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ARTICLE INFO ABSTRACT

Am’df—’ history: Purpose: The aim of this study was to develop and assess a method of quantifying cartilage T2
Eece?veg 5 July ,Zod]?: 31 5019 relaxation times in a series of volumes of interest (VOIs) covering the entire cartilage of the
eceved in re‘"s.e orm 31 January femoral condyles. Subsequently, the method was used to test for T2 spatial variations in
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non-osteoarthritic (OA) knees.
Methods: Ten non-OA subjects (five female, average 30 years) were enrolled after informed
consent. Three-dimensional bone and cartilage models were created by double echo steady

Il\fﬁl irt‘iji:l.esonance imaging state (DESS) morphological magnetic resonance image (MRI) segmentation, and the models
Knee were semi-manually registered with multi-slice, multi-echo (MSME) T2 MRI. Mean T2 values

Cartilage, articular were calculated for 12 VOIs derived from cartilage thickness literature and their respective
Computing methodologies superficial and deep layers.
Results: Analyses showed that intra- and inter-rater reliabilities of the presented method were
“good” to “excellent” in more than 90% of the VOIs. Additionally, several spatial differences in
T2 values were observed, including, for the medial condyle, higher T2 values in the anterior
and central VOIs versus in the posterior VOI (p < .05). T2 values were also generally higher
in the superficial versus deep layers (p < .05).
Conclusions: The presented MRI T2 analysis method is reliable and provides a comprehensive
quantification of spatial heterogeneity of healthy cartilage compositional properties. This
method can be further applied to better understand knee OA pathophysiology and potentially
define clinically relevant diagnostic features of the disease.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Knee osteoarthritis (OA) is a debilitating joint disease marked by the degradation and loss of articular cartilage tissue [1].
Measurement of T2 relaxation time with magnetic resonance imaging (MRI) is a well-accepted approach to non-invasively char-
acterize the compositional properties of cartilage [2] by providing information regarding water content [3-5], collagen content [6],
as well as the structural organization of cartilage [2]. T2 mapping techniques can thus provide markers of cartilage health, even in
the absence of cartilage substance loss [2]. Therefore, the analysis of cartilage compositional data could allow for an improved
understanding of the pathophysiology of tibiofemoral OA, a prerequisite of the development of efficient therapeutics, the
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identification of markers for early OA changes, or a means of assessing disease treatments [7]. However, to date, there is a lack of
standardized methods to comprehensively quantify and compare T2 values between knees.

To date, tibiofemoral cartilage T2 relaxation time has been mainly quantified using mean values over a few volumes of interest
(VOIs) defined on single MRI [8-13], or compartmental T2 relaxation times calculated by averaging the T2 values of successive
images [14,15]. A few recent studies have indicated that there are spatial variations in T2 [16-20], supporting a need for methods
to quantify T2 in VOIs covering the entire cartilage. Examining methods that have been extensively applied to the analysis of car-
tilage thickness provides essential guidance for designing more comprehensive T2 analysis methods [21-23]. In particular, the use
of average thickness values in standard regions of interest [22,24] have helped improve the understanding of both healthy [23]
and OA cartilage [21,22]. Furthermore, previous reports emphasize the importance of examining regions covering the entire
tibiofemoral cartilage, as changes occur throughout the cartilage [21-23,25,26]. These principles would also likely be beneficial
to the analysis of cartilage compositional data.

An important consideration when analyzing cartilage T2 maps is the identification and segmentation of cartilage tissue.
Multi-slice, multi-echo (MSME) T2 imaging sequences provide little contrast between cartilage and the surrounding tissues,
and thus, it is preferred to identify cartilage on morphological MRI sequences [14,16,17,27]. Registration between the morpholog-
ical and compositional data is therefore necessary. Current T2 analyses either disregard this registration step, thus introducing
error due to potential subject movement between acquisitions [14,16], or register morphological and compositional MRIs based
on image intensity [17,27]. Interestingly, cartilage thickness analyses typically utilize three-dimensional (3D) bone and cartilage
models produced by segmentation of morphological MRI sequences [28]. For consistency across morphological and compositional
cartilage analyses, these models could be registered to visible features in the MSME images, thus serving to register the morpho-
logical and compositional data and identifying cartilage tissue in the MSME sequences.

