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Abstract

Objectives To systematically determine the diagnostic accuracy of 18-fluorodeoxyglucose positron emission tomography/

magnetic resonance imaging ([' *F]JFDG-PET/MRI) for the detection of liver metastases and evaluate the sources of heterogeneity

in the reported results.

Methods PubMed and EMBASE databases were searched up until December 31, 2017, to identify original research studies

reporting the diagnostic performance (Se and Sp) of PET/MRI for liver metastases, in comparison with PET/CT. Study quality

was assessed using QUADAS-2. The summary Se and Sp of the studies were estimated using hierarchical modeling methods. To

determine causes of study heterogeneity, the presence of a threshold effect was analyzed, and meta-regression analysis was

performed.

Results Of 546 articles screened, eight suitable articles were identified, with seven for per-lesion analysis, and four for per-patient

analysis. The meta-analytic summary Se and Sp for per-patient-based analysis were 99.2% (95% CI, 31.4-100.0%, I = 89.4%)

and 98.6% (95% CI, 84.0-99.9%, I’ = 0.0%), respectively, while for per-lesion-based analysis they were 95.4% (95% CI, 78.3—

99.2%, I =99.7%) and 99.3% (95% CI, 93.8-99.9%, I’ =96.5%). PET/MRI showed higher Se (95.4% vs. 68.3%) and Sp

(99.3% vs. 95.8%) than PET/CT. Meta-regression analysis showed five significant factors affecting study heterogeneity: study

subject characteristics, study design, MRI technique (DWI, HBP after injection of liver-specific contrast media), imaging review

method, and reference standard.

Conclusion The diagnostic accuracy of ['*FJFDG-PET/MRI for liver metastasis was high overall, but substantial heterogeneity

was found. Further randomized controlled studies or prospective studies are needed to investigate the role of PET/MRI in liver

metastasis in comparison with PET/CT.

Key Points

« ["®FIFDG-PET/MRI has high meta-analytic Se and Sp for the diagnosis of liver metastasis.

* PET/MRI using DWI and HBP images significantly increased diagnostic accuracy.

* Study heterogeneity was associated with subject characteristics, study design, MRI technique, image review method, and
reference standard.

Keywords Fluorodeoxyglucose F18 - Positron emission tomography-computed tomography - Magnetic resonance imaging -
Neoplasms - Liver
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Abbreviations

AHRQ Agency for Healthcare Research and Quality

CI Confidence intervals

DWI Diffusion-weighted imaging

FN False negatives

FP False positives

HBP Hepatobiliary phase

HSROC Hierarchical summary receiver operating
characteristic

MRI Magnetic resonance imaging

PET Positron emission tomography

PRISMA  Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

QUADAS Quality Assessment of Diagnostic Accuracy
Studies

Se Sensitivity

Sp Specificity

TN True negatives

TP True positives

Introduction

The liver is one of the most common sites for metastatic dis-
ease, accounting for 25% of all metastases to solid organs [1].
As modern chemotherapy, interventional therapy and resec-
tion of liver metastases may increase survival [2, 3], accurate
diagnosis, and staging of liver metastases is important for
treatment planning and outcome improvement.

Many imaging tests have been used for the diagnosis of
liver metastasis, including computed tomography (CT),
magnetic resonance imaging (MRI), and positron emission
tomography (PET). Although CT is the mainstay for the
staging of liver metastasis because of its easy availability
and speed, it has several limitations, such as ionizing radi-
ation, nephrotoxicity of the contrast media, and inability to
characterize sub-centimeter lesions [4, 5]. By contrast,
MRI can detect and characterize sub-centimeter lesions
using hepatocyte-specific contrast media without subject-
ing the patient to ionizing radiation [6-8]. PET can give
additional information for determining management strat-
egy when CT or MRI is equivocal for the presence of me-
tastasis, and can also play an important role in detecting
postoperative recurrence [9]. However, the metabolic ac-
tivity measured in PET is not specific to metastasis and
may result in false-positive studies [5].

