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Abstract

Background: The free-breathing T1-weighted 3D Stack of Stars GRE (StarVIBE) MR
sequence potentially reduces artifacts in chest MRI. The purpose of this study was to
evaluate StarVIBE for the detection of pulmonary nodules in "®F-FDG PET/MRI.

Material and methods: In this retrospective analysis, conducted on a prospec-

tive clinical trial cohort, 88 consecutive women with newly diagnosed breast cancer
underwent both contrast-enhanced whole-body '®F-FDG PET/MRI and computed
tomography (CT). Patients’ chests were examined on CT as well as on StarVIBE and con-
ventional T1-weighted VIBE and T2-weighted HASTE MR sequences, with CT serving as
the reference standard. Presence, size, and location of all detectable lung nodules were
assessed. Wilcoxon test was applied to compare nodule features and Pearson’s, and
Spearman’s correlation coefficients were calculated.

Results: Out of 65 lung nodules detected in 36 patients with CT (3.7 & 1.4 mm),
StarVIBE was able to detect 31 (47.7%), VIBE 26 (40%) and HASTE 11 (16.8%), respec-
tively. Overall, CT showed a significantly higher detectability than all MRI sequences
combined (65 vs. 36, difference 44.6%, p < 0.001). The VIBE showed a significantly better
detection rate than the HASTE (23.1%, p =0.001). Detection rates between StarVIBE and
VIBE did not significantly differ (7.7%, p=0.27), but the StarVIBE showed a significant
advantage detecting centrally located pulmonary nodules (66.7% vs. 16.7%, p=0.031).
There was a strong correlation in nodule size between CT and MRI sequences (HASTE:
p=0.80, p=0.003; VIBE: p=0.77, p<0.001; StarVIBE: p=0.78, p <0.001). Mean image
quality was rated as good to excellent for CT and MRI sequences.

Conclusion: The overall lung nodule detection rate of StarVIBE was slightly, but not
significantly, higher than conventional T1w VIBE and significantly higher than T2w
HASTE. Detectability of centrally located nodules is better with StarVIBE than with VIBE.
Nevertheless, all MRI analyses demonstrated considerably lower detection rates for
small lung nodules, when compared to CT.
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Background

Magnetic resonance imaging (MRI) has made tremendous progress over the last dec-
ades, driven by new developments in sequence technique, reducing the overall exami-
nation time and improving image quality.

In oncological imaging, whole-body MRI (WB-MRI) has gained growing impor-
tance as a method for cancer staging and follow-up and is nowadays recommended
in international guidelines of various tumor entities (e.g. multiple myeloma, pros-
tate cancer, breast cancer) [1-3]. As MRI is a radiation-free imaging method, it is a
valuable alternative to computed tomography (CT), especially in younger patients.
One major limitation is its susceptibility to respiratory and cardiac motion result-
ing in a markedly reduced assessability of the lung parenchyma and limited detect-
ability of potentially metastatic lung nodules compared with chest CT. Performing
conventional MR imaging under breath-holding conditions is currently the common
way to ensure a good image quality [4]. A strict immobility and compliance to breath-
ing instructions is therefore required, which can sometimes be difficult in everyday
clinical routine, especially when scanning children or multi-morbid older patients.
The application of navigated schemes has been proposed, but is also prone to failure
and leads to an extension of examination time [5]. Additionally, the use of fast MR
sequences is required, which are associated with a loss of spatial image resolution [6].