Therefore, the primary aim of this study was to develop and assess a method to quantify T2 relaxation times in VOIs consistent
with the extensive femoral cartilage thickness literature. The method aimed to include the registration of 3D bone and cartilage
models from the morphological MRI sequence to the compositional MRI sequence in order to identify the cartilage boundaries.
Because quantification of T2 relaxation times using a series of VOIs covering the entire femoral condyles is new, a first step toward
the justification of such measures is confirming that there are spatial variations in non-OA knees. Therefore, the secondary aim
was to test the hypothesis that T2 relaxation times differ between VOIs in non-OA knees.

2. Methods
2.1. Subject population

Asymptomatic subjects were recruited for this prospective study approved by the ethics committee and enrolled after written
informed consent. The main inclusion criteria were an absence of clinical knee symptoms and any sign of internal derangement of
the joint on clinical MRI, as determined by an experienced musculoskeletal radiologist. Ten subjects were included in the study
(five female), with an average body mass index (BMI) of 22.4 (range 19.5-25.8) kg/m? and an average age of 30 (range
25-38) years.

2.2. Imaging protocol

Knee imaging was acquired on a 3-Tesla MRI scanner (Magnetom Prisma, Siemens Healthcare, Erlangen, Germany), using a
transmit/receive (Tx/Rx) 15-channel knee coil (Quality Electrodynamics, OH, USA). Two MRI sequences were used: a double
echo steady state (DESS) morphological sequence (repetition time (TR) = 14.84 ms; echo time (TE) = 5.04 ms; 256 x 240 matrix
size; voxel size 0.6 x 0.6 x 0.6 mm) and a multi-slice, multi-echo (MSME) T2 sequence (TR = 1630 ms; TE = 13, 26, 39, 52, 65,
78; 640 x 640 acquisition matrix; interpolated voxel size of 0.3 x 0.3 x 3 mm). T2 relaxation time maps were computed using
pixel-by-pixel monoexponential fittings to the signal intensity of echoes two through six of the MSME images, excluding the
first echo in order to minimize the effect of stimulated echoes [20,29].

2.3. Image analysis

The MRI data were analyzed in three steps as detailed below and illustrated in Figure 1.

2.3.1. Step 1: Segmentation and reconstruction of bone and cartilage models
For each femur, cartilage and bone boundaries were semi-manually segmented with B-spline contours on the DESS images
using in-house software. This yielded two 3D models, one of bone and one of cartilage [28].

2.3.2. Step 2: Bone and cartilage model registration to T2 images

To identify the voxels of the T2 images belonging to cartilage, it was necessary to register the DESS-based bone and cartilage
models with the T2 MSME images. An initial registration was performed using the spatial information included in the DESS and
MSME DICOM headers (Figure 2(a), (b)). The position and orientation of the models was then manually tuned using custom soft-
ware such that the bone and cartilage models matched these structures as depicted in the MSME first echo images and in the T2
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Step 1: Reconstruction of 3D Step 2: Identification of cartilage Step 3: Division of cartilage voxels into VOlIs
bone and cartilage models voxels in T2 images

Figure 1. Illustration of the image analysis procedure. Step 1 consists of the reconstruction of bone and cartilage models by segmentation of the double echo steady
state (DESS) morphology images. In Step 2, the bone and cartilage models are registered in the T2 images yielding the identification of the voxels belonging to cartilage
(see Figure 2 for registration details). Step 3 consists of the separation of the cartilage voxels into volumes of interest (VOIs) and the calculation of the mean T2 relax-
ation time per VOI. La/Lc/Lp refer to lateral anterior/central/posterior VOIs, respectively. Lae/Lac/Lai refer to lateral anterior external/central/internal VOIs, respectively.
Ma/Mc/Mp refer to medial anterior/central/posterior VOIs, respectively. Mae/Mac/Mai refer to medial anterior external/central/internal VOIs, respectively.

relaxation time images (Figure 2(c), (d)). The images corresponding to the first echo of the MSME acquisition were used for the
registration because they provided the greatest contrast among tissues of all six echoes.

