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Abstract

Objectives: This study proposes to present Magnetic resonance imaging (MRI) with Diffusion Weighted Imaging 
(DWI) sequences and Apparent Diffusion Coefficient (ADC) maps as an innovative and safe method for pulmonary 
nodule characterization, comparing it with PET-CT with 18FDG and prove that MRI is promising as an alternative 
technique in distinguishing benign from malignant solitary pulmonary nodules, without presenting significant 
differences to predict the malignancy of pulmonary nodules.
Results: comparing the two methods in the optimal cut-offs for our population, MRI demonstrates higher sensi-
tivity than PET-CT (84.6% vs. 69.2%) against equal specificity (83.3%).
Conclusion: DWI/ADC sequences have been shown to be effective in distinguishing benign from malignant 
solitary pulmonary nodules. Comparison of MRI and PET-CT showed no statistically significant differences in the 
ability to predict the malignancy of pulmonary nodules.
Abbreviations and acronyms: Solitary Pulmonary Nodules (NPS), Single-Shot Echo Planar Imaging (SS EPI), 2-de-
oxy-2-fluoro-D-glucose (18FDG)
Keywords: Magnetic resonance imaging; Solitary pulmonary nodule; Malignant pulmonary nodule; Diffusion 
Weighted Imaging, ADC maps, PET-TC
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INTRODUCTION
The solitary pulmonary nodule is defined radio-logically as fo-
cal, roughly circular, not always well-circumscribed lung opacity 
with a maximum diameter of less than 3 cm and surrounded by 
normal lung parenchyma or in contact with the pleura. Nodules 
may be single or multiple and can be found in the lung without 
other abnormalities such as lymphadenopathy or pleural dis-
ease [1,2]. A pulmonary nodule is an occasional finding on im-
aging studies unrelated to the respiratory system in 0.09%-0.2% 
of cases [3] and a frequent finding of all chest radiographs com-
puted tomography [4,5]. The presence of a solitary pulmonary 
nodule opens the path to several different diagnoses. Recent 
review shows around 10%-20% of nodules are malignant [6]. Di-
agnostic imaging must quickly recognize the nature of the nod-
ule to avoid non-proportional treatments and procedures. PET-
CT with FDG-18 is now the gold-standard; magnetic resonance 
imaging (MRI) is starting to take its first steps with promising 
results. The radiological assessment of the pulmonary nodule 
is carried out using the guidelines of the Fleischner Society and 
Lung-RADS, produced by the American College of Radiology. 
The main radiological indicators of malignancy are morphology, 
size, location, number of nodules and doubling time. Nodules 
can be divided into solid, subsolid and ground-glass. [7].

Solid and sub-solid nodules have a higher risk of malignant 
transformation (6.6% to 22.2%) than ground-glass nodules 
(1.3% to 1.9%) [8]. The size and volume of the nodule must 
then be assessed; a solid component greater than 5 mm depicts 
an increased likelihood of local invasion [9,10]. A recent trial 
showed that nodules >10 mm or >300 mm3 have a 9.7%=-16.9% 
probability of malignant transformation at 2 years. Patients 
with solid nodules <5 mm or <100 mm3 have the same prob-
ability of developing neoplastic pathology as the population in 
which no nodules were found at screening (Figure 1). Sub-solid 
nodules have a more indolent growth with rare and distant neo-
plastic transformation, [11] and lesions larger than 10 mm in 
diameter have shown a more aggressive course [12]. The likeli-
hood of malignancy also increases in the presence of spiculated 
margins, upper lobe localization (doubled risk compared to oth-
er sites) [13], a smaller number of nodules (patients with 5 or 
more nodules are less likely to develop neoplastic disease than 
patients with less than 5 nodules) [14], and a doubling time of 
100-400 days [15].

Figure1: Correlation between size and malignancy in solitary pulmo-
nary nodule. A) All sizes; B) less than or equal to 20 mm; C) less than 
or equal to 10 mm; D) less than or equal to 6 mm.