Recently, combined 18-fluorodeoxyglucose PET
(["®F]JFDG-PET)/MRI has been introduced to overcome these
limitations of the current imaging tests. As PET/MRI com-
bines the advantages of PET (metabolic information) and
MRI (precise anatomy, multiparametric signal) [10], its diag-
nostic sensitivity and specificity for liver metastasis might be
enhanced compared with either modality alone. The first study
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on PET/MRI used a fusion of PET and MRI data acquired
separately [11]; however, fully integrated PET/MRI systems
allow simultaneous data acquisition. As such systems are now
available for clinical practice, several studies have reported on
the diagnostic accuracy of PET/MRI for the diagnosis of liver
metastasis [11-18]. These studies generally agree on the po-
tential of PET/MRI as a promising imaging method for the
diagnosis of liver metastasis; however, the reported accuracies
are variable, with Se ranging from 48 to 100% and Sp from 71
to 100% [11-18]. In addition, as some studies included only a
small number of subjects, their results may have limited gen-
eralizability [11, 15, 18]. Therefore, we considered it timely
and important to systematically determine the diagnostic per-
formance of ['*FJFDG-PET/MRI in the diagnosis of liver me-
tastasis in comparison with ['*F]JFDG-PET/CT. We used hier-
archical modeling methods to understand the sources of study
heterogeneity between studies.

Materials and methods

This study was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines for conducting and reporting meta-
analyses, and the analysis was performed using methods ad-
vocated by the Diagnostic Test Accuracy Working Group of
the Cochrane Collaboration [19] and the Agency for
Healthcare Research and Quality (AHRQ) [20].

Literature search strategy

A comprehensive search of PubMed and EMBASE databases
was conducted. The search query was designed with maxi-
mum Se, with the following MeSH terms being used as key-
words: (“Positron-emission tomography” OR “PET”) AND
(“MR” OR “MRI” OR “magnetic resonance imaging” OR
“magnetic resonance”) AND (“metastases” OR “metastasis”)
AND (“liver” OR “hepatic”) AND (accuracy OR Se OR Sp
OR “diagnostic performance”). The search included articles
published up until December 31, 2017, with no start date
limits. The studies were confined to those published in the
English language and concerned with human patients. The
identified articles were managed using Endnote version X7
(Thomson Reuters).

Eligibility criteria

After removal of duplicate articles, one author reviewed the
identified articles to determine their eligibility according to the
following criteria: (a) patients who had suspected liver metas-
tasis from any primary malignancy; (b) index test, [ 18F]FDG-
PET/MRI with or without contrast-enhanced study; (c) com-
parisons with [18F]FDG-PET/CT; (d) outcomes, diagnostic
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accuracy including Se and Sp for the dichotomous diagnosis
of liver metastasis; (e) reference standard, pathological diag-
nosis (surgical or biopsy specimens), or imaging follow-up
results (interval growth or stability); and (f) study design, both
observational studies (retrospective or prospective), and clin-
ical trials. All study subjects presented malignancies that pri-
marily metastasized to the liver. All studies that performed
[I8FIFDG-PET/MRI were included without any restrictions.
Studies with a retrospective fusion of PET and MRI were also
included as well as studies with combined PET/MRI devices.
PET/MRI studies with no comparison with PET/CT were in-
cluded but were separated from those with comparative data.
If data were from various organ metastases, the data on liver
metastasis were separated from those of other metastases. Any
articles with the inseparable article were not included. Studies
were excluded according to the following criteria: (a) studies
with insufficient information to allow construction of a diag-
nostic 2 x 2 table for clinical and imaging results; (b) review
articles, letters, comments, editorials, conference abstracts,
and case reports; (c) studies not in the field of interest; and
(d) studies with duplicated patients and data. If duplicate pub-
lications used the same cohort of patients, the data from the
most recent article were included.

The retrieved articles were first screened according to their
abstracts and titles, and then full-text of potentially eligible
articles was reviewed. Both review sessions (abstracts and
full-text) were performed by two reviewers (with 6 and
2 years of experience in the meta-analysis) working indepen-
dently. Throughout the review sessions, only articles with def-
inite ineligibility were excluded. In the screening of abstract, a
disagreement rate of 4.0% was noted as to whether articles
were within the field of interest, while in the full-text screen-
ing a disagreement rate of 9.5% was noted over whether data
could be extracted for 2 x 2 table to determine diagnostic ac-
curacy. Disagreements between the two reviewers were re-
solved at a consensus meeting in the presence of a third
reviewer.

