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Abstract

Demyelination, axonal damage and inflammation are critical indicators of the onset and
progress of neurodegenerative diseases such as multiple sclerosis (MS) in patients. Due
to physical limitations of imaging such as acquisition time and imaging resolution, a
voxel in a MR image is heterogeneous in terms of tissue microstructure such as myelin,
axons, intra and extra cellular fluids and free water. We present a multi-compartment
tissue model which estimates the water fraction (WF) of tissues with short, medium and
high T2 relaxation times in a T2 relaxometry MRI voxel. The proposed method is
validated on test-retest data of healthy controls. This model was then used to study
longitudinal trends of the tissue microstructures for two sub-regions of the lesions:
gadolinium enhanced (E+) and non-enhanced (L−) regions of MS lesions in 10 MS
patients over a period of three years. The water fraction values in E+ and L− regions
were found to be significantly different (p < 0.05) over the period of first three months.
The results of this study also showed that the estimates of the proposed T2 relaxometry
model on brain tissue microstructures have potential to distinguish between regions
undergoing active blood brain barrier breakdown from the other regions of the lesion.

1 Introduction 1

Magnetic resonance imaging (MRI) is one of the most widely used in-vivo imaging 2

method for obtaining information on brain health. However, MRI voxels have limited 3

resolution due to physical constraints. Use of advanced MRI techniques such as T2 4

relaxometry and diffusion weighted MRI can address this issue by providing 5

quantitative estimates on brain tissue microstructures such as myelinated and 6

unmyelinated axons, brain fiber orientation etc [1]. In patients with neurodegenerative 7

diseases (such as multiple sclerosis (MS)), obtaining information on health of axons and 8

myelin using in-vivo imaging techniques can improve our understanding of the current 9

status and the progress of the disease in the patients. Obtaining this information can 10

provide critical knowledge on the brain health. 11

The myelin, axons and fluids in the brain can be distinguished based on the nature 12

of their water content. Myelin is a tightly wrapped structure around the axons. The 13

water in myelin is very tightly bound to its surface. Hence myelin has a very short T2 14
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relaxation time compared to the other brain tissue structures. The axons, gray matter 15

cells and other cells in the brain have a higher T2 relaxation time than that of myelin 16

but less than that of the fluids. Free fluids have the largest T2 relaxation time. Hence, 17

based on the T2 relaxation time brain tissues can be broadly classified into three 18

categories, short−, medium− and high−T2 components [2, 3]. Since a voxel in a MR 19

image of the brain is heterogeneous, there is a certain amount of the three T2 20

components present in each voxel. In addition to these, in presence of an infection there 21

might also be some fluid accumulation. Hence a quantitative metric that conveys 22

information on the condition of these tissues can provide useful insights into the current 23

brain tissue health. 24

Quantitative T2 relaxometry MRI sequences offer the capability to distinguish 25

tissues based on their T2 relaxation times. T2 relaxometry MRI has been used 26

effectively to calculate the myelin water fraction using a variety of approaches. Whittall 27

et al. and MacKay et al. [2, 4] obtained myelin water fraction using a multi-component 28

T2 model [5]. The multicomponent T2 model describes the observed T2 decay curve as a 29

weighted sum of an arbitrary number of decay curves. The weight of each T2 decay 30

curve is obtained using non-negative least squares (NNLS). Whittall et al. obtained 31

myelin water fraction of the brain tissues by assuming the T2 values of water in myelin 32

to be in the range of 10− 55 milliseconds [2]. The multi-component T2 models select an 33

arbitrary number of T2 decay curves to model the observed decay signal [5]. For 34

example, Whittall et al. [2] considered 80 logarithmically spaced values between 15 35

milliseconds and 2 seconds. Since the number of parameters to be estimated 36

considerably outweighs the number of observations (i.e. number of echoes), some 37

regularization is mandatory. However, the choice of the regularization term and its 38

extent affects the fitting measure [6]. 39

An alternate approach is a multi-compartment T2 relaxometry model where the 40

different T2 water pools in brain tissues are modeled as a weighted mixture of 41

pre-defined continuous functions. Stanisz and Henkelman [7] fitted two T2 components 42

