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Abstract
Objectives The multiple arterial-phase (AP) technique was introduced for liver MRI, but it is not really known if multiple
AP MRI (MA-MRI) improves image quality and lesion detection rate on gadoxetate disodium–enhanced MRI in compar-
ison with single AP MRI (SA-MRI). We aimed to determine the clinical usefulness of MA-MRI in comparison with SA-
MRI.
Methods Original articles reporting the percentage of adequate AP imaging and the lesion detection rate on gadoxetate
disodium–enhanced MA-MRI were identified in PubMed, EMBASE, and Cochrane Library databases. The pooled percentage
of adequate AP imaging and lesion detection rate were calculated using random-effects meta-analysis of single proportions.
Subgroup analysis was performed to explain causes of study heterogeneity, and publication bias was evaluated using Egger’s test.
Results Of 772 articles screened, 22 studies in 12 articles were included: 18 studies (ten MA-MRI and eight SA-MRI) suitably
defined the percentage of adequate AP imaging and four (three MA-MRI and one SA-MRI) defined the lesion detection rate.
MA-MRI had 16.1% higher pooled percentage of adequate AP imaging than SA-MRI (94.8% vs. 78.7%, p < 0.01). MA-MRI
additionally detected 33.2% of lesions than SA-MRI (83.2% vs. 50.0%, p = 0.06). Substantial study heterogeneity was found in
MA-MRI, and the definition of adequate AP imaging, lesion characteristics, and reference standards were significant factors
affecting study heterogeneity (p ≤ 0.02). Significant publication bias was found inMA-MRI (p < 0.01) but not in SA-MRI studies
(p = 0.87).
Conclusions Gadoxetate disodium–enhanced MA-MRI may be more clinically useful than SA-MRI, but further study is neces-
sary to validate this finding because of study heterogeneity and publication bias.
Key Points
• Multiple arterial-phase MRI (MA-MRI) had a 16.1% higher pooled percentage of adequate AP imaging than single arterial-
phase MRI (SA-MRI) (94.8% vs. 78.7%, p < 0.01).

• MA-MRI additionally detected an extra 33.2% of lesions compared with SA-MRI (83.2% vs. 50.0%, p = 0.06).
• Substantial study heterogeneity and significant publication bias were found across MA-MRI studies.
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Introduction

Gadoxetate disodium (Eovist/Primovist; Bayer HealthCare)
contrast agent has been widely used in liver magnetic reso-
nance imaging (MRI) because its hepatocyte-specific uptake
enables hepatobiliary-phase imaging as well as dynamic phase
imaging similar to that obtained using conventional extracel-
lular contrast agents [1, 2]. However, despite the importance
of the hepatobiliary-phase images obtained on gadoxetate
disodium–enhanced MRI which can provide additional lesion
detection and characterization, arterial-phase (AP) imaging is
of the upmost important in the diagnosis and evaluation of
treatment response in hypervascular tumors such as hepato-
cellular carcinoma (HCC) [3–5]. However, the detection of
arterial-phase hyperenhancement (APHE) on gadoxetate
disodium–enhanced MRI can be particularly challenging be-
cause of unsatisfactory AP images, with weaker APHE due to
the smaller administered volume and gadolinium content and
more frequent transient severe motion artifacts in comparison
with extracellular contrast agent [6, 7].

To overcome these limitations, the multiple AP tech-
nique involving the acquisition of multiple AP images
with a fixed time delay was introduced [8]. The multiple
AP technique provides images from more than one AP,
which offers the potential for improved precise evaluation
of APHE in focal hepatic lesions and a more lesion de-
tection [2]. Although the spatial resolution and signal-to-
noise ratio can be reduced because of the requirement for
a higher temporal resolution to obtain multiple AP images
[2], these weaknesses can be mitigated by efforts to ac-
celerate the acquisition speed of MRI, including improve-
ments in MRI techniques [9].