After solitary pulmonary nodule detection, 18FDG-PET remains 
the first choice in characterization [16], with a sensitivity and 
specificity of approximately 95% and 82%. The accuracy of 
PET is also affected by nodule composition, as it is less sensi-
tive and specific in ground-glass nodules, the detection rate 
of PET-CT for malignant lesions is about 62.9%, with a positive 
rate of 82.9% and a false positive rate of 58.3% [17]. Magnetic 
resonance imaging was for years considered inapplicable in the 
study of lung neoplasms because of the low proton density in 
ventilated healthy lung tissue and of image distortion generat-
ed by the air-parenchyma interface and respiratory and cardiac 
motion [18]. The introduction of single-shot Echo Planar Imag-
ing sequences that allow much faster and less motion-sensitive 
acquisitions, of the possibility to synchronize acquisitions with 
breath phases or heart rate, of functional imaging techniques 
such as diffusion (DWI) and dynamic contrast-enhanced studies 
(DCE-MRI), have greatly changed the fields of applicability of 
this technique [19].

Objectives
The study aims to relate the data obtained in DWI with the re-
sults of PET-CT and histology by comparing the ability of the two 
methods in recognizing nodules and characterizing them. Our 
sample size is 50 nodules out of 48 patients.

MATERIALS AND METHODS
We chose to conduct a prospective study to select newfound 
nodules without histological diagnosis. Patients with no ab-
solute or relative contraindications to MRI with a lung nodule 
<30 mm on chest HRCT were included. Of our 48 patients, 37 
presented for an outpatient check-up prescribed by the gener-
al practitioner for cough or generic indication and 11 patients 
were hospitalized for other non-oncological causes, so nodules 
were found during HRCT of the chest performed as a pre-opera-
tive check or in the suspicion of inflammatory diseases (exclud-
ed by HRCT). Patients with radiological evidence of pneumonia, 
patients with previous lung surgery or with metallic thoracic 
devices, patients with contraindications to MRI, patients at high 
risk of biopsy, for nodule placement or medical condition, were 
excluded. Patients underwent PET-CT low dose with 18FDG 
within two weeks before or after the MRI examination. The ex-
aminations were performed with a high-field device (3T) with 
sequences

• T2w axial and coronal

• Dual FFE

• DWI with b0, b500, b800 and b1000 and ADC maps

The diffusivity coefficient was calculated by placing the ROI (re-
gion of interest) on the ADC map at the site of the solid compo-
nent, avoiding necrotic areas and allowing for no underestima-
tion of tumor heterogeneity (Figure 2). Statistical analysis was 
conducted using MedCalc Statistical Software version 19.3.1 
(MedCalc Software; https://www.medcalc.org; 2016). Lesions 
with SUV max and ADC mean values above the cut-off were 
considered positive while those below as negative for PET-CT 
and DWI, respectively. ROC curves were compared using z-tests. 
Exams were well tolerated by all patients. The average duration 
of the MRI examinations was 17.1 ± 2.1 minutes. No examina-
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tion was prematurely interrupted, and all patients easily under-
stood and applied the instructions given automatically by the 
machine.

Figure 2: MRI images in different sequences in a patient with a 25-mm 
nodule. Left. T2-weighted sequence. Middle. DWI-weighted sequence. 
Right. Image reconstruction in ADC. (DWI: Diffusion Weighted Imag-
ing, ADC: Apparent Diffusion Coefficient).

