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Objective: To evaluate the correlation between apparent
diffusion coefficient (ADC) values and histopathological
features in a cohort of patients with suspected malignant
pleural disease.

Methods: We evaluated 56 consecutive patients un-
dergoing a chest MRI examination for clinical suspi-
cion of malignant pleural disease; all patients
underwent thoracoscopic biopsy for histological as-
sessment. All MRI examinations were performed with
a 1.5-T scanner using a dedicated protocol, including
a respiratory-triggered diffusion-weighted sequence
with three b-values (O, 100 and 750). The ADC values
were calculated, and a statistical analysis was
performed.

Results: The average ADC value in non-neoplastic pleural
disease (NNPD) resulted in 1.84 +0.37 Xx10"*mm?s~",
whereas we obtained an average value of 0.96 *
0.19 X103 mm?s™' in epitheliod, of 0.76 = 0.33 X

INTRODUCTION

Primary malignant pleural mesothelioma (MPM) accounts
for only 10% of pleural malignancies, whereas in 90% of
cases, malignant pleural tumours represent a secondary
involvement caused by metastatic disease or lymphoma.'
MPM is characterized by a very poor prognosis, with
a survival rate after diagnosis ranging between 4 and
18 months.” Imaging plays a central role in diagnosis and
staging of MPM, nevertheless the characterization of
pleural lesions still represents a challenge for radiologists.
The first-line examinations for detection of MPMs are
represented by CT and imaging-guided biopsy, but recently,
other imaging modalities such as MRI and whole-body
positron emission tomography (PET)/CT with fluorine-18
fludeoxyglucose (‘*F-FDG) have achieved a high grade of
accuracy in staging and in characterization of the disease,
providing important information about the extension and

10 °mm?s™' in biphasic and of 0.67*0.2Xx

10 °mm?s~ ' in sarcomatoid pleural mesotheliomas.
Histology revealed the presence of malignant pleural
mesothelioma (MPM) in 44 patients, chronic pleuritis in
8 patients and atypical mesothelial hyperplasia in
4 patients. Statistical analysis showed a significant
difference between NNPD and MPM (p <0.001) and
between epithelioid and sarcomatoid MPM subtypes
(p =0.0004), whereas biphasic MPMs showed a wide
range of overlapping with the other groups.
Conclusion: We observed a statistically significant differ-
ence between NNPD, epitheliod and sarcomatoid sub-
types of MPM regarding ADC values.

Advances in knowledge: Our study confirmed previous
data regarding distribution of ADC values in pleural
disease using a respiratory-triggered diffusion-weighted
technique that allowed us to minimize motion artefacts
and to reduct acquisition time.

the margins of these lesions.” CT is widely used as the
primary imaging modality for the diagnosis, staging and
monitoring of therapeutic response in MPM. Typical
findings include circumferential pleural thickening with
multiple nodules, pleural effusion, involvement of the
interlobar fissures, volume reduction of the chest with
mediastinal shift and invasion of surrounding structures.*”
However, CT tends to underestimate early chest invasion,
direct mediastinal invasion and peritoneal involvement and
has well-known limitations in the evaluation of lymph
node metastases.* '"*F-FDG PET/CT is currently considered
the gold standard imaging technique for staging of MPM,
combining anatomical and metabolic information, with
reported sensitivity, specificity and accuracy in stage IV
disease of 67%, 93% and 83%, respectively;® however, PET/
CT is not fully tumour specific because it is not particularly
accurate in the recognition of lymph nodal MPM
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metastasis and '*F-FDG uptake can occur in inflammatory lesions
too, making evaluation of MPM challenging. To achieve more
accurate diagnostic and staging strategies, MRI is recently reach-
ing an important role in diagnosis of MPM, especially by means
of diffusion-weighted imaging (DWI) and dynamic contrast-
enhanced (DCE) sequences; MRI provides additional functional
information.” Little attention has been paid in literature on the
use of diffusion-weighted MRI in pleural disease, although it was
recently been suggested that DWI sequences could help in the
differential diagnosis of epithelioid MPM and sarcomatoid
MPM.® Currently, the role of DWI in the management of patients
with MPM is still under investigation, and a recent article by
Coolen et al’ showed the possibility to obtain a visual assessment
by using pleural pointillism at DWI, lending an even more in-
novative dimension to MR evaluation of MPM. The purpose of
our study was to investigate the correlation between apparent
diffusion coefficient (ADC) values and histopathological features
in a cohort of patients with suspected malignant pleural disease.

