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relaxation time using Voxel Based Relaxometry
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Abstract

Purpose—To develop and compare with classical ROI-based approach, a fully-automatic, local
and unbiased way of studying the knee Ty, relaxation time by creating an atlas and using Voxel
Based Relaxometry (VBR) in OA and ACL subjects

Materials and Methods—In this study 110 subjects from 2 cohorts: (i) Mild OA 40 patients
with mild-OA KL < 2 and 15 controls KL < 1; (ii) ACL cohort (a model for early OA). 40 ACL-
injured patients imaged prior to ACL reconstruction and 1-year post-surgery and 15 controls are
analyzed. All the subjects were acquired at 3T with a protocol that includes: 3D-FSE (CUBE) and
3D-Ty,. A Non-rigid registration technique was applied to align all the images on a single
template. This allows for performing VBR to assess local statistical differences of Ty, values using
z-score analysis. VBR results are compared with those obtained with classical ROI-based
technique

Results—ROI-based results from atlas-based segmentation were consistent with classical ROI-
based method (CV = 3.83%). Voxel-based group analysis revealed local patterns that were
overlooked by ROI-based approach; e.g. VBR showed posterior lateral femur and posterior lateral
tibia significant Ty, elevations in ACL injured patients (sample mean z-score=9.7 and 10.3).
Those elevations were overlooked by the classical ROI-based approach (sample mean z-score
=1.87,and -1.73)

Conclusion—VBR is a feasible and accurate tool for the local evaluation of the biochemical
composition of knee articular cartilage. VBR is capable of detecting specific local patterns on Ty,
maps in OA and ACL subjects
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1. INTRODUCTION

Osteoarthritis (OA) is a heterogeneous and multifactorial disease characterized primarily by
the progressive loss of hyaline articular cartilage [1,2].

Anterior cruciate ligament (ACL) has been shown to be risk factor for the development of
post traumatic osteoarthritis in young and active population [3-6]

Despite the fact that the main diagnostic imaging tool for OA remains conventional
radiography, there is ample evidence that molecular and biochemical changes take place in
the joint tissue in OA and ACL-injured knees [7,8], before radiographic change is visible.
Recent advances in magnetic resonance (MR) imaging, including T, and T relaxation time
quantification, allow for the characterization of articular cartilage biochemical composition
[9-12]. Previous studies have also shown that T1, may be used to detect early degeneration
within one and two years after ACL reconstruction [13,14]. MRI quantitative assessment of
relaxation time maps reflecting degenerative changes in the knee are usually accomplished
using region of interest (ROI)-based approaches [9,15]. In this class of techniques,
compartments of the cartilage are segmented, and each ROI is described by the average of
the Ty, and T values. Articular cartilage segmentation is often performed manually or semi-
automatically, which introduces user variation and utilizes extensive human resources and
time. Recently, several automatic techniques have been proposed for the knee articular
cartilage segmentation including: statistical-based [16,17] active shape model-based [18,19],
texture-based [20] and atlas-based [21] methods.

Previous studies have also shown that spatially assessing knee cartilage relaxation time maps
using laminar and texture analyses could lead to better and probably earlier identification of
cartilage matrix abnormalities [22]. While sub-compartmental, laminar and texture analysis
could help in increasing specificity and sensitivity of this technique, studying the local
spatial distribution of the Ty, and T, values in different group of patients remains a
challenge [23,24].

Thus, the two challenges are the automatic segmentation of articular cartilage and a method
to evaluate the cartilage regions of interest for all subjects using a single template, so
comparative regions maybe compared across subjects, at different time points. Voxel Based
Relaxometry is a technique based on the alignment of all the subjects on a single reference
space. VBR was previously adopted to perform both groups and single subject analysis of
T2 relaxation time changes in patients with epilepsy. [25,26]. These studies showed how
VBR is consistent with ROI-based analysis providing additional information about the local
distribution of the T, values. Due to the thin shape of the cartilage and to the relative low
resolution of the T1,< MRI images, the application of this technique in the analysis of the
knee articular cartilage is still a medical imaging challenge.

