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Abstract
Purpose To compare the accuracy of different MR sequences
in simultaneous PET/MR imaging for T staging in non-small-
cell lung cancer in relation to histopathology.
Methods The study included 28 patients who underwent ded-
icated thoracic PET/MR imaging before tumour resection.
Local tumour staging was performed separately by three
readers with each of the following MR sequences together with
PET: transverse T2 BLADE, transverse non-enhanced and
contrast-enhanced T1 FLASH, T1 3D Dixon VIBE in trans-

verse and coronal orientation, coronal T2 HASTE, and coronal
TrueFISP. The staging results were compared with histopathol-
ogy after resection as the reference standard. Differences in the
accuracy of Tstaging among theMR sequences were evaluated
using McNemar’s test. Due to multiple testing, Bonferroni cor-
rection was applied to prevent accumulation of α errors;
p<0.0024 was considered statistically significant.
Results Compared with histopathology, T-staging accuracy
was 69%with T2 BLADE, 68%with T2 HASTE, 59%with
contrast-enhanced T1 FLASH, 57 % with TrueFISP, 50 %
with non-enhanced T1 FLASH, and 45 % and 48 % with
T1 3D Dixon VIBE in transverse and coronal orientation,
respectively. Staging accuracy with T2 BLADE was sig-
nificantly higher than with non-enhanced T1 FLASH and
with T1 3D Dixon VIBE in transverse and coronal ori-
entations (p<0.0024). T2 HASTE had a significantly
higher T-staging accuracy than transverse T1 3D-Dixon-
VIBE (p<0.0024).
Conclusion Transverse T2 BLADE images provide the highest
accuracy for local tumour staging and should therefore be in-
cluded in dedicated thoracic PET/MR protocols. As T1 3D
Dixon VIBE images acquired for attenuation correction per-
formed significantly worse, this sequence cannot be considered
sufficiently accurate for local tumour staging in the thorax.
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Introduction

Due to its high sensitivity, 18F-FDG PET has proven to be
indispensable in lymph node (N) and distant metastasis (M)
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staging in patients with non-small-cell lung cancer (NSCLC)
[1, 2]. However, local tumour extent can only be assessed
poorly due to the low spatial and anatomical resolution of
PET. As morphological images with a high spatial resolution
are mandatory for local tumour (T) staging, an additional CT
scan is necessary. Hence, the combination of both modalities
(18F-FDG PET/CT) allows precise TNM staging [3–5] in one
hybrid examination and has therefore becomewidely accepted
in clinical practice and the latest guidelines [6].

Apart from the lower radiation dose of MR imaging com-
pared with CT, optimized MR sequences allow high-
resolution imaging of small pulmonary nodules [7–9] and
due to its inherent soft-tissue contrast, pleural and mediastinal
involvement may be diagnosed more precisely using MR im-
aging than CT [10, 11]. Although comparable results in stag-
ing accuracy were found in preliminary studies [12–14] eval-
uating PET/MR imaging in the setting of lung cancer assess-
ment, the addition of functional MR imaging is promising.
The simultaneous acquisition of diffusion-weighted imaging
provides information about tumour biology complementary to
metabolic information depicted by PET [15–17]. This infor-
mation might be used to perform more precise tumour char-
acterization andmight serve as a tool for prognostic evaluation
[18] that cannot be performed with PET/CT. Additionally,
MR-assisted PET motion correction could reduce SUV mea-
surement errors by reducing smearing [19] and improving
attenuation correction [20] without the need for additional
triggering devices or increased radiation exposure.

