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Synthetic MRI with T,-based Water Suppression to Reduce
Hyperintense Artifacts due to CSF-Partial Volume
Effects in the Brain

Tokunori Kimura“, Kousuke Yamashita, and Kouta Fukatsu

Purpose: Our purpose was to assess our proposed new synthetic MRI (synMRI) technique, combined with
T,-based water suppression (T,wsup), to reduce cerebral spinal fluid (CSF)-partial volume effects (PVEs).
These PVEs are problematic in the T,-weighted fluid-attenuation inversion recovery (FLAIR) images
obtained by conventional syn MRI techniques.

Methods: Our T,wsup was achieved by subtracting additionally acquired long TE spin echo (SE) images of
water signals dominant from the originally acquired images after T, decay correction and a masking on the
long TE image using the water volume (V) map to preserve tissue SNR, followed by quantitative mapping
and then calculation of the synthetic images. A simulation study based on a two-compartment model
including tissue and water in a voxel and a volunteer MR study were performed to assess our proposed
method. Parameters of long TE and a threshold value in the masking were assessed and optimized experi-
mentally. Quantitative parameter maps of standard and with T,wsup were generated, then wsup-synthetic
FLAIR and SE images were calculated using those suitable combinations and compared.

Results: Our simulation clarified that the CSF-PVE artifacts in the standard synthetic FLAIR increase T, as
the water volume increases in a voxel, and the volunteer MR brain study demonstrated that the hyperintense
artifacts on synthetic images were reduced to < 10% of V_ in those with the standard synMRI while keeping
the tissue SNR by selecting optimal masking parameters on additional long TE images of TE = 300 ms. In
addition, the wsup-synthetic SE provided better gray-white matter contrasts compared with the wsup-
synthetic FLAIR while keeping CSF suppression.

Conclusion: Our proposed T,wsup-synMRI technique makes it easy to reduce the CSF-PVE artifacts
problematic in the synthetic FLAIR images using the current synMRI technique by adding long TE images
and simple processing. Although further optimizations in data acquisition and processing techniques are
required before actual clinical use, we expect our technique to become clinically useful.

Keywords: synthetic magnetic resonance imaging, fluid-attenuation inversion recovery, partial volume effects,

hyperintense artifacts, signal-to-noise ratio

Introduction

Synthetic MRI (synMRI) generates several kinds of contrast-
weighted images by synthesizing quantitative parameter
maps of proton density (PD), longitudinal relaxation time
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(T,), and transverse relaxation time (T,) obtained using
acquired fast-spin echo (FSE) data. The synMRI is beginning
to be used clinically because of the advantages of saving total
examination time and the freedom to select MRI acquisition
parameters of TR, TI, and TE. Also, using synMRI, quantita-
tive parameter maps can be obtained."”” However, synthetic
T,-weighted images (T,WIs) of fluid-attenuation inversion
recovery (FLAIR) or a double-inversion recovery (DIR)
introduces hyperintense artifacts at the border zone of tissue
and ventricle or the surface of the brain cortex. This is
thought to be caused by partial volume effects (PVE) intro-
duced by including brain tissue and cerebral spinal fluid
(CSF) in a single voxel.>"® Nevertheless, there is a quantita-
tive relationship between the CSF-PVE and the hyperin-
tense artifacts between the standard synthetic FLAIR

325




T. Kimura et al.

(std-synFLAIR) image, and therefore fundamental solutions
have not been clarified yet. FLAIR, including DIR imaging,
is very important for clinical MR brain imaging to separate
lesions from CSF; however, it requires a relatively long
acquisition time. Therefore, the first priority is to solve the
problem of CSF-PVE artifacts in synthetic FLAIR images
with a minimum time load, in order to further encourage this
technique in clinical use.

The longitudinal magnetization (Mz) of water in the
acquired FLAIR is ideally zero; however, the quantitative
maps of T,, T,, and PD obtained by the std-synMRI are
calculated from the mixed signals of tissue and water.
Therefore, the T, decay behavior differs depending on the
rate of water in a voxel between the acquired FLAIR and
std-synFLAIR images. It is thought that those T, differ-
ences introduce the CSF-PVE hyperintense artifacts in
the std-synFLAIR image, and this problem is not easily
solved unless tissue and water components in each voxel
can be separated.

This study was done to quantitatively clarify the cause of
CSF-PVE-dependent hyperintense artifacts and then to
assess a new synMRI technique to reduce those artifacts,
especially in FLAIR, without loss of the tissue SNR. The
new technique combines synMRI and a T,-based water sup-
pression technique (T,wsup). The assessment was done using
a simulation and MR volunteer studies.

