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Abstract: For detecting malignant tumors, diffusion-weighted magnetic resonance imaging (DWI) as
well as fluoro-2-deoxy-glucose positron emission tomography/computed tomography (FDG-PET/CT)
are available. It is not definitive how DWI correlates the pathological findings of lung cancer.
The aim of this study is to evaluate the relationships between DWI findings and pathologic findings.
In this study, 226 patients with resected lung cancers were enrolled. DWI was performed on each
patient before surgery. There were 167 patients with adenocarcinoma, 44 patients with squamous
cell carcinoma, and 15 patients with other cell types. Relationships between the apparent diffusion
coefficient (ADC) of DWI and the pathology were analyzed. When the optimal cutoff value (OCV) of
ADC for diagnosing malignancy was 1.70 × 10−3 mm2/s, the sensitivity of DWI was 92.0% (208/226).
The sensitivity was 33.3% (3/9) in mucinous adenocarcinoma. The ADC value (1.31± 0.32× 10−3 mm2/s)
of adenocarcinoma was significantly higher than that (1.17 ± 0.29 × 10−3 mm2/s) of squamous cell
carcinoma (p = 0.012), or (0.93 ± 0.14 × 10−3 mm2/s) of small cell carcinoma (p = 0.0095). The ADC
value (1.91 ± 0.36 × 10−3 mm2/s) of mucinous adenocarcinoma was significantly higher than that
(1.25 ± 0.25 × 10−3 mm2/s) of adenocarcinoma with mucin and that (1.24 ± 0.30 × 10−3 mm2/s) of
other cell types. The ADC (1.11 ± 0.26 × 10−3 mm2/s) of lung cancer with necrosis was significantly
lower than that (1.32 ± 0.33 × 10−3 mm2/s) of lung cancer without necrosis. The ADC of mucinous
adenocarcinoma was significantly higher than those of adenocarcinoma of other cell types. The ADC
of lung cancer was likely to decrease according to cell differentiation decreasing. The sensitivity of
DWI for lung cancer was 92% and this result shows that DWI is valuable for the evaluation of lung
cancer. Lung cancer could be evaluated qualitatively using DWI.
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1. Introduction

Lung cancer is one of the leading causes of cancer-related deaths and has many patterns
of progression and treatment responses. As the imaging method of choice in tumor staging,
fluoro-2-deoxy-glucose positron emission tomography/computed tomography (FDG-PET/CT) has
been widely adopted. Its maximum standardized uptake value (SUVmax) presents glucose uptake
and indicates how aggressive the cancer is. FDG-PET/CT is useful for differentiating malignant from
benign pulmonary nodules [1]. However, FDG-PET/CT is likely to yield false-negative results for
small volumes of metabolically active tumors [2] or well-differentiated pulmonary adenocarcinoma [3],
and false-positive results for inflammatory nodules [4].

For the last two decades, magnetic resonance imaging (MRI) of the staging of lung cancer has been
narrowly available in the cases of chest wall invasion or mediastinum invasion of lung cancer partly
due to the report of Webb et al. [5] of the Radiologic Diagnostic Oncology Group published in 1991.
The technology of MRI has developed dramatically. Diffusion-weighted magnetic resonance imaging
(DWI) has been used for detecting the restricted diffusion of water molecules. The principle of DWI
is the random motion of water molecules in biological tissues [6]. Its apparent diffusion coefficient
(ADC) value presents a quantitative parameter of the diffusion of water molecules in biological tissues,
and the ADC of malignant tumors is significantly lower than that of normal tissues or benign lesions [7].
The magnetic resonance (MR) signal intensity of pulmonary cancer is significantly higher than that
of benign lesions [8]. A meta-analysis indicated that DWI could be used to differentiate malignant
from benign pulmonary lesions [9]. Two articles of meta-analysis have shown that DWI was useful
for the evaluation of the N factor of lung cancer [10,11]. For nodal assessment in non-small cell lung
cancer, Peerlings et al. [10] showed the high diagnostic capability of DWI (sensitivity 0.87, specificity
0.88). DWI can differentiate benign from malignant lesions in the lung [9,12], in the thorax [13], in the
prostate [14], in the breast [15], and in the liver [16].

DWI possesses great potential for monitoring treatment response in cancer patients shortly after
the initiation of radiotherapy [17]. Functional evaluation of DWI was more useful than that of CT for
the response evaluation of chemotherapy and/or radiotherapy to recurrent tumors of the lung [18].
MR functional imaging offers valuable information about tumor tissue, tissue architecture, cellular
biomarkers related to the hepatocellular functions, and tissue vascularization profiles related to tumor
and tissue biology [19]. Maximum whole tumor ADC values may be available for differentiating
luminal from other molecular subtypes of breast cancer [20].

In this article, we analyze relationships between DWI and the pathological findings of resected
lung cancers and got information about DWI for the pathologic characteristics of lung cancer.

2. Results

Chest CT, FDG-PET/CT, DWI, ADC map, and pathologic hematoxylin and eosin stain are
presented according to lepidic adenocarcinoma (Figure 1), mucinous adenocarcinoma (Figure 2),
papillary adenocarcinoma (Figure 3) and squamous cell carcinoma (Figure 4).

