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ARTICLE INFO ABSTRACT

Keywords: Purpose: To investigate the relationship between the hepatic contrast enhancement effect in the hepatobiliary
Liver phase (HBP) and the contrast enhancement parameters based on the data of continuous signal changes in free-
Free'_breat.hing ) breathing multiphasic dynamic EOB-MR imaging using a compressed sensing (CS) and the self-gating technique,
rg]l;lpham dynamic MRI and to clarify which contrast enhancement parameters are useful for estimating the hepatic enhancement effect
Compressed sensing in the HPB.
Method: This study included 96 patients. The contrast enhancement ratio (CER) of the liver parenchyma from
phase x to phase y was calculated as follows: CERy.x: (SIy -SIy)/SIy. The gradient of the regression line (GRL) was
also calculated. Patients can be divided into two groups with sufficient or insufficient liver enhancement in the
HBP, then each parameter was compared between these two groups.
Results: In the analysis of the arterioportal phases, CER7 e in the sufficient HBP enhancement group was
significantly higher than that in the insufficient HBP enhancement group (0.50 vs 0.44, p < 0.001). Regarding 5
min early hepatocyte phase (phases 1-28) analysis, significant differences were observed in CER2g.pre, CER28.7
and Gradientyg.; between the two groups (0.64 vs 0.47, 0.10 vs 0.03, 1.27 vs 0.27, all p < 0.001). For the
strength of correlation, CER7.pre, CER28.pre; CER28.7, and GRL2g.7 had higher correlation coefficients, compared
with the blood sampling data.
Conclusion: CER in the arterio-portal phase and 5 min early hepatocyte phase had significant correlation with
hepatic contrast enhancement effects in the 20 min HBP, suggesting that sufficient 20 min HBP enhancement
may be estimated by the CER in the portal phase and 5 min early hepatocyte phase.

1. Introduction

In liver MR imaging using gadolinium ethoxybenzyl diethylenetri-
amine pentaacetic acid (Gd-EOB-DTPA; EOB), multiphasic dynamic
imaging, including arterial, portal, transitional and hepatobiliary phases
during a separate breath-hold has been widely used to detect and
characterize hepatic lesions [1-3]. Additionally, some studies have
shown that the signal intensity (SI) of the hepatic parenchyma in the
hepatobiliary phase (HBP) was related to the severity of hepatic fibrosis
and could be used to estimate the liver function [4,5]. However, there
have been several drawbacks in multiphasic dynamic MR imaging ob-
tained during a separate breath-hold. For instance, transient respiratory

motion artifacts have often been reported in arterial-phase imaging after
the administration of EOB [6-8]. At the same time, the detection of early
enhancement in hypervascular hepatic nodules has been sometimes
hampered by the relatively short arterial window and inappropriate
scan timing [9,10]. In addition, it was not possible to evaluate the
continuous hemodynamic changes of the hepatic parenchyma or hepatic
lesions from the arterial phase to the early HBP.

Recently, with the introduction of compressed sensing (CS) and the
self-gating technique, continuous multiphase dynamic MR imaging for
several minutes during free breathing has become possible [9,11,12].
Some studies have reported that this technique would be an alternative
to standard breath-hold dynamic MR sequences in patients who cannot
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hold their breath [9,11,12]. Furthermore, it allows for the evaluation of
the continuous signal change of the hepatic parenchyma over time from
the early arterial phase to the early hepatocyte phase. The purpose of
this study was to investigate the relationship between the hepatic
contrast enhancement effect in the HBP and the hepatic contrast
enhancement parameters based on the data of continuous signal changes
obtained by free-breathing continuous multiphasic dynamic EOB-MR
imaging using CS and the self-gating technique, and to clarify which
contrast enhancement parameters are useful for estimating the hepatic
enhancement effect in the HPB in comparison to other factors, including
blood sampling data.

