superficial [25]. The deep layer is defined as the layer closest to the bone-cartilage
interface. The superficial layer is defined as the layer closest to the articular surface. Even
though histologically, cartilage is defined with three layers, only two layers were defined in
this study due to the limited image resolution and to minimize partial volume effects
between layers. T1p relaxation times in both layers were quantified in the 49 sub-
compartments of all subjects.

Statistical Analysis

The mean Tqp values in each sub-compartment for full thickness, superficial, and deep
layers were statistically normalized to remove spatial variation between sub-compartments
using a z-score with the equation Eq. (3):

Z;=(T1pi—Mean;)/SD; (3)

where Z; represents the z-score of T1p in a sub-compartment i, T1p; represents the value of
T1p in sub-compartment i, and Mean; and SD;j are the mean and standard deviation of the
control Tqp in sub-compartment i. The Tqp z-scores (superficial layer, deep layer, and full
thickness, respectively) of the sub-compartments with focal lesions (an Outerbridge scoring
greater than 0) were compared to T1p z-scores of the sub-compartments without focal
lesions (an Outerbridge scoring of 0) using a Wilcoxon signed-rank test. The T1p z-scores
for the full thickness of the sub-compartments of the patient cohort was compared to the T1p

Magn Reson Imaging. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gupta et al.

RESULTS

Page 6

z-scores for full thickness of all sub-compartments in the control cohort. T1p z-scores for
sub-compartments with and without focal lesions were also compared solely in the 90 ROls
of the LT (9 ROIs for 10 patients). The LT was specifically chosen because this was the
region with the most number of Outerbridge and FSE lesions. All statistical analyses were
considered significant at p < 0.05.

Arthroscopic Findings

Nine out of ten ACL subjects showed cartilage lesions during arthroscopic evaluation,
resulting in a total number of 64 lesions (Outerbridge Grade I: 54 lesions; Grade II: 8
lesions; Grade Il1: 2 lesions). The most common site of Outerbridge lesions occurred in the
lateral tibia (LT) (n = 26 from eight patients), followed by the patella (n = 20 from seven
patients). Table 1 shows the number of lesions in each defined compartment (LFC, LT,
MFC, MT, and Patella) based on the Outerbridge scoring (and MRl WORMS scoring as
detailed below).

MRI Clinical Gradings

Based on MRI WORMS, all ten patients showed cartilage lesions in the FSE images
(cartilage WORMS > 0), with a total number of 37 lesions (WORMS Grade 1: 17 lesions;
Grade 2: 8 lesions; Grade 2.5: 1 lesion; Grade 3: 8 lesions; Grade 4: 1 lesion; Grade 5: 2
lesions), as seen in Table 1. Similarly to the arthroscopic findings, the most common site of
FSE lesions occurred in the LT (n = 15 from six patients), followed by the patella (n = 13
from six patients).

T1p Quantification of Superficial, Deep, and Full-Thickness Cartilage

The RMS-CV for T1p quantification between two observers in a total of 392 sub-
compartments from 8 subjects (4 from the control cohort and 4 from the patient cohort, 49
sub-compartments in each subject) was 3.9%. The inter-observer ICC was 0.961, indicating
excellent reproducibility.

Table 2a summarizes the results of T1p z-score values (mean + SD) for superficial, deep,
and full thickness for normal cartilage (Outerbridge = 0) and for cartilage with focal lesions
(Outerbridge > 0) in the whole knee and in the LT only. Significantly elevated T1p z-scores
were observed in cartilage with focal lesions compared to normal cartilage in full-thickness
cartilage and both superficial and deep layers. Comparing full thickness T1p z-scores of all
sub-compartments in the patient and control cohort resulted in a very small p-value (p <
0.01). Furthermore, in order to assess the capability of T1p to evaluate cartilage damage with
low grade, we compared T1p values in regions with Outerbridge Grade | (cartilage with
softening and swelling) to Grade 0, and similarly, significantly elevated T1p z-scores were
observed in cartilage with focal lesions compared to normal cartilage in full-thickness
cartilage and both superficial and deep layers (Table 2b). There is an increasing trend of T1p
z-scores from Outerbridge grade 1 to grade 3 (Table 3), but no statistical analysis was
performed due to the small number of lesions with high grades. Figure 3 shows T1p color
maps, FSE images, and arthroscopic images of example patients who had cartilage focal
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lesions with Outerbridge grades from 0 to 3 corresponding with increasing T1p relaxation
times.

DISCUSSION AND CONCLUSIONS

The present study aimed to evaluate the capability of MR Tqp relaxation times for detecting
cartilage damage using arthroscopic evaluation as a standard of reference. Knees with acute
ACL injuries were studied post-injury/prior to ACL reconstruction with a 3T MRI, and were
evaluated for cartilage focal lesions using arthroscopy during ACL reconstruction. We have
demonstrated that MRI T4p z-scores were significantly increased in cartilage with focal
lesions (as defined with arthroscopic Outerbridge grading) compared to normal cartilage.
T41p was also shown by ROC analysis to be a better indicator of cartilage focal lesions than
standard clinical MR images with WORMS grading.

