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due to standard 2D slice selection or use of reduced refocusing angles. Here we examine the feasibility of accurate
two echo fitting using standard proton density and T2-weighted images by utilizing Bloch equation simulations
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Fai,tv‘;pin echo and prior knowledge of refocusing angles. This method is demonstrated in simulation, phantom, and human
T2-weighting brain experiments, in comparison to the exponential approach, and to a 32 echo multiple-echo spin echo

approach. Comparison to single spin echo is also performed in phantom experiments. The two echo method,
which compensates for indirect and stimulated echoes, enables accurate quantitative T2 over a wide range of
flip angle and T2 values using standard MRI methods, provided there is adequate SNR and flip angle knowledge.
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Introduction

Quantification of transverse relaxation time (T2) has been used to
probe tissues in the brain (MacKay et al., 2006, 2009; Schenck and
Zimmerman, 2004; Vymazal et al., 1996; Lebel et al., 2012; Deoni,
2010) and body (Aldstiza et al., 2004; Dunn et al., 2004; Giri et al.,
2009; Matzat et al., 2013; Verhaert et al., 2011; Maas et al., 2014)
yielding information related to tissue properties such as water, macro-
molecular, or iron content. The quantitative nature of T2 improves
comparisons between subjects or within subjects over time by
removing signal variations found in T2-weighted images, such as
those dependent on receiver gain or flip angle variation. Multiple-echo
spin echo (MESE) techniques are the standard method of measuring
T2, however, acquisition of full MESE data sets is not always feasible
due to time constraints.

Proton density (PD) and T2-weighted fast spin echo (FSE) (often
referred to as TURBO spin echo, or RARE) (Hennig et al., 1986) are
frequently performed in clinical research studies, and T2-weighted FSE
is typically included in most clinical brain exams. The resulting weight-
ed images provide useful image contrast, however additional value
could be obtained by quantifying T2. Many studies have used PD and
T2-weighted images to estimate T2 using a simple exponential fit
(Gibbs et al., 2001; Liney et al., 1996; Bauer et al., 2010, 2014; Hasan
et al., 2009, 2010; Tanabe et al., 1998; He and Parikh, 2013). However,
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imperfect refocusing due to slice profiles, RF interference or purposeful
reduction in refocusing angles all result in stimulated or indirect echoes,
which contaminate the exponential T2 decay (Majumdar et al., 19864,
1986b; Hennig, 1991; Lebel and Wilman, 2010), and compromise
exponential T2 fitting.

Using exponential fitting, differences between T2 values obtained
from MESE experiments and pairs (or sets) of FSE images have been
previously noted (Leppert et al., 2009; Roebuck et al., 2009). In addition,
inter-site studies have noted systematic differences between sites and
vendors in T2 maps calculated from exponential fitting of pairs of PD
and T2-weighted images (Bauer et al., 2010). Exponential fitting does
not take into account key differences in RF pulse sequence parameters
(pulse shape, relative refocusing width, refocusing angle, spoiling)
between various scanners/vendors, which affect the degree of stimulat-
ed and indirect echo contamination. Furthermore, a two point fitting
approach is expected to be more sensitive to pulse sequence specific
errors than a multi-echo approach, since less data is being used which
precludes averaging of errors across multiple time points. These errors
include varying stimulated and indirect echo contributions, as well as
signal-to-noise (SNR) effects, which all complicate the accurate fitting
of T2 using only two echoes.

The goal of this work is to demonstrate that a PD and a T2-weighted
image may be used to accurately determine the T2 through advanced
fitting of the typically non-exponential decay. Direct fitting of the spin
response for T2 quantification is an area of active research using
methods such as stimulated echo compensation with echo phase
graph (Lebel and Wilman, 2010; Prasloski et al., 2012; Rooney et al.,
2011; Huang et al,, 2013, 2014; Uddin et al., 2013), or full Bloch
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modelling (Ben-Eliezer et al., 2014). These methods rely on multiple
echoes to obtain satisfactory fitting conditions for three fitting
parameters (T2, flip angle, initial signal amplitude), which requires
multiple echoes (in practice, at least four (Uddin et al., 2013), but
typically many more). Here, we examine the case of only two echoes
(PD and T2-weighted) using simulation, phantom and human brain
experiments. Unlike the original implementation of stimulated echo
compensation (Lebel and Wilman, 2010) which used Fourier transform
approximation of slice profile and multiple echoes, the two point
method introduced here requires precise modelling of RF pulse
response and prior knowledge of the refocusing flip angles.

Methods

A Bloch equation model was used to determine T2 from only a PD-
weighted and a T2-weighted FSE image and prior flip angle knowledge,
which was achieved with a flip angle map. Modelling of the spin
response accounts for all echo pathways, providing indirect and
stimulated echo compensation (ISEC). Using both simulations and
human brain experiments, this two echo ISEC method was tested
using a range of echo times against exponential fitting, and compared
to a standard MESE approach using 32 echoes with ISEC T2 fitting.
Additionally, two point fitting was investigated using the second echo,
instead of the first PD-weighted echo, and a later echo.

