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Abstract

Synthetic magnetic resonance imaging (MRI) allows the production of images with any contrast from a single scan after
quantification. The combined T,-weighted image (T2WI) and fluid-attenuated inversion recovery (FLAIR) image is expected
to have an improved contrast between the normal-appearing white matter (WM) and WM lesion (WML). The purpose of
this study was to determine whether optimal T, contrast-weighted images (SyFLAIR?) comprising the combined T2WI and
FLAIR image generated using synthetic MRI could improve contrast in the WM region. Numerical simulations were per-
formed to estimate the contrast-to-noise ratio (CNR) between the WM and WML and cerebrospinal fluid (CSF) ratio at any
echo time (TE) using SyFLAIR®. The CNR and CSF ratio for SyFLAIR? was compared with those for FLAIR and double
inversion recovery (DIR) images in ten volunteers. In numerical simulations, the CNR for SyFLAIR? was increased in the
T2WI and FLAIR images with long TEs, and the CSF ratio was decreased on those with short TEs. An in vivo study indicated
that the CNR for SyFLAIR? using T2WI and FLAIR images with an optimized combination of TEs was significantly higher
than those for FLAIR and DIR images; whereas, the CSF ratio for the optimized SyFLAIR? was not significantly different
from that for the FLAIR images. The use of SyFLAIR?® improves the contrast within the region of the WM without the need
for additional scanning in synthetic MRI.

Keywords Magnetic resonance imaging (MRI) - Synthetic MRI - Quantitative MRI - White matter lesion - Multiple
sclerosis

1 Introduction

Multiple sclerosis (MS) is a disease of the central nervous
system, which is characterized by infiltration of inflamma-
tory cells and demyelination around the regions of normal-
appearing white matter (WM). A magnetic resonance imag-
ing (MRI) finding as a primary biomarker is important in the
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diagnosis of MS [1, 2]. Detection of MS lesions using MRI
has been used for the purpose of evaluation of treatment
efficacy and follow-up during the focal stage of the disease.
Detection of the MS lesion at an early stage is important to
estimate the risks of future relapse, disability, and cognitive
deficits [1, 3].

MS lesions show prolonged T, relaxation time and higher
signal intensity than the peripheral tissue on T,-weighted
images (T2WIs) and fluid-attenuated inversion recovery
(FLAIR) images [4-7]. To improve the accuracy of MS
diagnosis, higher T, contrast in the WM region with con-
comitant suppression of signal intensity of the cerebrospi-
nal fluid (CSF) is necessary. Several imaging techniques to
improve the contrast of the MS lesion have been reported,
such as phase-sensitive inversion recovery (PSIR) and dou-
ble inversion recovery (DIR) sequences [8—12].

Synthetic MRI is a technique to quantify the T value, T,
value, and proton density (PD) with simultaneous correction
of the B, homogeneity using a single pulse sequence [13].
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After acquisition of the imaging data and quantification of
the T value, T, value, and PD, the images can be generated
with any contrast weighting by freely adjusting parameters
such as the repetition time (TR), echo time (TE), and inver-
sion time (TT) without the need for additional scanning [9,
14]. Recent reports indicated that FLAIR, DIR, and PSIR
images generated using synthetic MRI improved the contrast
of MS plaque and WM lesions (WMLs) [9, 15]. Thus, it is
possible to improve the lesions’ detectability for specific dis-
eases by generating characteristic contrast-weighted images
from synthetic MRI.

Techniques involving combinations of images are effec-
tive to improve the detection of WMLs [16-18]. Gabr
et al. reported that post-acquisition combination images
generated from three-dimensional (3D) T2WI and FLAIR
images (FLAIR;) improved the visualization of WMLs [18].
FLAIR; images are generated by multiplying the signal
intensity of T2WI and FLAIR images after raising the T2WI
and FLAIR image to an arbitrary power to maximize the
contrast-to-noise ratio (CNR) between the WM and WMLs.
The proposed approach is easy to use in a clinical setting
because sophisticated pulse sequence modifications are not
required for acquisition of the FLAIR; image; however, the
acquisition process for each 3D image is time-consuming,
which may result in motion artifacts or displacements
between two successive image acquisitions.