Our results indicated that patients with acute ACL tears showed the most number of
arthroscopically confirmed focal lesions in the LT. This is consistent with previous studies
[26,27], as bone bruises that accompany ACL ruptures are almost always seen in the LFC
and the LT. Such damages to the lateral side are thought to be a result from translational
impact during ACL rupture, where the anterolateral femur impacts the posterolateral tibia
[28,29]. This is the so-called kissing contusion, with cartilage lesions most commonly found
on the LFC and LT [30]. However, surprisingly, not many lesions were found in the LFC
based on Outerbridge or WORMS scoring. The different number of lesions between LT and
LFC may suggest different response and recovery mechanisms of the tibial and femoral
cartilage from the injury during ACL rupture.

Interestingly, in this study, we observed that the second most common location for cartilage
focal lesions was the patella. The cohort recruited in this study was composed with young
and active subjects, although the study is limited as no data was collected regarding the
specific activity level of the patients. Previous studies have suggested that physically active
subjects have a high prevalence of focal cartilage abnormalities particularly at the femoral-
patellar joint [31], suggesting a high mechanical burden at this location. Therefore, the
lesions found in the patella in the present study may indicate pre-existing cartilage lesions in
these subjects. Despite the potential different mechanisms that cause cartilage focal lesions
in different compartments, the results from the present study suggest that MRI T1p is
sensitive for detecting changes within the cartilage matrix.

In a previous study, Witschey et al. [20] reported elevated post-arthroscopic MRI T1p in
cartilage with arthroscopic Outerbridge grades of 3 and 4, while agreement between MRI
T4p and arthroscopic evaluation was only modest in the cases of grade 1 or 2 damage when
averaging across compartments (medial or lateral: patella, femur, and tibia). The authors
demonstrated that calculating T1p values within manually defined ROls, instead of the
whole compartments, will improve the agreement between MR T1p and arthroscopic
evaluation. The definition of the lesion ROIs, however, can be very subjective and is prone
to location errors, especially for small lesions.

In this study, a total number of 49 sub-compartments were defined within the patella-
femoral-tibial joint based on anatomical markers. Both Outerbridge scores and mean Tqp
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values were evaluated in each sub-compartment. Calculating the mean T1p values within
these well-defined and small sub-compartments provided a trade-off between the sensitivity
of T1p detecting focal lesions (as compared to using mean T1p values of the large
compartment) and the subjectivity of using manually defined ROIs. Variation of the T1p
quantification of these small sub-compartments between different observers was evaluated
in a subset of the subjects and the results demonstrated excellent inter-observer
reproducibility. In addition, previous studies suggest spatial variation of T1p values in
different regions of the joint [32]. T1p z-scores, which normalized the T1p based on healthy
controls in matching regions, were applied in this study to account for the spatial variation
of T1p values. Therefore, the T1p values can be compared directly between sub-
compartments with and without focal lesions.

In this study, significantly elevated mean T1p z-scores were observed in sub-compartments
with cartilage focal lesions compared to those without focal lesions. The focal lesions in this
cohort are dominated by Outerbridge grade 1 lesions. Elevation of T1p in these lesions
indicated the capability of Tp detecting biochemical changes within the cartilage matrix.
Previous studies have demonstrated that T1p values are correlated significantly with
proteoglycan changes in both digested bovine cartilage [33] and in human osteoarthritic
cartilage [34]. In particular, with the techniques of spin-lock, the residual dipolar interaction
is reduced and the chemical exchange between water and proteoglycan protons may
contribute to the relaxation mechanism [35,36].

Furthermore, T1p quantification showed a better capability of detecting focal lesions
compared to the current clinical standard MRI, specifically the WORMS grading using To-
weighted fast-spin-echo images. These results are consistent with our previous case report
[37] and were illustrated in an example patient in Figure 3B, where, in regions with
arthroscopically confirmed focal cartilage lesions, the standard MRI appeared to be normal
(given a grade 0), while the T1p values were significantly elevated (34.8 ms). These results
suggest that quantitative MRI provides a higher sensitivity of detecting cartilage
degeneration compared to the standard MRI.

Using laminar analysis, we observed a significant elevation in T1p z-scores both in the
superficial and deep layers in sub-compartments with focal lesions compared to those
without focal lesions. The capabilities of detecting cartilage lesions were comparable
between the superficial and deep layers in this cohort. This result suggests that there might
be a mixture of the degeneration mechanism of these focal lesions with regard to if the
degeneration starts from the superficial layer or the deep layer.

