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Objective: This study aimed to evaluate the visibility of different subgroups of lung
nodules of <3 cm using the pointwise encoding time reduction with radial acquisition
(PETRA) sequence on 3T magnetic resonance imaging (MRI) in comparison with that
obtained using low-dose computed tomography (LDCT).

Methods: The appropriate detection rate was calculated for each of the different
subgroups of lung nodules of <3 cm. The mean diameter of each detected nodule was
determined. The detection rates and diameters of the lung nodules detected by MRI with
the PETRA sequence were compared with those detected by computed tomography
(CT). The sensitivity of detection for the different subgroups of pulmonary nodules was
determined based on the location, size, type of nodules and morphologic characteristics.
Agreement of nodule characteristics between CT and MRI were assessed by intraclass
correlation coefficient (ICC) and Kappa test.

Results: The CT scans detected 256 lung nodules, comprising 99 solid nodules (SNs)
and 157 subsolid nodules with a mean nodule diameter of 8.3 mm. For the SNs, the MRI
detected 30/47 nodules of <6 mm in diameter and 52/52 nodules of ≥6 mm in diameter.
For the subsolid nodules, the MRI detected 30/51 nodules of <6 mm in diameter and 102/
106 nodules of ≥6 mm in diameter. The PETRA sequence returned a high detection rate
(84%). The detection rates of SN, ground glass nodules, and PSN were 82%, 72%, and
94%, respectively. For nodules with a diameter of >6 mm, the sensitivity of the PETRA
sequence reached 97%, with a higher rate for nodules located in the upper lung fields than
those in the middle and lower lung fields. Strong agreement was found between the CT
and PETRA results (correlation coefficients = 0.97).

Conclusion: The PETRA technique had high sensitivity for different type of nodule
detection and enabled accurate assessment of their diameter and morphologic
characteristics. It may be an effective alternative to CT as a tool for screening and
follow up pulmonary nodules.
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INTRODUCTION

Pulmonary nodules are common findings in individuals with an
elevated risk for lung cancer. According to the Fleischner Society,
the risk of malignancy in nodules of <6 mm in diameter is
extremely low, while nodules of >6 mm in diameter require
multiple follow-ups or further evaluation (1, 2). The National
Lung Screening Trial demonstrated the benefits of using multi-
slice computed tomography (CT) for lung cancer screening in a
high-risk population. This approach was shown to reduce lung
cancer-associated mortality by up to 20% (3, 4). Results of NELSON
trial showed that lung-cancer mortality was significantly lower
among those who underwent volume CT screening than among
those who underwent no screening (5). Although this technique
has high spatial resolution and good contrast between air and
lung tissues, repetitive use of CT increases the risk of developing
cancer due to ionizing radiation exposure, particularly in patients
who require reviews on multiple occasions over a prolonged
period (6, 7).

Magnetic resonance imaging (MRI) is a non-ionizing
technique, which is of particular interest for the assessment of
lung diseases, including pneumonia and cystic fibrosis, in children
or patients who require frequent follow-up examinations (8–11).
Continuous technical developments in terms of stronger gradients,
parallel imaging, and shorter echo times have led to increased
interest in MRI as an alternative to CT for lung screening (12, 13).

Short echo times have been shown to be crucial in improving
the quality of lung protonMRIs (14). The pointwise encoding time
reduction with radial acquisition (PETRA) sequence is a noiseless
prototype hybrid approach to ultrashort-echo-time three-
dimensional imaging (15, 16). This technique offers several
advantages over other conventional sequences, including three-
dimensional isotropic imaging with submillimeter spatial
resolution (17). Therefore, the present study was conducted to
evaluate the detection and sizing of different subgroups of lung
nodules using the PETRA sequence with a 3T MRI scanner and
compare these results with CT findings.
MATERIALS AND METHODS

The present prospective study was approved by the institutional
review board and the federal agency for radiation protection.
Written informed consent was obtained from each participant.
Patient Population
Between May 2017 and September 2018, patients from a lung
cancer screening program, were enrolled for the present
prospective study according to the recommendations of the
Fleischner Society’s guidelines regarding relevant risk factors
(18). Inclusion criteria: 1) patients diagnosed with lung cancer,
and nodule<3cm in diameter; 2) patients with a time interval
of <24 h between their CT scan andMRI; and 3) patients >18 years
old. Exclusion criteria: 1) patients who had pacemakers; 2) patients
who had metal implants; 3) patients with severe claustrophobia;
and 4) patients suffering from severe emphysema and/or fibrosis.
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CT Imaging Protocol
For acquisition, the patients were in the supine position on a 128-
row multi-detector dual source CT (Definition Flash, Siemens
Healthcare, Forchheim, Germany). The CT protocol used
included the following parameters: tube voltage = 120 kV; 50
mAs; pitch = 1.2; field of view (FOV) = 300 mm; slice thickness =
1 mm; and kernel = B70f. The patients were asked to raise their
arms and hold their breath, so the scanning range included the
area from the chest entrance to the diaphragm, thus covering the
whole lung. The scan time was 3.98 s, and the effective dose was
1.2–1.5 mSv.