Data extraction

The following data were extracted to a predefined form: (a)
study characteristics (authors, year of publication, and study
design); (b) study population characteristics (patient number,
age, and sex); (c) lesion characteristics (lesion number, lesion
size, and primary cancer origin); (d) imaging techniques (the
use of contrast-enhanced images, DWI, and hepatobiliary
phase [HBP] images and the amount of FDG); (¢) methods
to interpret images including the presence of predefined im-
aging criteria for metastasis on each imaging test and the
method of image review, i.e., consensus review or indepen-
dent review; (f) details of the reference standard; (g) image
fusion methods (retrospective or simultaneous); (h) study out-
comes, i.e., diagnostic performance of the dichotomous

diagnosis of liver metastasis. To determine the diagnostic ac-
curacy, the exact numbers of true positives (TP), false nega-
tives (FN), false positives (FP), and true negatives (TN) for
liver metastasis on PET/MRI and PET/CT were extracted.
When insufficient data were present, the authors were emailed
and the supplementary information was requested. Two re-
viewers independently performed data extraction, and all dis-
crepancies were resolved at a consensus meeting in the pres-
ence of a third reviewer.

Assessment of study quality

Using the Quality Assessment of Diagnostic Accuracy
Studies 2 (QUADAS-2) criteria, two reviewers independently
assessed the quality of the eligible articles, including the risk
of bias and the applicability of each study. All discrepancies
were resolved by arriving at a consensus between the two
reviewers and a third reviewer.

Data synthesis and statistical analysis
Accuracy of liver metastasis diagnosis

Descriptive analysis The relevant data were recorded and an-
alyzed to perform per- patient- and per-lesion-based analysis
of the diagnostic performance of PET/MRI and PET/CT for
liver metastasis. The Se and Sp for the diagnosis of liver me-
tastasis and 95% confidence intervals (Cls) were calculated
using the generic inverse variance method for calculating
weights. The Higgins /* statistic was used to evaluate the
presence of heterogeneity between studies with respect to
the Se and Sp (/> >50%: substantial heterogeneity). When
substantial heterogeneity was noted, the presence of a thresh-
old effect was analyzed by visual assessment of coupled forest
plots of Se and Sp, as well as by calculating the Spearman
correlation coefficient between the Se and FP rate. A correla-
tion coefficient > 0.6 was considered to indicate a consider-
able threshold effect.

Meta-analytic summary A meta-analytic summary was calcu-
lated using hierarchical modeling methods. The summary Se
and Sp and their 95% CIs were acquired using a bivariate
random effects model. The summary receiver-operating char-
acteristic curve was obtained using a hierarchical summary
receiver-operating characteristic (HSROC) model. For avail-
able articles, we performed subgroup analyses of the diagnos-
tic accuracy of PET/MRI for diagnosing liver metastasis ac-
cording to primary malignancy tumor type and the lesion size
(<1 cm versus > 1 cm).

Comparative analysis with PET/CT Those PET/MRI studies

making a comparison with PET/CT were included in a com-
parative analysis. The meta-analytic summary diagnostic
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accuracies of PET/MRI and PET/CT were compared using
95% Cls and meta-regression analytical methods. For avail-
able articles, we performed subgroup comparative analyses
between PET/MRI and PET/CT according to the primary ma-
lignancy tumor type and the lesion size (< 1 cm versus > 1 cm).

Meta-regression analysis Meta-regression analysis was per-
formed to identify further causes of study heterogeneity, with
the following covariates being considered: (a) study subjects
(one type of primary cancer vs. various types of primary can-
cers); (b) study design (prospective vs. retrospective); (c)
PET/MRI data acquisition method (simultaneous fusion vs.
retrospective fusion); (d) MRI technique (acquisition with
DWI vs. acquisition without DWI; acquisition with HBP im-
age vs. acquisition without HBP image); (e) imaging review
method (consensus review or independent review); and (g)
reference standard (reference standard determined using pa-
thology in > 50% subjects vs. in < 50% subjects).

Analysis of publication bias A Decks’ funnel plot was visually
evaluated to determine any publication bias, with its statistical
significance being examined using Deeks’ asymmetry test.

Statistical analysis was performed with Stata version 15.0
(StataCorp LP). A value of p < 0.05 was considered statistical-
ly significant.