In this study, we produced synthetic FLAIR; images
(SyFLAIR?) from T2WIs and FLAIR images with optimal
contrast weighting using synthetic MRI. We hypothesized
that the combined T2WI and FLAIR image generated by
synthetic MRI would improve the lesions’ contrast in the
WM region. The study aimed to determine the optimal con-
trast weighting for SyFLAIR? and evaluate the benefits of
improving T, contrast in the WM region.

2 Materials and methods
2.1 Production of SyFLAIR®

To adjust the image contrast, y-correction is applied by rais-
ing the signal intensity to the positive y power: increasing y
to > 1 improves the contrast of the region with high signal
intensity; however, the contrast of the region with intermedi-
ate-level signals decreases conversely as y increases. In this
study, we attempted to raise the signal intensities of the two
images to the y power of different values and multiplied the
obtained images. The sum of applied y values should be <3
to achieve improved contrast of the lesion with high signal
intensity, while maintaining the contrast of the intermediate-
level signals at 80% [18]. Thus, the images produced by
multiplying the FLAIR images by T2WIs with y-correction
at the specified range are expected to increase contrast of

the WMLs, such as those in patients with MS, and suppress
the CSF signal.

Imaging using the DIR sequence is a direct approach to
obtain a contrast-enhanced image of the WML. Although the
DIR image achieves higher contrast between the WML and
WM, the SNR of the image is lower than those of the T2WI
and FLAIR image because of its low signal intensity; hence,
lesions with small size and low contrast on a DIR image may
be obscured by noise and remain undetected. In contrast, in
case of available T2WIs and FLAIR images, the FLAIR,
image may obtain a higher CNR compared with that of the
DIR image, resulting in a higher SNR and contrast of the
WML and WM. In addition, the advantages of applying this
principle to synthetic MRI are that it is easy to implement
and the combined images can be produced from images gen-
erated at optimal parameters and arbitrary TR/TE settings
without normalizing or matching the signal intensity.

Signal intensity for SYyFLAIR® was calculated using a
general multiplicative combination of the T2WI and FLAIR
image, as shown in the following equation:

_ p
SSyFLAIR3 = S”(;2WI ’ SFLAIR’ M

where St,wr and Sg; 4 Tepresent the signal intensities of the
T2WI and FLAIR image obtained using the synthetic MRI
sequence, respectively; a and f are positive exponents with
optimized values of 1.45 and 1.55, respectively, as previ-
ously reported [18].

2.2 Numerical simulations

Signal intensities of the WM, WMLs, gray matter (GM),
CSF, and noise on SyFLAIR? were calculated using TE val-
ues in the range of 20-140 ms at 20-ms intervals for the
T2WI and FLAIR image. Signal intensity of the T2WI and
FLAIR image was estimated as follows [14]:
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where Stowr and Sg; g represent the signal intensity of the
T2WI and FLAIR image, respectively; k is a scaling factor.
TR, TE, and TI represent the repetition time, echo time, and
inversion time, respectively. PD, T}, and T, represent the
proton density, 7, value, and T, value for each tissue, respec-
tively. Parameters used in the calculation for each tissue are
shown in Table 1 [18]. The T, value, T, value, and PD of
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Table 1 The parameters used for the calculation of the signal inten-
sity for each tissue

Tissue T, value (ms) T, value (ms) Proton density
White matter 850 85 0.71

Gray matter 1400 100 0.83
Cerebrospinal fluid 4000 2000 1

White matter lesion 978 98 1.83

the WMLs were assumed to be prolonged by 15% compared
with those of the WM [18].

Numerical simulation was performed to estimate the
CNR of the WM region and CSF ratio for SyFLAIR? at each
combination of TEs for the T2WI and FLAIR image. The
CNR of the WM and WMLs for SyFLAIR? was calculated
for each TE combination as follows:

S -S
CNR = WML "WM_ )

SyFLAIR3

where Sy, Swis and Ngypp a1r3 represent the signal inten-
sity of the WML, WM, and noise for SyFLAIR3, respec-
tively. To estimate the CNR for SyFLAIR?, the simulated
noise of the T2WI and FLAIR image was defined as the
root mean square of the WM signal intensity for images
generated at each TE. The levels of the simulated signal
intensity of the T2WI and FLAIR image are not matched
and hence, their image noise is also different. The noise for
SyFLAIR® (Nsyprair3) Was defined as the standard deviation
of the simulated signal intensity for SyFLAIR? based on the
law of error propagation and estimated using the following
equation:

2 2 2
N, SyFLAIR3 2 Nrawn 2 NeLar
—— ) =)+ (TR o
SSyFLAIR3 Stowt SFLAIR
where Ngygp ars» Nrowr> and Ngpar Tepresent the noise for
SyFLAIR?, T2WI, and FLAIR image, respectively. Under
the assumption that the noise for the T2WI and FLAIR

image is changed under the conditions generated using syn-
thetic MRI, we can derive the following equation:

2. N2 2. N2
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Moreover, the CSF ratio for SYFLAIR? was calculated
as an index of the effect of suppression of the CSF signal
for each TE combination. The CSF ratio was calculated as
follows:

s,
CSFratio = g (7

GM

where S and S, represent the signal intensity of the CSF
and GM for SyFLAIR?, respectively. Using these equations,
the CNR and CSF ratio for SyFLAIR? were calculated for all
TE combinations of the T2WI and FLAIR image.

2.3 Invivo study
2.3.1 Imaging protocol and generation of synthetic images

The study was approved by our Institutional Review Board.
Ten healthy volunteers (mean age 44.1 years; age range
23-61 years) were enrolled. Written informed consent was
obtained from all the participants. The in vivo study was
performed using a 3.0-T MRI system (Discovery MR750;
GE Healthcare, Waukesha, WI, USA) with a 32-channel
phased-array head coil.

To validate the optimal combination of TE values for the
T2WI and FLAIR image, images were acquired from par-
ticipants using a synthetic MRI sequence. Synthetic MRI
was performed using MRI compilation (MAGiC) based on
the QRAPMASTER pulse sequence [13], which is a two-
dimensional, multi-slice, multi-echo, multi-saturation delay
saturation-recovery fast spin echo acquisition sequence for
images at two TE combinations and four saturation delay
time combinations. Imaging parameters were as follows:
field-of-view (FOV)=240x 240 mm?; TR =4000 ms;
TE=21.3 and 85.2 ms; slice thickness =4 mm; slice
gap =1 mm; number of slices =24; echo train length=12;
bandwidth =+ 22.7 kHz; number of excitations (NEX)=1;
array spatial sensitivity encoding technique (ASSET) fac-
tor =2; matrix size =320 X 256; and imaging time =6 min
8s.

After acquisition of the image data, the T, value, T, value,
and PD were automatically quantified using the MRI con-
sole computer. The fitting algorithm for quantification was
performed based on a report by Warntjes et al. [13]. Using
the quantified data, synthetic T2ZWI and FLAIR images were
generated at 15,000-ms TR and TE of 20-140-ms range with
a 20-ms interval. The TI of the FLAIR images was set to
3000 ms. Parameters for synthetic DIR imaging were as fol-
lows: TR =15,000 ms; TE=100 ms; first TI=3750 ms; and
second TI=470 ms.

2.3.2 Production and evaluation of SyFLAIR®

SyFLAIR?® was reconstructed from the T2WI and FLAIR
image at all combinations of TE using MATLAB 2017a
(MathWorks, Natick, MA, USA). To evaluate the image
quality of SyFLAIR?, the signal intensity of the frontal
WM, GM in the superior frontal gyrus, CSF in the fron-
tal horn of the lateral ventricle, and WM in the central
semiovale for the T2WI, FLAIR image, DIR image, and
SyFLAIR? was measured using ImageJ 1.5 software
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(National Institutes of Health; Bethesda, MD, USA). The
WML was assumed as the region in which the T, value
was prolonged by 15% compared with that of the WM
at the level of the basal ganglia, based on the T, values
of the MS lesions reported through numerical simula-
tion [18]. These regions were located around the central
semiovale and confirmed using the 7, values obtained
through MAGIC. In all volunteers, the ROI in the WM
was set to 122.6 mm>. The ROI in the other tissues was
changed according to the individuals’ tissue morphology.
The average ROI was 32.8, 70.4, and 286.0 mm? for the
GM, CSF, and WML.

Subsequently, the CNR for the T2WI, FLAIR image,
DIR image, and SyFLAIR? was measured using the fol-
lowing equation:

CNR = SWML - SWM

SDyy (®)

where Sy and Sy represent the signal intensity of the
WML and WM for each image, respectively. SDy,,, repre-
sents the standard deviation of the signal intensity of the
WM for each image. The CSF ratio for the FLAIR image
and SyFLAIR? was measured using Eq. 7.

