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Abstract
Objectives To compare the diagnostic performance of 18F-FDG PET/MRI and 18F-FDG PET/CT for primary and locoregional
lymph node staging in non-small cell lung cancer (NSCLC).
Methods In this prospective study, a total of 84 patients (51 men, 33 women, mean age 62.5 ± 9.1 years) with histopathologically
confirmed NSCLC underwent 18F-FDG PET/CT followed by 18F-FDG PET/MRI in a single injection protocol. Two readers
independently assessed Tand N staging in separate sessions according to the seventh edition of the American Joint Committee on
Cancer staging manual for 18F-FDG PET/CT and 18F-FDG PET/MRI, respectively. Histopathology as a reference standard was
available for N staging in all 84 patients and for T staging in 39 patients. Differences in staging accuracy were assessed by
McNemars chi2 test. The maximum standardized uptake value (SUVmax) and longitudinal diameters of primary tumors were
correlated using Pearson’s coefficients.
Results Tstage was categorized concordantly in 18F-FDG PET/MRI and 18F-FDG PET/CT in 38 of 39 (97.4%) patients. Herein,
18F-FDG PET/CT and 18F-FDG PET/MRI correctly determined the T stage in 92.3 and 89.7% of patients, respectively. N stage
was categorized concordantly in 83 of 84 patients (98.8%). 18F-FDG PET/CT correctly determined the N stage in 78 of 84
patients (92.9%), while 18F-FDG PET/MRI correctly determined the N stage in 77 of 84 patients (91.7%). Differences between
18F-FDG PET/CT and 18F-FDG PET/MRI in T and N staging accuracy were not statistically significant (p > 0.5, each). Tumor
size and SUVmax measurements derived from both imaging modalities exhibited excellent correlation (r = 0.963 and r = 0.901,
respectively).
Conclusion 18F-FDG PET/MRI and 18F-FDG PET/CT show an equivalently high diagnostic performance for T and N staging in
patients suffering from NSCLC.
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Introduction

Non-small cell lung cancer (NSCLC) is the most frequently
diagnosed cancer worldwide accounting for approximately
11% of total cancer diagnoses and the leading cause of
cancer-related death in developed countries [1, 2]. Treatment
and prognosis heavily depend on the initial cancer stage.
Thus, accurate imaging-based staging of NSCLC patients
plays a pivotal role for effective management and is needed
to limit surgery or multimodal treatment to those patients who
actually benefit from it [3]. For NSCLC patients without dis-
tant metastasis, the most important prognostic factor
concerning survival is the thoracic lymph node stage [4].
18F-fluordesoxyglucose positron emission tomography/
computed tomography (18F-FDG PET/CT) is recommended
as the first-line staging modality in potentially curable
NSCLC due to its excellent diagnostic accuracy [5, 6].
Despite the high negative predictive value for detection of
thoracic lymph node metastases [7, 8], 18F-FDG PET/CT
has a limited specificity in distinguishing inflammatory or
granulomatous lymph nodes from nodal metastases [9–11].
Hence, supplementary endobronchial ultrasound-guided
transbronchial needle aspiration (EBUS-TBNA) and/or
esophageal ultrasonography fine-needle aspiration or cervical
mediastinoscopy is suggested by current guidelines [4,
12–14]. Furthermore, staging of the primary tumor can be
challenging as parenchymal changes in the postobstructive
lung or tumor infiltration of the adjacent pleural and medias-
tinal structures can impede correct T staging in 18F-FDG PET/
CT [15, 16]. Compared with PET/CT, integrated PET/
magnetic resonance imaging (PET/MRI) provides a higher
soft-tissue contrast along with functional imaging data from
diffusion-weighted imaging (DWI) and has been shown to be
a valuable alternative to PET/CT for cancer staging [17, 18].
For the thoracic staging of NSCLC, a pilot study published by
our group in 2014 found a similar performance of 18F-FDG
PET/MRI and 18F-FDG PET/CT [19], but the overall evi-
dence for 18F-FDG PET/MRI in T and N staging of NSCLC
is still limited and based on few small cohort studies.

Therefore, the present follow-up study aims to further val-
idate the diagnostic performance of 18F-FDG PET/MRI com-
pared to 18F-FDG PET/CT for primary and locoregional
lymph node staging in a markedly larger NSCLC patient
cohort.