2.3.3. Step 3: Measurement of mean T2 relaxation time per volume of interest

The voxels identified as cartilage in the T2 relaxation time maps were divided into VOIs according to existing literature on
morphological assessment of cartilage [22,24]. First, the cartilage covering the medial and lateral condyles was divided into
anterior (load-bearing), central, and posterior VOIs (Figure 1). These VOIs were defined using the 3D bone and cartilage models
following the VOIs template described by Pelletier et al. [22] and the separations among VOIs defined by Wirth and Eckstein [24].
The anterior load-bearing VOIs were further divided along the medial-lateral axis as per Wirth and Eckstein [24], resulting in
anterior external, anterior central, and anterior internal VOIs on both condyles (Figure 1). These 12 VOIs were further divided
into an additional 24 VOIs corresponding to the superficial and deep layers of cartilage, which were separated at half cartilage
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Figure 2. Example of manual registration of bone (red dashed line) and cartilage (white dashed line) models to fit the anatomy in the first echo images of the
non-contrast multi-slice, multi-echo (MSME) T2 sequence (a and c¢) and in the corresponding T2 relaxation time maps (b and d). The first row corresponds to the initial
registration made using DICOM header information and the second row to the final registration after manual tuning. While this figure includes four example images,
it is important to note that the registration was performed considering all images available in the three anatomical planes. Specifically, coronal-, transverse-, and
sagittal- plane MSME images (a and c) as well as sagittal-plane T2 relaxation time map images (b and d) were used to guide the manual registration. The sagittal
plane images were interpolated to increase the through-plane resolution to 0.4 mm for improved visualization in the coronal- and transverse-plane MSME images.
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thickness. A mean T2 relaxation time was calculated for each VOI by averaging the value of all cartilage voxels whose centroid
belonged inside the VOI. According to prior literature [29], voxels with outlier values (i.e., negative relaxation times or relaxation
times exceeding the median plus three times the interquartile range of the voxels in the VOI) were excluded from the mean
calculation.

All processing in steps 1-3 was carried out with custom software implemented using Matlab (version R2014b, MathWorks,
MA, USA).

24. Statistical analyses

2.4.1. Method reliability

To assess the intra-rater reliability, the 10 knees were segmented and registered twice by a single operator on separate days.
Results from both processes were first analyzed visually using Bland-Altman plots. The reliability was then evaluated using
one-way random model intraclass correlation coefficients (ICCs) for each of the 36 VOIs. In addition, the standard error of mea-
surement (SE;,) was calculated for each VOI as follows:

SE,, = SDV1—ICC, (1)

where SD is the standard deviation of the mean T2 values within each VOI [30]. The SE,, is an indicator of the precision of mea-
suring mean T2 values over VOIs, thus providing important guidelines for the interpretation of T2 comparisons in future studies.
The inter-rater reliability was assessed using the same procedure, but for two segmentations and registrations performed by
different operators.

24.2. Comparison of T2 relaxation times among VOIs

Repeated measures analysis of variance (ANOVA) and post hoc paired t-tests were used to compare the T2 values among the
12 full-depth VOIs. Additionally, paired t-tests were performed to compare the superficial and deep layers of these 12 VOIs.
Significance level was set a priori at o« = 0.05, with Benjamini-Hochberg correction for multiple comparisons. All statistical
calculations were performed using SPSS Statistics software (version 23, IBM, NY, USA).

3. Results
3.1. Method reliability

Bland-Altman plots indicated similar intra- and inter-rater reliability among all VOIs (examples shown in Appendix A. Supple-
mentary data). According to Cicchetti's quality classifications [31], the intra-rater reliability for the 12 full-depth VOIs was ‘excel-
lent’ (ICC between 0.75 and 0.99), and their inter-rater reliability was ‘good’ to ‘excellent’ (ICC between 0.66 and 0.94) (Table 1).
The median intra-rater SE,, was 0.99 ms, with a maximum value of 6.37 ms in the lateral anterior internal (Lai) VOL In the inter-
rater comparison, the median SE,, was 1.90 ms, with a maximum value of 4.95 ms in the medial anterior internal (Mai) VOIL

