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Abstract

Purpose In various tumours PET/CT with ['*F]FDG is widely
accepted as the diagnostic standard of care. The purpose of
this study was to compare a dedicated ['*F]JFDG PET/MRI
protocol with ['"*F]FDG PET/CT for TNM staging in a cohort
of oncological patients.

Methods A dedicated ['*FJFDG PET/MRI protocol was per-
formed in 73 consecutive patients (mean age of 59 years,
range 21-85 years) with different histologically confirmed
solid primary malignant tumours after a routine clinical FDG
PET/CT scan (60 min after injection of 295+45 MBq
['"*F]FDG). TNM staging according to the 7th edition of the
AJCC Cancer Staging Manual was performed by two readers
in separate sessions for PET/CT and PET/MRI images. As-
sessment of the primary tumour and nodal and distant metas-
tases with FDG PET/CT and FDG PET/MRI was based on
qualitative and quantitative analyses. Histopathology, and
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radiological and clinical follow-up served as the standards of
reference. A McNemar test was performed to evaluate the
differences in diagnostic performance between the imaging
procedures.

Results From FDG PET/CT and FDG PET/MRI T stage was
correctly determined in 22 (82 %) and 20 (74 %) of 27
patients, N stage in 55 (82 %) and 56 (84 %) of 67 patients,
and M stage in 32 (76 %) and 35 (83 %) of 42 patients,
respectively. Sensitivity, specificity, positive predictive value,
negative predictive value and diagnostic accuracy for lymph
node metastases were 65 %, 94 %, 79 %, 89 % and 87 % for
PET/CT, and 63 %, 94 %, 80 %, 87 % and 85 % for PET/MRI.
The respective values for the detection of distant metastases
were 50 %, 82 %, 40 %, 88 % and 76 % for PET/CT, and
50 %, 91 %, 57 %, 89 % and 83 % for PET/MRI. Differences
between the two imaging modalities were not statistically
significant (P>0.05).

Conclusion According to our results, FDG PET/CT and FDG
PET/MRI are of equal diagnostic accuracy for TNM staging
in patients with solid tumours.

Keywords ['*F]FDG PET/MRI - ['*F]JFDG PET/CT - TNM
staging

Introduction

In malignant diseases, patient survival and the therapeutic
regimen depend on individual tumour stage. Therefore, ade-
quate staging of the tumour, and nodal and distant metastases
(TNM staging) encompassing the entire body is required to
provide the best available care and best prognosis for patients.
Integrated ['*F]JFDG PET/CT enables simultaneous acquisi-
tion of morphological and functional datasets, providing a
precise assessment of malignant tumours based on their in-
creased glucose metabolism [1, 2]. In various studies the
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diagnostic abilities of whole-body (WB) MRI, PET and PET/
CT for cancer staging have been evaluated and compared
[3-8]. FDG PET/CT has been considered indispensable in
oncological imaging since it provides a higher accuracy in
TNM staging than either PET or CT alone [3]. MRI with its
excellent soft-tissue contrast, which enables a more detailed
evaluation of different soft tissues, offers a higher sensitivity
than CT in lesion detection in many organs. However, for WB
tumour staging Antoch et al. have demonstrated that in overall
TNM staging FDG PET/CT provides a superior performance
to WB MRI [3].

With the recently introduced integrated hybrid PET/MRI,
PET and MRI have been combined into one imaging modality
enabling the simultaneous acquisition and highly accurate
spatial coregistration of PET and MRI datasets [9—12]. Be-
sides the advantage over CT of the lack of ionizing radiation,
MRI in combination with PET is expected to provide a new
quality in functional cancer imaging, mainly due to the com-
bination of high soft-tissue contrast and functional MR with
PET [9, 12]. Recently published clinical studies using WB
PET/MRI in oncological patients have confirmed its feasibil-
ity for WB cancer staging and have shown image quality
comparable to the image quality with PET/CT for lesion
detection [13—15]. For thoracic staging in patients with non-
small-cell lung cancer (NSCLC), FDG PET/MRI using a
dedicated pulmonary MRI protocol and FDG PET/CT are in
good agreement in thoracic T and N staging [16]. Eiber et al.
have recently demonstrated the superiority of PET/MR over
PET/CT for the anatomical delineation and identification of
bone lesions [17]. Furthermore, PET/MRI provides higher
lesion conspicuity and diagnostic confidence than PET/CT
in the depiction of liver lesions [18].