CT Image Analysis
The CT images were evaluated in clinical routine by a radiologist
with ten years of experience (N.Z.), who had no knowledge of the
MRI findings. The location, size, and type of each lung nodule
were recorded. In line with the literature (19–21), the nodules
were classified into three groups according to density: solid
nodules (SNs), partial solid nodules (PSNs), and ground glass
nodules (GGNs).

Following the recommendations of the Fleischner Society (19),
the nodules were categorized based on size: SNs of <6 mm, 6–8
mm, or >8 mm in diameter; and PSNs of <6 mm or ≥6 mm in
diameter. Nodule size was defined as the mean value of the longest
and shortest axial diameters. Furthermore, the nodules were
categorized according to location as follows: left lung (upper and
lower lobe groups); right lung (upper lobe group, middle lobe
group, and lower lobe group); center group (distance from the
peripheral pleura of >1 cm); and peripheral group (distance from
the peripheral pleura of <1 cm). The largest level of each nodule
was selected for measurement. All nodules were measured in the
standard lung window setting (window center = −600 HU;
window width = 1,200 HU).

The CT was considered the gold standard for recording the
number of detected nodules. Thus, a false positive result was
defined as a nodule diagnosed by MRI that was not observed in
the CT images, and a false negative result was defined as a nodule
diagnosed in the CT images that was not observed by MRI.

MRI Protocol
MRI was performed using a 3T MRI unit (Magnetom Skyra,
Siemens Healthcare). A multi-channel phased-array receiver body
coil was used for detection. The patients assumed the supine
position, with their arms raised above their body, and they were
instructed to breathe freely. The PETRA sequence parameters
were as follows: TR = 3 ms; TE = 0.07 ms; matrix = 256 × 256;
FOV = 400 × 400; slice thickness = 1.6 mm; and acquisition
plane = axial. To reduce cardiac and breathing motion artifacts,
respiratory gating was performed. The total scan time was 3 min.

MRI Analysis
The prospective MRI data analysis was performed by two
radiologists with ten years (N.W., observer 1) and five years
(Y.D., observer 2) of experience, respectively. All MRI datasets
obtained from the 75 participants were pseudonymized and
presented in random order. To eliminate detection bias, both of
these observers were unaware of the CT findings. The recorded
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content for each nodule included the location of the nodule
(including the lung lobe and segment), the position in the lung
parenchyma (center or peripheral), and size. Morphologic
characteristics in CT and MRI were assessed by both readers for
each nodules. The characteristics including shape (round, oval or
irregular), margins (smooth, nonsmooth, lobulated, spiculated,
pleural tag) and attenuation (GGN, SN or PSN). Any
disagreements between the radiologists’ findings were resolved
by consensus interpretation.

To investigate intraobserver variation, observer 1 measured
the nodules twice after one month. We used the average value of
measurements the final reference value of MRI measurement to
compare with CT.

Statistical Analysis
The statistical analysis was performed using SPSS 21 (IBM,
Armonk, NY, USA). The sensitivity levels of detection for the
different subgroups of pulmonary nodules were calculated
according to location, size (based on the Fleischner Society’s
nodule size categorization guide), and type. The measures of
diagnostic performance were calculated for the nodule detection
by MRI, and these results were then compared with the CT
findings (the gold standard of nodule detection). Comparison of
categorical variables was performed using Chi-square test and
McNemar’s test. Morphologic features from CT and PETRA
were compared using Kappa test, with the following levels of
agreement (22): 0-0.20,poor; 0.21-0.40, fair; 0.41-0.60, moderate;
0.61-0.80, substantial; and 0.81-1.00, almost perfect agreement.
The mean nodule diameters from the CT and PETRA findings
were compared using Bland–Altman plots. Interobserver and
intraobserver agreement rates were assessed by intraclass
correlation coefficient (ICC). Receiver operating characteristic
(ROC) analyses were performed to determine feasible threshold
values for the mean diameter of detected nodules and to evaluate
the usefulness of PETRA sequence. An error probability of P <
0.05 was considered to be statistically significant.
RESULTS

General Characteristics
According to the recommendations of the Fleischner Society
regarding relevant factors, a total of 82 patients from a lung
cancer screening program (36 males and 46 females; mean age =
58; age range = 52–85) were enrolled for this prospective study. The
exclusion criteria included patients who had contraindications to
MRI, including pacemakers, metal implants, and severe
claustrophobia, and patients with severe emphysema and/or
fibrosis. Based on the inclusion and exclusion criteria, 75 patients
who underwent low-dose CT (LDCT) and MRI (31 males and 44
females; mean age = 56.5; age range = 50–75) were ultimately
included in the study.

Lung Nodule Detection Rates
The CT imaging revealed 256 lung nodules (mean diameter: 8.3 ±
4.6 mm) among the 75 sample patients, comprising 99 SNs, and
157 subsolid nodules (including 86 PSNs and 71 GGNs).
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Among the SNs, 47 nodules measured <6 mm in diameter,
20 nodules measured between 6 and 8 mm in diameter, and
32 nodules measured >8 mm in diameter. Among 157 subsolid
nodules, 51 nodules measured <6 mm in diameter, and 106 nodules
were >6 mm in diameter. The mean number of nodules per patient
was 3, with a range of 1–20. From CT examination, the diameter of
the nodules ranged from 2.4 to 24.3 mm. A breakdown of the
patient characteristics is presented in Table 1.