The high susceptibility of conventional MR images to motion results from the line-
by-line acquisition (Cartesian sampling) of the data space (k-space). Even small move-
ments during the examination create disturbances in the phase encoding scheme and
yield to phase offsets to the direction of the motion causing inconsistent phases in the
k-space. This results in artifacts in the phase encoding direction [7, 8] in conventional
MR sequences like T2-weighted HASTE (Half Fourier Acquisition Single shot Turbo
spin Echo) and T1-weighted fat saturated post-contrast VIBE (Volume Interpolated
Breath-Hold Examination) sequence, which are the most common sequences for
lung nodule detection in MRI. These sequences are used for thoracic imaging, since
they are fast and can be acquired slice-by-slice between breaths. The speed results
from an incomplete filling or scanning of the k-space, which makes these sequences
very susceptible for motion artifacts [9]. A possible solution to reduce the influence
of motion is to change the way of k-space acquisition. A more recent example is the
free-breathing radially acquired Stack of Stars T1-weighted gradient-echo (GRE) 3D
VIBE sequence (StarVIBE) [6, 10]. In the StarVIBE sequence, data are acquired along
individual radial spokes (Fig. 5). Due to the overlapping of the spokes in the center,
phase errors can be reduced by averaging low frequency components. This overlap
has a motion-averaging effect and consequently, images can be acquired during free-
breathing, which not only reduces artifacts but also offers the advantage of a higher
spatial resolution, since acquisition time is not limited to the duration of a breath
hold [9].

The reduced influence of motion in chest MRI is particularly interesting in the assess-
ment of lung cancer and pulmonary metastases, because MRI still has major disadvan-
tages compared to CT for the reasons mentioned above. Whether this technology offers
advantages in lung nodule detection compared to conventional MRI sequences has, to
the best of our knowledge, not yet been investigated.
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Thus, the purpose of our study was to compare the diagnostic potential of the
StarVIBE sequence to the conventional T1-weighted fat saturated post-contrast VIBE
sequence, the T2-weighted fat-suppressed HASTE sequence and to the reference stand-
ard CT for detection of pulmonary nodules in contrast-enhanced whole-body '*F-FDG
PET/MRL

Material and methods

Patients and inclusion criteria

The institutional review boards of the University Duisburg-Essen, Germany (study num-
ber 17-7396-BO) and Diisseldorf, Germany (study number 6040R) approved this study
and it was performed in conformance with the Declaration of Helsinki [11]. After writ-
ten informed consent was provided, a total of 88 women (mean age 52.5+11.5 years,
age range 28-82 years) with newly diagnosed therapy-naive breast cancer were pro-
spectively enrolled in this study between April 2019 and April 2020. For cancer stag-
ing, all patients underwent a whole-body '*F-FDG PET/MRI as well as chest, abdomen
and bone imaging recommended by current breast cancer guidelines, including thoraco-
abdominal computed tomography, with a maximum of two weeks apart.

In accordance with the latest 2018 European Society For Medical Oncology (ESMO)
guidelines for breast cancer [12], the following inclusion criteria had to be fulfilled to
be eligible for whole-body staging: (1) newly diagnosed, treatment-naive T2-tumor or
higher T-stage or (2) newly diagnosed, treatment-naive triple-negative tumor of every
size or (3) newly diagnosed, treatment-naive tumor with molecular high risk (Tlc,
Ki67 >14%, HER2-new over-expression, G3). Exclusion criteria were age<18 years,
medical contraindications to MRI or CT or contrast agents as well as former malignan-
cies in the last 5 years, pregnancy, or breast-feeding.

PET/MRI examination

All patients were instructed to fast for at least 6 h before the examination, and blood
glucose levels were verified to be below 150 mg/dl. All patients underwent contrast-
enhanced (Dotarem, Guerbet GmbH) ®F-FDG PET/MRI on an integrated 3.0-Tesla
PET/MR system (Biograph mMR, Siemens Healthcare GmbH, Erlangen, Germany) with
a mean delay of 76.6 £17.3 min after intravenous injection of a body weight adapted
dosage of '®F-FDG (4 MBq/kg body-weight, mean activity: 240.9 & 38.7 MBq). The scan
volume covered head to the mid-thigh in supine position.