(short and long T2 in bovine optic nerve), each having a gaussian distribution on a 43

logarithmic scale. Akhondi-Asl et al. proposed a framework to calculate myelin water 44

fraction by modeling the R2 space as a weighted mixture of inverse Gaussian 45

distribution of fast−, medium− and slow− decaying components with respect to T2 46

relaxation times [8]. Layton et al. proposed a maximum likelihood estimation approach 47

to estimate the myelin water fraction values [9]. They obtained the Cramér-Rao lower 48

bounds of the variables to establish the difficult nature of simultaneously estimating the 49

model parameters and weights for each compartment for such models. In contrast to the 50

multiple exponential T2 fitting approach, these models do not suffer from the ill-posed 51

weights estimation problem. In these models, the regularization is performed a priori 52

rather than a posteriori. 53

In this work, we propose a method for computing water fractions corresponding to 54

fast−, medium− and slow− decaying components with respect to T2 relaxation times 55

from T2 relaxometry MRI data acquired using 2D multislice Carr-Purcell-Meiboom-Gill 56

(CPMG) sequence. In this estimation framework, the T2 space is modeled as a weighted 57

mixture of three continuous probability density functions (PDF) representing the three 58

T2 compartments. For such models, the robustness and accuracy of the implementations 59

to simultaneously estimate the weights and parameters of the distributions was found to 60

be non-trivial and not reliable [9]. We therefore chose to take advantage of the earlier 61

studies performed in this field to fix the parameters of the distributions representing the 62

T2 relaxation components [3, 10,11]. Hence only the estimation of weights remain, 63

making the estimation model robust. In our work, we need to correct for the effect of 64

the stimulated echoes due to imperfect refocusing (due to the B1 inhomogeneities) that 65

leads to errors in T2 estimation [12]. The EPG algorithm is used to account for these 66
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stimulated echoes [13]. The field inhomogeneity (B1) is estimated numerically. Since 67

the T2 space is modeled as a weighted mixture of three continuous PDFs representing 68

the three components, the proposed model does not include any regularization on the 69

water fractions. The estimated weights of each compartment provide a quantitative 70

estimate of the tissue microstructure in a voxel. Experiments were carried out to 71

evaluate repeatability of the quantitative markers on healthy controls. 72

In the last part of this work, we show an application of the method on MS patients. 73

We report observations on the evolution of the quantitative markers obtained from the 74

model in enhancing (MS lesion regions undergoing active blood brain barrier breakdown) 75

and non-enhancing MS lesion regions. Vavasour et al. studied the MWF and total water 76

content in three new MS lesions in two patients over a year [14]. Levesque et al. studied 77

evolution of MWF and geometric mean of T2 values of gadolinium enhancing lesions in 78

five MS patients over a period of one year [15]. Although MWF was found to be quite 79

informative in suggesting changes in active lesions, the geometric mean T2 values was 80

sensitive to changes in the active lesions. Vargas et al. studied MWF of gadolinium 81

enhancing and non-enhancing lesions [16]. Measurements were compared for two 82

acquisitions with median duration of around 6 months between the scans. Authors 83

found that contrary to the non-enhancing lesions, there was significant improvement in 84

MWF of enhancing lesions between the two scans. Vargas et al. also mention that 85

MWF is a combined measure of edema and demyelination [16]. The MWF is a relative 86

measure and a change in its values should be studied in conjunction with the remaining 87

water fraction measures. In our analysis, we observed and compared the change in water 88

fractions of tissues with short, medium and high T2 values in enhancing and 89

non-enhancing regions of lesions in 10 MS patients over a period of 3 years. 90

2 Materials and methods 91

2.1 Estimation framework 92

Signal model We model the T2 space as a weighted mixture of three continuous 93

probability density functions (PDF) representing the three T2 relaxometry 94

compartments. The compartments represent tissues with short, medium and high T2 95

relaxation times. The weight of the j−th distribution is denoted by wj . The weights are 96

normalized such that
∑
j wj = 1.The signal of a voxel at the i−th echo time (ti) is 97

therefore given as: 98

s (ti) = M0

3∑
j=1

wj

 ∞∫
0

fj (T2; p)EPG (T2,4TE, i, B1) dT2

 (1)

where ti = i×4TE and 4TE is the echo spacing. Each fj (T2; p) is the chosen PDF 99

with parameters p. As mentioned in the introduction, for robustness reasons, the PDF 100

parameters are pre-selected and fixed keeping in mind histology findings reported in the 101

literature [3, 11]. In Eq. (1), M0 is the magnetization constant. EPG(·) represents the 102

stimulated echo computed at the time point (ti = i×4TE) using the EPG 103

algorithm [13]. B1 is the field inhomogeneity. 104

Optimization Without any loss of generality, M0 and {wj}3j=1 in Eq. (1) can be 105

combined into a single term, {αj}3j=1 ∈ R+. The weight corresponding to each 106

compartment can then be obtained as, wj = αj/
∑
i αi and M0 as

∑
i αi. The signal of 107
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the voxel at time ti is expressed as: 108

s (ti) =
3∑
j=1

αj

 ∞∫
0

fj (T2; p)EPG (T2,4TE, i, B1) dT2

 (2)