Our hypothesis is that VBR is a feasible method for the fully automatic analysis of local
patterns of Ty, spatial distribution and the assessment of local cartilage composition
differences between two cohorts, or at different time points in the same cohort. The aim of
this work is to develop a fully automatic, local and unbiased way of studying the knee
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relaxation times by creating an atlas of the knee, and using Voxel Based Relaxometry
(VBR),
2. METHODS
Subjects

MR images from two different cohorts, collected for previous ongoing longitudinal studies,
are considered in this study. An OA cohortthat includes 40 mild osteoarthritic patients (age
=54.3 + 8.06 years, BMI = 24.05 + 2.52 kg/m? Kellgren—Lawrence (KL) score: <= 2) and
15 matched age controls (age = 47.6 + 10.3 years, BMI = 25.39 + 3.1 kg/m? Kellgren—
Lawrence (KL) score<=1). An ACL cohortincludes 40 patients with unilateral ACL tears
imaged within 1-33 weeks after injury prior to surgical reconstruction (baseline) (average =
8.4 £+ 6.4 weeks) and 1-year after reconstruction (age = 29.55 + 8.07 years, BMI = 23.53

+ 2.52 kg/m?) and 15 controls with no history of knee injuries underwent MR imaging at
baseline and 12 months later (age = 31.7 + 4.6 years, BMI = 23.7 + 4.8 kg/m?); The overall
dataset consisted of 165 images: 40 OA and 15 control; 40 baseline ACL, 15 baseline
controls, 40 1 year ACL and 15 1 year controls. All subjects gave informed consent, and the
study was approved by and carried out in accordance with the rules and regulations of the
Committee for Human Research at our institution both OA and ACL studies were IRB
approved.

MRI Image Protocol

All imaging was done using a 3T MRI scanner (GE Healthcare, Milwaukee, WI, USA) with
an 8-channel phased array knee coil (Invivo Inc, Orlando, FL, USA). The sequences
included were: (1) Sagittal intermediate-weighted, fluid sensitive, fat-saturated three-
dimensional (3D) fast spin-echo (CUBE) images [repetition time (TR)/echo time (TE) =
1500/25 ms, field of view (FOV) = 16 cm, matrix = 384 x 384, slice thickness = 1 mm, echo
train length = 50, bandwidth = 50 kHz, number of excitations = 0.5] Scan time 8.54 min; (2)
Sagittal combine 3D T1,,/T2 imaging sequences obtained using a previously developed 3D
sequence [27], Just Ty, data are used in this study. The acquisition parameters were: TR/TE
=9/2.6 ms, FOV = 14 cm, matrix = 256 x 128, slice thickness = 4 mm, Views Per Segment =
64, time of recovery = 1.2 s, spin-lock frequency = 500 Hz, ARC phase AF = 2, time of spin
lock (TSL) = 0/10/40/80 ms for the ACL cohort Scan time 8.18 min and TSL =
0/2/4/8/12/20/40/80 ms for the OA cohort scan time 8.32 min.

Image Processing

All post processing was performed using a program written in MATLAB (Mathworks,
Natick, MA) integrated with the elastix toolbox for the non-rigid image registration [28,29].

The overall procedure included the following steps:

. Reference identification
. Semi-automatic articular cartilage segmentation in the reference image
. Non-rigid morphing
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. Voxel-by-voxel fitting of morphed Ty, -weighted maps

All images in both datasets (ACL and OA cohort) were downsampled to a matrix =
[50x50x10] and iteratively morphed to the space of a reference randomly chosen in the
dataset. B-spline transformation was used for the morphing and Advance Mattes Mutual
Information image similarity metric was used as a figure of merit of the transformation to be
optimized. This process was iterated, selecting each of the 165 instances in the dataset as a
candidate reference. The best reference was then chosen as the sample that minimizes the
average deformation of the overall dataset: Minimal Deformation Template (MDL).

The local deformation of each case was assessed with the analysis of the Jacobian
determinant (J), which is an indicator for the volumetric change at the voxel level. The
reference that ensured absence of local volume vanishing in the cartilage region (J < 0),
minimized the local volume contraction (J < 1) and expansion (J > 0) was chosen. A single
representative reference was selected instead of constructing an average atlas [30]. This
guaranteed high reliability in the semi-automatic identification of the articular cartilage
border in the reference image. An atlas generated by averaging images over a number of
subjects would not be as reliable due to image gradients smoothing.

The reference case sagittal high-resolution CUBE images were rigidly registered with the
first TSL = 0 Ty, -weighted image using the VTK CISG registration Toolkit and used for
cartilage segmentation. Six cartilage compartments consisting of the medial femoral condyle
(MF), medial tibia (MT), lateral femoral condyle (LF), lateral tibia (LT), femoral trochlea
(TrF) and patella (P) were segmented semi-automatically using a method based on edge
detection and Bezier splines (Figure 1) [31].

