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Abstract: Purpose: The consideration of radiation exposure is becoming more important in metastatic
melanoma due to improved prognoses. The aim of this prospective study was to investigate the
diagnostic performance of whole-body (WB) magnetic resonance imaging (MRI) in comparison
to computed tomography (CT) with F-FDG positron emission tomography (PET)/CT and '8F-
PET/MRI together with a follow-up as the reference standard. Methods: Between April 2014 and
April 2018, a total of 57 patients (25 females, mean age of 64 & 12 years) underwent WB-PET/CT
and WB-PET/MRI on the same day. The CT and MRI scans were independently evaluated by two
radiologists who were blinded to the patients” information. The reference standard was evaluated
by two nuclear medicine specialists. The findings were categorized into different regions: lymph
nodes/soft tissue (I), lungs (II), abdomen/ pelvis (III), and bone (IV). A comparative analysis was
conducted for all the documented findings. Inter-reader reliability was assessed using Bland-Altman
procedures, and McNemar's test was utilized to determine the differences between the readers and
the methods. Results: Out of the 57 patients, 50 were diagnosed with metastases in two or more
regions, with the majority being found in region I. The accuracies of CT and MRI did not show
significant differences, except in region II where CT detected more metastases compared to MRI
(0.90 vs. 0.68, p = 0.008). On the other hand, MRI had a higher detection rate in region IV compared
to CT (0.89 vs. 0.61, p > 0.05). The level of agreement between the readers varied depending on the
number of metastases and the specific region, with the highest agreement observed in region III and
the lowest observed in region I. Conclusions: In patients with advanced melanoma, WB-MRI has
the potential to serve as an alternative to CT with comparable diagnostic accuracy and confidence
across most regions. The observed limited sensitivity for the detection of pulmonary lesions might be
improved through dedicated lung imaging sequences.

Keywords: melanoma; computed tomography; magnetic resonance imaging; positron emission
tomography; staging
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1. Introduction

Over the last decades, the global incidence of melanoma has been steadily increas-
ing, particularly among fair-skinned Caucasian populations [1]. While the occurrence of
melanoma rises with age, peaking in the seventh and eighth decades of life, it is also a
common cancer diagnosed in adolescents and young adults [2,3]. The early detection of
regional and distant metastases during primary staging and follow-up examinations is
crucial for one’s prognosis; however, there are still variations in the recommendations
for the optimal choice of imaging method across different countries [4]. According to the
2019 European consensus-based interdisciplinary guideline for melanoma, whole-body
examinations using CT or PET/CT in combination with brain MRI are recommended
for stage IIC melanoma and above [5]. Follow-up examinations for patients with stage
IIC to IIIC melanoma are suggested to be scheduled every 6 months in the first 3 years,
every 3-6 months for stage IIID, and every 3 months for stage IV. Recent advancements in
immunotherapies have led to improved overall survival, even in patients with advanced
melanoma, with survival exceeding 60 months [6]. Considering the longer life expectancy
of younger patients [7], it is essential to address the potential risks associated with repeated
CT and PET/CT scans over several years, including radiation exposure [8] and the use of
contrast agents [9]. While PET/CT is superior to cross-sectional imaging for melanoma
staging [10], it exposes patients to higher radiation doses compared to CT [11]. Whole-
body magnetic resonance imaging (WB-MRI) holds promise as a noninvasive diagnostic
method without the risk of radiation exposure. However, neither the American [12] nor
the European [5] guidelines for melanoma diagnostics currently mention WB-MRI as an
alternative for whole-body imaging. Nevertheless, studies evaluating WB-MRI for cancer
staging [13-15], specifically focusing on melanoma staging [10,16-22], have shown promis-
ing results. Additionally, advancements in MRI techniques, such as diffusion-weighted
imaging (DWI), have contributed to an improved diagnostic sensitivity and specificity for
malignant lesions [15,16,21]. Therefore, a reevaluation of the diagnostic performance of
WB-MRI in comparison to CT and PET/CT is necessary to determine its potential as an
alternative imaging technique with sufficient accuracy for reliable melanoma staging while
reducing the patients’ radiation exposure.

The aim of this study was to directly compare the diagnostic performance of WB-
MRI and WB-CT for staging patients with unresectable metastasized melanoma. The
highest possible reference standard was established by including ®F-FDG-PET/CT and
I8E_FDG-PET/MRI performed on the same day along with follow-up examinations.

2. Methods

This is a retrospective evaluation of a prospectively conducted study, which was
approved by the local ethics committee (code: 251/2012B01) and was registered at the
German Clinical Trials Register (DRKS00013925). Informed consent was obtained from
all patients for the utilization of their data in research. The prospective study included
patients who had clinically diagnosed unresectable metastasized melanoma and who were
scheduled for systemic treatment. Exclusion criteria encompassed contraindications for
MR-imaging (such as metal implants) and the use of gadolinium-based contrast agents.
Additionally, patients with other acute illnesses, pregnant or breastfeeding women, and
individuals unable to provide informed consent were excluded [23,24].

2.1. Patient Cohort

The initial study enrolled 62 patients with advanced (stage IV) unresectable melanoma.
All participants underwent contrast-enhanced WB-'8F-FDG-PET/CT and subsequently
underwent WB-'8E-FDG-PET/MRI on the same day between April 2014 and April 2018. In
total, 3 out of the 62 patients were excluded from the study due to a lack of tracer uptake in
the F-FDG-PET scan. Additionally, two other patients were excluded due to incomplete
MRI scans. Patient characteristics of the remaining 57 patients are presented in Table 1.
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Table 1. Patient characteristics.

