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Abstract

Background: Non-uniformity in signal intensity occurs commonly in magnetic
resonance (MR) imaging, which may pose substantial problems when using a
3T scanner. Therefore, image non-uniformity correction is usually applied.
Purpose: To compare the correction effects of the phased-array uniformity en-
hancement (PURE), a calibration-based image non-uniformity correction me-
thod, among three different software versions in 3T Gd-EOB-DTPA-enhanced
MR imaging. Material and Methods: Hepatobiliary-phase images of a total
of 120 patients who underwent Gd-EOB-DTPA-enhanced MR imaging on
the same 3T scanner were analyzed retrospectively. Forty patients each were
examined using three software versions (DV25, DV25.1, and DV26). The ef-
fects of PURE were compared by visual assessment, histogram analysis of liver
signal intensity, evaluation of the spatial distribution of correction effects, and
evaluation of quantitative indices of liver parenchymal enhancement. Results:
The visual assessment indicated the highest uniformity of PURE-corrected im-
ages for DV26, followed by DV25 and DV25.1. Histogram analysis of cor-
rected images demonstrated significantly larger variations in liver signal for
DV25.1 than for the other two versions. Although PURE caused a relative in-
crease in pixel values for central and lateral regions, such effects were weaker
for DV25.1 than for the other two versions. In the evaluation of quantitative
indices of liver parenchymal enhancement, the liver-to-muscle ratio (LMR)
was significantly higher for the corrected images than for the uncorrected
images, but the liver-to-spleen ratio (LSR) showed no significant differences.
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For corrected images, the LMR was significantly higher for DV25 and DV26
than for DV25.1, but the LSR showed no significant differences among the
three versions. Conclusion: There were differences in the effects of PURE
among the three software versions in 3T Gd-EOB-DTPA-enhanced MR im-
aging. Even if the non-uniformity correction method has the same brand
name, correction effects may differ depending on the software version, and
these differences may affect visual and quantitative evaluations.

Keywords

Gd-EOB-DTPA, Non-Uniformity Correction, 3 Tesla, Software Version,
Image Contrast

1. Introduction

In magnetic resonance (MR) imaging, spatial variations in radiofrequency
transmission and reception cause non-uniformity in the signal intensity, which
can pose substantial problems when using a 3T scanner [1] [2] [3]. Therefore,
image non-uniformity correction is usually applied. Among the various methods
for non-uniformity correction [4] [5] [6], phased-array uniformity enhancement
(PURE) is classified as a calibration-based method. Proton density-weighted
images are acquired with both the body coil and surface coil to actually measure
the sensitivity of the coils [4] [6].

MR imaging with gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic
acid (Gd-EOB-DTPA) is widely used to detect focal liver lesions and character-
ize liver tumors [7] [8]. Gd-EOB-DTPA accumulates in the liver via the organic
anion-transporting polypeptide of hepatocytes [9], and aids the detection and
characterization of focal liver lesions [7] [8] [9] [10]. Without non-uniformity
correction, hyperintensity is observed near the liver surface [11], which may
complicate the interpretation of Gd-EOB-DTPA-enhanced MR images. Therefore,
non-uniformity correction is required in Gd-EOB-DTPA-enhanced MR imaging.
A previous study showed the superiority of PURE over surface coil intensity cor-
rection (SCIC) [11], which is an image-based method involving no additional
data acquisition [4] [6], for this examination using a 3T scanner. Subsequently,
the manufacturer changed the PURE algorithm for the 3T scanner. These
changes may have affected image uniformity in 3T Gd-EOB-DTPA-enhanced
MR imaging. In this study, we compared three different versions of PURE in 3T
Gd-EOB-DTPA-enhanced MR imaging.

2. Materials and Methods
2.1. Subjects

A total of 120 patients who underwent Gd-EOB-DTPA-enhanced MR imaging

using the same 3T scanner between April 2015 and August 2019 were included
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in the study. We excluded patients with poor breath holding or prior liver resec-
tion, and post-splenectomy patients. During the enrollment period, the software
version of the scanner was changed from DV25 to DV25.1, and then to DV26.
The subjects were comprised of the DV25, DV25.1, and DV26 groups, which in-
cluded an initial consecutive 20 men and 20 women who were examined using
the three corresponding software versions. The study population had a mean +
standard deviation (SD) age of 67.3 £ 9.6 years (68.3 + 12.6 and 71.5 + 10.6 years
for men and women, respectively). Characteristics of subjects in each group are

shown in Table 1.