The aim of this study was to determine the staging accura-
cies of WB PET/CT and WB PET/MRI for different malig-
nant diseases and to compare these two imaging tools. Histo-
pathology, radiological and clinical follow-up served as the
standards of reference.

Material and methods
Patients

A total of 73 patients with a mean age of 59 years (range 21—
85 years) and different histologically confirmed malignant
solid primary tumours were retrospectively included in this
study. In all 73 patients a dedicated ['*F]JFDG PET/MRI
protocol was performed after a routine clinical FDG PET/CT
scan (60 min after injection of 295+45 MBq ['*F]FDG). The
malignant diseases included NSCLC (25 patients), breast
carcinoma (4), cancer of unknown primary site (1), head and
neck tumour (2), melanoma of the uvea (2), genitourinary
tumour (2), tumour of the gastrointestinal tract (2), malignant

melanoma (33), pleural mesothelioma (1), and liver tumour
(1). Histopathological work-up was performed according to
institutional standards, current diagnostic criteria of the WHO/
IARC were applied, and staging was performed according to
the TNM Classification of Malignant Tumors (7th edition).
This study was performed in accordance with the regulations
of the local institutional ethics committee, and written in-
formed consent was obtained from all participants.

PET/CT imaging

WB FDG PET/CT scans were obtained on a mCT™ PET/CT
scanner (Siemens Molecular Imaging, Hoffman Estates, IL).
Before imaging, patients fasted for at least 6 h. All patients had
blood glucose levels below 150 mg/dL at the time of
['®F]FDG injection. ['*F]JFDG (295+45 MBq) was intrave-
nously injected 60 min before the scan. The contrast-enhanced
CT scan was acquired with the following parameters:
caudocranial scan direction, field of view (FoV) skull base
to upper thighs, 120 kV, automatic mA/s adjustment (CARE
DosedD™, preset 210 mAs), 5 mm slice thickness, 5 mm
increment, pitch 1, iodinated contrast agent injection (100 mL,
Ultravist™ 300; Bayer Healthcare, Berlin, Germany) at a flow
rate of 2 mL/s, followed by a flush of 2.5 mL/s saline, start
delay to CT scan 70 s. The PET scan was acquired with the
following parameters: 3-D mode, 2 min emission time per bed
position (45 % overlap), reconstruction according to the
ordered-subsets expectation maximization (OSEM) algorithm
with four iterations and eight subsets, 3-D Gaussian filter,
4.0 mm, full-width at half-maximum (FWHM), scatter cor-
rection. Attenuation correction was based on the portal venous
phase of the WB CT scan.

PET/MR imaging

WB FDG PET/MRI was performed on a Magnetom Biograph
mMR™ (Siemens Healthcare, Erlangen, Germany). FDG
PET/MRI was performed following the FDG PET/CT scan
with a mean delay of 8151 min to the start of the PET/CT
scan. Patients were positioned supine, and imaged from the
head to the upper thighs in the caudocranial direction. A
dedicated multichannel mMR head and neck coil and, depend-
ing on the patient’s height, up to four multichannel mMR™
body flex surface coils were used for MR imaging. MR
imaging was performed simultaneously with PET using the
following protocol for each bed position: coronal 3-D VIBE
sequence (TR 3.6 ms, TE1 1.23 ms, TE2 2.46 ms, 3.12 mm
slice thickness, FoV 500 mm) for Dixon-based attenuation
correction; transverse T1-weighted turbo-fast angle low shot
(FLASH) sequence (TR 1,800 ms, TE 2.4 ms, matrix size 256,
5-mm slices, FoV 450 mm); transverse echo planar diffusion-
weighted imaging (DWI; TR 10,500 ms, TE 78 ms, b-values
0, 500 and 1,000 s/mmz, matrix size 160, 5-mm slices, FoV
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450 mm, generalized autocalibrating partially parallel acqui-
sition, acceleration factor 2, two averages).