The PETRA sequence accurately detected 214 of 256
pulmonary nodules, but it failed to identify 42 nodules, and the
overall sensitivity was 84%. For pulmonary nodules >8 mm in
diameter, the detection rate was 100% (Table 2). MRI had a higher
detection rate for SNs (82%) and PSNs (94%) than for GGNs
(72%) (Figures 1 and 2). ROC curve (Figure 3). Showed the
diagnostic perfomance of PETRA sequence in detecting nodules,
AUC=0.946. Nodules with a diameter greater than 6mm, the
sensitivity and specificity of detecting are 85.5% and 99.5%.

The PETRA Had a Higher Sensitivity of for
Nodules Located in the Peripheral Lobe
Compared with nodules located in the middle or lower lobes, the
PETRA sequence had a higher detection ability in the upper lobe,
and nodules located in the peripheral lobe were more easily
detected. The undetected nodules were predominantly located
close to the diaphragm or around the heart (Table 3).

The range of nodule diameters detected by MRI was 2.9–24.3
mm, and the mean diameter was 8.6 mm. The maximum
diameter of the largest lesion not detected by MRI was
7.3 mm. For nodules >6 mm in diameter, the PETRA sequence
achieved 97% sensitivity. All of the pulmonary nodules falsely
reported by MRI had diameters of <6 mm.

There were nine false positive nodules identified by the
PETRA sequence. The diameters of six of the false positive
nodules were <6 mm, and five of the nine nodules were close
to the diaphragm or around the heart. The sizes of the nodules
undetected by MRI were as follows: 38 nodules of <6 mm
diameter, and eight nodules of ≥6 mm diameter. Among these
42 undetected nodules, SNs, PSNs, and GGNs accounted for 40%
(17/42), 12% (5/42), and 48% (20/42), respectively (Figure 4).
TABLE 1 | Patient characteristics.

Characteristics Finding

Age(y) 56.5±10.5 (50-75)
Male(n=31) 56.2±12.5 (52-75)
Female(n=44) 56.7±9.44 (55-70)
Nodule location
Middle and lower lobe 127
Upper lobe 129

Nodule type
SN 99
PSN 86
GGN 71

Diameter(mm)
Overall 8.3±4.6 (2.4-24.3)
SN 6.9±3.4 (2.4-23.1)
PSN 12.5±4.5 (5.1-24.3)
GGN 7.6±3.1 (3.8-14.8)
May 2021 | Volume
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Strong Agreement Between CT
and PETRA
There were good levels of both interobserver and intraobserver
agreement regarding the mean diameters of pulmonary nodules
measured by CT and MRI, and the ICC results were 0.990 and
0.992, respectively (Table 4). The Bland–Altman plots present the
differences between mean diameters from the CT and MRI results
for GGNs, PSNs and SNs respectively (Figure 5). The results of
agreement between CT and MRI to assess the morphologic
Frontiers in Oncology | www.frontiersin.org 4
characteristics of detected nodules was found to be substantial
or almost perfect. (K=0.816-1.00) (Table 5).
DISCUSSION

The value of MRI in patients with pulmonary nodules in terms of
both lesion detection and characterization has been assessed in
several studies (2, 23, 24). The reported sensitivity of nodule
detection using MRI ranges between 40% and 93% (2, 15–21,
23–34). The PETRA sequence is a noiseless prototype hybrid
approach to ultra-short-echo-time three-dimensional imaging
(15, 18) that does not require a hardware change. The rapid
imaging with ultra-short echo time enabled by PETRA may be
useful for new clinical applications (17). Dournes et al. (17)
demonstrated that the PETRA sequence offers advantages for
lung imaging, including noiseless, free-breathing, and isotropic
imaging. Ohno et al. (35) assessed the nodule detection capability
of standard-dose CT, reduced-dose CT, and MRI with ultrashort
echo time (UTE), and the sensitivity of the UTE technique
was >90%. In the present study, the capability of the PETRA
sequence in nodule detection was as effective as CT, and the
PETRA sequence achieved high sensitivity (84%) for nodule
detection. The sensitivity of MRI for the detection of pulmonary
nodules with diameters of >6 mm was 97% (152/158), and
for nodules with diameters of >8 mm, the sensitivity was 100%.
For nodules with diameters of >6 mm and >8 mm, the detection
rate reached 97% and 100%, respectively. The results of the present
study are compatible with those presented by Ohno et al. (35).
Furthermore, the present study indicated the superiority of the
TABLE 2 | The sensitivity of the detection of different subgroups of pulmonary
nodules (according to the Fleischner Society nodule size category) and different lobe.