T2 fitting model

Simulations of slice-selective T2 signal amplitudes (both MESE and
FSE) were performed using the Shinnar-Le Roux (SLR) algorithm
(Pauly et al., 1991) to simulate RF pulses, and solutions to the Bloch
equations to simulate relaxation, similar to Ben-Eliezer et al. (2014). All
simulations and image processing were performed using custom in-
house MATLAB (R2014a, 64 bit) programs. In order to model slice
selection, magnetization vectors were calculated at 1001 points equally
spaced over twice the excitation width in the slice-select direction. RF
pulses were modelled using 1024 points equally spaced over the
duration of the pulse. RF pulse profiles, flip angles, gradients and timing
were simulated according to their respective pulse sequence parameters.

Slice selective MESE and FSE data were fitted for T2 and amplitude
via minimization of the sum squared difference between experimental
and simulated data. Flip angle maps were separately measured and pro-
vided to the fitting algorithm. A dictionary of decay curves with many
T2 and flip angle values was created prior to fitting (similar to Parker
et al,, 2001; Ben-Eliezer et al., 2014). Voxel-wise fitting was performed
using a subset of curves from the dictionary with excitation and
refocusing flip angles which correspond to the measured value at that
voxel. The dictionary of curves was specific to the parameters used to
acquire the data (RF pulse shapes and timing, gradient amplitudes,
crusher gradients, and echo spacing).

To create a dictionary of curves for T2 fitting, simulations were
repeated for a range of T2 (10-1000 ms at 0.1 ms resolution up to
150 ms, 1 ms resolution from 150-200 ms, 2 ms resolution from 200-
300 ms, 5 ms resolution from 300-500 ms, and 10 ms resolution from
500-1000 ms), and normalized flip angle values (0.20-1.80 at 0.005
resolution, resulting in refocusing angles from 36-324°), and an as-
sumed T1 of 2 s. The dictionary contained a total of over 510,000 curves,
allowing for precise fitting. The range of T1 values at 4.7 T is expected to
typically be 1.0-2.0 s (Takaya et al., 2004; Thomas et al., 2005; Jezzard
et al., 1996) in most brain tissue. The impact of T1 choice is examined.

Flip angle mapping with slice profile correction

Flip angle maps were computed using a double angle method
(Stollberger and Wach, 1996), accounting for slice profile effects.
Correction for slice profile is necessary to avoid errors in the flip angle
map (Bouhrara and Bonny, 2012). Two FSE images were acquired

with nominal excitation angles of 60° and 120°, both with the same
refocusing train, effective TE 43 ms, TR 7 s, echo train length 24, and
echo spacing 10.75 ms. RF pulse shapes, slice thickness, field of view,
and matrix size were matched to the corresponding T2 mapping
sequence. SLR simulations of the FSE imaging sequence for nominal
excitation angles of 60° and 120°, and for many RF amplitude values,
were performed. The relationship between RF amplitude, and the ratio
of signal magnitudes from the two images, S(120°)/S(60°) was fitted
with a ninth degree polynomial, which was used to rapidly generate a
corrected flip angle map from acquired data. Resulting flip angle maps
are median filtered with a 5 x 5 pixel filter before input into the T2
fitting algorithm.

Flip angle map values are expressed as a normalized parameter. We
define the normalized flip angle map values, nB1, according to: o =
nB1 - ayom, Where « is the flip angle achieved at the centre of the
selected slice, oo, is the prescribed nominal flip angle, and nB1 is the
scaling factor relating the two angles.

In vivo experiments

Axial single-slice two dimensional MESE and FSE images of the
human brain were acquired in six healthy volunteers (aged 29 +
6 years) through iron-rich deep grey matter on a 4.7 T (Varian Inova)
MRI system. All subjects provided written, informed consent and this
investigation was approved by the local institutional ethics board.
MESE sequences were acquired with TR 4 s, TE 10-320 ms, constant
echo spacing 10 ms, echo train length 32, excitation and refocusing
pulse durations 4 ms and 1.6 ms, excitation width 4 or 5 mm, refocusing
width 1.75 x excitation width, Gaussian pulse shapes (time-bandwidth
product 2.69; 5 sigma width), matrix 256 x 145 x 1; voxel size =
1 x 1.25 x 4 mm°. Eight FSE images were acquired with effective TE
(10, 20, 30, 40, 50, 60, 70, or 80 ms), prescribed excitation 90°, refocusing
180°, with RF pulses and timing, TR, and resolution matched to the multi-
echo experiment. FSE images for flip angle mapping were acquired with
resolution, and pulse shapes matched to MESE data.