METHODS AND MATERIALS

Inclusion of patients

Between May 2011 and January 2016, we retrospectively in-
cluded 56 consecutive patients (mean age 69.4 = 8.3 years; age
range 45-83 years, 4 females and 52 males) with clinical sus-
picion of malignant pleural disease due to positive plain film
radiographies, contrast-enhanced CT examinations or serum/
pleural effusion biomarkers. All patients underwent thoracic
MRI examination and histological assessment leading to histo-
logical diagnosis. However, because this was a retrospective
study and we regularly use MRI in the evaluation of patients
with suspected malignant pleural disease, it was granted an ex-
emption by the local ethics committee.

Chest MRI protocol

All MRI examinations were performed with a 1.5-T whole-body
system (Achieva®; Philips Healthcare, Best, Netherlands) with
the manufacturer’s 16-channel phased-array torso coil (Sense XL
Torso; Philips Healthcare) for signal reception. The MRI pro-
tocol consisted of precontrast multiplanar fast field echo (FFE)
T, weighted, turbo spin echo single shot T, weighted and sen-
sitivity encoding balanced turbo field echo two-dimensional
sequences, an axial DWI sequence, followed by multiplanar FFE
three-dimensional T, weighted sequences with fat suppression
(THRIVE) acquired before and after injection of Gd-BOPTA
(MultiHance®; Bracco, San Donato Milanese, Italy). Specific pro-
tocol parameters are summarized in Table 1. DWI was performed
using a respiratory triggering technique with individualized scan
time, tailored on single patient’s respiratory pattern to reduce
scan duration and motion artefacts of the thoracic wall and to
optimize the signal-to-noise ratio (SNR) and contrast-to-noise
ratio of ADC map. Regarding the dynamic THRIVE sequence,
images were acquired before and after the injection of Gd-
BOPTA at 0, 30, 90 and 180s on the axial plane.

Image analysis

MRI examination was evaluated in consensus by two expert
thoracic radiologists (AV, 10 years of MR experience and FC,
12 years of MR experience), blinded to all information regarding
imaging results from other modalities and to histological results.

Table 1. MRI protocol for the evaluation of pleural disease
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DW images were evaluated by drawing freehand regions of in-
terest in lesions on the images acquired by using a b-value of
750 smm 7, and the ADC was then calculated considering the
averaged signal intensities of the other b-values. When mea-
suring pleural thickness at particularly thin interfaces (i.e. in
chronic pleuritis or atypical mesothelial hyperplasia), the region
of maximum thickness was identified on the morphological
sequences and a correlation point on the ADC MAP was then
located to avoid biases in the assessment of the ADC value
(Figure 1). The ADC measurement in patients without nodular
thickening was performed on the parietal side of the pleura not
nearby a loculated effusion to avoid the corpuscolated part af-
fecting the measurement (Figure 2). All MR calculations were
performed using a dedicated software (IntelliSpace 6.0; Philips
Healthcare).

Medical thoracoscopy

Medical thoracoscopy was performed in a fully equipped operating
theater, under conscious sedation (intravenous administration of
Propofol). In each patient, a minimum of 10 parietal pleural bi-
opsies were taken.'® Histological specimens, obtained by medical
thoracoscopy, were assessed by standard protocols used in our
pathology department (ASL 5 “Spezzino”, Sarzana (SP), Italy).11

Statistical analysis

The ADC values obtained were compared with regard to the
malignant nature of the lesions and to different histological
subtypes. The data were analyzed by Student’s ¢-test to compare

the ADC values. A value of p <0.05 was considered statistically
significant.