Diameter of
pulmonary
nodules

Number of
nodules

detected on
CT

Number of
noudles

detected on
MRI

p
value

Sensitivity
of MRI

False
positive

Solid nodule 99 82 0.143 82% 2
<6mm 47 30 64% 2
6-8mm 20 20 100% 0
>8mm 32 32 100% 0

Subsolid
nodule
PSN 86 81 0.566 94% 0
<6mm 19 15 79% 0
≥6mm 67 66 99% 0

GGN 71 51 0.080 72% 7
<6mm 32 15 47% 4
≥6mm 39 36 92% 3

Total 256 214 84% 9
Data are number of noudles detected by CT and MRI.
P value was analyzed by using chi-square test, indicating that there was no statistically
significant difference in the detection rate of pulmonary nodules of different sizes in MRI.
FIGURE 1 | A 50-year-old man with 8.8mm GGN (arrow) in the right upper lobe. The nodule is well depicted on the CT axial (A), coronal (B), and sagittal (C) image,
and on the PETRA sequence axial (D), coronal (E), and sagittal (F) image. The arrows represent the locations of nodules.
May 2021 | Volume 11 | Article 649625
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PETRA sequence in detecting GGNs (diameter of ≥6 mm;
detection rate of 97%), which is also similar to the results
reported by Ohno et al. (35). The present study demonstrated
that PETRA can be an optimal sequence for the detection of lung
lesions. This is consistent with the work of Dournes et al. (17), who
highlighted the superior performance of PETRA compared with
the T1-VIBE sequence (36). ROC curve showed the diagnostic
perfomance of PETRA sequence in detecting nodules, AUC=0.946.
Nodules with a diameter greater than 6mm, the sensitivity and
specificity of detecting are 85.5% and 99.5%. According to the
FIGURE 2 | A 52-year-old man with 14mm PSN (arrow) in the left lower lobe. The nodule is well visualized on the CT axial (A), coronal (B), and sagittal (C) image,
and on the PETRA sequence axial (D), coronal (E), and sagittal (F) image. The arrows represent the locations of nodules.
FIGURE 3 | Graph illustrating the result of ROC analyses. ROC analysis was
performed according to the mean diameter of the nodules. ROC curve
showed the diagnostic perfomance of PETRA sequence in detecting nodules,
AUC=0.946. Nodules with a diameter greater than 6mm, the sensitivity and
specificity of detecting are 85.5% and 99.5%.
TABLE 3 | No. of Lesions Detected on CT and MRI (Periphery and Center).

Lobe Number of
nodules

Detected by
MRI

p
value

Sensitivity of
MRI

Periphery
Upper 62 56 0.125 90%
Middle and
Lower

70 59 0.118 84%

Total 132 115 0.109 87%
Center
Upper 67 60 0.070 89%
Middle and

Lower
57 39 0.011 68%

Total 124 99 0.001 80%
May 2021 | Vol
ume 11
Data are number of noudles.
P value was analyzed by McNemar method, and there was no statistical difference
between the two methods of CT and MRI in the group of upper lobe and middle and lower
lobe of peripheral nodules. In the central region, the detection rate of the upper lobe group
was higher than that of the middle and lower lobe group, and the difference was
statistically significant.
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recommendations of the Fleischner Society guidelines, only
nodules of ≥6 mm in diameter and growing nodules are
associated with a risk of malignancy (Lung-RADS category 3 and
4) (37). Therefore, the results of the present study fit well with the
sensitivity of MRI for nodule detection as reported in previous
studies (30, 32, 38, 39).

In the present study, nine false positive nodules were identified
by the PETRA sequence, giving a false positive rate of 3.5%. In other
studies, false positive rates have ranged between 5% and 8.7% (28,
36). False positives have frequently been found in the T2-TSE
sequence rather than in the T1-VIBE sequence, and the rate in the
Frontiers in Oncology | www.frontiersin.org 6
present study was lower than that in other sequences. Although the
false positive nodules were <6 mm in diameter, they would likely
not affect further treatment. The percentage of false positives
depends on several factors, including scanning parameters, the
CT analysis method, and nodule characteristics (40). The
recommended method for reducing the false positive rate is to
combine two or three sequences (33). Other recommended
sequence including T2-STIR and T1-VIBE. Koyama et al. (41)
had demonstrated that T2-STIR sequence was superior to T2 in
term of nodule detection and lesion contrast because STIR
technique make it possible for some T1-decay to be submitted for
TABLE 4 | Mean diameter of detected nodules for subgroups and agreement of measurements compared to CT.

Items CT PETRA

Observer1 Observer1* ICCintra Observer2 ICCinter

Solid nodule
<6mm 4.94±0.59* 4.43±0.64* 4.34±0.62* 0.963[0.933;0.979]¤ 4.54±0.53* 0.954[0.916;0.975]¤

6-8mm 7.77±1.15* 6.84±1.33* 7.05±1.30* 0.980[0.963;0.990]¤ 7.15±1.04* 0.970[0.943;0.985]¤

>8mm 11.66±2.49* 11.45±2.57* 11.46±2.51* 0.996[0.993;0.998]¤ 11.36±2.54* 0.990[0.982;0.985]¤

PSN
<6mm 5.10±0.55* 4.56±0.57* 4.44±0.50* 0.961[0.937;0.976]¤ 4.54±0.59* 0.966[0.945;0.979]¤