Materials and Methods
Model

As shown in Fig. 1, when a unit voxel of volume V consists
of two-components of water and tissue, the MR signal in the
voxel is based on a two-compartment model of water volume
V., tissue volume V, and the voxel volume is

V=v, +V =1 (1)
and the voxel mean proton density is

PD=V, -PD, +V,-PD, )

voxel volume: V=V ,+V,=1
voxel mean proton density : PD =V, - PD,, + V- PD,
voxel mean signal intensity: S = S, + S,

water: V. ,PD, T1,,T2,;

4

w

tissue: V, PD,,T1,,T2, v,

unit voxel :V =1

Fig. 1 A two-compartment voxel model for containing water and
tissue components in a single voxel. PD, proton density; T,, longi-
tudinal relaxation time; T,, transverse relaxation time.
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Likewise, the suffix w and t denote, respectively, the param-
eters for water and for tissue.

Signal intensities (SIs) of spin echo (SE) and inversion
recovery (IR)-SE for a two-compartment model are,
respectively,

Sy (TR, TE,PD, T,, T,) = Sy (TR, TE, PD_, T, T,.)

SEw (3)
+ 8¢ (TR, TE, PD,, T,,, )
and
Sx (TR, TE, PD,T,,T, ): S TR, TLTE,PD_,T, ,T, ) @
S (TR, TL, TE,PD,, T,,, )
where
SSEw,t (TR’ TE’ PDWI’ Tw,t? wt)
= PDw,t ' DecayTISEw,t (TR’ lw,t) : (5)
DecayT,,, (TE, T,,,)
lRWl(TR TI TE PDwt’ Tw,t? 2wt)
- PD Decay 1IRw,t (TR TI wt)' (6)
DecayT2w,‘ (TE, T,,,,)
TE
TR ——
DecayT;, (TR, T, ) =41—2-exp 2

Tw,t

+exp {— B]} @
le,t

TI
DecayT,,, (TR, TL, T, ) = {l —2-exp [— —J +

1w,t

TE
Ty [ TR } ®)
2-exp| ———— |—exp| ———
Tw,t T]w,t
TE
DecayT,,,, = exp(— J ©)
2w,t

When analyzing in the std-synMRI based on the single-
compartment model shown in Eq. (5) or Eq. (6) without
suffix w or t, the averaged voxel values are used for calcu-
lating those quantitative parameters, resulting in parameters
that become close to the water values with increasing V. In
contrast, if water suppression (wsup) is perfectly achieved,
Egs. (3) and (4) become respectively as

S (TR, TE, PD, T|, T,) = S, (TR, TE, PD,, T,,, T,,,) (3
and
Sk (TR, TE, PD, T, T,) = S, (TR, TL, TE, PD, T;,, T,, ) (4)

These mean that the quantitative parameters of tissue can be
obtained even analyzing based on a single-compartment
model when using wsup data.
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Data acquisition and processing flow
Our proposed water suppression (wsup) technique is based
on the T, difference between tissue and water, similar to the
high-intensity REduction (HIRE) technique,® where the addi-
tionally acquired long TE image of the dominant water signal
is subtracted from the acquired standard TE image. In our
method, the water suppressed quantitative maps are calcu-
lated using these wsup images, and finally synthetic images
with arbitrary combinations of acquisition parameter maps
are obtained. A general processing flow for our proposed
technique of wsup-synMRI and the example of using min-
imum number of data is shown in Fig. 2. The basic idea is that
the wsup for the acquired images is performed before calcu-
lating quantitative parameters, then followed by calculating
quantitative parameter maps and synthetic images. In this, a
key flow is wsup for acquired images, as shown in Fig. 3.
Acquired image data at the generalized condition are
Suq(TE,, 1), TE; < TE, ---< TE,;, and water image is
acq(TElmg, r), TE,,,, = TE,;, where r denotes the spatial posi-
tion of each image in all imaging space, R. Below, our pro-
posed technique is explained in 3 steps.

Water suppression for acquired images
a. First, a water volume ratiomap, V_(r) (0<V, (r)<1)is
obtained, normalizing by dividing the pure water (CSF) SI of

T,-based Water Suppression Synthetic MRI

the long TE image, S,,(TE,,,,7). The easiest way to nor-

malize is to use a maximum value of the long TE image as

Sequn (TE) = max[ 5., (TE,r)]  (10)
St (TE g7

v, (r)= ————"-% (11)
RN

where Ma}ex[ | is an operator to obtain maximum value of
re

[ ] for all » defined in R.
Optionally, it is possible to make robust by enlarging the
pure CSF portion as

Vw (l") = acq (TElong ’ ) 2 Th Vwmax ’ acq.max (TElong);
TE o7 (11°)
= Suca (T 1) . otherwise
Th Vwmax ' acq.max (TElong )

where the ThV.

W max

is a threshold to include pure CSF por-
tions with a margin by setting Th¥, < 1. If ThV,_ =1
in Eq. (11"), then Eq. (11") becomes Eq. (11).

b. Second, a scaling for T, decay correction, a(TE)), is
obtained by using T, of pure water, T

2w’

Acquired contrast-weighted images:

Sacq (TR, TLLTE,), TE o =TE\; k=1~K, m=1~M, n=1~N.
Parameters: thresholding parameter, water T2, etc.
Imaging parameters (for synthetic) : 7R, 71, TE

.

