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Our objective was to compare 18F-FDG PET/MRI (performed using a

contrast-enhanced T1-weighted fat-suppressed volume-interpolated

breath-hold examination [VIBE]) with 18F-FDG PET/CT for detecting

and characterizing lung lesions in oncologic patients. Methods: In 121
oncologic patients with 241 lung lesions, PET/MRI was performed after

PET/CT in a single-injection protocol (260 ± 58 MBq of 18F-FDG). The

detection rates were computed for MRI, the PET component of PET/CT,

and the PET component of PET/MRI in relation to the CT component
of PET/CT. Wilcoxon testing was used to assess differences in lesion

contrast (4-point scale) and size between morphologic datasets and

differences in image quality (4-point scale), SUVmean, SUVmax, and char-
acterization (benign/malignant) between PET/MRI and PET/CT. Corre-

lation was determined using the Pearson coefficient (r) for SUV and size

and the Spearman rank coefficient (ρ) for contrast. Results: The de-

tection rates for MRI, the PET component of PET/CT, and the PET
component of PET/MRI were 66.8%, 42.7%, and 42.3%, respectively.

There was a strong correlation in size (r5 0.98) and SUV (r5 0.91) and

a moderate correlation in contrast (ρ 5 0.48). Image quality was better

for PET/CT than for PET/MRI (P , 0.001). Lesion measurements were
smaller for MRI than for CT (P , 0.001). SUVmax and SUVmean were

significantly higher for PET/MRI than for PET/CT (P, 0.001 each). There

was no significant difference in lesion contrast (P 5 0.11) or character-
ization (P5 0.076). Conclusion: In the detection and characterization of

lung lesions 10 mm or larger, 18F-FDG PET/MRI and 18F-FDG PET/CT

perform comparably. Lesion size, SUV and characterization correlate

strongly between the twomodalities. However, the overall detection rate
of PET/MRI remains inferior to that of PET/CT because of the limited

ability of MRI to detect lesions smaller than 10 mm. Thus, thoracic

staging with PET/MRI bears a risk of missing small lung metastases.
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Pulmonary lesion detection and characterization play a key role
in cancer staging, as the presence of lung metastases influences

therapy regimens and patient survival (1–3). CT, offering high
spatial resolution of pulmonary tissue, has been regarded as the
reference standard for lung lesion detection (4,5). However, be-
cause morphologic CT-based criteria have a relatively low speci-
ficity for malignant versus benign character, there has been a need
for a more robust diagnostic standard. Over the last decade, 18F-
FDG PET/CT has proven successful not only in detecting pulmo-
nary lesions but also in discriminating benign from malignant
findings, taking advantage of the accurate anatomic information
from CT and the functional characterization from PET in a one-
stop-shop examination (6–8). Yet, a major drawback of 18F-FDG
PET/CT is the low sensitivity of the PET component in pulmonary
lesions smaller than 10 mm, because of motion artifacts, partial-
volume effects, and the limited spatial resolution of PET (9). MRI
has played only a minor role in radiologic assessment of the lung,
mainly because of methodologic and physical shortcomings such
as low proton density in aerated lungs, fast decay of signal, and
motion artifacts caused by breathing and cardiac pulsation. When
different MRI sequences are compared, it is the T1-weighted
3-dimensional (3D) gradient echo sequences—such as T1-weighted
volume-interpolated breath-hold examination (VIBE)—that demon-
strate the highest sensitivity and thus are recommended for MR-based
identification of pulmonary lesions (3–5). Nevertheless, several studies
have indicated that lesion detection on MRI remains inferior to that
on CT (4,10,11). The recently introduced fully integrated
whole-body PET/MRI combines simultaneously acquired met-
abolic information from PET with high soft-tissue contrast and
functional information from MRI to allow for improved assess-
ment of tumor burden in cancer patients (12–14). In view of the
challenges of MRI in pulmonary imaging, the increasing use of
whole-body PET/MRI has sparked interest in determining its per-
formance in depicting lung lesions. Not only is the comparison of
morphologic imaging datasets (MRI vs. CT) of great interest but
also the comparison of PET from PET/MRI versus PET from
PET/CT, considering the differences in PET acquisition and atten-
uation correction techniques between the two. Existing evidence
in this field is based on one study by Chandarana et al. and another
by Rauscher et al., the former with 32 patients and the latter with
40 (15,16).
Thus, the purpose of our study was to compare 18F-FDG