PET images were generated in four to five bed positions with a median of 3 min per
bed position. PET data reconstruction was performed using an iterative 3D ordinary
Poisson ordered-subset expectation maximization algorithm (3D OP-OSEM), 3 itera-
tions and 21 subsets, a Gaussian filter with 4 mm Full Width at Half Maximum (FWHM)
and a matrix dimension of 344 x 344 x 127 with an axial field of view (FOV) of 25.8 cm
and a reconstructed image resolution of 2.09 x 2.09 x 2.03 mm.

For MR-based tissue attenuation correction (AC) and scatter correction the syngo MR
E11P platform was used. A transaxial acquired high-resolution CAIPIRINHA (Con-
trolled aliasing in parallel imaging results in higher spatial acceleration) T1-weighted
three-dimensional (3D) Dixon-VIBE sequence was acquired, providing two sets of
images (in- and opposed phase fat and water images) to generate a four-compartment
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(background air, lungs, fat, soft tissue) attenuation correction map (pumap) in coronal
orientation. A bone atlas and truncation correction as proposed by Blumhagen et al.
[13] were additionally applied [14—16]. MRI data were acquired simultaneously using a
16-channel head-and-neck radiofrequency (RF) coil, a 24-channel spine array RF coil,
and 5 or 6-channel flex body coils, depending on patients’ height. Thoracic bed posi-
tion was acquired with an acquisition time ranged from 6 to 8 min and with expiratory
breath-hold, except for the duration of the 3D Stack of Stars GRE (StarVIBE) sequence,
which was generated under free-breathing. Table 1 shows the scan parameters of the

thoracic sequences.

Computed tomography

In addition to the ®F-FDG PET/MRI all 88 patients underwent a thoraco-abdominal
multi-slice contrast-enhanced (Ultravist 300", Bayer Schering Pharma AG, Berlin,
Germany) CT examination from skull base to the mid-thigh (Definition Edge or Defi-
nition Flash, Siemens Healthcare GmbH, Erlangen, Germany). The mean time between
PET/MRI and CT scans were 3.1 +3.6 days (range 1-14 days). An automatic tube cur-
rent modulation and automatic tube voltage selection was applied (CareDose 4D and
CareKYV, Siemens Heathcare GmbH, Erlangen). All scans were acquired in portal venous
phase after intravenous application of a body-weight adapted dosage of non-ionic con-
trast agent. Thoracic images were reconstructed in lung window setting, using a sharp
kernel (B70s) and a slice thickness of 2 mm.

Image interpretation
The imaging datasets of CT (chest CT) and ®F-FDG PET/MRI (HASTE, VIBE,
StarVIBE sequence and PET alone) were analyzed on a dedicated OsiriX workstation
(Pixmeo, SARL, Bernex, Switzerland) and evaluated by 4 readers, two board-certified
radiologists with 7 and 8 years of experience in hybrid imaging and two residents with 3
and 4 years of experience in hybrid imaging since graduating from medical school. CT
and MRI datasets were assessed in random order and in separate sessions with at least
two weeks apart to avoid recognition bias. Both readers were informed regarding the
primary diagnosis of the patients but remained blinded to results of prior and follow-up
imaging and to the patients’ history.

The quality of all thoracic imaging datasets was evaluated on a four-point Likert-scale
(1=very poor image quality: major artifacts; 2= poor image quality: moderate artifacts;
3=good image quality: minor artifacts; 4 = excellent image quality: no artifacts) and the

Table 1 Scan parameters of the considered thoracic MRI sequences

Sequence Orientation Contrastagent TA(s) TE/TR(ms) Slice Matrix size  FOV (mm?)
thickness
(mm)
T2w HASTE  Axial No 66 99/1.500 7.0 320 x 240 430 x 322
Tiw fsVIBE  Axial Yes 18 1.5/3.6 3 512 x 250 430 x 349
StarVIBE Axial Yes 220 15/3.2 1.1 520 x 204 360 x 360

