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Abstract

A heavily T2-weighted FLAIR (hT2W-FLAIR) may have a potential to visualize
very low concentration of gadolinium (Gd)-based contrast agents (GBCAs), owing
to the water-suppression pulse and the decreased parenchymal signal due to a long
echo time (TE). However, the optimal TE setting has not been well established. Our
study aimed to elucidate the optimal TE for visualizing very low concentrations of
GBCA in a phantom study. We employed phantoms made of diluted gadobutrol
(Gd-BTDO3A) and purified water (4-128 uM), simulating cerebrospinal fluid
(CSF), gray matter and white matter. The hT2W-FLAIR images were acquired using
a 1.5-T MRI scanner, and the TE was changed in 100 ms increments from 100 to
800 ms. The acquired images were evaluated with the contrast-to-noise ratio (CNR)
for the CSF phantom. The CNRs of the gray and white matter decreased steeply
when the TE exceeded. However, the CNRs of GBCA did not depend on the TE
setting for all concentrations, and were significantly higher than those of the gray or
white matter at the TE of 500-800 ms for 32—-128 uM (p < 0.05). At a TE of 700 ms,
the CNR of GBCA of 16 uM was significantly higher than those of the gray or white
matter (p <0.05). The optimal TE of the hT2W-FLAIR sequence for detecting very
low concentration of GBCA was 700 ms, and the signal intensity of GBCA was
higher than that of gray or white matter at the lowest concentration of 16 uM.
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1 Introduction

Contrast-enhanced magnetic resonance imaging (MRI) may increase the contrast
between lesions and normal tissue, and permit the revealing of several pathologic
processes, which would be undetectable without contrast agents or other imaging
modalities [1, 2]. The gadolinium (Gd)-based contrast agents (GBCAs) have been
used as a positive contrast agent in MRI. Since Gd is a type of heavy metal which
is toxic in the form of free ions, chelated Gd has been used as GBCAs to suppress
its toxicity. Chelation promotes rapid excretion from the body. Consequently,
nephrogenic systemic fibrosis (NSF) has been reported as a serious side effect of
GBCA administration in patients with impaired renal function, but the adminis-
tration of GBCA with macrocyclic chelate to healthy patients has been consid-
ered safe [3, 4]. However, several studies have shown Gd deposition in the brain
of patients administered GBCA [1, 5-9]. Currently, clinical adverse events in the
human body due to Gd deposition in the brain have not been reported. In vitro
studies have reported that GBCAs may disrupt the action of thyroid hormone on
thyroid receptors of cerebellar Purkinje cells, or in utero exposure to GBCAs may
impair memory function and coordination in babies [10, 11]. However, currently,
there is no established theory regarding the Gd deposition mechanism, and the
safety of GBCA remains controversial.

A quantitative evaluation technique for trace amounts of Gd which can be
applied to the human body, is required to elucidate the mechanism of Gd deposi-
tion and to evaluate the side effects of GBCAs on the human body. Since several
previous studies reported that hyperintensity of the cerebellar dentate nucleus
was observed in T1-weighted images, MRI was considered useful for evaluation
of Gd deposition. A heavily T2-weight fluid attenuated inversion recovery (IR)
(FLAIR) (hT2W-FLAIR) sequence was useful for imaging low concentrations
of Gd [12, 13]. FLAIR is a T2-weighted image in which the CSF signal is sup-
pressed by the IR pulse, and has a high sensitivity for detecting lesions in the
brain [14]. A heavily T2-weighted image is an MR hydrography that is set to a
longer echo time (TE) and displays the only water component with a long T2
value in high contrast with surrounding tissues. This technique is applied to MR
cholangiopancreatography, MR urography, MR sialography, MR cisternography,
and MR myelography [15-20]. An hT2W-FLAIR is a FLAIR, in which a TE of
500-600 ms is set, and enhances the signal of tissues with long T2 values other
than CSF. This imaging technique can show the outflow process of Gd into the
CSF after intravenous injection of GBCA [13].

The T1 and T2 values of the brain parenchyma are 615-1002 ms and
69.4-92.1 ms, respectively, and the T1 and T2 values of the CSF are 3836 and
503 ms, respectively [21-23]. The brain parenchyma with short T1 and T2 values
shows high signal intensity on T1-weighted images, but low signal intensity on
T2-weighted images, especially on heavily T2-weighted images. Since GBCA has
a T1-shortening effect and a small T2-shortening effect, CSF with a small amount
of GBCA has much longer T2 values than the brain and slightly shorter T1 values
than the CSF. Therefore, hT2W-FLAIR has a large transverse magnetization even
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at long TE settings, and also the signal is not suppressed by the IR pulse for the
CSF. It is necessary to decrease the signal intensity of not only the CSF but also
brain parenchyma to visualize a very low concentration of Gd with high signal
intensity in an ideal hT2W-FLAIR.

