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Abstract

Objective

The aims of this study were to assess the sensitivity of various magnetic resonance imaging
(MRI) sequences for the diagnosis of pulmonary nodules and to estimate the accuracy of
MRI for the measurement of lesion size, as compared to computed tomography (CT).

Methods

Fifty patients with 113 pulmonary nodules diagnosed by CT underwent lung MRl and CT.
MRI studies were performed on 1.5T scanner using the following sequences: T2-TSE, T2-
SPIR, T2-STIR, T2-HASTE, T1-VIBE, and T1-out-of-phase. CT and MRI data were ana-
lyzed independently by two radiologists.

Results

The overall sensitivity of MRI for the detection of pulmonary nodules was 80.5% and accord-
ing to nodule size: 57.1% for nodules <4mm, 75% for nodules >4-6mm, 87.5% for nodules
>6-8mm and 100% for nodules >8mm. MRI sequences yielded following sensitivities: 69%
(T1-VIBE), 54.9% (T2-SPIR), 48.7% (T2-TSE), 48.7% (T1-out-of-phase), 45.1% (T2-STIR),
25.7% (T2-HASTE), respectively. There was very strong agreement between the maximum
diameter of pulmonary nodules measured by CT and MRI (mean difference -0.02 mm; 95%
Cl —1.6—1.57 mm; Bland-Altman analysis).

Conclusions

MR yielded high sensitivity for the detection of pulmonary nodules and enabled accurate
assessment of their diameter. Therefore it may be considered an alternative to CT for
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follow-up of some lung lesions. However, due to significant number of false positive diagno-
ses, itis not ready to replace CT as a tool for lung nodule detection.

Introduction

The United States National Lung Screening Trial (NLST) with 53,545 participants, suggested
that screening of a high-risk population with low-dose computed tomography (CT) is benefi-
cial in terms of up to 20% reduction of mortality related to lung cancer [1]. Nevertheless, the
repetitive use of CT in both screening programs and follow-up of detected pulmonary nodules
is associated with significant cumulative radiation exposure and may occasionally lead to devel-
opment of cancer [2-4]. In this context, an alternative technique with similar sensitivity for the
detection of lung lesions, but not associated with radiation exposure, would be more advanta-
geous [5-8].

Advances in magnetic resonance imaging (MRI) technology, including high-performance
gradient systems, parallel imaging, increased field homogeneity and multichannel coils allowed
implementation of this technique for clinical lung imaging [5, 7]. In recent years, MRI has been
increasingly used for the evaluation of different lung diseases including bronchopulmonary
dysplasia, cystic fibrosis, cardio-pulmonary vascular abnormalities and intrathoracic tumours
[7,9]. The value of MRI in patients with pulmonary nodules, in terms of lesion detection and
characterization, was assessed in several studies. The results of some studies were promising,
reporting sensitivity ranging from 40% to 93% [10-22]. However, the presented data were
often insufficient to precisely assess the efficacy of MRI for the detection of lesions which carry
a relatively high risk of malignancy (defined as >8 mm in size according to both, Fleischner
Society and the American College of Chest Physicians). Management of such nodules includes
probability of malignancy assessment and often more thorough investigation, including FDG
PET, dynamic contrast enhanced CT, and/or biopsy [23-28].

If MRI is to be considered as a potential alternative to CT it will have to achieve the suffi-
cient accuracy for nodule detection and assessment of nodule maximum diameter. Conse-
quently, there were two aims of this prospective study: firstly, to assess the sensitivity of MRI,
including sensitivities of specific MRI sequences, for the detection of pulmonary nodules and
secondly, to estimate the accuracy of MRI measurement of lesion size in comparison with CT.

Materials and Methods

The study was approved by the Academic Bioethics Committee of Medical University of War-
saw and all patients participating in the study signed an informed consent.

Patient Population

Between November 2011 and January 2014, 54 consecutive patients were enrolled for this sin-
gle-center prospective study. Inclusion criteria were as follows: age >18 years, the presence of
pulmonary nodule confirmed by CT scan, nodule size between 2 mm and 30 mm, willingness
and ability to undergo MRI and participate in the study. Exclusion criteria were contraindica-
tions to MR imaging such as pacemakers, metal implants and severe claustrophobia; age <18
years. According to the study protocol, the time interval between CT scan and MRI was not
longer than 14 days.

Ultimately, 4 patients were excluded from analysis due to lack of sufficient clinical data or
reference imaging studies to validate abnormalities detected during MR imaging. Thus, the
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study group finally comprised 50 patients (21 male, 29 female) with a mean age of 66.6 years
(age range: 18-85 years).