All patients received an injection of a body weight-adapted
dose of a gadolinium-based contrast medium (Gadovist™,;
Bayer Healthcare Pharmaceuticals, Berlin, Germany). There-
fore, an additional transverse T1-weighted turbo-FLASH se-
quence with fat saturation (TR 1,700 ms, TE 3.33 ms, matrix
size 256, 5-mm slices, FoV 450 mm) was acquired. The PET
acquisition time was 8 min per bed position using list mode.
PET images were reconstructed using the iterative OSEM
algorithm, three iterations and 21 subsets, Gaussian filter,
FWHM 5.0 mm, scatter correction. Default attenuation cor-
rection maps using a four-compartment body-segmentation
algorithm based on fat and water separation (Dixon method)
were used for PET attenuation correction. PET/MRI image
fusion was performed for the postcontrast T1-weighted turbo-
FLASH images. For patients with diagnosed NSCLC an
additional dedicated pulmonary PET/MRI protocol was
performed.

Image analysis

TNM staging was performed by two readers with 4 and 5 years
experience in MRI and 3 and 4 years experience in hybrid
FDG PET/CT imaging, respectively. Both readers were sup-
plied with the same clinical information about each patient.
FDG PET/CT and FDG PET/MRI images were analysed
separately, in separate sessions and in random order using a
picture archiving and communication system (Centricity;
General Electric Medical Systems, Milwaukee, WI) and ded-
icated viewing software for hybrid imaging (syngo.via; Sie-
mens, Healthcare Sector, Erlangen, Germany). There was an
interval of at least 6 weeks between reading the FDG PET/CT
and the FDG PET/MRI datasets. Discrepancies between the
two readers were resolved in a consensus reading by both
readers in a separate session.

Assessment of the primary tumour and nodal and
distant metastases on FDG PET/CT and FDG PET/
MRI scans was based on qualitative and quantitative
analyses. FDG PET/CT and FDG PET/MRI data were
evaluated qualitatively for regions of focally increased
tracer uptake by visual comparison of a lesion’s signal
with the FDG uptake of the liver parenchyma on PET.
Furthermore, for FDG PET/CT, lymph nodes were grad-
ed as malignant or benign based on these functional
criteria and based on their size. Determination of lymph
node size was based on measurement of the short-axis
diameter. Region-specific size criteria were applied
when assessing lymph nodes for malignancy [19]. Cen-
tral necrosis was considered a sign of malignant tumour
spread independent of lymph node size. For FDG PET/
MRI, readers were instructed to identify all malignant
lymph nodes according to the following criteria:

@ Springer

increased short-axis diameter, pathological signal inten-
sity (heterogeneous vs. homogeneous), central necrosis,
shape (smooth vs. irregular), contrast enhancement, high
signal on b-1,000 DWI images with low signal intensity
on corresponding ADC maps, and focal FDG uptake.
PET images were assessed with and without attenuation
correction using the PET data to avoid false-positive
findings due to attenuation correction artefacts.

Standard of reference

Both clinical/radiological follow-up and histopathology
served as standards of reference. Malignant disease was con-
firmed by histopathological verification in all patients. Evalu-
ation of the performance in T, N and M staging was limited to
those patients in whom an adequate reference standard data
were available. Tumour resection with pathological T stage
verification was performed in 27 patients; comparison of PET/
CT and PET/MRI for accurate assessment of T stage was
limited to these patients. For N staging 67 patients were
eligible: Pathological N stage verification by lymph node
sampling was available in 57 patients, while radiological
follow-up served as the standard of reference in 10 patients.
For M staging 42 patients were evaluated. Radiological
follow-up served as the standard of reference in 41 patients
while M stage was pathologically verified in only 1 patient.
The mean follow-up time in all patients was 273 days (range
75-515 days). The radiological follow-up examinations in-
cluded CT, MRI and/or PET/CT. The reference standard data
were collected by a physician unaware of the results of the two
imaging procedures.