However, PET/MR imaging also poses new challenges. In
contrast to PET/CT, the excellent soft-tissue contrast poten-
tially requires a multitude ofMR sequences, while the absence
of established MR imaging protocols for PET/MR imaging
can result in long examination times. This may hinder the
broader dissemination of PET/MR imaging in clinical practice
[21]. To increase the spectrum of clinical applications of this
hybrid imaging method, some authors have promoted exten-
siveMR imaging protocols to provide all required information
in a single examination [22, 23]. Others, however, have pro-
moted faster short PET/MR protocols [24–27]. According to
these studies, MR information redundant to PET should be
avoided and MR imaging should be used solely for anatomi-
cal correlation to achieve examination times comparable to
those with low-dose PET/CT [27]. In this setting, even a rather
nondiagnostic T1 3D Dixon volume-interpolated breath-hold
examination (VIBE) sequence used for MR-based attenuation
correction has been explored for diagnostic purposes as part of
a Bquick^ PET/MR imaging examination. Although this sin-
gle MR sequence protocol has a fast acquisition time, whether
the inherent soft tissue contrast of MR imaging with this pro-
tocol has been sufficiently explored for diagnostic purposes
may be questioned.

In lung cancer imaging, local tumour stage is determined
by tumour size and potential invasion of adjacent organs.

Therefore, the ideal MR sequence should be able to image
the tumorous lesion with high contrast compared to its sur-
roundings, robustly depict lesion size and possible local inva-
sion, and provide accurate spatial registration with PET im-
ages. We analysed the diagnostic accuracy of different MR
sequences acquired as part of a dedicated thoracic PET/MR
protocol in order to optimize thoracic PET/MR protocols.

Material and methods

Patients

All 28 therapy-naive patients (13 women, 15 men; mean age
65.1±8.2 years) who underwent a dedicated, thoracic PET/
MR scan from August 2012 to February 2014 followed by
NSCLC resection were included in this retrospective analysis.
Tumour resection was performed within 5 weeks of the PET/
MR examination. The resection specimens were investigated
according to institutional standards in line with the WHO/
IARC diagnostic criteria [28]. Local tumour and lymph node
staging was performed in accordance with the 7th edi-
tion of the TNM classification in the histopathological
report [29]. All PET/MR examinations as well as the
retrospective analysis of the present data were approved
by the local ethics committee as part of general ethical approv-
al for retrospective research in integrated PET/MR. Written
informed consent was obtained from all patients before the
examinations.

PET/CT

As part of the initial staging, whole-body PET/CT scans were
performed on a Biograph mCT scanner (Siemens AG,
Healthcare Sector, Erlangen, Germany) with the low-dose or
full-dose technique 60 min after injection of a weight-
dependent dose of 18F-FDG (mean activity 280±50 MBq).
Blood glucose levels had to be below 150 mg/dl. For the
full-dose scans, 100 ml of an iodine-based contrast agent
(Ultravist©; Bayer Pharma, Berlin, Germany) was injected
70 s before the CT scan. The vendor-specific techniques
CareKV and CareDose 4D were used for the low-dose scan
(presets 120 kVand 40 mAs) and the full-dose scans (presets
120 kVand 210 mAs). A slice thickness of 5 mm was recon-
structed. PET acquisition was performed for 2 min per bed
position (seven bed positions for a regular patient) and images
were computed using iterative reconstruction (OSEM, three
iterations, 21 subsets) and a Gaussian filter of 4 mm. In the
full-dose scans, the portal venous phase was used for attenu-
ation correction while low-dose CT scans were used in the
low-dose examinations.
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PET/MR

PET/MR scans were performed on a Biograph mMR scanner
(Siemens AG, Healthcare Sector, Erlangen, Germany). The
thoracic examinations were performed either as a dedicated
protocol or as part of a whole-body examination (mean
waiting time between 18F-FDG injection and PET/MR imag-
ing 130±34 min). During a 20-min PET acquisition of the
thorax, the following MR sequences were acquired:

& A coronal T1 3D Dixon VIBE sequence for four-class
segment attenuation correction with TR 3.6 ms, TE1
1.23 ms, TE2 2.46 ms, flip angle 10°, slice thickness
3.12 mm, field of view (FOV) 500 × 500 mm2, matrix
size 96 × 96 and acquisition time (TA) 19 s, during inspi-
ration breath-hold.

& A transverse T2 BLADE turbospin echo (TSE) sequence
with TR 4,360 ms, TE 160ms, slice thickness 5 mm, FOV
400 × 400 mm2, matrix size 384 × 384 and TA 210 s,
during free breathing.