Water Suppression for Acquired Image

lSachsup(TRbT]bTEm)

Quantitative Parameter Mapping

Para
PD,

wsup>

wsup*

Paragy,: -

PDsld> Tlstd> Tzsld’

wsup> 12 wsup

Synthetic Contrast-Weighted Imaging

Ssyn.sld( TR, TI, TE) Ssyn,wsup(]RJY, TE)

( std/wsup parameter maps: weup
std/wsup synthetic images: S, (TR, 71, TE),
Ssyn.\vsup(TR’ TI’ TE)

Paragy, Para

.

J

Syn.FLAIRwsup  Syn.SEwsup

Fig. 2 General whole process flow for our proposed technique of T,wsup-synMRI. On the right are example images of each stage using minimum
number (L =1, M = 3) of acquired images when T,wsup is not required. T,wsup-synMRI, T,-based water-suppressed synthetic MRI.
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ny

thresholding parameter: 7hVw,,. .

acquired images: S, (TE,
ThVw,y,

1) Sacq(TEyong » 1); 12 spatial position

water T2: 72,

Obtain Water Volume map: V,,
an,q max( TElong) max Sacq (TElongr T')
(T) = 1 acq(TElong' V) =Th VW
— Sacq(TElonga r)
ThVWmax'Sacqmax(TElong)

TE, 1ong)'

acq max(

. otherwise

N4
Sucg TE s 7)

acq

ThVw,

max

—

X 7.0)

Obtain Water Scaling for T2 decay
Scaling for T2 decay: A TE,,)= exp[-(TE ;- TE\,,,)/ 12.],
(option: method using water signal intensity ratios)

W (L)

Obtain Water Mask: Mask(r)
Binary Mask generation
Mask(r)=0: V. (r)<ThVw,;, ; =1: otherwise
Spatial Smoothing (mask edge >0~1)

! Mask(r)

T2 decay correction and Masking water image
Sacq.ma.sk( TEm ’ r):MaSk(r)*a(TEm)*Sacq( TEIong ’r)

i Sacq,mask(TEmr I")

(TE,,, 1) = Syeo(TE 1)~ S, (TE,,. 1)

agq wsup acq.mask

Subtraction of corrected water image from the original

L

(TE,, 1)

a\.q mask

(TE, 1)

acq wup

[ water suppressed acquired images :

] acq “sup(TEl'm r)

Fig. 3 Detailed process flow for water suppression for acquired images in Fig. 2, where the representative flow is shown. The details are

given in the main text.

TE, - TE,, )
o(TE,) =exp| -

T

2w

,m=1,2, - M-1 (12)

Or, when the T, is unknown, the ratio of the averaged SI
within the same pure water regions among different TEs is

Sac mean (TEm ) ’
a(TE, )= —4= " (12%)
Sacq.mean (TElong)
where
omen (TEa i) = Mean [, (TE,, 00| (13)

Mean[ ] is an operator to obtain averaged value of [ | for all
rel, (r)=1

rsatisfying reV,_(r)=1

c. Third, a spatial mask, Mask(r) to keep tissue SNR after

subtraction is obtained as
;= 0: otherwise (14)

min >

Mask(r)=1:V, (r)>ThV,
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where ThV,_ . is a threshold value (0—1) when pure (100%)
water is 1, decided experimentally dependent on TE,, but it
can be commonly used once it is decided. Then, a spatial
smoothing filter is applied to the Mask(r) to smooth the

boundary of 0 and 1 in the mask.

d. Fourth, the water images after T, decay correction
and masking, S,.,ma(TE,.7), are obtained from the corre-
sponding standard acquired images with the same condition
as

Sacqmask (TEm > I") = Mask(r) ! a(TEm ) : Sacq.mask (TElong ’ r) (1 5)

e. Finally, water-suppressed acquired images, S

acp.wsup
(TE,,, r), are obtained by subtracting the corrected water

images from the originally acquired images of the same
TE as

(TE,.r)=S, (TE,

acq

”') _Sacq.mask (TEm’r) (16)

axzq wsup
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Quantitative parameter mapping
After obtaining those wsup images for acquired images,
quantitative maps are calculated using those wsup images in
addition to the standard images. When multiple images (data
points) along TE or TI are acquired, unknown quantitative
parameters for wsup: Para g, = (Toyqp Tiwsupr PDysup) {~
(T,, T, PD)}, and for standard: Para, = (T, T PDgq)s
can be respectively calculated using acquired images of wsup
(Saeqwsup) @nd standard (S, ) by least squares method based on
the single-compartment model equations in Eq. (5) or Eq. (6).
The quantitative parameters can also be obtained using
the minimum number (4 or 5) of the acquired images of wsup
and standard, as shown in Table 1, based on the following
simple equations as
T, = TE, - TE, (17)
I { Sse (TRUTEI)}
S (TR, TE,)