When the optimal cutoff value (OCV) of ADC for diagnosing malignancy was 1.70× 10−3 mm2/s [21],
the sensitivity of DWI was 92.0% (208/226) (Table 1). For pathologic cell types, the sensitivity of DWI
was 91.6% (153/167) in adenocarcinoma, 95.4% (42/44) in squamous cell carcinoma, 66.6% (2/3) in large
cell neuroendocrine carcinoma (LCNEC), 66.6% (2/3) in large cell carcinoma, and 100% (6/6) in small cell
carcinoma. For subtypes of adenocarcinoma, the sensitivity of DWI for mucinous adenocarcinoma was
33.3% (3/9), which was significantly lower than 94.4% (51/54) for acinar adenocarcinoma, 94.6% (53/56)
for papillary adenocarcinoma, 92.8% (26/28) for lepidic adenocarcinoma, 100% (7/7) for micropapillary
adenocarcinoma, or 100% (12/12) of solid adenocarcinoma.
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Table 1. Sensitivity of diffusion-weighted imaging (DWI) for lung cancer.

Cell Type Cell Subtype Sensitivity

Adenoca.

Mucinous 33.3% (3/9)

91.6% (153/167)

Acinar 94.4% (51/54 )
Papillary 94.6% (53/56)
Lepidic 92.8% (26/28)

Micropapillary 100% (7/7)
Solid 100% (12/12)

Squamous cell ca. 95.4 % (42/44)

LCNEC 66.6% (2/3)

Large cell ca. 66.6% (2/3)

Small cell ca. 100% (6/6)

Other cell type 100% (4/4)

Total 92.0% (208/226)
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Figure 1. Lepidic adenocarcinoma. The ADC of the carcinoma was 1.36 × 10−3 mm2/s. (A) CT, (B) PET-
CT, (C) DWI, (D) ADC map, (E) Pathology (Hematoxylin and Eosin Staining) ×100. 

 
Figure 2. Mucinous adenocarcinoma. The ADC of the carcinoma was 2.25 × 10−3 mm2/s. (A) CT, (B) 
PET-CT, (C) DWI, (D) ADC map, (E) Pathology (Hematoxylin and Eosin Staining) ×100. 

Figure 1. Lepidic adenocarcinoma. The ADC of the carcinoma was 1.36 × 10−3 mm2/s. (A) CT,
(B) PET-CT, (C) DWI, (D) ADC map, (E) Pathology (Hematoxylin and Eosin Staining) ×100.
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Figure 2. Mucinous adenocarcinoma. The ADC of the carcinoma was 2.25 × 10−3 mm2/s. (A) CT,
(B) PET-CT, (C) DWI, (D) ADC map, (E) Pathology (Hematoxylin and Eosin Staining) ×100.
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Figure 3. Papillary adenocarcinoma. The ADC of the carcinoma was 1.09 × 10−3 mm2/s. (A) CT, (B) 
PET-CT, (C) DWI, (D) ADC map, (E) Pathology (Hematoxylin and Eosin Staining) ×100. 

 
Figure 4. Squamous cell carcinoma. The ADC of the carcinoma was 0.979 × 10−3 mm2/s. (A) CT, (B) 
PET-CT, (C) DWI, (D) ADC map, (E) Pathology (Hematoxylin and Eosin Staining) ×100. 

The ADC value by pathologic cell type of lung cancer is presented in Figure 5. The ADC value 
(1.31 ± 0.32 × 10−3 mm2/s) of adenocarcinoma was significantly higher than that (1.17 ± 0.29 × 10−3 
mm2/s) of squamous cell carcinoma (p = 0.012), or (0.93 ± 0.14 × 10−3 mm2/s) of small cell carcinoma (p 
= 0.0095). The ADC value (1.62 ± 0.40 × 10−3 mm2/s) of LCNEC was significantly higher than that (1.17 
± 0.29 × 10−3 mm2/s) of squamous cell carcinoma (p = 0.016), or (0.93 ± 0.14 × 10−3 mm2/s) of small cell 
carcinoma (p = 0.011). 

The ADC value by pathologic subtype of adenocarcinoma is shown in Figure 6. The ADC value 
(1.91 ± 0.36 × 10−3 mm2/s) of mucinous adenocarcinoma was significantly higher than that (1.31 ± 0.28 
× 10−3 mm2/s) of acinar adenocarcinoma (p < 0.0001), (1.29 ± 0.30 × 10−3 mm2/s) of papillary 
adenocarcinoma (p < 0.0001), (1.28 ± 0.28 × 10−3 mm2/s) of lepidic adenocarcinoma (p < 0.0001), (1.14 ± 
0.20 × 10−3 mm2/s) of micropapillary adenocarcinoma (p = 0.0002), or (1.12 ± 0.20 × 10−3 mm2/s) of solid 
adenocarcinoma (p < 0.0001).  