Therefore, we conducted this phantom study to elucidate the lowest concentration
of Gd which can be visualized with high contrast by a hT2ZW-FLAIR. In addition, we
aimed to clarify the optimal TE which can visualize very low concentrations of Gd
with high signal intensity and decrease the signal intensity of the brain parenchyma and
the CSF.

2 Materials and Methods
2.1 Phantom Preparation

GBCA-diluted phantoms and phantoms with T1 and T2 values close to those of gray
matter (GM), white matter (WM), and CSF were created.

The GBCA phantoms were created by enclosing gadobutrol (Gd-BT-DO3A,
Gadovist; Bayer Schering AG, Berlin, Germany) diluted with purified water (purified
water, Kenei Pharmaceutical Co., Ltd., Osaka, Japan) in sealable cylindrical plastic
containers. Six kinds of phantoms with concentrations of 4, 8, 16, 32, 64, and 128 uM
of GBCA were prepared.

A dietary fiber processed food containing water-soluble fiber indigestible dextrin
(dietary fiber, Orihiro Co., Ltd., Gunma, Japan) was used to create GM and WM phan-
toms [24]. A GM phantom was a solution of insoluble dextrin of 10.8 g in purified
water of 20.0 g at a concentration of 35 wt%, while a WM phantom was a solution of
indigestible dextrin of 16.4 g in purified water of 20.0 g at a concentration of 45 wt%.
The T1 values of GM phantom and WM phantom measured by turbo spin echo (TSE)-
IR sequence were 696.2 ms and 450.9 ms, respectively, and the T2 values of GM phan-
tom and WM phantom measured by multi-echo TSE sequence were 106.2 ms and
72.8 ms, respectively [25-28].

The CSF phantom was created by encompassing purified water in a plastic con-
tainer. Each of the created phantoms was fixed in a cylindrical plastic container with a
diameter of 10 cm, and the periphery was filled with a polyvinyl alcohol solution (PVA
synthetic laundry starch, Daiso Industries Co., Ltd., Hiroshima, Japan). A schematic
diagram of the phantom was shown in Fig. 1. The phantoms were left in the examina-
tion room for more than half a day so that the temperature reached room temperature
(24 °C). Furthermore, the phantoms were left in the magnetic field for 10 min or longer,
and the MR images were acquired with the termination of the solution stopped flow.
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Fig. 1 Schematic diagram of the
phantom that used the search

of a null point of the cerebro-
spinal fluid (CSF) phantom and
optimization of echo time. a is
the CSF phantom, b is the gray
matter phantom, c is the white
matter phantom, d is 128 pM
gadolinium based contrast agent
(GBCA) phantom, e is 64 uM
GBCA phantom, fis 32 uM
GBCA phantom, g is 16 uM
GBCA phantom, h is 8 pM
GBCA phantom and, i is 4 uM
GBCA phantom. Each of the
created phantoms was fixed in

a cylindrical plastic container
having a diameter of 10 cm, and
the periphery was filled with a
polyvinyl alcohol solution

2.2 MRI Acquisition
2.2.1 Optimization of Inversion Time (TI)

IR images of the created phantoms were acquired while changing the TI using a two-
dimensional (2D) TSE-IR sequence to determine the null point of the CSF phan-
tom. A 1.5 T MRI scanner (Ingenia 1.5 T, Philips, Amsterdam, Netherlands) with
15-channels head coil was used. TI was changed in 50-ms increments from 1700 to
2100 ms to elucidate the null point of the CSF phantom. The TE was 120 ms, the
repetition time (TR) was 8500 ms, the echo train length was 16, the slice thickness
was 8 mm, the field of view (FOV) was 128 X 128 mm, and the matrix size was
256 x256. Real images with negative signal intensity were analyzed instead of the
magnitude images with absolute values. The region of interest (ROI) was set in the
center of the CSF phantom of each IR image as large as possible, and the signal
intensity was measured using ImageJ (National Institute of Health, Bethesda, USA,
http://imagej.nih.gov/ij). The four data with signal intensities close to zero were used
to search the null point of the CSF phantom. From these data points, the optimal TI,
at which the signal of the CSF phantom would be zero, was estimated by fitting the
relationship between the measured signal intensity and TI to Eq. (1) using the least
squares method. The signal intensity of MR images acquired by the IR sequence fol-

lows Eq. (1).
I(TD) =1, [1 —26xp<—?>], )
1

where, TI is the inversion time [ms], I(TI) is the signal intensity at T, I is the initial
signal intensity, T1 is the T1 value of the target substance [ms].
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2.2.2 Optimization of TE