Patient Characteristics n

Sex
Male 32
Female 25
Age
Mean 63
Range 49-84
Histologic type
SSM
NM
ALM
UM
MM
oM
Others
Clinical stage
v 57 (100%)
Abbreviations: SSN = superficial spreading melanoma; NM = nodular melanoma; ALM = acral lentiginous

melanoma; UM = uveal melanoma; MM = malignant melanoma (no type defined); OM = occult melanoma; others
include nevus-associated melanoma, nevoid melanoma, mucosal melanoma, and spitzoid melanoma.
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2.2. PET/CT Examinations

All PET/CT examinations were performed on a state-of-the art clinical scanner (Bio-
graph mCT®, Siemens Healthineers, Erlangen, Germany). All patients fasted for at least 6 h
before examination. Weight-adapted (300-350 MBq) '8F-FDG was injected intravenously
60 min prior to image acquisition. Standardized CT examination protocols included weight-
adapted (90-120 mL) intravenous CT contrast agent (Ultravist 370%, Bayer Vital GmbH,
Leverkusen, Germany). Portal-venous phase acquisitions were obtained in expiration with
70 s delay time using a tube voltage of 120 kV and a reference dose of 200 mAs. Additional
lung scans were performed during inspiration. PET was acquired from the skull base
to the midthigh level over six to eight bed positions and was reconstructed using a 3D
ordered subset expectation maximization algorithm (2 iterations, 21 subsets, Gaussian filter
of 2.0 mm, matrix size of 400 x 400, and slice thickness of 2.0 mm). The PET acquisition
time was two minutes per bed position.

2.3. PET/MRI Examinations

All patients were examined in a fully integrated 3 Tesla PET/MRI system (Biograph
mMR, Siemens Healthineers GmbH, Erlangen, Germany). Routine PET/CT scans were
performed prior to the PET/MRI examinations, leading to 8F-FDG uptake times for
PET/MRI of about 120 min. All patients received a whole-body PET scan (head to thighs),
which was acquired with scan emission times of 4 min per bed position. PET images were
reconstructed using the vendor’s software with three-dimensional (3D) ordered subset
expectation maximization algorithm, 21 subsets, 2 iterations, 256 x 256 matrix size (voxel
size of 2.8 x 2.8 x 2.0 mm?), and 4 mm Gaussian filter. A 3D T1-weighted spoiled gradient-
echo sequence with dixon-based fat-water separation in end-expiratory breath hold was
acquired to create an attenuation map. All attenuation maps were checked carefully for
erroneous tissue identification. We acquired HASTE (Half-Fourier Acquisition Single-Shot
Turbo Spin Echo) imaging sequences during free breathing. A fat-saturated postcontrast
T1 volume-interpolated breath-hold examination (VIBE) was acquired in axial view with
multiple breath holds and the following parameters: voxel size of 1.7 x 1.7 x 3 mm3, slice
thickness of 3 mm, and TR/TE of 3.97/1.26 ms. Gadobutrol (1.0 mmol/mL of Gadovist,
Bayer Vital, Leverkusen, Germany) was used as contrast agent. The DWI sequence was
acquired with the following parameters: image matrix of 192 x 168, slice thickness of 5 mm,
no. of averages of 3, and b-values of 50 and 800 s/mm?. The apparent diffusion coefficient
(ADC) maps were calculated by the vendor software.
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2.4. Data Analysis

Two radiologists (3 and 6 years of experience) independently evaluated the CT and
MRI examinations in a blinded manner without access to the results of the PET scans or
previous/follow-up examinations. The MRI evaluations included the axial T1-VIBE, DWI,
and HASTE sequences. In half of the patients, the CT readings were conducted before
the MRI readings, while, in the other half, the MRI readings were performed first. To
ensure the independence of the readings, there was a two-month time gap between the
evaluation of the CT and MRI scans for each patient, preventing any influence from the
results of the initial reading on the second reading. The assessment of malignant lesions
was based on standard reading criteria, considering morphologic features and enhancement
characteristics after application of contrast agents. Lymph nodes were considered metastatic
if the short-axis measurement exceeded 10 mm, following the guidelines of RECIST 1.1 [25].

Lesions were categorized based on the following anatomical regions:

Lymph nodes and soft tissue (e.g., muscle)

Lungs (including pleural lesions)

Abdomen/ pelvis (including lesions in abdominal organs and peritoneal lesions)
Bone

Qo o

In the case of less than 10 lesions per organ, all findings were individually documented
on a lesion-based basis. However, if there were more than 10 lesions per organ, they were
documented with a cluster-based approach. For the site-based analysis, we combined the
results from both readers, which closely resembled routine diagnostic procedures.

2.5. Standard of Reference

To establish a standard of reference, all PET/CT and PET/MRI examinations were
assessed by a nuclear medicine physician and an experienced senior radiologist specializing
in hybrid imaging. They reached a consensus regarding the evaluation of all lesions by con-
sidering previous or follow-up examinations, relevant clinical information, and histological
results. The documentation of lesions followed the same anatomical classification system
used for the CT and MRI readings.