Computed Tomography

CT scans were obtained using a 16-row and 64-row CT scanners (Light Speed and Optima
CT660, respectively; General Electric, Milwaukee, WI, USA). The following scan parameters
were applied: 1.25 mm collimation, 0.938-0.984 mm table feed per rotation, 150-300 miliam-
pere second, 120 KV tube voltage. Image reconstructions were performed in axial and coronal
orientations using 3 mm slice thickness.

Magnetic Resonance Imaging

All MRI studies were performed at a 1.5-T unit (Magnetom Avanto, Siemens Medical Solu-
tions, Erlangen, Germany) using explorer gradients (maximum gradient of 40, 40, 45 mT/m
along x, y and z axis respectively and slew rate of 200mT/m/ms) and phased-array multicoil
system (12 elements).

The images were obtained using broad spectrum of non-contrast enhanced MRI sequences
commonly applied for imaging of lung lesions: breath-hold T2-weighted TSE sequence (T2
TSE), T2-weighted TSE sequence with fat-saturation (T2 SPIR), T2-weighted short-tau inver-
sion recovery sequence (T2 STIR), 2D half-Fourier acquisition single-shot turbo spin-echo (T2
HASTE), T1-weighted three-dimensional gradient-echo volumetric interpolated breath-hold
examination (T1 VIBE) and T1-weighted out-of-phase images (T1 out-of-phase). Selected
parameters of the applied sequences are shown in Table 1.

Validation of MRI Findings

In 30 patients the benign nature of the nodule was determined based on complete nodule reso-
lution, decreased nodule size or stable nodule dimensions in CT scan performed at least 24
months after the initial diagnosis. Six patients underwent nodule excision. In these patients his-
topathology revealed 2 lung adenocarcinomas, 2 metastatic malignant tumors (malignant mel-
anoma and breast carcinoma) and 2 benign nonspecific inflammatory nodules. In eight
patients follow-up had not been completed at the moment of manuscript preparation. None of
the nodules identified in these patients showed radiological progression. Six patients were lost

Table 1. Parameters of the applied MRI sequences.

Parameter T1 VIBE
TR (ms) 3,02
TE/TEs (ms) 1,18
Flip (st) 10
Turbo factor -
SENSE factor 2

Plane Axial
NSA 1

FOV (mm) 360
RecFOV (%) 75
Matrix 156x288
Slice thickness 3
Breath-hold Yes
Acquisition time (s) 16"

doi:10.1371/journal.pone.0156272.1001

T2 TSE T2 STIR T1 out of phase T2 SPIR T2 HASTE
2500 2800 4,74 2500 800

123 96 2,39 123 27

150 150 10 150 160

51 25 - 51 113

2 2 2 2 0

Axial Axial Axial Axial Axial

1 1 1 1 1

360 400 360 360 360

100 75 75 100 75
256x256 144x256 147x288 256x256 113x256
5 5 3 5 5

Yes Yes Yes Yes Yes
2'15" 152" 20" 2'15" 47"
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to follow-up and the differentiation between malignant and benign nodule nature could not
have been done.

Image Evaluation

Evaluation of CT and MR images as well as measurements of identified lesions were performed
at commercial workstations (Leonardo, Siemens Medical Solution, Erlangen, Germany and
Centricity Radiology RA1000, GE Healthcare, Milwaukee, WI, USA). Two radiologists with 24
and 18-year experience in body CT imaging analyzed CT data and two other radiologists with
15 and 10-year experience in body MR imaging read MRI datasets. Readers knew that patients
were referred for MRI to study lung nodules. Discrepancies between radiologists, in terms of
lesion detection and measurement, were resolved by consensus interpretation, separately for
CT and MR images. Each MRI sequence was evaluated for the detection of lung lesions and the
sensitivity for each sequence was calculated. If disagreement between MRI sequences occurred,
the positive result (detected nodule) was chosen and the combined sensitivity of all MRI
sequences was calculated. False negative MRI result was defined as the presence of nodule (con-
firmed by CT) that was not detected on specific MR images (separate analysis for each MRI
sequence was carried out). The number of false positive diagnoses was documented for each
MRI sequence. The measurements of the nodule maximum diameter on MR were performed
on the image which enabled best lesion delineation.

Statistical Analysis

Statistical analysis was performed using STATISTICA 10.0 (StatSoft, Inc. Tulsa, OK, USA) and
MedCalc 9.5.2.0 (MedCalc Software bvba Ostend, Belgium) software packages. Since partici-
pants may have had more than one pulmonary nodule, a per-nodule based approach was used
for data analysis. All continuous variables are presented as median and interquartile range
(IQR), while categorical variables as number (%), as appropriate. Mann-Whitney U test and
Chi-squared test were used to compare categorical variables and continuous variables, as
appropriate. The Spearman’s rank correlation coefficient was applied to test correlations
between nodule dimensions measured by MRI and CT.