T2 maps were computed using the ISEC model described in
Section 2.1, using the independently measured flip angle map, and
various sequence and echo combinations to determine optimal param-
eters. Fitting was performed with the full 32 echo MESE data set, all
eight FSE images, and various pairs of FSE images. FSE pairs made use
of the first or second echo (effective TE = 10 or 20 ms), paired with
later T2-weighted echoes (effective TE = 40 ms to 80 ms, with constant
10 ms echo spacing). For comparison, data were also fitted with an
exponential model.

Regions-of-interest (ROIs) were drawn selecting six bilateral grey
matter regions (putamen, globus pallidus, head of the caudate nucleus,
thalamus, cortical grey matter, and insular cortex) and two bilateral
white matter regions (frontal and posterior white matter). Mean ROI
T2 values were reported, with bilateral ROIs combined.

Phantom validation

In order to validate the ISEC method, phantom measurements were
performed with comparison to a single spin echo, which exhibits no
stimulated echoes due to its use of only 1 refocusing pulse. Six solutions
with MnCl, concentrations ranging from 28 to 512 mM were placed in
28 mm diameter (55 ml) cylindrical plastic laboratory tubes. T1 and
T2 were measured with inversion recovery, and single spin echo exper-
iments. Ten single spin echo experiments were performed (TE = 13.1,
20, 30, 40, 50, 60, 70, 80, 130, 200 ms; TR 14 s; nominal excitation
90°; nominal refocusing 180°; sinc pulse shapes). T2 maps were com-
puted from this single spin echo data using an exponential fit. T1 values
were estimated with an inversion recovery experiment (inversion
times = 14, 20, 50, 100, 200, 300, 500, 1000, 2000, 3000, 4000 ms;
FSE readout; 8 mm slice thickness; TR 12 s; TE 8.5 ms; matrix
192 x 256; FOV 26 x 20 cm).

Please cite this article as: McPhee, K.C., Wilman, A.H., T2 quantification from only proton density and T2-weighted MRI by modelling actual
refocusing angles, Neurolmage (2015), http://dx.doi.org/10.1016/j.neuroimage.2015.05.079



http://dx.doi.org/10.1016/j.neuroimage.2015.05.079

K.C. McPhee, A.H. Wilman / Neurolmage xxx (2015) xXx-Xxxx 3

Signal Intensity

LD weighted T2 weighted
0 20 40 60 80
Echo Time (ms)

Fig. 1. T2 decay is non-exponential. An example decay curve (data point chosen from the
caudate head; T2 = 60.5 ms, measured refocusing angle = 168°), is shown with the cor-
responding PD and T2-weighted images.

MESE, eight FSE images, and a nB1 map were also acquired in the
same scanning session, with parameters matched to in vivo
experiments, with the following exceptions: 8 mm slice thickness for
all experiments, and TR = 14 s for nB1 mapping. T2 maps using both ex-
ponential and ISEC fits were computed from MESE data, and from
different combinations of pairs of FSE images. Results were compared
to single spin echo T2 fits.

Numerical validation: Uncertainty due to noise

In order to determine the optimal pair of effective echoes in simula-
tion, SNR analysis was performed. The coefficient of variation in
resulting T2 fit values for 500 samples with simulated SNR of 50 for a
range of T2 values (20-100 ms), nB1 values (0.5-1.5, i.e. refocusing an-
gles from 90° to 270°), and various choices of echo combinations was
computed. Analysis was repeated for a range of SNR values (3-300),
for T2 = 50 ms and nB1 = 1.0 (corresponding to a refocusing angle of
180°), with 1000 samples at each SNR. Here, SNR is defined as simulated

signal magnitude in the first echo relative to standard deviation of the
noise. Random Gaussian complex noise was added to complex simulat-
ed decay curves, with fitting performed on the resulting simulated noisy
magnitude data. Maps of the uncertainty in resulting T2 fits (coefficient
of variation, in percent) were computed for various combinations of
echoes. For all simulations, pulse shapes, gradients, and timing were
matched to human experimental parameters.

Numerical validation: Assumption of uniform T1

To validate, and to assess error in the two point ISEC fitting with
respect to the constant T1 assumption, simulated T2 decay curves
with T1 = 1.0 s were fitted with a dictionary which used a T1 of 2 or
3 s. A range of simulated data was used with various combinations of
echo times (constant echo spacing of 10 ms), T2 values (10-150 ms)
and nB1 (0.5-1.5, corresponding to refocusing angles of 90-270°).
Errors from exponential fit results were also examined.

