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Malignant pleural mesothelioma is an aggressive primary neo-
plasm for which early detection and accurate staging are known
diagnostic challenges. The role of 18F-FDG dual-head gamma-
camera coincidence imaging (18F-FDG-CI) is yet to be defined.
The purpose of this study was to evaluate the usefulness of
18F-FDG-CI in the assessment of malignant pleural mesotheli-
oma using histopathology as the gold standard. Methods: Fif-
teen consecutive patients with CT scan evidence of pleural
thickening, fluid, plaques, or calcification underwent 18F-FDG
imaging 1.5 h after the intravenous administration of 370 MBq
18F-FDG. Imaging was performed with a dual-head gamma
camera equipped with 2.54-cm-thick NaI crystals operating in
coincidence mode. Using an iterative algorithm, whole-body
images were reconstructed as transaxial, sagittal, and coronal
images. No attenuation correction was applied. The results of
18F-FDG-CI scans were compared with CT and with histopatho-
logic diagnosis. Results: Eleven of 15 patients had histologi-
cally proven malignant mesotheliomas (10 epithelial, 1 sarco-
matoid). All 11 primary tumors were detected by 18F-FDG, and
absence of disease was confirmed in the 4 patients who were
disease free. Thirty-four lesions were biopsied; among these, 29
were found to be positive for tumor. 18F-FDG was true-positive
in 28 lesions, true-negative in 4, false-negative in 1 (0.5 cm in
diameter), and false-positive in 1 (inflammatory pleuritis). The
smallest lesion detected was 0.8 cm. For biopsied lesions,
overall sensitivity, specificity, and accuracy for 18F-FDG-CI were
97%, 80%, and 94% respectively, compared with 83%, 80%,
and 82% for CT. Twenty-one of 29 positive lesions involved the
pleura, lung parenchyma, or chest wall and were all 18F-FDG
avid. In the mediastinum, 18F-FDG-CI detected 7 of 8 biopsy-
positive lesions (88%), whereas CT was positive in 6 of 8 lesions
(75%). 18F-FDG identified extrathoracic metastases in 5 pa-
tients, excluding them from surgical therapy. Conclusion:
These preliminary results suggest that 18F-FDG-CI appears to

be an accurate method to diagnose and to define the extent of
disease in patients with diffuse malignant pleural mesothelioma.
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Malignant pleural mesothelioma is a rare primary neo-
plasm, with an estimated annual incidence of approximately
7–13 per million white males in the United States (1). Its
aggressive invasive behavior manifests itself by a median
survival rate of between 4 and 12 mo (2). Survival has been
shown to improve after the introduction of multimodality
therapy schemes. Sugarbaker et al. (2) showed that median
survival in these patients improves from 12 to 21 mo after
early diagnosis, proper staging, and trimodality therapy
(extrapleural pneumonectomy, followed by chemotherapy
and radiation).

Early detection and accurate staging, however, are still
known diagnostic challenges. Malignant pleural mesotheli-
oma is an aggressive primary tumor characterized by local
invasion of the pleural space followed by spread to intratho-
racic and extrathoracic organs. In patients with suspicion of
pleural malignancy there is a need for a reliable distinction
between a benign and a malignant process as well as for the
differentiation between focal or multifocal invasive disease.
Under the Brigham and Women’s Hospital surgical staging
criteria, diffuse malignant mesothelioma is considered un-
resectable when there is local extension of the tumor into
the mediastinal structures or across the diaphragm (3).

Although anatomic imaging modalities are successful at
predicting tumor resectability, they have limitations when
attempting to characterize pleural and mediastinal lesions as
benign or malignant (4,5). The typical CT findings of dif-
fuse pleural thickening and effusion are not specific for
malignancy, and mediastinal nodes of�1 cm may harbor
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micrometastatic foci, whereas nodes of �1 cm could rep-
resent reactive lymphadenitis. Cytologic examination of
pleural fluid obtained by thoracentesis is relatively insensi-
tive, and in most cases a pleural biopsy is necessary to reach
the diagnosis. Closed pleural biopsy often leads to negative
or inaccurate results because of inadequate sampling (3).
This procedure proves to be useful only if findings are
positive; therefore, definite diagnosis and staging typically
rely on a surgical approach, by either open biopsy or tho-
racoscopy (6).

