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Abstract The purpose of this study was to evaluate whe-

ther disodium gadoxetate (Gd-EOB-DTPA) affects proton

density fat fractions (PDFFs) during use of the multiecho

Dixon (meDixon) method in phantom and simulation

magnetic resonance imaging (MRI) studies at 3 T. Fat–

water phantoms comprising vegetable fat–water emulsions

with varying fat volume percentages (0, 5, 10, 15, 20, 30,

40, and 50) and Gd-EOB-DTPA concentrations (0 and

0.4 mM) were prepared. Phantoms without Gd-EOB-

DTPA were defined as precontrast, and those with Gd-

EOB-DTPA were defined as postcontrast. All phantoms

were scanned with a 3 T MRI system using the meDixon

method, and precontrast and postcontrast PDFFs were

calculated. Simulated pre and postcontrast PDFFs in the

liver were calculated using a theoretical formula. The

relationship between PDFFs measured in the pre and

postcontrast phantoms was evaluated using linear regres-

sion and Bland–Altman analysis. The regression analysis

comparing the pre and postcontrast PDFFs yielded a slope

of 0.77 (P\ 0.001). The PDFFs on the postcontrast

phantom were smaller than those on the precontrast

phantom. The mean difference between the PDFFs on the

pre and postcontrast phantoms was 6.12% (95% confidence

interval 3.13 to 9.10%; limits of agreement -0.88 to

13.11%). The simulated PDFF on the postcontrast phantom

was smaller than that on the precontrast phantom. We

demonstrated that the PDFF measured using the meDixon

was smaller on postcontrast than on precontrast at 3 T, if a

low flip angle was used. This tendency was also seen in the

simulation study results.
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1 Introduction

Nonalcoholic fatty liver disease, including nonalcoholic

steatohepatitis, is a focus of considerable research

interest [1]. Nonalcoholic steatohepatitis differs from

simple steatosis and can progress to fibrosis, cirrhosis,

and hepatocellular carcinoma [2–4]. Therefore,

managing the amount of fat stored in the liver is

important. Liver biopsy is the gold standard for the

quantification of fat content in the liver. However, this

method is invasive and its evaluation is subjective

[5, 6]. Furthermore, the fat distribution within the liver

is not uniform [7], which can lead to sampling errors

[8]. Therefore, an alternative quantification method is

needed. Magnetic resonance spectroscopy (MRS) is

considered a reference standard for the quantification of

liver fat content [9]. However, it is difficult to assess

the spatial distribution of fat throughout the entire liver

using MRS alone. Another image-based method, i.e.,

the Dixon technique [10], allows calculation of the
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proton density fat fraction (PDFF) for the entire liver.

The conventional Dixon method uses in-phase and out-

of-phase images to account for the 3.5-ppm chemical

shift between water and fat [7]. However, this method

cannot correct the T2* effect and becomes problematic

during evaluation of fat content in the liver, which

includes both fat and iron [11]. Iron markedly

decreases the T2* value in the liver, which changes the

signal intensity in the liver and confounds the estima-

tion of fat on magnetic resonance imaging (MRI). The

novel multiecho Dixon (meDixon) method [12] allows

a flexible echo time setting (rather than in-phase or

out-of-phase) and T2* correction. A recent study

showed that meDixon and MRS provide robust and

congruent results when used to quantify liver fat [12].

Yokoo et al. [13] evaluated the effect of gadobenate

dimeglumine (Gd-BOPTA; MultiHance, Bracco Diag-

nostics, Princeton, NJ, USA) on PDFF using a conven-

tional two-point Dixon method. Gd-BOPTA is an

extracellular intravenous contrast agent that can also be

used as a hepatocyte-specific contrast medium, because

3–5% of the agent is taken up by hepatocytes. Yokoo

et al. demonstrated that a gadolinium (Gd)-based contrast

agent caused no significant change in PDFF, because the

T1 bias was minimized using a low flip angle. T1 bias

means that the T1 of water in the liver is longer than the

T1 of fat in the liver. However, T2* correction could not

be performed in that study because of an insufficient

number of echoes. T2* correction is important in the

liver, because iron deposition confounds PDFF mea-

surements [11]. Disodium gadoxetate (Gd-EOB-DTPA;