Table 1. Characteristics of subjects in each group.

Group Characteristics Value

DV25 Age (year) 67.3+9.6
Height (cm) 160.8 £ 9.5
Weight (kg) 59.5+11.1

Background liver

liver cirrhosis 16
chronic hepatitis 10
primary biliary cirrhosis 1
normal 13
DV25.1 Age (year) 68.3+12.6
Height (cm) 158.1 £9.2
Weight (kg) 58.1+11.9

Background liver

liver cirrhosis 12
chronic hepatitis 10
primary biliary cirrhosis 1
normal 17
DV26 Age (year) 71.3 £10.6
Height (cm) 160.2 £ 9.6
Weight (kg) 60.3 +12.0

Background liver

liver cirrhosis 19
chronic hepatitis 9
primary biliary cirrhosis 2
normal 10

Means + SDs are presented for age, height, and weight. The numbers of subjects are
shown for background liver.
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2.2. Imaging Procedures

MR imaging was performed using a 3T clinical scanner (Discovery 750w; GE
Healthcare, Waukesha, WI, USA) with a 32-channel phased-array coil. For dy-
namic imaging, Gd-EOB-DTPA (0.025 mmol/kg; Bayer Yakuhin, Osaka, Japan)
was administered intravenously, and hepatobiliary-phase images were acquired
20 min later using a T1-weighted three-dimensional gradient echo sequence
(liver acquisition with volume acceleration [LAVA]). Typical imaging parame-
ters are shown in Table 2. The array spatial sensitivity encoding technique
(ASSET) was used with a reduction factor of 2.5. Calibration images were ac-
quired with the body coil and surface coil using a three-dimensional fast spoiled
gradient-recalled echo sequence, and the images acquired with the surface coil
were used for ASSET reconstruction. The preset mode was used for radiofre-
quency transmission. Image non-uniformity correction was performed using
PURE. Uncorrected and corrected images were stored in a picture archiving and

communication system (PACS).

2.3. Visual Assessment of Uniformity

The uniformity of liver signal intensity was visually assessed on a PACS viewer
(EV Insite; PSP Corp., Tokyo, Japan) by three board-certified diagnostic radiol-
ogists independently. Each image set was randomly displayed on the PACS
viewer. The observers were given no information about non-uniformity correc-
tion. They reviewed all slices, adjusting the display grayscale according to their
preference, and graded superficial hyperintensity, ie., hyperintensity near the
liver surface, as an indicator of non-uniformity, using a three-point scoring sys-
tem: 1 (severe), 2 (mild), and 3 (negligible). The observers graded each image set
using reference images provided to help them understand the scoring system
(Figure 1). The visual score for each image set was defined as the mean value of

the scores for the three observers.

Table 2. Typical imaging parameters for LAVA sequence.

Parameter Value
Repetition time (ms) 4.9
Echo time (ms) 1.8
Flip angle (°) 12
Receiver bandwidth (kHz) +83.3
Field of view (mm) 360
True spatial resolution (mm?) 1.1 x1.9x5.0
Reconstructed spatial resolution (mm?) 0.7 %X 0.7 x2.5
Number of slices 44

The field of view and the number of slices were increased in large patients.
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Figure 1. Reference images prepared for visual assessment of superficial hyperintensity near the liver surface: (a) severe (uncor-

rected image); (b) mild (corrected image); and (c) negligible (corrected image).

2.4. Histogram Analysis of Signal Intensity

Histogram analysis of liver signal intensity was conducted in 20 patients for each
group, ie, the initial consecutive 10 men and 10 women without focal liver le-
sions > 3 cm. The analysis was performed using a previously described method
[11]. A histogram of liver signal intensities for each image set was created using
Image] software (ver. 1.53e; National Institutes of Health, Bethesda, MD, USA).
Seven slices around the level of the porta hepatis were selected so that the axial
coordinate of the selected slice was located 1 cm from that of the adjacent se-
lected slice. Regions of interest (ROIs) were drawn manually to cover the entire
liver on selected uncorrected image slices and were also applied to the corrected
images. A histogram (frequency vs. signal intensity) for a given image set was
generated using data from the seven slices, and a simple averaging of 15 consec-
utive frequency values was performed. The mode signal of the histogram was
determined. The signal range including the mode signal and continuously show-
ing frequencies of more than half of the frequency at the mode was determined
and the width of this range was divided by the mode signal to define full-width at
half-maximum (FWHM). Full-width at quarter-maximum (FWQM) was defined
similarly. The FWHM and FWQM were regarded as quantitative indicators of
image uniformity, with high values indicating large variations in liver signals

and poor uniformity.