A limited number of encouraging reports address the use
of 18F-FDG and full-ring PET for the metabolic assessment
of malignant mesothelioma (7–10). 18F-FDG PET has been
shown to be an accurate metabolic marker of malignancy in
this setting and a sensitive method to assess the extent of
disease. However, the role of 18F-FDG dual-head gamma-
camera coincidence imaging (18F-FDG-CI) of mesotheli-
oma is yet to be defined. Therefore, we sought to examine
both the diagnostic accuracy of 18F-FDG-CI and its role in
the assessment of the disease extent in patients with malig-
nant pleural mesothelioma. Results were compared with
those obtained using CT and with histopathologic diagnosis,
which served as the external reference standard.

MATERIALS AND METHODS

Patients
18F-FDG-CI was performed on 15 patients (11 men, 4 women;

mean age, 60 y; range, 37–74 y) with clinical and radiographic
suspicion of malignant mesothelioma. In 9 of these patients, the
18F-FDG-CI scan was obtained during their initial clinical evalu-
ation to determine the presence of malignancy and the extent of
disease. In the other 6 patients, scanning was performed to eval-
uate for tumor recurrence.

These patients typically presented with chest pain, shortness of
breath, chronic cough, and shoulder or arm pain. Systemic symp-
toms included sweating, fever of unknown origin, and weight loss
with declining performance status. Physical examination usually
showed unilateral loss of breath sounds on auscultation and dull-
ness on percussion. Typical findings on radiographic and CT
studies included pleural effusion, atelectasis, nodular thickening of
the pleura, pleural calcification, or an intrathoracic mass.

CT Imaging
CT scanning was performed with a multidetector row CT scan-

ner (Somatom VolumeZoom; Siemens, Forchheim, Germany).
Images were obtained from the lung apices to the upper abdomen
with 1-mm collimation. Contiguous 5-mm slices were obtained
during the intravenous administration of 100 mL of nonionic
contrast material at 3 mL/s. CT scans always preceded 18F-FDG
imaging with a time interval of 2 � 1 d.

18F-FDG-CI
After fasting for at least 6 h, capillary blood glucose levels were

measured on all patients. Mean serum glucose levels were 107 �
21 mg/dL (range, 90–159 mg/dL). After the intravenous admin-
istration of 375.5 � 19.6 MBq (10.15 � 0.53 mCi) 18F-FDG,
patients rested for 90 min before imaging to minimize radiotracer
muscle uptake. In our experience and that of others (7), longer
intervals between injection and imaging have improved the image

quality and the rate of tumor detection in the setting of pleural
malignancies. Patients were encouraged to void before imaging,
and whole-body scans were obtained starting in the pelvic area to
minimize deterioration of image quality due to 18F-FDG accumu-
lation in the bladder over time. Scanning was performed with a
dual-detector gamma camera (ECAM Duet; Siemens Medical Sys-
tems, Inc., Hoffman Estates, IL) equipped with 2.54-cm-thick NaI
crystals and 2-dimensional axial shields, operating in coincidence
mode. The axial field of view was 38 cm and all patients were
scanned from the proximal thighs to the base of the skull in 2 bed
positions. The analyzer was set with a single 30% window cen-
tered around the 511-keV photopeak for 18F. Images were acquired
for 64 projections (with a 128 � 128 matrix) at 25 s per stop
through a circular orbit of 180° per detector. The total acquisition
time per bed position was approximately 27 min, and decay
correction was applied. The intrinsic resolution was �5.3-mm full
width at half maximum (FWHM) at the center, and the recon-
structed resolution was 4.7-mm FWHM. The system’s sensitivity
with 2-dimensional axial shields was in the order of 30 kcps/37
kBq/mL (30 kcps/�Ci/mL) (where kcps � kilocounts per second).
The maximum single counting rate per detector was 2.0 Mcps. One
hundred twenty-eight rebinned views were reconstructed using an
ordered subset expectation maximization iterative algorithm (11).
Reconstruction involved an order subset of 4 with 6 iterations
followed by 3-dimensional smooth filtering. Random subtraction
and axial normalization were performed. Images were not cor-
rected for attenuation. Processed data were then displayed in the
transaxial, sagittal, and coronal planes and displayed on the com-
puter screen for interpretation.