Non-rigid registration was developed using elastix. Five level recursive pyramidal multi-
resolution with random sampler approach was used to estimate the non-rigid transformation
between fixed and moving image. For the initialization step, both fixed and moving image
were cropped in a fixed window size of 200 x 200 x 20 with the centroid lying in the
columns mean, slices mean and in the maximum of the vertical MIP’s line of profile that
corresponds with the tibiofemoral cartilage interface. This phase corrects any large
inconsistencies in the MR image prescription during acquisition and cuts image areas
acquired at the edge of the knee coil characterized by poor signal-to-noise ratio.

The non-rigid registration technique was applied between the reference and each of the 165
cases first TSL = 0 Ty, -weighted image. The transformation field obtained is then applied
on all the later TSL images (Figure 2). Despite the high registration performance globally
obtained after this first phase, the particular shape of the cartilage requires a high level of
precision, such that small errors could compromise the matching of the cartilage regions of
interest (ROIs). However, the performance of this phase were enough to define a ROl around
each cartilage compartment on the fixed image, and the application of this ROI on the
registered image guaranteed that the same anatomical area would be compared. Six ROIs
were considered based on the cartilage compartments semi-automatically segmented on the
reference image to which are applied a 2D dilatation with a fixed 20 pixel structural element.
The masks generated were used to constrain the image area to be considered in the
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registration process for both the fixed image and the output of the first non-rigid registration
phase. The technique was iterated for all the six cartilage compartments.

T1, maps were obtained by fitting the morphed Ty, -weighted images obtained with
different TSLs using a Levenberg-Marquardt mono-exponential (S(TSL) o exp(-=TSL/ Ty,))
applied on each voxel[32,9]. The reference ROIs were applied on the morphed maps, setting
in this way for a fully automatic single atlas-based segmentation that allows for the
application of the classical ROI-based technique. All the maps were visually checked to
ensure the morphing does not alter the local spatial distribution of the Ty, values.

Automatic ROI-based Method—The first set of experiments was aimed to evaluate the
performance of the registration algorithm that accomplishes automatic segmentation of
articular cartilage. The cartilage was semi-automatically segmented and quantified on both
the original and the morphed maps according to the ROI-based methods described in
previous studies [9,15]. The most posterior and anterior points of each ROl segmented on
the original images, were considered as control landmarks. These landmarks are transformed
according to the deformation field computed through the non-rigid registration procedure.
The distance between the reference and the transformed landmarks for all 165 morphed
cases were considered as a metric of the registration’s performance.

The average Ty, values computed from the fully automatic segmentations on the morphed
maps were compared to the values obtained from the semi-automatic segmentations for each
case on the original maps. This analysis was performed both for the ACL and mild OA
subjects.

The semiautomatic segmentation was performed by 2 users (FS and NC) with 4 and 2 years
of experience in cartilage image analysis. Both the users were trained under the supervision
of experienced musculoskeletal radiologists. The procedure for semiautomatic segmentation
was evaluated in previous studies reporting processing/reprocessing inter-observer ICC and
RMS-CV of the sub-compartment T1p quantification equal to 0.961 and 3.9%, respectively
[33] and scan/rescan RMS-CV of the T1p quantification in compartment equal to 0 3.1%
[34].

The procedure for the VBR, being fully automatic and deterministic, is completely
repeatable in processing/reprocessing of the same dataset. The scan/rescan repeatability of
the both automatic and semi automatic segmentation procedure were assessed on the same
dataset of six healthy volunteers.

Automatic ROI-based Method Statistical Analysis—Automatic and semi-automatic
ROI-based results are compared in terms of group mean and standard deviation, average of
each case’s coefficient of variation (CV), absolute Ty, differences (ms) and linear Pearson
correlation coefficients. Paired t-test was calculated between the automatic and semi-
automatic results to check for the presence of any drift introduced by the map morphing.
Scan/Rescan variably was computed using average CVs.
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Voxel based Relaxometry Statistical Analysis—The second set of experiments
aimed to show the application of group VBR and single subject VBR.

