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ABSTRACT

Purpose: To evaluate the optimal regression fitting algo-
rithm for T2 relaxation time measurements on relapsing
remitting multiple sclerosis (RRMS) patients and Healthy
Subjects (HS) with the aid of a multi-component tissue
mimicking phantom.

Material and Methods: Twenty eight glass test tubes were
filled mainly with (a) standard EUROSPIN test objects, (b)
Gd-DTPA hydatic solutions, (c) milk creams with various fat
contents and (d) raw eggs with various relative concentra-
tions of egg-white and egg-yellow parts. Two patients with
relapsing remitting multiple sclerosis (RRMS) and a healthy
volunteer were examined. A multi-echo spin echo sequence
(32 echoes) was used for all the phantom and human sub-
jects T2 measurements. T2 relaxation parametric maps for
the phantoms and the human subjects were calculated uti-
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lising a Conventional-Linear (CL), a Weighted-Linear (WL),
a Non-Linear (NL) and a Double-Exponential-Non-Line-
ar-Fit (DENLF) regression fitting methods.

Results: A single T2 relaxation behaviour was observed for
EUROSPIN and Gd-DTPA solution test tubes. A double T2 re-
laxation behaviour, revealed only by DENLF, was observed
for milk creams, raw eggs, Normal-White-Matter (NWM)
of a healthy subject and Normal-Appearing-White-Matter
(NAWM) and focal lesions of RRMS patients.

Conclusions: WL, NL and DENLF algorithms proved to be
an excellent means for optimised measurements of T2 val-
ues on tissue mimicking phantoms, NWM, NAWM and de-
myelinating lesions of RRMS patients. DENLF provides ad-
ditional information related to differentiation of molecular
environments in either phantoms or human subjects.
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Introduction

MRI phantoms are an important means for any MRI clinical
sequence calibration experiment, considering the fact that
they provide a reference standard of known parameters to be
estimated. Many alternatives for the fabrication of single expo-
nential T2 phantoms for tissue mimicking materials have been
proposed but only a few choices exist for the fabrication of
double/multi exponential T2 phantoms [1] that actually mimic
the majority of brain and muscle tissue.

Conventional MR images can be considered, in terms of their
image contrast information, as weighted entities of PD (hy-
drogen Proton Density), T1 (longitudinal relaxation time), T2
(transverse relaxation time), T2* (overall observed transverse
relaxation time, including field inhomogeneities), water/
blood molecular diffusion, water/blood molecular perfusion
and macroscopic flow. The nature of any MR image contrast is
practically based on the relative contributions of all the above
entities at different tissues.

Quantitative MRI is a direct representation of the actual
parameter obtained from the indirect contributions of all the
above parameters and is presented as a 2D/3D MR image with
contrast based on the relative parameter. Most commonly, the
result is a 2D/3D parametric map which depicts in a gray or
colour scale the measured values of the parameter in question
(T2 map, T1 map, T2* map, ADC map, Perfusion map, flow map,
etc). All parametric maps are obtained by appropriate math-
ematical fitting or algebraic calculations on the conventional
MR signal data and subsequent extraction of the values of the
measured parameter. In mathematical fitting, the accuracy
and precision of the fitting method/algorithm is of particular
importance, so that the generated parametric map is reliable
and accurate [2].

Most relaxometric T2 studies which are based on T2 para-
metric maps are focused on mono-exponential fitting analysis
methods [3]. T2 parametric maps are of vital importance when
extracted from multi-exponential fitting analysis methods.
These more complicated methods for the characterisation of
the T2 decay curve are able to identify multiple water reser-
voirs in normal human brain [4-13] or characterise additional
signal arising from brain white matter pathology such as de-
myelination or inflammatory oedema [14].

The aim of this study is to compare four different regression
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fitting algorithms for optimising measurements of T2 relaxa-
tion times in brain tissue mimicking phantoms and apply the
best fitting algorithm in healthy subjects and relapsing remit-
ting multiple sclerosis (RRMS) patients to validate its utility in
clinical practice.

Material and Methods

2.1 Phantoms

Twenty eight test tubes filled with various materials, which
simulate T2 values of different human brain physiology and
pathology embedded in a plastic holder, served as a generic T2
relaxation phantom (Tables 1, 2). The test tubes were filled
with materials which consisted of; (a) gadolinium doped aga-
rose gel solutions as obtained from the standard EUROSPIN
gel test objects (TO5) with EUROSPIN test tube vial numbers
1,2,3,4,5,6, 7 and 8 (8 vials) [15-17]. (b) two vials contain-
ing Gd-DTPA hydatic solutions, (c) one vial containing double
distilled water, (d) one vial containing Acetone, (e) eight vials
containing standard milk creams with various fat contents, (f)
one vial containing corn oil and (g) seven vials containing raw
eggs with various relative concentrations of egg-white and
egg-yellow parts. The expected range of T2 values in reference
to all materials spanned from 20 ms up to 2000 ms. All test tube
vials were placed in a phantom holder and their distinct posi-
tions are shown in Table 1. The whole construction with the
embedded test tube vials is referred as the T2-QMRI phantom.
The chemical composition, equivalent concentrations and la-
belling of all the phantom materials are presented in Tables
land 2.