2.6. Statistical Analysis

The comparative analysis between CT and MRI involved examining all documented
findings using both a lesion-based method and a region-based method. Additionally, a
third method, called the site-based method, was employed. In this method, the presence
or absence of lesions per region was encoded as “0” or “1”, respectively. The number of
true-positive, true-negative, false-positive, and false-negative findings were determined,
allowing for the calculation of the sensitivity and specificity of each method. The com-
parative analysis was conducted separately for each reader. The inter-reader agreement
was assessed using Bland—-Altman procedures for each method and anatomical region.
Furthermore, a cumulative overall reader was created to evaluate the overall diagnostic
performance of CT and MRI. This involved integrating the results from both readers, with
a negative finding recorded only if both readers did not identify a lesion in a region. Con-
versely, if at least one reader documented a lesion, a positive finding was noted. The use of
a cumulative overall reader better reflects the typical clinical practice in hospitals, where
CT and MRI examinations are usually evaluated by two radiologists. Statistical significance
was determined by calculating p-values using McNemar’s test for dependent variables,
with values less than 0.05 considered statistically significant. The statistical analyses and
graphical representations were performed using the R software (version 4.1.2).

3. Results
3.1. Distribution of Metastases

Metastases were observed and documented in accordance with the reference standard
for all the patients. Among the 57 patients, 4 had metastases exclusively in the lymph nodes
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and soft tissue, while 3 patients had metastases solely in the lungs. A total of 50 patients
exhibited metastases in at least two anatomical regions. Table 2 provides an overview of the
overall number of metastatic lesions as determined by the reference standard along with
their distribution across different anatomical regions and the corresponding number of
affected patients. Notably, the lymph nodes and soft tissue exhibited the highest occurrence
of both individual and clustered malignant lesions.

Table 2. The total counts of metastatic lesions and metastatic clusters (consisting of more than
10 lesions per region) per anatomical region were categorized based on the reference standard (Ref.),
CT, and MRI. For each method, a hypothetical cumulative reader was employed for evaluation.

Metastases (n < 10) Metastatic Clusters (n > 10) i
No. of Patients
Ref. CT MRI Ref. CT MRI
Lymph nodes, soft tissue 247 91.2 77.1 22 28.8 27.0 41
Lungs 57 36.3 21.4 16 104 9.8 27
Abdomen, Pelvis 82 61.6 47.0 20 14.7 14.0 29
Bone 25 13.8 29.9 9 5.9 5.9 38

3.2. Comparative Analysis

In the “lymph nodes and soft tissue” region, there were no significant differences
in diagnostic accuracy between CT and MRI, with both demonstrating a comparable
sensitivity (0.88). However, there was a slight tendency towards a lower specificity in MRI
(0.76 vs. 1.0) (Figure 1).

Figure 1. This patient exhibited metastatic lymph nodes in the left inguinal region (indicated by the
red arrow) and metastatic soft-tissue lesions in the left M. obturatorius externus (highlighted by the
yellow arrow), which could be distinguished using all imaging modalities. (A) is CT, (B) is VIBE,
(C)is PET/CT, and (D) is HASTE.
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CT exhibited a significantly higher sensitivity for detecting lung lesions (p = 0.008)
compared to MRI, with values of 0.90 and 0.68, respectively (Figure 2).

Figure 2. Two melanoma patients (upper row and lower row) presenting with pulmonary metastatic
lesions (indicated by the red arrow) in the right lower lobe of the lungs. In the first patient (upper
row), the metastasis is visible in the CT scan (A) but not in the HASTE (B) and DWI (C) images. A
moderate increase in [18F]FDG uptake is observed in the PET scan (D). The second patient (lower
row) had a comparatively larger metastasis, which is visible in the CT scan (E), HASTE (F) image,
and DWI (G) image and exhibits intense [18F][FDG accumulation (H).

The detectability of organ metastases in the abdomen and pelvis, as well as bone
metastases, was similar between CT and MRI (Figure 3).

Figure 3. Cont.
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Figure 3. The melanoma patient had a metastatic hepatic lesion located in segment VIII (indicated by
the red arrow), which is distinguishable in contrast-enhanced T1 VIBE (B) and DWI (D) images but is
not visible in the CT scan (A). The lesion exhibits an elevated FDG uptake in the PET scan (C).

The majority of false-negative findings were observed in the MRI readings of lung
lesions (n = 10) and in the CT readings of bone lesions (1 = 7) (Figure 4).

C
o

Figure 4. The patient presented with a metastatic bone lesion located in the left ilium (indicated by
the red arrow), which is distinguishable in MRI using the HASTE sequence (B), DWI (D), and PET
(C) imaging but is not visible in the CT scan (A).

False-positive findings were most commonly found in the CT readings of lymph-node
and soft-tissue lesions (1 = 7) and in the MRI readings of bone lesions (n = 5). Table 3
provides an overview of the number of positive findings, regardless of the number of
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metastases, as determined by the reference standard and compares them to the results
obtained by the combined reader for CT and MRI.

Table 3. In a site-based analysis, the number of true-positive (TP), false-positive (FP), and false-
negative (FN) findings along with the positive predictive value (PPV), negative predictive value
(NPV), sensitivity, and specificity of CT and MRI were compared to the reference standard (Ref.).