The detection rate of pulmonary nodules was calculated for whole MRI dataset and for individual
MRI sequences. Separate analyses have been done for all nodules as well as for following subgroups
of lesions (based on Fleischner society recommendation): <4 mm, >4-6 mm, >6-8 mm, >8 mm.
Diagnostic sensitivity of MRI was defined as the proportion of nodules detected by both CT and
MRI to all nodules identified in CT scans. As prespecified, pulmonary nodules were seen in all CT
scans included in this study—specificity and negative predictive value of MRI could not have been
calculated (no true negative CT results). The Bland-Altman analysis was performed to compare the
agreement between the results of CT and MRI measurement of maximum nodule diameter.

Results
Lesion Detection

A total of 113 pulmonary nodules, measuring from 2 to 28 mm were identified on CT scans of
50 patients. Thirty-six patients had more than 1 lesion (the maximum number of lesions per
patient was 9).

MRI correctly depicted 91 pulmonary nodules and failed to identify 22 lesions, yielding the
overall sensitivity of 80.5%. All pulmonary nodules larger than 8 mm were identified on MR
images (100% sensitivity). The examples of corresponding CT and MRI images of pulmonary
nodules of different size are presented in Figs 1-4. The median maximum MRI diameter of lesions
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Fig 1. A 77-year-old woman with 2.8 mm pulmonary nodule (arrow) in the left upper lobe (lingula). The nodule is well depicted on MDCT
image (A), however it was not identified on corresponding MR images: T1 VIBE (B), T1 out-of-phase (C), T2 TSE (D), T2 HASTE (E), T2 SPIR
(F), T2 STIR (G).

doi:10.1371/journal.pone.0156272.g001

detected in CT was 5.5 mm (IQR 5.1-9.0) The median maximum CT diameter of lesions detected
in MRI, i.e. 6.9 mm (IQR 5.0-9.0) was significantly larger than that of undetected nodules, i.e.

5.0 mm (IQR 3.0-6.0) (P = 0.0001). The maximum diameter of the largest lesion not detected by
MRI was 7 mm. Almost one half (10/22) of undetected lesions were <4 mm. The size of the
remaining MRI undetected nodules was as follows: >4-6 mm (9 nodules) and >6-8 mm (3 nod-
ules). The maximum diameters of all nodules on CT and MR images, are available in S1 Table.

The sensitivity of MRI for the detection of different categories of pulmonary nodules
(according to Fleischner society recommendation) is presented in Table 2. Calcifications were
depicted on CT scans in 8 of 113 pulmonary nodules. Seven of these nodules (87.5%) were
identified on MR images.

The T1 VIBE sequence in axial plane showed the highest sensitivity for the detection of pul-
monary nodules (69%), followed by T2 SPIR, T2 TSE in axial plane along with T1 out-of-
phase, T2 STIR and T2 HASTE (Figs 1-4). Furthermore, T1 VIBE sequence enabled visualiza-
tion of all lung lesions >8 mm. The sensitivities and false positive diagnoses of all applied MRI
sequences for the detection of lung lesions are displayed in Table 3. Lung lesions falsely
reported on MR images (false positive diagnoses, Table 3) had average maximum diameter of
4.4 mm; all were smaller than 10 mm.

Analysis of Lesion Size

According to CT measurements, the average maximum diameter of the nodules was 7.1 mm.
There were 91 nodules detected in both CT scans and MR images. There was a very strong

Fig 2. A 62-year-old man with 5.6 mm pulmonary nodule in the right lower lobe (arrow). The lesion is seen on CT (A) as well as on
T1 VIBE (B), T1 out-of-phase (C) and T2 SPIR (F) images, whereas T2 TSE (D), T2 HASTE (E) and T2 STIR (G) images were negative.

doi:10.1371/journal.pone.0156272.9002

PLOS ONE | DOI:10.1371/journal.pone.0156272 June 3,2016 5/11



..@.' PLOS ’ ONE MR Imaging of Pulmonary Nodules

Fig 3. A 71-year-old woman with 7 mm pulmonary nodule in the right upper lobe (arrow). The nodule is demonstrated on CT (A)
and on most of T2-weighted sequences, including: T2 TSE (D), T2 SPIR (F) and T2 STIR (G). The readers did not identify this lesion on
T1 VIBE (B), T1 out-of-phase (C) and T2 HASTE (E) images.

doi:10.1371/journal.pone.0156272.9003

positive correlation between the maximum diameter of pulmonary nodules measured by CT
and MRI (r = 0.95; P<0.0000). The Bland-Altman plot demonstrated a very strong agreement
between maximal nodule diameter measured in CT and MRI (Fig 5).