To further explore the repercussions of an assumption of a uniform
T1 value, decay curves were simulated with a range of T1 values
(300-3000 ms) and were fitted using the two point ISEC method,
assuming T1 = 2 s, as was assumed for in vivo experiments. Errors
were examined for a range of T2 (25-300 ms) and nB1 (0.33-1.5,
corresponding to 60-270° refocusing angles) values. Fitting was
performed using the two point ISEC method with echoes 1 and 7
(effective TE 10, 70 ms), echoes 2 and 6 (effective TE 20, 60 ms), and
again for the 32 echo MESE method (TE = 10, 20, ..., 320 ms).

Results

The goal of this work is clarified in Fig. 1, whereby a PD and a T2-
weighted image are used to determine T2 through advanced fitting of
the typically non-exponential decay. The echo contamination is clearly
evident in the non-exponential multiple-echo decay, beginning with
an enhanced second echo. However, the acquisition of only a PD and a
T2-weighted image, do not provide visible evidence of the contaminat-
ing echo signals. Thus two echoes may be fit with an exponential with
minimal fitting errors, but producing an incorrect result.

In vivo T2 mapping

T2 values computed using the two point ISEC averaged over six
healthy volunteers are reported in Table 1 for various possible echo
combinations. T2 values derived from FSE values are reported as relative
percent to ISEC fit of MESE data. The refocusing angle, ag, within each

Table 1
Group averaged T2 values using ISEC fitting.*"
Thalamus Globus pallidus Caudate head Putamen Insular cortex Cortical GM Posterior WM Frontal WM

MESE (ms) 523 +33 343 £22 579 4+ 2.1 51.1 +£34 72.6 + 3.0 554 + 44 59.7 £ 6.5 524 + 3.1
nB1 1.13 4+ 0.02 1.09 + 0.06 1.04 4 0.06 1.03 4 0.05 0.99 + 0.04 0.87 + 0.06 0.92 + 0.05 0.86 + 0.07
ag 203.6° + 4.4° 196.6° & 10.3° 186.6° & 10.0° 186.0° 4 9.0° 178.3° 4+ 6.4° 157.4° £ 10.1° 166.2° £ 9.3° 154.9° £+ 13.5°
FSE data set Percentage T2 fit accuracy (relative to gold standard MESE, %)
Echo 1-8 (TE 10-80 ms) 94 +3 99 + 6 98 +6 98 +8 97 +5 96 +5 96 +5 96+ 5
Echo 1, 3 (TE 10, 30 ms) 90 +2 96+ 8 96 + 8 95+9 89+1 91 + 11 87+2 105 + 19
Echo 1, 4 (TE 10, 40 ms) 90 +2 95+9 95 +9 95+ 10 89+3 9248 89+6 95+9
Echo 1, 5 (TE 10, 50 ms) 97+5 101 + 8 99+ 8 100 £ 10 95+ 3 95+ 8 95+ 4 102 £+ 11
Echo 1, 6 (TE 10, 60 ms) 92 +2 97 +7 94+5 96+ 9 91+ 6 94 +8 92+5 95+ 7
Echo 1,7 (TE 10, 70 ms) 97 +4 104 +£7 100 £ 8 100 £ 10 98 +6 98 +6 98 +5 100 +£7
Echo 1, 8 (TE 10, 80 ms) 94+ 4 97+ 6 98 +7 97 £ 8 100 + 5 95 +8 95+5 96 + 7
Echo 2, 4 (TE 20, 40 ms) 88 +3 94 + 8 93+5 92+8 90 + 4 94 +3 91+9 83+5
Echo 2, 5 (TE 20, 50 ms) 9 +8 102 +£7 9 +6 98 +8 98 +3 97 +5 98 +6 95 +5
Echo 2, 6 (TE 20, 60 ms) 91+3 97 +£8 93+4 95+ 8 92+6 95+ 4 94 +7 89+ 4
Echo 2, 7 (TE 20, 70 ms) 98 +5 104 + 7 100 + 6 9+9 100 + 6 100 + 5 100 + 6 96 + 4
Echo 2, 8 (TE 20, 80 ms) 94 +5 97 +7 97 +£6 96 + 7 102 +£ 6 96 + 6 97 +£ 6 92+4

¢ Gold standard T2 fit values from ISEC fitting of MESE data are reported as mean (ms) =+ standard deviation within the group. All other T2 values are expressed as the relative value

compared to the gold standard (%).
b n = 6 subjects, aged 29.0 + 6.2 years.
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Table 2
Group averaged T2 values using exponential fit.*"