TI

T, =- ! (18)
{ 1Sk (TRI,TII,TEI)}
| Sy (TR, TE,)
2
S (TR, TE,) a9

D =
DecayT,; (TR,,T1,,T,)- DecayT, (TE,,T,)

Table 1 Simulation conditions of quantitative parameters and
imaging parameters

Parameters # Water (CSF) Tissue
Quantitative?
PD 0.97 0.8
T, [ms] 4000 1000
T, [ms] 1910 100
Imaging®
1 Sse (TR, TE,)
2 S (TR, TE,)
Acquired data 3 S (TR, TE,)
4 S (TR, TI,, TE,)
5 S (TR, TI,, TE,)
TR, [ms] 10000
TE,, TE,, TE; [ms] 20, 100, 500
Tl, [ms] 1000
Synthetic
TR [ms] 10000
TE [ms] 20
Tl [ms] (for FLAIR) 2350

*Quantitative parameters were referred to Warntjes et al.! PTE,
correspond to TE,,,,,. CSF, cerebral spinal fluid; FLAIR, fluid-attenuation
inversion recovery; TE, echo time.

Vol. 20, No. 4
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where the MR parameters of TR, TI, and TE are selected as TR,
>T,,>T,, TI, ~T,, and TE, > TE, to be close to the correct
values. Here, if the TE, is selected to be shortest, the PD , can
be obtained using T, because of DecayT, (TRl TLLT) ~1.
When the T}, image is required, another long TE image (#5 in
Table 1) must be acquired, but it is not necessary for calculating
the wsup-synthetic images of FLAIR and SE.

Synthetic contrast-weighted imaging

Synthetic images, both of the standard and wsup, are calcu-
lated based on the signal models in Eq. (5) for SE and Eq. (6)
for FLAIR, respectively, by the following 3 parameter com-
binations: std-synFLAIR/SE: (PD_, T4 Tagq)> WSUp-syn-
FLAIR: (PDgg, T\ ¢4 TZwsup)’ and wsup-synSE: (PDwsup, T
T)ysup)- Here, the parameter combination for the wsup-syn-
FLAIR is selected to be equivalent to the acquired FLAIR
contrast, and that for the wsup-synSE is selected to provide a

new wsup contrast, enabling tissue SNR without inversion.

Simulation
First, to compare the degree of PVE quantitatively for the
standard and proposed wsup methods, the quantitative param-
eters of PD, T,, and T, based on the single-compartment
model were calculated as a parameter of a water volume frac-
tion, V. The parameters in this simulation are summarized in
Table 1. Voxel mean values of quantitative parameters were
calculated from those averaged Sls as a parameter of V, and
with a parameter of subtracting weight &(TE) for ideal and
those scaled versions with 0.8 and 0.9.

Second, the synFLAIR and synSE Sls for the standard
and wsup were calculated as a function of TE, each with a
parameter of V.

MRI experiments

In the MR experiments, the first 4 data points in Fig. 2 were
acquired for our proposed synMRI. A healthy volunteer
study was performed on an MRI machine (Galan 3T [ZGOJ;
Canon Medical Systems, Tochigi, Japan) with a 32-channel
head coil after obtaining informed consent. An FSE sequence
was used, and the acquisition parameters were the following:
parallel imaging (SPEEDER; Canon Medical Systems) of
speed-up factor 2; acquisition matrix of 256 x 256; display
matrix of 512 x 512 after sinc interpolation; FOV = 23 cm;
slice thickness = 5 mm; number of slices was commonly
selected at maximum for TE,,,, =500 ms; number of average, 1;
TR, = 10,000 ms, TE; = 20 ms, TE, = 100 ms, TE, . = 300
or 500 ms, TI, = 1000 ms, where each different contrast data
were acquired with the separated sequence. An adiabatic
inversion pulse was used for IR to reduce RF field (B1) inho-
mogeneity. The scaling factor of &(TE) obtained with the SI
ratio of ThV, . = 1, which corresponds to fitted water T, of
T,,, = 990 ms, was used for T, decay correction of the water
SI of each TE. The acquired FLAIR with a coverage inter-
leaved multi-slice was used for comparison. This is intro-
duced to improve both the inversion efficiency and CSF
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in-flow artifacts by setting the inversion thickness as nearly
twice the standard; however, the acquisition time requires 2
times the standard.

For assessments, masking effects as a parameter of
ThV,,... and the difference of TE for long TE images were
compared, then the optimal parameters were used for the fol-
lowing steps. Quantitative maps and synthetic images of
FLAIR and SE each with the standard and wsup were com-
pared as a parameter of TE, and then the acquired FLAIR and
wsup-synthetic images of FLAIR and SE were also
compared.

Results

Simulation

The quantitative parameters for the water-suppressed (wsup)
data, compared with the standard (w/o wsup) data, became
close to those for the tissue components when the water sig-
nals were ideally suppressed. The wsup effects were weaker
when decreasing the subtracting weight, &(TE), from the
ideal (Fig. 4).