No. of Findings . p Value
(Ref.) Modality TP FP FN PPV NPV Sens. Spec. (CT vs. MRI)
Lymph nodes/soft 0 CT 37 0 5 1.00 0.77 0.88 1.00 091
tissue/muscle MRI 37 4 5 090 072 088 0.76 '

CT 28 4 3 0.88 0.89 0.90 0.86

Lungs 31 0.008
MRI 21 2 10 0.91 0.72 0.68 0.93
CT 31 3 4 091 0.84 0.89 0.88

Abdomen/ pelvis 35 0.343
MRI 27 3 8 0.90 0.72 0.77 0.88
CT 11 5 7 0.69 0.84 0.61 0.88

Bone 18 0.606
MRI 16 3 2 0.84 0.95 0.89 0.93

3.3. Inter-Reader Reliability

The level of agreement between the readers varied depending on the number of metas-
tases and the anatomical region. When evaluating CT readings, there was a noticeable
absence of statistically significant proportional bias and significant bias only in the cases
of single metastases in the lung, single metastases in the abdomen/pelvis, and metastatic
clusters (consisting of more than 10 lesions) in the skeleton. Among the different anatom-
ical regions, the readings for the abdomen/pelvis region exhibited the lowest interrater
variability, while the readings for the lymph nodes/soft tissue had the highest inter-reader
reliability, indicating the lowest agreement between the readers. Regarding specific anatom-
ical regions, a high level of agreement between the readers was achieved in the detection
of more than 10 lesions in the lung with CT (Fleiss’ kappa = 0.82) and in the detection of
more than 10 bone lesions with MRI (Fleiss” kappa = 0.81). However, there was a significant
proportional bias in the MRI readings for lung and abdominal/pelvic lesions as well as
in the CT readings for bone lesions. Table 4 provides a summary of the results regarding
inter-reader reliability.

Table 4. The inter-reader reliability was assessed for the number of lesions, categorized as <10
and >10 detected lesions, when comparing CT and MR scans across various regions. Proportional
bias (PB), Fleiss’ kappa (FK), Pearson correlation (PK), and Spearman’s p were used as measures in
the analysis.

Lymph Nodes/ .
Soft Tissue/Muscle Lung Abdomen/Pelvis Bone
CT MR CT MR CT MR CT MR

No. of lesions

<10 >10 <10 >10 <10 >10 <10 >10 <10 >10 <10 >10 <10 >10 <10 >10

Proportional bias

127 076 126 095 137 080 154 176 121 0.86 144 144 061 123 112 0.85

Fleiss” Kappa

021 046 030 0.64 044 082 051 054 048 059 039 039 038 044 038 0.81

Pearson Correlation

044 062 036 0.83 038 087 025 050 050 080 033 033 0.82 045 0.64 0.83

Spearman’s p

050 0.62 040 0.83 0.63 0.89 0.62 0.62 0.68 0.70 0.66 0.66 0.70 0.45 0.66 0.83

4. Discussion

In this study, we directly compared the diagnostic performance of WB-MRI and
WB-CT performed on the same day for staging melanoma patients. The comparison
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focused on lesion detection rates and inter-reader reliability, using a reference standard that
included PET.

There was no significant difference between CT and MRI in detecting metastases
in the lymph nodes, soft tissue, and muscle when compared to the reference standard.
However, MRI exhibited a lower detection rate for pulmonary metastases (sensitivity of
0.68, specificity of 0.93) compared to CT (sensitivity of 0.90, specificity of 0.86). On the other
hand, MRI showed a higher detection rate for bone lesions (sensitivity of 0.89, specificity
of 0.93) compared to CT (sensitivity of 0.61, specificity of 0.88), but this difference was not
statistically significant. The variability in the number of metastases detected through CT
and MR, relative to the reference standard, depended on the anatomical region and the
number of lesions per patient.

CT is the established staging method for monitoring oncology patients, including
those with malignant melanoma, due to its short acquisition time and widespread avail-
ability. However, repeated CT examinations may increase the risk of developing secondary
malignancies due to radiation exposure, which is particularly relevant for young melanoma
patients undergoing regular follow-ups [8]. For a 50-year-old patient, it is estimated that
annual CT scans of the chest, abdomen, and pelvis over a 10-year period carry a lifetime
cancer risk of 0.9% to 1.3% [26]. Improved long-term survival rates have been achieved
through new targeted therapies, such as mitogen-activated protein kinase (MAPK) pathway
inhibitors and inhibitors of cytotoxic-T-lymphocyte-associated protein 4 (CTLA4) and pro-
grammed cell death 1 (PD1)/PDI1L [27-30]. Given the increasing importance of reducing
radiation exposure, it is necessary to reevaluate the imaging strategies for staging and
follow-up with respect to melanoma patients [6,31].

Another concern relates to the use of iodinated intravenous CT contrast agents, which
can pose risks such as hyperthyroidism, potential allergic reactions, and renal toxicity,
especially in patients with pre-existing renal function impairment or congestive heart
failure [9]. Significant advancements in MRI technology, including improvements in hard-
ware (such as a higher field strength, more powerful gradients, and advanced matrix coil
systems), software, and examination sequences (focused on reducing artifacts, acceleration
techniques, compressed sensing, and parallel acquisition technology), as well as develop-
ments in quantitative imaging (such as diffusion-weighted imaging, MR fingerprinting,
and mapping) have continuously enhanced the clinical applicability of this radiation-free
imaging modality [32]. WB-MRI scans can now be performed with high resolution and
reasonable examination times, which is particularly advantageous for diffusion-weighted
imaging. This technique allows for a more accurate and specific characterization of the
tissue microstructure, thereby increasing its clinical value in oncological imaging [18]. As a
result of these advancements, WB-MRI has emerged as a competitive alternative to WB-CT
for the staging of patients with advanced melanoma. This is particularly significant con-
sidering the potential risks associated with CT contrast agents and the increasing clinical
utility of MRI in providing detailed and radiation-free imaging.