Thalamus Globus pallidus  Caudate head Putamen Insular cortex ~ Cortical GM Posterior WM Frontal WM
MESE, ISEC fit (ms) 523 £33 343 +22 57.9 £ 2.1 51.1+ 34 72.6 £3.0 554 + 44 59.7 £ 6.5 524 + 3.1
MESE, exponential fit (ms) 419 £ 343 31.0 + 22.0 49.0 + 34.7 42.3 4+ 30.1 59.4 4 42.2 48.1 + 344 51.0 + 36.6 444 + 314
nB1 1.13 £ 0.02 1.09 £ 0.06 1.04 & 0.06 1.03 £+ 0.05 0.99 + 0.04 0.87 + 0.06 0.92 + 0.05 0.86 + 0.07
[ 203.6° +44° 196.6° &+ 10.3° 186.6° + 10.0°  186.0° & 9.0° 178.3° + 6.4° 157.4° +£10.1°  166.2° 4 9.3° 154.9° + 13.5°
FSE data set Percentage T2 fit accuracy (relative to gold standard MESE, %)
Echo 1-8 (TE 10-80 ms) 128 +£3 134+ 6 128 £ 6 128 + 7 128 £ 5 128 + 4 125+ 6 129+ 4
Echo 1, 3 (TE 10, 30 ms) 189+ 9 159 + 13 200 4+ 13 177 £ 12 212 +7 185+ 12 167 £ 10 356 + 66
Echo 1, 4 (TE 10, 40 ms) 17545 160 + 10 179 + 12 169 + 11 1844+ 9 177 £ 10 165 + 18 189 4+ 13
Echo 1, 5 (TE 10, 50 ms) 148 £ 6 140 £+ 8 148 £+ 10 143+ 10 151+ 4 143+ 9 142 + 11 158 &+ 10
Echo 1, 6 (TE 10, 60 ms) 143 + 4 142+ 9 142 + 8 141 +9 143 +£ 8 143+ 7 138 £ 10 148 £ 8
Echo 1,7 (TE 10, 70 ms) 136+ 4 136+ 8 137+9 133+ 10 139+ 7 135+5 133+9 140+ 6
Echo 1, 8 (TE 10, 80 ms) 135+ 4 137+ 8 137+ 8 1344+ 8 145 + 7 135+ 6 133+ 8 139+ 6
Echo 2, 4 (TE 20, 40 ms) 94 42 105+ 7 97 + 4 97 +£7 91+4 97 +3 94 +8 88 +4
Echo 2, 5 (TE 20, 50 ms) 97 £7 104 +7 97 £ 6 97 +£8 93 +3 95+ 4 96 + 6 9345
Echo 2, 6 (TE 20, 60 ms) 103+ 3 11348 10245 105+ 7 98+ 6 104+ 3 102+ 6 99 + 4
Echo 2, 7 (TE 20, 70 ms) 104 + 4 11247 105+ 6 105+ 8 102 £ 5 104 £+ 5 104 +5 101+ 3
Echo 2, 8 (TE 20, 80 ms) 108 + 4 117 +£7 109+ 5 109 + 7 1M1 +5 108 + 4 108 +5 105 +£3

2 Gold standard T2 fit values from ISEC fitting of MESE data are reported as mean (ms) 4 standard deviation within the group. T2 values resulting from two point fits are expressed as

the relative value compared to the gold standard (%).
b n = 6 subjects, aged 29.0 + 6.2 years.

region is also reported, as derived from the flip angle maps. The use of
first and seventh echo (TE = 10 and 70 ms) produce the best two-
echo results with ISEC fitting. Corresponding T2 values from the same
regions, but derived from exponential fitting are reported in Table 2.
In exponential fitting, use of the first echo (PD-weighted) image gives
very poor results, but better results are achieved using the second
echo combined with a later echo.

Example T2 maps from sequences using nominal 180° refocusing
pulses and the corresponding normalized B1 map are shown in Fig. 2.
The T2 map computed using ISEC and the 32 echo MESE data set
(a) or FSE images (b, c) makes use of the independently measured flip
angle map (d). T2 maps computed using an exponential fit are shown

100 0 50

100 0 50 100

Fig. 2. Comparing T2 maps from ISEC and exponential fit. T2 maps (ms) computed using
ISEC: (a) 32 echo MESE experiment, (b) two FSE images TE = 10 and 70 ms, (c) TE =
20 and 60 ms. Exponential T2 fitting with two FSE images (e) TE = 10 and 70 ms,
(f) TE = 20 and 60 ms. (d) Independently measured nB1 map used for fits a-c. All FSE
and MESE data shown were acquired with a nominal 180° refocusing pulse and 10 ms
echo spacing.

below (e, f). The T2 maps shown used fits from the optimal FSE pair
for ISEC (TE 10 and 70 ms) and for exponential (TE 20 and 60 ms), as de-
termined from Tables 1 and 2.

Phantom validation

T2 fit results from single spin echo measurements, and from ISEC
and exponential fitting of MESE and pairs of FSE images are reported
in Table 3. T1 values from inversion recovery are also reported. Phantom
results show excellent agreement between ISEC methods and single
spin echo results across a wide range of T2 values. Exponential fits of
FSE and MESE data overestimate T2 results in most cases.