T2w HASTE, T2-weighted half Fourier acquisition single shot turbo spin echo; T1w fs VIBE, T1-weighted fat-suppressed
volume-interpolated breath-hold examination; StarVIBE, free-breathing 3D Stack of Stars GRE VIBE; TA, acquisition time; TR,
repetition time; TE, echo time; FOV, field of view
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presence and type of artifacts was documented. Lungs were systematically assessed in
the same order, starting from the right upper lobe and continuing to the left lower lobe.
Lung nodule number and location was noted, dividing the lungs into 4 quadrants (right
upper, right lower, left upper, left lower) and subdividing lung sections into the regions
pleural (lesions adjacent to the pleura), subpleural (within 1 cm of the pleura but not
adjacent to it), and central (remaining lung tissue). Nodule size was measured (long-axis,
short-axis and mean diameter) in millimeters. Furthermore, nodule contrast (1=very
low contrast; 2=1low contrast; 3=moderate contrast; 4=high contrast), nodule density
(1=solid; 2 =part-solid; 3 =pure ground glass) and nodule shape (1 =round; 2=oval;
3=ellipsoidal; 4=Ilobular; 5=notched; 6 =irregular) were documented. PET data in
fused PET/MRI were evaluated noting presence of focal tracer uptake above background
level (normal lung tissue), and for quantitative assessment SUVmax was measured by
placing a polygonal volume of interest over each nodule.

Statistical analysis

SPSS 24 (IBM, Armonk, NY, USA) was used for statistical analysis and all data are pre-
sented as mean =+ standard deviation and median £ IQR. A p value <0.05 was considered
to indicate statistical significance. The Wilcoxon test was used to assess differences in
nodule size, contrast, and image quality. For correlation analysis of nodule size, the Pear-
son’s correlation coefficient was applied. Because contrast is a categorical variable, the
Spearman’s correlation coefficient was preferred.

Results

Nodule detection

According to the reference standard CT, there were 65 lung nodules in 36 of the 88
(40.9%) patients with a mean size of 3.7+ 1.4 mm (range 2—8 mm, lung nodules per
patient: 1-5, mean number 1.8+1.6). In the remaining 52 (59.1%) patients, no lung
nodules were present. Table 2 shows the distribution of lung nodules per patient. The
HASTE sequence was able to detect 11 of 65 nodules (16.9%; 95% CI 8.8—28.3, mean
size 4.1+0.8 mm), while the post-contrast VIBE and the StarVIBE sequence detected
26 and 31 lung nodules (mean size 4.3 + 1.4 mm and 3.9+ 1.5 mm), respectively, result-
ing in detection rates of 40% (CI 28.0-52.9) and 47.7% (CI: 35.1-60.5) (Fig. 1). Detec-
tion rates between VIBE and StarVIBE did not differ significantly (difference 7.7%,

Table 2 Overview over the distribution of lung nodules among the patient collective

Number of patients 88
Patients with lung nodules 36
Patients without lung nodules 52
Lung nodules in total 65
Number of lung nodules per patient Patients
1 19
2 9
3 5
4 2
5 1
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Detected lung
nodules
I
CT PET/MRI
HASTE VIBE StarVIBE

N =65 N =11 N =26 N =31

(100 %) (16.9 %) (40 %) (47.7 %)
Fig. 1 Flow-chart with numbers and percentages of detected lung nodules per MRI sequence, compared to
cT

Table 3 Comparison of the performance of CT with the individual MRI sequences and combined
MRI for lung nodule detection

Detected nodules Relative 95% confidence interval p value
difference (%)

CT vs. HASTE 65vs. 11 83.1 0.71t0 09 <0.001
CT vs. VIBE 65 vs. 26 60 04610 0.71 <0.001
CT vs. StarVIBE 65 vs. 31 523 0.39t0 0.64 <0.001
HASTE vs. VIBE 11vs. 26 231 0.08t00.37 0.001
HASTE vs. StarVIBE 11 vs. 31 30.8 0.15t0 045 <0.001
VIBE vs. StarVIBE 26 vs. 31 7.7 —0.09t00.25 027

