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Abstract

Dynamic contrast-enhanced MRI may yield variable longitudinal-relaxation time (T1) values depending on the precision
of the fat-suppression (FS) technique. This study aimed to investigate the influences of FS methods on T1 value measure-
ments on phantoms containing test tubes filled with mixtures of five volumes of fat, six amounts of contrast agent, and water.
Volumetric interpolated images were obtained using several FS methods and flip angles. T1 maps were created based on the
variable flip angle approach. The T1 values of water obtained by point-resolved single-voxel spectroscopy (SVS) were used
as reference values. Notably, FS methods were shown to have substantial effects on the measurement of T1 values. Among
the tested FS methods, the Dixon (water) method produced T1 values most similar to SVS, which can be considered as a

reference value for clinical practice.

Keywords Dynamic contrast-enhanced magnetic resonance imaging - Fat-suppression - T1 value - Single voxel

spectroscopy - Phantom

1 Introduction

Dynamic contrast-enhanced magnetic resonance imag-
ing (DCE-MRI) has been used to observe various body
parts. DCE-MRI of fat-abundant tissues, such as the breast,
requires the use of a fat-suppression (FS) method to avoid
unwanted high signals from fat tissue [1]. This method
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enables stable observations of contrast enhancement within
a fat-abundant environment.

Recently, the increased value of various quantita-
tive parameter maps calculated from DCE-MRI has been
reported not only for differential diagnoses, but also for
assessments of the effects of treatment on malignant lesions
[2]. Most of these quantitative parameters are calculated
from non-contrast enhanced longitudinal-relaxation time
(T1) maps and dynamic images after contrast administra-
tion [2].

For robustness, a guideline from the Quantitative Imaging
Biomarkers Alliance (QIBA) recommends using variable
flip angle (VFA) T1 mapping because this approach enables
the operator to obtain a large area of a T1 map in a short
time [3]. The guideline also recommends the use of the same
pulse sequence and coils for both the T1 calculation and
the DCE-MRI protocols. Accordingly, if FS is to be used in
DCE-MRI, FS should be also applied to the scan used for
the T1 calculation. However, QIBA has expressed concerns
about the need for further investigation into the instability
of FS methods, as it remains unclear whether FS methods
can affect the calculation of a T1 value.

Several FS techniques are applicable to VFA T1 mapping,
including chemical shift selective (CHESS) [4], spectral
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attenuated inversion recovery (SPAIR) [5], Dixon [6], and
water excitation (WE) [7]. The addition of the FS technique
to a gradient echo (GRE) sequence changes the timing of
pulse irradiation and may thus alter the signal intensity and
T1 values. Furthermore, the different methods yield variable
degrees of the FS effect due to differences in the frequency
profile and sensitivity to static magnetic field inhomogeneity.
Thus, the T1 values calculated from different FS methods
may differ substantially.

In this study, we compared the effects of various FS meth-
ods on VFA T1 mapping using phantoms containing differ-
ent fat fractions and contrast agent concentrations.

We applied inversion recovery-spin echo (IR-SE) [8] T1
mapping to a phantom without fat as the reference standard.
Point-resolved single-voxel spectroscopy (SVS) was used
as a reference to calculate the T1 value of the water-only
component in the water—fat mixture phantom.

2 Materials and methods
2.1 Materials

All experiments were conducted using a clinical 3.0-T MRI
scanner (Magnetom Skyra, version VE11C, Siemens Health-
care GmbH, Erlangen, Germany) with a 20-channel head-
neck coil.