Numerical assessment of T2 fitting

Uncertainty in the T2 measurement is examined in Fig. 3 by mapping
the coefficient of variance in T2 fitting results from 500 simulated data
sets using an SNR of 50. Results are shown for various combinations of
echo pairs, for a range of T2 (20-100 ms) and nB1 values (0.5-1.5,
resulting in a refocusing angle of 90-270°). SNR simulations show that
for experiments where T2 is expected in that range, the optimal TE
pair is 10 ms and 70 ms (1st and 7th echoes), which agrees with the
in vivo findings from Table 1.

Uncertainty in a T2 measurement for a range of SNR values is
examined in Fig. 4, for a simulated T2 of 50 ms, and refocusing angle
of 180°. Using ISEC, T2 fit values are increased by approximately 0-3%
when SNR >30 (Fig. 4), relative to zero noise simulations. Low SNR
value results in a bias to overestimate T2 due to the noise floor. Even
at high SNR values, exponential fitting fails to provide accurate results.
Even where nB1 = 1 (refocusing angle = 180°), slice profile effects
result in indirect and stimulated echo contamination, leading to
significant errors in T2 estimation with exponential fitting.

Fig. 5 shows the percent error in T2 fit results across a range of flip
angle and T2 values using different pairs of echoes: the first and seventh
(aand c), and the second and sixth (b and d). Effects of T1 overestima-
tion are also explored using a 1 or 2 s overestimation of the actual 1 s
value. Errors in ISEC T2 fit results are larger when T1 over-estimate
increases (Fig. 5, curves where T gictionary = 3S). Error curves from
exponential fitting where the first and seventh echo are used exceed
30%, and are not shown. When T1 is overestimated by 2 s, errors occur
which have a strong flip angle dependence.

Error due to the assumption of a constant T1 is further examined in
Fig. 6 using a wide range of simulated T1 from 300 to 3000 ms, while
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Table 3

Phantom T2 values from ISEC and exponential fit.*
Sample 1 2 3 4 5 6
[MnCl,] (mM) 27.7 67.9 124.6 270.0 401.5 512.3
T1 (ms) 2055 4 53 1383 £ 24 912 £ 43 515 + 16 306 £ 21 353 4+7
nB1 1.11 £ 0.03 1.17 £ 0.03 1.20 + 0.05 1.01 + 0.04 0.90 + 0.03 1.03 + 0.04
o 200° + 5° 211° £ 6° 217° £ 10° 183° + 8° 161° + 6° 186° + 8°
T2 values from various fitting methods and data sets (ms)
Single spin echo 239 4+ 11 108 +3 532+ 22 2644+ 14 176+ 0.2 13.7 £ 05
MESE (ISEC) 22745 98 + 2 50.6 + 2.4 246+ 09 173+ 05 132 +07
MESE (exponential) 267 +£7 124+ 4 68.8 +£3.7 329+ 13 246+ 09 193+ 1.0
FSE echo 1,7 LE. fit 220 + 40 101 +8 513 £ 34 258 + 2.1 1624+ 25 13.0 £ 2.0
FSE echo 2, 6 LE. fit 192 + 19 94+ 6 525+ 3.5 251+19 15.6 + 2.2 11.8 £2.0
FSE echo 1, 7 exponential fit 893 + 704 187 £ 24 79.0 £ 7.2 317+ 26 192 +£ 3.1 14.8 £ 3.2
FSE echo 2, 6 exponential fit 180 4+ 14 99 + 6 59.5 + 3.6 298+ 19 208 +£ 1.9 173 £ 2.1

@ Values are reported as mean + standard deviation within the ROL

assuming a constant T1 of 2 s. Error is shown as a function of T2 and
refocusing flip angle for two point ISEC fit using the first and seventh
echo. Error maps from using ISEC fitting on the second and sixth echo,
and with 32 echoes contained the same features, with similar resulting
fit error (within 0.5% for the majority of T1 and refocusing values), and
are not shown. In general, error in the T2 measurement was found to be
less than 2% when the T1 estimate was within 1 s of the actual value
when refocusing angles exceeded 85°. Over-estimate of T1 by <1.5 s
caused less than 2% error in T2 measurement error when the refocusing
angle was near 180°. The importance of an accurate T1 estimate
increases with increased stimulated echoes.

Discussion

The two point ISEC method described here enables accurate T2
quantification from only two FSE images (PD and T2-weighted) by
modelling the pulse sequence, taking into account stimulated and
indirect echoes via prior knowledge of the flip angles and slice profiles.
Human brain T2 values obtained from the two point FSE method with
ISEC fitting (Table 1) agreed very well (within 4% for most combinations
of data) with the T2 results from ISEC fitting of the 32 echo MESE data
set. In phantom experiments, T2 values from both ISEC fitting of two
echoes and MESE data sets agreed within uncertainty with T2 measure-
ments from single spin echo experiments.