CT vs. MRI (combined) 65 vs. 36 446 031t00.57 <0.001

The StarVIBE sequence was able to increase the overall lung nodule detection of MR, but CT still showed a significantly
better performance

95% CI — 0.09 to 0.25, p=0.27). There were no false positive results on MRI. Further
results concerning detection rates between CT and the individual MRI sequences can
be found in Table 3. The number of lung nodules was correctly identified by HASTE in
3 of 36 patients (8.3%), by VIBE in 10 of 36 patients (27.8%) and by the StarVIBE in 13
of 36 patients (36.1%). Compared to the VIBE, StarVIBE missed 4 subpleural nodules in
2 patients (mean size in CT 4.54+0.58 mm), but detected additional 9 (3 subpleural, 6
central) primarily small nodules in 6 patients (mean size in CT 3.24+0.97 mm) (Fig. 2).
The HASTE sequence was able to detect one nodule that was not detected with VIBE or
StarVIBE. This nodule was a calcified granuloma on CT. None of the morphologically
visible and not-visible nodules showed an *F-FDG uptake above the surrounding back-
ground level (mean SUVmax of all nodule detected with MRI sequences: 0.9+0.5).

Comparison of nodule size and nodule contrast

The mean size of all lung nodules detected by CT was 3.7+1.4 mm (range 2—-8 mm,
median 4.0+1.5), compared to 4.1£0.8 mm (range 2-5 mm, median 4.0£1.0) by
HASTE, 4.3+1.4 mm (range 2-8 mm, median 4.0+ 1.5) by VIBE, and 3.9+1.5 mm
(range 2—7 mm, median 4.0 £ 1.0) by StarVIBE. Analysis of size of corresponding nodule
did not significantly differ between CT and MRI and between the MR sequences. Lung
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Fig. 2 A 49-year-old female patient with histologically proven breast cancer. Four-millimeter centrally
located lung nodule in the right lower lobe, which is clearly visible with CT (a) and the StarVIBE sequence (b).
Caused by motion artifacts and lower resolution, the lung nodule was missed with the VIBE (c) and HASTE (d)
sequence. No focal '8F-FDG uptake was seen on PET and fused '8F-FDG PET/MRI images (e, f)

Table 4 Distribution of detected and missed nodules according to their location in the lung for
each sequence

cT HASTE VIBE StarVIBE

Detected Detected Missed Detected Missed Detected Missed

Adjacent to pleura 7 2 (29.6%) 5(71.4%) 6 (85.7%) 1(14.3%) 6 (85.7%) 1(14.3%)
Subpleural 46 8(174%)  38(82.6%) 18(39.1%) 28(60.9%) 17 (37.0%) 29 (63.0%)
Central 12 1(8.3%) 11(91.7%) 2(16.7%) 10 (83.3%) 8 (66.7%) 4(33.3%)

nodules missed by MRI were rather small, averaging 3.2+ 1.3 mm on VIBE, 3.4+ 1.4 mm
on StarVIBE, and 3.6+ 1.4 mm on HASTE, respectively (Fig. 2). A strong correlation in
nodule size between CT and HASTE (r=0.80, p=0.003), VIBE (r=0.77, p<0.001), and
StarVIBE (r=0.78, p<0.001) as well as between StarVIBE and VIBE (r=0.94, p <0.001)
and StarVIBE and HASTE (r=0.81, p<0.02) could be observed. Nodule contrast dif-
fered significantly between CT and MRI in corresponding nodules, rated as moderate in
CT with a mean of 2.914+0.79 (median 3.0+ 1.0), poor in StarVIBE (mean 2.07 +-0.98,
median 2.0+2.0, p=0.001) and VIBE (mean 2.00+0.75, median 2.0+ 0.25, p<0.001),
and very poor in the HASTE sequence (mean 1.45+0.52, median 1.0+1.0, p=0.004).
There was no statistically significant correlation between CT and MRI in nodule con-
trast (HASTE: p=0.15, p=0.67; VIBE: p=0.17, p=0.42; StarVIBE: p=0.18, p=0.34).