2.2 Human subjects

Two patients with relapsing remitting multiple sclerosis
(RRMS) (one male, 25 years, EDDS=2.5 and one female, 32 years,
EDSS=3.5) and a healthy volunteer (one female, 30 years) were
examined. Informed written consent as approved by the Her-
aklion University Hospital ethical committee, was obtained for
all human subjects.

2.3 MR Image acquisition

All phantom experiments and human subjects’ examinations
were performed on a 1.5 T superconducting MR imager (Vi-
sion/Sonata hybrid System, Siemens, Erlangen, Gradient
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Fig. 2. Bland-Altman plots for Milk Creams test objects.

Strength: 45 mT m™, Slew Rate: 200 mT m™ s7). A standard
quadrature RF body coil was used in all examinations for sig-
nal excitation and a 4 element, 2 channel head array coil was
used for signal detection. The T2-QMRI phantom was placed
in supine position (test tubes facing up) and entered the mag-
net cradle using the head-first configuration. A conventional
Gradient Echo (GRE) 2D multi slice multi plane turbo Fast Low
Angle Shot (turboFLASH) T1 weighted imaging sequence was
initially applied in axial, sagittal and coronal planes for the lo-
calisation of the phantom test tubes and the brain anatomical
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structures of the human subjects.

For the quantitative T2 measurements, a 2DPD to T2 weight-
ed multi-slice-Multi-Echo Spin Echo (MESE) sequence was used.
This MESE sequence was based on a 2DCarr-Purcell-Meiboom-
Gill (CPMG) multi-echo train sequence with alternating 180°
RF pulses under the Phase-Alternating-Phase-Shift (PHAPS)
scheme [18]. The MESE sequence was applied using 32 sym-
metrically repeated spin echoes. The first TE was 6.7 ms and
the rest 31 TE's were obtained thereafter every 6.7 ms (6.7,13.4,
20.1,26.8...207.7, 214.4). A selective refocusing RF pulse scheme
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was utilised. Five slices of 8 mm slice thickness and 8 mm inter-
slice gap were used. A TR of 2300 ms was used in both phantom
and human subject measurements. A field of view (FOV) image
area of 280 X 210 mm? was covered from each slice. The image
reconstruction matrix was 256 X 192 pixels respectively to the
FOV dimensions, corresponding to a square pixel matrix with
pixel dimensions 1.1 X 1.1 mm? (in-plane spatial resolution).
The cross-plane spatial resolution was equal to the slice thick-
ness (8 mm). The overall spatial resolution expressed in data
voxel dimension was 1.1 X 1.1 X 8 mm”. The total imaging di-
mension on the cross-plane direction (all slices and gaps) was
72 mm covering the central area of the longitudinal axes of the
test tubes and most of the central cranial anatomy.

The highest possible receiver bandwidth (501 Hz/pixel) was
used in order to eliminate geometric distortions due to suscep-
tibility artefacts and also to minimise chemical shift artefacts
due to fatty components. 2D geometric distortion filtering
was also applied in order to eliminate geometric distortions
due to inherent gradient field imperfections. The overall SNR
measured on the first echo proton density weighted image of
the MESE sequence was approximately 120 in both phantom
experiments and human subjects’ examinations. Partial Fou-
rier imaging covering the (4/8) of k-space lines was utilised in
order to keep the examination time to a minimal value. One
signal average was used. The total examination time was ap-
proximately 3.5 mins.

For the implementation of phantom experiments, five coro-
nal slices of 8 mm slice thickness and 8 mm interslice gap were
used. The longer depicted anatomical axis (Head to Feet direc-
tion for the coronal slices) was always chosen as the frequency
encoding axis.

For the implementation of human subjects’ examinations,
five oblique axial slices of 8 mm slice thickness and 8 mm in-
terslice gap were used. The longer depicted anatomical axis
(Oblique anterior to Oblique posterior direction for the axial
oblique slices) was always chosen as the frequency encoding
axis.

In order to avoid any off resonance excitation and magne-
tisation transfer effects, sequential slices were positioned far
apart from each other. In both the phantom and the clinical se-
quences, slice gaps were equivalent to slice thicknesses. More-
over, an interleaved slice excitation scheme was also chosen in
order to avoid cross talking effects (partial signal saturation)
amongst the slices.