Exponential fits of the MESE and FSE data were not as robust
(Table 2). The two point exponential fits of PD (TE = 10 ms) weighted
and T2-weighted images grossly overestimated T2 values (33-112%,
depending on chosen echo times), as expected from simulations.

However, exponential fits of in vivo experiments with certain com-
binations of data showed reasonable T2 values (Table 2). In particular,
when the second echo (TE = 20 ms) is combined with a later echo,
the exponential T2 map is much closer to the gold standard values.
However, the echo time of the second echo is too late for a true PD-
weighted image. Furthermore, the T2 map is visibly warmer on the
color scale (Fig. 2f), and resulting values within ROIs are typically
found to be larger, compared to ISEC fitting of the MESE data
(Table 2). The error in exponential fitting results depended on both T2
and refocusing angle, when the second echo is paired with a later
echo. Regions with shorter T2 values (less than ~50 ms) typically
overestimated T2, while moderate T2 values (50-80 ms) seemed to be
near gold standard values. Conventionally, one may assume that using
only even pairs of echoes would be sufficient to minimize stimulated
echo effects; however, we have found that this approach does not re-
move errors, as T1 contamination is introduced via alternate echo
pathways.

Knowledge of the actual flip angle and RF pulse shapes are an essen-
tial part of this advanced fitting method. The flip angle knowledge
removes a parameter from the fitting process, which enables only two
points to yield an accurate solution. Accurate knowledge of the flip
angle and slice profile allow for appropriate compensation of indirect
and stimulated echo pathways. At high magnetic field, an actual flip
angle map was needed due to substantial in-plane RF variation. Howev-
er at lower fields, with RF variation reduced, a flip angle map may not be
necessary. At any field strength, knowledge of the RF pulse shape is
required for the simulation process. If the RF pulse shapes are not pro-
vided by the vendor, they may be measured using a digital oscilloscope.

207

o

T2 (ms)

T2 (ms)

1 1.5 05 1

nB1 nB

1

15%
| S |
|
2 10%
[
L 5%
]
1 15 0%

| nB,

1.5 05 1 1.5 05

Fig. 3. Examining instability in two point ISEC fitting. Coefficient of variance (%) in ISEC T2 fitting results for simulated SNR of 50 are shown for a range of T2 and nB1 values, and the
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with ISEC fitting when SNR >30.

SNR simulations show that for T2 between 20 and 100 ms, the
optimal pair of effective TEs for ISEC fitting is 10 ms and 70 ms, which
is supported by in vivo results (Table 1). Using a combination of images
with TEs of 10 ms and 50 or 60 ms also performs well if T2 is between 20
and 50 ms, however, the accuracy of larger T2 values is compromised.
Other combinations of FSE images could provide accurate
measurements, though the accuracy depends on the TEs, and the T2
range expected. The pair of images chosen here compromises between
accuracy of specific T2 values, and accuracy over the desired range of T2
values. For other applications, a different T2 weighting may be optimal.
However, for clinical applications, the choice of TE of PD and T2
weighting are usually fixed, with PD being the first echo and T2-
weighted using TE of 60-100 ms (Bauer et al., 2010; Hasan et al.,
2009, 2010; Tanabe et al., 1998). The values found to be optimal here
fall within that range.

Without previous T1 measurement, an assumption of T1 is required
in calculation of the fitting model. We found that errors due to the T1
assumption were small when the T1 of the model was within 1 s of
the actual T1 value (Figs. 5 and 6). Errors increase with increased
stimulated echo contributions, and, when the T1 assumption is inaccu-
rate (particularly when overestimated by 2 s), resulting errors vary
significantly with refocusing angle (Fig. 5) due to varied contributions
from indirect and stimulated echo pathways. The original implementa-
tion of ISEC found T2 measurement to be relatively insensitive to T1
when the T1/T2 ratio is large (Lebel and Wilman, 2010), however that
work used a 20 echo MESE data set, allowing for averaging of T1 error
across 20 points and only 10 ms between measured points. In the two
point approach, the points may be 60 ms apart (10 and 70 ms). Further-
more, the amount of T1 contamination varies with refocusing flip angle
and the number of RF pulses that spins have experienced, and therefore
does not contribute equally to all possible effective echo times, resulting
in potential increases in error in two point fitting. We find that, when
the difference between actual and assumed T1 values in fitting is greater

than 1 s, errors with strong dependence on refocusing angle can occur
(see Fig. 5, curves where the assumed T1 = 3 s). Estimating T1 to within
1 s is generally straightforward for healthy tissues. However, inclusion
of an approximate T1 map could aid pathological T2 measurements.