Localization

Forty-two of the 65 (64.6%) detected lung nodules were located in the lower parts of
the lungs and 23 (36.4%) in the upper parts. Seven lung nodules were located adjacent
to the pleura, while 46 were positioned subpleurally and 12 centrally in the lungs. The
local distribution of missed lung nodules showed significant differences between VIBE
and StarVIBE particularly in the detection of centrally located nodules (Table 4, 16.7% vs
66.7%, difference 50.0%, 95% CI 10.8-75.4, p =0.031) (Figs. 2, 3).
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Fig. 3 Bubble chart of detected and missed lung nodules on VIBE (upper chart) and StarVIBE (lower chart).
The lung nodules are subdivided according to their size and localization. The number of lung nodules of one
size is represented with color intensity of the bubbles and their labeling. For the missed nodules, the size was
taken from the reference standard CT. The missed lung nodules were rather small in VIBE (mean 32 £ 1.3 mm
vs. 434+ 1.4 mm) and StarVIBE (mean 34414 mmvs. 3.9+ 1.5 mm)

Image quality

The mean image quality was rated as good to excellent for both CT and all MRI
sequences. Nevertheless, the statistical analysis yielded differences between CT (mean
3.9940.09, median 4.0£0.0) and MRI (HASTE: mean 3.91+0.29, median 4.040.0,
»<0.001; VIBE: mean 3.60 £ 0.68, median 4.0+ 1.0, p <0.01; StarVIBE: mean 3.9140.35,
median 4.0+0.0, p<0.001). The difference between VIBE and StarVIBE also yielded a
statistical significance with a better performance of the StarVIBE sequence (p<0.01).
Almost no artifacts were documented in CT imaging, while in 30 of 88 patients (34.0%)
artifacts were documented in VIBE images, especially due to respiratory and cardiac
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Table 5 Number of documented artifacts in CT and the individual MRI sequences

CcT HASTE VIBE StarVIBE
Respiratory/cardiac motion 2 12 23
Aliasing 2 7
Ghosting 3
Streak artifacts 14

The VIBE sequence in particular proved to be susceptible to breathing and heart motion artifacts, while the StarVIBE was
only influenced by streak artifacts, which had only a minor impact on the image quality. CT was only hardly influenced by
artifacts

Fig. 4 Comparison of VIBE (a) and StarVIBE (b) sequence in a 70-year-old female patient with histologically
proven breast cancer. Lower lung section with parts of the diaphragm and heart. Limited Image quality of the
VIBE sequence due to respiratory artifacts, heart motion (a white arrows) and ghosting (a black arrow). In the
StarVIBE sequence minimal streak artifacts are visible (b white arrow), which have only a mild effect on image
quality

motion and less also aliasing and ghosting. The StarVibe images were only affected by
streak artifacts (14/88, 15.9%), which hardly influenced the assessability of lung nodules
(Table 5, Fig. 4).