There were several limitations to this study. First, the study had a small cohort size (10
healthy subjects and 10 ACL patients); a larger cohort should be acquired in order to
confirm the findings and to better understand the results obtained. Second, although the
Outerbridge grading system is considered the “gold standard” for evaluating focal lesions,
there is subjectivity in defining the scores; demonstrating that the surgeon inter-operatively
scored the same regions would be ideal. Third, only two layers, termed as superficial and
deep, were studied instead of the histologically defined three layers (superficial, transitional,
and deep layers) due to the limited image resolution. Fourth, axial PD or SPGR imaging
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would be ideal for a qualitative evaluation of articular cartilage in the patellofemoral region,
but axial sequences were not performed due to the overall scan time limitation of the study;
therefore, the patellofemoral cartilage was evaluated using sagittal FSE and SPGR images.
In addition, all twenty subjects were studied only at baseline; T1p quantification should also
be evaluated in longitudinal studies. Furthermore, we are aware that the lesions observed in
this study can be a mixture of lesions caused by the acute ACL injury as well as other
chronic chondral pathologies. Although we focused our statistical analysis on the lateral
tibia, as we observed the most number of lesions in this area that are most likely a result of
the acute injury, other regions of the knee can contain lesions of mixed pathology, and we
have included all lesions observed in the patients in the study. Lastly, this study was cross-
sectional; it would be very interesting to follow up the cartilage focal lesions that were
observed and examine their longitudinal progression in future studies with a larger cohort
and a longer follow-up period.

In summary, this study demonstrated the capability of T1p quantification for detecting
cartilage focal lesions using arthroscopic evaluation as a standard of reference. Significantly
elevated T1p values were observed in sub-compartments with cartilage focal lesions
compared to those without focal lesions in acutely ACL-injured knees. Micro-instability of
the joint after ACL reconstruction is also a risk factor for developing post-traumatic OA, and
patients without discernable cartilage injury may also be prone to post-traumatic OA
development; however, this does not exclude the potential contributing role of the initial
ACL injury to OA development in these joints. Therefore, future follow up studies are
warranted to evaluate if the lesions and their elevated T1p values observed in the study will
contribute to future OA development in these joints. Nonetheless, MR T1p provided a better
diagnostic capability than standard clinical MRI to detect cartilage lesions in these joints.
Quantitative MRI has great potential to detect damage in cartilage that occurs prior to
morphologic changes non-invasively. Such capability of early diagnosis may allow early
intervention, in acutely injured joints for example, and can help evaluate treatment efficacy
of new therapeutic strategies for osteoarthritis.
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latera

The ICRS Outerbridge grading sheet. A total number of 49 sub-compartments were defined,
with 9, 18, 18, and 4 sub-compartments defined in the patella, tibia, femoral condyle, and
trochlea, respectively. The Outerbridge grading score was used to grade the cartilage in each

defined sub-compartment.
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SPGR image Segmentation
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Figure 2.
Process of defining sub-compartment ROIs analogous to the ICRS Outerbridge grading sub-

compartments as shown in Figure 1. The SPGR image (A) is segmented (B) with an in-
house software through MATLAB. 3-D T1p maps are generated on top of the cartilage
segmentation. Sub-compartments are defined according to the ICRS Outerbridge grading
and anatomical markers, such as the meniscus between joints. All sub-compartments are
then labeled according to facet, side, and orientation (C). Labeling is as follows: LFC_LTU/
LTL: lateral femoral condyle lateral upper/lower trochlear regions; LFC_CA/CC/CP: lateral
femoral condyle central anterior/central/posterior region; LT _CA/CC/CP: lateral tibial
central anterior/central/posterior region; MFC_MTU/MTL.: medial femoral condyle medial
upper/lower trochlear region; MFC_CA/CC/CP: medial femoral condyle central anterior/
central/posterior region; MT_CA/CC/CP: medial tibial central anterior/central/posterior
region; PAT_CP/CC/CD: patellar central proximal/central/distal region.
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Arthroscopy image

T,p full layer FSE image with with Outerbridge
relaxation time WORMS score Grading
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Figure 3.
Color maps of T1p relaxation times alongside registered FSE images and arthroscopy

images of the same region. Increased T1p relaxation times are observed in conjunction with
the increased Outerbridge grading of O to 3. Elevated T1p values were observed in regions
with arthroscopically confirmed focal lesions (as indicated by arrows) in Figure B-D.
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Combined mean T1p z-scores, SD, and p-values of all 49 sub-compartments of the whole knee and of the LT
only in each of the three layers. Normal corresponds to sub-compartments that received an Outerbridge grade

= 0 and lesion corresponds to sub-compartments that received an Outerbridge grade > 0.

Normal | Lesion | p-value
Whole Knee

Superficial 03+1.2 0.7+1.2 0.03

Deep 004+11 | 0311 0.04

Full 02+13 06+13 0.02

LT

Superficial | -0.3+1.0 | 04+0.9 0.01
Deep 0.09+0.8 | 0.6+0.8 0.003
Full -0.03+12 | 0911 0.004
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Table 2b

T-test comparison of T1p z-scores between Outerbridge grade 0 and 1 in the whole knee and the LT only in
each of the three layers.

Whole Knee LT

Superficial 0.03 0.01
Deep 0.06 0.006
Full 0.02 0.01
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Table 3

Mean + SD T1p z-scores for Outerbridge grades 1, 2, and 3 in each layer. There is an increasing trend of the
Tqp z-score as the Outerbridge grade increases that is seen each layer.

Superficial Deep Full

Grade 1 0.6+0.9 02+09 | 0612

Grade 2 08+22 04+18 | 0821

Grade 3 16+1.9 08+12 | 1.7+£22
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