For the SIs as a function of TE (Fig. 5), the hyperintense
signals in std-synFLAIR were because the averaged T, values
in a voxel increased as the water volume, V_, increased, and
those effects were stronger with increasing TE. However,
those effects were reduced in our proposed wsup-synFLAIR.
Furthermore, our proposed wsup-synSE provided SNR
improvements by 10-20% in this condition in addition to
CSF suppression, because the tissue signals were not IR

SI (TE=20ms) vs. Vw

0 20 40 60 80
Vv [%]

SI (TE=100ms) vs. Vw

100 0 20 40
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3500
3000
-g 2500
= 2000
F 1500

R
-
-
-
-
-
-
-
-
-

-
="
-
-
-
-
-7
-

PD vs. Vw

Vw [%]

T1 vs. Vw

-

" i
waz?
-
——

signals but SE signals. Although this simulation was per-
formed without noise, when considering a noise propagation
in actual synMRI, the noise for SE is smaller than the IR-SE
due to the smaller contribution of T, in SE compared to that
in IR-SE.

MR experiments

The effects of water masking against ThV . are shown in
Fig. 6. The CSF signals were comparably suppressed
without loss of tissue SNR by using the wsup-images with
masking compared with those without masking. Regarding
the relationship with ThV . . the tissue SNRs increased
as the ThV . increased until a certain ThV/ . . while the
hyperintensity CSF-PVE artifacts were increased over
those ThV, ... Thus, the optimal ThV, . was decided
considering the trade-off between the tissue SNR and the
CSF-PVE artifacts. In our experiments, the optimal

ThV,, i, values were ThV . =0.10 at TE,  , =300 ms and
ThV. = 0.05 at TE, . = 500 ms, and the tissue SNRs

wmin long
were increased by ~80% and ~50% in those conditions,
respectively. Comparing the long TE images of TE, ,, =
300 ms with those of TE,,,, = 500 ms, the residual tissue
signals of GM and WM were greater for TE,,, = 300 ms;
however, the tissue SNRs of subtracted T,WI even for
TE,,,, = 300 ms were used without subtraction by using
the optimal ThV . . In this volunteer study, all the wsup
images of acquired, quantitative maps, and synthetic
images were obtained using the optimal ThV . = 0.05

and the long TE image of TE, = 500 ms.

min

long

T2 vs. Vw

2000
1800
1600
1400

7 1200
E 1000
A
600
400
200

-
-
T L
_____

60 80

100 0 20 40 60 80
Vw [%]

100

=== std
P wsup_o( TE)-0.8
wsup_oTE)-0.9
wsup_o(TE)1.0

1000
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0 20 40 60 80
Vw [%]

100 0 20 40

60 80 100

Vw [%]

Fig. 4 Simulation results of signal intensities (left) and quantitative parameters (center and right) versus V,, for our T,-based wsup tech-
nique. The standard (std) data became close to water value with increasing V,, but the wsup data showed the values for tissue components
by eliminating the water component. The effects of water suppression were weaker as o was smaller, where the T, and T, for ideal sup-
pression (& * 1) cannot be obtained at V,, = 1 due to zero signal. wsup, water suppression.
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Fig. 5 Simulation results of Sls versus TE with FLAIR (top) and SE (bottom) as parameters of V,, for 3 cases. Note that the Sl in standard
synthetic-FLAIR increased with increasing TE due to slower T, decay with increasing V,, (arrow). These effects were corrected by our pro-
posed wsup-syn technique. Furthermore, the wsup-synSE provided better SNR than the wsup-synFLAIR in addition to CSF suppression,
that is, the Sls for wsup-synSE, compared with the wsup-synFLAIR, improved 23%, 17%, and 12%, respectively at V,, = 0%, 25%, 50%.
CSF, cerebral spinal fluid; FLAIR, fluid-attenuation inversion recovery; SE, spin echo; Sls, signal intensities; TE, echo time; V,,, water vol-
ume; wsup-syn, water suppression synthetic.

Acquired images and quantitative maps for standard and
wsup are shown in Fig. 7. The CSF signals in our proposed
wsup-images with optimal masking were suppressed com-
pared with those in the standard.

Synthetic images of FLAIR and SE each for standard
and wsup as a parameter of TE are shown in Fig. 8. The
hyperintense artifacts shown in the std-synFLAIR images,
especially at the CSF-PVE portions such as the temporal
lobe or cerebellum, were almost reduced in the wsup-syn-
FLAIR images with increasing TE. In addition, the CSF sig-
nals in the std-synSE images were perfectly reduced in the

wsup-synSE images.

Comparison of the acquired FLAIR images, wsup-
synFLAIR, and wsup-synSE is shown in Fig. 9. When com-
paring the wsup-synFLAIR with the acquired FLAIR images,
the tissue contrasts were almost equivalent, while the CSF
inflow or motion artifacts shown in the acquired FLAIR
image were not introduced in the wsup-synFLAIR images.

