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Abstract

Background: Tumor-to-liver contrast is low in images of chronically diseased livers because
gadolinium-based hepatocyte-specific contrast agents (Gd-EOB-DTPA) accumulate less to
hepatocytes.

Purpose: To determine whether phase-sensitive inversion recovery (PSIR) could improve the
T, contrasts of Gd-based contrast agents and liver parenchyma and simultaneously provide
accurate T, values for abdominal organs.

Material and Methods: The image contrasts of phantoms with different Gd concentrations
that were obtained using PSIR were compared to conventional turbo field echo (TFE) results.
T, value was estimated using PSIR by performing iterations to investigate the two IR
magnetization evolutions. The estimated T; values were validated using IR-spin echo (IR-SE)
and Look-Locker (L-L) sequences. In an in vivo study, the liver-to-spleen and liver-to-muscle
contrasts of the PSIR and TFE images of seven volunteers were compared, as were the T;
values of liver parenchyma, spleen, and muscle obtained using PSIR and L-L sequences.
Results: The PSIR images showed T; contrasts higher than those in the TFE results. The
PSIR and IR-SE T; values were linearly correlated. Additionally, the R; estimated using PSIR
were correlated with those measured using IR-SE and L-L. In the in vivo study, the
liver-to-spleen and liver-to-muscle contrasts of PSIR were significantly higher than those
obtained using TFE. T; values of abdominal organs obtained using PSIR and L-L were
clearly correlated.

Conclusion: PSIR may be capable of improving liver image T; contrasts when Gd-based
contrast agents are employed and simultaneously yielding accurate T; values of abdominal

organs.
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Introduction

Gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) has
been widely used for liver MRI to detect liver tumors. Gd-EOB-DTPA differs from
conventional Gd-based contrast agents because it enables not only tumor vascularity
assessment during dynamic-contrast-enhanced imaging, but also liver tumor detection due to
the high T; contrast between a tumor and the surrounding liver parenchyma in the
hepatobiliary phase. This excellent tumor-to-liver contrast is established by the high uptake of
Gd-EOB-DTPA by hepatocyte (1). However, liver parenchyma accumulation is lower in
patients with chronic liver diseases, which may cause liver lesions to be missed (2, 3). Thus,
improvement of the T; contrast between a tumor and the liver parenchyma in the
hepatobiliary phase would be advantageous for liver MR1 using Gd-EOB-DTPA (EOB-MRI).
However, reports on T, contrast improvement have been limited so far. A few clinical studies
have shown that increasing the flip angle (FA) in the hepatobiliary phase improves the
detection rates and conspicuousness of a wide spectrum of hypointense lesions (4-8).
However, using a higher FA causes a higher specific absorption rate and inhomogeneous fat
suppression, which are drawbacks for clinical liver imaging.

More recently, it was found that Gd-EOB-DTPA accumulation in patients with
damaged liver parenchyma decreased with decreasing liver function (9). By quantifying the
Gd-EOB-DTPA accumulation in liver parenchyma, EOB-MRI can also be used to assess liver
fibrosis or reserve in chronic liver diseases (9—-17). Moreover, T; value has also been useful
for differential diagnosis of liver tumors (18). Thus, multi-slice acquisition covering the
entire liver with higher spatial resolution is desirable for liver T; mapping. However, since

the number of slices that may be acquired is limited, and thus the entire liver area cannot be



imaged simultaneously, conventional T; measurement methods such as the Look-Locker
(L-L) are insufficient for this purpose (19, 20).

In this study, we applied 3D phase-sensitive inversion recovery (PSIR) for liver
imaging. Since such sequences have been successfully used for cardiac MRI to improve late
Gd-DTPA enhancement in cardiac muscles (21), they were expected to enable tumor-to-liver
T, contrast improvement. Moreover, these sequences can simultaneously provide quantitative
T, maps of the entire liver without requiring any additional scans (22). Our objective was to
determine whether PSIR could improve the T; contrasts of Gd-based contrast agents and liver
parenchyma and thus simultaneously provide accurate T, values for abdominal organs. For
this purpose, we compared the T; contrasts and T; values of images of phantoms with
different Gd concentrations as well as in vivo images of abdominal organs obtained by

different sequences including PSIR to demonstrate the utility of PSIR for liver MR imaging.