The parameters to be estimated in Eq. (2) are:
{
{αj}3j=1, B1

}
. The optimization is

thus formulated as a least square problem:(
α̂, B̂1

)
= arg min

α,B1

m∑
i=1

(yi − s (ti))
2

= arg min
α,B1

‖Y −Λ (B1)α‖22 (3)

where m is the number of echoes; Y ∈ Rm is the observed signal; 109

α = {α1, α2, α3} ∈ R+3
. Each element of Λ 110

(Λij = λj (ti;B1) ; i = {1, ...,m}, j = {1, 2, 3}) in Eq. (3) is computed as: 111

λj (ti;B1) =

∞∫
0

fj (T2; p)EPG (T2,4TE, i, B1) dT2 (4)

The parameters to be estimated in the least squares optimization problem stated in 112

Eq. (3), α and B1, are linear and non-linear in nature respectively. However they are 113

linearly separable. Hence optimization for α and B1 is performed alternatively until 114

convergence is obtained in a desired error limit. In the first step, α is computed by 115

non-negative least squares (NNLS) optimization [17] with a fixed B1 value. In the next 116

step, the weights computed in the first step are used to compute B1 by a gradient free 117

optimizer (BOBYQA). We choose to perform a numerical optimization to obtain B1 as 118

it does not have any closed form solution [13]. The integral in Eq. (4) also does not 119

have a closed form solution. Hence the integral is computed using the Riemann sum 120

approach by dividing the T2 region into rectangles of finite width (= 0.33ms in our case) 121

over the range of [0, 2500] ms. 122

In this work, the PDFs to represent each T2 relaxometry compartment ({fj(·)}3j=1 in 123

Eq. (1)) are chosen as Gaussian PDFs. The mean and standard deviations are chosen 124

for the three compartments based on histology findings reported in the 125

literature [3, 10,11] and are set as µ = {20, 100, 2000} and σ = {5, 10, 80} (all values in 126

milliseconds). The proposed method was implemented in C++ and is made available as 127

an open source library Anima1 128

2.2 Experimental Methods 129

Repeatability is an important aspect of quantitative MRI techniques. In the first 130

experiment we carried out test-retest experiments to assess the repeatability of the 131

proposed method. An important motivation of this study is to gain more insights into 132

the neurodegenerative disease phenomenon using the tissue microstructure information. 133

Hence, in the second experiment we performed a 3-year follow-up study on 10 multiple 134

sclerosis patients. 135

2.2.1 Experiment-1: Repeatability test 136

The objective of this experiment is to observe whether the proposed model is repeatable 137

in terms of estimation of the microstructure maps. For that purpose, test retest T2 138

relaxometry scans of 4 healthy controls were obtained to evaluate the repeatability of 139

the proposed method. 140

1https://github.com/Inria-Visages/Anima-Public
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Healthy controls The age of the healthy controls was in the range of 26-32 years. 15 141

regions of interest (ROI) were marked in the brain for each healthy control over which 142

the test and retest values of the compartments’ water fractions were compared. An 143

illustration of these ROI on a subject is shown in Fig. 1.

Fig 1. Assessing repeatability from test-retest data Test retest scans were
performed for 4 healthy controls to study the repeatability of the proposed method.
This figure shows the 15 regions which were marked on the healthy controls over which
the repeatability was studied.