≥6mm 16.31±4.85* 14.83±4.81* 15.18±4.75* 0.995[0.991;0.997]¤ 15.16±4.64* 0.996[0.994;0.998]¤

GGN
<6mm 5.07±0.56* 4.41±0.61* 4.29±0.67* 0.938[0.901;0.962]¤ 4.50±0.59* 0.898[0.836;0.937]¤

≥6mm 9.90±2.47* 8.89±2.52* 8.76±2.27* 0.990[0.948;0.994]¤ 9.10±2.19* 0.987[0.979;0.992]¤

Total 8.30±4.60* 7.53±3.24* 7.48±2.96* 0.992[0.976;0.995]¤ 7.43±2.85* 0.990[0.977;0.994]¤
May 2021 | Volume
*Data are mean±standard deviation. ¤Data are ICC value [minimum;maximum].
Observer1* measurement second time by observer1.
ICCintra Intraobserver reproducibility assessed by intraclass correlation coefficient.
FIGURE 4 | A 54-year-old man with 5.5mm GGN (arrow) in the right upper lobe. The nodule is well visualized on the CT axial (A), coronal (B), and sagittal (C)
image, and is not detected in the PETRA sequence (D–F). The arrows represent the locations of nodules.
11 | Article 649625
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T2-decay, the contrast of tissues was higher in STIR sequence.
The results of Cieszanowski et al. (42) showed that the nodules
detection rate of T1-VIBE was 69%, and T1-VIBE could detect
more calcified nodules than other sequences.

In the present study, 42/256 pulmonary nodules were not
detected by MRI, comprising 17 SNs, 5 PSNs, and 20 GGNs, and
the CT values of undetected GGNs were all below −400 HU. Among
these undetected nodules, 38 were <6 mm in diameter, and the other
Frontiers in Oncology | www.frontiersin.org 7
eight are conjectured to have been missed due to respiratory motion
artifacts or being adjacent to vessels. Most of the undetected nodules
were located in the lower lobe and center of the lung parenchyma, an
area which is greatly affected by respiratory and cardiac motion
artifacts. Therefore, the density, size, and location of these nodules
are important factors in influencing their detection.

PETRA showed good agreement for detecting morphologic
features compared to CT. MRI could distinguish different
subgroup nodules, similarly to CT image. Other shape and
margins characteristics which could help to differentiate
malignant and benign nodules were accurately detected by
MRI with substantial to almost perfect. The results of our
Bland–Altman analysis revealed a good agreement between the
mean diameters of pulmonary nodules when measured by CT
and MRI (ICC = 0.97); a similar finding was reported by Heye
et al. (33). In the current study, a >1 mm difference between the
CT and MRI measurements occurred in only 16 nodules (nine
GGNs and seven PSNs), and the mean diameter of these nodules
was more than 10 mm. For other nodules, differences between
the mean diameter results did not exceed 1 mm. These results
show higher levels of interobserver and intraobserver agreement
in SNs compared with PSNs and GGNs, especially for nodules
>6 mm. The present study found that the mean diameters
measured by the MRI were mostly smaller than those returned
by the CT, particularly for PSNs and GGNs. This is potentially
A B

C

FIGURE 5 | Bland–Altman plot showing the agreement between the nodule mean diameter measurements by CT and PETRA for GGN (A), PSN (B) and (C) SN
respectively. Dashed lines denote 95%CI, and solid lines denote mean.
TABLE 5 | Comparison and agreement between CT and MRI to assess the
morphologic characteristics of detected nodules.

Nodule Characteristic CT PETRA Kappa value

Shape 0.957
Round or oval 147(68.6%) 145(67.7%)
irregular 67(31.4%) 69(32.3%)
Margins 0.946
smooth 149(69.6%) 144(67.2%)
nonsmooth 65(30.4%) 70(32.8%)
Lobulated 46(21.4%) 40(18.6%) 0.913
Spiculated 15(7%) 12(5.6%) 0.882
Pleural tag 10(5%) 7(3.2%) 0.816
Attenuation
Solid nodule 82(38.3%) 82(38.3%) 1.00
Partial solid nodules 81(37.8%) 80(37.3%) 0.98
Ground-glass nodule 51(23.9%) 48(22.4%) 0.95
Data are number(%) of nodules.
May 2021 | Volume 11 | Article 649625
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due to the different conditions of patient examination; the CT
required the patient to hold their breath, while the MRI was
completed while the patient was breathing freely. In addition, the
MRI method showed certain difficulties in determining the edge
of the ground glass component with lower CT values, while
nodules that differed by more than 1 mm presented with
diameters of >10 mm, which did not affect follow-up or
treatment during the lung cancer screening. The use of MRI
(PETRA) in the follow-up study can lead to a reduction of X-ray
irradiation. Therefore, MRI, particularly the PETRA sequence, is
recommended as an alternative method for pulmonary nodule
follow-up that can potentially be used for nodule detection and
nodule type assessment.