Results
Literature search

A total of 546 articles were screened after the exclusion of
duplicate articles. Of these, we removed 504 articles accord-
ing to their titles and abstracts. In addition, a further 34 articles
were excluded after a full-text review (Fig. 1). Of the remain-
ing eight articles [1, 2, 8, 10, 12, 14, 17, 21], three reported the
diagnostic performance of PET/MRI for diagnosing liver me-
tastasis on both a per-patient and per-lesion basis [11, 12, 14],
and one reported it only on a per-patient basis [13]. Therefore,
four articles were available for per-patient analysis [11-14]. In
addition, of the eight articles, after excluding one article that
only reported per-patient results, seven articles were available
for per-lesion analysis [11, 12, 14-18]. Of the seven articles
for the per-lesion analysis, five reported diagnostic results for
both PET/CT and PET/MRI [11, 12, 14, 15, 18], but two only
covered PET/MRI [16, 17].

Of the eight articles, seven clearly defined test positivity
criteria on PET/MRI (Supplementary Table 1) [11-17], with
six using a 3-point or 5-point diagnostic confidence scale for
test positivity [11-15, 17]. Seven articles qualitatively
assessed FDG uptake of the focal lesion [11, 12, 14-18] and
only one article quantitatively assessed FDG uptake [13] to
determine test positivity.
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Article characteristics and quality according
to QUADAS-2

Table 1 summarizes the characteristics of the individual stud-
ies. Of the eight articles, the study subjects in three articles had
only one type of primary cancer [13, 15, 18]. Four articles
were prospective studies [12, 14, 17, 18], and four were ret-
rospective studies [11, 13, 15, 16]. Most articles used DWI-
MRI with PET [12-15, 17, 18], obtaining simultaneous imag-
ing fusion [12, 13, 15, 17, 18]. Pathology and imaging follow-
up were used together as a reference standard in five articles
[12-15, 17], with two articles using only imaging follow-up
[16, 18], and one article using only pathology [11].

The quality of the included articles is summarized in
Supplementary Fig. 1. The lack of external reference standard
and the unclearness of blinding between the index test and
reference standard were notable areas of quality concern. All
eight studies were unclear as to whether interpret the reference
standard results were interpreted without knowledge of the
results of the index test. In addition, five studies were unclear
as to whether interpret the index test results were interpreted
without knowledge of the results of the reference standard.

Diagnostic accuracy of PET-MRI for liver metastasis

As the per-patient-based and per-lesion-based results were
considered as separate sets of results for the analyses, we
analyzed a total of 11 sets of results from eight articles (four
studies for the per-patient analysis and seven studies for the
per-lesion analysis) in the meta-analysis of the diagnostic per-
formance of PET/MRI for liver metastasis. The results of the
meta-analysis for the per-patient and per-lesion analyses are
summarized in Table 2.

In the per-patient-based analysis, the sensitivities and spec-
ificities of individual studies were 85-100% and 96-100%,
respectively. Substantial study heterogeneity was noted with
regard to Se (I° = 89.4%), but there was no study heterogene-
ity with regard to Sp (/° = 0.0%). The coupled forest plot of Se
and Sp did not show an apparent threshold effect (Fig. 2a).
The Spearman correlation between Se and FP rate was 0.333
(p=0.667), also indicating the lack of a threshold effect. The
meta-analytic summary Se and Sp were 99.2% (95% CI,
31.4-100.0%) and 98.6% (95% CI, 84.0-99.9%),
respectively.

In the per-lesion-based analysis, the sensitivities and spec-
ificities of individual studies were 48—-100% and 80-100%,
respectively. Substantial study heterogeneity was noted with
regard to both Se (P =99.7%) and Sp (P =96.5%). The
coupled forest plot of Se and Sp did not reveal an apparent
threshold effect (Fig. 2b), and the Spearman correlation be-
tween Se and FP rate was —0.249 (p =0.591), indicating the
lack of a threshold effect. The meta-analytic summary Se and
Sp were 95.4% (95% Cl, 78.3-99.2%) and 99.3% (95% CI,
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Fig. 1 Flow diagram of study
selection for the systematic
review and meta-analysis

Records identified through Pubmed
MEDLINE searching
(n=247)

searching
(n=841)

Records identified through EMBASE

Records after duplicates removed

(n=546)

Records screened by title and abstract

(n = 546)

k.