Material and Methods

Phantom study

MRI was performed with a 3.0 T clinical MRI system with a 32-channel phased-array
body receive coil (Ingenia, Philips Healthcare, Best, The Netherlands). PSIR was performed
using an inversion recovery turbo field echo (IR-TFE) readout. Fig. 1 shows the
magnetization evolution during PSIR acquisition. By acquiring an additional TFE after
obtaining the IR-TFE, PSIR was used to remove the background phase while preserving the
sign of the desired magnetization for phase correction (21).

From the relationships between the two IR magnetization evolutions, the fully relaxed
magnetization and T; values were calculated, as described by Warntjes et al. (22). The
magnetization (M) after the applying the IR pulse evolves by T; during the inversion time

(TI1). After Tl, RF pulses are applied each repetition time (TR) to excite Mg during the



acquisition time (Tacg) and thereby to obtain the first magnetization signal. Mg relaxes by T,*
towards a saturated magnetization (My*). T;* and Mg* can be obtained using

My TP TR
My, T, TR - Tiln (cosa)’

(1)

where « is the FA. After the first acquisition, the magnetization evolves by T;. Then,
following the time shot interval from the IR pulse and TI, a second magnetization to obtain
reference data is acquired from Mpto Mg. After the second acquisition, the magnetization

relaxes by T1 from Mg to M. Mg and Mc can be expressed as

TI
My = Mo — (Mo — M) exp (—71) @)

and

* * Tacq
M¢ = My — (Mg — Mp)exp | — T |- (3)
1

Mp and Mg can be obtained using equations similar to Eq. 2, while Mg can be determined
using an equation similar to Eq. 3. The T, values were calculated by applying these equations
iteratively.

Twelve phantoms containing 1.0% agarose solution and different concentrations (0.04,
0.08, 0.10, 0.16, 0.20, 0.30, 0.40, 0.50, 0.60, 0.75, 1.00, and 1.25 mmol/L) of Gd-based
contrast agents (Meglumine Gadopentetate (Gd-DTPA) 0.5 mmol/mL, Fujipharma, Japan)
were used for the in vitro imaging study. We used Gd-DTPA for the phantom study because
Gd-DTPA has smaller relaxation rates (R;) than Gd-EOB-DTPA, which facilitated the
adjustment of T; values for each phantom. To determine the optimal TI for PSIR, 10
phantoms with T; values of 154-1054 ms, as estimated by the standard IR-spin echo (IR-SE)
(corresponding to concentrations of 0.10-1.25 mmol/L), were imaged by PSIR with four
different Tls (300, 400, 500, and 600 ms). The real and reference images were acquired using

exactly the same imaging parameters that were employed for T, estimation, which were TR,



2.8 ms; echo time (TE), 1.3 ms; shot interval, 1500 ms; FA, 10°; field of view (FOV),
360x360 mm?; matrix size, 180x144; TFE factor, 28; acquisition duration, 78.4 ms; slice
thickness, 10 mm; SENSE factor, 2; k-space reordering, low-high. The signal intensities (SIs)
of the phantoms were measured. The contrast of each phantom was calculated by comparing
its Sl to that of the control phantom with a T, of 1054 ms. The control phantom could be
regarded as the T, value of a liver tumor in the hepatobiliary phase, which was previously
reported as the mean T; value of liver metastases from various primaries at 20 min after
Gd-EOB-DTPA injection (17). The contrast was determined using

|SI of phantom — SI of phantom(T; = 1054 ms)|
Contrast = : (@)
|ST of phantom| + |SI of phantom(T; = 1054 ms)|

The phantoms were also imaged using conventional 3D TFE with FA = 15° and 30°. The
imaging parameters were TR, 3.0 ms; TE, 1.37 ms; FOV, 360x328 mm? matrix size,
180%144; TFE factor, 2; slice thickness, 10 mm; SENSE factor, 3; k-space reordering,
sequential; fat suppression, spectral attenuated inversion recovery. The Sl and contrast of
each phantom were also measured in same fashion as described above.