2. Materials and methods
2.1. Study population

The present study received approval from our institutional review
board, and the requirement of written informed consent for this retro-
spective data analysis was waived. Our radiology database was searched
for cases involving patients with suspected liver disease who underwent
hepatic MR examinations from June 1, 2018 to October 31, 2018. The
inclusion criteria were as follows: 1) age > 20 years, 2) free-breathing
continuous multiphasic dynamic MR imaging of the liver using CS and
the self-gating technique, and 3) the use of EOB as a contrast agent.
Patients with severe artifacts associated with body movements (other
than breathing) (n = 3) and patients in whom the liver tumors occupied
a large part of the liver (n = 3) were excluded because the measurement
of the SI of the liver parenchyma was difficult or would be inaccurate.
The final study population included 96 consecutive patients (male, n =
58; female, n = 38; median age: 69 years; range: 41-88 years) who
received free-breathing continuous multiphasic dynamic EOB-MR im-
aging of the liver using CS and the self-gating technique (Fig. 1). MR
examinations were indicated for the further evaluation of suspected
liver lesions, including hepatocellular carcinoma (HCC) (n = 58),
hemangioma (n = 2), liver metastasis (n = 24), cholangiocellular car-
cinoma (CCC) (n = 3), gallbladder carcinoma (n = 1), combined
hepatocellular-cholangiocellular carcinoma (n = 3), malignant lym-
phoma (n = 2), and abscess (n = 1), and for the further investigation of
liver dysfunction (n = 2).

2.2. MRI technique
MR examinations were performed on 3 T clinical systems (MAG-

NETOM Skyra, Siemens Healthineers, Germany). Free-breathing
continuous multiphasic dynamic EOB-MR imaging of the entire liver
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using CS and the self-gating technique was performed using three-
dimensional T1-weighted (3D) gradient echo with the fat suppression
technique using the following parameters: repetition time/echo time
(TR/TE) 3.92/1.4 msec, flip angle 10°, thickness 2.5 mm, 90% rectan-
gular field of view (FOV) adapted to patient size, matrix 320 x 270,
number of excitations (NEX) 1, and bandwidth 400 mHz/per pixel. Free-
breathing continuous dynamic images were obtained every 11 s for
approximately 5 min including 1 pre-contrast and 28 subsequent post-
contrast phases. Just after the completion of the pre-contrast phase
acquisition, the injection of EOB (0.1 mg/kg, Primovist; Bayer Health-
care, Berlin, Germany) was started at a rate of 1.0 mL/sec using a power
injector followed by flushing with 20 mL of saline. At the same time, the
first post-contrast phase acquisition was started to obtain continuous
multiphasic dynamic MR images (28 phases). Finally, HBP images were
separately obtained 20 min after contrast injection as 29th phase
images.

2.3. Image analysis

The region of interest (ROI) was set as large as possible at two lo-
cations in the right lobe and one in the left lobe to measure the SIin each
phase of images at the same location. The average SI values of the three
ROIs in each phase were used for the data analysis. Several contrast
enhancement parameters based on these SI data measured in each phase
were calculated to evaluate the enhancement effects of the liver pa-
renchyma, reflecting continuous signal changes. The following contrast
enhancement parameters were evaluated. First, the contrast enhance-
ment ratio (CER) from phase x to phase y was calculated as follows:
CERyx: (Sly -SIy)/SIy. We calculated CER4 (arterial enhancement
rate), CERys5 (portal-arterial enhancement rate), CERy.p. (portal
enhancement rate), CERog.pre (5 min early hepatocyte enhancement
rate), CERg.7 (early hepatocyte-portal enhancement rate), and CERpgp.
pre (20 min hepatocyte enhancement rate). Next, the gradient of the
regression line (GRL) from phase x to phase y (GRLy.x) was calculated.
GRLy.x calculated were as follows: GRL4. (arterial transit gradient),
GRL7.4 (portal transit gradient), GRLy.o (arterioportal transit gradient),
GRLyg7 (early hepatocytic transit gradient). Regarding the arterial
transit gradient, we calculated GRL4., rather than GRL4.; to more
accurately evaluate the arterial transit of the liver parenchyma, since
there was little change in the SI of the liver parenchyma from phase 1 to
phase 2 due to the minimal inflow of contrast medium into the liver
parenchyma. A previous study showed that, according to the severity of
liver fibrosis (FO-F2 vs. F3-F4), patients could be divided into two groups
with sufficient or insufficient liver enhancement in the HBP based on
CERHpp-pre With a cutoff value of 0.703 [13]. Then, the CER and GRL