Finally, to determine the optimal combination of T2WI
and FLAIR image for SyFLAIR®, we evaluated the CNR
and CSF ratio for SyFLAIR? for all TE combinations of
the T2WI and FLAIR image acquired in the in vivo study.
The optimal TE for the T2WI and FLAIR image was
defined as the TE at the maximum CNR for SyFLAIR?
among TEs at which the CSF ratio for SyFLAIR? is lower
than that for the FLAIR image at any TE.

60 - 80 23
52 2 60
40 40

TE of FLAIR (ms) 20 20 TE of T2WI (ms)

Fig.1 Results of the numerical simulation for the CNR for
SyFLAIR? versus the TEs of the T2WI and FLAIR image. a The CSF
ratio for SYyFLAIR? versus the TEs of the T2WI and FLAIR image. b

2.3.3 Statistical analysis

Nonparametric Wilcoxon matched-pairs rank test was
used to compare the CSF ratio between the FLAIR image
and SyFLAIR®. Friedman test was performed to compare
the CNR between the FLAIR image, DIR image, and
SyFLAIR?; post hoc tests were performed using Dunn’s
multiple comparisons test. P <0.05 was considered signifi-
cant. All statistical analyses were performed using Prism 6.0
(GraphPad Software, La Jolla, CA, USA).

3 Results
3.1 Numerical simulations

Figure 1 shows the CNR and CSF ratio obtained through
numerical simulation. The CNR for SyFLAIR® was
increased at prolonged TE of both the T2WI and FLAIR
image; conversely, it was decreased at shortened TE of either
the T2WI or FLAIR image. The CSF ratio for SyFLAIR?
was increased at prolonged TE of both the T2ZWI and FLAIR
image, and was decreased at shortened TE of either the
T2WI or FLAIR image.

3.2 Invivo study

The CNR and CSF ratio for the T2WI and FLAIR image
acquired from each participant of the in vivo study is
shown in Fig. 2. The CNR for the T2WI and FLAIR
image increased with prolonging of TE and plateaued at
approximately 60 ms; the CNR showed similar value for
each TE. The CSF ratio for the T2WI and FLAIR image
decreased with shortening of TE. The CNR and CSF ratio

CSF ratio

60 ; " 80

0.1
40 69

TE of FLAIR (ms) 20 20 TE of T2WI (ms)

The CNR and CSF ratio show increases with longer TEs for both the
T2WI and FLAIR image
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Fig.2 The CNR (a) and CSF (a)

(b)

ratio (b) for the T2WI and 8 T
FLAIR image acquired in the
in vivo study. The CNRs for the
T2WI and FLAIR image are 6l
increased at prolonged TEs and
plateau at approximately 60 ms.
The CNRs for both the T2WI
and FLAIR image demonstrate
comparable values at each TE.
The CSF ratios for the T2WI
and FLAIR image are decreased 2+
at shorter TEs
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for SYFLAIR? produced through in vivo imaging data are
shown in Fig. 3.

The CNR for SyFLAIR? was increased with a combina-
tion of longer TEs for both the T2ZWI and FLAIR image as
well as that through numerical simulation. The CSF ratio
for SyFLAIR? calculated using different TE combinations
for both the T2WI and FLAIR image acquired through the
in vivo study showed similar tendency to those through the
numerical simulation.

To determine the optimal TE combination of the T2WI
and FLAIR image for SyFLAIR?, we considered that the
CSF ratio for SyFLAIR? should be less than or equal to that
for the FLAIR image at any TE; the combinations of TEs
that meet this condition are located below the dotted line
shown in Fig. 3b. Among the combinations that matched
this condition, the maximum CNR value was obtained by the
following five combinations of TEs for the T2WI and FLAIR
images: (20 ms, 100 ms), (40 ms, 80 ms), (60 ms, 60 ms),

@) (b)

6 /
2
14 ©
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—e— 80
100
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3
0 50 100 150
TE of FLAIR (ms)

Fig.3 The CNR for SyFLAIR? generated by combining TEs from the
T2WI and FLAIR image. The dotted line shows the CNR for FLAIR
images at 100-ms TE, which is the maximum CNR for all TEs of the
FLAIR image (a). The CSF ratio for SyFLAIR? generated by com-
bining TEs from the T2WI and FLAIR image. The dotted line shows

100 150 0 50 100 150
TE (ms)

0.01

0.01 L

TE (ms)

(80 ms, 40 ms), and (100 ms, 20 ms), as shown in Fig. 3a.
These results indicated that the optimal TE combination for
SYFLAIR? reconstruction was 60 ms for both the T2WI and
FLAIR image according to the simplest combination.