144

Acquisition details The details of the acquired data are as follows: 3T MRI scanner; 145

2D multislice CPMG sequence; 32 echoes; first echo at 9ms; 4TE = 9ms; TR 146

= 3000ms; single slice acquisition; in plane resolution= 1.1mm ×1.1mm; slice thickness 147

of 4mm; matrix size of 192× 192; number of averages= 1. 148

Analysis A Bland-Altman plot was used to observe the repeatability of the 149

estimations over the ROIs. From the plot we obtained the mean deviation (md) of the 150

test retest values for the ROIs and checked whether there are noticeable systematic 151

changes in the estimations. We further look at the limits of agreement (LoA) between 152

the test retest estimations from the plot. 153

2.2.2 Experiment-2: Application to Multiple Sclerosis (MS) 154

Multiple sclerosis lesions are focal lesions and grow in a concentric manner [18]. In the 155

early stages, brain tissues in the MS lesions undergo active blood brain barrier 156

breakdown [18,19]. Surrounding the core of the lesion is the edema as a result of tissue 157

inflammation due to ongoing tissue damage. As compared to the normal appearing 158

brain matter, the entire MS lesion regions appear hyper-intense on T2 weighted MRI. 159

However, only the regions of the lesion undergoing active blood brain barrier breakdown 160

appear hyperintense on T1 weighted MRI acquired post Gd injection. Hence, lesions in 161

active state have two regions, a region which actively undergoes blood brain barrier 162

breakdown and the regions which do not. 163

The objective of this experiment is to study the evolution of compartments’ water 164

fractions in regions of lesions in MS patients undergoing active blood brain barrier 165

breakdown and the regions which are not. In addition to that, we shall observe whether 166

the water fraction values of the compartments for the two regions are in confirmation 167

with the pathological knowledge of MS lesions. 168
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Patient Data We studied 10 MS patients over a period of 36 months. All patients 169

included in this study had an episode of clinically isolated syndrome (CIS). The patient 170

cohort comprised of an equal number of male and female subjects and their median age 171

was 28 years. All participants of this study gave their written consent. Data was 172

acquired at eight time points over a period of 36 months. An acquisition at the baseline 173

was followed by acquisitions at 3, 6, 9, 12, 18, 24 and 36 months from the baseline. The 174

lesions in patient scans were marked by an expert radiologist on T2 weighted images at 175

the baseline. All participants were informed and provided their written consent for the 176

study.

Fig 2. MS patient study design The MS lesions were marked on T2 weighted on
gadolinium post contrast T1 spin echo MR images of the patients acquired at the first
visit (i.e. M00). Eight scans are obtained from time of the first visit over a period of 36
months for each patient at intervals shown in the figure. The region of interest (ROI)
marked at M00 is studied over the period of 36 months. Two ROIs are studied in this
work: (i) region of the lesion which appears on the gadolinium post contrast T1
weighted spin echo images. These are the regions of the lesions undergoing active blood
brain barrier breakdown, (ii) lesion region appearing on T2 weighted MR images but
not on gadolinium post contrast images.

177

Acquisition details All data was acquired on a 3T MRI scanner. The acquisition 178

details for the T2 relaxometry data are as follows: 2D multislice CPMG sequence; 7 179

echoes; first echo at 13.8ms; 4TE = 13.8ms; TR = 4530ms; voxel dimensions 180

= 1.3× 1.3× 3.0 mm3; spacing between slices of 3mm; matrix size of 192× 192; number 181

of averages = 1; acquisition time ≈ 7 minutes. A T1 weighted scan was obtained post 182

gadolinium injection to identify the lesions undergoing active blood brain barrier 183

breakdown. The post Gadolinium injection (0.1mmol/kg gadopentate dimeglumine) 184

acquisition details are as follows: transverse spin echo T1 weighted images; voxel 185

dimensions = 1.0× 1.0× 3.0 mm3; spacing between slices of 3mm; matrix size of 186

256× 256; number of averages = 1. The protocols were approved by the institutional 187

review board of Rennes University Hospital. 188

Analysis In this study, we define two groups of MS lesions, (a) E+: lesion regions 189

which appear hyper-intense on post-Gd injection T1-weighted images and (b) L−: lesion 190

regions appearing hyper-intense on T2-weighted images only. Thus a lesion might have 191

both E+ and L− regions in it. An illustration of the lesion regions is shown in Fig. 2. 192
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The lesion ROIs are marked at baseline and the same region is observed over a period of 193

three years. In the 10 MS patients, we observed 229 L− and 25 E+ lesion regions. 194

Since the lesions were marked on T2 weighted images, all processed images were 195

registered to the T2 images using a block matching algorithm [20,21]. 196

3 Results 197

3.1 Experiment-1: Repeatability test 198

The Bland-Altman (BA) plots for short, medium and high-T2 water fraction estimates 199

over the ROIs are shown in Fig. 3. BA plots are scatter plots between the average
T
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s
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s
t
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Short T2 Medium T2