The above 2D quantitative MESE sequence, applied in both
phantom and clinical T2 measurements, was meticulously de-
signed in order to obtain the best possible accuracy in T2 meas-
urements for short (10<T2<50) and long (60<T2<200) T2 values,
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eliminate unwanted stimulated echoes and minify the effect
of T1 dependence on the measurement of T2 values. This se-
quence was easily incorporated to the clinical protocol and was
used for the final tissue double-compartment measurements
of T2 relaxation times. This sequence has the ultimate advan-
tage of being fast enough (3.5 mins) to be incorporated to any
standard clinical examination protocol.

2.4 MR data handling and quantitative image analysis
Mathematical fitting algorithms
Quantitative MR data analysis was performed utilising in-
house software (QMRI utilities-X) designed for this purpose
by two of the authors (GK, TGM) on a separate workstation, T2
colour parametric maps were constructed on a voxel by voxel
basis by fitting exponential decay curves to the signal intensi-
ties of the corrsponding voxels against TE time. T2 relaxation
colour parametric maps were thus calculated utilising four dif-
ferent methods (a, b, ¢, d), each one based on different fittng
algorithms.

Methods a, b, c and d are described in the following context:

a) Conventional Linear fitting method (CL):

In the Conventional Linear fitting method (CL), a standard lin-
ear fit on all logarithmic echo signal intensities of the T2 relax-
ation decay data is performed (QMRI Utilities-X). Proton-Den-

sity parametric maps PD, ; and T2 relaxation time parametric

)
maps T2, , which best fit to the experimental data were ob-
tained by a linear mathematical fit to the equation Eq. (1) on a

voxel by voxel basis(x, y):

S(x‘y) (TE) = Bg + PD(X,J’) T exp (_ TZ(x,y))
o ()
In[S(e) (TE) = Bg] = InPDcy) = 75—

T2 relaxation decay curves were analysed assuming a mo-
no-exponential decay behaviour in the presence of the image
stack background (Bg) which is subtracted from the actual sig-
nal data. It is assumed that image noise, expressed as the SD
of an artefact free background signal, is evenly distributed in
all echo signals or the relative weighted images in the image
stack. Each echo signal is obtained unedited without further
correction.

b) Weighted Linear fitting method (WL):

In the Weighted Linear fitting method (WL), all the signal in-
tensities were weighted prior to the standard linear fit on all
logarithmic echo signal intensities of the T2 relaxation decay
data [19] (QMRI Utilities-X). The T2 relaxation decay curves

21
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Fig. 3. T2W MESE sequence for a TE of 214.4 ms
(upper & down Left). Parametric T2-Short map
(upper right) and parametric T2-Long map (lower
right). Parametric maps created utilising DENLF
method for human subject case 1. T2 decay curves
related to the depicted annotations (ROIs) (upper
and lower right) are presented in Fig. 7.

Fig. 4. T2w MESE sequence for a TE of 214.4 ms
(upper & down left). Parametric T2-Short map
(upper right) and parametric T2-Long map (lower
right). Parametric maps created utilising DENLF
method for human subject case 2. T2 decay curves
related to the depicted annotations (ROIs) (upper
and lower right) are presented in Fig. 8.
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Fig. 5. Colour T2 parametric maps, from different in-house fit-
ting algorithms for the T2-QMRI phantom.

were analysed assuming a mono-exponential decay behaviour
in the presence of the image stack background (Bg) which is
again subtracted from the actual signal data. Each echo signal
(S) is corrected via a specific weighting factor S(w,) prior to
the actual weighted linear fit for the final T2 calculation. The
relevant weighted factors w, can be expressed as follows:
2
=)

Siw) =w;-S;, w;= ((Rfo—sn)

Finally, the logarithmic transformation of the actual data (y))
prior to the final fit reveals the following formulas for y, oy,

w. and y.(w):
J’il= 1“(}; —Bg) , oy = m wi = L
Si 2(Rf - 0S32)?
S;2
yiw) = w;y; o 3 (w) =m'§’i 3)

It is clearly seen that due to the calculated weight factor
from equation Eq. (3), weighting is proportional to the actu-
al signal value. Higher signal values have significant weights
on the weighted linear fit and more significant contribution
for the final T2 calculations. Proton-Density parametric maps
PD. and T2 relaxation time parametric maps T2 » which
best fit to the experimental weighted data were calculated by
a weighted linear mathematical fit to the equation Eq. (4) on a

voxel by voxel basis
T
SWiy)(TE) = Bg + PD(y, - exp <— TZ(ﬂ)) -
TE
In[Swxy)(TE) — Bg| = InPDy ) — ; 2(m(4)

¢) Non Linear fitting method (NL):
In the Non Linear fitting method (NL), all the original echo sig-
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el positioned on the milk cream tube (MC5 35%) of the T2-QM-
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nal intensities were directly fitted utilising a mono-exponen-
tial decay algorithm for the T2 relaxation decay data (QMRI
Utilities-X). The T2 relaxation decay curves were analysed
assuming a mono-exponential decay behaviour in the pres-
ence of the image background (Bg) which is subtracted from
the actual signal data. The signal intensity S of the image of
a homogeneous system decays with TE following a mono ex-
ponential function [2]. Proton-Density parametric maps PD,
and T2 relaxation time parametric maps T2, ) which best fit to
the experimental data were calculated by a non-linear single
exponential mathematical fit to the equation Eq. (5) on a voxel
by voxel basis 3 [20-22].