Other studies have also reported that MRI is less sensitive than CT in detecting pul-
monary metastases [15,18]. In particular, the upper and lower regions of the lungs may
be affected by respiratory artifacts, leading to an increased risk of false-negative results
when pulmonary lesions smaller than 10 mm are not identified. The technical complex-
ity of WB-MRI and the absence of standardized examination protocols across different
institutions are additional limiting factors that have not yet been validated. However,
the development of MRI ultrashort echo time (UTE) techniques has shown promise in
improving the assessment of small pulmonary nodules. These techniques allow for an echo
time (TE) shorter than 200 ps, resulting in a significantly higher sensitivity compared to
conventional volume-interpolated breath-hold examination (VIBE) images [33].

Patients who have limited pulmonary involvement with isolated or focal masses may
be candidates for a surgical metastasectomy. Studies have shown that patients who undergo
complete resections of their pulmonary metastases have improved 5- and 10-year survival
rates of 22% and 16%, respectively [34].
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In contrast to previous studies [21,22], our study did not find a higher sensitivity with
the detection of abdominal metastases using MRI. This discrepancy may be explained
by our site-based analysis, where we did not differentiate between individual abdominal
organs, such as the liver, and peritoneal lesions. While MRI exhibits an excellent sensitivity
for detecting liver lesions, its sensitivity for peritoneal lesions is only moderate. On the other
hand, MRI demonstrated a higher sensitivity and specificity for the detection of bone lesions,
although this difference was not statistically significant in our cohort. The superiority of
MRI in assessing bone lesions has also been reported by other authors [19,20,35].

The diagnostic accuracies of MRI and CT for detecting metastatic lesions in the lymph
nodes, soft tissue, and muscle were found to be similar. When it comes to the lymph nodes,
CT is generally considered more sensitive. However, MRI is known for its superior soft-
tissue contrast, resulting in a higher sensitivity for subcutaneous and muscle lesions [18]. It
is worth noting that, in this site-based analysis, the grouping of lymph-node, soft-tissue,
and muscle lesions into a single region may have influenced our findings.

In our study, we observed a higher agreement between the readers for metastatic
clusters (comprising more than 10 metastases per region) in the LSM (both CT and MRI),
lungs (CT), A/P (CT), and bone (MRI). Overall, the inter-reader reliability was highest for
metastases in the A /P region, while it was lowest for the lymph nodes, soft tissue, and
muscle. These results align with the site-based sensitivity of each imaging method. In MRI
scans, detecting lung lesions and peritoneal lesions proved more challenging, leading to
discrepancies in detection rates between the readers. The same holds true for bone lesions
in CT scans, as they are only visible in cases of sclerosis or osteolysis.

Given that WB-MRI demonstrates a comparable accuracy to other methods for melanoma
staging, except for lung evaluation, it could be beneficial to combine WB-MRI with low-
dose chest CT. Low-dose chest CT without a contrast agent has shown equivalent diagnostic
performance in detecting lung nodules when compared to standard chest CT [36]. Incor-
porating artificial intelligence (AI) applications into the clinical practice has the potential
to enhance advanced quantitative imaging techniques such as magnetic resonance finger-
printing and radiomics [32]. In the context of personalized medicine, with the increasing
economic pressures and workload, it becomes imperative to standardize oncological MR
imaging to ensure the consistency and reliability of the results [37].

Our study has limitations. First, we did not include an evaluation of the central
nervous system in our analysis. MRI is known for its ability to detect small asymptomatic
brain metastases, which have a significant impact on the prognosis of stage IV melanoma
patients [38]. However, since our institution typically performs dedicated brain MRI due
to the acknowledged superiority of MRI over CT in detecting brain and spinal-cord le-
sions [39], it would be advantageous to incorporate brain examinations into a WB-MRI
approach. Second, we acknowledge that a double read approach may lead to an overesti-
mation of the performance of CT and MRI. However, it is important to note that, in our
study, we conducted a comparative analysis of CT and MRI, employing the double read
approach equally for both imaging techniques. Third, not all of the lesions identified in
PET/CT and PET/MRI could undergo histological verification. To address this, we in-
cluded additional follow-up examinations and considered the long-term clinical outcomes
to determine whether the lesions should be classified as benign or malignant. Fourth, it
has been demonstrated that assessing a large number of lesions per region increases the
risk of discrepancies between different raters. Nevertheless, this is a common procedure in
everyday clinical practice.

In summary, our study findings support the potential of WB-MRI as a viable alterna-
tive to CT for staging melanoma patients, offering comparable diagnostic accuracies and
confidences in most regions. This has the advantage of significantly reducing radiation
exposure, which is particularly valuable given the improved clinical outcomes associated
with immunotherapy. To address the observed limited sensitivity for detecting pulmonary
lesions, the implementation of specific sequences in lung imaging could potentially enhance
its performance.
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DWI Diffusion-weighed imaging

IBE-FDG  18F-fluorodeoxyglucose

HASTE  Half-Fourier Acquisition Single-Shot Turbo Spin Echo
MAPK Mitogen-activated protein kinase pathway

CTLA4  Cytotoxic-T-lymphocyte-associated protein 4
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PD1 Programmed cell death 1

PET Positron emission tomography

UTE Ultrashort echo time

RECIST  Response Evaluation Criteria In Solid Tumors
VIBE Volume-interpolated breath-hold examination
WB Whole-body

References

1. Matthews, N.H.; Li, W.Q.; Qureshi, A.A.; Weinstock, M.A.; Cho, E. Epidemiology of Melanoma. In Cutaneous Melanoma: Etiology
and Therapy; Ward, W.H., Farma, ].M., Eds.; Codon Publications: Brisbane, Australia, 2017.

