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Abstract

Purpose To evaluate the staging performance of positron emission tomography/magnetic resonance imaging
(PET/MRI) for confirmed esophageal cancer based on the TNM classification system as well as compare it to other
alternative modalities (e.g., endoscopic ultrasonography (EUS), computed tomography (CT), MRI, and PET/CT) in a full
head-to-head manner.

Methods Protocol was pre-registered a priori at (http://osf.io/6qj5m/). We searched PubMed, Web of Science,
Embase, and Cochrane Library for studies until September 10, 2024. The risk of bias was assessed using

Modified Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) and Quiality Assessment of Diagnostic
Accuracy Studies—Comparative (QUADAS-C). The classification performance of PET/MRIin T, N, and M staging of
esophageal cancer and resectability status were evaluated and compared to other relative modalities. Grading of
Recommendations, Assessment, Development, and Evaluations (GRADE) was used for certainty evaluation.

Results Nine studies were included with 245 esophageal cancer patients. For T, N, and M staging, PET/MRI showed
9.1%, 2.0%, and 10.7% upstaging than the histopathological evaluation while these numbers were 19.4%, 12.4%, and
5.3% for downstaging. For direct comparison with PET/CT, PET/MRI showed 0.7% and 5.6% less downstaging and
upstaging for N staging and 2.5% and 4.0% for M staging. As for predicting resectability status, pre-ADCmean and
post-ADCmean were promising, unlike other parameters (i.e., AADCmean, pre-SUVmax, post-SUVmax, and ASUVmax).

Conclusion With protocol adjustments, PET/MRI might be utilized in the future for preoperative staging of
esophageal cancer.

Clinical trial number N/A.
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Introduction

Esophageal cancer ranks sixth among the most preva-
lent causes of cancer-related mortality worldwide [1].
The prognosis is generally unfavorable, with a 5-year
survival rate of 15-25% due to late presentation [2]. The
primary treatment for esophageal cancer invovles a com-
bination of surgical intervention and neoadjuvant che-
motherapy or chemoradiotherapy. Imaging modalities
contribute substantially to the determination of accurate
tumor staging, with computed tomography (CT), endo-
scopic ultrasonography (EUS), magnetic resonance imag-
ing (MRI), and positron emission tomography (PET)/
CT being commonly employed for this purpose [3]. The
capability to predict the response to neoadjuvant therapy
(NT) is of considerable value, as an inadequate response
following N'T may indicate therapy resistance, which can
result in disease progression, unnecessary surgical delays,
as well as the possibility that the tumor may become
unresectable [4].

Recently developed hybrid PET/MRI is a rapidly evolv-
ing diagnostic modality whose full potential has yet to
be discovered in the literature, and whose full diagnos-
tic utility has yet to be proven. PET/MRI is used in the
field of oncology to detect and stage tumors, evaluate
treatment responses, and assess tumor recurrence [5].
This technique synergistically merges the functional
information provided by PET with the high-resolution
anatomical imaging features of MRI. Additionally, PET/
MRI does not expose patients to ionizing radiation, fur-
ther improving its safety aspects [6]. PET/MRI can detect
superior soft tissue contrast, which can provide crucial
information on tumor depth and nodal involvement,
which is impossible with CT and PET/CT [6]. The uptake
of thel8F-Fludeoxyglucose (18 F-FDG) as a PET tracer
can be precisely measured using the standardized uptake
value (SUV), allowing the evaluation of metabolic activity
within the tumor and the possibility of metastatic spread
[7].

To our knowledge, no previous diagnostic systematic
review has examined the role of PET/MRI for staging and
determining the post-NT resectability status of esopha-
geal cancer. This systematic review aims to assess the
staging performance of PET/MRI and compare it with
other imaging modalities.

Materials and methods

The priori protocol registration of this study has been
made at (http://osf.io/6qj5m/) (Appendix A) on the Open
Science Framework (OSF) platform. The methodology
was based on the Cochrane Handbook for Systematic
Reviews of Diagnostic Test Accuracy [8]. We structured
this study according to Preferred Reporting Items for
a Systematic Review and Meta-analysis of Diagnostic
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Test Accuracy (PRISMA-DTA) and Search (PRISMA-S)
(Appendix B).