Table 1
Intra- and inter-rater reliability for the 36 volumes of interest (VOIs).
Intra-rater Inter-rater
Full-depth Superficial Deep Full-depth Superficial Deep
cartilage layer layer cartilage layer layer
VOI (abbreviation) ICC SEm (ms)  ICC SEmn (ms)  ICC SEm (ms)  ICC SEm (ms) ICC SEmn (ms)  ICC SEn, (ms)
Lateral
Anterior (La) 095 1.22 083 1.89 093 195 093 1.59 084 248 092 204
External  (Lae) 095 0.66 093 082 097 0.56 081 137 080 1.50 082 154
Central (Lac) 089 256 0.77 3.09 090 3.8 0.66 439 052 5.04 0.76 093
Internal  (Lai) 080 637 062 964 089 4.72 094 3.03 084 491 091 4.00
Central (Lc) 094 061 098 039 087 1.20 0.73  1.09 085 1.06 072 147
Posterior (Lp) 0.83 1.18 091 124 0.65 230 076 091 078 212 053 248
Medial
Anterior (Ma) 099 054 094 175 094 147 0.88 221 069 3.75 088 224
External (Mae) 092 1.76 088 238 061 3.62 066 325 061 417 066 3.12
Central (Mac) 098 0.86 091 2.06 097 1.18 081 290 054 446 079 3.63
Internal  (Mai) 099 1.01 099 1.20 097 2.08 0.79 495 0.68 5.62 080 5.21
Central (Mc) 090 0.77 091 071 079 130 083 1.03 0.88 0.86 069 1.61
Posterior (Mp) 0.75 0.96 094 0.60 068 197 0.76 091 090 074 076 183

ICC, intraclass correlation; SE;,, standard error of measurement. La/Lc/Lp refer to lateral anterior/central/posterior VOIs, respectively. Lae/Lac/Lai refer to lateral
anterior external/central/internal VOIs, respectively. Ma/Mc/Mp refer to medial anterior/central/posterior VOIs, respectively. Mae/Mac/Mai refer to medial anterior
external/central/internal VOIs, respectively.
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Intra-rater ICCs for the 24 superficial and deep cartilage layer VOIs were ‘good’ to ‘excellent,” with coefficients ranging from
0.61 to 0.99. Inter-rater reliability for these superficial and deep layer VOIs was ‘good’ to ‘excellent’ for all VOIs except for the
superficial lateral anterior central (Lac), superficial medial anterior central (Mac), and deep lateral posterior (Lp) VOIs, which re-
ported ‘fair’ reliability (Table 1). The median intra- and inter-rater SE, of the 24 superficial and deep layer VOIs were 1.82 ms
(maximum 9.64 ms in the Lai VOI) and 2.36 ms (maximum 5.62 ms in the Mai VOI), respectively.

3.2. Comparison of T2 relaxation times among VOIs

Repeated measures ANOVA indicated significant differences among mean T2 relaxation times in the medial and lateral
anterior, central, and posterior full-depth VOIs (P = .007). Post hoc analysis comparing the three VOIs per condyle indicated
longer T2 values in the central VOIs compared to the posterior VOIs on both the medial (Mc > Mp, P <.001) and lateral
(Lc > Lp, P <.01) condyles (Table 2, Figure 3(a)). On the medial condyle, the T2 value in the anterior VOI was significantly longer
than in the posterior VOI (Ma > Mp, P = .03).

Significant differences in T2 relaxation times were also found when comparing the six full-depth VOIs within the load-bearing
anterior VOIs using repeated-measures ANOVA (P < .001). Post hoc analysis comparing the three VOIs per condyle indicated a
general increase in T2 values from the external to the internal VOIs (Table 2, Figure 3(b)). Specifically, in both the medial and
lateral compartments, T2 values were higher in the anterior internal VOIs compared to both the anterior central (Mai > Mac,
P <.001; Lai > Lac P < .01) and anterior external (Mai > Mae, P < .01; Lai > Lae, P <.001) VOIs. Furthermore, the lateral anterior
central region had higher T2 values compared with the lateral anterior external region (Lac>Lae, P <.01).

Significant differences were found between the superficial and deep cartilage layer T2 relaxation times. The superficial layer T2
values were higher than the deep layers in the medial and lateral anterior and central VOIs (Table 2, Figure 4(a)). Furthermore,
in the six VOIs within the anterior VOI, all except for the Mai VOI exhibited higher superficial layer T2 values than in the deep
layers (Table 2, Figure 4(b)).

4. Discussion

This study introduced a method of measuring mean T2 relaxation time in VOIs over the entire femoral condyles. Method
assessment indicated ‘good’ to ‘excellent’ intra- and inter-rater reliability in all full-depth cartilage VOIs and in nearly 90% of
the superficial and deep cartilage layer VOIs [31]. These reliability measures are comparable or superior to those of other methods
previously tested, all of which used the MSME images for cartilage tissue segmentation [12,18,19]. As an example, for similar full-
thickness VOIs spanning the femoral condyles, Surowiec and colleagues reported intra- and inter-rater ICCs ranging from 0.45
(lateral anterior VOI, inter-rater) to 0.95 (lateral central VOI, intra-rater) [19]. Furthermore, inter-subject variations (quantified
by the standard deviation of T2 values in each VOI) of the presented method were an average of three times larger than the
SE.n, and differences in mean T2 times between VOIs were larger than the corresponding SE.,. Together these results suggest
that the method could reliably detect differences among knees and VOIs.

