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Abstract

Objective—The purpose of this study was 1) to establish a gender- and BMI-specific reference
database of cartilage T2 values, and 2) to assess the associations between cartilage T2 values and
gender, age, and BMI in knees without radiographic osteoarthritis or MRI-based (WORMS 0/1)

evidence of cartilage degeneration.

Design—481 subjects between the ages of 45-65 years with Kellgren-Lawrence Scores 0/1 in the
study knee were selected from the Osteoarthritis Initiative database. Baseline morphologic
cartilage 3T MRI readings (WORMS scoring) and T2 measurements
(resolution=0.313mmx0.446mm) were performed in the medial femur, lateral femur, medial tibia,
lateral tibia, and patella compartments. In order to create a reference database, a logarithmic
transformation was applied to the data to obtain the 51-95t" percentile values for T2.
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Results—Significant differences in mean cartilage T2 values were observed between joint
compartments. Although females had slightly higher T2 values than males in a majority of
compartments, the differences were only significant in the medial femur (p<0.0001). A weak
positive association was seen between age and T2 in all compartments, and was most pronounced
in the patella (3.27% increase in median T2/10 years, p=0.009). Significant associations between
BMI and T2 were observed, and were most pronounced in the lateral tibia (5.33% increase in
median T2/5 kg/m? increase in BMI, p<0.0001), and medial tibia (4.81% increase in median T2 /5
kg/m?2 increase in BMI, p<0.0001).

Conclusions—This study established the first reference database of T2 values in a large sample
of morphologically normal cartilage plates in knees without radiographic knee osteoarthritis.
While cartilage T2 values were weakly associated with age and gender, they had the highest
correlations with BMI.

Keywords
Osteoarthritis; Cartilage; T2 mapping; Magnetic Resonance Imaging; Osteoarthritis Initiative

Introduction

Osteoarthritis (OA) is a degenerative joint disease affecting 37.4% of US adults [1]. Despite
the fact that OA is a widespread and debilitating disease, treatment options are currently
limited, and established disease-modifying therapies do not exist [2, 3]. Current imaging
research focuses on detecting the development of OA, such that preventative measures can
be taken at early stages of the disease. Such noninvasive imaging methods are instrumental
for the advancement of OA research, as they could provide insight on potential
chondroprotective benefits of treatment and prevention.

Magnetic Resonance imaging (MRI) is ideal for non-invasively assessing early signs of
osteoarthritic degeneration as MRI depicts morphologic joint structures such as cartilage and
menisci, and can also quantify cartilage matrix biochemical changes using techniques such
as transverse relaxation time (T2) mapping [4]. Cartilage T2 quantification shows promise in
the assessment of early OA, as it is sensitive to changes in collagen fiber orientation[5] and
water content[6] which often occur prior to development of macroscopic cartilage defects
and thinning, and studies have shown that subjects with OA have elevated cartilage T2
values compared to healthy knees [4]. In addition, cartilage T2 is associated with the
progression of cartilage, meniscus and bone marrow lesions in OA [7], as well as with
pain[8, 9]. While numerous studies have evaluated cartilage T2 in knees with OA, no studies
have examined the natural variations of cartilage T2 in morphologically normal cartilage
plates of knees, as seen on MRI. Investigating the relationships between cartilage T2 and
demographic features of a sample of knees free from morphological signs of OA would
provide a reference database of T2 values for future studies using similar acquisition and
scanning methodologies.

This study utilizes data from the Osteoarthritis Initiative (OAI; http://www.oai.ucsf.edu/), a
multi-center, longitudinal study aimed at assessing biomarkers in OA including those
derived from MR imaging, to establish reference values of cartilage T2 in knees without
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radiographic OA. The purpose of this study was 1) to establish a gender- and BMI-specific
reference database of cartilage T2 values, and 2) to assess the associations between cartilage
T2 values and gender, age, and BMI in knees without radiographic OA (KL 0/1) and MRI-
based (WORMS 0/1) evidence of cartilage degeneration.