For the T, measurements, the Sls of the real and reference images for all 12 phantoms
were measured; then, their T, were calculated as described above. These T; were validated by
comparing them to those obtained using two conventional T; estimation methods: IR-SE and
L-L. The imaging parameters employed in IR-SE were TR, 6000 ms; TE, 6.9 ms; number of
TI, 10; FOV, 350x175 mm?; matrix size, 176x176; slice thickness, 10 mm. The Sl of each
phantom image was measured, and the T; were calculated using a two-parameter fitting
procedure. The imaging parameters applied in L-L were TR, 12 ms; TE, 2.4 ms; FOV,
420%270 mm?; matrix size, 112x112; slice thickness, 10 mm; TFE factor, 9; FA, 7°; number
of phases, 35; SENSE factor, 2. The SI of each phantom image was measured, and the T;

were calculated using a three-parameter fitting procedure (19). All of the fitting calculations



were performed using spreadsheet software (Microsoft Excel 2016, Microsoft, Redmond, WA,
USA).

For statistical analysis, the Pearson correlation coefficient (r) was employed to
evaluate the correlations between the T, calculated using PSIR and IR-SE, as well as those
between the Gd concentrations and R; obtained with PSIR, IR-SE, and L-L by using

statistical software (GraphPad Prism6.0, GraphPad Software, La Jolla, CA, USA).

In vivo study

The study protocol was approved by the Institutional Review Board of the Kumamoto
Medical Center. After written informed consent was obtained, seven healthy volunteers
(mean age, 29.6 years) were enrolled. The T;-weighted images were obtained using PSIR
with the optimal TI that was determined during the phantom study and the TFE (FA = 15° and
30°). The PSIR imaging parameters were Tl, 500 ms; TFE factor, 42; acquisition duration,
115.5 ms; slice thickness, 6 mm; number of slabs, 5; SENSE factor, 3; scan time, 100 s (20 s
breath-hold per slab x 5 times to cover entire liver); number of slices, 30. The TFE imaging
parameters were TFE factor, 31; slice thickness, 3 mm; scan time, 15 s (a single breath-hold);
number of slices, 56; and the other imaging parameters were same as those in the phantom
study.

Regions of interest (ROIs) were drawn over the liver, spleen, and muscle in each MR
image by one investigator (Y.F.) using ImageJ (http://imagej.nih.gov/ij/). For liver
parenchyma, a circular, 17-mm-diameter ROl was placed in the right lobe in each image. In
the same slice, another circular, 17-mm-diameter ROl was placed in the center of the spleen,
while a circular, 14-mm-diameter ROl was placed in the erector spine muscle. The
liver-to-spleen and liver-to-muscle contrasts were calculated using Eq. 4 and then compared

with each sequence. Friedman’s test with post hoc multiple comparisons (Dunn’s procedure)



was used to compare the differences between the PSIR and TFE contrasts. p < 0.05 was
considered significant. To validate the simultaneous T, estimated by PSIR, the T; values of
the liver-parenchyma, spleen, and muscle that were calculated using PSIR were compared
with those estimated by L-L, and r was employed to assess the correlations between the T;
values acquired from PSIR and L-L by using GraphPad Prism6.0. Moreover, T, parametrical
maps were generated using image-processing software (MATLAB2015a, Mathworks, Natick,

MA, USA) and pixel-by-pixel iteration of the PSIR images.

Results

Phantom study

Figure 2 shows the differences between the T; values of the investigated and control
phantoms versus the contrast between the examined and control phantoms in each imaging
scenario. The image contrasts obtained using PSIR with different TI settings are equivalent
when the T, difference is large (>500 ms). However, the contrasts of the PSIR results
acquired with Tl = 300-400 ms are lower than those of the results with TI = 500-600 ms
when the T; difference is small (200-500 ms). The PSIR images obtained with each TI tested
also show contrasts higher than those of the TFE images. The T, estimated using PSIR in
each T1 setting were linearly correlated with those measured using IR-SE (Fig. 3a). However,
when Tl is low (300 and 400 ms), this linear correlation is weaker in the range with higher T;.
Thus, the optimal TI for PSIR was determined to be 500-600 ms. The estimated R; of the
phantoms that were measured using PSIR, IR-SE, and L-L are well correlated with their Gd
concentrations. Additionally, the differences among the three methods are negligible except at
high Gd concentrations, where more noticeable, though still slight, differences are observable

(Fig. 3b). Bland-Altman plots were also examined and showed no systematic variations



between the IR-SE and PSIR results with TI = 500 ms and R; < 5.13 s or between the

IR-SE/PSIR and L-L results (Fig. 3c).