Material & methods

Patients

This study was approved by the institutional review board
(study number 11-4822-BO). After informed written consent
was obtained, a total of 84 consecutive patients with

histopathologically proven NSCLC (51 men, 33 women, mean
age 62.5 ± 9.1 years) prospectively underwent a clinically indi-
cated whole-body 18F-FDG PET/CT subsequently followed by
a thoracic 18F-FDG PET/MRI. Histopathology was determined
by thoracotomy (n = 49), endobronchial ultrasound biopsy (n =
27), peripheral lymph node biopsy (n = 4), or mediastinoscopy
(n = 4) in every patient. Resection or biopsy specimens as the
reference standardwere available for N staging in all 84 patients
and for T staging in 39 patients. None of the included patients
received neoadjuvant therapy. The distribution of the different
NSCLC subtypes is given in Table 1.

PET/CT

Whole-body 18F-FDG PET/CTwas performed on a Biograph
mCT 128 scanner (Siemens, Healthcare GmbH, Erlangen,
Germany) 60 min after intravenous injection of body
weight-adapted mean activity of 275.7 ± 47.4 MBq 18F-
FDG. Blood glucose levels were verified to be below
150 mg/dl at injection time. After a deep-inspiration CT scan
of the lungs (100 kV; automatic mA/s adjustment; slice thick-
ness 3 mm; increment 2 mm; pitch 1), the whole-body full-
dose scan was performed 70 s after 100 ml of iodinated con-
trast medium (Imeron 300, Bracco Imaging Deutschland
GmbH, Konstanz, Germany) was intravenously administered
(caudocranial scan direction from skull base to mid-thigh;
120 kV; 210 mA/s adjustment [Care Dose 4D]; slice thickness
5 mm; increment 5 mm; pitch 1). PET acquisition time was
2 min per bed position with 5–7 bed positions necessary to
cover the body volume [axial field of view (FOV): 21.8 cm,
matrix size 256 × 256 and a Gaussian filter of 4 mm full width
at half maximum (FWHM)]. Iterative reconstruction (3 itera-
tions and 24 subsets) was applied. PET attenuation correction
was based on the whole-body CT datasets.

PET/MRI

Thoracic 18F-FDG PET/MRI examinations were performed
on an integrated 3-Tesla PET/MRI scanner (Biograph mMR,
Siemens Healthcare GmbH, Erlangen, Germany) with a mean
delay of 120 ± 16 min after 18F-FDG injection. PET acquisi-
tion of the thorax was performed in one bed position for
20 min and PET images were reconstructed using the iterative
ordered-subset expectation maximization algorithm, 3 itera-
tions and 21 subsets, a Gaussian filter with 4-mm FWHM
and a 344 × 344 image matrix. For MR-based attenuation cor-
rection, a two-point (fat, water) coronal 3D Dixon-VIBE se-
quence was performed to generate a four-compartment model
(air, lungs, fat, muscle). The thoracic MRI protocol was per-
formed according to current imaging guidelines for lung can-
cer [20, 21]. The following sequences were acquired using a
16-channel head/neck coil, 24-channel spine-array coil and 3
to 4 flexible 6-channel radiofrequency body array coils:
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& a transversal T2-weighted (T2w) BLADE sequence in free
breathing [repetition time (TR) 4360 ms; echo time (TE)
160 ms; matrix size 384; slice thickness 5 mm; field of
view (FOV) 400 mm; generalized auto-calibrating partial-
ly parallel acquisition (GRAPPA) acceleration factor 2]

& a coronal T2 steady-state free-precession (TrueFISP) se-
quence in deep inspiration breath hold (TR 3.75 ms; TE
1.64 ms; matrix size 384; slice thickness 6 mm; FOV
330 mm; GRAPPA acceleration factor 2)

& a coronal T2 half-Fourier acquired single-shot turbo spin
echo (HASTE) sequence in deep inspiration breath hold
(TR 649 ms; TE 51 ms; matrix size 320; slice thickness
6 mm; FOV 330 mm; GRAPPA acceleration factor 2)