2.5. Correction Factors for Non-Uniformity Correction

To evaluate the spatial distribution of the effect of correction, correction maps
were created for the same patients included in the histogram analysis, by divid-
ing the corrected image by the uncorrected image at the level of the porta hepatis
using Image] software. Circular ROIs (1000 mm?) were placed on the uncor-
rected image at the center and four peripheral regions (anterior, posterior, right,
and left). They were applied to the correction map, and a mean value was ob-
tained for the ROI. The normalized correction factor (nCF) was defined as the
mean value of each ROI divided by that of the posterior ROI. In addition, a nCF
map was created by dividing the correction map by the mean value of the post-
erior ROL
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2.6. Quantitative Indices of Liver Parenchymal Enhancement

The liver-to-muscle ratio (LMR) and liver-to-spleen ratio (LSR) of signals were
obtained as quantitative indices of liver parenchymal enhancement. ROIs were
set on the corrected images and applied to the uncorrected images. For the liver,
circular ROIs (100 mm?) were set in the anterior and posterior segments of the
right hepatic lobe and medial segment of the left lobe, avoiding vessels, tumors,
and artifacts (Figure 2). Liver signal intensity was defined as the average of the
mean signal intensities of the three ROIs. For muscle, circular ROIs (100 mm?)
were set in the right and left paravertebral muscles, while minimizing the inclu-
sion of fat. Muscle signal intensity was defined as the average of the mean signal
intensities in the right and left ROIs. A slice showing the right main branch of
the portal vein was used to assess liver and muscle signals. Spleen signal intensity
was defined as the mean signal intensity in a circular ROI (200 mm?) set at the
splenic hilum level. The LMR and LSR were calculated for each image by divid-

ing the liver signal by the muscle and spleen signals, respectively.

2.7. Statistical Analysis

Values are expressed as means + SD. Statistical analyses were conducted using R
version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria). Com-
parisons among patient groups distinguished according to the software version
used (independent groups) were performed by one-way analysis of variance
(ANOVA) followed by the Tukey-Kramer test for parametric data, and the
Kruskal-Wallis test followed by the Steel-Dwass test for nonparametric data.
Data with and without non-uniformity correction were compared using the
paired t-tests (for parametric data) and the Wilcoxon signed-rank test (nonpa-
rametric data). When comparing nCFs among the different ROIs (repeated
measures), repeated-measures ANOVA followed by Scheffe’s multiple compari-

sons test was used for parametric data, and the Friedman test followed by the

Figure 2. Regions of interest (ROIs) to assess signal intensities in the liver, muscle, and
spleen.
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Wilcoxon signed-rank test was applied for nonparametric data. In all analyses, p
< 0.05 was taken to indicate statistical significance. For visual assessment, Fleiss’s

kappa statistics were calculated to assess interobserver agreement.

3. Result

3.1. Visual Assessment of Uniformity

Severe superficial hyperintensity was observed in most uncorrected image sets,
and tended to be evident in the anterior and posterior parts of the liver. The
mean visual scores were close to 1 in all three groups, and there were no signifi-
cant differences among the groups (Figure 3). The visual scores were higher for
the corrected than uncorrected images in all groups, indicating improved un-
iformity of liver signals (p < 0.05 for all groups). The score was highest for the
DV26 group, followed by the DV25 and DV25.1 groups, and there were signifi-
cant differences in all paired comparisons (p < 0.05 for all comparisons). Fleiss's

kappa coefficient was 0.633, showing substantial agreement.

3.2. Histogram Analysis of Signal Intensity

Neither the FWHM nor FWQM differed significantly among the three groups
for the uncorrected images (Figure 4). The FWHM and FWQM were smaller for
the corrected than uncorrected images in all groups, indicating improved image
uniformity (p < 0.05 in all groups). The FWHM and FWQM were significantly
larger for the DV25.1 group than for the other two groups (p < 0.05 in both

group comparisons).