Fig. 1. Patient inclusion flowchart for this study. CS = compressed sensing.
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values were compared between the sufficient HBP enhancement group
and the insufficient HBP enhancement group. In addition, other pa-
rameters, including age, sex, total bilirubin, prothrombin time, albumin,
and eGFR were also compared between the two groups.

2.4. Statistical analysis

Variables were assessed for normal distribution using the Shapiro-
Wilk test. Continuous variables were compared between two groups
using the Mann-Whitney U test, and categorical variables were
compared using chi-squared test. Spearman’s rank correlation co-
efficients were used to investigate relationships between the hepatic
contrast enhancement effect in the HBP and each parameter. P values of
< 0.05 were considered to indicate statistical significance. The JMP Pro
14 software program (SAS Institute Inc., Cary, NC, USA) was used to
perform the statistical analyses.

3. Results

Based on a cutoff value of 0.703 in CERypp.pre, as reported in the
previous study [13], 52 patients were categorized in the sufficient HBP
enhancement group while 44 patients were in the insufficient HBP
enhancement group. The sufficient HBP enhancement group included 6
patients with cirrhosis (Child-Pugh class A,n — 3; B,n — 3; and C, n — 0)
and 20 patients with chronic hepatitis, while the insufficient HBP
enhancement group included 13 patients with cirrhosis (Child-Pugh
class A, n = 8; B, n = 5; and C, n = 0) and 16 patients with chronic
hepatitis. The results of the differences in each parameter between the
sufficient HBP enhancement group and the insufficient HBP enhance-
ment group are shown in Table 1. In the analysis of the arterioportal
phases (phases 1-7), CER7.,e in the sufficient HBP enhancement group
was significantly higher than that in the insufficient HBP enhancement
group (median: 0.50 vs. 0.43, p < 0.01) while the differences in CER4_pre,
GRL4.2, GRL7_4 and GRL7.; between the two groups were not statistically
significant.

Regarding the analysis of the 5-min early hepatocyte phase (phases
1-28), significant differences were observed between the sufficient HBP
enhancement group and the insufficient HBP enhancement group in

Table 1
Comparison of each contrast enhancement parameter and other factors between
the sufficient HBP enhancement group and the insufficient HBP enhancement

group.

Sufficient HBP Insufficient HBP

enhancement (n = 52) enhancement (n = 44) value
CER4-pre * 0.16 (0.18) 0.18 (0.16) 0.74
CER7.4 * 0.24 (0.18) 0.19 (0.10) 0.06
CER7_pre * 0.50 (0.13) 0.43 (0.12) <0.01
CER2g-pre * 0.64 (0.13) 0.47 (0.10) <0.01
CERyg.7 * 0.10 (0.07) 0.02 (0.08) <0.01
GRL4.2 (/sec) * 1.55 (1.81) 1.57 (1.67) 0.68
GRL7.4 (/sec) * 1.88 (1.31) 1.51 (0.92) 0.11
GRL7., (/sec) * 2.07 (0.73) 1.84 (0.71) 0.07
GRLyg.7 (/sec) * 0.11 (0.07) 0.02 (0.98) <0.01
Total bilirubin 0.6 (0.47) 0.8 (0.50) 0.02
(mg/dL) *
Albumin (g/dL) * 4.2 (0.47) 4.0 (0.77) <0.01
Prothrombin time 100.9 (21.8) 91.7 (29.0) 0.04
(%) *
eGFR (mL/min/ 68.5 (22.9) 74.6 (29.1) <0.01
1.73 m?) *
Age (years) * 69 (13) 69 (13) 0.98
No. of men 26 (50) 32(72) 0.21
No. of cirrhosis 6(11) 13 (29) 0.02

" Data are the median, with interquartile rang in parentheses. P value was
calculated with the Mann-Whitney U test.