The presented method offers two notable improvements over previous techniques. First, cartilage tissue was identified using a
standard morphological sequence (DESS), providing superior contrast between knee tissues than the often-used T2 MSME images
[10,11,15,18,19]. Additionally, creating 3D bone and cartilage models using high-resolution morphological imaging and importing
them into the T2 data space allowed for analysis of cartilage T2 relaxation time over the entire femoral condyles. This was not
previously the case, as partial volume effects rendered it impossible to distinguish cartilage boundaries in some locations,

Table 2
Average and standard deviation (SD) T2 relaxation times over the 10 knees for the 36 volumes of interest (VOIs).
Full-depth cartilage Superficial layer Deep layer
VOI (abbreviation) Average SD Average SD Average SD
Lateral
Anterior (La) 50.0 5.5 53.2 4.8 46.5 7.9
External (Lae) 41.6 2.8 44,7 3.2 38.2 3.1
Central (Lac) 52.0 7.8 56.8 6.7 46.5 12.4
Internal (Lai) 65.2 11.8 69.3 104 61.0 14.2
Central (L) 494 2.6 52.0 2.8 46.8 35
Posterior (Lp) 45.2 29 434 24 43.9 4.6
Medial
Anterior (Ma) 47.7 6.6 51.1 8.2 43.8 5.8
External (Mae) 413 6.6 44.7 83 36.9 6.6
Central (Mac) 447 6.6 50.0 8.1 37.8 6.5
Internal (Mai) 59.0 11.8 58.1 114 59.9 125
Central (Mc) 49.1 2.4 51.0 2.4 471 2.8
Posterior (Mp) 423 22 434 24 41.1 4.8

Results from one processing completed by a single operator. Data are in ms. La/Lc/Lp refer to lateral anterior/central/posterior VOIs, respectively. Lae/Lac/Lai refer
to lateral anterior external/central/internal VOISs, respectively. Ma/Mc/Mp refer to medial anterior/central/posterior VOIs, respectively. Mae/Mac/Mai refer to medial
anterior external/central/internal VOISs, respectively.
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Figure 3. The average T2 relaxation times over the 10 knees are reported (color-coded) for the 12 full-depth VOIs. Significant differences between VOIs are marked as
*P<.05, " P<.01),and *P< .001. La/Lc/Lp refer to lateral anterior/central/posterior VOIs, respectively. Lae/Lac/Lai refer to lateral anterior external/central/internal VOIS,
respectively. Ma/Mc/Mp refer to medial anterior/central/posterior VOIs, respectively. Mae/Mac/Mai refer to medial anterior external/central/internal VOIs, respectively.

especially near the trochlear notch [18]. The possibility of evaluating cartilage compositional data over the entire femur could be a
critical advantage as properties of healthy cartilage and alterations with OA vary spatially [18,20,22,23]. Additionally, this tech-
nique is not limited to use with the images or resolutions used in the current study. In fact, the morphological 3D models can
be easily registered to higher-resolution T2 mapping sequences as they become available [32].

Second, the template of VOIs used to quantify T2 relaxation times was based on standard cartilage divisions that have been
shown to detect changes in cartilage thickness with OA, suggesting their anatomical relevancy and potential for comprehensive
cartilage compositional analyses [22,24]. Moreover, using the same cartilage divisions as those used in cartilage thickness research
will allow for the comparison of current and future data, both morphological and compositional, thus potentially improving our
understanding of healthy and OA cartilage properties.