Search strategy

Two experienced reviewers, each having conducted at
least ten meta-analyses, independently designed the
search strategy. The two strategies were discussed and
subsequently merged for each database. Disagreements
were resolved by a third reviewer. To ensure compre-
hensive coverage, the search strategy incorporated
both EMTREE and MeSH keywords and was applied to
four databases: PubMed, Web of Science, Embase, and
Cochrane Library. The search was conducted until Sep-
tember 10, 2024, without language restrictions (Appen-
dix C). Furthermore, a review of the reference lists of
relevant papers was also conducted to identify any miss-
ing publications. All retrieved records were imported
into EndNote software version 18, and duplicate records
were eliminated manually after automated checking.

Eligibility criteria & study selection

We included case-control, cohort, cross-sectional, and
clinical trial studies. The studies included in this review
met the following criteria: (1) research involving more
than five patients with histopathological confirmed
esophageal cancer; (2) studies that employed hybrid (i.e.,
simultaneous) PET/MRI imaging. The exclusion criteria
were as follows: studies utilizing sequential PET/MRI,
studies lacking confirmation of primary esophageal can-
cer, non-observational studies (including case reports/
series, editorials, comments, correspondence, and guide-
lines, as well as meta-analyses, systematic reviews, and
narrative reviews), grey literature not published in peer-
reviewed journals, and irrelevant publications. The main
reason for excluding the studies utilizing the sequential
PET/MRI is associated with potential misregistration
errors and artifacts since sequential PET/MRI involves
acquiring PET and MRI images separately, either on
different machines or on the same machine at different
times and can affect image interpretation and diagnos-
tic accuracy. A study with more comprehensive data was
chosen for evaluation when multiple publications uti-
lized the same dataset. Study datasets that were subsets
of another study’s dataset were considered less compre-
hensive. We cross-checked author names and countries
of included studies to avoid including duplicate reports.
Furthermore, the search results were independently
screened by two reviewers, excluding irrelevant stud-
ies. Discrepancies between the reviewers were resolved
through discussions. In the discussions that did not result
in an agreement, a third reviewer also participated.
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Risk of bias assessment

Using the Modified Quality Assessment of Diagnos-
tic Accuracy Studies (QUADAS-2) [9] and Quality
Assessment of Diagnostic Accuracy Studies—Compara-
tive (QUADAS-C) [10], two reviewers independently
assessed bias risk in four domains of patient selection,
index test, reference test, and flow and timing items. If
the evaluators disagreed, they referred to a third reviewer.

Data extraction

Data extraction was performed independently by two
reviewers. The data was entered into an Excel sheet,
and the files were cross-checked for consistency. For
unresolved disagreements, the third reviewer was con-
sulted. To evaluate PET/MRI performance for TNM
staging, we compared each component of T, N, and M
to the histopathological evaluation in three statuses of
upstaging, downstaging, and same staging. When T, N,
or M stages were detected at a higher stage in imaging
than histopathology, it was considered upstaging, while
downstaging was referred as the opposite. The T compo-
nent was defined as T1, T2, T3, and T4 levels. The inter-
stage assessment was defined to determine the down or
upstaging. Meanwhile, intra-stage evaluation was used to
evaluate the value of imaging modalities within a specific
T stage. The N component was defined as NO vs. N +lev-
els. Patients with primary esophageal cancer without
involvement of regional lymph nodes were considered
NO, and those with involvement of one or more regional
lymph nodes are considered N+. As for M component
patients were categorized as having distant metastasis
(M1) or without it (M0). To reach a robust consensus,
PET/MRI was compared to other currently employed
imaging modalities in a double-arm comparison (i.e., all
included patients received multiple imaging modalities).
Also, summary data for surgically resectable vs. unresect-
able patients for PET/MRI parameters such as apparent

Table 1 Characteristics of the included studies
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diffusion coefficient (ADC) and standardized uptake
value (SUV) for both pre- and post-NT were extracted.

Data synthesis

Statistical analyses were conducted using STATA version
17.0, MedCalc version 20.0. A random-effects model was
employed. If included studies reported data for multiple
groups separately, which are considered a single group
based on our research question, we pooled the data for
these groups separately and then pooled the outcome
effect size with the effect size of other studies to avoid
impact bias by that study [11]. The certainty of evidence
was assessed using the Grading of Recommendations,
Assessment, Development, and Evaluations (GRADE)
tool. High statistical heterogeneity was considered as an
12 value of >50% [12]. Statistical significance was deter-
mined by a p-value of <0.05.