All the morphed maps in the different datasets were analyzed to extract local first- and
second-order statistical indexes for each voxel (mean, min, max and standard deviation) in
the baseline and 1-year ACL, Mild OA and controls groups. Group differences were locally
analyzed using sample mean z-score statistical parametric maps (SPMs) [35,36]. Z-score
SPMs were computed as follows:

” (X y Z): Me“’nACLb (x,y,z)—1\/Iea,nACL’contro1 (x,y,2)
ACLb ' ( SDACL,control (x,y,7) )

VNact
Mean , y ; <x7y’z)_Mea‘“ACL,wm-ol (x,y,2)
( SD A CL,control (¥Y:2)

v/ Nacr
7 (X y Z): Meang, , (X7)’7Z)—Mea,noAycontml (x,,2)

Noa

Zaciay (X? Y Z):

where (X, y, z) denotes the coordinates of the voxel. Mean {ACLb, ACL1y, OA} are the
averages of Ty, values across ACL baseline, ACL 1-year and mild-OA subjects,
respectively. Mean and SD {ACLcontrol, OAcontrol} are the averages of Ty, values across the
control subjects matched in gender, age and BMI with the ACL and OA-mild groups. NacL
and Npp are the sample sizes. Group VBR results were compared with those obtained from
applying the classical semi-automatic ROI-based method.

All the morphed maps were then converted to single sample z-score (SPMs), and each map
was characterized using specific features previously used as a similarity retrieval tool for
brain fMRI parametric maps [37]. Those features were proposed for identifying similar
patterns between brain SPMs, with the aim of the classification of patients in groups for
which the outcome was already known. They describe information about the location,
extension, clusterization, z-score differences and standard deviation of the areas with
elevated Ty, values.

In each cartilage SPM, all the voxels with z-score greater then zero are considered as active
volume of interests (aVOI) and each aVOlI is described by 9 features including: position of
the aVOI centroid [Xc, Yc¢, Zc]mean and standard deviation distances of all the active
voxels from the centroid /Dm, Ds], volume fV/] computed as number of active voxels,
number of connected regions /Nc], and mean and standard deviation of the z-score values
[M,S]. Each cartilage compartment is individually described. Paired t-test were used to study
longitudinal differences between baseline and 1-year features vectors in the ACL dataset and
unpaired t-test were used to assess group differences between ACL and mild OA subjects.
Significant threshold was consider at p<0.05.
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3. RESULTS

Fully Automatic ROI-based T, Evaluation

The qualitative assessment of the morphed map did not show major alterations of the local
spatial distribution of the Ty, values that can be potentially introduced by registration errors
or interpolation issues.

The comparison between original and morphed Ty, map of one representative patient from
the ACL baseline dataset is shown (Figure 3). This example shows similar Ty, spatial
distribution in the two maps and accurate preservation the original map’s local features.

The mean distance of the landmark control points was 0.67 + 0.47 mm, and 0.78 £ 0.59 mm
for the ACL (baseline and 1 year f/u) and mild OA group respectively.

Automatic and semi-automatic Ty, ROI-based quantification results are significantly
correlated and no significant drift are generally shown. The differences in the group means
were 0.93% and 1.97% for the ACL (baseline) and mild OA, respectively. Average CVs over
the six compartments and 40 patients were 3.81% and 3.91% for the ACL (baseline) and
mild OA groups, respectively. Only the ACL LF compartment shows a significant
overestimation of the Ty, values in the morphed map (p-value = 0.04). Slightly lower but
still in a good scale the performances observed in MT and P compartments (Table 1). No
significant differences in the algorithm performances were observed between baseline and 1
year ACL subjects (1 year average CV = 3.78%).

Scan/rescan repeatability average CVs compute on six healthy volunteers were 2.76% and
2.38% for semi automatic and fully segmentation respectively.

VBR Groups Analysis

The voxel-based T, mean maps show values in the expected range for both ACL baseline,
ACL 1-year and mild OA subjects with a global average of 40.69, 40.75 and 42.01 ms,
respectively. It is also worth noting that the group mean maps retain the laminar appearance
showing lower Ty, values in the cartilage closest to the subchondral bone compared to the
superficial layer, despite the averaging among subjects. The preservation of this feature is an
evidence of the precision of the registration strategy estimated through the control points to
be on the order of 0.72 mm (1.33 times the in plane pixel and 0.18 times the slice thickness).
Higher standard deviation is observed in the OA subjects than in the controls (Figure 4).