& A transverse T1 fast low-angle shot (FLASH) sequence
before contrast agent administration with TR 1,510 ms,
TE 2 . 1 5 m s , s l i c e t h i c k n e s s 5 mm , FOV
400 × 325mm2, matrix size 320 × 256 and TA 77 s, during
inspiration breath-hold.

& A coronal T2 steady-state free precession (TrueFISP) se-
quence with TR 3.75 ms, TE 1.64 ms, slice thickness
6 mm, FOV 330 × 330 mm2, matrix size 320 × 272 with
TA 26 s, during inspiration breath-hold.

& A coronal T2 half-fourier acquired single shot turbo spin
echo (HASTE) sequence with TR 649 ms, TE 51ms, slice
thickness 6 mm, FOV 330 × 330 mm2, matrix size
320 × 288 and TA 26 s, during inspiration breath-hold.

& A contrast-enhanced transverse T1 FLASH sequence with
TR 1,700 ms, TE 3.33 ms, slice thickness 7.5 mm, FOV
400 × 366 mm2, matrix size 256 × 205 and TA 46 s and
with fat saturation (TI 1,200 ms, during free breathing.

PET data were simultaneously acquired in list mode. Images
were reconstructed with the vendor-specific software on the
corresponding PET/MR console (Siemens AG, Healthcare
Sector, Erlangen, Germany) after the examination using 3D
iterative image reconstruction (OSEM, three iterations, 21 sub-
sets, Gaussian filter of 4 mm, matrix size 344×344).

Image analysis

T staging and tumour size with different MR sequences

In individual sessions, three different readers analysed each
MR sequence and contrast-enhanced CT images in random
order together with PET images as fused images on a dedicat-
ed Osirix Apple workstation (Apple Inc, Cupertino, CA). To

avoid recognition bias, each reader adhered to a minimum
time of 3 weeks between the reading sessions for each pulse
sequence. In this setting, 3D Dixon VIBE images were
assessed in coronal and transverse orientations in separate
reading sessions. Before image analysis, artefacts in the PET
images (e.g. caused by discrepancies between the μ-map and
the non-attenuation-corrected PET images) were excluded.
Then, T stage was assessed according to the 7th edition of
the TNM classification [29] and maximum tumour diameter
was noted by each reader for the different datasets. If a PET-
positive lesion was not detectable on the morphological
datasets, a diameter of 0 mm was recorded.

Visual detectability and alignment of the PET finding
with the primary tumour and lymph nodes with different MR
sequences

Image quality for primary tumour visualization and potentially
present 18F-FDG-avid lymph nodes was rated using the fol-
lowing two four-point ordinal scales:

& For visual detectability against the surrounding back-
ground: 3 excellent contrast, 2 intermediate contrast, 1
low contrast, 0 not detectable

& For alignment quality of the PET finding with the mor-
phological correlate 3 excellent alignment, 2 minor mis-
alignment, 1 major misalignment, an 0 complete
dislocation/no morphological correlate detectable

For alignment quality, fused PET/MR images were
analysed in the orientation of acquisition. In these images,
alignment of two datasets was analysed in each spatial
direction.

Statistical analysis

McNemar’s test was used to test for differences in T staging
accuracy among all MR sequences. To investigate interreader
agreement, Fleiss’ kappa was calculated. In a subgroup analysis,
T staging accuracies of contrast-enhanced PET/CTand the differ-
ent MR sequences were compared. As Tstage depends highly on
tumour size, Bland-Altman analysis was performed to determine
the agreement between the actual tumour diameters measured
during histopathological examination and the maximum diame-
ters measured with eachMR sequence. Here, three patients had to
be excluded, two because multiple nodules were present in the
resected lung and the lesions measured during histopathological
examination could not be identified clearly, one because no pre-
cise size was indicated in the histopathological report.