Primovist, Bayer HealthCare, Osaka, Japan) is a hepa-

tocyte-specific contrast agent that can acquire hepato-

biliary phase images, as well as dynamic images. More

recently, Hernand et al. [14] showed that PDFF using T2*

correction was unaffected by Gd-EOB-DTPA at a low

flip angle (slope = 1.02 ± 0.02; P = 0.32). Both the

above-mentioned studies were performed at only 1.5 T

MRI [13, 14], and it is well known that the T1 value at 3 T

is longer than that at 1.5 T, although the difference

depends on the tissue involved [15]. For example, the T1

values for the liver were significantly different (586 ms at

1.5 T and 809 ms at 3 T), while those of fat were not

(343 ms at 1.5 T and 382 ms at 3 T) [15]. Therefore, we

hypothesized that the greater difference in T1 values

between the liver and fat would affect the PDFF at 3 T

MRI. To the best of our knowledge, there has been no

research addressing the influence of Gd-based contrast

agents on PDFF using the Dixon method at 3 T. Here, we

evaluated whether Gd-EOB-DTPA affects the PDFF in

use of the meDixon method in phantom and simulation

studies using 3 T MRI.

2 Materials and methods

2.1 Phantoms

Glass bottles with a diameter of 2 cm containing veg-

etable fat–water emulsions in varying fat volume percent-

ages (0, 5, 10, 15, 20, 30, 40, and 50) and Gd-EOB-DTPA

concentrations (0 and 0.4 mM) were prepared for the fat–

water phantoms (Fig. 1). The fat structures with a chemical

shift from water and the abundance ratio in the phantom are

similar to those in the living liver [16]. Purified water

containing soy lecithin (15 g soy lecithin/2000 mL of

purified water) was used to prepare homogenous fat–water

emulsions. When Gd-EOB-DTPA was used, it was diluted

with purified water to create a 10 mM Gd-EOB-DTPA

solution. The required volume of the solution was then

used to generate 0.4 mM concentrations. All the phantoms

contained agar powder for stability. Each phantom with fat

and water was slowly stirred using a hand mixer in hot

water to homogenously dissolve the fat and water. The

phantoms were then cooled to normal temperature. The

volumes of soy lecithin and agar powder were ignored,

because they were considerably smaller than those of water

and fat. The glass bottles were inserted into a plastic

container with a diameter of 18 cm for each Gd-EOB-

DTPA concentration. The fat volume percentage was the

ratio of the volume of vegetable oil to that of vegetable oil

and water. Phantoms without and with Gd-EOB-DTPA

were defined as pre and postcontrast phantoms, respec-

tively. The T1 and T2 values for the phantoms are shown in

Table 1. The T1 and T2 values of the phantoms were

measured using the inversion-recovery and spin-echo

methods, respectively. The magnetic resonance (MR)

parameters used for measurement of T1 were as follows:

fixed repetition time (TR), 10,000 ms; fixed echo time

(TE), 12 ms; and inversion times, 100, 150, 200, 400, 600,

800, 1200, 2000, and 3500 ms. The MR parameters used

for measurement of T2 were as follows: fixed TR, 3000 ms;

and TE, 20, 40, 60, 80, 100, 130, 160, 190, 220, 250, 280,

310, and 350 ms. The reference hepatic T1 values for the

pre- and postcontrast phantoms at 3 T were 851 and

385 ms, respectively [17].

2.2 MRI protocols

All phantoms were scanned with a 3 T MRI scanner

(Skyra; Siemens Healthcare, Erlangen, Germany) using the

meDixon method. In the sequence, the optical T2* and the

signal intensities of water (Sw) and fat (Sf) at a TE of 0 ms

were calculated from the signal intensities of multiecho

images [18]. The PDFF map was generated automatically

from the Sw and the Sf. The scan imaging parameters were
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as follows: field of view, 300 9 300 mm; matrix size,

128 9 128; TR, 9.0 ms; TE, 1.05, 2.46, 3.69, 4.92, 6.15,

7.38 ms; slice thickness, 5 mm; flip angle, 4�; scan time,

15 s; and bandwidth, 1300 Hz/pixel. A low flip angle is

recommended for fat quantification using the Dixon

method to avoid T1 independence. The average of five

scans was used for the analysis.