Statistics

Statistical analysis was performed using SPSS 22™ (SPSS
Inc., Chicago, IL). Data are presented as means+standard
deviation (SD). The McNemar test was used to evaluate the
differences in diagnostic performance between the different
imaging procedures. Sensitivity, specificity, positive predic-
tive value (PPV), negative predictive value (NPV) and diag-
nostic accuracy in the detection of nodal and distant metasta-
ses were calculated for FDG PET/MRI and FDG PET/CT. A
P value <0.05 was considered to indicate statistical
significance.

Results

FDG PET/CT and FDG PET/MRI acquisitions were complet-
ed successfully in all 73 patients.



Eur J Nucl Med Mol Imaging (2015) 42:42—48

45

Primary tumour staging

There was agreement between FDG PET/CT and FDG PET/
MRI in T staging in 25 of 27 patients (93 %). Compared to
resection specimens as the reference standard, the primary
tumour was correctly staged using FDG PET/CT in 22 of 27
patients (82 %) and using FDG PET/MRI in 20 of 27 patients
(74 %). T stage was overstaged in one patient and understaged
in four patients using FDG PET/CT compared to histopathol-
ogy. Using FDG PET/MRI, T stage was overstaged in two
patients (Fig. 1) and understaged in five patients compared to
histopathology. Differences between the two imaging modal-
ities were not statistically significant (P=0.74). For both PET/
CT and PET/MRI there was high interobserver agreement in T
staging (k=0.92).

Regional lymph node staging

Regional lymph node stage was correctly characterized in 55
(82 %) and 56 (84 %) of 67 patients with FDG PET/CT and
FDG PET/MRI, respectively (Table 1). The N stage was
underestimated in eight and nine patients by PET/MRI and
PET/CT (Fig. 2), respectively, and was overestimated in three
patients by both imaging modalities. To additionally deter-
mine sensitivity, specificity, PPV, NPV and diagnostic accu-
racy, regional lymph node involvement was characterized as
N-positive (N1-N3) or N-negative (NO) with FDG PET/CT
and FDG PET/MR], respectively. Sensitivity, specificity, PPV,
NPV and diagnostic accuracy were 63 %, 94 %, 80 %, 87 %
and 85 % with PET/MRI. The respective values with FDG
PET/CT were 65 %, 94 %, 79 %, 89 % and 87 %. Thus, there
was no statistically significant difference between FDG PET/
MRI and FDG PET/CT in the detection of lymph node me-
tastases (P>0.05). For both PET/CT and PET/MRI there was
high interobserver agreement in N staging (k=0.92).

Distant metastasis staging

FDG PET/MRI accurately differentiated between M0 and
M1 disease in 35 (83 %) of 42 patients. FDG PET/MRI
overstaged the M stage in three patients and understaged
it in four patients in relation to the standard of reference.
With FDG PET/CT the M stage was determined correctly
in 32 (76 %) of 42 patients. FDG PET/CT overestimated
the M stage in 6 patients and underestimated the M stage
in 4 patients (Table 1). The sensitivity, specificity, PPV,
NPV and diagnostic accuracy in the discrimination of M-
positive and M-negative disease were 50 %, 91 %, 57 %,
89 % and 83 % by FDG PET/MRI, and 50 %, 82 %,
40 %, 88 % and 76 % by FDG PET/CT, respectively.
Consequently, there was no statistically significant differ-
ence between FDG PET/MRI and FDG PET/CT
(P>0.05) (Fig. 3).

Discussion

Precise knowledge of the local tumour stage as well as detec-
tion of potential spread of the tumour to regional lymph nodes
and distant organs is required for decision-making in cancer
therapy. In this study the diagnostic accuracy of integrated
FDG PET/MRI for WB TNM staging in patients with solid
tumours was compared with that of FDG PET/CT.