In vivo study

In the in vivo study results shown in Fig. 4, the PSIR results exhibit liver-to-spleen
and liver-to-muscle contrasts that are significantly higher than those of the TFE results.
Representative images obtained using each method are presented in Fig. 5. The contrast
between the liver and the other organs, such as the spleen and muscles, is more noticeable in
the PSIR images than in the TFE images. Representative T; maps obtained using PSIR are
shown in Fig. 6a. The T; values of the liver parenchyma, spleen, and muscle that were

estimated using PSIR are clearly correlated with those obtained using L-L (Fig. 6c).

Discussion

We demonstrated the feasibility of using PSIR liver imaging to obtain T; contrasts
between the liver parenchyma and the other organs higher than those obtainable with
conventional methods and to measure the T, value of the liver parenchyma precisely and
simultaneously. As shown in Fig. 2, the image contrast achieved using PSIR was larger than
the contrasts obtained using TFE with FA = 15° and 30°. Furthermore, the T, contrast realized
by using PSIR is higher than that resulting from using TFE, even when the difference
between their T, contrasts is only slight. This improvement could result from the fact that an
additional IR pulse is applied in PSIR, prior to the TFE. Then, the magnetization in the
equilibrium state becomes -Mg due to each IR pulse, and the T; relaxation is achieved with
time. This indicates that the T, contrast would ideally be increased two-fold compared with
Mo (23). Therefore, PSIR can yield a Ty contrast higher than that obtainable using TFE over a

wide range of Gd concentrations. This increased contrast may be advantageous for EOB-MRI



and could enable the detection of liver lesions that exhibit only slight T; differences from the
liver parenchyma.

The PSIR images obtained in the in vivo study exhibited contrasts between the liver
and the other organs, such as the spleen and muscle, that were higher than those of the TFE
images. These results are consistent with those reported in previous neuroimaging studies in
which IR sequences were employed (24, 25). The higher liver-to-muscle contrast obtained
using PSIR might indicate that such sequences improve the tumor-to-liver contrast in the
hepatobiliary phase of EOB-MRI in patients with severe liver dysfunction. This is because
the T, of the muscle and liver tumor are equivalent (18), while the T; value of the normal
liver parenchyma without Gd-EOB-DTPA resemble those of the liver parenchyma with less
Gd-EOB-DTPA accumulation due to severe liver dysfunction (20).

In addition, the T, estimated using PSIR and IR-SE in the phantom study were highly
correlated with one another. Particularly, for TI > 500 ms, a strong linear correlation was
observed over a wide T; range. However, for T1 < 500 ms, this linear correlation weakened,
especially in the high-T; range. Therefore, we determined the optimal TI for PSIR to be 500
ms. Since the reference signal was acquired immediately after the first shot interval time and
TI, the timing of the second acquisition depended on the setting of Tl in the PSIR. Setting TI
to be short decreased the reference signal intensity, causing Mg and Mg to be underestimated.
As a result, T; value was overestimated. If the timing of the second acquisition could be
changed manually, TI might not affect the accuracy of the T, estimated using PSIR.
Furthermore, the R; estimated with PSIR and TI = 500 ms showed an excellent linear
correlation with the Gd concentration and were identical to those obtained using IR-SE and
L-L, except at high Gd concentrations, where slight differences were observed among the
values determined using these three methods. These deviations may be attributable to the fact

that different fitting procedures are used in these methods. However, since the estimated T; of



the normal liver parenchyma has been reported to be less than approximately T; = 340 ms (R
= 3.0 s) in the hepatobiliary phase (20), these deviations observed at high Gd concentrations
may not present a critical problem for clinical applications. Therefore, we believe that the T
measurement accuracy of PSIR is identical to those of the conventional imaging methods. For
the in vivo study, PSIR successfully produced a parametric T; map covering the entire liver
with high resolution, which is difficult to achieve using other conventional methods. This
may be useful not only for partial liver function assessment, but also for the differential
diagnosis of liver tumors using T (18). Accurate quantification of liver T; might also be
useful for follow-up examinations after treatment, even with different MR imaging
environments.