—-TE
S(x'y)(TE) —Bg = PD(X'y)e /Tz(x'y) 5)

d) Double Exponential Non Linear fitting method (DENLF):
In the Double Exponential Non Linear method (DENLF), all
the original signal intensities were directly fitted assuming
the presence of two basic molecular relaxation environments
which therefore should be characterised by a double exponen-
tial decay curve (QMRI Utilities-X). The T2 relaxation decay
curves were analysed assuming a double-exponential decay
behaviour in the presence of the image background (Bg) which
is subtracted from the actual signal data. In the DENLF regres-
sion fitting model, we assume the presence of two molecular
environments which should be characterised by a double ex-
ponential fitting curve. The first environment is characterised
by a short T2 relaxation time (values ranging from 10 ms up
to 50 ms) and the second, by a long T2 relaxation time (values
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ranging from 60 ms up to the maximum possible, 2000 ms).
Four parametric imaging maps namely:

PDshort(x,y)' PDlong(x,y)' Tzshort(x,y)» Tzlong(x,y)

which best fit to the experimental data were calculated by
anon-linear double exponential mathematical fit to the equa-
tion Eq. (6) on a voxel by voxel basis (x, y) [20,23].

_TE -TE
S(x,y) (TE) - Bg = PDshort(x,y)eTZShar[(x'y) + PDlong(x,y)eTzlong(x'y)

(6)

In the case of the presence of one molecular environment
when the DENLF method is utilised, then simply:

PDshort(x,y) = PDlong(x,y)r Tzshort(x,y) = Tzlong(x,y)

In both non-linear methods (NL and DENLF), the estimation
parameters were computed by fitting the simulated data to the
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Case 1 RO Lasion

dats
—CL

Fig. 7. T2 decay curves applying dif-
ferent fitting algorithms (CL, WL, NL,
DENLF) on the annotations (ROIs) for
each different lesion (NAWM, ISO,
Mild, Severe) for human subject case
1 (Fig. 3). A control case with normal

...  Whitematter is cited for comparison.

experimental ones using non-linear curve fitting algorithms
which are based on a Levenberg-Marquant methodology, by
minimising the metric of x2.

In all methods (CL, WL NL, DENLF), the background signal
(Bg) is obtained from a ROI (BgROI) positioned at an artefact
free area outside the actual image and from the latest echo (fi-
nal echo=32) of the base image stack. It is assumed that image
noise, expressed as the SD of the background signal SD (Bg), is
evenly distributed in all echo signals or the relative weighted
images. For the final image, Gaussian noise calculation SD (Bg)
can be expressed by the following equation Eq. (7):

SD (Bg)=Ry 0532 (7)

Where, the R factor (R =1.53) is known as the Rayleigh factor
and arises when any Gaussian noise (random noise) present on
the raw data is centered about zero. 0532 is the measured SD
from the actual data obtained from the BgROI positioned on
the latest echo (32) signal.

The first echo signal was diminished when compared to the
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Table 2. Generic T2 relaxation phantom: positions

of phantom test tube components

Test tubes position

EUSP1 EUSP2 EUSP3 EUSP4

EUSP5 EUSP6 EUSP7 EUSP8
Gd-DT- Gd-DTPA
DDH20 ACE PA(15mmol) = (10 mmol)
MC1(12%) MC2(15%) | MC3(15%) MC4(20%)
MC5(35%) | McC6(35%)  MC7(S0ya  \iegiasy)

Milk)
Corn 0Oil EWT ECT EOM
W1Y2 W1Y3 W2Y1 W3Y1

Table 1. Generic T2 relaxation phantom (T2-QMRI
phantom): acronyms and chemical composition of
phantom test tube vials components
T2-QMRI phantom materials
Material Acronyms Composition
DDH,0 Double Distilled Water
ACE Acetone
Gd-DTPA Dimegtumine
MC Milk Creams
EWT Egg White
ECT Egg Yolk
EOM 1 Egg White and Yolk
W1Y2 1 Egg White and 2 Yolk
W1Y3 1 Egg White and 3 Yolk
W2Y1 2 Egg White and 1 Yolk
w3Y1 3 Egg White and 1 Yolk

signal of the following echoes. This is mainly due to stimulated
echoes or inappropriate refocusing of the 180 pulses. The prob-
lem could be avoided by appropriate non-linear correction of
the initial short echo signals.