PET/MRI (performed using contrast-enhanced T1-weighted
fat-suppressed VIBE) with 18F-FDG PET/CT for detecting
and characterizing lung lesions in a large cohort of oncologic
patients.
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MATERIALS AND METHODS

Patients and Inclusion Criteria

This study included all patients with proven or suspected malig-
nancies (Table 1) who, between May 2012 and December 2014,

underwent 18F-FDG PET/MRI (including a contrast-enhanced T1-
weighted fat-suppressed VIBE sequence of the thorax) after a clini-

cally scheduled staging 18F-FDG PET/CT study on the same day. In
total, 121 subjects (mean age 6 SD, 57.1 6 13.9 y; 71 women and 50

men) were eligible for retrospective analysis. The study was approved

by the local ethics committee, and all subjects signed an informed
consent form.

PET/CT

Whole-body PET/CT was performed on a Biograph mCT or
Biograph Duo scanner (Siemens Healthcare GmbH) 61 6 10.3 min

after intravenous injection of 260 6 58 MBq of 18F-FDG, depending
on patient body weight. Blood glucose levels were verified to be below

150 mg/dL at injection time. Patients were examined using full-dose
(n 5 67) or low-dose (n 5 54) technique. For full-dose scans, an

iodinated contrast medium was administered (Imeron 300; Bracco Im-
aging Deutschland GmbH) and a dedicated low-dose lung scan apply-

ing a sharp B70 or B90 kernel in deep inspiration was additionally
acquired. All CT images were displayed using a transverse lung win-

dow setting with a slice thickness of 2 mm. Manufacturer-supplied dose

reduction software (CareKV and CareDose 4D) was available for
both full-dose and low-dose PET/CT scans using presets of 120 kV,

210 mAs, and 120 kV, 40 mAs, respectively. The PET acquisition time
using static frames varied from 2 to 3.5 min per bed position, with an

average of 7 bed positions needed to cover the body volume. Iterative
reconstruction (3 iterations and 21 subsets) and a gaussian filter of

4 mm were applied. In general, PET images were reconstructed with
a slice thickness of 3 mm. The portal venous phase of full-dose CT

scans and the low-dose CT data of low-dose CT scans were used for
attenuation correction of the PET images.

PET/MRI

Whole-body 18F-FDG PET/MRI using flex coils was performed on

a 3-T Biograph mMR scanner (Siemens Healthcare GmbH). PET/MRI
scans began with the shortest possible delay after PET/CT (113.9 6
28.5 min after radiotracer injection). First, a coronal 3D Dixon VIBE
sequence (repetition time, 3.6 ms; first echo time, 1.23 ms; second echo

time, 2.46 ms; slice thickness, 3.12 mm; field of view, 500 · 328 mm;
matrix size, 192 · 121; voxel size, 4.1 · 2.6 · 3.1 mm) was acquired

to generate a map for MR-based attenuation correction. Then, person-

alized MRI protocols were performed, depending on each patient’s
clinical implications. The only morphologic dataset for lung assess-

ment in this study was a transverse T1-weighted fat-suppressed VIBE
MRI sequence (repetition time, 4.08 ms; echo time, 1.51 ms; slice

thickness, 3.5 mm; field of view, 400 · 300 mm; matrix size, 512 ·
307.2; voxel size, 1.3 · 0.8 · 3.5 mm) performed after administration of

a gadolinium-based contrast medium (Dotarem; Guerbet GmbH). This
dataset was used for PET/MR image fusion. For imaging of the thorax,

the MRI sequence was acquired during breath-hold in deep inspiration.
Acquisition speed was increased through application of generalized,

autocalibrating, partially parallel acquisitions with an acceleration fac-
tor of 2. In general, the PET acquisition time was 3 min per bed position

(2 bed positions for the whole thorax) starting simultaneously with
acquisition of the 3D Dixon VIBE sequence. PET images were acquired

in list mode and reconstructed in the same way as for PET/CT, using
ordered-subsets expectation maximization with 3 iterations and 21 sub-

sets, a gaussian filter of 4 mm, and a slice thickness of 3 mm.