2.2 Phantoms

Solution phantoms with different fat contents and T1 values
were prepared. Each mixture was enclosed in a 50-ml poly-
propylene screw-top test tube (inner diameter: 27.55 mm;
length: 118 mm; ECK 50-mL self-supporting centrifuge
tube; AS ONE, Co., Ltd., Osaka, Japan). Five fat concen-
trations (0, 5, 10, 20, 40 vol. %) were prepared using a water-
soluble cutting oil (a mixture of 70-80% lubricant base oil,
1-5% triethanolamine, and an additive agent; AZ Co., Ltd.,
Osaka, Japan). The SVS spectrum of this oil contained two
large peaks at 0.67 and 1.08 ppm (Fig. 1). Six concentra-
tions of 38% meglumine gadoterate (Magnescope®, Guerbet
Japan, Co., Tokyo, Japan) were used: 2.5, 1.3, 0.6, 0.3, 0.2,
and 0.1 mM. These volumes were determined to yield T1
values of approximately 100-1500 ms in the nonfat solu-
tions, as this range covers the T1 value ranges of a tumor
before and after administration [9]. The 30 sample tubes
were placed in two polypropylene containers (5-1 capacity,
size: 24 cm X 15 cm X 14 cm) and stabilized by tubes con-
taining only tap water. One container held the 0, 5, or 10
vol. % fat content tubes, while the other contained the 20 or
40 vol. % tubes (Fig. 2a, b). An example of a T1 map cre-
ated by IR-SE is shown in Fig. 2c. The spaces between the
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Fig. 1 A spectrum of water-soluble cutting oil

tubes and/or the container were filled with a 4.8 vol. % agar
solution (Cool Agar®; Nitta Gelatin, Inc. Yabi City, Japan).

2.3 Acquisition and calculation of T1 values

The phantom was placed at the center of a receiver coil, and
MR imaging was performed at room temperature (approxi-
mately 23 °C). Acquisitions for T1 calculations were per-
formed using the following eight combinations: (1) VFA
with GRE (VFA-off); (2) VFA with CHESS GRE (VFA-
CHESS); (3) VFA with SPAIR GRE (VFA-SPAIR); (4) VFA
with WE GRE (VFA-WE), which is a binominal expansion
pulse obtained by dividing the flip angle into a 1:2:1 ratio;
(5) VFA with in-phase GRE images [VFA-Dixon(in)], which
was one of the dual-echo-time (TE) GRE images for the
two-point Dixon method; (6) VFA with water images [VFA-
Dixon(water)], which were calculated using the two-point
Dixon method; (7) IR-SE; and (8) SVS. Among these, (2),
(3), (4), (6), and (8) were used to calculate the T1 value only
from the water component signal. Furthermore, (1), (5), and
(7) were used to scan the samples without fat components.
The T1 map calculations for VFA and IR-SE were imple-
mented using MATLAB® (The MathWorks, Inc., Natick,
MA, USA). After selecting a center slice of the test tube, the
mean and standard deviation were measured in the region of
interest (ROI) that had been drawn manually on each tube
using ImagelJ (National Institutes of Health, Bethesda, Mary-
land, USA). For SVS, curve fitting was performed using the
solver function of Excel 2011 (Microsoft Co., Redmond,
WA, USA). The error ratio to the reference value was cal-
culated from each calculated T1 value using this formula:
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a b c

Fig.2 a Photograph of a phantom with test tubes containing 50-ml concentrations at 10, 20, or 40 vol. %. ¢ An example of a T1 map
solutions with fat concentrations of 0, 5, or 10 vol. %. b Photograph obtained using an MRI phantom
of a phantom with test tubes containing 50-ml solutions with fat

(T1value calculated by each method)—(T1value calculated by SVS)

x100[%]. 1
T1value calculated by SVS %] )

The imaging parameters for each method are shownin  restrictions. The details of each method are explained as
Table 1. Although the parameters in VFA should be iden-  follows.
tical except for FS, this was not possible due to system

Table 1 Imaging parameters for VFA gradient echo IR-SE and SVS sequences

VFA IR-SE SVS

Fat-suppression Off CHESS SPAIR WE Dixon Off Off

Sequence 3D-VIBE 3D-VIBE 2D spin echo Point resolved single voxel spectroscopy
TR [ms] 20 20 10,000 200, 230, 250, 300, 350, 400, 600, 800,