Many studies have suggested that acquisition of multiple
AP images can improve the rate of adequate AP imaging and
lesion detection in comparison with acquisition of a single AP
image [10–21]. However, while these studies generally agree
on the clinical usefulness of multiple AP MRI (MA-MRI)
with gadoxetate disodium, the reported results are quite vari-
able, and it is difficult to determine to what extent MA-MRI
can improve the rate of adequate AP imaging and lesion de-
tection in comparison with single AP MRI (SA-MRI). For
example, Ichikawa et al reported that MA-MRI resulted in
an additional 7% in the rate of adequate AP imaging (98%
vs. 91%) compared with SA-MRI, whereas Yoon et al report-
ed a 26% higher percentage of adequate AP imaging (90% vs.
74%) [13, 20]. Therefore, it is necessary to critically and ob-
jectively review the published literature before MA-MRI is
widely adopted in clinical practice.

In this systematic review and meta-analysis, we aimed to
determine the clinical usefulness of gadoxetate disodium–
enhanced MA-MRI in respect to obtaining adequate AP im-
aging and detection of hepatic lesions, making comparisons
with SA-MRI.

Materials and methods

This systematic review and meta-analysis was performed ac-
cording to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [22]. The
following literature search, study selection, data extraction,
and study quality assessment were independently conducted
by two reviewers (6 years and 1 year of experience in system-
atic reviews and meta-analyses, respectively), and any dis-
agreements were resolved in consensus.

Search strategy

A literature search of the PubMed, EMBASE, and Cochrane
Library databases was conducted to find research articles
reporting the percentage of adequate AP imaging and the le-
sion detection rate. The search terms included “liver,” “MRI,”
and “arterial phase,” and the detailed search terms are summa-
rized in Supplementary Table 1. The search was limited to
original studies on human subjects written in English and
published between January 1, 2011, and March 22, 2021.

Eligibility criteria

The inclusion criteria were (1) patients: adults (≥ 18 years old)
who underwent MRI evaluation; (2) index test: gadoxetate
disodium–enhanced MRI with multiple AP images; (3) com-
parison: gadoxetate disodium–enhanced MRI with a single
AP; and (4) outcomes: proportion of adequate AP imaging
and lesion detection rate.

Studies meeting any of the following criteria were exclud-
ed: (1) studies not clearly describing the percentage of ade-
quate AP imaging or the lesion detection rate; (2) studies with
a population overlapping with another included study; (3) case
reports or series including fewer than ten patients; and (4)
study protocols, conference abstracts/papers, reviews, guide-
lines, books, letters, editorials, errata, and surveys.

Data extraction and quality assessment

The following data were extracted from each eligible study:
(1) study characteristics: authors, publication year, country,
institution, duration of patient enrollment, and study design;
(2) patient characteristics: number of patients, age, sex, and
the purpose of liver MRI; (3) MRI characteristics: MRI ven-
dor, magnetic field, type of contrast agent, free breathing im-
age acquisition, number of multiple AP images, and specific
imaging techniques for multiple AP imaging; (4) reading pro-
cess: number of readers and imaging reading process used to
determine representative results among the readers (average
vs. consensus); (5) reference standard; and (6) outcomes: per-
centage of adequate AP imaging and lesion detection rate.
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A tailored tool modified from the Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2) tool was used
to assess study quality. Details of this modified QUADAS-2
tool are summarized in Supplementary Table 2. The risk of
bias and applicability in regard to patient selection, index test,
and image analysis were evaluated for each individual study.

Data synthesis

To evaluate the clinical usefulness of MA-MRI in comparison
with SA-MRI, the results for MA-MRI and SA-MRI in all
included articles were segregated and analyzed separately.
The pooled percentage of adequate AP imaging and the lesion
detection rate on the AP images were calculated using
random-effects meta-analysis of single proportions [23]. The
lesion detection rate refers to the number of lesions detected
on the AP images divided by the total number of analyzed
lesions. Heterogeneity was evaluated using Higgins’ inconsis-
tency index (I2 > 50% indicating substantial heterogeneity)
[24]. Publication bias was evaluated using funnel plots and
Egger’s test (p < 0.05 indicating significant bias) [25].