The only difference between the pairs of FSE acquisitions used for
two point ISEC fitting in this work was the effective TE, with all other
parameters kept consistent. In practice, TR, echo spacing, echo train
length, or other parameters might differ between PD and T2-weighted
images, which would compromise the approach used here, although
potential corrections might be possible. For example, if TR is changed
between sequences, this could lead to different initial magnetization
in each acquisition, and result in substantial errors in T2 estimation, un-
less a correction factor was included for different TRs which would re-
quire knowledge of T1. Alternatively, one could use a dual echo
protocol to maintain the same TR for both images, and minimize total
acquisition time.

This work builds on previous implementations of spin response
fitting for T2 mapping by Lebel and Wilman (2010), and Ben-Eliezer
et al. (2014). These methods fit simultaneously for T2, flip angle, and a
scaling parameter from MESE data. In order to fit for T2 from only two
data points, the flip angle must be measured separately. The Lebel
method underestimates nB1 (Lebel and Wilman, 2010) due to the
slice profile approximation, and restricts fitting of nB1 to less than 1.
Symmetry around nB1 of 1 is assumed, but has since been shown not
to be the case (Breitkreutz et al., 2013). When providing a flip angle
map to a T2 fit which accounts for stimulated echoes, accurate
simulations of decay curves including flip angles and slice profiles are
required. In this work, we make use of the Shinnar-Le Roux algorithm
for simulation of slice selective RF pulses and Bloch simulations for
decay curves in order to fully simulate signal intensities of FSE images
and avoid making approximations for slice profile effects.

In clinical practice, lower refocusing angles are typically used due to
specific absorption rate constraints. With lower refocusing angles,
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stimulated echo contamination will increase, resulting in an increase in
errors in exponential fitting over those examined here. Further, clinical
sequences may have increased amounts of stimulated echo contribu-
tions due to the use of narrow refocusing widths relative to the excita-
tion width. Here, we have used a refocusing slice of 1.75 x excitation
width, which helps to reduce non-exponential echo contamination.
This work was performed using a single slice acquisition. It is readily
extendible to multi-slice protocols, provided SNR is sufficient. Previous
work has found that incidental magnetization transfer (MT) does not
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significantly affect grey matter T2 values, however a reduction in SNR
was observed (Uddin et al., 2013). For white matter, increased delay
between off-resonant RF pulses and on-resonant readout processes
minimizes differential MT effects between myelin water and other
pools, due to exchange (Vavasour et al., 2000).

The limitations of the method quantified here are specific to the
acquisition parameters (in particular, pulse shapes and timing, and
echo time). For example, the use of 3D sequences may limit the effects
of slice selection profile, and experiments at standard 1.5 T may limit
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Fig. 6. T2 error maps examining uniform T1 assumption. Error due to the assumption of a global T1 value is examined in the two point ISEC, where echoes 1 and 7 (TE = 10, 70 ms) were
used. Arange of T2, nB1 and T1 were simulated, and fit, assuming a global T1 of 2 s. Error in the resulting T2 fit is shown for (a) nB1 = 1, and a range of actual T1 and T2 values, and (b) T2 =

50 ms, and a range of actual T1 and nB1 values.
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in-plane flip angle variations. Nevertheless, any use of imperfect or non-
180° refocusing angles can cause stimulated and indirect echo path-
ways. Simulations and experiments indicate that exponential fits
using the PD (first echo) image are insufficient for T2 quantification,
with errors depending on both the flip angle, and T2 value (Fig. 5).
The experiments here used nominal refocusing angles of 180°, which
varied up to 30% across the brain in a single experiment, due to high
field (4.7 T) interference effects. Simulations indicate that much lower
refocusing angles would result in even poorer two echo exponential
fitting performance (Fig. 5).

In addition to allowing for rapid T2 quantification in future studies,
this method potentially allows for retrospective studies on existing
databases that contain PD and T2-weighted images, where flip angle
maps are also available or can be predicted. Studies such as that by
Bauer et al. (2010) have attempted exponential fitting of PD and T2-
weighted images for T2 quantification, but found systematic differences
when trying to combine data from multiple sites. This is likely due to
different refocusing pulse shapes and angles, to which exponential
fitting is highly sensitive. The experiments and simulations here includ-
ed nominal 180° refocusing pulse trains, though a range of potential
refocusing angles were examined. In clinical applications, lower
refocusing pulses, or variable refocusing pulse trains may be used,
further increasing the likelihood of seriously compromised results
from exponential fitting.

Conclusions

In conclusion, ISEC fitting of a PD and a T2-weighted FSE image
allows for accurate T2 fitting. By incorporating the actual refocusing
angle into the fitting process, ISEC fitting achieves a two point fit
while providing much greater accuracy and less sensitivity to refocusing
pulse shape and angle than exponential fitting. This method can enable
accurate quantitative T2 mapping, without the need of a specialized T2
mapping acquisition, by utilizing existing PD and T2-weighted images
with known flip angles.
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