Image Analysis
Image interpretation was visual and was performed separately

by 2 experienced observers. Differences between them were re-
solved by consensus. A scan was considered positive by the
presence of focal or linear, diffuse, or heterogeneous increased
18F-FDG uptake compared with the normal surrounding back-
ground. The degree of hypermetabolic 18F-FDG activity in each
lesion was expressed semiquantitatively as follows: 0, absence of
uptake; 1, low (less than liver uptake); 2, moderate (equal to liver
uptake); and 3, high (higher than liver uptake). 18F-FDG-CI results
were compared with CT and with the final diagnosis provided by
histopathology and immunohistochemistry used as the gold stan-
dards.

Histopathology
Within 1 wk of the completion of the imaging studies, speci-

mens were obtained from needle biopsy, thoracoscopy, pleuros-
copy, cytologic examination of pleural fluid, or mediastinoscopy.
Tissue samples were also collected during pleurectomy or ex-
trapleural pneumonectomy procedures. Morphologic diagnosis of
mesothelioma was confirmed by immunohistochemical tech-
niques. The following microscopic criteria were used to diagnose
diffuse mesotheliomas (12): (a) epithelial type: characterized by
tubulopapillary, tubuloglandular, lace-like, cleft-like, or cord-like
patterns, and loss of cellular cohesion with polygonal or round
cells distributed on a myxoid stroma or on the surface of mucinous
pools; (b) fibrous or sarcomatoid type: a diffuse and pleomorphic
spindle cell pattern, with occasional giant cells in areas of necrosis,
hyalinization, and fibrosis; and (c) mixed or biphasic type: a
mixture of sarcomatoid and epithelial components. Differentiation
from adenocarcinoma, or from other primary or metastatic epithe-
lial neoplasms, relied on a typical staining pattern (alcian blue, �;
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periodic acid–Schiff-diastase, �) and immunohistochemical char-
acteristics (cytokeratins: AE1/AE3, �; calretinin, �; and carcino-
embryonic antigen, Leu-M1, and TTF-1, �).

Statistical Analysis
Data are presented as mean � SD. Sensitivity, specificity, and

accuracy of CT and 18F-FDG-CI were calculated with the standard
formulas. The degree of agreement between each imaging modal-
ity and biopsy results was quantified with the 	-statistic. P � 0.05
was used to define statistical significance.

RESULTS

Eleven of 15 patients had histologically proven diffuse
malignant mesotheliomas. The cellular type was epithelial
in 10 patients (90%) and sarcomatoid in 1 patient (10%).

All 11 patients with biopsy-proven mesothelioma had
positive 18F-FDG-CI scans, and the absence of disease was
confirmed in the 4 patients who were tumor free (with
histologic diagnoses of chronic fibrosing pleuritis in 2,
chronic inflammatory response to talc pleurodesis in 1, and
foreign body cell reaction in 1 patient with a history of
asbestosis). Thirty-four lesions were biopsied; of these, 29
were found to be positive for tumor. 18F-FDG-CI was true-
positive in 28, true-negative in 4, false-negative in 1, and
false-positive in 1. The smallest lesion detected was 0.8 cm.
Overall sensitivity, specificity, and accuracy for 18F-FDG-
CI were 97% (95% confidence interval, 80%–99%), 80%
(95% confidence interval, 30%–98%), and 94%, respec-
tively, compared with 83% (95% confidence interval, 64%–
93%), 80% (95% confidence interval, 30%–98%), and 82%
for CT. 18F-FDG-CI agreed with biopsy results in 94% of
the evaluated lesions (	 � 0.77; P � 0.0001), whereas CT
had an 82% agreement (	 � 0.47; P � 0.003).