However, our study has several limitations. First, the sample size was relatively small,
the subjects were all healthy volunteers, and Gd-EOB-DTPA was not administered. Although
our results imply that PSIR could improve the liver-to-tumor contrast of EOB-MRI especially
in the patients with severe liver dysfunction, a clinical study with GD-EOB-DTPA must be
performed to verify the utility of PSIR for liver MR imaging. Second, PSIR requires a long
acquisition time because reference data must be obtained. More repetitions of multi-slab
acquisition and multiple breath holds are needed to cover the entire liver region because the
additional IR pulses prolong the total imaging time. By using the respiratory gating technique
or higher acceleration imaging technique, shorter acquisition times might be achievable in the
future (26, 27).

In conclusion, PSIR improved the T; contrast between phantoms with different Gd
concentrations, as well as the liver-to-spleen/liver-to-muscle T; contrast in vivo compared to
TFE and simultaneously provided accurate T; maps of liver parenchyma. Although a clinical
study is necessary to evaluate the clinical utility of PSIR, these results suggest that PSIR may

be capable of improving liver MR imaging.
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Figure legends

Fig. 1.

Schematic of magnetization evolution during 3D acquisition. Horizontal and vertical axes
indicate time and My, respectively. Using PSIR, image acquisition was performed twice with
same flip angle = 10° after applying IR pulse during single breath holds; real and reference
data were obtained. Segmented k-space reordering was set to low-high for both acquisitions.
Mo during data acquisition relaxes in accordance with T1*, which is shorter than T, due to RF

pulse excitation, while it relaxes in accordance with T, during periods without RF pulses.

Fig. 2.

Relationship between difference in T, value from that of control phantom (T, = 1054 ms) and
contrast between examined and control phantoms in each imaging scenario. PSIR contrasts
with different T settings are equivalent when T, difference is large (>500 ms). However,
PSIR contrast with TI = 300-400 ms is lower than if Tl = 500-600 ms in smaller T;
difference range (200-500 ms). PSIR with any TI tested in this study yielded higher contrasts

than those of TFE.

Fig. 3.

(@) Comparison of T; estimated using PSIR with different T1 against T, estimated using
IR-SE. Graphs show linear correlations between two methods with any TI settings (r = 0.997,
0.999, 0.999, and 0.999 for TI = 300, 400, 500, and 600 ms, respectively), but slight
discordances are observable in higher T; range (>1500 ms), especially with TI = 300 ms and
400 ms. (b) Comparison of estimated relaxation rate R; (=1/T;) measured using PSIR, IR-SE,
and L-L and actual Gd concentration. Excellent linear correlations are observable in all

methods (r = 0.999), but slight discordances are identifiable in high-Gd-concentration



phantoms. (c) Bland-Altman plots of IR-SE vs. PSIR (T1 =500 ms), IR-SE vs. L-L, and L-L

vs. PSIR (T =500 ms).

Fig. 4.

(a) Liver-to-muscle and (b) liver-to-spleen contrasts in healthy subjects. PSIR results show
contrasts significantly higher than those of TFE results (PSIR: 1.16+0.14, TFE with FA = 15°:
0.30£0.12, TFE with FA = 30°: 0.44+0.23 for liver-to-spleen contrast, and PSIR: 1.30+0.26,

TFE with FA = 15°: 0.22+0.03, TFE with FA = 30°: 0.22+0.05 for liver-to-muscle contrast).

Fig. 5.

Representative in vivo images of PSIR and TFE with FA = 15° and 30°.

Fig. 6.

Representative (a) gray-scale T; maps obtained using PSIR. Average T; values and standard
deviations of liver parenchyma, spleen, and muscle estimated by PSIR were 738.4+36.5,
1286.1+137.0, and 1085.4+23.4 ms. (b) Scatter plots of T; values of liver parenchyma, spleen,
and muscle measured using PSIR and L-L show high linear correlations (r = 0.979).
Estimated slope coefficient and intercept (standard error) of linear regression line were

determined to be 1.288+0.062 and -152.4+58.54.
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Figure 2
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Figure 4
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Figure 5
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Figure 6

in vivo study T1 value
(ms) (b) y
1700 1800
1500} ° -
g 1200} . .
h‘-
3—: 900} .
o *
600} .

30 1 1 1 1
%00 600 900 1200 1500 1800
Look-Locker T, (ms)