The analysis of the sample mean z-score maps shows significant elevation in posterolateral
femur and posterolateral tibia in the ACL subjects [Figure 5(a)]. Subtle local elevations are
observed in the medial side [Figure 5(d)]. At 1-year, the posterolateral femur and
posterolateral tibia had significantly elevated z-scores [Figure 5(b)]. There were also
significant increases in 1-year z-scores in the femoral trochlea and medial femoral condyle
[Figure 5(e)]. A different pattern is observed in the lateral side of mild OA subjects, showing
subtle but diffuse elevation in more central portion of posterolateral tibia and posterolateral
femur [Figure 5(c)]. However, similar spatial distribution is observed in the medial side,
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particularly in the posterior aspect of the medial femoral condyle, between 1-year ACL and
mild OA subjects [Figure 5(¢) and 5(f)].

When the same dataset is analyzed with the classical ROls-based method, no differences are
observed at baseline between Ty, averages in ACL subject and controls in any of the six
compartments [Figure 6(a)]. By dividing the cartilage into sub-compartments using the
anterior and posterior horns of the menisci as anatomical landmarks, significant differences
are observed in posterolateral tibia and posterolateral femur consistently on what observed
applying VBR [(Figure 5(a)]. Significant differences are observed at 1-year time point
between ACL and control subjects in both MF and LF compartments [Figure 6(b)]. The
femoral trochlea was slightly elevated compared to controls, albeit this finding was not
significant, while significant Ty, increase is observed with VBR [(Figure 5(b)]. Patients with
mild OA had significantly higher Ty, in the MF and P than that of controls. Ty, values were
higher in LF and TrF compartments of patients with mild OA compared to control subjects,
but this finding was not significant. ROIs computed with semi automatic segmentation and
fully automatic segmentation method show generally consistent results in the case-control
comparison. Few the differences observed. LF for the baseline ACL patients is nearly to be
significant different from controls p=0.09 in the automatic ROIs and not different in the semi
automatic ROIs p=0.30. 1 year ACL patient’s analysis showed totally consistent results
between the 2 methods. For the Mild OA patients LFC is nearly to be significant p=0.09 and
MFC is significant p=0.006 for the semi automatic method. The differences resulted both
significant using the automatic ROIs method.

Single Subject VBR Analysis

Figure 7 shows the results of the single subject VBR analysis and how to use the proposed
technique to explore similarities and differences in the z-score spatial distribution between
groups both cross-sectionally and longitudinally. ACL subjects show a significant
longitudinal change in aVOI centroid’s position volume and z-score mean in MF. In addition
to the trend in z-score mean, several features including Ds, Vand Ac¢show a trend towards
the Mild OA spatial distribution pattern from baseline to 1 year in the ACL subject in
addition to the trend in the z-score mean, which is the only feature detectable using the
classical ROI-based method. The differences in the centroid location (Y¢)in LT and LFC
compartments quantify the more posteriorly located elevation in the lateral compartment of
baseline ACL subjects. It is worth noting a trend towards the OA location in the 1 year ACL
subjects for this features. Interestingly in both of these compartments, no significant
difference was observed in the z-score mean features, showing the sensitivity of the
proposed method to features that can be potentially overlooked using just the classic ROI-
based approach.

Subtle trends are observed in MT with a decrease of Dmand Dsin OA subjects with respect
the ACL subjects, showing more focused aVOI in mild OA patient compared with the more
scattered elevations observed in ACL patient in both time points. No differences are
observed in the z-score mean feature in the MT, which is consistent with the ROI-based
method.
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Differences in volume and number of connected regions are observed in the TrF
compartment between baseline ACL and mild OA; both the indexes show a trend towards
the mild OA values from baseline to 1-year in the ACL subjects. The aVOI’s TrF centroid is
more laterally shifted in the ACL patinets in both time points with respect to the OA
patients. In the patella, significant differences were observed in volume and number of
connected regions between OA and ACL subjects in both time points. There was a decrease
in the mean z-score in the patella between baseline to 1 year in ACL group. However, the
location of the elevation shows a trend toward the mild OA pattern between baseline to 1-
year in ACL subject.