Discussion

Pulmonary nodules are increasingly found on chest CT scans. Since only a small proportion of
these nodules are malignant, CT follow-up is recommended to demonstrate no growth which
is believed to be a strong evidence of benign etiology. However, some authors raise the issue of
increased cancer risk related to cumulative radiation dose [2-4]. In this context, the use of MR
imaging may be considered as an attractive alternative to CT scan. As the probability of malig-
nancy is closely related to the size of the nodule [29, 30], it is important to evaluate the accuracy
of MRI in detection of pulmonary nodules in relation to the nodule size. In our study the sensi-
tivity of MRI for the detection of pulmonary nodules >4-6 mm and >6-8 mm was satisfactory
(75 and 87.5%, respectively) and for lesions >8 mm it reached 100%. It must be admitted, how-
ever, that we noted significant number of false positive diagnoses generated by MRI. They were
more frequent on T2-weighted turbo spin-echo images (T2 STIR- 48, T2 TSE- 34), than on
T1-weighted gradient-recalled echo images (T1 VIBE- 14, T1 out-of-phase-5). On the other
hand, the average diameter of falsely diagnosed lung lesion was small (4.4 mm) and none of
these nodules was larger than 10 mm.It should be emphasized that false negative and false posi-
tive results have also been reported in CT imaging. The percentage of these results largely
depends on the aim of the study and applied definition of false negative and false positive find-
ings. In studies aimed to detect all malignant pulmonary nodules, a false positive finding is usu-
ally defined as a nonmalignant nodule that was misclassified as probably malignant and

Fig 4. A 71-year-old man with 11.3 mm pulmonary nodule in the right lower lobe (arrow). The nodule is well visualized on CT (A)
as well as on all MR images: T1 VIBE (B), T1 out-of-phase (C), T2 TSE (D), T2 HASTE (E), T2 SPIR (F), T2 STIR (G).

doi:10.1371/journal.pone.0156272.g004
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Table 2. The sensitivity of MRI for the detection of different subgroups of pulmonary nodules (according to the Fleischner Society nodule size

category).

Diameter of pulmonary nodules

<4 mm

>4-8 mm
>4-6 mm
>6-8 mm

>8 mm

All lesions

doi:10.1371/journal.pone.0156272.1002

Number of lesions Detected by MRI Sensitivity of MRI
21 12 57.1%

64 51 79.7%

40 30 75%

24 21 87.5%

28 28 100%

113 91 80.5%

referred for surgical resection [31]. When the aim of the study is to detect all pulmonary nod-
ules, the percentage of false negative and false positive finding depends on several factors,
including scanning parameters and the method of CT analysis (radiologist or computer aided
detection) [32]. Nonetheless, due to a significant number of false positive diagnoses produced
by MRI, we assume that this technique is still not ready to replace CT as a tool for lung nodule
detection. Furthermore, MRI is less available and more expensive than CT. Thus, considering
high overall sensitivity of MRI for the detection of significant lung nodules and lack of ionizing
radiation, we believe that this method may be an interesting alternative for follow-up of pulmo-
nary nodules detected by CT.

Our study showed that T1 VIBE sequence accomplished the highest sensitivity (69%) for
lung lesion detection (Figs 2 and 4). The similar results were reported by Heye et al. and Yi
etal. [11, 15], whereas other authors recommended other techniques, including T2 HASTE
[12, 13, 16], T2 STIR [14] or Dixon-based MR imaging [21]. These discrepancies may be attrib-
uted to different hardware and software implemented in these studies. Some differences in
patients and nodule characteristics could also have an impact on the final results. Authors who
reported high detection rates of T2 HASTE and T2 STIR sequences [12-14, 16, 19] studied
patients with significant number of malignant, often metastatic, lesions which are usually well
depicted on T2-weighted images as hyperintense nodules embedded in the signal void of aer-
ated lungs. The results of our study indicate that the T1 VIBE could be the optimal technique
for the detection of lung lesions. This is consistent with the reports of Heye et al., and Both
et al.,, who found better performance of a T1 VIBE sequence as compared to a T2 HASTE
sequence [15, 33]. Twenty-three of 92 lesions larger than 4 mm were not seen on T1 VIBE
images (Fig 3). Since 7 of these nodules were depicted on T2-weighted images (Fig 3), the sensi-
tivity of three combined sequences (T1 VIBE, T2 TSE, T2 SPIR) for the detection of lesions >4
mm increased from 75% (for T1 VIBE sequence only) to 82.6%. Consequently, we recommend
inclusion of T2-weighted turbo spin-echo sequence into MRI lung imaging protocol.