Records excluded
(n=504)

262 case reports, review articles, editorial,
letters, comments, or conference
abstracts/conference proceedings

242 articles not within the field of interest
of this study or not used PET-MRI

Full-text articles assessed for eligibility

(n=42)

Articles included in analysis

(n=8)

4 articles with per patient based analysis
regarding diagnostic accuracy of PET-MRI

7 articles with per lesion based analysis
regarding diagnostic accuracy of PET-MRI

Full-text articles excluded, with reasons
(n=34)

17 rewiews/conference abstract/
conference proceedings

15 articles with neither sufficient data to
construct diagnostic 2-by-2 table

1 article mixing liver metastasis and other
distant metastasis (inseparable the
number of liver metastasis)

1 article demonstrating diagnostic accuracy
concerning primary hepatic malignancy
(Of the 61 hepatic malignancy, 53 were
HCCs)

93.8-99.9%), respectively. The HSROC curve showed a large
difference between the 95% confidence and prediction re-
gions, thus indicating considerable heterogeneity between
the studies (Fig. 3).

Subgroup analysis

Regarding the tumor type of primary malignancy, three arti-
cles reported the diagnostic accuracy of PET/MRI in each
primary malignancy [13, 15, 18], but five other articles did
not report such information [11, 12, 14, 16, 17]. In patients
with colorectal cancer, Se and Sp of PET/MRI were 85.4 and
100.0% on per-patient analysis, and 72.7 and 80.0% on per-
lesion analysis. In patients with breast cancer, Se and Sp of
PET/MRI were 100.0 and 97.1% on per-lesion analysis.
Regarding the lesion size, three articles reported a sub-
group analysis of the diagnostic accuracy of PET/MRI [11,
13, 16]. Lesions 1 cm in diameter or smaller showed lower Se
and Sp on PET/MRI than lesions larger than 1 cm in diameter
(44-71 vs. 50-98% for Se; 71-100 vs. 94—100% for Sp).

Comparative analysis with PET/CT

We included two studies with per-patient analysis and five
studies with the per-lesion analysis in the meta-analysis of
the diagnostic performance of PET/CT for liver metastasis.
In the per-patient-based analysis, the sensitivities and speci-
ficities of individual studies were 71-86 and 96-100%,

respectively. Due to the small number of included studies for
per-patient analysis, meta-analytic summary Se and Sp could
not be calculated. In the per-lesion-based analysis, the sensi-
tivities and specificities of individual studies were 3276 and
90-98%, respectively. Substantial study heterogeneity was
noted in Se (¥ = 77.3%), but no study heterogeneity was noted
in Sp (7 =0.0%).

The meta-analytic summary Se and Sp of PET/CT were
68.3 (95% CI, 54.7-79.4%) and 95.7% (95% CI, 91.4—
97.9%), respectively (Supplementary Table 2). PET/CT
showed a significantly lower Se than PET/MRI (68.3% vs.
95.4%, p=0.02) and a lower Sp than PET/MRI without a
significant difference (95.8 vs. 99.4%, p=0.10).

In patients with colorectal cancer, Se of PET/CT was lower
than that of PET/MRI (70.8 vs. 85.4% on per-patient analysis
and 31.8 vs. 72.7% on per-lesion analysis), while Sp of PET/
CT was the same or higher than that of PET/MRI (100.0% for
both tests on per-patient analysis and 93.3 vs. 80.0% on per-
lesion analysis). In patients with breast cancer, Se of PET/CT
was lower than that of PET/MRI (75.0 vs. 100.0%), while Sp
of PET/CT was the same as that of PET/MRI (97.1% for both
tests).

In lesions with 1 c¢cm in diameter or smaller, PET/CT
showed a lower sensitivity than PET/MRI (29-30 vs. 44—
71%), but a similar specificity (86 vs. 71-100%). In lesions
larger than 1 cm in diameter, PET/CT showed similar sensi-
tivity (87—89 vs. 50-98%) and specificity (94 vs. 94-100%) to
PET/MRL
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Table 2  Per-patient and per-lesion accuracy of PET/MRI for diagnosing metastasis

Author (year of publication) Number of study subject Number of patients

TP FP FN TN Sensitivity (95% CI) Specificity (95% CI)

Beiderwellen et al (2015) [12] 32 12 0 0 20 100 (74-100) 100 (83-100)
Donati et al (2010) [11] 37 24 0 0 13 100 (86-100) 100 (75-100)

Lee et al (2016) [13] 55 41 0 7 7 85 (72-94) 100 (59-100)
Reiner et al (2014) [14] 55 21 1 0 23 100 (84-100) 96 (79-100)
Higgins I for study heterogeneity: inconsistency (I-square) 89.4% 0.0%