The CNR (average + standard deviation) for the FLAIR
image with a 100-ms TE (which was the largest CNR for
all values of TE), DIR image, and SyFLAIR3 with the
optimal combination of T2WI and FLAIR image was
4.69+1.08, 3.20+1.74, and 5.52 +1.69, respectively
(Fig. 4a). The CNR for optimized SyFLAIR?® was signifi-
cantly higher than those for the FLAIR and DIR images.
The CSF ratio (average + standard deviation) for the
FLAIR image with a 20-ms TE and SyFLAIR? with the
optimal combination of the T2WI was 0.069 +0.0019 and
0.059 +0.0071, respectively (Fig. 4b). The CSF ratio was
significantly lower in the optimized SyFLAIR?® versus the
that in the FLAIR image with a 20-ms TE which was the
smallest CSF ratio for all values of TE. Representative

TE of T2WI (ms)

0 50 100 150
TE of FLAIR (ms)

the CSF ratio for the FLAIR image at 20-ms TE, which is the mini-
mum CSF ratio for all TEs of the FLAIR image (b). The CNR for
SYFLAIR? is increased with a combination of longer TEs for the
T2WI and FLAIR image. The CSF ratio for SyFLAIR? is decreased
with a combination of short TEs for the T2ZWI and FLAIR image
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Fig.4 The CNRs (a) and CSF (a) (b)
ratios (b) from the in vivo study T T T 0.10 T T
for the FLAIR image, DIR _ _
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(TE= 100 ms). The CSF ratios = w
are significantly lower for the © (72} 0.04
optimized SyFLAIR? than for o
the FLAIR images (TE =20 ms) 0.02
0.00
S
4
&
Q A
ol »
< <~

images for FLAIR, DIR, and SyFLAIR3 at the level of the
basal ganglia and central semiovale are shown in Fig. 5.
The optimized SyFLAIR? at the level of the basal ganglia
indicated that the CSF signal in the lateral ventricle was
suppressed to a comparable degree as that on the FLAIR

and DIR images (Fig. 5a—c). Moreover, the optimized
SyFLAIR? at the level of the central semiovale indicated
that the contrast within the WM region was higher than
that on the FLAIR and DIR images (Fig. 5d-f).

Fig.5 A comparison of representative FLAIR images (TE=100 ms)
(a, d), DIR images (b, e), and optimized SyFLAIR3 (c, ) calculated
at 60-ms TE for both the T2WI and FLAIR image at the level of the
basal ganglia and central semiovale. The optimized SyFLAIR? at the
level of the basal ganglia shows that the CSF signal in the lateral ven-

tricle is suppressed to a comparable degree as that on the FLAIR and
DIR images (a—c). Moreover, the optimized SyFLAIR? at the level of
the central semiovale shows that the contrast within the WM region is
greater than that on the FLAIR and DIR images (d—f)
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4 Discussion

We demonstrated that the SyFLAIR? post-processing tech-
nique could be applied to synthetic MRI and improved
the CNR of the WM region under optimal reconstruction
settings.

The results of the numerical simulation indicated that
when the previously reported FLAIR; technique was
applied to synthetic MRI, the CNR for SyFLAIR? varied
depending on the combination of TEs for the T2WI and
FLAIR image. To attain a higher CNR for SyFLAIR?, a
combination of longer TEs for both the T2WI and FLAIR
image was needed. In contrast, the CSF ratio increased at
longer TEs for both the T2ZWI and FLAIR image. There-
fore, to effectively suppress the CSF signal, a shorter TE
is preferable for the T2WI and FLAIR image. To satisfy
these two conflicting requirements and apply FLAIR; to
synthetic MRI, it is necessary to determine the optimal
TE combination for the T2WI and FLAIR image based on
both the CNR and CSF ratio.