High T2

(a) (b)

(c)
Fig 3. Bland-Altman plots comparing test-retest estimations Bland-Altman
(BA) plots for (a) short, (b) medium and (c) high-T2 water fraction estimations are
shown here. 15 ROIs (see Fig. 1) are evaluated for repeatability of the estimated water
fractions in 4 healthy controls. The mean level (md) is the mean of the differences
between test and retest values. The gray region around md is its 95% confidence interval
(CI). The limits of agreement (LoA) levels are computed as md ± 1.96SD, where SD is
the standard deviation of the difference in test and retest values. The yellow region
around the LoAs are its 95% CI. The BA plot statistics are summarized in Table 1.

200

test-retest measurement and the difference between test-retest measurements. We 201

measured the means of the estimated values of 15 ROIs in 4 healthy controls. The BA 202

plots for short, medium and high-T2 water fraction estimates for the 15 ROIs are shown 203

in Fig. 3(a), 3(b) and 3(c) respectively. The plots shows the level of mean error (md) 204
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observed. The gray area around the mean error level is its 95% confidence interval (CI). 205

Along with md, the md ± 1.96× σd levels are also shown and are referred to as levels of 206

agreement (LoA). σd is the standard deviation associated with the errors observed in 207

the test-retest measurements. LoA is thus an empirical estimate of the range around md 208

within which 95% of the differences are expected to exist. The 95% CI of the LoAs for 209

each plot is shown with a yellow shade around LoA in the plots. The BA plot statistics 210

are summarized in Table 1. From Fig. 3, we observe that the mean bias of difference 211

between the test-retest ROI mean values (md) is close to zero for short, medium and 212

high-T2 water fraction estimates. For all three water fraction estimations, the zero level 213

lies comfortably inside the 95% CI of the md. The test retest differences lie within the 214

LoA and its 95% CI. 215

Table 1. Bland-Altman plots statistics for repeatability experiment

Mean bias (md) 95% CI around md Limits of agreement (LoA)

Short-T2 water fraction −2.27× 10−4
[
−4.92× 10−3, 4.46× 10−3

]
1.65× 10−2

Medium-T2 water fraction 2.34× 10−4
[
−4.45× 10−3, 4.91× 10−3

]
1.65× 10−2

High-T2 water fraction −0.07× 10−4
[
−0.11× 10−3, 0.09× 10−3

]
0.01× 10−2

This table summarizes the statistics of the Bland-Altman (BA) plots shown in Fig. 3 for
short, medium and high-T2 water fraction estimates.

3.2 Experiment-2: Application to Multiple Sclerosis (MS) 216

In this experiment we observed and compared the evolution of water fraction maps of 217

the three compartments between E+ and L− MS lesion regions in 10 patients over a 218

period of 3 years. We observed the water fraction values for E+ and L− at each scan 219

point. In addition to it, we also observed the change in the water fraction values (for 220

E+ and L−) between consecutive scans which is computed as: ∆wf,i = 221(
wfscani+1

− wfscani

)
. Hence positive values indicate a gain in the water fraction 222

values between consecutive scans. The E+ and L− group difference analysis was 223

performed using Mann-Whitney U test. 224

0.00 0.50 0.25 1.00 0.00 0.50

T2 relaxometry Short-T2 Medium-T2 High-T2

0.00 0.50 0.25 1.00 0.00 0.50

T2 relaxometry Short-T2 Medium-T2 High-T2 Post Gd T1 MRI

Lesion-1

Lesion-2

Lesion-1

Lesion-2

(a) Healthy subject

(b) MS patient

Fig 4. Healthy subject and MS patient A comparison between water fraction
maps for (a) healthy subject and (b) MS patient is shown.

An example illustrating the comparison between the water fraction maps for a 225
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healthy control and MS patient is shown in Fig. 4. Lesion-1 in the MS patient has a 226

large active core, whereas a very small region of lesion-2 is active. Both lesions show 227

indications of extensive demyelination. The medium-T2 and high-T2 water fraction 228

maps show varying trends among the lesions, and also between the regions of the lesion 229

undergoing active blood brain barrier breakdown and otherwise. 230

Short T2 water fraction Results for short-T2 water fraction (ws) maps is shown in 231

Fig. 5. The ws values of the E+ and L− lesions at all time points is shown in Fig. 5(a). 232

The L− lesion regions are significantly associated with higher ws values as compared to 233

E+ at M00 (p = 0.014). However, the ws distribution of E+ and L− regions at the end 234

of 3 years are similar. The results of the change in ws values (∆ws) between consecutive 235

scans in shown in Fig. 5(b). Largely negative ∆ws,0 values for E+ lesion regions 236

suggests increased ws values between M00 and M03. After M06 we observed less 237

changes in ws values in E+ lesion regions. The observed change in ws values for the L− 238

lesions regions was very less throughout the 3 year period. Only ∆ws,0 values E+ and 239

L− were significantly different (p = 0.009).