Image Analysis

All imaging datasets were evaluated on an OsiriX workstation
(Pixmeo SARL) and independently analyzed by 2 radiologists with 3

and 4 y of experience in PET/CT and PET/MRI interpretation. Any

discrepancies between the interpreters were resolved in a subsequent
consensus interpretation. The interpreters did not know the patients’

history. PET/CT and PET/MRI were assessed in separate sessions and
in random order a minimum of 4 wk apart to avoid recognition bias.

Morphologic chest images (MRI and CT), as well as PET from PET/CT
and PET from PET/MRI, were analyzed separately and as fused

PET/CT and PET/MRI datasets. PET images were reviewed with and
without attenuation correction to prevent false-positive findings

caused by attenuation-correction artifacts. The interpreters evaluated
the quality of each fused PET/CT and PET/MRI image using a 4-point

scale (1 5 very poor image quality: major artifacts, no diagnostic
value; 2 5 poor image quality: distinct artifacts, considerably limited

diagnostic use; 3 5 good image quality: minor artifacts, marginally
limited diagnostic use; 4 5 excellent image quality: no artifacts, un-

conditional diagnostic use). As previously described by Rauscher et al.
(16), CT and PET from PET/CT as well as MRI and PET from

PET/MRI were assessed separately with regard to the presence and
number of lesions, with the CT component of PET/CT serving as the

standard of reference. A maximum of 10 lesions was identified for
each patient, starting from the right upper lobe and proceeding to the

left lower lobe. Lesion size (longitudinal axis diameter) in millimeters
was measured on MRI and CT. Lesion contrast on MRI and CT was

qualitatively assessed using a 4-point scale (1 5 very low contrast;
2 5 low contrast; 3 5 moderate contrast; 4 5 high contrast). The

presence of focal tracer uptake above the surrounding background level
(morphologically unaltered lung tissue) was noted for each lesion. For

quantitative assessment and comparison of tracer uptake, SUVmean and
SUVmax were evaluated by placing a freehand polygonal volume of

interest over each lesion on the corresponding attenuation-corrected
PET image from PET/CT and PET/MRI. OsiriX software automatically

calculated SUVmean and SUVmax from the volumes of interest on the
PET images. Each lesion was rated for its presumed character (1 5
most likely benign; 2 5 indeterminate; 3 5 suggestive of malignancy)

on the basis of the presence of a focus of 18F-FDG uptake and typical
morphologic criteria for benign and malignant pulmonary nodules as

established by Seemann et al. (17,18).

Statistics

SPSS Statistics, version 22 (IBM), was used for statistical analysis.
All data are given as mean 6 SD. A P value of less than 0.05 was

considered to be statistically significant. Data were tested for normal

TABLE 1
Tumor Types in Study Cohort

Type n

Lung cancer 28

Lymphoma 21

Breast cancer 18

Uterine cancer 12

Ovarian cancer 10

Cancer of unknown primary 8

Malignant melanoma 4

Head and neck cancer 4

Gastrointestinal cancer 3

Malignant mesothelioma 3

Other (,3 cases/type) 10
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distribution using the Kolmogorov–Smirnov test. Descriptive analysis

was performed. Wilcoxon tests were used to evaluate differences in
SUVmean, SUVmax, size, image quality, lesion contrast, and lesion char-

acterization. Correlation between PET/MRI and PET/CT was assessed

using the Pearson coefficient (r) for SUVmean, SUVmax, and size and the
Spearman rank coefficient (r) for lesion contrast and lesion character-

ization. Detection rates were calculated by dividing the respective total
number of lesions detected on MRI, PET from PET/CT, and PET from

PET/MRI by the total number of lesions found on the CT component of
PET/CT as the reference standard.