1000, 1200, 1800, 2500, 3500, 5000, 7000,
10,000, 15,000

TE [ms] 4.92 1.23,2.46 8.5 33
FA [degrees] 5,12, 19,26 5,10, 15 90-180 90
T1 [ms] - - 100, 300, 500, 750, 1000, -
1500, 2000, 3000, 5000,
9000
Slices 10 10 10 -
FOV 250250 300300 250250 15%x15%30
Thickness 3 3 8 -
Matrix 320x320 160x160  256%256 -
Average 1 1 1 5
Parallel imaging Off Off Off -
Band width [Hz/pixel] 300 1560, 1160 300 1200

VFA variable flip angle, IR-SE inversion recovery-spin echo, SV point resolved single voxel spectroscopy, CHESS chemical shift selective,
SPA IR spectral attenuated inversion recovery, WE water excitation, VIBE volumetric interpolated breath-hold examination
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2.4 Variable flip angle gradient echo (VFA-GRE)

Two or more 3D-spoiled GRE acquisitions with identical
parameters except for flip angles were performed for VFA T1
mapping. The theoretical formula of a spoiled GRE signal is:

1 —exp (—%)

S = M,sin(a) p- )
1 — cos (a) exp (—ﬂ>
This can be transformed to a linear equation as:
e on () om0 (5}
sin (@) T1/ tan (a) T1
3)

Where S is the signal on a pixel, a is the flip angle,
TR is the repetition time, and M, is the equilibrium mag-
netization. The T1 value can be determined from this
equation by linear fitting. In VFA, phantoms with vari-
ous T1 values are measured simultaneously. Three FAs
were used for Dixon, while four FAs were used for the
other FS methods because the optimal FA differs for each
phantom [10]. As a B1 + map was required for the correc-
tion to an effective flip angle, B1 +mapping was performed
via the preconditioning pulse method [11], which enabled
the determination of many slices of a B1 + map within a
short period. The scan parameters were as follows: field
of view (FOV) =300 mm, slice thickness =8 mm, matrix
size =64 x 64, TR=5280 ms, TE=1.83 ms, FA =8°,
bandwidth =490 Hz/pixel.

2.5 Inversion recovery spin echo (IR-SE)

During IR-SE T1 mapping, imaging was performed by
changing only the inversion time (TI). T1 maps were created
by nonlinear curve fitting, based on the following theoretical
equation for the signals obtained from each pixel:

TR
S=M, (1 —2 (--)).
o(1 —2exp (=7 4)

This method was applied only to samples without fat
because the FS technique was not applied.

2.6 Point-resolved single-voxel spectroscopy (SVS)
sequence

SVS enables evaluation of the signal from the water compo-
nent without any effect from the fat component. We, there-
fore, used this sequence as a reference for the water compo-
nent T1 value in a water—fat mixture. The SVS signals for
each sample were acquired consecutively while changing
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Fig.3 Scheme of water-fat MR spectroscopy: a an example of chemi-
cal shift relative to the frequency, b relationship between signal inten-
sities and TR in the phantom containing 20 vol. % fat and 2.5 mM
contrast agent. T1 values of the water component were evaluated
from SVS with variable TRs (200-15,000 ms). T1 values were calcu-
lated from the plotted signals of SVS at several TRs

the TR and retaining other scan parameters and adjustments
(e.g., transmitter, shimming, and water suppression). Post-
processing was performed using the Syngo (Siemens Health-
care GmbH, Erlangen, Germany) Spectroscopy tool on the
system console. The spectrum of the water component was
fitted using a Lorentzian curve after conducting Hanning
filter processing, zero-filling, Fourier transformation, base-
line correction, and phase correction. Next, the area under
the curve (AUC) was measured (Fig. 3a). All processes were
performed automatically to avoid arbitrariness. However,
manual adjustments were performed by a radiological tech-
nologist with more than 9 years of experience in MR imag-
ing only when these changes clearly improved the fitting
accuracy. The T1 values of each sample were calculated by
nonlinear curve fitting for the AUCs of each TR, using the
following equation (Fig. 3b):