Sample selection

This study analyzed one knee each from subjects between the ages of 45-65 years
participating in the Osteoarthritis Initiative (OAI). The OAI excluded individuals with (i)
inflammatory arthropathies (including rheumatoid arthritis and seronegative
spondylarthropathies), (ii) MRI contraindications, (iii) use of ambulatory aids and co-morbid
conditions that may affect the ability to participate in a 4-year study. Knees included in the
present analysis had a baseline Kellgren Lawrence Score (KL) of 0 or 1 and at least one joint
compartment (out of 5) with a WORMS cartilage score of 0 or 1. The sample of knees was
selected from those included in previous analyses of T2 measurements in knees KL
grade<=2 from OAI subjects ages 45-70 years [10-12]. For this analysis we further excluded
knees with (i) knee injury with deformity of the knee joint, (ii) total joint replacements at the
lower extremities, (iii) MRI evidence of fractures or abnormalities, that do not fit into the
spectrum of OA and may indicate other severe disease, such as tumor or inflammation.
There were 481 knees meeting all criteria available for analysis.

MR Imaging—MR images were obtained using four identical 3.0 Tesla (Siemens
Magnetom Trio, Erlangen, Germany) scanner and quadrature transmit-receive coils (USA
Instruments, Aurora, OH, USA) in Columbus, Ohio; Baltimore, Maryland; Pittsburgh,
Pennsylvania; Pawtucket, Rhode Island. The following sequences were acquired and used
for WORMS scoring: sagittal 2D intermediate-weighted fast spin-echo sequence (TR/
TE=3200/30ms, spatial resolution=0.357mmx0.511mm, slice thickness=3.0mm), coronal
2D proton density fast spin-echo sequence (TR/TE=3700/29ms, spatial
resolution=0.365mmx0.456mm, slice thickness=3.0mm), and sagittal 3D dual-echo in
steady state sequence (TR/TE=16.3/4.7ms, spatial resolution=0.365mmx0.456mm, slice
thickness=0.7mm). A sagittal 2D multi-slice multi-echo sequence (MSME, TR=2700ms,
TE;1-TE7=10-70ms, spatial resolution=0.313mmx0.446mm, slice thickness=3.0mm, and
0.5mm gap) was used for cartilage T2 measurements[13].

Image Analysis

WORMS Scoring: MR images of the right knee obtained at baseline were reviewed on
picture archiving communication system (PACS) workstations (Agfa, Ridgefield Park, NJ,
USA). Two board certified radiologists with 7- and 6-years of experience read the images
independently and graded cartilage and meniscus lesions as well as bone marrow edema
pattern (BMEP). Cartilage lesions and BMEP were assessed in five compartments (patella,
medial femur, medial tibia, lateral femur and lateral tibia) using a modified semi-
quantitative whole-organ magnetic resonance imaging scores (WORMS) [14], with the
highest grade of lesion recorded for each region. In case of disagreement between the two
readers, a consensus reading was performed with a musculoskeletal radiologist with 23-
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years of experience (T.M.L.). For calibration purposes, 20 cases were read simultaneously
by the three readers in consensus. Compared to the original WORMS grading system, only 5
knee compartments were analyzed as relatively mild lesions were expected. Cartilage signal
and morphology were scored using an eight-point scale as described previously [15].

T2 measurements: All baseline images were analyzed using a Sun Workstation (Sun
Microsystems, Palo Alto, CA, USA). Knee articular cartilage was segmented manually in
five compartments: (patella, medial femur, medial tibia, lateral femur and lateral tibia) as
previously reported[16, 17]. We aimed to segment as many slices as possible to cover the
entire cartilage but used rigorous criteria to exclude sections with compromised image
quality. A slice was only segmented if the cartilage was clearly depicted and the slice did not
have evidence of partial volume effects that would have blurred the border of the cartilage.
Also sections with artifacts limiting the segmentation of the cartilage were excluded. While
the number of slices varied per knee (as this number may depend on knee size), in general,
we segmented 3-4 slices for the medial and lateral femur, 5-6 slices for the medial and
lateral tibia, and 8-9 slices for the patella. In order to exclude potential chemical shift
artifacts or fluid from the region of interest, the user simultaneously examined the T2 map
and the first echo of the MSME sequence (in neighboring image panels) with synchronized
cursor/slice number/zoom. Areas with fluid or artifacts were not included in the region of
interest.