Figure 3. Papillary adenocarcinoma. The ADC of the carcinoma was 1.09 × 10−3 mm2/s. (A) CT,
(B) PET-CT, (C) DWI, (D) ADC map, (E) Pathology (Hematoxylin and Eosin Staining) ×100.
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The ADC value by pathologic cell type of lung cancer is presented in Figure 5. The ADC
value (1.31 ± 0.32 × 10−3 mm2/s) of adenocarcinoma was significantly higher than that
(1.17 ± 0.29 × 10−3 mm2/s) of squamous cell carcinoma (p = 0.012), or (0.93 ± 0.14 × 10−3 mm2/s)
of small cell carcinoma (p = 0.0095). The ADC value (1.62 ± 0.40 × 10−3 mm2/s) of LCNEC was
significantly higher than that (1.17 ± 0.29 × 10−3 mm2/s) of squamous cell carcinoma (p = 0.016), or
(0.93 ± 0.14 × 10−3 mm2/s) of small cell carcinoma (p = 0.011).

The ADC value by pathologic subtype of adenocarcinoma is shown in Figure 6. The ADC
value (1.91 ± 0.36 × 10−3 mm2/s) of mucinous adenocarcinoma was significantly higher than that
(1.31 ± 0.28 × 10−3 mm2/s) of acinar adenocarcinoma (p < 0.0001), (1.29 ± 0.30 × 10−3 mm2/s) of papillary
adenocarcinoma (p < 0.0001), (1.28 ± 0.28 × 10−3 mm2/s) of lepidic adenocarcinoma (p < 0.0001),
(1.14 ± 0.20 × 10−3 mm2/s) of micropapillary adenocarcinoma (p = 0.0002), or (1.12 ± 0.20 × 10−3 mm2/s)
of solid adenocarcinoma (p < 0.0001).
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Figure 6. ADC value by pathologic subtype of adenocarcinoma.

The ADC value (1.91 ± 0.36 × 10−3 mm2/s) of mucinous adenocarcinoma was significantly higher
than that (1.25 ± 0.25 × 10−3 mm2/s) of adenocarcinoma with mucin, or (1.24 ± 0.30 × 10−3 mm2/s)
of other cell types (Figure 7). The ADC (1.11 ± 0.26 × 10−3 mm2/s) of lung cancer with necrosis was
significantly lower than that (1.32 ± 0.33 × 10−3 mm2/s) of lung cancer without necrosis (p = 0.0001)
(Figure 8). For cell differentiation, the ADC value was 1.36 ± 0.35 × 10−3 mm2/s in well differentiation
(G1), 1.24 ± 0.28 × 10−3 mm2/s in moderate differentiation (G2), 1.12 ± 0.19 × 10−3 mm2/s in poor
differentiation (G3), and 1.18 ± 0.43 × 10−3 mm2/s in undifferentiation (G4). There is a correlation
between the decrease in ADC value and the decrease in cell differentiation.
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3. Discussion

A concise update of lung cancer staging, supported by the European Society of Thoracic Surgeons
and the American College of Chest Physicians, expressed that DWI can differentiate benign from
malignant lymph nodes and showed that diffusion MRI has equal sensitivity to PET-CT (0.75 versus
0.72, respectively) but higher specificity (PET-CT 0.89 versus MRI 0.95) [22]. In our experience
of hilar and mediastinal lymph nodes in lung cancer [23], DWI correctly diagnosed N staging in
144 carcinomas (90%) but incorrectly diagnosed N staging in 16 (10%) (3 (1.9%) had overstaging,
13 (8.1%) had understaging). PET-CT correctly diagnosed N staging in 133 carcinomas (83.1%) but
incorrectly diagnosed N staging in 27 (16.8%) (4 (2.5%) had overstaging, 23 (14.4%) had understaging).
The maximum diameter of metastatic lesions in lymph nodes was 3.0 ± 0.9 mm in 21 lymph node
stations not detected by either DWI or PET-CT, 7.2 ± 4.1 mm in 39 detected by DWI, and 11.9 ± 4.1 mm
in 24 detected by PET-CT. Therefore, DWI could detect significantly smaller lymph node metastases
than PET-CT could. DWI was reported to be superior to FDG-PET in the detection of primary lesions
and the nodal assessment of non-small cell lung cancers [21].

In the Japanese lung cancer practice guidelines published in 2018 [24], MRI was recommended
partly for the diagnosis of lung cancer. Recommendation of the usage of DWI was discussed in 2008
during the International Society for Magnetic Resonance in Medicine meeting held in Toronto [25].
Concerns about the lack of understanding of DWI were summarized in the meeting report [25].

The optimal cutoff value is very useful for distinguishing malignancy from benignity but would
change based on the patients of a study. There are two articles which compare the diagnostic capability
of DWI with that of FDG-PET/CT for pulmonary nodules and masses [12,26]: in one, the sensitivity and
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the accuracy of DWI were significantly higher [12]; in the other, the sensitivity of DWI was significantly
higher [26] than that of FDG-PET/CT. Based on our assessment of DWI for pulmonary nodules
and masses (143 lung cancers, 17 metastatic lung tumors, and 29 benign pulmonary nodules and
masses) [26], the sensitivity (80.0%) of DWI was significantly higher than that (70.0%) of FDG-PET/CT.
The specificity (65.5%) of DWI was equal to that (65.5%) of FDG-PET/CT. The accuracy (77.8%) of DWI
was not significantly higher than that (69.3%) of FDG-PET/CT for pulmonary nodules and masses.
The results imply DWI has higher potential than FDG-PET/CT in assessing pulmonary nodules and
masses. There were three meta-analyses of DWI for the differential diagnosis of malignancy and
benignity for pulmonary nodules and masses [9,27,28]. All of the meta-analyses concluded that DWI
could differentiate malignancy from benignity for pulmonary nodules and masses. However, DWI is
used limitedly restrictive in the lungs and is not popular yet. MRI eradicates not only contrast mediums
but also radiation exposure, and it is suitable and ideal for the examination of children and pregnant
women. In the future, we believe MRI will be more available for lung cancer assessment because CT
and FDG-PET/CT have some risk of radiation exposure which must be explained and is not expected
by patients.