S=M0<1 —exp<—%>), 5)

Where M, represents the AUC at a TR where longitudinal
magnetization was completely recovered.
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3 Results between the reference SVS and VFA-SPAIR sequences

Figure 4 depicts the relationship between the concentration
of contrast agent and the 1/T1 of solutions with a fat content
of 0 vol. %. VFA-Dixon(in) and VFA-Dixon(water) exhib-
ited tendencies similar to the reference methods of IR-SE
and SVS, whereas other methods tended to yield underes-
timations under high concentrations of contrast agent. Fig-
ure 5 shows the relationship between the T1 values and the
amount of contrast agent. Solutions with a low concentration
of contrast agent (0.1 mM) yielded the greatest difference

(—48.3%). The differences obtained with the other meth-
ods were as follows: VFA-off: —7.5%, VFA-CHESS:
—9.2%, VFA-WE: —5.7%, VFA-Dixon(in): —9.0%, VFA-
Dixon(water): —8.9%, and IR-SE: 5.6%. In the sample with
the highest concentration of contrast agent (2.5 mM), val-
ues similar to the reference SVS were obtained using IR-SE
(—7.2%), VFA-Dixon(in) (— 15.4%), and VFA-Dixon(water)
(= 14.0%); the other results were VFA-off: 75.5%, VFA-
CHESS: 75.6%, VFA-SPAIR: 60.3%, and VFA-WE: 85.0%.
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Fig.6 Relationship between T1 and the concentration of contrast agent in five different imaging sequences in samples without fat contents (5,

10,20, or 40 vol. %)

Figure 6 presents the T1 values of the four FS techniques
and the reference SVS with different amounts of fat content.
The T1 values of VFA-SPAIR yielded the greatest difference
when compared with SVS (Fig. 6). Of the four FS tech-
niques, the T1 values of VFA-Dixon(water) were the most
similar to those of SVS, irrespective of the concentration of
contrast agent (Table 2).

4 Discussion

In this study, we demonstrated that the T1 values obtained
using VFA varied with the FS method of choice, even when
a nonfat phantom was scanned. Regardless of the fat con-
tent, the SPAIR method yielded the greatest variation of T1
values from the reference SVS, whereas the Dixon(water)
method yielded the least difference from the reference.

In almost all phantoms with a fat component, the T1 val-
ues obtained with Dixon(water) were most similar to those
of SVS, irrespective of the amount of fat (Fig. 6, Table 2).
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This is attributed to filling of the k-space with steady-state
signals, given the lesser effect from the FS pulses applied
on the TR intervals. In contrast, the T1 values obtained with
SPAIR were significantly lower than those of SVS, irrespec-
tive of the amount of fat (Fig. 6, Table 2). In particular, the
T1 values of SPAIR exhibited the greatest differences from
SVS of all tested FS methods. This is attributed to a prolon-
gation of the time to a state of thermal equilibrium due to the
large FA. An effective FS method should exclude the effect
of the present fat tissue from the T1 value, regardless of the
fat content. However, our results demonstrated differences
between the T1 values of the fat contents in the 5 and 40 vol.
% sample tubes.

Our results are in accordance with those reported by
Houchun et al. [12], who demonstrated that the presence
of fat itself shortened the T1 values of water. In our study,
the sample tubes without fat also exhibited different T1
values when subjected to different FS methods. The trend
of Dixon(water) was the closest to SVS, whereas the other
FS methods exhibited differing trends from SVS, especially
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Table 2 Ratios of VFA-CHESS, VFA-SPAIR, VFA-WE, and VFA-Dixon(water) to the reference SVS at five different fat contents and two dif-