E+

L-

E+

L-

(a) (b)

Fig 5. Evolution of short T2 water fraction values over 3 years The plots in
this figure show the median and upper and lower quartile levels of the data. The
short-T2 water fraction value (ws) at each scan is shown in Fig. 5(a). The change in ws
between consecutive scans is shown in Fig. 5(b). Significant group differences between
groups are shown using ∗ (p < 0.05) and ∗∗ (p < 0.01).

240

Medium-T2 water fraction The evolution of the medium-T2 water fraction (wm) in 241

E+ and L− lesion regions is shown in Fig. 6(a). Although the wm values for both 242

groups reduce slightly at the end of 3 years, there is no evidence of difference between 243

E+ and L− with respect to the change in wm values between successive scans (refer 244

Fig. 6(b)). 245

High-T2 water fraction The high-T2 water fraction (wh) values for E+ and L− 246

lesion regions are shown in Fig. 7(a). The E+ lesion regions are significantly associated 247

with a higher value of wh as compared to the L− population at M00 (p = 0.002). 248

Largely negative ∆wh,0 values (refer Fig. 7(b)) for E+ lesion regions suggest a decrease 249

in their wh values between M00 and M03. Subsequently, E+ lesion regions undergo 250

negligible change between consecutive scans. L− lesion regions show negligible change 251

in their wh values throughout the period of the study. The change in wh values were 252

found to be significantly different between E+ and L− lesion regions for scan periods 253

M00-M03, M03-M06 and M06-M09 with p-values of 0.008, 0.011 and 0.11 respectively. 254

It is also important to observe the effect size of the datasets when observing the 255

p-values for group differences. Whereas the p-value conveys information on the strength 256
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E+

L-

E+

L-

(a) (b)

Fig 6. Evolution of medium T2 water fraction values over 3 years The plots
in this figure show the median and upper and lower quartile levels of the data. The
medium-T2 water fraction value (wm) at each scan is shown in Fig. 6(a). The change in
wm between consecutive scans is shown in Fig. 6(b). Significant group differences
between groups are shown using ∗ (p < 0.05) and ∗∗ (p < 0.01).

E+

L-

E+

L-

(a) (b)

Fig 7. Evolution of high T2 water fraction values over 3 years The plots in
this figure show the median and upper and lower quartile levels of the data. The
high-T2 water fraction value (wh) at each scan is shown in Fig. 7(a). The change in wh
between consecutive scans is shown in Fig. 7(b). Significant group differences between
groups are shown using ∗ (p < 0.05) and ∗∗ (p < 0.01).

Table 2. Common language effect size and p-values

Value p-value CL effect size

Short-T2 water fraction (ws) at M00 0.014 65.05%
∆ws between M00 and M03 0.009 34.25%
High-T2 water fraction (wh) at M00 0.002 31.51%
∆wh between M00 and M03 0.008 66.08%
∆wh between M03 and M06 0.011 65.51%
∆wh between M06 and M09 0.011 34.55%

The common language (CL) effect size are reported for the measurements which were
significantly different for E+ and L−. In this work, the CL effect size denotes the
percentage of times a randomly selected sample from L− is greater than a random
selection from E+ group.