Subgroup analyses were conducted using the following
covariates: (1) geographical region of the study population
(eastern vs. western); (2) study design (prospective vs. retro-
spective); (3) lesion characteristics (HCC or precursors vs.
others); (4) magnetic field strength of the scanner; (5) multiple
AP technique characteristics (free breathing imaging acquisi-
tion, number of multiple APs, and use of view sharing tech-
nique); (6) definition of adequate AP imaging (strict vs. less
strict definition of adequate AP); (7) reference standard (pa-
thology only vs. other MRI sequences); and (8) reading pro-
cess (independent multiple reviewers vs. single reviewer or
consensus reading). Regarding lesion characteristics, others
included non-hypervascular hepatic lesions (i.e., metastasis
or biliary cystadenocarcinoma) as well as HCCs. A strict def-
inition of adequate AP imaging was applied, which required
all of the following three features to be present: strong en-
hancement of the hepatic artery, weaker enhancement of the
portal vein in comparison with the hepatic artery, and no he-
patic vein enhancement [11, 24]. p-values < 0.05 were con-
sidered statistically significant. All statistical analyses were
conducted using the “metafor,” “meta,” and “weightr” pack-
ages in R version 4.0.3 (R Foundation for Statistical
Computing).

Results

Literature search

The PubMed (n = 609), EMBASE (n = 1035), and Cochrane
Library (n = 17) database searches retrieved 772 articles (Fig.
1). In a first screening by titles and abstracts, 719 articles wereTa
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excluded (the specific reasons for exclusion are illustrated in
Fig. 1). Of the 53 articles remaining for full-text review, 12
articles were finally included in the analysis: nine articles only
reporting the percentage of adequate AP image, and two only
reporting the lesion detection rate, and one reporting both the
two outcomes. When the results of MA-MRI and SA-MRI in
all included articles were separated, among the ten articles
reporting the percentage of adequate AP imaging, eight stud-
ies used a single AP acquisition and ten studies used multiple
AP acquisitions. In the three articles reporting lesion detection
rate, one study used a single AP acquisition and three studies
used multiple AP acquisitions.

Study characteristics

The demographic characteristics of the 12 included arti-
cles are summarized in Table 1. Among the 12 articles,
eight were of eastern origin [11, 13, 15–20] and four were
of western origin [10, 12, 14, 21]. Three articles were
prospectively conducted [14, 17, 21], and the remaining
nine were retrospectively performed. The number of pa-
tients ranged from 24 to 752. MRI was performed in pa-
tients at risk for HCC in seven articles [11, 13, 15,
17–20], and patients with suspected focal liver lesions in
one article [14], whereas the population characteristics
were not specified in four articles.

A 3-TMRI scanner was used in 11 articles [10–17, 19–21],
whereas one article used both 1.5-T and 3-T scanners [18]

(Table 2). Only one article used a free breathing technique
[19]. The number of multiple APs varied from 2 to 6. The
view sharing technique was used to obtain multiple APs in
six articles [10, 14–16, 18, 19]. Details of the MRI techniques
used are summarized in Table 2.

Of the three articles that reported lesion detection rate, one
article used pathology only as a reference standard [11] and
two used other MRI sequences [14, 20].

Study quality results

The results of the study quality assessment using the modified
QUADAS-2 are summarized in Supplementary Table 3. In the
patient selection domain, four articles had an unclear risk of
bias because they did not fully explain whether they avoided
inappropriate exclusion or did not clearly state whether pa-
tients were consecutively included [10, 15, 18, 19]. In the
index test domain, three articles had a high risk of bias because
they used different multiple AP techniques in the same study
[10, 11, 15]. In the image analysis domain, one article had a
high risk of bias because independent image analysis was not
performed [12].