RESULTS
In all patients, the diagnosis was made by histological examina-
tion, obtained by Awake VATS or CT-guided biopsy. Histological 
examination of the 26 high-risk nodules revealed 24 malignant 
and 2 benign nodules (one chronic inflammation and one gran-
uloma), while examination of the 24 low-risk nodules confirmed 
23 as benign and 1 nodule as neoplastic (acinar variant adeno-
carcinoma). Among the 24 malignant nodules, 22 primary lung 
tumors (16 adenocarcinomas and 6 squamous cell tumors), 1 
marginal B-cell lymphoma and 1 solitary malignant fibrous tu-
mor of the pleura were found. Among the 24 benign nodules, 
10 hamartomas, 8 granulomas and 6 chronic inflammatory 
processes with pictures of organizing pneumonia (BOOP/COP) 
were identified. The mean size of the benign nodules was 16.0 ± 
7.45 mm3, whereas the mean size of the malignant nodules was 
21.7 ± 7.27 mm3, and the difference between the two groups 
was not statistically significant (p=0.007). The mean volume 
of the benign nodules was 3478.2 ± 4654.7 mm3, while in the 
malignant 9110.3 ± 5351.6 mm3. The differences between the 
two populations were found to be non-significant (p=0.010). 
Threshold values for the two imaging techniques were calculat-
ed using ROC curve. From the ROC curves of the generated ADC 
maps (B0: 0-500, 0-800 and 0-1000), values lower than 1.14 x 
10-3 mm2/s, 1.07 x 10-3 mm2/s and 1.20 x 10-3 mm2/s, respec-
tively, were identified as the optimal cutoff for the diagnosis of 
malignancy in DWI. From the ROC curve for SUV max, a value of 
SUV max>4 was identified as the optimal cutoff for the diagno-
sis of malignancy in PET-CT. In MRI, the values obtained with the 
gradient b 0-800 were chosen as the quantitative benchmark 
for DWI considering the relationship between the higher val-
ue of b and the quality of the images obtained (Figure 3). The 
mean ADC mean value found in benign nodules was 1.57 ± 0.56 
x 10-3 mm2/s, while the value in malignant nodules was 0.89 ± 
0.19 x 10-3 mm2/s. The ADC mean values for malignant nodules 
were significantly lower than the ADC mean values found in be-
nign nodules (p=0.002). When the cutoff of 1.07 x 10-3 mm2/s 
was applied, the sensitivity and specificity obtained were 84.6% 
and 83.3%, respectively. No significant difference was found 
between the ADC mean values in the different histo-types of 
the malignant nodules. The values of ADC mean and SUV max 
show a significant inverse correlation according to Spearman’s 
test (rho=-0.731) (p<0.001). The analysis of the ROC curves ob-

tained from the ADC mean values calculated for b=0 and b=800 
and SUV max showed an AUC of 0.875 and an AUC of 0,859 
respectively. Z-test demonstrated the absence of statistical sig-
nificance in the distinction between the two curves (p=0.811). 
Graphical comparison of the two curves is shown in the Figure 
4. When comparing the two methods in the optimal cutoff for 
our population, MRI demonstrates a higher sensitivity than PET-
CT (84.6% vs. 69.2%) against an equal specificity (83.3%).

Figure 3: ROC curve drawn on ADC values in the three different gra-
dients b 0-500, b 0-800 and b 0-1000. Bottom, pairwise comparison 
showing no statistically significant differences between the AUCs of 
the three ROCs).

Figure 4: Comparison of ROC curves drawn with ADCmean (b 0-800) 
and SUVmax values.
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DISCUSSION
The main limitation of our study is the small number of nod-
ules analyzed. Larger multicenter studies with very large patient 
samples will certainly be needed in the future to confirm the 
hypothesis that MRI is a valid alternative to PET-CT with 18FDG. 
Another limitation is represented by the variety of malignant 
pathology present in our sample, which does not allow, in rela-
tion to the scarcity of the sample, to standardize the ADC values 
for one or the other malignant type. We can confirm that our 
goal was only to discriminate malignant formations from benign 
ones, and further studies are also needed in this direction.

In our study, 8 of the 50 nodules examined had a diameter below 
10 mm with a nadir at 7 mm. PET correctly estimated the risk of 

malignancy in 4/8 nodules while MRI in 6/8 nodules. Consider-
ing the lack of definite data in the literature and the small size 
of our sample, further targeted studies needed to investigate 
the applicability of MRI DWI/ADC sequences in sub-centimetric 
nodules. The prevalence of sub-solid nodules as well as their 
biological significance is not widely elucidated. Screening data 
show an incidence in at-risk populations of up to 15.9% ground-
glass nodules and up to 4.3% partially solid nodules [20]. In our 
study, 6 sub-solid nodules were included (Figure 5), excluding 
nodules with only ground glass component; MRI correctly char-
acterized the nodules in 4/6 cases, while PET-CT in 2/6 cases. 
Further studies are needed. In our study, the two techniques 
compared in all 50 nodules Figure 6 showed no significant dif-
ferences. MRI showed a sensitivity of 84.6% compared to 69.2% 
for PET-CT, while the specificity was 83.3% for both techniques.