The FLAIR images of each GBCA phantom were acquired while changing the
TE to determine the effect of the TE setting on the signal intensity of these phan-
toms. A 2D TSE-IR sequence and the same MRI scanner were used to obtain the
FLAIR images. The TE was changed by 100-ms increments from 200 to 800 ms.
The same sections of the phantom were scanned three times for each TE setting
using the dynamic scan mode in which the signal amplification factor remained
constant.

2.3 Evaluation
2.3.1 Calculation of CNR

The ROIs were set in the center of each GBCA phantom, brain phantom, and CSF
phantom for each scanning setting. The mean and standard deviation of the signal
intensity of the ROIs were measured, and the contrast-to-noise ratio (CNR) for the
CSF phantom [12] was calculated using Eq. (2).

|ST — Slegr|

CSF

2

Here, SI was the mean signal intensity of the evaluated phantom, SI-qr Was that
of the CSF phantom acquired the same TE, and SDgr was the standard deviation
(SD) of the CSF phantom acquired the same TE.

The three images for each TE were analyzed using the same procedure.

2.3.2 Statistical Analysis

The mean CNRgp of each GBCA phantom and GM and WM phantoms were com-
pared for each scan condition. The significance level was set to 5%, and Tukey’s
multiple comparison method was used. We evaluated the GBCA phantoms that
could be visualized when the CNRgr of the GBCA phantom was significantly
higher than the CNRg of the brain phantom.

3 Results

Figure 2 shows the change of the signal intensity of the CSF phantom in the IR
images acquired by changing TI. The null point of the CSF phantom calculated by
fitting to Eq. (1) from four data points close to zero was 1920 ms, which was deter-
mined to the optimal TIL.

Figure 3 shows the FLAIR images acquired while changing TE with TI set to
1920 ms, and Fig. 4 shows the change of the signal intensity at that time. The sig-
nal intensity of the GM and WM phantom decreased on extending TE. In contrast,
GBCA phantoms ranging from 8 to 128 pM maintained a constant level of signal
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Fig.2 The changes of signal intensity of the cerebrospinal fluid (CSF) phantom in the inversion recovery
images were acquired by changing inversion time. The regression equation fitting to Bloch’s equation
from four data close to zero was y=2790.1[1-2exp(—x/2769.2)], with a coefficient of determination of
0.9862. The null point of the CSF phantom calculated from the regression equation was 1920 ms

Fig.3 The fluid attenuated inversion recovery (FLAIR) images acquired while changing echo time (TE).
a is a FLAIR at TE of 100 ms, b is a FLAIR at TE of 200 ms, c¢ is a FLAIR at TE of 300 ms, d is a
FLAIR at TE of 400 ms, e is a FLAIR at TE of 500 ms, and f is a FLAIR at TE of 600 ms g is a FLAIR
at TE of 700 ms, and h is a FLAIR at TE of 800 ms

intensity even in a long TE setting. The signal intensity of the CSF phantom sup-
pressed by the IR pulse and 4 uM GBCA phantom remained unchanged with a low
signal intensity when TE changed.
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Fig.4 The changes of signal intensity of each phantom in the fluid attenuated inversion recovery
(FLAIR) images acquired by changing echo time (TE). The signal intensity of gray and white matter
phantoms decreased steeply by extending TE. On the other hand, the gadolinium-based contrast agent
(GBCA) phantoms ranging from 8 to 128 pM maintained a constant level of signal intensity even at a
long TE setting. The signal intensity of the CSF phantom suppressed by inversion recovery pulse and
4 uM GBCA phantom remained unchanged with a low signal intensity when TE changed