3.3. Correction Factors for Non-Uniformity Correction

Examples of nCF maps are presented in Figure 5. The nCF were lower in the
peripheral regions than the central region, indicating that PURE decreased pe-

ripheral pixel values relative to central values; this corresponds to depression of

—
++

Visual score

Uncorrected Corrected

Figure 3. Visual scores. The black, gray, and white columns represent mean values in the
DV25, DV25.1, and DV26 groups, respectively. The error bars show SDs. The symbols
and % indicate significant differences compared to the DV25 and DV25.1 groups, respec-
tively.
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Figure 4. (a) full-width at half-maximum (FWHM) and (b) full-width at quar-
ter-maximum (FWQM) values determined by histogram analysis. The black, gray, and
white columns represent mean values in the DV25, DV25.1, and DV26 groups, respec-
tively. The error bars show SDs. The symbol T indicates a significant difference compared
to the DV25.1 group.

Figure 5. Examples of normalized correction factor (nCF) maps fused with PURE-corrected images in the (a) DV25, (b) DV25.1,
and (c) DV26 groups. The nCF maps were displayed using a color scale ranging from 0 to 4.

superficial hyperintensity. The nCF maps in the DV25 and DV26 groups showed
lower nCFs in the anterior and posterior regions than in the right and left re-
gions, implying stronger depression of superficial hyperintensity in the anterior
and posterior regions. The nCF in the DV25 and DV26 groups were significantly
lower for the anterior region than for the right and left regions (p < 0.05 in both
groups) (Figure 6).

The nCF maps demonstrated that the nCFs tended to be lower in the DV25.1
group throughout the image section than in the DV25 and DV26 groups, im-
plying weaker correction effects (Figure 5). The nCFs for the right, left, and
central regions were significantly lower in the DV25.1 group than the other two
groups (Figure 6). For the anterior region, the nCF was significantly lower in the
DV25.1 than DV26 group, but there was no significant difference between the
DV25 and DV25.1 groups (Figure 6).

3.4. Quantitative Indices of Liver Parenchymal Enhancement

Neither LMR nor LSR differed significantly among the three groups for the un-
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corrected images (Figure 7). Compared with the uncorrected images, the LMR
was higher for the corrected images (p < 0.05 in all groups). The LMR for the
corrected images was significantly higher in the DV25 and DV26 groups than in
the DV25.1 group (p < 0.05 in both group comparisons). Compared with the
uncorrected images, the LSR was higher for the corrected images (p < 0.05 in all

groups), but there were no significant differences among the three groups.

4. Discussion

The primary purpose of Gd-EOB-DTPA-enhanced MR imaging is to evaluate
focal liver lesions [7] [8] [9] [10]. Local non-uniformity of the liver signal may
disturb determining an optimal image display, and consequently, evaluating liv-

er lesions. It takes more time for the diagnostic radiologist to adjust the image

5f

—

——+
—

Normalized correction factor (nCF)

0

Anterior Center Right Left

Figure 6. Normalized correction factor (nCFs). The black, gray, and white columns
represent mean values for the DV25, DV25.1, and DV26 groups, respectively. The error
bars show SDs. The symbol 1 indicates a significant difference compared to the DV25.1

group.
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Figure 7. (a) liver-to-muscle ratio (LMR) and (b) liver-to-spleen ratio (LSR). The black,
gray, and white columns represent mean values for the DV25, DV25.1, and DV26 groups,
respectively. The error bars show SDs. The symbol t indicates significant differences
compared to the DV25 and DV 26, respectively.
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display scale (ie., window width and window level), which may increase the time
required for image reading. A previous study showed that PURE was superior to
SCIC for non-uniformity correction in 3T Gd-EOB-DTPA-enhanced MR imaging
[11]. PURE is a calibration-based method similar to Prescan Normalize (Siemens)
and CLEAR (Philips) provided by other vendors and is commonly used [5]. In this
study, we compared the effects of non-uniformity correction among different ver-
sions of the PURE method, which was applied to Gd-EOB-DTPA-enhanced hepa-
tobiliary-phase images obtained using a 3T scanner. Although the subjects dif-
fered among the software version groups, there were no significant group dif-
ferences for any indices assessed in the uncorrected images, thus indicating no group
differences in the degree of non-uniformity for the uncorrected images. Therefore,
the differences in the corrected images among software versions were considered to
be due to the differences in the algorithm for each software version.