! Data are number of patients, with the percentage in parentheses. P value was
calculated with the chi-square test.

European Journal of Radiology 144 (2021) 109959

CER2g.pre; CER2g.7 and GRLgg.7 (median: 0.64 vs. 0.47, 0.10 vs. 0.02,
0.11 vs. 0.02, respectively; all p < 0.01) (Figs. 2, 3). Significant differ-
ences were also observed in total bilirubin, albumin, prothrombin time,
and eGFR (blood sampling parameters; median values: 0.6 vs. 0.8, p =
0.02; 4.2 vs. 4.0, p < 0.01; 100.9 vs. 91.7, p = 0.04; and 68.5 vs. 74.6, p
< 0.01, respectively) and in the presence of cirrhosis (p = 0.02). How-
ever, there was no significant differences in age or sex between the two
groups (p = 0.98 and p = 0.21 respectively).

Regarding the strength of correlation between the hepatic contrast
enhancement effect in the HBP and each parameter, CER7.pre, CER28 pre,
CER32s.7, GRL7.3, and GRLgg.; showed a significant positive correlation
with HBP enhancement, and had comparable or higher correlation co-
efficients in comparison to total bilirubin, prothrombin time, albumin,
and eGFR. CER2g pre showed the highest correlation coefficient (0.83)
(Table 2).

4, Discussion

In this study, there were significant positive correlations between
HBP enhancement and CER7.pre, CER28.pre, CER28.7, GRL7.2, and GRLog 7,
showing that hepatic signal changes over time during the arterioportal
and early hepatocyte phases were associated with hepatic contrast
enhancement in the HBP. It has been reported that in EOB-MRI, hepatic
contrast enhancement in the HBP was related to the liver function, as
estimated by the data of several blood sampling parameters [4,5,14].
The results for eGFR, total bilirubin, albumin, and prothrombin time in
this study were generally significantly correlated with the hepatic
contrast enhancement in the HBP, which is consistent with previous
studies [14-16]. However, the correlation coefficients were 0.43 for
CER7._pre, 0.83 for CER2g pre, 0.56 for CER2g.7 and 0.58 for GRLyg.7, which
were higher in comparison to the blood sampling data. Therefore, it
would be more accurate to analyze the data obtained during free-
breathing continuous multiphasic dynamic imaging rather than using
blood sampling data for the estimation of hepatic contrast enhancement
in the HBP.

The analysis of the early hepatocyte phase (phases 7 to 28) showed
that CER2g.7 and GRLyg 7 were significantly higher in the sufficient HBP
enhancement group than in the insufficient HBP enhancement group.
This finding indicated that the decreased uptake of EOB into hepatocytes
occurred within 5 min, during the early hepatocyte phase, leading to
insufficient EOB enhancement in the HBP (20 min). Additionally, in the
analysis of the arterio-portal phase (phases 1 to 7), CER7.ye in the suf-
ficient HBP enhancement group was significantly higher in comparison
to the insufficient HBP enhancement group, and CER7.4 and GRL7.»
tended to be higher in the sufficient HBP enhancement group in com-
parison to the insufficient HBP enhancement group. These results sug-
gested that insufficient HBP enhancement would have a causative

Fig. 2. Comparison of signal change of the hepatic parenchyma over time be-
tween the sufficient HBP enhancement group and the insufficient HBP
enhancement group. Note: CERype = (SlIy -Slpe)/SIpe, CER = contrast
enhancement ratio, SI; = signal intensity of the liver on phase X (X: 1-28, HBP),
SI,e = signal intensity of the liver on precontrast phase.
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precontrast

HBP, CERypp . =1.104

4th phase, CER,.,.=0.330

‘4-pre’

28th phase, CER,g_,.=0.