Results

Search results and study characteristics

A total of nine studies were included with 245 esopha-
geal cancer patients (Table 1). Of these, 5 studies (41% of
patients (101/245)) were from Europe, and 4 studies (59%
of patients (144/245)) were from East Asia. All studies
were prospective in their methodological design. Also,
no additional conference abstract studies were found.
PRISMA flowchart is also shown in Fig. 1 [6, 7, 13-19].

Risk of bias assessment

Figure 2 provides a visual representation of the risk of
bias assessment based on QUADAS-2 criteria. As for the
domains, both reference standard biases and index tests
exhibited low bias patterns in the included studies. PET/
MRI assessment and gold standard test were separated by
a short time interval, so flow and timing bias was not sub-
stantial. The only reason for the selection bias observed
in the included studies was the exclusion of patients with

First author (year)  Study type Country or Num- Field FDG dose FDG acquisi- Number of radi-
Region ber of strength tion start time  ologists with years of
patients experience
Leeetal. (2014) Prospective Korea 15 3 3.7 MBarkg 60 min 4
Belmouhand et al. Prospective Denmark 22 not reported 4 MBag/kg 60 min 2 with 12.and 15 YOE
(2018)
Baiocco etal. (2019)  Prospective United 20 not reported 326+ 28 MBq 156£23 min 1 with >5 YOE
Kingdom- Italy
Linder et al. (2019) Prospective Sweden 16 3 334+48 mBq 109+ 22 min 2 groups of radiologists
Yu et al. (2019) Prospective Taiwan 54 3 5 MBagrkg (0.14 105 min 2
mCi/kg)
Sharkey et al. (2021)  Prospective United Kingdom 22 not reported 324+ 28 MBq 1125+£181 min 2
Wang et al. 2022) Prospective China 35 3 3.7 MBg/kg 60+ 10 plus 2 experienced
30-40 min physicians
Chao et al. (2023) Prospective Taiwan 40 3 370MBq 114 min 2
Valkema et al. (2023)  Prospective Netherlands 21 not reported 2.7 MBg/kg 93 min 4
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Fig. 1 PRISMA flowchart. The leading causes for record exclusion** were: (a) studies that evaluated the prognostic value of PET/MRIin esophageal cancer
(b) poor-quality conference abstracts (c) studies that performed sequential PET and MRI examinations

Risk of bias Applicability concerns

Study Test P R FT  Overall B t|y R Overall
Lee etal. PET/MRI X v v v X X v v X
Belmouhand et al. PET/MRI X v v v X X v v X
Baiocco et al. PET/MRI v v v ? ? v v v N
Linder et al. PET/MRI v v X v X v v X X
Yu et al. PET/MRI v v v v v v v v v
Sharkey et al. PET/MRI X v v v X X v v X
Wang et al. PET/MRI X X v v X X X v X
Chao et al. PET/MRI X v v v X X v v X
Valkema et. al PET/MRI v v v v v v v v v
Sharkey et al. PET/CT X v v v X X v v X
Baiocco et al. PET/CT v v v ? ? v v v v
Wang et al. PET/CT X X v v X X X v X
Yu et al. PET/CT v v v v v v v v v

PET/MRI vs.
Sharkey et al. PET/CT X v v v X

PET/MRI vs.
Baiocco et al. PET/CT v X v X X

PET/MRI vs.
Wang et al. PET/CT X X v v X

PET/MRI vs.
Yuetal. PET/CT oY v v v

P = patient selection; | = index test; R = reference standard; FT = flow and timing.
v indicates low risk; X indicates high risk; ? indicates unclear risk.

Fig. 2 Risk of bias assessment based on Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) and QUADAS-C
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unresectable tumors. This may lead to downgrading bias,
making their results trivial.

T staging

Figure 3 represents the pooled PET/MRI T inter-staging
data. Compared to histopathological evaluation, PET/
MRI showed 9.1% (95% confidence interval (CI)=2.5—
15.8%, 12=0%) upstaging, 19.4% (CI=0.6-38.3%,
12=13.3%) downstaging, and 70.6% (CI=50.2-91.0%,
12=18.6%) same staging. Regarding T intra-staging, PET/
MRI accurately detected 84.1% (CI=69.6-98.7%) of T1,
74.1% (CI=48.8-99.4%) of T2, and 86.5% (CI=70.5-
100%) of T3 tumors compared to histopathological
evaluation.

N staging

Figure 4A represents the pooled PET/MRI N staging
data. Compared to histopathological evaluation, PET/
MRI demonstrated 2.0% (CI=0-6.5%, 12=0%) upstag-
ing, 12.4% (CI=2.5-22.3%, 12 =35.8%) downstaging, and
89.8% (CI1=79.9-99.7%, 12 = 63.7%) same staging.