T2 maps were computed from the MSME images on a pixel-by-pixel basis using 6 echoes
(TE=20-70ms) and 3 parameter fittings accounting for noise[18, 19], and averaged over all
of the slices in each cartilage compartment. The first echo (TE=10ms) was not included in
the T2 fitting procedure in order to reduce potential errors resulting from stimulated echoes.
A noise-corrected algorithm (which involves fitting the signal and noise to an exponential
function) was implemented based on results from a recent study demonstrating increased
accuracy and precision of T2 relaxation time when using with a noise correction algorithm
as compared to the traditional uncorrected exponential fit[18, 19].

Statistical Analysis

Statistical analysis was performed using STATA version 12 software (StataCorp LP,
College Station, TX). Analyses of T2 values in each individual joint compartment were
limited to compartments with a WORMS score of 0/1. Quantile-normal plots were utilized
to assess the distribution of the cartilage T2 values in each joint compartment. The quantile
plots demonstrated that a logarithmic transformation was optimal to obtain a normal
distribution of cartilage T2 values; a normally distributed dataset facilitates accurate
quantification of percentile values of the data. Thus, a logarithmic transformation was
applied to the data to obtain an approximate normal distribution, and percentile values of the
log-transformed T2 data were calculated (from means and standard deviations) in each
compartment. Finally, the data was reverse-transformed to quantify cartilage T2 values for
various percentiles of the study cohort (5%-95%), as presented in Table 2.

The differences in mean cartilage T2 between joint compartments were assessed using
mixed random effects models, in order to account for multiple T2 measurements per subject.
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This analysis was limited to knees that had a cartilage WORMS score of 0 or 1 in all joint
compartments (n=273), and was adjusted for age, gender, BMI, WOMAC pain score, and
clinical site. Statistical significance was defined as p<0.05.

The associations between mean T2 in each joint compartment (with WORMS 0/1) and 1)
age, 2) gender, and 3) BMI were evaluated using linear regression analysis after log
transformation. Age was designated as a continuous predictor, while gender was designated
as a categorical predictor. Two regression models for BMI were implemented: in the first
model, BMI was designated as continuous predictor; in the second model BMI was
designated as a categorical predictor in order to investigate clinically relevant cut-points for
BMI values. For the categorical analysis, BMI was subdivided into 3 strata (strata 1 -
“normal BMI7=18-24.9 kg/m2; strata 2 — “overweight BMI17=25-29.9 kg/m2; strata 3 —
“obese BMI” 30-45 kg/m2), in order to assess the effects of obesity on cartilage T2. Ina
sensitivity analysis, we also evaluated the association of T2 with age, gender and BMI in the
subset of knees that had no cartilage lesions (WORMS 0/1) in all joint compartments
(n=273).

In addition to descriptive statistics, Chi-squared tests were used to assess whether
differences in OA risk factors (history of knee injury, history of knee surgery and family
history of knee replacement, race) existed between genders, age groups (5-year increments),
and BMI groups, respectively. If significant (p<0.05) differences were found between
groups, the risk factor was included as a covariate in the respective regression model. The
regression models with age as a predictor were adjusted for gender, BMI, WOMAC pain
score, and clinical site. The regression models with BMI as a predictor were adjusted for
gender, age, WOMAC pain score, clinical site, and race. The regression models with gender
as a predictor were adjusted for BMI, age, WOMAC pain score, clinical site, previous
surgery, previous injury, and family history of knee replacement.

The cartilage T2 and WORMS reading reproducibility results have been described
previously[20]. The mean T2 values had root mean square (RMS) coefficients of variation
(CV) ranging from 0.83% in the medial femur to 3.21% in the patella. For WORMS
gradings, the intra-observer reproducibility in all tissues (meniscus, cartilage, bone marrow)
was =96%, while the inter-observer reproducibility was =97%.