Table 3. The sensitivity for the detection of pulmonary nodules and false positive diagnoses of applied MRI sequences.

MRI Sequence Sensitivity (all
lesions)

T2 TSE (axial plane) 48.7%

T2 SPIR (axial plane) 54.9%

T2 STIR (axial plane) 45.1%

T2 HASTE (axial plane) 25.7%

T1 out-of-phase (axial 48.7%

plane)

T1 VIBE (axial plane) 69%

doi:10.1371/journal.pone.0156272.1003

Sensitivity(lesions >4-8 Sensitivity (lesions Number of false positive
mm) >8mm) diagnoses

40.6% 85.7% 24

51.6% 82.1% 10

35.9% 78.6% 48

20.3% 50%

37.5% 92.9% 5

64.1% 100% 14
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Fig 5. The Bland-Altman plot showing the agreement between the maximum diameter of 91 pulmonary
nodules measured by both CT and MRI.

doi:10.1371/journal.pone.0156272.9005

It has previously been suggested that T1 VIBE sequence enables better visualization of calci-
fied, typically benign nodules which may demonstrate moderate or even high signal intensity
on T1-weighted images, while on T2-weighted images they usually have low signal intensity
and often are not visible [11, 13]. Our study did not confirm this observation, though the num-
ber of analyzed lesions containing calcifications was small.

Besides the evaluation of MRI as the method of pulmonary nodule detection, our study
aimed at assessment of the accuracy of MRI based measurement of maximal nodule diameter.
If MRI is to be considered as an alternative method for follow-up of pulmonary nodules, it has
to demonstrate a high accuracy in lesion size measurement. In one earlier study addressing this
issue, Heye et al. found a strong correlation between maximal nodule diameter measured by
MRI and CT [15]. A similar, very strong correlation between measurements by both imaging
modalities was demonstrated in our study. More importantly, Bland-Altman analysis showed
very good agreement between the size of nodule measured in CT vs. in MRI. In 95% of nodules
the difference between the diameter measured in CI vs. in MRI ranged between -1.6 and 1.57
mm (Fig 5).

Some limitations of our study should be mentioned. We did not apply dedicated software
with automated or semi-automated three-dimensional volume analysis. According to the study
protocol, only patients with pulmonary nodules detected by chest CT scan were examined with
MRI. Thus, there were no patients with “true negative” findings in our study group. Therefore
the specificity and the negative predictive value of MRI for nodule detection could not have
been calculated. Definite histopathological diagnosis was available in 6 patients only. Albeit the
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proportion of malignant nodules was small (8.7%), it was still somewhat higher than that
found in other studies [20, 26]. The study group was limited to 50 patients and our results,
even though encouraging, require further confirmation in larger populations. Furthermore,
contrast-enhanced sequences were not executed, although we deliberately aimed to evaluate
the accuracy of a simple, non contrast-enhanced protocol of lung MRL

Although the differentiation between malignant and benign nodule based on MRI was
beyond the scope of our study, we realize limitations associated with the use of MRI. As com-
pared to CT scan, MRI shows inferior spatial and temporal resolutions, and therefore preclude
confident assessment of some morphological characteristics of nodules that correlate with like-
lihood of malignancy [26-27]. Moreover, susceptibility artifacts from the lungs and artifacts
related to patient motion as well as noise from lung parenchyma may lead to a significant num-
ber of false positive diagnoses of pulmonary nodules (Table 3). On the other hand, MRI is a
radiation-free technique, which proved to be an effective method of reliable evaluation of lesion
size. Hence, it could be implemented for the assessment of its doubling time, facilitating dis-
tinction between benign and malignant nodules.

Conclusions

Our study results confirmed that current MRI techniques have a high sensitivity for the detec-
tion of pulmonary nodules. Comparison of a wide range of MRI sequences previously applied
for lung imaging showed that a T1 VIBE sequence had the highest sensitivity, which further
increased when combined with T2 TSE sequences. Similarly to a recent study [15] we demon-
strated that MRI can accurately determine lung nodule size. Therefore, we believe that due to
lack of ionizing radiation MRI may be an interesting alternative for follow-up of pulmonary
nodules. However, due to significant number of false positive diagnoses, it is not ready to
replace CT as a tool for lung nodule detection.

Supporting Information

S1 Table. Maximum diameters of 113 pulmonary nodules in 50 patients on MR and CT
images.
(DOCX)
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