In all methods (CL, WL NL, DENLF), the first echo signal was
corrected in order to be used in the final fit. The correction
method was based on a nonlinear extrapolation [24] of the ex-
pected signal intensity.

For all fitting methods the acceptance criterion applied for
the correlation coefficient threshold for the goodness of the fit
(r?) was: r%> 0.8.

2.5 Phantoms (Data post-processing)

Circular Region of Interest (CROI) of Height 28 (pixels) and
Width 28 (pixels), positioned at the center of each test tube,
were used for the calculation of mean ROI values. The mean
ROI values were obtained by excluding zeros for more accu-
rate calculations, utilising the NordicICE (NordicNeuroLab)
software. The Standard Deviations (SDs) from each cROI meas-
urement can be considered as an index of the homogeneity
of the T2 measurements assuming homogeneous signal from
each test tube sample. The aforementioned cROI calculations

(mean values and SDs) were obtained from each parametric T2
map, which was generated using all four different regression
algorithms.

T2-QMRI phantom measurements were repeated five times
for a time period of one month in order to estimate T2 value
measurements precision., T2 value measurements precision
(T2-ROI-CV) expressed by the Coefficient of Variation (CV%)
amongst five measurements were obtained for four test tube
categories utilising the CL, WL and NL fitting models. The re-
sults are presented in Table 3. Statistical analysis between the
CL, WL and NL fitting methods was performed utilising Bland
Altman tests (Bland & Altman, 1986 and 1999). Results are pre-
sented in Fig. 1 and Fig. 2.

2.6 Human subjects (Data post-processing)

For each human subject enrolled in this study, one circular re-
gion of interest (ROI) was manually defined in the frontal nor-
mal white matter of a healthy volunteer and frontal normal
appearing white matter (NAWM) of two RRMS patients, case 1
(Fig. 3) and case 2 (Fig. 4) respectively. In addition, three circu-
lar ROIs representing three different types of MS-lesions were
identified in the MS-patients’ group (case 1 and case 2). All
MS-Lesions were firstly identified on conventional T2W imag-
es and were classified according to their signal intensity from
conventional TIW images by an expert neuroradiologist (EP).
More specifically, three focal WM hyperintense lesions were
chosen on conventional T2W images and classified according
to their signal intensities on conventional TIW images as: 1.
Iso-intense to the adjacent WM (1SO) 2. Mildly hypo-intense
to the adjacent WM (Mild) and 3. Hypo-intense to the cerebral
cortex, with signal intensity similar to that of cerebrospinal
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Table 3. T2 measurements precision CV% (T2-ROI-CV) for a time period of one month
(CV %) measurements for four test tube categories
Method EUROSPIN Gd-DTPA Milk Creams Raw eggs
Mean CV-CL 3.28 2.80 15.51 24.94
Mean CV-WL 0.94 0.88 14.94 20.39
Mean CV-NL 0.96 1.49 15.01 20.55
Mean CV-DENLF
T2 Short 1.08 18.95 19.26
Mean CV-DENLF 0.76 27.45 20.84
T2 Long

fluid (severe hypointense=Severe). Once localised on conven-
tional TIW and T2W images, all three MS-lesions ROIs as well
as the NAWM ROI were linearly registered and positioned on
the (PD to T2)w MESE T2 relaxometry image series and the cor-
responding T2 maps (Fig. 3 and Fig. 4). It is well known that
the aforementioned three different types of MS-lesions are
characterised by different proportions of demyelination and
inflammatory oedema, which are reflected by different short
T2 and long T2 values accordingly [25].

Results

3.1 Phantoms

The generated T2 maps from all four different fitting algo-
rithms are presented in Fig. 5. An example of the numerical
fitting graphical results for a particular pixel positioned on the
milk cream tube (MC5 35%) is presented in Fig. 6, where the
DENLF method reveals numerical data fitting with better ac-
curacy than all the other methods. Finally, by concerning the
correlation coefficient (r?) as a metric for the goodness of each
fit, the WL and NL methods revealed an r? equal to 0.9978 and
0.9980 respectively. CL method revealed an r? equal to 0.9850.
DENLF method revealed an r? equal to 0.9992.

In an attempt to assess the homogeneity of T2 measure-
ments, in reference to the previously discussed circular meas-
urement ROIs (cROI), the mean Standard Deviations (SDs) ob-
tained by the WL and NL for all EUROSPIN test tube vials were
almost the same, namely 0.6816, 0.6884 respectively. The CL
method led to larger mean SD (1.806) than the other methods
for the same test tubes. In the DENLF method, the mean SD
obtained by T2 short component was 0.2843 and 1.2357 for T2
long component.