Subject Characteristics

Subject characteristics are listed in Table 1. The 481 subjects included in this study have
characteristics similar to all subjects in the OAI ages 45-65 with a right knee KL grade of
0-1 (n=1735). The mean (SD) age in this study was 52.2 (4.2) vs. 54.9 (5.5) years in the
OAI. The mean BMI in this study was 26.6 (4.5) kg/m2 vs. 27.7 (4.7) kg/m2 in the OAL.
The gender distribution in this study was 47.0% males/53.0% females vs. 43.2% males/
56.8% females in the OAI. The mean WOMAC pain score in our study was 1.8 (3.4) vs. 1.8
(2.7) in the OAL.
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Of the 481 knees the following numbers of morphologically normal cartilage compartments
were included in this study: lateral femur (LF)=443; lateral tibia (LT)=404; medial femur
(MF)=423; medial tibia (MT)=468; patella (PAT)=335.

Reference values for cartilage T2 values

The reference percentile values for mean cartilage T2 in each gender are presented in Table
2A. In each compartment with WORMS scores of 0-1, the cartilage T2 values had a range of
~10ms from the 5™ to the 95t percentile. The lowest T2 values were observed in the lateral
tibia compartment, ranging from 25.6 ms in the 5! percentile to 36.4 ms in the 95t
percentile in females (n=212), and ranging from 25.4 ms in the 5% percentile to 36.9 ms in
the 95t percentile in males (n=192). The medial femur had the highest T2 values of all the
compartments, ranging from 34.1 ms for the 5™ percentile and 42.4 ms for the 95 percentile
in females (n=225), and ranging from 33.5 ms for the 5 percentile and 40.8 ms for the 95
percentile in males (n=198). In the 273 knees (137 males and 136 females) with WORMS
cartilage score of 0 or 1 in all compartments, we also found significant differences in mean
T2 between joint compartments (p<0.0001) in both males and females (data not shown).

The reference values for cartilage T2 in BMI strata (normal, overweight, and obese) are
presented in Table 2b. The differences in cartilage T2 values between subjects with normal
BMI and obese BMI were greatest in the lateral tibia compartment (~4ms). More
specifically, in the 51 percentile, subjects with normal BMI had a T2 of 25.0 ms, while
obese subjects had a T2 of 29.3 ms; in the 95™ percentile, subjects with normal BMI had a
T2 of 34.4 ms and obese subjects had a T2 of 38.2 ms in the lateral tibia. The medial tibia
exhibited similar trends: normal and obese subjects had an approximately 3 ms difference in
mean T2.

The relationship between subject demographics and cartilage T2

The association between gender and cartilage T2—While females had slightly
greater cartilage T2 values than males in a majority of compartments (LF, LT, MF, PAT),
the differences were only significant in the MF, in which females had 2.74% greater median
T2 values compared to males (p<0.0001; C1=1.47%-4.03%) (Figure 1). In the MT, females
had slightly lower (-1.56%) median cartilage T2 values than males; however, the difference
was not significant (p=0.056; Cl=-3.14%-0.04%).

The association between age and cartilage T2—In this cohort with relatively
limited age range, a positive yet weak association between age and mean T2 was evident in
all compartments, and was most pronounced in the MF (1.40% increase in median T2/10
years, p=0.050, CI1=0.00% - 2.82%) and the PAT (3.27% increase in median T2/10 years,
p=0.009, C1=0.82% - 5.78%) (Figure 2).

The association between BMI and cartilage T2—A positive association between
BMI and mean cartilage T2 was evident in all cartilage compartments — subjects with higher
BMI had higher cartilage T2 values. This relationship was significant in the LT (5.33%
increase in median T2 /5 kg/m? increase in BMI, p<0.0001, C1=4.27%-6.39%), the MF
(1.26% increase in median T2 /5 kg/m? increase in BMI, p<0.0001, C1=0.58%-1.95%), and
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the MT (4.81% increase in median T2 /5 kg/m? increase in BMI, p<0.0001, C1=3.89% -
5.73%) (Figure 3A).