There were a number of limitations in the present study. First,
underlying lung diseases, including emphysema and pulmonary
fibrosis, can affect the detection of nodules, but the present study
did not assess the lung conditions of the enrolled patients.
Second, the study group was comprised of only 75 patients. A
larger population is required to confirm these results. Third, the
study sample contained three calcified nodules, and the MRI
method had limitations in identifying the calcification. Hence,
there is a need to combine these results with other sequences for
differentiation. Finally, due to the study restrictions, only one CT
professional participated in this research; more professionals
should be consulted in future studies.
CONCLUSION

MRI has a potential role in detecting and evaluating pulmonary
nodules, demonstrating a high level of sensitivity and a low false
positive rate. The PETRA sequence has high sensitivity,
particularly for nodules with diameters of >8 mm and GGNs.
Furthermore, PETRA shows good agreement with CT scanning
Frontiers in Oncology | www.frontiersin.org 8
in assessing nodule size. Therefore, MRI with PETRA is
considered a useful technique for lung nodule detection and
may be an effective alternative approach for follow-up regarding
pulmonary nodules in lung cancer screening.
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Risk of Cancer Attributable to Diagnostic Medical Radiation: Estimation for
France in 2015. Int J Cancer (2019) 144(12):2954–63. doi: 10.1002/ijc.32048

8. Kaireit TF, Sorrentino SA, Renne J, Schoenfeld C, Voskrebenzev A, Gutberlet
M, et al. Functional Lung MRI for Regional Monitoring of Patients With
Cystic Fibrosis. PloS One (2017) 12(12):e0187483. doi: 10.1371/
journal.pone.0187483

9. Sodhi KS, Khandelwal N, Saxena AK, Singh M, Agarwal R, Bhatia A, et al.
Rapid Lung MRI in Children With Pulmonary Infections: Time to Change
Our Diagnostic Algorithms. J Magn Reso Imaging (2016) 43(5):1196–206. doi:
10.1002/jmri.25082

10. Dournes G, Menut F, Macey J, Fayon M, Chateil JF, Salel M, et al. Lung
Morphology Assessment of Cystic Fibrosis Using MRIWith Ultra-Short Echo
Time At Submillimeter Spatial Resolution. Eur Radiol (2016) 26(11):3811–20.
doi: 10.1007/s00330-016-4218-5

11. Nozawa K, Niwa T, Aida N. Imaging of Cystic Lung Lesions in Infants Using
Pointwise Encoding Time Reduction With Radial Acquisition (PETRA).
Magn Reson Med Sci (2019) 18(4):299–300. doi: 10.2463/mrms.bc.2018-0080

12. Usuda K, Funazaki A, Maeda R, Sekimura A, Motono N, Matoba M, et al.
Economic Benefits and Diagnostic Quality of Diffusion-Weighted Magnetic
Resonance Imaging for Primary Lung Cancer. Ann Thorac Cardiovasc Surg
(2017) 23(6):275–80. doi: 10.5761/atcs.ra.17-00097
May 2021 | Volume 11 | Article 649625

https://doi.org/10.1148/radiol.2017161458
https://doi.org/10.1148/radiol.2017161659
https://doi.org/10.1056/NEJMoa1102873
https://doi.org/10.1056/NEJMoa1209120
https://doi.org/10.1056/NEJMoa1911793
https://doi.org/10.1148/radiol.2511081296
https://doi.org/10.1002/ijc.32048
https://doi.org/10.1371/journal.pone.0187483
https://doi.org/10.1371/journal.pone.0187483
https://doi.org/10.1002/jmri.25082
https://doi.org/10.1007/s00330-016-4218-5
https://doi.org/10.2463/mrms.bc.2018-0080
https://doi.org/10.5761/atcs.ra.17-00097
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Feng et al. Value of PETRA for Pulmonary Nodules
13. Basson L, Jarraya H, Escande A, Cordoba A, Daghistani R, Pasquier D, et al. Chest
Magnetic Resonance ImagingDecreases Inter-ObserverVariability ofGross Target
Volume for Lung Tumors. Front Oncol (2019) 9:690. doi: 10.3389/fonc.2019.00690

14. Schoenmaekers J, Hofman P, Bootsma G,WestenendM, de Booij M, SchreursW,
et al. Screening for Brain Metastases in Patients With Stage III Non-Small-Cell
Lung Cancer, Magnetic Resonance Imaging or Computed Tomography? A
Prospective Study. Eur J Cancer (2019) 115:88–96. doi: 10.1016/j.ejca.2019.04.017

15. Ida M, Wakayama T, Nielsen ML, Abe T, Grodzki DM. Quiet T1-weighted
Imaging Using PETRA: Initial Clinical Evaluation in Intracranial Tumor
Patients. J Magn Reson Imaging (2014) 41(2):447–53. doi: 10.1002/jmri.24575

16. Grodzki DM, Jakob PM, Heismann B. Ultrashort Echo Time Imaging Using
Pointwise Encoding Time Reduction With Radial Acquisition (PETRA).
Magn Reson Med (2012) 67(2):510–8. doi: 10.1002/mrm.23017

17. Dournes G, Grodzki D, Macey J, Girodet PO, Fayon M, Chateil JF, et al. Quiet
Submillimeter MR Imaging of the Lung is Feasible With a PETRA Sequence
At 1.5T. Radiology (2016) 279(1):328. doi: 10.1148/radiol.2016164006