Visual detectability and alignment quality of the PET find-
ings with the morphological correlates were evaluated sepa-
rately for the primary tumour and lymph node metastases and
differences among the MR sequences were evaluated using
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two-tailedWilcoxon rank sum tests. As a total of 28 individual
tests were necessary to test for differences among the seven
MR sequences (T2 BLADE vs. T1 FLASH, T2 BLADE vs.
contrast-enhanced T1 FLASH etc.), Bonferroni correction
was applied to prevent α-error accumulation and p<0.0024
was considered statistically significant. In the subgroup anal-
ysis in patients with contrast-enhanced PET/CT, p<0.007 in-
dicated statistical significance after Bonferroni correction.
IBM SPSS Statistics 22 (IBM, Armonk, NY, USA) and r
(http://www.r-project.org/) were used for statistical analysis.

Results

Patients

According to histopathology, eight patients had stage IA and
eight stage IB disease. Stage IIB disease was found in three
and stage IIIA disease in seven patients. In two patients, ad-
ditional pulmonary nodules were found in the same lobe,
while one patient had an additional node in a different but
ipsilateral lobe. Stage IIIB and stage IV disease was found in
one patient each (adenocarcinoma in 17 patients, squamous
cell carcinoma in 6, "other" histopathology in 5).

T staging with different MR sequences

According to histopathology, T staging was correct with trans-
verse T2 BLADE in 69% of patients, with coronal HASTE in
67.9 %, with contrast-enhanced T1 FLASH in 59 %, with
TrueFISP in 57.1 %, with non-enhanced T1 FLASH in
50 %, with transverse T1 3D Dixon VIBE in 45.2 % and with
coronal T1 3D Dixon VIBE in 47.6 % (Figs. 1 and 2; Online

resource 1). While the number of inaccurate evaluations of
extrapulmonary spread were comparable among all se-
quences, inaccurate lesion detection and tumour site estima-
tion were especially problematic with T1 FLASH and with
coronal and axial T1 3D Dixon VIBE (Table 1).

Interreader agreement was high for all sequences (T2
BLADE 0.85, non-enhanced T1 FLASH 0.82, contrast-
enhanced T1 FLASH 0.87, transverse T1 3D Dixon VIBE
0.78, TrueFISP 0.65, T2 HASTE 0.71, coronal T1 3D
Dixon VIBE 0.87).

Among the 17 patients who also underwent a contrast-
enhanced PET/CT scan, T staging with PET/CT was correct
in 73 %. Contrast-enhanced PET/CT was superior to trans-
verse T1 3D Dixon VIBE (p<0.007), but no significant dif-
ferences were observed between contrast-enhanced PET/CT
and the other MR sequences (p>0.007).

Tumour size with different MR sequences

Tumour diameter on transverse T2BLADE correlated best with
the actual tumour diameter and showed the smallest limits of
agreement in Bland-Altman analysis. Tumour diameter on
transverse and coronal T1 3DDixon VIBE used for attenuation
correction had the widest limits of agreement and showed a
worse correlation than the diameters determined with the other
MR sequences (Figs. 2 and 3, Table 2, Online resource 2).

Visual detectability and alignment of the PET finding
with the primary tumour with different MR sequences

The best detectability of the primary tumour against the sur-
rounding background was found with transverse T2 BLADE
(mean 2.55), transverse contrast-enhanced T1 FLASH (mean

Fig. 1 Patient-based percentage
of correctly staged, upstaged or
downstaged tumours in NSCLC
patients with each individual MR
sequence. Significant differences
are indicated by the brackets
between two MR sequences

1260 Eur J Nucl Med Mol Imaging (2015) 42:1257–1267

http://www.r-project.org/


2.46) and coronal HASTE (mean 2.67). Detectability was low
particularly with non-enhanced T1 FLASH and 3D Dixon
VIBE, (Figs. 2 and 4; see Online resources 3 and 4 for
further information).

Alignment of the PET findings with the primary tumour
worked best with transverse T2 BLADE while problems were
observed with non-enhanced T1 FLASH and transverse T1
3D Dixon VIBE (Fig. 5; see Online resources 5 and 6 for
further information).

Visual detectability and alignment of the PET findings
with lymph nodes with different MR sequences

The visual detectability of lymph node metastases was highest
with transverse T2 BLADE and coronal HASTE (Fig. 6; see
Online resources 7 and 8 for further information). The best
alignment of the PET findings with the morphological

correlate in 18F-FDG-avid lymph nodes was found with trans-
verse T2 BLADE (Fig. 7; see Online resources 9 and 10 for
further information).