We were particularly interested in the effects of obesity on cartilage integrity. Obese
subjects (BM1=30-45 kg/m?) had significantly higher (p<0.02) mean T2 values than subjects
with a “normal” BMI” (BMI1=18-24.9 kg/m?) and subjects that were “overweight”
(BMI=25-29.9 kg/m?) in the LT, MF, and MT compartments. The differences in T2 values
between obese and normal subjects were on the order of ~ 3 ms, and were most pronounced
in the MT (obese subjects had 10.15% greater median T2 values than healthy subjects;
p<0.0001; CI=7.90%-12.44%; obese subjects had 3.55% greater T2 values than overweight
subjects; p<0.0001; C1=1.74% - 5.39%) and LT (obese subjects had 12.24% greater median
T2 values than healthy subjects; p<0.0001; C1=9.64% - 14.89%; obese subjects had 2.45%
greater median T2 values than overweight subjects; p=0.020; CI=0.38% - 4.56%) (Figure
3B).

After assessing the association between BMI and T2 using linear regression, we included an
interaction effect between BMI and gender, which was not significant (p>0.05) in a majority
of joint compartments (MF (p=0.22), LF (p=0.068), LT (p=0.75), PAT (p=0.75)). Thus, we
did not create a joint reference table subdivided by both gender and BMI due to the fact that
interaction effects between BMI and gender were mostly not significant and that sample
sizes would be substantially decreased with reduced power for calculation of T2 reference
values.

Cartilage T2 and Demographics in subjects with WORMS 0/1 in all joint
compartments—In addition to assessing each knee compartment with WORMS 0/1
individually, we evaluated the relationship between T2 and demographic characteristics in a
subset of subjects that had no cartilage lesions (WORMS 0/1) in all joint compartments (n
total=273) as a sensitivity analysis. The results demonstrate similar demographic
relationships to those described above if the compartment of interest had no cartilage lesions
or if all joint compartments had no lesions.

Discussion

This study evaluated 481 KL grade 0/1 knees without morphological evidence of cartilage
loss on MRI (WORMS 0/1) to establish reference values for cartilage T2 as well as
associations with demographics including age, gender, and BMI. Significant differences in
the mean cartilage T2 values were observed between joint compartments, and substantial
variation was observed among subjects (~10ms range between the 5™ and 95t percentiles in
each compartment). While an association between cartilage T2 and both age and gender was
established, the association with BMI was the most pronounced. These results suggest that
the range in mean cartilage T2 values may be influenced by subject demographics and BMI.
Thus, normal variation of T2 values according to demographic features should be
recognized when studying T2 values in the context of OA. Overall, this database can serve
as a reference for future studies performed using the same techniques, and will enable
comparisons to studies that focus on cohorts with expected abnormal T2 values.
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Our reference values for cartilage T2 in males and females (Table 2A) had two marked
features: 1) the large differences in mean cartilage T2 values between joint compartments
(as large as 7.4 ms between the medial femur and lateral tibia in females) and 2) the large
range of T2 values among subjects within each compartment (as large as 11.5 ms between
the 51 and 95t percentiles in the lateral tibia in males). Of all joint compartments, the
medial femur had the highest T2 values, which were significantly elevated in females
compared to males. This result is not unexpected as the medial compartment is prone to
greater loading than the lateral compartment during gait[21], and is 10 times more-often
affected by OA than the lateral compartment[22]. It is interesting that the medial femur
compartment also had the most pronounced gender differences: the elevations in T2 values
in females may represent early signs of OA, which corroborate epidemiologic studies
reporting that females have higher prevalence of OA than males [23, 24]. The compartment
with the second highest T2 values was the lateral femur demonstrating that the femoral
compartment exhibited naturally higher T2 values than the tibia or the patella compartments.
The ~10 ms range between the highest and lowest cartilage T2 values suggests that
“normal” cartilage may a have large variation in T2 values; thus, quantifying compartment-
specific cartilage T2 values and their longitudinal changes on an individual basis may be
valuable for assessing disease status and progression.

While many studies have shown that the prevalence of OA increases with age [24-28], the
current study is unique as it assesses age-related changes in cartilage T2 in a middle age
sample without morphologic evidence of OA. A previous study by Mosher et al.[29]
reported that subjects 45 years and younger had no age dependency with bulk T2, but had an
age dependent elevation in subjects >45 years in the patella. While our study corroborates
the results by Mosher et al., there are large differences in the subject ages between the two
studies: Mosher et al. recruited subjects ages 22-86 years old, while we studied subjects
45-65 years old. We purposefully selected the younger subjects in the OALI in order to study
large numbers of knees without evidence of radiographic OA or cartilage lesions. Despite
the narrow age range in our study, the positive association between cartilage T2 and age was
significant in the medial femur and patella compartments; the results from Mosher et al.
suggest that the relationship may be more pronounced in a cohort with a larger age range.
Overall, our results demonstrate that age-related changes in the collagen structure that result
in an increased mobility of water can be detected using cartilage T2, and may occur prior to
morphologic cartilage degeneration.