The ADC value of adenocarcinoma was significantly higher than that of either squamous cell
carcinoma or small cell carcinoma, which shows that the tissue cellularity of squamous cell carcinoma
or small cell carcinoma would be higher than that of adenocarcinoma. Through DWI examination we
realized that we could detect histopathological necrosis and mucinous areas in lung cancer and the
ADC values could be related to the pathological structure.

One of the pulmonary lesions which presented restricted diffusion and lower ADC values in
DWI was a pulmonary abscess with pathological necrosis. The heavily impeded mobility of pus
may have been caused by its high cellularity and viscosity and shows the low ADC values [29].
Abscesses and thrombi impede the diffusivity of water molecules because they have a hyperviscous
nature [30,31]. The median ADC value (0.877 × 10−3 mm2/s) of abscesses was significantly lower than
that (2.118 × 10−3 mm2/s) of phlegmon (p < 0.001) and that (3.008 × 10−3 mm2/s) of edema (p < 0.01) [32].
In our article, the ADCs of lung cancers were distributed over 0.9 to 1.6 × 10−3 mm2/s. As a result, the
ADC of a lung cancer with necrosis became lower than that of a lung cancer without necrosis because
the ADC value of the abscess was lower. If the ADC value of another tumor was lower than that of
the abscess, the ADC of a tumor with necrosis would become higher than that of a tumor without
necrosis. In DWI, 22% of benign lesions exhibited restricted diffusion in images with high b-values [33].
The articles for the characteristics of abscesses and thrombi can show false-positive results in DWI for
some benign pulmonary nodules and masses with abscesses.

On the other hand, mucinous carcinomas were usually hypointense and showed higher ADC
values, which could be misdiagnosed as benign lesions in DWI [26]. Mucinous carcinomas had lower
DWI signal intensities and higher ADC values than tubular adenocarcinomas in the ano-rectal region,
because mucinous carcinomas present lower cellularity than tubular adenocarcinomas [34].

DWI and FDG-PET/CT have their own advantages [35]. DWI provides quantitative information
regarding tissue cellularity and the diffusion of water molecules which are not necessarily related
to cancer aggressiveness. FDG-PET/CT expresses glucose uptake and presents the aggressiveness
of neoplasia of inflammation. Gallivanone et al. [36] reported that FDG-PET/CT predicted patient
prognosis and DWI response to neoadjuvant chemotherapy, and both examinations provide useful
complementary information for biological characterization and neoadjuvant chemotherapy response
prediction in breast cancer. DWI could be added for the differential diagnosis of benign lesions and
malignant lesions of not only lungs but also other organs. The differential diagnosis could become
possible if we understand the strengths and weaknesses of DWI.

We should keep in mind that the study had three limitations. First, it was a retrospective study
and was conducted at a single institution. Second, our ADC measurements were repeated three times
and the minimum ADC value was obtained. There is no consensus for the optimal DWI techniques and
image analysis procedure in the literature, including region of interest (ROI) size and placement. Third,
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in some cases, image quality could make calculating the true ADC value more difficult. This might be
a limitation of this technique compared to PET.

Further studies would be necessary to evaluate the performance of DWI for pathological
characteristics.

4. Patients and Methods

4.1. Eligibility

The study protocol for examining DWI and FDG-PET/CT in patients with lung cancer was
approved by the ethical committee of Kanazawa Medical University (the approval number: No. I302).
Written informed consent for MRI and a pathological examination of resected materials were obtained
from each patient after discussing the risks and benefits of the examinations with their surgeons.

4.2. Patients

There were three patients who were excluded due to lower imaging quality. Finally, 226 patients
with primary lung cancer were enrolled in this study (Table 2). They underwent DWI and FDG-PET/CT
examination before pulmonary resection with nodal dissection from May 2009 to February 2014.
Our previous article [26] dealt with 189 patients with pulmonary nodules and masses prospectively
that underwent FDG-PET/CT and DWI. There were 143 lung cancers, 17 metastatic lung tumors,
and 29 benign pulmonary nodules and masses. The 143 lung cancers were included in this study.
None of the patients had received prior treatment. Out of the 226 patients, 133 were male and 93 were
female. Their mean age was 68 years old (range 37 to 85).

Table 2. Patients’ characteristics.