Numerical results of acquired are summarized in Table 2
and those quantitative parameters and synthetic images are
summarized in Table 3, each with 3 methods of the standard,

wsup w/o and with masking, where 2 kinds of TE,

were

used for wsup. Note that all the tissue SNRs reduced in the

Vol. 20, No. 4

wsup w/o masking were perfectly restored by the wsup with
masking, comparable to the standard data, and the wsup with
masking data using TE, = 300 ms was greatly improved

compared with that using TE,,, = 500 ms.

Discussion

We proposed and assessed a new synthetic MRI technique
called T,wsup-synMRI. This technique was based on a
simple T,-based wsup using additional long TE data to reduce
the CSF—PVE artifacts in synthetic FLAIR images obtained
by the conventional synthetic MRI technique. We clarified
the cause of those artifacts quantitatively with a simulation
and then demonstrated that the CSF-PVE artifacts in quanti-
tative maps and synthetic images of FLAIR, as well as SE
obtained by our proposed method, were reduced in the MR
volunteer study, especially in longer TE for synthetic images.
A limitation of our study was that there were only a few
healthy volunteers and a single 3T MRI scanner for the MR
study, and the results were processed with the minimum number
of acquired data. Below, we discuss our experimental results
and the optimization for those parameters, the modification of
our proposed technique, alternative techniques, and the future.
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Fig. 6 Results of masking effects as a parameter of ThV,,
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for TE,,,,, of 300 ms (a) and 500 ms (b), each shown by 2 images of long TE and

T,WI of TE = 100 ms, signal intensities of long TE images, and SNR of corrected T,WIs. Although the cerebral spinal fluid (CSF)—partial

volume effects (PVE) hyperintensity artifacts remained at ThV,,

min =

while the SNRs of GM and WM were improved, compared to those w/o masking (ThV,

> 0.15 (arrows), those were reduced comparably at 0.05 < ThV,,

<0.1

min =

= 0). The SNR improvements due to masking

wmin

were greater for shorter TE,,.. CSF, cerebral spinal fluid; GM, gray matter; PVE, partial volume effects; T2WIs, T2-weighted images; TE,

echo time; WM, white matter.

Parameter optimization
There are several parameters to be determined in our proposed
method, such as TE of water dominant image, TE, ., thresh-
olding values for making V,, ThV,, .., and water mask, ThV . .
Regarding TE, ., it must be selected to be water signal
dominant. The tissue signals were almost perfectly reduced
below image noises at TE; = 500 ms, but remained at TE,
=300 ms in our healthy volunteer study, as shown in Fig. 6.
However, when applied to the long T, legions for patients

even when using TE, = 500 ms, there is a risk of
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underestimation of tissue signals after subtraction if the
tissue signals remain in long TE images. In such a case, the
TE,,, is set to be even longer, or the greater ThF . is used
at the price of remaining water signals, as discussed below.
As for the threshold value, ThV, ., to normalize V, map,
here we used ThV .. = 1, but it becomes more robust to
noises when set to 0.8-0.9 so as to use averaged SI of pure
CSF portions. The method for obtaining scaling, &(TE ) using
T,,, requires the same TR among all T,WI of different TEs,

and the same value can be used so far as the acquisition

Magnetic Resonance in Medical Sciences
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standard wsup

Fig. 7 Acquired images and quantitative maps for standard (left) and wsup (right). The CSF signals in our proposed wsup-images with

optimal masking (with ThV,,,, = 0.05 using TE,,,, = 500 ms) were suppressed, while the tissue signals were almost comparable with those

in the standard. Those numerical results are shown in Table 2. CSF, cerebral spinal fluid; TE, echo time; wsup, water suppression.

a
Fig. 8 Synthetic images of
FLAIR of (TR, TI) = (10,000 ms,
b 2700 ms) (a) and SE of (TR =

10,000 ms) (b) as a parame-
ter of TE for the standard and
wsup. The CSF-PVE artifacts
in the std-synFLAIR images
were reduced dominantly with
increasing TE in the wsup-syn-
FLAIR images. In addition, the
CSF signals in the std-synSE
images were perfectly reduced
in the wsup-synSE images.
Here, all images are displayed
with the same window level
and width. CSF, cerebral spi-
nal fluid; FLAIR, fluid-attenu-
ation inversion recovery; PVE,

N

wsup-synSE partial volume effect; SE, spin
echo; TE, echo time; wsup-syn,
TE[ms]= 60 80 100 120 140 water suppression synthetic.
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acquired
FLAIR

Fig. 9 Comparison of 3 kinds of
wsup images of 4 different slices
each with acquired FLAIR (top),
wsup-syn FLAIR (middle), and
wsup-synSE (bottom). Note that
the wsup-synFLAIR  provided
almost equivalent CSF suppres-
sion effects and GM-WM con-
trasts but no artifacts due to CSF
inflow (closed arrow) and those
motion (open arrows) from the
Monro foramen as shown in
the acquired FLAIR. In addition,
the wsup-synSE provided better
GM-WM contrasts than those in
the wsup-synFLAIR. Here, TE =
100 ms and the other parame-
ters of FLAIR and SE were same
as in Fig. 8, and all images were
displayed with the same win-
dow level and width. CSF, cere-
bral spinal fluid; FLAIR, fluid-
attenuation inversion recovery;
GM, gray matter; SE, spin echo;
syn, synthetic; WM, white mat-
ter; wsup, water suppression.