T2 values of all EUROSPIN gel test tubes were in agreement
with their nominal values (accuracy <5%) [15-17]. EUROSPIN
gel test objects and Gd-DTPA hydatic solutions were character-
ised by single T2 values. Milk creams and raw eggs were char-
acterised by double T2 values. Concerning CV% measurements
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(Table 3), NL method reveals almost similar mean T2-ROI-CV
values as compared to WL method. CL method reveals the
worst mean T2-ROI-CV results (Table 3).

EUROSPIN test objects and Gd-DTPA solutions (Table 3)
reveal low mean T2-ROI-CV values (<3%) independent from
the fitting model. However, milk creams and raw eggs due to
their natural spoilage revealed higher mean T2-ROI-CV values
(<25%).

Bland-Altman plots were created for all EUROSPIN test ob-
jects (Fig. 1) and milk creams (Fig. 2), to compare the different
measurement techniques. In the selected Bland-Altman meth-
od the mean percent T2 value differences between the two
techniques are plotted against their mean measured T2 values.

In the study of EUROSPIN test objects, the comparison be-
tween WL and NL reveal a very low mean percent T2 value dif-
ference (0.95%) whereas the comparison between WL and CL
reveal a mean percent T2 value difference of 17%. NL and CL
showed a mean percent T2 value difference of 16.1% (Fig. 1).
The same graphical plots were generated for milk creams (Fig.
2) where WL and NL reveal a very low mean percent T2 value
difference (0.85%). CL and WL show a mean percent T2 value
difference of 1.9%. CL and NL showed a mean percent T2 value
difference of 2.8%.

3.2 Human subjects

From the aforecited correlation coefficients, the CL method
revealed a lower r2 from all our in-house algorithms (Table
4), That means that the estimated curve as assessed by the CL
method is less related to the experimental data, where on the
other hand WL, NL and DENLF are more correlated and thus
more reliable (Table 4, Figs. 7, 8.). T2 decay curves applying
different fitting algorithms (CL, WL, NL, DENLF) on the anno-
tations (ROIs) for each different lesion (NAWM, ISO, Mild, Se-
vere) for human subject case 1 and human subject case 2 are
presented in Fig. 7 and Fig. 8 respectively. In either human
subject case, a T2 decay curve of a control human subject case
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Table 4. Results of the goodness of the fit r2 and the calculated T2 values (ms) for each different in-house
algorithms (CL, WL, NL, DENLF), for three different lesions (ISO, Mild, Severe) assigned on two different
patients (Case 1, Case 2) and a normal subject (Normal)

CASE1

Method r? NAWM r? ISO r? Mild r? Severe
CL 0.9899 105 0.9905 117 0.9938 128 0.9892 189
WL 0.9923 95 0.9920 109 0.9945 121 0.9899 179
NL 0.9927 93 0.9924 107 0.9945 121 0.9899 179
DENLF-T2 short 0.9928 37 0.9927 40 0.9950 44 0.9901 54
DENLF-T2 long 0.9928 167 0.9927 207 0.9950 248 0.9901 576
CASE 2

Method r? NAWM r? ISO r? Mild r? Severe
CL 0.9947 98 0.9953 104 0.9889 132 0.9821 203
WL 0.9954 93 0.9955 101 0.9902 123 0.9837 187
NL 0.9955 92 0.9956 100 0.9902 123 0.9837 187
DENLF-T2 short 0.9957 37 0.9956 40 0.9915 42 0.9909 53
DENLF-T2 long 0.9957 157 0.9957 176 0.9915 258 0.9909 691
NORMAL

Method r? m'l;zas

CL 0.9956 75

WL 0.9956 75

NL 0.9956 75

DENLF-T2 short 0.9959 30

DENLF-T2 long 0.9959 119

with normal white matter is presented for comparison (Table
4,Figs. 7, 8).

DENLF method provides valuable extra information by esti-
mating short T2 and long T2 value components simultaneous-
ly (Table 4, Figs. 3, 4, 7, 8). Therefore, two distinct different
molecular environments from a single set of TE values could
be extracted. This is very profitable and of paramount impor-
tance considering that in the human brain most of the normal
tissues and pathologies are described by double exponential
(short and long) T2 values.

Discussion

4.1 Phantoms

In this work four different regression fitting algorithms were
applied for optimal measurements of T2 relaxation times in
tissue mimicking phantoms.