Meta-analytic summary estimate using the bivariate model

Author (year of publication) Number of study subject

TP
Beiderwellen et al (2015) [12] 113 42
Brendle et al (2016) [15] 37 16
Donati et al (2010) [11] 85 51
Heusner et al (2012) [16] 556 233
Kirchner et al (2017) [17] 137 56
Melsaether et al (2016) [18] 75 40
Reiner et al (2014) [14] 120 79

Higgins F for study heterogeneity: inconsistency (I-square)
Meta-analytic summary estimate using the bivariate model

Number of lesions

99.2% (31.4, 100.0)

98.6% (84.0, 100.0)

FP  FN TN  Sensitivity (95% CI)  Specificity (95% CI)

0 3 68 93 (82-99) 100 (95-100)

3 6 12 73 (50-89) 80 (52-96)

1 4 29 93 (82-98) 97 (83-100)

0 250 73 48 (44-53) 100 (95-100)

0 80 98 (91-100) 100 (95-100)

1 34 100 (91-100) 97 (85-100)

0 41 100 (95-100) 100 (91-100)
99.7% 96.5%

95.4% (78.3,99.2)

99.3% (93.8, 99.9)

Atticles are listed according to year of publication and in alphabetical order of the names of the first authors within the same year of publication

TP true positive, FP false positive, FN false negative, TN true negative, C/ confidence interval

Meta-regression analysis

The results of the meta-regression analysis are summarized in
Table 3. The study subject characteristics, study design, MR
imaging technique, imaging review method, and type of refer-
ence standard were significant factors influencing study hetero-
geneity. Study subjects with various types of primary cancers

increased the Sp of PET-MRI (100 vs. 92%, p <0.001).
Prospective study design, PET/MRI with DWI, PET/MRI with
HBP images, consensus image review, and reference standard
determined by pathology showed significantly higher Se and
Sp on PET/MRI (Se, p <0.05; Sp, p <0.01).

There was no significant publication bias among the stud-
ies (Supplementary Fig. 2; p =0.93).

Studyd || SENSITIVITY (95% ClI) Studyld ! | SPECIFICITY (95% ClI)

i i
1 }
1 I
i i

Reinder CS et al 2014 —| 1.00 [0.84 - 1.00] Reiner CS et al 2014 —= | 0.96 [0.79 - 1.00]
1 I
1 I

Donati OF et al 2010 —:l 1.00 [0.86 - 1.00] Donati Of et al 2010 —:l 1.00 [0.75 - 1.00]
1 I
1 I

Beiderwellen K et al 2015 —4| 1.00 [0.74 - 1.00] Beiderwellen K et al 2015 —m| 1.00 [0.83 - 1.00]
1 I
1 I

Lee dh et al 2016 —a— i 0.85[0.72 - 0.94] Lee DH et al 2016 4& 1.00 [0.59 - 1.00]
i i
1 I
1 }
: |

COMBINED | —————1{ 0.99 [0.41 - 1.00] COMBINED <} 0.99 [0.85 - 1.00]
1 I
1 I

i Q=28.31 df = 3.00, p = 0.00 i Q=2.44, df = 3.00, p = 0.49
) |
1 |
. :, 12 = 89.40 [80.59 - 98.22] i | 12=0.00[0.00 - 100.00]
0.4 1.0 0.6 1.0

SENSITIVITY

SPECIFICITY

Fig.2 Coupled forest plots of the Se and Sp for diagnosis of liver metastasis with PET/MRI. a The coupled forest plot of Se and Sp for per-patient-based
analysis, and (b) the coupled forest plot of Se and Sp for per-lesion-based analysis, did not show an inverse correlation, suggesting no threshold effect

@ Springer



3560

Eur Radiol (2019) 29:3553-3563

Studyld I | SENSITIVITY (95% Cl) Studyld ' | SPECIFICITY (95% CI)

| |
I I
| i

Reiner cs et al 2014 +a| 1.00[0.95 - 1.00] Reinder CS et al 2014 —&/ 1.00 [0.91 - 1.00]
I I

Melsaether AN et al 2016 —r=| 1.00[0.91 - 1.00] Melsaether AN et at 2016 —=i | 0.97 [0.85 - 1.00]
I I

Kirchner J et al 2017 —= | 0.98[0.91-1.00] Kirchner J et al 2017 ~u| 1.00 [0.95 - 1.00]
| |