4. Discussion

In the current study, we present a new fully automatic method for MR T, relaxation time
quantification to assess the biochemical composition of the cartilage matrix at each voxel in
the knee. The method includes an atlas-based fully automatic cartilage segmentation, which
allows this technique to be used even for performing the classical ROI-based approach
without any human intervention. A CV of 3.85% and an absolute difference of 2.13 ms are
observed between semi-automatic and fully automatic method for the ROI-based T,
quantification. Furthermore, the mean Ty, of semi-automatic [9,15] and automatic ROIs are
strongly correlated, and the automatic algorithm did not introduce any drift in the values.
Moreover, the atlas based fully automatic segmentation proposed in this study showed an
optimal Scan/Rescan repeatability 2.38%, even slightly better then the one obtained by the
semiautomatic method 2.78%. This is probably due to the intra-rater variation that affects
the semi automatic method but not the fully automatic one. Particularly sensitive to human
error is the choice of the number and location of slices to be segmented. Slices located at the
border of the cartilage are be badly effected by partial volume effect making difficult for the
operator to decide the exact location of the edge. These findings suggest that the method
presented in this study is reliable and repeatable.

A comparable atlas-based method for locally analyzing knee cartilage previously done by
Carbadillo at el [38] used high-resolution images (three-dimensional double-echo steady-
statel with water excitation: 3D DESS-WE) to perform the inter-subject registration task and
a second step of intra-subject registration between T2 and DESS and resampling of the map,
introducing a possible source of variability. In contrast, the atlas-based approach proposed in
this study robustly and effectively solves the registration task directly using the relatively
low resolution and highly anisotropic Ty, -weighted images without the need of an high
resolution anatomical image, which is often not available in clinical protocols. The prior
study demonstrated the atlas-based approach in the patella only, we have extended the
methodology to the knee joint overall, and demonstrated its” applicability in a larger sample
size. We have also done the statistical analysis for both group and single subject VBR for
patients with mild OA, and longitudinally over a one year period for ACL-injured subjects
after the surgical reconstruction.

Group VBR showed consistent results with ROI-based approach, but was more sensitive to
the differences in the global compartment than the ROI-based method. Only by dividing the
cartilage ROIs into sub-compartments can the ROI-based method reach similar sensitivity as
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described in Li et al. [13]. VBR results presented in this study are generally consistent with
those obtained in [13] with the great advantage to be computed in a fully automatic fashion.

Moreover, the boundaries used in the a priori division of cartilage into sub-compartments or
layers, has been widely debated in literature without consensus [39,9,15]. Even if a
consensus in the use of specific anatomical landmarks would be reached; the manual
identification of those landmarks would be affected by intra- and inter- rater variation.
Additionally, the position of the knee during the MRI acquisition could affect the sub-
compartment division, with the chance of analyzing different cartilage locations in the
different patients or longitudinally. Non-rigid image registration and VBR allow for
overcoming all this limitation.

Single subject VBR reveals a novel way of approaching the Ty, quantification. This
technique can characterize the Ty, map of each patient and consider aspects that could be
overlooked in the classical ROI-based method. For instance, the volume of the elevations,
spatial sparsity, position of the aVOI in ACL-injured patients from baseline to 1-year were
becoming more similar to mild OA patients.

Furthermore, by converting the patient morphed maps to z-scores, the maps become
invariant to the inhomogeneities observed in the control groups caused by local properties of
the tissue or technical limitations, such as magic angle effects.

Our experiments show several features of the ACL subjects z-score patterns move towards
the mild OA spatial distribution, most of these findings would have been overlooked if using
the classical ROI-based method.

Despite the promising results, there are several limitations of this study, including the
relatively small sample size and the analysis of just one relaxation parameter.

Increasing the sample size opens the possibility to not only design the features for the
analysis of the single subject VBR but also apply deep learning algorithms to exploit latent
patterns in the data and describe more complex properties without deciding a priori the
indices to be evaluated, such as mean, standard deviation and texture features. The combined
use of Ty, and T, relaxation times and the local analysis of the correlation between the two
could also potentially add more information to the analysis.