RESULTS

Lesion Detection

According to the standard of reference, 241 lesions measuring
13.1 6 15.2 mm (range, 1–98 mm) were found in 84 of 121 pa-

tients. MRI showed an overall detection rate
of 66.8%. The detection rates of MRI for
lesions smaller than 10 mm, smaller than
5 mm, and 10 mm or larger were 45.9%,
43.1%, and 94.9%, respectively. A separate
evaluation of MRI detection rates with re-
spect to either low-dose lung scans performed
in deep inspiration as part of the full-dose
PET/CT protocol or low-dose lung scans per-
formed in shallow breathing from low-dose
PET/CTyielded detection rates of 62.1% and
72.5%, respectively, suggesting that more le-
sions were missed on MRI as compared with
CT performed in deep inspiration. However,
the Mann–Whitney U test showed that the
average number of missed lesions on MRI
versus CT in deep inspiration (0.75 6 1.11)
and CT in shallow breathing (0.56 6 1.25)
did not differ significantly (P 5 0.146). The
resolution limits for lesions were 1 mm on
CT and 3 mm on MRI. The PET compo-
nents of PET/CT and of PET/MRI demon-
strated focal tracer uptake in 42.7% and

42.3% of all lesions, respectively. There was no focal uptake on
PET images from PET/MRI or PET/CT that did not correspond to a
visual morphologic correlate on MRI or CT, respectively. Hence,
the detection rate of fused PET/MRI and PET/CT was identical to
that of its respective morphologic imaging component. Figures 1
and 2 show different examples of lesions on PET/CT and PET/MRI.

Comparison of Lesion Size and Lesion Contrast

Analysis of lesion size revealed that corresponding lesions detected
on both MRI and CT (n 5 161) measured significantly smaller (P ,
0.001) on MRI (average size, 17.1 6 16.8 mm) than on CT (17.7 6
16.9 mm). The smaller size of corresponding lesions on MRI was a
constant phenomenon; thus, there was a strong correlation in lesion size
between the two modalities (r 5 0.98; P , 0.001). Figure 3 shows a
linear regression analysis and a Bland–Altman plot. The average con-
trast for corresponding lesions was high on CT (3.65 6 0.6) and MRI
(3.616 0.7), with no significant difference between the modalities (P5
0.11). Contrast for corresponding lesions showed a moderate positive
correlation between CT and MRI (r 5 0.48; P , 0.001).

FIGURE 1. In 65-y-old woman with lung cancer, 38-mm tumor (arrows) is seen in right upper lobe

of lung on CT component (A) of PET/CT (C) and on MRI component (D) of PET/MRI (F). SUVmax of

strong 18F-FDG uptake on PET component is 17.3 for PET/CT (B) and 19.4 for PET/MRI (E).

FIGURE 2. In 46-y-old woman with breast cancer, 4-mm nodule (arrows)

is seen in lingula segment of left upper lobe of lung on CT component (A) of

PET/CT (B) but not on MRI component (C) of PET/MRI (D). No 18F-FDG

uptake is seen on PET component of either PET/CT (C) or PET/MRI (D).

FIGURE 3. (A) For each of 161 lung lesions, difference between size

on MRI component of PET/MRI and size on CT component of PET/CT is

plotted against mean size, which was −0.61 mm (95% confidence in-

terval, 1.83 and −3.04 mm). (B) Linear regression plot demonstrates

correlation between size on MRI and size on CT (r 5 0.98; P ,
0.001). T1w fs 5 T1-weighted fat saturation.
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Quantitative Assessment of SUV

For 96 corresponding PET-positive lesions detected on both
modalities, the average SUVmax and SUVmean were significantly
higher for PET/MRI than PET/CT (respectively, 7.39 6 6.7 vs.
6.09 6 6.5 for SUVmax and 3.73 6 2.9 vs. 3.3 6 2.9 for SUVmean;
P, 0.001 each). A strong positive correlation was found for SUVmax

(r 5 0.91; P , 0.001) and SUVmean (r 5 0.91; P , 0.001) between
the two hybrid imaging modalities. A Bland–Altman plot illustrating
differences in SUV measurements between PET/CT and PET/MRI
can be found in Figure 4.