Beiderwellen K et al 2015 0.93[0.82-0.99]  Beiderwellen K et al 2015 —| 1.00 [0.95 - 1.00]
I I

Donati OF et al 2010 —= | 0.93[0.82-0.98] Donati OF et al 2010 —=1| 0.97[0.83-1.00]
I I

Brendle C etal 2016 | ——=—— | | 0.73 [0.50 - 0.89] Brendle C et al 2016 | 0.80 [0.52 - 0.96]
] |

Heusner TA et al 2012 | = | | 0.48[0.44-053] Heusner TA et al 2012 b/ 1.00[0.95 - 1.00]
I I
| |

COMBINED > | 0.95[0.78-0.99] COMBINED <I| 0.997093-1.00]

| | Q=1727.59, df = 6.00, p = 0.00 || @=172.71, df = 6.00, p = 0.00
| |
, L | 12=99.65[99.58 -99.72] . ] 12=96.53 [95.03 - 98.02]
0.4 1.0 0.5 1.0
SENSITIVITY SPECIFICITY

Fig. 2 (continued)
Discussion

This study demonstrates that [18F]FDG-PET/MRI generally
has a very good diagnostic accuracy, with a per-patient meta-
analytic summary Se of 99.2% (95% CI, 31.4-100.0%) and
Sp of 98.6% (95% CI, 84.0-99.9%), and a per-lesion meta-
analytic summary Se of 95.4% (95% CI, 78.3-99.2%) and Sp
0f 99.3% (95% CI, 96.5-99.9%). These values were higher
than those of [18F]FDG-PET/CT. However, there is insuffi-
cient robust data to substantiate the value of PET/MRI in
routine clinical practice for the evaluation of liver metastasis.

In this study, PET/MRI demonstrated a high Se and Sp
for the diagnosis of liver metastasis. This high Se could
have resulted from MRI with liver-specific contrast, i.e.,
the excellent liver-to-lesion conspicuity on HBP images
[22, 23], as well as the additional lesion detection on
DWI [21]. Notably, our meta-regression analysis showed
that studies with DWI or HBP had a higher Se for the
diagnosis of liver metastasis than studies without either
of these sequences. Considering that DWI can play a crit-
ical role in the detection of small liver metastasis [21, 24]
and HBP image can provide excellent liver-to-lesion con-
spicuity for small metastatic lesions [19, 23], both DWI
and HBP image might be clinically useful, providing in-
cremental value for the diagnosis of liver metastasis. In
addition, PET/MRI showed a high Sp for the diagnosis of
liver metastasis, which can be attributed to the fact that
PET provides metabolic information that can reduce the
possibility of FP by excluding benign lesions, which some-
times mimic liver metastasis on conventional anatomical
imaging such as CT or MRI [6].

@ Springer

Meta-regression analysis revealed that the study subject
characteristics, study design, MR imaging technique (i.e.,
the use of DWI or HBP image), imaging review method,
and type of reference standard were significant factors affect-
ing study heterogeneity. Of the eight articles, Heusner et al
showed the lowest Se for PET/MRI (48.2%) with 250 FN.
The large number of FN could be explained by the absence
of DWI or HBP and the inclusion of patients with systemic
chemotherapy, which can result in a decrease in FDG uptake
in liver metastasis. We found that prospective studies showed
significantly higher Se and Sp than retrospective studies and
those studies with subjects with only one type of primary
cancer showed significantly lower Sp. As prospective
studies usually have fewer potential sources of bias and
confounding than retrospective studies, the reported re-
sults from prospective studies would be expected to be
more reliable. Although studies including only one type
of primary cancer showed lower Sp than those including
various primary cancers, the diagnostic accuracy of PET/
MRI in studies including only one type of primary cancer
varied according to the type of primary cancer, i.e., 72.7
and 70.6% for colorectal cancer; 100.0 and 97.1% for
breast cancer. In contrast, the results from studies includ-
ing various types of primary cancers might be not an
individual result but a mixed result from various cancers.