Primary Tumors
Twenty-one lesions involved the pleura. Of these, 2

(9.5%) also affected the lung parenchyma and 3 (14%)
affected the chest wall. Seventeen lesions were confirmed as

malignant and all were 18F-FDG avid. In the remaining 4
histologically benign lesions, 18F-FDG-CI was true-negative
in 3 and false-positive in 1. Three distinct patterns of
18F-FDG uptake were observed: focal or linear, diffuse, and
heterogeneous. These patterns of uptake matched the abnor-
malities and the extent of pleural and parenchymal involve-
ment observed with anatomic imaging modalities (Fig. 1).
Three patients had disease involving the chest wall, and
18F-FDG-CI images correctly showed diffuse chest wall
uptake with distortion of the thoracic contour in all 3 pa-
tients. In contrast, CT yielded false-negative results in 2 of
these patients. 18F-FDG-CI detected bilateral pleural disease
in 3 patients, whereas CT failed to show contralateral in-
volvement in 2 of these patients (Fig. 2). The intensity of
uptake was higher in those lesions with the highest degree
of pleomorphism and anaplasia, regardless of the histologic
type. The only false-positive finding with 18F-FDG-CI was
an area of diffuse or low uptake in the right costophrenic
sulcus of a patient who had been treated with talc pleurode-
sis due to recurrent, symptomatic pleural effusions.

Mediastinal Metastases
Mediastinal lymph node metastases were correctly iden-

tified by 18F-FDG-CI in 6 patients with 8 histologically
proven malignant lesions. The median lesion size was 1.65
cm (range, 0.5–4.5 cm). Focally increased uptake of 18F-
FDG was evident in 7 of 8 mediastinal lesions (88%),
whereas CT was positive in 6 of 8 (75%). The source of the
false-negative finding with 18F-FDG-CI was a 0.5-cm right
tracheobronchial node, which was also negative by CT. The
second false-negative result on CT was a 1-cm right hilar
node. CT yielded 1 false-positive finding of a 2-cm pretra-
cheal node, which was histologically benign and non-18F-
FDG avid. In the remaining 5 patients with malignancy,
18F-FDG-CI and CT were both negative in the mediastinum
of 4 patients and positive in 1 patient; however, biopsy
confirmation was not available in these patients. The patient

FIGURE 1. 18F-FDG-CI and MRI images
of patient with biopsy-confirmed epithelial-
type malignant mesothelioma of right
pleura. 18F-FDG images show diffusely in-
creased uptake of tracer along pleural
space encasing right lung. Transaxial and
sagittal images suggest involvement of an-
terior chest wall, with pleural uptake ex-
tending to right paracardiac mediastinum.
18F-FDG-CI findings are in close agreement
with extensive soft-tissue pleural mass
seen on MRI. Ant � anterior; Post � pos-
terior; R � right.
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with positive 18F-FDG findings in the mediastinum also had
extensive transdiaphragmatic and posterior abdominal met-
astatic disease confirmed by both imaging modalities.

Extrathoracic Metastases and Recurrent Disease
Previously unknown extrathoracic metastatic involve-

ment was shown by 18F-FDG-CI in 5 patients, with biopsy
confirmation in 3 and CT confirmation in all 5 patients. Four

patients had been treated previously for malignant mesothe-
lioma with trimodality therapy (extrapleural pneumonec-
tomy, chemotherapy, and radiation) (11-mo median and 8-
to 30-mo range before 18F-FDG imaging) and 1 patient with
partial pleurectomy plus chemotherapy (10 mo before 18F-
FDG-CI). All 5 patients had positive intrathoracic and ex-
trathoracic 18F-FDG images confirming local recurrence and
distant metastases.

Sites of extrathoracic metastases detected with 18F-FDG
imaging included the liver (2 patients), anterior abdominal
wall (1 patient), posterior abdominal wall (1 patient), and
the peritoneum bilaterally (1 patient) (Fig. 3). These find-
ings constituted the basis for excluding these patients from
surgical therapy. The sixth patient being evaluated for re-
currence had a negative whole-body 18F-FDG scan and
matching CT, with biopsy-proven right chronic fibrosing
pleuritis. Extrathoracic metastases were not detected in pa-
tients referred for initial staging.