Figure 5: MRI application in a sub-solid nodule. The other left. Chest CT scan in parenchymal window. Top right. CT thorax in mediastinal win-
dow (soft tissue). Bottom left. MRI in T2-weighted sequences. Bottom right. MRI in DWI sequences.

Figure 6: MRI and PET-CT comparison in a patient with a 25-mm malignant nodule. Top left. CT scan of the chest. Top right. WB QClear in PET. 
Bottom left. DWI MRI. Bottom right. ADC in MRI.
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The smallness of our sample and the lack of standardization of 
MRI values led us to contextualize our study results in compari-
son with other studies [21], evaluating the discriminative ability 
of DWI to detect benign and malignant lesions and comparing 
DWI with PET-TC. Therefore, we included two kinds of studies 
aimed at predicting lung nodule malignancy [22-24] and stud-
ies comparing DWI with PET-CT [25]. The mean sensitivity val-
ue obtained in these studies [26-28] was 89.6% (73.3%-100%) 
while the mean specificity was 79.9% (36%-100%). Our study is 
in line with the average sensitivity and specificity values report-
ed in the literature with a value of 84.6% and 83.3%. In most 
cases the two methods are equivalent, although in one study 
Mori et al describes a better ability of MRI to discriminate ac-
tive inflammatory lesions from neoplastic pathology. In some 
of the reported studies [29], the correlation between ADC and 
SUVmax and the stage, degree of invasiveness or cellularity of 
the lesions is investigated. Among these prognostic factors, only 
the correlation between lesion cellularity and ADC is well docu-
mented [30]. These considerations are beyond the scope of our 
study, but the prognostic significance of ADC and its possible 
applications showed promising results [31]. Characterization 
of the pulmonary nodule, as we have seen, includes numerous 
diagnostic examinations with increasing invasiveness and cost. 
Our study, contextualized with other recent works in the litera-
ture, demonstrates, albeit on a small sample, the effectiveness 
of magnetic resonance imaging in the characterization of pul-
monary nodules [32-34].

CONCLUSION
PET scan costs € 850 while a PET-CT scan is about € 1071.65. 
The cost of a chest MRI is 115.8 € and increases to 181.28 € 
with contrast injection. Chest MRI costs about seven times less 
than PET and more than nine times less than PET-CT. MRI is pro-
posed as a safe radiation-free examination in the second-level 
characterization of pulmonary nodule. However, the limited 
availability of the technique and low number of publications 
reflected in the lack of standardization and great heterogeneity 
in the parameters used to perform exams. However, MRI and 
the application of DWI/ADC sequences in the pulmonary nod-
ule have several limitations, such as the poor reproducibility 
of results with different machines and the presence of various 
contraindications to perform the examination linked to the use 
of magnetic fields and patient characteristics.

The limited number of patients of our sample did not allow us 
to establish a correlation between ADC and histology nor the 
characterization within the same histo-type of neoplasms with 
different degrees of malignancy. Furthermore, other ADC val-
ues such as ADC minimum or the ratio of ADC calculated in the 
necrotic areas to the wall (necrosis/wall ratio) could not be tak-
en in the study as has been done with promising results in other 
studies. In addition, it might be promising to evaluate the be-
havior of lung nodules even after the administration of intrave-
nous paramagnetic mdc, but it was not possible because it was 
a pilot study. This preliminary study has demonstrated the abil-
ity of MRI DWI sequences, evaluated with ADC maps, to distin-
guish benign from malignant solitary pulmonary nodules. Com-
parison of this technique with PET-CT showed no statistically 
significant differences to predict the malignancy of pulmonary 
nodules. The results of our study were affected by a reduced 

sample size. We can recognize that the advantages of this tech-
nique in terms of biological risks and social and economic costs 
are considerable, and any doubts regarding the acceptance of 
the examination of patients and the presence of artefacts due 
to the intrinsic characteristics of the lung parenchyma were not 
significantly reflected in our study. Further studies with larger 
populations and standardized parameters are needed to estab-
lish the relevance of this technique in the clinical setting.
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