of the water fraction values to reject the null hypothesis, the effect size is a measure of 257

the magnitude of the difference. We used the common language (CL) effect size statistic 258

and the associated p-values to observe the group differences [22,23]. The CL effect size 259
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for the groups that were found to be significantly different from the Mann-Whitney U 260

test is shown in Table 2. In this work, the CL effect size value denotes the percentage of 261

times the wf value of L− is higher than E+ when both samples are selected at random 262

from each group. It can hence be interpreted as the probability of superiority of L− 263

over E+ for a measurement. 264

4 Discussion 265

The test-retest experiment results show that the quantitative MRI markers estimated by 266

the proposed method is repeatable. For all the markers estimated, the zero level was 267

comfortably inside the 95% confidence interval of the mean difference observed between 268

the test and retest values of the marker for the 15 ROIs (refer the Bland-Altman plots 269

in Fig. 2). Hence there are no noticeable systematic changes in the estimated markers 270

for the test and retest data [24]. 271

In Section 3.2 the evolution of water fraction markers in MS lesion regions which are 272

undergoing active blood brain barrier breakdown are compared to the MS lesion regions 273

in the later stages. At the baseline scan, the E+ lesion regions are prone to having 274

lower short-T2 water fraction values as compared to L− regions (p = 0.014, CL = 275

65.05%). This might indicate that regions of the lesion undergoing active blood brain 276

barrier breakdown have undergone greater demyelination. However, there seems to be 277

no significant difference between the two groups with respect to the short-T2 water 278

fraction values for all scans three months after the baseline. The E+ lesion regions tend 279

to have significantly higher values for high-T2 water fraction as compared to L− at the 280

baseline scan (p < 0.01, CL = 31.51%). The demyelination of MS lesions is 281

accompanied by inflammation due to increased macrophage intervention [19]. This 282

might explain the low and high values of short-T2 and high-T2 water fraction values 283

observed at the baseline scan for E+ lesion regions. The gain in short-T2 water fraction 284

values for E+ lesion regions between the scans at M00 and M03 is significantly greater 285

than that for L− (p < 0.01, CL = 34.25%). The increase in short-T2 values in this 286

period is accompanied by a considerable drop in high-T2 values for the E+ lesion 287

regions. The drop in high-T2 water fraction values between the baseline and the next 288

scan for E+ is significantly larger than that of L− (p < 0.01, CL = 66.08%). All E+ 289

lesion regions incur a decrease in high-T2 values over the first six months of observation. 290

Hence, the observations from the change in water fraction values between consecutive 291

scans are: (i) although both groups show indications of remyelination, E+ lesion regions 292

undergo significantly greater remyelination as compared to L− between the baseline 293

and scan at M03, (ii) there is a considerable reduction of inflammation in E+ over the 294

first three months but L− show little or no change in this aspect. The myelination 295

activity of E+ and L− is similar three months after baseline. However, the 296

inflammation activity seems to continue for 9 months from baseline scan time. Some 297

L− lesion regions observed at the baseline scan would have been in the E+ stage at 298

some point of time. This explains the similar water fraction values for E+ and L− by 299

the end of three years. Unlike short-T2 and high-T2 water fraction values, the 300

medium-T2 water fraction values for E+ and L− lesion regions never show any 301

significant difference, which might be attributed to the fact that in terms of T2 values 302

considered, the medium-T2 water pool is highly heterogeneous. It conveys information 303

on unmyelinated axons, glia, interstitial and extra-cellular matters [10]. 304

Our study on MS patients has certain limitations. First, the clinical data available 305

was not of the highest quality possible due to acquisition time constraints in a clinical 306

setting. T2 relaxometry data with a higher number of echoes and shorter echo times are 307

favorable for multi-compartment models. Second, the time gap between the first and 308

second scan was three months. A shorter interval between successive acquisitions would 309
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be beneficial to study the fast evolving active lesions. 310

5 Conclusion 311

In this work we proposed a multi-compartment T2 relaxometry model to obtain 312

quantitative estimates on brain tissues with short, medium and high T2 relaxation times. 313

Test retest experiment results showed that the proposed method does not suffer from 314

any noticeable systematic changes in terms of the markers estimated. The study of the 315

evolution of multi-compartment T2 relaxometry markers on 10 MS patients over a 316

period of 3 years had two important observations: (i) the markers have the potential to 317

distinguish between gadolinium enhanced and non-enhanced regions in MS lesions and 318

(ii) both lesion regions have similar water fraction values by the end of the third year 319

and show little distinction after 3 months from baseline scan. The later observation 320

from the longitudinal study shows that the biomarkers obtained from this model 321

explains the MS lesion evolution along the lines reported in the pathological and 322

radiological studies on MS lesions [18,19]. The former observation on the other hand 323

motivates us to investigate methods by which biomarkers from multi-compartment 324

models based on advanced MRI techniques can help distinguish between lesion regions 325

undergoing active blood brain barrier breakdown without injection of contrast 326

enhancers in MS patients, which we shall investigate in our future studies. 327
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