Discussion

To increase patient comfort and reduce costs by avoiding
time-consuming acquisition of redundant data, specific MR
sequences have to be selected to provide tailored MR imaging
protocols in PET/MR hybrid imaging. In this study T2 se-
quences were able to provide correct T staging in NSCLC
patients while minimizing errors in tumour size measurement.
On the other hand, correct T staging was achieved in less than
50 % of patients with T1 3D Dixon VIBEMR imaging which
is used for MR-based attenuation correction in the context of
PET/MR imaging. Relying only on T1 3D Dixon VIBE,

Fig. 2 A 64-year-old patient with squamous cell carcinoma in the left
lower lobe: a–c PET/CT, d–j PET/MR. While the histopathologically
confirmed pT1a lesion is visualized very well on the PET images (c, f),
the non-enhanced CT image (a), the T2 BLADE images (d, g, arrow) and

the contrast-enhanced T1 FLASH image (h, arrow), it is not detectable on
the non-enhanced T1 FLASH image (I) or the T1 3D Dixon VIBE image
(j), rendering exact local tumour staging impossible

Eur J Nucl Med Mol Imaging (2015) 42:1257–1267 1261



as suggested by some authors to shorten the MR proto-
col, cannot be considered a diagnostic choice for PET/
MR in thoracic imaging.

As the suitability of T2 sequences for lung imaging has
been thoroughly investigated, the excellent imaging perfor-
mance of the transverse BLADE and the coronal HASTE
sequences is not surprising. Thoracic MR protocols including
fast T2 sequences such as HASTE and BLADE have been
promoted due to the high image quality with these sequences
and their sensitivity in detecting pleural effusion or
intraatelectatic tumour growth [9, 30, 31]. While both
sequence types feature fast data acquisition during
breath-hold, BLADE, furthermore, is acquired in a radial
multishot scheme that is inherently insensitive to breathing
motion [32].

In this study, both sequences provided high visual detectabil-
ity of the primary tumour. Alignment between the PET findings
and the morphological correlate was excellent particularly with
the transverse T2 BLADE sequence. As local staging strongly
depends on the maximum tumour diameter in lower tumour
stages, the excellent correlation between tumour diameters de-
termined with these two sequences and the actual histopatholog-
ically confirmed tumour diameters is of great importance.
Furthermore, both sequences allow reliable imaging of lung
nodules bigger than 0.5 cm as shown by Schroeder et al. [33]
and Lutterbey et al. [34], which is of considerable importance
for the detection of pulmonary metastases. The non-enhanced

T1 FLASH sequence performed significantly worse in local
tumour staging than the transverse T2 BLADE sequence, and
provided inferior visual tumour detectability and a considerable
number of inaccuracies in tumour diameter evaluation. After
contrast agent administration visual detectability of the primary
tumour increased. However, due to the unfavourable slice thick-
ness in our protocol, larger differences between the tumour sizes
on morphological images and in the histopathological work-up
were observed for contrast-enhanced T1, leading to a statistical-
ly not significant inferior accuracy in local tumour staging.
Diagnostic 3D gradient echo sequences such as VIBE with a
high spatial resolution and improved contrast as a result of in-
creased acquisition times have been reported to show a high
detectability of pulmonary nodules [8] and have been strongly
promoted for thoracic imaging [9, 30, 35].

Chandarana et al. found that even non-enhanced, but still
diagnostic VIBE sequences with a high spatial resolution have
a high sensitivity for lung lesions >0.5 cm [35]. Therefore,
several authors have compared the suitability of PET/CT and
PET/MR for thoracic imaging in consecutive acquisitions
using the nondiagnostic low-resolution T1 3D Dixon VIBE
sequence for attenuation correction. In contrast to a diagnostic
VIBE sequence with high spatial resolution, the acquisition
time as well as the matrix size were reduced to image a large
FOV in one breath-hold per bed position, resulting in low
spatial resolution images with decreased image contrast.
Hence, these images were originally intended for generation

Table 1 Reasons for upstaging
and downstaging with all
analysed MR sequences

MR sequence Inaccurate
stagings (%)