Discussion

In this study, we investigated the potential of the free-breathing Stack of Stars GRE
StarVIBE sequence for the detection of lung nodules in breast cancer patients and com-
pared it with the performance of CT and other common MRI sequences using '*F-FDG
PET/MRI. Accurate and reliable detection of lung nodules is an important aspect of
image-based cancer staging, since the identification of a metastatic spread has a con-
siderable influence on treatment and ultimately on patient’s survival, regardless of the
cancer entity [17-19]. CT is still the gold standard, because of its clear superiority in
the detection of even very small pulmonary nodules [20, 21]. While MRI has been
shown to be equivalent for the detection of nodules>10 mm, the capability of detect-
ing smaller lung nodules is limited [22-24]. Even though most small nodules<10 mm
in oncologic patients are known to be benign (i.e. post-infectious, indurative etc.), about
20% of those lung nodules represent early metastases, with a high chance to be missed
by chest MRI, even when using state-of-the-art T1-weighted breath hold GRE, pulse
sequences or Propeller/Blade sequences (Periodically Rotated Overlapping Parallel Lines
with Enhanced Reconstruction) [23, 25, 26]. Main reasons are a low tissue density in
the lungs, rapid signal loss at the transition from lung to soft tissue, and artifacts caused
by cardiac and respiratory motion [7]. Currently, T1-weighted gradient echo or pulse
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sequences such as VIBE with a short echo time offer a reasonable result and are there-
fore recommended for MR-based lung nodule detection [27-29]. However, more sensi-
tive MRI sequences have to be developed to increase the acceptance of MRI as a valuable
thoracic staging examination [27].

One way to improve the detection of lung nodules by MRI is to change the way of
k-space acquisition. In radial sampling, the k-space data are acquired along radial spokes.
This was already used in the past for example in the Propeller/Blade sequences. The
basic idea here is to use a set of radially directed strips or "blades", which are rotating
around the k-space center. Each blade is composed of multiple parallel phase-encoded
lines that can be collected using fast spin echo or gradient echo methods.

3D Stack of Stars approach represents the actual radial sampling, means applying
the recently developed motion robust free-breathing radial T1-weighted gradient-echo
3D VIBE sequence for the acquisition of the in-plane dimension (kx-ky) along individ-
ual radial lines without rotation, while in slice direction the conventional sampling is
applied, resulting in a cylindrical coverage [7, 9, 30] (Fig. 5). This allows a further reduc-
tion of motion artifacts even with free breathing and a consistent high spatial resolution.
Consequently, the reduction of motion-related artifacts may improve the assessment of
motion-prone organs, especially the lung.

Most studies dealing with this topic differentiate between sensitivity rates for MRI
concerning nodules less or more than 10 mm in size. For nodules greater than 10 mm,
various studies have shown that MRI sequences have a similar detection rate to CT and,
as a combined PET/MRI examination, can also provide information on nodule dignity
[23, 24, 27, 30-32]. In concordance with the results of prior studies for smaller lung
nodules [20, 21, 27, 30, 32], CT outperformed the currently used MRI sequences in our
study, which offered detection rates of 40% (VIBE) and 16.9% (HASTE). The StarVIBE
sequence was even able to detect 47.7%, but also remained clearly inferior to CT. In a
study by Sawicki et al. [27], comparing lung nodule detection of F-FDG PET/MRI and
8E-FDG PET/CT in 121 oncologic patients, nodules smaller than 5 mm were found with

K-k

x Ny

=~

Fig.5 "Stack of Stars"approach. Acquisition of the in-plane dimension (k, — k) along radial spokes, while in
slice direction (k,) the conventional Cartesian sampling is applied, resulting in a cylindrical coverage. Inspired
by [9]
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the VIBE sequence in 43.1%. Furthermore, Rauscher et al. [32] described significantly
lower detection rates for nodules <10 mm when comparing PET/CT and PET/MRI in
the detection of 40 lung nodules with a detection rate of 45.5% for the VIBE sequence.
Chandarana et al. [30] compared ®F-FDG PET/MRI and ®*F-FDG PET/CT in the detec-
tion of lung nodules using a radially acquired VIBE sequence, a preclinical prototype of
the StarVIBE sequence. In their study, the radial VIBE received a sensitivity rate of 62.3%
of all lung nodules (43/69), but only 28% (7/25) of the nodules <5 mm were detected [30].
In keeping with their results, the mean size of missed lung nodules was 3.23 +1.31 mm
and 3.41+1.42 for VIBE and StarVIBE, so especially small nodules <4 mm were missed
(Fig. 2). The rather good results of the StarVIBE sequence result primarily from the
fact, that images can be acquired in free-breathing, which is particularly important for
elderly people with comorbidities or children, who are often staged using MRI, trying
to keep the radiation burden as low as possible. Even though the acquisition of individ-
ual StarVIBE slices takes longer than of conventional MR sequences, a major advantage
of performing exams during free-breathing is continuous data acquisition, resulting in
sharper images and improved resolution (here, 1.1 mm isotropic). Although StarVIBE
has the smallest voxel volume compared to the others, it still missed slightly larger nod-
ules than VIBE did (3.42 mm vs. 3.23 mm). This could be, because radial imaging tends
to have image blurring when motion or magnetic susceptibility differences are present.
Additionally, because StarVIBE acquires the k-space lines in z direction rectilinearly, it
may still have small aliasing artifacts in this direction.