Table 1 and Fig. 5 shows the change in the CNRgr, when TE was changed.
The CNR(gp of the GM and WM phantoms decreased on extending TE as well as
changing the signal intensity. The CNRg of the GBCA phantoms peaked at TE of
200 ms. The CNRgp of GBCA phantoms for 8 to 128 uM were higher than those of
the GM and WM phantom at TE of 500 ms. The CNR of relatively high concen-
trations of GBCA phantoms gradually decreased, but the CNRgr remained higher
than those of GM and WM phantoms at TE of 600-800 ms. The mean of CNRgg
of GBCA phantom and GM phantom were compared for each TE ranging from
500 to 800 ms, since the CNRgr of GBCA phantoms other than 4 uM were higher
than those of the GM and WM phantoms at that TE. As a result, the CNRgp of the
GBCA phantoms was significantly higher than that of the GM at TE of 500-800 ms
for 32 to 128 uM (p<0.05). At TE of 700 ms, the CNRgg of the 16 uM GBCA
phantom was significantly higher than that of GM (p <0.05).

4 Discussion
In this study, TE setting did not affect the signal intensity of CSF with the hT2W-
FLAIR imaging. Since the hT2W-FLAIR images were acquired using the optimal

TI at the null point of CSF signal in advance, it was not surprising that the TE set-
ting did not affect the signal intensity of the CSF phantom.
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Fig.5 The change of the contrast-to-noise ratio for cerebrospinal fluid (CNRcgz) when the echo time
(TE) was changed. The CNR(gf of gray matter (GM) and white matter (WM) phantoms were decreased
by extending TE as well as the change of signal intensity. The CNRcgp of gadolinium-based contrast
agent (GBCA) phantoms were peaked at TE of 200 ms. The CNRgr of GBCA phantoms for 8 to
128 uM were higher than those of GM and WM phantom at TE of 500 ms. The CNRgp of relatively
high concentrations of GBCA phantoms gradually decreased, but the CNRgr remained higher than
those of GM and WM phantoms at TE of 600 to 800 ms. The mean of CNRgr of GBCA phantom and
GM phantom were compared for each TE ranging from 500 to 800 ms because the CNRgr of GBCA
phantoms other than 4 uM were higher than those of GM and WM phantoms at that TE. As a result, the
CNR(g of GBCA phantoms were significantly higher than those of the GM at TE of 500 to 800 ms for
32 to 128 uM (p <0.05). Only at TE of 700 ms, the CNRg. of 16 uM GBCA phantom was significantly
higher, compared to those of GM (p <0.05)

The signal intensity of the GM and WM phantom decreased steeply with the
extension of the TE. The T1 and T2 values of the GM and WM phantoms were
shorter than those of the CSF phantom. The transverse magnetization of a substance
with a short T2 value was greatly attenuated in a long TE setting, and the signal
intensity was decreased. Therefore, the signal intensity of the GM and WM phan-
toms also decreased with the extension of TE.

In contrast, the signal intensity of the GBCA phantoms did not decrease greatly
and remained constant even at long-TE settings. The GBCA phantoms consisted
of purified water with long T1 and T2 values and a very small amount of GBCA
with a T1 and T2 shortening effect. Therefore, the GBCA phantoms have slightly
shorter T1 and T2 values than the CSF phantom. The signal intensity of the GBCA
phantoms was not suppressed by the IR pulse, since the T1 values of these phan-
toms were slightly different from that of the CSF phantom. In addition, the attenu-
ation of the transverse magnetization of the GBCA phantoms with a long T2 value
was smaller than those of the GM and WM phantoms, even at long TE settings.
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Therefore, the signal intensity of the GBCA phantoms did not decrease as in the GM
and WM phantoms, upon the exceeding TE (Fig. 6).

The signal intensity of GM and WM phantoms was lower than that of 64 uM and
128 uM GBCA phantoms at a TE of 100 ms, 32 pM GBCA phantom at 200 ms,
16 uM GBCA phantom at 300-400 ms, and 8 uM GBCA phantom at 500-800 ms.
Thus, the signal intensity of even lower concentrations of Gd became higher than
that of the brain parenchyma when TE was extended. An hT2W-FLAIR sequence
makes it possible to image low concentrations of Gd with high contrast by utilizing
this signal value reversal between Gd and the brain parenchyma. In addition, Gd
must be present in the tissue with a very long T2 value to visualize Gd with high
contrast by using hT2W-FLAIR. It has been reported that a hT2W-FLAIR can visu-
alize the perivascular space with high contrast and the outflow process of Gd into
the CSF after intravenous injection of GBCA [13]. The reason the hT2W-FLAIR
made this possible was that Gd was present in the CSF and the interstitial fluid with
a long T2 value. Therefore, the hT2W-FLAIR may also trace Gd in the perivascular
space and be useful for elucidating the glymphatic system. In contrast, the observa-
tion of Gd deposition in the brain parenchyma with a short T2 value was expected to
be difficult.