RESULTS

All 56 patients underwent thoracoscopic biopsy with histological
evaluation of the lesions, and the ADC was calculated in all
patients. The mean time interval between MRI and histological
evaluation was 23.8 = 19.7 days. 12 of 56 patients with a clinical
and CT suspicion of MPM turned out to be histologically not
MPM and were classified as non-neoplastic pleural disease
(NNPD). The diagnosis in these cases included eight chronic
pleuritis and four cases of atypical mesothelial hyperplasia. The
remaining 44 patients showed a histological diagnosis of MPM,
including 31 epithelioid (Figure 3), 4 biphasic and 9 sarcoma-
toid MPMs.

The average ADC value of NNPD was 1.84 = 0.37 [standard
deviation (SD)] X 102> mm?s™!; the average ADC value in each
histological subtype of MPM was 0.96*0.19 (SD) X

103 mm?s™! for epithelioid, 0.76 = 0.33 X 10> mm?s~ ! for
biphasic and 0.67 +0.2X 10 >mm?s~ ' for sarcomatoid
tumours. The distribution of ADC values by histological subtype
is shown in Figure 4. Statistical analysis showed that the ADC of
NNPD was significantly than that of malignant pleural disease
(p < 0.0001); regarding the histological subtypes, the ADC of the
epithelioid subtype was significantly higher with respect to
sarcomatoid subtype (p = 0.0004). On the other hand, there was
no statistically significant difference between the ADC values of

Figure 1. A 67-year-old male with a personal history of asbestos exposure and persistent right thoracic pain. Transverse turbo spin
echo single-shot 7, weighted image (a) showing a focal pleural thickening at the posterior wall of the right inferior lobe with the
associated area of round atelectasia. The finding is confirmed with transverse contrast-enhanced fast field echo three-dimensional
T; weighted sequence with fat suppression (THRIVE) acquired after administration of Gd-BOPTA (MultiHance®; Bracco, San Donato
Milanese, ltaly) (b), showing slight enhancement of the thickening. Respiratory-triggered diffusion-weighted MR image
(b=750smm 2) (c) and apparent diffusion coefficient (ADC) map (d) show no restriction of the diffusivity. The ADC value was
calculated as 1.69 X 10" >mm?s . Histological diagnosis resulted consistent with chronic pleuritis.

- |
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Figure 2. An 83-year-old male with persistent left posterior thoracic pain. Transverse turbo spin echo single-shot 7, weighted image
(a) showing a large pleural effusion with posterior distribution at the left hemithorax. Transverse contrast-enhanced fast field echo
three-dimensional T; weighted sequence with fat suppression (THRIVE) acquired after administration of Gd-BOPTA (MultiHance®;
Bracco, San Donato Milanese, Italy) (b) shows the presence of slight enhancement of an anterior pleural thickening, barely
appreciable on morphologic sequences. Respiratory-triggered diffusion-weighted MR image (b =750smm™2) (c) and apparent
diffusion coefficient (ADC) map (d) allowed calculation of an ADC value of 2.03 X 10" mm?s~!. ADC measurement was performed
far from the loculated effusion to avoid the corpuscolated part that could condition the measurement. Histological assessment

showed a diagnosis of atypical mesothelial hyperplasia.

biphasic and epithelioid subtypes (p=0.0883) and between
biphasic and sarcomatoid MPM (p = 0.5559). The ADC values
of biphasic MPM showed a wide range of overlap with those of
other subtypes, ranging from 0.32 to 1.07 X 10> mm?*s ™', With
an optimal ADC cutoff value of 1.5 X 10> mm?s ™", diagnostic
performance resulted as follows: sensitivity of 100%, specificity
of 91.67%, accuracy of 98.21%, positive-predictive value of
97.78% (95% CI = 88.433-99.606%) and negative-predictive
value of 100% (95% CI = 74.116-100%).