We performed visual assessments of hyperintensity near the liver surface as an
indicator of non-uniformity. Uncorrected images showed superficial hyperin-
tensity near the liver surface. Correction with all software versions of PURE im-
proved the uniformity of the liver signal. However, the degree of improvement
differed among software versions, and visual scores were higher in the order of
DV26, DV25, and DV25.1. The DV26 version, released last among the three ver-
sions, effectively resolved superficial hyperintensity.

Histogram analysis was performed for objective assessment of liver signal
non-uniformity. The FWHM and FWQM values for each image set were deter-
mined through this analysis. Low FWHM and FWQM values mean that signal
variations are small and the uniformity of the liver signal is high [11]. After cor-
recting the data with PURE, the FWHM and FWQM values decreased, implying
an improvement in uniformity. The effects of lowering the FWHM and FWQM
values were significantly weaker for DV25.1 compared to the other software ver-
sions, consistent with the results of the visual assessment.

To investigate the spatial distribution of the effect of non-uniformity correc-
tion, a correction factor map was created by dividing the corrected image by the
uncorrected image. The correction factor was smallest in the posterior region of
the body, which may have been because the coil sensitivity of the MR scanner
used in this study was higher in the posterior region than the anterior region.
The correction factor normalized to that in the posterior region was higher in
the central than the peripheral region, reflecting lower sensitivity in the central
region. In DV25.1, the nCF was small, especially in the central and lateral re-
gions, indicating insufficient non-uniformity correction.

The LSR and LMR are widely used as simple quantitative indices of liver pa-
renchymal enhancement in Gd-EOB-DTPA-enhanced MR imaging [7] [12] [13]
[14] [15] [16]. The LMR and LSR represent the liver signal normalized to the
muscle and spleen signals, respectively [13] [14] [15]. However, it has been
pointed out that such indices derived from hepatobiliary-phase images only may

be affected by differences in scanners and scan parameters [7] [12] [16]. In this
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study, the effects of differences in software versions for non-uniformity correc-
tion were assessed using the same scanner and scan parameters. Non-uniformity
correction using PURE increased the LMR, which may have been because the
ROIs for the liver were located more deeply than those for the muscle and the
signal increase due to non-uniformity correction was stronger for the liver. The
LSR was also increased by PURE, but the degree was mild. This may have been
because the difference in depth between the liver and spleen ROIs was small. Af-
ter non-uniformity correction, the LMR showed significant differences among
software versions and was significantly lower for DV25.1 than for the other
software versions. In Gd-EOB-DTPA-enhanced MR imaging using a 3T scanner,
it should be noted that the quantitative indices of liver parenchymal enhance-
ment may differ depending on the software version used, even when non-uniform-
mity correction of the same brand name is applied. The LMR is particularly sus-
ceptible to non-uniformity correction.

We found that PURE improved uniformity irrespective of the version; how-
ever, the degree of improvement differed among versions, which affected the
quantitative indices of liver parenchymal enhancement. When the software ver-
sion of the MR scanner is changed, it is necessary to check whether the algo-
rithm for non-uniformity correction has also been changed. In addition, studies
regarding Gd-EOB-DTPA-enhance MR imaging using a 3T scanner must clarify
the software version used for non-uniformity correction rather than simply re-
porting that PURE was used.

This study had some limitations. First, the three software versions were applied
to different patients. Although no differences in uncorrected images were observed,
intra-patient comparisons are desirable. We evaluated non-uniformity correction
provided by a single manufacturer; further studies involving other manufacturers
are required. In addition, the effects of differences in a non-uniformity correction
on diagnostic performance, and the efficiency of Gd-EOB-DTPA-enhanced MR

image reading, remain to be examined in future investigations.

5. Conclusion

We compared three different software versions of PURE in 3T Gd-EOB-DTPA-
enhanced MR imaging and demonstrated differences in correction effects. Even
if the non-uniformity correction method has the same brand name, correction
effects may differ depending on the software version, and these differences may

affect visual and quantitative evaluations.
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