We did not detect any statistically significant differences
between FDG PET/CT and FDG PET/MRI for the correct
definition of T, N and M stages. With regard to T staging, our
results contradict the a priori assumed higher accuracy of FDG
PET/MRI over FDG PET/CT for local tumour invasion due to
the higher soft-tissue contrast of MRI. Al-Nabhani et al. also
found a 10 % improvement in local staging using FDG PET/
MRI over FDG PET/CT [20]. In that study follow-up imaging
was used as the standard of reference, while in our study only
patients with surgical tumour resection and pathological
work-up of the primary tumour were included for evaluation
of the T staging performance of FDG PET/MRI and FDG
PET/CT. The stricter reference standard used in our study
might account for the differences in the findings between the
two studies. A recent study by Catalano et al. showed a
significantly higher number of additional findings on FDG
PET/MRI than on FDG PET/CT with an impact on patient
management [21]. Looking more closely at the results of that
study, with regard to T staging a change in therapeutic concept
was related to the detection of local tumour infiltration in only
two patients, who received neoadjuvant chemotherapy before
resection [22].

Summarizing the available evidence, the differences be-
tween FDG PET/MRI and FDG PET/CT for primary tumour
staging seem to be marginal. One explanation might be that
the higher soft-tissue contrast of MRI is an advantage over CT
in only a few specific tumour entities (e.g. soft-tissue sarcoma,
rectal carcinoma and cervical carcinoma). In other frequent
tumours, such as NSCLC, MRI would not frequently be
expected to provide a higher accuracy for the evaluation of
the primary tumour, as has recently been demonstrated [16].
Still, for primary tumour staging the detection of invasion of
the adjacent anatomical structures is a potential advantage of
FDG PET/MR over FDG PET/CT. In our recent study, we did
not have any patients in whom the invasion of adjacent
anatomical structures could not be excluded by FDG PET/
CT [16]. The heterogeneity and numbers of the studied onco-
logical cohorts with different tumour entities may not have
been powered to demonstrate potential advantages of FDG
PET/MRI. We understand this as a limitation of our own study
and propose that the T staging accuracy of FDG PET/MRI
might still be an advantage over FDG PET/CT in some entities
and certainly has to be further investigated.

The equal diagnostic accuracy of FDG PET/MRI and FDG
PET/CT for N staging matches the results of recent studies
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Fig. 1 Primary tumour staging in
a 53-year-old male patient with an
["*F]FDG-avid histologically
proven squamous cell carcinoma
in the right anterior floor of the
mouth. a—¢ PET/CT imaging: the
tumour mass is seen on the CT
image (a), on the PET image with
CT-based attenuation correction
(b) and on the FDG PET/CT
image (c). d—f PET/MRI imaging:
the tumour mass is also seen on
the contrast-enhanced T1-W MR
image (d), on the PET image with
MR attenuation correction (e) and
on the fused FDG PET/MR image
(f). The primary tumour (pT2)
was correctly staged as a T2
tumour by FDG PET/CT, but was
overstaged by FDG PET/MRI
due to suspected mandibular bone
infiltration

evaluating the practical clinical significance of FDG PET/
MRI in comparison to FDG PET/CT which showed a very
high agreement with regard to lesion detection and localiza-
tion [20]. In the same study the authors found no additional
clinical value for the evaluation of lymph node metastases
compared to FDG PET/CT. Since the detection of lymph node
metastases is predominantly based on the high sensitivity of
PET, differences between FDG PET/MRI and FDG PET/CT
were not expected. In a few studies, additional functional MRI
sequences, such as DWI, facilitated the detection of metasta-
ses in lymph nodes showing no enlargement [23]. However, in
our study, which included the information derived from DWI,
we were not able to demonstrate any advantage of FDG PET/
MRI over FDG PET/CT in the detection of lymph node
metastases and the determination of N stage, a finding
supporting those of previous studies that showed no additional

value of DWI for the detection of metastases using FDG PET/
MRI [24].