DISCUSSION

The results of this pilot study show that, in the setting of
malignant mesothelioma, 18F-FDG-CI is a reliable approach
to accurately (a) differentiate malignant from benign dis-
ease, (b) evaluate the extent of intrathoracic mesothelioma
involvement, and (c) detect the presence of metastatic
spread and recurrence.

Eleven of 15 patients had histologically proven malignant
mesothelioma, and 18F-FDG imaging was positive in all 11
patients. Thirty-four lesions were biopsied, and 18F-FDG-CI
correctly identified 28 of 29 malignant lesions, yielding
negative results in 4 of 5 benign lesions. The overall sen-
sitivity, specificity, and accuracy were 97%, 80%, and 94%,
respectively. These findings are consistent with those re-
ported by other investigators using full-ring PET technol-

FIGURE 2. (A) Axial CT slices of thorax show circumferential
pleural nodularity encasing left hemithorax with volume loss.
There is medial loculation of pleural fluid, and pleural effusion is
also seen in dependent location at left lung base. There is no
evidence of right pleural thickening. RT � right. (B) Axial 18F-
FDG-CI shows 18F-FDG hypermetabolism in left pleural cavity
(arrow). In addition, there is distinct focus of increased uptake in
anterior right costophrenic sulcus suggesting contralateral dis-
ease (arrowhead). Histology confirmed bilateral pleural meso-
thelioma of epithelial type.

FIGURE 3. 18F-FDG-CI study of patient
who had undergone right pleurectomy and
chemotherapy for diffuse malignant meso-
thelioma 18 mo earlier. There is increased
18F-FDG uptake in middle mediastinum ex-
tending to posterior mediastinum and to
upper-posterior abdomen. In addition,
there is abnormal 18F-FDG uptake in supe-
rior anterior abdominal wall. Ant � anterior;
Post � posterior; R � right.

ASSESSMENT OF MALIGNANT PLEURAL MESOTHELIOMA • Gerbaudo et al. 1147



ogy. Bénard et al. (7), using 18F-FDG PET and qualitative
analysis, reported a sensitivity of 92%, a specificity of 75%,
and an accuracy of 89% for the detection of malignant
mesothelioma. These investigators also performed semi-
quantitative (standardized uptake value [SUV]) measure-
ments in 26 patients. They concluded that using an SUV of
�2.0 to differentiate benign from malignant disease, the
sensitivity, specificity, and overall accuracy of the method
were 91%, 100%, and 92%, respectively. Recently, Schnei-
der et al. (8) reported on a retrospective review of 18 consec-
utive patients with biopsy-proven malignant mesothelioma
who underwent 18F-FDG PET at their institution. The authors
found that all primary lesions were 18F-FDG avid and that
the method proved valuable for distinguishing between be-
nign and malignant pleural disease.

18F-FDG-CI correctly defined the extent of intrathoracic
involvement. In our series, 30 of the 34 biopsied lesions
were intrathoracic. Of these, 25 were malignant. Seventeen
of these 25 lesions involved the pleura, lung parenchyma, or
the chest wall. 18F-FDG-CI correctly identified all 17 lesions
as malignant and accurately defined the extent of mesothe-
lioma involvement. There was good agreement between
18F-FDG images and surgical findings with respect to tumor
resectability. 18F-FDG-CI identified diffuse chest wall in-
volvement in 3 patients, whereas CT was positive only in 1
patient. Contralateral pleural malignancy was confirmed by
18F-FDG-CI in 3 patients, 1 of whom was negative for
contralateral disease on CT. The only false-positive result
with 18F-FDG-CI was an area of diffuse or low uptake in the
right costophrenic sulcus of a patient who had been treated
with talc pleurodesis, a standard approach for the treatment
of recurrent pleural effusions (13). The pleural space is
obliterated by inducing a chronic inflammatory response
through the instillation of talc, antibiotics, or antiparasitic or
chemotherapeutic agents. Increased 18F-FDG uptake has
been revealed in a variety of inflammatory processes (14–
16).