Regarding patients with NNPD, 8 patients had chronic pleuritis,
whereas 4 patients had atypical mesothelial hyperplasia; the
average ADC value was 1.88*+0.3 (SD) X 10 mm?s™ ! for
chronic pleuritis and 1.75 = 0.5 X 10 >mm?*s ™" for atypical me-
sothelial hyperplasia, with a not statistically significant difference
between these two groups (p = 0.5797), as shown in Figure 5.

DISCUSSION

In the past decade, diffusion-weighted MRI emerged as a reliable
diagnostic tool in the oncological setting, thanks to its ability to
detect differences in water molecule diffusivity within different
tissues; tumours with high cellularity and enlarged extracellular
space due to modifications of the normal histological structure
show a restriction of water molecule motion that can be visu-
alized as a low ADC value on DWT sequences.'”

Differential diagnosis between benign and malignant pleural
disease and between different histological subtypes of malignant

pleural MPM is usually carried out by medical thoracoscopy
with targeted biopsies; this method, although characterized by
a diagnostic accuracy >95%, is an invasive procedure subject to
risk of tumour seeding,13 and the pursuit of less invasive tech-
niques is still ongoing.

Sarcomatoid and epithelioid MPMs present different histological
features, with the first ones characterized by a stranded pattern
and by more extensive necrosis and cellular oedema, thus
leading to restriction of water diffusion. These factors can ex-
plain the lower mean value of ADC in sarcomatoid than in
epithelioid MPMs, and our results are in line with the literature.®
The overlap in the ADC distribution of epithelioid and sarco-
matoid subtypes was quite higher with respect to the results
obtained by Gill et al,® and we believe that further studies will be
required to establish a reliable cutoff ADC threshold. The wide
range of ADC values of biphasic MPM confirmed the tendency
to variation of this subtype with the location of the region of
interest and with the dominant histological pattern, with
sarcomatoid-dominant biphasic MPM showing lower ADC
values with respect to epithelioid-dominant biphasic MPM."*

Morphological sequences such as single-shot turbo spin echo T,
weighted and post-contrast T; weighted THRIVE allowed to
differentiate calcified pleural plaques and to obtain a more re-
liable measurement of ADC values in patients with minimal
pleural thickness (i.e. NNPD): the correlation system of tracking
point turned out to be a very useful tool to improve the accuracy
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Figure 3. A 62-year-old male with a personal history of asbestos exposure and persistent left anterior thoracic pain. Transverse
turbo spin echo single-shot 7, weighted (a) and contrast-enhanced fast field echo three-dimensional 7; weighted images with fat
suppression (THRIVE) (b) show apical anterior and posterior marginal costal and mediastinal pleural thickenings involving the left
hemithorax, with marked enhancement after administration of Gd-BOPTA (MultiHance®; Bracco, San Donato Milanese, Italy).
Respiratory-triggered diffusion-weighted MR image (b = 750 s mm™~2) (c) confirms the presence of elevated diffusion restriction of
the focal pleural thickenings, showing low signal intensity on the apparent diffusion coefficient (ADC) map (d). The ADC value was
calculated as 0.85 x 107 mm?s ™. Histological diagnosis results were consistent with epithelioid malignant pleural mesothelioma.

of ADC measurement. In fact, thanks to these features, we were
able to confirm a statistically significant difference in ADC
values between malignant and NNPD, as previously reported by
Coolen et al."”

Since the main challenges in performing DWI to the thoracic
region are represented by respiratory motion and by suscepti-
bility artefacts, the innovative aspect of our work consisted in
the application of a respiratory-triggered sequence, whereas
previous studies utilized free breathing or breath-hold
techniques.>”'> In the free breathing DWI technique, multiple
averages (often >4) are used to obtain an optimal SNR. The
ADC values can be calculated because the thoracic wall move-
ments are slow, regular and extensive, and they can be consid-
ered as a coherent motion. This type of DWI acquisition
technique has the advantage of high SNR while the dis-
advantages include a long acquisition time and the presence of
the blurring effect on images that prevents the assessment of
ADC values in small lesions. The respiratory-triggered DWI
shares all the advantages of the free breathing technique and
enables to assess a more accurate measurement of ADC value
also in small lesions due to minimal thoracic respiratory wall
motion artefact.'® The disadvantage of long acquisition time can
be reduced using high value of parallel imaging. In our protocol,
the DWI signal acquisition was selected on the basis of the
duration time of expiratory phase of the single patient (1, 2, 4s)
to reduce as much as possible the slice misalignment (Table 1).
Other studies such as that by Gill et al® obtained similar results