Age 37–85 Mean 68

Sex
Male 133

Female 93

Cell Type

Adenoca. 167
Squamous cell ca. 44

Small cell ca. 5
LCNEC 3

Large cell ca. 3
Other cell types 4

Operation

Pneumonectomy 7
Bilobectomy 3
Lobectomy 178

Segmentectomy 2
Partial resection 36

pN
N0 179
N1 30
N2 17

Pathological Stage

IA 112
IB 49

IIA 20
IIB 13

IIIA 25
IIIB 1
IV 6

Cell Differentiation

Well differentiated 109
Moderately differentiated 73

Poorly differentiated 37
Undifferentiated 7
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There were 167 adenocarcinomas, 44 squamous cell carcinomas, 5 small cell carcinomas, 3 large
cell neuroendocrine carcinoma (LCNEC), 3 large cell carcinomas, and 4 carcinomas of other cell types.
Three LCNECs were all combined LCNEC and adenocarcinoma. TNM classification and the lymph
node stations of lung cancer were classified according to the new definition of UICC (Union for
International Cancer Control) 7 [37]. There were 77 pathological T1a (pT1a) carcinomas, 41 pT1b
carcinomas, 66 pT2a carcinomas, 13 pT2b carcinomas, 26 pT3 carcinomas, and 3 pT4 carcinomas.
There were 179 pathological pN0 (pN0) carcinomas, 30 pN1 carcinomas, and 17 pN2 carcinomas.
There were 112 pathological Stage IA (pStage IA), 49 pStage IB, 20 pStageIIA, 13 pStage IIB, 25 pStage
IIIA, 1 pStage IIIB, and 6 pStage IV.

4.3. MR Imaging

All MR images were produced with a 1.5 T superconducting magnetic scanner (Magnetom
Avanto; Siemens, Erlangen, Germany) with two anterior six-channel body phased-array coils and
two posterior spinal clusters (six-channels each). The conventional MR images consisted of a
coronal T1-weighted spin-echo sequence and coronal and axial T2-weighted fast spin-echo sequences.
DWIs using a single-shot echo-planar method were applied with a slice thickness of 6mm under
SPAIR (spectral attenuated inversion recovery) with a respiratory triggered scan with the following
parameter: TR/TE/flip angle, 3000–4500/65/90; diffusion gradient encoding in three orthogonal
directions; b value = 0 and 800 s/mm2; field of view, 350 mm; matrix size, 128 × 128. After image
reconstruction, a two-dimensional (2D) round or elliptical region of interest (ROI) was drawn on
the lesion which was detected visually on the ADC map with reference to T2-weighted or CT
image by a radiologist (M.D.) with 25 years of MRI experience who was unaware of the patients’
clinical data. The procedures were repeated three times and the minimum ADC value was obtained.
The radiologist (M.D.) and one pulmonologist (K.U.) with 28 years of experience evaluated the MRI
data. They eventually reached the same consensus. The OCV of ADC for diagnosing malignancy in
DWI was determined to be 1.70 × 10−3 mm2/s using the receiver operating characteristics curve as
previously reported [21].

4.4. Pathological Findings

The parameters of pathological findings were adopted according to pathological reports: cell type,
sub-cell type, T factor, N factor, pathological stage, cell differentiation, presence of mucin, and presence
of necrosis.

4.5. Statistical Analysis

The data is expressed as the mean ± standard deviation. A two-tailed Student-t test was applied
for comparison of ADC values in several prognostic factors. The statistical analyses were performed
using the computer software program StatView for Windows (Version 5.0; SAS Institute Inc. Cary, NC,
USA). A p value of <0.05 was considered statistically significant.

5. Conclusions

The sensitivity of DWI for lung cancer was 92% and DWI would be a useful tool for clinical
diagnosis and evaluation of lung cancer. DWI would have an advantage in qualitative evaluation of
lung cancer.

Author Contributions: Conceptualization, K.U.; methodology, M.M. and M.D.; formal analysis, S.Y.; investigation,
Y.U.; resources, S.I. and A.Y.; data curation, A.S. and N.M.; methodology and software, K.H.; writing—original
draft preparation, K.U.; writing—review and editing, K.U.; supervision, H.U. All authors have read and agreed to
the published version of the manuscript.

Funding: This study were supported partly by a Grant-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology, Japan(Grant number: 16K10694) and by 2017 Grant-in-Aid of
the Magnetic Health Science Foundation, Japan. This work was supported in part by Japan Eli Lilly Co., Ltd.,



Cancers 2020, 12, 1194 10 of 12

Pfizer Co., Ltd., Shionogi Pharmaceutical Co., Ltd., Boehringer Ingelheim Japan Co., Ltd., Chugai Pharmaceutical
Co., Ltd. Daiichi Sankyo Co., Ltd., and Astellas Research Support.

Acknowledgments: We are grateful to Saeko Tomida, Tatsunori Kuroda, Chihiro Nagasako, Eriko Sato, Yasuhiro
Kato and Honami Sato of the MRI Center, Kanazawa Medical University, for technical assistance. We are grateful
to Dustin Keeling for proofreading this paper.

Conflicts of Interest: All authors have no conflict of interest to declare.

References

1. Could, M.K.; Maclean, C.C.; Kuschner, W.G.; Rydzak, C.E.; Owens, D.K. Accuracy of positron emission
tomography for diagnosis of pulmonary nodules and mass lesions. A meta-analysis. JAMA 2001, 285, 914–924.