The Conventional Linear method (CL)

The CL method is considered as a fast but not accurate means
for T2 measurements. The measured T2 values as assessed by
the CL method for the EUROSPIN test tubes are not in concord-
ance to the nominal T2 measurements. The CL method for the
calculation of T2 values of Gd-DTPA, ACE and DDH20 proved
inefficient due to the low r? value (r’< 0.8). The main drawback
of this method is that the algorithm used for T2 and PD cal-
culations is based upon global minimum variance estimators
without any T2 decay signal weighting, which may cause lack
of accuracy for the final T2 calculations.

The Weighted Linear method (WL)

This weighted algorithm, as presented in this study, is an ex-
cellent means for T2 measurements. The measured T2 values
as assessed by the WL method for the EUROSPIN test tubes are
in concordance to the nominal T2 measurements. The same
results apply for the NL method, having as a big advantage
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the fast computation time, since it is using a linear weighted
regression analysis fitting factor as stated in equations Eq. (3)
and Eq. (4). In WL the T2 decay curves are weighted prior to the
final linear fit with weighting factors obtained from Rayleigh
distributions for each sequence of 32 echoes. Fitting methods
that use noise-corrected functions lead to better T2 measure-
ment accuracy.

The Non-Linear method (NL)

The non-linear method based on a single exponential behav-
four is generally considered from the present literature as
the standard method for T2 measurements. The estimated T2
measurements for the EUROSPIN test tubes are in concord-
ance with their nominal values. In NL a nonlinear fit is per-
formed minimising the sum of quadratic distance of the noise-
free model to S(TE) with no logarithm transformation. The NL
method is based on the inherent non-linear character of the
fitting model.

The Double Exponential Non-Linear method (DENLF)
DENLF method revealed a better accuracy for all the materials
used in this study, especially in those consisted of two (short
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Fig. 8. T2 decay curves applying differ-
ent fitting algorithms (CL, WL, NL, DEN-
LF) on the annotations (ROIs) for each dif-
ferent lesion (NAWM, ISO, Mild, Severe)
for human subject case 2 (Fig. 4). A control
case with normal white matter is cited for
comparison.

and long) molecular environments (Fig. 6). In this method,
a double exponential fit is performed minimising the sum of
quadratic distance of the noise-free model to S(TE) with no
logarithmic transformation. The short T2 component present
on the milk cream phantoms can be associated with the mye-
lin bound water fraction (value near 30 ms for normal human
subject) [4, 6]. This in turn can serve as an important diagnostic
means for quantifying demyelination processes in brain MRL
On the other hand, the long T2 component can be associated
with the extracellular space (water reservoirs). Consequently,
this double-exponential behaviour of T2 decay curves in brain
white matter provides a significant tool to monitor the myelin
water component in MS lesion and to monitor the expansion
of the extracellular space which can be revealed in long T2
component [7].

Comparing all the fitting methods

In reference to the correlation coefficient (for the particular
numeral fitting of Fig. 6), the CL method revealed a lower r2
than all the other methods. Thus, the estimated curve as as-
sessed by the CL method is less related to the experimental
data, where on the other hand WL, NL and DENLF are more
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correlated and thus more reliable. Comparing the four differ-
ent numerical fitting methods regarding the Standard Devia-
tion, for all EUROSPIN test tubes, the mean SD obtained by the
CL method is higher compared to WL, NL and DENLF. This in
turn determines that the parametric T2 maps extracted with
those algorithms have higher homogeneity and consequently
better accuracy and reliability in T2 calculations.

In Bland-Altman plots for both EUROSPIN test tubes and
milk creams objects, the WL and NL methods revealed a very
low mean percent T2 value differences (0.95% and 0.85% re-
spectively), which means that the two methods are almost
similar, as it can be observed by their results (Figs. 5, 6). WL
method has an important advantage of being significantly fast-
er as compared to the NL method.

4.2 Human Subjects

Long T2 components like cerebrospinal fluid could be meas-
ured accurately when appropriate multi echo trains are used.
The T2 measurement accuracy depends upon the number of
echoes and the inter-echo interval of the echo signals. Initially
it is obvious that in order to accurately measure T2 values we
need as many echo signals (TEs) to cover a time space equiv-
alent at least to the T2 value. This is not generally the case.
We can measure a T2 value utilising short TE intervals which is
linearly related to the actual long T2 value of the tissue in ques-
tion [26, 27]. The use of short echo signals is always a benefit to
relaxometric procedures because we are measuring signals of
the highest possible SNR values.