Figure 4B presents the comparison of PET/MRI with
PET/CT in N staging. PET/MRI showed a lower upstag-
ing and downstaging than PET/CT, with difference values
of 0.7% (12=0%) and 5.6% (I12=0%), respectively. Also,
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PET/MRI illustrated higher same staging compared to
PET/CT with a difference value of 4.9% (12=0%). These
findings suggest that PET/MRI more closely aligns with
histopathology for N staging.

M staging
Figure 5A represents the pooled PET/MRI M staging
data. Compared to histopathological evaluation, PET/
MRI demonstrated 10.7% (CI=3.1-18.3%, 12=15.3%)
upstaging, 5.3% (CI=0-12.2%, 12=33.1%) downstaging,
and 88.7% (CI=69.2-98.2%, 12 =69.4%) same staging.
Figure 5B depicts the comparison of PET/MRI vs.
PET/CT in M staging. Similar to N staging, PET/MRI
showed a lower upstaging and downstaging than PET/
CT with difference values of 2.5% (12=48.3%) and 4.0%
(I12=19.9%), respectively. Furthermore, PET/MRI showed
more same staging than PET/CT by a difference value of
6.5% (12=19.9%). Comparing PET/MRI with PET/CT,
these findings indicate that PET/MRI aligns more closely
with histopathology for M staging. The summarized find-
ings about the staging performance of PET/MRI for T, N,
M staging can be found in Table 2.

%

Study ES (95% Cl) Weight
Upstaging

Leeetal. (2014) —_— 0067 (0.002,0319) 2757
Sharkey etal. (2021) —— 0.136(0.029,0.349)  21.36
Wangetal. (2022) —_—— 0086(0.018,0231)  51.07
Subtotal (F2=0%,p=0820) < > 0091(0025,0158) 10000
Downstaging

Leeetal. (2014) - 0267 (0.078,0551) 2756
Sharkey etal. (2021) - 0318(0.139,0549) 3045
Wangetal. (2022) —_—— 0057 (0.007,0.192) 4199
Subtotal (12 = 13.3 %, p = 0.349) -<:‘::‘__‘_:::=— 0.194 (0.006,0.383)  100.00
Same staging

Leeetal. (2014) - 0667 (0.384,0882) 2838
Sharkey etal. (2021) . 0545(0.322,0.756) 3129
Wangetal. (2022) ———————— 0857(0697,0952) 4033
Subtotal (1"2= 18.6%, p = 0.294) -0- 0706 (0.502,0910)  100.00

I 1
1 15

Fig. 3 Forest plot of T inter-staging for positron emission tomography/magnetic resonance imaging (PET/MRI)
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a) Effect % Effect %
Subgroup and name (95% C1) Weight Subgroup and name (95% C) Weight
Upstaging Upstaging
Lee et al. (2014) — 0.000(0000,0.265) 1162 Lesetal (2014) i 0083(-0354,0169) 822
Sharkey st al. (2021) — 0.000(0.000,0.154) 3442 Sharkey et al. (2021) — 0000(-0.149,0.149) 2533
Yuetal (2019) — 0.037(0005,0.128) 5396 Yuetal (2019) —_— 0000(0092,0092) 6644
Subgroup, DL (I = 0.0%, p = 0.726) 03 0.020(-0.025,0065) 10000 Subgroup, DL (I* =0.0%, p = 0.837) <> -0.007(:0.082,0068) 10000
Downstaging Downstaging
Leeetal (2014) —_— 0167(0021,0484) 1529 Leeetal (2014) - -0083(0390,0241) 1217
Sharkey et al. (2021) l—— 0.046(0001,0228) 4174 Sharkey et al. (2021) _ 0000(:0.177,0177) 3867
Yuetal (2019) — 0185(0003,0314) 4297 Yu etal. (2019) —_— -0.003(-0247,0067) 4915
Subgroup, DL (I = 35 8%, p = 0.211) <> 0124(0025,0223) 10000 Subgroup, DL (I* =0.0%, p =0.731) < -0.056(-:0.166,0.054) 10000
Same staging Same staging
Leeetal (2014) ——+ 0833(0515,0079) 1279 Leeetal (2014) 0.166 (0176, 0.467) 689
Sharkey et al. (2021) — - 0054(0.772,0999)  27.03 Sharkey et al. (2021) _— 0000(0177,0177) 2272
Yuetal (2019) —e—!  0778(0644.0880) 2628 Yu etal. (2019) —_— 0093(0074,0253) 26562
Wang etal. (2022) —+ 0971(0851,0099)  33.90 Wang et al. (2022) —— 0029(0005,0.160)  43.78
Subgroup, DL (I = 63.7%, p = 0.041) <> 0sB0798,0997) 10000 Subgroup, DL (I* = 0.0%, p =0.759) <> 0.049(-0035,0.133) 10000
Heterogenetty between groups: p = 0,000 Heterogenetty between groups: p = 0.317