& a non-enhanced transversal T1-weighted (T1w) fast low-
angle shot (FLASH) sequence in deep inspiration breath
hold [TR 1510 ms; TE 2.15 ms; inversion time (TI)
1200 ms; matrix size 320; slice thickness 5 mm; FOV
400 mm; GRAPPA acceleration factor 2]

& a transversal T1w FLASH after intravenous administra-
tion of gadolinium (TR 1700 ms; TE 3.33 ms; TI
1200 ms; matrix size 256; slice thickness 7.5 mm; FOV
450 mm; GRAPPA acceleration factor 2)

& a transversal diffusion-weighted (DWI) echo-planar imag-
ing (EPI) sequence in free breathing (TR 17,900 ms; TE
78 ms; b values: 0, 500 and 1000 s/mm2; matrix size 160;
slice thickness 5 mm; FOV 450 mm; GRAPPA accelera-
tion factor 2)

Image analysis

The imaging datasets of the 18F-FDG PET/CT and 18F-FDG
PET/MRI examinations were analysed independently and in
random order by two readers with long-standing experience in
PET/CT and PET/MRI using a dedicated OsiriX workstation
(Pixmeo SARL, Bernex, Switzerland). Images were assessed
in separate reading sessions with a minimum of 4 weeks apart
to avoid recognition bias. The assessment of PET/CT and
PET/MRI images was concordant to clinical routine by
looking at the morphologic datasets (CT in PET/CT and
MRI in PET/MRI) alone, corresponding PET datasets alone,
as well as fused PET/CT and PET/MRI images, respectively.
Staging results were then reported for the complete dataset
(PET/CT and PET/MRI); no dedicated subgroup analysis

was performed for morphologic or PET images alone. T and
N staging was determined according to the seventh edition of
the American Joint Committee on Cancer staging manual
[22]. Readers were aware of patients’ lung cancer diagnosis
but masked to all other clinical data. Morphologic chest im-
ages (MRI and CT) as well as 18F-FDG PET from PET/CT
and 18F-FDG PET from PET/MRI were analyzed separately
and as fused PET/CT and PET/MRI datasets. In both modal-
ities, a mass with visually increased tracer uptake within the
lung parenchyma was considered as indicative of the primary
tumor. Morphological signs of malignancy in lymph nodes
comprised (1) increased short axis diameter, (2) central necro-
sis, (3) irregular shape, (4) lack of a fatty hilus sign and (5)
increased contrast agent uptake [23, 24]. Region-specific size
criteria were applied when assessing lymph nodes for malig-
nancy [25, 26]. 18F-FDG PET images were reviewed with and
without attenuation correction to prevent false-positive find-
ings caused by attenuation correction artefacts. The maximum
standardized uptake value (SUVmax) was measured by placing
a manually drawn region of interest over suspect lesion on
attenuation-corrected PET images. Discrepant readings were
resolved by consensus decision-making of both readers in a
separate session.

Statistical analysis

IBM SPSS version 22 (IBM Inc., Armonk, NY, USA), R-
Software environment for statistical computing (version
3.3.1, R Foundation for Statistical Computing, Vienna,
Austria) and Graphpad Prism 7 (GraphPad Software, La
Jolla, CA, USA) were used for statistical analysis.
Descriptive analysis was performed and data are presented
as mean ± SD. Correlation between 18F-FDG PET/MRI and
18F-FDG PET/CT was assessed using the Pearson coefficient
(r) for primary tumor size and SUVmax. For the comparison of
the primary tumor size and SUVmax between

18F-FDG PET/
CT and 18F-FDG PET/MRI, a Wilcoxon signed-rank test was
applied. A McNemar chi2 test was performed to investigate
whether differences in the evaluations of the correct T and N
stage between 18F-FDG PET/CT and 18F-FDG PET/MRI
were statistically significant. A p value of less than 0.05 was
considered to indicate statistical significance. Furthermore,
interdevice agreement between 18F-FDG PET/CT and 18F-
FDG PET/MRI for SUVmax and the size of the primary tumor
was analyzed using Bland–Altman plots.