For M staging, we found a low sensitivity compared to
recent FDG PET/CT studies [3] and we did not observe
any significant differences between FDG PET/MRI and
FDG PET/CT in the accuracy of determining M stage.
These discrepancies in M staging performance might have
been due to our strict reference standard. Furthermore, our
study cohort included only nine patients with metastatic
disease, and therefore the results concerning the accuracy
in determining M stage should be considered as prelimi-
nary. Due to technical differences between FDG PET/CT
and FDG PET/MRI, M staging performance might also
depend on primary tumour type, the target organ of po-
tential metastases and the applied imaging protocols.
While FDG PET/MRI due to its high soft-tissue contrast

Table 1 Accuracy of FDG PET/CT and FDG PET/MRI in the detection of lymph node involvement and distant metastases in relation to the reference

standard
Modality True-positive (n) True-negative (n) False-positive (1) False-negative (n)
Lymph Distant Lymph Distant Lymph Distant Lymph Distant
nodes metastases nodes metastases nodes metastases nodes metastases
FDG PET/CT 11 4 47 27 3 6 6 5
FDG PET/ 13 4 45 30 3 3 6 5
MRI
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Fig. 2 N staging in a 72-year-old male patient with a histologically
proven NSCLC of the left upper lung (pT3). a—¢ PET/CT imaging: a
mediastinal lymph node without pathological enlargement is seen on the
CT image (a); the lymph node shows no pathological FDG uptake on the
PET image with CT-based attenuation correction (b) or on the fused FDG

may be superior for hepatic staging [18] or detection of
subcutaneous metastases, for example in melanoma pa-
tients, FDG PET/CT can be expected to be advantageous
in the detection of small pulmonary metastases. We stress
that we did not use an organ-specific imaging protocol or
contrast material, for example for the detection of hepatic
metastases, and we did not use any dynamic contrast-
enhanced MRI sequences in this study that was focused
on WB staging. Therefore, we cannot exclude significant
differences in accuracy between FDG PET/CT and FDG
PET/MRI in determining M stage using any primary
tumour-specific MRI protocols.

The sequence of the FDG PET/CT and subsequent
FDG PET/MRI acquisitions may have biased the compar-
ison of these modalities, since tracer accumulation in
malignant tissue potentially increases the sensitivity of
the delayed FDG PET acquired during FDG PET/MRI.

PET/CT image (c¢). d—f PET/MRI imaging: the mediastinal lymph node is
also seen on the T2-W MR image (d), on the PET image with MR
attenuation correction (e) and on the fused FDG PET/MR image (f).
The lymph node was falsely staged as benign by FDG PET/CT (NO)
and correctly staged as malignant by FDG PET/MRI (N2)

However, since it has been repeatedly demonstrated that
SUV values derived from FDG PET/CT and subsequent
FDG PET/MRI show a strong correlation [14, 25], and
moreover since we did not find higher diagnostic accura-
cies of FDG PET/MRI for metastasis detection, we be-
lieve that the this bias had no relevant impact on the
interpretation of our results.

In conclusion, we did not find any significant differences
between FDG PET/CT and FDG PET/MRI for TNM staging
in patients with solid tumours using a WB MRI staging
protocol. Still, we cannot exclude significant differences in
the diagnostic accuracy between FDG PET/CT and FDG PET/
MRI using a dedicated MRI protocol depending on the spe-
cific primary tumour entity. Therefore, further studies are
needed to evaluate the diagnostic staging performance of
hybrid FDG PET/MRI using a tumour entity-specific protocol
to provide all the expected advantages of MRI.

Fig. 3 Distant metastasis staging in a 73-year-old male patient with
NSCLC in the right lower lobe. a—¢ PET/CT imaging: an osteolytic lesion
in the left scapula is seen on the CT image (a); this bone lesion shows
pathological FDG uptake on the PET image with CT-based attenuation

correction (b) and on the FDG PET/CT image (¢). d—f PET/MRI imaging:
the osteolytic lesion is also seen on the T2-W MR image (d), on the PET
image with MR attenuation correction (e) and on the fused FDG PET/MR
image (f)
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