T T T T

A 0 1 -5 0 5

Fig. 4 A) Pooled PET/MRI N staging data. B) Direct comparison of PET/MRI vs. positron emission tomography/computed tomography (PET/CT) in N

staging
a) Effect % b) Effect %
Subgroup and name (95% ClI) Weight ~ Subgroup and name (95% CI) Weight
Upstaging Upstaging
Sharkey et al. (2021) p— 0.045 (0.001, 0.228) 37.01  Sharkey et al. (2021) _ 0.000(-0.177,0.177) 3234
I '
Baiocco et al. (2019) : 0.100{0.012,0.317) 2223  Baiocco etal. (2019) i 0.000(-0.213,0.213) 2233
Yu et al. (2019) —_— 0.167 (0.079, 0.293) 4076  Yuetal (2019) —_— -0.055(-0.203,0.096) 4533
Subgroup, DL (I* = 15 3%, p = 0.307) @ 0.107 (0.031,0.183)  100.00  Subgroup, DL {I* = 0.0%, p = 0.868) <E> -0.025(-0.126,0.076)  100.00
Downstaging Downstaging
Sharkey et al. (2021) - 0.000 (0.000, 0.154) 4421  Sharkey et al. (2021) —_—— 0.000(-0.149, 0.149) 35.87
' '
Baiocco et al. (2019) -:'0— 0.100(0.012,0.317) 16.90  Baiocco etal. (2019) —0—:—- -0.250 (-0.479,0.013) 19.56
Yu et al. (2019) to— 0.093 (0.031,0.203) 3889  Yuetal (2019) — 0.019(-0.096,0.134) 4458
Subgroup, DL (I* =33.1%, p = 0.224) @ 0.053(-0.016,0122)  100.00  Subgroup, DL (I* = 48.3%, p = 0.144) <::> -0.040 (-0.169,0.088)  100.00
Same staging Same staging
Sharkey et al. (2021) ——+ 0.955(0.772,0999) 3752  Sharkey et al. (2021) —_ 0.000(-0.177,0.177) 38.15
Baiocco et al. (2019) —0%— 0.800(0.563,0.943) 2649  Baiocco etal (2019) ——E—O— 0.250(-0.039, 0.490) 19.63
Yu et al. (2019) —_— 0.741(0.603, 0.850) 3599  Yuetal (2019) D e — 0.037 (-0.130, 0.201) 4222
Subgroup, DL (I° = 69.4%, p = 0.038) <> 0.837 (0.692,0982)  100.00  Subgroup, DL {I* = 19.9%, p = 0.287) <® 0.065(-0.060,0.190)  100.00
Heterogeneity between groups: p = 0.000 Heterogeneity between groups: p = 0.441
T T T
=il 0 1 -5 0

Fig.5 A) Pooled PET/MRI M staging data. B) Direct comparison of PET/MRI vs. PET/CT in M staging

Table 2 Staging performance of PET/MRIinT, N, M staging

Staging Upstaging Downstaging Same staging
Tstaging  9.1% 19.4% 70.6%
(C1=2.5-15.8%) (C1=0.6-38.3%) (C1=50.2-91.0%)
Nstaging  2.0% (Cl=0-6.5%) 12.4% 89.8%
(C1=2.5-22.3%) (C1=79.9-99.7%)
Mstaging  10.7% 53% (CI=0-122%) 88.7%

(C1=3.1-18.3%) (C1=69.2-98.2%)

Systematic review on resectability

A total of four studies were included to evaluate the role
of PET/MRI in determining resectability status [4, 10, 14,
15]. According to the literature review, PET/MRI imag-
ing parameters of pre-ADCmean and post-ADCmean
showed a promising value in determining the resectabil-
ity status of tumors. Across all four studies, unresectable

tumors exhibited lower pre- and post-ADCmean values
compared to resectable tumors, suggesting that ADC
could serve as a separating tool for resectable and unre-
sectable tumors. However, other quantitative param-
eters (AADCmean, pre-SUVmax, post-SUVmax, and
ASUVmax) showed controversial or trivial findings in
determining resectability status.