Multiple sclerosis (MS) is a common autoimmune disorder of
the Central Nervous System (CNS) characterised by inflamma-
tory demyelination and secondary axonal degeneration. About
85% of patients are affected by relapsing/remitting MS (RRMS)
and characterised by recurrent attacks of neurologic dysfunc-
tion. Due to its high sensitivity in identifying free water within
the normally myelinated white matter, MRI and particularly
T2 sequences have become the ideal imaging modality for the
detection of cerebral white matter diseases. Whereas, conven-
tional MRI reveals focal WM lesions in all patients with RRMS
fails to detect the microstructural damage revealed by quanti-
tative MRI techniques in otherwise normal WM areas, so called
normal appearing white matter (NAWM) [25]. Previous stud-
ies by using multi-echo T2 relaxation sequences have shown
that there is decreased myelin water in the lesions, as well as
NAWM, for patients with RRMS relative to normal controls,
while there is, also, greater loss of myelin integrity with more
advanced disease [28-32]. Unfortunately, these studies suffer
from prolonged scanning times [12]. In recent studies, a fast
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triple component multi-echo sequence is used for the quantifi-
cation of MS lesions [26, 27].

According to the current literature, T2 relaxation times in
normal brain follow a multi-compartment or multi-exponen-
tial model of at least two or more independent T2 parameter
molecular environments [4, 33]. This could be considered the
basis of MR relaxometry in brain tissues. Bi-exponential fitting
has proven an essential tool for soft tissue relaxometry meas-
urements,

In our study, a two compartment model is suggested. In this
case a short (10<T2<50 ms) and a long (T2>60 ms). T2 compo-
nents reflect the myelin water and both the intra-extra cellu-
lar water and the free water environments respectively.

Several multi-echo-spin-echo multi-compartment quantita-
tive sequence schemes exist in the literature. These include:
(a): 2D single/multi slice multi-echo schemes with spectral T2
analysis post-processing algorithms based on Laplace trans-
forms [4], (b): 2D and 3D multi slice simultaneous GRAdient
and Spin Echo (GRASE) methods [34], (c): T2 preparation multi
slice methods [35], and (d): whole brain 3D multicomponent
driven-equilibrium single-pulse observation time (mcDES-
POT) methods for simultaneous multi-compartment T1 and T2
measurements [36, 37]. All sequences have specific advantages
and disadvantages in relation to the accuracy and the sensi-
tivity of T2 measurements for which they were designed [12].

The number, echo spacing and covering range of the ech-
oes are always crucial factors for the sensitivity of the final T2
measurement. Amongst all multi-echo spin echo sequences
the methods proposed by MacKay et al [4] and its variants are
those which are still considered as reference methodologies
in T2 relaxometry nowadays. They all use 32 echoes as their
basic characteristic for brain tissue T2 measurements. The
main drawbacks are the single slice acquisitions, the elevat-
ed echo spacing (10 ms) and the long examination times (25
mins) in most of the sequences. 3D GRASE sequences [34] offer
the advantage of total brain anatomical coverage. However,
they are using long examination times for clinical protocols
and extremely low TR (1000 ms) for accurate brain tissue T2
relaxometry. The inherent drawback on these sequences is the
strong signal T2* dependence on the peripheral K-space lines.
T2-prep sequences [35] offer the advantage of 2D multi-slice
and in some cases total brain anatomical coverage. They pos-
sess the ultimate advantage of being insensitive to cumulative
errors of stimulated echoes due to the T2-prep rationale. They
are also using short and variable echo spacing. However, they
possess the disadvantages of quite long examination times (15
mins) and a limited number of echoes (12 echoes).
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mcDESPOT sequences [36, 37] do offer an alternative indirect
way to measure T1 and T2 simultaneously. These sequences
possess the advantage of total brain anatomical coverage and
short variable echo spacing. However, they still use long exam-
ination times (30 mins) and an extremely small number of the
echoes, only three echoes, for measuring T2. The mcDESPOT is
indeed a promising alternative in indirect T2 relaxometry meas-
urements, but a clinical study comparing this type of sequences
with conventional MESE sequences on the same human subjects
is certainly missing from the current literature.

For the purposes of the clinical part of this study, an opti-
mised MESE sequence is proposed. The double exponential fit-
ting model, as presented and utilised in the phantom studies,
proved to be a fast (3.5 mins) and accurate means for two com-
partments simultaneous T2 measurements ranging from 10 up
to 300 ms applied in clinical studies [37]. The optimised 2D MESE
sequence described above was chosen as the best alternative,
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for the fulfillment of the purposes of the clinical part of this
study, as compared to the sequences existed in the literature.

In conclusion, amongst the four different regression fit-
ting algorithms, the DENLF algorithm seemed to be an ex-
cellent means for optimised T2 relaxation measurements in
brain tissue mimicking phantoms. In addition, the DENLF al-
gorithm, when applied in healthy control subjects and RRMS
patients, showed excellent results regarding T2 relaxometry
measurements, which in turn may improve the final MR im-
aging diagnostic value. This is a proof of concept approach
for an initial clinical evaluation and it is described in detail
on the technical part. The extended clinical evaluation is
presented on two separate studies using the proposed algo-
rithm [26, 27].R
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