2. Watson, M,; Geller, A.C.; Tucker, M.A_; Guy, G.P, Jr.; Weinstock, M.A. Melanoma burden and recent trends among non-Hispanic
whites aged 1549 years, United States. Prev. Med. 2016, 91, 294-298. [CrossRef]

3. Ballantine, K.R.; Watson, H.; Macfarlane, S.; Winstanley, M.; Corbett, R.P.; Spearing, R.; Stevanovic, V.; Yi, M.; Sullivan, M.]. Small
Numbers, Big Challenges: Adolescent and Young Adult Cancer Incidence and Survival in New Zealand. J. Adolesc. Young Adult
Oncol. 2017, 6, 277-285. [CrossRef] [PubMed]

4. Dinnes, J.; Ferrante di Ruffano, L.; Takwoingi, Y.; Cheung, S.T.; Nathan, P.; Matin, RNN.; Chuchu, N.; Chan, S.A.; Durack, A;
Bayliss, S.E.; et al. Ultrasound, CT, MRI, or PET-CT for staging and re-staging of adults with cutaneous melanoma. Cochrane
Database Syst. Rev. 2019, 7, Cd012806. [CrossRef] [PubMed]

5. Garbe, C.; Amaral, T,; Peris, K.; Hauschild, A.; Arenberger, P.; Bastholt, L.; Bataille, V.; Del Marmol, V.; Dréno, B.; Fargnoli, M.C;
et al. European consensus-based interdisciplinary guideline for melanoma. Part 1: Diagnostics—Update 2019. Eur. ]. Cancer 2020,
126, 141-158. [CrossRef] [PubMed]

6.  Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, ]J.-].; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R;; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. ]. Med. 2019,
381, 1535-1546. [CrossRef] [PubMed]

7. Smith, A.J.; Lambert, P.C.; Rutherford, M.]. Understanding the impact of sex and stage differences on melanoma cancer patient

survival: A SEER-based study. Br. J. Cancer 2021, 124, 671-677. [CrossRef]


https://doi.org/10.1016/j.ypmed.2016.08.032
https://doi.org/10.1089/jayao.2016.0074
https://www.ncbi.nlm.nih.gov/pubmed/28207291
https://doi.org/10.1002/14651858.CD012806.pub2
https://www.ncbi.nlm.nih.gov/pubmed/31260100
https://doi.org/10.1016/j.ejca.2019.11.014
https://www.ncbi.nlm.nih.gov/pubmed/31928887
https://doi.org/10.1056/NEJMoa1910836
https://www.ncbi.nlm.nih.gov/pubmed/31562797
https://doi.org/10.1038/s41416-020-01144-5

Diagnostics 2023, 13, 1963 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zondervan, R.L.; Hahn, PF,; Sadow, C.A,; Liu, B.; Lee, S.I. Body CT scanning in young adults: Examination indications, patient
outcomes, and risk of radiation-induced cancer. Radiology 2013, 267, 460-469. [CrossRef]

Fahling, M.; Seeliger, E.; Patzak, A.; Persson, P.B. Understanding and preventing contrast-induced acute kidney injury. Nat. Rev.
Nephrol. 2017, 13, 169-180. [CrossRef]

Reinhardt, ML.].; Joe, A.Y,; Jaeger, U.; Huber, A.; Matthies, A.; Bucerius, J.; Roedel, R.; Strunk, H.; Bieber, T.; Biersack, H.J.; et al.
Diagnostic performance of whole body dual modality 18F-FDG PET/CT imaging for N- and M-staging of malignant melanoma:
Experience with 250 consecutive patients. J. Clin. Oncol. 2006, 24, 1178-1187. [CrossRef]

Mattsson, S.; Soderberg, M. Radiation dose management in CT, SPECT/CT and PET/CT techniques. Radiat. Prot. Dosimetry 2011,
147,13-21. [CrossRef]

Keung, E.Z.; Gershenwald, J.E. The eighth edition American Joint Committee on Cancer (AJCC) melanoma staging system:
Implications for melanoma treatment and care. Expert. Rev. Anticancer Ther. 2018, 18, 775-784. [CrossRef] [PubMed]

Morone, M.; Bali, M.A.; Tunariu, N.; Messiou, C.; Blackledge, M.; Grazioli, L.; Koh, D.M. Whole-Body MRI: Current Applications
in Oncology. AJR Am. ]. Roentgenol. 2017, 209, W336-W349. [CrossRef] [PubMed]

Padhani, A.R.; Koh, D.M.; Collins, D.]. Whole-body diffusion-weighted MR imaging in cancer: Current status and research
directions. Radiology 2011, 261, 700-718. [CrossRef]

Petralia, G.; Padhani, A.; Summers, P.; Alessi, S.; Raimondi, S.; Testori, A.; Bellomi, M. Whole-body diffusion-weighted imaging:
Is it all we need for detecting metastases in melanoma patients? Eur. Radiol. 2013, 23, 3466-3476. [CrossRef]

Pfannenberg, C.; Schwenzer, N. Whole-body staging of malignant melanoma: Advantages, limitations and current importance of
PET-CT, whole-body MRI and PET-MRI. Radiologe 2015, 55, 120-126. [CrossRef] [PubMed]

Jansen, Y.J.L.; Willekens, I.; Seremet, T.; Awada, G.; Schwarze, ] K.; De Mey, J.; Brussaard, C.; Neyns, B. Whole-Body MRI for the
Detection of Recurrence in Melanoma Patients at High Risk of Relapse. Cancers 2021, 13, 442. [CrossRef] [PubMed]