2. Satoh, Y.; Ichikawa, T.; Motosugi, U.; Kimura, K.; Sou, H.; Sano, K.; Araki, T. Diagnosis of peritoneal
disseminatiom. Comparison of 18F-DDG PET/CT, diffusion-weighted MRI, and contrast-enhanced MDCT.
AJR 2011, 196, 447–453. [CrossRef] [PubMed]

3. Cheran, S.K.; Nielsen, N.D.; Patz, E.F. False-negative findings for primary lung tumors on FDG positron
emission tomography. Staging and prognostic implications. AJR 2004, 182, 1129–1132. [CrossRef] [PubMed]

4. Goo, J.M.; Im, J.G.; Do, K.H.; Yeo, J.S.; Seo, J.B.; Kim, H.Y.; Chung, J.K. Pulmonary tuberculoma evaluated by
means of FDG PET. Findings in 10 cases. Radiology 2000, 216, 117–121. [CrossRef] [PubMed]

5. Webb, W.R.; Gatsonis, C.; Zerhouni, E.A.; Heelan, R.T.; Glazer, G.M.; Francis, I.R.; McNeil, B.J. CT and
MR imaging in staging non-small cell bronchogenic carcinoma: Radiologic Diagnostic Oncology Group.
Radiology 1991, 178, 705–713. [CrossRef] [PubMed]

6. Le Bihan, D.; Breton, E.; Lallemand, D.; Aubin, M.L.; Vignaud, J.; Laval-Jeantet, M. Separation of diffusion
and perfusion in intravoxel incoherent motion MR imaging. Radiology 1988, 168, 497–505. [CrossRef]

7. Szafer, A.; Zhong, J.; Gore, J.C. Theoretical model for water diffusion in tissues. Magn. Reson. Med. 1995,
33, 697–712. [CrossRef]

8. Uto, T.; Takehara, Y.; Nakamura, Y.; Naito, T.; Hashimoto, D.; Inui, N.; Suda, T.; Nakamura, H.; Chida, K.
Higher sensitivity and specificity for diffusion-weighted imaging of malignant lung lesions without apparent
diffusion coefficient quantification. Radiology 2009, 252, 247–254. [CrossRef]

9. Wu, L.M.; Xu, J.R.; Hua, J.; Gu, H.Y.; Chen, J.; Haacke, E.M.; Hu, J. Can diffusion-weighted imaging be used
as a reliable sequence in the detection of malignant pulmonary nodules and masses? Magn. Reson. Imaging
2013, 31, 235–246. [CrossRef]

10. Peerlings, J.; Troost, E.G.C.; Nelemans, P.J.; Cobben, D.C.P.; De Boer, J.C.J.; Hoffmann, A.L.; Beets-Tan, R.G.H.
The diagnostic value of MR Imaging in determining the lymph node status of patients with non-small cell
lung cancer. A meta-analysis. Radiology 2016, 281, 86–98. [CrossRef]

11. Shen, G.; Hu, S.; Deng, H.; Kuang, A. Performance of DWI in the nodal characterization and assessment of
lung cancer: A meta-analysis. Am. J. Roentgenol. 2016, 206, 283–290. [CrossRef] [PubMed]

12. Mori, T.; Nomori, H.; Ikeda, K.; Kawanaka, K.; Shiraishi, S.; Katahira, K.; Yamashita, Y. Diffusion-weighted
magnetic resonance imaging for diagnosing malignant pulmonary nodules/masses. Comparison with
positron emission tomography. J. Thorac. Oncol. 2008, 3, 358–364. [CrossRef] [PubMed]

13. Tondo, F.; Saponaro, A.; Stecco, A.; Lombardi, M.; Casadio, C.; Carriero, A. Role of diffusion-weighted
imaging in the differential diagnosis of benign and malignant lesions of the chest-mediastinum. Radiol. Med.
2011, 116, 720–733. [CrossRef] [PubMed]

14. Yamamura, J.; Salomon, G.; Buchert, R.; Hohenstein, A.; Graessner, J.; Huland, H.; Graefen, M.; Adam, G.;
Wedegaertner, U. Magnetic resonance imaging of prostate cancer. Diffusion-weighted imaging in comparison
with sextant biopsy. J. Comput. Assist. Tomogr. 2011, 35, 223–228. [CrossRef] [PubMed]

15. Fornasa, F.; Pinali, L.; Gasparini, A.; Toniolli, E.; Montemezzi, S. Diffusion-weighted magnetic resonance
imaging in focal breast lesions. Analysis of 78 cases with pathological correlation. Radiol. Med. 2011,
116, 264–275.rt4. [CrossRef]

16. Koike, N.; Cho, A.; Nasu, K.; Seto, K.; Nagaya, S.; Ohshima, Y.; Ohkohchi, N. Role of diffusion-weighted
magnetic resonance imaging in the differential diagnosis of focal hepatic lesions. World J. Gastroenterol. 2009,
15, 5805–5812. [CrossRef]