18. Bankier AA, Macmahon H, Goo JM, Rubin GD, Schaefer-Prokop CM,
Naidich DP. Recommendations for Measuring Pulmonary Nodules At CT:
A Statement, From the Fleischner Society. Radiology (2017) 285(2):584–600.
doi: 10.1148/radiol.2017162894

19. MacMahon H, Austin JH, Gamsu G, Herold CJ, Jett JR, Naidich DP, et al.
Guidelines for Management of Small Pulmonary Nodules Detected on CT
Scans: A Statement From the Fleischner Society. Radiology (2005) 237(2):395–
400. doi: 10.1148/radiol.2372041887

20. Naidich DP, Bankier AA, Macmahon H, Schaefer-Prokop CM, Pistolesi M,
Goo JM, et al. Recommendations for the Management of Subsolid Pulmonary
Nodules Detected At CT: A Statement From the Fleischner Society. Radiology
(2013) 266(1):304–17. doi: 10.1148/radiol.12120628

21. Hansell DM, Bankier AA, MacMahon H, McLoud TC, Müller NL, Remy J.
Fleischner Society: Glossary of Terms for Thoracic Imaging. Radiology (2008)
246(3):697–722. doi: 10.1148/radiol.2462070712

22. Landis JR, Koch GG. The Measurement of Observer Agreement for
Categorical Data. Biometrics (1977) 33:159–74. doi: 10.2307/2529310

23. Bach PB, Mirkin JN, Oliver TK, Azzoli CG, Berry DA, Brawley OW, et al.
Benefits and Harms of CT Screening for Lung Cancer: A Systematic Review.
JAMA (2012) 307(22):2418–29. doi: 10.1001/jama.2012.5521

24. Yun SJ, Ryu CW, Choi NY, Kim HC, Oh JY, Yang DM. Comparison of Low- and
Standard-Dose CT for the Diagnosis of Acute Appendicitis: A Meta-Analysis. AJR
Am J Roentgenol (2017) 208(6):W198–207. doi: 10.2214/AJR.16.17274

25. Regier M, Schwarz D, Hense FO, Groth M, Kooijman H, Begemann PG, et al.
Diffusion-Weighted MR Imaging for the Detection of Pulmonary Nodules At
1.5Tesla: Intraindividual Comparison With Multidetector Computed
Tomography. J Med Imaging Radiat Oncol (2011) 55(3):266–74. doi:
10.1111/j.1754-9485.2011.02263.x

26. Wu NY, Cheng HC, Ko JS, Cheng YC, Lin PW, Lin WC, et al. Magnetic
Resonance Imaging for Lung Cancer Detection: Experience in a Population of
More Than 10,000 Healthy Individuals. BMC Cancer (2011) 11:242. doi:
10.1186/1471-2407-11-242

27. Biederer J, Schoene A, Freitag S, Reuter M, Heller M. Simulated Pulmonary
Nodules Implanted in a Dedicated Porcine Chest Phantom: Sensitivity of MR
Imaging for Detection. Radiology (2003) 227(2):475–83. doi: 10.1148/
radiol.2272020635

28. Sommer G, Tremper J, Koenigkam SM, Delorme S, Becker N, Biederer J, et al.
Lung Nodule Detection in a High-Risk Population: Comparison of Magnetic
Resonance Imaging and Low-Dose Computed Tomography. Eur J Radiol
(2014) 83(3):600–5. doi: 10.1016/j.ejrad.2013.11.012

29. Luboldt W, Wetter A, Eichler K, Vogl TJ, Wagner TO, Seemann MD.
Determination of the Optimal MRI Sequence for the Detection of
Malignant Lung Nodules. Eur J Med Res (2006) 11(8):336–42.
Frontiers in Oncology | www.frontiersin.org 9
30. Schroeder T, Ruehm SG, Debatin JF, Ladd ME, Barkhausen J, Goehde SC.
Detection of Pulmonary Nodules Using a 2D HASTE MR Sequence:
Comparison With MDCT. AJR Am J Roentgenol (2005) 185(4):979–84. doi:
10.2214/AJR.04.0814

31. Yi CA, Jeon TY, Lee KS, Lee JH, Seo JB, Kim YK, et al. 3t MRI: Usefulness for
Evaluating Primary LungCancer and Small Nodules in LobesNotContaining Primary
Tumors. AJR Am J Roentgenol (2007) 189(2):386–92. doi: 10.2214/AJR.07.2082

32. Vogt FM, Herborn CU, Hunold P, Lauenstein TC, Schröder T, Debatin JF,
et al. Haste MRI Versus Chest Radiography in the Detection of Pulmonary
Nodules:Comparison With MDCT. AJR Am J Roentgenol (2004) 183(1):71–8.
doi: 10.2214/ajr.183.1.1830071

33. Heye T, Ley S, Heussel CP, DienemannH, Kauczor HU,HoschW, et al. Detection
and Size of Pulmonary Lesions: HowAccurate is MRI? A Prospective Comparison
of CT and MRI. Acta Radiol (2012) 53(2):153–60. doi: 10.1258/ar.2011.110445