In conclusion, VBR is a feasible and accurate tool for the local evaluation of the biochemical
composition of knee articular cartilage. The analysis in the current study show that VBR can
be used both for the assessment of group differences and for the characterization of the
single subject spatial distributions of Ty,. Moreover, the fully automatic post-processing
pipeline makes VBR an attractive way for the translation of the Ty, relaxation time
quantification in the clinical environment where the extensive usage of human resources for
manual or semiautomatic cartilage segmentation is not feasible.
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Figure 1.
Knee cartilage compartments
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Figure 2.
Schematic representation of the non-rigid registration strategy.
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Figure 3.
Comparison between (a) an original Ty, map and (b) a morphed Ty, map in the lateral

compartment of a representative patient from the ACL baseline group
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Figure 5.
z-score maps for the local analysis of Ty, group differences: first row lateral compartment

second row medial compartment. (a, d) ACL baseline, (b, €) ACL 1 year, (c, f) Mild OA.
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Figure 6.
Results of the semi-automatic and fully automatic ROI-based methods for the cartilage

compartment analysis of Ty, group differences: (a) ACL baseline, (b) ACL 1 year, (c) Mild
OA.
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Figure 7.
Single subject VBR features analysis: comparison between mild OA and ACL subjects
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Table 1
Evaluation Metrics ~ACL Patients, N=40 (Mean, SD)  Mild OA Patient, N=40 (Mean, SD)
MF ROI T1p Mean: Semi Auto Seg. (38.70, 2.45) (43.39, 3.57)
ROI Morphed T1p< mean: Automatic (38.10, 2.74) (42.26, 3.69)
Coefficients of Variation (2.46%, 3.16%) (3.33%, 2.34%)
Absolute Differences (ms) (1.31,1.62) (1.98, 1.38)

Auto vs Manual t-test

Auto vs Manual Pearson Corr. (R, p-value)

LF ROI T1p Mean: Semi Auto Seg.
ROl Morphed T1p< mean: Automatic
Coefficients of Variation

Absolute Differences (ms)

Auto vs Manual t-test

Auto vs Manual Pearson Corr. (R, p-value)

MT ROI T1p Mean: Semi Auto Seg.
ROI Morphed T1p< mean: Automatic
Coefficients of Variation

Absolute Differences (ms)

Auto vs Manual t-test

Auto vs Manual Pearson Corr. (R, p-value)

LT ROI T1p Mean: Semi Auto Seg.
ROI Morphed T1p< mean: Automatic
Coefficients of Variation

Absolute Differences (ms)

Auto vs Manual t-test

Auto vs Manual Pearson Corr. (R, p-value)

P ROI T1p Mean: Semi Auto Seg.
ROl Morphed T1p< mean: Automatic
Coefficients of Variation

Absolute Differences (ms)

Auto vs Manual t-test

Auto vs Manual Pearson Corr. (R, p-value)

TrF ROI T1p Mean: Semi Auto Seg.
ROl Morphed T1p< mean: Automatic
Coefficients of Variation

Absolute Differences (ms)

Auto vs Manual t-test

Auto vs Manual Pearson Corr. (R, p-value)

Not Significant:<a=0.32
(0.70, <0.000)
(38.83,2.28)
(40.17,3.22)
(3.31%, 2.65%)
(1.87, 1.56)
Significant: a=0.04
(0.77, <0.000)
(34.98,2.72)
(34.79, 4.17)
(4.07%, 3.04%)
(1.98, 1.44)

Not Significant: a=0.8
(0.86, <0.000)
(34.16, 2.68)
(34.34, 2.46)
(3.53%, 3.53%)
(1.69, 1.64)

Not Significant:<a=0.76
(0.60, <0.000)
(38.43, 3.10)
(38.69, 4.71)
(6.63%, 5.06%)
(3.63, 2.76)

Not Significant: a=0.77
(0.37,0.018)
(40.28, 2.70)
(40.06, 3.43)
(2.83%, 2.21%)
(1.61,1.22)

Not Significant: a=0.76
(0.80, <0.000)

Not Significant: =0.17
(0.82, <0.000)
(40.71, 3.23)
(41.18,3.17)
(3.31%, 2.65%)
(1.87,1.56)
Not Significant: =0.13
(0.81, <0.000)
(35.59, 4.18)
(37.03, 4.76)
(4.60%, 3.44%)
(2.33,1.85)

Not Significant: =0.15
(0.83, <0.000)
(34.7, 3.99)
(35.66, 3.72)
(3.9%, 2.9%)
(1.98,1.43)

Not Significant: a=0.27
(0.83, <0.000)
(43.11, 5.77)
(43.82, 4.52)
(5.09%, 3.97%)
(3.56, 2.40)

Not Significant: =0.55
(0.72, <0.000)
(41.82, 2.81)
(41.10, 3.44)
(3.21%, 2.12%)
(1.86, 1.28)

Not Significant: a=0.3
(0.77, <0.000)
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