Lesion Characterization

On both modalities, most lesions were characterized as either most
likely benign or suggestive of malignancy, whereas only a small
proportion was characterized as indeterminate. Because the number
of lesions detected with PET/MRI was smaller than the number
detected with PET/CT, and MRI detected mainly larger lesions, a
greater proportion of lesions was characterized as suggestive of
malignancy with PET/MRI than with PET/CT (66% vs. 41%). The
characterization of the 161 corresponding lesions that were found
both on PET/CT and on PET/MRI did not significantly differ (P 5
0.076) and correlated strongly (r 5 0.87; P , 0.001) (Table 2).

Image Quality

The mean image quality for both PET/MRI and PET/CT was
rated as good to excellent. However, the Wilcoxon test yielded a
significantly lower mean image quality for PET/MRI than for
PET/CT (3.5 6 0.5 vs. 3.7 6 0.5; P , 0.001).

DISCUSSION

The results of our study indicate that the detection rates of
18F-FDG PET/MRI and 18F-FDG PET/CT are nearly equivalent
for pulmonary lesions 10 mm or larger. However, the detectability

of lung lesions smaller than 10 mm on PET/MRI remained infe-
rior with the currently recommended T1-weighted 3D volume-
interpolated gradient echo MRI sequence as the morphologic
dataset. The PET datasets from PET/MRI and PET/CT delivered
comparable results.
Considering the nearly equivalent performance of both hybrid

imaging modalities for lesions 10 mm or larger and that character-
ization did not vary significantly, our study seems to support the
general applicability of PET/MRI as an alternative to PET/CT in the
staging of tumors that have metastasized to the lung. The applica-
bility of PET/MRI is substantiated by the fact that both hybrid
imaging modalities showed good to excellent image quality and the
fact that corresponding lesion contrast was similar. However, as MRI
missed more than half the pulmonary lesions smaller than 10 mm, the
overall diagnostic performance of the MRI component of PET/MRI
was still outmatched by the CT component of PET/CT. Because
only one third of the lung consists of tissue and two thirds air, proton
density is substantially lower in the lung than in any other human
organ. Rapid signal loss and motion artifacts from cardiac or aortic
pulsation and breathing additionally impair the signal-to-noise ratio
in MRI. By effectively exploiting the signal from available protons,
T1-weighted gradient echo sequences (e.g., VIBE) with a short echo
time (,7 ms) have proven superior to a longer echo time or to spin
echo or pulse sequences for depicting lung lesions and are thus rec-
ommended for MR-based lesion detection (19). The reasons for the
inferiority of PET/MRI are found in the methodologic shortcomings
of MRI at depicting small lung nodules, which accounted for most
lesions in our study. Studies by Sommer et al., Biederer et al., and
Müller et al. evaluating CT and MRI corroborate these findings
(4,10,11). Moreover, two recently published studies by Chandarana
et al. and Rauscher et al. comparing 18F-FDG PET/MRI and 18F-
FDG PET/CT yielded similar detection rates of 68% and 70% for
T1-weighted VIBE images compared with diagnostic CT (15,16).
The clinical impact of this finding, however, remains controversial as
most small pulmonary nodules are known to be noncancerous even
in patients with a proven malignancy (20). Nevertheless, the pres-
ence of early-stage lung metastases cannot be excluded and the risk
of missing metastatic spread has to be considered when solely
PET/MRI is performed. Thus, further development toward more sensi-
tive MR sequences seems required in order for PET/MRI to be accepted
as an independent staging modality. In patients with proven or sus-
pected malignancy, 18F-FDG–avid lung lesions are generally consid-
ered suggestive of malignancy. As a result of the nearly equivalent
performance of both PET components and the lower number of small
lesions identified on MRI, a greater proportion of lesions would
be expected to be rated malignant on PET/MRI than on PET/CT.
This expectation was substantiated by our study, in which 25%
more lesions were suggestive of malignancy on PET/MRI than
on PET/CT.
In concordance with prior studies, our study found a strong positive