34. Stolzmann P, Veit-Haibach P, Chuck N, Rossi C, Frauenfelder T, Alkadhi H,
et al. Detection Rate, Location, and Size of Pulmonary Nodules in Trimodality
PET/CT-MR: Comparison of Low-Dose CT and Dixon-based MR Imaging.
Invest Radiol (2013) 48(5):241–6. doi: 10.1097/RLI.0b013e31826f2de9

35. Ohno Y, Koyama H, Yoshikawa T, Kishida Y, Seki S, Takenaka D, et al.
Standard-, Reduced- and No-Dose Thin-Section Radiologic Examinations:
Comparison of Capability for Nodule Detection and Nodule Type Assessment
in Patients Suspected of Having Pulmonary Nodules. Radiology (2017) 284
(2):562–73. doi: 10.1148/radiol.2017161037

36. Meier-Schroers M, Homsi R, Schild HH, Thomas D. Lung Cancer Screening
With MRI: Characterization of Nodules With Different Non-Enhanced MRI
Sequence. Acta Radiol (2019) 60(2):168–76. doi: 10.1177/0284185118778870

37. American College of Radiology. Lung CT Screening Reporting and Data
System(Lung-Rads) (2017). Available at: http://www.acr.org/Quality-Safety/
Resources/LungRADS.

38. Biederer J, Mirsadraee S, Beer M, Molinari F, Hintze C, Bauman G, et al. MRI
of the Lung(3/3)-Current Applications and Future Perspectives. Insights
Imaging (2012) 3(4):373–86. doi: 10.1007/s13244-011-0142-z

39. Biederer J, Beer M, Hirsch W, Wild J, Fabel M, Puderbach M, et al. MRI of the
Lung(2/3) Why...When ...How? Insights Imaging (2012) 3(4):355–71. doi:
10.1007/s13244-011-0146-8

40. Rubin GD, Lyo JK, Paik DS, Sherbondy AJ, Chow LC, Leung AN, et al.
Pulmonary Nodules on Multidetector Row CT Scans: Performance
Comparison of Radiologists and Computer Aided Detection. Radiology
(2005) 234(1):274–83. doi: 10.1148/radiol.2341040589

41. Koyama H, Ohno Y, Kono A, Takenaka D, Maniwa Y, Nishimura Y, et al.
Quantitative and Qualitative Assessment of non-Contrast-Enhanced
Pulmonary MR Imaging for Management of Pulmonary Nodules in 161
Subjects. Eur Radiol (2008) 18:2120–31. doi: 10.1007/s00330-008-1001-2

42. Cieszanowski A, Lisowska A, Dabrowska M, Korczynski P, Zukowska M,
Grudzinski IP, et al. MR Imaging of Pulmonary Nodules:Detection Rate and
Accuracy of Size Estimation in Comparison to Computed Tomography. PloS
One (2016) 11:e0156272. doi: 10.1371/journal.pone.0156272

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Feng, Shi, Liu, Du, Zhang and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
May 2021 | Volume 11 | Article 649625

https://doi.org/10.3389/fonc.2019.00690
https://doi.org/10.1016/j.ejca.2019.04.017
https://doi.org/10.1002/jmri.24575
https://doi.org/10.1002/mrm.23017
https://doi.org/10.1148/radiol.2016164006
https://doi.org/10.1148/radiol.2017162894
https://doi.org/10.1148/radiol.2372041887
https://doi.org/10.1148/radiol.12120628
https://doi.org/10.1148/radiol.2462070712
https://doi.org/10.2307/2529310
https://doi.org/10.1001/jama.2012.5521
https://doi.org/10.2214/AJR.16.17274
https://doi.org/10.1111/j.1754-9485.2011.02263.x
https://doi.org/10.1186/1471-2407-11-242
https://doi.org/10.1148/radiol.2272020635
https://doi.org/10.1148/radiol.2272020635
https://doi.org/10.1016/j.ejrad.2013.11.012
https://doi.org/10.2214/AJR.04.0814
https://doi.org/10.2214/AJR.07.2082
https://doi.org/10.2214/ajr.183.1.1830071
https://doi.org/10.1258/ar.2011.110445
https://doi.org/10.1097/RLI.0b013e31826f2de9
https://doi.org/10.1148/radiol.2017161037
https://doi.org/10.1177/0284185118778870
http://www.acr.org/Quality-Safety/Resources/LungRADS
http://www.acr.org/Quality-Safety/Resources/LungRADS
https://doi.org/10.1007/s13244-011-0142-z
https://doi.org/10.1007/s13244-011-0146-8
https://doi.org/10.1148/radiol.2341040589
https://doi.org/10.1007/s00330-008-1001-2
https://doi.org/10.1371/journal.pone.0156272
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Value of PETRA in Pulmonary Nodules of &lt;3&nbsp;cm Among Patients With Lung Cancer
	Introduction
	Materials and Methods
	Patient Population
	CT Imaging Protocol
	CT Image Analysis
	MRI Protocol
	MRI Analysis
	Statistical Analysis

	Results
	General Characteristics
	Lung Nodule Detection Rates
	The PETRA Had a Higher Sensitivity of for Nodules Located in the Peripheral Lobe
	Strong Agreement Between CT and PETRA

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