As for 2x2 contingency table, only two studies
reported it for PET/MRI parameters to determine eli-
gibility for resection of primary esophageal cancer;
Belmouhand et al. [6] reported a 93% sensitivity, 80%
specificity, 81% accuracy and AUC of 0.95 for ASUVmax
combined with AADCmean in determining resectability
status of tumor while Sharkey et al. [16] reported 45%
sensitivity, 80% specificity, 62% accuracy and AUC of
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0.509 for the same parameters determining resectability
status of tumor. Interpretation zones of AUCs were excel-
lent in Belmouhand et al. [6] while unsatisfactory in Shar-
key et al. [16] so more evaluation is needed to conclude
in this regard.

Certainty of evidence

On the basis of the GRADE method, Table 3 summa-
rizes the certainty of evidence for the results of this
study. N staging provided a higher level of certainty for
the achieved results as compared to T and M staging for
PET/MRL

Discussion

Accurate determination of TNM stage is crucial, as
down/upstaging of the tumor may lead to therapeutic
resistance, disease advancement, unwarranted delay in
surgery, overtreatment, increased risk of unresectability,
etc [6]. Considering the poor prognosis of esophageal
cancer and the new therapeutic options available, it is
essential for physicians to accurately stage patients before
surgery to make the best clinical decisions. Although CT,
MRI, PET/CT, and EUS have limitations in assessing sur-
gical resectability of tumors and detecting metastases
from abdominal and thoracic lymph nodes, PET/MRI
imaging offers distinct advantages. PET/MRI provides
exceptional soft-tissue contrast that enables the visualiza-
tion of esophageal wall stratification and the observation
of surrounding tissue structure (20) (Fig. 6). Further-
more, PET/MRI allows for both qualitative assessment
of anatomical structures and quantitative evaluation
of both anatomical and metabolic activities associated
with malignancies. Therefore, PET/MRI modalities have

Table 3 Summary findings profile
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demonstrated significant advantages in achieving favor-
able outcomes in the differentiation of esophageal cancer,
when compared to alternative approaches [21].

T staging

Our findings indicate that PET/MRI achieved moder-
ate diagnostic accuracy for T staging, with 70.6% same
staging compared to the histopathological evaluation.
The performance of PET/MRI in downstaging (19.4%)
and upstaging (9.1%) was average. PET/MRI demon-
strated superior results for N and M status perspectives
compared to T staging. Also, in T intra-stage evaluation,
PET/MRI diagnostic accuracy was slightly lower for the
T2 stage compared to T1 and T3. However, none of the
studies had reported patients with the T4 stage, so we
could not assess the accuracy of PET/MRI at this stage.

In evaluating T intra-staging, four comparisons were
made between EUS, CT, MRI, and PET/CT with PET/
MRI. First, one study [13] directly compared PET/MRI
diagnostic accuracy with EUS for each T intra-stage. The
results demonstrated that for T1, T2, T3, PET/MRI had
accuracy rates of 77%, 50%, 50%, while EUS exhibited
higher accuracy rates of 88%, 50%, 100%.

Second, two studies assessed the diagnostic accuracy
of PET/MRI compared to CT for T intra-stages. Lee et
al. [13] reported accuracy rates of 77%, 50%, and 50% for
T1, T2, and T3 in PET/MRI vs. 22%, 50%, and 50% for
T1, T2, and T3 in CT. Similarly, Wang et al. [17] reported
accuracy rates of 87%, 77%, and 90% for T1, T2, and T3
in PET/MRI vs. 40%, 44%, and 73% for T1, T2, and T3
in CT. These findings indicated that CT had poorer accu-
racy in T staging of tumors compared to PET/MRI, sug-
gesting that PET/MRI may be a preferable alternative.