While many previous studies have established that obesity is a risk factor for development
of knee OA, our study targets the association between obesity and biochemical cartilage
changes that occur in early stages of OA, prior to morphologic cartilage degeneration.
Numerous studies have shown that the risk of incident knee OA increases with increasing
BMI [30, 31], and being overweight may contribute to an increased the risk of disease
progression[32]. In addition, Koff et al. have shown a positive association between BMI and
cartilage T2 in subjects with pain and radiographic arthritis in any knee compartment [33].
Several studies have evaluated the association of obesity and MRI abnormalities in knees
without radiographic OA. Laberge et al. demonstrated that obesity was associated with an
increased prevalence and severity of knee lesions and meniscal tears in subjects with KL<=1
[34], and, Baum et al. reported a positive association between BMI and both cartilage T2
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and morphologic cartilage degeneration in subjects with KL<=1 [32]. The current study
further expands upon previous ones by targeting a population free from radiographic disease
and cartilage lesions. Our results corroborate previous research, demonstrating a positive
relationship between BMI and T2 [33] changes representative of cartilage biochemical
abnormalities. Collectively, the underlying message of these studies is that increased BMI is
associated with both morphologic and biochemical changes in cartilage. Since our study
focuses on biochemical properties of cartilage degeneration, the results suggest that changes
in joint biomechanics [35, 36] and increases in compression stresses to the cartilage
associated with obesity may predispose subjects to early signs of cartilage degeneration in
the ECM, and may lead to the development of radiographic OA.

Several limitations are pertinent to this study including 1) the generalizability of our results
(i.e. the inability to directly compare our results with those obtained with different
techniques or different MRI scanners) and 2) our subject selection process and 3) no sub-
compartmental analysis. While our study reports reference values for cartilage T2, it is
important to note that cartilage T2 quantification is dependent on the type of MRI
scanner[37, 38], MRI field strength[38], radiofrequency coil [39], MRI pulse sequence[40,
41], and T2 fitting method[19] used. In addition, chemical shift misregistration errors may
affect the quantified T2 values, especially toward the cartilage surface [42]. Our study aimed
to minimize any errors due to scanning and T2 fitting as the OAI has a rigid quality control
protocol[43] and by using identical T2 fitting models for all subjects. Also, while we
attempted to reduce potential errors resulting from stimulated errors by excluding the first
echo in the T2 fitting procedure, recent studies have proposed novel techniques for T2
quantification [44]. Nevertheless, it is important to recognize that the results from our study
are specific to the imaging and post-processing methods used. Since the cartilage T2 values
are not standardized, directly comparing our results to those from other scanners and MRI
pulse sequences may not be accurate. In addition, given the natural variation of T2 values,
this reference database may not be able to precisely define which cartilage composition, as
quantified by T2, would be considered “normal” and which would be considered early
degeneration. However, developing a demographic-specific database is the first step toward
a better interpretation of cartilage T2 values. Moreover, the differences in cartilage T2
between compartments and knees may represent a natural variation or differences in
integrity; thus, compartment-specific longitudinal monitoring may be required to better
understand the evolution of degenerative disease. Another potential limitation of this study
is that the subjects were not pain-free. While it would be ideal for the subjects to be
asymptomatic, our subject cohort had very low levels of pain (1.80£3.41 WOMAC pain out
of a range 0-20, with a median score of 0), which were similar to the mean pain scores in the
OA\ database overall. In order to address this limitation, we adjusted for pain in the
statistical analysis. Also, the subjects in selected in this study had KL 0/1 and WORMS 0/1.
It would be ideal to limit the subject groups to only KL 0 and only WORMS 0; however, we
opted to include KL 1 and WORMS 1 in order to maximize the number of subjects in the
analysis. Another limitation of this study was that sub-compartmental analysis was not
included. While sub-compartmental analysis would help quantify the topographical variation
of T2 due to both compositional differences and the magic angle effect, we believe that this
analysis is beyond the scope of this manuscript and would be better-suited for a future

Osteoarthritis Cartilage. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joseph et al.