In the in vivo study, the CNR for the T2WI and FLAIR
image reconstructed for each TE using synthetic MRI was
higher at longer TEs. To apply these images to SyFLAIR?
and obtain a higher CNR, images at longer TEs should be
used. In contrast, the CSF ratio for the T2WI and FLAIR
image showed a linear increase on the log scale with
increasing value of TE, which indicates that a combina-
tion of short TEs for both the T2WI and FLAIR image was
effective in suppressing the CSF signal for SyFLAIR?, cor-
roborating the results through numerical simulation. When
the CSF ratio for SYyFLAIR? was less than that for the
FLAIR image with a 20-ms TE (Fig. 4b), the five combina-
tions of TEs showed maximal CNR. Among these combi-
nations, the combination of 60-ms TE for both the T2WI
and FLAIR image is the simplest one for maximizing the
CNR. This result is useful for application of SyFLAIR? in
the clinical setting.

The optimized SyFLAIR? significantly improved the
CNR of the WM compared with those on the T2WI and
FLAIR image reconstructed using synthetic MRI. Fur-
thermore, the optimized CSF ratio for SyFLAIR? was sig-
nificantly decreased compared with that for the FLAIR
image with a 20-ms TE. Our results are consistent with
those reported for 3D T2WI and 3D FLAIR [18]. Thus, the
image-processing technique of FLAIR; could be applied to
synthetic MRI, and SyFLAIR? could enable the detection
of WMLs such as the MS plaque.

Gabr et al. described the image-processing technique of
FLAIR; involving pre-acquired images through 3D T2WI
and 3D FLAIR [18]. Since these images are acquired using
a prolonged scanning time, displacement within each
image may occur due to the patients’ motion. Therefore,

before FLAIR; processing, a pre-processing step such as
affine transformation is needed to avoid artifacts due to
misalignment.

In contrast, synthetic MRI can acquire images arbi-
trarily and simultaneously, such as the T2WI and FLAIR
image through computed quantitative values. Conse-
quently, corrections are not required to process SyFLAIR?
for positional misalignment between the T2WI and FLAIR
image. In addition, synthetic MRI has the advantage of
ability to generate T2WI and FLAIR images at any TE,
which is necessary for producing SyFLAIR? without addi-
tional imaging. Therefore, once proper conditions for cal-
culating SyFLAIR? are determined, SyFLAIR? is automat-
ically generated with ease as a post-processing step. In this
study, the production of SYFLAIR3 was performed offline;
nevertheless, it may be possible to incorporate these steps
into the calculation of SyFLAIR? as an easy-to-use option
for synthetic MRI in the clinical setting. Reports indicated
that FLAIR and DIR images generated through synthetic
MRI improved the CNR of the WM and WMLs [6, 15].
Based on the improved CNR for SyFLAIR? compared
with those for the FLAIR and DIR images, SyFLAIR? has
potential for use to detect MS lesions more easily.

This study has several limitations. First, although the
results obtained through numerical simulation and in vivo
study were similar, they were not matched perfectly, which
may be due to the insufficient definition of noise in the
numerical simulation. Second, we did not evaluate patients
with WMLs, such as MS lesions. Future studies to verify
improvement in the CNR of WMLs in clinical cases are
necessary. Third, we did not optimize the coefficients of
the exponent used to produce SyFLAIR?. Regarding the
multiplication coefficients, although verified values from a
previous report were used, further optimization may yield
greater improvement in the CNR. Finally, DIR images
were generated using the manufacturer’s default TI set-
tings. Hagiwara et al. estimated the optimal second TI for
each patient by measuring the 7, values of the WM and
CSF to generate DIR images using synthetic MRI [15].
Although the DIR images were generated using the opti-
mal second TI in order to increase the contrast between the
WM and WML, adjusting the parameters for each patient
is not considered as standard procedure in clinical prac-
tice. In routine general clinical examinations, a fixed sec-
ond TI is used. Moreover, in our study, the 7, values of the
WM were almost the same in all participants; therefore,
we used 470 ms as the second TI in agreement with the
previous report [16].

In conclusion, SyFLAIR?® produced using synthetic MRI
improved the CNR of the WM region compared with that for
the FLAIR and DIR images. Although clinical studies are
needed to evaluate the clinical utility of SyFLAIR?, it could
be useful to detect WMLs such as the MS plaque.
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