Results

In the categorization of the T stage, 18F-FDG PET/MRI and
18F-FDG PET/CT were concordant in 38 of the 39 patients
(97.4%) with resection specimens of the primary tumor as a
reference standard. 18F-FDG PET/MRI correctly rated the T

Table 1 Distribution of
the different NSCLC
subtypes

Subtype n

Adenocarcinoma 59

Squamous cell carcinoma 21

Large cell carcinoma 2

Not otherwise specified NSCLC 2

Total 84
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stage in 35 (89.7%) and 18F-FDG PET/CT correctly rated the
T stage in 36 (92.3%) of the 39 patients (Fig. 1). T stage was
overstaged by both modalities in two identical patients. T
stage was understaged in one identical patient by both modal-
ities and in one additional patient in PET/MRI only (Fig. 2).
The discrepancy in T stage in one patient was due to an
underestimated lesion size of a pT2a tumor measuring
27 mm in MRI, consequently categorized falsely as T1b in
18F-FDG PET/MRI, whereas the lesion was measured with
32 mm in CT and thus correctly categorized as T2a in 18F-
FDG PET/CT. No changes in T stage arose from additional
pulmonal lesions detected by PET/CT or PET/MRI. In the
categorization of the N stage, 18F-FDG PET/MRI and 18F-
FDG PET/CT were concordant in 83 of 84 patients (98.8%).
18F-FDG PET/MRI correctly rated the N stage in 77 of 84
patients (91.7%). 18F-FDGPET/CTcorrectly rated the N stage
in 78 of 84 patients (92.9%; Fig. 1). N stage was overstaged in
the same patient by both hybrid imaging modalities, and in
one additional patient by 18F-FDG PET/MRI only. Both hy-
brid imaging modalities underestimated the N stage in five

identical patients (6%; Fig. 3). The reason for the discrepant
N stage in one patient was a moderate 18F-FDG uptake seen in
PET/MRI in three subcentimeter histopathologically proven
benign mediastinal lymph nodes, which led to a false N2
staging of the patient in 18F-FDG PET/MRI, whereas no path-
ologic 18F-FDG uptake was seen in 18F-FDG PET/CT and the
patient was correctly categorized as N0 (Fig. 4). The
McNemar chi2 test yielded no significant differences between
18F-FDG PET/MRI and 18F-FDG PET/CT for determining
the correct T stage (p = 0.69) and N stage (p = 0.77; Fig. 5).

Analysis of lesion size demonstrated that primary tumor sizes
were measured slightly yet significantly smaller (p = 0.017) in
PET/MRI (36.6 ± 19.0 mm; range: 10–91 mm) compared to
PET/CT (39.1 ± 23.4 mm; range: 9–123 mm). Primary tumor
size was strongly correlated between 18F-FDG PET/MRI and
18F-FDG PET/CT (r = 0.963, p < 0.01). A strong correlation
(r = 0.901, p < 0.01) was also found for SUVmax. There was
no statistically significant difference (p = 0.128) in SUVmax ob-
tained from 18F-FDG PET/MRI compared to 18F-FDG PET/CT
(12.7 ± 8.7; range: 1.5–41.6 vs. 11.7 ± 8.3; range: 1.7–36.2).

Fig. 1 Distribution of different T and N stages and corresponding ratings in PET/CT and PET/MRI
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The Bland–Altmann analysis shows the lower and upper limits
of agreement between 18F-FDG PET/MRI and 18F-FDG PET/
CT for the primary tumor size and SUVmax (see Figs. 6 and 7).
Regression analysis revealed no systematic bias between the
measurements of 18F-FDG PET/MRI and 18F-FDG PET/CT,
but a fixed difference between the measurements.

Discussion

The present study shows the high diagnostic performance of
18F-FDG PET/MRI for the thoracic staging of NSCLC and
validates its non-inferiority compared to 18F-FDG PET/CT as
the currently recommended imaging standard. In contrast to
18F-FDG PET/CT, 18F-FDG PET/MRI enables whole-body
NSCLC staging as a one-stop-shop examination, including
the clinically required cranial MRI. As NSCLC metastases
are mainly located in the brain, liver and bones, i.e. tissues
where PET/MRI can be expected to yield higher detection

rates, 18F-FDG PET/MRI could be a useful and comprehen-
sive tool for whole-body TNM staging [27, 28].