2.3 Simulation

Simulated pre and postcontrast PDFFs in the liver were

calculated using theoretical formulae [19]. In the present

study, the T2* effects were ignored, because T2* correction

was performed using multiecho. Thus, the terms related to

T2* were eliminated from the formula. The PDFF was

defined as follows:

PDFF ¼ Sf

Sw þ Sf

; ð1Þ

where Sw and Sf are water and fat signals, respectively. The

Sw and Sf are given by the following equations:

Sw ¼
Mw 1 � exp �TR

T1w

� �h i
sina

1 � exp �TR
T1w

� �
cosa

ð2Þ

and

Sf ¼
Mf 1 � exp �TR

T1f

� �h i
sina

1 � exp �TR
T1f

� �
cosa

; ð3Þ

where Mw and Mf are the water and fat proton densities,

respectively. T1w and T1f are water and fat T1 values,

respectively, and a is a flip angle. The simulated PDFFs

were calculated using T1w = 933 ms and T1f = 361 ms for

precontrast and T1w = 358 ms and T1f = 359 ms for

postcontrast, as reported in a previous study [20]. The TR

and a were set at 9.0 ms and 4�, respectively—the same as

the values in the phantom study.

2.4 Statistical analysis

The statistical analysis was performed using BellCurve for

Excel version 2.11 (Social Survey Research Information

Co., Ltd., Tokyo, Japan). The relationship between the

PDFFs measured in the pre and postcontrast phantoms was

evaluated using linear regression (the intercept was defined

to be zero) and Bland–Altman analysis. In the Bland–

Altman analysis, 95% limits of agreement were defined as

the mean difference ±1.96 9 the standard deviation.

Fig. 1 a Photographic image of

phantoms containing different

percentages of fat (0, 5, 10, 15,

20, 30, 40, and 50). b Image

showing the proton density fat

fraction using the multiecho

Dixon technique. The fat

volumes in each phantom were

determined for a Gd-EOB-

DTPA concentration of 0 mM

and for a Gd-EOB-DTPA

concentration of 0.4 mM. The

tags show the average proton

density fat fraction for five

scans of each of the phantoms

Table 1 T1 and T2 values for the constructed phantoms

Fat volume (%) T1 value (ms) T2 value (ms)

Precontrast phantom

0 1286.5 108.8

5 1307.0 76.6

10 1330.9 59.9

15 1259.2 58.9

20 1191.5 60.7

30 1105.9 69.0

40 1004.4 70.6

50 906.7 69.2

Postcontrast phantom

0 338.7 88.9

5 292.1 70.1

10 251.0 68.1

15 283.6 54.0

20 375.2 56.9

30 380.1 60.3

40 368.9 63.5

50 345.3 65.8
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Values of P\ 0.05 were considered statistically

significant.

3 Results

The PDFFs measured using the meDixon method are

summarized in Table 2. Figure 2 shows the results of the

regression analyses comparing the pre and postcontrast

PDFF in the phantoms. The data had a slope of 0.77

(P\ 0.001). The PDFFs on the postcontrast phantom were

smaller than those on the precontrast phantom. The mean

difference between the PDFFs on the pre and postcontrast

phantoms was 6.12% (95% confidence interval 3.13 to

9.10%; limits of agreement -0.88 to 13.11%; Fig. 3). The

simulated pre versus postcontrast PDFF is shown in Fig. 2.

The simulated postcontrast PDFF was smaller than the

precontrast PDFF. This tendency was consistent with the

phantom study.

4 Discussion

In the phantom study, we demonstrated that the PDFF

measured using the meDixon method was reduced post

versus precontrast on 3 T MRI. This tendency was con-

sistent with the simulated results. The previous authors

have shown that Gd does not affect PDFF using the Dixon

method at 1.5 T MRI [13, 14]. Hence, our findings are

important, given that the influence of Gd on PDFF is

dependent on the strength of the magnetic field.

In a previous study, Hamilton et al. [20] evaluated the T1

values of water and fat in 59 patients who underwent a Gd-

EOB-DTPA MRI examination of the liver. The authors

showed that Gd-EOB-DTPA significantly reduced T1w

(precontrast, 933 ms; postcontrast, 358 ms), but did not

change T1f (precontrast, 361 ms; postcontrast, 359 ms),

meaning that the longitudinal magnetization of water in

postcontrast recovered more rapidly than that in precon-

trast. Thus, in the postcontrast state, the signal intensity of

water is increased, which leads to a relatively decreased

PDFF. Another study demonstrated that Gd increased the

water signal relative to the fat signal [21]. In the present

study, the PDFF in the postcontrast phantom was smaller

than that in the precontrast phantom. Furthermore, a

decreased PDFF was demonstrated in our simulation using

the changes in T1 between pre and postcontrast conditions.