Percentage of adequate AP acquisitions

In the total of 18 studies with 2371 subjects, the percent-
age of adequate AP imaging ranged from 56.7 to 100%,
with a pooled percentage of 88.6% (95% confidence

Fig. 1 Flow diagram for study
selection
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interval [CI], 83.3–92.3%) (Fig. 2). In the ten MA-MRI
studies, the pooled percentage of adequate AP imaging
was 94.8%, which was significantly higher than the
78.7% in the eight SA-MRI studies (94.8% [95% CI =
90.1–97.3%] vs. 78.7% [95% CI = 68.8–86.1%], p <
0.01), and provided an extra 16.1% of acquisition with
adequate AP imaging. Substantial study heterogeneity
was present in both groups (I2 = 82.8% in MA-MRI and
90.9% in SA-MRI). Publication bias was significant in the
MA-MRI studies (p < 0.01) but not in the SA-MRI stud-
ies (p = 0.87) (Supplementary Figure 1).

In the subgroup analysis, the percentage of adequate
AP imaging on MA-MRI differed significantly according
to the definition of adequate AP imaging (Table 3).
Studies that used a strict definition of adequate AP imag-
ing had a significantly lower percentage of adequate AP
imaging than those that used a less strict definition
(91.6% vs. 98.1%, p = 0.01).

Lesion detection rate

In four studies with 221 subjects, the lesion detection rate on
the AP images ranged from 50.0 to 93.9%, with a pooled
detection rate of 77.3% (95% CI, 58.2–89.3%) (Fig. 3). In
three MA-MRI studies, the pooled lesion detection rate was
83.2% (95%CI, 69.4–91.5%), whereas in one SA-MRI study,
it was 50.0% (95% CI, 31.0–69.0%). Compared with SA-
MRI, MA-MRI showed a tendency for a higher lesion detec-
tion rate, with an additional 33.2% of lesions detected, but the
difference was not statistically significant (83.2% vs. 50.0%, p
= 0.06). MA-MRI group showed substantial study heteroge-
neity (I2 = 63.5%), whereas no significant publication bias
was found (p = 0.59) (Supplementary Figure 2).

In the subgroup analysis, the lesion detection rate in MA-
MRI studies differed significantly according to lesion charac-
teristics and reference standards (Table 3). Studies exclusively
including HCC or precursor HCC lesions had a significantly

<Multiple AP>

<Single AP>

Fig. 2 Forest plot of the percentage of adequate arterial-phase (AP) imaging in studies using multiple AP and single AP acquisitions
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higher lesion detection rate than those including both HCC
and non-hypervascular tumors (93.9% vs. 78.3%, p = 0.02).
Studies that used pathology only as the reference standard had
a significantly higher lesion detection rate than those with
other MRI sequences as the reference standard (93.9% vs.
78.3%, p = 0.02). Due to a lack of eligible study for SA-
MRI (n = 1), subgroup analysis of SA-MRI was not available.

Discussion

Our meta-analysis found that MA-MRI had a significantly
higher percentage of adequate AP imaging than SA-MRI
(94.8% vs. 78.7%, p < 0.01). In addition, although it was
not statistically significant, there was a tendency for the lesion
detection rate to be higher on MA-MRI than on SA-MRI
(83.2% vs. 50.0%, p = 0.06). However, as the reported results
varied across the studies according to the definition of ade-
quate AP imaging lesion characteristics, and reference stan-
dards, careful interpretation of the findings is needed.

The higher percentage of adequate AP imaging and the
higher lesion detection rate on MA-MRI compared with SA-
MRI may be associated with technical advances in liver MRI.
Our results are in concordance with those in previous studies,
which reported improvements of MA-MRI in obtaining ade-
quate AP with reduced artifact [11]. Recent techniques for
shortening the MRI acquisition time, such as compressed
sensing (acquiring less data through undersampling of k-
space) and parallel imaging (simultaneous data acquisition
via multiple receiver coil elements of phase array coils), allow
multiple AP imaging acquisitions with preservation of image
quality [9], thereby enabling acquisition and selection of the
most appropriate AP images and improving the lesion detec-
tion. As there is more chance of observing the dynamic en-
hancement pattern of the tumor when multiple AP images are
acquired [17], MA-MRI should provide more valuable infor-
mation for characterizing focal hepatic lesions. Therefore, in
the characterization of focal hepatic lesion in patients at risk
for HCC, MA-MRI may be more clinically useful than SA-
MRI, as well as providing an increased probability of
obtaining an adequate AP acquisition.