Table 2 Numerical volunteer study results of acquired images each with 3 methods of std, wsup w/o, and with masking, where 2 kinds

of TE long were used for wsup

Subject Method TEiong T OSr:R SVAI/\\A_ SVAI/\‘A_ noiseSD
b CF (tissuep+ CSF) Gl e CR? CNR?

Acquired  SE (10000, 20)  std - 311 221 230 175 0137  55.6 6.5
SNR, WsUp_w/o 300 - 132 148 117 0.116  30.8 9.2
[CaleJ]CNR mask 500 - 140 159 122 0131 3658 9.2
o wsup_mask 300 . 199 230 175 0137  55.6 6.5
500 . 203 230 175 0137  55.6 6.5
SE (10000, 100) std . 249 87 93 58 0234 353 6.5
wsup_w/o 300 . 42 53 35 0203  18.1 9.2
mask 500 . 48 62 39 0226  23.0 9.2
wsup_mask 300 . 69 93 58 0234 353 6.5
500 . 72 93 58 0234 353 6.5
FLAIR (10000,  std . 44 58 67 52 0.128  15.1 6.5

2700, 100)

Note that the all data in the wsup w/o masking were restored by the wsup with masking comparably as in the standard data, and the data for

TE,,,, Of 300 ms were greatly improved by masking subtraction. Analysis parameters were: ThV,,

=1;ThV.

wmin

= 0.1 (TE;,p = 300 ms), = 0.05

max

(TEjpg = 500 ms). GM-WM CR = (Sgpy = Sy (Scm + Swi)r GM=WM CNR = (S = Syy)/noiseSD, where 5S¢, and S, are signal intensities of
GM and WM. CNR, contrast to noise ratio; CR, contrast ratio; CSF, cerebral spinal flow; GM, gray matter; FLAIR, fluid-attenuation inversion
recovery; noiseSD, noise standard deviation; std, standard; TE, echo time; WM, white matter; wsup, water suppression.

condition is fixed. In contrast, the method of using SI ratios of
the same water portions with ThV can be applied even
among different TR data. A long TR is better for long TE
images to measure the PD_ and T, correctly or to increase the
multiple slices in a manner similar to the standard T,WI, and
therefore the latter method is suitable in that case, and the fixed
values can also be applied if the acquisition condition is fixed.
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In terms of the threshold value, ThV .. was used to
decide water V rate for subtraction. With increasing ThV, . .
the area including water signals becomes wider and the
longer T, tissue signals become easily to be remained, but the
risk of SNR reduction becomes smaller. In our experiments
with healthy volunteers (Fig. 6), the additional image noises

due to subtraction in the wsup image without masking were
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Table 3 Numerical volunteer study results of quantitative parameter, and synthetic images, each with 3 methods of std, wsup w/o, and

with masking, using the acquired data shown in Table 2

Subject Method T[rEr'IOS“]g CSF Tempfgg'“”e GM WM G'V(‘;I;’av M

Quatitative parameter

PD [a.u.] std - 2238 1829 1878 1497 0.101

wsup_w/o mask 300 - 1621 1746 1444 0.086

500 - 1682 1837 1480 0.097

wsup_mask 300 - 1688 1878 1497 0.101

500 - 1709 1878 1497 0.101

T, [ms] std - 987 88 388 72 0.090

wsup_w/o mask 300 - 70 79 67 0.075

500 - 76 86 71 0.087

wsup_mask 300 - 76 88 72 0.090

500 - 78 88 72 0.090

T, [ms] std - 3201 1248 1314 819 0.188
Synthetic S.I, CR [a.u.]

FLAIR (10000, std - 314 424 451 348 0.114

2700, 100) wsup_w/o mask 300 - 334 392 311 0.104

500 - 370 434 337 0.112

wsup_mask 300 - 374 451 348 0.114

500 - 385 451 348 0.114

SE (10000, 100) std - 1696 568 606 376 0.189

wsup_w/o mask 300 - 386 490 324 0.169

500 - 443 571 360 0.185

wsup_mask 300 - 451 606 376 0.189

500 - 469 606 376 0.189

GM-WM CR = (Sgp = Swm/(Sm + Swa), Where Sg, and S, are signal intensities of GM and WM. CR, contrast ratio; CSF, cerebral spinal flow;
GM, gray matter; std, standard; TE, echo time; WM, white matter; wsup, water suppression.

almost perfectly avoided in the wsup image, with the optimal
ThV,;, value dependent on the TE,,,,. In addition, if the
optimum ThV . is set to be greater when the TE,  is
shorter, the signal of the longer T, tissue is reserved without
subtraction. The degree of wsup effects and the ratio of
remaining tissue signals is a trade-off. Therefore, the ThV ..
needs to be decided experimentally considering the SNR,
imaging conditions including TE, ., and clinical require-
ments for the extent of wsup or T, values in target tissue or
lesion. Once it is decided, the same value can be used in dif-
ferent studies once the TE,,, tissue of maximum T, to be
kept, and minimum ¥, to be suppressed are decided.