Outcome Number  Num- Diag- Risk Applicabil- Inconsistency Imprecision Publication  Strength Certainty

of studies ber of nostic of ity and bias of effect

patients results  bias indirectness size

PET/MRI 3 72 Figure3  Mod- Moderaterisk  Consistent Imprecise Not Moderate Low
performance erate applicable Strength - @O
for T staging risk
PET/MRI per- 4 126 Figure4  Mod- Moderaterisk  Consistent Precise Not High High
formance for erate applicable Strength  ©ODD
N staging risk
PET/MRI per- 3 96 Figure5 Mod- Moderaterisk  Consistent Imprecise Not High Moderate
formance for erate applicable Strength  @dd()
M staging risk
PET/MRI 4 126 Figure4  Mod- Moderaterisk  Consistent Precise Not High High
performance erate applicable Strength  ©ODD
for N staging risk
compared to
PET/CT
PET/MRI 3 96 Figure5 Mod- Moderate risk  Consistent Imprecise Not High Moderate
performance erate applicable Strength @@
for M staging risk

compared to
PET/CT
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Fig.6 PET/CT (upper row) and PET/MRI (lower row) images of a representative case of esophageal cancer (a 63-year-old man). PET/MRI provides a higher

quality image and better visibility than PET/CT [20]

Third, only one study [17] compared PET/MRI diagnos-
tic accuracy with MRI for T intra-staging (87%, 77%, 90%
for T1, T2, and T3 in PET/MRI vs. 66%, 77%, 90% for T1,
T2 and T3 in MRI). MRI demonstrated poor diagnostic
accuracy for T1 staging, leading to upstaging of most T1
tumors compared to PET/MRI. Fourth, since only one
study [16] evaluated PET/CT diagnostic performance, we
could not conduct a full head-to-head comparison as we
did in N and M status for this imaging modality. Sharkey
et al. [16] reported 0% upstaging and 63% downstaging
for PET/CT. Comparing our PET/MRI pooled data to
PET/CT, PET/CT performed poorly in downstaging. For
a more robust conclusion, future studies need to examine
the comparison in more detail.

For comparison of T inter-staging, only one study
[13] compared PET/MRI with EUS (7% upstaging and
27% downstaging for PET/MRI vs. 7% upstaging and 7%
downstaging for EUS). Although EUS showed superiority
to PET/MRI in T staging, it is limited in many circum-
stances and cannot be used in patients with esophageal
obstruction caused by tumors. PET/MRI could be used
instead of EUS in these conditions. Only two studies
compared PET/MRI with CT, making it impossible to
perform meta-analysis as well. Lee et al. [13] reported

7% upstaging and 27% downstaging for PET/MRI vs. 27%
upstaging and 40% downstaging for CT. Wang et al. [17]
reported 9% upstaging and 6% downstaging for PET/
MRI vs. 14% upstaging and 34% downstaging for CT. As
for MRI, only one study [17] compared PET/MRI with it
(9% upstaging and 6% downstaging for PET/MRI vs. 9%
upstaging and 14% downstaging for MRI). Across these
studies and a systematic review of them, PET/MRI has
shown superior results in comparison to CT and MRL
However, studies comparing PET/MRI to other modali-
ties especially, EUS and MRI were limited, and more
evaluation is necessary to make robust conclusions.

N staging

Based on our results, PET/MRI demonstrated high diag-
nostic performance for N staging, achieving an accuracy
of 89.8%. PET/MRI upstaged N status more conserva-
tively than downstaged it. Based on a fully head-to-head
comparison of PET/MRI and PET/CT, the net benefit of
using PET/MRI over PET/CT for 1000 confirmed esoph-
ageal cancer patients is a reduction in underdetection
and overdetection of regional lymph node involvement
by about 56 and 7 patients respectively (i.e., a consider-
able summed number of 63 patients are in favor of this
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technique). However, more studies are needed to obtain
more robust statistical results as low numbers of studies
cause inflation of this number, mainly due to the pres-
ence of a high level of risk of bias based on QUADAS-2
and QUADAS-C results mentioned above.

When comparing PET/MRI to other imaging modali-
ties, only one study [13] compared PET/MRI with EUS,
finding that PET/MRI had 0% upstaging and 16% down-
staging, while EUS had 0% upstaging and 25% down-
staging. Only two studies compared PET/MRI with CT,
making it impossible to perform meta-analysis. Lee et
al. [13] reported 0% upstaging and 16% downstaging for
PET/MRI vs. 16% upstaging and 33% downstaging for
CT. Wang et al. [17] reported 97% same staging accu-
racy for PET/MRI vs. 94% same staging accuracy for CT.
Only two studies compared PET/MRI with MRI, mak-
ing it impossible to perform meta-analysis. Yu et al. [15]
reported 52% sensitivity and 100% specificity for PET/
MRI vs. 94% sensitivity and 50% specificity for MRIL
Wang et al. [17] reported 97% same staging accuracy for
PET/MRI vs. 91% same staging accuracy for MRI. Based
on the literature review, PET/MRI showed superior
results compared to EUS, CT, and MRI; however, due to a
limited number of studies comparing PET/MRI to other
modalities, further study is needed before conclusions
can be drawn.