When comparing the localization of detected and missed lung nodules in the VIBE
and StarVIBE sequence, no relevant differences between pleural and subpleural nod-
ules were found. However, the StarVIBE sequence detected significantly more centrally
located lung nodules. Presumably, the detection of central, perihilar nodules is particu-
larly hampered by heart motion and breathing and the lower susceptibility to artifacts of
the StarVIBE sequence has a direct effect on the detection rate of pulmonary nodules.

In our study, none of the lung nodules presented a focal tracer uptake on the PET com-
ponent. Yet, in various studies [33-35], it has been shown that PET negativity is not suit-
able to exclude malignancy, especially in lung nodules smaller than 10 mm, since there
is a high proportion of false-negative PET diagnoses caused by motion- and breathing
artifact and the limited spatial resolution of the PET component, which can lead to an
underestimation of the true FDG avidity [26, 36, 37].

CT provided a significantly better contrast of lung nodules than MRI sequences. This
was primarily due to the high number of granulomas, which were mostly small in size
and frequently showing partial calcification. While CT offers a strong contrast between
such high-density structures and aerated lungs, many lung nodules remain invisible in
MRI due to low-proton density and susceptibility artifacts of the calcified parts.

This study is not without limitations. Only women with newly diagnosed breast
cancer were enrolled, who were generally younger and physically better constituted
than most other people suffering from cancer. Commonly, older, multi-morbid
patients tend to have problems holding their breath and lying still, hence, the ben-
efits of Star VIBE might be more significant in such cohorts. Furthermore, there might
have been an influence of the different slice thicknesses in CT and MRI sequences and
the additional evaluation of coronal and sagittal CT reconstructions for lung nodule



Bruckmann et al. EINMMI Physics (2022) 9:11 Page 12 of 14

detection. However, the slice thicknesses and plane directions used in this study were
clinical standard and thus our results should be valid to represent the performance
of CT and MRI for lung nodule detection in everyday clinical routine. Moreover, the
mean time between PET/MRI and CT scans were 3 days (range 1-14 days), hence
interim intra-individual changes in size or number of lung nodules, while not likely,
cannot totally be excluded. Overall, it is a relatively small cohort of patients, even
though it is one of the largest studies of its kind. Further research in this field with
larger cohorts is needed in the future.

In conclusion, this study has demonstrated that lung nodule detection with the
free-breathing T1-weighted 3D Stack of Stars GRE (StarVIBE) MR sequence as part
of a whole-body F-FDG PET/MRI cancer staging protocol was not significantly
higher than with conventional breath-hold T1-weighted VIBE and significantly higher
than with T2-weighted HASTE. The StarVIBE sequence seems to be especially advan-
tageous in detecting centrally located lung nodules. However, PET/MRI still has a
substantially limited sensitivity in lung nodule detection compared to CT and thus
bears the risk of missing small lung metastases in oncologic patients. Further research
towards more sensitive MRI sequences is necessary.
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