Modification of the proposed method

In our proposed method, the water images of the pure water
portions such as ventricles can also be obtained in addition to
tissue images. The pure water portions in our wsup quantitative
maps become zero or noise. If the correct values are required on
pure water portions, the standard quantitative parameter maps
should be used. When another parameter to control the ratio of

Vol. 20, No. 4

water components, ¢, (0 < ¢, < 1), is applied and it is varied in
real time, it will become clinically useful to evaluate the portion
of pure or close-to-pure CSF portions. In addition, the long TE
image or that quantitative J, map is also useful for clinical use
such as an assessment for glymphatic systems,” which have
recently gained attention. The ¥, map after masking is better
than before masking as a quantitative map because it is free of
tissue signals or Rician noise.

In addition to the ¥, map for the masking to separate
tissue and water portions, the standard T, map was also
studied. However, the V', map was better than the T, map for
separating tissue and water portions into small V portions.
That may be why the sensitivity for separating water from
the voxels is higher for the V, map than for the T, map when
V., is small, as shown in our simulation of the standard T,
versus V_ in Fig. 4. When using the long TE image for the V,
map, high SI noises, the selection of pure CSF portions or the
signal inhomogeneity due to B1 must be considered. A com-
bination of T, map with long TE image will be useful to
make ¥ map furthermore robust against those artifacts.
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Comparison with alternative approaches

The problem with the original HIRE method® was the SNR
reduction in longer T, lesions due to a simple subtraction of
the long TE image of the relatively shorter TE of 240 ms as
water-dominant TE. To solve this, a modified method was
proposed,'® where a non-linear conversion of the long TE
image was performed before subtraction to suppress the
lower SI. However, that method is not suitable for quantita-
tive mapping because the degree of wsup varies depending
on the TE or spatial position. In contrast, in our proposed
method, as shown in Table 2, the tissue T, is not varied after
our wsup with masking because the same scaling of 0 or 1 by
spatial masking then-suitable TE-dependent scalings to cor-
rect SIs of long TE images is performed before subtraction.

Other alternative approaches to reduce the CSF-PVE
artifacts in synMRI are a 3D acquisition!!!? or a combina-
tion with deep learning (DL) technique to use acquired
FLAIR image as a teacher.!>»!* However, the PVE artifacts
cannot be principally avoided even when using small
voxels, and DL is a complicated procedure and the robust-
ness of suppression is unclear. In contrast, our proposed
technique is very simple and easily combined with the con-
ventional synthetic MRI technique.

More generally, unknown parameters for such a bi-
exponential model can be principally obtained by applying a
least-square algorithm to the different TE data of multiple
points more than the number of unknown parameters; how-
ever, this is usually ill-posed problem and difficult to obtain
a stable solution under noise contamination. Bayesian
approaches'>!¢ have succeeded in improving the robustness
of stabilities to noises for bi-exponential decay data based on
a two-compartment model. In this case, two parameters of
(V,» T, can be calculated with fixing T, in Eq. (3) or Eq. (4)
if the number of data points is over 3. Here we used the min-
imum number of different TE images (M = 3 including long
TE) to obtain wsup maps of tissue. However, those
approaches require many data points and longer processing
time due to the use of a non-linear solution. Better separation
is not expected unless longer TE,,,, or some thresholding
technique is used to improve the accuracy of separating com-
ponents of longer T, tissue and water even when using mul-
tiple data points.

More recently, a novel method called “MR fingerprinting
(MRF),” which enables quantitative maps of T, T,, and PD to
be obtained very fast, was proposed,'”!® and it is beginning to
be applied widely. The MRF uses data obtained by steady-
state free precession (FISP) sequence with varying TR, flip-
angle (FA), and k-space under-sampling, then matches the data
with the dictionary-described relationship between the data
and parameters based on the Bloch equation. In addition, a
machine-learning approach using DL combined with the MRF
technique was proposed!® and solved the shortcomings of dic-
tionary size and computing load in current MRF techniques. It
is generally difficult for the FISP to obtain pure water images
compared with the FSE we used. However, in the future, those
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approaches might solve the multi-parameter model problem,?
which is the difficulty of current non-linear fitting by combina-
tion with the acquisition technique to reflect a wider range of
quantitative parameters, including tissue to water components,
while keeping quantization resolution.

Conclusion

Our proposed T,wsup-synMRI technique makes it easy to
reduce the CSF-PVE artifacts problematic in the synthetic
FLAIR images using the current synMRI technique by
adding long TE images and simple processing. Although fur-
ther optimizations in data acquisition and processing tech-
niques are required before actual clinical use, we expect our
technique to become clinically useful.
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