Reason for inaccurate staging Upstaging
(%)

Downstaging
(%)

T2 BLADE, transverse 31 Inaccurate tumour size 2 6

Inaccurate extrapulmonary spread 15 4

Inaccurate lung nodule detection 4 0

T1 FLASH, transverse 50 Inaccurate tumour size 4 12

Inaccurate extrapulmonary spread 11 8

Inaccurate lung nodule detection 4 12

Contrast-enhanced T1
FLASH, transverse

41 Inaccurate tumour size 4 9

Inaccurate extrapulmonary spread 15 4

Inaccurate lung nodule detection 4 5

3D Dixon VIBE,
transverse

55 Inaccurate tumour size 0 21

Inaccurate extrapulmonary spread 14 7

Inaccurate lung nodule detection 4 8

TrueFISP, coronal 43 Inaccurate tumour size 4 7

Inaccurate extrapulmonary spread 14 5

Inaccurate lung nodule detection 4 10

T2 HASTE, coronal 32 Inaccurate tumour size 4 1

Inaccurate extrapulmonary spread 17 2

Inaccurate lung nodule detection 4 4

3D-Dixon-VIBE, coronal 52 Inaccurate tumour size 2 12

Inaccurate extrapulmonary spread 15 7

Inaccurate lung nodule detection 4 12
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of the patient tissue attenuation correction map, which is part
of MR-based attenuation correction in PET/MR hybrid
imaging.

Eiber et al. analysed a cohort of 35 patients who underwent
PET/CTandMR imaging. The anatomical and morphological
allocation of PET-positive findings was slightly better with the

T1 3D Dixon VIBE sequence that provided a high spatial
resolution (79×192 pixels) than with a low-dose CT scan,
but the difference was not significant [36]. Furthermore,
Stolzmann et al. found no significant differences in the detec-
tion rates for pulmonary lung nodules with a low-dose CT
scan and the T1 3D Dixon VIBE sequence with a matrix size

Fig. 3 An 84-year-old patient with squamous cell carcinoma in the right
upper lobe: a–c PET/CT, d–j PET/MR. On histopathological work-up,
the maximum tumour diameter was 33 mm. As no pleural invasion was
present (d, e), pathological T stage was 2a. While correct T staging was

possible with a maximum tumour diameter of 31 mm on T2 BLADE
images (d, h) and 38 mm on T2 HASTE images (j), underestimation of
the maximum tumour diameter on T1 3D Dixon VIBE images (g, i;
20 mm in axial orientation) led to downstaging with this MR sequence

Table 2 Correlation between
tumour diameters determined
with each MR sequence and the
actual diameter from the resection
specimen

MR sequence Limits of agreement (cm) Pearson’s correlation
coefficient

p value

Upper Lower

T2 BLADE, transverse −1.81 1.79 0.87 0.05

T1 FLASH, transverse −1.82 2.26 0.85 0.05

T2 HASTE, coronal −2.34 2.02 0.79 0.05

TrueFISP, coronal −1.45 3.13 0.77 0.05

Contrast-enhanced T1 FLASH, transverse −2.50 2.28 0.78 0.05

3D Dixon VIBE, transverse −2.50 2.28 0.79 0.05

3D Dixon VIBE, coronal −2.27 2.75 0.76 0.05
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of 320×256 pixels, although significant differences in lesion
size were observed [26].

The discrepancy between the findings of the previous studies
and those of our study were most likely caused by differences in
the MR protocols. In contrast to the VIBE protocol used by
Eiber et al. [36] and Stolzmann et al. [26], the VIBE protocol
used with the Biograph mMR has faster data acquisition and a
considerably lower matrix size of 96 x 96 pixels. This reduction
leads to a larger voxel size and reduces the detectability of finer
anatomical structures and pulmonary nodules. Furthermore, the
sequence parameters of the 3D Dixon VIBE sequence for atten-
uation correction are optimized for rapid acquisition times rather

than diagnostic performance. Therefore, lung nodule detection
and evaluation of primary tumour size were significantly worse
with the T1 3D Dixon VIBE sequence in the coronal and trans-
verse orientations than with the transverse T2 BLADE, coronal
T2 HASTE and transverse contrast-enhanced T1 FLASH se-
quences, leading to a significantly lower accuracy in local tu-
mour staging than with the transverse T2 BLADE sequence.
The present study indicates that the current implementation of
the 3D Dixon VIBE sequence for attenuation correction should
not be used as the only imaging sequence for T staging in
NSCLC patients and its use as a single replacement for other
morphological sequences should be reevaluated.