http://dx.doi.org/10.2214/AJR.10.4687
http://www.ncbi.nlm.nih.gov/pubmed/21257899
http://dx.doi.org/10.2214/ajr.182.5.1821129
http://www.ncbi.nlm.nih.gov/pubmed/15100107
http://dx.doi.org/10.1148/radiology.216.1.r00jl19117
http://www.ncbi.nlm.nih.gov/pubmed/10887236
http://dx.doi.org/10.1148/radiology.178.3.1847239
http://www.ncbi.nlm.nih.gov/pubmed/1847239
http://dx.doi.org/10.1148/radiology.168.2.3393671
http://dx.doi.org/10.1002/mrm.1910330516
http://dx.doi.org/10.1148/radiol.2521081195
http://dx.doi.org/10.1016/j.mri.2012.07.009
http://dx.doi.org/10.1148/radiol.2016151631
http://dx.doi.org/10.2214/AJR.15.15032
http://www.ncbi.nlm.nih.gov/pubmed/26587799
http://dx.doi.org/10.1097/JTO.0b013e318168d9ed
http://www.ncbi.nlm.nih.gov/pubmed/18379353
http://dx.doi.org/10.1007/s11547-011-0629-1
http://www.ncbi.nlm.nih.gov/pubmed/21293944
http://dx.doi.org/10.1097/RCT.0b013e3181fc5409
http://www.ncbi.nlm.nih.gov/pubmed/21412094
http://dx.doi.org/10.1007/s11547-010-0602-4
http://dx.doi.org/10.3748/wjg.15.5805


Cancers 2020, 12, 1194 11 of 12

17. Fliedner, F.P.; Engel, T.B.; El-Ali, H.H.; Hansen, A.E.; Kjaer, A. Diffusion-weighted magnetic resonance
imaging (DW-MRI) as a non-invasive, tissue cellularity marker to monitor cancer treatment response.
BMC Cancer 2020, 20, 134. [CrossRef]

18. Usuda, K.; Iwai, S.; Funasaki, A.; Sekimura, A.; Motono, N.; Matoba, M.; Doai, M.; Yamada, S.; Ueda, Y.;
Uramoto, H. Diffusion-weighted magnetic resonance imaging is useful for the response evaluation of
chemotherapy and/or radiotherapy to recurrent lesions of lung cancer. Transl. Oncol. 2019, 12, 699–704.
[CrossRef]

19. Ippolito, D.; Inchingolo, R.; Grazioli, L.; Drago, S.G.; Nardella, M.; Gatti, M.; Faletti, R. Recent advances in
non-invasive magnetic resonance imaging assessment of hepatocellular carcinoma. World J. Gastroenterol.
2018, 24, 2413–2426. [CrossRef]

20. Horvat, J.V.; Bernard-Davila, B.; Helbich, T.H.; Zhang, M.; Morris, E.A.; Thakur, S.B.; Ochoa-Albiztegui, R.E.;
Leithner, D.; Marino, M.A.; Baltzer, P.A.; et al. Diffusion-weighted imaging (DWI) with apparent diffusion
coefficient (ADC) mapping as a quantitative imaging biomarker for prediction of immunohistochemical
receptor status, proliferation rate, and molecular subtypes of breast cancer. J. Magn. Reson. Imaging 2019, 50,
836–846. [CrossRef]

21. Usuda, K.; Zhao, X.T.; Sagawa, M.; Matoba, M.; Kuginuki, Y.; Taniguchi, M.; Ueda, Y.; Sakuma, T.
Diffusion-weighted imaging is superior to PET in the detection and nodal assessment of lung cancers.
Ann. Thorac. Surg. 2011, 91, 1689–1695. [CrossRef] [PubMed]

22. Rami-Porta, R.; Call, S.; Dooms, C.; Obiols, C.; Sánchez, M.; Travis, W.D.; Vollmer, I. Lung cancer staging:
A concise update. Eur. Respir. J. 2018, 51, 1800190. [CrossRef] [PubMed]

23. Usuda, K.; Sagawa, M.; Motono, N.; Ueno, M.; Tanaka, M.; Machida, Y.; Matoba, M.; Kuginuki, Y.;
Taniguchi, M.; Ueda, Y.; et al. Advantages of diffusion-weighted imaging over positron emission
tomography-computed tomography in assessment of hilar and mediastinal lymph node in lung cancer.
Ann. Surg. Oncol. 2013, 20, 1676–1683. [CrossRef] [PubMed]

24. Murayama, S. Qualitative imaging. In Guidelines for Diagnosis and Treatment of the Lung Cancer 2018; Japanese
Lung Cancer Society; Kanehara Publication: Tokyo, Japan, 2018; pp. 14–18. (In Japanese)

25. Padhani, A.R.; Liu, G.; Koh, D.M.; Chenevert, T.L.; Thoeny, H.C.; Takahara, T.; Dzik-Jurasz, A.; Ross, B.D.;
Van Cauteren, M.; Cllins, D.; et al. Diffusion-weighted magnetic resonance imaging as a cancer biomarker:
Consensus and recommendations. Neoplasia 2009, 11, 102–125. [CrossRef] [PubMed]

26. Usuda, K.; Sagawa, M.; Motono, N.; Ueno, M.; Tanaka, M.; Machida, Y.; Maeda, S.; Matoba, M.; Kuginuki, Y.;
Taniguchi, M.; et al. Diagnostic performance of diffusion-weighted imaging of malignant and benign
pulmonary nodules and masses: Comparison with positron emission tomography. Asian Pac. J. Cancer Prev.
2014, 15, 4629–4635. [CrossRef]

27. Li, B.; Li, Q.; Chen, C.; Guan, Y.; Liu, S. A systematic review and meta-analysis of the accuracy of
diffusion-weighted MRI in the detection of malignant pulmonary nodules and masses. Acad. Radiol. 2014,
21, 21–29. [CrossRef]