The findings of previous studies [20, 21] and our simula-

tion results suggest that the values recorded in the present

study are correct.

Yokoo et al. [13] and Hernand et al. [14] reported that

Gd caused no significant change in PDFF in the liver at 1.5

T MRI (pre versus postcontrast PDFF: slope, 0.94; inter-

cept, -0.01; slope, 1.02; and intercept, -0.19; respec-

tively) and believed that the T1 bias was minimized using a

low flip angle. In contrast, the precontrast PDFF was larger

than the postcontrast PDFF when using a high flip angle

Table 2 Proton density fat fractions measured in the pre and post-

contrast phantoms

Fat volume

(%)

PDFF in precontrast

phantom (%)

PDFF in postcontrast

phantom (%)

0 0.26 0.16

5 6.05 3.96

10 12.02 7.14

15 19.03 11.87

20 22.54 15.70

30 34.61 23.81

40 42.63 34.08

50 49.74 41.22

Fig. 2 Pre versus postcontrast

PDFF in the phantom (a) and

simulation (b) studies. The solid

lines in the phantom (a) and

simulation (b) studies indicate

the lines of best fit for the data

and simulation data,

respectively. In both studies, the

postcontrast PDFF was larger

than the precontrast PDFF.

PDFF proton density fat

fraction
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(pre versus postcontrast PDFF: slope, 0.68; intercept,

-0.02; slope, 0.61; and intercept, 0.10; respectively).

Therefore, if the T1 bias is considered, the precontrast

PDFF must be larger than the postcontrast PDFF. Our

present findings indicate that the T1 bias on 3 T MRI cannot

be eliminated because of the large difference in T1w

between the pre and postcontrast liver, even if a low flip

angle is used. T1 values for most tissues (including water)

are longer [15] and the T1-shortening effects of Gd are

relatively greater at 3 T than at 1.5 T, whereas there is a

little difference in T1f between 3 T and 1.5 T [15].

Therefore, the change in the difference between T1w and

T1f on pre and postcontrast should be more prominent at 3

T than at 1.5 T. This phenomenon could account for the

difference in findings of the present study at 3 T and the

previous studies at 1.5 T.

The simulated PDFF on postcontrast was smaller than

that on precontrast; however, the difference was smaller

than that in the phantom study. There are possible reasons

for these results. First, the T1 value of the precontrast

phantom (906.7–1330.9 ms) was slightly larger than that of

the reported precontrast liver (mean, 851 ms; range

702–1058 ms) [17]. Thus, the difference in PDFF in the

phantom study might be slightly larger than that in an

actual liver. Second, the postcontrast T1w and T1f were

treated as approximately the same in the simulation study

as in an earlier study by Hamilton et al. [20]. However,

another study demonstrated that the T1w must be shorter

than the T1f after Gd-EOB-DTPA uptake into hepatocytes

[14]. In that study, a PDFF with a low flip angle was

compared with a PDFF with a high flip angle. The pre-

contrast PDFF was overestimated at a high flip angle rel-

ative to a low flip angle (slope 1.33; P\ 0.001);

conversely, the postcontrast PDFF was underestimated

(slope 0.81; P\ 0.001). This result suggests that T1w is

shorter than T1f in the postcontrast state, although T1w is

longer than T1f in the precontrast state. Hence, if the T1w

used for calculating the postcontrast PDFF is smaller than

the T1f, the simulated difference between the pre and

postcontrast PDFF will approximate the result for a phan-

tom. A further clinical study is needed to determine the

actual difference in PDFF of the liver between the pre and

postcontrast images on 3 T MRI.

This study has a limitation in that we could not directly

compare the influence of Gd on the PDFF between 1.5 T

and 3 T, because we could not use a meDixon sequence at

1.5 T in our facility.

5 Conclusion

We demonstrated in this study that the PDFF measured

using the meDixon technique was smaller on postcontrast

relative to that on precontrast at 3 T if a low flip angle and

T2* correction were used. This result differs from that in

the studies performed using 1.5 T MRI. Therefore, we

should consider that the influence of Gd-EOB-DTPA on

PDFF differs according to whether MRI is performed at 1.5

T or 3 T.
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