Laurent, V.; Trausch, G.; Bruot, O.; Olivier, P,; Felblinger, J.; Régent, D. Comparative study of two whole-body imaging techniques
in the case of melanoma metastases: Advantages of multi-contrast MRI examination including a diffusion-weighted sequence in
comparison with PET-CT. Eur. J. Radiol. 2010, 75, 376-383. [CrossRef]

Pfannenberg, C.; Aschoff, P.; Schanz, S.; Eschmann, S.M.; Plathow, C.; Eigentler, TK.; Garbe, C.; Brechtel, K.; Vonthein, R,;
Bares, R.; et al. Prospective comparison of 18F-fluorodeoxyglucose positron emission tomography/computed tomography and
whole-body magnetic resonance imaging in staging of advanced malignant melanoma. Eur. J. Cancer 2007, 43, 557-564. [CrossRef]
Hausmann, D.; Jochum, S.; Utikal, J.; Hoffmann, R.C.; Zechmann, C.; Neff, KW.; Goerdt, S.; Schoenberg, S.O.; Dinter, D.J.
Comparison of the diagnostic accuracy of whole-body MRI and whole-body CT in stage III/IV malignant melanoma. J. Dtsch.
Dermatol. Ges. 2011, 9, 212-222. [CrossRef]

Mosavi, F,; Ullenhag, G.; Ahlstrom, H. Whole-body MRI including diffusion-weighted imaging compared to CT for staging of
malignant melanoma. Upsala J. Med. Sci. 2013, 118, 91-97. [CrossRef]

Jouvet, ].C.; Thomas, L.; Thomson, V.; Yanes, M.; Journe, C.; Morelec, I.; Bracoud, L.; Durupt, F; Giammarile, F; Berthezene,
Y. Whole-body MRI with diffusion-weighted sequences compared with 18 FDG PET-CT, CT and superficial lymph node
ultrasonography in the staging of advanced cutaneous melanoma: A prospective study. J. Eur. Acad. Dermatol. Venereol. 2014, 28,
176-185. [CrossRef] [PubMed]

Seith, E.; Forschner, A.; Weide, B.; Giickel, B.; Schwartz, M.; Schwenck, J.; Othman, A.E.; Fenchel, M.; Garbe, C.; Nikolaou, K; et al.
Is there a link between very early changes of primary and secondary lymphoid organs in (18)F-FDG-PET/MRI and treatment
response to checkpoint inhibitor therapy? J. Immunother. Cancer 2020, 8, €000656. [CrossRef] [PubMed]

Seith, F.; Schmidt, H.; Kunz, J.; Kiistner, T.; Gatidis, S.; Nikolaou, K.; la Fougere, C.; Schwenzer, N. Simulation of Tracer Dose
Reduction in (18)F-FDG PET/MRI: Effects on Oncologic Reading, Image Quality, and Artifacts. J. Nucl. Med. 2017, 58, 1699-1705.
[CrossRef]

Schwartz, L.H.; Bogaerts, J.; Ford, R.; Shankar, L.; Therasse, P.; Gwyther, S.; Eisenhauer, E.A. Evaluation of lymph nodes with
RECIST 1.1. Eur. J. Cancer 2009, 45, 261-267. [CrossRef] [PubMed]

Wen, ].C.; Sai, V.; Straatsma, B.R.; McCannel, T.A. Radiation-Related Cancer Risk Associated With Surveillance Imaging for
Metastasis From Choroidal Melanoma. JAMA Ophthalmol. 2013, 131, 56-61. [CrossRef]

McDermott, D.; Lebbé, C.; Hodi, ES.; Maio, M.; Weber, ].S.; Wolchok, ].D.; Thompson, J.A.; Balch, C.M. Durable benefit and the
potential for long-term survival with immunotherapy in advanced melanoma. Cancer Treat. Rev. 2014, 40, 1056-1064. [CrossRef]
Brahmer, J.R.; Tykodi, S.S.; Chow, L.Q.M.; Hwu, W.-].; Topalian, S.L.; Hwu, P; Drake, C.G.; Camacho, L.H.; Kauh, J.; Odunsi,
K.; et al. Safety and Activity of Anti-PD-L1 Antibody in Patients with Advanced Cancer. N. Engl. ]. Med. 2012, 366, 2455-2465.
[CrossRef]

Flaherty, K.T.; Robert, C.; Hersey, P.; Nathan, P.; Garbe, C.; Milhem, M.; Demidov, L.V.; Hassel, J.C.; Rutkowski, P.; Mohr, P.
Improved survival with MEK inhibition in BRAF-mutated melanoma. N. Engl. . Med. 2012, 367, 107-114. [CrossRef]

Wolchok, J.D.; Kluger, H.; Callahan, M.K,; Postow, M. A ; Rizvi, N.A.; Lesokhin, A.M.; Segal, N.H.; Ariyan, C.E.; Gordon, R.-A;
Reed, K. Nivolumab plus ipilimumab in advanced melanoma. N. Engl. |. Med. 2013, 369, 122-133. [CrossRef]