Notably, studies using clinical follow-up as a reference stan-
dard showed lower Se and Sp than those using pathology as a
reference standard. As it is difficult to obtain a pathological
diagnosis for small indeterminate lesions because of the risk
of biopsy-related complications, clinicians may have a tenden-
cy to perform clinical follow-up without a pathologic diagnosis
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Fig. 3 HSROC curve for the a | - _ b
accuracy of PET/MRI in the di- "l | :
agnosis of liver metastasis. a The !
HSROC curve for per-patient- @ g
based analysis, and (b) the f
HSROC curve for per-lesion- {
{
(
¢
¢

6
1

based analysis. The sizes of the
circles (individual study esti-
mates) indicate the sample sizes
of the individual studies. There is
a very large difference between
the 95% prediction and 95% :
confidence regions, indicating
considerable heterogeneity be-
tween studies.
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in the case of the small indeterminate lesions. The lower diag- This study has several limitations. First, as mentioned previ-
nostic accuracy in studies using clinical follow-up as areference ~ ously, large heterogeneity was noted between the studies, and
standard might be explained by the presence of such small  this could preclude the creation of solid meta-analytic summary
indeterminate lesions. In addition, consensus image review  estimates. However, we robustly explored the reasons for the
and image acquisition with DWI or HBP images increased  heterogeneity using meta-regression. Second, the small number
the Se and Sp of PET/MRI. With consensus image review, of studies included in the meta-analysis is a major limitation; we
misinterpretation should be minimized, as discrepancies be-  could not perform a per-patient meta-regression analysis be-
tween the reviewers would be re-evaluated and discussed. cause of the small number of studies included. To minimize this

Table 3  Results of meta-regression analysis of PET/MRI for the diagnosis of metastasis

Meta-analytic summary estimate

Covariates Subgroup Number of studies  Sensitivity (95% CI) p value  Specificity (95% CI)  p value

Study subject One primary cancer 2 97 (86-100) 0.14 92 (80-100) <0.001
Various primary cancer 5 95 (86-100) 100 (99-100)

Study design Prospective study 4 99 (97-100) <0.001 100 (99-100) <0.001
Retrospective study 3 76 (52-99) 97 (89-100)

Data acquisition method ~Simultaneous fusion 4 97 (89-100) 0.08 99 (95-100) 0.11
Retrospective fusion 3 93 (78-100) 100 (99-100)

MR imaging technique  Acquisition with DWI 5 98 (94-100) <0.001 99 (97-100) 0.01
Acquisition without DWI 2 77 (36-100) 99 (97-100)
Acquisition with HBP images 2 97 (88-100) 0.05 100 (98-100) <0.001
Acquisition without HBP images 5 94 (84-100) 99 (97-100)

Imaging review method ~Consensus review 4 98 (93-100) 0.01 100 (99-100) <0.001
Independent review 3 90 (67-100) 97 (91-100)

Reference standard Clinical follow-up* 5 92 (79-100) <0.001 99 (97-100) <0.001
Pathologic diagnosis# 2 99 (95-100) 99 (98-100)

The results were obtained using meta-regression analysis with the bivariate model

DWI diffusion-weighted image, HBP hepatobiliary phase

* Reference standard determined using clinical follow-up in more than 50% of subjects
#Reference standard determined using pathologic diagnosis in more than 50% of subjects

@ Springer



3562

Eur Radiol (2019) 29:3553-3563

limitation, we performed a per-lesion meta-regression analysis,
including three of the four articles that had reported per-patient
results. Third, the number of studies using a fully integrated
PET/MRI system was small (n=4). Although we found no
significant difference in diagnostic performance between the
two PET/MRI data acquisition methods (retrospective fusion
vs. simultaneous fusion), further studies using a fully integrated
PET/MRI system would be needed to validate the diagnostic
performance of PET/MRI. Fourth, as we included only articles
with ["*FJFDG-PET/MRI, we could not discuss PET/MRI with
other tracers. In those studies identified according to our inclu-
sion criteria, only one article reported the Se 0of 91.2% and Sp of
95.6% for PET/MRI using **Ga-DOPA-peptide for diagnosing
liver metastasis of neuroendocrine tumor [25]. Further studies
of PET/MRI with different tracers are required.

In conclusion, the overall diagnostic accuracy of
["®FJFDG-PET/MRI for the diagnosis of liver metastasis is
high. However, large heterogeneities were noted between
studies, and five significant causes of study heterogeneity
were identified: study subject characteristics, study design,
MR imaging technique (i.e., the use of DWI or HBP image),
imaging review method, and type of reference standard.
Further randomized controlled studies or prospective studies
are needed to investigate the role of PET/MRI in liver metas-
tasis in comparison with PET/CT.
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