In this study, the lowest imaging limit of the GBCA concentration was 16 pM.
TI value was tried to make the CSF signal null, but 4 uM and 8-uM GBCA signals

Signal intensity is
decreased by long TE

T : Suppressed
: < ' by IR pulse
o | T 4
= |
=
L
=
L}
: Only CSF with low
! concentrations of GBCA
< shows high signal intensity

T2 value

Fig.6 An imaging principle of the heavily T2-weighted fluid attenuated inversion recovery (FLAIR)
(hT2W-FLAIR) sequence. In hT2W-FLAIR, the cerebrospinal fluid (CSF) was suppressed by inver-
sion recovery (IR) pulse, and the signal intensity of the gray matter (GM) and white matter (WM) was
decreased by long echo time (TE) setting. On the other hand, the signal intensity of gadolinium-based
contrast agent (GBCA) phantoms did not decrease greatly and maintained a constant level even at long
TE settings. The GBCA phantoms have slightly shorter T1 and T2 values than the CSF phantom. The
signal intensity of GBCA phantoms are not suppressed by IR pulse because the T1 values of these phan-
toms are slightly different from the CSF phantom. Also, the attenuation of transverse magnetization of
GBCA phantoms with long T2 value are smaller than those of GM and WM phantoms even at long TE
settings. Therefore, the signal intensity of the GBCA phantoms did not decrease like the GM and WM
phantoms by exceeding TE. Therefore, the GBCA presenting in the tissue having long T2 value such as
CSF was visualized with high contrast
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were also suppressed by IR pulses. The signal of the tissues with T1 values close
to CSF may also be suppressed by the IR pulse. It is possible to depict low-concen-
tration GBCA by setting the IR pulse more accurately so that the signal of the low-
concentration GBCA with a slightly different T1 relaxation time is not suppressed.

Naganawa et al. reported that the optimal TE was 500-600 ms in GBCA phan-
toms diluted 4000-32,000 times dimeglumine (Gd-DTPA, Magnevist; Bayer,
Osaka, Japan) (concentrations were 15.6—125 uM) by using a 3D sequence at 3.0 T
MRI scanner [12]. In this study, it was possible to visualize a similar 16 yM GBCA
despite using a more general 2D sequence of a 1.5 T MRI. In addition, our study
suggested that it was possible to decrease the signal intensity of the brain paren-
chyma while maintaining Gd sensitivity by extending TE at 700 ms in 1.5 T MRL
The decrease of the brain parenchymal signal may improve the contrast between Gd
and the brain parenchyma, and allow the visualization of lower concentrations of
Gd. The 3D sequences used in previous studies are generally complicated in struc-
ture and settings and largely depend on the base sequence and the MRI manufac-
turer. We clarified the basic characteristics of the hT2W-FLAIR and demonstrated
that the hT2W-FLAIR can be acquired even with a 2D sequence of a 1.5 T MRI.
This result will greatly contribute to the spread and development of a hT2W-FLAIR.
Furthermore, we suspected that it may lead to the elucidation of the glymphatic sys-
tem and the mechanism of brain Gd deposition, providing safer contrast-enhanced
MRI examinations.

Our study had several limitations. The purified water used for the CSF phantom
had a composition different from the CSF, which contained multiple ions, proteins,
etc. [29]. Therefore, purified water may have a lower T1 value than that of in-vivo
CSF [30]. TI was the optimum value for suppressing the signal of purified water; it
may not be the TI for the actual CSF. If this sequence is applied clinically, it is nec-
essary to follow the same procedure as this study, and a new accurate TI for the CSF
is to be set. The created phantoms can reproduce almost the human body, but the T1
and T2 values of the actual human brain include individual differences [21, 31-33].
Since there was only one set of phantoms in this study, the effects of the variations
in T1 and T2 values of the brain could not be evaluated. TE and TI that contribute to
image contrast were examined, but other scanning parameters such as resolution or
slice thickness were also required for clinical application.

5 Conclusion

The optimal TE of the hT2W-FLAIR sequence for detecting a very low concentra-
tion of GBCA was 700 ms, and the lowest detectable concentration of GBCA was

16 LM.
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