The cornerstone of treatment of potentially curable
NSCLC is surgery, but primary resection is recommended
only in stage I and II disease as well as in certain cases of
stage III disease [3]. Combined with neoadjuvant chemo-
and/or radiotherapy, complete operative tumor removal is
frequently achieved even in advanced local disease [3]. On
the other hand, patients in whom complete resection is not
achievable following induction therapy are treated with in-
dividual, palliative concepts [3, 29]. Therefore, highly ac-
curate Tand N staging is mandatory as it provides necessary
information on tumor burden, guides the choice of ideal
treatment and determines the patients’ prognosis.

Based on its slightly inferior detectability of lung lesions
and vulnerability to artefacts [30, 31], PET/MRI has long been
considered a merely investigational method for the staging
lung cancer patients; however, recent improvements of MR
techniques regarding lung nodule detection and PET/MRI’s

Fig. 2 Over- and understaging in
T stage occurs in the same
dimension in PET/CT and PET/
MRI. The figure shows
discrepancies in T stage
classification between PET/MRI
or PET/CT and the reference
standard. PET/MRI and PET/CT
results are marked by a triangle
and the reference standard by a
dot. Different T stages are
separated by the dashed lines

Fig. 3 Over- and understaging in
N stage occurs in the same
dimension in PET/CT and PET/
MRI. The figure shows
discrepancies in N stage
classification between PET/MRI
or PET/CT and the reference
standard. PET/MRI and PET/CT
results are marked by a triangle
and the reference standard by a
dot. Different N stages are
separated by the dashed lines
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superiority in depicting mediastinal tumor invasion have
sparked a renewed clinical interest [32, 33].

While contradictory results are found regarding the diag-
nostic accuracy of 18F-FDG PET/CT vs. MRI in NSCLC
staging [34–36], available data regarding the role of 18F-
FDG PET/MRI vs. 18F-FDG PET/CT are more consistent,
suggesting that both hybrid imaging are performing similarly
well in NSCLC staging [19, 32, 37]. Moreover, it has been
shown that both lead to identical therapeutic decisions in pa-
tients suffering from NSCLC [38]. Nevertheless, the reported
results for T staging accuracy have a broad between-studies
variation of 69–100%, whereas a relatively concordant rate of
80–90% is stated for N staging. In our study, we found no
statistically significant difference in terms of T and N staging
performance between PET/MRI and PET/CT, with a Tstaging
accuracy of 89.7 and 92.3%, and N staging accuracy of 91.7
and 92.9% for 18F-FDG PET/MRI and 18F-FDG PET/CT,
respectively. We also found that primary tumor sizes were
measured slightly yet significantly smaller in PET/MRI com-
pared to PET/CT conforming observations in previous studies
[33]. This finding is probably due to technical differences
between the two morphologic datasets. Although the higher
spatial resolution of CTallows for precise lesion depiction, the
fast decay of MR signal at air–tissue interfaces compromises
detailed imaging at the periphery of a lesion [39]. Based on
these data, our study comprises twomainmessages we believe

to be important: First, both 18F-FDG PET/CT and 18F-FDG
PET/MRI are well-suited and equivalent diagnostic tools for
determination of the T and N stage in patients suffering from
NSCLC. Second, the slightly smaller primary tumor sizes
measured in 18F-FDG PET/MRI are generally irrelevant for
correct T staging and did not lead to significant differences
compared to 18F-FDG PET/CT in our study. Hence, the cur-
rent results confirm the equality of PET/MRI and PET/CT
reported in our pilot study [19], but the initially reported stag-
ing accuracies (100% T staging accuracy in both modalities,
90% accuracy for N stage in PET/MRI and 82% in PET/CT)
are to a certain extent revised by the updated data. Huellner et
al. [37] found a T staging accuracy of 69 and 81% and a N
staging accuracy of 79 and 88% for PET/MRI and PET/CT,
respectively. However, since they used follow-up imaging in-
stead of histopathology as the reference standard for the ma-
jority of lesions and a shorter MRI protocol, comparability of
the results is limited. In our study, T and N staging each dif-
fered in only one patient between both modalities. As 18F-
FDG PET/MRI examinations were performed after the clini-
cally indicated 18F-FDG PET/CT, there was a prolonged in-
terval between tracer injection and PET acquisition in 18F-
FDG PET/MRI. As previously demonstrated, this may lead
to a time-dependent increase of tissue 18F-FDG accumulation
in PET/MRI and might be the reason for the uptake of the
benignmediastinal lymph nodes in one patient and differences