28. Shen, G.; Jia, Z.; Deng, H. Apparent diffusion coefficient values of diffusion-weighted imaging for
distinguishing focal pulmonary lesions and characterizing the subtype of lung cancer: A meta-analysis. Eur.
Radiol. 2016, 26, 556–566. [CrossRef]

29. Ebisu, T.; Tanaka, C.; Umeda, M.; Kitamura, M.; Naruse, S.; Higuchi, T.; Ueda, S.; Sato, H. Discrimination of
brain abscess from necrotic or cystic tumors by diffusion-weighted echo planar imaging. Magn. Reson. Imaging
1996, 14, 1113–1116. [CrossRef]

30. Kwee, T.C.; Takahara, T.; Ochiai, R.; Koh, D.M.; Ohno, Y.; Nakanishi, K.; Niwa, T.; Chenevert, T.L.; Luijten, P.R.;
Alavi, A. Complementary roles of whole-body diffusion-weighted MRI and 18F-FDG PET. The state of the
art and potential application. J. Nucl. Med. 2010, 51, 1549–1558. [CrossRef]

31. Desprechins, B.; Stadnik, T.; Koerts, G.; Shabana, W.; Breucq, C.; Osteaux, M. Use of diffusion-weighted
MR imaging in differential diagnosis between intracerebral necrotic tumors and cerebral abscesses.
Am. J. Neuroradiol. 1999, 20, 1252–1257.

32. Chun, C.W.; Jung, J.Y.; Baik, J.S.; Jee, W.H.; Kim, S.K.; Shin, S.H. Detection of soft-tissue abscess: Comparison
of diffusion-weighted imaging to contrast-enhanced MRI. J. Magn. Reson. Imaging 2018, 47, 60–68. [CrossRef]
[PubMed]

http://dx.doi.org/10.1186/s12885-020-6617-x
http://dx.doi.org/10.1016/j.tranon.2019.02.005
http://dx.doi.org/10.3748/wjg.v24.i23.2413
http://dx.doi.org/10.1002/jmri.26697
http://dx.doi.org/10.1016/j.athoracsur.2011.02.037
http://www.ncbi.nlm.nih.gov/pubmed/21619964
http://dx.doi.org/10.1183/13993003.00190-2018
http://www.ncbi.nlm.nih.gov/pubmed/29700105
http://dx.doi.org/10.1245/s10434-012-2799-z
http://www.ncbi.nlm.nih.gov/pubmed/23242821
http://dx.doi.org/10.1593/neo.81328
http://www.ncbi.nlm.nih.gov/pubmed/19186405
http://dx.doi.org/10.7314/APJCP.2014.15.11.4629
http://dx.doi.org/10.1016/j.acra.2013.09.019
http://dx.doi.org/10.1007/s00330-015-3840-y
http://dx.doi.org/10.1016/S0730-725X(96)00237-8
http://dx.doi.org/10.2967/jnumed.109.073908
http://dx.doi.org/10.1002/jmri.25743
http://www.ncbi.nlm.nih.gov/pubmed/28432835


Cancers 2020, 12, 1194 12 of 12

33. Feuerlein, S.; Pauls, S.; Juchems, M.S.; Stuber, T.; Hoffmann, M.H.; Brambs, H.J.; Ernst, A.S. Pitfalls in
abdominal diffusion-weighted imaging. How predictive is restricted water diffusion for malignancy. AJR
2009, 193, 1070–1076. [CrossRef] [PubMed]

34. Nasu, K.; Kuroki, Y.; Minami, M. Diffusion-weighted imaging findings of mucinous carcinoma arising in
the ano-rectal region. Comparison of apparent diffusion coefficient with that of tubular adenocarcinoma.
Jpn. J. Radiol. 2012, 30, 120–127. [CrossRef] [PubMed]

35. Dubreuil, J.; Tordo, J.; Rubello, D.; Giammarile, F.; Skanjeti, A. Diffusion-weighted MRI and 18F-FDG-PET/CT
imaging: Competition or synergy as diagnostic methods to manage sarcoma of the uterus? A systematic
review of the literature. Nucl. Med. Commun. 2017, 38, 84–90. [CrossRef]

36. Gallivanone, F.; Panzeri, M.M.; Canevari, C.; Losio, C.; Gianolli, L.; De Cobelli, F.; Castiglioni, I. Biomarkers
from in vivo molecular imaging of breast cancer: Pretreatment 18F-FDG PET predicts patient prognosis,
and pretreatment DWI-MR predicts response to neoadjuvant chemotherapy. MAGMA 2017, 30, 359–373.
[CrossRef]

37. Brierley, D.; Gospodarowicz, M.K.; Wittekind, C. TNM Classification of Malignant Tumours, 8th ed.;
John Wiley & Sons: Hoboken, NJ, USA, 2017.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2214/AJR.08.2093
http://www.ncbi.nlm.nih.gov/pubmed/19770331
http://dx.doi.org/10.1007/s11604-011-0023-x
http://www.ncbi.nlm.nih.gov/pubmed/22173559
http://dx.doi.org/10.1097/MNM.0000000000000612
http://dx.doi.org/10.1007/s10334-017-0610-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Patients and Methods 
	Eligibility 
	Patients 
	MR Imaging 
	Pathological Findings 
	Statistical Analysis 

	Conclusions 
	References