M staging

Our findings indicate that PET/MRI provides concise
information in M staging with a strong 88.7% value for
the same staging when compared to the histopatho-
logical evaluation. The downstaging and upstaging rates
were 5.3% and 10.7% respectively. When applied to a
cohort of 1000 confirmed esophageal cancer patients, the
use of PET/MRI over PET/CT results in a reduction of
metastasis downstaging and upstaging by about 40 and
25 patients (i.e., a considerable summed number of 65
patients are in favor of this technique).

In terms of the comparison of PET/MRI with other
imaging modalities, only one study [14] directly com-
pared PET/MRI with CT (45% upstaging and 5% down-
staging for CT), and two studies compared PET/MRI
with MRI, Baiocco et al. [14] reported 40% upstaging
and 15% downstaging, while Yu et al. [15] reported 38.9%
upstaging and no downstaging. Based on the findings of
our study, PET/MRI demonstrated superior performance
compared to CT and MRI in the field of upstaging and
downstaging, but more research is needed to make a
more reliable conclusion.

Also, only two studies [15, 17] evaluated the diagnostic
performance of PET/MRI quantitative parameters (e.g.,
SUVmax, ADCmean) not only for resectability status but
also in T, N, and M stagings. Previous articles suggested
that pre- and post-ADC mean values can outperform
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traditional parameters such as SUVmax and might have
a promising role as a separating tool for resectable and
unresectable tumors. However, the studies evaluating
quantitative parameters were sparse. Therefore, more
studies are required to investigate and compare the diag-
nostic performance of these quantitative parameters.

Overall, our findings demonstrate that PET/MRI pro-
vides strong staging performance when compared to his-
topathological evaluations. This suggests that PET/MRI
could play a pivotal role in clinical practice by assisting in
cancer staging, predicting tumor resectability, and evalu-
ating treatment response following chemotherapy.

Limitations and future directions regarding PET/MRI

(1) This study included only nine articles, and the com-
parison of PET/MRI with other modalities such as EUS
and PET/CT, as well as the evaluation of PET/MRI’s
staging performance, was based on a limited number of
studies. The limited number of articles raises concerns
the robustness and generalizability of our conclusions.
(2) The adoption of PET/MRI in clinical settings is cur-
rently hindered by restricted access to instrumentation
and associated financial constraints. Limited availability
of PET/MRI across healthcare institutions, coupled with
the inherent cost of the technology, is a sound obstacle
to widespread implementation [6]. (3) PET/MRI is lim-
ited by long acquisition imaging times (60—70 min) [15],
MRI-incompatible metallic artifacts [7], and the substan-
tial effect of even subtle breathing necessitate motion
correction strategies [22]. (4) Currently, there is no widely
accepted protocol for PET/MRI and only one study by
Peerlings et al. [23] suggested a PET/MRI protocol for
esophageal cancer. (5) As for prognostic goals, only one
study [15] reported the hazard ratio for progression-free
survival and overall survival of esophageal cancer.

Future studies should investigate the potential of other
anatomical or functional parameters, such as total lesion
glycolysis (TLG), metabolic tumor value (MTV), ADC-
min, SUVpeak, K-trans, D, and pseudo-D. Both indi-
vidual and combined effects of these parameters should
be explored in prediction model studies. Furthermore,
additional studies should investigate the impact of quan-
titative parameters, such as ADCmean and SUVmax, on
cancer prognosis by assessing their predictive value for
overall survival, progression-free survival, and recurrence
rates. Validating these findings against histopathological
results will further strengthen the evidence supporting
the potential role of quantitative parameters from PET/
MRI in assessing cancer staging and prognosis. Empha-
sis should be placed on high-quality, prospective, mul-
ticenter studies to minimize selection bias and ensure
the reliability and generalizability of findings. Addition-
ally, future research on diagnostic performance should
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involve direct comparisons with other modalities such as
PET/CT or EUS.

Conclusion

PET/MRI has demonstrated promising diagnostic per-
formance in accurately staging esophageal cancer based
on the TNM classification system. With adjustments in
protocols, PET/MRI might play a role in preoperative
esophageal cancer staging.

Abbreviations
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EUS Endoscopic ultrasonography
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