Page 10

project. Overall, despite these limitations, we believe that our study provides an important
contribution to the field, as it establishes the first large dataset of “reference” cartilage T2
values in subjects without morphologic OA characteristics; these results may be helpful for
understanding the natural variations in cartilage T2 that are associated with demographic
patterns, which occur prior to development of radiographic disease.

We envision this reference database as a first pass for understanding the natural variation in
T2 values in subjects free from degenerative disease. Similar to bone mineral density
(BMD) measurements, a reference database for cartilage T2 is essential for a definition and
classification of “normal” T2 values according to subject demographics. Individuals with
elevated T2 (high standard deviations above the median T2 values), as defined by the
demographic-specific reference database, would more likely be at risk for OA or have
biochemical alterations suggestive of early degeneration. Despite the limitations of T2
quantification across MRI scanners as well as interobserver-related variations, this is the
first study attempting to provide normative MRI T2 reference values, and we believe that
this is a pre-requisite for the use of cartilage T2 values more widely as an imaging
biomarker. A possible next step for future optimization of the cartilage T2 measurements
would be to utilize this reference database for standardized comparisons with cohorts at risk
or with existing degenerative disease. Overall, we believe that this reference database is a
first step for developing cut-off values for a definition of normal and degenerative cartilage
composition.

In conclusion, this study established the first set of gender- and age-specific reference values
for cartilage T2 in a relatively large cohort without morphologic evidence of OA (KL 0/1
and cartilage WORMS 0/1). Such reference values may be useful for researchers to aid with
the interpretation of cartilage T2 values in subjects with early cartilage degeneration without
focal abnormalities. While cartilage T2 values were weakly associated with age and gender,
they had the highest correlations with BMI. Overall, this study demonstrates that natural
variations in cartilage T2 are prevalent in knees without OA, and may be influenced by
demographic factors. These variations must be taken into consideration when evaluating
cartilage T2 in the context of OA development and progression.
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Adjusted T2 Values in Males and Females
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Figure 1.
Adjusted mean cartilage T2 values in males and females in each cartilage compartment

(with WORMS scores of 0/1). Error bars represent 95% confidence intervals. (LF = Lateral
Femur (Nmales = 207; Nfemales = 236), LT = Lateral Tibia (Nmates = 192; Nfemales = 212),
MF = medial femur (Niates = 198; Nfemales = 225), MT = medial tibia (Nmajes = 218;
Nfemales = 250), PAT = patella (Nmates = 172; Nfemales = 163)).
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The Association Between Age and Cartilage T2
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Figure 2.
Association between age and cartilage T2 in each joint compartment (with WORMS scores

of 0/1). Figure shows adjusted means with 95% confidence intervals. (N|_ateral Femur = 443;
N ateral Tibia =404; Nmedial Femur = 423; N\Medial Tibia = 486; Npatella = 335)
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The Association Between BMI and Cartilage T2
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Figure 3A.
Association between BMI and cartilage T2 in each joint compartment (with WORMS scores

of 0/1). Figure shows adjusted means with 95% confidence intervals. (N| ateral Eemur = 443;
N ateral Tibia =404; NMmedial Femur = 423; N\Medial Tibia = 486; Npatella = 335)
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T2 in Normal, Overweight, and Obese Subjects
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Figure 3B.
Differences in mean T2 between normal, overweight, and obese subjects. Figure shows

adjusted means with 95% confidence intervals. P values represent differences among the
BMI strata in each compartment. LF = Lateral Femur (Npormar = 191; Noverweight = 153;
Nobese = 99), LT = Lateral Tibia (Nnormal = 172; Noverweight = 137; Nobese = 95), MF =
medial femur (Nnormal = 184; Noverweight = 145; Nopese = 94), MT = medial tibia (Nnormal =
199; Noverweight = 163; Nopese = 106), PAT = patella (Nnormal = 148; Noverweight = 114;
Nobese = 73).
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