28th phase, CERy,. =

HBP, CERypp.,,.=0.498

Fig. 3. Free-breathing continuous multiphasic dynamic EOB-MR images using
CS and self-gating technique. (a)-(e) Precontrast (a), 4th (b), 7th (c), 28th (d)
phases and HBP (e) images in a 65-year-old woman with sufficient HBP
enhancement of the liver. (f)-(j) Precontrast (f), 4th (g), 7th (h), 28th (i) phases
and HBP (j) images in an 86-year-old woman with insufficient HBP enhance-
ment of the liver. The values of CER4_pre, CER7.pre, CER2g.pre and CERypp_pre in
these two patients were shown in the Figures.

association with the decreased portal venous flow, probably due to
underlying cirrhosis, which induces the reduced hepatic uptake of EOB,
and suggested the clinical value of free-breathing multiphasic dynamic
imaging in evaluating continuous signal changes of the liver from the
arterio-portal phase to early hepatocyte phase.

In EOB-MRYI, the standard delay time of 20 min for the HBP has been
used in many facilities. However, it would be clinically better to shorten
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Table 2
Correlation between hepatic contrast enhancement effect in the HBP and each
parameter.

Spearman rank correlation coefficient p value
CER4-pre 0.14 0.15
CER7.4 0.17 0.08
CER7.pre 0.43 <0.01
CER2g. pre 0.83 <0.01
CERyg.7 0.56 <0.01
GRL4.3 (/sec) 0.12 0.22
GRLy.4 (/sec) 0.15 0.13
GRL7.; (/sec) 0.22 0.02
GRLas.7 (/sec) 0.58 <0.01
eGFR (mL/min/1.73 m?) 0.23 0.02
Total bilirubin (mg/dL) 0.27 <0.01
Albumin (g/dL) 0.31 <0.01
Prothrombin time (%) 0.20 0.04
Age (years) 0.06 0.51

this delay time if sufficient hepatic enhancement can be assured. From
this point of view, using the data obtained in our study, it may be
possible to reduce the delay time of imaging in the HBP more accurately
in comparison to the accuracy that could be achieved using the Child-
Pugh score or blood sampling data, depending on the individual case.
Since only one HBP was obtained in our study, it was not possible to
clarify exactly how much the time required for imaging in the HBP could
be reduced. Further research is necessary to clarify this issue.

The present study was associated with some limitations. First, the
retrospective design inevitably involves a potential bias. Second, the
study cohort was a heterogeneous patient population that included pa-
tients with chronic hepatitis, cirrhosis, and non-cirrhosis. Third, we used
a relatively long acquisition time of 11 s in each phase of free-breathing
dynamic imaging to ensure image quality. A shorter acquisition time
would be desirable in future studies. Fourth, the detection or visuali-
zation of hepatic lesions in the HBP was not evaluated, and thus, we
cannot describe the influence of hepatic contrast enhancement in the
HBP on the detection of hepatic lesions. However, this study was mainly
designed to assess the relationship between continuous signal changes of
the liver and the contrast enhancement effect in the HBP, and the pre-
diction of sufficient HBP enhancement would help yield better visuali-
zation of hepatic lesions. Finally, we did not obtain free-breathing
dynamic imaging data from 5 to 20 min, but it is not realistic to store
these huge volumes of data in clinical practice.

5. Conclusion

In conclusion, in the analysis of hepatic contrast enhancement pa-
rameters based on the continuous data of the signal changes over time
obtained by free-breathing continuous multiphasic dynamic EOB-MR
imaging using CS and the self-gating technique, CER in the arterio-
portal phase and the early hepatocyte phase (5 min) had significant
correlation with hepatic contrast enhancement effects in the HBP (20
min), and showed significant difference between sufficient and insuffi-
cient HBP enhancement groups, suggesting that sufficient HBP (20 min)
enhancement may be estimated by the CER in the arterio-portal phase
and the early hepatocyte phase (5 min).
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