Fig. 4 Visual detectability of the
primary tumour with the different
MR sequences. Significant
differences are indicated by
brackets between two MR
sequences

Fig. 5 Alignment of the PET
findings with the primary tumour
with different MR sequences.
Significant differences are
indicated by brackets between
two MR sequences
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The diagnosis of lymph node metastases depends mainly
on locally increased 18F-FDG uptake. Thus differences be-
tween PET/CT and PET/MR imaging may not be expected
in N staging. This theory is supported by the available litera-
ture [13, 37]. However, visual detectability and exact align-
ment of the two datasets for 18F-FDG-avid lymph nodes are
important for further staging examinations (e.g. endobronchial
ultrasound-guided transbronchial needle aspiration, follow-up
examinations) and treatment planning. In this study, the

transverse T2 BLADE sequence performed significantly bet-
ter than the other MR sequences, including the T1 3D Dixon
VIBE sequence. These findings are in line with the results of
Jeong et al. in 12 patients, showing that the T1 3D Dixon
VIBE sequence performed significantly worse in lymph node
staging than contrast-enhanced PET/CT [38]. Significant dif-
ferences were also observed between the transverse T2
BLADE and the coronal T2 HASTE sequences. These find-
ings are comparable with the results of Both et al. who

Fig. 6 Visual detectability of 18F-
FDG-avid lymph nodes with
different MR sequences.
Significant differences are
indicated by brackets between
two MR sequences

Fig. 7 Alignment of the PET
findings with 18F-FDG-avid
lymph nodes with different MR
sequences. Significant differences
are indicated by brackets between
two MR sequences

Eur J Nucl Med Mol Imaging (2015) 42:1257–1267 1265



evaluated lung cancer patients using CT and MR imag-
ing and showed that a transverse T2 TSE sequence was
superior to a coronal HASTE sequence for lymph node
staging [9].

This study had some limitations. Although all patients had a
histopathological work-up, the number of analysed patients was
small and the results should therefore be considered as prelim-
inary. Since contrast-enhanced PET/CT is considered the most
precise diagnostic method for thoracic imaging, a larger cohort
of patients undergoing contrast-enhanced PET/CTand PET/MR
imaging is needed to reliably evaluate differences be-
tween the two hybrid imaging modalities. Another lim-
itation of this study was the lack of diagnostic VIBE
sequences with high spatial resolution as part of the
PET/MR protocol. As stated above, these have proven to be
of enormous value in lung imaging in recent studies [8, 9, 30]
and have already been used by Schwenzer et al. [12] and
Fraioli et al. [39] in their studies on lung cancer imaging in
PET/MR.

In conclusion, this study showed that the most accurate
local tumour staging was achieved with a transverse T2
BLADE sequence, a transverse contrast-enhanced T1 FLAS
H sequence, a coronal T2 HASTE sequence and a coronal
TrueFISP sequence. As the transverse T2 BLADE sequence
had the lowest limits of agreement in relation to tumour size,
and the highest visual detectability and the best alignment
between the PET findings and the morphological correlate
for primary tumours and lymph node metastases, it should
be considered as a component of every PET/MR protocol
for lung cancer evaluation. Although considered as sufficient
by some authors, T1 3D Dixon VIBE in the context of this
study showed the lowest accuracy in T staging and the widest
limits of agreement in relation to tumour size in the transverse
and coronal orientations. As visual detectability and alignment
between the PET findings and the morphological correlate
were low for primary tumours and lymph node metastases
with the T1 3D Dixon VIBE sequence, T and N staging in
NSCLC patients based on this sequence alone cannot be rec-
ommended according to the results of this study.
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