However, the percentage of adequate AP imaging on MA-
MRI differed according to its definition. Unlike the studies
using a strict definition of adequate AP imaging (all three of
the following features present: strong enhancement of the he-
patic artery, weaker enhancement of the portal vein than the
hepatic artery, and no hepatic vein enhancement), those using
a less strict definition of adequate AP imaging may have con-
sidered an AP image to be adequate when only two or more
features were present. Because the performance of an index
test can differ according to the pre-specified cut-off value or
definition of positive result [26], the different definitions of
adequate AP imaging provide a reasonable explanation for theT
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cause of different percentages of adequateness. Therefore, we
consider the value of 91.6% for studies that used a strict def-
inition to be a reliable estimate of the percentage of adequate
AP on MA-MRI with gadoxetate disodium.

Regarding lesion characteristics, studies exclusively in-
cluding HCC or its precursors had a significantly higher lesion
detection rate on MA-MRI than those including various le-
sions (93.9% vs. 78.3%). Because all included studies ana-
lyzed the lesion detection rate on only AP images in compar-
ison with reference standards, the lesion detection rate may be
related to the hypervascularity of the analyzed lesions. In other
words, the higher lesion detection rate in studies including
HCC or its precursors may be due to the hypervascular pre-
sentation of most HCCs, whereas the lower lesion detection
rate in other studies may be because they analyzed heteroge-
neous and non-hypervascular lesions (metastasis and biliary
cystadenocarcinoma) [14, 20], which are usually difficult to
detect on AP images. Therefore, lesion detection rates onMA-
MRI should be interpreted with consideration of the charac-
teristics of the analyzed lesions.

In addition, lesion detection rate was also significantly
different according to the type of reference standard.
Generally, considering that the diagnostic performance of
an index test is evaluated against a reference standard for
the disease of interest, the performance of an index test can
vary according to the characteristics of the participants,
setting, tests, and reference standard [27]. However, our
result should be cautiously interpreted because all the stud-
ies including HCC or its precursors used pathology only as
the reference standard which served as another source of
heterogeneity. By contrast, all the studies including both
HCC and non-hypervascular tumors used other MRI se-
quences as the reference standard. Therefore, given the

limitation due to small number of eligible studies, further
studies including a larger number of studies are needed to
clearly evaluate the effect of the reference standard on the
diagnostic performance of MA-MRI.

Our study has several limitations. First, substantial study
heterogeneity was noted. Although study heterogeneity is in-
evitable because of the various study designs, patient charac-
teristics, and MRI characteristics, we tried to explain the
causes of study heterogeneity through robust subgroup analy-
ses and detected several associated factors with plausible ex-
planations. Second, significant publication bias was found in
studies reportingMA-MRI. Studies with significant results are
more likely to be published than those without significant
results, which might have led to an upward bias in the meta-
analytic summary estimates [28], and careful interpretation is
necessary when the findings are applied to clinical practice.
Third, various MRI techniques were used to obtain multiple
AP images across the individual studies. Although we per-
formed subgroup analyses according to the use of free breath-
ing imaging acquisition and view sharing technique, we could
not investigate the effect of more specific or other multiple AP
techniques on study heterogeneity because of a lack of infor-
mation and difficulties in subgrouping.

In conclusion, our study found that MA-MRI with
gadoxetate disodium provided a higher rate of adequate AP
imaging than SA-MRI, but the differences for lesion detection
rate were not statistically significant. On the basis of the pub-
lished literature, we consider MA-MRI to be more clinically
useful than SA-MRI, although at this stage it might be inap-
propriate to fully adopt multiple AP acquisitions in clinical
practice because of substantial study heterogeneity and publi-
cation bias. Therefore, further study is necessary to establish
more solid evidence supporting the use of MA-MRI.

<Multiple AP>

<Single AP>

Fig. 3 Forest plot of the lesion detection rate in studies using multiple arterial-phase (AP) and single AP acquisitions
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