In those patients with early-stage disease, the pattern of
lesion uptake was usually focal. In those with advanced
pleural involvement, the pattern of uptake was linear along
the lateral, medial, or basal aspects of the pleura, with or
without diffuse extension to the lung parenchyma. Uptake
in the lung parenchyma was better distinguished from pleu-
ral uptake on the transaxial and sagittal slices than on the
coronal views. It was not feasible to differentiate uptake in
the parietal pleura from that in the visceral pleura in the
absence of a pleural effusion. Similarly, uptake in the basal
pleura could not be distinguished from diaphragmatic up-
take. Diaphragmatic involvement could be unequivocally
diagnosed only when transdiaphragmatic spread was evi-
dent.

The remaining 8 malignant thoracic lesions involved the
mediastinum of 6 patients. 18F-FDG imaging was positive in
7 lesions (88%) compared with CT, which identified 6
lesions (75%) as malignant. These results should be inter-
preted with caution in light of the small sample size and the

lack of biopsy confirmation in the remaining 5 patients with
malignancy. However, our findings compare favorably with
those cited in the full-ring PET literature. Bénard et al. (7)
studied 10 patients with surgical confirmation of lymph
node status and reported PET to have a sensitivity of 83%
and a specificity of 75% for the detection of lymph node
metastases. In our series, 2 of the 7 18F-FDG–positive
lymph nodes were intrapleural (N1) and located in the hilum
in 2 patients. Both lesions (1 and 2.8 cm) were highly
18F-FDG avid; however, it was difficult to differentiate them
from uptake in the primary tumor. Sugarbaker et al. (17)
showed that extrapleural (N2) positive nodes are always
associated with poor survival. When staging N2 nodes with
18F-FDG-CI, the only false-negative finding was a 0.5-cm
tracheobronchial lymph node, with micrometastatic in-
volvement, also reported as negative on CT. The size of this
lesion was below the resolution of the 18F-FDG-CI system,
and it would have been below the resolution of most dedi-
cated PET scanners. This is an important limitation, and
caution should be exercised in this setting. N2 disease,
rather than N1 disease, carries the worst prognosis (18);
therefore, missing even a single node will contribute mis-
leading information with regard to survival and optimal
patient management. Thus, invasive techniques are still
warranted with a negative mediastinum on 18F-FDG-CI and
PET images. In those cases with disease involving medias-
tinal organs, 18F-FDG uptake was rather diffuse and all-
inclusive. It was not possible to distinguish uptake in indi-
vidual structures. In this setting, 18F-FDG imaging
complemented CT and MRI, which provided the fine ana-
tomic detail to identify compromise of each mediastinal
structure, accurately predicting unresectability (5).

Another important finding was that 18F-FDG imaging
correctly defined the presence and extent of extrathoracic
disease. 18F-FDG-CI was true-positive in 5 patients with
proven extrathoracic metastases, excluding them from
extrapleural pneumonectomy. These patients had been re-
ferred for 18F-FDG imaging to evaluate for disease recur-
rence. All patients had local recurrence detected by 18F-
FDG as well. All distant metastases were located in the
abdomen. The smallest detected lesion was 0.8 cm in its
greatest diameter, located in the right lobe of the liver. All
metastatic lesions in this series had a higher degree of
18F-FDG avidity compared with that of the primary lesion.
18F-FDG uptake was consistently higher in the primary
lesion of patients with distant metastases than in patients
without distant disease. These findings expand those of
Bénard et al. (10), who reported that high 18F-FDG avidity
was associated with a poor prognosis in a study cohort of 10
patients with biopsy-proven mesothelioma.

Our preliminary results are promising, but not without
certain limitations. Our sample size was relatively small.
There was no biopsy confirmation of mediastinal lymph
node involvement in 5 patients, 4 of whom were negative
and 1 positive on 18F-FDG imaging. More studies compar-
ing 18F-FDG-CI with surgical mediastinal staging are

1148 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 43 • No. 9 • September 2002



needed to correctly define the role of CI in the mediastinum
of patients with diffuse malignant mesothelioma.

CONCLUSION

These preliminary results provide evidence that 18F-FDG-
CI appears to be an accurate method to detect and to define
the extent of disease in patients with diffuse malignant
mesothelioma.
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