Fig. 4 Sixty-three-year-old
female patient with histologically
proven NSCLC in the right lung,
Lymph nodes in level 4R with a
short-axis diameter of 0.9 cm and
at the left hilus with a short-axis
diameter of 0.6 cm on a T2w
HASTE MR image (c) and
elevated FDG uptake on a fused
18F-FDG PET/MR image (d).
Identical lymph nodes of the same
patient were unsuspicious on CT
(a) and the fused 18F-FDG PET/
CT image (b). Another lymph
node with identical conduct was
located in level 7 (short-axis
diameter 1.1 cm) in this patient.
Histopathology results showed
these lymph nodes as benign.
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in SUVmax of the primary tumor [40]. The differing T staging
in the other patient was due to an underestimated tumor size in

18F-FDG PET/MRI. Several studies described a tendency of
pulmonary lesions to be measured slightly smaller in MRI

Fig. 7 Figure 5 Bland–Altman analysis showing lower and upper limits
of agreement between 18F-FDG PET/CT and 18F-FDG PET/MRI for
SUVmax. The difference between SUVmax on 18F-FDG PET/MRI and
18F-FDG PET/CT was plotted against their mean. The mean difference
between 18F-FDG PET/MRI and 18F-FDG PET/CT was 1.03 (95%
confidence interval: −6.44; +8.52). No systematic bias was revealed by
regression analysis

Fig. 6 Bland–Altman analysis showing lower and upper limits of
agreement between 18F-FDG PET/CT and 18F-FDG PET/MRI for
primary tumor size (in mm). The difference between primary tumor size
on 18F-FDG PET/MRI and 18F-FDG PET/CT was plotted against their
mean. The mean difference between 18F-FDG PET/MRI and 18F-FDG
PET/CT was 2.5 mm (95% confidence interval: −16.62; +11.54). No
systematic bias was revealed by regression analysis

Fig. 5 18F-FDG-avid pT2a
NSCLC in the left upper lobe of a
59-year-old female patient. T2w
HASTE MRI (c), CT (a), fused
PET/MRI (d) and fused PET/CT
(b) images. The tumor measured
22 mm on MRI and 24 mm on
CT. Accordingly, the primary
tumor was staged correctly as T2a
in both modalities
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than in CT [33]. However, the above-mentioned patient was
the only one in whom this led to a wrong T stage assessment.
Furthermore, over- and understaging occurred in the same
dimension in 18F-FDG PET/CT as in 18F-FDG PET/MRI.
Thus, there seems to be no risk of one-sided under- or over-
treatment according to incorrect T and N staging with either
one of the hybrid imaging modalities. Especially, no
understaging in PET/MRI arose from missed pulmonal le-
sions compared to PET/CT.

The high comparability and strong correlation of SUVmax

in primary tumors between 18F-FDG PET/CT and 18F-FDG
PET/MRI is supported by results frommultiple previous stud-
ies [41, 42]. Nevertheless, the above-mentioned time-depen-
dent increase of radiotracer accumulation, differences in PET
detector technology and attenuation correction are potential
causes for variations in SUVmax between

18F-FDG PET/CT
and 18F-FDG PET/MRI [43]. Therefore, quantitative assess-
ment of tumor tissue, for example, in patients evaluated for
response to radiation or chemotherapy should be performed
on the same scanner (either PET/MRI or PET/CT) to provide
reliable intraindividual measurements. Furthermore, running
PET/MRI systems still comes at a markedly higher price com-
pared to PET/CT; not only are there considerable costs of
buying and maintaining the scanner, but there are also poten-
tial reimbursement issues. So far, running a PET/MR scanner
in an economic manner remains challenging. Another limita-
tion of our study was that resection specimens of primary
tumors were not available in all patients. However, clinical
management of NSCLC patients does not necessarily include
sampling of each primary tumor.

In conclusion, the present study shows that 18F-FDG PET/
CT and 18F-FDG PET/MRI perform equally well for T and N
staging in patients suffering from NSCLC. Thus, 18F-FDG
PET/MRI may serve as valuable alternative to 18F-FDG
PET/CT for the thoracic staging of NSCLC.
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