ferent contrast agent concentrations

Fat content [vol. %] Concentration of contrast VFA-CHESS VFA-SPAIR VFA-WE VFA-Dixon (water) [%]
agent [mM]
0 0.1 -9.2 —48.3 -5.7 -8.9
2.5 75.6 60.3 85.0 -14.0
5 0.1 =31 —439 5.2 1.8
2.5 78.1 55.8 82.5 2.1
10 0.1 -4.7 —452 43 -1.6
2.25 37.3 25.2 349 -29.0
20 0.1 —-43 —46.7 16.7 10.5
2.5 83.5 91.5 88.1 -73
40 0.1 —249 —-49.9 -0.2 -7.0
2.5 49 -41.9 12.4 5.1
Average +SD 0.1 -93+10.5 —46.4+2.6 6.5+7.2 09+73
2.5 51.0+37.0 32.7+56.6 54.5+36.8 -73+154

VFA variable flip angle, SVS point resolved single voxel spectroscopy, CHESS chemical shift selective, SPAIR spectral attenuated inversion

recovery, WE water excitation

at high concentrations of contrast agent (Fig. 4). SPAIR
yielded underestimation rates of 48.3% at a contrast agent
concentration of 0.1 mM and 60.6% at 2.5 mM and exhibited
the greatest differences from SVS and IR-SE (references)
of all tested FS methods (Fig. 5, Table 2). We speculate
that these differences were attributable to the collapse of the
steady state by the FS pulses. Generally, GRE sequences are
used for VFA. As mentioned above, GRE sequences fill the
k-space with stable signals at the steady state by applying
repeated radio frequency (RF) pulses of the same FA with a
short TR [13]. However, SPAIR and CHESS sequences do
not acquire a signal in the steady state when a FS pulse is
applied every several TRs. In the present study, one FS pulse
was applied to every 20-slice encoding, and each application
corresponded to a steady state collapse. Although a signal
was acquired when fat recovered to the null point, this signal
was probably unstable and had not yet reached a steady state.
Therefore, we considered the k-space to have been filled
with non-steady-state signals, which probably affected the
T1 value after image reconstruction.

According to previous work, at a subject T1 value greater
than 900 ms, a difference of more than 15% with respect to
the theoretical value could be observed by the use of a 3D
fast low angle shot (FLASH) with VFA. This difference was
speculated to occur because of incomplete spoiling and an
imperfect FA [14]. When using our phantoms, which yielded
T1 values exceeding 900 ms with SVS (contrast agent con-
centration=0.1 mM), differences exceeding 15% were
observed relative to SVS for VFA-CHESS (fat content: 40
vol. %), VFA-SPAIR (fat content: 5, 10, 20, and 40 vol. %),
and VFA-WE (fat content: 20 vol. %). However, the T1 val-
ues obtained using VFA-Dixon(water) exhibited a difference

of less than 15%. In breast tumors, the T1 value may exceed
900 ms [9]; therefore, we believe that the Dixon(water) is
one of the best FS options for DCE-MRI.

This study had some limitations. First, the fat component
of the water-soluble cutting oil used in the current experi-
ment differed from actual human fat and exhibited only two
peaks in the chemical shift spectrum at 1.08 and 0.67 ppm
(Fig. 3). In contrast, the human fat spectrum contains many
peaks corresponding to chemical shifts, some of which can
be observed near the water peak when using high-field MR
units [15]. The FS pulse width of SPAIR is 440 Hz, and the
edge of the pulse is 255 Hz away from the central frequency
of water. Therefore, the FS pulse of SPAIR may reduce fat
signal suppression near the water peak in human subjects. In
addition, both the in-phase and opposed-phase of the Dixon
method were designed to fit the difference in frequencies
between water and fat in the human body. Furthermore, the
user cannot change the frequency settings for Dixon on the
MRI console. Therefore, the Dixon(water) images obtained
of our phantoms may differ from those obtained from a
human subject.

5 Conclusion

FS methods have substantial effects on measured T1 val-
ues. We conclude that Dixon(water) is among the best FS
methods for the accurate quantitative evaluation of T1 values
during DCE-MRI.

The authors certify that they have no actual or potential
conflicts of interest in relation to this article.
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