Spatial variations in cartilage compositional properties, as measured by T2 relaxation time, were detected throughout the
femoral cartilage in non-OA knees. Specifically, the posterior VOIs had shorter T2 values compared to the anterior and central
VOIs. The reason for such patterns in healthy cartilage is not well-understood [18-20]. It has been shown that healthy cartilage
adapts to the loads most commonly experienced, especially walking [33], with moderate cyclic loading in healthy cartilage
causing an upregulation in chondrocyte collagen production [34]. Therefore, lower T2 relaxation time values, indicating a larger
concentration of extracellular matrix components and greater tissue organization, would be expected in anterior and central
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Figure 4. Color-coding indicates the difference (superficial-deep) between average cartilage layer T2 relaxation time per volume of interest (VOI). Significant differences
between the superficial and deep layer T2 values of each VOI are marked as *P < .05, * P < .01, and *P < .001. La/Lc/Lp refer to lateral anterior/central/posterior VOIS,
respectively. Lae/Lac/Lai refer to lateral anterior external/central/internal VOIs, respectively. Ma/Mc/Mp refer to medial anterior/central/posterior VOIs, respectively.
Mae/Mac/Mai refer to medial anterior external/central/internal VOIS, respectively.
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VOIs that sustain greater loads than posterior VOIs [6,35]. This apparent contradiction may be an indication that cartilage response
to loading is heterogeneous, with compositional characteristics of posterior condylar cartilage being inherently different from the
rest of the condyles [36].

Spatial variations were also observed within the load-bearing anterior VOIs, with increasing T2 values toward the
intercondylar notch. The particular geometry of the femorotibial joint induces spatial variations in compressive loading, including
relatively lower loads in the internal VOIs compared to the more external anterior VOIs [37]. Therefore, water content is likely
higher and collagen concentration lower toward the intercondylar notch, resulting in longer T2 relaxation times [3-6,38].

Finally, comparing cartilage layers indicated longer T2 values in the superficial versus deep layers in the central and anterior
VOIs, and in all but one of the six anterior VOIs. This finding of longer T2 relaxation times in the superficial layer extends our
understanding of the locations where composition differs between superficial and deep cartilage [11,18]. These depth-related
differences are likely due to the orientation of the extracellular matrix, which is columnar in the deep layer and parallel to the
bone near the articulating surface [39].

The T2 values presented here may differ from some of those reported in the literature [13,40]. However, due to spatial
variations in femoral T2 relaxation times, differences between studies can be caused by variations in VOI definitions. In fact,
defining VOIs similar to those presented here have yielded comparable T2 relaxation times [15,19]. Additionally, magnetic
resonance scanner equipment [41] and methods of calculating T2 relaxation times [42] are also known to affect T2 measurements.
Therefore, it is not necessarily possible or advised to make direct comparisons across all T2 relaxation time studies.

The clinical implications of the presented T2 analysis method will be realized in its applications relating cartilage composition
changes with potentially increased risks of cartilage structural loss or symptom development, thus conceivably providing a means
of detecting early OA [2,7,43]. Furthermore, given that the results here suggest a specific spatial distribution of T2 times in healthy
subjects, changes to this distribution could be used to detect subtle cartilage composition alterations. This may allow for a more
sensitive assessment of treatments such as cartilage repair [44], ligament reconstruction [45], or high tibial osteotomy [46].
Furthermore, the proposed method facilitates the simultaneous analysis of cartilage thickness and composition, which will provide
information regarding the temporality and location of cartilage changes more precisely in the progression of OA [2].

This study has some limitations, including the analysis of exclusively young, non-OA knees. While this population was selected
to fulfill the present objectives, the reliability of the method and the spatial variations in T2 relaxation time motivate future
research to characterize cartilage compositional properties, for example, in knee OA. Additionally, this study was limited to the
analysis of femoral cartilage, and further work should extend it to the tibial cartilage. Finally, the measured T2 values may be
influenced by the ‘magic angle effect,” which influences the T2 value of cartilage depending on its orientation relative to the static
magnetic field (By). The higher T2 values in the central VOIs may be at least partly due to this artifact, as some cartilage in this
region is oriented at 55° from By [47]. Thus, future studies should test for the influence of orientation of the imaged knees on
spatial variation of cartilage T2 values using the presented technique [18].

In conclusion, this study presented a reliable method for analyzing T2 relaxation time of cartilage over the entire femoral
condyles. The method included the registration of 3D bone and cartilage models from tissue segmentation performed on a mor-
phological MRI sequence with a T2 mapping sequence. Using this technique, non-OA cartilage T2 values were found to vary along
the condyles, within the load-bearing cartilage, and between the superficial and deep layers of cartilage, confirming the hetero-
geneity of cartilage composition and highlighting the promising potential of the method introduced in this study. Importantly,
this tool to quantify the compositional properties of the entire femoral condylar cartilage could contribute to an improved under-
standing of knee OA pathophysiology along with techniques for identifying knees with an increased risk of OA development at a
stage in which clinical interventions may be most effective.
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.knee.2019.03.006.
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