Robert, C.; Ribas, A.; Schachter, J.; Arance, A.; Grob, J.-J.; Mortier, L.; Daud, A.; Carlino, M.S.; McNeil, C.M.; Lotem, M.;
et al. Pembrolizumab versus ipilimumab in advanced melanoma (KEYNOTE-006): Post-hoc 5-year results from an open-label,
multicentre, randomised, controlled, phase 3 study. Lancet Oncol. 2019, 20, 1239-1251. [CrossRef]


https://doi.org/10.1148/radiol.12121324
https://doi.org/10.1038/nrneph.2016.196
https://doi.org/10.1200/JCO.2005.03.5634
https://doi.org/10.1093/rpd/ncr261
https://doi.org/10.1080/14737140.2018.1489246
https://www.ncbi.nlm.nih.gov/pubmed/29923435
https://doi.org/10.2214/AJR.17.17984
https://www.ncbi.nlm.nih.gov/pubmed/28981354
https://doi.org/10.1148/radiol.11110474
https://doi.org/10.1007/s00330-013-2968-x
https://doi.org/10.1007/s00117-014-2762-z
https://www.ncbi.nlm.nih.gov/pubmed/25589421
https://doi.org/10.3390/cancers13030442
https://www.ncbi.nlm.nih.gov/pubmed/33503861
https://doi.org/10.1016/j.ejrad.2009.04.059
https://doi.org/10.1016/j.ejca.2006.11.014
https://doi.org/10.1111/j.1610-0387.2011.07614.x
https://doi.org/10.3109/03009734.2013.778375
https://doi.org/10.1111/jdv.12078
https://www.ncbi.nlm.nih.gov/pubmed/23331931
https://doi.org/10.1136/jitc-2020-000656
https://www.ncbi.nlm.nih.gov/pubmed/32753543
https://doi.org/10.2967/jnumed.116.184440
https://doi.org/10.1016/j.ejca.2008.10.028
https://www.ncbi.nlm.nih.gov/pubmed/19091550
https://doi.org/10.1001/jamaophthalmol.2013.564
https://doi.org/10.1016/j.ctrv.2014.06.012
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1056/NEJMoa1203421
https://doi.org/10.1056/NEJMoa1302369
https://doi.org/10.1016/S1470-2045(19)30388-2

Diagnostics 2023, 13, 1963 13 of 13

32.

33.

34.

35.

36.

37.

38.

39.

Attenberger, U.L; Biber, S.; Wichtmann, B.D. Technological Advances of Magnetic Resonance Imaging in Today’s Health Care
Environment. Investig. Radiol. 2020, 55, 531-542. [CrossRef]

Huang, Y.-S.; Niisato, E.; Su, M.-Y.M.; Benkert, T.; Hsu, H.-H.; Shih, J.-Y.; Chen, ].-S.; Chang, Y.-C. Detecting small pulmonary
nodules with spiral ultrashort echo time sequences in 1.5 T MRI. Magn. Reson. Mater. Phys. Biol. Med. 2021, 34, 399-409. [CrossRef]
[PubMed]

Zhang, K.S.; Pelleg, T.; Campbell, S.; Rubio, C.; Loschner, A.L; Ie, S. Pulmonary metastatic melanoma: Current state of diagnostic
imaging and treatments. Melanoma Manag. 2021, 8, MMT58. [CrossRef] [PubMed]

Miiller-Horvat, C.; Radny, P.; Eigentler, TK.; Schéfer, J.; Pfannenberg, C.; Horger, M.; Khorchidi, S.; Négele, T.; Garbe, C.; Claussen,
C.D,; et al. Prospective comparison of the impact on treatment decisions of whole-body magnetic resonance imaging and
computed tomography in patients with metastatic malignant melanoma. Eur. J. Cancer 2006, 42, 342-350. [CrossRef] [PubMed]

Jin, S.; Zhang, B.; Zhang, L.; Li, S.; Li, S.; Li, P. Lung nodules assessment in ultra-low-dose CT with iterative reconstruction
compared to conventional dose CT. Quant. Imaging Med. Surg. 2018, 8, 480—490. [CrossRef]

Anzai, Y,; Minoshima, S.; Lee, V.S. Enhancing Value of MRI: A Call for Action. J. Magn. Reson. Imaging 2019, 49, e40—e48.
[CrossRef]

Bottoni, U.; Clerico, R.; Paolino, G.; Ambrifi, M.; Corsetti, P; Calvieri, S. Predictors and survival in patients with melanoma brain
metastases. Med. Oncol. 2013, 30, 466. [CrossRef]

Herrmann, J.; Afat, S.; Brendlin, A.; Chaika, M.; Lingg, A.; Othman, A.E. Clinical Evaluation of an Abbreviated Contrast-Enhanced
Whole-Body MRI for Oncologic Follow-Up Imaging. Diagnostics 2021, 11, 2368. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/RLI.0000000000000678
https://doi.org/10.1007/s10334-020-00885-x
https://www.ncbi.nlm.nih.gov/pubmed/32902778
https://doi.org/10.2217/mmt-2021-0001
https://www.ncbi.nlm.nih.gov/pubmed/34900220
https://doi.org/10.1016/j.ejca.2005.10.008
https://www.ncbi.nlm.nih.gov/pubmed/16364631
https://doi.org/10.21037/qims.2018.06.05
https://doi.org/10.1002/jmri.26239
https://doi.org/10.1007/s12032-013-0466-2
https://doi.org/10.3390/diagnostics11122368

	Introduction 
	Methods 
	Patient Cohort 
	PET/CT Examinations 
	PET/MRI Examinations 
	Data Analysis 
	Standard of Reference 
	Statistical Analysis 

	Results 
	Distribution of Metastases 
	Comparative Analysis 
	Inter-Reader Reliability 

	Discussion 
	References