using a free breathing technique with an acquisition time of
6 min 5 s. The reduction time achieved with our protocol should
be considered an advantage especially in those patients who have
low respiratory capability. Furthermore, the reduction of tho-
racic wall motion due to the triggering technique improved the
SNR on ADC map and the higher contrast-to-noise ratio
allowed a more accurate measurement of ADC values, especially
in cases of suspected chronic pleuritis or atypical mesothelial
hyperplasia, where a clear pleural thickening was not apprecia-
ble. Furthermore, the lower distribution of ADC values in the
evaluation of the different histological subtypes of MPM with
respect to the study by Gill et al® could be partially explained by
the use of a different DWI technique.

The main limitation to our study was represented by the in-
clusion of only patients with suspected malignant pleural dis-
ease. In addition, the number of patients with NNPD was
relatively smaller than that of patients with MPMs. Image
analysis was performed in consensus by two experienced radi-
ologists, so we were not able to assess observer variability re-
garding ADC measurements; nevertheless, we believe that our
findings may be of great relevance for the evaluation of pleural
disease. Finally, the location of ROIs on ADC maps could not be
matched with the biopsy targets in all patients, even though the
multidisciplinary reading of the images, involving both the ra-
diologist and the pneumologist who performed the biopsy, was
very helpful to minimize the mismatch during the biopsy
procedure.
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Figure 4. Boxplot showing the distribution of apparent
diffusion coefficient (ADC) values of non-neoplastic pleural
disease (NNPD) and of malignant pleural mesothelioma (MPM)
divided by histological subtypes. Average ADC values were as
follows: epithelioid, 0.96 = 0.19 (SD) X 10" *mm?s™"; biphasic,
0.76 £ 0.33 X 10 *mm?s™"; and sarcomatoid, 0.67 = 0.2 x 10~
mm?s~". Centre lines show the medians; box limits indicate the
25th and 75th percentiles as determined by the R software;
whiskers extend 1.5 times the interquartile range from the 25th
and 75th percentiles, outliers are represented by dots; width of
the boxes is proportional to the square root of the sample size.
n =12 (NNPD), 31 [epithelioid mesothelioma (EM)], 4 [biphasic
mesothelioma (BM)], 9 [sarcomatoid mesothelioma (SM)].

3 -

ADC values (x102 mm?s7) s)

1“*%5

-

NNPD EM BM SM

In conclusion, our study confirmed a statistically significant
difference of ADC values between NNPD and MPM and

Revelli et a/

Figure 5. Boxplot showing the distribution of apparent
diffusion coefficient (ADC) values of chronic pleuritis and
atypical mesothelial hyperplasia. Average ADC values were as
follows: chronic pleuritis (CP), 1.88 = 0.3 [standard deviation
(SD)] X103 *mm?s™"; atypical mesothelial hyperplasia (AMH),
1.75+ 0.5 %103 mm?s~". Centre lines show the medians; box
limits indicate the 25th and 75th percentiles as determined by
R software; whiskers extend 1.5 times the interquartile range
from the 25th and 75th percentiles, outliers are represented by
dots; width of the boxes is proportional to the square root of
the sample size. n =8 (CP) and 4 (AMH).
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between two different histological subtypes of MPM, with lower
values corresponding to sarcomatoid tumours. The use of
a respiratory-triggered diffusion-weighted sequence allowed us
to obtain an accurate measurement of the ADC value in small
lesions due to the minimization of motion artefacts, and the
reduction of the acquisition time should be considered an im-
portant factor when dealing with patients with a compromised
respiratory status.
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