correlation between SUV measurements (15,16,21). Additionally, we

FIGURE 4. (A) For each of 161 lung lesions, difference in SUVmax (A)

and SUVmean (B) between PET component of PET/MRI and PET com-

ponent of PET/CT is plotted against mean difference, which was 1.32 for

SUVmax (95% confidence interval, 4.21 and −1.56) and 0.43 for SUVmean

(95% confidence interval, 2.82 and −1.95).

TABLE 2
Lung Lesion Characterization on PET/CT and PET/MRI

Lesions detected (n)

Modality Total Most likely benign Indeterminate Suggestive of malignancy

PET/CT 241 110 (46%) 31 (13%) 100 (41%)

PET/MRI 161 41 (25%) 14 (9%) 106 (66%)
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confirmed the propensity for slightly higher SUVs on PET/MRI
than on PET/CT (15,16,22,23). The underlying reasons are not
yet completely understood, but it is assumed that in addition to
differences in scanner technology, biologic factors may play a role.
Because patients underwent PET/CT first, the interval between im-
aging and radiotracer injection was longer for PET/MRI than for
PET/CT (114 min vs. 61 min). Tissues with a high glucose turnover
such as lung metastases are hypothesized to have an increased
level of intracellular tracer trapping on delayed time-point images
(24,25).
Although we found a strong positive correlation in size measure-

ments, there was a significant tendency for corresponding pulmonary
lesions to measure smaller on PET/MRI than on PET/CT. Again,
this finding is probably due to technical differences between the two
morphologic datasets. Although the higher spatial resolution of CT
allows for precise lesion depiction, the fast decay of MR signal at
air–tissue interfaces compromises detailed imaging at the periphery
of a lesion (19).
Our study had some limitations. First, we did not evaluate other

MR sequences, such as T2-weighted single-shot turbo spin echo
or radial blade. Although a multisequence MR protocol might
arguably increase the detection rate of PET/MRI, any improve-
ment would probably be marginal because T1-weighted 3D
volume-interpolated gradient echo sequences offer the highest
sensitivity, especially in small pulmonary lesions, whereas T2-
weighted sequences are adequate for visualizing infiltrates or
adjacent mediastinum (26). A second limitation was that the use of
two different PET/CT protocols (one with low-dose chest CT in
deep inspiration and one without) may have underestimated the
total number of lung nodules on the reference standard. However,
our data suggest that deep-inspiration acquisition has no signifi-
cant advantage over shallow-breathing acquisition in identifying
missed lesions on lung PET/CT.

CONCLUSION

Our study has shown that 18F-FDG PET/MRI of the thorax has
high image quality and detection rates similar to 18F-FDG PET/CT
for pulmonary lesions 10 mm or larger, thus supporting its general
applicability as an alternative to PET/CT in the staging of onco-
logic patients. Notwithstanding technical differences, the detec-
tion rates of the PET datasets from both hybrid imaging modalities
are comparable. Furthermore, there is a strong positive correlation
between PET/MRI and PET/CT in the size, SUVmax, SUVmean,
and characterization of lesions. However, the overall detection rate
of PET/MRI remains inferior to that of PET/CT because of the
lower detectability of pulmonary lesions smaller than 10 mm on
T1-weighted 3D volume-interpolated gradient echo sequences.
Hence, tumor staging with PET/MRI bears a risk of missing small
lung metastases. Thus, further research on more sensitive MR
sequences seems required.
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